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Preface

“The important thing is not to stop questioning.
Curiosity has its own reason for existing.”
Albert Finstein

About ten years ago I was resting between session breaks of a busy American
Physical Society March meeting. A colleague, whom I had not seen in
years, was with me and inquired about my work. I told him I was working
on understanding transport in nanoscale systems. He replied, “Aren’t the
most important facts already understood?”

As unsettling as that question was, I realized he was simply echoing a sen-
timent in the community: the field of mesoscopic systems — larger “cousins”
of nanoscale systems — had provided us with a wealth of experimental re-
sults, and a theoretical construct — known as the single-particle scattering
approach to conduction — that had almost assumed the characteristics of a
“dogma”. Many transport properties of mesoscopic systems could be under-
stood in terms of this approach. Books on the subject had appeared which
enumerated the successes of this theory. Nanoscale systems were nothing
else than smaller versions of mesoscopic systems. All we needed to do was
transfer the established experimental knowledge — and proven theoretical
and computational techniques — to this new length scale. Or so it seemed.

The past decade has shown that the field of transport in nanoscale systems
is not a simple extension of mesoscopic physics. Thanks to improved exper-
imental capabilities and new theoretical approaches and viewpoints, it has
become clear that novel transport properties emerge at the nanometer scale.
In addition, many physical assumptions and approximations we reasonably
make to describe mesoscopic systems may not hold for nanoscale structures.
Most importantly, it is now starting to sink in that we need to treat the
many-body transport problem for what it truly is: a non-equilibrium statis-

xiii
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tical problem. Conducting electrons — and the background ionic structure
— are in a state of non-equilibrium, whose properties are known, at best,
statistically, even at steady state. By neglecting the true non-equilibrium
statistical nature of this problem, we may neglect important dynamical phe-
nomena of particular relevance in nanostructures.

This book attempts to reframe the transport problem with this perspec-
tive in mind. Therefore, attention is given to questions that are often over-
looked in the literature, e.g., how electrical current is generated, what do
we measure when we measure currents, what is the role of initial conditions
in establishing a steady state, etc. The language of information theory is
used throughout the book to quantify the amount of information one can
gather from either the measurement of the current, or the various descrip-
tions of electrical conduction. In addition, I have tried to critically point
out the underlying physical assumptions and approximations of the differ-
ent approaches to transport. It is my opinion that some of the concepts we
generally take for granted need to be applied with more care in the case of
nanoscale systems, and novel physics may emerge if some of these approxi-
mations/assumptions are lifted.

Transport theories belong to the field of non-equilibrium statistical me-
chanics and are, first and foremost, based on wviewpoints, not sets of equa-
tions. Each of these viewpoints contributes bits of information to our under-
standing of electrical conduction. The book is thus roughly divided into the
description of these viewpoints, the similarities and differences among them,
and the physical phenomena one can predict from them. In addition, due
to the growing importance of density-functional theory (DFT) — in both its
ground-state and dynamical formulations — in transport, the book contains
a description of DFT so that it is as self-contained as possible. In particular,
the fundamental limitations of ground-state DFT in approaches to electrical
conduction are highlighted, and several theorems on the total current are
formulated and demonstrated within dynamical density-functional theories.
The inclusion of these theorems is not a tribute to mathematics. Rather,
it shows the conceptual and formal strengths of these theories in describing
electrical transport.

A colleague of mine, who has written textbooks, once told me: “A book
is useful to at least one person: its own author.” While this statement is
definitely true in my case — in the sense that by writing it I have deepened my
knowledge and understanding of the subject beyond what everyday research
would have probably allowed me — I truly hope this textbook will be of use
to its readership, especially those students and researchers who approach
the subject for the first time. I have tried to write it at a level accessible
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to graduate students with a good background in quantum mechanics and
statistical mechanics. Some knowledge of solid state physics may help but
is not necessary. The derivations of almost all the main results are written
explicitly. When this would have resulted in an unnecessary increase in
length, T left them as exercises for the reader, or in few cases referred to
other textbooks. In this respect, the most difficult topic is probably the
non-equilibrium Green’s function formalism of Chapter 4. As a compromise
between synthesis and clarity, I have written enough about this many-body
technique for the reader to follow its basic tenets and results, and referred
to other textbooks whenever the level of details seemed to overshadow the
main physics. Finally, some of the exercises add to the topics discussed in
the main text, or provide useful reference to some mathematical statements
I use but have no space to prove.

I have left out topics like superconductivity, the Kondo problem, Luttinger
liquid, weak localization, and universal conductance fluctuations. This is not
because I believe they are not important but because a comprehensive de-
scription of these phenomena would have resulted in a very lengthy extension
of the manuscript, with the addition of advanced mathematical formalisms.
There are other excellent textbooks that cover these topics. I also apologize
in advance to all the authors who feel their work has not been properly
credited, and remind them that this is intended as a textbook not a review.

Despite all my efforts and the amount of energy spent to write this book
with as much care as I could possibly muster, it would be foolish of me
to think that with more than 1200 equations — and a comparable num-
ber of concepts — this manuscript would be free of errors. I will therefore
post any correction I uncover after its publication on a link to my website
http://physics.ucsd.edu/~diventra/, and take comfort in the old say-
ing: “Those who never make mistakes make the biggest mistake of all: they
never try anything new.”

There are too many people who directly or indirectly have contributed
to my personal understanding of the subject, and have helped me in this
endeavor. I particularly wish to thank Norton Lang, who introduced me
to the topic of transport in nanoscale systems. My gratitude also goes
to Hardy Gross, Doug Natelson, Nongjian Tao, Tchavdar Todorov, Jan
van Ruitenbeek, and Giovanni Vignale, for enlightening discussions, and
to Congjun Wu for taking time off his busy schedule to read most of the
manuscript. His suggestions and criticisms have helped me improve it. I am
also indebted to Dan Arovas who has shared with me his lecture notes on
mesoscopic physics. Some topics of Chapter 3 have been inspired by these
notes.
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I feel fortunate to have worked over the years with talented students and
post-doctoral associates. They have shared with me the difficulties and ex-
citement of some of the research that has made it through the pages of
this book. Those directly involved in the topics presented here are Neil
Bushong, Yu-Chang Chen, Roberto D’Agosta, Yonatan Dubi, John Gam-
ble, Matt Krems, Johan Lagerqvist, Yuriy Pershin, Na Sai, Eric Wright,
Zhongqin Yang, and Mike Zwolak. Many of them have also read parts of
the manuscript, found several misprints, and made valuable suggestions.
Needless to say, any remaining error is due solely to the author.

I also wish to thank the National Science Foundation, the Department of
Energy, the National Institutes of Health, and the Petroleum Research Fund
for generously funding my research over the years. These funding agencies
are, however, not responsible for the ideas expressed in this manuscript.

Finally, the writing of a book takes an enormous amount of energy and
time at the expense of the relationships that are most dear to one’s life. It
is the loving support, understanding, and patience of my wife, Elena, and of
my two children, Francesca and Matteo, that have made this project possi-
ble. Their presence and encouragement have sustained me during the most
difficult times, when it would have been so easy to simply give up. A thank
you does not make full justice of my feelings of gratitude and love towards
them.

Massimiliano Di Ventra
La Jolla, San Diego
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A primer on electron transport

1.1 Nanoscale systems

Let us briefly discuss the systems I will consider in this book, those of
nanoscale dimensions (1 nm = 107 m). The phenomena and theoretical
approaches I will present are particularly relevant for these structures rather
than those with much larger dimensions.

So, what is a nanoscale system? The simplest — and most natural — an-
swer is that it is a structure with at least one dimension at the nanoscale,
meaning that such dimension is anywhere in between a few tens of nanome-
ters and the size of an atom (Di Ventra et al., 2004a). One can then define
structures with larger — but still not yet macroscopic — dimensions as meso-
scopic. This separation of scales is arguably fuzzy. Mesoscopic structures
share some of the transport properties of nanostructures; the theoretical de-
scription of both classes of systems is often similar; and in certain literature
no distinction between them is indeed made.

Is there then, in the context of electrical conduction, another key quantity
that characterizes nanoscale systems? As I will emphasize several times in
this book, this key quantity is the current density — current per unit area —
they can carry. This can be extremely large.

As an example, consider a wire made using a mechanically controllable
break junction (Muller et al., 1992), a junction that is created by mechani-
cally breaking a metal wire. Such a structure — a type of metallic quantum
point contact — may result in a single atom in between two large chunks of
the same material (see schematic in Fig. 1.1). If a typical current of 1pA
is set to flow across the system, at the atom position, considering a cross
section of 10 A2, we would expect a current density of about 1 x 10° A /cm?!
These current densities are typically orders of magnitude larger than those
found in mesoscopic/macroscopic systems.
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Fig. 1.1. Schematic of an
atomic metallic quantum
point contact.

A large current density implies a large number of scattering events per
unit time and unit volume. This means that interactions among electrons,
or among electrons and ions are particularly important.

Note that I have said nothing about how fast a single electron “crosses”
a nanoscale structure. This transit time may be extremely short. However,
due to the large current density the cumulative effect of all electrons is to
amplify electron-electron and electron-ion interactions locally in the nanos-
tructure. For instance, as I will discuss later in the book, both ions and
electrons heat up locally in the junction above their nominal background
temperature, thus affecting its structural stability under current flow.

nanotubes/nanowires molecular wires/quantum dots

Fig. 1.2. Left panel: A quasi-1D wire laid on top of a surface and in between two
bulk electrodes. Right panel: A single molecule between bulk electrodes. The
arrows indicate the direction of charge flow.

I mention here a few other nanoscale systems of present interest. These
include nanotubes or long atomic wires in contact with metal electrodes (see
Fig. 1.2, left panel), and small molecules sandwiched between bulk metals
(Fig. 1.2, right panel). These systems may sometimes be referred to as
quantum dots if their bonding to the electrodes is very weak (these concepts
will become clearer as we go along with the book).

Many other structures — and their combinations — that confine electrons
in one or more dimensions can be fabricated. These systems represent ideal
test beds to understand electron and ion dynamics at these length scales,
and may find application in the broadly defined field of optoelectronics, or
even in biotechnology and medicine. The latter point is particularly relevant
nowadays as the conducting properties of DNA and its single units — called
nucleotides — are being studied for possible use in sequencing technology
(Zwolak and Di Ventra, 2008).
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(a) ® Al (c)

Fig. 1.3. (a) Two finite electrodes charged differently. (b) The electrodes are con-
nected via a junction. (¢) Symbol used to represent a battery.

The above list of examples can go on and on. To illustrate the phenom-
ena discussed in this book, I will refer to selected nanoscale systems whose
properties have been studied experimentally. The choice of these specific
examples reflects both their pedagogical appeal and, of course, the author’s
taste.

1.2 Generating currents

Before considering the different approaches one can employ to formulate the
transport problem in nanoscale systems, let us ask a basic question that will
guide us in developing theories of charge transport, namely

How do we generate electrical currents?

There are several answers to this question suggesting different ways to
describe the corresponding transport problem.

Let us start from the simplest experimental realization possible. Consider
two large but finite electrodes and charge them differently: one has more
electrical charge than the other, or equivalently one is charged negatively, the
other positively. How we charge these electrodes is irrelevant. For instance,
we can do it by simply rubbing them with some other materiall

I label the one with more electrons with a “—” sign, the other with a “4-”
sign (see Fig. 1.3(a)). At equilibrium, and due to the conducting nature of
each electrode, the extra charge (whether negative or positive) is found on
the surface of the electrodes. The electrons in the “—” electrode have higher
potential energy (and lower electrostatic potential) than the electrons in the
“+” electrode. A potential difference, or bias, between the two electrodes
has been created so that if we put them in contact by means of some other
conducting material, electrons will flow from the “—” region to the “+4”
region (see Fig. 1.3(b)). Electrical current has been thus established.
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We can now take an arbitrary surface S cutting the conductor in between
the two electrodes and determine the rate at which electrons cross this sur-
face (see Fig. 1.3(b)). Let us indicate with 1 the unit vector perpendicular
to an infinitesimal element dS of the surface S. At every instant of time,
and at every point in space, we can assign to the electrons a velocity

Viot (I, ) = Vi (v, 1) + Vapipe(r, t) (1.1)

which is sum of a randomly oriented! velocity, vy, due to thermal fluctua-
tions, and a component, v, ¢, we call drift velocity, that, on average, points
in the direction of global electron flow.? If we average the above velocity
over all particles, only the average drift velocity is different from zero,

v(r,t) = (vin(r,t)) + (Varipe(r, 1)) = (Varipe(r, 1)), (1.2)

where the bracket operation (---) means average over the ensemble of par-
ticles. If n(r,t) is the number density of carriers with charge e at any given
point in space and any given instant of time,® the amount of charge dQ that
crosses the surface dS in an infinitesimal time dt is

dQ = env -1dS dt. (1.3)
The current across the surface dS is thus
d ~
dI:d—Cf:envldSEj-dS, (1.4)

where I have defined the current density vector
J(r,t) = en(r,t)v(r, 1), (1.5)

and the surface vector dS = 1dS. The total average current across the
surface S is then the integral

Ig(t) = /Sds.j(r,t), (1.6)

where the subscript S is to remind us that, in general, the total current
depends on the chosen surface.*

I Randomly oriented means that the thermal velocity has an isotropic spatial distribution.

2 In the next chapter I will discuss physical reasons why the drift velocity does not increase
indefinitely in time.

3 For electrons, T choose the convention e = —|e|. Note that the standard convention for the
direction of current is opposite to the electron flow direction.

4 In strictly 2D systems the surface integral in the definition 1.6 is replaced by a line integral,
and the current density 1.5 is defined with the 2D number density. In 1D the current and
the current density are the same quantity, with the definition 1.5 containing the 1D number
density.
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Polarization and magnetization

In addition to “free” charges, which are able to move across macroscopic re-
gions of the system, there may be bound charges and localized currents, i.e.,
charges and currents localized to microscopic regions of the sample. Bound
charges give rise to polarization, and localized currents to magnetization.
Let us call ¢; these bound charges at position r;, and v; their velocities.
From classical electrodynamics we know that the polarization is (Jackson,

1975)
1
1
i.e., the average dipole moment per unit volume, and the magnetization
M(r 26V qu r; X v;), (1.8)

is the average magnetic moment per unit volume, where the sums extend
over all charges in a volume V centered at position r, and ¢ is the speed of
light. The total current density is (Jackson, 1975)

oP
Jtot(r,t) = en(r,t)v(r,t) + e +cV x M, (1.9)
and the total density
eniot = en — V - P. (1.10)

The total current is given again by Eq. 1.6, the integral of the total current
density over a surface S. In the following, when discussing densities and
current densities, I will always refer to the total density 1.10 and current
density 1.9, even though the contributions to the current from polarization
and magnetization are, in most of the systems and conditions discussed in
this book, small.?

In addition, the current density 1.9 generates a magnetic field, which
“acts back” on the current, and thus modifies it. This self-consistent effect
is known as magnetic screening. It is generally a small effect for the systems
I consider in this book, for the same reasons that the magnetic current

5 For instance, at steady state the polarization current is zero; for non-magnetic materials and
small magnetic fields, the magnetization is small. Indeed, for paramagnetic and diamagnetic

materials [M| o< x|B|, with B an external magnetic field, and x is the magnetic susceptibility. x

is of the order of 107% — 10> c¢m? /mol (Ashcroft and Mermin, 1975) so that the magnetization

is a very small fraction of the field. We will see in Chapter 7 that stochastic time-dependent
current density functional theory provides a formally — in principle — exact way to calculate all

contributions (from free and bound charges and localized currents) to the current density of a
many-body system using effective single-particle equations.
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A
Iy(t)
9 D “b“ N ‘/ Fig. 1.4. The current as a

function of time during the
discharge of a capacitor. The
current fluctuates around
some average value as shown
schematically in the inset.

contribution in Eq. 1.9 is small. I thus either neglect it altogether,® or
assume the current has been determined self-consistently with this magnetic
screening effect included.

To the above we need to add the continuity equation’

On(x.t)

S ==V i) (1.11)

that states the conservation of charge.

Fluctuations and reservoirs

The gedanken experiment I have outlined describes the discharge of a ca-
pacitor across a conductor. We then know from experiments that as time
goes on the current Ig(t) decays (see Fig. 1.4) so that, if we wait enough
time, no current (in a time-averaged sense) will flow across the surface S: all
negative charges on the “—” electrode have neutralized all positive charges
on the “4+” electrode, and the electrode-conductor-electrode system ends up
in global equilibrium.

We can however make this decay time longer and longer by increasing
the size of the electrodes while keeping the conductor in between them un-
changed. This corresponds to increasing the number of carriers that are
stored in the two electrodes. In classical circuit theory this corresponds to
increasing the capacitance of the capacitor while keeping the electron resis-

6 Télis is clearly a theoretical statement: in experiments one cannot eliminate this screening
effect.

7 Since the divergence of the curl of a vector is zero, the continuity equation is identically satisfied
between the total current 1.9 and the total density 1.10:

Oniot (T, 1)
e——12

ot = —V'jtot(l‘,t).
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tance to flow from one plate of the capacitor to the other constant. Intu-
itively, one may guess that if the dimensions of the electrodes were set to go
to infinity while keeping the conductor and its contact with the electrodes
unchanged, the average current would not change in time, and its value
would be independent of the chosen surface S used to evaluate Eq. 1.6.%

In reality, the electrical current continually fluctuates about an average
value (see inset of Fig. 1.4). If we take a time interval T" large enough that
many current fluctuations occur in that interval, but not so large that the
decay of the current is appreciable, we can define

T/2
(Ig) = ;/jm dt Is(1) (1.12)

as the average current in that interval.” If we take the limit of infinite
electrodes first, we can then take the limit of " — 4o00. We thus realize the
current-carrying steady state condition

d(I

<dts> =0 stationarity condition, (1.13)

in which the time derivative of the average total current is zero.'"

The above limit of infinite electrodes is also the first encounter with the
theoretical concept of reservoir, which I will develop further in Chapter 3.
Here, I give the following definition

Reservoir: An ideal “system” that can supply and receive an arbitrary
amount of carriers and energy without changing its internal
state.

If this “ideal system” exchanges only energy, and not particles, with some
other physical system — whose dynamics we are interested in — I shall call it
bath and not reservoir. Both the bath and the reservoir embody the notion
that physical systems are never truly closed; they always have some degree
of interaction with an external environment.!!

8 Note, however, that the infinite electrode size is no guarantee that the stationary condition 1.13
is satisfied (see discussion in Sec. 7.6).

9 Note that an analogous averaging process is always performed by the actual apparatus measur-
ing the current. This is due to the fact that such apparatus has a finite frequency bandwidth
Av. Here I am assuming that 1/Av < T.

10T anticipate here that the time average 1.12 in the limit of T — 400 may be replaced by
the average over all possible electron state configurations (ensemble-averaged current). This is
known as the ergodic hypothesis. I will come back to it in Chapter 2 where I will also discuss
the conditions for its validity.

11 Consider for instance electrons in a solid kept at a finite temperature. The finite temperature
is that of an external bath. For this bath to be called as such, the dynamics of the electrons
cannot affect its properties, namely its temperature.
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1.2.1 Finite versus infinite systems

Indeed, the experimental fact that the discharge of a finite capacitor ends up
in a state of global equilibrium (no average current flows) is a consequence
of the fact that the electrons in the capacitor are coupled to some external
environment.'?> They thus lose energy during the discharge. If the electron
system is truly closed, namely electrons do not interact with any external
environment — and they are not subject to any external field'® — their total
energy is conserved, and their dynamics is deterministic in the sense that
we can (in principle) solve exactly their equation of motion at all times —
the Schrodinger equation 1.16 in the quantum case. We then know that the
following Poincaré recurrence theorem applies: there exists a time — called
the recurrence time — after which the system will return to the neighborhood
of its initial conditions. “Neighborhood” means as close as possible to the
initial conditions.

For the case at hand, this implies that a finite, closed and isolated capac-
itor will eventually return to its initial state: it will recharge itself! This
apparent paradox, however, does not pose any practical worry. Even if the
electron system were truly closed, its recurrence time would be extremely
long.

For clarity, consider the quantum case. The many-body states of the
capacitor are eigenstates of some Hamiltonian H. Since we are dealing with
a large number N of interacting electrons (of the order of an Avogadro’s
number N4 = 6 x 10> particles/mol) the spectrum of H is extremely dense,
namely the separation between the many-body energy states dF is extremely
small. If AE is a representative energy interval of the system,'* and M
the number of states in that interval, it is indeed easy to argue that the
separation between many-body energy states is of the order of (Landau and
Lifshitz, 1959a)

AE
dE ~ — = ~ AE e ks AE eV, (1.14)

where S is the statistical entropy I will discuss in Sec. 2.8, kg = 1.38 x 10723
J/K is the Boltzmann constant. In the above I have used the fact that the

12 The ionic vibrations of the underlying lattice may be such an environment if they form a dense
energy spectrum, and no correlated state between electrons and vibrations forms. Otherwise,
energy will flow back and forth between electrons and ionic vibrations, and the following con-
siderations apply to this combined system.

13 Which means the system is also isolated. In this book, I will choose the convention of calling a
system closed when it is not interacting dynamically with an environment, and isolated when
it is not subject to external deterministic forces, like a classical electromagnetic field.

14 Statistically, this interval represents the width of the energy distribution of the system, like the
bandwidth in the single-particle case.
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number of states is exponentially related to the statistical entropy'® and the
latter is an extensive variable, namely it increases with the dimensions of
the system, or, equivalently, with the number of particles.
The recurrence time is thus of the order of
h h N
dE T AES

which for a macroscopically large number of particles may be much larger

Aty ~ (1.15)

than the age of the universe!'® For all practical purposes, there is no way
for us to observe the reverse process, the recharge of a closed capacitor, and
the dynamics of the system is thus practically irreversible.!”

The above point is interesting for another reason. If I keep the electron
system closed, but I make it truly infinite, namely with an infinite number
of particles, the spectrum of its Hamiltonian becomes a continuum, dF — 0,
and the recurrence time tends to infinity, At,.. — +o0o. This means that an
infinite system will never return to its initial state, and therefore we do not
need to worry about recurrence times: the dynamics of an infinite system is
intrinsically irreversible. In this case, the energy is diluted into an infinite
number of degrees of freedom (property of a bath, as I have discussed above),
and if we added a particle to it we would not be able to modify the internal
state of the system (property of a reservoir), and that particle would be
“lost” into the reservoir, in the sense that, almost immediately, we would

not be able to follow its dynamics.'®

1.2.2 Electron sources

In real life there is clearly no such a thing as an infinite system and in or-
der to set current flowing one generally relies on batteries attached to the
electrodes. The batteries are devices that, via internal chemical processes,
continually charge the surfaces of the electrodes so that a constant potential
difference can be applied at the two contacts between the electrodes and

15T will demonstrate this explicitly in Sec. 2.8, Eq. 2.144. Here I just need to use this property
to show that an infinite capacitor has an infinite recurrence time.

16 As an example, consider a system with only 100 electrons, whose many-body spectrum is
distributed over AE = 1 eV of energy. From Eq. 1.14, dE ~ 10~** ¢V, and the recurrence
time, Eq. 1.15, is Atyee ~ h/dE = 10%® s, or about 102° years! This number has to be compared
with the age of the universe which is about 108 s.

17 This result applies even if we could solve ezactly the equation of motion of a macroscopic number
of particles. Needless to say, this is a practically impossible task. Approximations to the exact
dynamics introduce loss of information, and thus provide another source of irreversibility of
dynamical systems (see Sec. 2.8).

18 This statement is obvious in the quantum case where electrons are indistinguishable. It is
also true in classical mechanics where, for all practical purposes, it is impossible to follow the
dynamics of a single particle in an ensemble of infinite identical particles.
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the battery, with consequent current flow across the electrode-conductor-
electrode structure. In other words, the battery creates a capacitor-like
situation as discussed above, and, in addition, maintains it till the chemi-
cal processes run out. I will use the conventional symbol for a battery as
represented in Fig. 1.3(c).

Electrons from the negative side of the battery cross the whole length of
the structure to be collected at the other positive end of the battery. On
average, at the same time electrons are injected from the negative side into
the structure thanks to the electrochemical reaction inside the battery. If for
a moment we put quantum mechanics aside and could label single electrons,
we could easily argue that the ones that get into the positive side of the
battery are not necessarily the same ones that get out of the battery from
its negative side. Quite generally, we would need inelastic processes to carry
electrons inside the battery from its positive terminal to the negative one.
Inelastic means that any one electron changes its energy in going from the
positive terminal to the negative terminal inside the battery.

Most importantly, once an electron is collected at the positive end of the
battery, its subsequent dynamics is practically impossible to follow, and this
electron is “lost” into the battery, most likely without changing the internal
state of the latter. Similarly, we can assume that an electron leaving the
battery does not modify its state considerably. In other words, the battery
effectively acts as a reservoir of electrons.

1.2.3 Intrinsic nature of the transport problem

Are these the only ways we can generate current? Not quite. For in-
stance, we can go back to our finite electrode-conductor-electrode system
of Fig. 1.3(b) after the discharge is complete, i.e., the system is at equi-
librium. We can then immerse it in an oscillating electric field. Electric
charges would then respond to the field and would start moving from one
electrode to the other, generating current. One can also generate current in
a metallic ring threaded by a magnetic field (see, e.g., Kamenev and Kohn,
2001), and so on and so forth.

All this seems awfully complicated to describe theoretically. There appear
to be so many ways we can generate currents, and so many processes we
need to take into account (e.g, the chemical processes in the battery). And
I have not even discussed what happens in the conductor itself, or how we
probe these currents!

This leads us to the following question: What is our main concern when
we want to study transport properties of a given system? For instance, are
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we really interested in what happens inside a battery or at the battery-
electrodes interface? The answer is clearly no. Indeed, what we are really
interested in are the conducting properties of the nanoscale structure in
between the two electrodes. We are less concerned with the way electrons
come out of the source or behave very far away from the conductor.

If so, can we simply ignore the electron source or, generally, forget about
the way electron motion is created — its initial conditions, the immediate
ensuing dynamics, its history dependence, etc. —and focus on the conductor
alone? Unfortunately, as we will see in the following chapters, the answer
to this question is generally a sound no. Indeed, ignoring such issues may
simply mean neglecting important physical processes of particular relevance
in nanostructures.

The above details would not bother us if we were simply to study the
equilibrium properties of the conductor. However, the forced attention to
these details reflects the one basic issue we will have to deal with in this
whole book:

Electrical transport is a non-equilibrium statistical problem. I

Conducting electrons are in a state of non-equilibrium whose properties,
quite generally, are at best known statistically. Under certain experimen-
tal conditions, electrons may be very far from their equilibrium state. And
as we all know, many concepts, theorems and results that make equilib-
rium statistical mechanics a well-accepted theoretical framework cannot be

straightforwardly carried over to the non-equilibrium case. Nonetheless, it
is the combination of statistical mechanics ideas with quantum mechanics
that will be the basis of the transport theories I will discuss in the follow-
ing chapters; the ultimate test of these theories being their experimental
verification.

1.3 Measuring currents

I have discussed how we generate currents. A natural question is now
What do we measure when we measure currents?

The answer is non-trivial since we are dealing with a quantum-mechanical
process.

Let us then stop for a moment and familiarize ourselves a bit more with
the quantum mechanics of the transport problem. This will be necessary to
understand what type of information we can extract from a measurement of
the current.
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1.3.1 Microscopic states

As stated previously, electrons flowing in a conductor are in a state of
non-equilibrium. Quantum mechanics tells us that, given an initial con-
dition |¥() on the many-body state of the system, its time evolution is de-
scribed by a many-body state vector |¥(t)), governed by the time-dependent
Schrédinger equation

v (1))

in
BT

= H(t)[¥(1)) . [¥(t)) = Vo) (1.16)

where H is the many-body electron Hamiltonian, sum of the kinetic energy
of all electrons, all interaction energies between them and the surrounding
ions, and any other interaction energy, for instance, the one due to external
fields. A formal solution of this equation is

T (1)) = U(t, )| Po), (1.17)

with the time-evolution unitary operator

<t
U(t,to) =T {exp [—;/ dt’fff(t')“ (1.18)
to

that propagates the initial-time state |¥g) to the state |¥(t)) at time t.
The symbol T stands for the time-ordering operator which orders prod-

ucts so that “past” times appear to the right.!” From the Schrédinger

equation 1.16 and Eq. 1.17, we find that the equation of motion of the

time-evolution operator is

ihaﬁgl’to) = H)U(t,ty), (1.19)

with boundary condition
Ul(to,to) = 1. (1.20)

The formal solution of Eq. 1.19 is again Eq. 1.18. If the Hamiltonian H does
not depend on time, from 1.18 we find

Ult, to) = U(t — to) = e H=10)/R, (1.21)

The state vector |U(t)) represents a micro-state of the system at time ¢.
Similarly, the state |¥U(to)) represents the micro-state of the system at initial
time t = ¢y. In order to prepare the system in such a state one generally
measures one observable A, or many commuting observables.

19 For two times t1 and to, T[H(t1)H (t2)] = H(t1)H(ta) if t1 > to, and T[H(t1)H (t2)] =

H(tz)H(tl) if to > t1.
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1.3.2 The current operator

The observable we are interested in is the current. We thus need to define
its quantum-mechanical operator. The current operator can be constructed
from the current density operator. For a system of electrons interacting with
an arbitrary classical electromagnetic field with vector potential A(r,t), the

current density operator is?

.0 = 5 37460 50), %) (1.22)

where the sum extends over all particles with position operator r; and ve-
locity operator
. Dbi—eA(ti,t)/c

Vi = - , (1.23)

with the symbol {4, B} = (AB + BA) indicating the anti-commutator of
any two operators A and B; ¢ is the Dirac delta function; and m is the
electron mass.

We can rewrite Eq. 1.22 in another form which will be convenient in the
following chapters. By replacing 1.23 into 1.22, and defining the number
density operator

A(r) = Zé(rffi), (1.24)

we get
§(r,t) = jp(r) — ——a(r)A (s, t), (1.25)
where

Jolr,0) = 5 574600 — 7). i} (1.20)

is the paramagnetic current density operator, and the term —en(r)A(r;,t)/mec

is called the diamagnetic current density operator.?!

20 The operator j(r, t) has three components, one for each cartesian coordinate.
21 Note that the paramagnetic current density operator is Hermitian but not gauge invariant.
Therefore, it is not an observable. Only the total current density 1.22 is an observable.
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Given a surface S, the current operator is defined as®?
I= / ds - j(r,t), (1.27)
S

where dS is again the surface vector 1dS we have defined in Sec. 1.2.23
This operator has, in general, a spectrum of eigensolutions with a discrete
component

119 ,) = I|¥y,), (1.28)

with the states |¥j,) belonging to the Hilbert space of the system, and
satisfying the orthonormality condition

(Ur, W) = 615,17 (1.29)

These discrete states correspond to confined currents such as those set by a
magnetic field threading a conducting ring.?* But most often, and particu-
larly for all the cases I will discuss in this book, the operator I has mainly
a continuum spectrum

I|W;) = I]9;). (1.30)

These states are not square-integrable — their norm is not finite — and thus
they do not belong to the Hilbert space of the system. Their “orthonormal-
ity” condition is instead

(U|Wp) =0(I =TI, (1.31)

and their statistical interpretation is a bit trickier than for states that belong
to a discrete spectrum. Indeed, only the eigendifferentials one can construct

22 Alternatively, we can close the surface S so that it encloses one of the electrodes. We can
then define an operator NV that counts the number of electrons in the volume V enclosed by
the surface S. The current operator can then be equivalently defined as the rate of change of
charges in that volume

. dNy

Iy =
v di

We will use this definition in Chapter 4.

23 The current operator 1.27 clearly depends on the chosen surface S, and, as we are considering
here, may have an explicit dependence on time due to the presence of a time-dependent field.
Even if it does not depend on time explicitly, it may not commute with the Hamiltonian of
the system. The current is thus not necessarily a constant of motion. This may be true even
if the system is in a current-carrying steady state, because in that case, it is truly the time
average 1.12 that is constant in time.

24 These are also called confined or persistent currents (Biittiker et al., 1983; Levy et al., 1990).
In this case, we say that the current is a property of the “ground state” of the system in the
presence of a magnetic field since it can be obtained from the eigenstates of the Hamiltonian
in the presence of the field.
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from these states, namely the states

1 I+61
Wiy = = [ ), (1.32)

with 61 a small interval of current in the continuum, are square-integrable
and thus belong to the Hilbert space. They indeed satisfy the orthonormality
condition (Messiah, 1961)

Jm (Wsr|Wspr) = 0p,p. (1.33)
0I'—0

Strictly speaking, whenever we construct averages of operators over states
in the continuum, we implicitly assume that we are dealing with eigendiffer-
entials of the type 1.32, corresponding to the states of that observable, and
not the continuum states themselves. We will see in Sec. 6.5.5 that this has
implications on the definition of current-induced forces.

Here I show that as a consequence of what I have just discussed, the
measurement of the current, which provides a value in the continuum, is
always affected by an intrinsic error — even if the measurement apparatus
itself does not introduce any other error in the measurement.?®

In order to see the fundamental difference between a measurement of the
current that provides a value in the discrete part of the spectrum and the
measurement of a value in the continuum, let us write the state of the system
|W(t)) in terms of the eigenvectors of the current operator,?°

Z% () 0y,) / dl er ()| 0;), (1.34)

where the coefficients ¢y, (t) and ¢r(t) are some complex numbers. The
probability that a measurement of the current I gives a discrete value I
at time ¢ is then

P(I = Ioft) = |ez, (8)* = (g, [ L (). (1.35)

On the other hand, for a measurement in the continuum, we can only ask
what the probability is that a measurement of the current I provides a value
in an interval (1,1 4 ¢I) at time ¢. This probability is

. I+61 I+61
P(I—>(I,I+(5I)]t):/l dI\cI(t)P:/I AW W) (1.36)

25 Obviously, a measuring apparatus is affected by its own intrinsic error, in addition to the
bandwidth I discussed in Footnote 9.

Equation 1.34 assumes that there are no other quantum numbers associated with the state of
the system. As I will discuss in a moment, this is generally not true.

26
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If the interval §1 is infinitesimal, the probability is simply P(f — (I, I+
dD)t) = [er(H)[2d.

We can rewrite the above probability in an alternative way by introducing

the projection operator onto the subspace of the eigenvalues of the current.
For the discrete spectrum I define

pfo = ’\III(J><\III()’ ) (1'37)

which has eigenvalue 1 for the state |¥y,) corresponding to current Iy, and
0 for any other state |¥ I ), with ) # Iy. With this definition, the probabil-
ity 1.36 may be written as

P(I — I|t) = (U(t)| Py, |T(t)). (1.38)

For the continuum, I define the projection operator onto the subspace of
the current eigenvalues in the interval (1,1 + 1) as

X I+61
P = / I (0, (1.39)
I

which acquires the value 1 when operating on the eigenstates |¥;) in the
interval (I,I + 1), and 0 for any eigenstate |Up), with I’ # (1,1 + 61).
Equation 1.36 can then be written as

P — (I,1+8D)|t) = (U(t)|Py|T(t)). (1.40)

1.3.3 The measurement process

If the state of the system is given by Eq. 1.34 before the measurement of the
current, and by measuring the latter at time ¢ we observe a discrete value
I, the system is in the state®”

(W(t +dt)) = [Vp) (1.41)

immediately after the measurement. An immediate repetition of the same
measurement would lead to exactly the same result. This is known as the
postulate of wave-packet reduction.

For a measurement in the continuum instead, if we measure a value of the
current in the interval (I, + 0I), the system is in the state

1

27 Here, as in the rest of the book, I will assume that the system is not appreciably perturbed
by the measurement of the current, except for the wave-packet collapse. This is called an ideal
measurement.

I+61
Wt + dt)) = / AL, (142)
Ol
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immediately after the measurement.
Using the definition 1.39 of the projection operator, with the results 1.36
and 1.40 the postulate of wave-packet reduction becomes

Blo@) Prl(t)

Wt + dt)) = -
V@B P — (1,1 +6D))

, (1.43)

immediately after the measurement, which reduces to 1.32 if 61 is infinites-
imal.

As anticipated, unlike for the discrete spectrum, a measurement in the
continuum does not specify the state of the system with absolute precision,
but provides a linear combination of states in a given interval of values of
the spectrum. This interval can be made very small, but never exactly zero.
This means that a measurement of the current for the majority of systems
I consider in this book is always affected by an intrinsic (unavoidable) error
of quantum-mechanical origin.

1.3.4 Complete measurement and pure states

There is yet another point I need to make regarding the measurement of cur-
rents. In the above discussion, I have implicitly assumed that by measuring
the current I can completely specify the micro-state of the system at any
time, i.e., I can write |¥(¢)) as in Eq. 1.34. In other words, I have assumed
that the current provides mazimum information on the state of the system.
For the majority of physical systems I consider in this book, this is not the
case. In quantum mechanics, specifying |¥(¢)) at any given time generally
requires measuring more than one observable. To make this clearer, let us
start from classical mechanics.

In classical mechanics, we completely know the state of N particles if we
know their 3N coordinates and their 3N momenta at any time. In quantum
mechanics, if two observables do not commute (for instance, the conjugated
position and momentum operators), we cannot measure their values simul-
taneously: the measurement of one of them introduces an uncertainty in the
other.

Therefore, the best one can do is to measure the maximum number of
observables A;, Ay, ..., A;, that commute with each other (i.e., [/All, Aj] =
/L-/Alj — fljfll =0,Vi,7 = 1,...,1), so that the result of these observations
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provides a set of eigenvalues to which is associated a single eigenstate, i.e.,

A1|\Ija1,-~,az> = a1|\p(ll,~--7az>

Al|qja17~-7a1> = al‘\I/a17---7a1>' (1'44)

This is called a complete set of commuting or compatible observables, and
the corresponding state (of which we know all possible quantum numbers)
is also known as pure state. As I will discuss in Sec. 2.8 this is a state with
“maximum knowledge”, in the sense that it provides mazimum information
on the system.

An example

Consider the simplest case possible: a free particle, one whose dynamics is
determined by the Hamiltonian H = p2/2m. For this case, a complete set
of observables is provided by the three components of the momentum p.
Let us indicate with |¥, , ». ) the common eigenstates of these operators,
which in the position representation are

i

exp | 7

1 in.
(Pax +pyy +p.2)| = Wehp Y
(1.45)

with eigenvalues p,, p, and p. for the three coordinates of the momentum

<r‘\:[jpa' Py 7pz> = W

(see Eq. 1.44). For a free particle, the current density is constant in space,
so that the current operator 1.27 defined across a given surface is simply the
area of that surface times the current density operator. From Eq. 1.22 we
then see that the current operator is a function of the momentum compo-
nents, commutes with them, and thus shares with them the same complete
set of eigenstates. Therefore, in the case of a free particle, the measurement
of the current and of any two of its momenta specifies completely the simul-
taneous state of the three components of the momentum that leads to that
current.

However, if we simply measure a current I/, we do not know all degrees of
freedom of the particle (its momentum), and its state after the measurement
is simply

+o00
W+ d) = A [ ey (000000 (140
. )

a linear combination of momentum states of the particle, constrained to give
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the measured current I, with A a normalization constant.?® This is even
more so for a system of N interacting particles: the measurement of the
current is generally not enough to specify the micro-state of the system.

Since in transport experiments one generally measures only the current,
and not all other compatible degrees of freedom, the state of the system is
not completely known. The current measurement provides only an average
macroscopic quantity without information on the microscopic degrees of
freedom.

1.4 The statistical operator and macro-states

From the previous discussion I conclude that the state of a current-carrying
system is only known statistically: one does not know the time evolution
of all degrees of freedom, only of some average macroscopic quantities. In
this case, the quantum-mechanical evolution of a single state vector |¥(¢))
does not provide full information on the state of the system, and one has to
resort to a different formalism. The latter needs to take into account both
the “intrinsic” statistical nature of quantum mechanics, and a classical type
of statistics. Here I briefly introduce the mathematical concept that accom-
plishes this task, known as the statistical operator or density operator. 1 will
use it in several parts of this book, whenever I need to consider explicitly
the statistical nature of the transport problem.

If the quantum-mechanical state of the system is not known exactly, we
can only discuss what is the probability that our system is in the state
|W;(t)) at any given time ¢. It is thus convenient to envision an ensemble of
identical copies of our system, all prepared with similar initial conditions,
and attribute at any given time ¢, a state vector |¥;(¢)) to each element ¢ of
the ensemble.?? This state vector occurs with probability p; in the ensemble
(see Fig. 1.5). These classical probabilities do not depend on time,3"
they simply describe how the ensemble is distributed over the individual

as

elements; and in order to represent a probability they have to add to unity

Zpi = 1. (1.47)

28 Clearly, for a free particle in one dimension, the measurement of the current specifies its
momentum in the sense 1.36 of a measurement in the continuum.

29 Of course, even if we knew the state of the system exactly (that is we have prepared it via a
complete measurement), due to the statistical interpretation of quantum mechanics, we have
to deal with an ensemble of systems, each prepared with exact precision. As I will show in
a moment, this is a particular case (a pure state) of the more general statistical operator
formalism I am discussing here. Therefore, to be precise, one should consider the elements i as
sub-ensembles of the whole ensemble of copies of the system.

30 This is true for closed quantum systems. For open quantum systems these probabilities may
vary in time (see Appendix G).
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P2:|712>

Fig. 1.5. An ensemble of identical copies of a system, each described by a state
vector |U;) occurring with probability p;. The whole set {|U;),p;} describes a
macro-state of the system with M accessible micro-states.

Let us then define the statistical operator

pt) = Zpi|qji(t)><‘l’i(t)" (1.48)

With this definition, the probabilities p; are simply
pi = (¥ilp[¥i), (1.49)

where I have used the orthonormality of the states |U;).

The set {|¥;),p;} of all possible micro-states |¥;) and their probability
p; of occurring in the ensemble is called a macro-state of the system, or a
mized state.3!

Given an operator A we then define its expectation value

(A); = Zpi<\l'i(t)|/i|\lji(t)> = Tr{p(t)A}, (1.50)

by performing both a quantum-mechanical average over the states of the
system, and a classical average over the ensemble of replicas of the system.
The symbol Tr indicates the trace of the matrix obtained from a given
operator in a specified basis set (note that the trace is independent of the
chosen basis set), and the last equality of Eq. 1.50 comes from the definition
of the trace of an operator, or equivalently, from the fact that given any two
states |¢) and |¢)) the trace satisfies the following property (see Exercise 1.1)

Tr{lo) (1} = (¥l9)- (1.51)

31 The representation of a given macro-state is not necessarily unique. There may indeed be two
(or possibly many) distinct macro-states {|¥;),pi}, {|¥;),p:} that give the same statistical
operator 1.48. Since only the averages 1.50 are physically measurable, these macro-states
represent the same dynamical properties of the same physical system, and cannot be thus
distinguished (see Exercise 1.3).



1.4 The statistical operator and macro-states 21

Equation 1.50 is written in the Schrodinger picture where the time evo-
lution is attributed to the state vectors, and the operators are independent
of time, apart from a possible explicit time dependence. In the Heisenberg
picture the operators evolve in time, while the state vectors are constant in
time.?? The average 1.50 must be identical in the two representations, and
in the Heisenberg picture we write it as

(A = (Ag (D) = T {p(t = 0)An (1)}, (1.52)

where p(t = 0) is the initial-time statistical operator, and Ap(t) is the
observable in the Heisenberg picture.

In any given basis {|®)} of the system’s Hilbert space the statistical oper-
ator 1.48 is represented by the density matriz elements (®|p|®’). In addition,

Tr{p(t)} = ZPZ’ =1, (1.53)

i.e., the statistical operator has unit trace at all times. I also mention
the following important properties of the statistical operator (Exercise 1.2),
namely p is Hermitian, p = pf, and non-negative, (¥|p|¥) > 0, V |¥) in the
Hilbert space, which guarantees that the expectation value 1.50 of a positive
operator, and the variance of any operator A, <A2>t - <A>t2, are positive.

Finally, due to the properties of the trace, the average of any observ-
able 1.50 is independent of the chosen basis. Instead of using the exact
many-body states |¥;(¢)) one can then change basis and use the eigenstates
of the system whose interactions among particles have been switched off.
We will see in the following chapters that with suitable approximations on
the Hamiltonian of the system this leads to enormous simplifications in the
calculations.

1.4.1 Pure and mized states

When the macro-state has probability distribution {1,0,...,0}, the statis-
tical operator is

p(t) =W (t))(¥(t)|, pure state, (1.54)

and the system is in a well-defined micro-state, of which we have full in-
formation. Tt is thus a state that can be prepared by the measurement
of a complete set of commuting observables, and as we have discussed in
321 recall that given an operator A in the Schrodinger picture, its Heisenberg representation is

Ag (t) = Ut(t,t0) AU(t, 1) = Ulto,t) AU(t,t), where the unitary operator U(t,ty) is given

in Eq. 1.18. In this book I will make use of both representations. I will specify when I switch
from the Schrodinger to the Heisenberg picture.
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Sec. 1.3.4 we call it a pure state. Otherwise, the statistical operator is given
by Eq. 1.48, and, as previously discussed, we say the system is in a mized
state.

1.4.2 Quantum correlations

What is the meaning of the matrix elements of the statistical operator in a
given basis set? The answer to this question is important to understand the
phenomenon of decoherence I will discuss in the next chapter.

Consider a system that can exist in only two states (for instance the two
states of an electron spin). Call these two “spin” states |1) and || ). Assume
the system is in a pure state |¥), which is a linear combination of these two
spin states

|¥) =alT)+Bl1), (1.55)

with a and 3 two complex numbers such that |a|?4|3|> = 1. The statistical
operator is

p= NP = || 1)(T 1+ aB* 1)L+ B LTI+ I8P, (1.56)

or in matrix notation (in the basis 1), []))

2 *
= ). (157)

From the above we immediately see that we can attribute a classical in-
terpretation to the diagonal elements of the density matrix: they represent
the probability of finding the system in either the state | T) or | | ). The
off-diagonal terms, on the other hand, relate to the quantum correlations
between the two spin states, and originate precisely from the superposition
(or quantum coherence) of quantum-mechanical states (our equation 1.55).
These correlations do not have a classical counterpart and therefore they do
not allow for a strictly classical interpretation. They quantify the degree of
“quantumness” of a physical system.?3

As I will discuss in the next chapter, when the system is in interaction
with an environment (or with a measuring apparatus), the effect of the
environment is to transform the density matrix into a diagonal one as time
elapses, namely

jof? aﬂ*) t—t o <|0/12 0 )
= % , , 1.58
P < o* B |5|2 environment 0 |ﬁ’|2 ( )

33 Note that the term “quantum correlations” is not limited to the off-diagonal elements of the
density matrix. We may indeed work in a basis in which the density matrix is diagonal to
begin with. The diagonal terms would then contain quantum correlations.
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with o/ and ' two complex numbers such that |o/|?> + |3'|> = 1. The
correlation degrees of freedom embodied in the off-diagonal matrix elements
of the density matrix are “lost” in the environment. We thus say that the
latter has created decoherence or dephasing, and the system ends up in an
incoherent state, which, as I have discussed above, allows for an easy classical
interpretation.

1.4.3 Time evolution of the statistical operator

The equation of motion for the statistical operator 1.48 can be easily ob-
tained from the time-dependent Schrédinger equation 1.16. I find

= H(t) sz‘\‘l’qz(t»(‘l’i(t)’) - <ZP¢|‘I’z‘(t)><‘If¢(t)\> H(t)

— H®)H() - pOH(D). (1.59)

~ A

Using the definition of the commutator of any two operators A and B,
[A,B] = AB — BA, I can write the above equation as

dp(t -
ih’zsf) = [H,p(t)], closed quantum system. (1.60)

The above equation, known as the Liouville—von Neumann equation, de-
scribes the dynamics of a closed quantum system whose state may or may
not be completely specified.?* It must be solved with a given initial condition
p(to)-

Using the definition 1.18 of the time-evolution operator U(t,ty), a formal
solution to Eq. 1.60 is

which can be checked by direct substitution into 1.60.

341 remind the reader that I call closed a system that is not in dynamical interaction with an
environment with which it may exchange energy and/or particles. However, Eq. 1.60 is also
valid for systems subject to deterministic external forces, such as an electromagnetic force.
Therefore, the system may not be isolated.
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1.4.4 Random or partially specified Hamiltonians

Note that in order to derive 1.60 I have implicitly assumed that the Hamilto-
nian H does not depend on the micro-states |¥;(¢)),% namely H # H[{|¥;)}]
— otherwise the third equality in Eq. 1.59 does not hold. What if this is not
the case, or more generally, the system is so complicated that we do not
even know the Hamiltonian completely? This issue will appear in Chap-
ter 7 when we will make use of approximate Hamiltonians derived from
density-functional theory. It is, however, a general problem when the num-
ber of degrees of freedom is macroscopic (as in a transport problem), and
by making a series of approximations to render the problem analytically or
numerically tractable we are left with some degrees of freedom that we know
only statistically.?¢

The above results can also be extended to the case in which the Hamilto-
nian itself is not known exactly, i.e., when the Hamiltonian H contains some
unknown components, or components that may vary randomly. Let us call
H ; each Hamiltonian in this ensemble of random or stochastic Hamiltonians,
and p; the probability that this Hamiltonian appears in the ensemble.?” A
statistical operator p;(t) associated with a given Hamiltonian H ; satisfies an
equation of motion 1.61 with a given U;(t,9). For each of these statistical
operators we can calculate the average of any observable A via Eq. 1.50.
The total average over all statistical operators is simply weighted by the
probabilities p; that these statistical operators occur. The definition 1.50
can be thus generalized as

<A>1‘—TI'{( } ijTr{p]( 121} Zp]p] /1
ZPJ (t,t0) P;(lfo)U;-f(tﬂfo)f1 : (1.62)

Since this must be true for any observable fl, from the second and last

35 If it does depend, like the Hamiltonian operator of the Hartree—Fock equations (Ashcroft and
Mermin, 1975), we say that it is a functional of the wave-functions. This is also the case, for
instance, if the Hamiltonian is a functional of the density and/or a functional of the current
density.

30 For instance, we may neglect some correlations among electrons that we know constrain the
current to a certain average value. These correlation are then known only statistically and we
may treat them as random variables.

37 This probability is not necessarily the probability that, given a Hamiltonian, a micro-state [%,)
appears in the ensemble of micro-states corresponding to that Hamiltonian.
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equalities we see that the statistical operator p at time t is simply

t)=> pip;(t) ij (t,t0); (to) U (£, to). (1.63)
j

Note that this statistical operator does not satisfy Eq. 1.60 with a given
Hamiltonian, i.e., its time evolution is not known in a closed form, and in
order to find it, one needs to evaluate the average 1.63, at every time step,
over all stochastic evolutions of each element of the ensemble of Hamiltoni-
ans.

1.4.5 Open quantum systems

Consider now the case in which our system can be separated into two sub-
systems. For instance, I will show in Chapter 6 that the many-body Hamil-
tonian of electrons and ions of a given material, can, under specific approx-
imations, be written as the sum of an electronic Hamiltonian I:[e, plus a
Hamiltonian describing ionic vibrations (whose quanta are called phonons)
th, and a Hamiltonian descrlblng their mutual interaction Hp —ph- The
total Hamiltonian is thus®

H=H ®1.+ 1 ®Hy, + Ho_pp, (1.64)

where 1, is the identity operator on the Hilbert space H,. of the electrons
only, and iph is the identity operator on the Hilbert space H,;, of the
phonons. The symbol ® means tensor product of the two Hilbert spaces.

If we are only interested in the dynamics of the electrons alone, i.e., we
are interested in the current carried by the electrons in the presence of the
bath of phonons without concern for the microscopic dynamics of the latter,
we can proceed as follows.

Let {|U.)} be a complete set of eigenstates in the Hilbert space H, of the
electrons, and {|¥,;)} a complete set of eigenstates in the Hilbert space H,p,
of the phonons. The states

“I’e,ph> = |‘I’e>|‘1"ph> (1.65)

span the composite Hilbert space of the total system, electrons plus phonons,
H="He® Hyp.

The macro-state of the total system is described by some statistical opera-
tor pe—pn(t) whose matrix elements in the basis 1.65 are (V¢ 4| 0e—ph [¥e pht)
with the symbols {e, ¢/, ph, ph'} indicating all possible electron and phonon

38 T will derive the explicit form of these Hamiltonians in Chapter 6. Here it suffices to know that
they describe different sub-systems, and their mutual interaction.
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quantum numbers. The current operator on the composite Hilbert space,
'H, is the tensor product of the current operator 1.27 on the Hilbert space of
the electrons, and the identity operator on the Hilbert space of the phonons,

1ph7 i.e.,
fe—ph = j ® iph- (1.66)

According to Eq. 1.50 the expectation value of this current operator (that
represents the expectation value of the current operator of the electron sub-
system) is then

<I>t = <fe—ph>t = Tr{ﬁe—ph(t)je—ph} = Tr{ﬁe—ph(t)[f ® iph]}

= Z <\Ije,ph|ﬁe—ph‘\l’e’7ph’><‘1}e’,ph"f b2y iph|\Ije,ph>
e,e’ .ph,ph’

= > (Wepnlbe—pn|Wer pn) (Ter T[T (1.67)

e,e’ . ph

where in the above, the symbol {e, €', ph, ph'} means that the sum extends
over all states W, ;) of the composite system, and in the last equality I have
used the orthonormality condition of the phonon states (¥, |1,,|¥,u) =
Oph,ph-

If we define the matrix elements of the reduced statistical operator acting
only on the Hilbert space H, of the electrons®

<\Pe|ﬁei’\1je’> = Z<\Ile,phmefph’q/e’,ph> = <\I/e’Trph{ﬁefph(t)}‘\:[le’% (168>
ph

we can rewrite Eq. 1.67 as
(D)t = Tre{pe(t)} (1.69)

where the symbol Tr. means that we are integrating over the electronic
degrees of freedom, and I have defined the statistical operator

ﬁe(w = Trph{/se*ph(t)}v (170)

constructed by integrating or tracing out the phonon degrees of freedom.
In the rest of the book we will be concerned mostly with traces over the
electronic degrees of freedom, so to simplify the notation, I will use the
symbol Tr to mean Tr,.

Note that after this integration, the state of the electronic subsystem is not
necessarily in a pure state, even if it was prepared as such at the initial time.

39 This is the quantum-mechanical analogue of the classical reduced densities I will define in
Sec. 2.6.
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Fig. 1.6. A physical system is, in general, always in interaction with an environ-
ment. For electrons in a conductor this environment may be provided by the ionic
vibrations, or the ensemble of electrons themselves.

This is a general property of composite quantum systems: a subcomponent
of the whole quantum system cannot be generally described by pure states.

In addition, unlike the total statistical operator p._,;(t) whose dynamics
is given by Eq. 1.60 with Hamiltonian 1.64, the dynamics of the reduced
statistical operator p.(t) does not generally obey a closed equation of mo-
tion, i.e., a simple equation of the type 1.60.4° This is precisely due to the
interaction ﬁe_ph between electrons and phonons. Nonetheless, we can still
derive a closed equation under specific conditions.

Let us assume that at the initial time ¢t = ¢y the total statistical operator
can be separated into

Pe—ph(to) = pe(to) @ ppn(to), (1.71)

the electrons and phonons are initially uncorrelated. One can then switch on
their mutual interaction for ¢ > ty (provided the interaction is weak), and
by assuming that the phonons “lose” memory of their internal correlations

40 In fact, from Eq. 1.60

dt = Trph {[H /sefp/z (t)]} 76 [Hv Trph {pAefph (t)}}
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fast,’! one finds the following equation for p(t) (see Appendix C)

dpe(t . 1o 1 i o
pelt) _ [He,pe(t)}—iVTVpe(t)—ipe(t)VTV—i-Vpe(t)VT, (1.72)

at — h
where V' is an operator (not necessarily Hermitian) derived from the coupling
Hamiltonian H._,;, and often called the Lindblad operator. More generally
we can write Eq. 1.72 as

dpe(t)
dt

= Lpe(t),  open quantum system (1.73)

where £ is known as the Lindbladian,*? and Eq. 1.73 as the Lindblad equa-
tion, or quantum master equation. 1 derive this equation in Appendix C,
where I also discuss some of its general properties. In particular, I stress
here that the Hamiltonian appearing in Eq. 1.72 may not necessarily coincide
with the Hamiltonian of the electrons in the absence of the bath. The bath,
via interaction with the system, may also contribute to the unitary part of
the system evolution by “shifting” (or renormalizing) its energy states (see
Appendix C).

In Appendix G I will re-derive Eq. 1.73 from the stochastic Schrédinger
equation G.1, which will be more useful when we transform the many-body
electron problem into an effective single-particle one using density-functional
methods.

Equation 1.73 describes the dynamics of the electrons open to a bath of
phonons. This dynamics is not unitary like the time-dependent Schrédinger
equation 1.16, and we thus say it describes electron evolution “beyond
Hamiltonian dynamics”.

Equation 1.73 is not limited to electrons in interaction with phonons. It
generally describes the interaction of a physical system in interaction with
(open to) an environment whose strength is represented by some operator
1% (Fig. 1.6). If one considers single electrons, this environment may be
due to the presence of the other electrons in the conductor, which produce
fluctuations in the electron dynamics via electron-electron scattering.

I also note that for an arbitrary operator £ Eq. 1.73 does not necessarily
41 In other words, the electron dynamics is slower than any correlation time of the phonons (see

definition in Sec. 5.1). As I have discussed in Sec. 1.2, this is precisely the condition for a bath

to behave as such: its interaction with the system of interest — in this case the electrons

does not modify its internal state. This is also called the Markovian approximation. However,
in the case of phonons, by doing so we neglect any correlated feedback the electrons may
provide to the phonon dynamics. We will see in Sec. 8.6 that this feedback is not necessarily
negligible locally in a nanoscale junction. If we relaxed the Markov approximation, we would
still obtain a closed equation of motion for the statistical operator but with “memory” effects

(see Appendix C).
42 The operator L is a type of super-operator because it transforms an operator into another.
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admit a stationary solution in the limit of ¢ — 400, namely a statistical
operator p5° such that

dp(t)
tlg&-noo dt

—0. (1.74)

If it does admit a solution for a given L, this statistical operator may not
be unique, i.e., there may be many (possibly a macroscopic number of)
solutions to Eq. 1.72 satisfying the condition 1.74 (see Appendix C).

1.4.6 Equilibrium statistical operators

The statistical operators of electrons and phonons at the initial time may
be arbitrary. Indeed, at the initial time both subsystems may be in a state
of non-equilibrium according to how the system is prepared — for instance
by the battery that drives the current. In many instances, it will be how-
ever convenient, or necessary, to assume that both electrons and phonons
are in an initial state of equilibrium. This state is easy to calculate from
equilibrium statistical mechanics.

When a system is in global equilibrium with a reservoir at temperature
0 with which it may exchange particles,*® the probability p; that it can be
found in a micro-state |¥;)y, that contains a number N of particles, and
has energy EIN (solution of ﬁN|\IJi)N = ElN|\IJZ->N, with Hy the N-particle
Hamiltonian) is given by the equilibrium grand-canonical distribution (see,
e.g., Balian, 1991)

e—B(EY —iN)
TSy e AET
J

where [i is the energy change due to the addition of an extra particle to the

eq
p;

(1.75)

system (also known as chemical potential that I discuss in detail in the next
chapter), and I have defined 5 = 1/kpf. Using the energy eigenstates |¥;)x
and the definition 1.48 of statistical operator, the latter can be written as
(see also 1.49)

e—BH—N) e~ BH—iN)

pod = = , 1.76
Pa Tr{e—f(H-aN)} Za (1.76)

with the grand-canonical partition function Zg = Tr{e_ﬁ(H —AN V4 and N

43 This equilibrium state can be thought of as the long-time stationary solution of Eq. 1.73 for
some super-operator L.

44 The sums in both the canonical and grand-canonical partition functions run over all degenera-
cies of the energy states.
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an operator that counts the number of particles in a given many-body state
(see also Appendix A and Chapter 4)

Ny = | Y MW)a u{T] | [Ty = N|Ti)y. (1.77)
M,j

If the number of particles in the system is fixed (not just its average) then
the equilibrium statistical operator is the canonical®

o—BH o—BH

Tr{e-8H} T Zo

Aed _

Pc (1.78)

with the canonical partition function Z¢ = Tr{e*ﬁﬁ }. The canonical prob-
abilities are

pit = 7Zj g (1.79)
The form of the above statistical operators is the same for both electrons and
phonons, the difference being clearly in the quantities appearing in them,
such as the Hamiltonian and chemical potential.

f(S) 4
a
| @
— > Fig. 1.7. (a) Degenerate limit
28 € of the Fermi—Dirac distribution
for independent electrons. (b)
Broadening of the Fermi—Dirac
f(e) 4 distribution at a finite tempera-
(b) ture 6. [ is the chemical poten-
1 -l tial.
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When the N particles are non-interacting, or weakly interacting,6 and
indistinguishable then the total energy of the system F is simply the sum
45 In the limit of zero temperature, 3 — +oo, this reduces to the statistical operator of the ground

. state pp = ‘\IJ(]><\I/0‘
46 This is called an ideal gas and I will employ its properties in several parts of this book.
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over the single-particle energies &; of its constituents, £ = ) j N;&;, where
N; is now the average number of particles that occupy the single-particle
level with energy &;, with Zj N; = N. We then find that the average
occupation number or distribution of these single-particle levels weighted
according to 1.75 is

1 . A U
[i=N; = P YT Fermi—Dirac distribution, (1.80)
for electrons, and
1 e
N; = AT L Bose—Einstein distribution, (1.81)

for phonons.*”

Nee) |

Fig. 1.8. Bose—Einstein distri-
bution as a function of energy for
independent phonons.

»
>
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In the limit of zero temperature the Fermi—Dirac distribution tends to a
step function with unit height, with the chemical potential delimiting the
edge of the step function:

fle)—=0O(n—¢); 6—0, (1.82)

where ©(f1 — €) is the Heaviside step function, which is zero for g —e < 0,
and takes the value 1 for g —e > 0 (Fig. 1.7(a)). In this limit we say
the non-interacting electrons form a degenerate Fermi gas, and the chemical
potential coincides with the Fermi energy, Er, the energy of the highest
occupied level.*8

At finite temperatures the Fermi—Dirac distribution broadens due to the
47 The number of phonons (like the number of photons, quanta of the electromagnetic field) is not

conserved. At thermal equilibrium it cannot be modified independently of the temperature.

Therefore, the chemical potential for phonons is taken to be zero.

48 More generally, the degenerate limit of the Fermi gas occurs when the thermal energy kg is
much smaller than the Fermi energy Ep.
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fact that some electrons are excited to states above the chemical potential,
with the broadening of the order of kpf (Fig. 1.7(b)).%

The Bose—Einstein distribution instead tends to zero with increasing en-
ergy, and diverges as the energy goes to zero (see Fig. 1.8). We refer the
reader to other textbooks for a derivation of these well-known results (see
for instance Pathria, 1972).

1.5 Current measurement and statistical operator truncation

As a particular case of open quantum systems, let us consider our electron
system “open” to an apparatus measuring the current. Indeed, the coupling
of a measurement apparatus with the system of interest can be interpreted
as the interaction of the latter with other degrees of freedom external to
it. And similarly, the interaction of a system with an environment can

2

be interpreted as the continuous “measurement” of the open system (with
the environment carrying information on the correlations with the system),
without actually observing the outcome of that measurement.

This particular “open” case allows us to reformulate the postulate of wave-
packet reduction in the language of statistical operators. From this, in
Sec. 2.8 I will quantify the amount of loss of information during the mea-
surement of currents.

As I have previously discussed, measurements in quantum mechanics are
associated with an irreversible projection onto the subspace of the given
observable. This has an important effect on the statistical operator.

To see this, let us assume for simplicity that before the current measure-
ment the system is prepared in a pure state |U(t)). Its statistical operator
is then given by Eq. 1.54, i.e., p(t) = |U(¢))(¥(¢)|. Let us also assume that
the current measurement provides a complete measurement, namely, we do
not need to measure any other observable to know the state of the system.

Let us now couple the system to an apparatus that measures currents.
Before the coupling, the statistical operator of the combined object, system
plus apparatus, is the tensor product of the statistical operator of the closed
system and that of the apparatus (similar to the product 1.71 between the
statistical operators of electrons and phonons before their interaction). We
then allow for coupling, and immediately separate the measurement appa-
49 When the temperature is large enough that the thermal energy kp# is a large fraction of the

Fermi energy E'r, we say the electrons form a non-degenerate Fermi gas. In metallic systems

the Fermi energy is of the order of eVs. The temperatures considered in this book are close

to room temperature or much smaller. Therefore, for the metallic systems considered here,
the electron gas is practically degenerate. In doped semiconductors the Fermi energy (whether

above the conduction band minimum, or below the valence band maximum) is of the order of
few kp6s. For this type of systems the non-degenerate limit is easily attainable.
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ratus from the system.’’ We know that such a measurement process can
provide any of the current eigenvalues I, with probabilities

pr = P(I — (I,I+60)|t) = Te{pPr}, (1.83)

given by 1.40, associated with the states |Ws;).°! This is equivalent to the
definition of a statistical mixture to which corresponds a statistical oper-
ator of the form 1.48. We thus see that, even before any observation is
made, i.e., before we actually know the outcome of the measurement, by
simply coupling the system to the measurement apparatus (and its subse-
quent separation), the statistical operator of the system transforms into that
representing the statistical mixture

Prw () ((t)| Py
;pl NN

=" Pw) (1) Py =Y Pra(t) Py, (1.84)
I I

pr(t) = prlU) (¥ =
I

where in the first line I have used 1.43.

The above result is true even if the statistical operator of the system is not
initially in a pure state. It amounts to decoupling any two different subspaces
corresponding to any two eigenvalues of the current operator. In other
words, the off-diagonal elements of the statistical operator corresponding to
the coupling between any two eigenvalues of the current operator are set to
zero. Therefore, this stage of the measurement corresponds to the truncation
of the initial statistical operator p.

The final stage of the measurement is to observe a specific outcome [
which, according to Eq. 1.43 transforms the statistical operator into p; =
PrpPy /Tr{ﬁlf’j}. The full measurement process, from the coupling of the
system with the apparatus, to the final observation of a specific value of the
current (wave-packet reduction) can then be summarized in the two-step
process

R R 5 g R PrpPr
p— P = P[pP[ — Pl = - (185)
ZI: Tr{pPr}
We will see in Sec. 2.8 that the first stage of the current measurement actu-

ally leads to a loss of information.®?

50 This “thought” separation is because we are interested in the properties of the system alone,
without concern about the apparatus.

51 T work here only with the continuum spectrum of the current operator. Extension to the discrete
component is straightforward. I also implicitly assume that I have divided the continuum
spectrum of the current operator into infinitesimally small intervals §I. The summation 1.84
runs over these intervals.

52 We also note that, quite generally, the interaction of the system with the apparatus is not
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1.6 One current, different viewpoints

I have discussed the different ways we can generate current, anticipated
some of the processes we need to take into account to have a comprehensive
understanding of its properties, and analyzed the amount of information one
can extract from a current measurement.

At this point we may ask the question: isn’t this enough to calculate
electrical currents? After all, if the system is in a pure state we can solve
the time-dependent Schrodinger equation 1.16, and calculate, at any time,
the expectation value of the current operator 1.27 over this state.

If the system is in a mixed state but closed, we can solve Eq. 1.60 for the
statistical operator p(t) (or calculate the average 1.63 if the Hamiltonian is
known only statistically) from which the current can be calculated according
to 1.50 as

I(t) = e(I); = eTr{p(t)I}, (1.86)

the pure state being a particular case.

Finally, if the system is open — for instance, if the electrons interact with
a given bath or a reservoir — and we know how to determine the statistical
operator p(t) (e.g., if its dynamics can be described by the Lindblad equa-
tion 1.73), once again we can calculate the expectation value of the current
operator according to 1.86. From this, we can also calculate all possible
fluctuations of the current as I will discuss in Chapter 5.

As a matter of principle, we may indeed do all of the above, and our book
would be complete at this point (it would be a very short book after all!).
There are, however, two issues I need to expand on.

(1) For all practical purposes the procedures I have outlined above, while
formally correct, are unfeasible: the non-equilibrium many-body problem we
are dealing with is too complicated, and thus requires some simpler math-
ematical procedure, or outright approximations, in order to have tractable
equations we can either solve analytically, or (as is often the case) numer-
ically. In the following chapters, we will see that we have a fundamentally
exact way to transform the intractable time-dependent many-body problem
into a much simpler effective single-particle problem for the various time-
dependent cases considered above. The most important aspect of this trans-

limited to the current only, but may be extended to the coupling with any other type of
observable, or also to the interaction with a different type of particles. In Sec. 1.4.5 this
interaction led us to consider a new equation of motion for the statistical operator of the
system coupled to a bath, the Lindblad equation 1.73. We can thus re-interpret that equation
as describing the continuous “measurement” of the state of the system via interaction with
a bath, without ever actually “observing” the outcome of this measurement (Dalibard et al.,
1992; Bushong and Di Ventra, 2007).
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formation is that it is based on exact theorems that provide solid ground for
further approximations.

(2) Approximations and assumptions one reasonably makes to solve the
transport problem may also suggest new ways of interpreting electrical con-
duction, and even provide clues to predict novel phenomena that are “hid-
den” in the average current 1.86.%3

Therefore, I now move on to describe the different transport theories that
have been suggested over the years, based on definite physical assumptions
and approximations. These theories will reveal important basic concepts and
properties of electrical conduction, and suggest simpler ways to calculate not
only the electrical current, but all other related phenomena as well.

Before doing this, however, let us briefly summarize the viewpoints under-
lying these theories. These viewpoints can be grouped into two main lines
of thought:

Viewpoint 1. The electrical current is a consequence of an applied
electric field: the field is the cause, the current is the
response to this field.

Viewpoint 2. The current fluz is determined by the boundary condi-
tions at the surfaces of the sample whose properties we
are interested in. Carrier flow incident on the sam-
ple boundaries generates, self-consistently, a pileup of
carriers at the surfaces of the sample or in its inte-
rior. Amn inhomogeneous electric field is thus gener-

ated across the sample. The field is a consequence of

carrier flow.

To Viewpoint 1 belong the classical Drude conductivity model (Drude, 1900),
the Kubo formalism (Kubo, 1959), the Boltzmann equation (Boltzmann,
1872), and variations of these theories. Viewpoint 2 is generally referred to
as the Landauver approach (Landauer, 1957).

What about the discharge of a closed capacitor across a nanojunction I
have discussed at the beginning of this chapter? This alternative viewpoint
to transport — I call it micro-canonical (Di Ventra and Todorov, 2004) for

53 Indeed, the knowledge of the ezact many-body state of the system is not, by itself, necessarily
that useful. This state contains a huge amount of information. Therefore, extracting from it
the relevant macroscopic properties of the system would be a formidable task. No less than
finding the many-body state itself.
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reasons | will discuss in Chapter 7 — falls in between the above two categories.
The current discharge is the response to the electric field between the two
electrodes. The magnitude of the current flux, however, is determined by
the charge pileup and consequent local field at the nanoscale junction.

Summary and open questions

In this chapter I have briefly anticipated the type of physical systems we
will be mainly interested in: those of nanoscale dimensions. A key quantity
relevant to these structures is the large current density they can carry as op-
posed to their mesoscopic/macroscopic counterparts. I have also described
different ways electrical current can be generated, and discussed — from the
point of view of quantum measurement theory — what is measured when one
measures currents.

In addition, I have stressed the most important message of this book: elec-
trical transport is a non-equilibrium statistical problem. The reason is that
electrons are driven out of their equilibrium state, and our experimental
knowledge of their time evolution is generally incomplete. For this reason,
I have introduced the statistical operator formalism, which will be central
in discussing the information content during a measurement of the current,
and, in general, the loss of information in the description of transport phe-
nomena.

Finally, I have summarized the main viewpoints upon which the transport
theories I will discuss in the next chapters are based. They are all equally
valid in describing electrical conduction, and each one of them will provide
important bits of understanding into the transport problem.

Exercises
1.1 Properties of the trace. Given an operator /1, and a basis set
|pr), the trace of the operator A is defined as
Tr{A} = (¢nlAlgr), (EL.1)
k

and is independent of the basis set. Prove the following properties
of the trace that we make use of in this book:

(a) The trace of a dyadic |¢) (1| is

Te{[p) (0]} = (Pl¢) . (E1.2)
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(b) Given two operators A and B, the trace is invariant under a
cyclic permutation:

Tr{AB} = Tr{BA}, cyclic property of the trace. (E1.3)

(c) The trace of a commutator of two operators A and B is zero:

Tr{[A, B]} = 0. (E1.4)
(d) Given a general operator A
Tr{AT} = [Tr{A}]*. (EL.5)
1.2 Properties of the statistical operator. Prove that the statistical

operator p(t) (Eq. 1.48) satisfies the following properties:
(a) It is Hermitian:

ph=p. (E1.6)

Using the properties of the trace, prove that this guarantees
that the expectation value of a general observable (Eq. 1.50)
is a real number.

(b) The trace of the statistical operator is unit:

Te{p} =1, (E1.7)

and it is preserved at all times by the the Liouville—von Neu-
mann equation 1.60.
(c) The statistical operator is non-negative:

(U|p|W) >0, V|U)eH, (E1.8)

where H is the Hilbert space of the system. Prove that this
property implies that the variance of a general operator fl,
(A — (A))?, is positive.
Prove that an operator p that satisfies properties (a), (b) and (c)
can always be written as in Eq. 1.48, and thus represents a density
operator.

1.3 Multiplicity of the statistical operator. A given statistical
operator may be represented by many different macro-states (see
Footnote 3!). All of these different representations cannot be distin-
guished because only the average 1.50 is accessible experimentally.

Consider a spin 1/2 particle prepared in an wunpolarized state.
Write down different microscopic descriptions of its statistical op-
erator. What is the general transformation that relates all these
macro-states which produce the same statistical operator?
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Idempotency and pure states. Show that a statistical operator
representing a pure state is idempotent at any time

p2(t) = p(t),  pure state, (E1.9)

which implies that Tr{p?(¢)} = 1. Show that this latter condition is
necessary and sufficient for a statistical operator to represent a pure
state. Prove that for a mixed state

Tr{p*(t)} <1, mixed state. (E1.10)
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Drude model, Kubo formalism and Boltzmann
equation

In this chapter I discuss the transport theories belonging to Viewpoint 1:
the current is the response to an electric field (Sec. 1.6). They are ideal to
introduce several important concepts I will be making use of in the rest of
the book.

2.1 Drude model

In the spirit of Viewpoint 1, let us consider an electric field E that drives
a current density j inside a wire. Let us assume that these two quantities
are linearly related. We call the proportionality constant between the field
and the current density, resistivity, and write!

E = pj (2.1)
which is the geometry-independent version of Ohm’s law
V =RI, Ohm’s law, (2.2)

where V' is the potential drop along the wire (also called bias), I the current
that flows across it, and R is its resistance. The current density in Eq. 2.1 is
the response of the system to an external field. Equivalently, we could have
written

j=0oE, (2.3)
where o = 1/p is the conductivity, the inverse of the resistivity, and

I1=GV (2.4)
with G = 1/R the conductance.

I We will see in Sec. 2.3 that this local relation between the field and the current density is not
necessarily valid.

39
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Ohm’s law is an example of a linear-response approach to conductance: a
small field induces a current response in the system that is linearly related
to the field itself. The term “small” strictly means that the system can be
considered very close to equilibrium. In Sec. 2.3, when introducing the Kubo
formalism, all these terms will become clearer, and we will make a connection
between linear-response theory and the fluctuations of the system close to
equilibrium.

Let us now assume that the conductor is uniform with resistivity p and
has a constant cross section S and length L. We also consider the field
static and uniform. The potential drop along the wire is then V = EL.
From 1.6 (for steady-state currents) we find I = Sj, the current density j
being constant everywhere in the wire. From Eqgs. 2.1 and 2.2 we finally find

oL

R 2.5
S b ( )
or for the conductance
1 15 oS
=—==-==—, 2.
¢ R pL L (2:6)

We have thus obtained a known classical result: for ohmic conductors —
those following Ohm’s law 2.1 — the resistance increases with the length of
the conductor. We will see in Chapter 3 that for mesoscopic and nanoscopic
systems this is not necessarily true.

In general, for 2D and 3D systems, the current density may not be par-
allel to the direction of the field. The resistivity would then be represented
by a tensor, i.e., an N X N matrix with N = 1,2,3 according to the di-
mensionality. In this case, if a field component E,(r) is applied in the v
direction and induces a current density j, in the p direction, the linear
response relation 2.3 becomes

j,u, = ZO—/I,VEya (27)
v

with o, the elements of the conductivity tensor. In addition, all the above
quantities may depend on time if the driving field depends on time.?
For simplicity, let us still assume the electric field static and uniform,
2 For a small, arbitrary electric field, the electrical response may also be non-local in space (for
an inhomogeneous system) and history dependent: the current density at point r and time ¢

may depend on the conductivity at every other point in space and earlier times. The general
current response is thus

. "t
Gu(r,t) = Z/dr'/ dt'oyu, (r,r'st — B, (v, 1),
v —o

I will discuss this general expression in Sec. 2.3.
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. . a Fig. 2.1. The semiclas-
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so that the resistivity and conductivity are independent of time. We also
assume the material composing the wire to be isotropic so that the conduc-
tivity tensor is diagonal, and we can work with the relation 2.1 (or equiva-
lently 2.3). Let us now relate the resistivity to microscopic quantities, such
as the mass m of the electrons, their density n, etc.?

Electrons moving under the action of the electric field will experience
collisions that will change their momentum p. These collisions could be due
to the scattering with ionic vibrations, or collisions with other electrons or
impurities (see Fig. 2.1). For the time being the nature of the collisions is
irrelevant. However, what is important for the considerations we make here
is that all collisions are independent events, namely, electrons experience a
collision independently of the outcome of previous collisions.*

Electrons have an average velocity v. Let us now define the relazation time
T as the average time between two successive collisions. As a consequence
of these collisions, in the time interval 7, electrons change, on average, their
momentum by the amount

dp mv
p7imi (2.8)
where m is the effective mass of the electron in the given material.

We assume that after a collision the electron emerges with a velocity v
that is randomly oriented. This implies that on average (over all parti-
cles) the randomly oriented velocity immediately after the collision does not
contribute to the total average velocity v, i.e., (vo) = 0.> After the colli-
sion, and before the next collision occurs, the electron is accelerated by the
driving field. Between collisions, the change of momentum must then be

3 Since we are working in linear response, the density here is the density of the system at
equilibrium, as will become clear in Sec. 2.3.

4 We say that a collision at time ¢ is uncorrelated with a collision at time ¢'.

5 Similar to the zero average of the thermal velocity (see Eq. 1.1 in Sec. 1.2)
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proportional to the field
dp _
dt

At steady state, if all the momentum change is equal to the one the electrons

eE. (2.9)

experience during collisions (Eq. 2.8) we then get the relation®

Y _ eE. (2.10)
.

Comparing 2.10 with 2.1, and using the form 1.5 for the current density we
find that the resistivity is

m
= . 2.11
P = netr ( )
In this model, the conductivity is given by
1 2
g=-="°7 ,  Drude conductivity. (2.12)
P m

This is the Drude relation between the conductivity and the microscopic
properties of the conducting electrons. An equivalent relation holds for a
frequency-dependent field. I leave the derivation of this case as Exercise 2.1.

The relaxation time is generally the only unknown and can be determined
experimentally precisely from the relation 2.12, once the conductivity is
measured.”

Relaxation times in bulk metallic wires are typically of the order of 10~
s at room temperature and reflect mainly inelastic scattering of electrons by
ionic vibrations. The detailed discussion of this type of scattering mechanism
in nanoscale systems is discussed in Chapter 5.

2.2 Resistance, coherent and incoherent transport

The above analysis tells us the real physical origin of resistance: Momentum
change. We can thus give the following physical definition

6 As we will see in Chapter 3, at steady state the momentum gain due to the field may not
necessarily equal the momentum loss due to scattering. For instance, this is the case when
charge piles up at defects due to scattering.

" The ratio n/m can be obtained from a well-known sum rule satisfied by the symmetric part of
the Fourier transform in frequency of the conductivity tensor o};, (w) = [0, (w) + UEU (w)]/2
(where the superscript T means transpose of the tensor) that one measures by applying an
electric field E(w) (Kubo, 1959)

2 + oo TL€2
— dway, (W) = —duv.
™ Jo m
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Resistance: Amount of momentum change during collisions.

In this context, momentum change is also referred to as momentum re-
lazation. The collisions can then be ideally grouped into

e Elastic: Momentum relaxes but single-particle energy is conserved.

e Inelastic: Momentum and energy relax.

Relaxation times can be accordingly defined. For instance, an elastic relax-
ation time is the time between two successive collisions that change electron
momentum, but conserve single-particle energy. This is the case, for in-
stance, for scattering off a rigid impurity.

Following the distinction between elastic and inelastic resistance, it is also
customary to name the electron dynamics in which the system experiences
only elastic scattering, phase coherent transport, from the fact that if the
single-particle energy is conserved, the phase of the corresponding time-
dependent wave-function has a simple oscillatory behavior, with constant
frequency, over the whole time evolution. In other words, no phase is “lost”
or “gained” during the collision.

This is clearly an idealization, as scattering processes that change single-
particle energy are always present to some degree. Electron transport is
thus truly incoherent. We then define an energy or inelastic relazation time

TR = average time between two successive scattering

events that change energy. (2.13)

In certain literature it is also customary to define as dephasing processes
those that change the phase without, however, changing the energy con-
siderably. This is assumed to be the case, for instance, for voltage probes:
devices that measure a voltage difference, without carrying overall current.
(I will come back to these probes in the next chapter.)

In this case we define a coherence time as

T4 = average time between two successive scattering

events that change wave-function phase. (2.14)

If this time is longer than the time it takes electrons to go from one side
of the sample to the other then electron transport may, to some degree, be
approximated as coherent. As I will discuss in the next chapter this is one
of the underlying assumptions of the Landauer approach.
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\%

Fig. 2.2. A system with two allowed
energy states in interaction with an

environment via an operator V.

environment

2.2.1 Relazxation vs. dephasing

Here I want to provide a somewhat more rigorous definition of dephasing
and its relation to energy relaxation. This can be done by means of the
statistical operator I have introduced in Sec. 1.4.

Let us start by saying that, in general, dephasing and energy relaxation
go hand in hand: usually, one cannot have only dephasing and no energy
relaxation at all.® To see this, let us consider the following simple example.
Let us assume the many-body electron system has only two current-carrying
available states, — e.g., two states of a conducting ring threaded by a mag-
netic field — one with lower energy Fjy, and the other with energy E7, with
Ey > Ey.

Let us also assume that the electrons are coupled to a phonon bath, whose
only purpose is to provide a finite temperature 0 to the electrons. This could
be, e.g., a very dense (in energy) set of phonons, so that the interaction with
the environment is nothing other than the scattering with phonons at all
possible energies (van Kampen, 1992). We are interested in the dynamics
of the electrons in the presence of this bath (Fig. 2.2). We can therefore
use the Lindblad equation 1.72 to study the time evolution of the statistical
operator of the electrons. In the energy basis the Hamiltonian is simply

H= ( %0 ng > (2.15)

For a two-level system, the operator 1% appearing in the Lindblad equa-
tion 1.72, and describing the bath at temperature 6 can be written in the

8 As I will discuss in a moment the time scales associated with dephasing and energy relaxation
may be so different that we may, for all practical purposes, assume one of the two processes
negligible. For instance, it is usually assumed that inelastic scattering by low-energy phonons
in bulk is a very effective dephasing process, thus the corresponding relaxation time is much
shorter than the energy relaxation time (Altshuler et al., 1982).
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energy basis as (van Kampen, 1992)

1 0 e—BE/2
V = \ﬁ ( 0B /2 0 > , (2.16)

where 7 is a quantity with dimension of time. That the operator 2.16 de-
scribes the effect of a bath at temperature 6 will become clearer in a moment.
The statistical operator in the same representation is a 2 x 2 matrix

_( poo(t) por(t)
pelt) = ( pro(t)  p1i(t) > ' (217)

The electrons are prepared (for instance by the battery that initiates the
current) in some initial statistical mixture defined by some density matrix
pe(t = 0). We can now solve Eq. 1.72 with Hamiltonian 2.15 and bath
operator 2.16. One finds for the diagonal elements of the density matrix (I
leave this to the reader as Exercise 2.2)

—BEy —BEy
e e _ ~
poo(t) = o T <Poo(t =0) - Zc) e tEelT, (2.18)
—BE, —BE,
(& (& _ -
p11(t) = Zc + <p11(t =0)— Zc) e T, (2.19)

where Zo = e #F0 4¢P i5 the canonical partition function (see Eq. 1.78).
In the limit of ¢ — 400 these diagonal elements tend to

e—[)’Eo

i poo(t) = == = pii, (2:20)
efﬂEl

Jdm o (t) = — = p1i- (2.21)

These are precisely the elements of the canonical statistical operator 1.78
in the energy basis, for a system at equilibrium with a bath at temperature
0. We thus see that the electron system evolves from the initial-time mixture
to the canonical equilibrium (Fig. 2.3). In doing so it exchanges energy with
the bath: it relazes energy. To see this, let us calculate the expectation
value of the energy. From Eq. 1.50 we get

(i =te(poyy = e { (0 DY~ Eupno(e) + Erpnn(0)

(2.22)
From this and Eqgs. 2.18, 2.19, we see that the average energy relaxation
time is 7x = 7/Z¢, and this is the characteristic time scale over which

equilibrium is reached.
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Fig. 2.3. Time dependence of the diagonal pyo(t) and off-diagonal p1o(t) matrix
elements of the statistical operator.

What happens to the off-diagonal elements of the density matrix? Their
expression is a bit more complicated and I leave the full result as an exercise
(Exercise 2.2). Here I am interested only in their main time dependence at
large times. This is

po1(t) o por (t = 0)e ™27 4 pyg(t = 0)e 20 /7, (2.23)

p1o(t) o pro(t = 0)e ™2/ 4 poy (t = 0)e ™12/, (2.24)

This result is quite different than the one for the diagonal elements of the
density matrix. First of all, these off-diagonal elements both tend to zero as
t — 400 (Fig. 2.3). This is precisely what we have anticipated in Sec. 1.4:
the effect of the environment is to introduce decoherence or dephasing in
the system by reducing the density matrix to a diagonal one. We also note
that these off-diagonal elements tend to zero with a different time constant
than the one responsible for energy relaxation (Fig. 2.2). In this model, this
relaxation time is 74 = 27/Z¢ = 27p, and is precisely the dephasing (or
decoherence) time I have discussed previously.

In general, however, the decoherence time may be smaller than the energy
relaxation time, or, put differently, the ratio 7,/7r depends on the nature
of the environment or scattering process, and the system at hand.”

From the above discussion, we can conclude that the dephasing time is

9 Macroscopic systems are generally characterized by decoherence times very short compared to

relaxation times. It is indeed this property that allows us to describe them classically (Zurek,
1991).
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the average time it takes for the off-diagonal elements of the density ma-
trix to decay. This may not necessarily occur exponentially as in the above
model. Also, according to the properties of the environment and its inter-
action with the system, it may be different for the different available states.
As we have discussed in Sec. 1.4, when the density matrix evolves into a
diagonal one, its elements have a well-defined classical interpretation. We
can thus say that the dephasing time is the average time it takes the system
to lose quantum correlations (entanglement) and thus tend to behave like a
“classical” system.!?

Finally, what happens to the average current? In the energy basis the
current operator [ (Eq. 1.27) is the 2 x 2 matrix

_( (Boll|Ey) (Eoll|E1) \ _ ( Too In
1= A A = . (2.25)
(E\|1|Eo) (E7|I|EY) Lo In
We can use Eq. 1.86 to get the average current

<f>t = Tl"{,f)(t)f} = IOOPOO(t) + IOl,OIO(t) + Ti0po1 (t) + I11,011(t). (2.26)

This current thus contains correlations — or mizing — between the two many-
particle states, represented by the terms Io;p19(t) and I19pp1(t). It is only
in the limit ¢ — +o0o that these terms do not contribute, and the average
current becomes

Jim (1) = Toopy + Tpli, (2.27)
which is simply the sum of independent (or incoherent) contributions from
the currents corresponding to the two states.!!

If these states are single-particle states we can similarly argue that the
effect of the environment is to eliminate their correlated contribution to the
current as time evolves. If this is the case, the current is, in the long-time
limit, a linear combination of independent currents, one for each single-
particle state.

In the next chapter I will come back to the concept of mixing of states
when discussing the Landauer approach. Here, I conclude this part by stress-
ing once more that in a single-particle picture the “environment” could also
be due to the presence of all other electrons. These “other” electrons in-
troduce fluctuations — via electron-electron scattering — in the dynamics of
single electrons, and contribute to single-particle wave-function dephasing.
10 This is only an intuitive picture. Due to the interaction with the environment, the system can

still evolve/dephase into final states which contain quantum correlations.

H Note that if the two states are not current-carrying, Ino = I1; = 0, and the system ends up in
a global equilibrium state with no current.
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2.2.2 Mean-free path

Another concept (derived from the relaxation time) that will be useful in
the following discussions is that of mean-free path. The latter is defined as
the average distance traveled by electrons between two successive collisions.
If the average electron velocity is v, and 7 is the average time between
collisions, then the mean-free path is

A= |v|r. (2.28)

According to the type of relaxation time we introduce in 2.28 we can define
the corresponding mean-free path. For instance, if the above 7 is the energy
relaxation time 7p, we call A the inelastic (or energy) mean-free path: the
average distance traveled by electrons between two successive collisions that
change energy.

What velocity v should we introduce in 2.287 For electrons in a bulk ma-
terial, the most natural choice is the Fermi velocity, v, that corresponding
to the highest-occupied single-particle energy level (Ashcroft and Mermin,
1975). If the collisions are uncorrelated from each other, and we assume
the electrons form an ideal gas (independent electrons, also known as Fermi
gas) one can indeed show that such a velocity enters in 2.28 (see Sec. 2.3.4).

Considering a typical Fermi velocity of the order of 10% cm/s, and an
inelastic relaxation time 7 = 1074 s due to collisions with phonons, we get
an inelastic mean-free path of 100 A, larger than most nanoscale structures
we consider in this book. By lowering the temperature, the relaxation time
due to scattering with ionic vibrations increases, so that the corresponding
mean-free path increases accordingly.

The coherence length is similarly defined as Ay = |v|7,. We can thus
restate our previous point: If the coherence length is much longer than
the length of the sample, then electron transport may, to some degree, be
approximated as coherent.

All this seems quite simple and intuitive. The above concepts of relaxation
time, mean-free path, etc. are very useful as a starting point to discuss
transport in nanoscale systems, and we will indeed expand on them in the
following chapters.

However, as we have analyzed above, the “exact” way to derive their
value is via the time evolution of the statistical operator. Unfortunately,
this procedure is impossible to follow most of the time for the full many-
body non-equilibrium problem we are interested in. The reader thus needs
to keep in mind that these parameters can, at best, be estimated only in
simple cases or under specific physical assumptions (see, e.g., Chapter 6 and
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Altshuler et al., 1982; Stern et al., 1990, for some examples of calculations
of relaxation times in specific cases).

In addition, they are not the only parameters of interest in describing
electron dynamics at nanometer length scales. For instance, I have just dis-
cussed that nanostructures are typically much smaller than inelastic mean-
free paths. This would naively suggest that all the inelastic effects associated
with the loss of energy of the electrons occur away from the nanojuction,
deep inside the electrodes.

As T will discuss in Chapters 6 and 8, this is not necessarily the case. In
Chapter 1 I have anticipated that the large current density these systems
carry is another fundamental quantity to consider. This large current density
leads to enhanced inelastic scattering locally in the junction.

2.2.3 The meaning of momentum relaxation time

I have discussed the physical meaning of dephasing and energy relaxation
times, but I have not actually discussed our initial (and basic) time, the
one related to momentum relaxation, and thus directly to resistance. For
inelastic scattering this is the same as the energy relaxation time: both
energy and momentum change during the same collision.

We have seen in the above simple example that this is the time it takes the
system to reach equilibrium. Since the above reasoning can be generalized
to any region of the sample, we can say that this is the time it takes the
system to reach local equilibrium. 1 will show this explicitly when I derive
the Boltzmann equation (Sec. 2.7).

What if the scattering is elastic? We note first that in this case the
momentum relaxation time is not the dephasing time. Instead, it is again
the time it takes the system to reach local equilibrium. We can see this
within the simple Drude picture.

Between collisions the electrons are accelerated by the electric field, and
are thus driven away from equilibrium. The elastic collisions stop the other-
wise indefinite acceleration, randomizing the electron velocity, and restoring
a local constant velocity.

This is an important point, especially for electrons moving into a nano-
junction. While in bulk electrodes electrons may avoid isolated impurities
by simply moving “around” them, a nanoscale structure between bulk elec-
trodes, like the ones pictured in Figs. 1.1 and 1.2, is unavoidable.

Electrons necessarily have to go through the nanostructure, experiencing
at least elastic (and in most instances also inelastic) scattering. In the
process, electrons have to adjust dynamically and continually their motion
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Fig. 2.4. Schematic of the semi-
classical trajectory of an electron
moving in a nanojunction. The
velocity field is the average over
all particles.

according to the junction geometry (see Fig. 2.4). This adjustment is the
main source of resistance that the nanostructure produces, and, as discussed
above, also forces the electron system continually into local equilibrium (Di
Ventra and Todorov, 2004).

The interesting point is that this relaxation time can be extremely short
for nanoscale junctions. We can estimate it as follows.

Let us assume that the nanojunction has a cross section w and an electron
wave-packet with a given average momentum of magnitude p moves into it.
The wave-packet has to adjust its motion to the given junction geometry
in a time At ~ h/AE. Since AE ~ vAp ~ vh/\/w, where v = p/m, then
the time it takes for the wave-packet to change momentum in going into the
junction is simply At ~ y/w/v. For a nanojunction of linear width /w =
1 nm, assuming the electron wave-packet moves at a typical velocity of 10%
cm/s, At is of the order of 1071 s, a very fast time scale.

In other words, even in the absence of other inelastic effects, the mere
presence of the nanojunction would contribute to fast relaxation of electron
momentum, and thus to fast approach to local equilibrium. In Chapter 8
we will see that this effect may lead to interesting phenomena.

2.3 Kubo formalism

Let us now expand on the Drude approach with a much more rigorous
formalism, still belonging to Viewpoint 1 (see Sec. 1.6). This approach
goes under the name of Kubo, or linear response formalism (Kubo, 1959).
My goal here, as in the Drude model, is to determine the current response
to a weak electric field.

The experimental situation I have in mind is a system (a sample) ini-
tially in global equilibrium subject to an external perturbation — typically
an electromagnetic field. I want to describe the deviations from equilib-
rium — electrical current formation, in particular — induced by the external
perturbation by taking full advantage of quantum mechanics.
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For this purpose, the formalism of statistical operators I have described
in Sec. 1.4 comes in really handy. Let us then outline the assumptions
underlying the Kubo approach. Some of them also form the basis of the
non-equilibrium Green’s function formalism I describe in Chapter 4.

Assumption 1: Closed quantum systems

The Kubo formalism I develop here refers to systems evolving under Hamil-
tonian dynamics, namely closed quantum systems, possibly in a mixed state
(see Sec. 1.4.3). However, these systems are not isolated: they are subject
to external deterministic forces.

I therefore solve (albeit approximately) the Schrédinger equation 1.16 — or
its mixed-state version, the Liouville—von Neumann equation 1.60 — and not
an equation of motion for open systems like, e.g., the Lindblad equation 3.4.

I work out the general theory, and at the same time refer, as an exam-
ple, to the specific transport problem. Let us then consider a system with
Hamiltonian Hy. For electrons in a conductor we may take their many-body
Hamiltonian

N 1 9 1 R R A

Hy= 3 Zpi +5 Z W (7 — 7)) + Z Z Vasion (7 — Ry),  (2.29)
! i#] ) Jj

where W (#; — ;) is the Coulomb potential describing two-particle interac-

tions (see also Eq. 2.96), and V;_jo, (7 — R;) describes the electron inter-
action with a static ion at position R; (see also Chapter 6).

Assumption 2: Initial global equilibrium

The system is at the initial time'? t = ¢, in global canonical equilibrium with
a bath at temperature 6, namely it is described by the canonical statistical
operator (see Eq. 1.78)'3

Pt < 1) = = 4. (2.30)

12 1t is convenient to take tg — —oo but this is not a requirement.

13 From a formal point of view, this is not really a necessary assumption: a different choice
of initial conditions may be possible. However, many simplifications that practically help in
the determination of the conductivity cannot be made if the system is not initially in global
equilibrium. If this were not the case, one may also run into serious conceptual problems. For
instance, if the initial state is an unstable steady state, even a small perturbation may drive
the system out of the steady state.
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Assumption 3: Small perturbations

At time ¢, we apply a time-dependent perturbation H’ (t). The statistical
operator p(t) thus changes upon this perturbation. We nonetheless assume
that the perturbation is so weak that the statistical operator p(t) differs
only slightly from the canonical equilibrium 2.30. The total Hamiltonian is
for t >ty

H(t) = Hy + H'(¢t). (2.31)

Let us also assume this perturbation can be written in the form'*

'(t) = BiXi(t). (2.32)

In the specific case of electrical transport, this perturbation can be obtained
as follows. We apply an electromagnetic field with vector potential A(t,t)
so that the Hamiltonian 2.29 is modiﬁed into

f[tot(t):%Z[pq—fA 0]+ ZW = )4 Y Vition (Fi~ Ry).
2,7

i 7#
(2.33)
Since, by assumption, the field is small we can expand 2.33 and keep only
the linear terms in A(7,¢). By making use of the definition 1.26 of the
paramagnetic current density operator we can finally write!®

Hyp(t) ~ Hy — /drjp( ) - A(f,t) = Hy+ H'(t). (2.34)

The perturbation term in the above equation is of the same form as in 2.32,
where B corresponds to the paramagnetic current density operator, and A(t)
to the “field” —eA(r,t)/c.

Assumption 4: Adiabatic approrimation

As anticipated in Assumption 1, even if we allow for the presence of a bath,
we work with the Liouville equation 1.60 for closed quantum systems, and
not with equations of motions for open quantum systems (such as the Lind-
blad equation 1.72). This is quite a strong physical approximation.

It means that the time evolution of the system induced by the perturbation
H' (t) is fast compared to the energy relaxation time 7p that drives the
system to global equilibrium, and no transition between energy states of the
unperturbed Hamiltonian Hy is thus allowed by the presence of the bath.
14 Since we are working in linear response, the contributions from the different perturbations add

independently and it is thus enough to work with just one term in the sum 2.32.
15 We work in a gauge in which the scalar potential is zero at any time (see Appendix F).
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This is called the adiabatic approrimation and we will make such an ap-
proximation also when discussing the non-equilibrium Green’s function ap-
proach in Chapter 4. This approximation also entails an adiabatic switch-on
of the perturbation H'(t) at time t; so that, once again, no transition be-
tween the energy states of the unperturbed Hamiltonian Hjy is induced by
the interaction with the bath at this initial time.

In large parts of this book we will be concerned with the limit w — 0,
the static (also called d.c. — for direct current) limit, that corresponds to
the long-time limit of the perturbation. The longer this time, the easier it
is for the bath to induce transitions between states of Hy, thus invalidating
one of the basic assumptions of the formalism. An important point to keep
in mind when working with the Kubo formalism and comparing its results
with experiments in the d.c. limit.

Under the above assumptions, I now want to determine the change of the
expectation value of any observable A —in our case, the total current density
j, Eq. 1.22 — from its equilibrium value. Using the definition 1.50 our goal
is to find

A~

A(A) = (A) — (A)eg = Tr{p(t) A} — Tr{p! A}, (2.35)

which for the current density reads

~ ~ ~
.

AG) = ()t — (eq = Tr{p(t)j} — Te{pg! j} = Tr{p(t)j}, (2.36)

where the last equality simply states that the average current is zero at
equilibrium.
Let us then write the statistical operator in the interaction picture'

p(t)r = entot j(t)e—wHot, (2.37)
The reverse equation is
p(t) = e~ w0 (e er o, (2.38)
We also write the perturbation H’ in the same representation
H'(t); = enfot f/ (t)e~wHot, (2.39)

If we replace 2.38 into the Liouville equation 1.60 we easily get the equation
of motion for the statistical operator in the interaction picture

dp(t)1
dt

16 Not to be confused with the statistical operator 1.84 I introduced to discuss the current mea-
surement. Together with the Schrodinger and Heisenberg pictures, this is the third picture
used in this book (there are no more!).

ih

= [H'(t)1, p(t)1]. (2.40)
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A formal solution of this equation is
i t

pt)r = p(to)r — =

| dt [H' ()1, p(t)1], (2.41)
to

which can be checked by direct differentiation, and recalling that the equi-
librium statistical operator does not change in time.

Since we are assuming the statistical operator differs only slightly from its
global equilibrium value we can replace in the integrand of 2.41 p(t); with
p(to)r (first Born approxzimation). The solution of the Liouville equation 2.40
to first order in the perturbation is thus!”

) = plto)s = [ (7€)1 (2.42)

Using the reverse relation 2.38, taking into account that Hy commutes with
the equilibrium statistical operator g, and writing H'(t) = BA(t), this
reads

i t if ~ i1 ’

prcubolt) = plto) — / dt’ ex B, (tg)]e #CINE). (2.43)
to

If we replace this result into 2.35 we get

1 t i 7 A~ i7y / ~
A(A), = —;LTr{ /t dt' en 0 =D1B H(ty)]e” wHo'=1) A} A1)
0

i [! i 7 R )
- —;_L/ dt’Tr{[B,ﬁg?]e—%Ho@ ) 4 enfolt —t>} M), (2.44)
to
where in the last equality I have used the cyclic property of the trace
(Eq. E1.3 in Exercise 1.1).
Let us define the interaction representation of the operator A

At — 1) = erfo(=t) femgflo(t=1), (2.45)

and replace it into 2.44. By making use of the cyclic property of the trace
once more, we finally get

A(A), = _;/t dt'ﬂ{ﬁgqm(t—t’),é]} ()

i

S Tr{ﬁecq[/l(t),é(t’)]} (), (2.46)

17 Note that for an arbitrary perturbation f[’(t), the approximate statistical operator 2.42 may
lose at a given time its fundamental property of positivity (see Sec. 1.4). We exclude here such
cases.
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with B(t) and A(t) the interaction representation 2.45 of the respective
operators.

We can extend the above formalism to the initial time ;3 — —o0, provided
the perturbation tends to zero in the same limit. We can also extend the
upper limit of integration to +o0o by defining the retarded response function

Xap(t—t) = —ﬁG(t _ )Tr{“’(I[A(t - t’),B’}} (2.47)

with ©(¢t — ') the step function, which vanishes for ¢ < ¢/, and is equal to 1
for t > t'. We finally obtain the linear-response relation

A(A), = / R xap(t — ) AE). (2.48)

—00

We thus see that the perturbation H'(t) = BA(t) modifies the expectation
value of the observable A at time ¢ by taking into account the whole history
of the effect of that perturbation on the observable A at previous times.
That is the reason the response function 2.47 is called retarded.

2.3.1 The current-current response function

We can now apply what we have just obtained to the transport problem.
The perturbation is given in Eq. 2.34, and we are interested in the change
of the current density, j = A. As shown in Eq. 1.25, this can be written as
the sum of paramagnetic and diamagnetic current densities. The latter is
already linear in the vector potential, so it is enough to calculate the response
of the paramagnetic current, and sum the two terms at the end. For the
paramagnetic current density jp we thus obtain from 2.48 the response in
the direction p induced by the field in the direction v

+<>o
Jpu(r, 1) = A (r) Z/dr/ Y X (1t — 1) A (1 1),
(2.49)

where

i ~eqr’™ ~
Ny (08t =) = =200t = )T {5 (vt =), 5,0 ()]} (2:50)

is the paramagnetic current-current response function. By adding the dia-
magnetic contribution we obtain the total response function

X{W(r’ I‘/, t— tl) = XipuJpv (I’, I‘/, t— tl) + %5(1' - r/)(le’ (2'51)
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PNCUBN

with ne, = Tr{p 7} the density of the system at equilibrium without the
perturbation.

We thus confirm one of the points I have raised in Chapter 1: in general,
in order to calculate transport properties of a physical system, we cannot
ignore its past dynamics! The current response at a given time t contains
information on the previous evolution.

The frequency-dependent conductivity

The conductivity can be read directly from Egs. 2.50 and 2.51, by taking into
account the relation between the electric field and vector potential, which in
the present gauge is (the vector potential is, by assumption, zero at t = ¢)

t
E(r,t) = —16A€§:’t) < A(r,t) = —c/ dt' E(r,t'). (2.52)
to

The expression simplifies enormously in the case of a periodic perturbation'®
A(r,t) = A(k,w)e®™) 4 cc., (2.53)

where c.c. means “complex conjugate” of the previous term. In this case,
we can define the Fourier transform of the terms appearing in Eqs. 2.49
and 2.51. For instance, the Fourier transform of the response function 2.51
is

. +oo d . / H e/ /! N
Xfw(r’ I‘/, t—t,) — / %e—lw(t—t ) Z elk~r Z e—lk T X'Lz/(ka k/,w). (254>
> k K/

The Fourier transform of the vector potential 2.52 is simply related to the
Fourier transform of the electric field via

Ak,w) = —%E(k,w), (2.55)

so that the total response of the physical current in Fourier space is from 2.49
and 2.51

: 2
. 1€ 5
€lu (k7w) = w E E Xiz,,y(ka klaw)Eu(k,’w)
v k’/

Y ouwk K, w)E, (K, w), (2.56)
v k’

18 A periodic perturbation is indeed what is generally realized in experiments, so this case is the
most important.
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where we have defined the conductivity tensor!'”

ie?

s .2
/ _ ] / . 1e ’ neq
T (6 K, 0) = 26 (6 K 0) = 2 [Ny (e 30 4 200

(2.57)
This is the quantum-mechanical generalization of the Drude conductiv-
ity 2.12. It reduces to that result if one assumes independent electrons
interacting with a set of random impurities whose effect on each electron is
independent of the electron scattering with the other impurities.?’

2.3.2 The use of Density-Functional Theory in the Kubo
approach

Let us stop for a moment and discuss here how one could actually calculate
the above current response. (It is always easier to write down an equation,
like the Schrédinger equation 1.16, than actually solve it for a real material!)
In the next section, I will show, using as example the response to a static
uniform electric field, that in the case of independent electrons the calcula-
tion of the current response can be done analytically. On the other hand, for
an arbitrary interacting many-body system it still remains an outstanding
problem, and we refer the reader to other books for some of the analytical
techniques used to tackle this problem (Giuliani and Vignale, 2005).

Due to the growing importance of density-functional theory (DFT) in
transport theories, here I want to discuss the possible use of DFT in com-
bination with the Kubo formalism.?! In Appendix D I provide a primer of
the main concepts of ground-state DFT. In Appendices E and F I discuss
the ideas behind its generalization to the time-dependent case for closed
quantum systems, and in Appendix G its generalization to dynamical open
quantum systems. I really urge the reader not familiar with the basic tenets
of DFT (and interested in this section) to stop here for a moment, and take
a look at these appendices.

If we use ground-state DFT we know that we can, in principle, find the
exact ground-state density associated with the Hamiltonian H, (Eq. 2.29)
of the full Hamiltonian H(t) = Hy + H'(t) (Eq. 2.34) using effective single-
particle equations (Egs. D.10) known as the Kohn—Sham equations. This

19 Tt is only when the system is homogeneous (i.e., translationally invariant) that the conductivity
tensor depends only on one k vector. This includes also the case in which the system is
disordered, but the disorder does not introduce a dependence on the position of the impurities.

20 For an explicit derivation of this result, see, e.g., Giuliani and Vignale, 2005.

21T will discuss DFT theorems on the total current in Chapter 7.
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system of auxiliary independent particles is known as the Kohn—Sham sys-
tem.

The above result is also valid for a system in (grand-)canonical equilib-
rium, namely we can, in principle, find a statistical operator ﬁgs (which
is a functional of the equilibrium electronic density) that gives the correct
density of the interacting many-body system (see Appendix D)??

neq = Tr{pgn} = Tr{ps n}. (2.58)

This auxiliary non-interacting statistical operator would also provide the
correct average energy at equilibrium

(Ho)eq = Tr{pg Ho} = Tr{ﬁgsﬁo}. (2.59)

The result 2.58 would take care of the density response component of the
full current response 2.57. However, this is the best we can do with ground-
state DFT: the paramagnetic current-current response function cannot be
calculated with the equilibrium statistical operator p&<

o5~ even if we knew it
exactly, namely

. A~ N € ~C(Q A~
.]Kubo(rv t) = Tr{pKubo(t)-]p} - %Tr{pc?n}A(r, t)
K S% € ~ N
7é ﬂ{Pgst} - %Tr{péisn}A(r, t)? (260)

showing once more that we need a time-dependent approach to evaluate
transport properties.

What if we use time-dependent current density-functional theory (Ap-
pendix F)? This theory guarantees that, given an initial condition on the
state of the system and the external vector potential A(r,t¢), the current
density j(r,t) of the many-body system is given ezactly by the correspond-
ing quantity in the Kohn—Sham system calculated using effective time-
dependent single-particle equations (Egs. F.1 of Appendix F), if one knows
the exact functional:

N
S =3 [ﬁ (655 (01 Ve b5 (x) — 355 (1) Vi[5 (0)])°)

2im
€ |KS 2 ]
- t)|“A t
- JhS ()P Ay (r,1)
=j(r,t) (2.61)
where the sum runs over the N orthonormal occupied one-electron Kohn—Sham

22 T work here in the canonical equilibrium but these results are valid also in the grand-canonical
equilibrium. I also assume to know the ezact ground-state functional of DFT.
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orbitals ¢%°, and

Acpp(ryt) = A(r,t) + Aye(r, t) (2.62)

is an effective vector potential, sum of the external and exchange-correlation
vector potentials, with the latter including all many-body effects due to the
Pauli exclusion principle (exchange part) and quantum correlations among
electrons (correlation part). The exchange-correlation vector potential de-
pends on the current density j(r,t’) at times ¢’ <t (i.e., it is history depen-
dent).

The Kubo formalism relates to the first-order expansion of the statistical
operator (approximation 2.42). One then needs to do the same in the aux-
iliary Kohn—Sham system, i.e., we need to do a perturbation expansion of
the exact Kohn—Sham density matrix and stop at the first order. The zero-
order term of this expansion provides the current-current response function,
XKk s(w), of the static Kohn—Sham system, namely the one that yields the
exact ground-state density.

This, however, neglects dynamical correlations pertaining to the linear
response of the true many-body system. Therefore, the relation between
the true interacting current-current response function and the equivalent
Kohn—Sham quantity needs to take into account these extra correlations.

I state here this relation without demonstrating it for a homogeneous
electron gas in the presence of a periodic perturbation 2.53. For a homoge-
neous system we can work in momentum k space, and we can separate the
response into a longitudinal component x (parallel to k) and a transverse
component 7 (perpendicular to k). One then finds that the current-current
response function, y, of the true many-body system is related to that in the
Kohn—Sham system, xxg, via the relations (Ullrich and Vignale, 2002)

k2
le(kvw) = X}?{S‘,L(k‘?w) - ;[UH(k) + fmc,L(kvw)]a (263)
and
. . 2
XT (k7w) = XKS./T(k‘aw) - ;fxc,T(k7w)a (264)

where vy (k) is proportional to the Fourier transform of the direct Coulomb
interaction potential vy (r) I will define in Sec. 2.4 (Eq. 2.95), and f,. (1)
are the longitudinal and transverse components of a quantity known as the
exchange-correlation kernel, whose role is precisely to compensate for the
correlations missing in the Kohn—Sham response function x g with respect
to the many-body response function .3

23 Note that an extra complication arises in the case of a finite system subject to weak periodic
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Without this kernel term, the use of DFT in combination with the Kubo
formalism for the current response must be considered, at best, a type of
mean-field approzimation,”* where single electrons experience a mean field
(albeit with some quantum correlations) from all other electrons.?

I will show in Sec. 8.4.2 that the terms related to the exchange-correlation
kernel give rise to important dynamical effects in the resistance of nanoscale

systems. These effects are related to the viscous nature of the electron liquid.

2.3.3 The fluctuation-dissipation theorem

I now want to discuss a very important result of the Kubo formalism that
once again shows that electrical transport is not an equilibrium problem,
and thus cannot be derived from ground-state calculations.

In classical statistical mechanics there exists an important relation known
as the fluctuation-dissipation theorem that states the following (Kubo et al.,
1985; van Kampen, 1992)

Theorem: The response of a system close to global equilibrium, subject
to a small external perturbation, is equivalent to its sponta-
neous fluctuations.

Put differently, the dissipation that drives the system towards global equi-
librium is accompanied by fluctuations that tend to displace the system away
from its equilibrium state. The two effects combine to give the correct ex-
pectation value of the given observable (in our case, the current).

We can derive a similar relation for a quantum mechanical system using
the Kubo formalism we have just derived. I leave the general result as
an exercise (Exercise 2.10), and I will come back to it in Chapter 5 when
discussing thermal noise. Here I want to derive it for the electrical current
in the presence of a static and uniform electric field.

First of all, it is easy to show the following general commutation rela-
tion between the canonical statistical operator 2.30 and any observable B

external perturbations (those usually employed in linear-response theory). The reason is that

one can find examples in which two different such perturbations produce the same linear

response, thus violating the theorems of dynamical DFTs (Gross at al., 1988).

I will use mean-field approximations several times in this book. Indeed, when discussing inde-

pendent electrons I will always consider electrons that are either truly independent, or inter-

acting via a mean field provided by the other electrons. In Sec. 4.2.4 of Chapter 4 I will give a

formal definition of mean-field approximation.

° Note that I am not saying that DFT (in all its formulations: ground-state, dynamic and
stochastic) is a mean-field theory (it is not!). I am just saying that its use in the context of
the Kubo formalism for conduction, when the exchange-correlation kernel in 2.63 and 2.64 is
neglected, can be thought of as a type of mean-field approximation.

24

]
o
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(Exercise 2.4)

. (P, dB(—ikT
0
where
dB(—ihr) i, dB) i,
=e’ T 2.
o e o e (2.66)

with 7 a real number, and B(t) the interaction representation 2.45 of the
operator B.2® From Eq. 2.46 we thus find (tyg — —o0)

~

A(A), = —;/t dt’Tr{[ﬁgq,A(t—t’)]B} At

—0o0

[ arm {ae - o ) @)

—00

/ Ty {A(t”)[%’ , B]} At — )

+00 dB(—ihr) -
/ dt" / drﬁ{“’q (dt; ") A(t”)} At — ),

(2.67)

ST

ST

where in the third equality I have made the change of variables ¢/ =t —t/,
and I have used the identity 2.65 in the last step. By comparing this result
with Eq. 2.48 we thus see that we can write the response function as

B A7) -
an(t—t) = _/0 dTTr{“’q dB(dth)A(t—t)} (2.68)

Response to a uniform and static electric field

The above result does not seem very transparent. To clarify it let us apply
it to the response to a uniform and static electric field E. Here, we need to
determine only the paramagnetic current response. The perturbation to Hy
is thus

H = —eZ/dré(r —#)r-E= —e/dm(r)r -E, (2.69)

where r; are the positions of the particles, and I have used the definition 1.24

26 T am thus working with “complex” times up to a value ih3. I will be using this “trick” again
in Chapter 4 when discussing the non-equilibrium Green’s function formalism.
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of number density operator. The operator B is now the vector [ dra(r)r,
and A\ = —eE.%"
The time derivative of B can be calculated from the continuity equa-
tion 1.11, which in operator form reads?®
(‘)n((;;,t) = -V _j(r,t). (2.70)
By assuming that the current density vanishes at infinity (finite-system
assumption®”) and integrating by parts we find

Cif ;/drn( t)r:—/drV-j(r,t)r:/drj(r,t)Ej(t). (2.71)

Finally, from Eq. 2.67 the change of the expectation value of the physical
current density in the direction i to a uniform and static field in direction
v is

400 Jé] R ~
iy 2622/0 dt’/o ar T {5 Gy (—i07) o (#) } By (272)

from which the conductivity tensor is
+00
U/w(o) = / dt’ / dr Tr {pc ]pv(_lhT) ]py( )}
+oo B
= [ [ ar Gut=inn) e (273)

The symbol “0” is to remind us that this is the conductivity for a static
and uniform field, and indeed it can be obtained from the limits {k —
0,k — 0} and w — 0% of Eq. 2.57 (I leave this as Exercise 2.3). The last

symbol I used (---)., represents the current-current correlation function

30

or current density autocorrelation evaluated at equilibrium. These are

27 For an infinite system the dipole moment fdr A(r)r is ill defined. So, here, I am actually
working with a finite system. This requirement would not be necessary if I followed a different
route, by taking the limits {k — 0,k’ — 0} and w — 0 of Eq. 2.57 (see Footnote 29 and
Exercise 2.3.)

28 Here, all operators are in the interaction representation.

29 In this precise order. The opposite order of limits (first w — 0, then {k — 0,k’ — 0})
corresponds to the case in which the electrons first find their “ground state”, and then respond
to a long-wavelength perturbation. Unless there is long-range coherence (like in the case of a
superconductor), this cannot lead to conductivity, and the response is thus zero.

30 Strictly speaking this correlation is in the complex time, while the “standard” correlations are
defined on the real time axis. Also, we generally define the correlation between two observables
A and B over a statistical operator p as

Sap(t,t) = 2T {o(t = OLAWB() + BE)AD]

(with both operators in the Heisenberg representation) to take into account the fact that these
operators may not commute (see also Chapter 5).
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the correlations between the spontaneously fluctuating current density at a
given time and the current density at a different time, when the statistical
ensemble is the canonical equilibrium one.

We thus see that the response to the electric field, embodied in the con-
ductivity tensor 2.73, can be written in terms of the spontaneous fluctuations
of the current itself. This the core of the fluctuation-dissipation theorem I
have stated above.

This result also shows another important fact: even in the static limit
of the external field, the current cannot, in principle, be evaluated as an
equilibrium property of the system. Instead, its value is related to its own
fluctuations at equilibrium. No degree of self-consistency in the charge den-
sity would compensate for this fact.

2.8.8.1 Static conductivity of an ideal gas

We can apply the above result to the case of non-interacting electrons. This
will provide a well-known form of the fluctuation-dissipation theorem.

For non-interacting electrons the correlation is the same for every complex
time and we can choose it to be the time ¢ = 0.3! Using the definition 1.5
of current density we get from Eq. 2.73 (V is the volume of the system)

+o00

olncel(0) = e’BY i dt’ (n(0)v, (0) n(t) v, (t'))eq- (2.74)

If we assume the density of the electrons is uncorrelated with their velocity
we can write the above as

) +o0
gideal(0) = 23V /0 e’ (2(O)(t))) g (1 (0) Uy (1) eq

+0o0
- /0 dt' (0,(0) v () e (2.75)

where I have used the fact that in linear response the density is independent
of time, and the well-known result that the variance of density fluctuations
of an ideal gas in canonical equilibrium is related to its average density,
namely <(An)2>eq = <n2>eq - <n>gq = <n>eq/v =n/V.

Let us now assume that in the long-time limit the autocorrelation of the
velocities satisfies the relation

lim <’UV(O) U,u(t)>6q = <'U1/>eq <'U;4>eq7 (276)

t—-+oo

31T am working here in the non-degenerate limit of the Fermi gas (see Sec. 1.4.6).
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where

1t
()eq = Jin /0 dtu, (t). (2.77)

The above two relations constitute what we call ergodicity, and are based
on the (see, e.g., Pathria, 1972)3

Ergodic hypothesis: The trajectory of a representative point in the
system’s phase space traverses, during time
evolution, any neighborhood of any point of the
relevant phase space.

In other words, during time evolution the system “explores” all trajec-
tories in the phase space of all positions and momenta of the particles. If
this is true, we can replace time averages with ensemble averages (which
are easier to compute). Therefore, instead of following the dynamics of the
system in time, and then performing a time average of the observable of
interest (right-hand side of Eq. 2.77), we can compute the average value of
that observable over an ensemble of replicas of the system at any given time
(left-hand side of Eq. 2.77).33

In the quantum case one can prove that a closed, finite and isolated system
is ergodic if and only if there are no other constants of motion other than
the energy (see, e.g., Reichl, 1998).34

The above also states that the time average 2.77 is, for T" — oo, inde-
pendent of the initial conditions. While this is a reasonable assumption, it
may not always be true for all initial conditions. In addition, one can show
that the ergodicity relation 2.77 holds if Eq. 2.76 is satisfied, and vice versa,
Eq. 2.76 is true if Eq. 2.77 is valid (Khinchine, 1949).

Within this ergodic assumption we can compute the time integral in
Eq. 2.75 as

+o00 , ) 1 T T ,
| a0 = im g [ar [ v
1
= Jim 2 (7)1 O] (T) ~ (O]
=D, (2.78)

32 Strictly speaking the average on the left-hand side of Eq. 2.77 (which appears also on the right-
hand side of Eq. 2.76) is performed over a micro-canonical ensemble, namely an ensemble of
systems with constant total energy (see Sec. 2.8.2).

33 Note that this hypothesis may not necessarily hold in nanoscale systems at steady state (see
also Chapter 5).

34 In this case, all possible micro-states of the system are equally probable (Eq. 2.143) and the
appropriate ensemble is the micro-canonical one with entropy given by Eq. 2.144.



2.8 Kubo formalism 65

Fig. 2.5. Semiclassical picture of brownian motion of an electron in an electron gas
driven by a small electric field.

where the quantity D,, is called the diffusion coefficient. It allows us to
re-interpret this result as follows.

From classical statistical mechanics we know that if a particle performs
a random walk (or brownian motion) close to equilibrium, its mean-square
displacement {(Ax)?)., during an interval of time T is related to this time as
((Az)?)e, = DT, where D is the diffusion coefficient (van Kampen, 1992).

Comparing this result with Eq. 2.78 we see that if we assume the electrons
do not interact with each other (or interact via the mean field of other
electrons) they perform, under the influence of a (small) static and uniform
electric field, a random walk (or brownian motion). The fluctuations of this
random walk tend to drive them away from equilibrium. On the other hand,
the processes that ensure a finite conductivity tend to drive the system back
to equilibrium (Fig. 2.5). From 2.75 and 2.78 we thus get the fluctuation-
dissipation relation
eQnDW

ideal
0 pu—

id (2.79)

also known as the Einstein relation.

The interacting case

Finally, if the particles do interact, then the density variance is not simply
equal to the average density. Instead, we have the relation (Pathria, 1972)

<"2>€q - <n>eq - Taﬂ

, (2.80)
0
where [ is the chemical potential (see Sec. 2.4), and dn/dfi|g is proportional
to the isothermal compressibility, K = n%@n/@[dg, of the electron liquid. In
this case, the above Einstein relation becomes

a"(0) = €*D,, (2.81)




66 Drude model, Kubo formalism and Boltzmann equation

2.3.4 Ohmic vs. ballistic regimes

For non-interacting electrons we can rewrite Eq. 2.81 in a form that sug-
gests different transport regimes. Let us work at zero temperature 6 = 0
(degenerate limit of the Fermi gas, Sec. 1.4.6). We then have

on

= =2D,(EF), 2.82
05| =2De(Er) (22)

where D, (Er) is the density of states per unit volume per spin evaluated
at the Fermi energy Er. The factor of 2 in 2.82 takes into account the spin
degeneracy. The density of states D, (Ep) for non-interacting electrons in d
dimensions is (Giuliani and Vignale, 2005)

Q _
D,(Ep) = (27r2)dmd/2(2EF)(d 2)/2, (2.83)

where €2y is the solid angle in d dimensions (Qy = 4m,27,2 in d = 3,2, 1,
respectively). The density at equilibrium of non-interacting electrons is
related to the density of states via
4FEp D, (FE
n— Fi(F) (2.84)
d

If we now assume that the system is isotropic, we can use the Drude re-
sult 2.12 and Egs. 2.81 and 2.82 to write the diffusion coefficient in d dimen-
sions (and degenerate limit) as

_ 2EpT _ pET _ VT (2.85)

D
dm dm? d

where pr = /2mEr and vp = pr/m are the Fermi momentum and velocity,
respectively, and 7 is the relaxation time.

Let us now consider the conductance 2.6 of a wire of constant cross section
S and length L. Using the above results we can rewrite Eq. 2.6 as

2¢ Qy (pF>d_2 <2EFT> S

G=2 . (PF 2
h d2m)dT \'h ho) L

(2.86)
which shows that in the linear response and at zero electronic temperature
the conductance is determined by properties of the electron gas at the Fermi
level. This is consistent with the fact that the only possible scattering events,
that satisfy the Pauli exclusion principle, involve electrons at the Fermi
surface.?®

35 Electrons cannot scatter into states that are already occupied, like those below the Fermi
surface (Ashcroft and Mermin, 1975).
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If we replace the relaxation time with the corresponding mean-free path,
A = vpT, we get

F = ek AL (28T

O 22 Qq (pp)d—l S 2 Qy s

A

Let us now assume that the wire is strictly one-dimensional (the area S is a
point). For d = 1 we get
2

Gip = 2%% (2.88)
Ohmic regime: A > L or L > \. The conductance is dependent on the
length of the wire as in the classical regime. That is the reason we call it the
ohmic regime. In the limit in which A — 400 first, we can then set L — +o0c.
The conductance is thus infinite, as one would expect of a defect-free wire
(see also Exercise 2.5).

If A is finite, the conductance tends to zero for L — oo: the system be-
comes an insulator.>® This is a well-known result: an infinite one-dimensional
system becomes an insulator if one introduces an infinite series of disordered
regions.

Ballistic regime: 2\ = L. The conductance becomes

262
Gip = e =Gy =T77.5uS, (2.89)

which is known as the quantum of conductance (it includes spin degeneracy),
and is independent of the length of the wire. Its inverse is the quantized
resistance

1 h
=—=— =12.9kO. 2.90
Gy 2e? ( )
This regime is known as ballistic.
This “residual” quantized resistance can be interpreted as follows. It is the

resistance that an electron wave-packet leaving from the center of the wire

Ry

would experience when it reached the two opposite ends of the wire, traveling
a distance A = L/2 in both directions (Fig. 2.6). At these ends, it cannot be
reflected back to the center, or the wire resistance would increase. Instead,
we can assume the wave-packet is transported out of the wire without further
resistance into a region where it is collected. This region can be thought of
as a Teservoir.

36 Actually, as I will show in Sec. 3.7.4, when the length of the wire is larger than a quantity we
call the localization length, the conductance depends exponentially on the length of the wire.
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Fig. 2.6. The quantized conductance can be interpreted as originating at the “con-
tact” between a wire of length L = 2\, with A the scattering length, and two
reservoirs, one at each end of the wire, when a wave-packet travels from the center
of the wire towards both ends without reflection. For each spin component, each
contact provides a resistance of Reontact = h/2€2.

The quantized resistance can be thus interpreted as the resistance of the
“contact” between the wire and two reservoirs (one at each end of the wire)
where electrons get “absorbed” without being reflected, as if the wire is
attached to the reservoirs adiabatically (Imry, 1986). This contact resistance
is Reontact = h/2¢e%, for each spin component (Fig. 2.6).

I will return to these concepts in the next chapter when developing the
Landauer approach. Here I wanted to show how they can be derived un-
der specific conditions from the Kubo formalism applied to non-interacting
electrons.

2.4 Chemical, electrochemical and electrostatic potentials

Let us now turn to another important concept I have already mentioned
several times. As anticipated, the quantity i1 appearing, for instance, in the
equilibrium grand-canonical distribution 1.75, is called the chemical poten-
tial. The latter is defined as the amount of energy change of the system
if an extra particle is added to it, while keeping its volume and thermody-
namic entropy — Eq. 2.146 — unchanged. More precisely, it is defined through
the Helmholtz free energy of a system with N particles at temperature 6,
Fy = U—-60S (with U the internal energy and S the thermodynamic entropy)

via the relation3”

i=Fny1 — Fy. (2.91)
37 This is equivalent to the definition
- (%)
H=\on ),

the partial derivative of the free energy with respect to the total number of particles N, at
fixed temperature 6 and constant volume V.
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In a metallic system at equilibrium (and zero temperature), the chemical
potential corresponds precisely to the Fermi energy, i.e., the energy of the
highest occupied energy level. The larger the chemical potential, the larger
the number of electrons in the system, so that the latter can also be inter-
preted as a measure of energy level filling.

The above definitions are strictly valid for systems in thermodynamic
equilibrium.?® As we have discussed before, electron transport is truly a
non-equilibrium process. How can we then extend such concepts to this
case? The answer to this question is not unique, and we generally adopt a
pragmatic view that allows us to make sense of these quantities using our
knowledge of equilibrium statistical mechanics.

Let us first rely on this experimental fact. Consider again two separate
metallic electrodes at equilibrium, each with its own chemical potential.
Call these potentials i1 and j19. For instance, these electrodes could be two
different types of metal, i.e., metals with different density. If we put together
these two metallic systems, and there is no infinite barrier between them,
carriers will flow from the metal with higher chemical potential to the one
with lower chemical potential. This diffusion process is a natural tendency
of all physical systems to approach thermodynamic equilibrium by canceling
any existing chemical potential difference. Put differently, electrons respond
to a gradient of the chemical potential as if a “field” of magnitude |Vji/e| is
present.

As we have seen in the discussion of the Drude and Kubo approaches, in
addition to this chemical potential difference electrons respond mechanically
to an electric field E and drift accordingly. It is then the sum of the chemical
potential “field” —V/e and electric field E that drives electrons in the
system: the carriers respond to

E=E-Vjie. (2.92)

The integral of this quantity along the circuit that connects the two end
points r; and ry of a voltmeter (a voltage probe) is precisely what the latter
measures, i.e.,

(&

V= lra) = ples) - /r2 E-dr = ¢(r2) — o(r1) + furz) - ﬂ(rl)- (2.93)

38 Or close to equilibrium in a gquasi-static sense: the time evolution of the system is so slow
that the latter has time to equilibrate with a succession of reservoirs, each with a different
temperature and chemical potential.
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In Eq. 2.93 we have introduced the electrostatic potential ¢ defined as
le| Z; en(r’)
dr’ 2.94
W= —= 29

where Z;|e| and R; are the charge and position of ion 4, respectively, of the

given material. The second term on the right-hand side of Eq. 2.94 is known
as the Hartree potential,

vy (r) = / dr'en_(r;/>|, (2.95)

r

and it is the electrostatic potential created by a distribution of charges of
density n(r).3

In this book, we will sometimes use the Hartree potential energy Vg =
evy(r) as an approximation to the true many-body Coulomb interaction
energy

Wflzi (2.96)
2 i —ri|’ '

of all electrons interacting with each other, namely
W~ evp(r) =) Vi(r). (2.97)
i i

This is one form of mean-field approximation: electrons can be considered
as moving independently of each other, and the effect of the other electrons
is only to provide the mean field 2.95.

We call V' the bias or, equivalently, the electrochemical potential difference
per unit charge, where, as discussed in Sec. 1.2, the bias can be realized in
various ways, such as via the introduction of a battery or the electrostatic
potential difference of a capacitor.

We then generalize the above concepts by defining the space- and time-
dependent electrochemical potential as

p(r,t) =ep(r,t) + a(r, t). (2.98)

At the microscopic level, due to the presence of the ions, this quantity os-
cillates strongly at the atomic positions (see Eq. 2.94). In the bulk, if we
are interested in its value in the direction of current flow (call this direction
x), we can get rid of these oscillations by performing first a planar aver-
age (u(xz,t)) = S~ [gdydz p(r, t) over a surface S, and then a macroscopic

39 Here, n(r) is the self-consistent charge density of the global current-carrying system. The
Hartree potential may also depend on time if the driving field depends on time.
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Fig. 2.7. Macroscopic average of the local electrochemical potential along a biased
nanostructure.

average over the distance a between two successive planes of the material

_ 1[92
iz, t) = / da’ (u(z + 2/, t)). (2.99)
aJ_a/2

A schematic of a possible electrochemical potential (averaged as above)
along a nanostructure kept at a (time-independent) bias V' is shown in
Fig. 2.7.

In the following, I will always assume this spatial averaging has been
performed, but to lighten the notation, I will still employ the symbol u(r,t)
even for this averaged electrochemical potential.

The electrochemical potential is a key quantity in transport theories and
I will come back to it in the next chapters as well. Here I make a few gen-
eral remarks. First of all, I have defined a local (in space) time-dependent
chemical potential fi(r,t). Since the chemical potential has a well-defined
meaning only in thermodynamic equilibrium and in a global sense (see def-
inition 2.91), what is the meaning of this quantity?

Here, again, I give a pragmatic reply. If we look back at the definition 2.91,
an r- and t-dependent chemical potential requires us to postulate that a local
temperature 6(r,t) and a local entropy function S(r,t) can be defined such
that, at any given time, the system is, at position r, in local equilibrium
with a reservoir at that same temperature 6(r,¢). In mathematical terms
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we define
IEL(I‘, t) = ﬂfiq(nv 9(1‘, t))a (2100)

where I have explicitly written the dependence of the equilibrium chemical
potential on the density as well.

We can thus interpret the electrochemical potential as the one ideally
measured by a local probe in equilibrium with the system (Engquist and
Anderson, 1981; Entin-Wohlman et al., 1986). For this to happen, the
probe has to be weakly coupled to the system so that we can measure the
local electrochemical potential without appreciably perturbing the system’s
properties. 0

If the system is spin-polarized, i.e., the number of spins of one species is
dominant (say the number of spin-up electrons is larger than the number of
spin-down electrons), we can also define a local spin-dependent electrochem-
ical potential i, (r,t) as

/La(nt) = €¢(I',t) + ﬂaﬁq(naae(rat))’ (2101)
where the definition of equilibrium chemical potential now applies to a given
41

species « of spins.

Alternative definitions of electrochemical potential can be provided (see,
for instance, Biittiker et al., 1985). All these definitions — which are not all
necessarily equivalent, both conceptually and practically — try to attribute a
non-equilibrium (and local) meaning to the equilibrium chemical potential,
either as a measure of the energy level filling of independent electrons, or as
the energy required to add electrons locally into the system.

The above conceptual differences show that while local chemical potential,
temperature and entropy are useful theoretical constructs in the description
of transport properties (we will indeed make heavy use of them in the next
chapters), they do not necessarily have a unique definition for a system out
of equilibrium.*?

2.5 Drift-diffusion equations

If we use the concepts developed above, we can calculate the total current
density due both to an electric field E that creates a drift current, and to a
chemical potential gradient V that creates a diffusion current. In order to
proceed in determining this current density, let us assume the temperature
40 Whether this can be practically done is clearly a different story.

41 The spin species with the largest number of electrons is called majority spins, the one with the

lowest, minority spins.
42 We will come back to the concept of entropy and its various definitions in Sec. 2.8.
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0 is uniform across the whole system, so that the only variation of the chem-
ical potential is due to variations of the density. Let us also work in linear
response and with an isotropic material. We thus know from the analysis
of the Drude model (Sec. 2.1) and the Kubo formalism (Sec. 2.3) that an
electric field induces a conductivity response, o, related to the drift cur-
rent. A chemical potential gradient must also induce some other response,
associated with the diffusion current. Let us call L. this positive diffusion
response coefficient.

Taking into account both the response to an electric field and the response
to a chemical potential difference we thus write the total current density as

jzaE—e%Vﬂ:JE—e%% GVn, (2.102)
where ¢ is the Drude conductivity 2.12.43
We call diffusion coefficient the quantity
- %% . (2.103)
so that Eq. 2.102 can be written as
j=0E —eDVn. | (2.104)

This drift-diffusion equation must be supplied by the equation that relates
the self-consistent charge density and the current density, i.e., the continuity
equation 1.11.

2.5.1 Diffusion coefficient of an ideal electron gas in the
non-degenerate limit

We can relate the diffusion coefficient 2.103 to the conductivity ¢ under the
following conditions. Let us assume that the electrons constitute an ideal
gas, i.e., they are non-interacting, or at most, interact via the mean-field
potential ¢(r) (Eq. 2.94). At global equilibrium the chemical potential must
be uniform in space. On the other hand, the electrostatic potential may
43 The temperature appearing in the denominator of the second term on the right-hand side of

Eq. 2.102 comes from the fact that, quite generally, in the presence of a position-dependent
temperature, a chemical potential difference induces an electrical current of the type (Balian,

1991)
. 1 m
jp = eL.pV <5> —eL.V <5> .

The response coefficient L. g is related to the fact that a temperature gradient can induce both
an energy flow and a particle flow, even when fi/6 is constant (see Sec. 6.4).
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change in space due to local variations of the electron density. From equi-
librium statistical mechanics of ideal gases we then know that the particle
density must have the form

n(r) = np exp (‘_‘_k;f)m) : (2.105)

where here i is constant, and ng is some constant density. We can apply
this approximate form to the non-degenerate Fermi gas.**
At thermal equilibrium the total current density must vanish so that

from 2.102 we find

2

D

0= —oVo(r) + “2MW g, (2.106)
kpb

where we have used the electrostatic relation E = —V¢.

From 2.106 we then obtain the relation for an ideal gas in the non-
degenerate limit

(2.107)

We define mobility (a concept most useful for transport in doped semi-
conductors) as the mean drift velocity per unit field

v
frel = E‘ (2.108)

In the Drude model we have the relation 2.10, so that the mobility is
er
fel = —, (2.109)
m
and the Drude conductivity (from Eq. 2.12)
O =€en fle. (2.110)

Using these definitions we thus get

D= @ud, (2.111)
e
or
_ GQLD (2.112)
7T kg0 ‘

44 This approximation is well suited for non-degenerate semiconductors, i.e., semiconductors in
which, if E. is the conduction band minimum, E. — @ > kp6 (or if one considers holes,
i — Ey, > kp0, with E, the top of the valence band), see, e.g., Ashcroft and Mermin, 1975.
This is the regime in which the drift-diffusion equation 2.104 is mostly applied.
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which is again the Einstein relation 2.79 I have derived using the Kubo for-
malism.

2.5.2 Generalization to spin-dependent transport

Let us generalize Eq. 2.104 to spin-dependent transport.?> Assume there are
two species of spin, which we label spin up T, and spin down |. For clarity,
let us assume these are the eigenstates of the Pauli operator 6..¢ The
spin-up electrons have density n(r), the spin-down electrons have density
ny(r), with nq(r) +n|(r) = n(r), the total density. If there is no mechanism
that destroys spin polarization, such as spin-orbit coupling, Eq. 2.104 can
be simply generalized to the two equations (one for each spin component)

Iy = o) E —eDyy Vny), (2.113)

where we have also introduced the spin-dependent diffusion coefficients Dy (| A
The current densities ji(|) are the two distinct components of the electrical
current density associated with the two different spins. The total current
density is simply j = j; +j|.

These equations need to be supplemented by the continuity equations

. 87’LT(U (I‘, t)
ot

which now state the conservation of charge for each spin component.

= Vg8, (2.114)

In the presence of spin-orbit coupling, or, in general, of any mechanism
such that S. is not a constant of motion,*® one cannot separately define
the two spin components of the current densities, and the only meaningful
quantity is the total current density.

Nonetheless, if these spin-relazation effects act on the spin very “slowly”,
i.e., the time it takes for an electron initially prepared into one spin state
(say spin up) to completely relax into the opposite spin state (spin flip),
45 Once again, the drift-diffusion equations we are going to derive find their most natural applica-

tion in non-degenerate Fermi systems (see Footnote J"1) For a recent review on spin-dependent

phenomena see, e.g., Zutié et al., 2004.
46 Tn this basis the Pauli operator &, is

. (1 0
=0 -1 )

The z-component of the spin angular momentum S, is simply S, = hé./2.

47 Coulomb interactions create an effect known as spin Coulomb drag (D’Amico and Vig-
nale, 2002) that decreases the diffusion coefficient Dy(}) with respect to its non-interacting
value 2.107.

48 One such mechanism may be the coupling of the electron spin with the nuclear spins.

7
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is longer than any other relaxation time, one may approximately distin-
guish the current components j(|) and introduce these relaxation effects
phenomenologically (Yu and Flatté, 2002; Pershin and Di Ventra, 2007).
Typically, spin coherence — the analogue of the orbital wave-function co-
herence we have discussed in Sec. 2.2 — can be maintained for distances of
the order of 100 um or larger, and times of the order of 107 — 107% s in
both bulk metals (Johnson and Silsbee, 1985) and semiconductors (Kikkawa
and Awshalom, 1999), i.e., orders of magnitude longer than mean-free paths
and relaxation times due to inelastic effects associated with the charge (see
Sec 2.1). (Long spin relaxation times are one of the reasons spin transport
is so attractive for applications.)

For clarity, let us focus on the current density j;. With respect to this
current, spin-flip events that transform a spin-up electron into a spin-down
electron can be viewed as a “sink” of spin-up electrons: the population of
spin-up electrons decreases in time in favor of the spin-up population. And
vice versa, these mechanisms act as a “source” for the spin-down electron
population: their number increases with time. As a first approximation
we can thus say that the equation for the current density 2.113 remains
unchanged, while the continuity equation for each spin component is not
satisfied, i.e., a source/sink term must be included.

If we call 745 the average relaxation time for spin flip, the number density
of spin-up electrons that are transformed into spin-down electrons per unit
time must be proportional to (ny —n|) /7,s, i.e., to the number of spin-up
electrons available per unit time. We can, however, do the same analysis
for the spin-down electrons and conclude that the number density of spin-
down electrons that are transformed into spin-up electrons per unit time
must be proportional to (n| —nt) /75r. We can thus modify the continuity
equations 2.114 as follows

ony(r,t) . e
on(r,t) . e
o~ Vol g ). (2.116)

This is the simplest form of continuity equation with a source/sink term
that guarantees that nq(r) +n|(r) = n(r) and satisfies the continuity equa-
tion 1.11 with j = j; +j; (no charge is lost due to spin-relaxation effects).

From all this discussion, we see that the drift-diffusion equations 2.104
and 2.113 are most useful in discussing transport in linear response for a non-
degenerate Fermi gas, and when self-consistent charge redistributions due
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to quantum-mechanical tunneling effects are of less importance, or can be
somehow lumped into either the value of the conductivity o or the diffusion
coefficient D.

2.6 Distribution functions

Apart from the discussion about the electrochemical potential, I have so
far assumed that the system is very close to equilibrium. What if the elec-
trons are far from their equilibrium state? We can proceed using different
approaches. Here I will describe the one that introduces the concept of
distribution functions.

In the Drude model we have assumed that electrons emerge from a col-
lision with an average velocity that is randomly oriented. The magnitude
of such velocity is the same before and after the collision. In reality, some
electrons may emerge from a collision with a given velocity, and another set
of electrons with a different velocity. This same set of electrons may emerge
from another collision at a later time and different point in space with yet
another velocity, and so on. A better description of the transport problem
would then involve distribution functions, i.e., functions that describe how
electrons are distributed in momentum space, as well as in real space in the
course of time.

At equilibrium we are well familiar with one such distribution in the case of
non-interacting electrons. As we have discussed in Sec. 1.4.5, non-interacting
electrons at equilibrium with an external bath at temperature 6 are dis-
tributed in momentum space according to the Fermi—Dirac distribution
(see Eq. 1.80)

1
eE(p)—p)/kpd 4 1’

[ (p) =

with i the chemical potential, and F(p) is the relation between momentum
and energy. For instance, for a free particle of mass m it is simply F(p) =
p2/2m.

We want to extend this definition to the non-equilibrium problem. Let us
proceed as follows.

Let us consider N interacting and indistinguishable particles and define
a phase density D(r1,p1;...;rN, PN, t) such that, if dQ is an infinitesimal
element of phase space spanned by the coordinates and momenta of all

(2.117)

particles, the quantity
D(r1,p1;---;TN, PN, t) dQ (2.118)

is the probability that, at a time ¢, the particles can be found in the small
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volume df2 centered at (ry, pi;...;rn, py).*? The phase density is the clas-
sical counterpart of the statistical operator I have defined in Sec. 1.4.

If dr; dp; is the infinitesimal phase-space volume associated with particle
1, the volume df2 is

N
1
0= I 1 dri dp:, (2.119)
i=1

where the factor 1/N! is to account for the indistinguishability of the parti-
cles.

For most of the systems of interest, the phase density is too difficult to
determine since it contains all possible correlations among particles, i.e., how
each particle motion correlates with the motion of the other particles.’”

We are thus content with studying a simpler quantity: the one-particle
reduced density, or one-particle non-equilibrium distribution function

1 N
f(r,p,t) = /(N_D,ZI_IQ dridp; D(r,p;...;rN, PN, t) (2.120)
such that, given the phase-space volume dr dp, the quantity®!

f(r,p,t) dr dp = average number of particles that at timet
is found in a phase-space volume dr dp,

around the phase-space pointr, p. (2.121)

The total number of particles IV is therefore

N:/f(r,p,t) dr dp, (2.122)

where the integral is over all allowed space and momenta.
Similarly, one can define the two-particle distribution function
1 N
fo(r,pir’,p' t) = / MH dr; dp; D(r,p;t’,p';...;rNn, PN, 1),
- (2.123)
49 Since D is a probability density it satisfies [ D(r1,p1;...;rn,pPn,t)d2 = 1 at all times.

50° A notable exception is the phase density of uncorrelated particles (such as those of an ideal
gas). In this case, the phase density factorizes into the product of a common function

N
D(ri,pi;...;tn,px.t) = NU[] £(ripint).
i=1

51 We implicitly assume that in the element of phase space drdp there are many one-particle
states so that a continuous distribution function can be defined.



2.7 Boltzmann equation 79

and, in general, the M-particle distribution function fj; by integrating out
all but M degrees of freedom.

The calculation of the one-particle non-equilibrium distribution function
2.121 for a general many-body interacting system is still a difficult task (let
alone the calculation of the two-particle distribution). In the next section I
will discuss the Boltzmann equation, which is precisely a semiclassical equa-
tion of motion for the non-equilibrium distribution function. In Chapter 4 1
will introduce the quantum analogue of the Boltzmann equation and discuss
the non-equilibrium distribution functions in that context.

2.7 Boltzmann equation

In a semiclassical theory of transport one can derive an equation of motion,
known as the Boltzmann equation, for the non-equilibrium distribution func-
tion f(r,p,t). To do this consider first a set of N non-interacting particles
subject to an external potential V., (r,t), and thus evolving according to
the Hamiltonian

N 2

m=3 (5

+ Vit rt,t)> . (2.124)

By “non-interacting” I mean that they do not experience any type of scat-
tering. Hamiltonian 2.124 describes the dynamics of independent parti-
cles each moving with the same equations of motion. The phase density
D(r1,p1;...;rN, PN, t) we have defined in Eq. 2.118 thus factorizes into the
product of N one-particle reduced densities f(r,p,t) (see Footnote ®°). In-
stead of working with the N-particle density we can thus work with the
quantity f(r,p,t)dr dp, that gives the number of particles in dr dp.

Since the particles evolve under Hamiltonian dynamics the Liouville the-
orem guarantees that the phase-space volume is conserved during time evo-
lution (Goldstein, 1950). In addition, no interactions are present among
particles, therefore the number of particles in volume dr dp remains con-
stant during time evolution under Hamiltonian 2.124. All this implies that
the single-particle density f(r,p,t) must be conserved, namely

7 (r,p,t) =0. (2.125)

By differentiating the above equation we get

of (r,p,t) L o dr

dt
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We can now use the Hamilton canonical equations for the particles’ conju-
gated variables {r;,p;} (i.e., the j-th component of the particle position and
momentum, respectively)

drj _OH  dp; _ OH

= - 2.127
dt apj ' dt 87"j ’ ( )

with the single-particle Hamiltonian H = p®/2m + V,.(r,t). We obtain

of(r,p,t)

ot
Let us now allow the particles to interact via, say, a two-particle potential
W (|r — r’|) that depends on their relative distance (this could be, e.g., the
mutual Coulomb interaction for charged particles), or via some other general

+ 2 Ve f (P t) = VeVin(r,8) - Vp flrp ) = 0. (2128)

potential that scatters particles. The presence of this interaction changes
the particles” momenta via collisions, and the particles can scatter “in” and
“out” of the phase-space volume dr dp. The distribution function f is no
longer a conserved quantity and condition 2.125 is not satisfied. The change
in time of the distribution function must thus be balanced by an equal
amount of change due to collisions. We write this as

(r,p,t) = (W)COH =1[f]. (2.129)

The quantity I[f] is called the collision integral (or scattering operator) and

dt

is a functional of the distribution function. It gives the net rate of change
of particles with momentum p, at position r and time ¢. For arbitrary
interaction potentials, it contains information on the type of processes that
drive the system to local equilibrium. These processes may be elastic or
inelastic, i.e., they may or may not change the energy of the single particles.

Equating Eq. 2.129 with Eq. 2.128 we finally get the Boltzmann equation®?

M + % : Vrf(ra pvt) - Vl“/ext(r7t) ' fo(l‘,p,t) = I[f]

ot
(2.130)
Given an interaction potential, the collision integral can be formally calcu-
lated ezactly. For instance, for a two-body potential W (|r — r'|) one finds
(Exercise 2.11)
I[f] = /dr' dp’' ViW(jr = ¥'|) - Vp fo(r, p; v, p', 1) . (2.131)

52 Note that here V.;; may be the sum of the potential energy e¢(r) and any other external
potential energy. It thus depends, self-consistently, on the charge density (see Eq. 2.94) and
therefore on the distribution function (Eq. 2.136).
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Unfortunately, the above expression contains the two-particle reduced den-
sity fo. We thus need an equation of motion for this quantity.

Carrying out a derivation similar to that leading to Eq. 2.131, one can
show that the equation of motion for f» contains the three-particle reduced
density fs. In turn, the equation of motion for f3 depends on the four-
particle reduced density f4, and so on. This generates an infinite hierarchy
of coupled equations, known as the BBGKY hierarchy,”® thus making the
problem practically unsolvable.

Approximations to the collision integral are thus required to solve the
problem either analytically or numerically. For electrons, a common ap-
proximation to the collision integral is (Ashcroft and Mermin, 1975)

I[f] =~ /dp’ (W pr f(r,p,t) [1 = f(r,p',1)]
Wy p f(r, 9, 1) [1 = f(r,p,1)]} (2.132)

where the quantity Wy, v is the transition probability density per unit time
that a particle with momentum p is scattered into a state with momentum
p’. This probability density may depend on the distribution function it-
self. The term f(r,p,t) that appears in 2.132 counts how many electrons
are in the initial state p, while the term 1 — f(r,p’,¢) counts the available
states with momentum p’ into which the electrons can scatter (due to the
exclusion principle, electrons can only scatter into states that are unoccu-
pied). With this choice of collision integral, equation 2.130 is a non-linear
integro-differential equation for the distribution function.

According to the type and strength of the scattering potential, the transi-
tion probability W, v can be calculated with standard techniques of quan-
tum mechanics, such as perturbation theory (see Sec. 6.2.1 for one such
calculation). A further approximation, known as the relazation-time ap-
proximation assumes the identity

1
—— = [ dp' Wy [1— 't 2.133
T(p) / p P,p [ f(r7p Y )] 9 ( )
where, as in the Drude model (Sec. 2.1), 7(p) is the relazation time, i.e.,
the average time between successive collisions.?* With this approximation
we can rewrite the collision integral as
t) — fe

T

53 From the names of Born, Bogoliubov, Green, Kirkwood, and Yvon. We will come back to its
quantum analogue in Chapter 4.
54 The relaxation time may also depend on energy and position.
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Here f“(r,p) is the local equilibrium Fermi distribution function

1

eq _
JU®P) = CEer R 11 (2.135)

with position-dependent chemical potential and temperature.

Equation 2.134 quantifies deviations from equilibrium, and contains the
physical notion that once electrons reach local equilibrium, then further
scattering will not modify their distribution (I[f] = 0 at local equilibrium).

Irrespective of the approximations employed for the collision integral, once
the distribution function is known we can calculate the electron number
density

n(r,t) = /dpf(r, P, 1), (2.136)

and current density

j(r,t) = e/dp %f(r,p,t). (2.137)

2.7.1 Approach to local equilibrium

Let us assume that at ¢ = 0 we prepare the system so that the distribution
function is far from local equilibrium, i.e., f(r, p,t = 0) is very different from
fe (r,p). If the distribution f and the external potential do not have large
spatial variations, at the initial times the collision integral dominates the
dynamics of the system as is evident from 2.130. During the transient time,
therefore, the other terms in Eq. 2.130 can be neglected and the Boltzmann
equation reduces to

9f(r,p,1)

ot

If we make the relaxation-time approximation 2.134 to the collision integral,

~1[f]. (2.138)

this equation becomes

8f(1‘, P, t) ~ — [f(I', p, t) — feq(rv p)] (2 139)
ot T ’ |

whose solution is

f(r,p,t) = f9r,p) + [f(r,p,t = 0) — f(x,p)le”"/". (2.140)

We thus see that the system approaches local equilibrium in a time interval
of the order of 7, i.e., of the order of the collision time. The smaller this
time, the faster local equilibrium can be reached. After this initial transient,
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the collision integral becomes comparable to the other terms in the Boltz-
mann equation, and the dynamics proceeds in such a way that the particles
lose memory of their initial momentum. The particles’ momentum is then
continually randomized by collisions."

The subsequent dynamics is determined by the two terms p-V, f(r, p, t) /m,
and —V, Ve (r,t) - Vp f(r,p,t) in Eq. 2.130. This does not mean that the
local velocity of the particles is zero, and that the collision integral does
not play any role. It simply means that the global evolution of the system is
driven by these terms, while the collision integral forces the system to a local
equilibrium.?® This regime is called local equilibrium, or the hydrodynamic
regime, since one can derive from the Boltzmann equation 2.130 equations
of motion for the electron liquid similar to the hydrodynamic equations for
a classical fluid.

In Chapter 8 I will show that hydrodynamic equations can indeed be
derived more “naturally” in quantum mechanics than in classical physics:
the time-dependent Schrodinger equation 1.16 can be equivalently written
exactly in terms of the single-particle density and current density. In the
same chapter I will also show that under appropriate conditions transport
in nanostructures can be described by simple hydrodynamic equations.

I conclude by noting that, while I have discussed the Boltzmann equation
for electrons, a similar equation may be derived to study the non-equilibrium
properties of bosons, such as phonons. In this case, different approximations
to the collision integral can be derived that do not require the Pauli exclusion
principle.

2.8 Entropy, loss of information, and macroscopic irreversibility

The Boltzmann equation 2.130 has been derived to describe the dynamics of
irreversible statistical processes of a large number of particles, i.e., processes
that are not invariant under time-reversal symmetry. However, if we look
back at its derivation, we have only made use of microscopic equations of
motion — namely the Hamilton equations 2.127 — that are indeed indifferent
to the arrow of time (in the sense that they are symmetric under time-
reversal symmetry ¢t — —t, r; — rj, p; — —pj if the Hamiltonian is an
even function of the momenta®”). This means that if the set {r;(¢), p;(¢)}
is a solution of the equations 2.127, {r;(—t),—p;(—t)} is also a solution of

55 Note that this is true for elastic collisions as well, i.e., collisions that conserve energy.

56 Or steady state if we have an infinite system or continuous supply of charges.

57 In the presence of a magnetic field the equations of motion are invariant with respect to time-
reversal symmetry if the sign of the field is also changed.
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the same equations. This is called micro-reversibility of the equations of
motion.?®

How is it then possible that one can derive an equation of motion that
describes macroscopic irreversible processes from microscopic equations of
motion that are time-reversible? The answer is loss of information. Let us
expand on this.?’

If we could solve the Boltzmann equation exactly, namely if we could
solve the BBGKY hierarchy to all orders, we would know how the many-
body phase density D(r1,p1;...;rn, PN, t) evolves in time. We would then
know all correlations among particles, and how these correlations change in
the course of time.

As we have discussed in the preceding section, this is clearly an impossible
task — both experimentally and theoretically /numerically. We thus need ap-
proximations to the collision integral that generally entail neglecting corre-
lations among particles. For instance, if we employ the approximation 2.132
for I[f], we account, via factors of the type f(r,p’,t)[1 — f(r,p,t)], for
the fact that electrons cannot scatter into occupied single-particle states.%"
However, at the same time, we neglect how two, three or more electrons
correlate with each other during scattering.

By making approximations to the collision integral we thus “lose informa-
tion” on the degrees of freedom that correspond to particle correlations.%!
This information cannot be recovered during time evolution (since we do not
know the exact collision integral), and thus the dynamics described by the
Boltzmann equation 2.130, with an approximate I[f], is in fact irreversible.
This seems an almost obvious statement, but is not the whole story.

Even if we could solve the Boltzmann equation exactly, by focusing on the
single-particle degrees of freedom (that are described by the reduced density
f), during time evolution we would nonetheless transfer information to the
very many degrees of freedom related to the correlations of all particles in
the system. The question is then how easy it is to recover such information
after a long time has passed from the initial condition.

The answer to this question can only be given probabilistically, namely,
the probability that we can recover information on the correlations, once

58 Note that {r;j(—t),—pj(—t)} may represent a physically different trajectory in phase space
than {r;(¢),p;(t)}. In this case, we say that a spontaneous symmetry breaking has occurred:
the solution of the equations of motion does not satisfy the same symmetry as the equations
themselves (see, e.g., Gaspard, 2006).

59 While the following discussion relies on the Boltzmann equation and classical concepts, the
conclusions on macroscopic irreversibility are valid for quantum systems as well (see Sec. 2.8.3).

60 This is also a type of “correlation” due to the Pauli exclusion principle.

61 The approximation that correlations among particles can be neglected, i.e., one can consider
only the one-particle reduced density f, is often known as Stosszahlansatz.
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Entropyw S

Loss of information
at time t

vy

Fig. 2.8. The entropy S¢(t) is associated with the single-particle distribution func-
tion f. At the initial time it is equal to the entropy of the total phase density S[D],
which remains constant in time. Sy (¢) instead increases with time. If the system is
not subject to external time-dependent perturbations, Sy (t) approaches the global
equilibrium entropy S,.

a long time has passed from the initial time, and revert the dynamics to
the initial condition is infinitesimally small. For all practical purposes, once
this information is lost in the correlation degrees of freedom it cannot be
recovered, and the dynamics becomes practically irreversible.

From the above discussion it is thus clear that macroscopic irreversibility
of physical processes is related to loss of information during time evolution,
or better still, to the transfer of information — in the form of classical or
quantum correlations — from the system whose dynamics we are interested
in to other degrees of freedom, that either we choose not to consider, or
their number is so large that it is practically impossible to follow each and
every one of them in time.

2.8.1 The classical statistical entropy

Let us try to quantify this loss of information by defining a statistical entropy
S related to the quantity we are interested in. In the case of the Boltzmann
equation we define

Sr(t) = —kp /dr dp f(r,p,t) In f(r,p,t) = —H(t). (2.141)

It can be shown that the entropy S¢(t) increases with time from its initial
value S[D] (H(t) decreases), which corresponds to the entropy associated
with the ezact phase density D. It reaches a constant value only if f is
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the global equilibrium distribution (Exercise 2.13).92 This is known as the
H-theorem.%3 The entropy S 1 is a measure of the loss of information, during
time evolution, toward the correlation degrees of freedom, or equivalently of
the disorder of the state of the system (Fig. 2.8).

2.8.2 Quantum statistical entropy

I can extend the above definition to the quantum Boltzmann distribution
function whose equation I will derive in Sec. 4.6, and, in general, to any state
associated with any observable, such as the total current (see discussion in
Sec. 1.5).

Given a statistical operator p that represents the macro-state {|¥;), p;}
we define the quantum statistical entropy associated with such a statistical
operator as

S[pl = —kpTr{plup} = —kp Y  pilup; (2.142)

7

where the last equality comes from the definition of the trace (see Eq. 1.50),
and the fact that p is diagonal in the basis {|¥;)}, with eigenvalues {p; }.

Micro-canonical entropy

If {|¥;)} is a complete set in the Hilbert space of the system, and the
latter explores M available states, the micro-canonical statistical operator
is simply

M

. 1

p= Z |‘I’i>M<‘1’i|a (2.143)
i-1

namely the probability p; of finding an element i of the ensemble in the
state |¥;) is constant and equal to 1/M. From 2.142 we then find that the
statistical entropy is a maximum and is equal to

Slp] = kpln M, for equiprobable states. (2.144)

The above corresponds to the case of a closed system whose energy is well
defined (not just on average) and no other constants of motion exist.

62 The Boltzmann entropy reaches the global equilibrium entropy 2.146 only if the system is
isolated. Also, its time derivative may be zero at some given time, if, at that time, it is equal
to the local equilibrium distribution at every point in space (Exercise 2.13).

63 There are exceptions to the H-theorem. For instance, if the initial state of the system is highly
correlated (extremely disordered) compared to the final equilibrium state, one cannot simply
neglect these initial correlations, and the approach to equilibrium may indeed occur via an
increase of H(t). See Jaynes, 1971, for a discussion on H-violating initial conditions.
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On the other hand, if the system is in a pure state the corresponding
macro-state has probability distribution {1,0,...,0} (see Sec. 1.4) so that
from 2.142 we find

S[p] =0,  for a pure state. (2.145)

Canonical entropy

When the system is in global equilibrium with a bath at temperature 6, the
probabilities p; are given by their canonical value 1.79 and the associated
entropy is

—BE; —BE;
eq) e e
S[pc] = kB E . In < . )

i

e~ BE;:
=kplnZc + kBﬂZEl Zo
=kplnZo + ( 9> 4 = Seqs (2.146)

where (H)eq = Tr{ﬁg]ﬁ } is the average energy of the system at equilibrium,
and Z¢ is the canonical partition function (Eq. 1.78). Equation 2.146 is
precisely the equilibrium entropy of the canonical ensemble from which one
can derive the second law of thermodynamics (Exercise 2.14). It is also the
maximum amount of disorder a system can reach when at equilibrium with
a bath at temperature 6.

Since the partition function is an eztensive variable, it is proportional to
the number of particles N of the system. By comparing 2.146 with 2.144,
we thus see that at equilibrium the number of microscopic states (or the
entropy) is proportional to the number of particles; a fact I have used in
Sec. 1.2 to show that the separation of many-body energy states of a capac-
itor decreases exponentially with the number of particles (Eq. 1.14).

Entropy as loss of information

That S[p] is a good measure of loss of information in the quantum case can
be seen as follows. Let p be the statistical operator of a closed system that is
not in a pure state but in a statistical mixture, evolving under Hamiltonian
dynamics (Eq. 1.16). The statistical operator evolves according to Eq. 1.60.
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The time derivative of S[p] is thus

PV U8 i pim gy = PP pwp =0, (2147)
where in the last equality I have used the cyclic property of the trace
(Eq. E1.3 in Exercise 1.1), and that an operator commutes with the log-
arithm of itself. We thus find that if we knew the dynamics of the system
completely, even if its statistical operator varies in time, we would not lose
any information.%4

If, instead, we focus on the information we can extract from a reduced
statistical operator, the amount of information one can gather from that
statistical operator is limited, and the entropy must increase with time as
in the Boltzmann equation case.

Finally, we can quantify the statement I have made before, namely that
even if we knew exactly the single-particle distribution function f of the
Boltzmann equation, the probability is negligible that we can recover full
information on all degrees of freedom of the system, and thus revert its
dynamics to the initial conditions.

Assume the system has reached, during its time evolution, some disordered
macro-state. The number of micro-states associated with that macro-state
is of the order of exp(S/kp) (from Eq. 2.144). In macroscopic systems a
typical equilibrium entropy is of the order of 1 J K~! (Balian, 1991). The
Boltzmann constant is kg = 1.38 x 10723 J K~!. The number of microstates
is thus of the order of exp(10?3)!

If the initial state is prepared in a pure state, then there is only one
microstate associated with it. Even if this is not the case, due to the initial
preparation of the system, its initial macro-state would, most of the time,
have a different number of micro-states than macro-states at later times.
In either case, we need to revert the dynamics of a macroscopic number
of micro-states into one micro-state or another set of micro-states. For all
practical purposes, this is clearly an impossible task, and reversibility is
highly improbable.5?

64 Tn the classical case this statement would correspond to saying that the entropy S[D] =
—kp f dQ D1n D associated with the phase density D(ri,pi;...;rn,Pn,¢) does not vary in
time: if we could follow the time evolution of all degrees of freedom of the system, our knowledge
of its evolution would be complete, and its entropy would remain constant.

5 A statement known as the fluctuation theorem has been advanced (Evans et al., 1993) where it
is argued that the ratio between the probability that the entropy decreases by an amount AS
per unit time and the probability that it increases by the same amount decays exponentially
with time as exp(—ASt/kp). This shows again that reverting the microscopic dynamics is not
impossible, simply very unlikely.

=
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2.8.3 Information content of the N- and one-particle statistical
operators

In the following chapters, most of the time we will make use of single-particle
quantities to develop theories of transport (whether for non-interacting elec-
trons, or for truly interacting electrons). This is, for instance, the case for
the Landauer approach of Chapter 3, where we will consider single particles
interacting at a mean-field level, or the non-equilibrium Green’s function
formalism of Chapter 4, where we will calculate single-particle Green’s func-
tions even if we consider interacting electrons. In other words, we focus on
the degrees of freedom (and their time evolution) of single particles.

The discussion in the previous section points to the fact that, given an V-
particle interacting system, the reduced single-particle statistical operator
contains less information than the N-particle statistical operator. To be
more specific, suppose the many-body system is in a pure state |¥(t)) (we
can easily generalize the discussion to a mixed state), which in the position
representation is (ry,ry,...,ry|¥(t)) = U(ry,ry,...,ry,t). The N-particle
density matrix is then, from Eq. 1.54

on({r'}, {r},t) = (¢}, 1h, .. O[O () (P (¢)|r1,Ta, ... TN), (2.148)

which contains full information on the state of the system: its entropy,
Slpn] = —kpTr{pnInpy}, does not change in time — Eq. 2.147 (for the
pure state case we consider here it is zero at all times).

From the above density matrix we can construct the reduced single-
particle density matrix by integrating (tracing) out all degrees of freedom of
all particles except one

p1(r),r,t) = /drg,...,drN U (r),ro, ..., vN, 1) U(r,To,. .., TN, t).

(2.149)
This density matrix does not necessarily describe a pure state of a single
particle, and its entropy, S[p1] = —kpTr{p1 Inp;}, is thus larger than the

entropy of the N-particle density matrix. As in the Boltzmann approach, we
have lost information by focusing on the single-particle degrees of freedom.
Can we then recover this information as time evolves?

The answer to the above question seems a simple no, but density-functional
theories allow us, at least in principle, to recover full information on the sys-
tem dynamics. Here is how.

From the single-particle density matrix we can calculate the particle den-
sity of the system

n(r,t) = Npi(r,r,t) , (2.150)
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or the current density (see Egs. 4.47 and 4.50 in Chapter 4)
j(r,t) = — lim (Vy — Vy)pi(r, ', t). (2.151)

Now, let us use density-functional theory (see Appendices E, F, and G).

For simplicity, let us focus only on the density, and work with time-
dependent DFT (similar considerations apply to the current density if we
work with time-dependent current-DFT or its stochastic version).

From the theorem of time-dependent DFT (see Appendix E), we then
know that, for any initial condition, given the exact density (which we can
obtain from the set of effective single-particle equations E.4 if we knew the
exact functional) we can determine the scalar external potential Vit (t) that
generates such density (apart from a trivial time-dependent constant). If we
know the external potential, we know the full many-body Hamiltonian H
from which we can, in principle, determine the many-body wave-functions,
and hence recover full information on the system at all times. Schematically

n(r,t) — Vigy(t) — H — U(ry, 19, ..., vN,t) — pn(t). (2.152)

Clearly, the step that goes from the many-body Hamiltonian to the many-
1,56 since we do not generally have the
means to calculate the many-body wave-functions directly from the IN-

body wave-function is purely forma

particle Hamiltonian — otherwise we would have already solved all many-
body problems! Due to this practical impossibility, if we focus only on the
reduced single-particle density matrix, information is lost during time evo-
lution, and the system dynamics becomes practically irreversible, even if we
know the exact functional.

2.8.4 Entropy of open quantum systems

In the case of quantum systems open to an external environment (Sec. 1.4.5)
the statistical entropy may either increase or decrease. For instance, in
Sec. 2.2.1 I have shown that if we let the system interact with an environ-
ment via the operator V of Eq. 2.16 the statistical operator evolves into
the canonical equilibrium one. In that model, the main time dependence
of this evolution is given by the energy relaxation time, and has the simple
exponential form exp(—t/7g). Intuitively, we expect that the approach to
equilibrium may occur via an increase of entropy if the system is initially
prepared in a less disordered state (for instance, in a pure state, or a mix-
ture of states at an initial temperature lower than the temperature of the
66

The “reverse” problem of determining the potential that gives rise to a given density is not
trivial to solve either.
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environment). In this case, the information is lost irreversibly to the degrees
of freedom of the bath.

The statistical entropy, however, can also decrease towards the value 2.146
if the initial state is more disordered than the final state (e.g., the initial state
is at a higher temperature than the final one). The system becomes more
ordered at the expense of an increase in disorder of the bath.

In general, one can prove that if the dynamics of the open system is de-
scribed by the Lindblad equation 1.73, and the latter admits a stationary
solution (satisfying Eq. 1.74), the entropy production rate (Eq. E2.23 of Ex-
ercise 2.15) increases with time, and its time derivative will vanish only
when the statistical operator evolves into the stationary one. This means
that the statistical entropy 2.142 may increase or decrease in time, with a
corresponding entropy flux from or into the bath degrees of freedom (Exer-
cise 2.15).

2.8.5 Loss of information in the Kubo formalism

Let us now discuss the information content in a calculation of the conduc-
tivity using the linear-response formalism of Sec. 2.3. In that approach, the
system is prepared in a canonical equilibrium state whose entropy is given
by 2.146. We then let the system evolve under the influence of a pertur-
bation via Hamiltonian dynamics, i.e., we assume the system is closed.%” If
we know the exact statistical operator at any given time, from Eq. 2.147 we

conclude that its entropy will not change in time,5

and we would preserve

all information on all the correlations degrees of freedom of the system.
However, in the Kubo formalism we solve the statistical operator to first

order in perturbation theory (Eq. 2.42). If pkupo is the approzimate statis-

tical operator 2.42, its statistical entropy is

S[prubo(t)] = =kBTr{prubo (t) In prubo(t)}, (2.153)
and its time derivative

dS 0 ubo ik ~ ~e .
[deZ el o Te{[H' (1)1, ¢ In o} (2.154)

where I have used Eq. 2.42 for the approximate Kubo statistical operator.
But the term on the right-hand side of Eq. 2.154 is not zero, since the
equilibrium statistical operator g/ does not generally commute with either
the perturbation H'/, or the Kubo operator pxupo(t). We thus see that we

67 In the sense that it is not interacting dynamically with any environment.
68 However, it would not necessarily be the equilibrium entropy S[f)gq]., Eq. 2.146.
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lose information by approximating the exact statistical operator with the
Kubo one.

2.8.6 Loss of information with stochastic Hamiltonians

I now discuss the case in which the system is closed but the Hamiltonian
depends explicitly on the wave-functions or, in general, the system is so com-
plicated that its Hamiltonian is not known exactly (see Sec. 1.4.3). An ex-
ample of this is the use of approximate Hamiltonians from density-functional
theory (Appendices D, E, F). These Hamiltonians depend on the density
(or current density) and are thus different for each element of a statistical
ensemble.

In all the above cases, we can define an entropy S[p;] associated with
the statistical operator evolving according to the Hamiltonian ﬁj in the
ensemble of random Hamiltonians (see discussion preceding Eq. 1.62). Since
the total statistical operator is the weighted sum of all these individual
statistical operators with weights p; (Eq. 1.63), the total entropy is

S w0 = 35Sl (2155)

where the last equality comes from a property of the entropy known as
concavity which states that the entropy (or disorder) of a mizture of states of
the same system is larger than the sum of its parts. 1leave the demonstration
of this result as an exercise for the reader (Exercise 2.17).

The property 2.155 shows that any Hamiltonian of which we do not know
all the correlation degrees of freedom increases the disorder of the system. In
fact, suppose that the single statistical operators p;(t) conserve information:
S[p;(t)] = S[p(t = ty)]. From Eq. 2.155 we get

] = ij [2;(t ij o(t = to)] = S[p(t = to)],  (2.156)

namely the disorder increases with time, and the associated loss of infor-
mation cannot be retrieved even though the equations of motion are time-
reversal invariant: a partially known Hamiltonian explicitly introduces irre-
versibility in the system dynamics.
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2.8.7 Entropy associated with the measurement of currents

I finally quantify the amount of information one obtains from the mea-
surement of currents (Sec. 1.5).%° We have seen in Sec. 1.5 that the first
step of a current measurement (the coupling with the apparatus) truncates
the total statistical operator of the system p into the statistical operator
pr=>; ]51/3]51. The entropy associated with this new state is

Slpzl = —kpTr{pzInpz} = —kpTr {Z PipPy 1nﬁz}
I

= —kpTr {,3215] lnﬁIPI} = —kpTr{pln pz}
I

> —kpTr{pnp} = S[p], (2.157)

where in going from the second to the third equality I have used the cyclic
property of the trace (Eq. E1.3 in Exercise 1.1); from the third to the fourth,
the fact that the projection over the current degrees of freedom does not af-
fect the current statistical operator pz; and finally I have used the inequal-
ity E2.26 of Exercise 2.16.

Therefore, the entropy associated with the first step of a current measure-
ment is larger than the entropy associated with the total statistical operator:
by merely coupling the system to the measurement apparatus we have lost
information on other degrees of freedom that are “hidden” in the total sta-
tistical operator p. This information is irreversibly lost into the apparatus
degrees of freedom and thus cannot be recovered.

Finally, if we do observe a current value I, due to the postulate of wave-
packet reduction, the statistical operator becomes p; = PrpP; / Tr{[)PI} (see
Sec. 1.5). The information content of this operator,

S[p1] = —kpTr{prInpr}, (2.158)

may be even smaller than the information contained in the state pr (once
again, we have lost information). However, if we perform an ensemble of
measurements on the system, and observe a distribution of values {I}, each
with the probability p; = Tr{ﬁpf} (from Eq. 1.83), the average amount of
information is larger than the one we obtain by simply coupling our system
with the measurement apparatus. Indeed, from Eq. 2.142 we easily get
(using the general property of a projector ]5]2 = P])

S; = —kp Zp[ Inp; = Slpz] — Zp[S o1l (2.159)

69 A similar discussion for a general observable can be found in Balian, 1991.
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I 3
Entropy
Average over {[}

Current measurement

Fig. 2.9. Information content during an ideal measurement of the current. In the
first step, we couple the system to an apparatus. The initial state of the system,
represented by the statistical operator p, irreversibly becomes pz. We lose informa-
tion during this step. If we observe one specific outcome I, the associated entropy
may be even larger. However, on average, over the ensemble of measurements of
the current {I}, we gain the average information Sy, which may be smaller than
the entropy S|[p] before the measurement.

If the system ends up in a pure state this information gain is precisely S[pz],
the entropy immediately after the coupling with the apparatus. The entropy
St may be even smaller than the initial entropy S[p] before the measurement.
We thus generally gain (on average) information during the reading of an
ensemble of values of the current (Fig. 2.9).

From the above discussion we arrive at an important conclusion that I
have already anticipated: unlike the equilibrium case, in a non-equilibrium
problem there is mo unique definition of entropy. We define an entropy
according to the given observable or degrees of freedom we are really inter-
ested in. We then interpret such entropy as loss of information or amount
of disorder associated with such degrees of freedom.

Summary and open questions

I have introduced the transport theories belonging to Viewpoint 1: the
current is the response to an external electric field. These theories have al-
lowed me to introduce several concepts I will use in the rest of the book, such
as relaxation, dephasing, local electrochemical potential, temperature etc.
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I have also explicitly shown that electrical conduction cannot be described
using ground-state theories. This holds also in the limit of zero external
field, where the conductivity is related to spontaneous fluctuations of the
current close to equilibrium. In addition, I have proved that, in general,
the conductivity at a given time requires knowledge of its value at previous
times: the current is a history-dependent quantity.

I have also defined the statistical entropy which allows us to quantify the
loss of information in the description of physical processes out of equilibrium.
In particular, I have discussed the information content in the measurement
of currents, and quantified the loss of information when we focus on a re-
duced description of a physical phenomenon. For instance, we generally lose
information when describing the transport problem within a single-particle
picture. Even if dynamical density-functional theories allow us — at least in
principle — to recover such information at any given time, it is practically
impossible to do so, and the system dynamics is practically irreversible.

Exercises

2.1 Frequency-dependent Drude conductivity. Consider indepen-
dent electrons with average momentum p(¢) and effective mass m*
in an oscillating electric field of amplitude E and frequency w. The
electrons experience collisions at an average rate of 1/7, with 7 the
relaxation time. The equation of motion for the electron momentum
is

dp(t) _ _& —iwt
ST + eEe ", (E2.1)

The current density is j(t) = enp/m*, where n is the electron density.
Using this model, show that in the long-time limit the complex Drude

conductivity is

2
e‘nt 9,
Cap(w) = — T (E2.2)

The real part of the complex conductivity Re{c} is related to dissi-
pation and is

eZnr dap
m* 1+ w?r?’

o' (w) = Re{o(w)} = (E2.3)

The value o/ (w = 0) is known as the Drude peak. Using these results,
check that the sum rule in Footnote 7 is verified.

2.2 Prove Egs. 2.18 and 2.19 for the diagonal elements of the density
matrix, and Egs. 2.23 and 2.24 for the off-diagonal ones.
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Prove that expression 2.57 is finite for w — 0. Show that Eq. 2.73
can be obtained from Eq. 2.57 in the limits {k — 0,k’ — 0} and
w — 0, in this precise order.

Prove Eq. 2.65.

Infinite conductivity of a homogenous system. Show that the
conductivity of a perfectly homogeneous system is infinite in the
long-wavelength limit (k — 0 before w — 0).

Continuity. From the continuity equation 2.70 show that

> kX, =0, (E2.4)
7

with X{w the Fourier transform of the full response function 2.54.
Gauge invariance. Using the general gauge invariance property of
a vector potential

A'(r,t) = A(r,t) + VA(r, t), (E2.5)

with A(r,¢) an arbitrary real function, show that
> Xk =0. (E2.6)
14

Real and imaginary parts of the response function. Consider
the Fourier transform of the response function 2.47

xap(w) = /dteithAB (t—1), (E2.7)
and write it in terms of a real and an imaginary part

xaB(w) = Re{xap(w)} + ilm{xap(w)}. (E2.8)
Show that the following relations hold

Re{xap(w)} = Re{xaipi(—w)}
Im{xap(w)} = —Im{x41pt(—w)}. (E2.9)

(Hint: write the response function in terms of a complete set of exact
eigenstates of the unperturbed Hamiltonian.)
Energy dissipation. Define the average energy

U=Te{p(t)H(t)}, (E2.10)

where j(t) is the statistical operator of the system and H (¢) is Hamil-
tonian 2.31. Show that

dUu

o o Im{xaat (@)}, (E2.11)



2.10

2.11

2.12

FExercises 97

namely the imaginary part of the response of an observable A to
itself (B = AT) is related to energy dissipation.

The fluctuation-dissipation theorem. Consider the linear re-
sponse of an observable A to a periodic perturbation (Sec. 2.3.1).
Define the correlation function

Saat(w) = L /Oo dt “H(A(t)AT).,. (E2.12)

27 J_ o

Calculate the response function x 441 (w), namely the response of
the observable A due to B = Af. Prove the following fluctuation-
dissipation relation

Im{xaar@)} = =7 (1= 7)), (E2.13)

where 8 = 1/kpf. Since the imaginary part of the response function
describes dissipation (Exercise 2.9), the above shows that the latter is
related to the correlations (spontaneous fluctuations) in the system,
and generalizes the result 2.73 to an arbitrary observable.

Exact collision integral. Consider the classical phase density
D(ri,p1;...;rN,PN,t) of N interacting and indistinguishable par-
ticles. The phase density satisfies the Liouville equation

oDy~ <8H oD 9D OH

oz g oy 9P 0%\ _ g Dy, £2.14
ot 0q; Opr,  Oqi; 3pk> { J ( )

where g and p; are the canonical variables of the particles, and H
is the system Hamiltonian. Consider the following Hamiltonian

H = Z( +vmrl,> Z W(r; —r;]), (E2.15)

1,j=1;1<yj

where W is a general two-body potential, and V., a one-body ex-
ternal potential. Using the Liouville equation E2.14, and assuming
that the phase density D vanishes at infinity, show that the colli-
sion integral of the Boltzmann equation 2.130 can be written as in
Eq. 2.131. (Hint: Integrate the Liouville equation E2.14 over a pair
of conjugated variables.)

Collision invariants. Consider the Boltzmann equation 2.130 with
the collision integral 2.132. Prove that the collisions preserve num-
ber of particles, momentum (if lattice translation symmetry is pre-
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served), and energy, namely

/ dpI= 0, particleenumber conservation,
/ dpp; 1= 0, momentum conservation,

/dp p’I=0, energy conservation, (E2.16)

where p; (i = x,y,2) is a component of the particle momentum.
The above relations are written for local collisions. If the collisions
are not local an extra integration in space has to be performed.
Show that the relaxation-time approximation 2.134 violates all these
conservation laws.

The H-theorem. Consider the collision integral approximation
2.132 for the Boltzmann equation 2.130. Prove that the Boltzmann
entropy

Sy(6) =~k [ drdp f(r,p.t) Inf(r.p.) (E2.17)
increases with time, namely
dSy(t)
> 0. E2.1
.~ 0 ( 8

Show that, for any given time ¢, the equal sign holds only if f is a
local equilibrium distribution at every point in space.

Second law of thermodynamics. Consider an arbitrary Hamilto-
nian H ({xs},t) which depends on some variables {x3} whose varia-
tion is related to the work W done on the system by external forces
according to the linear relation

dW =" Fydyg, (E2.19)
3
with
. 0H
Fy=——. E2.20
? = Bs ( )

Show that the canonical entropy 2.146 is related to the heat d@ ex-

changed in an infinitesimal interval of time dt by the system with an

external environment during a quasi-static transformation (namely,

one in which the system finds itself always in equilibrium states) via
_dQ _ Tr{dpH}

aslpit) = 54 = TP v ap, dy, (E2.21)
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where
e—BH(t)
H(t) = —————. E2.22
) = (E2.22)
Equation E2.21 is the second law of thermodynamics.
Entropy production in the presence of stationary states.
Consider the Lindblad equation 1.73 with a time-independent Hamil-
tonian and Lindbladian. Assume that Eq. 1.73 admits a stationary

solution p*®. Define the entropy production rate

d(S[p(t)]p**])

rip(t)] = i
— d(Tr{ﬁ(gtln PO | s d(TT{ﬁ(Zln Py
(E2.23)
Show that
rlp(t)] >0, vt (E2.24)

ASS

and it is zero only if p(t) = p**. If the system dynamics follows the
Lindblad equation, and there exists a stationary solution of such an
equation, the entropy production rate is a convex functional in the
Hilbert space of the system.

We can separate the entropy production rate in two parts
rlp(t)] = — + J, (E2.25)
dt

where S is the statistical entropy 2.142 and J may be identified with
the entropy flur. Comparing Eq. E2.25 with Eq. E2.23 write the
explicit form of this flux.
Consider two non-negative operators A and B. Prove the following
inequality

Tr{Aln B} — Tr{AIn A} < Tr{B} — Tr{A}. (E2.26)

Concavity of the statistical entropy. Consider two statistical
operators p; and py. Given a real number 0 < o < 1, use the
relation E2.26 to prove that the statistical entropy 2.142 satisfies
the following inequality

Slapr + (1= a) pa] = aS[pn] + (1 — @) S[pa], (E2.27)

with the equal sign only if p; = po.
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Consider now a set of real positive numbers p;, with Zj pj = 1.
Using the above inequality demonstrate that

S Zﬁjﬁj(t) ZZﬁjS[ﬁj(t)], (E2.28)

which shows that the statistical mixture of states of the same system
is more disordered than the sum of its parts.
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Landauer approach

I am now ready to move on to the transport theories based on Viewpoint
2: the field is a consequence of carrier flow (see Sec. 1.6). Seeds of this
approach are almost as old as quantum mechanics. For instance, one of
the first applications of scattering theory to determine the electrical resis-
tance at the contact between two conductors can be found in the work of
J. Frenkel published in 1930 (Frenkel, 1930). Here, the calculation of the
current is done by assuming that electrons on the two sides of the contact,
at their own local equilibrium distribution, have a finite transmission prob-
ability to tunnel across the potential barrier induced by the junction. This
result anticipated the concept that, under specific conditions, the conduc-
tance of a given system sandwiched between electrodes can be related to its
transmission properties, namely to the probability for electrons to “cross”
the system in going from one electrode to the other.

However, the idea that scatterers can induce, self-consistently, local fields
which “act back” on the carrier dynamics was pioneered by Landauer (Lan-
dauer, 1957), and has contributed tremendously to our understanding of
electron transport in mesoscopic and nanoscopic systems. It is a major con-
ceptual departure from the theories I have discussed in the previous chapter.

Another fundamental result of the Landauer approach is that a finite
resistance emerges even if the transmission probability of the sample is unity;
a fact I have anticipated — though from a different perspective —in Sec. 2.3.4.
This result requires a non-trivial understanding of the role of the sample
versus all other elements of an electrical circuit (Imry, 1986).

Before proceeding, I want to stress once again — as done by Landauer
himself in several of his publications — that the approach I am going to
introduce is, first and foremost, a viewpoint, not a set of equations! This
viewpoint rests on specific physical assumptions that may or may not be
satisfied in all experimental realizations of transport in nanoscale systems.

101
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I will review here these assumptions and derive the equations that are now
known as Landauer’s formulas. My introduction to this approach will rely
first on physical arguments, followed by a formal derivation of these formulas
using tools of scattering theory.

3.1 Formulation of the problem

In Chapter 1 I have discussed the different ways one can employ to initi-
ate current flow. For instance, I have considered the discharge of a finite
capacitor. In that case, I have argued that in the limit of infinite electrode
size, while keeping the conductor in between, and its contact with the elec-
trodes fixed, we expect the time-averaged current to realize the steady-state
condition 1.13.

Alternatively, we can employ batteries attached to the electrodes, as rep-
resented in Fig. 1.3(c), to maintain such a stationarity condition. In both
cases, the problem is still fundamentally time dependent and statistical: only
the current averaged over time can be assumed constant, while its value at
every given time still varies. In addition, we generally measure only the
current, and not all quantum numbers necessary to specify the state of the
system completely, so that we are forced to solve the equation of motion 1.60
for the statistical operator for the macro-state of the system.

In the case of the battery — where by “battery” I mean here any element
of the circuit external to the nanojunction — we would have to solve for the
total Hamiltonian I;Ttot that describes the dynamics of the electrons and ions
of the nanoscale system we are interested in (let us call this Hamiltonian
H s), plus the electrons and ions of the battery (call it I:Ibattery), and the
interactions between these two systems, ﬁint,l

I;[tot = I:IS + ﬁbattery + ﬁint~ (31>

Approximation 1: Open quantum systems

However, the Hamiltonian of the battery is really too complicated to write
down. We thus proceed as follows. As I have discussed in Sec. 1.2, the

! Equation 3.1 must be interpreted as
ﬁmt = I—AIS ® ibattcry + iS & Hbattcry + Hint-,

where ibattcry is the identity operator on the Hilbert space of the battery degrees of freedom,
and 1g is the identity operator on the Hilbert space of the system.
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battery effectively acts as a reservoir of electrons, and we may thus replace
it with the infinite capacitor, which, due to the infinite Poincaré recurrence
time, also acts (at both sides of the junction) as a reservoir of electrons.
The effective problem we are going to describe is thus represented in Fig. 3.1
with the nanoscale junction sandwiched between two large chunks of ma-
terial, each open to a reservoir of electrons. Electrons come in and out of
the two reservoirs, with the electrons coming into the reservoir completely
uncorrelated from the electrons going out of it (see Sec. 1.2).

Since the reservoirs need to represent a battery, the energy required to
extract an electron from one reservoir and bring it into the system must be
different from the energy required to extract that electron from the other
reservoir and bring it into system. We have discussed in Sec. 2.4 that such
energy is the electrochemical potential. We thus assume that the electro-
chemical potential associated with one reservoir, call it the left reservoir,
ur, differs from the electrochemical potential of the right reservoir, ug, by
the bias (Fig. 3.1)

A R L (3.2)
e
which is precisely the relation 2.93 for a voltmeter we have derived in Sec. 2.4
via different arguments. We are thus assuming that the bias is the electro-
chemical potential difference per unit charge between two electron reservoirs,
as ideally measured by a voltmeter attached to them.

Microscopically, the above procedure can be formally realized by tracing
out all degrees of freedom associated with the battery from the statistical
operator py(t) of the total system, and maintaining only the degrees of
freedom associated with the nanoscale system we are interested in?

pAS(t) = Trbattery{ﬁtot(t)}- (33)

However, I have shown in Sec. 1.4.5 that, in general, this does not lead to
a closed equation of motion for the reduced statistical operator pg(t). If
we assume that the battery degrees of freedom are dense in energy, and all
their correlation times are very short compared to the electron dynamics
— namely, the degrees of freedom of the battery are much faster than the
degrees of freedom of the system — we may apply the approximations we use
to derive the Lindblad equation 1.73. In this case, we could argue that some
closed form for the equation of motion of the reduced statistical operator of

2 For the capacitor I can do the same: I can trace out the degrees of freedom belonging to a
region of space far away from the junction.
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Fig. 3.1. First approximation towards a simplified theory of transport. The closed
system, electron source plus electrode-junction-electrode structure, is replaced by
the electrode-junction-electrode system dynamically coupled to two reservoirs at
different electrochemical potentials.

the type

dps(t)
dt

would be obtained, to be solved with some initial condition pg(t = t;), and

= Lps(t), (3-4)

L some super-operator.?

What we are now describing is the dynamical evolution of our system in
interaction with the two reservoirs, each at its own electrochemical poten-
tial. This is still too complicated.

Approximation 2: Ideal steady state

As T have discussed in Sec. 1.4.5, Eq. 3.4 may or may not have a steady-
state solution in the long-time limit (Eq. 1.74). If it does, this solution may
not be unique. I assume here that Eq. 3.4 does admit a unique stationary
solution (call it p¢’), and instead of working with the time-dependent pg(t),
3 The form of this operator may be very complicated and may include the quantum “jumps”
that the electrons experience when they enter or exit the left and right reservoirs. In this case,

the statistical operator equation 3.4 contains terms representing states with different number
of particles (see, e.g., Gurvitz, 1998).
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I work with the time-independent p&’: we wait long enough for the system
to reach a stationary solution (if it exists).* I thus assume that the steady-
state condition on the current 1.13 is verified not just on average, but at
every instant of time

(I), = Te{ps(t) I} — Tr{p¥1} = (I) = constant, (3.5)

namely the problem I want to describe is ideally stationary.

Note that the statistical operator p¢’ is the long-time solution of the equa-
tion of motion of an open quantum system, not a closed one whose Hamilto-
nian is H 5,” and is not a global equilibrium statistical operator. So, even if
I am now considering an ideal steady state, the problem is still too compli-
cated.® It would indeed be much easier if I could work with the Schrodinger

equation 1.16 and not with an equation of the type 3.4.

Approximation 3: “Openness” vs. boundary conditions

We realize that once the problem has been rendered ideally stationary, the
role of the reservoirs is simply to continually prepare electrons in the dis-
tant past, and far away from the nanoscale junction, into wave-packets which
then move towards or away from the junction, without changing the current
in time. We thus conveniently abandon the idea of solving the open quan-
tum problem represented by an equation of the type 3.4, and replace the
“openness” with appropriate boundary conditions.

These boundary conditions are precisely those I have just discussed: elec-
trons are prepared in the distant past and far away from the junction into
wave-packets. These wave-packets move towards the junction from regions
of space I now call leads (which can be made of any material used to sandwich
our junction), scatter on the junction potential, and subsequently move far
away from it, without further scattering, so that they are (different) wave-

41 will discuss in Chapter 7, using the micro-canonical picture of transport, that a system may
not reach a steady state for all possible initial conditions. Clearly, one can still impose an
ideal steady state by an appropriate choice of pg’. For instance, one can work in a coarse-
grained picture in which one defines a statistical operator over time scales larger than any
possible autocorrelation time of the whole system — battery plus nanojunction — (see discussion
in Sec. 5.1). Or we could think of this coarse-graining procedure being carried out by the
measuring apparatus, which has a finite bandwidth. Either way, one loses information on the
electron dynamics at time scales smaller than the autocorrelation time.

[

Where the Hamiltonian Hg may be here an Hermitian operator different from the one appearing
in Eq. 3.1, due to the renormalization of the energy states of the system in the presence of the
interaction with the degrees of freedom of the battery.

6 For one thing, it is not an easy task to determine the operator £ from the interaction Hamil-
tonian f]im.
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Fig. 3.2. Once the transport problem has been transformed into an ideally sta-
tionary one (Approximation 2), we can replace the dynamical coupling with the
reservoirs with scattering boundary conditions at infinity. We are now working
with a closed but infinite quantum system composed of our sample sandwiched
between two leads (Approzimation 3).

packets propagating in the leads in the distant future (Fig. 3.2). These are
known as scattering boundary conditions.”

For conceptual convenience I now also allow the Hamiltonian Hg to de-
scribe an infinite system, so that when I discuss electrons far away from the
junction I really mean infinitely far from it. As I will discuss later, this is
also a necessary mathematical requirement for a scattering theory: if the
Hamiltonian describes the dynamics of a large but finite system the conver-
gence and existence, for t — +00, of the scattering solutions 3.97 and 3.100
is not guaranteed (Newton, 1966).

If the Hamiltonian Hg has eigensolutions

Hs|Wpa) = E|Vg,) (3.6)
in the continuum, and
Hg|Vg.o) = Ei|Vg,q) (3.7)

in the discrete part of the spectrum, the general stationary solution of the
time-dependent Schrédinger equation 1.16 is

(W) = cpalVpa)e P+ / dE cpa|Vpa)e 7", (3.8)
E: o «a

where I have lumped in « any other possible quantum number the system
may have, and the coefficients cg,, and cg, are complex numbers.

7In certain literature these are also called “open” boundary conditions. I reserve the term
“open” for systems in dynamical interaction with an environment, e.g., those evolving under
the Lindblad equation 1.72. Scattering boundary conditions are for closed systems, namely
those evolving under Hamiltonian dynamics 1.16.

8 This is also the precise order of limits to obtain scattering solutions: first the system volume
goes to infinity, and then the time can be taken to Foo.
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We are thus now working with a closed (but infinite) system in a pure state.

Loss of information in the Landauer approach

Note that unlike the Kubo formalism (Sec. 2.3), we have now lost informa-
tion on the history of the system: in the present approach there is no way for
us to determine whether the electron dynamics at a given time may affect
the dynamics at later times. In other words, no dynamical information on
the current density — which is definitely present in real systems — can be
obtained after the static approximation 3.5 is made.?

In addition, Approximation 3 is actually really strong: while in the case
of the Kubo formalism I could determine (in principle) the amount of loss of
information in going from the exact statistical operator to the approximate
Kubo one (Eq. 2.154), I cannot do the same here. I have gone from the
statistical operator of the full system — including the battery — to a reduced
statistical operator describing the system of interest open to two reservoirs,
back to a different closed system in a pure state. The amount of correlations
I have lost in this process cannot be determined, not even in principle.

Nonetheless, the above three approximations are still not enough if we
want to derive a closed form for the total current within this approach. We
need to make another approximation.

Approximation 4: Mean-field approximation

Let us assume that the Hamiltonian H s can be separated into at least two
pieces!?

Hg=H" +V, (3.9)

where H™/ is a Hamiltonian describing independent electrons — at most ex-
periencing the mean field of other electrons — in the presence of the ions
that do not belong to the nanoscale junction, and V is the interaction en-
ergy between electrons — beyond mean field — in the nanojunction, and the
interaction energy of these electrons with the ions of the junction.!!
Without this approximation no closed form for the electrical current can
be obtained, and one should, in principle, determine the full many-body sta-
tistical operator, from which, via Eq. 1.86, the current may be computed.
9 For instance, we cannot capture the non-linear dynamical effects I describe in Sec. 8.5.
10 Here, as in most of the book, I will use the same symbol for potential and potential energy.

11 In simpler words: V contains anything else that is not contained in the mean-field Hamiltonian
.
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The reason is that, if the Hamiltonian H™/ were to describe truly inter-
acting electrons — beyond mean field — away from the nanoscale junction
— say their Hamiltonian contains terms of the type 2.96 — we would have
to determine how two electrons evolve in time in the presence of all other
electrons in the leads before they even experience the scattering at the nanos-
tructure. This requires us to know the time evolution of three electrons in
the presence of all other electrons, which in turn requires the calculation
of the scattering properties of four electrons, and so forth. This generates
the equivalent of the infinite BBGKY hierarchy of the Boltzmann approach
(Sec. 2.7 and Appendix B). The BBGKY hierarchy is an infinite number of
“nested” equations, which prevents us from expressing the total current in
some “simple” analytical form. I will discuss these issues again in Chapter 4,
where I introduce the non-equilibrium Green’s function formalism.

The reader may also object that the partitioning 3.9 is arbitrary. Indeed,
it is!

First of all, what portion of the total Hamiltonian represents the nanoscale
system, and which one the remaining, is a choice that in part may be dictated
by how tractable — either analytically or computationally — the resulting
problem is, and in part by the physics of the specific problem at hand (see
discussions in Secs. 3.5 and 4.4).

An additional complication arises if we consider true interacting electrons
in the nanoscale junction: while partitioning the system in terms of ionic
components is a well-defined procedure (e.g., we can easily say ion A belongs
to the Hamiltonian H™/ while ion B to the potential V), the same is not
true for electronic interactions. Due to the long-range Coulomb interaction,
we cannot, in principle, say that some interactions belong to one region of
the system, and other interactions to another.!?

Despite the above caveats I will assume the partition 3.9 can still be done.
In addition, in this chapter I will assume also that the potential V describes
(at most) mean-field interactions, and I will derive in Sec. 4.4 the current
in the case in which interactions among electrons — beyond mean field — are
included in V.

Therefore, in the mean-field approximation we consider in this chapter for
both H™/ and the scattering potential V', we can work with just one single-
particle Hamiltonian. This Hamiltonian could be for instance the Hartree

12 We can rightfully assume that electrons deep in the electrodes screen Coulomb interactions
quite effectively, but it is difficult to argue that these interactions are well screened at, or
near, the nanojunction. The separation between a “perfectly” screened region and a partially
screened one is thus fuzzy, and depends on the microscopic details of the nanojunction and the
self-consistent charge distribution under current flow (see also discussion in Sec. 3.2).
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Hamiltonian

h?
HS = HHartree(r) = *%v2 + VH (I‘) + ‘/;xt (I‘), (310)

where Vp(r) is the Hartree potential energy

/
Vi (r) 262/ |:L(_r]2/’dr’, (3.11)
and Vg, (r) an external static potential energy, such as the electron-ion
interaction potential appearing in Eq. 2.94 and describing the electrode-
nanojunction-electrode potential.

If we want to include some correlations among particles we may use the
ground-state DFT Hamiltonian (Appendix D)

h2
Hg = Hyg(r) = —%VQ + Vi (r) + Vie(r) + Vg (r), (3.12)

with V,.(r) a static exchange-correlation potential energy, which, once again,
must be viewed in the present context as a mean-field approximation, even
if we knew the exact functional (see also Sec. 3.11). This potential describes
both the exchange interaction between electrons (due to the Pauli exclusion
principle), and all possible static quantum correlations of the many-body
electron system, which are generally unknown and hence represented by
some approximate static functional of the density, see Appendix D. In ad-
dition, the potentials appearing in Hg may be non-local in space, if, e.g., a
magnetic field is present (see Sec. 3.10).
Therefore, in what follows I will assume that our single-particle Hamilto-
nian can be generally written as (for a local potential)
Hy— - Vi+V 3.13
=5 VAV (), (313)
where, once again, the potential energy V' (r) may be the sum of the Hartree
energy, exchange-correlation energy, the energy due to the electron-ion in-
teraction, and any other possible external potential energy. It describes all
these interactions for the complete electrode-nanojunction-electrode system.
Here, T have also implicitly assumed that electrons scatter with static
ions. By doing so I am considering only elastic scattering where the energy
is conserved, while single-particle momentum changes. As I have discussed
in Sec. 2.2.1 this amounts to saying that the time it takes electrons to relax
energy due to any inelastic effect is much longer than the time it takes
electrons to traverse the junction. Similarly for the time it takes them to
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relax phase, as if all the energy relaxation and all dephasing effects occur in
the reservoirs.!3

This is clearly an idealization. In Chapter 6 I will describe interactions
with ionic vibrations, and in Sec. 8.6 I will introduce the local electron
heating effect due to inelastic electron-electron interactions.

In terms of the magnitude of the total resistance, however, in many cases,
considering the scattering problem as phase-coherent turns out to be not
a bad approximation. The reason is that the majority of the resistance is
due to elastic scattering at the nanojunction, while the inelastic compo-
nent generally gives a small contribution, both from electron-phonon and
electron-electron interactions. Nonetheless, this does not mean these effects
can be neglected, and, as I will show later, they indeed generate very inter-
esting phenomena.

Approximation 5: Independent channels and their energy filling

After all these approximations I am now left with essentially a static — and
deterministic — single-particle problem that is definitely easier to deal with
than the true non-equilibrium statistical problem I have been referring to all
along. To the attentive reader, however, the “deterministic” — or pure-state
— aspect of all this may seem a bit far-fetched. In fact, we are assuming that
the state vector can be developed as in Eq. 3.8, where in the present context
we define

Channel: A set of quantum numbers { E, o} that describes a scattering
solution.

How do we know that the source of electrons prepares them in a pure
state — even if they interact at a mean-field level?

It is indeed very likely that electrons are initially prepared in a mixed
state: we do not measure all their quantum numbers. And even if we could
measure all quantum numbers necessary to specify the system completely at
a given time (a practically impossible proposition), by focusing only on the
degrees of freedom of single electrons we are losing information on all the
correlations with the other electrons (similar to what happens in the Boltz-
mann approach where we focus on the single-particle distribution function
— see discussion in Sec. 2.8.3).

Even if we work within a single-particle picture with mixed states, in order

13 In Sec. 3.9.1 T will describe an idealized procedure (due to Biittiker, 1986) to generalize the
Landauer approach to include dephasing without energy relaxation.
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Fig. 3.3. Electrons injected from one side of the battery with a large component
of momentum in the direction of the sample are generally “hotter” — farther from
local equilibrium — at the boundary with the leads than those injected in a direction
with large transverse momentum.

“cool electron”

“hot electron” \M\]\I‘—»

to neglect the correlations between different states we need to assume that
the off-diagonal elements of the density matrix — which connect different
channels, i.e., any two sets of quantum numbers {E,a} and {F,a'} — are
ezactly zero. From the discussion in Sec. 2.2.1, we conclude this is possible
only if the system interacts with an environment, and does so in such a fast
way that these off-diagonal elements are zero almost immediately, before
we can treat the corresponding states as scattering states. In other words,
we need to assume that the system has somehow evolved into a totally
incoherent (independent) set of (single-particle) channels. Whether this is a
good approximation for all physical systems considered experimentally, and
under all experimental conditions, remains an outstanding issue.

Finally, even if the channels are independent — do not miz — and corre-
spond to the dynamics of single particles, how do we populate them? In
other words: what is their distribution function? This is a non-trivial point
since we are faced with many physically plausible choices (Biittiker et al.,
1985). If you think I am being too picky, consider this example.

Take, for instance, electrons injected at a given time from one terminal of
the battery. Suppose some of them are injected in a direction of motion that
has a large component along the direction of global current flow, and others
have a large component in the transverse direction (Fig. 3.3). These latter
electrons will take longer to reach the junction, and will thus have more time
to relax to whatever local equilibrium energy-momentum distribution they
have at the leads. The former set will have instead a much smaller time to
relax. Therefore, these electrons will be “hotter” — more precisely, farther
from local equilibrium — than the other set.

We neglect these possible differences and assume that the electrons are
injected from the left reservoir — we call them right-moving electrons — with
a local equilibrium distribution appropriate to the corresponding electro-
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chemical potential, namely

1
fu(E) = elE—pur)/kpb 4 1’

(3.14)

and the electrons injected from the right reservoir — left-moving electrons —
have a local equilibrium distribution

fr(E) = ~ ! (3.15)

 e(B-ur) kB0 4 1’

which corresponds to the electrochemical potential of the right reservoir.'4

This is one of the many possible choices for the distribution functions, and
it is indeed reasonable. It amounts to saying that despite the presence of
the current there are regions of space where the current density is ezactly
zero, and thus the system is truly at equilibrium. However, similar to the
approximation of independent channels, this is a strong assumption which
may not be satisfied in all systems of interest, and under all experimental
conditions.

With the above choice of local distributions, if we call |¥l) a general
single-particle state for electrons injected from the left, and |¥), the cor-
responding state from the right, we can write the stationary single-particle
statistical operator of this problem as the “incoherent” sum of two sta-
tistical operators, one describing left-moving electrons and one describing

right-moving electrons:!®

pY =D UV L (WE [+ Y [T fr(utl. (3.16)
L R

The above five approximations constitute the core of the Landauer ap-
proach. The physics represented by this approach is condensed into Fig. 3.4.
Our nanojunction (a nanotube, a molecule, etc.) is connected to two chunks
of conducting material we have called leads. Electrons are free to move in
the leads without scattering. These leads are ideally “open” in the infi-
nite far left and in the infinite far right to two reservoirs as indicated in
the figure, even though, as I have discussed above, the analytical problem I
am considering does not involve the dynamical coupling with the reservoirs.

4 Note that by replacing the electron sources with reservoirs, we are conceptually using one of
their main properties I have discussed in Sec. 1.2: dilution of degrees of freedom. The very fact
that a reservoir has an infinite number of degrees of freedom allows us to state that electrons
that are emitted from a reservoir are not the same ones that are absorbed by the same reservoir:
the left-moving and right-moving electrons are uncorrelated (see also Sec. 3.8.2). In addition,
we are also assuming that the current density is zero in a reservoir, so that the latter is in a
well-defined global equilibrium state.

15 This ad-hoc statistical operator can be thought of as representing a “mixture” of single-particle
states in equilibrium with two reservoirs: left-moving channels in equilibrium with the right
reservoir, the right-moving with the left reservoir.
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Fig. 3.4. Schematic of the system described within the Landauer approach. The
nanojunction is sandwiched between two ideal (scattering-free) leads. Particles are
injected at the infinite far left and infinite far right with two different local equilib-
rium distributions (Approzimation 5). The infinite far regions may be conceptually
thought of as two “reservoirs”, even though these do not interact dynamically with
the system. The (macroscopic-averaged) local electrochemical potential p(x) varies
along the whole structure.

Electrons are injected at the infinite far left at the local equilibrium distri-
bution fr, Eq. 3.14, and at the infinite far right, at the local distribution fg,
Eq. 3.15. Conceptually, we are also assuming that the reservoirs are con-
nected to the leads adiabatically, namely electrons will be absorbed into the
reservoirs without experiencing any further reflection (see also Sec. 2.3.4).
The reservoirs are just there to define the left-moving and right-moving dis-
tributions 3.14 and 3.15 without otherwise affecting the scattering properties
of the system.

3.2 Local resistivity dipoles and the “field response”

Why is the Landauer approach different from the other approaches I have
discussed in the previous chapter? The conceptual difference is the following;:
even if we have a bias applied to the system represented by the electrochemi-
cal potential difference 3.2, we do not use that bias as a perturbation to some
Hamiltonian. Instead, the bias here is a boundary condition on the system,
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local resistivity dipoles

Fig. 3.5. Due to scattering of waves at the sample, local dipoles form at its boundary
or in its interior, generating local fields. These dipoles are known as local or residual
resistivity dipoles.

where wave-packets with given momenta carry the current across the nano-
junction. Due to the scattering of these wave-packets with the potential 1%
of the junction, each electron has a finite probability to be transmitted in
any given direction (probability of changing momentum), and consequently
a probability to be reflected (Fig. 3.5).

A finite probability of being reflected means that charge accumulates on
one side of the scattering center, with consequent depletion on the other
side of the obstacle, or if the scattering potential V extends over a large
region of space, accumulation and depletion occur also in the interior of this
region (Fig. 3.5). Since charge accumulates at the boundary of the scattering
region or in its interior, it will create, self-consistently, local dipoles known
as local or residual resistivity dipoles (Landauer, 1957; Landauer and Woo,
1974). These dipoles develop over length scales of the order of a screening
length, which (loosely speaking) is the length over which the electric field of
a local charge immersed in the electron liquid decays due to the response of
the liquid to the local disturbance. In bulk materials, the screening length
can be anywhere between 1 A (in metals) to hundreds of angstroms (in
semiconductors).

At nanojunctions (whether metallic or semiconducting), however, the
screening length may be much larger than in the bulk due to the reduced
dimensions of the junction, and consequent inability of the electrons to re-
spond to local disturbances as effectively as in the bulk — an effect we may



3.8 Conduction from transmission 115

call partial screening. The evaluation of screening lengths in nanoscale sys-
tems thus strongly depends on the atomic details of the junction.!6

The above shows that, unlike the assumption 2.10 in the Drude model,
part of the momentum generated by the field that drives the current is
“lost” in the creation of these dipoles. These dipoles create local microscopic
electric fields which due to partial screening may be locally much larger than
any other macroscopic electric field in the system. We may say the field is
the “response” to an incident flux.

Local resistivity dipoles are very important in the interaction among elec-
trons and ions, and they are the main source of current-induced forces (see
Sec. 6.5). Note also that these dipoles are not a property of the ground state
of the system, showing once more that electrical conduction is intrinsically
an out-of-equilibrium problem.

3.3 Conduction from transmission

Let us now quantify what I have just discussed. Consider again the junction
configuration represented in Fig. 3.4 with our nanojunction in between two
ideal (scattering-free) leads “open” to two reservoirs whose only role is to
define the left-moving 3.14 and right-moving 3.15 local distributions.

3.3.1 Scattering boundary conditions

The leads define a convenient region where our scattering states can be
developed into an appropriate basis of the Hilbert space with consequent
definition of channels. To simplify even more (although this step is not nec-
essary) I will assume that the leads are identical (both as material properties
and shape), and contain electrons free to travel in the x direction (trans-
lationally invariant in the x direction) but confined in the y— z direction

(Fig. 3.6).

The Hamiltonian Hg in Eq. 3.13 thus satisfies the asymptotic conditions

h2
lim Hg=—-—— V>4 V(ry) = Hy, (3.17)
T——00 2m
and

16 Tn other words, such a calculation cannot be done as in the bulk, where one can introduce a
well-defined dielectric constant (see, e.g., Asheroft and Mermin, 1975).
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Fig. 3.6. The leads

X o) are assumed to con-
Tt fine electrons in the
y—z direction.

with V7, (r) ) a generic single-particle potential that confines electrons in the
transverse y—z plane in the L electrode, and similarly for the R electrode.
The eigenstates of the “asymptotic” Hamiltonians Hy and Hp can be
easily found. For instance, the Schrédinger equation for the left Hamiltonian

reads
h2

m

V2 4+ Vi(r )| Yar(r) = Ey(k) thar(r), (3.19)

which can be separated into a “longitudinal” equation in the x direction

R 9% . R2k? .
“om oS = o (3.20)
and a “transverse” equation in the y—z plane
o,
[_Qm VJ_+VL(rJ_):| Ua (1) = €q Un(rL). (3.21)

The full solution of Eq. 3.19 is thus

1 -
Yok (r) = \ I Uq (r1) etk ) —00 < k < +o00, (3.22)

with energies (which form subbands)

R2k? o,
Ea(k) =€y + % =€y + §mva(k‘), (323)

where I have introduced a normalization length L, , and defined the electron
velocity along the x direction

_nk

Vo (k) -

(3.24)

The “transverse energies” depend on the geometry of the confining potential.
For instance, for leads whose confining potential has an infinite strength (an
infinite quantum well) with a rectangular transverse shape with length L,
in the y direction, and L, in the z direction, these transverse energies are
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simply

252 [a?2 o2
€y = 5 - [L% + L%] , (3.25)
with o, and o, positive integers that define a set of quantum numbers for
this problem.

In the following, I will not choose any specific transverse shape for the
potential of the leads, and assume we have calculated the energies €, exactly,
with « representing the whole set of possible quantum numbers necessary
to specify the states completely.'”

The states 3.22 satisfy the continuum orthonormality condition

<wak’¢a’k’> = Li /dx ei(kikl)x<ua|ua’> = ?5(1{31 - k)éuu’a (326)

xT

where in the last equality I have used the orthonormality condition
<ua|ua’> = daa; (3.27)

satisfied by the eigenstates of the transverse Schrédinger equation 3.21, and
the Fourier transform of the §-function.

We thus see that the transverse solutions describe transverse modes of
discrete energies ¢, “embedded” in the continuum defined by the longitudi-
nal solutions — in this case simple plane waves. Since we are working in a
coherent-transport picture, to each single-particle energy E may correspond
a certain number of transverse modes (or channels), and this number is fixed
for each energy (see Fig. 3.7).

Given an energy, F, the number of channels at that energy, N.(E), is
simply provided by those modes whose energy €, is smaller than E. In
mathematical terms

N(E)=> O(E —€s), (3.28)

with © the Heaviside step function.

The number of channels in the leads of cross section S can be estimated
as follows. In each direction of length ~ /S can only “fit” as many channels
as the wavelength of the electrons at a given energy E will allow. In the
following, we will be mostly interested in the number of channels at the
Fermi energy Er, to which corresponds a wave-vector krp. The number of
channels at the Fermi energy is thus of the order of N.(Ep) ~ k% S. This
17 These states may even have a continuum component that represents electrons free to move

away from the leads. These are not the ones we want to use to build our scattering theory of
the lead-nanojunction-lead system.
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E,(k)

Fig. 3.7. Energy subbands as a function of the longitudinal wave-vector k. Each
energy E corresponds to only a fixed number of channels.

argument can be extended to d dimensions with S the (d — 1)-dimensional
“cross section”, so that

N.(Ep) = k$71S. (3.29)
This also shows that in a strictly 1D system the number of channels is
1‘18

The states 3.22 represent traveling states, those whose probability density
(their squared modulus) is finite everywhere in space. In addition, however,
there exist solutions to Eq. 3.19 of the type

Yar() = /3w ) e, E >0 (330

h2k?2
B (k) = ¢, — ——. 31
(k) =e o (3.31)

with energies

These are called evanescent states (or modes) because their probability den-
sity decays exponentially in space. While these states do not contribute to
18 In quasi-1D systems, such as infinitely long armchair nanotubes, there may be other degenera-

cies, for instance, multiple transverse bands intersecting at the Fermi energy (for an extensive
discussion of the properties of nanotubes see, e.g., Saito et al., 1998).
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the current directly, they need to be taken into account in a self-consistent
theory of transport since they determine the correct total charge density in
the system (Lang, 1992; Di Ventra and Lang, 2002). Similar considerations
apply to the Hamiltonian Hg.

3.3.2 Transmission and reflection probabilities

We have determined the eigensolutions at the boundaries. We now need to
determine the general solution of Hg (Eq. 3.13), which corresponds to the
full lead-nanojunction-lead system. For a given energy E we thus need to
solve
R,
|:_2’ITZ Ve 4+ V(I‘):| \Ilak(r) = E\Ilak(r). (332)

We can proceed in several equivalent ways. Let us start from the most
intuitive one.

The solutions ¥, (r) have to asymptotically merge with the eigenstates
of the left and right Hamiltonians H; and Hpg, respectively. As discussed
in Approzimation 5 of Sec. 3.1, we have two sets of traveling states, those
moving from right to left, and those from left to right.!® Let us consider the
latter ones first. The results for the other set are obtained similarly.

Let us then consider an electron with energy F; that at + — —oo was in
an initial eigenstate ;1 (r) of the asymptotic Hamiltonian 3.17 at the same
energy. This electron has thus a positive momentum hk; such that

h2k?

E7(kl) =€ + o (3.33)

At the nanojunction, this state may be very complicated, according to the
form of the potential V(r). Nonetheless, we expect that deep into the right
electrode it is simply a linear combination of eigenstates of the asymptotic

Hamiltonian Hp (with number of channels N at that energy?’), or, equiva-
lently, a linear combination of transmitted waves in the right lead (Fig. 3.5),

19 From a mathematical point of view the states of the Hamiltonians 3.17, 3.18, and 3.13 that
contribute to the current do not belong to the Hilbert space (they are not square-integrable).
As discussed in Sec. 1.3.2 we should then work with eigendifferentials (see Eq. 1.32) or,
more generally, with wave-packets. This requirement is even more important in the con-
text of scattering theory since it has consequences on the convergence of the solutions of
the Lippmann—Schwinger equation I will introduce in Sec. 3.4 (see Newton, 1966). To avoid
complicating the notation, however, I will assume that the transformation to eigendifferentials
or wave-packets is implicitly performed, and keep on using the notation of single eigenstates in
the continuum.

20 Under the assumption of identical leads, this is equal to NX, the number of channels in the
left lead at the same energy. However, for generality and clarity, in the following I maintain a
distinct notation for the number of channels in the two leads.
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namely

NE
wh(r) — Z Tif r, (r) T — 400, (3.34)
F=1

where 7y are complex numbers, and the symbol + for the wave-function is

to remind us that \I/;L (r) originates from a “past” wave-function 9, (r).2!

As discussed above, the total Hamiltonian Hg may also have evanescent
modes. We assume that we are so deep into the right lead that these modes
have zero contribution to 3.34.

Deep into the left lead, we do not expect \I/;;% (r) to be simply the incom-
ing wave: electrons are scattered at the junction back to the left electrode
(Fig. 3.5). We thus expect a solution of the type (again, with no contribution
from evanescent modes)

NE
Ui (r) = i, (¥) + Y Bip g, () T — —00, (3.35)
=1

a linear combination of the incoming wave, and all possible reflected waves
(their number is NX) with momenta Ak oriented in the negative z direc-
tion, which correspond to the same energy E; of the incoming wave. The
quantities %,y are complex numbers.

Let us now calculate the current across a given surface S — perpendicular
to the direction z of global electron flow — carried by the wave \I':;ﬂ (r). We
can use the definition 1.27 of current operator (with only the paramagnetic
current density component), and apply it to a single electron. We make the
usual change p — —ih0/0r, and evaluate first the expectation value of the
current density operator 1.26 over the state [¥; ) (Exercise 3.1)

i) = (¥ )1,

ovl (r o[t (r)]*
+ r
= %Im {[\IJ;;[ (r)]*wg“;f)} . (3.36)

We then integrate over a plane perpendicular to the x direction. This

21 This terminology will become clearer in Sec. 3.4 where I will introduce the
Lippmann—Schwinger equation.
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gives the average current I(E;) carried by the state at energy Ej,

I(E;) = (W, 1195

d d
21m/ y/ ®

We are working with a system in an ideal steady state. Therefore, this
current cannot depend on the position of the surface at which we evaluate
it.22 We can thus evaluate it deep into the left lead, or, equivalently, deep
into the right lead, and the resulting currents must be identical.

Deep into the left lead I thus replace 3.35 into 3.37, and obtain

oWy (r)

g o P g oy
‘ Ox i

ox

(3.37)

NL
I (E;) = )+ Z |<@7f| If Z ’%zf’ ’If i)
f=1
=15 (13 Ru(En || (3.38)
f=1

where I have defined the following quantity (from Eq. 3.22)

0
Li(E;) = 21m/ dy/ dz [ i (T )81&?()_% (1) waaf)
ki vilks)

JR— Z — {
 mL, L, (3:39)
In a similar way, Iy, the currents reflected back into the left lead, are
hkr _ vg(ky)
I:(E;) = = 3.40
s(Ei) mL, L, ’ (340)

which, due to the fact that in this case all wave-vectors ky point in the
negative x direction, they have the opposite sign than the incident current
I; — hence the negative sign in Eq. 3.38. The quantity

1y (Ei)|
[Li(E3)|
is known as the reflection probability for a wave incident on the nanostructure

with momentum hk; to be scattered back into the left lead in a state with
momentum 7k, while the energy is conserved.

Rif(E;) = |%if|?

(3.41)

22 The density of the system is independent of time, so the current density is divergence-less (see
Eq. 1.11).
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We can do the same for the asymptotic solution 3.34 deep into the right
lead. We replace 3.34 into 3.37, and find

NE
IR(E;) = Z | Tis|? 117 (E)|
F=1

NE
= L,(E)) Ty (Ep), (3.42)
f=1

where

- 11 (E;)|
Tip(E) = |7l 1)

is the transmission probability that the wave with initial momentum hk; is

(3.43)

transmitted across the nanojunction into the right lead in a final state with
momentum ks, at the same energy.

As stated before, in an ideal steady state the two currents I (E;) and
Ir(E;) have to be identical. Therefore, from Eqs. 3.38 and 3.42, we find
the relation between the reflection and transmission probabilities for a wave
incident from the left lead

N N;
ZTzf(EZ) + Zle(EZ) =1, ¢zk, (I‘) e L. (3.44)
f=1 f=1

The whole procedure I have outlined so far can be repeated for a wave
incident from the right lead. In this case the wave is transmitted into the
left lead and reflected back into the right lead. Therefore, the above relation
becomes

NE NE
ZTzf(Ez) + Zsz(Ez) =1, ik, (r) € R. (3.45)
f=1 f=1

Equations 3.44 and 3.45 simply state the conservation of particle flux. In
other words, given a particle incoming from either direction of motion, it
can be either reflected or transmitted; it cannot be “lost”.

Finally, due to time-reversal invariance the above relations must hold even
if we revert the velocities of initial and final states, by changing simultane-
ously the directionality of the scattering process. For instance, a process in
which a wave scatters from the left with momentum hk; into a right state
with momentum Ak is equivalent to a process in which a wave from the right
with momentum —hk; scatters into the state on the left with momentum
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—hk;. The relations between the transmission and reflection probabilities of
these reversed processes can be obtained directly from Eqgs. 3.44 and 3.45
by simply exchanging ¢ with f, and L and with R. We thus get

Nk NE
> Tyi(Ep)+ > Rpi(Ep) =1, Y, (1) €R (3.46)
=1 i=1

and
N NE
> Tri(Ep)+ > Rp(Ey) =1, Uy, (r) € L. (3.47)
i=1 i=1

3.3.8 Total current

Due to the independent-channel assumption (Approzimation 5 of Sec. 3.1),
the total current in the system is the sum of all currents carried by all states
(channels) at all energies. We thus need to integrate in energy, multiply by
the density of states (number of channels per unit energy) for each momen-
tum direction, and sum over all incident channels (both right-moving and
left-moving).

Since each channel represents a one-dimensional problem, the density of
states per spin for a momentum #k; (of given direction) is simply

_ LL dkz . La;

_Ledk L, 3.48
21 dFE; QWhU(y(ki) ( )

L,
Di(Ey)dE; = S *dk; = D;(E;)
T

Once again, we are dealing with an ideal steady state so that we can
calculate this current anywhere in space. We choose an arbitrary point
deep into the right lead. From Eq. 3.38 and Eq. 3.42, and their equivalent
quantities for a wave incident from the right lead, we then get the total
current (the factor 2 is for spin degeneracy, and the energy integration goes
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from —oo to +00)

spin NL NR
c c
1= [aBdSS DB LENT (E)
i=1 f=1
from L to R
NR Nf
= Di(E)L(E;) |1 - > Ris(E;
i=1 f=1
| S —
from R reflected back to R
NE NE
—e2 [aB {30 ST DUABILE)T(E)
i=1 f=1

from L to R

NE NI
— Z Z D;(E;)L;(E;) T (E;)
i=1 f=1
from R to L
1
e /dE{TLR(E) — Tar(E)}
~0. (3.49)

where, in the second equality, I have used the relation 3.45. I have also used
Egs. 3.39 and 3.40 for the current per channel, and Eq. 3.48 for the density
of states per spin — for a given direction of momentum — to show that their
product is simply the constant 1/27h. In addition, in the third equality of
Eq. 3.49, I have defined the total transmission coefficient at a given energy

NI NE NE
Tri(E) =YY Tiy(E)=> Ti(E), from R to L, (3.50)
i=1 f=1 i=1
and
NI NE NL
Tor(E) =) Tiy(E)=> Ti(E), from L to R. (3.51)
i=1 f=1 i=1

The quantities T;(F) and Tj(E) in Eqs. 3.50 and 3.51, respectively, are the
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total transmission probability

Nt
T,(E)=) Ty(E), i€R, (3.52)
f=1
for a wave incident from the right to be scattered into any of the left channels,
and
NE
T,(E)=) Ty(E), i€l (3.53)
f=1

the total transmission probability that a wave incident from the left is scat-
tered into any of the right channels.

Finally, since the particle flux must be conserved (Egs. 3.44 and 3.45), the
total transmission coefficient from left to right must be equal to the total
transmission coefficient from right to left (Exercise 3.12)

Tri(E) =Trr(E) =T (E), flux conservation, (3.54)

a property I have used in the last equality of Eq. 3.49 to show that the total
current is zero!

How come we have obtained zero current? The reason is that in the
above calculation I have assumed that the two classes of channels, right-to-
left moving, and left-to-right moving, are equally populated. If this is true,
then the amount of current that flows from left to right is exactly the same
amount that flows from right to left, and the net current is zero.

This is the equivalent result we obtain in a semiclassical theory of conduc-
tion in solids, where it is easy to show that electrons in filled bands do not
conduct, and only electrons in partially filled bands carry current (Ashcroft
and Mermin, 1975).

The situation here is analogous, and indeed with Approximation 5 we
have assumed that right-traveling states are populated up to the left elec-
trochemical potential, pr,, according to the local distribution function 3.14,
while those moving from right to left (left-moving) are populated up to
the right electrochemical potential, pr, with local distribution 3.15. The
two electrochemical potentials differ, according to our Approximation 1, by
pur — pur = eV. We thus need to modify the result in Eq. 3.49 to take this
population imbalance into account.

This can be easily done by using the statistical operator 3.16. By repeat-
ing the above calculations, with now the left-moving channels populated
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differently than the right-moving ones, we get (spin included)

o e
I=et(y = 5 [ UL ETn(E) - fr(EYTan(E)),  (35)
and using the flux conservation relation 3.54 we get
e +o00
I'=— dE [fL(E) — fr(E)]T(E) (3.56)

This current is not zero precisely because it is the difference between two
opposite currents from states which are populated differently.

The zero-bias limit of the current

In the limit of zero bias, namely in the limit u;, — pp — 0, we can approxi-
mate the above equation even further. In this limit we may Taylor-expand
the left local distribution function

o) = fa(m) = POy 0 [ ) 57

and obtain from Eq. 3.56, to first order in (uz — pug)

I= 2;(ML—MR)/ dE <— 8f§éE)

) T(E),  (pr—pr) — 0. (3.58)
HUR

If we now set the temperature 6 to zero, the local Fermi—Dirac distribu-
tion, fr(E), becomes a step function (see Sec. 1.4.6) and its energy derivative
a d-function centered at the right electrochemical potential pg. In the limit
of zero temperature Eq. 3.58 then becomes

2e

I'=~(ur = pr)T(E = pr)
2¢?
=~ T(E=ur)V;  (ur—pr) =0, 00 (3.59)

Alternatively, I could have chosen to expand the right local Fermi—Dirac
distribution

frR(E) = fL(E) — afgéE) (kR — pr) + O [(ur — pr)?] (3.60)
KL

and replace this into 3.56, and obtain, to first order in (ugp — pg),
_ 2¢?

I=—T(E=pu)V;  (u—pr) =0, 00, (3.61)
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with now the transmission coefficient evaluated at the left electrochemical
potential. Which one is then correct, Eq. 3.59 or Eq. 3.617 They are both
correct in the following sense.

Since we are really working in the limit in which p; and pp differ only
slightly from each other, we can assume that they both differ negligibly
from the Fermi energy, Er, of the electron gas at equilibrium, with p; an
infinitesimal energy € above the Fermi energy

pur ~ Ep + ¢, (3.62)
and pp an infinitesimal energy € below the Fermi energy
Ur ~ Ep — ¢, (3.63)
or, equivalently, by eliminating e from these two equations,
HL T PR ;“R ~ Ep. (3.64)

The transmission coefficient evaluated at the left or right electrochemical
potential is thus

dT (E)

T(Br £¢) = T(Ep) £ —5 .

e+ O(). (3.65)

If the transmission coefficient varies slowly with energy at the Fermi level,
we may neglect its energy derivative and, to zero order in €, we can make
the further approximation

T(Ep)~T(E=pr)~T(E=pr); (b —pr)—0, 0 —-0. (3.66)
With this approximation we finally get

9 2
I="-T(Be)Vi  (uo—pr) =0, 60, (3.67)

where I have now eliminated the ambiguity over the energy at which the
transmission coefficient is evaluated: when the two electrochemical poten-
tials differ infinitesimally from each other, and the transmission coefficient
does not vary appreciably with energy in the energy window p; — pgr (and
the temperature is zero), we may evaluate the transmission coefficient at the
Fermi energy of the system at equilibrium.??

Clearly, this does not mean that the current is an equilibrium property, it
simply means that under the above conditions the transmission properties
of our non-interacting system may be approzimated with the transmission
properties of those electrons at the Fermi level of the equilibrium system.

23 The zero temperature limit may not be necessary if the transmission coefficient varies negligibly
over the energy window kp 6.
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T(E)

Fig. 3.8. An electronic
resonance close to the
Fermi energy is charac-
terized by a transmission
probability peaked around
that energy.

A large energy variation at the Fermi level may occur if the system has an
electronic resonance at that energy, namely a transmission coeflicient that is
peaked in a narrow region of energy around the Fermi energy (see Fig. 3.8).
In that case, we cannot make the approximation 3.66, and we need to work
with the full expression 3.56 for the current.

3.3.4 Two-probe conductance

At this point we should be content since we have calculated the most impor-
tant quantity: the current. In many cases, however, it is of interest to know
one of its derived quantities: the conductance (or its inverse, the resistance).
Here we face another fundamental question:

How do we define the conductance?

This is another non-trivial issue.

Probes

In Sec. 2.1 T have defined the linear-response conductance as the ratio be-
tween the current I and the voltage drop V. However, this definition says
nothing about the actual procedure to measure these two quantities. In
fact, there are several possible answers to the above question according to
the experimental way we measure — or probe — the current and the other
relevant quantity, the bias, we use to define the conductance.

For example, one could couple somewhere along the leads capacitative
probes which ideally measure local electrostatic potentials (Landauer, 1989).
If this coupling is not invasive, one can define the conductance in terms
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of the electrostatic potential difference measured at these probes, as I will
show in Chapter 7. Clearly, due to the microscopic features of the materials
composing the leads, these potentials may vary fast in regions of space the
size of a lattice constant. Omne can then define a macroscopic average of
these potentials as in 2.99, and define the conductance accordingly.

In addition, as has also been shown numerically (Lang, 1995; Di Ventra
and Lang, 2002), in most cases of interest, electrochemical potential dif-
ferences — for instance, as ideally “measured” at the reservoirs — are very
close to electrostatic potential differences deep into the leads — again, in a
macroscopically averaged sense.

The fact that these two quantities are not very different on length scales
much larger than the electron screening length is due to the electrons ability
to respond to any local disturbance by rearranging themselves, in such a
way that these disturbances are effectively screened.?*

Therefore, employing electrostatic or electrochemical potential differences
as biases in the definition of conductance may not lead to appreciable nu-
merical differences.

To the above considerations, we need to add that in many instances the
measurements of electrochemical potentials — and to some extent also of
electrostatic potentials — are invasive. The measurement probes thus influ-
ence the transport properties of our system; a fact I will stress in Sec. 3.9
when discussing multi-probe measurements and their analogy with dephas-
ing effects.

Two-probe conductance

In this section, I will assume that we ideally measure electrochemical po-
tential differences at the “location” of the reservoirs I have introduced to
replace the true electron source. The bias is then V = (ur — ur)/e, and
I define the conductance as in Eq. 2.4. This definition, together with the
current 3.67, gives us (Biittiker et al., 1985)

24 One then expects appreciable differences between the electrochemical potential and the elec-
trostatic one only over regions of space shorter than the screening length.
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I 2¢2
Gaprobe = v T(Er)

L R
5 NI N

c &

= 2> (e

i=1 f=1
9 NI NI

2e
~h YD Tip(Er);  (up—pr) =0, 60, (3.68)
=1 f=1

This result finally shows what I anticipated at the beginning of this chap-
ter: under specific conditions and approximations, the conductance of non-
interacting electrons can be written in terms of their transmission properties.
In the limits of zero bias and zero temperature, and away from electronic
resonances, these transmission properties are those of the electrons at the
Fermi level — a conclusion I reached in Sec. 2.3.4 using the Kubo formalism
(see Eq. 2.86). From Eq. 3.67 it is also evident that, if the transmission
coeflicient is unity, the conductance assumes the quantized value of Eq. 2.89

262

Gy = 5

T(Ep)=1, (ur —pg)—0, 6 —0. (3.69)
From this and Eq. 3.68, it is also clear that the quantized conductance does
not always imply that the non-interacting system has only one conducting
channel in both the left and right leads. Indeed, since T;; < 1, we could
have many — possibly infinite — channels whose cumulative effect is to sum
to a transmission coefficient of unit value, and thus provide a quantized
conductance. I will return to this point in Sec. 3.7.4.

Finally, if we are not working in the limits for which Eq. 3.68 is valid, the
transmission coefficient 7 may depend on both energy and bias, so that the
total current 3.56 may depend non-linearly on bias: I = I(V'). In this case,
we may define the differential conductance (or simply conductance) at any
given bias V| as the bias derivative of the total current evaluated at Vj,

dI(V
GQ—probe(Vb) = d(‘/) . (370)
4

To distinguish it from another conductance I will define in Sec. 3.8, the
present one is also called two-probe conductance. Once more, both 3.70, or
its zero-bias limit, 3.68, must be understood in terms of the bias as ideally
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measured by probes which “couple” with the reservoirs.

Experimental verification of quantized conductance

The first experiments that clearly showed quantization of conductance were
done on quantum point contacts created from the 2D electron gas at the in-
terface of GaAs-AlGaAs heterostructures (van Wees et al., 1988; Wharam et
al., 1988). In those experiments, the width of the quantum point contact was
controlled by a gate lithographically built in proximity to the heterostruc-
ture (see inset in the left panel of Fig. 3.9). By applying a negative voltage
to the gate, electrons are depleted underneath it, and transport occurs only
in the formed quantum-point-contact region.

The conductance was then found to decrease in steps of about 2¢?/h with
increasing negative gate voltage — and thus with decreasing constriction
effective width.

(e%/nh)
@

RESISTANCE  (kf)

CONDUCTANCE
e

0 " i s 0
-2 -1.8 -1.6 -1.4 -1.2 -t -0.8 -0.6 =2 -1.8 -1.6 -1.4 -1.2 -1

GATE VOLTAGE (V) GATE VOLTAGE (V)

Fig. 3.9. Left panel: Resistance steps as a function of negative gate voltage ob-
served in the transport properties of quantum point contacts. These are formed by
depleting regions of space of a 2D electron gas with a gate fabricated in proximity
to the 2D gas, as shown in the inset. Right panel: Conductance steps as a function
of gate voltage. The conductance data have been corrected via the subtraction of
a “series resistance”. Reprinted with permission from van Wees et al., 1988.

This is shown in Fig. 3.9 where the actual conductance evaluated as the
ratio between the current and the applied bias has been “corrected” with
what has been called a “series resistance” (van Wees et al., 1988; Wharam
et al., 1988). In reality, the experimental configuration used was closer to
what we will define as a four-probe conductance measurement (Sec. 3.8),
where the current is driven by two probes (which can be thought of as
the two “reservoirs” of Fig. 3.4), and the voltage is measured by two other
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probes at different locations along the sample. The interpretation of these
experiments cannot, therefore, be done by simple application of Eq. 3.68
(Landauer, 1989). I will come back to this point in Sec. 3.8.

3.4 The Lippmann—Schwinger equation

My goal now is to rewrite the single-particle current 3.56 in a different but
equivalent form, which provides additional insight into the transport prob-
lem. To do this I need to derive an important equation of formal scatter-
ing theory: the Lippmann—Schwinger equation. 1 could simply state this
equation and refer the reader to other textbooks for a complete account.
However, for completeness, and because I believe the steps leading to it
shed light on the basic physical and mathematical assumptions of scattering
theory, I will spend few pages on its derivation and discussion.

Let us start from the time-dependent Lippmann—Schwinger equation. Its
time-independent version can be easily derived from it using a Fourier trans-
formation.

3.4.1 Time-dependent Lippmann—Schwinger equation

To be specific, let us consider our single-particle Hamiltonian 3.71

it )
! e 1%

H L Vi+V 3.71

s=—5 Vo (r), (3.71)

consisting of the kinetic part, which we call ﬁo, and the potential V de-

25

scribing the scattering due to the nanoscale junction.®® This potential is
assumed to be time-independent.
We can solve two different time-dependent Schrodinger equations with

given initial conditions. The first one

L dl(t - . .
! d7(j D g i) = o+ V) [w) . (w(t), (3.72)
for the full Hamiltonian, and the second one
. d|Po(t .
lh’;t()) = Ho[To(1)) , |¥o(to)), (3.73)

for the Hamiltonian Hy in the absence of the scattering potential V.

25 In the following discussion, the Hamiltonian Hy need not contain only the kinetic energy of the
electron: it may be some arbitrary single-particle Hamiltonian. As before, V' contains anything
else that is not contained in Hy.
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8.4.1.1 Green’s functions

The above equations have the general form

Lip(t) = f(t) (3.74)
with
P—ind g (3.75)
1 dt .
or
P—inl - Hy (3.76)
dt

a linear differential operator, and f(¢) = 0. From the general theory of dif-
ferential equations we then know that there exists a quantity, called Green’s
function or propagator, G(t), satisfying the equation of motion

LG(t) = 16(t). (3.77)

In reality, to each of the Schrodinger equations 3.72 and 3.73 we can
associate an equation of motion for two types of Green’s functions. To
Eq. 3.72 corresponds

<ih — ﬁ5> G*E(t) =16(¢), (3.78)

which represents two equations of motion for the Green’s functions G and
G~ with boundary conditions

Grit)=0 t<0, retarded,
G (t)=0 t>0, advanced. (3.79)

A formal solution of 3.78 for G with these boundary conditions is

i _ip

G (t) = { —pe s, (3.80)
0 t <0,

which can be checked by direct substitution into 3.78.

We note that G*(t) (for t > 0) is proportional to the time-evolution
operator U(t,ty) of Eq. 1.21 when the Hamiltonian does not depend on
time. In fact, using the formal solution 3.80 we can rewrite Eq. 1.17 — which
relates the state vector |U(tp)) at time ¢y to the state vector |¥(t)) at time
t>1yp — as

[W(t)) = ihG™(t—t0)[T(to)), t > to, (3.81)

which shows that the Green’s function G propagates the state vector | (¢)),
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and contains the whole history of its time evolution — similarly to the re-
tarded response function x4p(t —t'), Eq. 2.47, to which it may be related
(Mahan, 1990). This is the reason G is called the retarded Green’s function
or propagator.

Similarly, we can now find the formal solution of 3.78 for G~. This is

. 0 t>0,
GW=93 1 e,y (3.82)
h )

and relates the state vector |¥(ty)) at time ¢y to a past state vector |U(t))
at time t < tg as

1W(t)) = —ihG™(t —to)| W (ty)), ¢ < to, (3.83)

which shows that the Green’s function G~ “backtracks” a state vector from a
“present” time, tg, to a “past” time . It thus requires knowledge in advance
of the state vector |¥(¢)) we want to determine, hence the name advanced
Green’s function.

From the formal solutions 3.80 and 3.82 we also see immediately that since
the Hamiltonian is Hermitian the retarded and advanced Green’s functions
are related via

(GH()]T = G (~1). (3.84)

I can now repeat all the above steps for the Hamiltonian Hy and its time-
dependent Schrédinger equation 3.73. I then define

<ih§t - ﬁ0> GE(t) = 18(1), (3.85)

for the associated retarded Gar and advanced 60_ Green’s functions with
boundary conditions

A _i —ifHot/h
G (t) = { 7e £>0, (3.86)
0 t <O,
and
. 0 t>0,
Gy (t) = i efiHot/h t<0, (3.87)
respectively.

These Green’s functions — which sometimes I shall call “free” because
they do not include scattering via the potential V' — share the same proper-
ties 3.81 and 3.83 of G* and G~ (clearly with respect to the state vectors
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|Wy(t))), and the property 3.84.

Relation between Gt and GSE

Let us now relate all quantities associated with the Hamiltonian H g, with
the corresponding quantities associated with the Hamiltonian Hy. I can
formally rewrite Eq. 3.85 as

RS S SO
<1hat - H0> = 15(¢) [GO (t)} , (3.88)
which replaced in 3.78 gives

i5(t) (G (0] TUEEW) — VEER) = 16(1), (3.89)

or

+
(t) + GEVGE(t), (3.90)

where the last equality comes from the fact that I could have followed a
different route by formally inverting Eq. 3.78, and replacing it into 3.85.

If we integrate the above equation for G* from ¢y to ¢ > t, we finally get
the Lippmann—Schwinger equation which relates G* to Gar

t
GT(t—ty) = Gg(t—to)Jr/ dt' G§ (t —t" VG (' —ty)

to

t
= G’S(t—to)vL/ dt' GT(t -t \VGy(t' —to). (3.91)

to

If we integrate Eq. 3.90 from ¢ < ty to fy we obtain the corresponding
equation that relates G~ to G|

A~ ~

G (t—ty) = Gy(t—to)+ | dt' Gyt —t\VG (' —to)

~

Gy(t—to)+ [ d G~ (t—t)VGy (t' —t0). (3.92)
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3.4.1.2 Dyson’s equation and self-energy

I can rewrite Eqgs. 3.91 and 3.92 in a different form that is the basis for a
perturbation expansion of the full retarded and advanced Green’s functions.
Let us consider Eq. 3.91. To a first approximation (called the Born approzi-
mation) I can replace the full Green’s function Gt in the integral of Eq. 3.91
with the “unperturbed” Green’s function Ga’ . I can then replace this “new”
approximate full Green’s function back into the right-hand side of Eq. 3.91,
and so on. The Green’s function G* may be thus expanded (if the series
expansion converges) as

t
GT(t—ty) = G (t —to) + /dt’ég(t—t’)‘?ég(t’—to)

t/
/dt/ dt" Gt =t VGG —t" WG (" —to) +---
to to

(3.93)

The above series expansion has an intuitive physical interpretation which
can be visualized with the diagrams in Fig. 3.10. The full propagator (rep-
resented by the vertical double lines) is the sum of a succession of scattering
events. The simplest one is a no-scattering event: the system propagates
in time from ¢ to t via the unperturbed (free) propagator G (represented
by a single line). The first-order (in V) process consists in the free propa-
gation from ¢y to t/, at which point a scattering event occurs, and then a
subsequent free propagation from ¢’ till time ¢. The second-order process is
a free propagation from ¢ to t”, at which point a scattering event occurs,
followed by a free propagation from t” to t’, a scattering event at ¢, and a
subsequent free propagation from ¢ to t. And so on and so forth.

If the series expansion converges we can “lump” the effects of all these
scattering events into a single quantity we call retarded self-energy and repre-
sent with the symbol St (see Fig. 3.10). We thus write the series expansion
as

GH(t—ty) = G (t —to)
/ dt’ / dt" Gy (t — ST (' — )G (" —to)
to to
= G (t—1ty)

t/
/ ' / G G (E— VS — )G — o), (3.94)
to to
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Fig. 3.10. Perturbation expansion of the total Green’s function (represented by
two vertical lines), from ¢y to ¢, as a sum of scattering processes, each with a fixed
number of scattering events: free propagation (a vertical line), plus one scattering
event at time ¢’ due to potential V', etc. If the series expansion converges, we can
lump the action of all scattering events into a self-energy X.

where, once again, I could interchange Gt with G0+ in the last equality as
in Eq. 3.91. Equation 3.94 is referred to as the Dyson equation.

By comparing 3.94 with 3.91 we see that, in the present case, the self-
energy term is simply

S -t =V — "), mean-field approximation. (3.95)

Therefore, in this effective single-particle (mean-field) scattering problem I
gain nothing by using the Dyson equation 3.94 compared to the Lippmann-
Schwinger equation 3.91.26 However, when interactions among particles are
present, the self-energy does not have the form Eq. 3.95, and the Dyson
equation is indeed more useful as it allows us to include in the self-energy
the effects of these particle-particle interactions in a compact way. I will
come back to these issues in Chapter 4.

We can follow the above procedure for the advanced Green’s function
G~ as well. In that case, the scattering events occur in the future and
by defining an advanced self-energy 2_, we obtain the following Dyson’s
equation (¢t < tg)

26 An Hermitian self-energy means an infinite state lifetime (see Sec. 4.2.4).
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Incoming and outgoing states

I will use the Dyson equation later in the book. For now, let us relate the
states |¥) of the Hamiltonian Hy with the states |¥) of the full Hamiltonian
Hg. One of our assumptions is that in the infinite past the electrons did not
experience the scattering potential v, namely, their evolution was governed
by the time-dependent Schrodinger equation 3.73. Let us call the state
governed by this evolution an incoming state |¥i'). We have also assumed
that in the infinite past this state coincided with the state |¥) of the full
Hamiltonian Hg. We can then make the following ansatz

W5 () = ih, Tim GG (t—to)|(t)), (3.97)

namely the incoming free state vector |¥i) is the result of the time evolution
from the infinite past of the true state |¥(¢y)). This evolution, however, is
carried by the free Hamiltonian Hy. Thisis a strong assumption, which may
or may not be verified for all physical systems under all experimental condi-
tions; and it is precisely the condition for the very existence of a scattering
theory.
From Egs. 3.72 and 3.85 we get the following identity
m
LD i 16 ¢ - )90
OG (t — to) 9V (to))
Oty dty

- [—ié(t —tg) — HoG{ (t — to) + G (t — to) Hy

=in (W (tn)) + Gy (t — to)

+GE(t—to)V ] [ (to))
= —16(t — to)[W(to)) + G (t — t)V (), (3.98)
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where, in the last equality, I have also used the fact that Gy and Hy commute
(this is obvious from Eq. 3.86).

Let us now integrate the above equation from ty — —oo to tg — +oo.
Using the definition of incoming state 3.97 we finally get

(T (1)) = [P (1)) + /+OO dt' G (t — YV [T (t). (3.99)

— 00

This is also called the Lippmann—Schwinger equation. In the above, I have
also used the notation |[¥7(t)) for the full state of the system to remind us
that it is a state originating from an incoming free state.
I can redo the above procedure by defining an outgoing state
g (1) = ik lim Gy (t — )T (to)), (3.100)
to—+o0

which represents a free state generated in the infinite future by the full state
|W(tp)). Similarly to what we did for the incoming state 3.97, by calculat-
ing the time derivative of the outgoing state 3.100 we get the Lippmann-
Schwinger equation

[T (1)) = [ (1)) + / b dt' Gy (t — V| (t)). (3.101)

—00

Having defined the incoming and outgoing states, I can now think about
my scattering process differently. My state vector |¥(¢)) originates in the
distant past from the incoming state |P(¢)), which evolves according to
the propagator G

@) =ih, Tim Gt~ t0) [ (1)), (3.102)

or it originates in the distant future from the outgoing state |¥5"(¢)) which
evolves according to G~
|~ (t)) = =ik lim G (t —to)| " (¢9)). (3.103)
to—-+o0
By following the same procedure we used to derive Egs. 3.99 and 3.101 we

then obtain from these states the following Lippmann—Schwinger equations
(Exercise 3.2)

W) = @)+ [ G- Ve e) (3.104)

—0o0
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and

[T~ (¢)) = [T (2)) +/ OOdt’ G~ (t — tV|Wu(t)), (3.105)

— 00

which differ from Eqgs. 3.99 and 3.101 because they require information on
the full Green’s functions Gt and G—. The use of Eqs. 3.99 and 3.101 or
their equivalent, Eqs. 3.104 and 3.105, thus really depends on what type of
information one has on the system dynamics.

3.4.2 Time-independent Lippmann—Schwinger equation

Once we have derived the time-dependent Lippmann—Schwinger equations,
the corresponding time-independent versions can be easily obtained via Fourier
transforming the time-dependent Green’s functions.?” We thus define

A +m . A +m . A
G+ (E) — / dt elEt/h e—et/h eas (t) — / dt elEt/h e—Et/h G+ (t),

NS 0

(3.106)
where the last equality comes about because of the formal solution of the
full propagator 3.80. Similarly, for all other Green’s functions

0 . A
G (E) = / dt PP et/ G (1), (3.107)
for the full propagator, and
A +m . A
G (E) = /0 dt PP o=t G (1), (3.108)
A 0 . A
G (E) = / dt 1P et G (1), (3.109)

for the free propagators. In the above, I have introduced an infinitesi-
mal number € > 0, and corresponding exponential terms, which guarantee
that the integrals are convergent.?® By replacing the Green’s functions 3.80
and 3.82 in 3.106 and 3.107, respectively, we get

~

1
GT(EF) = ——————  retarded, (3.110)
E +ie— Hg
27 Remember that all quantities appearing in the various Lippmann—Schwinger equations depend
at most on time differences only, so that their Fourier transform leads to a single energy
function.
28 For instance, the integral for G* runs from ¢t = 0 to t — 400, hence the exponential factor
e~ ¢!/ guarantees convergence for t — +oo.
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and

~

G (F)= —————  advanced. (3.111)
FE —ie— Hg
It will sometimes be useful to write the above two equations in a compact
form by defining the complex number z = E + ie for the retarded Green’s
function, and z = FE — ie for the advanced Green’s function. In this case,
both of the above two equations can be written as
5 1
z—H S
which corresponds to the two different Eqgs. 3.110 and 3.111.
The corresponding quantities for the free Hamiltonian Hjy can be obtained
by replacing 3.86 and 3.87 in 3.108 and 3.109, respectively

A 1 1
Gy (E) = — = _ retarded, (3.113)
E+ie—Hy 2z—Hp
and
. i 1
Gy (F) = = advanced. (3.114)

E—iﬁ—ﬁozz—ﬁo

As evident from their analytical structure, all the Green’s functions G+ (E),
G~ (E), G (E) and Gy (E) have poles in correspondence to the eigenvalues
of the respective Hamiltonians. For instance, Gt (E) has poles in correspon-
dence to the eigenvalues of the Hamiltonian Hg.

For the bound states spectrum of Hg (see Eq. 3.6 where here, however, the
states are single-particle states), G+(E) has simple poles. In the continuum
(i.e., from E =0 to F — +o0, Eq. 3.7) these poles merge to form a branch
cut in the positive energy real axis, and we must calculate G+(E) in the
complex energy plane by approaching the branch cut from above, i.e., for
Im(z) — 0". Similar considerations apply to the other Green’s functions,
the advanced ones being calculated by approaching the branch cut from
below in the complex energy plane: Im(z) — 0.

Using the definitions 3.110 and 3.111 for the full retarded and advanced
Green’s functions, respectively, we see that they are related via

GT(BE)' =G (E), (3.115)

which can also be derived from the Fourier transform of the time-dependent
relation 3.84. Similarly for the Green’s functions associated with the free
Hamiltonian Hy.
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It is now an easy task to write the various Lippmann—Schwinger equa-
tions in their static version by Fourier transforming their time-dependent
counterpart. We get from 3.91 and 3.92 the following equations

~

GE(E) =G
G

Pl
©
+
Q
CIE
=
B}
Sk i
5!

(3.116)

for the Green’s functions, and from the Egs. 3.99, 3.101, 3.104 and 3.105

W (E)) = [W(E) + G (E)V ] (E))
— [ (E) + GBI (B) (3117)

and

(T7(E)) = [95"(E)) + GO_(E)‘:/‘\II_(E»
= |W5"(B)) + G~ (B)V|¥3" (E)), (3.118)

for the scattering states, where I have defined the Fourier transform of a
general state

|W(E)) = /_+OO dt e PR (1)), (3.119)

Also, for later use, I write the Fourier transform of the Dyson equa-
tions 3.94 and 3.96 (X*(F) is the Fourier transform of (¢ — t'))

GH(B) = G5 (B) + G5 (B)S*(B)G(E)

+
= GE(B) + GXH(B)ST(B)GE(E), (3.120)

even though, in the present single-particle scattering problem, this form is
equivalent to the Lippmann—Schwinger equations 3.116.

Equation 3.120 can also be written as
1 1
-1

GH(B) = — -,
(GE(E)| "' —S*(E) E+ic— Hy — 5%(E)

(3.121)

a form I will use later.

Green’s function spectral representation

Let us consider for instance the eigenstates of Hg given by the single-particle
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analogue of Eqgs. 3.6 and 3.7 (similar considerations apply to ﬁo). These
eigenstates satisfy the resolution of the identity

ZymEameaHZ/ dE [V p ) (U p,|. (3.122)

Fia

By applying 3.122 to the operator G(z) (Eq. 3.112) and using Eqs. 3.6
and 3.7 we get the spectral representation of the Green’s function

é(z)_z\wm \IfEa!+Z/ W (3.123)

Eia

which again represents two equations, one for G*(FE) and one for G~ (E).
Similarly for all other Green’s functions.

Density of states operator

Using the Green’s functions spectral representation 3.123, we can now
calculate several quantities we will make use of later on. First of all, we
realize that the operator

D(E) =1ilim

124
e—0 2 (3 )

counts the number of states at a given energy, and is thus called density of
states operator. Indeed, if we replace 3.123 into 3.124 we get

A 1 .. €
D(E) =l D 1na) (g gy Vel
F;«a t

+ /0+Oo AE" [V pra)0(E — E') (Y pral. (3.125)

In the last equality I have used the definition of the é-function

€
b(z) = - lim T (3-126)

The above density of states operator can be evaluated in any given basis. If
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we choose the position representation, we get the local density of states

D(r,E) = (r|D(E)|r)
G (r,r,E)— G (r,r,E)

=ilim
e—0 27
1
= ——Im|G* (r,r, E)], (3.127)
T

which counts the number of states at a given energy at a point in space r.
In the above I have also written the Green’s functions G* in the position
basis

GE(r,v', E) = (r|GE(E)|r). (3.128)

3.4.2.1 Free-particle Green’s functions in one dimension

As an example, and since we will make use of it later, let us consider the
position representation of the Green’s function associated with the Hamil-
tonian,

A2
N

Hy = 3.129
0 2m7 ( )

of a free particle in one dimension along the cartesian direction x. The
associated Green’s functions th in the position basis are

GE(x,2', E) = (z|GE(B)|2'), (3.130)

where the energy E = h*k?/2m. We need to calculate just one of these
Green’s functions, say G (z,2’, F). The other one is related to this one
via 3.115.

The eigenstates of 3.129 are plane waves (see Eq. 3.20) which I denote
with (z|y) = Y (x) = €**. Using the spectral representation 3.123 I can
thus write

IR (2|¥n) (w |2)
G (w2, B) = 5 ling . W E +ic — i2K2/2m

1 +o0 . etk (z—2')
=—1i dk
or en0 ) o " Etic— 2k /2m
m eflz—2'|
=—— k 131
o >0, (3.131)

where in the last step I have integrated in the complex plane by closing the
contour of integration in the complex upper-half plane for > 2z’ — thus
obtaining the residue of the pole with Im(k) > 0 in that region — and in the
lower-half plane for # < 2/ — which includes the other pole with Im(k) < 0
(Exercise 3.6).
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Since k > 0, if z > 2’ the above Green’s function is

ik(z—z')
i , _mé

G() (x>x,E)—ﬁT
which, if we fix 2/, is proportional to a plane wave of given energy “leaving”
the point 2/, and moving from left to right (right-moving wave). On the

other hand, for z < 2/

(3.132)

m e—ik(x—x’)

Gi(r<2 E)= ——>— 3.133
is proportional to a plane wave leaving from the point 2/, and moving from
right to left (left-moving wave). This may be interpreted as if the point z’
is a “source” of right-moving and left-moving waves.

The corresponding advanced Green’s function is then

m e—ik\m—m’|

T k>0,
(3.134)
for which the above considerations can be reversed: the point z’ can be
considered now as a “sink” of right-moving and left-moving waves.

In the above I have considered propagating states (plane waves). I have
discussed in Sec. 3.3.1 that we also need to consider evanescent modes

(Egs. 3.30 and 3.31). These correspond to negative energies or imaginary

Gy (z,2',E) = [GF (z,2/, E)]| = (G (2,2, B)]" =

wave-vector k = il~c, with k& > 0. If we replace this imaginary wave-vector
in 3.131 we get

m e—k\x—x’\ K2 k2

+ _ —
and
_ , 4 , t m e~ klz=2'| " ,
GO ($,IE,E):[G0 (IL‘,$,E)] :7ET:GO (CE,.’E,E), (3136)

which are simply proportional to the evanescent mode wave-functions (see
Eq. 3.30).

We now have all the formal tools of single-particle scattering theory to
recalculate the total current 3.56 in another equivalent way.

3.5 Green’s functions and self-energy

For clarity, let us refer to Fig. 3.11. Regions L and R are two semi-infinite
chunks of conductors that sandwich a central region C' (the sample). The
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Fig. 3.11. A finite sample C coupled to two semi-infinite leads via some operators.
The leads do not couple with each other directly.

latter could again be a molecule or any other nanoscale structure. The two
chunks of conductors may or may not be identical in all their properties.

I now make a different partition of the Hamiltonian Hg, Eq. 3.9 (see, e.g.,
Kurth et al., 2005). I assume that regions L and C are coupled by some
potential (VLC + VLTC), while regions C' and R, by a potential (V(;R + VgR)
(see Fig. 3.11), with VLC and VCR some operators. We also assume that
regions L and R are decoupled. Physically this means there is no direct
tunneling between the two regions.

In certain nanoscale systems, for instance, a single molecule or, in gen-
eral, a small cluster of atoms between two bulk electrodes (see Figs. 1.1
and 1.2), this approximation must be handled with care. If the two chunks
of conductors contain all ions, except those of the molecule or cluster, the
electrode surfaces of the bulk conductors may be separated by just a few
angstroms. In this case, some finite electronic coupling (tunneling) between
the two surfaces is present.

Most importantly, these surfaces are generally charged (as I have antic-
ipated in Sec. 1.1, and I will discuss again in Chapter 7) so that direct
Coulomb interactions may affect the electronic states of the two electrodes
without the sample. We can, however, choose our “sample” region to extend
several atomic layers inside the bulk electrodes where screening is essentially
complete — possibly within microscopic Friedel-like oscillations. By doing so
we may assume the above coupling negligible.

In addition, let us assume the potentials Vic and Vog to be “short range”,

in the sense that their spatial ranges do not overlap in the sample region.?

29 Which is the same as saying that we can indeed define an “interfacial region” between the
left electrode and the central region distinct from the “interfacial region” between the right
electrode and the central region.
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Again, in nanoscale systems this approximation may not be quite valid due
to partially screened Coulomb interactions.?”

The isolated semi-infinite conductors are described by the Hamiltonians
H; and H r. To these Hamiltonians are associated the Green’s functions
G (2), Gr (z), respectively, according to the definition 3.112. The isolated
sample is described by the Hamiltonian ﬁc, with Green’s function G’C(z)
Here we assume to know these Green’s functions exactly. Our goal is to
determine the Green’s function G(z), not of ﬁc, but of the sample in the
presence of the coupling with the electrodes. To do this let us proceed as
follows.

With these partitions and definitions, the total Hamiltonian is
Hs=Hy + Hg + He + Vie + Vo + Vor + Vi, (3.137)

The Schrodinger equation can be formally written in matrix form

ﬁL Vie 0 |pL) |é1)
Vie Ho Vig || léc) | =E| loc) |- (3.138)
0 Ver Hg |PR) |oR)
The elements of the vector
|éL)
[¢c) (3.139)
|OR)

are the single-particle wave-functions associated with the Hamiltonians of
the three regions. For instance, we denote with |¢z) the solutions to the
equation Hy|ér) = E|ér). The matrix equation 3.138 can be easily solved
and gives the three equations

Hplér) + Viclée) = Elér), (3.140)
Viclow) + Holéc) + Vinlon) = Eléc), (3.141)
and
Vorlée) + Hrlér) = Elér). (3.142)
We can rearrange 3.140 to get
(E— Hp)|or) = Viclée). (3.143)

30 In practice, all parameters entering these potentials need to be determined self-consistently.
This helps reduce, to some degree, the arbitrariness of their value, but clearly does not change
the assumed form of the coupling potentials.
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If we make the usual substitution £ — E + ie = z (see Eq. 3.112), to
analytically continue the Green’s functions in the complex plane, then the

left-hand side of Eq. 3.143 is simply the inverse of the Green’s function
Gr(z), that is

61) = GL(2)Viclée). (3.144)
Similarly, from Eq. 3.142
|6r) = Gr(2)Vorldo). (3.145)

These last two equations directly relate the wave-function of the sample with
the wave-function of the electrodes. By multiplying both sides of Eqgs. 3.144
and 3.145 by (¢c| we get

(pcloL) = (bc|Gr(z)Viclee), (3.146)
and
(pc|or) = (6c|Gr(2)Ver|oc), (3.147)

i.e., there is a finite probability amplitude of finding an electron of the cen-
tral region C' in both L and R regions. If we label ¢ the eigenenergies of the
Hamiltonian He of the isolated central region, this is equivalent to saying
that there is a finite probability for an electron in the sample (with one
of the energies €;) to tunnel to the left and right electrodes. Since we are
assuming that H; and H R describe semi-infinite electrodes, then their spec-
trum is continuous, and the discrete states of the isolated sample broaden
into resonances (see Fig. 3.12).3! The energy ¢, is therefore “shifted” (or
renormalized) by the presence of the electrode states and, at the same time,
the electron acquires a lifetime to scatter from the central region into the
electrodes. Let us expand on this concept even more.
We replace |¢1,) and |¢r) in 3.141 to get

E - fo ~ Vo Gr()Vie = VigGr(z)Von] loc) = 0. (3.148)
The operators
S1(2) = V] Gr(z)Vie, (3.149)
and
Sr(2) = Vi,Grz)Veor, (3.150)

31 Those with renormalized energy hlgher than the energy of the bottom of the continuum spec-
trum of both the Hamiltonians HL and HR Those that end up between the bottom of the
continuum of H; and the bottom of the continuum of Hp are exponentially decaying into
the left electrode and standing waves into the right electrode — assuming the bottom of the
continuum of H is higher in energy than the corresponding one for Hg (Lang, 1995; Di Ventra
and Lang, 2002).
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Fig. 3.12. When the central region is coupled to two semi-infinite electrodes, its
energy states are “renormalized”, and those whose renormalized energy is higher
than the bottom of the continuum spectrum of the electrodes’ Hamiltonians broaden
into resonances.

o

are again called self-energy operators.
As stated before, z = E+ie so that in reality ¥ (z) defines two self-energy
operators,

ST(E)=%1(E +ie)  retarded, (3.151)

Y (E)=Xr(FE —ie) advanced, (3.152)

and similarly for Sp(z).

However, unlike the self-energy term 3.95 I have introduced in Sec. 3.4
when discussing the Lippmann—Schwinger equation, the self-energy opera-
tors here are non-Hermitian: 22 r(2) # 37.r(2). Indeed, from the general
relation between the retarded and advanced Green’s functions, Eq. 3.115,
we get from Eqgs. 3.149 and 3.150

(E9)LR(B) = L R (B), (3.153)
i.e., the advanced self-energy is the Hermitian conjugate of the retarded one,
and vice versa. The fact that in the present case these operators are not
Hermitian is a consequence of the partitioning 3.137. While in Sec. 3.4 the
scattering potential V acted on the states of the free (electrodes) Hamilto-
nian, here the “interface” potentials act on the states of the central region,
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as if the central region Hamiltonian is “perturbed” by the presence of the
electrodes.

With the introduction of self-energy operators, Eq. 3.148 can be rewritten
as

B = He = $1(2) = Sa(2)| [oc) = 0. (3.154)

But according to the theory of differential equations (see Eq. 3.74 and dis-
cussion thereafter), to Eq. 3.154 is associated the Green’s function

. 1
G(z) = ~ - - , (3.155)
E—He —XYr(2) — Xr(2)
which actually represents two Green’s functions
. 1
GT(E) = - - - retarded, (3.156)
E—He—-Y7(E)— EE(E
and
. 1
G~ (F) advanced. (3.157)

 E—Hp—3%;(E)—S5(E)
Equation 3.155 (and each of the Eqs. 3.156 and 3.157) is of the Dyson
form 3.121 for a single particle in the central region “interacting” with the
L and R electrodes. It can be put in the equivalent form 3.120 by using the

Green’s function G (z) of the isolated central region, and defining the total
self-energy ¥(z) = X1 (2) + Xr(2):

G(z) = Ge(2) + Go(2)5(2)G(2) = Go(2) + G(2)2(2)Ge(2),  (3.158)

which can be verified by direct substitution into Eq. 3.155. Again, Eq. 3.158
represents two distinct equations, one for the retarded Green’s function and
one for the advanced Green’s function.

Let us note that, by choosing the partition 3.137, we have transformed
the original problem of the sample plus the electrodes into the problem of
the central region “open” to the electrodes via the self-energies.?? The self-
energies take care of the scattering due to the presence of the electrodes. As
I will show in a moment, however, this is equivalent to the single-particle
scattering problem we have solved to derive the total current 3.56, and
does not add any new physics to the solution of the Lippmann—Schwinger
equations 3.117 and 3.118.

Also, the reader should note that even if the equation 3.158 has a formal

32 Clearly, this is not an open quantum system in the sense that it is not dynamically coupled to
reservoirs.
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structure similar to the many-body Dyson equation I will discuss in Chap-
ter 4, I have derived it here without ever employing many-body perturbation
theory. The steps leading to Eq. 3.158 — and the equation itself — should
not be thus confused with the non-equilibrium Green’s function formalism
of Chapter 4.

Energy “renormalization” and state “lifetime”

Without the self-energy terms the Green’s functions G*(E) and G~ (E)
(Egs. 3.156 and 3.157) have poles in correspondence to the eigenenergies €y
of He. We can call these “zero-order poles” of the Green’s functions. The
self-energies therefore make G (E) and G~ (E) analytical in correspondence
to these poles by “renormalizing” the energies of He (Fig. 3.12).

We can see this even better if we write

S1(2) = Re{SL(2)} 4 ilm{Z.(2)}, (3.159)

in terms of the real and imaginary parts (and similarly for the right elec-
trode).3® Equation 3.155 then becomes

~

G(z) = .
"~ E— He —Re{S(2) + 3r(2)} — iIm{SL(2) + Sr(2)}

. (3.160)

which shows that the energies ¢ of He are “shifted” (or “renormalized”).
To first order, we can estimate the amount of this renormalization by
replacing in the argument of the self-energy the “unperturbed” energy (zero-
order pole) €, namely Re{Xy () + S g (ex)} is the approximate energy shift
(see also discussion in Sec. 4.2.4).
Using the relations 3.156 and 3.157 it is also easy to show that

GHEN - (G (B)] ! = (S1(B) - $E(B)) + (Sx(B) - SH(E))
= [fL(E) + f‘R(E)] = il(E), (3.161)
which can be equivalently written as
i [é+ (E) - (;—(E)] = GH(EYG(B). (3.162)
In the above equations I have defined the quantities
TLr(E) =[] R(B) - S7 z(B)] = —2Im{%] o(E)}, (3.163)
Recalling the definition of density of states operator, Eq. 3.124, we see that

33 These must be interpreted as the real and imaginary parts of the matrix elements of the
corresponding operator in a given basis.
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the right-hand side of Eq. 3.162 is simply proportional to the single-particle
density of states of the entire system (central region plus electrodes).3*

In the absence of the imaginary part of the self-energies, the eigensolutions
corresponding to the full Green’s function G(z) would only be shifted with
respect to the energies ¢, but would still belong to the real energy axis.
They would thus be stationary states of some Hamiltonian.

The imaginary parts move these solutions off the real energy axis, inside

” of the solution

the complex plane. An imaginary energy means a “decay
(which, in a dynamical sense, means a non-unitary evolution of the state of
the system), so that the imaginary parts can be interpreted as the “rate” at
which the electrons are “scattered out” of the states of the free Hamiltonian
He (see also Sec. 4.2.4). We thus say that due to (elastic) scattering the
eigenstates of He acquire an “elastic lifetime” .3

To first order again, this lifetime can be estimated by replacing the energy
argument of the imaginary part of the self-energy with the unperturbed

energies €, so that (from the retarded Green’s function)

h

U ep) = — .
) = S () + a0}

(3.164)

I stress here that the “broadening” and “lifetime” of the single-particle states
are not due to interactions among electrons, but are simply due to the fact
that the central region is coupled to two electrodes.

Discrete (or tight-binding) space representation

Before making a connection with formal scattering theory7 let us understand
better the advantage of assuming the potentials VLC and VC Rr to be short
range. From a numerical standpoint, even if the Hamiltonians H; and Hp
describe two semi-infinite electrodes, the short-range potentials VLC and VC R
limit the size of the non-zero matrix elements we can construct from the self-
energy operators in any given finite basis set. In a position representation,

34 In Sec. 4.2.4, T will show that an equation similar to 3.162 can be defined in the many-body
case as well, with the left-hand side of Eq. 3.162 corresponding to the spectral function (see
Eq. 4.54).

35 Both the state renormalization and lifetime are energy-dependent and, in general, not a simple
function of the energy. This is true also for the many-body case (see discussion in Sec. 4.2.2).
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Fig. 3.13. Matrix elements of the operator VLC entering the calculation of the
self-energy Ef(rn,rn/,E) in a nearest-neighbor discrete-space representation. The

self-energy also contains the Green’s function Gf(rnn7 r,, E) of the semi-infinite
electrode.

by choosing two points r, r’ inside the central region (with obvious notation)

£ (vt E) = (XS] (B)]r)

_ /dI‘”dI’”l<I'HA/(TL7R)C ’I’”) <r”|G:Lt,R (E) ’I"”> <r/”‘V(L,R)C |I‘/>

= / dI‘”dI'va(TLyR)C(I" r//’ E)G%J%(r”’ r/l/’ E)‘/(L,R)C(rma I'/, E)a
(3.165)

with the integrals extending over all (semi-infinite) space but converging very
fast, in view of the fact that (r|Vzc|r') and (r|Vog|r') are short range.?0
If a finite discrete representation of space is used,

r—r,, discrete-space representation, (3.166)

the only non-zero matrix elements contributing to 3 L.rR(Tn, Ty, E) are those
containing the (finite number of) hopping terms between sites one retains
in the representation. All other matrix elements are zero.

In the simplest tight-binding model, which keeps only the nearest-neighbor
hopping terms, from 3.165 we get for points {r,,, r,/} inside the central region
(Fig. 3.13)

Z:Ltﬂ(rm ry, E) = V(TI”R)C(I'H, Ty, E)nyR(I‘n//, Ty, E)V(L,R)C(rn’“a ry, E)
= t2 G:Lt R(rn”7 Ty, E), (3167)

i

36 For instance, for the L lead r’/ and r’” are inside the semi-infinite L lead space region.
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with r,,» and r,» inside the electrodes, and nearest-neighbors of r,, and r,,
respectively, since all other terms are zero. In the above, I have also defined
the tight-binding matrix element f/( L.R)C(Tn, Ty, E) = t, and assumed it to
be the same for every set of nearest-neighbor points.

Note that, in the above, we employed the Green’s functions of semi-infinite
electrodes, rather than those of infinite electrodes. The former are easy
to compute in a nearest-neighbor space representation using the spectral
representation 3.123. We leave this as an exercise (Exercise 3.7).

3.5.1 Relation to scattering theory

Let us now relate these results to the single-particle (static) scattering theory
of Sec. 3.4.2. This will allow us to quantify what we mean by “tunneling”
between the central region and the two electrodes, and rewrite the total
current 3.56 in another equivalent form.

We do this by employing a different partitioning. Let us assume that H;
and Hp represent two identical infinite electrodes.?” Similar to what we did
in Sec. 3.3.1 let us assume that they are described by the translationally
invariant Hamiltonians (see Egs. 3.17 and 3.18)

2
—%EV2+VLR@LL (3.168)
with V7 p(ry) a generic single-particle potential that confines electrons in
the transverse y—z plane in the L and R electrodes, respectively. We have
calculated the eigenstates of these Hamiltonians, and they are given by
Eq. 3.22 for traveling states, namely they are separable into a transverse
wave-function with channel index «, and a longitudinal plane wave.
From Eq. 3.131 we know that for a free particle moving in the x direction
the retarded Green’s function is simply

iklx—z'| h2 k2
, E=—-—>0, k>0. (3.169)

2m

m e
ik

Since the transverse and longitudinal motions are decoupled, the spectral

Gt (z,2/ E) =

representations 3.123 of the retarded Green’s functions associated with the
Hamiltonians 3.168 are simply (replace 3.22 into 3.123 and use 3.169)

zk|x z'|

G} p(r,x' E) = G| (r,x',E) = Zu SRR ua(r')),  (3.170)

37 The electrodes need not to be identical. Here, we assume this to simplify the discussion.
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with (as in Eq. 3.23)
h2k?
EFE=FE,k)=¢x+— 171
() = o+ 5, (3.171)

where €, and v, (k) are defined in Egs. 3.21 and 3.24, respectively.
The Hamiltonian H¢ of the central region is instead of the form

I
" 2m

with Vo (r) a generic (but of finite range) single-particle potential.

An electron with energy E = E;(k;) in an incoming state 1, (r) in the
L electrode, with positive momentum hk; (right-moving), would be scat-
tered (according to the partition 3.137 of the total Hamiltonian H s) by the
potential

: V2 4+ Vo(r), (3.172)

V:VC‘FVLC‘FVEC‘FVCR“‘VJYR, (3.173)

which we have all along assumed to be of finite range. To be precise, this
potential contains everything else that is not included in the Hamiltonians
of the electrodes.

The scattered wave-function \Ifjkl (r) is then related to the incoming state
Yir, (r) according to the Lippmann—Schwinger equation 3.117 in the position
representation?®

Wl (r) = Y, (r) + / dr' Gy (r,x', E) V(') ¥ (1), (3.174)

where V (r') are the positional elements of the operator V, and the integra-
tion extends over all space. From the meaning of the Green’s function éar
(see discussion following Eq. 3.131), the above equation shows once again
what I have anticipated in Sec. 3.3.2: the wave-function 3.174 is the com-
bination of an incident wave ), (r) plus a linear combination of outgoing
waves.

From the Lippmann—Schwinger equation 3.118 in the positional basis, I
can also calculate the linearly independent solution

\Pi—kj (r) = ¢ig, (r) + /dr’ G, (r, v, E)V(r) \I/;ﬁ (r'), (3.175)

which is the combination of an outgoing wave 1, (r) plus a linear combina-
tion of incoming waves.

38 If the potential Vis non-local, the single integral in Eq. 3.174 becomes a double integral, i.e.,

Ul (0) = i, ( /dr /dr”G+ rr!, E)V(r' x") Ul (x").
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In the absence of a magnetic field, the above Green’s functions cannot
depend on the order of the position indexes

GT(r,v',E) = GE(r',r,E), in the absence of a magnetic field. (3.176)

By transposing Eq. 3.174, using the general relation 3.115, and comparing
the result with 3.174 we easily see that

Wi, (r) = [‘I’f(_ki) (r)} y (3.177)

With the use of Eq. 3.170, the Lippmann—Schwinger equation 3.174 can
be written as

+ (1) = (1) + / di s ()= () V() W ().

(3.178)
Let us now look at the asymptotic form of the scattered wave-function.
With 2’ fixed, for z — —o0, deep inside the L lead, ¥;j, (r) has the form

lim O, () = i, (x)

Tr——00

1 & efzkfxuf(rl) 1 iksx! )k (d Nt (v
to ngmm/d” ) V) B, (),

(3.179)

which, with the use of Eq. 3.22, can be written as®’

limOO \I/;';ﬁ (r) = i, (r)

r——

o ZW” > [, @)V w0, @aso

But we know from Sec. 3.3.2 that the general form of the scattered wave-
function deep into the L lead where evanescent modes do not contribute is
given by Eq. 3.35.

By comparing 3.180 with 3.35 we see that

L / /
= g [ U, VR ELK), (B8

39 Note that in our notation states of channels f belonging to the L electrode represent waves
moving away from the junction in the direction of megative x axis, i.e., they correspond to a
momentum —hky, with ky > 0.
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which can be written in the more compact form

Ri (Wi, [VITF ). (3.182)

L,
= s (ky)

The T matrix

I have calculated the above quantity by using the Green’s function of the
leads only. But I have also shown in Sec. 3.4 that the Lippmann—Schwinger
equation can also be written in terms of the lead-sample-lead Green’s func-
tion G (r,r’, E), which is precisely the positional matrix element of the
operator 3.156,0

Uk (r) = Y, (r) + / dr' G* (v, v, E) V(r') i, (*)), (3.183)
which we equivalently write as
95,) = ik + GV i, ). (3.184)
By replacing 3.184 into 3.182 we get

L,

Hif = hos (kp) [Wfk,»WWim + (Wpr, (VG Vhig, ) | (3.185)

The quantity in the square bracket is precisely the matrix element ¢;;

tig (i) = (W, IV Yik,) + @pi, VGV i), (3.186)

of an operator known as the T" matriz

=V+VGHV, T matrix. (3.187)

Transmission and reflection amplitudes

We can then write*!
Ly
Rip = —2ti;s (3.188)
o ihg(ky)

40 The assumption we have made so far, i.e., no direct tunneling between the electrodes, is not
necessary for the connection we make with scattering theory. Relaxation of this assumption
would only change the form of the scattering potential V' and G* (r,r’, E) (Eq. 3.156) but not
the discussion that follows.

41 All these quantities are evaluated at the same energy E;, so I will drop it from the notation.



158 Landauer approach

Using this relation I can rewrite the reflection probability 3.41 for an incident
wave coming from channel 7 in lead L being reflected back into the channel
f in the same lead as

2 15l \ P \vfl le2
R; 1

with all quantities defined as in Eq. 3.41.
From this expression it is natural to define a reflection amplitude for a wave

coming from the L electrode, and reflected back into the same electrode

ol Lo

|vi 1hw/\vf| |vi s

so that the asymptotic form of the wave-function deep into the L lead is

c UZ'
U (r) = i, (r) + > rig ||Uf|| Y, (r) T — —o0. (3.191)
=1

Starting from Eq. 3.178 and following the same arguments we can look at
the asymptotic form of \II:;@ (r) at z — +o00??

lim W (r) = i, ()

r—+00

L" zk/x

u I'L Cikex! %
= Z ot ;:?f /dr'e kr wi(r' ) V(r') ().
=1
(3.192)

Comparing this with expression 3.34 deep into the R electrode, where evanes-
cent modes do not contribute, we obtain

L RS / / /
Tip =+ g s [ i, ) Ve we). (3.193)

Introducing 3.184 into 3.193, and recalling the definition 3.186 of the T
matrix elements, we get

L,
e =), tif .194
T =05 i (3199

The transmission probability T;;, from channel 7 in lead L, into a given
channel f in lead R is thus
I |

27_ L,

42 In this case, states of channels f in the R lead represent waves moving outwards in the direction
of positive x axis, i.e., they correspond to a momentum +hk; with ky > 0.

Lt LD |tis|” (3.195)
1] ‘

ih B2 |vi||vg|
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Equations 3.189 and 3.195 show the relation between Dyson’s equation 3.158
and scattering theory.

From Eq. 3.195, I can now define the transmission amplitude for a wave
coming from the L electrode and propagating into the R electrode

L
Tif = Oif + ————tiy,
i/l |vil

so that the form of the wave-function deep into the R electrode is

NH
Z Tif Wwfkf( ) & — 400, (3.197)

3.6 The S matrix

In addition to the above scattering processes there are also those correspond-

(3.196)

ing to a wave coming from the R electrode with momentum —hk; (k; > 0)
which is partly reflected back into the same lead (channel f in the R lead),
and partly transmitted into the L lead (channel f in the L lead). For these
processes we can, therefore, define the reflection amplitude 7;; so that the
wave-function deep into the R electrode is

N
- Ui
Vi (®) = i) (0) + ) Fig /E Yk, (r) x — +o0.  (3.198)
f=1

We can also define the transmission amplitude 7;, so that the wave-function
deep into the L electrode is

Z Tif T/Jfk,( r), T — —00. (3.199)

Since the wave-function described by the asymptotic solutions 3.198 and
3.199 is linearly independent from the one described by 3.191 and 3.197, we
conclude that, for each energy, the general solution to the Schrédinger equa-
tion is a linear combination of the two. Let us write this general solution.

In order to simplify the discussion let us first assume that there is only one
initial channel 4, and one final channel f. No summation then appears in
Egs. 3.191, 3.197, 3.198 and 3.199. The general solution to the Schrédinger
equation has then the form

U(r,E) = ar ¥}, (r)+ aR\IJ;E_ki)(r), (3.200)
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by +— — b
L C R

Fig. 3.14. Incoming a and outgoing b flux amplitudes are related via the S matrix
of the sample.

where F is the energy defined in Eq. 3.23.
Using Eqgs. 3.191, 3.197, 3.198 and 3.199, the asymptotic form of ¥(r, E)
is thus

ale,;ki(I‘)—l- <aLr7;f1/§; +aR7~'7;f 5}) 1/)fkf(r) T — —00,

aRr Yi(—k;)(r) + (aRfif Vor tanTis ,/ij> Vi, (r) @ — +oo.
(3.201)

U(r,F) —

Let us define

by = \1velbr = aprig /|vil +arTig /|vi| = aprif +ar7ip,  (3.202)

[;R = \/|vf\ br = aRfif Vi |Uz| +ar Tif\/ |Uz| = fLRfif +ar, Tif, (3.203)

where I have defined the fluz amplitudes, by, r = VIvelbrr and dp g =

|UZ'| ar R-

By noting that, irrespective of the sign of the momentum hky, ¥y, (r)
represents a wave moving outward from the nanojunction, while 1, (r) is a
wave moving inward towards the nanojunction, deep in both L and R leads,
Eq. 3.200 defines a linear relation between the flur amplitudes of outgoing
and incoming waves (see Fig 3.14). This relation can be written in the
following matrix form

bu\ | T | (G (3.204)
br Tif  Tifs aR
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The matrix
S = [ if o Tif } , (3.205)
Tif Tif

is called the S matriz. It relates the outgoing flux amplitudes BL, Rr to the
incoming flux amplitudes a7, z. With this matrix, Eq. 3.204 can be concisely

written as
by, ar,
~ =S| . . 3.206
< br ) < aR ) ( )

We can now easily generalize these results to IV channels in the L electrode
and N channels in the R electrode. The § matrix is a 2IV x 2N matrix sim-
ilarly defined. If we label these channels by i, f = 1,2,..., N then Eq. 3.206
has the general form

51 r1 T2 ... 7N | T11 T2 ... TIN al
é L
. ~ ~ : ~2
b7 o1 T99 : To1  To2 : aj
IN - - ~N
by N - *NN | TN1T ... TNN ar
1 | = = = = -1
b}% T T12 --- TIN 1 Ti2 ... TN ap
7 ~2
b? : ~ ~ : a
R To1 T2 Do o1 To2 : R
7 ~N
bN - ~ a
R | TN1 .- TNN | TN1 ... NN | R
(3.207)

The matrix in Eq. 3.207 is thus block-diagonal, with the left-half of the
matrix corresponding to reflection (top block) and transmission (bottom
block) amplitudes of waves incident from the L lead, and the right-half of
the matrix corresponding to reflection (bottom block) and transmission (top
block) amplitudes of waves incident from the R lead.

However, the number of channels in the L lead, N({“, does not need to be
the same as the number of channels in the R lead, Nf. In general, the S
matrix is a (N + Nf) x (N} 4+ NI*) matrix which can be written in the
compact form

S = < INExNE TNExNE ) : (3.208)
TNExNL TNExNE

with the blocks r, 7, 7 and 7 matrices of dimensions indicated as subscripts

(e.g., ryrxnr I8 a matrix with NE x NE elements). Since the number of

channels depends on the energy E (Eq. 3.28) the size of this matrix (not

just its elements) depends on the energy F.
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Recalling the relations 3.44 and 3.45 between the transmission and re-
flection probabilities, it is easy to show that the & matrix is unitary, i.e.,
(Exercise 3.11)

SS§T=88§=1, (3.209)

which is another way of expressing particle flux conservation.** One can
also proceed backward: define the S matrix and its unitary property 3.209,
and from there obtain the relations 3.44 and 3.45 (Exercise 3.12).

Finally, we can express the total transmission coefficient 3.51 in terms of
the elements of the § matrix. From Eq. 3.51 and the definition 3.196 of
transmission amplitude, the total transmission coefficient from left to right
at a given energy FE is

Nt NE NE NI
Tr(E)=>_ Y Ty=>_ > mry=Te{rr} = Tr{r'7}, (3.210)
i=1 f=1 i=1 f=1

which is equal to the total transmission coefficient 7z (EF) from right to left
(Eq. 3.54).

Since the above expression is now written in terms of a trace, from the
properties of the latter, one can evaluate that expression in any basis. It is
sometimes convenient to use a basis, known as the basis of eigenchannels, in
which the matrix 717 is diagonal with eigenvalues T, (1 < n < N}), and the
matrix 7T diagonal with eigenvalues 1 —T},. In the eigenchannel basis 3.210
reduces to

Trr(E) = Trr(E)
= TI“{TTT} = TI‘{TTT}

N¢
= Z T.(E), eigenchannels basis. (3.211)

n=1

3.6.1 Relation between the total Green’s function and the S
matriz

It is also possible to relate the lead-sample-lead Green’s function G* (r, ', F)
directly to the S matrix (Fisher and Lee, 1981). This relation is actually
very convenient as it will allow us to write the total transmission coefficient
Eq. 3.210 in a compact form containing the total Green’s function. This will

43 Unitarity of the S matrix is also valid for potentials that are not invariant under time-reversal
symmetry.
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«— —
bL bR
1
V
L C R

Fig. 3.15. The points r; and rp are in the two leads where the total Green’s
function is related to the S matrix.

complete our connection between the scattering approach and the approach
in which we have introduced the self-energies representing the leads.

Let us consider Eq. 3.110 and rewrite it in the equivalent form (in the
limit of € — 0)

-9
~ p ~ ~
GHE)(E-—-V|=1. 3.212
e (8- £ -7) (3212
Multiply both sides of this equation on the right by the vector [r'), and on
the left by (r|. Recalling that (r|r’) = 6(r —r’), we obtain the differential
equation satisfied by the position representation of the Green’s function,
Gt (r,r',E),

2
Gt (r,r', E)V(r') = (E + 2717 v’2) G (r,r',E)—6(r—1'), (3.213)
m

where the symbol V' means differentiation with respect to r’.

Take now a point ry, inside the L electrode where the amplitudes of the
S matrix are evaluated, and an equivalent point rg in the R electrode (see
Fig. 3.15). Using the transverse wave-functions wu,(r ) of the L and R
regions, we then define the Green’s functions G;} (zR,zr, E) associated with
channel ¢ at point x, in the L electrode, and channel f at point xp in the
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R electrode so that*?
NL NR
G'(rg,r, E ZZuf r z)G a:R,a:L,E)ui(rlL). (3.214)
i=1 f=1

Introducing Eq. 3.213 into the Lippmann—Schwinger equation 3.174, and
integrating by parts we obtain
Gl (rr, 21, E) = 7 : _ 7yp e (hirL ks TR), (3.215)
Vil [og|
Putting this result in the definition of the Green’s function 3.214 we then
obtain

NE NE
GH(rp,rr, B) ==Y Y ——uj(rig) mipui(ryy) e Eren),
i=1 f=1 h\/ vi v

(3.216)
Following the same procedure for two points r; < ry, in the left electrode, a
similar expression can be derived that relates the total Green’s function to
the reflection amplitudes (Exercise 3.14):

NL NE

G rp, B)= =3 ) h. 7(r'ip) [5z‘f elfi(ry o)

i=1 f=1

+ rify ] — Ui gilky oy +h LL)] wi(ryyr). (3.217)
f

Equations 3.215 and 3.217 are the desired expressions relating the Green’s
function to the elements of the S matrix. We can now express the total
transmission coefficient 3.210 in terms of the Green’s function by invert-
ing Eq. 3.216: multiply it by us(rig) 7w (riy) e—ikizL—krar) integrate
over the coordinates r; and rg, and use the orthonormality condition 3.27
between the transverse wave-functions. The transmission amplitudes are
thus

Tip = ihy/v; Uf/er_L/drlRu?(rLR)GJr(rJ_RarJ_LaE) ui(rip), (3.218)
where I have defined

G (rip,vi, B) =G (rip,2r =0;ryp, 2 = 0; E). (3.219)

44 This separation can be done within the assumption that our problem is separable into a longi-
tudinal and a transverse component deep into the two leads.
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Inserting 3.218 in 3.210 we get

Nt NE

Tir =) 7Ty

i=1 f=1
NL NR

—EQZZ vlvf////uf ri zG I'J_Rer_LvE)ui(rJ_L)

i=1 f=1

x up(r' p) [GT (rLR,rLL,E)] wi(r' ;)dr pdrypdr’  dr

////FR (v prig) G (rip. i, E)Tp(rip,r) )

I'J_L,I'J_R, )er-Ler-Rer_Ler_Rv (3.220)

where in the last equality I have made use of Eq. 3.115, and I have defined

N
Lr(t' prin) = ) up(¥p) hopuj(rip), (3.221)
f=1
and similarly for 'z (ryp,r' ;)
NF
Lp(rip.r' ;)= Zui(rlL)hv,,;u;“(rﬁ_L). (3.222)

i=1

If we use again a discrete-space representation (Eq. 3.166), then Eq. 3.220
can be compactly written in operator notation as

Tir =Te{lRGT TG}, (3.223)

which, due to flux conservation, is equivalent to the reversed relation

Trr = Te{T, G* TR G} (3.224)

The operators I'z and T';, are related to the self-energies Sk and 37 we
have defined in Eqs. 3.149 and 3.150, via

Tr=i2f - 35 = —2Im{>}}, (3.225)

and similarly for I';,. These are precisely the relations 3.163. This is easy to
prove if we choose as discrete-space representation the simplest orthogonal
tight-binding model with only nearest-neighbor interactions (see discussion
after Eq. 3.166 and Exercise 3.8).

Recalling the relation between the retarded and advanced self-energies
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3.153, and the definition of “elastic lifetime” T,Sl, Eq. 3.164, we can formally
write

A 2h
I'r(E) = . , (3.226)
TRZ(E)
and
.\ 2h
'/ (F) = , 3.227
where I have defined
h
el _
T Fl=——r+r———. 3.228
(P = g (3228)

Therefore, I R(z) can be interpreted as quantities proportional to the “rates”
for electrons to scatter (tunnel) elastically from the central region into the
electrodes (and vice versa). When either one of r Rr(r) 1s small, electrons have
a low probability to tunnel through the nanojunction, and from Eq. 3.224
we see that, for fR(L) — 0, 7pr tends to zero.

Finally, if we assume that the local distribution functions of the two reser-
voirs are centered at different electrochemical potentials, iy, and ug for the
L and R leads, respectively, so that the bias is V' = (ur, — ur)/e, the total

current flowing across the central region is (spin included)*®
e +o00 R A .
1= [T aB () - BTG TG | (3229

with all quantities in Eq. 3.224 dependent on energy and external bias.*

I stress once more that Eq. 3.229 is valid only for single electrons experi-
encing at most mean-field interactions, both in the leads and in the sample
region. I will show in Chapter 4 that under the same approximations of the
Landauer approach (see Sec. 3.1), it can be derived using non-equilibrium
Green’s functions. However, Eq. 3.229 should not be confused with such
formalism: I have derived it here without ever employing many-body per-
turbation theory.” Equation 3.229 is simply a single-particle equation for
the current derived from single-particle scattering theory.

45 Replace T(F) = T r(E) = Trr (E) in Eq. 3.56, with 7z (F) given in 3.224.

46 As noted before, a practical calculation of 77, g (E) would require a self-consistent determination
of the different quantities entering Eq. 3.229 in the presence of the bias.

471t is the same as saying that one can derive the Hartree—Fock propagator as a mean-field
solution of the interacting version of the Dyson equation 4.33 (a mathematical exercise equiv-

alent to shooting a fly with a rocket!). But we never call the Hartree—Fock equations Dyson
equations.
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~ b =a, -
B — — @
| .

a, =b,

lead L junction 1 lead junction 2 lead R

N

Fig. 3.16. Lower panel: Schematic of two junctions connected in series by a common
lead. Upper panel: Schematic of the energy profile along the structure. At every
given energy, waves transmitted inside the central lead from junction 1 become the
incoming waves for the scattering into junction 2. Similarly, waves reflected from
junction 2 become left-moving waves incident on junction 1. These waves interfere
with each other.

3.7 The transfer matrix

Now that I have calculated the total current, I want to discuss how this
current changes if instead of a single junction we consider many junctions.
For instance, if the system is composed of two junctions in series, and we
follow the dynamics of one electron from left to right, we expect this electron
to scatter first on the first junction, being partly reflected and partly trans-
mitted towards the second junction, where it scatters again, with partial
transmission and partial reflection. This reflected wave can then interfere
with the wave that was transmitted in between the two junctions (Fig 3.16).
This interference occurs if the reflected and transmitted waves are fully co-
herent. If total loss of coherence occurs in between the two junctions we
then expect the two scattering processes at the two different junctions to
be uncorrelated from each other, and we can then treat them independently
(Fig 3.16).

In order to deal with this problem we introduce a quantity slightly different
than the § matrix. As discussed in Sec. 3.6 the S matrix acts on the incoming
flux amplitudes to give the outgoing flux amplitudes.

Let us define, instead, the transfer matriz (or M matrix) as the one which
relates the flux amplitudes in the left lead with the flux amplitude in the
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right lead (see Fig. 3.14)

()-m(i) [ 2] (5) oo

For a reason that will become clear in a moment, in order to relate the
elements of the transfer matrix with the elements of the S matrix, we need
to assume that the number of channels in the left lead is equal to the number
of channels in the right lead: N = Nf' = N.. This is equivalent to saying
that the leads are identical in all their properties.

Inverting the relations 3.202 and 3.203 we obtain

ap = =7 ripap + 7 by, (3.231)

and

br = (i — Tip 737" rig)ar + Fig 7.7 bL. (3.232)
By comparing with the definition 3.230 of transfer matrix, and generalizing
to N, channels, we get

Mpp =771

=771, (3.233)
Mpp =—7""r, R

=71, (3.234)

with 7, 7, 7 and 7 matrices of dimensions N, x N..*® It is now evident why
I had to assume that the number of channels must be equal in both leads:
I had to invert the transmission submatrices.

The great physical and analytical advantage of the M matrix is that it
is multiplicative, namely, if I can divide my scattering region into, say, N
regions of space, each described by an M; matrix, then the total transfer
matrix is simply the product of these single matrices

M=MyMpy_q1---Mj. (3.235)

This property is trivial to prove by recalling that each M; matrix relates flux
amplitude on one side of the scattering region to the other side. So, the flux
amplitudes of the left-most scattering region are transferred to the region
of space in between the first and the second scattering regions (Fig. 3.16).
These transferred amplitudes are now incoming amplitudes for this second
region, which are then transferred to the region of space between the third
and the second scatterer, and so on and so forth.

48 In 3.234 T have used the identity
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3.7.1 Coherent scattering of two resistors in series

As an example of the above property let us consider the single-particle
scattering due to two junctions placed in series as shown schematically in
Fig. 3.16, separated by a region of space where electrons do not experience
any scattering. We call the first junction, resistor 1, the second, resistor
2. We assume that the region of space that separates the two resistors has
the same physical properties as the two leads at the opposite end of the
scattering region. To simplify the derivation let us also assume that there is
only one incoming and one outgoing channel, namely N. = 1, so that I can
drop the indexes 4, f in all transmission and reflection quantities.

From the definition 3.234, the transfer matrix of each resistor is (I have
also used the relations E3.13)

1/ —r*/7*

M= < A > (3.236)

Using the multiplicative property of the M matrix 3.235, we get

mo (M () ()

—T’/7~' 1/7: —7“1/7:1 1/7:1 —7’2/7:2 1/7:2
(3.237)
The total transmission amplitude is then
t1t2
=— 3.238
1-— ’I:l (] ( )

The total transmission probability from the far left lead to the far right
lead is thus (all quantities depend on the same energy F)

T3
14+ Ry Ry — 2/R1 Ry cosé’
where § = arg(7yre) = arg(r1) + arg(rq) is the global phase acquired by the

T=r7"= coherent scattering, (3.239)

single particle in scattering from resistor 1 to resistor 2, back to resistor 1,
back again across resistor 2. It is the phase acquired due to the coherent
superposition of waves inside the region separating the two resistors.

8.7.1.1 Resonant tunneling

Equation 3.239 simplifies considerably if in the neighborhood of a given
energy E = Ep the transmission probability 7" is a very sharp function of
energy (see Fig. 3.17).% A sharp function of energy means that there are
several electron reflections at each resistor, so that, in a dynamical sense,
an electron coming, say, from resistor 1 “spends” a lot of time inside the

49 A similar derivation of the resonant tunneling transmission can be found in Datta, 1995.
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Ur

~__ |

lead L junction 1 lead junction 2 lead R

Fig. 3.17. Lower panel: Schematic of two junctions connected in series by a common
lead that may realize a resonant-tunneling configuration. Upper panel: Schematic
of the energy profile along the structure for the biased structure. At a certain energy
FER the transmission probability is a very sharp function of energy, and resonant
tunneling occurs in the neighborhood of that energy.

region between resistor 1 and 2 before “escaping” beyond resistor 2. We
can therefore assume the reflection probabilities Ri(F) ~ Ra(E) ~ 1 at the
resonance energy Er. By rewriting Eq. 3.239 in a different form

T T
T = , 3.240
(1 — VR R2)2 + 2V R1 Ry (1 — COoS 5) ( )

the assumption R;(F) =~ Ra(E) =~ 1 (T1(E) =~ T3(E) < 1) can be used to
simplify 3.240 (to first order in 77 and 73)

T T
T~ Loz . (3.241)

T+ To\°
( 1+ 2) +2(1 —cosd)

2

At resonance, the phase shift §(F) is also maximum (i.e., it is an integer
multiple of 27, see, e.g., Newton, 1966) so that we can Taylor-expand the
term 1 — cosd in the above equation

&

2
1 —cosd(E) % (d‘sd(?) (E — Ep)*. (3.242)
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If we now define the quantities

ds(E)] !
Fio=T15|——— 3.243
e=Tia |92 (3243
associated with the left and right transmission probabilities, we finally get
INR ) ' Iy r
)= T ) (555 (T/27 + (B Bn)’
() oy

(3.244)
where in the last equality I have defined I' = I'; + I'y. Expression 3.244 has
the form of a Lorentzian function, with an effective broadening given by T,
a weighted broadening introduced by the “coupling” of the resonant state
Er with the continuum of states in the leads. In Sec. 4.66 I will show that

I
A = 02+ BBy

has the same form of the spectral function (or local density of states) for

(3.245)

non-interacting electrons, with I' the “rate” for a particle in the state Fr to
scatter out of that state. I then anticipate that I'; and I'y may be interpreted
as the “rates” at which a particle with initial energy Er “escapes” into the
left or right lead, similar to the rates 3.226 and 3.227 for a particle to scatter
elastically into the left and right lead.

Under similar conditions, we can generalize the above result to multiple
resonances, provided one assumes that they are sufficiently separated in
energy so that their contribution is additive. With the obtained transmission
function, the total current can then be calculated as in 3.56.

3.7.2 Incoherent scattering of two resistors in series

If the single electron scatters on the first resistor, and immediately after
this it “loses memory” of this scattering event, it approaches the second
resistor as if coming from a “reservoir” (see discussion in Sec. 3.1). This
way, when the electron scatters on the second resistor, the phase it has
acquired from the first scattering event is completely uncorrelated from the
phase it will acquire from the second scattering process with resistor 2, so
that the transmission out of resistor 1 is uncorrelated with the incident and
reflected waves of resistor 2 (Fig. 3.18). The scattering off these two resistors
can be thus thought of as sequential (hence sometimes the name sequential
tunneling). In order for this condition to be satisfied, we need to have
strong dephasing processes inside the region separating the two resistors.
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However, we still assume here that these dephasing processes do not change
single-particle energy (unlike, e.g., electron-phonon scattering). How do we
calculate then the total transmission probability in this case? Let us proceed

as follows.
1, T,
B —(( R —
((
lead L junction 1 junction 2 lead R

N

\\
incoherent
conductor

Fig. 3.18. Same as in Fig. 3.16 but now the conductor between the two electrodes
creates incoherence between the transmission out of junction 1 and the incident
and reflected waves of junction 2.

Since the phases of the scattering events at the two resistors are assumed
uncorrelated, I need to determine the intrinsic resistance of these two resis-
tors, and then sum them up in series. In Sec. 2.3.4 I have shown that the
quantized conductance can be thought of as that associated with an ideal
wire connected to two reservoirs, one at each end: the quantized conductance
originates from the scattering off the “contact” between these reservoirs and
the leads (Imry, 1986).

This is what I need here: the problem at hand resembles that of three
reservoirs, two at the far end of the total structure formed by the two re-
sistors, and one in between the two resistors (Fig. 3.18). Let us call G; the
intrinsic conductance of one of the two resistors (for simplicity, we still work
with one channel, in the limit of zero bias, and zero temperature). The total
resistance of that resistor is then the sum of its intrinsic resistance i; = G 1
and the “contact” resistance with the reservoirs:

1 h h

-1_ - " _ -1 s
G =255 =G+ 55 (3.246)
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from which we get the intrinsic conductance (spin degeneracy included)

l _ . 27 T 2T
R, ' h1-T h R
which shows an important fact: if the transmission probability 7" — 1, the
intrinsic conductance diverges, G; — oo (the intrinsic resistance tends to

(3.247)

zero), as one would expect when electrons move from the left lead to the
right lead and no scattering occurs in the wire.

The above result must be true for both resistors, and for the whole struc-
ture as well. If no energy is lost in between the two resistors, using simple
circuit theory we can now sum the intrinsic resistances of the two resistors
to obtain the total intrinsic resistance. We get

h R h R h R
—1 —1 —1 1 2
= =@ G,l=—— 4+ —— 3.248
PTReET L T Toan Ty (3.248)
or if we extract the total transmission probability T’
T
T = ﬁ, incoherent scattering, (3.249)

which is quite different from the result we have found for coherent transport
between the two resistors, Eq. 3.239.

We can now generalize the above result to N resistors incoherently coupled
in series, to obtain

1-T(N) 1-T7 1-T 1-T
T(N) T T, TN

(3.250)

which simplifies if we assume all resistors equal, with transmission probabil-
ity T
T

TN =§a-m+7

(3.251)

I will come back later to the example above. It has indeed more profound
implications than I have discussed above, as it allows us to interpret con-
ductance measurements when multiple non-invasive probes are employed.
For now, I want to derive the relation between the conductance and the M
matrix, which will allow us to distinguish among different transport regimes.

3.7.3 Relation between the conductance and the transfer matrix

The transfer matrix is pseudo-unitary, namely it satisfies

MIEM=% (3.252)
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where

: .
T = < ENexNe - ONexe ) (3.253)
ONexNe  —1noxn.

This property derives directly from the unitarity of the S matrix 3.209 (Ex-
ercise 3.15).
Now, let us invert the transfer matrix to get

f i
Ml=xsMio= ( MLLT MﬁL > , (3.254)
~Mpr  Mpgp
which is easy to show from the pseudo-unitarity of the M matrix 3.252.
With this result we then find the following identity (this is quite a tedious
calculation and I leave it as an exercise, Exercise 3.16)

a1 1/ 7t 0
f fM) 42 1} = (7 . .
MM+ (M M) +2 4(0 7-7~—T> (3.255)
I have previously shown that the total transmission coefficient can be
written in terms of the matrix 7 as in Eq. 3.210 . From this and Eq. 3.255
we thus conclude that (since Tr{rT 7} = Tr{7 71})

Tir(E) = Tpi(E) = 2Tr { [MT M+ (M M)t 2. i} _1} . (3.256)

The conductance can then be expressed in terms of the transfer matrix.
For instance, in the limit of zero bias and zero temperature, from Eq. 3.68
we get (spin degeneracy is included)

de? : oaqy-1 e
G=—T [M M+ (M M) +2-1] . (up —pr) — 0, 6— 0.
(3.257)
This is often referred to as the Pichard formula (Pichard, 1990).

3.7.4 Localization, ohmic and ballistic regimes

The relation 3.257 between the transfer matrix and the conductance allows
us to discuss the different transport regimes I have anticipated in Sec. 2.3.4.
Since the conductance 3.257 is now written in terms of the matrix Mt M,
it is easier if we work in the basis that diagonalizes this matrix (note that
M M is Hermitian). The N. eigenvalues of this matrix can be found from
its characteristic polynomial

p(t) = det (ti - Mt M) , (3.258)
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where 1 is the 2N, x 2N. identity matrix.

By using the pseudo-unitary property of the transfer matrix 3.252, we
obtain that M = X M~ ¥ and M = X M1 £, From 3.258 we then get

p(t) = det (ti Y MInmil 2)
= det (ti N MM 2)
= det <ti — (M /\/l)_l)

11— MiM)
det (MT M) 7

= t2Ne det (3.259)

where, from the first to the second equality, I have used the fact that ¥ ¥ = 1
(from Eq. 3.253), from the third to the forth, the property that the determi-
nant of a multiple of the unit matrix minus a similarity transformation of a

matrix®?

is equal to the characteristic polynomial of that matrix, and finally
I have used the distributive property of determinants (for two square matri-
ces A and B, det(A B) = det(A)det(B)) and the fact that the dimensions
of M are 2N, x 2N, so that 2N, is an even number.

We thus see from the above that whenever we have a solution of p(¢) =0
we also have a solution of p(t~!) = 0. This implies that the eigenvalues
of MT M are the set of pairs {ti,tfl}, with ¢ = 1,..., N.. Using these
eigenvalues we can then rewrite the conductance 3.257 as

22 & 4
G="N - (3.260)
h 41, 42

The eigenvalues of M M are non-negative, and since they come in pairs
{t:,t;'}, we can always assume that each t; > 1.

If the length of the total scattering region is L (this is the length over which
we define the scattering properties of our sample, that may be separated into
sub-scattering regions) we can then define a localization length ¢; for each of
these eigenvalues via

t; = e2L/G (3.261)
or, equivalently,
2L
;= —— 3.262
G= o (326

50 Given two square matrices A and B, a similarity transformation of A with respect to B is
BAB~!. In our case, A = M~ M~! and B =3%.
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where we can order \; < Ay < --- < Ap,, so that (1 > (o > -+ > (n, (all
these quantities depend on the energy of the electrons).

By replacing these definitions in 3.260 we rewrite the two-probe conduc-
tance 3.257 as®!

9¢2 e p
= — — 0 . 2

We can now discuss three different regimes:

Localization regime: L > (;. The length of the scattering region is larger
than the largest localization length. If we keep the number of channels fixed,
but increase the length of the scattering region L, then one can prove that
the localization lengths (; tend to well-defined values (Pichard, 1990). The
physical reason for this is that, if in L we have a number N of scattering
regions, each described by an M; matrix, by letting the total scattering
region go to the thermodynamic limit (increase L to infinity but also the
total number N, so that their ratio is constant), then the ensemble of these
matrices has a probability distribution (hence the name random matrices),
and we can treat their effect on an electron transferring from one side of
the sample to the other as a random process. In the above thermodynamic
limit, one can then resort to a theorem known as Oseledec’s theorem — or
the multiplicative ergodic theorem (Oseledec, 1968) — which states that the
inverse of each localization length (- ! converges to a definite Lyapunov
exponent as L — 00.%?

If this holds, then from Eq. 3.263 we see that the conductance is dominated
by the largest of the localization lengths. According to our ordering this is
(1, so that in the (thermodynamic) limit

2 2
G(L) — %46’”‘1 , (up —pr) —0, 60, L—o00,  (3.264)

and in the limit of (ur — pr) — 0, the localization length (; is that of
electrons at the Fermi level.

This shows that the conductance tends to zero with the length of the sys-
tem, so that the system becomes an insulator. Note that unlike the result
511 used the definition

61‘ + 6—27

cosh(z) = 5

52 Loosely speaking a Lyapunov exponent provides a measure of how fast two solutions of the
same dynamical equation of motion, that originate from two different, but infinitesimally close
initial conditions, depart from each other during evolution.
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I discussed in Sec. 2.3.4, here the insulating character of the system is due
to quantum-mechanical localization of the wave-functions, and not to the
semiclassical scattering of an infinite 1D system.

Ohmic regime: ¢; > L > (y,. The length of the scattering region is finite,
with a value in between the largest and the smallest localization lengths.
The channels that have a localization length (.oseq € 2L are such that
cosh(2L/Ccrosed) %exp(2L/ Celosed) > 1, so that their contribution to the
conductance 3.263 is negligible. We call these channels closed.

On the other hand, for those channels with a localization length (open >>
2L, cosh(2L/(open) ~ 1 so that, from Eq. 3.263, they contribute a conduc-
tance 2¢? /h (spin included) to the total conductance, and we call them open.
Following this definition we can thus write®?

N = Ngosed 4 Noper, (3.265)
with
Ne¢
NPer =30 - 2L). (3.266)
i=1
The conductance 3.263 can then be written as
262 open

However, I have argued in Sec. 3.3.1 that the number of channels at the
Fermi level is of the order of N.(Ef) = k‘}i,_l S, where S is the (d — 1)-
dimensional cross section of the leads. If NP is only a fraction of these
channels, with this fraction determined by the ratio between the elastic
scattering length A I have defined in Sec. 2.3.4, and the length L of the scat-
tering region, namely N:.*" = N.\/L, we say the system is in a semiclassical
regime, or in the ohmic regime. The conductance is then

2¢? A 22 S
G(L):TNCZ:T T

which depends on the length of the scattering region. Apart from the ge-
ometric factor Qg/d(27)?!, this is the same result we have obtained in
Sec. 2.3.4 using the Kubo formalism within the semiclassical Drude approx-

EEE A (3.268)

imation for independent electrons.
From the above we also see the following. If the number of channels tends
to infinity with L — oo, then we cannot apply Oseledec’s theorem, since we

53 Note that this is a somewhat arbitrary separation, since a channel is neither open nor closed if
(; ~2L.
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are now dealing with infinite-dimensional transfer matrices. Nonetheless, if
the largest localization length remains finite in the thermodynamic limit,
we see from 3.263 that the conductance goes to zero, and the system is an
insulator. On the other hand, if {; diverges in such a way that the ratio
2L/(; is constant, from the same equation we get a finite conductance: the
system is a conductor.

Ballistic regime: L < (y,. From the above discussion, this means all
channels are open (N:" = N,) so that the conductance is
2¢? 2¢? 2¢?

~ S NOPeN & N~ S pde] 2
G 5 Ne o K S, (3.269)

which is independent of the length of the scattering region (see also discus-
sion in Sec. 2.3.4).

The above categories are clearly an idealization, and mesoscopic and
nanoscopic systems do not follow just one of the above classifications. In
the following chapters, when describing transport within a single-particle
picture of electrons interacting at a mean-field level, we will either consider
the ballistic regime, or in between the localization and ballistic regimes. We
will call this the quasi-ballistic regime.

3.8 Four-probe conductance in the non-invasive limit

So far, I have only considered two terminals, one on the left of our sample
and one on the right. In order to define the corresponding two-probe con-
ductance 3.70 I have also assumed that the bias V = (ur — pugr)/e is the one
ideally “measured” at the reservoirs positions.

non-invasive probe non-invasive probe

4
-

reservoir

He=H eV

nanojunction N

Fig. 3.19. Ideal probes coupled non-invasively with the leads, measuring the local
electrochemical potential at the leads.
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What if I introduce two measurement probes closer to the junction, in
the region of the leads, so that these probes can ideally measure the local
electrochemical potential in the region where they are connected without,
however, perturbing the current appreciably (see Fig. 3.19). The experimen-
tal situation I am now considering is the following: I measure the current
as that created by the scattering at the sample by carriers originating from
the electron sources, but I measure the bias along the leads.

Due to electron scattering at the boundaries of the sample, and consequent
charge accumulation and depletion on the opposite sides of the sample, there
is clearly no reason to believe that these two non-invasive probes would
measure the same bias as the one measured by the probes “connected” to
the reservoirs.

3.8.1 Single-channel case

In order to calculate the bias in the leads in this non-invasive limit I need
to calculate the charge density that accumulates in that region of space due
to scattering at the sample. For simplicity, consider first the case of a single
channel, N, = 1.

In the left lead, we have the charge of all the waves, with different energy
E, traveling from left to right, plus the charge of all the waves reflected back
to the left lead with, say, probability R(E). These are populated according
to the local distribution fr(F). In addition, always in the left lead, there
is the charge of the waves moving from right to left with, say, probability
T(E), and populated according to the local distribution fr(FE). At each
energy F there corresponds a well-defined density of states D(E) per spin
and per direction of motion (Eq. 3.48), so that the total number density

(per spin) is

from L to R from L to L from R to L
~= —~ ~—~
L= / dEDE){[ "1 + R(E) [fu(B)+ T(E) fr(E)

(3.270)
Similar considerations apply for the number density in the right lead (with
all the quantities “reversed” in directionality)

3 from R to R
f RtoL from L to R
Tom o

np = / EDE) | T+ RE) B+ T(E) (B

(3.271)
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I now assume that with the above number densities are associated two
local electrochemical potentials iy and fip (not to be confused with the
chemical potential 2.91) in the leads. This is clearly an idealization for two
reasons: (1) as discussed in Sec. 2.4, the local electrochemical potential is
the one ideally measured by a local probe in equilibrium with the system,
and which does not perturb the system’s properties appreciably. (2) Mi-
croscopically, due to the atomic geometry of the leads, all local properties
may vary appreciably within a lattice distance. The local electrochemical
potential I am talking about here is then the macroscopically averaged one
I discussed in Sec. 2.4 (see Eq. 2.99).

With these approximations, I then define

ny = 2/dE D(E) f(E — jir), (3.272)
and
g = z/dE D(E) f(E — in), (3.273)

where f(E — fi) and f(E — fig) are Fermi—Dirac distributions, like 3.14
or 3.15, with electrochemical potentials, iy and fip, respectively. In the
above two equations, the factor of 2 is not due to spin degeneracy, but due
to the two possible directions of motion — left to right, and right to left.
Note that, as in the case of left and right reservoirs, the very fact that
these local equilibrium distributions are Fermi—Dirac distributions is a very
strong assumption — see discussion of Approximation 5in Sec. 3.1. Electrons
may be “hot” or “cool” according to their direction of motion with respect
to global current flow.

Let us now Taylor-expand all the local distribution functions as in Eq. 3.57,
as well as all the transmission and reflection probabilities as in Eq. 3.65, and
work in the limit of zero temperature. In the limit of (uz — pur) — 0 (and
hence (fif, —jir) — 0) to first order in the expansion of the local distribution
functions, and zero order in the expansion of the transmission and reflection
probabilities, by equating 3.272 with 3.270, and 3.273 with 3.271 we get

—_

2(ur — ir) = (np — pr) T(Bp) = jip = pr — 5 T(Er) (nr — pr)
(3.274)

[\

2(ur — fir) = (ur —pr) T(EF) = [pr=pr+ %T(EF) (UL — 1R),
(3.275)
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from which I get
_ _ 1 1~
(ir = pr) = (1= 5T(Er) = 5T(EF) ) (hz — 1r)

= (1 =T(Er)) (pr — pr), (3.276)

where the last equality comes from the conservation of particle flux 3.54.
Equation 3.276 defines the bias in the leads
AL — BR

The current instead is still given by Eq. 3.67, which in the present single-
channel case is (spin is now included)

I= 222 T(Ep) (“L;“R) . (3.278)

With the bias in the leads 3.277, and the “reservoir current” 3.278 we can
now define the conductance

I 2¢* T(Ep)

Viewss  h 1—T(Ep)’ - 0, 60
Vow ~ B I-T(Ey = (WemeR) 00—

G4—probc =

(3.279)
which is known as four-probe conductance, precisely because two probes
measure the current, while two others measure non-invasively the bias, with
the latter being measured in the lead region. It reduces to the two-probe
conductance 3.68 — which corresponds to the bias ideally measured at the
reservoir positions — only in the limit of small transmission probability:
T(Er) < 1. In general, the four-probe conductance is larger than the
two-probe conductance.

In the opposite limit of perfect transmission, T(Er) = 1, we get

G4—probe — O] T(EF) — 1, (3280)

similar to what we found when deriving the intrinsic resistance of the sys-
tem, in the discussion of scattering at two resistors coupled incoherently
(Sec. 3.7.2). This shows that the four-probe conductance is nothing other
than the intrinsic conductance 3.247 of the scattering region, without ac-
counting for the “contact scattering” between the leads and the reservoirs.

3.8.2 Geometrical “dilution”

If the leads have a cross section W and the sample represents a narrow
constriction of cross section w (as in the experiments that show conductance
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steps — see Sec. 3.3.4), the transmission probability can be assumed to be of
the order of T ~ w/W. From Eq. 3.279 we then get*

2wy
h 1—w/W’

while the corresponding two-probe conductance, with the same approxima-

G4-probc ~ (3281)

tions would be
2e? w
Go. ~— . 3.282
2-probe h W ( )
The above shows that when the ratio w/W — 0, namely when the leads
cross section tends to infinity (while keeping the nanojunction cross section
fixed), the four-probe conductance tends to the two-probe conductance

Giprobe — Go-probe; leads with infinite cross section, (3.283)

which shows that the leads “behave” like reservoirs when their cross section
tends to infinity, in line with what I have discussed in Sec. 1.2: an infinite
system behaves like a reservoir.

It also shows that the main property of a reservoir (or bath) is the geomet-
rical dilution of degrees of freedom. There is no need to introduce inelastic
scattering for a reservoir to behave as such. When the size of a system is
infinite, any particle wave-packet “entering” this system is “diluted” into an
infinite number of degrees of freedom, without ever returning to its initial
state (infinite Poincaré recurrence time, Eq. 1.15)%0.

3.8.3 Multi-channel case

For the multi-channel case, it is now a simple matter of adding more channels
in the left lead and in the right lead. As in Eq. 3.53 let us define

N
T,=> Ty, i€l (3.284)
f=1

the total transmission probability for an incoming wave ¢ from the left lead
to be transmitted into any of the channels f in the right lead. Similarly

N}
Ri=) Ry, i€l (3.285)
=1

54 For a much more thorough discussion of this case see Landauer, 1989.

55 Note that this is true also for a 1D system connected to 1D infinite leads: there is no need for a
1D system to “open up” into a wider region so long as the electrochemical potential difference
is “measured” at the leads which due to their infinite size play the role of reservoirs (Bushong
et al., 2005).
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the total reflection probability for an incoming wave i from the left lead to
be reflected back into any of the channels f in the left lead.

The corresponding quantities for a wave incident from the right will be
labeled as T; and R;, with i now a wave from the right lead.

By repeating the same arguments of the single-channel case, I can calcu-
late the number density (per spin) in the left lead by summing over all the
initial channels

NE from L to R from L to L from R to L

. =~ —~ = —~
nL = Z/dEDv:(E) [ "1+ R(E) [fe(E)+ T(E) fr(E)
i=1

NE
= QZ/dEDy;(E) f(E - fp), (3.286)
i=1

where here D;(FE) is the density of states per spin, per direction of motion,
of each incoming channel i (see Eq. 3.48). The number density per spin in
the right lead is

from R to L from R to R from L to R

N o
=3 [EDE T+ BB alB)+ TE) fuE)
i=1
NE
:2Z/dEDi(E)f(E—/,LR). (3.287)
i=1

By Taylor-expanding the distribution functions and the transmission and
reflection probabilities, in the zero-temperature limit, to lowest order in
these expansions I finally get (use also Eq. 3.48)

1 =

pr = pr = 5 {T(EF)) (1 — pR), (3.288)
fir = pin+ 5 (T(Br) (ue — en), (3.289)
with
N & =
(T(Ep)) = Lo Tl (3.290)

NE _
Zi:cl |vi] !

the average of the transmission probabilities weighted over the inverse chan-
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nel velocities.’® Similarly

NE _
=1 Ti |vi !

>
T(Ep)) = .
B =S

Once more the electrochemical potential difference in the leads is

(3.291)

(o~ i) = (1= HUT(ERD) ~ STED) Gur— ). (3292

2
where now I cannot use the relation 3.54 for these averaged transmission
functions.
By defining the four-probe conductance as in 3.279, I get its multi-channel
version with spin included, and in the limits (up — ur) — 0, 6 — 0 (see
also Exercise 3.17)

R
G 2¢? S T
4-probe = 7 NL ~ _ NR .
b LS Tilel Tt LY Tl
NE NE
2 > it |vil ! 2 > ity |vil !

Since the transmission probabilities are real numbers between zero and one,

(3.293)

from Eq. 3.293 we see that, as in the single-channel case, the four-probe
conductance is larger than the two-probe one. The latter is reached when
all the transmission probabilities T} < 1 and T; < 1. In the opposite limit of
all transmission probabilities equal to 1, the four-probe conductance tends
to infinity as in the single-channel case.

I stress here that Eq. 3.293 (or its single-channel version 3.279) has been
derived in the limit of zero “reservoir bias” and zero temperature. If either
of these two limits is not valid one has to solve the integral equations 3.286
and 3.287 for the number density, from which one can then derive the current
and conductance. However, in most cases, this procedure can only be done
numerically.

If we repeat the same arguments on the geometrical dilution of wider
leads attached to a narrow constriction (Egs. 3.281 and 3.282), and assume
all transmission probabilities equal to w/W, we get in this multi-channel
case the four-probe conductance (assume also NF = N = NV the number

56 Note that due to the presence of terms of the type |v;|~!, these averages may contain diver-
gences corresponding to states with zero velocity (e.g., the velocities at some high-symmetry
points in the Brillouin zone of the material of the leads (Ashcroft and Mermin, 1975)). In real
materials, due to the presence of inelastic scattering, or simply imperfections of the material
itself, these singularities are likely to be smeared out (Landauer, 1989).
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of channels in the wider leads)

22 w/W
G4—probe ~ T c m, (3294)
to be compared with the corresponding two-probe conductance
2¢e? w
G2—pr0be ~ T NCVV W, (3295)

which shows once more that by taking the limit of infinite cross section the
two conductances approach each other.?”

We can expand on this result even more by realizing that the ratio w/W ~
NN /N ie., the ratio of the width of the narrow constriction with respect
to the width of the wider leads is approximately equal to the ratio of the
number of channels in the narrow constriction (as if it were infinite along
the z axis) and in the wider leads. By replacing this ratio in Eq. 3.294 we
get (Landauer, 1989)

2¢?

w
Gprobe ~ — NV <N> (3.296)
probe Ty e \NW - NN

This result shows that if the number of channels in the large leads is much
larger than the number of channels in the narrow constriction, NV > NV
the four-probe conductance reduces to

2¢2

G4—probe - T NN Ng/V > NCN, (3297)

c

a conductance that is proportional to the number of channels in the narrow
constriction, as if the latter were an infinitely long narrow wire. By changing
the width w of this wire one then changes the number of channels in a
discrete way (Eq. 3.28), and hence the conductance changes in steps. The
values of these steps, however, are not simply multiples of 2¢? /h, but contain
a correction of the order of N}V /(NV — N¥) (from Eq. 3.296), which is not
a “series resistance” but a term arising from the mismatch of number of
channels between the narrow and the wide region. This type of result is
precisely what has been found in the experiments on the 2D electron gas I
have discussed in Sec. 3.3.4 (see Fig. 3.9).

3.9 Multi-probe conductance in the invasive limit

I can now discuss the case in which our voltage probes are invasive, namely
they affect the current appreciably, but only elastic scattering occurs at the

57 1In the limit of W — oo also the number of channels tends to infinity. The ratio NV /W,
however, stays constant.
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Fig. 3.20. Multi-probe configuration with invasive probes. The ones in which we
impose the current to be zero are called floating probes.

sample. This generalization was done by Biittiker (Biittiker, 1988). An
advantage of this generalization is that it allows us to introduce dephasing
processes — while still conserving energy — in a phenomenological way. A
schematic of the system and probes I have in mind is represented in Fig. 3.20.
Two probes are “connected” to our ideal reservoirs which “drive” the current
in the system, and for consistency in notation I now call them probe 1
(corresponding to the L reservoir) and probe 2 (the R reservoir).

I assume that all other probes measure a local electrochemical potential
o, and they are connected to the sample via some ideal leads (like the
probes 1 and 2 are connected to the sample via the L lead and the R lead).
We thus expect them to perturb the current set by reservoirs 1 and 2. We
also assume that electrons in the regions to which these probes are con-
nected have local Fermi—Dirac distribution functions f,(E). As a further
simplification, we impose that current cannot tunnel directly between any
pairs of leads. The only current that we allow to flow is the one that goes
across the sample.

The choice of which probes drive the current and which ones are used to
measure the bias is clearly arbitrary. I may, for instance, assume that the
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current is driven by, say, probes 4 and 5 of Fig. 3.20, and the electrochemical
potential difference is measured, say, between probes 1 and 2.

Let us now define the total transmission function of waves incident from
a lead « from channels ¢, and transmitted into lead § into channels f,

c

Ne NP
Ts=_ > Ty, a#p. (3-298)

i=1 f=1
Due to particle flux conservation 3.54, this transmission function must
satisfy the symmetry
Top = T3a, flux conservation, (3.299)
and more generally
Z Top = Z Tsa, flux conservation. (3.300)
a#p a#p

It is now easy to generalize the current 3.55 to this multi-probe case: the
current in probe « is the difference between the current flowing into that
probe from all other probes, and the current that flows out of probe « into
all other probes:

m—g;;/ﬂwum%mm—mwmmm] (3.301)

which (together with Eq. 3.299) shows that if all electrochemical potentials
are equal, fo(E) = fz(F), Va, 8, the current 3.301 vanishes, as required.
To simplify the discussion and obtain an analytical expression for the
electrochemical potential of the probes, I will assume from now on that
any two biases Vg = (o — pg)/e are negligibly small. In addition, I will
assume that all probes have a temperature close to zero. In this limit (by
Taylor-expanding all quantities and retaining only the lowest-order terms),
Eq. 3.301 becomes
Io =" = 10 Tp(Br) = w5 Tsa(Er) (3.302)

ﬁ¢a7rh

3.9.1 Floating probes and dephasing

Equation 3.302 is most useful when one wants to introduce dephasing phe-
nomenologically, while conserving energy. To simplify the discussion, con-
sider first three probes (for instance, probes 1, 2 and 3 in Fig. 3.20). The
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current is set by the probes 1 and 2, while we let the electrochemical poten-
tial of probe 3 vary (“float”) so that the current in probe 3 is zero: I3 = 0.
These are called floating probes (sometimes also called wvoltage probes) be-
cause one adjusts their electrochemical potential so that the current flowing
in them is zero (Engquist and Anderson, 1981).

From Eq. 3.302 we then find

I3 =0 = p3 (Tig + Ta3) — p1 Tiz — po Tos, (3.303)

from which we get

iy = w1 Tiz + po a3
T3 + Tz

The sum of all currents in all probes must be zero, which is easy to see
from Eq. 3.302 (and using the symmetry 3.299), namely

> I, =0. (3.305)

(3.304)

In the present case I3 = 0, so that
L+Db+I3=L1+1=0 — I=—-D. (3.306)

We can then just compute the current, say, in probe 1. From Eq. 3.302, and
using the electrochemical potential ug, Eq. 3.304, we finally obtain

6< n T13T5:
7h \P " T3+ Tos

This result is very instructive and can be interpreted as follows. The

I = ) (1 — p2)- (3.307)

current in the absence of probe 3 is simply given by the transmission function
Ti2. Probe 3 measures the electrochemical potential ps, and it does so by
perturbing the system. This perturbation (or coupling) is proportional to
the transmission functions 773 for waves coming from lead 1 and entering
lead 3, and 733 for waves from lead 2 entering lead 3 (and the reversed
processes as well). These waves are uncorrelated: those electrons from lead
1 that enter probe 3 are not the same ones getting out of probe 3 into probe
2. This is one way of thinking about dephasing processes, which change
the single-particle phase without changing the energy of the system (see
discussion in Sec. 2.2.1).

Clearly, if either one of the probe connections is lost (1 with 3, or 2 with
3), the respective transmission functions are zero, and the current is the
same as in the absence of these dephasing effects.

The above arguments can be extended to several floating probes with elec-
trochemical potentials ug, pu4, . .. pp, such that Is = Iy = --- = Ip = 0 (still
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assuming the current is carried from probes 1 and 2). If the transmission
function between the leads of any two floating probes is zero, it is then easy
to show that the current I; is

e " TsTs
L=— |7 15-52 — 1), 3.308
1= 12 27'154-7'% (b1 — p2) ( )

This expression may be, for instance, used to simulate local dephasing pro-
cesses whose strength is defined by the transmission functions 775 and Tyg.
The latter can then be used as parameters that control the strength of the
dephasing effects.

Effect of dephasing on the current

From Eq. 3.308 it seems that the presence of floating probes always in-
creases the current with respect to its value in the absence of dephasing.
This is not always true as one can see by starting from the most general
expression 3.301. For instance, for three probes we get from Eq. 3.301 (flux
conservation implies 79 = 721 and 713 = 731)

5L = ;/dE [[i(E) = fo(E)] T2 (E /dE fi(E) = f3(E)] T31(E).
(3.309)

For a floating probe to behave as such we only need to impose that the
current at probe 3 be zero:

b= 5 [ B - £(B) Ta(B)+ 5 [ B (H(E) - A(B) Ta(B) =0,

(3.310)

which (given the temperatures in all three probes) provides us with the
electrochemical potential ug of probe 3 as a function of pi, ps, 731 and

7Th

732 (which generalizes Eq. 3.304 to finite bias and temperature). This,
however, does not make the second term on the right-hand side of Eq. 3.309
zero. Indeed, according to the value of the electrochemical potential us with
respect to p; (and also the relative temperature differences in the different
probes) one obtains different results. For instance, if probes 1 and 3 have the
same temperature, the condition us > w1 implies that the current I is lower
than the current in the absence of dephasing. The opposite occurs when
ps < p1, and dephasing actually “helps” electron motion. This scenario may
be even more complicated if the floating probes are at a different temperature
than probes 1 and 2.
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3.10 Generalization to spin-dependent transport

In all the calculations we have done so far the spin has entered only as a
degeneracy factor of 2 both in the current 3.56, and in the conductance 3.68.

In this section I want to generalize those expressions to take into account
the spin explicitly, as an independent degree of freedom. This is necessary,
for instance, when we consider the interaction with an external magnetic
field, or the lead material is ferromagnetic.

As I have discussed in Sec. 2.5.2, in the presence of spin interactions, such
as spin-orbit coupling, or coupling of the electrons with nuclear spins, the
total electronic spin S is not a good quantum number, and one cannot, in
principle, separate the current into spin components. Following the same
arguments as in that section, I will neglect such effects on the basis that the
spin relaxation is generally “slow” compared to any other time scale in the
system.58

In the spirit of the single-particle Landauer picture we have developed, I
will still assume that electrons may only interact at a mean-field level both
in the leads and in the scattering region. I am then only concerned with the
effect of a static magnetic field on the spin transport of these “mean-field
electrons”. At the end of this section, I will briefly discuss two possibly
important many-body effects, which may modify the spin conductance in
nanoscale junctions, even in the absence of a magnetic field.

=
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Fig. 3.21. In order to develop a scattering theory of conduction in the presence of
a magnetic field B, we assume that the field acts only in the region of the sample,
and does not perturb the states in the leads.

If a static (not necessarily uniform) magnetic field B(r) is present, by
neglecting any relativistic effect, I need to modify the Hamiltonian 3.13 as

58 This approximation may not be valid for all nanoscale systems, and thus needs to be handled
with care case by case (see also Sec. 3.10.3).
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follows (see also Sec. 2.3)

Hs(B) = o [-ihv ~ CA() L V() + g0 %& B(r),  (3.311)

where A(r) is the vector potential associated with the field,
B(r) =V x A(r), (3.312)

6 = (64, 6y, 6,) (with S = %6 /2) are Pauli matrices (see discussion in
Sec. 2.5.2), up = |e|h/2me = 0.579 x 10~% eV /G, is the Bohr magneton,
and gg is known as the g-factor. Its value is close to 2.

Hamiltonian 3.313 is the Pauli limit of the relativistic Dirac equation
when one neglects terms of order v?/c?, with v the electron velocity and c
the speed of light (Messiah, 1961). Due to the two possible electron spin
components in any given spatial direction, Hamiltonian 3.313 acts on spinors
(two-component wave-functions) not simple scalar wave-functions. However,
we can simplify further if we assume the spin is spatially oriented with the
local external magnetic field. The scalar product in 3.313 then just separates
into the two projections of the spin on the local orientation of the field.%”

With this approximation the Hamiltonian Hg separates into two distinct
Hamiltonians of the type

Hy(B) = o [-nV — SA@] + V)t s o B, (3313)

with s = £+1/2. The eigenstates of this Hamiltonian will then acquire a
quantum number s, in addition to the other quantum numbers

H(B)|[Wir, s) = BV, ). (3.314)

In order to develop a scattering theory in the presence of a magnetic field,
I also have to assume that the field only extends over the region of the
sample I am interested in, namely (see Eqs. 3.17 and 3.18)

. s 1 . e 2
Jim = [—mv ~ AW + Vi), (3.315)
so that the influence of the field does not carry over deep into the leads
(see Fig. 3.21). However, we know that even if we impose the field to be
zero in a given region of space, its influence on the electron dynamics still
persists due to the presence of the vector potential in the kinetic part of the
Hamiltonian. Indeed, imposing B = 0 in the leads does not mean that the
%9 Here we are also neglecting any magnetic screening effect, and magnetic currents (see discussion

in Sec. 1.2).
60 This approximation is valid, for instance, if the spatial variation of the magnetic field is slow.
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vector potential A is also zero in that region (that is why I had to keep it
in 3.315%0).

At first sight, this seems quite an annoyance, since we cannot carry over
all the theoretical apparatus of transverse modes we have introduced in
Sec. 3.3.1, namely we cannot write the eigenstates of 3.315 into the product
of a transverse and a longitudinal component (see Eq. 3.22).52 Here, gauge
invariance comes to the rescue. This invariance tells us that a given vector
potential A can be transformed into another vector potential A’ via

A'(r) = A(r) + VA(r), (3.316)
with A an arbitrary scalar function of position.%?

Thanks to this freedom, we can now choose the vector potential oriented
in the longitudinal direction only, even if we have many leads (Baranger and
Stone, 1989). For instance, we can choose the vector potential in each lead
as

(AI’AZ/’AZ) = (_By7070)7 (3317)

which is equivalent to a constant magnetic field in the z direction, and a
divergence-less vector potential. With this choice of gauge, the eigenstates
of 3.315 can now be written in the form 3.22.

In the following, we will assume the above gauge transformation has been
done for each lead, so that we can define transverse modes in the lead re-
gions. We can now solve the scattering problem of a single particle scattered
by the sample potential in the presence of a magnetic field acting only in
the region of the sample. For the last step we just need to determine the
scattering potential in the presence of the field, and plug this potential into
the Lippmann—Schwinger equation 3.117. This is easily done by writing ex-
plicitly all terms in the Hamiltonian 3.315 that contain the vector potential.

Equation 3.314 thus becomes

h2
[_Zm V2 + V(r)] Wik, s(r) + /dr’ VBs(r, v )Wy, s(r') = E Uy, 5(r),
(3.318)

61 A typical example of this is the Aharonov—Bohm effect, where the quantum dynamics of a
charged particle is affected even in regions of space of zero magnetic field (see, e.g., Sakurai,
1967).

62T call this simply an annoyance because I can still diagonalize 3.315 and use those solutions as
my initial scattering states in the leads. Their physical interpretation in terms of left and right
moving waves, however, is a bit trickier.

63 In the present time-independent problem the scalar potential is identically invariant, because
A is independent of time.
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where

ie e’
Vg s(r,r') = % [A(r) + A(X)]-Vé(r—1)+ . A%(r)6(r — 1)
+up go s B(r) 6(r — 1), (3.319)

as can be shown via direct substitution into 3.318. The potential 3.319
is non-local, so that the Lippmann—Schwinger equation 3.117 needs to be
modified into

Vi, (1) =t (x) + / dr’ / dr" Gy (r,x', B) Vi (', x") ¢y, (x) (3.320)
with
Vi s(r,x') =V (r) + Vi s(r, 1) (3.321)

the total scattering potential, sum of the local potential V(r) and the non-
local one 3.319.90 Gf (r,r/, E) are the positional matrix elements of the
retarded Green’s function

1

G (E) = -
5.+(F) E +iec — H:(B)

associated with the full Hamiltonian 3.313. Note that I have assumed the
“unperturbed” scattering states i, (r) to be independent of the particular

~

(3.322)

spin orientation, in line with my choice of no magnetic field effect in the
leads (the electrons are spin unpolarized in the leads). If electrons are spin
polarized in the leads (for instance, in the case of ferromagnetic leads) the
states ;. (r) carry a spin quantum number as well.%%

The potential Vg (r, 1) satisfies the following symmetry

Vé”s(l‘,l‘/) = VLB,—S(rlvr)a (3323)

647 is non-local but Hermitian (Exercise 3.18).

65 For instance, for a nanojunction sandwiched between two ferromagnetic leads, in the absence
of a magnetic field, the transmission coefficient depends on the relative magnetization of the
two ferromagnets. For parallel magnetization, the total transmission coefficient is (Zwolak and
Di Ventra, 2002)

T=Ty+1T1,,

with T3¢ the transmission coefficient of majority-spin electrons in one lead (say the left lead)
scattered into majority-spin states in the other lead (and similarly for the minority-spin elec-
trons transmission coefficient 7). When the magnetization of the two ferromagnets is anti-
parallel, majority-spin electrons in the left lead scatter into minority-spin states in the opposite
lead (now oriented as the majority-spin states of left lead), with transmission coefficient 77, .
Similarly for minority-spin electrons in the left lead. For identical leads 73] = 7|t so that the
total transmission coefficient for the anti-parallel magnetization is

T =2T;,.

This transmission coefficient is usually smaller than for the parallel magnetization case, so that
the two resistances (R4 for parallel magnetization, and Ry for anti-parallel magnetization)
are different. By changing relative magnetization, one thus realizes a spin valve characterized
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which is easy to demonstrate by recalling the property of the derivative of
the o-function, §'(—x) = —d'(x), and that by changing the sign of B, we
change the sign of A as well. Given this property, and the definition of the
retarded Green’s function 3.322, we find that the latter (and corresponding
advanced Green’s function Glg (&) does not satisfy the property 3.176 any
longer. Instead, one gets 7

G;S(r, v E) = Gj_EB,_S(r’, r,E), in the presence of a magnetic field.
(3.324)

3.10.1 Spin-dependent transmission functions

Within all the above approximations and assumptions, it is now straight-
forward to generalize all the results I have developed for spin-unpolarized
electrons to the present case. Each quantity, whether a transmission or
reflection probability, or a transmission function, depends now on a spin
index, and is a function of a magnetic field B, in addition to its dependence
on bias. I can then redo all calculations from Sec. 3.3.1 on, with just the
caveat that the total current now contains a diamagnetic contribution (see
Eq. 1.25). Equation 3.37 for the state 3.320 then reads

I(E;) = (U, MW L)

= — d d
21m/ y/ z

_/ dy/ dz [ W, ()] Au(r) W, (). (3.325)

oW (r) Al (r)]*
P #ikis\ ) gy (ks
e

For instance, we can define the transmission function per spin for waves
moving from right to left

NE NE

T, (B,B) =S S T5(E,B) =Y TH(E,B)  from RtoL, (3.326)
i1 f=1 i

with Tff(E) the transmission probability of an incoming wave in channel ¢
in the left lead to be transmitted into an outgoing wave in channel f in the
right lead.

by a magnetoresistance
_ B — By
Ryt + Ry
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The same quantity can be defined for waves moving from left to right

NL NE NE
Tir(E,B) =Y > T5%(E,B)=> T/(E,B) from L to R. (3.327)
i=1 f=1 i=1

If we also assume that the local Fermi distributions 3.14 and 3.15 do not
depend on the spin polarization,’® the total current is, from Eq. 3.56,

1=% [AE1(E) - fn(B) T(E.B) (3.328)

with
T(E,B) = Tpn(E,B) = T, (E,B) + T, ;*(E, B) = Tp,(E, B), (3.329)

the total transmission coefficient of both spin components. The last equality
comes from particle flux conservation (Exercise 3.19).

From Eq. 3.328 and definition 3.68 of two-probe conductance in the limit
of zero temperature and zero bias we get, in the presence of a magnetic field

T 2
G=1 = %T(EF,B); (ur — pr) — 0, 0 — 0, (3.330)

while the general definition for finite bias and temperature remains the same
as in 3.70 with the only difference that now the current is given by Eq. 3.328.

3.10.2 Multi-probe conductance in the presence of a magnetic
field
Similarly, we can extend the discussion of multi-probe conductance in the
presence of a magnetic field located in the region of the sample, when invasive
probes are present. Given any two probes « and 3, we define the total
transmission function per spin

Ne N/

23(E,B) =Y T (E,B), (3.331)

i=1 f=1
which, due to current conservation, must satisfy the relation

66 This is quite a strong approximation: we need to assume that both the charge and the spin
relax to an unpolarized local equilibrium distribution.



196 Landauer approach

and by extension of Eq. 3.300 and 3.302 to the magnetic case, we also have

> Tos(B) = Tp(B) flux conservation, (3.333)
a#0 a#l
and
e
I, = ; — 1o Top(Er,B) = p5Tpa(Ep, B)). (3.334)

An interesting result of all the above is that, in linear response, if one
reverses the magnetic field at the same time as the current and the voltage
probes one employs to define the resistance, the latter remains unchanged
(this is one form of Onsager’s relations of systems close to equilibrium
(Balian, 1991)).

To illustrate this, let us consider, as in Sec. 3.9.1, several probes. For
simplicity consider only four probes, two of which (say numbers 3 and 4)
are floating, i.e., I3 = I4 = 0, and measure the resistance

R3(B) = (“36_[1"4) (3.335)

with I; = —I5 the obvious generalization of 3.308 in the presence of a mag-
netic field for the current measured in lead 1, driven by the electrochemical
potential difference between p; and pe, but in the presence of probes 3 and
4.

We can also make the probes 1 and 2 float (I; = I» = 0), and define the
resistance in terms of their electrochemical potentials, while measuring the
current Is = —1I at probe 3

Riz(B) = W 1), (3.336)
613
The Onsager relation then reads (Exercise 3.20)

Ri3(B) = R3i(-B), (3.337)

and it has been verified experimentally (Benoit et al., 1986).

As in the absence of a magnetic field, the generalization of these relations
to finite biases and temperatures is not obvious, which shows once again the
difficulty in deriving general properties of systems out of equilibrium.

3.10.3 Local resistivity spin dipoles and dynamical effects

In the above, I have completely neglected any electron interaction which
cannot be treated as contribution to the single-particle transmission prob-
abilities. As anticipated in Chapter 1, nanoscale systems are characterized
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by large current densities so that electron interactions play an important
role. Here, I need to distinguish two effects.

Local resistivity spin dipoles

We have seen in Sec. 3.2 that, due to the finite probability of electrons being
reflected at the nanoscale junction, the self-consistent charge distribution
forms local resistivity dipoles, i.e., dipoles of local charge at the boundaries
of the junction, and for an extended junction, in its interior.

1
local resistivity spin dipoles 8§ = — transmission

2

I )
global flow ‘\@ 7

H o+
e K D " +\
g \/ v
T
reflection S = ——  local resistivity spin dipoles

Fig. 3.22. In the case of spin-dependent transport, charge accumulation at the
sample boundaries or in its interior is accompanied by spin accumulation, creating
local resistivity spin dipoles.

In the case of spin-dependent transport, the same dipole is now both a
charge dipole and a local resistivity spin dipole (Mal’shukov and Chu, 2006),
namely one has an accumulation of spins of one polarity on one side of the
junction, and a depletion of spins of the same polarity on the other side of
the junction (see Fig. 3.22). This means that if one considers two different
spin currents — say one moving in one direction and the other moving in the
opposite direction — these two currents interact with each other via Coulomb
interaction. If this interaction is strong, under certain conditions we may
also expect one of the two spin currents to be blockaded, since minority spin
electrons may impede majority spin electrons to cross the nanojunction (see
also Sec. 4.5).57 This effect has not received much attention yet.

67 A similar phenomenon occurs when one extracts electrons from a semiconductor to a ferromag-
net with 100% spin polarization: the minority spins accumulate at the interface between the
semiconductor and the ferromagnet to such an extent that they may block the extraction of
majority spins (Pershin and Di Ventra, 2007).
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Dynamical spin resistance

A second effect is related to the true electron dynamics in nanojunctions,
and the electron wiscosity, a many-body effect beyond the single-particle
mean-field theory of this chapter.

As I will show in Chapter 8 the electron liquid behaves to some degree like
a classical liquid, with an effective viscosity due to Coulomb interactions.
This interaction creates a friction between the two spin components which
contributes to the total resistance of the system. In Sec 8.4 I will estimate
this resistance for the spin-unpolarized case (in the linear-response regime)
using time-dependent current-density-functional theory. Here, I just stress
that this effect — which is not elastic — has received little attention so far,
but contributes to the total resistance of nanoscale systems.

3.11 The use of Density-Functional Theory in the Landauer
approach

As for the Kubo approach (Sec. 2.3.2), I want to discuss here the use of
density-functional theory (DFT) in the Landauer approach. In the present
context, by DFT I mean its ground-state form (Appendix D), which is what
is used in static transport problems.

The present literature on the subject is vast and dates back to the first cal-
culations of steady-state transport in atomic and molecular junctions carried
out using the scattering approach I have described in this chapter (Lang,
1995; Di Ventra at al., 2000; Xue et al., 2001; Damle et al. 2001; Palacios at
al., 2002). It is not my intention to review the literature, only to point out
the general procedure used, and the fundamental limitations of employing
ground-state DF'T within this approach.

As I have discussed in Sec. 3.1, Approzimation 4 of the Landauer approach
requires the use of mean-field Hamiltonians. As an approrimation one can
then use Hamiltonian 3.12 from ground-state DFT (see also Appendix D),
which I rewrite here for convenience

h?
Hg = Hgg(r) = _%vz + Vi (1) + Vie(r) 4 Ve (1), (3.338)

with Vi the Hartree term 3.11, and V,.(r) a static exchange-correlation
potential (which may even assume to know ezactly). Ve, is the effective
potential describing the confinement of the electrons in the lead-junction-
lead system, as represented by static electron-ion potentials (see Eq. 6.4 in
Sec. 6.1.1), plus the non-local potential 3.319 if one includes a magnetic

field.
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One can then solve the Lippmann—Schwinger equation 3.104 directly, with
the scattering potential represented by the sum of the above terms. The
total current is then calculated via Eq. 3.37 integrated in energy according
to Eq. 3.56. Equivalently, one can solve for the Green’s function 3.156 with
an appropriate “central” region, and evaluate the self-energy 3.151 for the
“contact” between the left lead and the central region, and similarly for the
right lead. The total current may then be calculated using Eq. 3.229.

As I have shown in this chapter, the above two procedures are exactly
equivalent in the present effective single-particle problem. Both are equiva-
lent ways of calculating the current within a single-particle scattering theory
of conduction.

Self-consistency

Whatever the preferred route chosen, due to the presence of the Hartree
potential, one needs to solve the problem self-consistently via the coupling
with the Poisson equation

V2¢(r) = —4men(r), (3.339)

with ¢(r) the electrostatic potential 2.94, and n the total number density.

Since the ground-state density can be determined, in principle, exactly
using static DFT, if one knows the exact functional (see Appendix D), it
is actually more convenient to calculate the ertra number density on(r) =
n(r)[V] — n(r)[V = 0] induced by the presence of a bias V, and the corre-
sponding electrostatic potential difference d¢(r), via

V25¢(r) = —4me dn(r). (3.340)

Starting with a guess of this potential, one can then iterate the calcula-
tion of the Lippmann—Schwinger equation (or Eq. 3.156), by computing the
new potential (including the new exchange-correlation potential V), from
which a new density can be determined, and hence a new potential. And so
on and so forth, until self-consistency in the density, or potential, is reached.

Non-variational properties of the current

To the above considerations, I add one more that has implications in practi-
cal calculations of the electrical conductance: the average current is generally
not a variational quantity (Yang et al., 2002). This means the following.
Consider a Hamiltonian H , and its ground-state wave-function |¢gg). De-
note with [¢)) an arbitrary wave-function in the Hilbert space of the system,
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and construct the functional

Eljy)] = ER) (3:341)

(Yly)
One can then easily prove the following wvariational theorem of quantum
mechanics (Messiah, 1961): the ground-state energy of the system Egg =
(Vas|Hwas) is always smaller than E[[y))]

EllY)] = Ecs, (3.342)

with the equal sign only when the wave-function |¢) coincides (up to a
phase) with the ground-state wave-function |¢¢gg).

This is a very powerful tool in practical calculations of the ground-state
properties of a given system, because one can use a finite set of trial wave-
functions, which may depend on some parameters (for instance, one can
choose the set of plane waves (r|iy) = X7, with {k} a finite set of wave-
vectors), and vary these wave-functions in such a way that the energy E[|1))]
evaluated from these trial wave-functions approaches the ground-state en-
ergy Egg (in the case of plane waves, by increasing the range of k vector
values).

With the above theorem, the “quality” of a given set of trial wave-functions
to represent the ground-state energy, with respect to another, is easy to
check. If a new set of trial wave-functions provides a larger value of the
energy with respect to the previous one, it is a “worse choice” than the
previous set.

A variational theorem does not generally hold for the electrical current,
even at steady state,%% and this represents a serious limitation in practical
calculations.

For instance, if one chooses to work within the Landauer approach, and,
in practical computations, represents the scattering wave-functions \\Il:%z) as
a linear combination of a (necessarily) finite basis set, the approach to the
asymptotic value of the current I(E;) = 6@’;2;,- 11 \\I/ﬁ7> with increasing num-
ber of elements in the basis set, does not occur variationally — the current
may “fluctuate” above and below the asymptotic value I(E;) with increas-
ing number of elements in the set (Yang et al., 2002). This means that the
“quality” of a given set of trial wave-functions cannot be easily determined
as in the ground state. For instance, a set of trial wave-functions which
68 A minimum principle still applies to the scattering amplitudes for a spherically symmetric

potential at zero energy for the very special case when (i) a single s-wave channel contributes

to scattering at that energy, and (ii) the potential does not support bound states or, if it does,

the radial part of the Hamiltonian has negative expectation value on the bound states trial
wave-functions (Schwinger, 1947).
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gives a reasonable account of the ground-state energy Egg, may not be an
equally good choice for the calculation of the current.

Fundamental limitations of ground-state DFT in transport
The above procedures still do not answer the fundamental question:
How accurate is a ground-state DF'T calculation of conductance?

I am asking here the question with respect to the true many-body current
evaluated for a well-defined nanojunction. I am not comparing directly with
experiments, because the currents there contain many effects — which I will
discuss in the next chapters — not just the elastic ones discussed here, and
may actually relate to microscopic structures of which we do not know all
the atomic details. This is a very important point, not always appreciated
in the literature.

While in mesoscopic systems a few-atom difference in atomic geometry
may not affect the current considerably, in nanoscopic systems a single-
atom change in the microscopic configuration of the junction, or even the
presence of unintentional dopants in proximity to the junction, may lead
to large differences in the total current (see, e.g., Yang et al., 2003); a fact
that has also been shown experimentally (see, e.g., Cui et al., 2003). The
main reason for this behavior is the partial electronic screening in nanoscale
systems, with consequent large variations of the electrostatic potential at the
nanostructure, and the sensitivity of this potential to microscopic (atomic)
details.

So, given a well-defined nanostructure, how different is the current evalu-
ated using ground-state DFT (even if we know the ezact ground-state func-
tional) within the Landauer approach, from the current the true many-body
system develops in time (namely the current 1.86)?7 The answer is: we do
not know!

The reason has nothing to do with whether we know the exact ground-
state functional or not. Even if we assume that Approzimations 1 —5 of the
Landauer approach provide an acceptable description of the dynamics of the
true many-body system in an ideal steady state, by employing ground-state
DFT (even with the exact functional) we are effectively using a ground-
state theory for a non-equilibrium problem. For instance, as I will discuss
in Sec. 8.4, ground-state DFT cannot capture dynamical properties of the
electron liquid, such as its viscous dynamics.

This is reflected in the fact that, unlike the generalizations of DFT to
dynamical problems (see Chapter 7 and Appendices E, F and G), there is
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no theorem that guarantees that the total current calculated with ground-
state DF'T is the same as the true many-body current. Not even in the limit
of zero bias.

Indeed, as I have discussed at length, and emphasized once more in this
chapter, even in the limit of zero bias, the current is not a ground-state
property (see, e.g., the discussion in Sec. 2.3 regarding the Kubo approach).
Therefore, the use of ground-state DFT in combination with the Landauer
approach must be understood as a type of mean-field approximation, even
if we know the exact ground-state functional.®?

Nonetheless, in specific cases, such as transport properties of metallic
quantum point contacts (see Sec. 1.1), the current obtained within this ap-
proach is very close to the experimental values (Di Ventra and Lang, 2002).
While this may be taken as a demonstration of the validity of ground-state
DFT in transport problems, it is fair to say that the same results may be
obtained without DFT, and in many cases, even without the Hartree inter-
action at all, namely within a true non-interacting electron picture.

I will show in Chapter 7 that the above issues do not appear in the dy-
namical formulations of DF'T (whether for closed or open quantum systems):
the total current obtained using the dynamical versions of DFT is ezactly
equal to the total current of the true many-body system, if one knows the
exact dynamical exchange-correlation potential. This fundamental result
can be used to develop new approximate functionals (as always, the exact
functional is unknown), and represents a solid starting point for developing
exact theories of electrical conduction.

Summary and open questions

In this chapter I have introduced a single-particle scattering approach to
steady-state transport, known as the Landauer approach. This approxi-
mates the true non-equilibrium problem according to the following assump-
tions:

e The junction is connected to a pair of defect-free metallic leads, each of
which is “connected” to its own distant infinite heat-particle reservoir.
The pair of reservoirs — that are not, however, dynamically coupled to the
system — represents the battery.

e Each reservoir defines the electrochemical potential appropriate to the

69 In the same vein, there is currently much discussion on improving ground-state DFT func-
tionals to capture phenomena, such as the Coulomb blockade (see Sec. 4.5). Once again, these

“improvements” miss the very fundamental (non-equilibrium) nature of the transport problem,
and cannot thus answer the posed question satisfactorily.
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bulk of that reservoir and a local Fermi distribution according to which
single-particle states are populated.

e Each “injected” electron is then assumed to travel undisturbed down the
respective lead to the junction, where it is scattered and is transmitted,
with a finite probability, into the other lead.

e From there it flows, without further disturbance, into the other reservoir.

The reservoirs are conceptual constructs that allow us to map the trans-
port problem onto a truly stationary scattering one, in which the time deriva-
tive of the average total current, and of all other local physical properties of
the system, is zero. By doing so, however, we arbitrarily enforce a specific
steady state whose microscopic nature is not, in reality, known a priori.

The above construct can only capture mean-field properties of the electron
dynamics. It is thus very plausible in the case of non-interacting electrons.
In the case of interacting electrons, however, it is not at all obvious that the
steady state in the Landauer picture is the same as that which would be
established dynamically by the electrons originating from the battery and
flowing across the junction. It is also not obvious whether the same steady
state can be reached with different initial conditions or if it can be realized
with microscopically different many-body states (Di Ventra and Todorov,
2004).

Finally, I have pointed out that the use of ground-state DFT in the Lan-
dauer approach must be interpreted as a type of mean-field approximation,
even if the exact ground-state exchange-correlation functional is known.
Ground-state DFT — and in fact the Landauer approach itself — misses some
dynamical properties of the electron liquid; properties that are specific to
the true non-equilibrium many-body nature of the transport problem. I will
come back to all these issues in Chapters 7 and 8.

Exercises

3.1 Show that from the current density operator 1.22 one gets the form
3.37 for the total current.

3.2 Prove Egs. 3.104 and 3.105.

3.3 Additivity of the Lippmann—Schwinger equation. Consider
two scattering potentials V7 and Vo and construct the potential
V = V1 4+ V4. Prove that the Lippmann—Schwinger equations 3.117
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3.4

3.5

3.6

Landauer approach
and 3.118 satisfy the additivity property
() = (U (E) + G BV ()
= ¥ (E) + G (B (B))
+GTT(E)R|E N (E),  (E3)

namely, the actions of these two potentials can be added separately.
Principal-value Green’s function. Using the identity

1
T + ie

_ p% — imd(x), (E3.2)

with P the Cauchy principal value
1 ta o q - 1 o
P—=P dmzlim{/ d:z:—i—/ d:c}, (E3.3)
x —a x 0|/, x te T

show that the time-independent retarded and advanced Green’s func-
tions may be written as

GE(E) = PE ! 7 ¥ ind(E — H) = GP(E) Find(E — H), (E3.4)

where
6(E—f[)|\IJ(E')> =0(E — E)|V(E)). (E3.5)

The quantity G¥(E) is known as the principal-value Green’s func-
tion. With this relation, show that the density of states operator
can be written as in Eq. 3.124.

Using the resolution of the identity 3.122 show that for any arbi-
trary state |U)

400
/ dE (U|D(E)|®) = 1. (E3.6)
—0o0

Bound states. Consider the Lippmann—Schwinger equations 3.117
and 3.118. If we set the incoming and outgoing solutions to zero, no
propagating states exist. However, one can still obtain bound-state
solutions. Determine the condition for the existence of bound states.
Free-particle Green’s functions. Prove Eq. 3.131 and extend the
result to a free particle in three dimensions. Show that in this case
the positional matrix elements of the retarded and advanced Green’s
functions are (with E = h?k?/2m and k > 0)

m 6:|:ik|r—r’|
G(:)t(r7r/7E) = —WW (E37)
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3.11
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Green’s functions of semi-infinite leads. Consider the sim-
plest nearest-neighbor tight-binding representation with a constant
hopping integral ¢ (Sec. 3.5). Use the spectral representation 3.123
to show that the retarded and advanced Green’s functions of semi-
infinite leads are

1 : y
Gi(rm rys, E) = _Z Z Ua (rj_n)eilku dua (an’)v (E3'8)
«

where |u, ) are the transverse solutions of Eq. 3.21, d is the longitudi-
nal lattice distance, and k, is the longitudinal wave-vector, solution
of Eq. 3.24. (Hint: Realize that at the bounded edge of the leads
the wave-functions have to vanish.)

Write Eqgs. 3.221 and 3.222 in the simplest nearest-neighbor tight-
binding representation with constant hopping integral ¢. Referring
to the self-energies 3.167 show that relation 3.225 is satisfied.

1D versus 3D free-electron density of states. Use the 1D
free-electron Green’s functions 3.131 and 3.134 to calculate the local
density of states

(x| D(B)[r) = :r”;_l\/;TE E>0, (E3.9)

which is independent of space. Redo the calculation for a free particle
in three dimensions and show that

(r|D(E)|r) = V2mE, FE>0. (E3.10)

m
2213
Using the scattering solutions 3.174 and 3.175 show that the S matrix
can be equivalently written as

(WS (B (E)) = Sy (E)3(E — B). (E3.11)

Unitarity of the & matrix. Use the relations 3.44, 3.45, 3.46
and 3.47 to prove that

Sst_gté—1 (E3.12)
Using the unitarity of the & matrix prove that

rel 477 =rTp 477 = iNcLXNcL’

et = 2 = Ty,

rrt st =t 7 7T 5 = ONCLxN(Bv
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3.13

3.14
3.15

3.16
3.17
3.18
3.19
3.20

3.21

Landauer approach

where 1 and 0 are the unit matrix and a matrix with all elements
zero, respectively, with dimensions given by the subscripts. Derive
from these the current conservation relations 3.44 and 3.45. Using
also Eqs. 3.46 and 3.47 derive Eq. 3.54.

Optical theorem. Show that the & matrix and the T' matrix are
related via

S=1-2niT. (E3.14)

Using the unitarity property of the & matrix prove the optical

theorem

1 - ~ A Ay o~
5i(TT —T)=—aTTV = —7T'T. (E3.15)

Derive Eq. 3.217.

Pseudo-unitarity of the transfer matrix. Using the unitarity
of the & matrix 3.209 prove that the M matrix is pseudo-unitary,
Eq. 3.252. Show that pseudo-unitarity of the transfer matrix implies
the current conservation relations 3.44 and 3.45.

Prove relation 3.255.

Derive Eq. 3.293.

Prove that the non-local potential 3.319 is Hermitian.

Show that particle flux conservation implies Eq. 3.329.

Onsager relation and the § matrix. Prove Eq. 3.337. Show also
that due to relations 3.332 the & matrix satisfies

S(-B) = [S(B)]?, (E3.16)

with the symbol T indicating the transpose of the matrix. Equa-
tion E3.16 is equivalent to the Onsager’s relation 3.337.

The transfer Hamiltonian approach. (Bardeen, 1961) Refer to
Fig. 3.11 and consider a Hamiltonian of the type

gZFIL—}—ﬁR—}—ﬁT, (E3.17)

where H r.r describe the Hamiltonians of the semi-infinite left and
right electrodes, and Hp is called the tunneling Hamiltonian and
connects the states of the two electrodes. The electrodes are biased,
with V the bias. Take for simplicity the electrodes to be translation-
ally invariant in the y, z direction (i.e., in the direction perpendicular
to current flow). Call x, the position of the contact between the left
electrode and the central region and xzp the position between the
central region and the right electrode. Assume that the tunneling
Hamiltonian describes a potential barrier U(z) of width d. Work
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within a single-particle picture, and assume that the wave-function
inside the leads is

‘ 2
\I,%cads _ \/;el(ky y+k. 2) sin(k, z), (E3.18)

with L some normalization length. Inside the barrier consider the
WKB approximation (see, e.g., Messiah, 1961)

. 1 /2 . »z
whrer = [ el utke D LIy < < g, (B3.19)

where k, = | /2m(U(x) — &} — k2)/h.

The left and right electrodes are independent of each other so
that the above are good solutions for the left electrode alone when
x < xR, and for the right electrode alone when x > xy.

The transition probability for an electron to transfer from one
initial state |¢) of one electrode to a state |f) of the other electrode
can be estimated using perturbation theory via (see also Sec. 6.2.1
of Chapter 6)

21
P = ?yMifP(s(Ef —E)), (E3.20)

with E; and Ey the energies of those states, and M;; the transfer
matrix element. Show that this matrix element can be written as

h? L0Uy 0T
Mif—zm//dydz < Con ‘Pax>

where @ is any point inside the barrier. Show also that this ma-

: (E3.21)

r=a

trix element decays exponentially with the barrier width d. Finally,
prove that the current flowing from one electrode to the other can
be expressed as

e Z Mg [£(E:) — F(Ey — eV)]

x th(Ei) Df(Ef —eV)o(E; — Ef), (E3.22)

with f(E) the Fermi—Dirac distribution function, and D(E) the
density of states.

Non-variational properties of the current. Consider the fol-
lowing functional (Yang et al., 2002)

Al = =5 (E3.23)
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where the Green’s function Gy and potential V are those appearing
in the Lippmann—Schwinger equations 3.117 and 3.118, with |¥g)
either an incoming or an outgoing state. Call |¥) a general solution
of these equations. Show first that if |x) = ¢|¥), with ¢ a proportion-
ality constant, then A[|x)] = (¥o|V|P¥). In this case, the functional
A is proportional to the scattering amplitude in the limit of h1gh
energies and /or weak potentials (the 7" matrix, Eq. 3.187, is T~V,
in those limits). Now, demonstrate that for any arbitrary variation
of |x) of the type

) = e ®) + ) (E3.24)

the functional E3.23 is stationary. Stationarity does not imply a
minimum or a maximum of the functional. This thus shows that the
current (which is proportional to the modulus square of the scatter-
ing amplitudes, Eq. 3.186) is not necessarily a variational quantity.



4

Non-equilibrium Green’s function formalism

Within the Landauer approach to conduction discussed in the previous chap-
ter, electron interactions have been included only at the mean-field level.
This is quite a strong approximation, especially in nanojunctions, where
large current densities are common. I therefore want to go beyond this level
of description.

I can follow two different routes. (1) I can develop a functional theory
of quantum correlations via time-dependent effective single-particle equa-
tions, as I will do in Chapter 7 where I will use dynamical density-functional
theories within the micro-canonical approach to conduction. (2) I can try
to solve the time-dependent Schrodinger equation 1.16 — or its mixed-state
version, the Liouville—von Neumann equation 1.60 — directly.

Written this way, this last proposition seems hopeless. In reality, we can
employ a many-body technique, known as the non-equilibrium Green’s func-
tion formalism (NEGF), also referred to as the Keldysh formalism (Keldysh,
1964; Kadanoff and Baym, 1962), which allows us, at least in principle, to
do just that: solve the time-dependent Schrédinger equation for an interact-
ing many-body system exactly, from which one can, in principle, calculate
the time-dependent current. This is done by solving equations of motion for
specific time-dependent single-particle Green’s functions, from which the
physical properties of interest, such as the charge and current densities, can
be obtained.

I have stressed the term “time-dependent” several times, because, as I
will show in a moment, the NEGF is “exact” only when one solves the
time-dependent Schrodinger equation for a closed quantum system, subject
to deterministic perturbations: the system is closed but not necessarily iso-
lated. These perturbations may drive the system far away from its initial
state of thermodynamic equilibrium (Keldysh, 1964).

Specific cases, such as steady-state transport, are usually described within

209
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the NEGF by making almost all the assumptions and approximations we
have employed to develop the Landauer approach. Therefore, apart from
the — surely non-trivial — addition of interactions in the sample beyond
mean field, which represents the main application of the NEGF to transport
problems, we cannot say that, in these cases, this approach is more “exact”
than the Landauer one with respect to the dynamics of the true many-body
system (see discussion in Sec. 3.1 regarding the loss of information in the
Landauer approach).!

So, how do we proceed? We follow steps similar to those we have used
in the Kubo formalism of Sec. 2.3 to determine the response of a closed
quantum system to an external time-dependent perturbation. The major
difference with the Kubo formalism is that we do not limit ourselves to
weak perturbations (linear response), but we calculate the full response to
all orders of perturbation theory.

Here, the term “perturbation” refers to many-body perturbation, so that
the NEGF can be strictly applied only to those physical systems and pro-
cesses where many-body perturbation theory holds. Examples of problems
beyond standard many-body perturbation techniques are the Kondo effect,
i.e., the entanglement of a localized spin with the spins of nearby conduc-
tion electrons (Kondo, 1964), or the Luttinger liquid, a form of correlated
state of the electron liquid in strictly 1D systems (Luttinger, 1963). While
these phenomena are interesting and may occur, under certain conditions,
in nanoscale systems as well (see e.g., Yu and Natelson, 2004; Park et al.,
2000), their theoretical description is beyond the scope of this book.

Before proceeding, I want to stress that the NEGF has found many ap-
plications, including the study of superconductivity and superfluidity. For
examples of its applicability other than those presented here, I refer the
reader to the review by Rammer and Smith (1986), or the extensive book
by Haug and Jauho (1996) fully dedicated to the theory and application of
this approach.

My goal for this book is to outline the general assumptions underlying
the NEGF, the approximations behind its application to steady-state trans-
port, and its analogy with the classical Boltzmann equation 2.7. I will then
apply it to the case in which electrons in the nanojuction (but not in the
leads, otherwise no closed form for the current can be obtained) experience
interactions beyond mean field. For this application, the general idea of a
nanostructure connected, via scattering-free non-interacting leads, to two
“reservoirs” is still borrowed from Landauer’s original formulation. I will fi-

1 As I will also discuss later, additional approximations are necessary when one wants to treat
electron-electron or electron-phonon interactions explicitly.
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nally show that within the same Landauer approximations, we recover, as we
should, the current formulas derived from the single-particle non-interacting
scattering theory of the previous chapter.?

A final note: 1 will guide the reader through an explicit example of many-
body perturbation theory in Sec. 6.2.2, when discussing electron-phonon
interaction in a nanojunction. However, it is beyond the scope of this book
to develop the full formalism of many-body perturbation theory, with all
its diagrammatic formulation and analytical properties. I refer the reader
to existing textbooks, e.g., Mattuck (1976) or Mahan (1990) for a thorough
description of this technique.

In this chapter, I will also make use of second quantization. A primer of
this formalism is in Appendix A. The reader may find extended accounts
of second quantization in any advanced textbook on quantum mechanics
(Mattuck’s, in particular, has a wonderful pedagogical introduction).

Since I will use the NEGF only in a few other sections of this book,
the reader who is not interested in this many-body technique may safely
avoid this chapter at first reading, without much detrimental effect on the
comprehension of most of the following chapters.

4.1 Formulation of the problem

Before the derivation of the NEGF equations let us spell out the physical
systems to which these equations apply.

Assumption 1: Closed quantum systems

The NEGF is a formalism to describe the dynamics of closed quantum sys-
tems. We thus want to solve the time-dependent Schrodinger equation 1.16,
or the Liouville—von Neumann equation 1.60 if the system is in a mixed
state. The NEGF does not apply to open quantum systems (those inter-
acting dynamically with external environments), for the simple reason that
there is no many-body perturbation technique for systems evolving beyond
Hamiltonian dynamics, e.g., those obeying the Lindblad equation 1.73.3

2 This is probably the reason why in certain literature the term NEGF is often, and mistakenly,
used to indicate the non-interacting current formula 3.229 which, as I have shown, can be
derived from scattering theory without ever employing the many-body perturbation techniques
I will discuss in this chapter.

3 This does not mean that one cannot use the Keldysh formalism to derive approzimate equations
of motion (like the Lindblad equation 1.73) for some reduced statistical operator of an open
system. An example of this is the application of functional methods of field theory to coupling
of matter with an electromagnetic field in open quantum electrodynamics. Due to the linear
(and local) coupling between current densities and radiation fields, one can still derive an exact
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As in the Kubo approach (Sec. 2.3) I thus assume that the system is de-
scribed, before we switch on a time-dependent perturbation, by a many-body
time-independent Hamiltonian H,. In this chapter, in order to distinguish
the operators that refer to interacting particles from those referring to non-
interacting particles, I will use the notation that letters in boldface indicate
interacting many-particle operators.

The Hamiltonian I:IO, may be for instance the one in the Kubo formalism,
Eq. 2.29, describing the interaction of many electrons among themselves and
with static ions. That Hamiltonian can be separated into a sum of single-
particle Hamiltonians, describing the kinetic energy of each electron and its
interaction with the static ions, and the Coulomb interaction part.

This is just one possible choice of many-body Hamiltonian. For instance,
in Chapter 5 I will discuss the case of electron-phonon interactions, and the
Hamiltonian in that case also contains the interaction with the phonons.

Without loss of generality, I will then assume that H, can be written as
the sum of one-particle Hamiltonians % and a Hamiltonian W describing
interactions among particles,

Hy =) hj+W. (4.1)

2

Each single-particle Hamiltonian ﬁa has eigenstates |¢;) with energies ¢y
(we drop the superscript ¢ to simplify the notation)

ho |k) = €k |dr)- (4.2)

Assumption 2: Initial global equilibrium

The system is at the initial time* ¢ = ¢y in global canonical equilibrium with
a bath at temperature 6, namely it is described by the canonical statistical
operator (see Eq. 1.78)°

Pt < to) = = 54, (4.3)

form for the reduced statistical operator for the matter degrees of freedom only, provided the
initial state of the radiation field has a Gaussian distribution (Breuer and Petruccione, 2002).
4 Where we may take ty — —oo. If we want to describe steady-state transport this limit must
be taken after the limit of system size to infinity.
5 As in the Kubo formalism, we may choose some arbitrary initial statistical operator, but this
may lead to serious mathematical difficulties in the calculation of the expectation values of a
given operator (see discussion after Eq.. 4.11).
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with 8 = 1/kp6, and 6 the temperature of the bath.
The above means that, for ¢ < ¢y, we have allowed for some (very weak) in-
teraction with an external environment so that equilibrium could be reached.

Assumption 3: Adiabatic approrimation

At time ty, we apply a time-dependent perturbation H' (t) so that the total
Hamiltonian is for ¢ > ¢,

H(t) = Hy + H'(1), (4.4)

and we want to determine the effect of this perturbation on the system
dynamics.

The perturbation H '(t) may not necessarily be an external field. It could
be, as I will show in a moment, some form of internal coupling of the system.

However, we want to work with a closed quantum system and not an
open one. We thus do not want the environment — which has generated the
initial equilibrium statistical operator 4.3 — to induce transitions between
the many-body states of the unperturbed Hamiltonian H, — which would
destroy unitary evolution of our quantum states.

This means that we need to switch on the perturbation H'(t) adiabatically
as we have assumed in the Kubo formalism (see discussion in Sec. 2.3). As
previously anticipated, this approximation becomes less and less satisfied in
the limit of zero frequency of the external perturbation (d.c. limit): wait-
ing a longer time allows the environment to induce transitions between the
states of Hy. These transitions would force the system to some new state,
with a statistical operator different from the equilibrium one in Eq. 4.3.

Partitioning vs. partition-free approach

In the context of steady-state transport both the above initial state assump-
tion and adiabatic approximation can be implemented in different ways,
which may indeed not lead to the same physical result.

For instance, we may refer to the partition I have employed in Sec. 3.5,
where the sample is sandwiched between two semi-infinite electrodes (see
Fig. 4.1). We can then assume that for ¢ < ty the two electrodes are sep-
arated from each other and from the sample (the coupling potentials VLC,
and VCR are zero for ¢t < ty, and there is no direct tunneling between the
electrodes).

We can, however, assume the electrodes to be in the presence of the bias,
in the sense that current is not allowed to flow but the electrodes are each in
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Fig. 4.1. One way to implement the switching-on of the external potential in the
NEGF for transport. At ¢t < ¢y two semi-infinite electrodes are decoupled from the
sample and are at equilibrium with their respective reservoirs at different electro-
chemical potentials. At t > tg we switch on adiabatically the coupling potentials
between the electrodes and the central region.

equilibrium with their own reservoirs at their own electrochemical potential
(with the left electrochemical potential different than the right electrochem-
ical potential), or, equivalently, there is an electron imbalance between the
left electrode and the right electrode (Caroli et al., 1971).

The total statistical operator of this decoupled system at ¢t = ¢y is then

p(to) = pr(to) @ pc(to) @ pr(to), (4.5)

the tensor product of the equilibrium statistical operators of the electrodes
and the central region.

At t = ty the couplings VLC, and Ve p between the electrodes and the sam-
ple are switched on adiabatically and current is allowed to flow (Fig. 4.1).
Clearly, this procedure does not correspond to an actual experimental real-
ization where the reverse is true: the physical couplings between the elec-
trodes and the junction are there even before the bias is switched on. It is
therefore not clear that the switch-on of the couplings after the bias leads
to the same physical state as the correct order (if it leads to a steady state
at all).

Alternatively, one could use a “partition-free” approach (Cini, 1980; Ste-
fanucci and Almbladh, 2004) in which no separation of the physical system
is done before the perturbation is switched on, with the global statistical
operator given by the equilibrium operator 4.3. One then switches on, adi-
abatically, an external potential which in the long-time limit may reach,
deep into the two electrodes, different values, in order to simulate the elec-
trochemical potential difference as in Eq. 3.2 (if one is interested in the
steady-state limit).
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Also in this case, however, this procedure may not correspond to the cor-
rect physical scenario, since in an actual experiment the bias is not neces-
sarily switched on adiabatically. In addition, one runs into the fundamental
question of whether a steady state develops at all, and under which condi-
tions. I will come back to these issues in Chapter 7.

4.1.1 Contour ordering

Within the above assumptions, our goal is now to calculate the expectation
value of a given operator A (Eq. 1.52)

(Au(t)) = Te{pg Au(t)}, (4.6)
where
Au(t) = Ulto, t) AU(t, ) (4.7)

is the operator A written in the Heisenberg picture, with U(¢, ) the time-
evolution operator of the full Hamiltonian 4.4 with the perturbation in-
cluded. As in Eq. 1.19 the time-evolution operator satisfies the equation of
motion

U (t,tg) .

ih = = H()U (2, 1o), (4.8)

with boundary condition U (ty,tp) = 1. I have written the formal solution
of Eq. 4.8 in Eq. 1.18, which I re-write here for convenience

-t

Ult,tg) =T {exp [—; dt’ﬂ(t’)] } , (4.9)
to

with the symbol T indicating the time-ordering operator that orders prod-

ucts so that “past” times appear to the right.

By looking at the structure of the canonical statistical operator 4.3 and
the definition of the time-evolution operator for a time-independent Hamil-
tonian 1.21, we realize that we can interpret the operator e PHo a5 the
“evolution” of the system from the time ¢ to the complex time to — i43°

Uty — ihB, tg) = U(—ihpB) = e Ho, (4.10)
Using this result I can re-write the expectation value 4.6 (using the defini-
tion 4.3 of the canonical operator) as
X Te{U (ty — kB3, to)U (to, t) AU (t, 1)}
(Au(t)) = 2 .
Te{U(to — ihB, to)}

61 used a similar “trick” when discussing the fluctuation-dissipation theorem within the Kubo
approach, see Eq. 2.65 in Sec. 2.3.3.

. (4.11)
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If we set the normalization factor in the denominator aside for a moment,
the operator in the numerator of the expectation value 4.11 has the following
structure with respect to the time evolution of a given state (think of this
operator applied to a state on the right, so you read its time evolution from
right to left)

Ult,tg) — A — Ultg,t) — Ulte — ihp, to), (4.12)

namely, the state evolves from the initial time ¢y till a time ¢, at which point
the operator A acts. The subsequent evolution is then backward from time
t to time tg, after which the system “evolves” in the complex time from ¢
to ty — ihAB. This last step is also what is embodied in the denominator of
Eq. 4.6, and represents the quantum correlations of the initial state of the
system, which we have assumed to be in canonical equilibrium at ;.

The expectation value of a given observable can then be represented as
the result of the system evolution on a contour, as represented in Fig. 4.2.
Note that the above re-interpretation of the equilibrium statistical operator
on the complex time contour may not hold for an arbitrary initial statistical
operator, making the calculation of the expectation value 4.6 more difficult
(if not impossible) to carry out.

Fig. 4.2. Time contour used to
evaluate the expectation value
of a given operator at time ft.
f c, ¢ The system evolves from an ini-
> tial time ¢y to the time ¢, af-
Y o R
< J ter which it returns to the initial
C, time again, with further “propa-
) gation” in the complex time till
ty—ihf ty — ihB (with 8 = 1/kp#). The
contour has thus two branches
we label C; and Cs.

Since we have written all quantities in terms of time-evolution propagators
on different parts of a contour, we can apply the same many-body perturba-
tion techniques we apply to the equilibrium case, by just defining operations
on a contour.

For instance, Eq. 4.7 can be re-written as (Rammer and Smith, 1986)

A

Au(t) = Un, (to, t)Am, (£)Us, (£, to), (4.13)



4.2 Equilibrium Green’s functions 217

where
oot
Un, (t, to) =T {exp [_fli dt' Hy, (t')] } , (4.14)
to
with
ﬁ{{o (t) — eng(tfto)/h ﬁ/(t) 6711‘10(257250)) (415)

the interaction representation of H'(t).

The physical meaning of 4.13 is (reading that expression from right to
left): propagation from ¢y to t, at which point the operator A acts, and
subsequent propagation from t to tg.

The operator Ag(t) can then be written as the contour time-ordering

(Rammer and Smith, 1986)

An(t) = Te {exp [—; /C dt' Hy, (t’)} An, (t)}, (4.16)

where here C' is the piece of contour in Fig. 4.2 that goes from time ¢y to
time ¢, and back to time %y, and the time-ordering on the contour must
be interpreted as ordering products so that times occurring earlier on the
contour appear to the right.

Since the above expression is now written in terms of the equilibrium
Hamiltonian ﬂo, perturbation techniques similar to the equilibrium ones can
be applied. In fact, we can expand the time-evolution operator UHO (t,tp) in
series (Mahan, 1990)

g (1. 10) :i i / - / dtn T { Higy (1) - By ()}, (417)

which represents the basis for a many-body perturbation expansion. In
particular, since the single-particle contour-ordered Green’s function 1 will
define below can be written in terms of this time-evolution operator, a similar
perturbation expansion for these Green’s functions can be carried out.

At the cost of working on a time contour — hence with two time branches —
we now have knowledge of the non-equilibrium state of our system at time ¢,
simply on the basis of its state at the initial time. This procedure represents
the core of the Keldysh formalism.

4.2 Equilibrium Green’s functions

Before defining the single-particle non-equilibrium Green’s functions let us
step back for a moment and define single-particle Green’s functions for an
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interacting system at equilibrium. This will allow me to define various im-
portant quantities (such as the self-energy and spectral function) that I will
need later on. From now on second quantization is absolutely necessary
(Appendix A).

In Sec. 3.4 1 have defined advanced and retarded Green’s functions for
non-interacting single-particles in the context of scattering theory. Here I
want to define similar Green’s functions (or propagators) in the presence
of interactions among particles. The physical meaning of these Green’s
functions will become clear as we go along.

As I will show in a moment, these propagators are not Green’s functions in
the usual mathematical sense, i.e., they are not solutions of a linear equation
of the type 3.74. Their equation of motion instead generates the well-known
BBGKY hierarchy of infinite equations (Appendix B).

4.2.1 Time-ordered Green’s functions

Let us then consider a many-particle system described by the many-body
Hamiltonian Hy. We define the field operator (see Appendix A)

P(r) = Z(r\qﬁk)dk, destroys particle at positionr, (4.18)
k

with |¢r) the single-particle states, solutions of Eq. 4.2, and a; destroys a
particle in state |¢y). Its Hermitian conjugate, ¥f(r), creates a particle at
position r.

From this field operator we get the number density operator 1.24 in
second-quantization form

A(r) = Y (r)(r) = (ow ) (rlor)al . (4.19)

keok!

If we take the expectation value of this operator over the canonical statistical
operator 4.3 we obtain the number density of the system at equilibrium

n(r) = {a(r)) = Tr{pde! (0 (x)}. (4.20)

If the above average is taken over the grand-canonical statistical opera-
tor 1.76 with chemical potential i and the electrons are non-interacting, i.e.
(see also Appendix A),

Hy =Y hhy=> eala, (4.21)
i

k
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one easily finds (Exercise 4.1)
n(r) = (i(r)) = Te{pg T (x)o(x)} = Y fillelon)l, (4.22)
k

where fj is the average value of the number of particles in the state with
energy €; when the non-interacting system is at equilibrium (cf. Eq. 1.80),

1

= e 1

(4.23)

and I have used the fact that at thermal equilibrium each single-particle
state |¢r) is populated according to (see Sec. 1.4.6)

() = (alag) = Tr{pPalar} = fi. (4.24)

Let us now write the field operator 4.25 in the Heisenberg picture with
respect to the Hamiltonian Hy (whether for interacting or non-interacting
particles)

G, (r,1) = €0 ()=, (4.25)

We then define the following single-particle (or two-times) time-ordered
Green’s function’

Glr, ', 1) = —1 (Tlum, (v, 0y, (1)

= T {5 T, (e, )y, (7))} (4:26)

Here TJ...] is again the operation that time-orders the field operators, i.e.,
moves the operator with the earlier time variable to the right. For fermions
it is®

TW}H[) (I‘, t) ¢L0 (I‘/, t/)] = G(t - t/) YH, (r, t) lbLO (IJ, t/)
— Ot —t) Pl (¢, 1) dm, (r, 1), (4.27)
The step function O(t — t') equals 1 for ¢ > ¢/, and zero otherwise.

" For finite-temperature perturbation theory, we introduce imaginary-time Green’s functions
defined by replacing in Eq. 4.26 H, — Hy — ﬁN, with i the chemical potential and N the
total number operator 1.77. In addition, in order to have a perturbation theory formally
equivalent to the zero-temperature case, we introduce the complex time it — 7, with ¢ a
real number. The canonical statistical operator appearing in Eq. 4.26 is also replaced by the
grand-canonical statistical operator 1.76. The formal theory then follows similarly to what I
discuss here (Mattuck, 1976). In the following, whenever we discuss finite-temperature Green’s
functions we will implicitly assume that their perturbation expansion has to be carried out by
“transforming” them into the corresponding imaginary-time Green’s functions.

8 Note that the time-ordering operator for bosons has a positive sign and reads
ij(rf t)q/)T(r/7 t/)] = ®(t - t/)y}(r’t)¢T(r/7 t/) + (T)(t/ - tﬁ/ﬁ(r/-,t/)’l/}(lﬂ t)'
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By recalling the physical meaning of the field operator 4.25 and its Hermi-
tian conjugate, as destroying or creating a particle, respectively, at position
r, we see that for ¢ > ¢ the Green’s function 4.26 is essentially the proba-
bility amplitude that if at time ¢’ a particle is created at position r’ in the
system in its equilibrium state, then the system at time ¢ will be in the
equilibrium state but with a particle destroyed in position r. If we revert
the times, i.e., for t < t', G(r,t;r’,t’) is proportional to the probability am-
plitude that if at time ¢ a hole is created at position r, then the system at
time ¢’ will be in the same state but with the hole destroyed in position r’.

4.2.1.1 Equation of motion for the equilibrium Green’s function

The equation of motion for G(r,t;r’,t') is easily derived by differentiating
both sides of Eq. 4.26 with respect to time and taking into account the
commutation relations of the field operators (Eqgs. A.21 and A.22). This
derivation is reported in Appendix B and I re-write the final result here for
convenience:

h2
<1h8 + mV%)G(I‘l,tl; I'll,tll) = 6(1‘1 — ra)d(tl — tll)
—i/drw(r1 —1) Gao(r,ty, 11,151, 8], 1), 1), (4.28)

where Gy is the two-particle (or four-time) Green’s function (Eq. B.8), and
t{ means lim_o4 (¢ + €).”

For later use, and to avoid carrying too many indexes, it is convenient to
denote with numbers any set of position and time variables, e.g., 1 = (r1,t1).
Similarly, I will define §(1,1’) = d(r; —r})d(t; —t}). Using the properties of
the d-function I can then re-write the above equation as

2

(iha + hv%) G(1;1') = 6(1, 1’)—i/d2 w(1,2) Go(1,2;27,1'), (4.29)
8t1 2m

with w(1,2) = §(t1, t2)w(r; — ra).

The above is however a formal result since we need now the equation of
motion for Gg, which requires the equation of motion for the three-particle
Green’s function Gs, and so on. This is the infinite BBGKY hierarchy which
I have written explicitly in Appendix B.

9 In the above, I have also assumed for simplicity that the single particles do not interact with any
other single-particle potential, otherwise we need to subtract that potential in the parentheses
of the left-hand side of Eq. 4.28. See Eq. 4.82.
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4.2.2 Dyson’s equation for interacting particles

Instead of solving the BBGKY hierarchy, we assume that all possible inter-
action effects of all particles on the single-particle dynamics can be lumped
into a quantity known as the irreducible self-energy (if it exists), which we
represent with the symbol X[G], and which is a functional of the single-
particle Green’s function G.

We have introduced a similar quantity in the scattering theory of conduc-
tion for non-interacting electrons (see Secs. 3.4.1.2 and 3.5). In Sec. 3.4.1.2,
when discussing the Lippmann—Schwinger equation, the self-energy was
not a useful concept, because in that non-interacting case it had the same
form as the scattering potential of the full electrode-sample-electrode sys-
tem (Eq. 3.95). In Sec. 3.5, when I partitioned the system into a central
region and two electrodes, it represented the “interaction” of the central
region with the electrodes, or better, the scattering of a single particle in
the central region into the electrodes.

In this section, instead, X represents all interactions of a single particle
with all other particles in the system, and its elastic scattering with the
single-particle potential representing the static ions of the whole electrode-
sample-electrode system (Fig. 4.1). Unfortunately, most of the time these
two types of scattering cannot be separated from each other (we cannot
say, e.g., the particle scatters with the potential of the nanojunction, and
independently scatters with the other electrons or phonons). For all practical
purposes, however, we will have to make this separation in order to obtain
tractable equations.

For now, let us proceed by replacing
—iw(1,2) Go(1,2;27,1") — %(1,2) G(2; 1) (4.30)

into Eq. 4.29 to get

. 0 h2 2 AN ! .1/
<1h81€1+2mv1> G(l,l)_5(1,1)+/d22(1,2)G(2,1). (4.31)

By comparing the quantity in parentheses on the left-hand side of Eq. 4.31
with the definition of Green’s functions in the true mathematical sense,
Eq. 3.78, we recognize at once that with that term is associated the Green’s
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function for a free particle, namely

(ha + Ui v2> Go(1;1) = 6(1,1")
oty
Y

0 h?
h——+-—Vi ] =46(1,1)Gy ' (1;1'). 4.32
(ing + 5098 =106 @), ()
By replacing this result in Eq. 4.31 and integrating over one of the times
to eliminate the d-functions, we get (I re-instate the times and coordinates
explicitly)

G(r,t;v' ') =Go(r, t;1' 1)

/dTl/dTQ/dtl/dtQG t rl,tl)

X B(ry, t1;ra, t2) Go(re, to;r',t')
—Go , 1 r’ t)

/d?’l/drg/dtl/dtg GQ t I‘1,t1)

X 2(rlat1ar2>t2)G(r2at27r7t)‘ (433)

This is the many-body version of the Dyson equation 3.94.

At equilibrium, the above Green’s functions and self-energy can depend
on time differences only. If, in addition, the system is homogeneous, these
quantities can only depend on differences in the position arguments. I can
then simplify the above equation by Fourier transforming the Green’s func-
tions and self-energy. For instance, I can define the Fourier transform of the
single-particle Green’s function

G —rit—1t) SRk Gk B),  (4.34)

and similarly for all other quantities. Equatlon 4.33 then becomes
G(k; E) = Go(k; E) + G(k; E) X(k; E) Go (k; E)
= Go(k; E) + Go(k; B) 2(k; E) G(k; E), (4.35)

which generalizes Eq. 3.120 to the interacting-particle case.

The single-particle non-interacting case

We easily see that the time-ordered Green’s function 4.26 is a generalization
to the interacting case of the Green’s function 3.78, and its Fourier transform
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generalizes Eq. 3.112. Indeed, if izo is the Hamiltonian of a single-particle,
from Eq. 4.28 we get (the interaction term w(r —r’) = 0)

(ihgt - ﬁ()> Go(r, t;x', t) = 8(r — ¢')d(t — ). (4.36)

If the system is in equilibrium, then the above Green’s function can depend
only on the difference t — ¢/,

(ihgt - im) Go(r,r';t —t') = 8(r —r')o(t —t). (4.37)

Fourier transforming the above equation, and using the Fourier transform
of the d-function, §(t) = 5= [ dwe !, we obtain

(E - BO) Go(r,r';E) = 8(r — ). (4.38)

From the theory of differential equations we then know that with Eq. 4.38
is associated the linear-operator equation (see Eq. 3.74)

(E - i;,o) d(r) =0, (4.39)

which is the stationary Schrodinger equation with eigenstates (r|¢y). There-
fore, Gy(r,r'; E) is the positional matrix element of the Green’s function 3.112.

4.2.3 More Green’s functions

Analogous to what we have done in the non-interacting case we can also
define retarded and advanced single-particle Green’s functions for fermions

GT(r,t;r' 1) = —%@(t - t')({w(r,t),wT(r’,t')}>, retarded, (4.40)

G (r,t;1, 1) = ih@(t’ —t)({w(r, 1),y (', t')}), advanced. (4.41)

They generalize to the interacting case the corresponding non-interacting
Green’s functions Eqs. 3.80 and 3.82, respectively.!?

10 The corresponding functions for bosons are

GT(r,t;1',t') = —%@(t —t")Y{[(r,t), v (x’,t")]), retarded, (4.42)

G (r, ;0 t)) = %(—)(t' —t){[(r,t), T (r,t)]), advanced. (4.43)
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We also define the propagators
G<(r,t;1,t') = %(W(r’,t’)w(r,t», lesser than, (4.44)

and

G (r,t;1, 1) = —%<w(r,t)w(r’,t’)>, greater than, (4.45)

which are called the lesser and greater Green’s functions (or correlation
functions), respectively, and are equal to G(r,t;r',t’) for t < ¢’ and ¢t > ¢/,
respectively.

In all the above definitions the symbol (- --) means trace over the initial
statistical operator (whether canonical or grand-canonical), namely (---) =

Te{plt = to) -+ }.

Density and current density from G=<

The lesser and greater Green’s functions are central quantities in the non-
equilibrium problem since they are directly related to the number and cur-
rent densities of the system. For instance, by comparing Eq. 4.20 and
Eq. 4.44, we can write

n(r,t) = —ih lin% G<(r,t;r,t +¢), (4.46)

with € a positive number. Similarly, we can calculate the single-particle
density matrix in the positional basis as

p(r, v’ t) = —ih lirn0 G=(r,t;r,t + €). (4.47)

In Sec. 3.3.2 we have written the current density (without any diamagnetic
term) in terms of the single-particle wave-functions (see Eq. 3.36), starting
from the definition of current density operator (Eq. 1.22). We can re-write
that expression for a general wave-function ¥(r,t) as

50, 8) = o i (Vi — Vo) U5 (1, 1) D, 1), (4.48)

2im r—r’

The second-quantization form of this expression is (Appendix A)

B8 = = i (Ve — Vo) (0, ) (x, 1))

2im r—r’

= — lim (V, — V) Tr{p(t = to) (', ) (r, 1) }. (4.49)
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Comparing this with the definition of lesser Green’s function 4.44, we im-
mediately see that the current density and the lesser Green’s function are
related via

jr,t) = — lim (Vy — Vi) lir% G<(r,t;1',t +¢). (4.50)

The above density and current density must be related via the continu-
ity equation Oyn(r,t) = —V - j(r,t), so that any approximation that one
makes to actually calculate the lesser Green’s function G< must satisfy this
fundamental relation. These approximations are known as conserving ap-
proximations.

Since, the lesser Green’s function is related to the current density, it also
provides the fluctuations of the system, and hence it must be related to
the dissipation occurring in the system’s dynamics (see Eq. 2.73, where I
have related the spontaneous current fluctuations to the conductivity of the
system). I will discuss this fluctuation-dissipation relation in a moment.

I finally note that, following their definition, the four Green’s functions 4.40,
4.41, 4.44 and 4.45 are related to each other via the condition (Haug and
Jauho, 1996)

Gr-G =G> -G~ (4.51)

so that only three of them are linearly independent.

4.2.4 The spectral function

Let us now discuss what type of information we can extract from the re-
tarded 4.40 and advanced 4.41 Green’s functions. In the non-interacting
scattering case (Sec. 3.4), the retarded and advanced Green’s functions con-
tained information on the spectral properties of the system (such as eigenval-
ues of the Hamiltonian and density of states, see Eq. 3.124). The same type
of information is contained in the interacting version of these propagators.

To see this let us assume the many-body system is homogeneous so that
the functions 4.40 and 4.41 depend only on the differences of space vari-

1 We can thus work with the Fourier representation in energy and

ables.
momentum space of the retarded and advanced Green’s functions 4.34.
We then define the spectral function
Tk E)-G (k;E “(kE)-Gs(k;E
T T

1 The assumption of homogeneity can be relaxed. This would require working with two spatial
coordinates. I choose not to do this here to simplify the notation.
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where the last equality comes from Eq. 4.51. As in the non-interacting
case, the retarded and advanced Green’s functions satisfy the relation 3.115,
[G*(k; E)]' = G~ (k; E), which can be easily demonstrated from the Fourier
transforms of their respective definitions. The spectral function can then be
written as (see also Eq. 3.127)

Ak E) = —%Im [GT(k;E)], (4.53)

or, equivalently, using the Dyson equation 4.35 for the retarded and ad-
vanced Green’s functions

21 A(k; E) =iGT (k; E) [T (k; E) — 2 (k; E)| G~ (k; E)
=G (k;E)T'(k; E)G™ (k; E), (4.54)

where
I'k;E)=i[ZY(kE) -2 (k; E)] = —2Im{Z" (k; E)}. (4.55)

By comparing the above two equations with the single-particle noninter-
acting analogues, Eqgs. 3.162 and 3.163, it is clear that the spectral func-
tion generalizes to the interacting many-body case the concept of density of
states 3.124 we have introduced for non-interacting systems. Let us expand
a bit on this point.

First, using the definitions of retarded and advanced Green’s functions 4.40
and 4.41 it is easy to show (see Exercise 4.2) that A(k; E) is positive definite
and, for fermions, satisfies

/m dE Ak E) =1, (4.56)

which immediately hints at a possible statistical interpretation of the spec-
tral function.

The density of states can be evaluated as the integral of the spectral
function over all possible k vectors

D(E) = / (205:)3 A(k; E). (4.57)

The fluctuation-dissipation theorem

Another important relation, which we will make use of several times in the
following, is between the spectral function and the lesser Green’s function
G*< (or the spectral function and the greater Green’s function G~). This
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is also known as the fluctuation-dissipation theorem, like the one we have
discussed in Sec. 2.3.3.

If we assume that the exact eigenstates of the many-body Hamiltonian
H, are known,'? and the system is in grand-canonical equilibrium with a
reservoir at a chemical potential g and temperature 6 (Eq. 1.76), it is not
difficult to show that G< and G~ are related via (Exercise 4.3)

G (k;E) = —"F-NG> (k; E), (4.58)

with ﬁ = 1/]{39
From the definition of spectral function 4.52, we then get

G<(k;F) =2rif(F)A(k; E), (4.59)
and
G (kE)=—2rmi[l— f(E)] Ak E), (4.60)

where f(FE) is the Fermi—Dirac distribution 4.23.

The above relations show that the lesser and greater Green’s functions
contain information on the occupations of the states (due to the presence of
the distribution f(E)). Also, since the spectral function is related to the
imaginary part of the retarded Green’s function (Eq. 4.53), the former is
related to the dissipation of the system, in the sense that it contains infor-
mation on how a particle in a given single-particle state scatters out of that
state (see also discussion below). Equation 4.59 then relates the fluctuations
at equilibrium (represented by G<) with the dissipations in the system as
quantified by A(k; E'). Relation 4.60 is similar but can be interpreted as re-
ferring to holes (due to the presence of the term 1— f(FE)), and not electrons.

The non-interacting limit

From the above discussion, it is now easy to obtain the form of the spectral
function when interactions are switched off. By comparing Eq. 4.52 with
Eq. 3.124 we see that for non-interacting systems the spectral function has
the form

Ak E) = §(E — &), (4.61)

where € are solutions of a general non-interacting single-particle Hamilto-
nian (Eq. 4.2).

12 This is clearly a formal statement as, in general, the exact eigenstates of Hy are not known.
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Fig. 4.3. Schematic of the spectral function for quasi-particles. In the absence of
interactions, the spectral function is a §-function centered at the energy of the non-
interacting particle energies €. Interactions shift the energy of the quasi-particles
with respect to the unperturbed energies by an amount given by the real part of
the self-energy X", and broaden the J-function into a Lorentzian-type of function,
with the width proportional to the imaginary part of the self-energy.

The density of states D(FE), Eq. 4.57, is then (the Tr here is over all
single-particle states with wave-vector k)

D(E) = Tr{A(k; E)} = ) 6(E — &), (4.62)

which shows peaks in correspondence to the eigenenergies of the noninter-
acting Hamiltonian (Fig. 4.3).

From all this discussion, and property 4.56, we immediately see that the
spectral function is nothing other than a probability density. Precisely, it is
the probability density for increasing or decreasing the energy of the system
by an infinitesimal amount dE via the addition (electron) or subtraction
(hole) of a particle in the single-particle state with energy ey.

For a general many-body system A(k; E) does not have the simple form
4.61 and, especially for strongly correlated electron systems, most of the
time it is not even known. However, for the electron systems — often called
weakly interacting systems or Fermi liquids — we consider in this book we
expect the form of the spectral function to be not so different from the non-
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interacting case.'

Energy “renormalization” and state “lifetime”
Let us now try to give a physical meaning to the self-energy. From the
Dyson equation 4.35 the retarded Green’s function is

1
E —¢; —Re{Z+(k; E)} — ilm{X+(k; E)}

G'(k;E) = (4.63)
with €, the single-particle energies of the (unperturbed) non-interacting
Hamiltonian 4.2. This Green’s function has poles in correspondence to the

solutions of the equation®

E— ¢ —Re{ZV(k; E)} —ilm{ZF(k; E)} = 0. (4.64)

Quasi-particle approximation

The self-energy X7 (k; F) contains information on all possible interactions
of the single particle in state |¢y), with all other particles in the system.
Therefore, without interactions Re{X"(k; E)} = Im{X"(k; E)} = 0, and
the poles of the retarded Green’s function occur precisely at the energy
FE = ¢j. To first order we can thus replace this energy into Eq. 4.64 so that
the poles occur now at the complex energies

E = ¢, +Re{ZT(k;e1)} +ilm{Z" (k;€,)},  quasi-particle poles. (4.65)

Using the relation 4.53 between the spectral function and the retarded
Green’s function, together with Eq. 4.63, we then get, to first order,
1 Im{X" (k;er)}

A ) = e T Re(= (s o)+ (I3 (ks )}

(4.66)

The spectral function, which in the case of non-interacting particles is a

simple o-function (Eq. 4.61), in the presence of interactions “broadens” into

a Lorentzian function with a corresponding “broadening” of the density of

states 4.62, and associated “shift” of the single-particle energies ¢ (Fig. 4.3).

13 The energies €, may instead be quite different from the energies of the corresponding non-
interacting system.

14 1t can be proven that, in general, the retarded Green’s function G is analytical in the upper-

half of the complex plane while the advanced one, G’, in the lower-half complex plane. They
may have poles in the respective opposite half planes (Mattuck, 1976).
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A measure of this broadening is the quantity (which is positive)
L(k;er) = —2m{Z* (ks e)} =1 [ZF (k;ep) — B (ks )] (4.67)

which generalizes to the interacting case the “broadening” of the single-
particle non-interacting states due to the presence of the electrodes (Eq.
3.163), as discussed in Sec. 3.5.

The corresponding states are called quasi-particle (or dressed) states with
energies renormalized by the interactions

er — ex + Re{Z" (k;er)}, energy renormalization, (4.68)

and the unperturbed states acquire a lifetime!®

o o
Im{=+(k;er)} T(key)’

TE = state lifetime. (4.69)

It can be shown (see, e.g., Mattuck, 1976) that for a homogeneous Fermi
system at equilibrium the lifetime of a state close to the Fermi level Er is
(E) ~ (e, — Er)~2. At finite temperature 6., electrons within kg6, from
the Fermi energy have thus a relaxation time that scales with temperature
as 7y, ~ 1/62.16

When the energy of the state is too low or too large compared to Er, we
are not justified in making approximation 4.65 (the lifetime is very short),
and the concept of quasi-particle is no longer valid.!” However, as we have
discussed at length, for the current (at least in the linear-response regime),
only states close to the Fermi energy are important, so that the quasi-particle
picture is meaningful.

Mean-field approximation

I am now in position to better clarify the concept of mean-field approxima-
tion that I have used several times in this book, without ever discussing its
formal definition.

15 In reality, the quasi-particle acquires also a weight 0 < Z;, < 1 which mainly renormalizes the
spectral weight at the Fermi energy. Due to this weight, the numerators of Eqs. 4.63 and 4.66
contain such numerical factors. In addition, to satisfy the sum rule 4.56 an extra function
F(k; F) needs to be added to Eqs 4.63 and 4.66 (see, e.g., Mattuck, 1976).

At room temperature this relaxation time is of the order of 10710 s, while the electron-phonon
one is of the order of 10~ s (see, e.g., Ashcroft and Mermin, 1976). By lowering the temper-
ature, 7, (EF ) increases due to a reduced scattering between quasi-particles at the Fermi level.
In Appendix K I argue that the presence of the nanojunction puts an effective cutoff to this
zero-temperature divergence.

17 It does not make any sense to talk about a particle “dressed” by the interactions, if such particle

has a very short “lifetime” to begin with.

1

=Y
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A mean-field approximation (e.g., the Hartree approximation to the many-
body Coulomb interaction, see Sec. 2.4) corresponds to quasi-particles that
have infinite lifetime, i.e.,

Im{>"(k;e;)} =0 = 7, — 00, mean-field approximation, (4.70)

and for which the real part of the self-energy is independent of the energy
E, and may depend only on the “unperturbed” state ¢ (call this quantity
A = Re{S"(k;¢)}). The quasi-particles in a mean-field approximation
thus have an energy

€. =€, + A, mean-field approximation, (4.71)

with €, eigensolutions of an effective single-particle Hamiltonian (e.g., the
Hartree Hamiltonian 3.10).

Since their lifetime is infinite (zero imaginary part of the self-energy), the
spectral function of these quasi-particles is (taking the limit Im{ﬁl? (k;ep)} —
0" in Eq. 4.66, and using the definition of §-function, Eq. 3.126),

Ak; E) = 6(FE — €;), mean-field approximation, (4.72)

i.e., it is of the same form as the corresponding quantity for non-interacting
particles, Eq. 4.61. Therefore, as I have already anticipated, there is no
formal difference between truly non-interacting particles, and a single par-
ticle interacting with the mean field generated by the other particles (the
difference being only in their energy spectrum). The form 4.72 also shows
that in the mean-field approximation there is a well-defined (one-to-one)
correspondence between energy and momentum (as for a classical particle).
This correspondence is no longer true when interactions among particles are
considered beyond mean field.

4.3 Contour-ordered Green’s functions

I am now ready to move on to the non-equilibrium formalism. The non-
equilibrium theory is formally equivalent to the equilibrium one, with the
only difference that now the Green’s functions (and corresponding equations
of motion) are defined on a time contour where many-body perturbation
theory can be applied.

From Assumption 3, at time t = ty we switch on a time-dependent pertur-
bation adiabatically. We then define the following contour-ordered Green’s
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function

Glr, 57, ¢) = — (Telyu(r, 00k (1)

- —%Tf{f)(t = to) Te [vm (v, ) ()]} (4.73)

Here the field operators are written in the Heisenberg picture (Eq. 4.25)
but with respect to the full Hamiltonian H(t), not Hy, while the ensemble
average is performed with the equilibrium statistical operator 4.3. The sym-
bol Ty indicates the operation that time-orders the field operators on the
contour C that goes from time t; and back to time ¢y of Fig. 4.2.

When one writes such a Green’s function in terms of the time-evolution
operators of the unperturbed Hamiltonian ﬂo, as done for the expectation
value of a given operator (Eq. 4.11), the time variable may expand into
the complex plane when the contour goes from ¢y to g — i3 to take into
account the initial correlations (see Fig. 4.2). Since now the different times
lie on the two different sections of the contour C; and Cy (see Fig. 4.2), the
contour-ordered Green’s function 4.73 represents four Green’s functions

GO (r,t;x' 1), t,t' € Oy,

G>(I' t:r t,) t e Oy t e &

Y AN » Yy 9 9 9 9

G(r,t;r', ) = G (r,t;x,t)), t € C,t' € Oy, (4.74)
GO (r,t;r,t), t,t' € Co,

which it is convenient to write in matrix form as
N GC _G<
G = [ G _ac ] ) (4.75)

In 4.74 GC is the time-ordered Green’s function we have similarly defined
in Eq. 4.26 for the equilibrium case, G< and G> the lesser and greater
Green’s functions which in equilibrium are 4.44 and 4.45, respectively, and
GO is the anti-time-ordered Green’s function, i.e., the Green’s function G¢
where the time-ordering operation has the times reversed.

Following their definition, the Green’s functions G¢ and G can be writ-
ten as

GO (r,t;r, 1) =0t —t)G” (r,t;v/,t) + O —t)G=(r,t;1, ), (4.76)
GO(r,t;r,t) = Ot — t)G<(r,t;r,¢) + Ot — )G” (r, t;1',¢'),  (4.77)

and thus satisfy the relation GC + GC = G< + G, so that only three of
them are linearly independent.
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Using the lesser and greater Green’s functions we can also define non-
equilibrium retarded and advanced Green’s functions:

G (r,t;v,¢) =0t —t)[G” (r,t;r', t')— G=(r,t;7', )], retarded, (4.78)

G (r,t;v ) =0t —t)[G=(r,t;r',t') -G~ (r,t;7,t')], advanced, (4.79)

which, as in the equilibrium case (see Eq. 4.51), satisfy the relation Gt —
G =G> -G~

4.3.1 Equations of motion for non-equilibrium Green’s functions

From the above definitions we see that the form of the contour-ordered
Green’s function 4.74 is similar to the equilibrium one. Therefore, a Dyson’s
equation similar to the equilibrium Eq. 4.33 must exist for the non-equilibrium
Green’s functions as well. Let us write it down.

In most practical cases the time-dependent perturbation H' (t) is written
as a one-body potential H'(r), i.e., in second quantization (see Eq. A.26)

B (r,t) = / dr (. 8) H'(r) (x, 1), (4.80)

With this potential and the free-particle Green’s function Go (Eq. 4.32), the
Dyson equation for the non-equilibrium problem is thus (using again the
abbreviated notation (i) = (r;,t;), where the times may be complex)

G(11) = Go(1; 1) + | d2Go(1;)H'(2)G(2:1)

/d2/d3G0 (1:2)2(2;3)G(3; 1)

=Go(1;1) + // d2G(1;2)H'(2)Gy(2; 1)

+/Cd2/cd3G(1;2)2(2;3)G0(3; Yy, (4s81)

where the contour C'is the complete contour of Fig. 4.2, that goes from %, to
t}, back to ¢y and into the complex time plane till ¢y —ih/3, while the contour
C’ only goes from t; to t}, and back to ¢, along the real-time axis.'8

18 If the time ¢g is let to go to —oo, and the interaction potential is still switched on adiabatically
at tg — —oo, then the contribution to the time integration in Eq. 4.81 from the path that
goes from ty to top — ikB (see Fig. 4.2) can be neglected, and the two contours, C and C’,
coincide. This approximation neglects any transient phenomena, and the initial correlations of
the system.
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With the use of Eq. 4.32 the above equation can be equivalently written
as

ot
+ / dr” / dt" S(r, ;1" ") G ¢ 1) (4.82)
C

2
{lha - h— Y H’(r,t)} G(r,t;x',t') = o(r —x)6(t — t)

and

2
{ lhﬁ + i v - H'(Y, t’)} G(r,t;0' ¢y =d0(r —1')o(t — 1)

ot
+ /dr”/ dt" G(r, ;" ") S "1 ). (4.83)
C
Analogously to Eq. 4.75, the self-energy can be written in matrix form as
3¢ _3<

where
O, t;0/, ) =0t — )7 (v, t;0, ') + O’ — )< (r,t;1,t),  (4.85)

SC(r, 1/, t) = Ot —t)S<(r, ;7. t) + Ot — )™ (v, ;1 ').  (4.86)

The functions 3< and 3> are called lesser and greater self-energy, respec-
tively, and are related to the irreducible self-energy ¥ appearing in Eq. 4.81
via
X (ry,tisre, te) = X(ry, ti;r2,t2), 4 <ty (4.87)

and
E>(r1,t1;r2,t2) :E(I'l,tl;rz,tg), t1 > to. (488)
At equilibrium, these self-energies are related to the retarded >* and

advanced 3~ self-energies, via the fluctuation-dissipation theorem (Eqgs. 4.59
and 4.60), which reads (assuming the system is also homogeneous)

(ki B) = -21 f(B) Im{Z" (k; E)},
7 (k;E) =2i[1 — f(BE)]Im{Z" (k; E)}. (4.89)
From the above equations we see that
i[> (kE)-3(kE)] =i[2"(kE) -3 (k; E)]
= 2Im{E"(k; E)} = T'(k; E). (4.90)
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(I will write the explicit form of 3°< for non-interacting particles in steady-
state transport in Sec. 4.4.) Recalling the definition 4.69 of state lifetime
in the quasi-particle approximation, we also see from Eq. 4.89 that X< /h
and X~ /h must define some sort of “rate” for particles to scatter in and out
of single particle states. In Sec. 4.6 I will provide a more precise meaning
for these scattering rates when discussing the quantum Boltzmann equation.

Equation of motion for G<

As I have discussed in Sec. 4.2.3 , the lesser Green’s function is related to
the density and current density of the system. Its equations of motion are
thus central in transport theories. Here I write these equations, which I will
use later on.

Using the matrix notation for Green’s functions and self-energies as in
Egs. 4.75 and 4.84, and the equations of motion for the contour-ordered
Green’s function G (Egs. 4.82 and 4.83), it is straightforward to find (Ex-
ercise 4.4)

<h8(j+ i V2 Hl(r17t1)>G<(I‘1,t1;1“2,752)
1

={ZTG" + =G} (r1,t1;12,12),
(4.91)

and

o R _, .
_lhi+7v H'(r2,t2) |G=(r1,t1;r2,t2)
Ots
={G"E" + G X7} (r1,t1;12, t2),
(4.92)

where, for two general functions A(ry,¢1;r2,t2) and B(ry,ti;re,t2), the
symbol {:--} indicates the convolution

{AB}(r1,t1;12,t2) = /dt/drA(rl,tl;r,t)B(r,t;rz,tg). (4.93)

Finally, if we “absorb” into the unperturbed Green’s function Gy also the
action of the external potential, namely we define it as

2
(”’th + hf Vi H’(ri)) Go(r, t;x' ') = d(r —v)o(t —t'),  (4.94)
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from 4.81, one can write the equation of motion for the lesser Green’s func-
tion as (Mahan, 1990)

G =(1+G" =G 1+ G )+GE<G, (4.95)

where the product of two functions actually means the integral of their mute
variables as in Eq. 4.81, and CA¥0< is equal to Gy(r,t;r',t') for t < t'. The
above equation is known as the Keldysh equation (Keldysh, 1964), and an
equivalent one also holds for G>.

We now have all the tools to study transport in nanoscale systems using
the NEGF. In principle, we have the tools to study the dynamics of any
closed many-body quantum system subject to an arbitrary deterministic
perturbation, provided that the perturbation is switched on adiabatically,
and the non-equilibrium problem is such that many-body perturbation the-
ory is applicable. All many-body interactions are embedded in self-energies,
and once these are known, all physical properties of interest can be calcu-
lated from appropriate Green’s functions. In particular, the number density,
current density, and spectral function can be calculated via Eqgs. 4.46, 4.50
and 4.52, respectively.

I want to stress here that, if we knew ezactly the lesser Green’s func-
tion G< of a closed quantum system subject to an external perturbation,
namely we knew it to all orders of many-body perturbation theory, the cur-
rent density, and hence the total current across any give surface, would be
exact. Clearly, this is just a formal statement, and indeed we need specific
approximations to deal with particular cases. One of these is the following.

4.4 Application to steady-state transport

Let us apply the NEGF to the transport problem. We limit ourselves to
the case of steady-state transport. Some examples of applications of this
formalism to time-dependent phenomena can be found in Haug and Jahuo
(1996). For steady-state transport we employ most of the approximations of
the Landauer approach (Sec. 3.1), and few more. In particular, we consider

Approximations 1 to 3 of the Landauer approach

We assume that the electron sources are first replaced by the dynamical
interaction with reservoirs (Approzimation 1: open quantum systems). We
then assume that we work in an ideal steady state (Approximation 2: ideal
steady state), namely the statistical operator admits, in the long-time limit,



4.4 Application to steady-state transport 237

a stationary solution as in Eq. 3.5. We subsequently replace the open quan-
tum problem with a closed (and infinite) one with appropriate scattering-
boundary conditions (Approxzimation 3: “openness” wvs. boundary condi-
tions). The system is thus composed of two semi-infinite leads, which con-
nect to a central sample (our nanojunction). The leads are such that at
their infinite boundary they “accept” electrons with different local distri-
bution functions (Egs. 3.14 and 3.15), with the electrochemical potential
difference given by the bias, V' = (ur — ur)/e. At this point, we have
lost, irreversibly, information on the dynamics of the true system, electron
sources plus nanostructures, and as in the Landauer approach, the amount
of loss of information cannot be determined, not even in principle (see dis-
cussion in Sec. 3.1).1

Approximation 4: Non-interacting electrons in the leads

We make an additional mean-field approximation to handle electron inter-
actions in the system (Approzimation 4: mean-field approzimation of the
Landauer approach). Unlike the Landauer approach, however, we limit the
mean-field approximation to the leads, and allow interactions, beyond mean
field, inside the sample region. As I have anticipated, no closed form for the
single-particle Green’s functions (and hence for the current) can be obtained
if interactions are also taken into account inside the leads.

These approximations are the starting point for a steady-state theory of
transport within the NEGF. If no particular partition is made on the system
(Cini, 1980), one may assume that the above approximations occurred at
tg — —oo, with the additional assumption that at that time the external
perturbation that creates the electrochemical potential difference u; — ugr
deep into the two electrodes has been switched on adiabatically, and that
this adiabatic switch-on leads to a steady state independent of the initial
correlations.

Instead of the above partition-free procedure, I will employ the partition
approach (Caroli et al., 1971) represented in Fig. 4.1.2° In addition to
the above approximations, we then need to assume that at tg — —oo the
two leads are separated from each other and from the central region (see
Fig. 3.11).

19 Note that even if we did not make these approximations, and could determine the ezact single-
particle Green’s functions, we would have information only on the single-particle degrees of
freedom. As I have discussed in Sec. 2.8.3 this implies a loss of information with respect to
the dynamics of the many-body system, unless one recovers, using, e.g., dynamical density-
functional theories, the ezact many-body wave-function.

20 The derivation of the electrical current follows closely the one in Meir and Wingreen (1992);
see also Haug and Jauho (1996).
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In the infinite past, electrons in the leads are at equilibrium at their own
electrochemical potential (the central region is also at its own equilibrium),
but current is not allowed to flow between them. As I have already discussed,
this is not what happens in an experimental realization of this problem, but
it allows us to write down a closed equation for the current.

The left and right lead Hamiltonians have thus the following (mean-field)
form

Hip= Y Epafyaw, (4.96)
k;beL,R

with d};b, arp the operators that create and destroy, respectively, an electron
in the state (channel) with energy Ej, in b = L or b = R electrode. To
simplify the notation, I have also assumed that the wave-vector k takes only
discrete values, but the results can be easily generalized to a continuum
representation.

The Hamiltonian of the central region describes interacting electrons, and
its form thus varies according to the model chosen to describe these inter-
actions. If the electrons interact only with each other (no interaction with
other excitations, e.g., phonons) then quite generally we can assume that
this Hamiltonian is a function of a complete set of single-particle creation
{éjl} and annihilation {¢, } operators in the interacting region.?! We indicate
this by just writing

He = Ho({é}: {én)- (4.97)
The coupling between the central region and the electrodes is defined as

vbC = Z Vn,kb &};b Cns (498)
n,k

with b € L, R and V,, ;, some complex numbers.??

The above choice does not allow for direct tunneling between the L and
R electrodes. The total Hamiltonian is thus (note the similar partition we

21 As we will see in a moment this is enough to apply the NEGF technique and obtain a general
form for the current. Its actual value clearly depends on the details of the interaction Hamil-
tonian. Also, as I will discuss in Sec. 6.2.2, the derivation can be similarly carried out in the
case in which the electrons interact with other excitations, like phonons.

22 Note that all the parameters appearing in this model should be determined self-consistently as
they depend on the detailed electronic distribution under current flow.
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have made in Eq. 3.137 in the Landauer approach)

H:ﬁL+ﬁR+ﬂc +VLC+VRC+VTLC+V}L%C
= Y EBwaaw +He({e i {e) + D (Vawalyén + Vi, cham).

kbEL,R nk;beL,R
(4.99)

Since we are working in an ideal steady-state, all Green’s functions may
depend on time differences only, and we Fourier transform them in the energy
domain. With this in mind, the Green’s functions of the two isolated non-
interacting leads, g, can be simply calculated using the equilibrium theory
of Sec. 4.2. For instance, the lesser Green’s function can be obtained from
Eqgs. 4.59 and 4.61

9ip(E) = 2mify(E)O(E — Ep), (4.100)

where f;(E) is the local Fermi distribution 4.23 in each of the two leads.
In the central region we define the single-particle time-ordered Green’s
function (from Eq. 4.26)

G (£ — 1) = = (T[el, (¢ ()], (4.101)

where n and m are the quantum numbers defining two arbitrary states of
the central interacting region. From this we can define the corresponding
retarded Grfm, and lesser G,fm Green’s functions according to Eqs. 4.40
and 4.44, respectively.

In Eq. 4.50 we have shown that the current density (and hence the total
current) can be expressed in terms of the lesser Green’s function. That
expression, however, is less convenient in the present case, and instead we
adopt a different but equivalent definition of current (see Footnote 2 in
Sec. 1.3.2).

The current that flows from the L electrode into the central region is
simply given by the expectation value of the rate of change of the total
number operator (see Eq. A.13)

Np= > afyn (4.102)



240 Non-equilibrium Green’s function formalism

that counts electrons in the L electrode??

I = <C”;L> = LN = ((Vie + V) oy, (4.103)
t h h
where the second equality is from the Heisenberg equation of motion for the
operators in that representatlon (Eq. B.3), and the last one is due to the
fact that Hc, H L, H Rr, and Vie all commute with Nz. The average is
performed, as usual, over the equilibrium statistical operator. Note that in
the above expression for the current I have not included the spin degeneracy.
I will do that at the end of the calculations.
By replacing 4.98 into 4.103, and using the commutation relations of the
creation and annihilation operators (Eqs. A.17 and A.18) we obtain
I = % Z (Vn,kb <&Lbévl> - Vk*b,n <éj1d/€b>) (4104>
nk;bel

By comparing Eq. 4.44 with the averaged quantities in 4.104 we see that the
latter are a type of lesser Green’s functions. We then define

Gt — ) = 1 (Al ()6 (1) (4.105)
and

G ppu(t —1t') = h( & () (1)), (4.106)
which satisfy the property Gy, (t = t') = =[G, (¢t = )], or in Fourier

space Gy, . (E) = —[G ,,(E)]*. Using this property, and working in Fourier
space, the current 4.104 is simply

dE
I === < an(E) %, 4.1
L h 5. Re > VawG (B (4.107)
n;k,beL
We are therefore left to determine G . This can be obtained from the

equation of motion 4.28 for the time- ordered Green’s function Gy, j;(t—t') =
;%l(T[aLb(t’ )en(t)]. In this case no infinite BBGKY hierarchy is generated
(Appendix B) because we have assumed the leads non-interacting. The

23 The definition of the current 4.103 provides a finite value only if there is no direct tunneling
between the leads or, if that is the case, the electrodes have (i) finite cross section or, (ii) a
cross section that, by moving towards the interior of the electrodes, increases slower than the
exponential decay of the direct tunneling current across the electrodes. Otherwise the current
is infinite.
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equation of motion for G, x,(t — t') is (from Eq. 4.28)

., 0 .
il G (1) = O kb0 (t— 1))+ Epp G (t =)+ G (=) Vi,
m
(4.108)
which shows that Gy, ;5 is written in terms of the central region Green’s
function, and the coupling between the central region and the leads.

From here, one needs to calculate the lesser Green’s function Grf wb> PY

first defining the contour-ordered version of (A}mkb (see Eq. 4.73), and then
obtaining the lesser Green’s function from the correct segments of the con-
tour (Eq. 4.74). Here I just give the final result and refer the reader to Haug
and Jauho (1996) for the full derivation. One finds

G= e p(E) = Z Vl:b,m [G+nm (E) g,fb(E) + G (E) gk_b(E)] ;o (4.109)

where g, is the advanced Green’s function of the leads.
Introducing this result into Eq. 4.107 we obtain

2¢ [dFE . _
I, = — %Re Z mGb Vm,kb [G+mn(E) g;jb(E) + G<nm gkb(E)]

h
n,m;k,beEL
(4.110)
We can write this last equation in a compact form. Using the relation 3.48
for the density of states per channel, we can transform the momentum inte-
gration into an energy integration. We thus introduce the matrix

T ={TL(Ep)bmn = 27 Y Dy(Ep)Vas(Br) Vi (Er), (4.111)
beL

and similarly for the R electrode. Using Eq. 4.100, and the properties 3.84
and 4.51, the current in the L lead can be written as (Exercise 4.5)

= 5 D {TL(B) [GT(B) + [L(E)(G(E) = G~ (E))]}, (4.112)

with G<(F), GT(FE) and G~ (F) indicating the lesser, retarded and ad-
vanced single-particle Green’s functions of the central region in the presence
of the coupling with the leads.

Following the same procedure we can calculate the current flowing from
the R electrode into the central region, which in an ideal steady state is
Ir = —I;. The total current can then be written in the symmetrized version



242 Non-equilibrium Green’s function formalism

I = (I —1Ig)/2, or (I now include spin degeneracy)

=25 [ Cne (i, (B) - Ta(B) @7 (B)

+ [fL(E)TL(E) — fr(E)TR(E)][GT(E) - G™(E)]} .

(4.113)

This equation will be our starting point to develop approximate theories
of steady-state transport in the presence of interactions in the central region.
Let us make some remarks about this result.

First of all, I stress again the approximate nature of Eq. 4.113, that we
could derive only with non-interacting electrons in the leads. I also notice
that, in the presence of interactions in the central region, the form of the
current is very different than in the non-interacting case (cf. Egs. 4.113
and 3.229). In particular, the concept of transmission coefficient we have
defined in the non-interacting case is lost (we cannot simply say that the
argument in the integral of Eq. 4.113 is a transmission coefficient like the
one we have introduced in Chapter 3). For instance, one cannot relate
the elements ty; of the 7" matrix (see Sec. 3.5.1) to single-particle wave-
functions as we do in the non-interacting case. This shows that, even within
the simplifications that led us to Eq. 4.113, in the presence of interactions
there are contributions to the single-particle Landauer current 3.229 that
cannot be included in the single-particle transmission coefficient (see also
Sec. 8.4.2).

Finally, expression 4.113 contains the single-particle Green’s functions
G<(E), G"(F) and G (F) of the interacting region in the presence of cur-
rent flow (i.e., in the steady state but still out of equilibrium). These Green’s
functions are generally not known, except for few specific cases — some of
which will be discussed in Chapter 6.

Proportional coupling

A simplified version of Eq. 4.113 can be obtained if we assume I'f(E) =
cT'r(E) at all energies F, with ¢ an arbitrary constant.?* Replacing this in
Eq. 4.113 we get (spin included)

=% [ e - e { g T 6 () - 6 )
=% [apine) - aenn { ST Aam ) )

24 This is a rare occurrence in physical systems. For one thing, it would require no self-consistent
charge accumulation at the boundary between the central region and the electrodes.
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where in the last equation I have used the definition of spectral function 4.52.
Using the general property 4.54 we can write

2 A(E) = —2GT(E)Im{Z*(E)} GT(E) (4.115)

and by defining

Tin(B) = g Al it)

= T0(B) + Ta(B) (4.118)

we can write Eq. 4.114 as

1= 5 [AE(L(B) - falE) Tin(E), (@.117)
where the quantity
Tir(E) = —2Tr {T1p(E) GT(E)Im[=H(E)]| G (B)}, (4.118)

seems similar to the transmission coefficient I have defined in Eq. 3.224. It
is thus tempting to interpret it as a transmission coefficient. However, as
I have discussed above this interpretation is not correct in the presence of
interactions, and the similarity between Eq. 4.114 and Eq. 3.229 can be, at
best, considered a formal analogy.

The non-interacting case

Finally, let us show that if the electrons in the central region are also
non-interacting (or interacting at a mean-field level), we recover the non-
interacting scattering expression 3.229 for the current. This must be the
case, because in order to treat the steady-state transport problem within
the NEGF we have made the same approximations used in the Landauer
approach, except for the type of interactions in the central region.

In the non-interacting case the central Hamiltonian is of the type

He = Ho({el}i{en}) =) enéhin. (4.119)

n

Since we are now working with a true non-interacting problem at steady
state, we can calculate the lesser Green’s function of the central region di-
rectly from the Keldysh equation 4.95. Employing the definition 4.100 of the
lesser Green’s function for the non-interacting leads and the Dyson equa-
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tion 4.35, the first term on the right-hand side of Eq. 4.95 vanishes

R A o . R S+
1+GTEN Gy (1+2X°G7) x (1 + E)

E—E,—Xt
X 0(E — Ep) | 14 -
eon i)
=0, (4.120)
so that Eq. 4.35 is simply
G<(E)=G"(E)X<(E)G(B). (4.121)

The lesser self-energy is easily calculated from the equilibrium relation 4.89
S5(E) = X7 (E) + XR(E)
= i[fL(E)IL(E) + fr(E)R(E)], (4.122)

where ' (E) and T'r(E) are the level widths defined in Eq. 3.163.
Introducing Eq. 4.122 into Eq. 4.121 we get

G=(E) =ift(E)GT (E)TL(E)G™(E) + ifr(E)GT (E)Tr(E)G™(E).
(4.123)
To obtain the current, we then replace 4.123 into Eq. 4.113. Using the
non-interacting version of relation 4.54, namely Eq. 3.162, which here reads
i(GT—G7) = GT(I',+T'z)G™, and the cyclic property of the trace (Eq. E1.3
in Exercise 1.1), after some manipulation we recover, as expected, the ex-
pression 3.229 for the current in the non-interacting case (Exercise 4.6),

= [ aBiE E)Te{lp G T G~ 4.124
_m/_oo [f1(E) — fr(B) Te{Tr G L G, (4.124)

which we have obtained using single-particle scattering theory, without ever
employing the NEGF.

4.5 Coulomb blockade

Let us now discuss an explicit application of the NEGF to an important
case. Coulomb interactions among electrons contribute to an interesting
phenomenon, known as Coulomb blockade (or its complementary single-
electron tunneling). This phenomenon appears in structures similar to the
ones I have discussed in Sec. 3.7.1.1, when describing resonant tunneling.
The main difference between resonant tunneling and single-electron tunnel-
ing is that the first is an independent-electron effect, due to the geometrical



4.5 Coulomb blockade 245

confinement of single particles within a double-barrier structure like the one
represented in Fig. 3.17. This geometrical confinement leads to an enhanced
single-particle transmission probability across the whole structure at specific
energies (resonant energies).

On the other hand, the Coulomb blockade effect is a many-body non-
equilibrium phenomenon, and is related to charge quantization. It is gener-
ally realized in double-barrier structures like the one in Fig. 3.17, when there
are large tunnel barriers®® between the leads and the central region, which is
equivalent to saying the central region is weakly coupled to the leads. These
structures are also called quantum dots. Experiments in single-molecule
structures have clearly shown Coulomb blockade features as discussed in
this section (see, e.g., Yu and Natelson, 2004; and Park et al., 2000).

“Orthodox” picture of Coulomb blockade

To explain this phenomenon in simple terms, consider the configuration
in Fig. 4.4, where a central region (“island”) is weakly coupled via tunnel
barriers to two leads (see also Ferry and Goodnick, 1997). Now let us switch
on a bias V between the leads so that current flows.

The central region plus the tunnel barriers have a finite capacitance C,
and an associated electrostatic energy Eg = Q?/2C, where Q@ is the charge
on each “plate” of the ideal capacitor that represents this region.?6

If I now assume that an electron tunnels from one of the leads into the
island, the electrostatic energy of the central region changes

2 2
Eg = % addition of 1 ¢ (|Q|2—C|6”). (4.125)

We are also assuming that the above condition is maintained in time,
namely it occurs at steady state (hence the charge inside the island does not
equilibrate with the rest of the circuit). This requires a continuous supply
of electrons from the leads to the central region, so that Coulomb blockade
is a purely non-equilibrium effect. From this it is clear that ground-state
theories, such ground-state density-functional theory, cannot capture this
phenomenon at all (even if we had the exact functional, see also discussion
in Sec. 3.11).

From an energetic point of view, the above addition of an electron is
25 Bither in their energy “height” or spatial width.

26 From a microscopic point of view this can occur via the formation of a charge @ inside the

island, and compensating image charges in the contact regions in proximity to the junction. I

am also assuming for simplicity that the capacitances of the two barriers are identical, and no

extra capacitance is involved. It is easy to generalize the discussion to two barriers of different
capacitance, and the case in which a gate (and its capacitance) are added to the circuit.
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M N i ; eV

2

Mg

Fig. 4.4. Schematic of the energy diagram of a central region weakly coupled to
two electrodes via tunnel junctions. E, = €?/2C is the extra electrostatic energy
necessary to add one electron to the island. The dotted lines in the central region
indicate the energy of the many-body states of N (lower in energy) and N + 1
(higher in energy) electrons. In the top panel, the bias is not enough to overcome
the charging energy and Coulomb blockade occurs. In the bottom panel, the bias is
large enough to overcome the charging energy and single-electron tunneling occurs.

favorable whenever the “new” electrostatic energy with the added electron
is smaller than the corresponding energy in the absence of that electron

(Q1-le)* _ @
2C - 2C

Since we can relate the capacitance to the bias via V = Q/C,?" we need

— Q| > |§’ (4.126)
a bias |V| > |e|/2C for current to flow. Hence, electron transport is unfa-
vorable when

V] < 2‘2, Coulomb blockade, (4.127)

and we say the system is in the Coulomb blockade regime, whereby the

current is “blocked” despite the presence of a finite bias.
When the bias is

V| > ;C|" single-electron tunneling, (4.128)

27 Here I am assuming all the potential drop occurs at the central region and tunnel barriers.
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Fig. 4.5. Left panel: schematic of a central region locally coupled to a gate electrode
and weakly coupled to two leads. The gate electrode controls the charge density in
the central region. Right panel: by changing the gate voltage V, (at a fixed leads
voltage), the charge in the central region increases in steps and the conductance
G = dI/dV, shows peaks, at gate voltages |V, | = |e|(N+3)/Cy, with N the number
of electrons in the central region and Cy the gate Capamtance

a single electron can tunnel through the structure.

The above arguments constitute the basis of the “orthodox” theory of
Coulomb blockade (Averin and Likharev, 1986).

We can generalize the above discussion to extra electrons added to the
central region, and we thus expect steps (and hence conductance spikes) in
correspondence to the biases that overcome charging energies with increasing
number of electrons. This is easier to obtain if the bias between the leads
(sometimes referred to as “source-drain” bias) is kept fixed (and small), and
a gate voltage V; is locally applied to the central region with associated
capacitance Cj (see Fig. 4.5). The role of the gate is to vary the electron
density locally in the central region.

In this case, in the presence of N electrons in the central region, the
electrostatic energy of the latter is

(Ne)?
2C,

Ex = — VyNlel. (4.129)
The addition of an extra electron is favorable when the above energy is
minimal with respect to the number N of electrons, namely when Ey coin-
cides with En 41, which provides the gate voltage at which this condition is
satisfied

1
EN—H —FEn=0 - "/;]| = ‘€| <N+ 2) /Cg (4.130)
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At these gate voltages the current has a discontinuity (and the conductance
G = dI/dV, shows peaks) as schematically shown in Fig. 4.5.

The above considerations apply when the charging energy, E. = ¢2/2C,
is much larger than the thermal energy, E. = €?/2C > kg, otherwise
thermal fluctuations would dominate over the energy required to charge the
island. In addition, for single-electron tunneling to be observed, we expect
that, if R is the total tunneling resistance, the energy uncertainty related
to the capacitance of the central region, ~ h/RC, must be much smaller
than the charging energy E., namely h/RC < e?/2C, which also means
that the total tunneling resistance must be much smaller than the quantum
resistance (per spin), R < h/e?.

Finally, we expect resonant tunneling features (if present) to overlap with
single-electron tunneling effects. A clear difference between the two is that
single-electron tunneling occurs at evenly spaced biases (Eq. 4.130), while
the energy difference between resonances is not constant (it generally de-
creases with increasing energy).

NEGF approach to Coulomb blockade

Let us now discuss how the physics of Coulomb blockade can be obtained
from the NEGF. We work within an ideal steady state, and employ the par-
tition approach (with all its physical assumptions as discussed in Sec. 4.4),
which has led us to Eq. 4.113 for the current.

The total Hamiltonian is still given by Eq. 4.99, with only two differences.
We now adopt the following model Hamiltonian for the central region (Meir
and Wingreen, 1992)

He =Ho({e]}i{én}) = esélea+ Unono, (4.131)

S

which describes two single-particle levels®® with spin s and energy e, and
Ng = é]: ¢s is the occupation number of the state with spin s. The “on-
site” energy U describes the Coulomb repulsion of electrons, and can be
thus taken to be proportional to the charging energy of the central region,
U~e/C2

We also assume that the coupling of the central region with the electrodes

28 These levels may or may not be degenerate.

29 Once again, the value of this parameter should be determined self-consistently under current
flow, and is not necessarily identical to the classical charging energy. I am not aware of any
calculation where U is determined self-consistently in the presence of current.
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is spin-independent so that the coupling terms 4.98 are of the form

Vie =Y Vipa,, &, (4.132)

n,k,s

where I have introduced a spin variable in the operators of the leads as well.
The total Hamiltonian is then

H = Z Eyp d;tbsdkbs + Z €5 ¢l ey + U g,

k,s,beEL,R s
+ Z (kadlzbsés + V}:bé;rdkbs), (4.133)
nks;beL,R

which has been used in literature to study a wealth of phenomena, not just
the transport problem discussed here.

We now need to determine the contour-ordered Green’s function of the
central region, which I call G, from which all the Green’s functions ap-
pearing in the equation for the current, Eq. 4.113, can be determined. Un-
fortunately, this Green’s function cannot be determined in a closed form in
the presence of the coupling with the leads (one has to solve the BBGKY
hierarchy to all orders). Instead, one can proceed in a “semi-empirical”
way as follows. Determine first the Green’s function of the isolated cen-
tral region. Call this equilibrium time-ordered Green’s function G?fhted =
—H(T{é(t) éi(t’)}> This Green’s function can be determined from the equa-
tion of motion 4.28. The derivation is not difficult, but lengthy, and I write
here only the final solution (see, e.g., Haug and Jauho, 1996)

1— <ﬁ—s’>

~visolated <ﬁ—5> :
= 4.134
G (2) o e R (4.134)

with z = E £+ 1§, and ¢ a small positive number. This Green’s function has
two poles corresponding to the energies By = €; and Fy = €; + U; the first
with an amplitude (1 — (n_y)), the second with amplitude (f_).

One can then add the “perturbation” induced by the leads as if it is in-
dependent from the scattering induced by the electron-electron interactions.
Intuitively we expect this “perturbation” to simply broaden the states of
the central region. The complete Green’s function (A;‘rsé with this perturba-
tion included can then be obtained from the Dyson equation 4.35 with an
appropriate self-energy term.

We choose the simplest one, namely the self-energy corresponding to elas-
tic scattering of mon-interacting electrons into the leads. This is the self-
energy I have used in the Landauer approach, the sum of the left, Eq. 3.149,
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and right, Eq. 3.150, self-energies, which in the present case is simply

Steads(2) = D [Viol g (2), (4.135)
kb

where ¢ is the equilibrium Green’s function of the semi-infinite leads.

Using the Dyson equation 4.35 with the above self-energy, and Ggéglated the
“unperturbed” Green’s function, we get for the retarded Green’s function
(and similarly for the advanced one)

.- _ E—es—(1—(n_s)U
Gusl(E) (E—e—U)E—€) =5 4 (BE)E —es— (1= () U)’
(4.136)

which, to first order in the self-energy term can be approximated as

{f—s) 1— ()

_I_
E—ES—U—El'ZadS(E) E—e¢ — %"

leads

GL(E) ~

&) (4.137)
By comparing this last result with the Green’s function of the isolated central
region, Eq. 4.134, we realize that our initial goal has been accomplished: we
have broadened the single-particle levels €, of the central region introducing
an effective elastic lifetime due to the “interaction” with the leads.

Finally, the lesser Green’s function we are missing to evaluate the total
current 4.113, can be obtained directly from the Keldysh equation 4.95,
which, again using the non-interacting self-energy, reads (cf. Eq. 4.121)

G5,(E) = GL(BE)¥°(E) G,(E), (4.138)
with
Sieads(B) =Y [Vial” g5 (B), (4.139)
kb

where the lesser Green’s functions g< of the leads are given in equation 4.100.

By using all these Green’s functions one can calculate the total current
from Eq. 4.113. With specific choices of the parameters, such as the single-
particle energy €, on-site Coulomb repulsion U, etc., one finds reasonably
good agreement between theory and experiment for single-electron tunneling
(see, e.g., Meir et al., 1991), recovering the physics I have discussed within
the “orthodox” theory of Coulomb blockade.

4.6 Quantum kinetic equations

I conclude this chapter with the application of the Keldysh formalism to
the derivation of quantum kinetic equations, i.e., the quantum analogue of



4.6 Quantum kinetic equations 251

the Boltzmann equation (Sec. 2.7). This derivation will clarify further the
meaning of lesser and greater self-energies.

In Sec. 2.7 I have shown that in a semiclassical theory of transport one
can derive an equation of motion, known as the Boltzmann equation 2.130,
for the non-equilibrium distribution function f(r,p,t).

I want to show that from the equations of motion 4.82 and 4.83 of the
non-equilibrium Green’s functions, with suitable assumptions and approxi-
mations, we can derive an equivalent equation in the quantum case.

Due to the uncertainty principle, the position r and momentum p of a
particle cannot be measured simultaneously with arbitrary accuracy. There-
fore, the quantum version of the classical Boltzmann equation will be of some
meaning when the position r of a particle can be specified on a scale larger
than the typical smallest length scale of the system, but smaller than the
wavelength of any external field. In Fermi systems the smallest length scale
is the Fermi wavelength, which in metallic structures can be as small as the
effective “size” of an atom (i.e., of the order of 1 A), so that the quantum
Boltzmann equation may have a range of applicability down to the nanoscale
level.

Let us then outline the steps necessary to derive the quantum Boltzmann
equation. The reader interested in a much more complete account of this
derivation is urged to look into Kadanoff and Baym (1962).

We proceed by introducing the following Wigner coordinates®

t t
rR-ntr o _nhth (4.140)
2 2
and
r=r1 —ra, t:tl—tg. (4141)

In terms of these coordinates a general Green’s function G(ry,t;;ra,t2)
is

t t
GmuRﬂ:G<R+;T+?R;j2> (4.142)

30 The first set of coordinates is called “slow” and the second “fast” because when a slowly
varying (in R and T') external perturbation is applied, the lesser and greater Green’s functions
vary slowly with respect to R,T, while they have sharp variations in the neighborhood of
r=0,t=0.
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Let us then subtract Eq. 4.92 from 4.91 to get

0 0 K2 h?
e vl g g
(1 8t1 T 8t2 + V i 2m Vm

—Hl(r1,t1) + H'(ra,t2)) G=(r1,t1;12,12)

= {E+G< + 2<G+ - G+2< - G<E_} (I‘l,tl;rz,tg). (4143)

As in Eq. 4.93, the symbol {- -} appearing in the above equation means
convolution of the argument functions. We now express all quantities in 4.143
in terms of the Wigner coordinates 4.140 and 4.141, and use the relations

9 9 < . _i < .
(8t1 + 8t2> G (r17t17r27t2) - 8TG (r7t’ R7 T) (4144)

and
Vi — Vi, =2VR -V, (4.145)

Equation 4.143 then becomes?!

h? t
in-2 + VRV H (R+r,T+2)

aT 2
T H <R— g,T— ;)] G<(r,t;R,T)

={¥TG"+X°G"-G'E* -G} (r,;; R, T).  (4.146)

Equation 4.146 is the desired kinetic equation for the lesser Green’s func-
tion G<, from which one could, for instance, determine the current density
via Eq. 4.50. In this form, however, it is not of much use and one needs ap-
proximations to obtain an equation that is computationally tractable. We
will discuss only the approximations that allow us to derive the quantum
version of the Boltzmann equation.??

We now assume that the potential H' varies slowly with the coordinates
R and T so that we can make the following gradient expansion

TR A r t O\
H<R 2,T 2) H<R+2,T+2) < VR+taT>H(R,T).
(4.147)

31 The convolution on the right-hand side of Eq. 4.146 is the same as in 4.93 except that the
functions now depend on the coordinates R, r, T and .

32 Other approximations may be possible, which lead to different physical properties not contained
in the Boltzmann equation (see, e.g., Kadanoff and Baym, 1962).
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Equation 4.146 can then be approximated as

0 h? 0 / <
<lh8T + *VR Vi — < vR+t3T> H(R,T)) G=(r,t;R,T)

={ZTG"+X°G"-G'E° -G} (r,t; R,T).  (4.148)
Let us now define the following transformed function
G<(p,w;R,T) = / dr / dte R THUIGS (r, 4; R, T). (4.149)

If we then Fourier transform Eq. 4.148 with respect to r and ¢t we get

oT tor Ohw
~ [2+G< +3°G" - G'E° -G (p,w; R, T)
=[(Z"-27)G" - (G" -G (p,w; R, T)
=[2"G* - G"=] (p,w;R,T). (4.150)

in (a + R G - VRH(R,T) -V, + o H(RT) - ) G*(p,wiR,T)

The right-hand side of Eq. 4.150 has been approximated by retaining the
lowest-order terms in the gradient expansion with respect to R and T, and
in the last equality I have made use of the identities X7 — X~ = ¥~ — X<
(Eq. 4.90) and GT — G~ = G~ — G= (Eq. 4.51).

We already start to see that apart from the term a H' (R, T)-2- 575, the
left-hand side of Eq. 4.150 has a structure similar to the classical Boltz-
mann equation 2.130, where ihG=< plays the role of the non-equilibrium dis-
tribution function f, and the right-hand side replaces the collision integral
1[f).

The term 57 O H'(R,T)-2- 57 cannot appear in the classical case because the
energy (or frequency) is not a variable independent of the momentum. For
the same reason, it cannot appear in a mean-field approximation where
there is a one-to-one correspondence between energy and momentum (see
Eq. 4.72). Let us then proceed as follows.

At equilibrium, the Green’s function G< is related to the equilibrium
Fermi—Dirac distribution 4.23, and the spectral function A via the rela-
tion 4.59. It thus seems natural to make the following local equilibrium
ansatz in the non-equilibrium case as well

G< (p7w7 R’ T) = 27Tif(p’ R7 T) A(p7w7 R’ T)?
G~ (p,w,R,T) = —27i[l - f(p,R,T)] A(p,w; R, T), (4.151)

with f some non-equilibrium local distribution function.
In the above ansatz we have also implicitly assumed that the distribution
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function does not depend on frequency, or equivalently that the energy and
momentum are related to each other so that the energy is not an independent
variable. Let us now choose the simplest spectral function possible, namely
the one corresponding to the mean-field approximation 4.72. In the present
case

Ap,w; R, T) = §(hw — ¢p), (4.152)
with
P2 /
,=-—+H(R,T). 4.1
=5+ (R,T) (4.153)

If we replace ansatz 4.151, with the spectral function 4.152, into Eq. 4.150
we obtain

A(p7w; Rv T) <;T + % : vr - VRH,<Ra T) ' VP) f(pa Ra T)
= ARERD) [ R 15 (p,wi R T)
+ (11— f(p,R,T)Z(p,w; R, T)] . (4.154)

If we now integrate in frequency and use the properties of the J-function,
we get

0 p /
<W + E -V, —VrH (R,T)vp> f(paR>T>

= 1 [f(0RT)Z" (b, = /B R,T)
+ (1= f(p, R, T)Z"(p,w = /1R, T)]

= 1[f]. (4.155)

This is precisely the Boltzmann equation 2.130 with H’ replacing V.,
and the collision integral given by
i
I[.ﬂ = _ﬁ [f(p> R7 T)2> (p7 w = 6p/h; R> T)
+ (1—-f(p,R,T)E(p,w = ¢/ R, T)] . (4.156)

Note that at equilibrium 3> and 3< are given by Egs. 4.89, with f = f¢?
the global equilibrium Fermi—Dirac distribution 4.23. If we replace these
expressions in 4.156, with f = f°, we immediately see that the collision
integral is identically zero, as one would expect in the equilibrium case.

As we have explicitly demonstrated for non-interacting electrons (see
Eq. 4.122), X< /h is proportional to the rate for an electron in the central
region to tunnel (scatter) elastically into the left and right electrodes.
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Similarly, in the interacting case, by looking at its role in the collision
integral 4.156, we can interpret X<(p,w = €,/h;R,T)/h as the collision
rate for a particle to scatter into the state with momentum p and energy ¢,
at the phase-space point R, T', provided that state is unoccupied. Since that
state is unoccupied according to the factor [1 — f(p, R, T)], the product [1—
f(p,R,T)|E<(p,w = ¢,;R,T)/h counts how many particles can actually
scatter into the above state at R, T.

On the other hand, 37 (p,w = €,/h;R,T)/h is the collision rate for a
particle in a state with momentum p and energy ¢, to scatter out of that
state at position R and at a time 7. This rate, multiplied by the distribution
function f(p,R,T'), counts how many particles scatter out of the above state
at a point R, T" in phase space.

The right-hand side of Eq. 4.156 is then the net rate of change of particles
with momentum p and energy ¢,, at position R and time 7". This is precisely
the definition of collision integral of the semiclassical Boltzmann equation
(see discussion after Eq. 2.129).

Finally, if we consider small departures from equilibrium so that we can
approximate 3> and 3< with their equilibrium value, with f = f“in
Egs. 4.89, but retain the non-equilibrium distribution function f in 4.156
we get

11 = 22O (7 gy ey - p
_ _[f(p7R7 T))T_ feq(p’R)”’ (4157)

where in the last step I have defined the scattering lifetime (see, e.g., Eq. 4.69)
7, = —h/2Im{Z" (¢,)}. (4.158)

Equation 4.157 has the same form as the relaxation-time approximation 2.134
we have introduced in Sec. 2.7, where here, as in the semiclassical case, the
lifetime can be due to both elastic and inelastic effects among particles.

If one is interested in the current, from the solution of Eq. 4.155 one ob-
tains the non-equilibrium function f from which the current can be deter-
mined as in Eq. 2.137, which completes our search for the quantum analogue
of the Boltzmann equation.

Summary and open questions

In this chapter I have introduced the non-equilibrium Green’s function for-
malism. This approach pertains to the study of the dynamics of closed
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quantum systems subject to a time-dependent deterministic perturbation,
and for which many-body perturbation theory applies. All physical proper-
ties of interest are then calculated from appropriate single-particle Green’s
functions.

The application of the formalism to steady-state transport requires similar
assumptions and approximations to those used in the scattering formulation
of Chapter 3. Under these assumptions one can obtain a closed set of equa-
tions of motion for the non-equilibrium Green’s functions from which the
current can be determined. All interactions are included in a self-energy
function, which, in principle, contains all possible scattering events that a
single particle experiences in the presence of all other particles. However,
it is no simple task to compute the current in realistic systems when inter-
actions beyond mean field are included, since the self-energy, and hence the
Green’s functions in the presence of electron flow, are generally unknown.

Needless to say, if the system consists of non-interacting particles (or
particles interacting at a mean-field level) we recover the current 3.229 we
have derived in Chapter 3 using single-particle non-interacting scattering
theory.

As an example of application of the NEGF I have discussed the phe-
nomenon of Coulomb blockade, which is a non-equilibrium many-body effect
whereby the addition of an extra electron to a central region weakly coupled
to two electrodes may be energetically unfavorable despite the presence of a
bias. We have used a simple “impurity” Hamiltonian to study this effect, and
I am not aware of a full time-dependent first-principles calculation of this
phenomenon in nanoscale systems. Such a study is desirable since it would
clarify the microscopic dynamics, and self-consistent charge and current dis-
tributions during the onset of single-electron tunneling, and would shed new
light both on the assumptions of the “orthodox” theory of Coulomb block-
ade, and on the limits of applicability of the NEGF approach to transport
phenomena in nanoscale systems.

In the same vein, the effect of interactions on the formation and micro-
scopic properties of steady states is still an open problem, and is not at all
addressed within the NEGF. Its study would help us better understand the
basic assumptions of the static formulation of transport.

Finally, I have derived the quantum analogue of the semiclassical Boltz-
mann equation, which reveals the link between self-energies and collision
integral.
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Exercises

Derive Eq. 4.22.

Use the definitions of retarded and advanced Green’s functions 4.40
and 4.41 to prove that the spectral function 4.52 is positive definite.
Show that Eq. 4.56 is satisfied. (Hint: you will need to use the
commutation relation A.21 of field operators.)
Fluctuation-dissipation theorem. Write the lesser and greater
Green’s functions 4.44 and 4.45 in terms of the ezact eigenstates of
the Hamiltonian fI(]. Prove Eq. 4.59 which is at the basis of the
fluctuation-dissipation relation 4.59.

Equation of motion for G<. Starting from the matrix notation
for Green’s functions and self-energies as in Eqgs. 4.75 and 4.84, and
the equations of motion for the contour-ordered Green’s function G,
Eqgs. 4.82 and 4.83, derive Eqs. 4.91 and 4.92.

Prove Eq. 4.112.

Derive Eq. 4.124.



Noise

So far I have discussed the most obvious quantity in a transport problem:
the average current. In reality, as I have anticipated in Sec. 1.2, electrical
current continually fluctuates in time so that it carries noise.

There are several sources of noise in a conductor that can be classified as
external and internal. Two of the most common sources of external noise
are known as 1/ f and telegraph noise. The first takes its name from the fact
that it shows a spectrum at small frequencies f, which scales as 1/f. No
general theory exists on this noise, and it is believed to be of extrinsic origin,
for instance due to distributions of defects in the conductor. The interested
reader should consult the review by Dutta and Horn (1981) where 1/ f noise
is discussed at length.

On the other hand, telegraph noise is due to rapid fluctuations between
states of the conductor that are very close in energy, but that carry different
currents. This noise is also believed to be of extrinsic nature and has a
typical Lorentzian power spectrum.’

In addition to the above fluctuations, one has to remember that our
nanoscale system (sample), whose noise properties we want to determine,
is connected to a real external circuit with its own external resistance, call
it Rexs (Fig. 5.1). Therefore, due to the presence of this extra resistance,
even if the voltage source is noiseless (call the corresponding potential drop
Viource), the voltage drop across the sample (call it Vigmpie) is different from
Vsource and would manifest fluctuations. This is easy to see using the follow-
ing simple arguments.

If I is the average current flowing in the system at steady state, the above
two voltages are related via (assuming no quantum-mechanical interference
occurs between the external resistance and the resistance of the nanoscale

L1t could be due, e.g., to fluctuations of atomic configurations induced by thermal effects.
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Vsample
_/
Fig. 5.1. Due to the presence of
the resistance of the external cir-
— cuit, the voltage at the sample
© Viample is different than the ex-
ternal applied voltage, causing
e fluctuations in Viample-
AN < | |
g
Rext V
ext

system)

Vsource = Rext I+ Vsample- (5-1)

Therefore, even if we could control the source voltage with arbitrary pre-
cision (i.e., its fluctuations are zero), from Eq. 5.1 we see that if the cur-
rent fluctuates in time as AI(t), the voltage across the sample fluctuates as
AViample (t) = —Rext AI(t), which allows us to relate current fluctuations to
voltage fluctuations at the sample.

In this chapter I will not discuss these types of noise. Instead, I will
focus only on noise that cannot be eliminated even in clean, “impurity-free”
samples, embedded in a circuit with zero external resistance. These are
fluctuations of the current due to both the discreteness of charge present
even at zero temperature (shot or partition noise), and random fluctuations
of the electron distribution at finite temperatures and close to equilibrium
(thermal or Johnson— Nyquist noise). 1 will show that the latter is related
to the conductance of the system via the fluctuation-dissipation theorem
(see Sec. 2.3.3), while the first provides more information on the electron
dynamics than the conductance itself. Both have a power spectrum that is
independent of frequency (white noise).

Figure 5.2 shows a typical noise power measurement for a gold quantum
point contact (like the one represented in Fig. 5.1). The curves correspond
to voltage fluctuations, as a function of frequency, with increasing current,
from 0 pA (bottom curve) to 0.9 pA (top curve) (van den Brom and van
Ruitenbeek, 1999). Even at zero average current, noise is observed and is
precisely due to thermal fluctuations (the nominal background temperature
of the system is 4.2 K). This noise is independent of frequency up to a
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-
L=

Fig. 5.2. Voltage noise power as
a function of frequency for a
gold quantum point contact at
a nominal temperature of 4.2 K.
The different curves correspond
to different currents, from 0 pA
(bottom curve) to 0.9 pA (top
curve). Reprinted with permis-
sion from van den Brom and van
Ruitenbeek (1999).

Total noise (10" V'/Hz)

1 10 100
Frequency (kHz)

cut-off frequency imposed by the capacitance of the external circuit (about
50 kHz in this particular experiment). The spikes in the spectrum are at-
tributed to electromagnetic interference with the outside environment. By
increasing the current, one observes the 1/f behavior at small frequencies,
which saturates fast to some value that contains both shot and thermal noise
contributions.

In the following, I will limit our discussion to noise in the coherent trans-
port regime within a mean-field approximation. A discussion of noise in
systems where electron interactions are important (such as in the Coulomb
blockade regime of Sec. 4.5) can be found in the review by Blanter and
Biittiker (2000). A brief discussion of the effect of electron-phonon scatter-
ing on noise properties of nanoscale systems in the quasi-ballistic regime is
given in Appendix H (see also Chen and Di Ventra, 2005).

In addition, in Chapter 8 I will show that, under certain conditions, the
electron liquid may undergo a transition from laminar to turbulent flow
when crossing a nanojunction. If this occurs, turbulent current noise will
also be present, and will correlate with the other sources of internal noise.
The analytical description of turbulence is a notoriously difficult problem
(see, e.g., Landau and Lifshitz, 1959b), so that I do not attempt to describe
this type of noise here, even if it is of internal origin.

Finally, I mention that a comprehensive experimental study of all these
sources of noise is still lacking for nanoscale systems. This study is desirable
since the noise characteristics of a conductor provide much more information
on electron flow than the average current, and for nanoscale systems it may
even be used to determine their detailed microscopic configuration, since
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internal noise (shot noise in particular) is much more sensitive to atomic
details than the average current (Chen and Di Ventra, 2003; Lagerqvist et
al., 2004; Yao et al., 2006).

5.1 The moments of the current

Since the current fluctuates in time, and the knowledge of this observable is
only statistical, it is what we call a stochastic process. Its value I(t) at any
given instant of time ¢ is a realization of the process (or sample function)
and the stochastic process is the ensemble of these realizations.

From the theory of classical stochastic processes we then know that we
can obtain information on the statistical distribution of this process (namely,
how its properties are distributed in time) by calculating all its associated
moments (see, e.g., van Kampen, 1992). In quantum mechanics we can do
the same.

Assume the state of a many-body system is described by a statistical
operator p(t). The first moment of the current is simply its average 1.86

e(I); = eTr{p(t)I}. (5.2)

The second moment is the current autocorrelation function

2

Stt) = ST {p = UMW) + 1(t) ()]}, (53)
which we have defined in Sec. 2.3.3 when discussing the fluctuation-dissipation

theorem, where the current operator is in the Heisenberg picture.?

At an ideal steady (stationary) state, the average current 5.2 does not

N

depend on time, (I); = (I), and it is convenient to calculate the second
moment with respect to the average current by defining the operator AI(t) =

I(t)—(I). In this case, the autocorrelation function can depend only on time
differences and is

S(t —t') = e;Tr { ot = O)[AL(H AL + Af(t’)Af(t)]}
= 622<Af(t)Ai(t') + AI(t)AI(t)). (5.4)

This will be our starting point to determine shot and thermal noise.

2 Recall that the symmetrization of this quantity (which is not necessary in classical stochastic
proccsscs) is because operators in quantum mechanics do not necessarily commute at different
times. Also, in certain literature the term autocorrelation function is often used only for Eq. 5.4,
and Eq. 5.3 is simply called second moment. I do not make this distinction here, and will use
these terms interchangeably.
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In general, the m-th moment can be similarly defined as

m

S(ti,ta, o stm) = —Tr ¢ p(t =0)P 1| ¢ (5.5)
' j

where P indicates all possible permutations of the argument.
In an ideal stationary state, the above moments do not change by a time
translation, namely

Sty +71,to+7,...,tm +7) = S(t1,ta,...,ty), ideal steady state, (5.6)

with 7 an arbitrary interval of time.

These higher moments give rise to what is now called counting statistics
(Levitov and Lesovik, 1993). I will briefly discuss the information we can
extract from these higher moments in Sec. 5.3.

Autocorrelation time and stationary processes

Since a steady state is just a theoretical idealization, one is naturally led
to ask if there is a condition that allows us to approximate a given stochas-
tic process as stationary. This condition is related to the existence of an
autocorrelation time.

This is defined as the finite time, call it 7., after which the autocorrela-
tion of the stochastic process is negligibly small. This is because a process
that does not have a finite autocorrelation time will always “remember” its
history and its initial conditions, and thus cannot be approximated as an
ideal stationary process.

In the present case, if

e . . A a - A
S(t,1) = 5 TOIE) + 1) I(2)) - eH(I()(I(t) (5.7)

is the autocorrelation of the current, we can approximate the process as a
stationary process if

|S(t,t")|~0, for|t—t|>7. approximate steady state, (5.8)
or, if we take |t — t/| to infinity

Y () (GO R ((41(0)
[t—t/|—4o00 2

= (L&) (L("). (5.9)

By comparing this condition with Eq. 2.76, we see that an ideal steady state
is based on the assumption of ergodicity (Sec. 2.3.3.1): it is equivalent to
assuming that the system’s representative point in phase space explores,
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during time evolution, any neighborhood of any point of the relevant phase
space. This is again an idealization, and it is probably not true for many
physical systems considered experimentally. Nonetheless, we will make this
approximation in this chapter; namely, we will assume that the stochastic
current has a finite autocorrelation time so that the stationary condition 5.8
holds.

Approximations 1 to 5 of the Landauer approach

Here I also remark that, as for the average current, the above moments
cannot be calculated exactly for a general many-body system, and we need
approximations to describe the system dynamics.

From now on I will make the Approximations 1 — 5 of the Landauer ap-
proach (Sec. 3.1); namely, I will work with an ideal steady state for the
average current of a closed but infinite system, and electrons experience at
most mean-field interactions even in the nanostructure. I want to determine
the internal noise properties of this simplified problem.

5.2 Shot noise

Shot noise is the term employed to define electrical current fluctuations
at steady state and zero temperature due to the discreteness of charge.?
Its discovery in vacuum tubes dates back to experiments by Schottky who
observed that after eliminating all other (extrinsic) sources of noise there
would still be a contribution due to the random motion of the charge caused
by thermal effects of the conducting part of the circuit (thermal noise), and
a contribution due to the irregular arrival of (independent) electrons at the
anode across the vacuum region that separates the anode from the cathode
of the tube (Schottky, 1918).

Since this latter type of noise is due to the discreteness of charge it is not
just a prerogative of electrons, but it is observed, for instance, in quantum
optics due to the corpuscular nature of light, or in any classical problem in
which one measures the fluctuations of a given steady particle flux about its
average (e.g., raindrops on a given surface).

The quantum theory of shot noise can be developed similarly for fermions
and bosons. In this chapter we just focus on the first class of particles. A
brief review of shot noise for bosons is presented in Blanter and Bittiker
(2000).

3 In literature this is sometimes called partition noise. This nomenclature comes, as we will see
in a moment, from the random “partition” of the electron flow due to, e.g., a potential energy
barrier. I will use these two terms interchangeably to represent the same type of noise.
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5.2.1 The classical (Poisson) limit

Before describing the quantum-mechanical theory of shot noise, let us begin
by considering the case — also analyzed by Schottky — in which electrons are
emitted from a source (e.g., a cathode) at random intervals. The electrons
are also considered independent (no Coulomb interaction between them) and
these emission events uncorrelated from each other. We can then approxi-
mate the time-dependent current that crosses an arbitrary surface perpen-
dicular to the electron flow as a succession of charge spikes, which can be
represented as delta functions centered at different random times

I(t)=> ed(t—t,). (5.10)

2

If T, is an arbitrary finite interval of time, on average, at steady state, N
electrons cross a given surface in the interval 7T}, i.e., the electron flow has
average current I, = eN/T, over that interval. By taking the limit of
T, — oo, N also goes to infinity, and we write

1 Tp/2 _
(I) = lim / dt1(t) = lim Ig,, (5.11)
Ty—oo Ly —-T,/2 Tp—o0
where, once again, I have made use of the ergodic hypothesis (Sec. 2.3.3.1) to
transform the time average on the right-hand side into an ensemble average
over replicas of the system on the left-hand side of Eq. 5.11, irrespective of

the initial conditions.

With these definitions and assumptions we can now calculate the current
fluctuations about the average current. We can proceed in two ways: (i)
we can formally compute the noise using the current autocorrelation func-
tion 5.3, or (ii) we realize that the ensemble of current events follows a
Poisson distribution and evaluate from that distribution the fluctuations of
the number of carriers that cross a given surface in time. I will employ the
first method since it is also the starting point for the quantum theory of
noise we will develop later, and leave the second approach as an exercise for
the reader (Exercise 5.1).

It is convenient to calculate the fluctuations about the average by defining
AI(t) = 1(t) — (I), and writing the current autocorrelation function as

Ty /2
S(t') = lim 1/ AI(t) AI(t+t)dt = (AI(t) AI(t+ 1)), (5.12)
TPHOOTp —T,/2

where the dependence on a single time comes from the fact that we are
considering a steady state.
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If we replace 5.10 into 5.12 we get

/ o2 T, /2 / )
S() = lim = / 5(t—t)8(t — g +t)dt — (I)
Tp—o0 Tp zz:; pr/2
2
T € ) ] A 2
= oo D> ot — e+ ) —{1)*, (5.13)

where in the last expression I have used the properties of the J-function.
Now, there is a theorem of statistical mechanics (the Wiener— Khinchin the-
orem, see, e.g., van Kampen, 1992) that relates the noise spectrum S(w) —
or spectral density of fluctuations — of a stationary process to the autocor-
relation function via*

+00
S(w) =2 / dt' ! S(t'). (5.14)
—00

Note that the validity of this theorem requires the existence of a finite auto-
correlation time, which I have implicitly assumed by treating the transport
problem as stationary.

Before replacing 5.10 into 5.14 we recognize that the é-function terms
with ¢; # t; do not contribute on average to S(¢'). We are then left with N
d-functions for ¢t; = t;;. The noise power spectrum is thus

2 N rtoo o +oo L
S(w) =2 lim &) / dt’ e 5(1') — 2(I)? / dt’ et
i —o0
. 6N ) 2
=2e lim — —2([)"0(w) = 2e(l) — 2(I)*6(w), (5.15)

J})*)OO P

where I have used the Fourier transform of the §-function, §(w) = [ dte“".
In the limit of zero frequency we then obtain a constant value of noise
proportional to the average current®

Sp = L}]li)% S(w) = 2e(I). (5.16)

I will refer to this classical result as the Poisson limit of shot noise.

It is called poissonian because it can be derived by assuming that the
number of charges that are transmitted across a given surface of the con-
ductor follows a Poisson distribution (Exercise 5.1). This is also known as a
counting process with independent increments (see, e.g., Ross, 1996), in the

‘f The factor of 2 in 5.14 is due to the symmetry S(—w) = S(w).
° Recall that lim, —¢ 6(w) = 0. This limit must be interpreted as follows: consider the J-function

in any of its representations. For clarity, use the representation in Eq. 3.126. Take the limit of
that representation for ¢ — 0, with frequency w > €. Then take the limit of w — 0.
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sense that it “counts” the number of events that occur in a given interval of
time, and these events are statistically independent from those occurring in
a different and disjoint interval of time.

5.2.2 Quantum theory of shot noise

We are now ready to derive the shot noise expression in the quantum case.
Let us begin by considering an idealized case of a single electron in a single
one-dimensional channel. The electron scatters on a potential energy barrier.
It thus has a probability 7" to be transmitted through the barrier and a
probability R =1 — T to be reflected.

From Eq. 3.56 we know that, in an interval of energy dE, the current
(per spin) that is transmitted across the barrier is dI = ;5 f(E)T(E)dE,
i.e., it is proportional to the occupation n = f7T of the current-carrying
states. In the zero-frequency limit the current fluctuations are thus related
to fluctuations in the occupation number: S(0) o< (AnAn).

An, reflection transmission An;
incoming flow '\-\\//
— Pe— +—
i T H

Fig. 5.3. Shot noise is due to the statistical correlation between transmitted and
reflected states caused by their fluctuating occupation numbers, Any and Ang,
respectively.

A simple way to calculate these fluctuations is as follows (see also Blanter
and Biittiker, 2000). Assume that the average occupation number for the
incoming flux is (n;) = f. It is then (ny) = f7T and (ng) = fR for the
transmitted and reflected states, respectively. The fluctuations in the trans-
mitted and reflected states can be easily calculated by recognizing that in a
given experimental measurement of the current the electron is either trans-
mitted or reflected so that the ensemble average (npng) = 0. In addition,
we are considering the statistical properties of an ideal Fermi gas, so that
the second moment of occupation fluctuations at equilibrium is equal to its
average: (n?) = (n). By defining Any = ny — (nr) and Ang = ng — (ng)
we therefore find

(Ang)2) = {ng) — (n7)? = fT(1 - fT), (5.17)
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((Ang)?) = (ng) — (nr)* = fR(1 - fR), (5.18)
(Anr)(Ang)) = —(nr)ing) = —f*TR. (5.19)

If we assume the incident state is populated with probability 1 (zero tem-
perature, f=1), then the above expressions reduce to

((Ang)?) = (Ang)?) = —((Anr)(Ang)) = TR=T(1 ~T).  (5.20)

Recalling that shot noise is S(0) o< (AnAn), we see from Eq. 5.20 that this
is due to the statistical correlation between transmitted and reflected states
caused by their respective occupation number fluctuations (Fig. 5.3). In
addition, unlike the current, which can be expressed in terms of transmission
probabilities only (see Eq. 3.56), shot noise depends on both the transmission
and reflection probabilities.

From Eq. 5.20 the term partition noise should now be clear: it refers to the
separation of the incoming electron flow into two flows: transmitted and re-
flected. It is also clear that this noise is maximum when 7" = 1/2, and there
is no shot noise if T'= 0 (complete reflection) or "= 1 (complete transmis-
sion). The latter result can be interpreted by thinking that a “uniform” flow
of electrons (or of any other particle for that matter), which is embodied
in the condition T' = 1, does not produce any second moment for the current.

The single-channel case

Let us now derive the above results more rigorously using the scattering
theory of Chapter 3. For simplicity, we again limit ourselves to the case of a
single channel i (in both left and right leads) in a two-probe geometry (see,
e.g., Fig. 3.4). The general scattering wave-function, ¥(r, F'), is given by
Eq. 3.200, where only one channel is considered. We will generalize later to
the multi-channel case.

I proceed by using the second-quantization formalism (Appendix A), which
allows us to handle the ensemble averages appearing in the moments of the
current in a much easier way. Instead of the wave-function ¥(r, ) we then
have the field operator (see Egs. A.19 and A.20)

P(r,t) = h(r,t) + % (x,t), (5.21)

where the field operators " (r,t) and 7 (r,t) are (see Chen and Di Ventra,
2003; Lagerqvist et al., 2004)

)(r) &é(R) o iBt/h — /dE \I,é(R) (r) &é(R) efiEt/h7
(5.22)

L) — / dE D(E) W} .
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with D(FE) the channel density of states, Eq. 3.48.5 In Eq. 5.22 the wave-
functions \Il:r( iki,)(r) correspond to processes with an incident wave from the
L electrode (+|k;|) and those with a wave incident from the R electrode
(—|kil), as in Sec. 3.5.1. We have also defined the annihilation operators
&g(R) associated with these processes.” Since we are dealing with fermions
and assume the left-moving and right-moving electrons uncorrelated, these

operators satisfy the anti-commutation relations (from Eq. A.17)
{ak,all} = 6,;0(E — E'), i,j=R,L. (5.23)

We have also assumed that electrons injected from the left and from the
right of the sample have local equilibrium distributions 3.14 and 3.15, re-
spectively. From Eq. 4.24, the occupation of the single-particle states is
thus

<€LgCLE,> = 61]5 (E — El) fZE, 7,’_] = R’ L’ (524)

where, for brevity, I have used the symbol fi = fi(E) for the Fermi—Dirac
distribution.
Let us then define the following current operator

o) = g [ e [olen) (2ote0) - (2o W’”Li -

where dr | = dy dz is a two-dimensional coordinate element in the transverse
direction.

The average current

Before calculating the noise let us show that the average current calculated
with the above field operators is indeed the same as we have derived in
Chapter 3 (Eq. 3.56). If we replace Eq. 5.21 into 5.25 we get

[(z,1) = /dE/dE/dreEEt/h[( wag, TEL,

+ (G/E)Tagl E, E’ + (a/ ) G/E/ IE E’ (&g) / IE' E/:| (526)

6 Note also that the field operator 5.21 is quite general, i.e., the derivation that follows can
be done by assuming this operator written in terms of any type of single-particle states, not
necessarily scattering states (Chen and Di Ventra, 2003).

7 Alternatively, we could have defined operators associated with the incoming, ar g, and outgo-
ing, by, r, amplitudes of the scattering processes (see Fig. 3.14). The derivation of shot noise
would follow similarly (see, e.g., Blanter and Biittiker, 2000).
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where we have defined the functions®

7t i *8\Ilj’ O(Vh)* .o
IﬁE/E(\I’E) af _ (85) ‘I’JEm i,j=R,L. (5.27)

Let us now calculate the ensemble average of the current operator using the
relations 5.24

(1) = i) = oo [ a8 [ v (1 T8 + £ TE%)
le/dE/er e 5 (5.28)

where in the last identity I have used the property I éLE =1 g%, a direct

consequence of flux conservation (see discussion in Sec. 3.3.3).

First, we note that this expression does not depend on time. Second, by
comparing it with Eq. 3.37, we see that it does not depend on the position x
either. We can thus evaluate it at any point in space. Let us for instance cal-
culate it at x — +oo for leads that are described by translationally invariant
Hamiltonians.

In this case we know from Sec. 3.3.2 that the asymptotic behavior of the
wave-functions \I/Ziki)(r) is given by Eqs. 3.197 and 3.198.% Substituting
this limit into 5.28, and carrying out the spatial integral we finally get

- Q;/dﬁ; (1 — 1B T(B), (5.29)

which is precisely the current (per spin), Eq. 3.56, for the one-channel case.

The second moment of the current

We can now turn to the derivation of shot noise. From the general defini-
tion 5.3 of second moment of the current, and the noise spectrum 5.14 we
write!?

+00 . . R R .
S(w;x1,x2) = 62/ dt e (AI(xy,t) Al(xa,0) + Al(xs,0)AL(x1, 1)),

—00
(5.30)
with Al(z,t) = I(2,t) — (I).
We can now proceed as we did for the calculation of the current, i.e., we
replace Eqgs. 5.26 and 5.28 into Eq. 5.30 and perform the averages using

8 Note that for E = E’, the functions ng contain only one density of states D(FE).

9 Clearly, the summations in Egs. 3.197 and 3.198 do not appear in the one-channel case.

10 Again, since we are considering an ideal steady state, the second moment of the current can
depend on time differences only.
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the properties 5.24 of the creation and annihilation operators. In this case,
however, the calculation is lengthier and cumbersome as one comes across
terms of the form <a1ra2a;r,,a4>, where a;’s are operators corresponding to
different energies and satisfying different statistics, i.e., left and right Fermi
distributions. The evaluation of these averages is simplified by the use of
Wick’s theorem (see, e.g., Giuliani and Vignale, 2005), which allows us to

write (i,j,k,l = R, L)
i k i k
<aglaE2aEtaE4> = <CLE-|:1(LE2> <CLE-|;CLE4>
+ 610;50(Ey — Eq)0(Ey — Es) fh, [1 - f,gz} . (5.31)

I give here just the final result of this long calculation (Blanter and
Biittiker, 2000; Lagerqvist et al., 2004)

253
S(w 1, T2) dE | driy [ droy fE)
i,j=L,R
o [fg,EJrhw(rl) X ngrm,E(rQ)} . (5.32)

We are interested in the zero-temperature and zero-frequency limits of
Eq. 5.32. If the electrochemical potential on the left p7 is higher than the
electrochemical potential on the right pg (with up — ur = eV), then the
shot noise is'!

2 h3
S(O;Cﬂl,i‘g): 2m2/ dE/dI‘u_/dI‘gJ_ IEE(I‘l)XIEE(I'Q)
(5.33)

I note that if one knows the single-particle states self-consistently any-
where in space (using, e.g., ground-state DFT in combination with the
Lippmann—Schwinger equation, as discussed in Chapter 3), then one can
employ Eq. 5.33 directly to estimate shot noise without the need to extract
transmission probabilities (Chen and Di Ventra, 2003).

It is, however, common to express shot noise in terms of scattering am-
plitudes and this is what I set out to do in the following.

Expression 5.33 can be evaluated at any pair of points in space (giving
rise to different cross-correlations). Let us then evaluate S(0;xz1,z) for,
say, r1 — oo and 3 — oo and call this quantity Sgr. Substituting the
asymptotic behavior of the wave-functions \I/;Eiki)(r) (Egs. 3.197 and 3.198)

11 In this case f}E(l —f}:) =0,except fori =L, j=Rand pup < E < py,.
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into Eq. 5.32 and carrying out the integrals we get (Exercise 5.2)

e2 105 e2 KL
Srr = — dET(E)R(E) = / dET(E)[1—-T(F)]. (5.34)
Th g T g

We readily see that we have recovered the form of shot noise in terms of
transmission and reflection probabilities we have derived with simple argu-
ments in 5.20. We can also perform the same calculation for z; — —o0
and x9 — —oo and call this noise Sy, and for x; — —oo and x93 — oo (or
equivalently ; — oo and x9 — —o0) and call the result Spp (Sgr). We
then find the relations

Srr = SLL = —SLrR = —SRL, (5.35)
as in Eq. 5.20.'2

The Poisson limit

Let us now discuss the limits under which the shot noise 5.34 reduces to
the Poisson limit 5.16. If T'(F) < 1, from Eq. 5.34 we get
e2 KR
Skrr ~ — dET(E). (5.36)
mh 129
If we also assume the transmission coefficient is independent of energy
(T(E) = T) we can take it out of the energy integral so that!?

2 IR 3
Spp & eT/ ig-Vr (5.37)
7h L mh

where in the last equation I have made use of the fact that u; — up = eV.
Within the same approximations, the average current 5.29 is

eV
I~ —T .
Iy~ o, (5.38)
so that Eq. 5.37 can be written as
2%
Srr ~2e——T =2e(l) =8 5.39
RR ™ 205 e(I) = Sp, (5.39)

which is the classical value 5.16 of independent electrons.

12 The condition >, Sij =0, with i, j either L or R, is a direct consequence of current conservation
(Exercise 5.2).

13 We may make this approximation when the bias is small and away from resonances. In this
case, the transmission coefficient is evaluated at the Fermi level (see discussion in Sec. 3.3.3).
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The multi-channel case

The derivation of shot noise we have done so far can be easily extended to
the case in which there are N independent incoming channels i and N/t
independent outgoing channels f (still in a two-probe geometry).!* T give
here the final result for Sgr, since the other cross-correlations S;; follow the
relations 5.35. By summing up all contributions from independent channels

one finds
e2 MR . . e2 [HR
Srr = — Z/ dE 1 rriTTg = 71'71/ dE Te{rirrir}
ijkl Y HL ML
e2 KR
- c / AET,(E)[1 - T,(E)], (5.40)
mh B

where the matrices r and 7 are the block matrices defined in Eq. 3.208.
The last equality in 5.40 is for the particular choice of eigenchannel basis in
which the matrix 717 is diagonal with eigenvalues T}, (1 < n < NL), and
the matrix rfr is diagonal with eigenvalues 1 — T}, (see Eq. 3.211).

As noted before, shot noise cannot be written in terms of transmission
probabilities only. In addition, from Eq. 5.40, we see that it is proportional
to the sum of terms of the type 7 frkﬂl’;n 7, with 4, f, [, k indexes describing
different channels. If i # f, these products are not real-valued so that they
depend on the relative phase of the transmission and reflection amplitudes,
i.e., they describe interference among carriers in different channels. This is
not the case for the current (see Eq. 5.42 below).

If the coefficients T), (E) are again assumed independent of energy (7,,(E) =
T,) Eq. 5.40 becomes

e3V
Skr ~ — N T, (1-T,), (5.41)
n

that generalizes the result 5.37.

14 Note that the assumption of the existence of independent channels (Approzimation 5 of the
Landauer approach) is even more important for the noise than for the current, owing to the
fact that shot noise is related to the current autocorrelation function: any channel mixing may
result in a completely different noise form. For instance, if we allow for mixing of the channels
we would have noise terms of the type (assuming N/ = NF)

rL
S = —/ dE Te{rtr}Tr{rtr},
HR

Th

which would be zero whenever expression 5.40 is zero, but would show different noise structure
in all other cases. In addition, this mixing, being of quantum-mechanical origin, would not
lead to the Poisson limit 5.16 even at small transmissions.



5.2 Shot noise 273
Similarly, I have shown (Sec. 3.6) that in the eigenchannel basis the aver-
age current is
e e
(I) = m;/dE [f]% - fg] T.(E) = m/dE [fé - fg'] Tr{TTT},
(5.42)
which in the limit of zero temperature, and assuming the coefficients T;, (E)
do not depend on energy, reduces to

I~ — T,. 4
RS = (5.43)
The multi-channel expression for the Poisson noise then reads
3V
Sp ~ 2e(l) = — > T (5.44)

It is customary to define a dimensionless quantity, called the Fano factor,
that quantifies the departure of shot noise from its Poisson value Sp. The
Fano factor is defined as

SRR
F=— 5.45
SP ) ( )
which, inserting Eq. 5.40 and Eq. 5.42, becomes
nr
/ dE Te{rTrrir}

_ SRR _ Jug

F= = (5.46)
Sp

KL
/ dE Tr{rr'}
IR

For energy-independent transmission coefficients (and in the eigenchannel
basis) Eq. 5.46 reduces to

T’n 1— Tn
p LoBl-T] )

Since 0 < T, <1, the Fano factor F' is always smaller than unity, so that
from the above we would conclude that shot noise is always suppressed with
respect to its Poisson value (the noise is called sub-poissonian). However,
this result is not generally true. Let us indeed recall that we have assumed
all along non-interacting particles. For interacting particles one can indeed
obtain super-poissonian values of noise, i.e., F' > 1 (see, e.g., lannaccone et
al., 1998).

Finally, I just mention that, under the same approximations and assump-
tions we have employed above, the generalization of Eq. 5.40 to the case in
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which multiple terminals are present (Sec. 3.9) follows similarly. I leave this
case as an exercise for the reader (Exercise 5.3).

5.3 Counting statistics

We can now perform the same calculation for higher moments of the current,
Eq. 5.5. This is quite complicated and I will not report it here. Instead, I
will proceed in a somewhat simpler way, which shows the underlying concept
(see, e.g., Lee et al., 1995).

Assume we know the probability density P, (¢) that m particles'® cross a
given surface of the sample in a given interval of time ¢ much larger than the
characteristic time e/(I) for electrons to pass through that same surface.'6

Given the above probability distribution, we can construct its character-
istic function

N
G(k) = ™ Pa(t), (5.48)
m=0

which is the Fourier transform of P,,(t) in the range of values of the distri-
bution. In the above, N is the average number of “attempts” to cross the
surface in the interval ¢. The function G(k) is also known as the moment
generating function, because its series expansion provides all moments of
the distribution

o0 .
(ik)™ S
G(k)=>_ - e%, (5.49)
5 !
with S, the m-th moment 5.5, and Sy = 1.
The logarithm of the characteristic function generates the cumulants of
the distribution!”

m!

o) = 3 U (i, (). (5.50)
1

15T am implicitly assuming that this number is discrete so that I am employing a semiclassical
description of electron motion.

16 The distribution P, (t) is usually assumed to be of the Bernoulli type (also known as the
binomaal distribution). For a single channel with transmission probability 7" this is

N m N —m N! m N —m

Py (t) ( m >T 1-17) m!(me)!T 1-17)
with m < N (both integers). The physical reason for this choice is that it represents the
distribution of finding m non-interacting particles out of N contained in two separate but
communicating volumes. When one of the two volumes is set to go to infinity (and hence it
represents a reservoir), while the particle density in the other stays constant, this distribution
approaches the Poisson distribution.

17 Here I am considering the correlations defined by subtracting the averages as in Eq. 5.4.
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where the m-th cumulant is

() = /O dty .t ((I() - T(t))). (5.51)

For an ideal steady state, and under the same assumptions we have used to
derive shot noise, the first cumulant is proportional to the average current
{(n(t))) = (I)t/e, while the second, to the shot noise, ((na(t))) = Srpt/2€>.

By knowing all cumulants of the distribution, one can evaluate the charac-
teristic function G(k), from which we can back-Fourier transform Eq. 5.48 to
obtain the distribution function P,,(t). For instance, a gaussian distribution
has zero cumulants for m > 2, while a poissonian distribution has all cumu-
lants equal to its average value. Therefore, if we could measure cumulants
we would know the full (counting) statistics of our transport problem.

The actual measurement of these cumulants is, however, not an easy task.
The reason is because the n-th cumulant depends on sums and differences of
functions of all the (n —1)-th moments (see, e.g., van Kampen, 1992). Since
measurements are done on time scales much longer than the characteristic
time e/(I), the central limit theorem makes the lower-order moments the
dominant contribution to the cumulants, so that the latter are difficult to
distinguish beyond the second order.!®

Recently, the third cumulant has been measured in the case of electronic
transport across a tunnel junction, showing that in this case the distribution
is likely to be poissonian (Bomze et al., 2005).

5.4 Thermal noise

As anticipated, thermal noise (also called Johnson— Nyquist noise) is due
to thermal fluctuations of the electrons in a conductor close to equilibrium.
From the analysis that led us to Egs. 5.17, 5.18 and 5.19 we see that it orig-
inates from the fluctuations in the occupation number An; of the incident
state.

We can derive the expression for thermal noise using a similar approach
to that we have used to derive shot noise. We first calculate the frequency
dependence of the noise, and then set the frequency to zero after setting the
equilibrium condition, i.e., by imposing the same distribution functions in
the left and right electrode (at finite temperature).

Our starting point is therefore Eq. 5.32 and we evaluate it for say x1 —
18 The central limit theorem states that if 41, y2, . .., yn is a set of independent stochastic variables

whose probability distribution has finite variance, the scaled sum (y1 + 92 + ...+ yx )/VN has

a gaussian distribution for N — oo. The gaussian distribution has zero cumulants beyond the
second.
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oo and z3 — oo. Call this quantity Spr(w). For the one-channel (and
two-terminal) case, and assuming that the transmission amplitudes do not
depend on energy, we then find (Exercise 5.4)'9

62

SRR( ) o h{T(l—T)/dE [fLR(E,w)—i—fRL(E,w)]
7 [ aBlia (B0 + fRR<E,w>]} , (5.52)

where
fiif(Byw) = foll = fhop) + Fhupo [l — fol, (5.53)

for i,j either L or R. In the multi-channel case (and in the eigenchannel
basis) Eq. 5.52 generalizes to

SRR 2 h{ZT n)/dE[fLR(an)"i'fRL(E)w)]

Z / dE|frL(E. >+fRR(E,w>]}. (5.54)

Since the transmission probabilities are outside the energy integrals, the
energy integration can be performed exactly to give (Exercise 5.5)

hw — eV

T,(1— — h{ ————

Skrr(w =5 h{z n(1—T, [(hw eV') cot ( o 0 )
hw + eV

Tw 2
+ 2hw coth <2k3 0) ;Tn} . (5.55)

This equation contains both contributions to noise: thermal and partition.
For instance, if we set the frequency to zero and then the temperature to
zero in Eq. 5.54, we recover the shot noise formula Eq. 5.41 (Exercise 5.6).
If instead we assume the system to be at equilibrium, f; = fr (V =0), we
get

2w hw
Srr(w) = — coth <2k’B 0) ZT”’ (5.56)

19 Since we are now working with a finite frequency, we are also implicitly assuming that this
frequency, temperature and bias are all smaller than a characteristic (internal) frequency of the
system in such a way that the transmission amplitudes are frequency-independent and thus the
particle current is conserved. If this were not the case, then only the total current would be
conserved, i.e., the particle current plus the displacement current. In this case, the condition
>, Sij(w) =0, with i, j either L or R, is not satisfied (see Footnote 2).
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which in the limit of zero frequency is?"

4e’kp 0 I
Srr(0) = 6TB S T, = 4kp 6 <v> = 4kp 0G, (5.57)

where in the last equation I have used the definition of two-probe linear-
response conductance (per spin), G = (I)/V, and used the result 5.43.

Equation 5.57 is the classical result for thermal noise. Similar to the Pois-
son limit of shot noise, we could have derived it with classical arguments
(Exercise 5.7), and it simply states that the fluctuations in the occupation
number at finite temperature and zero bias are accompanied by dissipative
effects, proportional to the conductance of the sample. This is one form of
the more general fluctuation-dissipation theorem for systems close to equi-
librium I have introduced in Sec. 2.3.3 in the context of the Kubo formalism.
We also see that thermal noise does not provide more information on the
carrier dynamics than the conductance itself.

Summary and open questions

I have discussed here two types of intrinsic noise: shot and thermal. I have
derived, within a single-particle scattering picture, closed forms for both.
I have also discussed, within a simplified semiclassical picture, the type of
information one could extract from a measurement of the higher moments
of the current (counting statistics).

It is worth pointing out that noise properties of nanoscale systems have
received much less attention than the average current. This is somewhat
unfortunate since noise may provide more information on the microscopic
properties of nanoscale structures than the average current itself.

In addition, effects of many-body interactions (beyond mean field) on
noise properties of nanoscale conductors are still poorly understood. Along
these lines, a comprehensive study of the effect of electron-ion interactions
on noise would also be desirable.

Exercises

5.1 The Poisson limit of shot noise. Consider electrons crossing
a given surface at a rate n(t) = I(t)/e, where I(t) is the current.
Define the number of electrons that pass in an interval of time 7T}, as

T,
N:/O din(t), (B5.1)

20 Recall that lim, g coth(z) ~ 1/z + O(z).
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5.2

5.3

5.4

9.5
5.6

5.7

Noise

with ensemble average (N) (see Eq. 5.11). Define the variations
AN = N—(N) with respect to the average. Assume that NN is a Pois-
son process, so that its moments are all equal to its average. Using
the Wiener—Khinchin theorem 5.14, show that the zero-frequency
limit of the noise is S(0) = 2e([).

Use Eqgs. 3.197 and 3.198 to derive Eq. 5.34, and prove the condi-
tions 5.35, which are a direct consequence of flux conservation.
Multi-terminal noise. Consider the current operator 5.25 at a ter-
minal I, (t) with average steady-state current (I,), so that AI(t) =
I,(t) — (I,). Define the correlation function between two terminals
a and [ as (from Eq. 5.4)

St —t) = i(Afu(t)Afg(t’) + AL ()AL (). (E5.2)

Within the single-particle scattering picture, generalize the result 5.40
to multiple terminals by calculating the zero-frequency and zero-
temperature limit of Eq. E5.2. Show that the correlations are nega-
tive for a # 3, and positive otherwise.

Starting from the noise power, Eq. 5.32, derive the relation 5.52
assuming that the transmission amplitudes do not depend on energy.
Prove that Eq. 5.55 obtains from Eq. 5.54.

Order of limits. Start from the power spectrum, Eq. 5.54, and
show that if we take the limit of the frequency to zero before the
zero-temperature limit we recover the shot noise formula 5.41. Take
instead the equilibrium limit first (zero bias) in Eq. 5.54, and then
the zero-frequency limit. Show that this order of limits leads to
Eq. 5.57.

Thermal noise from a Langevin approach. Consider a general
RC-circuit with resistance R and capacitance C'. The charge Q) on
the capacitor obeys a stochastic differential equation

aQ _ Q
where L(t) is a stochastic process with zero average and J-auto-
correlation:
(L(t)) =0, (E5.4)
(L()L(t"))y =T6(t —t'), (E5.5)

where (...) indicates classical canonical average, and I' is some pos-
itive constant. Equation E5.3 is a type of Langevin equation.
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Using equilibrium statistical mechanics, determine the constant I"
and show that the current autocorrelation function is

kg

(AI(H)AI()) St — 1), (E5.6)

from which the thermal noise result 5.57 follows.
Show also that the voltage autocorrelation function is

(AV()AV(t')) = 2kpORS(t — t'). (E5.7)
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Electron-ion interaction

Electrical current is affected by the interaction between electrons and ions.
Due to this interaction electrons may undergo inelastic transitions between
states of different energy, even if the electrons themselves are considered
non-interacting with each other. These transitions appear as discontinuities
(steps) in the current (conductance) at biases corresponding to the phonon
spectrum of the structure. In reality, the phonon spectrum is renormalized
by both the electron-phonon interaction at equilibrium, and by the current
itself. The latter fact makes the concept of phonons under current flow
fundamentally less obvious. I will discuss this point in Sec. 6.5.

An example of inelastic features in nanoscale systems is illustrated in
Fig. 6.1 where the conductance of a gold point contact is measured as a
function of bias. The conductance shows a step in the range between 10 and
20 meV corresponding to the energy of the vibrational modes of the whole
system — gold point contact plus electrodes — that couple more effectively
with electrons.

Via the same inelastic mechanism, electrons can exchange energy with
the ions and thus heat up the nanostructure while they propagate across it.
As we will see later, this phenomenon, called local ionic heating, may have
dramatic effects on the stability of nanostructures.

Finally, in a current-carrying system ions may be displaced by local current-
induced rearrangements of the electronic distribution — the local resistivity
dipoles I discussed in Sec. 3.2 — without the intervention of inelastic pro-
cesses. The forces responsible for such displacements are known as current-
induced forces. Despite many studies, past and present, these forces chal-
lenge our understanding of non-equilibrium phenomena, starting from their
basic definition for a current-carrying system to their, yet unsolved, conser-
vative character.

In this chapter I will discuss all these effects. I will present simple argu-

280
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ments on the bias dependence of these phenomena, as well as their quan-
tum description within a set of approximations that render their solution
tractable.

6.1 The many-body electron-ion Hamiltonian

Since now the ions enter the transport problem explicitly, we need to find
the most appropriate Hamiltonian to describe the combined dynamics of
electrons and ions in the presence of current. Here, I will just focus on the
steady-state transport problem and will briefly mention dynamical effects in
the “Summary and open questions” section of this chapter.

Let us start from the general many-body Hamiltonian'

I:I = I:Iel + I:Iion + I:Iel—z'om (6-1)

I As in Chapter 4, operators in bold face indicate many-body quantities. We also neglect rela-
tivistic effects.
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where

. = z’*vzﬁz -
‘T T Lagm Vi 2, ,|ri—rj|’

1

. Z; Zj e?
Hion = - Z VRl Z ‘R RJ‘

el ion — Z Z ‘I‘ Z Z ‘/Yel wn — R) (62)

In Eq. 6.2 Zjle|, M; and R; are the charge, mass and coordinate of ion 4,
respectively. The symbol V%{j indicates the Laplacian with respect to the
ionic coordinates.

6.1.1 The adiabatic approrimation for a current-carrying system

Direct diagonalization of the many-body Hamiltonian 6.1 is clearly an im-
possible task, so further approximations are necessary. For a system in equi-
librium, we know that the ions, being much more massive than the electrons
(m/M; ~ 10~*), move slower than the electronic subsystem. This allows us
to conjecture that the electrons, for each atomic displacement, have enough
time to “readjust” themselves before the atoms move again. We can there-
fore solve the electronic part of the Hamiltonian at fixed atomic positions,
the latter treated as parameters.

This is called the adiabatic or Born— Oppenheimer approximation — see,
e.g., Bransden and Joachain (1983), for a complete derivation. In this ap-
proximation the ionic Hamiltonian ﬂim can be written as an effective Hamil-
tonian where the ion-ion interaction potential, at given ionic positions, is
“mediated” by the electronic configuration corresponding to those ionic po-
sitions. Quite generally, this new effective Hamiltonian can be written as

2

I:Ing{ = - Z % V%{, + Z ‘/ion(Ri - Rj). (6.3)
i ij

The energy manifold that is spanned by the nuclear motion — the energy

manifold defined by the potential Z Vion(Ri — Rj) — is called the Born-

Oppenheimer surface.

The question now is whether this approximation is valid for a system out
of equilibrium, and in particular if an electronic current is present. The
first comment I make is that out of equilibrium — as well as in equilibrium
— this approximation may neglect correlated effects of coupled electron-ion
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dynamics when the ion wave-functions cannot be simply approximated as
d-functions centered at the classical ion positions. I will neglect these effects
and adopt the adiabatic approximation, which in the case of current-carrying
systems simply states that the electrons can quickly readjust their non-
equilibrium charge distribution in response to the ionic motion. In other
words I define

Adiabatic approximation for a current-carrying system: The elec-
tronic subsystem is assumed to remain infinitesimally close to an instanta-
neous current-carrying steady state, corresponding to the instantaneous set
of ionic positions.

0

;, we can solve the

We therefore assume that for fixed ionic positions, R
electronic part of the Hamiltonian 6.1.

Single-particle approximation

In practice, I will assume in the following discussions that using, for instance,
the approximations of the Landauer approach (Sec. 3.1), we have been able
to determine the single-particle scattering states associated with an effective
single-particle Hamiltonian that replaces Hamiltonian ﬂel +flel_ion at fixed
ionic positions. These are the states we have determined in Chapter 3,
where the effective single-particle Hamiltonian could be, e.g., the Hartree
one, Eq. 3.10, or the ground-state DFT Hamiltonian 3.12.

In the context of a one-electron theory, it is also customary to define the
electron-ion interaction in terms of an effective screened potential V?*(r; R;)
so that the one-particle electron-ion Hamiltonian can be written as

I:Iel—'zlon = Z Vps(r; Rz) (64)

In practical calculations, VP*(r; R;) could be for instance a pseudopotential,
an effective potential where the energetically deep electrons of the ions (core
electrons) are considered “frozen”, and only walence electrons participate
directly in the bonding (see, for instance, Harrison, 1989).2

This is a reasonable assumption also in the transport problem, since the

2 Note that pseudopotentials are not necessarily local in the electronic coordinates. Here, we
assume them local to simplify the notation. Also, while I am not aware of an “all-electron”
calculation of inelastic scattering in nanostructures, (i.e., one in which also core electrons are
explicitly taken into account), the reader should keep in mind that such a calculation is in
principle possible following similar considerations as the ones we make in this section.
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core electrons are highly localized and tightly bound to the nucleus. In addi-
tion, their energies often fall well below the bottom of the conduction bands
of both electrodes, and definitely well below the electrochemical potentials
even at large voltages (Di Ventra and Lang, 2002).

The core electrons plus the positive bare-ion charge thus form an effective
ion of charge Z. In the following, I will implicitly adopt this pseudopotential
picture, but the discussions that follow do not depend on the chosen form
of such potential.

6.1.2 The phonon subsystem

Let us now determine the effect of ionic displacements on the Hamiltonians
6.2. Let us start with ﬂion.

As we will see in detail in Sec. 6.5, at finite current the ions may be
displaced by local rearrangements of the electronic distribution without the
intervention of inelastic processes. These current-induced forces, however,
are proportional to the current — at least in the linear response, see Eq. 6.105
— and for relatively small biases we can therefore assume their effect on the
ionic displacement to be negligible.?

Let us then apply the following (small) displacement to the ions

R; =R} + Q; (6.5)

and expand Vj,,(R; — Rj) in Taylor series about the equilibrium positions
to second order. The first-order term in the expansion is zero because we
assume the ions at equilibrium. Higher-order terms give rise to phonon-
phonon scattering processes. I will consider these later when dealing with
heat dissipation (see Sec. 6.3). We thus find

1
V;ﬁon<R7l - Rj) ~ V;ﬁon(R? - R(j)) + 5 Z(Ql - Qj),u, (Qv - Qj)u Eu;jua (66>
v

where pu,v = x,y, z, are the coordinates of each ionic position, and
82‘/;071 (Rz - Rj)
OR;, OR;,

Fipijv =

(6.7)

R;=R);R;=R!

are known as the elements of the dynamical response matriz, and we have
defined R;,, the u-th component of the vector R;. Since the term an(R? —
R?) only redefines the zero of energy, we assume it zero in Eq. 6.6.

3 For metallic nanojunctions, such as gold point contacts, at biases of tens of millivolts these
forces are of the order of 1073 — 1072 eV A~! | and therefore negligible (see also Sec. 6.5).
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Let us now introduce “normal” coordinates, {g;,}, for the N ions such
that the u-th component (1 = z,y,z = 1,2,3) of Q; is

N 3
= ZZAWJV(]J‘V. (68)

j=lv=1

The transformation matrix, A = {A;, ., }, which contains information on
the geometry of the system, satisfies the “orthonormality” relation?

Z MiAiu7jV ip,g'v! = 6]1/] v’ (69)

In the following it will be convenient to use a single index j to label the
index pair iu. Using relation 6.9 and the definition 6.8 it is then easy to

prove (Exercise 6.1) that the Hamiltonian Hl C{T{ can be written as

f(fnf - ZQZ Zw Qz’ (610)

where wj is the frequency of the normal mode i, and the summation runs over
all possible normal modes of the system.? We have also used the symbol ¢; =
dg;/dt to indicate the momentum conjugated with the normal coordinate ¢;.
If we now use the canonical transformation

~ Wi
Qi = 27; qi
(6.11)
~ 1
P=./—¢
2 2h(,dz ql?
with [Ql, ]5]} = ihd;;, we can define the operators
. 5 L ib
l?ZT Qi +1_ K (6.12)
bi = Q lf)ia
which satisfy boson commutation relations [ZA)J',ZA);,] = ¢, and [l;j,l;j/] =

4 With this definition the ion mass appears implicitly in the transformation matrix Aiujv- One
could alternatively introduce it explicitly in the electron-phonon coupling constant.

5 For N ions there are 3N normal modes so that, if we consider all the atoms of the junction plus
the electrodes, N is essentially infinite. However, for our scope only the modes associated with
the nanojunction — which may include quite a few atoms of the bulk electrodes — couple most
strongly with the electrons, and therefore need to be considered explicitly. The modes of the
bulk electrodes form a continuum and, therefore, all information is included in their density of
states.
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[Bj, ZA);L,] = 0 (Appendix A). With these operators Eq. 6.10 can be written as

po R n 1
! =H,, =) <b}bj + 2> hw. (6.13)

J

With the above approximations, we have thus written the ionic Hamiltonian
as the one corresponding to a set of independent harmonic oscillators.

Let us now call |N;) the orthonormal eigenvectors corresponding to the
modes with energy hwj.G For later use, we also mention that the opera-
tors 6.12 when acting on the phonon wave-functions satisfy (see Appendix A)

bi|Nj) = /NjIN; = 1)
bI|IN;) = /N; +1|N; +1) (6.14)
bil0;) =0,

where we have defined with |0;) the state with zero phonons in the corre-
sponding mode.”

In the absence of electron-phonon or phonon-phonon interactions, the
average number of phonons in a given mode at a given temperature 0, is
determined by the Bose—Einstein statistics 1.81, i.e.,

Apa 1
N = (blb;) = SR Jhn b 1 (6.15)
where the symbol (---) indicates average over the canonical equilibrium
statistical operator p,, = e~ "Hon /Tr{e="Hr} of independent phonons (see
also Sec. 1.4.6).

In the presence of current and interactions among phonons, the above
statistical operator is not necessarily the equilibrium one, but some arbitrary
ppr(t). For an arbitrary operator A acting on the phonon subsystem, the
average of this operator on the phonon degrees of freedom is

(A)r = Trpn{ppn(t) A}, (6.16)
where Try;, means the trace is done in the space of the phonons.

In what follows, any average involving the phonon degrees of freedom will
mean an average of the type 6.16. However, I will assume that the form
of the phonon distribution is the equilibrium 6.15 with at most an effective
local temperature.

I also emphasize here that the temperature 6,, appearing above is the

6 This is a simplified notation to indicate the many-body state, in the Fock space of phonons

that has N; phonons in the mode with energy hw; (see Appendix A).
7 The vacuum state is defined as the many-body state with zero phonons in all modes.
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temperature of the ions, i.e., the temperature associated with the ionic ki-
netic energy. As we will discuss in Sec. 6.3 this temperature can be quite
different, locally in the junction, from the temperature 6 of the electrons
which appears in the Fermi—Dirac distribution (Eq. 1.80).

The propagator of non-interacting phonons

For later use, let us also write the “free” phonon propagator: the Green’s
function associated with the ionic vibrations, possibly screened by electrons,
but not interacting with other ionic vibrations. We will need it when we treat
the electron-phonon interaction within the NEGF approach (Sec. 6.2.2).

We start from the general definition of time-ordered Green’s functions,
Eq. 4.26. However, instead of replacing the field operators with the phonon
operator b; we choose the combination ¢; = l;; + Bj. This is a conve-
nient choice so that the resultant Green’s function describes propagation of
phonons both forward and backward in time (Mattuck, 1976).

Let us then define the time-ordered single-phonon Green’s function (which
at equilibrium depends on the time difference only) for each mode j

DYt ) = (TR (), (6.17)

where 1;(t) is the operator 1; = BI + l;j in the Heisenberg picture with
Hamiltonian 6.13 (see Eq. 4.25), T is the time-ordering operator for bosons
(see Footnote ® in Chapter 4), and the average is done according to the
equilibrium statistical operator pyy,.

By carrying out the calculations explicitly and Fourier transforming D? (t—
t') to the frequency domain, we finally obtain the “free” phonon propagator
(see, e.g., Mahan, 1990)

_ 1 B 1 _ Qﬁw]'
o hw—ﬁw]—l—lé hw+hw7—15 a (M)Q—(m}j)2+21th57

(6.18)

DY (hw)

where 0 is an infinitesimal positive number.
We will also need the lesser phonon Green’s function Dj<, which according
to Eq. 4.44 is defined as

D5 (1) = 3 (] (1) (6.19)

At equilibrium it assumes the form (Mahan, 1990)

i —iw; (t—t iwj (t—t
Di(t—t)=—+ [(Nj+1)e i) 4 N et ”}. (6.20)
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This expression can be easily Fourier transformed to give

D5 (hw) = =27 [(N) + 1) §(hw + hwj) + Njd(hw — hwy)].  (6.21)

Interacting phonons

Similar to the electron case, if one considers phonon interactions, and these
processes can be described within many-body perturbation theory, the phonon
propagator satisfies the Dyson equation 4.33, as well as the Keldysh equa-
tion 4.95. In equilibrium, if we call II;(w) the irreducible self-energy as-
sociated with these interactions, the Dyson equation for phonons reads
(from 4.35)

_ Dj (hw) _ 2hw;
1-— D?(hw)f@(hw) (hAU)Q - (hwj)z + 21hwj5 - 2hL/JjH]‘ (w) '
(6.22)
The self-energy II;(hw) is often called the polarization contribution to the
phonon propagator as it describes distortion (polarization) of the lattice

around each phonon vibration (“dressing” of the phonon).

Dj(hw)

I finally point out that the phonon frequencies w; should, in principle,
be calculated in the presence of current. In practice, this is never done as
it would require a self-consistent calculation of the dynamical response ma-
trix 6.7 evaluated not at the ground-state density but at the non-equilibrium
one. As we will see in Sec. 6.5 this is not simply a numerical problem but
a fundamental one as the definition of phonons in the presence of current is
not at all obvious.

6.1.3 Electron-phonon coupling in the presence of current

We are now left to determine the Hamiltonian 6.4 that describes the electron-
phonon interaction. In addition, we want to do this when the electronic
system carries a current. As in the case of shot noise it is more convenient
to work using second quantization. The reason is that it is easier to keep
track of both electron and phonon statistics when we perform the averages
over both the electronic and phonon states. This is very important because
when an electron is scattered by a phonon it can transition into a state only
if the latter is unoccupied. The Pauli exclusion principle therefore needs to
be taken into account explicitly.

In what follows I will assume that the averaging over electronic and



6.1 The many-body electron-ion Hamiltonian 289

phonon degrees of freedom can be done independently for each subsystem:
the electron and phonon “reservoirs” do not interact with each other and
they are at their own respective local temperature.

As we did for Hj,,, we first expand Eq. 6.4 about the equilibrium positions
R}

I:Ielfion ~ Z {vps (I'; R?) + Ql ’ vRi vre (I‘; Rl)‘RZ:R?] ’ (623)
and keep only first-order terms, since the higher-order ones are assumed to
be much smaller (see also discussion below).

The first term can be absorbed into the electronic Hamiltonian ﬂel, o)
we are interested in the second one, which we relabel

He =Y Qi VR, V(5 R))|g,ro- (6.24)

Using the convention we have adopted of replacing a single index j to label
the index pair iu, Eq. 6.8 can be written as

3N
Q’L = Z Ai,jQJ Z A, J b + bT) (625)
j=1 2w

where in the last equality we have made use of the operators 6.12, and the
notation A;; is an abbreviation for A;, j,.
Replacing 6.25 in 6.24 we then get

H._ ph — ZZALJ” bT) avp;(]; Ri)

=1 j=1

(6.26)

R;=R!

This expression is in second-quantized form in the phonon degrees of freedom
but not in the electronic ones.

The electrons carry current between left and right electrodes, the latter
ones being kept at a given bias. As in Eq. 5.21 we then define the field
operautor8

Y(r) =9t ) +9f(r) =) Vi(r)ag + ) Vi(r)af, (6.27)
E

E

with the wave-functions \Ifé‘R(r) = \I/;E ik;)(lr) corresponding to processes
with an incident wave from the L electrode (+]k;|), and the ones with a
wave incident from the R electrode (—|k;|), as calculated in Sec. 3.5.1. The

L(R)

operators ap ~ satisfy the relations 5.23.

8 The only difference with Eq. 5.21 is that we do not consider any time dependence here. We
also use a discrete notation for the energy. We will take the continuum limit later.
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As explained in Appendix A, given the above field operators, the Hamil-
tonian H,_,, — which in this form is a one-body operator in the electronic
coordinates — can be written in second-quantization form as

. 3N 3N A e VP R
Heph:/drzﬂ ZZAZH/ bT)a(;i) Wb(r).

i=1 j=1

By introducing 6.27 into 6.28 we finally get

Hon= Y Y D4/ AuJiik ailaz, (b +5]).  (6.29)

o,0=L,RE1,Ey i,j

where I have defined the coupling constant

i ovPi(r; R,
1,00 a* y g
JE’L[EZ = /dr v (r) 7( )

oR v (r). (6.30)

R;=R)

Recalling that the field operator in 6.27 describes both carriers moving
from left to right, UL (r), and carriers moving from right to left, U£(r), we
see from Eq. 6.30 that the electron-phonon interaction couples these two
types of scattering states. In addition, the coupling constant 6.30 is a non-
trivial function of the scattering states, and therefore there is no reason to
expect it to be, for a given ion, constant in energy or, for that matter, any
simple function of the energy and/or bias.

6.2 Inelastic current

We now have all the tools to calculate the inelastic (electron-phonon) con-
tribution to the current. I will first derive it using the scattering approach
we have developed in Chapter 3. I will then discuss a way to calculate it
using the Keldysh formalism developed in Chapter 4. In both cases we will
need approximations to derive a closed form for the inelastic current.

Since typical dimensions of a nanoscale junction are much smaller than
the inelastic electron-phonon mean-free path )\phg — the average distance an
electron travels between two successive scattering events with phonons — we
can use perturbation theory in the electron-phonon coupling to determine
the dominant contributions to inelastic scattering (Montgomery et al., 2003;
Chen et al., 2003). The use of perturbation theory seems also to be justified
by the fact, known from experiments, that the observed inelastic features
in nanoscale structures are very small, in the sense that the extra current

9 This is typically of the order of thousands of A (see Sec. 6.2.1).
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due to inelastic effects is much smaller than the current due to elastic effects
(see, e.g., Agrait et al., 2003).

However, the most important approximation we will have to make in order
to have a closed form for the current is that inelastic scattering occurs at
energies away from electronic resonances and/or for phonon modes that are
not localized in the junction: we do not consider modes that may have very
weak coupling with the phonons of the adjacent bulk electrodes (see also
Sec. 6.3). The reason for these assumptions is that, in both instances, the
electron-phonon scattering rates vary in a non-trivial way due to an increased
(electronic and /or vibrational) local density of states at the relevant energies
for scattering. As I will show later, this makes the calculation of the current
quite difficult — if not impossible — to carry out.

6.2.1 Inelastic current from standard perturbation theory

Equation 6.29 is the desired expression to apply standard perturbation the-
ory in the electron-phonon coupling. We thus seek corrections to the un-
10" We use as unperturbed
states of the full system — electron plus phonons — the states |\Ilé R); Nj) =
e () IN).

Let us then expand the wave-functions to second order in the electron-
phonon coupling 6.30

perturbed wave-functions due to this coupling.

) < ) s, ), o

where |5\Ilé(R); Nj)1 and |5\II€E(R); Nj)o are the first-order and second-order
corrections, respectively, to the wave-function. Once these corrections are
calculated one then introduces 6.31 in the current operator

i) = g [ s [0 (o0w) = (povim) o] @32

- 2mi

with the field operator given by Eq. 6.27 and the single-particle electronic
states as modified in 6.31.

If we only retain terms up to second order in the electron-phonon cou-
pling we recover the unperturbed current 5.28 plus two types of inelastic

10 Note that this approach neglects any possible dynamical self-consistent modification of the
electronic Hamiltonian due to the inelastic electron-phonon interaction.
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contributions. The first one contains terms proportional to

0
[ e e e wlowE v ) -

0 LR L(R
(5 OWE™: Nl ) elpw 1 (6.33)
These are explicitly written in Appendix H in the case in which there is
weak elastic backscattering.

The second type of inelastic corrections to the current contains terms

proportional to
[ (f (rlow ™ Nm)
xr
0, L(R L(R
N ((%U(\I/E( );Nj\r>> (r|oTER N, (6.34)

These terms describe the interference between the zero-order wave-function
‘\IIE(R);N]-> and the second-order correction ’5\Ifé(R)

the emission and absorption of a “virtual” phonon by an electron with initial
and final state at the same energy, i.e., they describe the “elastic” contri-
bution to the inelastic current. I will write this contribution explicitly in
Sec. 6.2.2 when I discuss the calculation of the inelastic current using the
NEGF approach (see Eq. 6.71).

;Nj>2. They involve

Inelastic transition probabilities

Here I want to give a qualitative account of the inelastic features we expect
due to electron-phonon scattering. In particular, I want to estimate the
inelastic mean-free path \,;, and determine which modes contribute the
most to electron-phonon scattering.

This information is included in the terms 6.33 and 6.34. We can however
extract it much more easily as follows. For a general perturbation ﬂp, the
transition probability per unit time between an initial state |i) and a final

state | f) is given by the following perturbation expression'!

1Di~>f =

2B 1) 2 (Ey — By) (6.3

In the present case, the initial and final states are of the type ’\IJE(R); Nj> =

‘\IIE(R) (r)> |N;), and the perturbation is Hamiltonian 6.29. We consider two

11 This form is also known as the Fermi golden rule (see, e.g., Sakurai, 1967).
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E-ho E E + ho E E E-ho E E + ho,

(a) Heating (b) Cooling (c) Heating (d) Cooling

Fig. 6.2. Schematic of the first-order electron-phonon scattering processes con-
tributing to the correction of the wave-function in the quasi-ballistic regime. Dia-
gram (a) corresponds to a process of an electron propagating from right to left and
emitting a phonon of energy Aw;. The corresponding phonon subsystem makes a
transition from state |N;) to state |[N; + 1). Similarly for the other diagrams.

types of processes due to electron-phonon scattering: (i) electrons (moving
from left to right or from right to left) can absorb phonons, (ii) electrons can
emit phonons (see schematic in Fig. 6.2). During these processes electrons
have to satisfy the Pauli exclusion principle.

Let us consider for simplicity a single mode with energy hw;. If we cal-
culate the matrix elements appearing in 6.35 explicitly (Exercise 6.2), the
total rate at which electrons emit such a phonon is

+ 7R+ L.+
Ij —Ij -I—Ij

2
27 ;
~TaeN) Y| B[S Aun .
J af=L.R i
$ (1= fp_p ) Do p, D} 6.36
< JE fE_hwj E-hw; YE| - (6.36)

This corresponds to the scattering diagrams (a) and (c) in Fig. 6.2. A factor
of 2 is included in Eq. 6.36 due to spin degeneracy, and we have explicitly
introduced the density of states of the two types of current-carrying states,

Dg(L):

D% = /era(r, E) (6.37)
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where D, (r, E) is the local density of states defined in Eq. 3.127 for only
one type of scattering states.!?

Similarly, we can calculate the rate at which the same phonon is absorbed.
We get

— _ +R-— L,—
I =1 +1

NZ/dE

a,f=L,R
x fo (1 - fEij) D?HFWJ,DQ . (6.38)

In the presence of many independent phonon modes the total rate is simply
the sum

i,a3
Z AL JJE+ﬁwJ E

7= Z(Ij +I). (6.39)
J

We see that the coefficients entering in Eqs. 6.36 and 6.38 contain terms
of the type fg (1 — fg ihwj) which appear precisely because of the Pauli
exclusion principle. Note also that in 6.36 there are terms proportional to
1+ N;. This means that even if all modes have zero average occupation, i.e.,
N; =0, Vj (this corresponds to the ionic temperature 6,;, = 0 in Eq. 6.15),
there is still a contribution to the electron-phonon scattering.

This contribution, known as spontaneous phonon emission, is due to the
energy % > j hw; appearing in Hamiltonian 6.13.13 This term, which is called
the zero-point energy of the phonons, is therefore not zero even at zero ionic
temperature. The scattering processes at 0,;, = 0 can be thus interpreted
as due to the zero-point energy (vacuum) fluctuations of the ions.

Inelastic mean-free path

Let us discuss the case in which 6, = 0 and 6,, = 0, namely both the
electronic and the ionic temperatures are zero. Therefore, only processes
involving spontaneous emission contribute. By setting these temperatures

12 Explicitly,
NI

Dp r(r, E) Z U, () Di(B),

where D;(FE) is the density of states per spin per direction of motion (Eq. 3.48). The sum
DL + DE = D(E) is the total density of states.
13 This energy contains, in principle, an infinite sum of terms.
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in Eq. 6.39 to zero we get the total rate

i,LR
E Aij E—hw;,E
i

2

2 [HE I R
— D% o, Dgs (6.40)

dE

7 =
; Wi J g +hw;

which is non-zero for biases V = (ur, — pr)/e > min{hw;}/e.

In addition, let us assume for simplicity that the bias is small but still
eV > hwj, namely the bias is much larger than the energy per unit charge
of the phonon modes that contribute to the rate Z. Let us also assume the

. L(R)
density of states, Dy
functions of energy — call these values, evaluated at the equilibrium Fermi
level, D) for the density and J“*? for the coupling.

We can then approximate the rate 6.40 as

I:evzg ZALJ‘J%‘"LR
i

which states that, at low bias and under the above conditions, the electron-
phonon scattering rate varies linearly with bias.

We can employ Eq. 6.41 to estimate the inelastic scattering rate 1/7,;, and
consequent mean-free path A,; in nanojunctions. Consider just one mode
of energy hw and a bias V' some constant times hw/e, with this constant of
order one.

For typical metallic quantum point contacts we can take J*% ~ 0.1
eV/A, DV ~ D ~ 1 eV~!. By taking the ion mass M ~ 10* m, (which en-
ters via the matrix A, ;, see Eq. 6.9), the scattering rate 7 = 1/7,, calculated
from Eq. 6.41 is about 10'3 s,

If we assume the single electrons travel at a typical velocity vy ~ 10°
cm/s, we get

, and coupling constant Jg?% are slowly varying

2
DEDE, (6.41)

A\ph = Vp Tpn = 1000 A. (6.42)

This distance is much longer than the typical length of a nanojunction.

Therefore, this result confirms our initial hypothesis that electrons remain
quasi-ballistic (in the sense discussed in Sec. 3.7.4) even in the presence of
inelastic effects and justifies a posteriori the use of perturbation theory for
electron-phonon scattering.'*

14 If we assume a finite ionic temperature 0y, (but still zero electronic temperature) Eq. 6.41
needs to be multiplied by a factor ~ (14 2N;) (from Eq. 6.39). At the local ionic temperatures
one expects in these systems (see Sec. 6.3) this factor is of order one, so that the estimate for
the inelastic mean-free path holds.
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“Selection rules” for inelastic scattering

We can now answer the question of which modes contribute the most to
electron-phonon scattering. The structural information on these modes is
contained in the transformation matrix defined in 6.8. From Eq. 6.29 we
then see that it is the product A; ; JE?,%Z of this matrix with the coupling
constant 6.30 that determines the magnitude of the inelastic scattering.

In a perfectly one-dimensional system we know, from simple considera-
tions on conservation of momentum, that only longitudinal modes can couple
to the current — these are modes with an oscillation pattern in the direc-
tion of current flow; transverse modes would have an oscillation pattern
perpendicular to current flow.'®

In a general three-dimensional structure like a nanojunction there is no
such thing as a purely longitudinal or a purely transverse mode. However,
we expect that if a mode has large “longitudinal” character, namely it has
an oscillation pattern that is mostly in the direction of current flow, then
this mode couples easily with electrons.'® Conversely, if the mode has large
“transverse” character then its coupling with the current is small. These
are the “selection rules” that determine the strength of the electron-phonon
scattering in nanostructures.

6.2.2 Inelastic current from the NEGF

Let us now calculate the inelastic contribution to the current using the
Keldysh formalism I discussed in Chapter 4. Here too we will need a series
of approximations to derive a closed set of equations for the single-particle
Green’s functions. Some of these approximations are similar to the ones we
have used in perturbation theory, others are specific to the present approach.

Our starting point is again the static Hamiltonian 6.1. I then assume
that we have made the adiabatic approximation and thus separated the
problem into an electronic one described by a Hamiltonian H,, for fixed ionic
positions, a phonon Hamiltonian ﬂp;L (Eq. 6.13) and the Hamiltonian 6.29
describing the electron-phonon interaction.

I also make the same physical assumptions we have discussed before,
namely I assume that the electronic problem, in the absence of phonons,
can be solved in an effective single-particle approximation.

15 In one dimension, if the electron has wave-vector k and the longitudinal phonon mode has
wave-vector ¢, then momentum conservation requires ¢ = 2k.

16 In molecular structures making contact to bulk electrodes, due to the presence of the contacts,
there is a large number of “longitudinal” modes, otherwise absent in the isolated nanostructure,

at very low energies - typically energies of a few meV (see, e.g., Chen et al., 2003; Agrait et
al., 2003).
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To make things even more specific let us assume that, as done in Sec. 3.5.1,
we can divide the system into a central region representing the nanostructure
— and possibly some atoms of the electrodes — which is coupled via spatially
finite potentials to two infinite electrodes decoupled from each other (see
Fig. 3.11), each at equilibrium with its own local distribution.

Referring to Fig. 3.11 the single-electron Hamiltonian can be again written
as in Eq. 3.137

ﬁ:ﬁL+ﬁR+ﬁc+VLc+V£C—I—VCR-FVC]:R. (6.43)

In the absence of electron-phonon interaction the retarded Green’s func-
tion associated with Hamiltonian 6.43 is 3.156, which we rewrite here for
convenience

i
E—He - S (B) - SH(E)

G (E) = (6.44)
The current, in the absence of phonons, is again given by Eq. 3.229. Up to
this point there is no need of the NEGF.

Due to the confined geometry, we expect the effect of electron-phonon
scattering to be stronger in the junction than in the bulk. We can then
assume that the electron-phonon interaction is confined to the central region
only. This interaction takes the form of the Hamiltonian 6.29 if we know
the scattering wave-functions everywhere in space.

Here, instead, we want to describe the interaction between the “isolated”
states of the central region and the phonons in it. Later on, we will combine
this interaction with the “interaction” with the electrodes. The interaction
Hamiltonian — to be added to 6.43 — thus has a general second-quantized
form (cf. Eq. 6.30)

H._,, = ZZAW » al (Z;J + lA)}L) , (6.45)

where A . is some effective electron-phonon coupling constant — for each
mode j — to be determined. To simplify the notation I will also assume that
this coupling is energy independent, AZL = AJ. The results can be easily
generalized to an energy-dependent codpling constant by simply summing
over the states in the central region.

Note that the operators a, in Eq. 6.45 act on the states with energies ¢,
of the central region — Hamiltonian Ho — not of the full Hamiltonian 6.43
(see also discussion in Sec. 4.4). The phonon Hamiltonian is instead the
same as before, Eq. 6.13.
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Electron-phonon vs. elastic scattering in the leads

Now, following the Keldysh approach I have described in Sec. 4.4, I cannot
simply apply the electron-phonon perturbation to the single-particle states
of the Hamiltonian 6.43. The reason is that the electron-phonon scattering
may correlate with the electron scattering into the leads, namely the pro-
cesses of elastic scattering into the leads may be a complicated function of
the electron-phonon scattering, and vice versa, the latter may be strongly
influenced by the elastic scattering.

So, the correct way to apply many-body perturbation theory is the follow-
ing: at a given initial time, we switch on adiabatically both the interaction
between the electrons and phonons, and the elastic scattering of the electrons
in the central region into the electrodes, the latter containing non-interacting
electrons — otherwise no closed equation for the current can be obtained (see
discussion in Sec. 4.4).

In addition, if we want to describe a static transport problem, we need to
assume that both the electron and phonon subsystems have reached, in the
long-time limit, an ideal steady state independent of the initial correlations,
and therefore solve for the lesser Green’s function of the electronic subsystem
with the electron-phonon interaction included. We would like to solve this
problem to all orders in the electron-phonon perturbation. In practice, this
cannot be done exactly and we therefore need further approximations, some
of which may indeed neglect important effects in nanostructures. Let me
expand on this.

First of all, we need to decide whether we solve first for the electrode
coupling with no phonons involved, and then include the phonons, or the
reverse: calculate first the electron-phonon self-energy with no electrode
coupling, and then introduce the electrode coupling. The two procedures
do not necessarily lead to the same physical state, and when the two cou-
pling effects are comparable, correlated electron-phonon states originate (see
discussion below) and one, in principle, has to rely on the full many-body
perturbation calculation, which is in general intractable.

We therefore first make the approximation that the electron-phonon cou-
pling does not affect the coupling potentials Vie and Ve R, and correspond-
ing self-energies 3, (F) and f]R(E), Eqgs. 3.149 and 3.150, respectively.

This approximation is not valid if the coupling potentials describe the
connection of the nanostructure with the immediately adjacent atoms of the
electrodes. This is because, as already mentioned, for nanoscale systems
phonon modes localized at the interface between the nanostructure and the
electrodes may be present.
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I thus assume that the central region contains enough atoms of the bulk
electrodes so that the potentials VLC and VCR are localized to a spatial
region where the electron-phonon coupling is negligible compared to the
larger coupling in the nanostructure.

We then calculate the contribution of the electron self-energy due to the

+
el—ph

trodes, namely in the presence of tunneling. The self-energy 2;_ph(E)
will then be constructed from electron Green’s functions in the absence of
phonons.!” The above procedure is easy to justify if |X] (E)|, |X5(E)| >

\ﬁ);fph(E)L at all electronic energies.

Whenever ]f]z(E)L \iE(E)| o~ |2:l_ph(E)|, then one cannot in principle
apply perturbation theory separately on the electron-phonon or electrode

electron-phonon interaction, call this 3| (E), in the presence of the elec-

coupling. In this case, the “renormalization” of the electron energy and its
“lifetime” due to electron-phonon scattering are comparable to the equiva-
lent effect due to elastic scattering into the bulk electrodes. In other words,
coherent effects between electrons and phonons need to be taken into ac-
count and the global current-carrying states may have a non-trivial phonon
contribution — even though we have assumed the phonon coupling occurs in
the central region only. One would then need to resort to the full many-body
perturbation theory with the interaction with the phonons and electrodes
treated on the same footing.

The opposite regime, |$Z(E)|, ]f]E(E)| < |2A}:lfph(E)|, represents an
electron strongly coupled to the phonons. The latter would then “slow
down” the electron motion (by increasing its effective mass) and, if EFp ~
\ﬁz_ph (E)|, with Er the ground state Fermi energy, the electron will move
carrying a polarization field with it.

This new coherent electron-phonon excitation is called a polaron and it
may be more stable than a free electron state. I stress however that strong
electron-phonon coupling is not enough for a polaron to form: the resultant
electron-phonon self-energy has to be comparable to the Fermi energy of the
system, or the relevant energy for transport.

In general, the absolute value of electron-phonon self-energies is of the
order of the phonon energies, i.e., tens of meV. For a nanostructure con-
nected to bulk metallic leads EFr ~ 4 — 5 eV, so that we do not expect this
excitation to be present for most of these systems, and we will therefore not
discuss this case any further.'®

171 will outline a self-consistent procedure that allows some degree of correction to the electron
Green’s functions due to phonons, without however changing the type of self-energy, namely
the type of scattering processes.

18 In heavily doped semiconductors, or in polymers, the energy scale of interest is determined
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For quasi-ballistic systems considered here we expect

IST(E)], |SHE)| > lﬁj_ph(E)\ V E, quasi-ballistic systems,  (6.46)

so that, for this case, we can safely start by assuming the electron states,
with the elastic scattering into the leads included, are unperturbed by the
electron-phonon interaction. (I will discuss later some important exceptions
to this condition.)

All the above analysis allows us to say that, if we can treat the electrode
coupling independently of the electron-phonon one, the contribution of all
these interactions to the total self-energy is simply additive

SH(E) ~ 245 (E) + ZA]E(E) + ﬁ]:liph(E), non-crossing approximation,
(6.47)
which is called the non-crossing approximation precisely because one ne-
glects any possible scattering event that contains simultaneously elastic scat-
tering in the leads and electron-phonon scattering.

Let us then assume we are in a regime in which the approximation 6.47
holds. Using the Dyson equation 4.33, with the “unperturbed” (or “free”)
Green’s function GJCF associated with the central region Hamiltonian H, c, the
single-electron retarded Green’s function in the presence of electron-phonon
coupling is

GT(E)=G
G

_ G (E) + O (B) S, () G ()
1
“E fo 5.B) - SpB) S _,B) (648)

The corresponding advanced Green’s function is simply G~ (E) = [GT(E)]t
(Eq. 3.84).

If the couplings between the central region and the two electrodes are
proportional (see Sec. 4.4) this is enough to calculate the current: we can
use Eq. 4.114 where the spectral function is given by Eq. 4.54. If not, we
need to employ the full expression Eq. 4.113, and thus determine the lesser
Green’s function G<(E).

Since our unperturbed Hamiltonian describes non-interacting electrons,
from the Keldysh equation 4.95 the lesser Green’s function is (see also
Eq. 4.121)

G<(E)=G"(E)X~(E)G (E), (6.49)
by the number of thermally activated carriers, and is thus of the order of k6. This thermal

energy is comparable to the magnitude of the electron-phonon self-energy, and thus polarons
can easily form in these systems.
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where, within the same approximation 6.47,

ES(E) X7 (E)+XR(E) + Zjl_ph(E) . (6.50)

The lesser self-energy X7 (E) +X3(E) is given in Eq. 4.122, while 5, (E)
has yet to be determined. We are then just left to determine the self-energies

E:l—ph(E) and E:lfph

even at equilibrium, let alone out of equilibrium — and we need further

(E). An exact general solution is not available —

approximations. Let us first start from the electron system at equilibrium
coupled with the phonons (themselves at equilibrium). We will generalize
later to the non-equilibrium case.

6.2.2.1 FElectron-phonon self-energies at equilibrium

Let us take a step back, and consider the system at equilibrium, f; = fr =
f. Let us then follow a single electron in time and see which scattering
mechanisms due to electron-phonon coupling we need to consider, when
interactions with other electrons are absent — or included only at the mean-
field level.

AN
\
] M 7
N\ // \\ ~N AN
= + \, + + /\\, + \, + —©+ @ +
/ N\ - / /
7 \ ’/ 7 7
]
!
(a) (b) (c) (d) (e) () (9)

Fig. 6.3. Many-body perturbation expansion of the full Green’s function of a single
electron interacting with phonons but not with other electrons. Diagrams (f) and
(g) involve the interaction of phonons with the electron gas.

As in Sec. 3.4.1, we stipulate the convention that a solid line represents
the “free” — with no interactions — electron Green’s function 6.44, a dashed
line the phonon Green’s function 6.18. The sum of all these scattering
mechanisms is what determines the full electron Green’s function, the one
determined by the Dyson equation 4.33. We represent this full Green’s
function as a double vertical arrow (see Fig. 6.3). This is an example of the
many-body perturbation expansion I have invoked in Chapter 4 but never
discussed explicitly.
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The electron can first evolve in time without scattering, Fig. 6.3(a). Or,
at a given time, it can emit a phonon of frequency w. Both the phonon and
the electron propagate, and after some time the electron absorbs the phonon
back, Fig. 6.3(b). This is called a one-phonon diagram.

I
g
Cd
+
+
+

Fig. 6.4. Diagrammatic summation of the one-phonon diagrams of Fig. 6.3.

Another possible mechanism is the one in which the electron scatters with
one phonon and then scatters again with another phonon in a succession of
two one-phonon diagrams, Fig. 6.3(c).

Other diagrams may correspond to the emission and absorption of several
phonons by the same electron, for instance, diagram (d) in Fig. 6.3, where
the electron scatters a phonon, then scatters another phonon — before ab-
sorbing the first one — absorbs the latter one and later on re-absorbs the
first phonon. Diagram (e) is even more complicated and is called a verter
correction since it renormalizes the vertex between the electron line and the
phonon line. Other diagrams can be as complicated as one can imagine!

The summation of all these diagrams cannot be done exactly. However,
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the summation of diagrams (b), (c¢) and all (infinite number) other diagrams
that are simple successions of one-phonon diagrams can be summed up ex-
actly. This is easy to see in diagrammatic form in Fig. 6.4. The resulting
self-energy is then represented by the left diagram in Fig. 6.5. The cor-
responding approximation which neglects all other scattering mechanisms
except this one, is called Born approximation (BA).

A further step is to replace (renormalize) the free electron line with the one
corresponding to the (unknown) full propagator, as if all possible scattering
processes occur in between the emission and absorption of a phonon. The
solution to this problem can only be obtained self-consistently: one starts
with the free propagator, obtains the perturbed Green’s function, and re-
places this propagator back into the self-energy, and repeats the process till
self-consistency, thus the name self-consistent Born approximation (SCBA),
right diagram of Fig. 6.5.

This procedure takes care of diagrams of the type (d) in Fig. 6.3 but
not of diagrams of type (f) or (g) in the same figure. Diagram (g), in par-
ticular, takes into account the fact that the emitted phonon, before being
re-absorbed, can generate an electron-hole pair in the electron gas.

Fig. 6.5. Left: one-phonon con-
! | tribution to the electron-phonon
/ I self-energy (Born approxima-

e L/ tion). Right: the electron free
- propagator is replaced by the full
BA SCBA propagator (self-consistent Born

approximation).

The Migdal theorem

At equilibrium and for small electron-phonon coupling, one can argue that
all other higher-order processes involving many phonons (for each electron
line) can be neglected. In bulk metals, one can also prove a theorem due
to Migdal (Migdal, 1958) which states that vertex corrections (diagram (e))
are proportional to \/m/M, with m the electron mass and M the ion mass,
and are therefore small.

There are however cases, specific to transport in nanostructures, where
these approximations may fail. We will discuss these cases later. For the
moment we will assume these approximations can be done, and work with
either the BA or the SCBA.

If one considers explicitly electron-electron interactions, to the diagrams
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in Fig. 6.3 one has to add similar diagrams due to the Coulomb interaction,
making the problem much more complicated. In Sec. 8.6 I will show that
electron-electron interactions beyond mean field are important in nanoscale
systems, and contribute non-trivially to the heating of a nanojunction.

Here we will keep on working with single electrons in a mean-field approx-
imation, namely with the electron Green’s function 6.44.

“Bubble” diagrams in nanostructures

Unlike the case of translationally invariant systems, in the present case there
are certain diagrams involving the electron gas that are of the same order —
in the electron-phonon coupling — as the one-phonon diagrams. These are
represented in Fig. 6.3(f). These diagrams — also called Hartree diagrams —
correspond to an electron that scatters with a phonon of zero wave-vector
and zero frequency, creating a bubble in the electron gas: another electron
is scattered but instantaneously returns to its initial state.

In a translationally invariant crystal this corresponds to a rigid movement
of the whole crystal. The contribution of this process is thus zero on the
basis that an external force keeps the whole crystal in place.

In our problem, instead, diagram (f) would correspond to a rigid motion
of all the atoms inside the central region with respect to the ions of the
nearby electrodes (kept fixed). Its effect on the electron-phonon self-energy
is thus not zero (Galperin et al., 2004).

From diagrams to equations

We can now transform from the diagram language to equations. For the
diagrams in Fig. 6.5, this is done by replacing the electron line with the
“free” electron Green’s function 6.44 (or the full Green’s function in the
SCBA), the phonon line with the “free” phonon propagator 6.17, and each
vertex with the interaction strength A’/. The result is multiplied by a factor
i and integrated over the frequency of the wirtual phonons.'”

The self-energy function on the Keldysh contour (see Sec. 4.3) thus has

the form
S pn(t —1) 1hZAJG DYt —t) A (6.51)

One then replaces the contour variable with the real time one (analytic

19 The scattering conserves frequency, E/h, and momentum. However, the particle energy is not
conserved, hence the name wvirtual processes described by the diagrams in Fig. 6.3.
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continuation) and finds for the Fourier transforms of the self-energies (see,
e.g., Haug and Jauho, 1996)

A . dw . 0 .
B () =Y [ 57 (B - DB

+ N G*(E — hw) D5 (E) N
+ AN GHE - hw)DJO(E) Aj] , Born approximation, (6.52)

and

. dw - .

Z(fl_ph(E) = ihz / %AJ G=(F — hw)Df(E) A/, Born approximation.
J

(6.53)
In these equations, G*(F) is defined in Eq. 6.44, and G<(FE) has been
defined in Eq. 4.123 for the non-interacting system with two different Fermi
distributions. Here we consider equilibrium conditions, f; = fr = f.

As discussed above, in addition to the self-energy of Fig. 6.5 one needs
to add the self-energy corresponding to the Hartree diagram (f) in Fig. 6.3.
This is done by replacing the “bubble” with the canonical average

(6t an) = —i / %E G (E) b, (6.54)
7
where the equality comes from the Fourier transform of definition 4.101.

As before, the phonon line is replaced by the “free” phonon propagator
D(;, but this time only its value at zero frequency is necessary. Each vertex is
replaced by the interaction strength A7. The result is multiplied by a factor
—1 and summed over the states of the central region. The contribution of
the Hartree term to the retarded electron-phonon self-energy is thus

. [dE 4 0 ,
i / o ZJ: Zn:AJ{G<(E)}m,,Dj (w=0)A’. (6.55)
The total retarded self-energy in the Born approximation is therefore
& . dw ., ; ,
S (B) =ih) ] / o [N G=(E = hw) D} (E) A
j

+ N G*(E — hw)D5 (E) N
+ N G*(E — hw)Dj(E) N]

+i / %f ;;AJ{GﬂE)}mD;?(W 0N (6.56)
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Together with the self-energy 6.53 it allows the calculation of the electron-
phonon self-energies at equilibrium.

If the SCBA is used, instead of G*(F) and G<(F) as defined in Eqgs. 6.44
and 4.123, one would replace in Egs. 6.53 and 6.56 the full Green’s func-
tions 6.48 and 6.49, and solve the whole set of equations self-consistently.

An even more refined calculation would include the polarization contri-
bution to the phonon propagator we have introduced in Eq. 6.22.2° In this
case one makes the substitution D? — Dj. This problem also needs to be
solved self-consistently, since the polarization contribution to the phonon
propagator is not generally known analytically.

The Hartree term in 6.52 is easy to understand, the others are less clear.
A simplification to the problem, which helps us understand these terms,
occurs when one assumes f]z = ﬁ;@ = 3" and T (E) = TR(E) = I(E) =
—2Im{X" (F)} so that G=(F) is (from Eq. 4.59)

G=(F) =2nmi f(E) A(E), (6.57)
with A(E) the spectral function. If we approximate A(FE) with a d-function,

A(FE) = §(F —¢€,), which is appropriate for a free particle (Eq. 4.61), we can
carry out the integral in Eq. 6.52 exactly and obtain (Exercise 6.3)

S (E) =N [ Lo M)y M) )
- —hwj —e, +in  E+ hwj — €, +in
with 1 an infinitesimal positive number.?!

Expression 6.58 as it stands does not seem very transparent, in particular
with respect to the statistics of electrons and phonons. However, one can
prove that it is similar to the energy correction to the single-particle state
of energy €, one would obtain from second-order perturbation theory with
terms proportional to??

Aj(l + Nj) f(fn/)[l — f(en)] A
€p/ — €p — hwj ’

phonon emission, (6.59)

20 More generally, the phonons in the central region acquire a finite lifetime due to the (elastic or
inelastic) interaction with the bulk phonons of the electrodes (see discussion in Sec. 6.3.1), or
due to electron-hole pair production (diagram (g) in Fig. 6.3).

21 Tn this example the eigenvalues €, are in reality e, + Re{Z% (E)} (see Exercise 6.3).

22 We urge the interested reader to read Mahan (1990), p. 176-178, for such a proof. One can

also show (Mahan, 1990, p. 171-173) that for a given frequency wj, ImE:l_ph (F) = 0 in the

energy range [Ep — hw;, Ep + hw;]. This means that the electron (or hole for energies below
the Fermi level) does not acquire an electron-phonon lifetime unless its energy is large enough
to scatter a phonon, namely large enough so that the Pauli exclusion principle is not violated.
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and
NN fen)[1 — flen)] N
€p/ — €p — hwj ’

phonon absorption, (6.60)

where the terms f(e,/)[1 — f(€,)] are necessary to satisfy the Pauli exclusion
principle.

This shows that the electron-phonon self-energy is a correction to the en-
ergy of the free particle, proportional to the occupation of the phonon modes
and the strength of the coupling, whenever the scattering process is allowed
(initial state occupied, final state empty), similar to what we have found for
the inelastic transition probabilities (cf. Eqs. 6.36 and 6.38).

State lifetime due to electron-phonon scattering

From all this we can then define the “broadening” of the electron states due
to the electron-phonon interaction as (see Eq. 4.67)

Lo pn(E) = —2Im{>,_, (E)}, (6.61)

and corresponding lifetime (Eq. 4.69)
B h
Im{®},_ . (E)}

Tel—ph(E) = (662)

6.2.2.2 Electron-phonon self-energies out of equilibrium

We are now ready to move on to the non-equilibrium case. Under the
same assumption 6.46 of quasi-ballistic electrons, and within the Born ap-
proximation (or SCBA) we can generalize the above results to the case in
which f; # fr by simply replacing the equilibrium G<(F) with the non-
equilibrium one defined in Eq. 4.123. If we employ, for instance, the Born
approximation, we can then use this Green’s function in Eq. 6.56 and carry
out the calculation of the self-energy as in the equilibrium case.

In order to take into account the non-equilibrium nature of the phonons
one can replace in Eq. 6.56 the “free” phonon propagator D? with a modified
one D;, which includes an effective phonon lifetime due to the scattering of
phonons into the bulk electrodes (see also Sec. 6.3.1), much like the propa-
gator D; one would calculate due to polarization effects (see Eq. 6.22). The
problem could then be solved self-consistently with respect to the phonons
as well.
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Electronic resonances and localized phonons

However, in the non-equilibrium case we need to be more careful about
the approximations we employ to calculate 5_\7;}_7)}]/(E). For instance, in
the presence of electronic resonances, multiple electron reflections inside
the central region can reduce the values of f]z(E) or EA]E(E) around the
resonance energies considerably (see discussion in Sec. 3.7.1.1).

At these energies, the magnitude of iZ(E) + EA]E(E) may be thus com-
parable to the magnitude of E:prh(E)v rendering the BA (and SCBA) dis-
cussed above less justified. Physically, this is because an electron may emit
or absorb several phonons in one process before “escaping” from the central
region, and therefore one would need to sum diagrams that are not included
in the BA (or SCBA).

Another case that needs particular care is when there are phonons that
are weakly coupled to the phonons of the electrodes — localized phonons.
In this case, replacing the “free” phonon propagator DJQ with a modified
phonon one D;, which includes an effective phonon lifetime does not make
much sense.

The issue is related to the fact that these localized phonons can be in a
highly non-equilibrium configuration due to the continuous interaction with
non-equilibrium electrons: these modes are continually “pumped” by the
incoming electrons and may actually lead to a structural instability of the
nanojunction and, eventually, to breaking of atomic bonds (see also discus-
sion in Sec. 6.3). This again cannot be captured by the BA or even the
SCBA.

Total current of independent electrons interacting with phonons

We therefore exclude these cases and just focus on quasi-ballistic systems

for which the electron self-energy can be calculated as in Eq. 6.56. We

have considered all along independent electrons (interacting with each other

at most at a mean-field level) but interacting with phonons in the central

region. The current for this case is again given by 4.113 which I re-write

here for convenience

ie [dE <
1=0. [ Cre{[0(B) - Ta(E))G (B)
+ [fL(E)TL(E) — fr(E)TR(E)(GT(E) — G™(E))} .

(6.63)

The Green’s functions are now propagators with both elastic scattering into
the electrodes and inelastic scattering due to phonons. All quantities depend
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on the external bias and, in general, need to be determined self-consistently
at any given bias.

We can gain more insight into the physics of the inelastic current by doing
the following algebraic manipulations. From Eq. 6.48 we get

A A

G =161 = (37 -51) + (52— 5%) + (Baom — Shm)
:iFL+fR+ﬁ%my (6.64)

that can be equivalently written as

A~

1 [G+ — G_} =G* [fL + fR + f‘el—ph} G (6.65)

By replacing this expression (and using 6.50) in Eq. 6.63, the latter can be
separated in two parts (Exercise 6.4)

=1+ I, (6.66)
where
lo =5 [T aB LB — fa(B) TR (E) G (B) L(E) & (B)),
- (6.67)
and
ie [to° R . R
Ta=gs [ e {Iru(B) - TR(BIG" (B) S5 ,,(B) G (B)

—i[fL(E)YTL(E) — fr(E)TR(E)|GT(E) Lo (E) G*(E)} . (6.68)

We call the first term elastic because it has the same form as the cur-
rent 3.229 for non-interacting electrons without phonon scattering. How-
ever, this terminology is deceiving because the Green’s functions appearing
in Eq. 6.67 contain contributions from the phonons.

We also note that if the coupling of the central region with the left elec-
trode or with the right electrode is zero (either I'z,(E) = 0 or I'g(E) = 0),
then both I.; and I;,, are zero. This is easy to see for I, less so for I;,,. We
leave this demonstration as an exercise (Exercise 6.4).

We can further manipulate the expression of I.; using the Dyson equa-
tion 6.48. By introducing 6.48 into 6.67 we get

Iy = I + 81, (6.69)
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where

1= [ aBIE) - faE) THER(E) 6 () Pu(8) 6 (B)),

(6.70)
and
e +oo
P — / dE f1(E) - fp(E)

mh J_o
X [Tr{fR Gty GG
+ fR GH_ f‘L G_ ﬁé—ph G_
+TRGYE)_, GG, G} . (6.71)

The term Igl is precisely the current in the absence of electron-phonon
interaction (see Eq. 3.229). The total inelastic contribution to the current
is therefore 01, + I;,. As anticipated in Sec. 6.2.1 the term §1,; is precisely
the one that originates from the interference between the zero-order wave-
function and its second-order correction, and corresponds to the “elastic”
emission and absorption of a virtual phonon.

Conductance increase or decrease due to phonon scattering

In Appendix H I show that for weak elastic backscattering the current is
reduced by inelastic effects. An experimental example of this case is shown
in Fig. 6.1 where a drop in conductance is observed at specific biases. Here
I show that the sum 01.; + I;;, may also be positive: the conductance may
increase due to inelastic scattering. The reason for this can be understood
quite easily despite the complicated structure of both 61.; and I;,.

In Sec. 3.4.2.1 we saw that the retarded and advanced Green’s functions
— in a positional basis — of a free particle in one dimension are oscillating
functions of position (Egs. 3.131 and 3.134), while for bound states they
are the same real and exponentially decaying functions (Eq. 3.136).2% In
addition, one can show that at zero temperature the imaginary part of the
retarded self-energy is an even function of the energy (the zero being the
equilibrium Fermi energy), while the real part is an odd function (see Mahan,
1990, p. 596).

For simplicity let us consider the proportional coupling case, I'f (E) =
I'r(E)=T(F),VE, and work at a low bias, but large enough that electron-
phonon scattering is allowed. Let us then assume that the central region has

23 Similar considerations apply in 3D.



6.2 Inelastic current 311

very few electronic states that are weakly coupled to the states of the elec-
trodes. The electron Green’s functions, in a positional basis, are therefore
exponentially small in the central region at those energies.

To first order in the Dyson equation 6.48 we can then write

GT(E)~GHE)+GY(E)XS)_  (E)GT(E), weak coupling, (6.72)

el—ph

and similarly for G~ (E). By replacing these into Egs. 6.68 and 6.71 and
neglecting cubic (and higher) terms in the Green’s functions, we see that
61, is zero and I, is expression 6.68 with G*(E) and G~ (E) replaced by
G (E) and G~ (E), respectively:

e T JE

L.~ -
"Ton o 27

[f1(B) = fr(B)| T {D(B)G () Pupn(E) G7(E) }
(6.73)

4 Fig. 6.6. Schematic of the con-

ductance as a function of bias
Weak coupling iy the presence of electron-
phonon scattering. If the elec-
tronic states of the central region
are weakly coupled to the elec-
tronic states of the electrodes,
an increase of conductance cor-
responding to the phonon energy
may occur. If these states are
> strongly coupled to the states of
ho 14 the electrodes, a decrease of con-

ductance occurs.

Conductance

Strong coupling

The term in the trace contains the square of real functions times f‘el_ph(E)
= —QIm{ﬁ]:liph(E)}, which is a positive quantity (see discussion in Sec.
4.2.4). Therefore, under these conditions, the contribution I;, is positive:
the current increases due to electron-phonon scattering, as if extra “chan-
nels” are introduced by the interaction with phonons. One would then
observe a step-like increase in conductance corresponding to the energy of
those modes that couple strongly with electrons (Fig. 6.6).

If, on the other hand, we consider many electron states in the central
region, and these states are strongly coupled to the states of the electrodes,
then the electron Green’s functions are oscillating functions of position
with coefficients given by a mixture of Re{ﬁ]jl_ph(E)} and Im{ﬁ]:l_ph (B)}.
Since these functions are odd and even in energy, respectively, the sums in
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Egs. 6.68 and 6.71 can be viewed as combinations of constructive and de-
structive interference patterns of scattering amplitudes with the cumulative
effect being a small contribution to the elastic current. When the destruc-
tive interference dominates over the constructive one, the current is reduced
by electron-phonon scattering (Fig. 6.6).24

The above analysis is clearly over-simplified, and in a real nanojunction
one may have both types of couplings at different energies. The increase or
decrease of the current due to electron-phonon coupling is thus a function
of the microscopic details of both the self-consistent electronic distribution
under current flow and the atomic configuration.

6.3 Local ionic heating

Let us now discuss another important effect that occurs due to electron-
phonon scattering: current-induced local ionic heating of nanoscale systems
(Todorov, 1998; Chen et al., 2003; Segal and Nitzan, 2002).

As T have anticipated in Chapter 1, due to the dimensions of nanoscale
structures, electrons spend a small amount of time in the junction, making
the elastic contribution to the current the dominant one. In gold atomic
point contacts, for instance, this means an experimental conductance very
close to the quantized one (2¢%/h) (see Agrait et al., 2003).

Every electron, therefore, “crosses” the nanoscale junction almost without
inelastic scattering. In other words, each electron, on average, releases only
a small fraction of its energy to the underlying atomic structure during
the time it spends in the junction, making transport quasi-ballistic. I have
corroborated this point with simple estimates of the inelastic electron mean-
free path in Sec. 6.2.1.

However, due to the much smaller number of atoms in a nanoscale system
compared to the bulk of the electrodes, the current density is much larger in
the junction than in the bulk. As a consequence, the number of scattering
events per unit volume and unit time, or equivalently the power per atom, is
much larger in the junction compared to the bulk. This power must then be
dissipated into the bulk electrodes via some efficient mechanism of lattice
heat conduction (see discussion later in this section). At steady state we
thus expect that the ions in the junction are at a different local temperature
than those in the bulk. This is illustrated schematically in Fig. 6.7.

24 The fact that this contribution is negative in the weak backscattering case is not so easy to
determine and requires explicit calculations of 6/,; and I;,. Physically one can explain this
fact by noting that an additional electron momentum change occurs due to electron-phonon
scattering, thus increasing the resistance.
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Fig. 6.7. Schematic of an atomic junction with current flowing across it. The elec-
trons transfer some power P, to the ions. This power has to be dissipated away to
the bulk electrodes via lattice heat conduction I;;. At steady state the ions have
thus an effective temperature locally in the junction higher than in the bulk.

Asin Sec. 2.4, here by “local temperature” I mean the one ideally measured
by a local probe at equilibrium with the system at the given point in space.

This is clearly an idealization and one needs different tools to extract
the local temperature experimentally. This has been done in atomic and
molecular junctions demonstrating the phenomenon of local ionic heating
(Huang et al., 2006; Tsutsui et al., 2007; Wang et al., 2007). In Huang et al.
for instance, the force necessary to break the junction has been measured
as a function of bias. From this force one can extract an effective local
temperature. This experimental temperature as a function of bias is shown
in Fig. 6.8 for an octanedithiol molecule in between two gold electrodes.
From the figure it is clear that an effective temperature larger than the
nominal background (room) temperature is found. I anticipate here that this
temperature also contains an important contribution from electron-electron
interactions (see Sec. 8.6).

In this section I want to determine this temperature and its bias depen-
dence from a microscopic theory.

Local ionic heating: simple considerations

In a nanojunction there is a discrete set of vibrational modes — with some
degree of coupling to the electrode bulk modes — so that local heating of the
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Fig. 6.8. Experimental local temperature of an octanedithiol molecule in between
two bulk electrodes as a function of the bias. The inset shows its fourth-power
dependence on the square of the bias. Reprinted with permission from Huang et
al. (2006).

ions of the junction occurs when the bias is large enough to excite the mode
with lower energy.

Let us call the energy of this mode Aw,. and the corresponding “critical”
bias V.. At steady state, the energy exchanged between electrons and ions,
and the energy dissipated from the junction into the bulk make the net
power exchanged between electrons and ions zero, so that the ions of the
junction experience an effective local temperature 0.7, higher than the one
associated with the ions in the bulk (see Fig. 6.7).

Here, the phonons may have a local distribution different in the junction
compared to the bulk. At steady state, however, as an approximation we
can take the phonon distribution to have the same form as the equilibrium
one 6.15 but with a spatially dependent temperature, 6.s¢(r). While this
assumption may not be exact, it is a good starting point to determine the
effective local temperature in the junction.?’

Before discussing the quantum theory of local ionic heating let us make
simple considerations on the bias dependence of this effect. Let us begin by
assuming that the electrons are at zero temperature and the ions deep into
the bulk electrodes also have zero background temperature, 6y = 0.

The power generated in the nanostructure due to the electron flow, has
25 Determining the actual form of the non-equilibrium distribution would require, for each nanos-

tructure, a self-consistent theory of coupled phonon and electron flow. To the best of my
knowledge such a theory has not been developed yet.
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to be a small fraction of the total power of the circuit V2?/R (V is the bias,
R is the resistance). Let us define this fraction P, = ©(V — V.)vV?/R,
with v a positive constant to be determined from a microscopic theory, and
I have explicitly introduced the step function © so that for V' < V, there is
no transfer of energy between electrons and ions of the junction.

As discussed above, at steady state this power has to balance the thermal
current Iy, (heat per unit time) carried away into the bulk electrodes. For
a nanostructure, lattice heat conduction may be a complicated function
of the coupling between the modes of the junction and the modes of the
bulk electrodes. For instance, I have anticipated that a nanojunction may
support local phonon modes that are weakly coupled to the bulk modes of
the electrodes. The heat associated with these modes would thus be difficult
to dissipate and the structure may become unstable. I will come back later
to this point.

For the moment let us suppose that the lattice heat conduction follows
a bulk law. I will show later that this law can be recovered under condi-
tions of elastic phonon scattering, i.e., as for electrons, scattering processes
that allow phonons to scatter from the nanojunction out to the bulk region
without changing their energy.

In the bulk, we know that lattice energy is carried away at low tempera-
tures at a rate I;;, = aegff with « the lattice heat conductance (see, e.g.,
Ashcroft and Mermin, 1975).

By equating the power in and the power out the junction — steady-state
condition — we then get?

v

1/4
P, =1y, = b5y =0V = Vo) (@) V'V, zero background 6. (6.74)

We therefore see from this simple argument that, under the assumption of
bulk lattice heat conductance, the bias dependence of the temperature of the
junction follows a square-root law (Todorov, 1998; Chen et al., 2003), if the
resistance, as well as the other parameters in 6.74, does not vary appreciably
with bias — reasonable in linear response.

Let us now take the background temperature far away from the junction to
be some some finite temperature 6y. As before, let us also consider the bulk
form for lattice heat conductance. In addition to the energy generated in
the junction, which is carried away to the bulk at an out-rate I} = « 02,’} £

26 The estimate I make of the effective temperature of the junction corresponds to an “average”

temperature associated with the atoms of the nanostructure and possibly a few atoms of the
nearby electrodes. As discussed in Footnote 2°, the calculation of the actual profile Opp (r)
would also require a self-consistent calculation of the non-equilibrium phonon distribution in
the presence of current.
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we also have the energy that is carried from the bulk to the junction at an
in-rate Z,’l’ = 0403.27

The steady-state condition now reads
P, =1 — I3 — Ocrr = (68 + 93)1/4, finite background 6,  (6.75)

where 6, is now the contribution to the local temperature due to the bias
only, namely 6, = O(V — V) (ﬁ)l/4 VV.

Heating from localized modes

These are simple considerations and are based on the assumption that the
heat conduction mechanism is the same as in the bulk. As mentioned above
this may not be the case when there are modes that have weak coupling
with the modes of the nearby bulk electrodes. In this case, the rate at
which electrons excite these modes may be considerably faster than the rate
at which their associated energy can be dissipated in the bulk. This electron-
pumping effect can thus give rise to extremely high temperatures. We can
estimate these temperatures with the following argument.

In a current-carrying system the electrons are not in their ground state.
Therefore, even if their background temperature is zero, some of them are
above the ground-state Fermi level simply due to the presence of the bias
V. This provides an effective energy window for inelastic electron-phonon
scattering of width of order eV. The localized vibrational modes therefore
“see” this excited electronic system as if the latter has an effective finite
temperature of the order of eV/kp. The effective ionic temperature is then
simply

O.¢r x eV/kp, localized phonons. (6.76)

Note that this argument is independent of the strength of the electron-
phonon coupling: the effective temperature of a localized phonon mode is
related to the “departure” of the electron distribution from equilibrium, not
to the energy transferred from the electrons to the ions. We therefore expect
the proportionality constant to be of order one.

If this is the case, then a bias of 0.1 V would give rise to a temperature of
about 1000 K! At these temperatures the nanostructure is likely to undergo
structural instabilities and fracture of bonds. If these instabilities occur,
they are likely to nucleate at the atomic bonds with reduced coordination,
27 This reasoning is similar to one I have used to determine the total electrical current, which can

be written as the difference of the current from right to left and the current from left to right,
Sec. 3.3.3.
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for instance the atoms at the contact region between the nanostructure and
the bulk electrodes.

Quantum theory of local ionic heating

We can now move on to the calculation of the local heating effect using
the microscopic theory of electron-phonon coupling we have developed in
the previous sections. Our starting point is the coupling Hamiltonian 6.29.
We want to determine the energy per unit time transferred among electrons
and ions coupled via this Hamiltonian. This power can be calculated using
time-dependent perturbation theory as follows.

If we refer again to Eq. 6.35 with |i) and |f) states corresponding to any
of the processes represented in Fig. 6.2, where a phonon of energy hw; is
exchanged, then the energy per unit time transferred between electrons and
ions for that particular process is simply

2 a
Wi =hw; Py = fhijf‘Hp’@)’Qé(Ef — E). (6.77)

The matrix elements appearing in Eq. 6.77 are the ones we have computed
for Eqgs. 6.36 and 6.38. We therefore get for each mode with energy fiw;

F_ywhTF L,F
Wj —Wj +Wj

=2rh(5+N;) Y /dE

o,f=L,R

- rhapB
§ :Al-,J‘]Eihwj,E
%

%J (1= Fian, ) Diins, D) - (6.78)

In the last equality, § = 1 and “—” sign are for the scattering diagrams (a)

and (c) in Fig. 6.2, and 6 = 0 and “4” sign for diagrams (b) and (d). A
factor of 2 due to spin degeneracy also appears in Eq. 6.78.

The total thermal power generated in the junction is therefore the sum
over all vibrational modes for the four processes of Fig. 6.2

p=3 (Wit it —wit o wE), (679
J

with processes (a) and (c¢) contributing to heating of the structure, and
processes (b) and (d) contributing to cooling.

Due to the spontaneous emission terms in Eq. 6.79, by increasing the
ionic temperature 6, heating is at first the dominant term (see Fig. 6.9).
Cooling processes have zero contribution at 6,, = 0, but slowly pick up
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Fig. 6.9. Power as a function of temperature for heating and cooling processes.
When these two balance each other, a steady-state temperature 6, is achieved.

with temperature, until at a given (steady-state) temperature s, they ex-
actly compensate the heating ones and make the power P in 6.79 zero (see
Fig. 6.9).

In reality, from the power in Eq. 6.79 we need to subtract the energy
per unit time that is transferred from the junction to the bulk electrodes.
This is an extra cooling process which lowers the temperature even further:
Oss — eeff

Before discussing this point, let us note that if we set 6. = 0 and 6,, =0
— both the electronic and the ionic temperatures equal to zero — then only
processes of type (c) involving spontaneous emission contribute. Setting
these temperatures in Eq. 6.78 to zero we get the total power

2

KL
D _p., DE- (6.80)

P:27th/ dE
j Iz

i\ LR
YA B-hw,.E
)

Rthw;

As anticipated with the simple model 6.74, we thus see that at zero
background temperature — for both electrons and ions — a bias larger than
Ve = min{/w; }/e is necessary to generate heat locally in the junction.

As we have done for the scattering rate calculation in Sec. 6.2.1, let us
also assume eV > hw; and the density of states, D}LE(R)
stant, ‘]21&,%2’ slowly varying with energy (with DER) and J»*# their values,

, and coupling con-

respectively, evaluated at the equilibrium Fermi level). The power 6.80 can
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then be approximated as
2

P ~2mheV ) DEDT. (6.81)

J

Z Az,j Ji,LR

2

The quantity 273 1> A Jj*LR‘Z DY DR “counts” the number of scat-
tering events per unit time that occur locally in the volume of the junction.
Since in linear response the current I o V', we therefore see from Eq. 6.81
that the power P is proportional to the current density in the junction, as
we have anticipated at the beginning of this section.

I finally note that for a current of about 10 nA at a bias of 0.1 V, the power
of the total circuit is about 1 uW. For systems that carry a similar current
at that bias we can take again J"'f ~ 0.1 eV/A, DI ~ DR ~ 1 eV~!. With
M ~ 10* m,, the power for a single mode calculated from Eq. 6.81 is about
1072 uW at 0.1 V.

As anticipated, the power dissipated to a single mode in the junction is a
small fraction of the total power of the circuit, even though the power per
atom is larger in the junction.

6.3.1 Lattice heat conduction

We are now left to consider the mechanisms that carry the power generated
in the junction away into the bulk. I stress here that a complete theory of
heat transport in nanostructures is not yet available. However, we can argue
about a plausible form of heat conduction along the following lines.

At the length scales we consider here and for quasi-ballistic transport,
the heat needs to be dissipated very fast for the nanostructure to remain
stable. For instance, for a typical current of 1pA, electrons “cross” the
nanojunction at a rate of about 10" s~!, and in the process they excite
modes of the junction. Therefore, this frequency sets the minimum rate at
which heat needs to be dissipated in the bulk to avoid structural instabilities.

In bulk systems, we know that if we consider ionic temperatures, 0,,
smaller than the Debye temperature, 6p, of the bulk (typically of the order
of few hundred K), then the rate at which inelastic phonon processes — tran-
sitions between different modes of different energy — occur is of the order
of e=0/%n e, it is exponentially suppressed (see, e.g., Ashcroft and Mer-
min, 1975). This is due to the fact that in a perfect crystal there is a small
probability of Umklapp processes, those that destroy crystal momentum and
thus contribute to a finite heat conductivity.

In the absence of such processes, the total crystal momentum would be
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conserved even if anharmonic effects — originating from higher-order terms
in the expansion 6.6 — are present?® and the thermal conductivity would
be infinite: the system cannot reach either local or global thermodynamic
equilibrium.

A nanostructure breaks the translational invariance of the bulk electrodes,
and therefore we expect these processes to be of limited use in proximity to
the junction (provided they can be defined at all in the absence of translation
invariance).

We therefore expect that elastic scattering of the phonons of the junction
into the bulk (continuum) phonon modes of the electrodes to be the most
efficient way to dissipate heat and restore local thermal equilibrium.?’

Similar to what we have done in the case of electron transport within
the Landauer approach of Chapter 3, this elastic phonon scattering can be
thought of as originating from an “imbalance” of phonon distributions — or,
equivalently, a thermal gradient — between two reservoirs of phonons (see
Fig. 6.10). Here I describe the following simple model that captures the
main physics of this problem.

Let us consider two reservoirs of phonons connected via a weak mechanical
link of length L — our junction, which we will later assume to be a spring
with a given stiffness. A phonon of energy I = hw thus has a probability
T, to carry its energy across the mechanical link from one reservoir to
the other. Let us call Np the local phonon distribution 6.15 of the right
reservoir — with effective temperature 0r higher than the left one — and N
the distribution of the left one.

The net thermal current carried by this phonon in an interval of energy
dE must thus have the form (see discussion in Sec. 3.3.3 and Rego and
Kirczenow, 1998; Patton and Geller, 2001)3°

Iy, x dE ET,,(E) [Ng(E) — N (E)], (6.82)

which is similar to the Landauer equation for electrons (Eq. 3.56).3!
In order to take into account all possible energies of independent phonon

28 Processes that conserve total crystal momentum are called normal. The terminology of normal
and Umklapp processes applies to electrons as well. As we will discuss in Chapter 7, the first
cannot contribute to inelastic relaxation effects, and thus to the resistance.

29 Inelastic phonon processes would again be of importance away from the junction where Umk-
lapp processes are also expected to contribute.

30T am here implicitly assuming that all the energy is carried away by the phonons. Also, that
the only contribution to heat dissipation is from longitudinal phonons, so that, as in the case
of electron transport, the 1D density of states cancels exactly the velocity of the phonon (see
discussion in Sec. 3.3.3).

31 Following a similar argument one can also show that in ballistic (with respect to phonons)
quasi-1D wires supporting one phonon channel, when heat is carried only by phonons (dielectric
media), the thermal conductance is quantized with quantum Wk%ﬂ/ﬁh (Rego and Kirczenow,
1998; Schwab et al., 2001).
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Fig. 6.10. Schematic of two reservoirs of phonons with different distributions (N,
and Np) connected by a weak mechanical link, represented by a spring of given
stiffness. The energy per unit time carried by a phonon of energy hw depends on
the local vibrational density of states at the contact (n; and ng) between the link
and the left and right reservoirs.

modes then one simply integrates in energy Eq. 6.82 from zero — the lowest
possible mode energy — to infinity:3?

Iy /0 " 4E ET(E) [Nu(E) — Ny (E)]. (6.83)

We just need to determine the proportionality constant and the transmis-
sion probability. A microscopic model of the link between the nanostructure
and the bulk electrodes is thus necessary. If we describe the junction as a
weak mechanical link of a given stiffness K3* and denote with nz(E) and
nr (E) the corresponding local vibrational density of states of phonon modes
at the interface between the right reservoir and the mechanical link, and the
latter and the left reservoir (see Fig. 6.10), then one can show along the lines
of the transfer Hamiltonian (Exercise 3.21) that at temperatures 6,, < p
(Patton and Geller, 2001)

/0 " dE Enp(E)ny(E) [Na(E) — Ny (E)]. (6.84)

32 A similar argument allows us to derive an equivalent expression for electron heat conduction
(see Sec. 8.6.1).

33 The stiffness K = 7d?Y /4L, where Y is the Young’s modulus of the junction, and d (L) is its
diameter (length) (Patton and Geller, 2001).
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At very low energies the 2D local vibrational density of states n(F) is
typically proportional to the energy, i.e., n(F) = b F with b a constant to
be determined microscopically.?* Using this result, and assuming the bulk
temperature zero, we see from Eq. 6.84 that at low temperatures

Ly x K?0* «c L7260, (6.85)

where in the last expression I have used the relation between the stiffness
and the length L of the mechanical link.??

Equation 6.85 is precisely the bulk fourth-power law I have assumed from
the outset to derive Eq. 6.74. This microscopic picture also shows why, for
a localized phonon mode, this fourth-power dependence is not necessarily
satisfied. In this case, the local vibrational density of states is enhanced
in correspondence to the energy of the phonon, so that ny z(F) and also
T,,(E) are not simple algebraic functions of the energy, thus leading to a
different temperature dependence of the thermal current.

Neglecting the above case, and considering now the length dependence
of the thermal current I have just derived, Eq. 6.85, I can redo the simple
estimates of the local temperature, and find its dependence on the length of
the junction.

If the power generated locally in the nanostructure is length independent?®

P, =1, = Oy x OV = Vo) VLVV, zero background 6, (6.86)

which shows a weak dependence on length.

For molecular structures the current decays exponentially with length,
and the resistance increases accordingly. If R = Rye”! is the change of the
resistance with length from a fundamental value Ry ([ is a characteristic
inverse decay length) the power generated locally in the structure is P, =
OV -V )7V?/R = O(V —V,.)ye P'V?/Ry. Equating this power to Eq. 6.85
we find

P, =1 — O x OV -V, VLe PV zero background 6, (6.87)

so that the effective temperature shows a stronger dependence on length
(Chen et al., 2005).%6

34 This dependence is due to the presence of acoustic phonon branches. Quite generally, the
relation is of the type n(E) = b E®, with a some positive number. For instance, n(E) scales
as E? in 3D. a = 1 at the planar surface of a semi-infinite isotropic elastic continuum, which
is what I am assuming here. A different power law gives rise to a different heat dissipation
behavior.

35 This is, for instance, fairly well satisfied by metallic quantum point contacts.

30 This analysis is clearly a simplification of the real physical situation of heat generation and
transport. For instance, for molecular structures, the phonon wave-function “mismatch” be-
tween the vibrational modes inside the structure and the bulk ones may favor non-trivial elastic
scattering of the former, possibly leading to a different local temperature dependence on length.
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The fact that local heating decreases with the length of the junction in
molecular structures has been recently verified experimentally on alkanethi-
ols of different lengths (Huang et al., 2007) (see Sec. 8.6).

Referring again to Fig. 6.10, if we consider the average effective tempera-
ture in the junction, 6.y, to first approximation the latter can be assumed
to be the average between the left and right phonon reservoir tempera-
tures.?” In reality, the nanojunction has a temperature 6, rf higher than
the temperature of both left and right electrodes, 6. We can thus modify
the above arguments by realizing that the thermal current from the junc-
tion with temperature 6,7 dissipated to the left electrode with temperature
0y is equivalent to the thermal current of a weak mechanical link between
heat “reservoirs” with temperatures 20.r¢ — 6y and 6 (Chen et al., 2003).
Analogously for the thermal current into the right electrode. The total ther-
mal energy carried away from the junction due to elastic phonon scattering
would be the sum of these two contributions.

6.4 Thermopower

Let us conclude the discussion of heat transport with a brief introduction
to the thermoelectric power or simply thermopower. This effect is of great
technological importance — for an extensive account see, e.g., the book by
Pollock (1985). It has received much less attention at the nanoscale (Sivan
and Imry, 1986; Bogachek et al., 1996; Ludolph and van Ruitenbeek, 1999;
Paulsson and Datta, 2003; Reddy et al., 2007) but it may yield a lot of
information on energy transport mechanisms and their relation to charge
transport.

In Sec. 2.4 I have shown that electrons respond to both an electric field
E and to a chemical potential gradient as if they are driven by a “field”
E=E-Vi/e (Eq. 2.92).

The thermopower (or Seebeck coefficient) is defined as the proportionality
constant () between this “field” and the temperature gradient

£=QVe. (6.88)

The above relation shows that if there is a temperature gradient applied at
the two ends of an open circuit a voltage difference has to develop between

37 This argument neglects any spatial variation of the local temperature, and it assumes that the
main temperature “drop” occurs at the contacts between the nanostructure and the electrodes.
This may not always be the case.
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| @ | Fig. 6.11. If two sides of a nano-
i i junction initially in global equi-
librium are heated up at different
HL HR temperatures, #;, and 0g, a cur-
rent flows. If the circuit is open,
in the long-time limit the current
goes to zero, and a thermoelec-
tric voltage AV, develops.

the high- and low-temperature regions of the sample (Fig. 6.11).3% The
charge carriers diffuse from the hot region to the cold region, similar to the
behavior of a classical gas (see also discussion in Sec. 2.5). This creates
a separation of charges and, therefore, a thermoelectric voltage difference
AVyy,. This voltage difference can be evaluated by integrating Eq. 6.88 — at

zero current — between two points r; and rzp whose temperature difference
is Af = 9L — 9339

AV}h:—/rLS-dr:Q/rL(—VO)-dr:Q(GR—QL):—QAG. (6.89)

In bulk metals, if @ < 0 then the current is carried by electrons, if @ > 0 it
is carried by holes. This is easy to see.

Consider the system at initial zero bias, and global chemical potential
. Now let 87 = 0 on the left boundary of the metal and 6z some finite
temperature on the right boundary. In the right region where we have
a finite temperature, the Fermi distribution broadens (see, e.g., Fig. 1.7).
Electrons in the metal with energy in the neighborhood of the chemical
potential have thus access to states on the left boundary, while electrons
on the far left have a lower probability to move to the right (they have
lower average kinetic energy than those on the right boundary). Electrons
will then diffuse to the left, and if the circuit is open, they accumulate
on the left boundary of the metal leaving a depletion of electrons on the
right boundary. The accumulated electrons on the left have thus a higher
potential energy compared to those on the right boundary, and hence a
lower electrostatic potential. The difference AV,;, = Vi, — Vi < 0, and thus
@ < 0. The above argument is clearly reversed if we consider holes as charge
carriers, and hence ) > 0 for positive carriers.

38 If the circuit is closed via some resistance, a voltage difference is produced at the two ends of
this resistance, and current flows in the circuit.

39 In an actual experiment, the voltage probe that is connected to the system in order to mea-
sure the thermopower is necessarily invasive, since the applied thermal gradient would induce,

locally at the voltage probe contact, an extra voltage difference. This extra effect needs to be
subtracted to get the actual thermopower of the nanojunction.



6.4 Thermopower 325

As I will discuss below, the above sign assignment is not so straightfor-
ward, and does not have the same meaning in nanoscale systems. Note
also that thermopower is a non-equilibrium phenomenon: after the tran-
sient dynamics that leads to the charge imbalance between the two opposite
ends of the conductor, there is still a continuous flow of energy between the
right and left boundaries. In the stationary state the thermopower may not
change in time (in quantum mechanics we say that the macro-state of the
system is time-independent), but energy continually flows in from the high-
temperature contact out into the low-temperature contact. If we removed
this external temperature gradient, the system would cancel internal tem-
perature differences, so that a global equilibrium state can be established in
the long-time limit.

Relation between thermopower and scattering probabilities

As we did for the electrical current within the single-particle Landauer ap-
proach, we can determine an approximate form of the thermoelectric voltage
within the same approximations as follows (Butcher, 1990). Consider the
system of Fig. 6.11 in global equilibrium with temperature 6y and chemical
potential . Let us then raise slightly the local temperature and electro-
chemical potential in the left electrode

0, = 0y + AO/2, (6.90)

pr =i+ le| V/2. (6.91)

At the same time, we also lower the local temperature and electrochemical
potential in the right electrode

Or =0y — AG/2, (6.92)

i = i le| V/2. (6.93)

Let us now Taylor-expand the local Fermi distributions as we have done
in Sec. 3.3.3 (Egs. 3.57 and 3.60). This yields

u(B) = () - 212

|5 - E-ny (6.94)

1Y

where f(FE) is the global equilibrium Fermi distribution 1.80 with tempera-
ture 6y and chemical potential Ep.
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Similarly, we have

9f(E)
OF

(6.95)

- E-ng-

i

If we replace the above expansions into the Landauer formula 3.56 we get

S (—W >T(E)
o ;

OE
e teo
_ e Ad “am ( 51(;;;)’) (E— ) T(E). (6.96)

If the equilibrium temperature 6y is very low, we can approximate i =~
Er and the first term gives rise to the current 3.67, with the transmission
coefficient evaluated at the equilibrium Fermi level.

The second integral can be calculated by expanding the transmission co-
efficient to first order as in Eq. 3.65, provided we are away from electronic
resonances so that its variation at the equilibrium Fermi level is not sharp.
We can then use the well-known Sommerfeld expansion to evaluate it (see,
e.g., Appendix C of Ashcroft and Mermin, 1975).%° Since the thermal ener-
gies we consider here are much smaller than the equilibrium Fermi energy,
we can stop at the first order of that expansion so that the current 6.96 is

2¢? k% 0T (E)
I~~—T(E - —— By Af

w TEDV -5 3 0 0B |p,
:G(EF)V-I-ELSEAG. (697)

The response coefficient L.p is related to the fact that a temperature
gradient can induce both a particle flow and energy flow (see Footnote *3
Chapter 2). If we finally want to determine the thermoelectric voltage we
simply set the current equal to zero in the above expression to get

k2 1 O0T(E)
A — B
Vin 3¢ 0 T(E) 0F

2
Ag— T k2, By, 0lnT(FE)

AO,

Er
(6.98)

40 Given the Fermi distribution f(E) and some function L(E) which vanishes at E — —oo, and
is bound at £ — +o0 or, if not, it diverges no more rapidly than a power of E, the Sommerfeld
expansion relates to the following integral

/Oc dE L(E) f(E) = /H dE L(E) + %(h}eo)? agSEE) ) (kB/fo) .
oo e )
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so that the thermopower is
FQIC%
3el

dlnT(E)

@=- OE  |p,

to

(6.99)

Notice that if the transmission coefficient is a slowly varying function of
the energy around the Fermi level, then from Eq. 6.99 we find that the
thermopower is close to zero. Also, anything else being equal, a larger
transmission coefficient implies lower thermopower. This is consistent with
experimental results on metallic quantum point contacts where it has been
found that the thermopower is suppressed for contacts with larger conduc-
tance (Ludolph and van Ruitenbeek, 1999).

Transient response and dynamical effects in thermopower

We have thus related the thermopower to single-particle properties, such as
the transmission coefficient, in the linear — with respect to both thermal gra-
dient and bias — regime. However, the above result is clearly an idealization
and lacks important physics at the nanoscale.

First of all, we have derived it by assuming that a voltage source is al-
ready present together with a temperature gradient. This is contrary to
the experimental situation in which a thermal gradient is applied and, as a
consequence, a voltage difference is created.

To be more specific, if a thermal gradient is applied to the junction, the
transient dynamics is fundamental in establishing this voltage difference
since the dynamical formation of local resistivity dipoles creates strong lo-
cal fields at the junction. These fields influence the electron motion in a
self-consistent way, and thus influence the long-time behavior of the carrier
dynamics. This is particularly important away from linear response.

It is the self-consistent formation of these fields that makes the ther-
mopower very sensitive to atomic details, and thus to the contact geometry
between the nanostructure and bulk electrodes; a fact that has also been
demonstrated experimentally (Ludolph and van Ruitenbeek, 1999). The
sign of the thermopower is therefore very sensitive to these microscopic
details, precluding an easy interpretation in terms of “electron” or “hole”
excitations as in bulk metals.

Finally, interactions among electrons — and electrons and ions — may also
play an important role during the formation of the thermoelectric voltage.
For instance, during transient dynamics part of the electron energy is trans-
ferred to both ions and electrons, thus creating a transient local heating of
the junction. The ionic temperature is a “loss” of energy for electrons while
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the effective local electron temperature (see Sec. 8.6) reduces the external
thermal gradient locally in the junction, creating an effective local energy
barrier for diffusion. These effects may thus have a large bearing in the
thermopower generation in nanoscale systems, and have not been explored
at all in the literature. To this aim, since the system is in dynamical in-
teraction with two different baths, one needs to go beyond the Landauer
approximations that have led us to Eq. 6.99, and consider an open quantum
system approach like the one described in Sec. 1.4.5 (see also Appendices C
and G).

6.5 Current-induced forces

In addition to the local ioninc heating effect discussed in the previous sec-
tions, there is yet another phenomenon associated with the interaction be-
tween electrons and ions in the presence of current: current-induced forces.
These forces are due to the momentum that electrons flowing in a conduc-
tor transfer to the ions. Or alternatively, from a static point of view, the
steady-state electron density in a current-carrying conductor is microscopi-
cally different from that in the absence of current. In either picture, current
flow generates additional forces on ions. This may result in atomistic rear-
rangements and diffusion of atoms (Di Ventra et al., 2004b).

In microelectronics this phenomenon is known as electro-migration, and
it is the major failure mechanism in metallic interconnects used in solid-
state circuits.*! Once more, since nanoscale conductors may carry current
densities much larger than their macroscopic counterparts, electro-migration
may also be a key issue in their stability.

6.5.1 Elastic vs. inelastic contribution to electro-migration

Before moving on to the (tricky) definition of forces in the presence of cur-
rent, let us say a few words on what we mean by “momentum transfer”.
Electro-migration may occur due to two processes: (i) electrons transfer only
momentum to the ions and no energy is exchanged (elastic processes); (ii)
electrons transfer momentum and energy to the ions (inelastic processes). I
give here a simple argument to show that inelastic processes contribute neg-
ligibly to current-induced forces, at least in quasi-ballistic conditions (Yang
and Di Ventra, 2003).

41 In microelectronics, electro-migration generally refers to the current-induced motion of vacan-
cies or other defects. I will instead use this term to indicate current-induced forces on any type
of atoms.
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Let us apply a bias V' between left and right electrodes. Due to inelastic
processes an electron moving from left to right with energy equal to the left
electrochemical potential loses, at most, all the energy eV due to an inelastic
collision with a given ion in the junction — and emerges in an unoccupied
state. In the process, the electron transfers a momentum Ap to the ion of
the order of v2meV .

Now, if the electron inelastic mean-free path due to electron-phonon colli-
sions is A,5, and the electron moves at a Fermi velocity vp, the time between
collisions is of the order of 7,;, = App/vp (from Eq. 6.42). If, say, the av-
erage current in the system is I, we can estimate the average number Ny,
of electrons that experience collisions with that atom in the interval of time
Tph, by multiplying the latter by the current I, namely Nj, = I 7, /e.

The total force exerted on the ion due to these inelastic collisions is there-
fore Fi, = Nin Ap/Tph.

In reality, for quasi-ballistic systems an electron does not lose all its en-
ergy via inelastic effects, only a fraction . In Sec. 6.3, we have estimated
the fraction of power P exchanged between electrons and phonons in the
junction. In the interval of time 7, the electron thus loses on average an
energy Ei, ~ P,,. The transfer of momentum to the ion Ap is there-
fore of the order of \/2mFE;,. As previously discussed, in typical quasi-
ballistic systems we expect A, ~ 1000 A, and vy ~ 108 cm/s. In Sec. 6.3
we have seen that for a typical current of 10 pA, at a bias V = 0.1 V,
P ~ 0.01 uW, so that Eiy, ~ 0.5 x 1072 €V, and Ni, ~ 6. We then get
Fy = Niy Ap/ Ty, = Ninv/2mEsy, /7y ~ 0.001 eV/A ~ 0.002 nN (1 eV/A ~
1.602 nN).

From the above simple arguments we can also estimate the bias depen-
dence of this force — at least in the linear-response regime. Let us then con-
sider a linear relation between current and bias, and recall that for slowly
varying density of states and electron-phonon coupling constant, 7,; v
(see Eq. 6.41). Within the same approximations the power fraction P oc V'
(Eq. 6.81) and Nj, does not vary with bias. We therefore find the bias —
and current — dependence

|Fin| o< |V| o< |I|, inelastic force, linear response, (6.100)

where I have introduced the absolute value, because the sign of the force
cannot be easily determined from the above arguments.

If there are N atoms in the nanostructure, then the average force per atom
would be Fi, /N. As we will see later, this force is at least an order of mag-
nitude smaller than the corresponding elastic contribution. Also, a typical
bond strength is of the order of 1 nlN or more, so that the inelastic contri-
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bution to electro-migration does not affect bond breaking substantially, and
can therefore be neglected even at large biases. This is what I will do in the
following and focus only on the elastic part of current-induced forces.

6.5.2 One force, different definitions

We now need to define forces on ions in the presence of current. There are
several ways to do this. I will first discuss the approaches used in the past.
These approaches will clarify the physical origin of these forces. I will then
derive a general form for forces out of equilibrium in the adiabatic approx-
imation. This force has a simple form within the single-particle scattering
picture of conduction.

Direct and wind forces

Historically, current-induced forces have been understood via the separation
of the total force on an ion into two contributions, one known as the direct
force, and the other as the wind force (see, e.g., Sorbello, 1998). The direct
force is often defined as the direct electrostatic force — due to the macroscopic
electrostatic field E that drives the electron current — on the bare positive
charge of the ion. The wind force is defined as the net momentum transfer
from the electron current due to the scattering of electrons on the ion.

The separation into these two terms is clearly arbitrary, and in literature
one can find the definition of direct force as the one acting not on the bare
charge of the ion, but on its charge partially screened by some neutralizing
electron charge — typically, the core electron charge if a pseudopotential
picture is used, see Sec. 6.2. If Z;|e| is the bare charge of the ion, then the
direct force is simply

F;=—-ZeE, direct force, (6.101)

or

F,=-Z ¢cE, direct force, (6.102)

with Z|e| an effective screened charge of the ion.

Since the wind force is proportional to the rate of momentum transfer
from electrons to the ions, one can estimate it in the following way within a
single-particle scattering picture.

Consider, as usual, a current present due to a bias V = (ur, — ur)/e. An
electron from the left electrode can scatter from a state with momentum k
to a state in the right electrode with momentum k’ due to an elastic collision
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with the ion. The distribution of incoming electrons on the left is fr(E(k))
and the distribution of available states on the right, 1 — fr(E(k’)), where
I have chosen an arbitrary dependence of the energy on momentum.*? If
we consider very small temperatures kpf < eV, we can neglect the small
contribution from the opposite processes corresponding to electrons moving
from the right electrode with occupation fr(FE(k)), scattering into the left
electrode in unoccupied states with weight 1 — f7 (E(kK')).

The only quantity that is left to determine is the number of possible tran-
sitions per unit time for an electron to elastically scatter from a state with
momentum k to a state with momentum k’. Similar to the local heating
problem (Sec. 6.3), we determine this rate using time-dependent perturba-
tion theory (Eq. 6.35). If we employ pseudopotentials to represent electron-
ion interactions we get

P = SE RV 5 Ro) ) PA(E(K) — B(K), (6.103)

where I have indicated with |k) the single-particle state with momentum k.
Putting all together, the wind force can be approximated as

F, :277/dEZZ(k — K)[(K'|VP* (r; Ry) [k)|?

k k'
x fL(EX)[1 — fr(E(K)]DEDE. (6.104)

The above expression for the force is clearly valid whenever perturbation
theory is applicable. This may not be the case, for instance, if electronic
resonances are present.

At very low biases, we can assume a slowly varying density of states for
both left and right electrodes, and constant — in energy — overall momentum
change as obtained from the sum Y, >,/ (k—k/)[(kK/|[V?*(r; R;)|k)|?. In the
limit of zero temperature, the term f1(E(k))[1 — fr(E(k’))] can then be
integrated in energy to give the energy window eV. In linear response this
is proportional to the current I.

We thus see from Eq. 6.104 that, within the above conditions, the absolute
value of the wind force is proportional to the absolute value of the current

|Fy| oc|I] o< |[V|, wind force, linear response. (6.105)

As in the case of the inelastic contribution to the force, I have emphasized
the absolute values because contrary to naive expectations the wind force
does not always drive the atom in the direction of the electron particle cur-
rent (opposite to the standard sign convention for the current), and thus

42 For instance, in the case of translationally invariant electrodes this relation is given by Eq. 3.23.
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opposite to the applied electric field. I will show in a moment that the sign
of this force depends on the details of the scattering between electrons and
ion, the chemical nature of the latter, and its environment. All this requires
a self-consistent calculation of the electron distribution under current flow.
Out of linear response we therefore expect strong deviations from the simple
linear relation 6.105 (Yang and Di Ventra, 2003; Yang et al. 2005) — see,
e.g., Fig. 6.12.

Forces from Kubo linear-response theory

An alternative way of calculating these forces is via the expectation value
of the electron-ion potential variation induced by an external (oscillating)
electric field acting on the many-body Hamiltonian 6.1. This can be done in
linear response by using the Kubo formalism I have introduced in Sec. 2.3
(see, e.g., Sorbello, 1998). A simplification occurs if we make the adiabatic
approximation as discussed in Sec. 6.2, and use pseudopotentials to represent
the electron-ion interaction. In this case, the observable A whose expectation
value we are interested in is Vg, V?*(r;R;), with R; the position of ion 4
(Kumar and Sorbello, 1975).

If the oscillating field has the form Ee“!, and couples to the electronic
positions as r - Ee“! (Eq. 2.69), the force on an ion at position R; is from
Eq. 2.46 (including the direct force)

F; = ~Z/¢E + lim % / dt T {ﬁgf; [VRi VP (r; Ri,t),j(O)H  Eelletiot

’ (6.106)
where Vg, VP*(r;R;,t) is the Heisenberg representation of the operator
Vr, VP (r;R;), and j(t) is defined in Eq. 2.71. In Eq. 6.106, the parameter
€ is a positive infinitesimal quantity that arises from the adiabatic switch-
on of the external field and guarantees the convergence of the integral (see
Sec. 2.3), and the trace is again over the equilibrium canonical statistical
operator of the electronic degrees of freedom.

The first term on the right-hand side of Eq. 6.106 is the direct force
(Eq. 6.102), and the second term can be interpreted as the wind force.

However, the Kubo approach has two practical disadvantages; namely, it
is limited to the linear-response regime and, most importantly, is compu-
tationally very demanding as it requires the self-consistent calculation of
response functions. In addition, the above Kubo formula has been obtained
using a uniform applied field. In reality, the field at the atom contains a
self-consistent contribution due to the electron scattering, and this needs
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to be taken into account when calculating the force from Eq. 6.106. This
contribution can be understood as follows.

6.5.3 Local resistivity dipoles and the force sign

If we go back to the single-particle scattering approach of Chapter 3, we can
think of a single atomic defect in the presence of current as an obstacle for
the electrons. Much like a nanojunction (see Fig. 3.5), this obstacle creates
a local charge excess on one side of the atom and a charge deficit on the
other side: a local resistivity dipole (Landauer, 1957; Landauer and Woo,
1974). This dipole gives rise to an electric field. This extra field, which is
absent at equilibrium, is then responsible for a force on the ion.

The atom we consider is however in a current-carrying wire with other
atoms or defects around. The resistivity dipole at that atom will be thus
influenced by the other resistivity dipoles that may form around the other
atoms or defects. The global effect of these resistivity dipoles is to change
the macroscopic field via a “polarization field” that can be thought of as
arising from the polarization charge at the surfaces of the sample (Landauer
and Woo, 1974).

In addition, due to the positive charge of the ion, extra charge accumu-
lates around the atom to partially neutralize it. This charge accumulation
effectively reduces the local field at the ion self-consistently. The total force
on the given atom is then a sum of all the above effects. Its sign is thus not
so obvious to predict a priori.

The above analysis is even more complicated in the case of nanoscale struc-
tures. For these systems the self-consistent local charge inhomogeneities at
the junction can be quite substantial due to partial electronic screening.
We therefore need a definition of forces that contains all these effects and
is computationally tractable. This is what I will derive in the following
sections.

6.5.4 Forces at equilibrium

Separating the force into a direct- and a wind-force contribution is clearly
a matter of choice. The only important quantity is the total net force on
the ion. We therefore seek here a general quantum-mechanical definition of
forces. To simplify the discussion let us work in the adiabatic approxima-

tion.*?

43 The concept of forces without the adiabatic approximation is more complicated since one has
to deal with ion wave-functions explicitly, i.e., treat the ionic charge as a distribution not as
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Before proceeding with the definition of forces in the presence of current
let us recall their definition for a closed (not interacting with an environ-
ment), and finite (with a finite number of electrons and ions) system at
equilibrium. In this case, forces are obtained from the Hellmann— Feynman
theorem (Hellmann, 1937; Feynmann, 1939).

This theorem states that if the electronic system is described by the many-
body Hamiltonian H which depends parametrically on the ion coordinates
R;, and is in an ezact eigenstate |¥) of the Hamiltonian (H|¥) = E|¥)),
the force on an ion at position R, is defined as (Exercise 6.5)*

(U|VR, H|V)
(W[W)
(w|1|w)
(W[w)
= — VR, U(R;), closed and finite system at equilibrium,  (6.107)

F, = —

= —le

where I have explicitly introduced the normalization constant (U|W) for the
state |¥), and defined the average energy of the system U(R;), which de-
pends on the ionic coordinates.*> The equivalence between the first and the
second equality in Eq. 6.107 is precisely the Hellmann—Feynman theorem.
In a single-particle picture, by introducing the single-particle number den-
sity n(r), and assuming that the only explicit dependence on R; is contained
in the single-particle electron-ion potential V?*(r; R;) — namely, the wave-
functions do not depend explicitly on ionic positions — Eq. 6.107 becomes

F, = — / dr Vg, VP (r;Ri)n(r), closed and finite system at equilibrium.

(6.108)
Since there are generally other ions in the system, we then need to add
to 6.108 the repulsive force due to the other ions (with effective charge Z7|e])

* 7k 2
ion Zj Zi € 3 :
Fion = E W(Rj —R;), ion-ion force. (6.109)
i

Within a single-particle picture, the total force on the ion in a closed and

a J-function centered at the classical ion position. In addition, correlated motion of electrons
and ions needs to be taken into account.
44 If the states are not exact eigenstates of the Hamiltonian, as in numerical calculations, or they
depend explicitly on the atomic positions (e.g., a localized basis set), extra terms — known as
Pulay forces (Pulay, 1977) — appear in Eq. 6.107, and one has to calculate forces with some
care (see Exercise 6.5).
Note that square-integrable wave-functions are a necessary condition for the demonstration of
the theorem (see Exercise 6.5).

45
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finite system at equilibrium is therefore

Z*Z* 2
F, = /drVR VP(r; R;) )+ Z ‘R "R ‘5 - R)). (6.110)

6.5.5 Forces out of equilibrium

Let us now go back to the transport — or, generally, a non-equilibrium —
problem. Here, the definition of forces via the Hellmann—Feynman theo-
rem does not hold (Di Ventra and Pantelides, 2000). This is because the
equivalence between the first and the second equality in Eq. 6.107 cannot
be generally proved for a system out of equilibrium.

General definition

In order to proceed, let us work, as in the equilibrium case, within the
adiabatic approximation and consider the electronic Hamiltonian H (not
necessarily time-independent) which depends parametrically on the ionic
coordinates.

Consider the system in a general (normalizable) state |¥(¢)). The force
on an ion ¢ due to the electron subsystem can be determined via the most
general definition of forces in quantum mechanics, namely as the total time
derivative of the average over this state of the ion momentum operator
P, = —iAVR, (Kumar and Sorbello, 1975; Di Ventra and Pantelides, 2000)

_AE@Pe()) i 5 1) _ ;
F, = S = (w0 | [P | () = ~((0)| Ve, A0 ()
(6.111)
where the second equality comes from the general equation of motion of the

expectation value of any operator that does not depend explicitly on time,
and the last from the value of the commutator between the momentum and
the Hamiltonian (see, e.g., Messiah, 1961).40

From the above we immediately see the difference with the Hellmann-
Feynman theorem 6.107: the quantity (U(t)|Vg, H|¥(t)) is generally differ-
ent from Vg, (¥(t)|H|¥(t)), to which it reduces only if the state |¥(t)) is
square-integrable, stationary and corresponds to a closed finite system (Di
Ventra and Pantelides, 2000).

The definition 6.111 need not to be limited to pure states, but can be
extended to mixed states defined by some statistical operator p(¢). It can

46 In the presence of an external vector potential A (r,t), the ion momentum needs to be changed
into P; = P; + Z e ARy, t)/c.
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also be extended to systems that are open to an environment, and thus their
statistical operator is the solution of some non-unitary equation of motion,
e.g., the Lindblad equation 1.73.

If p(t) is the statistical operator describing our system (whether closed or
open), the force on an ion — still in the adiabatic approximation — is then

F = Lnefp) Pi) = — Ly {ﬁ(t) [PHH — Ty {ﬁ(t) vRiﬁ},

dt h
(6.112)
which, again, cannot be derived from the Hellmann—Feynman theorem.

The single-particle case

If H is an effective single-particle Hamiltonian? and VP*(r; R;) represents
the single-particle electron-ion interaction, we have the relation

[Py, fT| = ~ihVg, VP (r; Ry). (6.113)

If we also work with pure states, by replacing this relation into 6.111 we get

(U() [VR, VP (r; Ri) [ V(1)

fies (o)

(6.114)

In the above equation I have emphasized the normalization of the wave-
function in anticipation of its application to the single-particle scattering
problem.

As discussed in Sec. 3.3.2 the scattering wave-functions do not belong to
the Hilbert space of the system since they are not square-integrable. As we
did for the continuum states of the current operator (Eq. 1.32) we can solve
this issue by constructing eigendifferentials (Messiah, 1961). In the present
case, this is done as follows.

If |Tp) is a general continuum eigensolution of the Hamiltonian H with
energy F, the eigendifferential |Usp) associated with it is

1 E+0FE

E

with 6 E a small interval of energy in the continuum.
Then one can prove (Messiah, 1961) (see also Eq. 1.33)

i Usp| W =1 A1
6E1§10< selVsE) =1, (6.116)

47 In the single-particle scattering problem this Hamiltonian describes an infinite system (see
Sec. 3.1).
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i.e., eigendifferentials are square-integrable, and thus belong to the Hilbert
space.

With the normalization of wave-functions in the continuum solved, we can
then define the force on an ion in the presence of an ideal steady-state cur-
rent within the single-particle scattering theory of conduction (Chapter 3).
In this case, the force is simply the sum of all single-electron states, both
discrete (call them |¥j)) and continuum global scattering states (call these
|WE), given in Eq. 3.200) (Di Ventra and Pantelides, 2000)

F, = — 2Z<‘I’k VR, V7 (r; R;)| Wy)
k

— 5151302 / dED(E)(Ysg |Vr, VP (r; R:)| Ysg), (6.117)
a

where I have used the normalization condition (¥;|W;) = 1 for the discrete
states, and Eq. 6.116 for the continuum states. I have also explicitly included
the density of states D(F). The integral in the continuum is over the range
o of occupied states. At zero temperature and for py > g this corresponds
to the energy window between uy and the conduction band bottom of the
right electrode (see, e.g., Fig. 3.12). The factor of 2 accounts for the spin
degree of freedom.

At finite temperature, if we call n;,,(r) the total non-equilibrium number
density (which may include fully occupied bound states) and using the local
density of states of left-moving Dr(E,r) and right-moving Dy (E,r) states
(Eq. 3.127), we have the relation (see also Eq. 3.16)

toca(0) =23 |0} + Jim 2 [ dED(E) [(x]w)]
k a

+00
=23 (el +2 [ B £(B) Du(Eox)
k —0o0
400
+2 / dE fr(F)Dg(E,r). (6.118)
We can then rewrite Eq. 6.117 as
F, = —/dr VR, VP(r; R;) Nipeq (1). (6.119)

Due to the presence of the other ions, to 6.119 we need to add the
force 6.109 — which, being purely classical, is the same whether the system is
at equilibrium or not — so that the total force on an ion in a current-carrying
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system at steady state is (within the single-particle picture)

Z*Z* 2
F; = /drVR VP (r; Ry) Mg (T +Z|R R|3 (R; — R;). (6.120)

Note the equivalent form of 6.120 with the corresponding force at equilib-
rium 6.110. However, I stress again that despite this formal analogy the
force 6.120 cannot be derived from the Hellmann— Feynman theorem.

We can now calculate the extra force due to the current by first calculating
the force for the system at equilibrium (zero bias, V' = 0). From Eq. 6.120

Z*Z* 2

RR
R, -Rrp R

Fi(V=0)= /drVR VP (1 Rineg(r) + > = ———
JFi
(6.121)

where I have indicated with n.,(r) the electron number density at equilib-
rium.

By taking the difference between Eq. 6.120 and Eq. 6.121 we finally get
the extra contribution due to the non-equilibrium charge distribution

SE,(V) = = [ eV VP (55 e (1) = i 1)

- / drVg, VP (r; Ry)én(r), (6.122)

where the density has to be evaluated self-consistently.

An example

In Fig. 6.12 T show an example of current-induced forces calculated using
Eq. 6.120 for an aluminum chain of four atoms between aluminum electrodes
represented by an electron gas compensated by a uniform positive back-
ground (also known as jellium model, in this example with ry ~ 2ag, with
ap the Bohr radius). The different quantities appearing in 6.120 have been
calculated using static density-functional theory (Appendix D). This calcu-
lation thus has the same limitations as those I have discussed in Sec. 3.11,
namely it misses dynamical many-body effects of the true electron dynam-
ics. How important these effects are on current-induced forces has never
been studied.

The electron-ion interaction is represented using pseudopotentials. From
Fig. 6.12 it is clear that at any given bias forces on single atoms are not
necessarily oriented in the same direction. Some are against the current
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Fig. 6.12. Current-induced forces as a function of bias in an atomic wire containing
four aluminum atoms between aluminum electrodes represented by an electron gas
compensated by a uniform positive background (ry ~ 2a¢). The inset shows a
schematic of the wire. The left electrode is positively biased so that electrons flow
from right to left. Positive force pushes the atom against electron flow. Adapted
with permission from Yang et al. (2005).

flow, some along the current flow due to the detailed self-consistent charge
distribution around the ions.

In addition, the largest force is on average on the edge contact atoms,
suggesting that if electro-migration occurs it would nucleate from the bonds
of these atoms. As I have discussed in Sec. 6.5.2, we also see that forces on
ions are a non-linear function of the bias, and thus of the current.

The magnitude of the average force per atom is about 0.01 eV/A at 0.1
V (for this system and at this bias the current is about 10 pA). For compar-
ison, the inelastic contribution to the force we have estimated in Sec. 6.5.1
for this bias and comparable current is about 0.001 eV/ A, which has to be
distributed over at least four atoms. On average, the inelastic contribution
to the force per atom is ~ 0.00025 eV/A; more than an order of magnitude
smaller than the elastic one, confirming that the former can reasonably be

neglected.
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6.5.6 Are current-induced forces conservative?

Let us finally address an important aspect that deserves particular attention,
and that so far has not received a full explanation: the conservative character
— or lack of it — of current-induced forces.*® By conservative I mean that the
work done by the current-induced forces on a given ion is independent of
the path between two arbitrary configurations of the ions. In other words,
can we write the force 6.117 (or 6.111) as the gradient of a potential energy
function? The problem arises precisely from the difficulty of defining forces
out of equilibrium.

Let us start by emphasizing that the force in Eq. 6.117 is not necessarily
conservative because the first-principles derivation I have followed to derive
it does not contain any assumption about the existence, or otherwise, of an
energy functional, of which this force might be the derivative. In a closed
and finite system at equilibrium the existence of such a functional is provided
by the Hellmann—Feynman theorem — the quantity U(R;) in Eq. 6.107.49

In the scattering problem, the density n,.,(r) depends parametrically, via
self-consistency, on the ionic positions, so that in general

/dr VR, VP (r; Ri)Nneq (r) # VR, /dr VP3(r; Ri)Npeq (). (6.123)

It is thus not at all clear if an energy functional exists in this case.
The reader may ask at this point: Why bother with this issue? I just
mention two reasons, one fundamental and one practical.

Can phonons be defined in the presence of current?

If current-induced forces are not conservative, their cross-derivatives with
respect to ionic positions are not necessarily equal and hence the dynam-
ical response matrix 6.7 for a current-carrying structure is not necessarily
symmetric

62%0” (Rl - Rj) ?é 82‘/2'071(Ri - R])
ORi, ORjy  |g,—rom,-R ORju0Riv | g —ro:r,=R0 '
(6.124)
Since this symmetry is fundamental to uniquely define phonons (see, e.g.,

Ashcroft and Mermin, 1975), it implies that the conventional notion of

48 Clearly, I refer here to the case in which the inelastic part of the force can be completely
neglected, otherwise the force is by definition non-conservative.

49 Forces on ions need not be conservative even for a closed, finite system at equilibrium along
closed trajectories that span a point of intersection of two distinct Born—Oppenheimer surfaces.
In the present discussion, I will assume that no such pathologies are present.
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phonons would be lost in the presence of current. In other words, we would
not be able to talk about phonons in a current-carrying system at all!

Current-induced forces and topology

A practical reason — with impact in nanoscale electronics — of the impor-
tance of the conservative character of current-induced forces is the following.
Consider a perfect, defect-free quasi-2D wire and identify two points in it,
along the direction of current flow, in such a way that a straight line connect-
ing them separates the wire into two equivalent regions. If current-induced
forces are non-conservative, then an atom can move from one point to the
other along different paths in the two equivalent regions such that the work
done by the current-induced force is different for the different paths. As
a consequence, it is in principle possible to break topologically equivalent
regions of a wire differently! While this effect may not be important in
macroscopic wires, it could be relevant in nanoscale conductors made of a
relatively small number of atoms.

A gedanken experiment

Let us now turn to the question of whether or not these forces are conserva-
tive. There exist specific arguments that suggest that current-induced forces
cannot be conservative. These arguments consist in gedanken experiments,
aimed at showing that the work done by current-induced forces along specific
closed paths is not zero and that, therefore, these forces are not conserva-
tive. Below I refer to one notable such construction (Sorbello, 1998), but
other similar arguments can be formulated. I choose this one because it is
very simple and is particularly convincing. The argument goes like this.
Consider a single defect atom in a current-carrying wire between bulk
electrodes under an applied bias V' (Fig. 6.13).%Y First, let the atom move,
quasi-statically, from a point A to a point B inside the wire under the
influence of an external force. The current-induced force on the defect in
the wire does some non-zero work on the way. Now imagine taking the
atom from A to B along a path that goes outside the wire (see Fig. 6.13).
Since outside the wire there apparently is no current, no current-induced
force should be present. Hence, the work done by current-induced forces on
the atom along the path from A to B inside the wire cannot be the same

50 For simplicity, we may here imagine a wire made of electrons compensated by a uniform positive
background charge (jellium model).
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Fig. 6.13. Schematic of a
current-carrying wire be-
tween two bulk electrodes.
An atom is moved from
a point A to a point B
along two different paths,
one inside, one outside the
| wire. d is the largest dis-
| T tance of the atom from the
wire along the “vacuum”
path.

as along the path outside the wire. This would be sufficient to prove that
current-induced forces are not conservative.

However, something is missing in this argument: the quantum-mechanical
nature of the current outside the wire (Di Ventra et al., 2004). Consider
again the atom at a point in space outside the wire. Let us also work within
a single-particle picture of conduction.

Let |¥) be the global current-carrying electron states for the system. If
there always is some (however small) quantum-mechanical coupling between
the atom and the wire, there will always be some non-zero tunneling proba-
bility for electrons to get from the wire onto the atom, and back. The atom
then acts as a resonant center and there will always exist an energy win-
dow where the states |¥) contain resonant paths that emerge from the wire,
pass through the atom, and go back into the wire. Due to the scattering
of electrons at the atom, these resonant paths may be expected to create a
charge dipole, centered at the atom, much like the local resistivity dipole I
have discussed in Sec. 6.5.3.

Increasing the distance d between the atom and the wire will make the
resonant energy window narrower, while the resonance will remain pinned
against the energy window eV, due to self-consistency. Now, the total cur-
rent carried by the resonance is given by the energy integral, over the energy
window eV, of a transmission function 7 (E) (Eq. 3.56). As the resonance
gets narrower in energy, so does 7 (E).

The function 7 (E) is always bounded and hence, as d increases, the total
current carried by the resonance will decrease, since the integral window eV
remains constant. On the other hand, the charge dipole across the reso-
nant center originates from the density of states D(F) due to the populated
current-carrying electron states in the energy window eV'.

However, unlike 7(F), the density of states D(FE) is unbounded: if d
increases, the resonant peak in D(F) gets narrower but taller in such a way
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that its energy integral remains constant (no charge is lost). Since current-
induced forces are related to the integral of the density of states (see, e.g.,
Eq. 6.117), we expect the force on the atom due to the resonant dipole to
be constant with d. In other words, there is always a current-induced force
on the atom, even outside the wire, and this force does not vanish with
increasing d.!

The existence of such a resonant dipole has been numerically shown —
within a static DFT calculation — using the definition of forces Eq. 6.117 in
the simplest possible resonant configuration: a single atom in the vacuum
between two bulk electrodes (Di Ventra et al., 2004). In that case, it was
shown that this resonant dipole gives rise to a finite current-induced force
that does not vanish with increasing electrode separation, even when the
current dies out.

Clearly, these results do not prove that current-induced forces are conser-
vative but they give extra support in favor of such a conclusion.

6.6 Local ionic heating vs. current-induced forces

I conclude by mentioning that structural instabilities and breaking of bonds
in nanostructures are due to a combined effect of both local ionic heating
and current-induced forces. I have derived expressions for each of these
quantities assuming the other is negligible. This is clearly an idealization,
since at any given bias they coexist and influence each other. The relation
between these two phenomena — or which one dominates for a given system
and bias — is still an open subject.

Using the approaches discussed in this chapter, theoretical work on metal-
lic quantum point contacts suggests that local ionic heating promotes struc-
tural instabilities at very low biases if heat dissipation into the bulk elec-
trodes is not efficient, while current-induced forces are mainly responsible
for the junction breakup at large biases (Yang et al., 2005).

Instead, in systems with large resistance — e.g., molecular junctions —
similar calculations show that current-induced forces are negligible even at
very large biases (Di Ventra et al., 2002), and thus the instability of these
large-resistance systems is mainly due to local ionic heating.

These results, however, neglect the mutual effect between ionic heating
and forces. In particular, the intermediate regime in which these two phe-

51 1t is clear that this “vacuum resonance” will become more and more sensitive to external pertur-
bations as the distance d increases and the resonance gets narrower and narrower. This simply
implies that, in practice, this resonance may be destroyed easily by external perturbations and
be difficult to detect in experiments.
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nomena are of comparable importance has not been studied. More work to
understand this issue is highly desirable.

Summary and open questions

In this chapter I have discussed many effects related to the interaction of
electrons and ions, such as inelastic current, local ionic heating, and forces.

In the case of the inelastic current I have described how to calculate it
using standard perturbation theory. I have also given an explicit example of
many-body perturbation theory in the electron-phonon coupling, and have
shown how to determine the electron-phonon self-energy within the Born
approximation.

I have also underlined the difficulty in defining forces out of equilibrium.
Such difficulty, and the related open question of whether current-induced
forces are conservative or not, has both fundamental and practical conse-
quences which have yet to be explored fully.

I finally note that I have worked out all the calculations in this chapter
by considering independent electrons interacting at most at the mean-field
level. The effect of interactions beyond mean field on all the phenomena
described here is still poorly understood.

In particular, I have left aside the issue of correlated electron-ion dynam-
ics, which may be of importance when electronic resonances and/or local-
ized modes are present. Due to the large current densities at nanojunctions,
and consequent increase of electron-electron and electron-phonon scatter-
ing rates, this issue cannot be addressed within a non-interacting electron
picture, and would thus require a totally different approach than the ones
presented in this chapter. This approach needs to take into account the
dynamical properties of the electron liquid in interaction with quantum-
mechanical ions. Also this line of research has not been fully explored yet.

Exercises

6.1 Use Egs. 6.9 and 6.8 to prove that the effective ion Hamiltonian can
be written as 6.10.

6.2 Start from the Fermi golden rule 6.35, and use the definitions of
creation and annihilation operators for both electrons and phonons
(Egs. A.8, A.9, A.29, and A.30) to derive Eq. 6.36.

6.3 Calculate the self-energy 6.58 explicitly.

6.4 Inelastic current from the NEGF. Prove that the total cur-
rent 6.63 of independent electrons interacting with phonons can be
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separated into an “elastic” component 6.67 and an “inelastic” com-
ponent 6.68. Show that if the coupling of the central region with the
left electrode or with the right electrode is zero (either I'r, (E) = 0 or
I'r(E) = 0), both the elastic and the inelastic components are zero.
The Hellmann—Feynman theorem. (i) Prove first the Hellmann-
Feynman relation 6.107 in the case in which the wave-functions do
not depend parametrically on the ion coordinates. (ii) Show that ex-
tra terms, known as Pulay forces, appear in the definition of forces,
if the wave-functions depend explicitly on ionic positions. (iii) Show
that a necessary condition for the theorem to hold is that the wave-
functions be square-integrable.
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The micro-canonical picture of transport

So far, we have dealt mostly with the electron system already at an ideal
steady state. We never questioned whether this state ezists at all, and if
so, how a many-body system does actually reach that steady state, whether
the steady state we impose via single-particle scattering boundary condi-
tions is actually what the electrons want to realize when they flow across a
nanojunction, or even if it is unique.

In addition, we have mostly worked with electrons interacting at a mean-
field level (see discussion in Sec. 4.2.4). We discussed in Chapter 4 how,
in principle, one can introduce electron-electron interactions beyond mean
field using the non-equilibrium Green’s function formalism. However, except
for simple model systems, it is computationally demanding — and most of
the time, outright impossible — to use the interacting version of the NEGF
practically in transport calculations (and not only in transport).

A simpler and more efficient way to treat electron-electron interactions in
a transport problem would be thus desirable.

In this chapter I will introduce an alternative picture of transport — I
will name it micro-canonical (Di Ventra and Todorov, 2004) — that does
not rely on the approximations of the Landauer approach. In addition, this
formulation does not require partitioning the system into leads and a central
region, or assuming the leads contain non-interacting electrons in order to
have a closed form for the current.

In fact, within this picture I will prove several theorems of dynamical
density-functional theory (Appendices E, F and G) that, in principle, al-
low us to calculate the exact current — namely with all many-body effects
included — within an effective single-particle picture.

I will then discuss what fundamental processes allow a nanoscale system
to reach a steady state, analyze the properties of the latter, formulate a

346
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principle on the formation of steady states, and make a connection with the
static Landauer approach.

7.1 Formulation of the problem

As T have discussed in Sec. 1.2, we know that when a nanojunction between
two macroscopic electrodes is connected to an electron source, electrical
current flows across it. The source provides and, most importantly, main-
tains the charge imbalance between the electrode surfaces needed to sustain
steady-state conduction in the junction.

I have also discussed several times in this book — see for instance Sec. 3.2
— that a net electron current from one electrode into another across a nano-
junction is accompanied by an excess of electrons in one electrode, and a
deficit of electrons in the other.

These charges take the form of surface charge densities, present within a
screening length of the electrode surface. Thus, electron transport goes hand
in hand with surface charges on each side of the junction: a negative sheet of
charge on one side and a positive sheet on the other, as if two capacitor plates
were present. The transport problem in the presence of electron sources can
then be viewed as a continuous attempt by the electrons to passivate the
surface charges on each side of the junction. Similarly, the ideal steady-state
transport problem described by the Landauer approach of Chapter 3 can be
interpreted as the continuous discharge of an infinite capacitor.

This reasoning is exactly in reverse order compared to the one I have
made in Sec. 1.2, where I have argued that the discharge of a finite capacitor
generates a current, which in the limit of infinite electrodes may realize the
steady-state condition 1.13.

7.1.1 Transport from a finite-system point of view

Therefore, there seems to be no conceptual difference between the continuous
flow of charges across a nanojunction as maintained by an electron source —
such as a battery — or the discharge of an infinite capacitor.

In real life there is no such thing as an infinite capacitor, and indeed the
term “infinite” really means with characteristic time longer than some time
scale dictated by the nature of the problem.

Quasi-steady states of open systems

If, as in Sec. 1.2, we consider the discharge of a finite, though possibly large,
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A - Fig. 7.1. Schematic of the
system considered in the
micro-canonical picture of
transport:  the electron
- + flow is studied as the dis-
charge of two large but
finite charged electrodes
across a nanoscale junc-
S tion.

capacitor (Fig. 7.1), which is not, however, closed — namely its degrees of
freedom are coupled with an environment — then the above time scale is
the following. Call C' the capacitance and R the resistance across which
the capacitor discharges. According to classical circuit theory the discharge
will then take place over a characteristic time RC. The larger C, for a
given R, the more “stationary” the properties of the system will appear, in
a temporally local sense, at any one stage of the discharge (see Fig. 1.4 and
related discussion).

This ultimately transient, but very slowly varying, conducting state, which
I call a quasi-steady state, indeed encapsulates the intuitive picture of the
d.c. steady state I have discussed in many parts of this book. As discussed
in Sec. 1.2, we finally expect this system to reach a truly time-independent
steady state with zero current in the course of its evolution.!

Here, I will focus mainly on d.c. (direct current) bias conditions. The
micro-canonical picture, however, applies also to the a.c. (alternating cur-
rent) case, that is, periodic time-varying disturbances of the charge. It can
also be extended to the multi-probe conductance measurement case as dis-
cussed in Sec. 3.9 via the addition of extra electrodes connected somewhere
along the main structure (see Fig. 3.20).

Quasi-steady states of closed systems

If the capacitor plus the nanojunction across which it discharges form a truly
closed and finite system, then we expect the above quasi-steady state — in
the sense discussed above — to persist until the time when multiple electron
reflections off the far boundaries of the system begin to develop.

LIf the system is infinite, then this could be a current-carrying steady state.
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Within a single-particle picture, we can obtain an order-of-magnitude es-
timate of the electrode size necessary to observe the quasi-steady state as
follows. Let us call ¢t; the time it roughly takes for an electron to travel at
the Fermi velocity vg along the characteristic length L of one electrode and
back, i.e., ty = 2 L/vp. Therefore, one should observe a quasi-steady state
if the time necessary for this to form during the transient dynamics, 7., is
less than ¢4, namely L > 7.vr/2. Since, as I will discuss later, in nanoscale
systems 7. is of the order of femtoseconds (see Sec. 7.6), L is of the order of
nanometers or less.

From then on, the electronic system may return to the neighborhood of
its initial conditions within the Poincaré recurrence time — see discussion in
Sec. 1.2.

As shown in Eq. 1.15, for an interacting many-body system, this time
increases exponentially with the number of particles, so that even a relatively
small system has a macroscopically large recurrence time (see estimate in
Footnote 16 of Chapter 1).

For a finite and closed system, however, we still need to answer the ques-
tion of whether a quasi-steady state actually forms at all. T will show in
Sec. 7.6 that in nanoscale systems a quasi-steady state may indeed develop
in the absence of inelastic effects and in extremely short time scales. This
is, however, not true for all initial conditions.

7.1.2 Initial conditions and dynamics

Let us focus on a given finite system (electrodes plus nanojunction) with
a finite number of electrons and ions whose many-body Hamiltonian is H
(Fig. 7.1). This Hamiltonian could be for instance the one in Eq. 6.1. It
could also contain an external deterministic field, such as an electromagnetic
field.

Let us prepare the system in an initial state |¥p). From a physical point
of view it is a state that represents a charge imbalance between the two
electrodes that sandwich our nanojunction, an imbalance that can be gen-
erated in many ways. The most important point is that |¥g) is not an
etgenstate of I:I, and thus is not a stationary state. This many-body state
may describe the initial electronic configuration at a given static ionic con-
figuration, or it may describe the many-body state of electrons and ions, the
latter also treated as quantum-mechanical entities. For later use, it is con-
venient to think of this initial state as the ground state of some Hamiltonian
Hinitial 75 H.

The time evolution of |¥,) is described by a many-body state vector
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|W(t)), governed by the time-dependent Schrédinger equation 1.16 which
I re-write here for convenience
i 0O ey ) = o). (7.1)

The above dynamics pertains to a system prepared in a pure state. If the
system is in a macro-state, with initial statistical operator p(tg), we solve
the Liouville—von Neumann equation 1.60.

With the solution of either the Schrodinger equation 7.1 or the Liouville-
von Neumann equation 1.60 the current flowing in the system across a given
surface S is given by the average of the current operator over the state of
the system (Eq. 1.86)

Is(t) = e(I) = eTr{p(t)Is}. (7.2)

It is now clear what is the conceptual difference with the time-dependent
approaches I have discussed previously, namely the Kubo (Sec. 2.3) and
NEGF (Chapter 4) approaches. In these, the system is prepared in a global
equilibrium state. At a given time a perturbation is switched on adiabatically
and the expectation value of a given observable — e.g., the current — is calcu-
lated, whether in linear response (Kubo) or beyond linear response (NEGF).
This expectation value determines the deviations from global equilibrium.

In the micro-canonical picture, the system is prepared in some arbitrary
state which is not the ground state of the Hamiltonian, and then let to evolve
in time to find its own dynamics — and possible quasi-steady state — under
the many-body Schrédinger equation 7.1 (or the Liouville—von Neumann
equation 1.60). In this respect, no perturbation to some Hamiltonian is
applied — even if the Hamiltonian H may contain an external field — and
thus no adiabatic switch-on is necessary as in the above two approaches.

The above picture is also close to a real experimental realization in the
presence of an electron source, such as a battery. This performs just that:
it prepares the quantum system in a given initial state which corresponds
to the charging of the electrodes that sandwich the nanojunction. However,
it does so continually, and very likely with different initial conditions at
different times. I will come back to this point later.

The approach I have described here does not fall in either of the two
viewpoints I have discussed in Sec. 1.6. In the present case, the current
discharge is driven by the electric field that is dynamically built by the two
electrodes, while the magnitude of the current flux — and hence the resistance
— is determined by the self-consistent charge pileup, and consequent local
field, at the nanoscale junction.
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7.2 Electrical current theorems within dynamical DFTs

All of the above analysis regarding the micro-canonical picture of transport
would be worthless if in order to do time-dependent transport calculations
one had to solve the many-body time-dependent Schrodinger equation 7.1.

Here I formulate a series of theorems on the total current which provide
solid ground to perform electrical current calculations within an effective
single-particle picture. These theorems are based on the dynamical formu-
lations of density-functional theory (DFT).

At this point, if the reader is not familiar with dynamical density-functional
theories I suggest a quick stop to take a look at the Appendices E, F
and G, where time-dependent DFT (TDDFT; the main variable is the den-
sity), time-dependent current DFT (TD-CDFT; the main variable is the
current density), and stochastic time-dependent current DFT (stochastic
TD-CDFT; the main variable is the ensemble-averaged current density) are
briefly introduced.

I will discuss both the case in which the system is closed, and the case in

which it is in dynamical interaction with an environment — open system.>

7.2.1 Closed and finite quantum systems in a pure state

Within TDDFT the dynamics of the many-body system can be mapped
into the dynamics of effective single particles — known as the Kohn—Sham
(KS) system. In particular, the density n(r,t) extracted from the ezact
many-body wave-function (see Sec. 2.8.3) is the same as the one obtained
from the KS equations E.4. If we know the ezact dynamical functional (see
Eq. E.5),

n®9(xr,t) = n(r,t). (7.3)

I show here that under the same conditions of validity of TDDFT we can
prove the following (Di Ventra and Todorov, 2004)

Theorem T1: Given an initial condition, the many-body total current of
a finite and closed non-equilibrium system is, at any given
time, given exactly by the one-electron total current, ob-
tained from time-dependent density-functional theory.

The rigorous connection provided by the above theorem T1 is independent

2 For this case, the term “micro-canonical” does not seem very appropriate, but for lack of a
better word, I will use the same name for this case as well.
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of whether the system has reached a quasi-steady state or not. Let us then
prove it.

Proof. Let us suppose that we have solved the time-dependent Kohn—Sham
equations of TDDFT (Egs. E.4) and obtained a set of KS time-dependent
one-electron orbitals ¢ (r,t) (here k includes also spin degrees of freedom).
The KS current j5°(r,t) is the sum of expectation values of the current-
density operator 1.22 in the populated (say N) KS orbitals (see Eq. 2.61)

N
ORI R W Y {00 27 S %0) B ()
k=1

Fig. 7.2. The volume V is
bounded by the surface .S across
which the current is calculated,
and which completely envelops
one of the electrodes.

Referring to Fig. 7.2, we define the KS total current 1 g S across a surface
S as

Igs(t):/sds-j”(r,t):/vdrv-jKS(r,t). (7.5)

In the above equation we close S in the vacuum, as indicated by the dashed
box in Fig 7.2, sufficiently far from the boundaries of the system to enable
us to ignore any contributions to the surface integral over the surface of
the dashed box.> In Eq. 7.5 I have also invoked Gauss’ theorem with V'
the volume bounded by S, which I take to completely envelop one of the
electrodes, as shown in Fig. 7.2.

From Eq. 7.3, we know that the KS charge density is equal to the exact
density. Furthermore, n®°(r,t) and jX9(r,t) satisfy the continuity equa-
tion 1.11, just like the density n(r,¢) and current density j(r,¢) of the true

3 Here I assume that all electrons are bound within the electrode-junction-electrode finite system,
so that the charge and current densities are exponentially small into the vacuum, at all times.
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many-body system. From 7.3, we then have

\% 'jKS(ra t) =V 'j(rv t)? (76)
even though j%9(r,t) and j(r,t) need not be equal.’
Hence,
B0 = [ av i = [ @V e =10, @)
1% 1%

where Ig(t) is the true total many-body electron current across the surface
S.

The above proof is valid only for a finite system because for an infinite
system we could not have made the transition between surface and volume
integrals above.

We can bypass this problem by working with time-dependent current DFT
(TD-CDFT).

7.2.2 Closed quantum systems in a pure state with arbitrary
boundary conditions

In TD-CDFT, our basic variable is the current density. Solving the TD-
CDFT KS equations F.1 with the exact exchange-correlation vector poten-
tial would give the exact current density j(r,¢). In this case, however, the

KS current density contains also an effective diamagnetic contribution (see
Eq. 2.61)

i[l{qb O Ver S (r,t)}

k=1
— oS )P Ay (r )]
:j(r7t)7 (78)

where the effective vector potential is (considering also an arbitrary external
vector potential A(r,t) acting on the system)

Acpp(r,t) = Acpr(r,t) + Ape(r, ), (7.9)

with A, (r,t) an exchange-correlation vector potential that is a functional of
the initial condition |¥() and the current density j(r,¢') at all previous times
4 In general, the current density is not V-representable, i.e., the mapping between current density

and external scalar potential is not invertible (D’Agosta and Vignale, 2005). Therefore, the
KS current density in TDDFT is not guaranteed to be exact; only its divergence (Eq. 7.6).
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t’ < t, namely it is dependent on the history of the system. It describes both
the correlations due to the Pauli exclusion principle, and all other quantum
correlation effects among electrons.

The theorem on the total current is then

Theorem T2: Given an initial condition, the many-body total current of a
closed mon-equilibrium system is, at any given time, given
exactly by the one-electron total current, obtained from
time-dependent current density-functional theory.

Proof. Let us refer again to Fig. 7.1. The KS total current I é( 9 across an
arbitrary surface S is simply

/ ds - <5, / dS - j(r.t) = Is(t),|  (7.10)

where I have used 7.8 and Ig(t) is again the exact total many-body current
across the surface S.

Note that the above demonstration holds for an arbitrary surface and
irrespective of the boundary conditions on our system. It thus holds for
truly infinite systems as well.

7.2.83 Current in open quantum systems

Finally, let us consider a system open to an environment, and assume that
its dynamics can be described by a quantum master equation such as the
equation 1.73 with arbitrary Hamiltonian and bath operators. I work here
with the stochastic Schrodinger equation (see Appendix G)

O (1) =~ HOU() ~ SV + V@), (T

where V is an operator representing the interaction of our system with a
bath, and £(t) is a stochastic process chosen such that it has both zero
ensemble average and d-autocorrelation

() =0; L)) =6(t—1t), (7.12)

where the symbol =~ indicates the average over a statistical ensemble of
identical systems all prepared in the same initial quantum state |¥y). The
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results can be easily generalized to a mixed initial quantum state, and to
many statistical operators V,, as discussed in Appendix G.

The reason for working with a stochastic equation and not with an equa-
tion of motion for the statistical operator (e.g., Eq. 1.72) is that we are
dealing with KS Hamiltonians, which depend on the density and/or current
density and are thus different for each element of the ensemble. In general,
this prevents us from writing a closed equation of motion for the statisti-
cal operator (see discussion in Sec. 1.4.3). An additional complication arises
when using a quantum master equation of the type 1.72 with time-dependent
Hamiltonians and/or bath operators: the statistical operator may lose posi-
tivity (Sec. 1.4) during time evolution, thus leading to un-physical solutions
(see Appendix C). These issues do not appear in a formulation in terms of
the stochastic Schrodinger equation 7.11.

From the solutions of Eq. 7.11, we define a many-body statistical operator

p(t) = W) (¥(t)] = Z pi(t) [ Wi () (Wi (1), (7.13)

with p;(t) the probability that a state |¥;(¢)) occurs in the ensemble with
> pi(t) =1 (see also discussion in Sec. 1.4).

From the theorem of stochastic TD-CDFT (Appendix G), we can map
the many-body problem into an effective single-particle problem where we
solve a set of KS equations G.20 with an effective vector potential A, s(r,?),
defined as in Eq. 7.9, sum of the external vector potential and the exchange-
correlation vector potential A,.(r,t). The latter is a functional of the op-
erator V (or operators Va) in addition to being a functional of the initial
conditions, and the ensemble-averaged current density j(r, '), for t' < t¢. The
latter is simply the ensemble average of the current density 7.8.

The theorem of stochastic TD-CDFT guarantees that

S (x,t) = j(r,t) = Te{p(t) j(r)}, (7.14)

namely, the ensemble-averaged current density operator in the populated
KS states is equal to the corresponding quantity of the many-body system,
with the many-body statistical operator given in Eq. 7.13.

We then also have (Di Ventra and D’Agosta, 2007)
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Theorem T3: Given an initial condition, and a set of external baths,
the ensemble-averaged many-body total current of a non-
equilibrium system is, at any given time, given exactly by
the ensemble-averaged one-electron total current, obtained
from stochastic time-dependent current density-functional
theory.

Proof. If we refer once more to Fig. 7.1, the ensemble-averaged KS total
current [ é( S(t) across an arbitrary surface S is simply

I?S(t):/sds'jf(s(r,t):/SdS-j(r,t):IS(t), (7.15)

where Ig(t) = Tr{p(t) I} is the ezact ensemble-averaged total many-body
current across the surface S.°

7.2.4 Closure of the BBGKY hierarchy

The above theorems are very important formal results, because, unlike the
static transport problem discussed in Chapter 3, they guarantee that, if
we knew the ezxact functionals of dynamical density-functional theories, we
would obtain the ezact current of the many-body system with all electron-
electron interactions included, whether the system is closed or open.

This is because the above functionals are universal functionals of the den-
sity, current density, or ensemble-averaged current density. Therefore, we
are guaranteed that the BBGKY hierarchy of equations of motion one gen-
erates, e.g., in the NEGF (see discussion in Sec. 4.2.1.1 and Appendix B)
can be formally closed to all orders in the electron-electron interactions!

These interactions pertain to all contributions from free and bound charges
and localized currents (see Sec. 1.2), so that polarization and magnetization
currents are described at the same level as particle currents.

Therefore, these theorems put on a rigorous footing the calculation of
dynamical transport properties — the static transport problem being just a

5 Note that a particular case of theorem T3 is when the operator V = 1. In this case, Eq. 7.11
provides the same physics as the Liouville—von Neumann equation 1.60. So the theorem on
the current holds also for a closed system in a mixed state. In addition, I am here assuming
that the bath operators are local in space (see Sec. G.2 in Appendix G). Otherwise, to prove
the theorem, one would need to determine the density, and from this quantity calculate the

total current as the rate of change of the total charge in one of the electrodes (see Footnote 22
in Chapter 1).
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subclass of these in the limit of zero frequency — in nanoscale systems by the
use of effective one-electron time-dependent Schrodinger equations, without
the need to impose the physical approximations of the Landauer approach
in order to obtain the current.

Many-body effects (e.g, the Coulomb blockade discussed in Sec. 4.5) which
are generally described with model Hamiltonians could be thus studied dy-

namically, with effective single-particle equations.

7.2.5 Functional approximations and loss of information

Unfortunately, we do not know the exact functionals, and in actual calcu-
lations approximations must be used, some of which are described in the
Appendices. However — and this is the most important point — unlike the
static transport problem where ground-state DFT is employed, by improv-
ing the dynamical functionals one is guaranteed by the above theorems that
the approximate value of the KS current one obtains from these improved
approximate functionals must “converge” to the exact many-body value. By
“improved” I mean functionals that contain more and more physical proper-
ties.” This is a fundamental guiding principle similar to the one that guides
the calculations of the ground-state total energy using ground-state DFT.

In the case of mixed states, if approximate Kohn—Sham Hamiltonians
are used in the calculations of the current, these Hamiltonians are different
for every element of the statistical ensemble, namely they become stochastic
Hamiltonians (Sec. 2.8.6). As I have discussed in Sec. 2.8.6, the loss of
information associated with these Hamiltonians necessarily increases with
time due to the concavity property of the entropy (Eq. 2.155). This means
that the very fact that we make approximations to the exact functional
renders the problem intrinsically irreversible, even though the underlying
equations of motion are time-reversal invariant.

6 Note that the generalization of the above theorems to spin-dependent Hamiltonians may open
the possibility to describe other many-body problems, e.g., the dynamical formation of the
Kondo effect, using effective single-particle equations.

7 Note that, contrary to naive expectations, even in the simplest adiabatic local-density approx-
imation (ALDA) to the exchange-correlation functional (Appendix E) one is not guaranteed to
obtain the same current as from the ground-state DFT, within the LDA, combined with the
Landauer approach (Sec. 3.11). The reason is that in the dynamical calculation one imposes
initial conditions on the state of the system, which may not — in the thermodynamic limit
of electrodes size and long-time limit (in this order) — be represented by scattering boundary
conditions.
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7.3 Transient dynamics

An interesting application of the the micro-canonical picture and the above
theorems is the study of the transient dynamics of nanoscale systems. This
dynamics is still poorly understood.

Here I show an illustrative example (Sai et al., 2007b) using TDDFT
within the most common approximation for the exchange-correlation scalar
potential: the adiabatic local-density approximation (Appendix E).

Let us consider a narrow constriction that separates two large but finite
electrodes (Fig. 7.3). Both the electrodes and the constriction are quasi-
2D structures and contain electrons compensated by a uniform background
charge (jellium model) with a density close to that of bulk gold (rs ~ 3ay).
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Fig. 7.3. Current density for a series of times in a nanoscale constriction. Electrons
flow from right to left, and the current density vector is oriented along the usual
convention of the current (i.e., opposite to electron flow). At ¢ < 0 the system is
prepared with an applied bias AV = 0.2 V. The field lines in each panel depict the
direction and amplitude of the current density vectors. (a) ¢t = 0.4 fs ; (b) t = 0.8
fs; (¢) t = 1.6 fs. Reprinted with permission from Sai et al. (2007).

The simulations are initiated by preparing the system with a charge im-
balance. This is done by applying a step-function-like electric bias across
the junction such that the two electrodes bear equal and opposite potential
offsets relative to the potential at the center of the junction. The ground
state of this system is then calculated, which provides the initial condition
|¥y). Equations E.4 of TDDFT are then solved with this initial condition
for the same electron system in the absence of the above bias.

Due to the initial bias offset there is the dynamical formation of resistivity
dipolar layers at the electrode surfaces. This is shown in Fig 7.4 where a
time series of the x —y plane-averaged excess charge density along the z axis
is shown.®

8 For the definition of planar average, see Sec. 2.4.
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Fig. 7.4. Planar average of the charge density at different times for the nanojunction
of Fig. 7.3. Thin dashed lines mark the edges of the positive uniform background
of the electrodes. The sign of the surface charges indicates that electron charges
accumulate on the right and deplete on the left of the junction. Reprinted with
permission from Sai et al. (2007).

As a result, the initial current flow is uniform on both sides as shown in
Fig. 7.3(a). After this, there is a period of adjustment during which the
dominant flow is in the lateral direction, i.e., parallel to the facing surfaces
of the electrodes: the electrons try to passivate the extra dipolar charges
(Fig. 7.3(b)). This passivation is continuous, but after the initial transient
the net current density converges, for this particular initial condition, toward
the center of the nanojunction (Fig. 7.3(c)). This adjustment occurs on very
fast time scales related to the fast momentum relaxation in nanojunctions
(see discussion in Sec. 2.2.3 and in Sec. 7.6).

The physical situation described above confirms the discussion I have
made in the preceding section. Electrons moving across a nanostructure
form local resistivity dipoles at the junction, or in its interior. The formation
of these dipoles is dynamical, and indeed the discharge of a finite capacitor
can be viewed as a continuous attempt of the electrons to passivate the
positive charges of these dipoles.

The above example also shows that the electron flow is very similar to a
classical liquid flow across a constriction: the electrons move like a liquid
in going from a “bucket” — the negatively charged electrode — to another
“bucket” — the positively charged electrode — across a narrow aperture. I
will formalize this notion in the next chapter within a hydrodynamic theory
of conduction.
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7.4 Properties of quasi-steady states

Let us now return to our finite system in Fig. 7.1 and refer to the true
many-body dynamics. Let us also assume that the system is closed and no
external perturbation is present. In addition, we do not allow ionization
of the electrode-junction-electrode system. lIonization would correspond to
the escape, through the vacuum, of some finite electronic charge to infinity
and, therefore, would not correspond to the experimental realization of d.c.
transport I consider here. The system is therefore finite, closed and isolated.

Let us then try to understand the nature and number of possible quasi-
steady states that a many-electron system can reach during time evolution.
As T discussed in Sec. 7.1.1, the term “quasi-steady state” means a steady
state of the average current that is local in time (like the one pictured in
Fig. 7.6; see also discussion in Sec. 1.2). This study will answer a funda-
mental question:

How many states realize a given average total current?

Above, by “average” I mean in a temporal sense, as will become clear in
a moment. Also, here “states” may be either pure or mixed, and may differ
in terms of the microscopic density and/or current density.

For simplicity, I will work with pure states but the following discussions
can be generalized to mixed states as well, by replacing |¥) — /p every-
where. Let us then release the electrons from an arbitrary but definite
initial state |Wy), characterized by a charge imbalance between the elec-
trodes. We thenceforth allow the electrons to propagate dynamically with
the time-dependent Schrodinger equation 7.1.

As clearly shown in the example of Fig. 7.3, after an initial transient time
— related to the initial state of the electrons and to the electron-electron
relaxation time inside the capacitor plates — during which electrons first start
to traverse the nanojunction, a quasi-steady state may be established. If it is
established, we expect it to persist until multiple electron reflections off the
far boundaries of the system develop. We are interested in the intermediate
quasi-steady state before the occurrence of these reflections.

7.4.1 Variational definition of quasi-steady states

Let us first show that when the system has reached a quasi-steady state
this property can be expressed in variational terms.” The advantage of a
variational procedure is that it will allow us to discuss the robustness of

9 This derivation follows closely the one in Di Ventra and Todorov (2004).
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steady states with respect to variations, which will guide us in formulating
a principle regarding their existence and formation.

Our electrons are described by a many-body state vector |¥(t)), governed
by the time-dependent Schrédinger equation 7.1.

For the moment, I regard the initial condition |¥(f = 0)) = |¥() as a
parameter. As usual, the electron number density and current density are
given by

n(r,t)
i(r,)

(W (t)ln(e)[e(t)),

(W) () (), (7.16)
where 7(r) and j(r) are the number density (Eq. 1.24) and current density
(Eq. 1.25) operators, respectively.

Referring to Fig. 7.2 the current Ig(t), through a surface S across the
electrode-junction-electrode system, is once again given by

Is(t) :/Sj(r,t)-dS :/V drV -j(r,t). (7.17)

The time variation of the charge density is related to the current density
via the continuity equation

0 t
Vi) + 20D (7.18)
ot
By differentiating once again Eq. 7.18 in time, and replacing the result into
Eq. 7.17 we find
dIs(t) / 9?n(r,t)
=— dr ——=. 7.19
dt T e (7.19)
It is then evident that when
0*n(r,t)
TZO, Vr, Vt, (720)
an ezact ideal steady state is enforced, namely
dlg(t
Zt( ) =0, VS, Vt, exactsteady state. (7.21)

However, in our closed and finite system an exact steady state can never be
realized and a local definition — both in time and space — of steady states
needs to be introduced, and, as before, we call these quasi-steady states.
By appealing to the intuitive concept of a steady state in the case of a
macroscopic classical capacitor, considered earlier, we therefore adopt the
view that a quasi-steady state is one in which the temporal variation of local
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properties is minimal. Guided by the condition 7.20 we see that a measure
of temporal variations is provided by the functional of the density

to 2
Aln] :/ dt/ dr (an(”)> : (7.22)
t all space 8t

where (t1,t2) is some time interval. In this interval one thus has the average
current (cf. Eq. 1.12)

Is) = - itl /“2 dt Ts (1), (7.23)

Let us first perform an unconstrained variational minimization of A with
respect to n, for a given n(r, ;) and n(r,ts). The result is

9?n(r,t)
ot?
This result is indeed the condition 7.20 for an exact steady state with the
exception that it is now limited to an interval of time (¢1,%2). In fact, from
Eq. 7.19 we see that, under the conditions expressed by Eq. 7.24,

dIs(t)
dt

It therefore seems natural to stop here and use the functional 7.22 to define
quasi-steady states in our closed and finite system. In reality, Eq. 7.25 by
itself says nothing about the actual value of Ig(t) or about the dependence

=0, Vr, Vte (tl,tQ) . (7.24)

=0, VS, Vte (tl,tg). (7.25)

of Ig(t) on S. Equation 7.25 simply describes a generic type of conducting
state in which matter (in this case electrons) is being transferred from region
to region at a steady rate. Such a state is a true global steady state.

We have seen that such states are minima of the quantity A in Eq. 7.22. If
we write to —t1 = 0t > 0 and use the above procedure for smaller and smaller
6t, then in the limit ¢ — 0 we obtain a weaker version of Eq. 7.24, with
reference to a single instant in time. This instantaneous form of Eq. 7.24
defines a type of conducting state that I call a true instantaneous global
steady state.

However, the minimization procedure applied to A above treats n(r,t) as a
freely adjustable function of time, without regard for the actual physical dy-
namical laws governing our system. In fact, the time-dependent Schrédinger
Eq. 7.1 may not permit the system to attain a true instantaneous global
steady state, as defined above.

My next task, therefore, is to seek the dynamical state closest to a true
instantaneous global steady state, permitted by the laws of motion that
govern our system. I do this by constraining the minimization as follows.
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Let us first replace (On(r,t)/0t)? in Eq. 7.22 with (V - j(r,t))? (from
Eq. 7.18).

I now define the instantaneous dynamical state closest to a true steady
state by the following variational procedure. Consider all possible evo-
lutionary paths allowed by the dynamics of the system, in a small time
interval (t1,t2). Of these, consider those that have a given total energy
E = (U(t)|H|¥(t)) and a given total number of electrons N. In our micro-
canonical picture, if the Hamiltonian does not depend on time, E is a con-
stant of the motion (N is a constant of the motion even if H is time depen-
dent).

Of those paths, consider the evolutionary paths that produce a given
average current (Ig), during the interval (¢;,%3), across a given open surface
S (Eq. 7.23). Of those, we seek that evolutionary path that minimizes A in
Eq. 7.22.

To do this, let us define B as A = Bdt, 6t = t9 — t;. Then, in the limit
of vanishing dt, the above search is equivalent to minimizing (with the same
constraints) the instantaneous functional, at time t = t; = to,

BBV = [ (V) (7.26)

all space

with j(r,¢) given in Eq. 7.16.
Let us now develop the state of the system as

W) = i |¥y), (7.27)

i

where {|¥;)} are all N-electron bound states of the system in Fig. 7.2, with
eigenenergies {E£;}, and {¢;} some complex coefficients. The reason for re-
stricting the expansion to the bound part of the spectrum of H is again that
we do not allow for ionization of the electrode-junction-electrode system.

Let us substitute the expansion Eq. 7.27 into Eq. 7.16, and then into
Eq. 7.26. Our minimization procedure then corresponds to seeking minima,
with respect to {c;}, of the functional

Bl{c}] = Z Cj i Cincim

5ol g1 g1
4,13 i

<[ (V) (T ) (728)
all space
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where jiir (r) = (¥;[j(r)|¥;), subject to the constraints

, 1 t2 . .

t1

E=) ¢k, (7.30)
(3
> cfei=1. (7.31)
(3

Each solution for [¥) = )", ¢; |¥;) is an instantaneous many-body state,
which we label |¥(FE,Ig,t)), containing only electrons bound within the
electrode-junction-electrode system in Fig. 7.2, that produces a given aver-
age current (Ig) and a given total energy E, while globally minimizing the
divergence of the current density.

We call the solution |¥(E, Ig,t)) an instantaneous quasi-steady state: the
best our closed finite system can do to “mimic” a true instantaneous global
steady state (i.e., the one for which condition 7.25 holds). Once these so-
lutions are found, we may then let the electrodes size go to infinity. We

expect that in this “thermodynamic limit” the instantaneous quasi-steady
states become true global steady states.'”

7.4.2 Dependence of quasi-steady states on initial conditions

We may now back-track in time and look for the initial condition required
to obtain a given instantaneous quasi-steady state. From Eq. 1.17, when
the Hamiltonian does not depend explicitly on time, this initial condition is

Wo(E, Is)) = 7MW (B, I, 1)), (7.32)

where I have chosen ¢t = 0 as our arbitrary initial time.
We can now make several important points regarding the above minimiza-
tion procedure.

(i) For a given total energy E and average current (Ig) we may ob-
tain more than one quasi-steady state solution |¥(FE, Ig,t)). In other
words, there may be different — in terms of charge and current den-
sities — microscopic realizations of the same steady-state current.!!

10 Note that this may not be necessarily true for all the instantaneous quasi-steady states. The
reason is that a local (in time) definition of such states may still not allow for a global evolution-
ary steady-state path (see discussion in Sec. 7.5). If one has only local stability, compared to
global stability, of quasi-steady states we expect that perturbations/fluctuations in the system
drive it away from a global steady state.

11 If we work with mixed states and not pure states, the above is equivalent to stating that there
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(ii) There may be combinations of E and (Ig) for which no solution for
|W(E, Ig,t)) exists: the system may never reach a quasi-steady state
of specified current.

(iii) There may be initial conditions | V() that do not ever lead to a quasi-
steady state, i.e., that cannot be reached by back propagation from
any |V (E, Ig,t)).12

(iv) Finally, there may exist quasi-steady state solutions that have the
same F but different Ig. If these solutions describe quasi-steady
states of different currents at the same time ¢ corresponding to the
same voltage drop, they correspond to chaotic transport and may oc-
cur in systems with intrinsic non-linear dynamics.!'® In Sec. 8.5 I will

discuss such an instance when the system dynamics is turbulent.'

7.5 A non-equilibrium entropy principle

In addition to the above points we can also draw the following conclusion
which is a direct consequence of the variational nature of quasi-steady states.

At a quasi-steady state |U(F, Ig,t)), the functional B[|¥)] is, by construc-

tion, stationary against variations of |¥) about |W(E, Ig,t)), compatible with
the constraints. But B is a measure of the magnitude of the divergence of
the current density, at least in a macroscopically averaged sense.

Thus, we may expect the quasi-steady state flow pattern itself to be rel-

atively robust against variations about |¥(FE, Ig,t)), at least on a “coarse-
grained” scale. However, after back-propagation to our initial time ¢ = 0, the

are two or more statistical operators p that give the same total current at time ¢, but whose
trace over the density and current-density operators is different. This is reminiscent of the case
encountered in the ground state of a many-body system, when the latter is degenerate thus
giving rise to different microscopic densities.

Note that it was argued in Stefanucci and Almbladh (2004), that any initial condition would
lead to a steady state in an infinite system. In reality, in that publication the authors consider
a system that in the long-time limit allows for a stationary solution, i.e., they assume from
the outset that the system will indeed reach a steady state. We ask the opposite question: if
one starts with an arbitrary initial condition does the system actually reach an instantaneous
steady state that in the thermodynamic limit may develop into a true global steady state?

A further consequence of all the above discussion is the following. If we consider the quasi-
steady state solutions in an ensemble {(Ig)} of average currents and form a linear combination
of many-body wave-functions out of their respective sets of initial conditions, the system with
this new initial condition could possibly evolve in time into the quasi-steady state of yet another
average current (Ig), that does not belong to the original ensemble {Ig}. If this happens, then
the system can fluctuate coherently between microscopic quasi-steady states with different
currents and steady-state noise is produced (Di Ventra and Todorov, 2004). This additional
noise has nothing to do with the ordinary shot noise we have discussed in Chapter 5; instead,
it could be due to possible realizations of a steady state as a linear combination of microscopic
states corresponding to different currents. This noise would be sensitive to decoherence effects
and is thus likely to be reduced if the latter are strong.

Initial conditions that do not lead to a quasi-steady state may still do so if other inelastic effects
are included, such as electron-phonon interactions.
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corresponding spread of initial conditions, about |¥y(E, Ig)), may contain
large variations in microscopic quantities such as the charge density.

In other words, there may be a large set of initial conditions — in the
Hilbert space of the system — which I denote symbolically by Py(|¥(E, Ig,t))),
that differ in their microscopic properties but that produce the same, or
nearly the same, quasi-steady state flow pattern at some later time ¢. This
is illustrated schematically in Fig. 7.5.

This conclusion supports the intuitive notion that a steady state, if formed,
should be relatively insensitive to the microscopic details in the initial con-
ditions.

Ry (B, 15.0))

g— |§1/1(E,15J)>
B(|w,(E,I,1)) \ v, (E, I,0))

L

f lw, (E.I,.0))
By, (E.150)

Fig. 7.5. A quasi-steady state |¥;(E, Is,t)) at time ¢ is robust against local varia-
tions but may originate from a large set Py (|V;(F, Is,t))) of different initial condi-
tions in the Hilbert space of the system.

This conclusion also suggests a link with the notion of entropy I have
discussed in Sec. 2.8. In fact, the “likelihood” of a system with a given
total energy F attaining a steady state, |U(FE,Ig,t)), with a given total
current (Ig) at time ¢, and the stability of this steady state against small
perturbations, is measured by the relative weight (in the Hilbert space) of
the set Py(|V(E, Ig,t))), among all initial conditions that lead to the current
(Is) at time t.

Call p;(|W(E, Ig,t = 0))) the probability that a given initial condition
occurs in the set Py(|VU(FE, Ig,t))). From Eq. 2.142, we can then define the
following measure of disorder for that particular set:

M

SIP(|U(E, Is, 1)) = —kp Y _ pi(|U(E, Is,t = 0))) In[p;(|¥(E, Is, t = 0)))],
i=1
(7.33)
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where M is the number of accessible states in the set Py(|¥(E, Ig,t))).!%

Now, suppose that for a given total energy F and average current (Ig)
there are several distinct quasi-steady states |¥;(E, Ig,t)) (Fig. 7.5). For
each of them we can define an entropy as in Eq. 7.33. The question is:
which state would be realized, or preferentially realized, in a macroscopic
experiment on the system at time 7

In equilibrium statistical mechanics we are guided by the mazrimum sta-
tistical entropy principle which states that among all possible statistical op-
erators p compatible with the constraints on the system, the latter is repre-
sented by the macro-state that has the largest statistical entropy 2.142 (see,
e.g., Balian, 1991). From this principle we are able to derive all laws of
thermodynamics.

In the present non-equilibrium problem we cannot rely on this principle.
However, from the above discussion it seems natural to formulate the fol-
lowing (Di Ventra and Todorov, 2004)

Initial-state maximum entropy principle: A dynamical system reaches
the steady state whose ensemble of initial conditions has mazximum disorder.

In other words, the system is driven towards a specific steady state at
time ¢ — if the dynamics supports steady states — by a “maximum-entropy
principle” where the entropy here does not measure the disorder of the state
at time ¢, but rather the number of different initial conditions that realize the
given steady state. The more disordered (larger) that set of initial conditions
is, the more likely the steady state is to be realized.'6

The above principle also seems to encompass the situation in which the
time variation of the entropy (entropy production) is minimal at the quasi-
steady state that develops from the set of initial conditions with largest
entropy. This is reminiscent of Prigogine’s principle of minimal entropy
production at a steady state close to equilibrium, by which a steady state
is characterized by minimal entropy variation (Prigogine, 1967). However,
unlike the latter principle which has a bearing only for states close to equi-
librium and has no relation to the actual dynamics that leads to a steady
state, the one formulated above has applicability even far from equilibrium,
and contains a statistical criterion for a given steady state to actually form.

The last point is particularly important because dynamical systems go

15 If we choose to work within the micro-canonical ensemble, the probabilities p; (| (E, Is,t = 0)))
are all equal to 1/M (see Sec. 2.8.2).

16 In this respect, this steady-state may be called an attractor of the dynamical system, and the
set of initial conditions that lead to it a basin of attraction.
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through several evolutionary paths, some of which may contain large “bar-
riers” that may force the system in some arbitrary state, not necessarily a
steady state. Therefore, by focusing only on the final result — the steady
state — without regard to the dynamics of the system, we cannot answer the
question of how the latter overcomes these evolutionary “barriers”.

It is only when all evolutionary paths are taken into account with all
possible initial conditions that the system may overcome those “barriers”
and reach a steady state. It thus seems natural that the more “attempts” —
initial conditions — that allow the system to reach a given steady state, the
more likely the latter is to be realized.

Finally, the principle I have formulated above is not necessarily limited
to steady states in transport, but may have a bearing in the formation
of dynamical steady states of any physical system — close to or far from
equilibrium — with these dynamical steady states belonging to some other
observable of the system. An example of this is the approach to equilibrium
of ultra-cold gases in optical lattices (Kinoshita et al., 2006). It was shown
experimentally that, according to the initial conditions, these systems may
reach steady states that are not necessarily canonical (namely, they are not
equilibrium states), and that are strongly dependent on the initial state of
the system. In other words, the final state has memory of the initial state
it originates from.

Electron sources revisited

At this point, let us refer to the case in which the system is connected
to an electron source, such as a battery. At any given time, the latter
prepares the many-body system in some state which then evolves in time.
The only constraint on this state is that it represents a fixed electrostatic
potential difference V. This constraint, however, is a “mean-field property”
of the many-body system (Eq. 2.94) that can be realized by many states:
several many-body wave-functions can be constructed that produce different
single-particle densities but same voltage difference. According to the above
analysis, some of these states may lead to steady states, some to no steady
state at all.

Those states that do lead to a steady state may be grouped into different
final steady states. The above principle suggests that the one that is likely to
be realized is the one that has the largest number of initial states associated
with it: the one with maximum initial-state disorder.
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7.6 Approach to steady state in nanoscale systems

I have discussed the nature and number of quasi-steady states, and their
dependence on initial conditions, but I have yet to discuss the microscopic
physical processes that help the system establish a steady state.

Electron-phonon interaction

If the many-body electron system is open to a phonon bath with a dense
spectrum,'”, the dynamics of the system may be described by an equation
of motion of the Lindblad type (Eq. 1.73). As discussed in the example of
Sec. 2.2.1, it thus seems natural that electron-phonon interactions help the
system evolve in one of the (possibly many) steady states compatible with
the equation of motion 1.73. This happens within relaxation times in the
range of 10714 — 107! s with the smaller times corresponding to the system
at room temperature or higher (see Secs. 2.2.2 and 6.2.1). This is, however,
not the only process that helps establish a steady state.

Electron-electron interaction

In fact, let us consider our electron system closed and finite. Electron-
electron interactions are responsible for screening, which keeps the electron
density macroscopically constant, a condition we call charge neutrality. This
creates an effective “incompressibility” of the electron liquid in the elec-
trodes, which makes current flow somewhat similar to a classical liquid flow:
local disturbances in the density are not tolerated and “heal” fast (I will
expand further on this hydrodynamic connection in Chapter 8).

However, another important effect of electron-electron interactions, in
particular Umklapp processes — processes that destroy crystal momentum
(Ashcroft and Mermin, 1975) — is to produce relaxation of the total electron
momentum in the electrodes, which is not a constant of the motion in our
finite system. Even though these processes are well defined in strictly peri-
odic systems — and thus not in our electrode-nanojunction-electrode system
— deep into the electrodes, far away from the boundaries, we can argue (as
we did in Sec. 6.3.1 for the heat conduction) that such processes exist, and
can be described similarly to the case of translationally invariant systems.'®

In bulk materials, relaxation times for electron-electron interactions are
typically larger than electron-phonon scattering times for a wide range of
17 And very short correlation times compared to the electron dynamics.

18 In the same region of the electrodes, there would be normal electronic processes which conserve
total electron momentum and therefore cannot contribute to the resistance.
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temperatures (Ashcroft and Mermin, 1975). In nanoscale systems the rate of
electron-electron interactions actually increases locally at the nanojunction
with respect to the bulk, thus leading to the electron heating phenomenon
I will discuss in Sec. 8.6. Electron-electron interactions may thus help the
formation of steady states.

An elastic relaxation mechanism

There is, however, yet another intrinsic mechanism that facilitates momen-
tum relaxation in the crucial region of the junction and which is particularly
effective for systems of nanoscale dimensions. I have anticipated this mech-
anism in Sec. 2.2.3 where I discussed the role of momentum relaxation in
driving the system to local equilibrium.

This mechanism — which changes electron momentum but not energy —
is provided simply by the geometrical constriction experienced by electron
wave-packets as they approach the nanojunction (Di Ventra and Todorov,
2004; Bushong et al., 2005). It is thus due to the wave properties of the
electron wave-functions and the resultant uncertainty principle, and has
nothing to do with electron-electron interactions.

It is indeed this relaxation mechanism that generates most of the (elastic)
resistance for electrons scattering at impurities. However, unlike an impu-
rity in a bulk material that can be avoided by electrons moving around it, a
nanojunction cannot be avoided by the carriers. In addition, in nanojunc-
tions this relaxation mechanism turns out to be generally much faster than
the other inelastic processes described above.

Since momentum relaxation drives the system to local equilibrium (Sec.
2.2.3), the above mechanism, combined with the effective incompressibility
of the electron liquid, may also drive the system to a quasi-steady state. In
the thermodynamic limit of large electrodes this quasi-steady state may then
turn into a true global steady state, but the infinite number of degrees of
freedom provided by the electrodes is not necessary for the quasi-steady state
to develop, only to maintain the developed quasi-steady state indefinitely in
time.!” Let us expand on this point.

I follow a similar argument as in Sec. 2.2.3 but I now take advantage of
the single-particle scattering theory I developed in Chapter 3. Let us assume
that the nanojunction has cross section w and a single electron wave-packet
moves into it. The wave-packet has to adjust to the motion appropriate to

19 This is clear if one considers turbulent or chaotic transport. In this case, a true global steady
state does not develop, even if the system is infinite.
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the given junction geometry in a time
h
AE’

where AF is the typical energy spacing of lateral modes in the constriction.

(7.34)

Te

If we assume a rectangular lateral confining potential, the energy spacing of
lateral modes is of the order of (from Eq. 3.25)%°

2h2
AE~ "7 (7.35)
MeW
We therefore find
1 MeW
7. = o ~ (7.36)

For later use I have also defined a frequency v, associated with this process.
If w = 1 nm?, 7, is of the order of 1 fs, i.e., orders of magnitude smaller
than typical electron-electron, or even electron-phonon scattering times for
a wide range of temperatures. As anticipated, this shows that the elastic
collisions at the nanostructure contribute largely to momentum relaxation.
If we call 7, the scattering time due to inelastic effects, and assume these
processes independent of the above elastic scattering with the nanojunction,
then the total scattering time 7y, is
1 1 1
— +

~
~

AU, (7.37)

Ttot Te Tin

where the last approximation comes precisely from the assumption that the
elastic scattering time is much faster than the other relaxation times.

The relaxation time 7;,; is the one that would enter, for instance, in the
collision integral 4.157 of the quantum kinetic equations 4.155. Thus, this
effect would seem to suggest that, even without electron-phonon or electron-
electron inelastic scattering, a steady state could be reached in a nanocon-
striction, with at most mean-field interactions.

Clearly, the result in Eq. 7.37 is just a crude estimate in the spirit of
the relaxation-time approximation I have discussed in Sec. 4.6. In reality,
the scattering rate due to the presence of the nanojunction must be depen-
dent on the many-body configuration of all electrons. Also, in truly meso-
scopic/macroscopic systems we expect the above elastic relaxation mecha-
nism to be of less importance in establishing a quasi-steady state: inelastic
effects are likely to dominate the approach to steady state.

20 The electron mass entering Eq. 7.35 could be an effective mass my if one uses an effective
Schrodinger equation to describe transport (see Chapter 8).
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Fig. 7.6. Current as a function of time through a model 3D finite nanojunction
(schematic is shown) calculated with a single-particle tight-binding model. The
inset shows the corresponding current for a finite linear chain of N = 60, 70, 80 and
90 atoms. Reprinted with permission from Bushong et al. (2005).

A numerical example

An example that the above relaxation mechanism may indeed lead to a
quasi-steady state is shown in Fig. 7.6, where electronic transport is studied
within the micro-canonical picture for a finite three-dimensional model of a
nanojunction, and a finite quasi-one-dimensional atomic wire (Bushong et
al., 2005).2!

The dynamics of the system is described by the N-site, nearest-neighbor,
tight-binding Hamiltonian

N N
H=> elri)(ri|+tY_ (Ir){riga| + He.) (7.38)
i=1 i=1

where there is one orbital state |r;) per atomic site with energy €, and hop-
ping matrix element ¢ connecting nearest-neighbor sites (the symbol “H.c.”
means Hermitian conjugate).

We then prepare the system such that one half has a different local con-
figuration than the other, i.e., the initial state is not the ground state of
the above Hamiltonian. For this non-interacting case, this can be done by
increasing the on-site energies ¢; on one side of the system by an energy

21 For another example of the use of the micro-canonical picture of transport in molecular struc-
tures see, e.g., Cheng et al. (2006).
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“barrier” Ep.?? This seems a natural choice as it “mimics” the role of the
electron source. However, as I have discussed above it is just one of the
many (essentially infinite) initial conditions one can choose to initiate cur-
rent flow; some of these initial conditions may not lead to a quasi-steady
state.

Taking this state as the initial state of the system, we then remove Ep,
and let the electrons propagate according to the time-dependent Schrodinger
equation 7.1 with the time-independent Hamiltonian 7.38.

Due to the closed and finite nature of the system, the total current can
be calculated by differentiating in time the charge accumulated on one side
of the system, i.e. (the factor of 2 is for spin)

N/2 Ny

(1) = 200 373 @ 0 b (1) (7.39)

n=1i=1

Here |¢"(t)) are the occupied single-electron states that are solutions of the
time-dependent Schrodinger equation, and Ny, is the number of sites on the
left of the junction interface.

The onset of a quasi-steady state is clear in Fig. 7.6, where the current
Eq. 7.39 as a function of time is plotted for Fp = 0.2 eV. In the inset, it
is shown that a similar quasi-steady-state current develops in 1D wires of
different lengths, where the initial-time energy barrier forces electrons to
change the spread of electron momentum, and hence plays a role similar to
that of the geometric constriction in the 3D case.

In all cases, the current initially rises rapidly, but quickly settles to a
quasi-constant value I.?> The quasi-steady state lasts for a time ¢4 during
which the electron waves propagate to the ends of the structure and back.

As is clear from the inset of Fig. 7.6, the duration of a quasi-steady-state —
when developed — can be made as long as one pleases by simply increasing the
size of the electrodes. This again confirms our previous discussion, namely
that a quasi-steady state current with a finite lifetime can develop even in
the absence of dissipative effects. In addition, it shows that the formation
of quasi-steady states is related to properties of the nanojunction, while its
lifetime is related to the size of the electrodes.?* In the thermodynamic limit
of electrode size, this lifetime can be made infinitely long.

22 For the 1D wire (see inset of Fig. 7.6), the interface between the two regions separated by the
barrier defines the nanoscale “junction”.

23 In the 1D structures, small oscillations (related to the finite size of the system) are observed
that decay in time.

24 As discussed in Sec. 7.1, tg ~ 2 L/vp, with L the characteristic length of one electrode. Taking

into account Eq. 7.36, in order to observe a quasi-steady state one needs a characteristic length
for the electrodes L > vp me w/27r2 h.
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7.7 Definition of conductance in the micro-canonical picture

I finish this chapter with considerations on how to define a conductance
in this finite-system approach. I recall that the conductance is a derived
quantity, and, therefore, it does not have a unique quantitative definition
(Sec. 3.3.4).

Let us consider the case in which a quasi-steady state has formed from
some initial state. Let Ig(t) be the total current associated with this quasi-
steady state, across a chosen surface S. Now that we have dispensed with
the infinite reservoirs of the Landauer approach, we may no longer appeal to
the definition of conductance we have described in Chapter 3, with respect
to bulk electrochemical potentials. We may, however, fall back to its non-
imvasive definition, with respect to the electrostatic potential drop in the
system, similar in spirit to the definition we have employed in Sec. 3.8.

The electrostatic potential ¢(r,t) (Eq. 2.94), subject to the boundary
condition ¢(r,t) — 0 as r — oo appropriate to our isolated finite system, is
a functional of the electron density n(r,t) and is thus unambiguously known
in the quasi-steady state, or in any other state for that matter.

It is physically plausible — and numerical calculations confirm this assump-
tion (Bushong et al., 2005) — that, for large enough electrodes, in a quasi-
steady state the potential ¢ tends — possibly within microscopic Friedel-like
oscillations — to well-defined values ¢ (t) and ¢r(t) in the interior of the
left and right electrodes, respectively, at least for times much smaller than
the time for the electrons to traverse the electrodes and come back.

This enables us to define a potential difference V' (t) = ¢, (t) — ¢r(t), with
respect to which we may then define a conductance as

dIg(t
o(r) = sl)
dv(t)
It has been shown numerically (Bushong et al., 2005) that for metallic
quantum point contacts the conductance evaluated according to Eq. 7.40

(7.40)

shows the quantization properties I have discussed in Sec. 3.3.4 in the context
of the Landauer approach.?’

We could, however, measure the above electrostatic potentials anywhere
along the electrodes (see Fig. 3.19). With an appropriate macroscopic aver-
age, we could define another set ¢ (t) and ¢p(t) of electrostatic potentials

25 Tn a single-particle picture one can also project the occupation of the dynamical states |1(t))
onto the eigenstates of the Hamiltonian H, within the left and right regions of the electrodes
(Bushong et al., 2005). This gives rise to two local electron distributions. It was shown
numerically that these distributions approach two local Fermi-like distributions centered at
different local energies, which can be interpreted as local electrochemical potentials (Bushong
et al., 2005). In this case, the conductance can be defined in terms of the difference between
these two local electrochemical potentials.



7.7 Definition of conductance in the micro-canonical picture 375

locally in those regions of the electrodes where a non-invasive measurement
is ideally performed, from which a new electrostatic potential difference
V(t) = ¢1(t) — ¢r(t) could be defined. The corresponding conductance

B dlg (t)

1) = —=
°O =W
would thus have, at a quasi-steady state, all the characteristics of the four-
probe conductance 3.293.

(7.41)

Summary and open questions

In this chapter I have introduced an alternative picture of transport I named
micro-canonical. In this picture electrical current is studied via the discharge
of a large but finite capacitor across a nanojunction. This system may be
either closed or open.

This picture allows us to prove theorems on the total current within dy-
namical density-functional theories. These theorems guarantee that, if we
know the exact dynamical functional, all many-body dynamical effects can
be evaluated using effective single-particle equations. Such theorems can-
not be proved for the static formulations of transport I have described in
previous chapters.

The micro-canonical picture also allows for a variational definition of
quasi-steady states, and suggests a principle regarding their formation. This
principle does not refer to the entropy — or information — content of the
steady state, as traditional principles for systems close to equilibrium do.
Rather, it gives a prescription on the likelihood that a steady state be formed
based on the disorder of the initial states that lead to such a steady state.

This principle is not necessarily limited to the transport problem I have
discussed here, but may have applications to the more general class of non-
equilibrium steady states.

Interesting effects that have not been studied yet within this approach
relate to electron-ion interactions and noise properties of the current. Stud-
ies in this direction may help to better understand the approach to steady
state, and memory effects on the electron dynamics.



8
Hydrodynamics of the electron liquid

In the preceding Chapter I have discussed an alternative picture of transport,
which I called micro-canonical. From this picture we have learned that
electrons flow from one electrode to the other across a nanojunction like a
liquid would do in confined geometries. This was illustrated in Fig. 7.3.

The junction is an unavoidable obstacle for the electrons, which need to
change their momenta while crossing it. This forces the system to reach
local equilibrium fast, greatly helping the effect of other inelastic processes
whose role is also to force the system towards local equilibrium.

To the above properties we need to add the known fact that, due to
Coulomb interactions, the electron liquid is also wviscous, namely electron-
electron interactions create an internal friction for an electron to propagate
through the electron liquid, much like the friction experienced by an object
moving across a viscous liquid or gas.

To be more specific, the shear viscosity of the electron liquid at the density
of a typical metal, such as gold, is about 1077 Pa s (from Eq. F.8 with
rs = 3ap). For comparison the viscosity of water at room temperature is
about 1073 Pa s.

The viscosity of the electron liquid is thus very small but not zero. In
fact, the smaller the viscosity, the less stable the flow with respect to per-
turbations, especially those provided by obstacles or constrictions along the
path.

All of the above properties suggest an intriguing analogy of the electron
flow in a nanojunction with the flow of a classical liquid in restricted ge-
ometries. In this chapter I show that this notion is not far-fetched, and it is
based on the fact that the time-dependent many-body Schrédinger equation
can be cast ezactly in a “hydrodynamic” form in terms of the single-particle
density and the velocity field, i.e., the ratio between the current density and
density.

376
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The equivalence between the Schrédinger equation and hydrodynamics
goes back to the early studies by Madelung and Bloch (Madelung, 1926;
Bloch, 1933) at the beginning of quantum mechanics; later on put on a for-
mal basis by Martin and Schwinger for a general many-body system (Martin
and Schwinger, 1959).! However, as I will show here, the complete equiv-
alence between these two formulations rests on the theorems of dynamical
density-functional theories.

The above also shows that the dynamics of a quantum system can be
described ezactly using “collective” variables — precisely the density and
velocity field — much like one does for classical liquids. Indeed, due to
the continuous nature of the wave-functions, a hydrodynamic description
is much more “natural” in quantum mechanics than in classical physics.
In the latter case particles are objects of finite size, and the density and
velocity field are associated with volumes of the liquid small compared to
the other relevant length scales (such as variations of any external potential)
but large to contain “enough” particles so that a continuum mechanics can
be developed. In quantum mechanics the above coarse-grained requirement
is not necessary.

However, despite its great physical appeal, the hydrodynamic formulation
of the Schrodinger equation — in its exact form — has the same range of
applicability as the latter: for a true many-body problem it is very limited.
This is due to the difficulty in identifying the analytical structure of the
quantity that describes electron-electron interactions (in hydrodynamics this
quantity is the stress tensor).

I will show that, due to the fast relaxation mechanism I have discussed in
the previous chapter (Sec. 7.6), the electron flow at nanostructures can be de-
scribed by the quantum analogue of the Navier—Stokes equations (D’Agosta
and Di Ventra, 2006). This opens up the possibility to observe turbulence
in nanoscale systems as in in the classical case. This phenomenon is purely
dynamical, and thus cannot be captured by static formulations of transport.

Finally, due to the viscous nature of the electron liquid, and the large cur-
rent density locally in the nanojunction, electrons “heat up” in the junction
region (D’Agosta et al., 2006), similar to the local heating of the ions due
to electron-phonon interactions I have discussed in Sec. 6.3. The hydrody-
namic formulation comes in handy for this problem, since it allows us to
estimate the magnitude of this phenomenon without the explicit calculation
of matrix elements between non-equilibrium many-body states of different
configurations.

1 A similar derivation has been repeated in Fréhlich (1967), where the Navier—Stokes equations
have also been obtained.
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8.1 The Madelung equations for a single particle

Let us start by showing that the time-dependent Schrédinger equation can
be written in a “hydrodynamic” form in the simplest case possible: the
dynamics of a single particle under the action of a potential V(r,¢). This
equivalence was formulated by Madelung in 1926 (Madelung, 1926), imme-
diately after Schrodinger published his famous equation.

Let us consider the single-particle Hamiltonian

=—— 1
H 5V + V(r, 1), (8.1)

which, assigned an initial condition, gives rise to the dynamics

r 2
ihaq’ét’t) = (—;n V24 V(r,t)> U(r,t). (8.2)

Let us now write the wave-function as?

U(r,t) = /n(r, t) ST/ (8.3)

in terms of the probability density n(r,t) and the phase S(r,1).

Let us insert this form into Eq. 8.2 and divide by ¥(r,t) (assuming it is
not zero). This generates two coupled equations of motion: the real and
imaginary parts of a complex equation. These are (Exercise 8.1)

on

== —V - (nv), (8.4)
as 1 2
E - *V(I‘,t) - U(I‘,t) - %(VS) ’ (85)
where I have defined the wvelocity field
_ VS(r, 1)
V(I'ﬂf) - T’ (86)

and the “internal potential”
h2 v?
Ul t) = — 1= VW) (8.7)
2m  \/n
Equation 8.4 is the continuity equation 1.11. The second, Eq. 8.5, can be

written in a more transparent way by differentiating it once more, and by
defining the stress tensor (i,7 =1,2,3 = x,y, z)

2 2 nn(r
Pij(r7t) == <£n) n(r,t) Wa (8.8)

2 This is sometimes referred to as the de Broglie ansatz.
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to get (Exercise 8.1)

mn(r,t) 9vy(r,t) +mn(r,t) (v-V)v; = —n(r,t)V,;V(r,t) — V;Pj(r, t),

ot
(8.9)
where the symbol V; P;; is short for the repeated-index summation ), V; P;;.
By defining the convective derivative

B,
D=5 +v-V, (8.10)

we finally get

mn(r,t) Dyvj(r,t) = —n(r,t) V,;V(r,t) — V;Bj(r,t), j=uz,y,z2.
(8.11)
Equations 8.11 are the Newton equations of motion of a fluid of density
n and velocity v (Landau and Lifshitz, 1959b). They simply state that
all forces external to the fluid, —VV, and “internal”, —V;P;;, change its
velocity. In the present context, they are often referred to as the Madelung
equations.
I have thus shown that the time-dependent Schrodinger equation 8.2 for
a single particle in an external potential can be written exactly in terms of
the density and the velocity field.
What about the reverse? Namely, by starting from the continuity equa-
tion 8.4 and the Madelung equations 8.11, do we recover full informa-

tion on the wave-function whose dynamics is given by the time-dependent
Schrédinger equation 8.27
It has been argued (see, e.g., Wallstrom, 1994) that, since the phase S in
the wave-function 8.3 is generally multi-valued, this step requires an ad hoc
quantization condition on the velocity field 8.6. However, this is not neces-
sary if we recall, from the theorem of time-dependent density-functional the-
ory (Appendix E), that given an initial condition one can determine uniquely
— apart from a trivial time-dependent constant — the external scalar poten-
tial that generates the density,® and hence the associated wave-function (see
also discussion in Sec. 2.8.3). It is from the given initial conditions and this
correspondence that quantization must arise. The above thus guarantees
the exact equivalence between the two formulations. It is then a practi-
cal difficulty, not a conceptual one, to back-track from the solution of the
Madelung equations 8.11 to the solution of the Schrédinger equation 8.2.
3 If the external potential cannot be written as a scalar one only, namely one has a vector
potential, then the theorem of time-dependent current density-functional theory (Appendix F)

states that given an initial condition one can determine the external vector potential that
generates the velocity field.
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Finally, I mention that in this single-particle case, since the velocity field
can be written — in the absence of a vector potential — as the gradient of a
function (Eq. 8.6), the associated fluid flow is irrotational, namely the curl of
the velocity field is zero everywhere in space and at any given time (Ghosh
and Deb, 1982). This is not necessarily true for an interacting many-body
system, where electron-electron interactions produce dissipative effects in
the system dynamics. This is the topic of the next sections.

8.2 Hydrodynamic form of the Schrédinger equation

For a many-body interacting system the above equivalence is a bit more dif-
ficult to derive. Nonetheless, it can be done exactly (Martin and Schwinger,
1959). Here I simply state and discuss the results, and refer the reader to
Appendix I for some points of the derivation.

More specifically, let us consider a closed many-body electron system
whose Hamiltonian has the general form

H(t) = T+ W + Veu(t) (8.12)

describing electrons interacting via the Coulomb potential (described by the
operator W) subject to a time-dependent external potential represented by
the operator VeIt(t), and T is the sum of all kinetic energies of the electrons
(see, e.g., Eq. 6.1). The external potential may represent, for instance, the
electron-ion interaction potential 6.4, and any other external potential.

With this Hamiltonian we solve either the time-dependent Schrédinger
equation 1.16 or the Liouville—von Neumann equation 1.60 if the system is
in a mixed state.

I then define the velocity field*

_ i) (len)
v(r,t) = n(et) ~ () (8.13)

the ratio between the average of the current density operator 1.25 and the

number density operator 1.24. The average is done over the many-body
state of the system, whether the latter is in a pure or a mixed state.” The
above definition holds whenever the average density is not zero, and reduces
to Eq. 8.6 for a single particle if we make the de Broglie ansatz 8.3 (Exer-
cise 8.3). Note also that, unlike the classical case, since the wave-functions
4 In this chapter the current density is defined as the expectation value of the current density
operator 1.25. It thus does not contain a charge dimension.
5 Note that the velocity field 8.13 is not the expectation value of some velocity operator over the
state of the system. It is thus not an observable in the proper sense. Therefore, the properties

associated with this field must be interpreted as those derived from the density and current
density, which are observables.
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decay exponentially in the vacuum outside the sample region, both the den-
sity and the current density decay exponentially away from the sample.
However, their ratio 8.13 may remain constant, thus leading to a finite ve-
locity field even outside the sample; a fact which may be used to interpret
the Aharonov—Bohm effect (a purely quantum-mechanical effect) in a hy-
drodynamic picture (see, e.g., Casati and Guarnieri, 1979, for a different
derivation of this effect from quantum hydrodynamics).

Similar to the single-particle case of the preceding section, all “internal
interactions” are included in a stress tensor of the type

P;; (I‘, t) = W;; (I‘, t) + Ty (I‘, t), (8.14)

the sum of a Coulomb interaction part W;;(r,t) and a kinetic contribution
T;;(r,t) (see Appendix I for the explicit definition of these tensors).

In the present many-body case, however, the word “interactions” really
means all interactions among particles, and therefore the above stress tensor
cannot be easily written in terms of the single-particle density as in Eq. 8.8.

Finally, the equations of motion for the density and velocity field that, if
solved with given initial conditions, are equivalent to solving the many-body
time-dependent Schrodinger equation are (see Appendix I)

d[¥(t))
dt

if — H(t) [T(0))

Din(r,t) +n(r,t)V - v(r,t) =0
mn(r,t)Dyv;(r,t) + ViP;j(r,t) + n(r,t)V;Veu(r,t) =0, j=2x,y,2.

(8.15)

Equations 8.15 have the same form as the Madelung equations 8.11 with
the notable exception that the stress tensor does not have the same analyt-
ical structure as in the single-particle case. These equations are also exact,
namely no approximation has been made to derive them.b

Once again, they are similar to the equations of motion of a classical liquid
of density n(r,t) and velocity v(r,t) subject to an external field, where all
interactions among particles of the liquid are described by a stress tensor
P;; (Landau and Lifshitz, 1959b).

As in the single-particle case, given appropriate boundary conditions, if
we know the density and velocity of the system, then according to the theo-
rems of dynamical density-functional theories, we can determine the external

6 Note also that while we always discuss about electrons, this exact hydrodynamic equivalence
is also valid for bosons (Frohlich, 1967).
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(scalar or vector) potential that generates these quantities, and hence calcu-
late the state of the system via the Schrodinger equation. This guarantees
that solving 8.15 is equivalent to solving the many-body time-dependent
Schrodinger equation.

From a practical point of view, however, in order to solve 8.15 one needs
to know the equation of motion for the two-particle stress tensor P;; which
turns out to be dependent on the three-particle stress tensor, i.e., the one
describing interactions among three particles (see Appendix I). The equa-
tion of motion of the latter depends on the four-particle stress tensor, and
so forth, thus generating a BBGKY hierarchy of infinite equations (Ap-
pendix B).

It is true that, thanks to the theorems of dynamical density-functional
theories, the stress tensor P;; can be written, in principle, as a functional of
the density or velocity field (Appendices E and F). In practice, we do not
know such a functional.

It is then a question of what approximations we need to make to solve the
hydrodynamic equations for the single-particle variables n(r,t) and v(r,t).
I will show in the next section that transport in nanoscale systems allows us
to approximate these equations to the equivalent Navier—Stokes equations
of hydrodynamics (D’Agosta and Di Ventra, 2006).

In addition, the form of the obtained stress tensor describing interactions
among particles is similar to the one derived from linear-response theory of
the electron liquid with an effective viscosity (Vignale et al., 1997; Ullrich
and Vignale, 2002). This allows us to use, as a first approximation, the cal-
culated viscosity of the electron liquid in the estimates of many phenomena
I will describe in this chapter.

8.2.1 Quantum Navier—Stokes equations

By using what we have learned from the micro-canonical picture of transport
of the previous chapter, I now show that in nanoscale systems the set of
equations 8.15 can be closed, so that we can derive equations similar to the
Navier—Stokes ones that describe the hydrodynamics of classical liquids.”
In order to do this we need to know the dependence of the stress tensor
P; ; on collisions among particles. An approximate form of this dependence
can be derived from the quantum Boltzmann equation 4.155 I derived in
Sec. 4.6. From the definition of non-equilibrium distribution function we

7 An alternative derivation based on the assumption of local equilibrium is reported in Fréhlich
(1967).
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know that (see Eqs 2.136 and 2.137)®

n(r,t)=>_ f(r,pt) (8.16)

and

v(r,t) = ——— Y _pf(r,p,t). (8.17)

mn(r,t) >

In the language of stochastic processes I have discussed in Sec. 5.1 we
thus see that the density and velocity field are the first two moments of the
distribution — the density is the zero moment, the velocity is the first. In
general, the N-th moment of the distribution function is defined as

N 1
PN (r,t) = v S " piy o piy F(, D)), (8.18)
P

and provides information on all possible scattering processes among particles
of the fluid. Our goal is to find an equation of motion for the second moment
nggZ = P;;, the stress tensor entering Eq. 8.15.
Let us then start from Eq. 4.155 which in this case reads
0f(r,p,t)
ot

where the collision integral

+ %vrf(n p,t) - ere.’L‘t(rJ) : fo(r,p,t) = I[f]? (8'19)

I[f] = La[f] + Lin[f] (8.20)

can be separated into an elastic contribution due to the scattering of the
electrons with the nanojunction, and any other inelastic contribution.

In Sec. 7.6 I have shown that, in true nanoscale systems, the elastic contri-
bution dominates the collision processes at a total frequency approximately
given by v., Eq. 7.37. This implies that the system reaches a local equi-
librium fast due to the electron “squeezing” in the nanojunction. Since in
Eq. 8.20 the non-equilibrium distribution is the same for both the elastic and
inelastic processes, if the first ones force the system into a local equilibrium,
the second type of processes will follow with the same distribution.

In Appendix J I guide the reader through the derivation of the equation
of motion for P;;. All calculations are easier to do in a reference frame
co-moving with the liquid, one in which the current density is zero. Clearly,
all results are independent of the chosen reference frame.

8 Strictly speaking, r and ¢ are the Wigner coordinates 4.140.
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Here I just give the final result (summation over repeated indexes is im-
plied)

Dth] +P7JV v +Plkvkvj + Pkykaz + VP Uk = vapj 8 21)

As anticipated, we see from Eq. 8.21 that the equation of motion for P;;
(3)

involves the third moment P, e Using a similar approach, we could derive

3)

the equation of motion for P, i

(4)

for the fourth moment P, R and so forth, so that we again obtain an infinite

that would include an equation of motion

hierarchy of equations.

However, we note that Pl(f’k) enters in Eq. 8.21 only through its spatial
derivative. If the latter is small compared to the other terms, then the hi-
erarchy can be truncated.” The moment P( k) varies mostly within an effec-
tive length L where the inhomogeneities of the liquid involving interactions
among three particles occur. The derivative of Pl(jgk) is thus proportional to
1/L. The length L may depend on the current density and, in general, is
much larger than the atomic length of the nanojunction itself.'?

The velocity field may depend on the frequency w of the external field (in
the d.c. limit w — 0) or on the frequency v, at which the system reaches
equilibrium (Eq. 7.36), so that from the continuity equation in Eq. 8.15 we
see that the spatial derivative of the velocity field v is of the order of w or
Ve, whichever is larger. The first four terms in Eq. 8.21 are therefore of the
order of the larger between w and v..

Finally, the collision integral is proportional to the frequency v.. This is
easy to see if we choose the relaxation-time approximation, Eq. 4.157, for
the collision integral as discussed in Sec. 4.6 (with 1/7,; ~ v, )!!

I[f] = —ve[f(x,;p,t) = f*(r,p, )], (8.22)

where f°(r,p,t) is the local equilibrium Fermi distribution function 2.135.

Putting all this together we see that the spatial derivative of P( k) can be

neglected with respect to the other terms in Eq. 8.21 whenever

v
S ——a 2
g L max{w, v.} <5h (8:23)

9 Clearly, if Pl,(js]g and all higher-order moments are small, the equations of motion can also be

closed. However, this is a much more restrictive condition than the smallness of the spatial

derivative of P(j)

10 For quasi-ballistic structures, this length can be identified as the average length of electron-
electron collisions. In typical systems it is of the order of 1000 A or larger.

11 The conclusions, however, are independent of the chosen form of collision integral (see Foot-
note '3 in this chapter).
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with o the average electron velocity, and the symbol max{w,v.} indicates
the maximum of the two quantities. In what follows we will be interested
only in the d.c. limit, w — 0.

The parameter g is indeed small for transport in nanostructures. In
Sec. 7.6 we have seen that for typical nanoscale systems v, ~ 10'° Hz. Tak-
ing ¥ ~ 10% em/s (typical Fermi velocity), then condition 8.23 is satisfied
whenever L > 1 nm. This is true for many nanostructures.

To first approximation we can thus neglect the term VkPZ(.?,)C in Eq. 8.21,
which allows us to derive the form of the stress tensor P;;. In order to do
this let us write the stress tensor — as we do in hydrodynamics, (see Landau

and Lifshitz, 1959b) — quite generally as
P,,;j(r,t) = P(I‘,t)&;j - 7r,,;j(r,t), (824)

where the diagonal part gives the pressure of the liquid, and m;; is a traceless
tensor (Tr{mw} = 0) that describes the shear effect on the liquid, i.e., the
internal friction experienced by electrons when moving one against the other
at different velocities.

In d dimensions (d > 1), the pressure is related to the local equilibrium
Fermi distribution as

Pt = = S bl (e p. 1), (8.25)
p

which can be alternatively used as the definition of local equilibrium.

Replacing the definition 8.24 into Eq. 8.21 and neglecting the term VkPZ(.;’,)f,
we then find that Eq. 8.21 is equivalent to the coupled equations (see Ap-
pendix J)

2 2
D,P + (1 + d) PVv, — gﬂ'kjvkvj =0, (8.26)

2
— Dy — [Vkvﬂfjk + Vivjmi + Viopm; — dﬂ'klvkvz%]

2 1
+ P [Vkvi5kj + Vividiy — d5ijvkvk] = > pipiAlf]. (8:27)
P
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From Eqgs. 8.22, 8.24 and 8.25 we have

Ve

LS Il = 2 S by [ t) — (e 1)
p

m p
= Ve {Zplpjf(rv P, t) - ;Zplpjfeq(r>pat)}
P P

= —1, {Pij(r,t) — #525 szfeq(r,p,t)}
p
= — V¢ {P,] (I‘, t) — P(I‘, t)élj} = l/c7l'7jj (I‘, t). (828)

Following the same arguments that led us to neglect the contribution of the
third moment Pl(jgk) , in the zero-frequency limit — or generally for w/v, < 1
— we can neglect all terms on the left-hand side of Eq. 8.27'2 except the one
containing the pressure.

Using Eq. 8.28, the first-order solution of Eq. 8.27 is thus

2

i (r,t) = n(r,t) (Vjvi(r,t) + V,v;(r,t) g

6¢,jvkvk(r, t)) s (8.29)
where 7(r,t) = P(r,t)/v. is a real, positive coefficient which can be identified
with the shear viscosity of the liquid. It is associated with the internal
resistance to flow experienced by the liquid under shear stress.'® From a
microscopic point of view it is related to the transfer of momentum from a
layer of the liquid with a given velocity to an adjacent layer with a different
velocity.

Without proof, I just say that if we included higher-order terms in Eq. 8.27
one would then get corrections to Eq. 8.29 related to the compression of the
liquid beyond the simple pressure term. The new stress tensor — which is
no longer traceless — would then have the form

2
oij(r,t) =n(r,t) <Vjvi(r7t) + Vvj(r,t) — d5i,jvkvk(1‘,t)>

+((r,t)V - v(r, t)d;j, (8.30)

with the positive constant ¢ called the bulk viscosity of the liquid (see also
Appendix K). In liquids (and this is also true for the electron liquid, see next
section) the bulk viscosity is generally much smaller than the shear viscosity,
so that we can safely neglect this term in the following discussions.

12 As well as the term (2/d)7),; Vv in Eq. 8.26.

13 The use of the relaxation-time approximation 8.22 to derive Eq. 8.29 is not necessary since in

collisional dynamics the second moment % Ep pip;I[f] is always a linear function of the stress
tensor ;.
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Finally, using the form 8.29 of the traceless part of the stress tensor in

Eq. 8.15 we obtain the generalized Navier—Stokes equations for the electron

liquid in nanoscale systems (j = x,y, z)'

Din(r,t) +n(r,t)V - v(r,t) = 0, (8.31)
mn(r,t) D (r,t) + V; P(r,t) — Vﬂw(rﬂf)
+n(r,t)V;Veu(r,t) =0, (8.32)

which need to be solved together with the continuity equation 8.31. Equa-
tions 8.32 are formally equivalent to the classical Navier—Stokes equations
(Landau and Lifshitz, 1959b) with quantum-mechanical parameters enter-
ing via the shear viscosity of the electron liquid, its pressure, velocity and
density.

Important. It goes without saying that there may be nanoscale systems in
which condition 8.23 is not satisfied, e.g., those in which inelastic relaxation
mechanisms compete in importance with elastic effects. In addition, in
many mesoscopic structures g is not necessarily a small parameter. In those
instances, one cannot neglect the third moment of the distribution and the
equations of motion for the density and velocity field may not have the
simple form 8.32. Nonetheless, one could still derive those equations for
high enough frequencies and/or low enough densities.

In the atomic systems considered here it is convenient to include in V. (r, t)
the electron-ion potential energy Eq. 6.4 (which is time-independent) plus
the self-consistent time-dependent Hartree potential 3.11'® so that

Vet (r ZV“ r;Ri) + Vi (r, ). (8.33)

This is what we will consider in the following. This way, we just need to
know the self-consistent form of Vi, (r,t) which enters as a “geometric”
confinement for the liquid in the above Navier—Stokes equations. If we
know this form we can then use those equations to predict the electron flow
with electron-electron interactions included both in a pressure term and in
a shear viscosity. In particular, as in the classical case, the above equations
predict that the electron liquid at nanojunctions may undergo a transition
from laminar to turbulent flow.
14 The Navier—Stokes equations would be the same if one used the stress tensor o;;, Eq. 8.30. It
is enough to replace m;; with o;; in Eq. 8.32. Also, in the absence of viscous terms Eqs. 8.32

are called Fuler equations.

15 If the Hartree term is added into Veat(r,t) then it must be subtracted from the stress tensor
W, (r,4) (Eq. L13).
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Before discussing this phenomenon, however, let us derive some known re-
sults from the above equations and estimate the contribution of the viscosity
to the resistance of a nanojunction.

8.3 Conductance quantization from hydrodynamics

Let us consider Egs. 8.32 and assume the liquid is incompressible, namely the
density and viscosity are constant everywhere in space, even in the presence
of an external time-dependent field: n(r,t) = n, n = n(n).!

For an incompressible fluid then the continuity and Navier—Stokes equa-
tions 8.32 reduce to

Din=0, V-o(r,t)=0, (8.34)
mnDyv;(r,t) + V;P(r,t) — nV2v;(r, t)
+nV;Veyi(r,t) = 0. (8.35)

Given the external potential V.;, one then needs to solve these equations
to find the density and velocity profiles. This generally requires a numerical

procedure, but it can be done analytically in the following case.!”

The single-component liquid

Let us consider an ideal (n = 0) infinite 1D liquid along the z axis that we
may conceptually assume adiabatically connected to two infinite electrodes,
with (g the electrochemical potential deep into the left (right) electrode,
and pur — pugr = eV, with V' the bias, which we take to be very small so that
we can work in the linear approximation. The electrodes here play the role
of the reservoirs of the Landauer approach (Chapter 3).

From Eq. 8.35 we can derive Bernoulli’s equation, which simply states the
conservation of energy (see Appendix L for its derivation)

2 V..
% + h(n) + %t = constant, (8.36)

where v is the fluid velocity and h(n) = P/n = Er/m, the ratio between the
pressure and the density, or equivalently, the Fermi energy and the mass, is
the enthalpy.

From a hydrodynamic point of view the fluid can be seen as composed
of two types of carriers: those moving from left to right at velocity vy,
16 Tncompressibility is a reasonable approximation for metallic nanojunctions at low bias. How-

ever, it neglects the formation of local resistivity dipoles at the junction.
17 This discussion follows closely the one in D’Agosta and Di Ventra (2006).
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and those from right to left with velocity vg (as measured by a laboratory
frame, and I choose the positive axis for velocities pointing from left to
right). These two velocities are the local Fermi velocities on the left and
right electrodes where the fluid “originates” and gets “absorbed”. If we
take the external bias small enough that the velocities of the particles in the
fluid are distributed uniformly between the above two extreme values, vy,
and vg, the fluid velocity is nothing other than

v = 5ol = lon), (5.37)

which is the velocity of a reference frame co-moving with the fluid.

Within the same approximation of low bias, I can define a global Fermi
velocity (which is an “incoherent” component of the fluid velocity) as the
average between the left and right local Fermi velocities

1
o = 5(lex| + lugl). (5.38)

This is the velocity with respect to which the density of the fluid is de-
fined. In this 1D, stationary case V.;; = 0, since the liquid is confined to
move in just one direction with no external “barrier”, so that Bernoulli’s
equation 8.36 is

2 2 2 2

v vp 1 (vp vy 1(ML MR)

—F+ = |=4+-2)==(—=4+—). 8.39
2+2 2<2+2> 2 m+m ( )

Deep into the left electrode the liquid velocity merges with the velocity of
carriers on the left so that from the above equation

1)2%4_02%:%’ T — —0Q. (8.40)
Similarly for the liquid on the infinite far right

% + ﬁ = £R T — +o0. (8.41)

2 2 m’

By taking the difference between Eqs. 8.40 and 8.41 we get the relation
between the fluid velocity v and the bias

2movp = eV. (8.42)

The fluid current is

I =enw, (8.43)

where n is the density. For a 1D non-interacting system the density is (from
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Eq. 2.84)

:2kF:2mUF (8.44)

T hr

n

Replacing this density into Eq. 8.43 and using the relation 8.42 we finally
get
o
- h

which gives the linear-response quantized conductance

I=env V, (8.45)

dl 2¢é?
~dv k)’
I have derived in Sec. 2.3.4 using the Kubo formalism, and in Sec. 3.3.4
using the Landauer approach.

Go (8.46)

The above result is from yet another derivation and suggests an alternative
interpretation of the quantized conductance. The latter may be interpreted
as the one associated with an ideal (i.e., n = 0) single-component liquid of
charge e confined to flow in 1D. By “single-component” I mean a liquid with
uniform velocity.

However, the basic assumption in all three derivations is that the electrons
in the 1D channel get in and out at the infinite boundaries of the system
without “reflecting” back, and that they acquire either a local distribution,
or, in the present case, a local fluid velocity appropriate to the far bound-
aries. The latter may be interpreted as “basins” for the liquid. As already
discussed in Sec. 2.3.4 and in Sec. 3.7.2, this conductance, and correspond-
ing resistance, may be thus interpreted as the one an ideal electron liquid
experiences when it adiabatically flows into an infinitely large basin filled
with the same liquid.

When this happens, we lose information on the electron motion inside
the basins (reservoirs) due to the dilution of degrees of freedom (Sec. 3.8.2).
Therefore, we may equivalently interpret the quantized conductance as the
one due to the loss of information at the boundary between the system we
are interested in, and the basins (reservoirs) where we impose — or better
yet, measure — a velocity field (or electrochemical potential) difference.

If we assume that only a fraction T of electrons is transmitted due to the
presence of a barrier in the liquid, we can argue that, in the linear response,
the current is an equal fraction of the current in the absence of the barrier,
i.e., I = envT. The conductance is thus G = T'2¢?/h in accordance with
the two-terminal result Eq. 3.3.4.
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The multi-component liquid

Let us now assume that the liquid is formed by non-interacting particles
with different velocities. We can then group all particles with a given veloc-
ity into a component of the liquid. This is equivalent to the separation of
the scattering problem we have discussed in Sec. 3.3.3 into separate chan-
nels, each with a given velocity and density of states. The current in that
approach was simply the sum of contributions from all channels.

In this hydrodynamic formalism we can do the same, where by channel
we mean a single-component fluid where all particles (with a given density)
share the same velocity. In the linear response, according to the above
derivation, each fluid component contributes a conductance

2¢e?

i = 7111, 4
Gi=2 (8.47)

with T; the fraction of electrons that is transmitted due to the presence of
a given barrier along the fluid flow.

Since, by assumption, all fluid components are independent of each other,
namely they flow as if the other components do not exist (no friction be-
tween the different fluid layers), the total conductance is the sum over all
components

G—QﬁZT (8.48)
- h i (3] .

and the probabilities T; can be interpreted as the eigenvalues of the matrix
717 (see Eq. 3.211).

The above is clearly an idealization, since the different layers of the liquid
do interact with each other via Coulomb forces, which create a viscous drag
in the liquid. As discussed in Sec. 4.4 when interactions — beyond mean
field — are present one cannot define independent channels, the concept of
single-particle transmission breaks down, and Eq. 8.48 is not valid.

My goal for the following sections is to understand precisely the effect of
viscosity on the dynamics of the electron liquid in nanojunctions.

8.4 Viscosity from Time-Dependent Current Density-Functional
Theory

Before calculating the effect of viscosity on resistance, let us make a par-
allel between the hydrodynamic theory I have developed in the preceding
sections and time-dependent current density-functional theory (TDCDFT).
In Appendix F I introduce the basic theorem of this theory, which, given an
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initial condition, allows us to map the dynamics of the many-body problem
into the dynamics of effective single particles (Kohn—Sham system).

Using this formulation one then solves the following set of effective single-
particle equations (see Eq. F.1)

2
[iha _ L (—ihV _ EAe:bt(r,t) _ EAI(;(r,t)) — Veu(r,t)] ¢>;(€KS) (r,t) =0,
c c

ot 2m
(8.49)
with Vi (r,t) given in Eq. 8.33, and I have also included an arbitrary ex-
ternal vector potential A, (r,t).

The exchange-correlation vector potential A,.(r,t) contains information
on both the Pauli exclusion principle and on all other correlations effects.
Its exact form is unknown. However, an approximate form has been eval-
uated within linear-response theory for the inhomogeneous electron liquid
subject to a time-dependent perturbation (Vignale et al. 1997; Ullrich and
Vignale, 2002). It has been shown that its time derivative gives rise to an
exchange-correlation field E,., which can be written in terms of the equilib-
rium density and velocity field in the following “hydrodynamic” form (see
also Appendix F)

e Byey(r,t) = iml‘calt(rvt) — W VALDA(y ) 4 n(lr) 3 801c8,z7zj(r,t)7

(8.50)
where VP4 is the exchange-correlation scalar potential in the adiabatic

J

local density approximation (ALDA) (see Appendix E) and the exchange-
correlation stress tensor is, in d dimensions (d = 2, 3)'®

oo (r8) = [ t {ﬁ(n(r),t,t’) [vjw(r,t’) + V() — gaijv - v(r,t')}

0

+(n(r), t,t)V - v(r,t')éz-j} at', (8.51)

where % is an arbitrary initial time we may take to —oo.

The complex viscoelastic coefficients 7 and CN are related to the exchange-
correlation kernel of the homogeneous electron liquid evaluated at the local
electron density (see also discussion in Sec. 2.3.2). The coefficient 77(n,t,t")
contains information on the shear properties of the electron liquid (like its
shear viscosity and modulus), while the term ((n, ¢,t') on the bulk properties
(like its bulk viscosity and modulus), which together with the pressure of
18 Note that both the stress tensor 8.51 and the exchange-correlation force 8.50 are gauge invariant

since they correspond to physical quantities. The ALDA force, fViV;}:LDA(r,t), may be
alternatively written in terms of a vector potential (see Giuliani and Vignale 2005, p. 392-393).
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the liquid describes the response of the liquid to compression (cf. Eq. 8.30
and Egs. K.1 and K.2 in Appendix K).

It is important to note that the field E,.(r,t) is not conservative: it de-
scribes internal dissipation due to electron-electron interactions. In addition,
it does not vanish in the d.c. limit of zero frequency: due to the dynamical
behavior of the electrons, interactions that lead to viscosity cannot be elim-
inated at any frequency. This confirms once more a point I have made in
Sec. 3.11: ground-state density-functional theory (DFT) cannot capture the
full electron dynamics, even if we knew the exact ground-state functional.
Therefore, the current one obtains using the scattering approach of Chap-
ter 3 in combination with ground-state DFT cannot be equal to the true
many-body current, even in the linear response.

Loss of memory approximation

Both viscoelastic coefficients  and CN may be non-local in time so that the
stress tensor 8.51 includes memory effects, i.e., it depends on the full time
evolution of the system, including initial conditions.

If we assume that memory effects can be neglected, namely the shear and
bulk viscosities at a given time depend only on physical processes at that
instant of time

f(n,t,t') ~ f(n, t")o(t —t')

Clnitt') ~ C(n, t)0(t — ) } memory-less approximation,  (8.52)

then from Eq. 8.51 the stress tensor is

2
Oe,ij(r,t) =1(n,t) (Vjvi(r, t) + Vivj(r,t) — g&jv . v(r,t)>

+ 5(12, OV - v(r,t')d;;. (8.53)

This is of the same form as the stress tensor 8.30 I have derived in the
previous section without invoking linear-response theory, simply on the basis
of a fast relaxation mechanism at the nanojunction. Therefore, we can
interpret the quantity —V;V.AXP4(r,t) in Eq. 8.50 as the hydrodynamic
force associated with the exchange-correlation pressure.

As anticipated, the bulk viscosity of the electron liquid is much smaller
than the shear viscosity and can be thus neglected.!” With this approxi-
mation, the stress tensor 8.53 is of the same form as the one entering the
quantum Navier—Stokes equations 8.29.2
19 More generally, one can show that the bulk viscosity ¢(n,t) vanishes in the limit of zero fre-

quency, which is the one of interest here (Giuliani and Vignale, 2005).
20 We will see in Sec. 8.4.2 that only its real part contributes to the d.c. conductance.
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We have thus come full circle. We have shown that in nanostructures the
stress tensor can be written in a form, Eq. 8.30, similar to the one enter-
ing the classical Navier—Stokes equations. But we also know from linear-
response theory that the exchange-correlation effects can be represented in
a similar form, Eq. 8.53. This form is likely to remain valid even beyond the
linear response provided both the density and the velocity field are slowly
varying functions of position (see Appendix F, and Giuliani and Vignale
2005).

8.4.1 Functional approrimation, loss of information, and
dissipative dynamics

As discussed in Sec. 8.2, the basic theorem of time-dependent current density-
functional theory establishes that, for given initial conditions, the ezact
stress tensor P;;, Eq. 8.24, is a universal functional of the current den-
sity (see Appendinx F). This implies that the hierarchy of equations for
the moments of the distribution function, Eq. 8.21, can be formally closed
to all orders in the electron-electron interaction, and one could recover full
information on the system dynamics (see also discussion in Sec. 2.8.3).

Consequently, the Navier—Stokes stress tensor in Eq. 8.29 can be seen
as the first-order, non-trivial contribution to the ezract stress tensor of the
electron liquid (D’Agosta and Di Ventra, 2006).

If we knew the exact stress tensor, and the system were isolated — no
external force present — the dynamics described by Egs. 8.15 would be con-
servative, in the sense that the total energy of the system would remain
constant in time. As I discussed in Sec. 2.8.6, a partially known Hamilto-
nian introduces irreversibility in the system dynamics. Therefore, by cutting
off higher-order terms in the stress tensor we lose information on some cor-
relation degrees of freedom, and the dynamics becomes irreversible, even
though our original equations of motion are time-reversal invariant.

Here, irreversibility is also accompanied by dissipative dynamics: the vis-
cosity of the liquid generates energy dissipation into the degrees of freedom
we have left out by approximating the stress tensor.

From a practical point of view, if we want to obtain analytical results re-
garding the effects of viscosity on the transport properties of nanostructures
we can use the Navier—Stokes equations 8.32 with the viscosity coefficient
estimated from linear-response theory (see Appendix F). This is what I will
do in the next section.

Instead, if we are interested in full-fledged first-principles calculations of
transport in nanostructures, we can use, e.g., the micro-canonical picture de-
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scribed in the previous chapter, and solve the Kohn—Sham equations 8.49
with given initial conditions. (I will give later an example of such a cal-
culation.) The theorems I proved in Chapter 7 guarantee that the more
physical effects we include in the exchange-correlation functional — such as
the viscosity — the closer we are to the true total many-body current at any
given time.

Within the above approach one can thus study decoherence (Wijewar-
dane and Ullrich, 2005; Kurzweil and Baer, 2006), energy loss (D’Agosta
and Vignale, 2006) and other related electron-electron inelastic effects via
the solution of effective single-particle equations. In the next section I will
discuss the effect of viscosity on resistance in nanojunctions.

8.4.2 Effect of viscosity on resistance

Viscous resistance is by definition an inelastic electron-electron effect. There-
fore, its estimate is far from trivial. However, from the preceding section we
have seen that, in the context of time-dependent current density-functional
theory, the viscous dynamics of the electron liquid can be formulated in the
form of a non-conservative exchange-correlation “field” (Eq. 8.50), which
can be written in terms of the density and current density.?!

This field allows us to calculate the rate of energy dissipation associated
with it (Sai et al., 2007a). Before proceeding, I want to stress that all
considerations I make in this section pertain to a liquid in laminar flow.
This is likely to be a good approximation at low currents, but may not
hold for all currents and all nanostructures due to the possible onset of
turbulence (see Sec. 8.5). I will briefly mention at the end of this discussion
the consequences of turbulent flow on resistance.

Let us then work in the linear response, adopt the memory-less approxi-
mation 8.52 for the visco-elastic coefficients, and consider the d.c. transport
limit. Let us also assume the system is in an ideal steady state with current
I. We are interested only in the viscous (dynamical) contribution of the
field 8.50. Let us call this field

dyn _ . ) B
Ei (I‘) - e n(r) ul)li)% v] T acyij (I‘, w)? (854)
with (in three dimensions)
. 2
hr% U:rc,ij(r, u)) = n(n) (V(jvi + vi’Uj — 3(5ijvkvk> , (855)

21 Similar results have been found in Koentopp et al. (2006).
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where n(n) = lim, o Ren(n,w).
If j is the current density in the system, the rate of energy dissipation (the
power) due to viscous effects is then (Sai et al., 2007a)

dE
plvm — — = eZ/dI‘jz'(r) EM™(r)

2
= — Z/drvi Vj [n(n) <Vj11i + Vﬂ)j - 55”V . V>:| s
ij

(8.56)

where I have used the definition of velocity field 8.13.

Let us now assume that the viscosity varies weakly with position, n(n) ~
7, so that we can take it out of the integral. This is not always a good ap-
proximation, especially at nanojunctions where the local density may vary
substantially, e.g., molecular structures between metallic electrodes. How-
ever, it allows us to derive an analytical expression for the viscous resistance.

Integrating by parts the above expression and using the traceless property
of the tensor o, ;;, we can re-write Eq. 8.56 as (Exercise 8.4)

2 2
den = gZ/dI‘ I:Vjvi + V,‘Uj - gdijv : V:| |:Vj’l)i + Vivj - g(i,;jv VI,
ij

(8.57)
which is similar to the corresponding quantity one obtains from classical
hydrodynamics (see, e.g., Landau and Lifshitz, 1959b).

As a further simplifying approximation, let us suppose that the current
density is constant, |j| = j, and the velocity field is oriented only along the
direction of current flow, that we take the x axis: v = n~!j &, with & the
unit vector in the x direction. Like the assumption of constant viscosity,
this is also quite a strong approximation.

With this approximation Eq. 8.57 reduces to (Exercise 8.4)

plm — g 72 / dr E(vxn—lﬁ + (vw—l)ﬂ , (8.58)

where L represents the direction transverse to the velocity field.
Let us now write the total current I = e j w, where w is the cross section
of the nanostructure. The resistance due to viscous effects is then

den 4
R = = /dr [3(Vm”1)2+(vﬁll)2] ’ (8.59)

2 e2w?

which is a positive quantity and thus shows that viscous effects increase
the resistance (Sai et al., 2005). In addition, this resistance depends on the
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variations of the density at the nanostructure. The larger these variations,
the bigger the contribution of viscous effects to the total resistance. This
result can be understood quite easily by recalling that a local variation of
the density affects the local velocity field and thus increases the viscous drag
of the liquid.

From Eq. 8.59 we expect that this viscous resistance is small in all-metallic
junctions where the density varies smoothly, while it may be a larger per-
centage of the total resistance in nanostructures made of a material differ-
ent than that of the electrodes (e.g., molecular junctions) (Sai et al., 2005).
However, despite the simple result embodied in Eq. 8.59 I need to make a
few comments.

I have derived expression 8.59 within the linear response, and under the
conditions — discussed in Appendix F — of validity of Eq. 8.50. I have also
explicitly neglected viscosity variations, and any variation of the current
density transverse to the direction of current flow.

In nanoscale structures the current density may vary rapidly in the trans-
verse direction due to a decrease of velocity from the center of the channel to
the edges of the conductor (see, e.g., Fig. 8.2). The transverse density and
current density gradients can thus contribute significantly to the dissipation
effects at nanojunctions.

In addition, the viscous resistance would be further enhanced if turbu-
lence develops. As I will discuss in the next section, turbulent eddies may
develop near the junction thus creating extremely large variations of the
current density (D’Agosta and Di Ventra, 2006; Sai et al., 2007b). There
is no analytical theory of turbulence. Therefore, a quantitative evaluation
of the viscous resistance requires knowledge of the microscopic current and
density distributions at the nanostructure, and the dissipation power — and

associated resistance — can only be evaluated numerically for the case at
hand.

8.5 Turbulent transport

Let us now turn to the type of solutions of Eqgs. 8.32. We know from classical
mechanics (Landau and Lifshitz, 1959b) that the solutions of Eqs. 8.32 de-
scribe many different regimes. The non-linear regime pertains to turbulent
flow of the liquid, and is generally favored over the linear or laminar one.

By “favored” I mean that given a liquid confined by certain geometri-
cal constraints, there exists a larger set of physical conditions (such as its
density, current density, etc.) under which the turbulent solution exists
compared to the laminar one.
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The underlying physical reason for turbulence is that when the kinetic en-
ergy of the fluid in the direction of current flow (longitudinal kinetic energy)
is much larger than its transverse component, the flow becomes unstable
with respect to small perturbations. In this case, one would then observe
a local velocity field that varies in space and time in an irregular way, and
whose pattern is sensitive to initial conditions, much like the dynamics of
chaotic systems.?? In this regime, we would therefore expect the current to
fluctuate in addition to the usual fluctuations due to shot noise and thermal
noise I have discussed in Chapter 5.

I stress here that turbulence need not be fully developed. Fully devel-
oped turbulence corresponds to a completely (“uniformly”) chaotic velocity
field behavior in the whole system. This is the main topic of books on the
subject, for the simple reason that in this case one can employ simple argu-
ments — based on dimensional analysis — to extract general properties of a
phenomenon that has eluded a satisfactory theoretical description since its
discovery.

Indeed, in many systems — and in particular in nanoscale systems — tur-
bulence, if formed, is unlikely to be fully developed. Instead, it originates at
defects or geometrical constrictions, and its influence is limited to the prox-
imity of such defects/constrictions. Notice also that the irregular turbulent
current density pattern is not the same as that we expect in proximity to
defects in an ideal steady state. This pattern is static, while turbulence is a
dynamical phenomenon which does not even allow the definition of a steady
state as that for which a finite autocorrelation time exists (Sec. 5.1): the
system dynamics correlates in both space and time, generally according to
power laws (Landau and Lifshitz, 1959b). In addition, as I will discuss in a
moment, the departure from equilibrium is truly microscopic: in nanoscale
systems turbulent eddies are of nanoscale dimensions.

On the other hand, the laminar solution shows a “regular” and “smooth”
flow everywhere in space, and would not be so sensitive to initial conditions.

In classical fluid mechanics, in order to identify these regimes, it is custom-
ary to define a key quantity, the Reynolds number Re, as a non-dimensional
quantity that can be constructed out of the physical parameters of the sys-
tem, such as the density, the viscosity 7, etc.

Let us then follow a similar convention in the quantum case (D’Agosta and
Di Ventra, 2006). In d > 1 dimensions I give the following three equivalent

22 Chaotic currents have been theoretically predicted and experimentally demonstrated (Zhang et
al., 1996), e.g., in two-dimensional GaAs/AlAs superlattices (Bulashenko and Bonilla, 1995),
as well as in lower-dimensional superlattices (Zwolak et al., 2003).
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definitions of the Reynolds number for a system of linear dimension I,

Re:mnvl:mjl:@1l2_d, (8.60)
n n e 1N
where, given the current density j, I have used the approximate relation
I =~ ejl1%! for the average total electrical current.??

The stable and stationary flow is typically laminar for small Re, while for
large Re the flow is turbulent with a critical value R, — which is depen-
dent only on the geometry of the structure — separating these two regimes
(Landau and Lifshitz, 1959b). At, or near, the critical Re velocity eddies
form in the fluid flow which superimpose on laminar flow. These eddies are

initially stationary but, with increasing current, they diffuse in the system
and new ones are generated until turbulence is fully developed. This occurs
at Reynolds numbers typically much larger than R.,. From the definition of
Reynolds number 8.60 we immediately see that, given a geometrical constric-
tion, turbulence is favored by increasing the average current in the system
and/or by decreasing the viscosity.

Adiabatic vs. non-adiabatic potentials

In order to apply these concepts to nanostructures, and determine under
which conditions the transition from laminar to turbulent flow occurs, we
need to know the self-consistent confining potential V.,; that enters Eq. 8.32.
Microscopically, this potential may be a complicated function of position
— and possibly time — so that analytical solutions of the Navier—Stokes
equations are generally not available.

In Landau and Lifshitz (1959b), several geometries are analyzed that are
amenable to analytical solutions. In D’Agosta and Di Ventra (2006), two
important cases are studied for the electron liquid: an adiabatic constriction
(inset (a) of Fig. 8.1) and a non-adiabatic constriction (inset (b) of Fig. 8.1).
For details of the calculations in 2D I refer the reader to D’Agosta and Di
Ventra (2006). Here I just mention the main results.?*

Adiabatic constrictions. The liquid forms a laminar Poiseuille flow (Lan-
dau and Lifshitz, 1959b). This flow is stable against small perturbations for

23 From Eqs. 8.35 we easily see that the viscosity n has dimensions [n] = [M/L?~2T]. For
convenience, I am also assuming in definition 8.60 that the linear dimensions of the system are
similar in all directions. Otherwise one simply replaces in 8.60, 12 with I, ly in 2D, and 13 with
lzlyl, in 3D.

24 Note that these results are generally valid irrespective of the boundary conditions on the velocity
field (D’Agosta and Di Ventra, 2006).
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almost all Re numbers.?® The effect of viscosity on the resistance can then
be estimated as described in Sec. 8.4.2.

Non-adiabatic constrictions. There is a critical Reynolds number which
depends on the geometry of the constriction. In the simplest case repre-
sented in the inset (b) of Fig. 8.1 this critical number can be determined
analytically (Landau and Lifshitz, 1959b; D’Agosta and Di Ventra, 2006) as
a function of the opening angle of the constriction. It is plotted in Fig. 8.1
and separates the phase space in two regions: laminar flow for Re < R,
turbulent flow for Re > R... If a turbulent regime is reached we cannot
rely on a static calculation of conduction to obtain the resistance of the
system, and a dynamical first-principles calculation — using, e.g., Egs. 8.49
of time-dependent current density-functional theory — is necessary.

Since the microscopic self-consistent confining potential for electrons in
many nanostructures is likely to be non-adiabatic, we expect turbulence to
develop at sufficiently large currents and/or small values of viscosity.

Eddy size and energy dissipation

The dimension A\g of the smallest observable turbulent eddies can be esti-
mated from dimensional analysis and is of the order of (Landau and Lifshitz,
1959b; D’Agosta and Di Ventra, 2006)

R, 3/4 I.. 3/4
ot () () )

where I, is the critical current, i.e., the current that corresponds to R.;.

25 Instabilities occur at a critical Reynolds number of about 10%.
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The length )y is the smallest length scale over which energy is dissipated
due to electron-electron friction. In fact, in the presence of turbulence,
energy dissipation likely occurs via a cascade process (Landau and Lifshitz,
1959b), whereby the energy associated with the whole liquid — energy stored
over a large length scale — is transferred to eddies of ever decreasing length
scales, till the largest energy dissipation occurs at length scales of the order
of )\0.

For the non-adiabatic potential represented in inset (b) of Fig. 8.1 we
easily see that \g decreases rapidly with increasing angle. Let us estimate
it for a 2D gold point contact. If we take as n the one calculated within
linear-response theory (Eq. F.9 in Appendix F; n/An ~ 0.02 for rs ~ 3ayg),
m =~ 1m, and a typical current of 10 pA, Re ~ 10 from Eq. 8.60. In order
to have turbulent flow, from Fig. 8.1 we see that we need to have an angle
larger than 7/2, i.e., a strongly non-adiabatic constriction.

In 3D the phase space for developing turbulence is larger than in 2D.
We thus expect turbulence to develop at smaller Reynolds numbers in 3D
nanostructures.

A numerical example

Let us illustrate the above results using the micro-canonical picture of trans-
port of the previous chapter and time-dependent current density-functional
theory. Figure 8.2 depicts the flow of electrons across a quasi-2D closed
nanostructure, prepared as discussed in Sec. 7.3, in a range of biases be-
tween 0.02 V and 3 V. Electrons are compensated by a uniform background
charge (jellium model with ry ~ 3ag). Panels (a)—(d) correspond to the
solution of the Eqgs. 8.49 with the approximate exchange-correlation vector
potential given in Eq. 8.50 in the memory-less assumption 8.52. Panels (e)-
(h) correspond to the solution of the Navier—Stokes equations 8.35 for an
incompressible liquid with the same viscosity, average density and velocity
(Bushong et al., 2007a). Panel (a) has to be compared with panel (e); panel
(b) with (f), and so on.

There are clearly some differences between the solutions of Eqs. 8.49 and
the solutions of Eqs. 8.35. These differences are mostly due to the details
of the charge configuration at the electrode-junction interface, in particular
some degree of compressibility of the quantum liquid in the junction (see
discussion in Sec. 7.3), which has been neglected in the solutions of Egs. 8.35.

Nevertheless the similarity between the flow patterns within the two ap-
proaches is striking. At low biases, the flow is laminar and “smooth”. At
these biases the current density shows an almost perfect top—bottom sym-
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Fig. 8.2. Panels (a)—(d): Electron current density (arrows) for electrons moving
from the top electrode to the bottom electrode across a nanojunction. The solid
lines delimit the contour of the junction. The snapshots are taken at ¢t = 1.4 fs
from the initial time, for an initial bias of (a) 0.02 V, (b) 0.2 V, (¢) 1.0 V and
(d) 3.0 V. Panels (e)—(h): Velocity field solution of Egs. (8.32) for a liquid with
same velocity, density and viscosity as the quantum-mechanical one. Adapted with
permission from Bushong et al. (2007a).

metry: the direction of the flow is symmetric with respect to the symmetry
z— —z.

With increasing current, however, a transition occurs: the symmetry z —
—z of the current density breaks, and eddies start to appear in proximity
to the junction. This is clearly evident, for instance, in Fig. 8.2(d) and (h).
The outgoing current density in the bottom electrode has a more varied
angular behavior, in contrast to the behavior in the top electrode, in which
the electron liquid flows more uniformly toward the junction. As expected
from the above analysis, these eddies are of atomic-scale dimension and are
not static, but evolve in time and diffuse in the bottom electrode. Clearly,
they would be different for different geometries of the junction/electrodes,
and the density of the liquid.

Eventually, the left—right symmetry in the current density also breaks
(see, Bushong et al., 2007a; Bushong et al., 2007b). An example of the
current density in such a case is depicted on the front cover of this book for
a 3D junction.?¢

26 A possible experimental way to determine the transition from laminar to turbulent flow is
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I finally stress that in these calculations, as in all the ones in this chapter,
the viscosity is assumed to depend on the density only, and not on the
current density (or bias). This is quite a strong approximation, and some
bias dependence is expected to occur away from linear response. In this
regime, the above numerical results can only represent a qualitative behavior
of the electron flow.

8.6 Local electron heating

The internal friction of the electron liquid creates yet another phenomenon
that is particularly important in nanostructures: local electron heating. This
phenomenon is analogous to the local ionic heating I have discussed in
Sec. 6.3 involving electron-ion interaction.

We can understand this effect similarly to the ionic heating. Due to the
large current densities in nanojunctions compared to their bulk counter-
parts the electron-electron scattering rate increases locally in the junction
(D’Agosta et al., 2006). The underlying Fermi sea would thus “heat up”
locally due to this increased scattering, via production of electron-hole pairs
whose energy needs to be dissipated away from the nanostructure. By “lo-
cally” T mean both in the nanostructure and in its immediate neighbor-
hood.?”

Determining this effect via standard perturbation techniques seems hope-
less: one would need to determine transition probabilities between many-
body current-carrying states.

Instead, we can use the hydrodynamic picture we have developed here.
In this picture this phenomenon can be understood as an increase of the
velocity field of the liquid locally in the junction compared to its bulk value
—the velocity of a liquid increases the more it is “squeezed” while its pressure
decreases (cf. Bernoulli’s equation 8.36).

This increased kinetic energy generates, via internal friction, heat in the
junction, which eventually has to be dissipated away into the bulk electrodes.
To this heating we can associate a local electronic temperature, 0. (r,t), in the
sense discussed in Secs. 2.4 and 6.3: it is the temperature ideally measured by
a local probe at equilibrium with the electrons at the given position in space

and at any given time.?8

described in Bushong et al. (2007b), where it is suggested that the magnetic field created
by the current shows an increased top-down asymmetry with increasing current, namely with
increasing degree of turbulence.
27 There are plenty of electrons at the contact between the nanostructure and the bulk electrodes.
28 As always, while this resembles an operational definition, it is clearly not easy to realize exper-
imentally.
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This local electronic temperature would also affect the electron-phonon
scattering rates, and consequently the bias dependence of the ionic tem-
perature — which is relatively easier to measure than the temperature of the
electrons. I want to determine both the bias dependence of the local electron
heating, and its effect on ionic heating.

Let us start from simple considerations on the expected bias dependence of
the electron heating. Assume first no electron-phonon scattering is present in
the system and zero electronic temperature in the bulk electrodes, 6y = 0.
Let us also suppose no turbulence develops; otherwise this phenomenon
would create fluctuations of the local temperature which are difficult to pre-
dict, and, in addition, energy dissipation may occur via the cascade process
I have discussed in Sec. 8.5.

If V is the applied bias and R the resistance of the nanojunction, the
power generated in the nanostructure due to exchange of energy between the
current-carrying electrons and the underlying Fermi sea has to be a small
fraction of the total power of the circuit V?/R. Let us define this fraction
as P, = a(R)V?/R, with a(R) a positive constant — that may depend on R
— to be determined from a microscopic theory.

At steady state this power has to balance the thermal current I, (heat per
unit time) carried away into the bulk electrodes by the electrons.?? Let us
assume that the thermal conductivity k follows a bulk law, i.e., it is related
to the specific heat per unit volume measured at constant volume Cly (6.)
through the Wiedemann—Franz law (see, e.g., Ashcroft and Mermin, 1975)

1
k= ZurACy (60.), (8.62)

where 6, is the electronic temperature, vg is the Fermi velocity, and A, is the
electron mean-free path. This law holds when the energy of each electron
is, to a good approximation, conserved during scattering. I will justify this
assumption in a moment (see Sec. 8.6.1).

At small temperatures the specific heat of an electron liquid is linearly
dependent on temperature, Cy (6.) = 7% k% n 6. /2EF, where n is the density
and Er the Fermi energy. Using the relations k:% = 372n (valid for non-
interacting electrons) and Er = mv% /2, we then get

(8.63)

with kr the Fermi momentum and kg the Boltzmann constant.

29 This process can be seen as the creation of electron-hole pairs that move away from the junction,
eventually recombining in the bulk.
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The thermal current, at small temperatures, is then I;; oc k6, = v62. At
steady state we have the condition

P.=5L,—0.xV @R, zero background 6, (8.64)
Y

which predicts a linear increase of the electronic temperature with bias.?? If
the electrodes are at a finite temperature 6y then similar to the discussion
that led us to Eq. 6.75 we have

P =107 — I3 — 6.pp = (62 +6%)Y/?, finite background 6.  (8.65)

8.6.1 Electron heat conduction

Before proceeding with the estimate of the temperature let us give a simple
argument to justify the use of the bulk form, Eq. 8.63, of the electron heat
conductivity in quasi-ballistic systems at low temperatures (and bias) and
in the absence of electronic resonances and turbulence.?!

Due to the small size of nanostructures and long electron inelastic mean
free paths, we expect that, like the local energy of phonons, the local elec-
tron energy is dissipated away from the junction more efficiently via elastic
scattering. Therefore, suppose electrons tunnel across the junction from
the left electrode, which is in local equilibrium with a temperature 6; and
electrochemical potential py, to the right electrode at temperature 0 and
electrochemical potential pup. If the transmission coefficient for electrons to
move elastically from left to right is 7 (F), the energy current they transport
is of the form (cf. Eq. 6.83)

I / dE ET(E) [f1(E,05) — f(E.01)] (5.66)

where fr,(g) is the local Fermi—Dirac distribution function of the left (right)
electrode at its own local temperature and electrochemical potential (Eq.
1.80).

Let us set 8 = 0 and consider a small left electrode temperature 6; = 6,
(cf. also discussion of the thermopower in Sec. 6.4). For small biases, in the
absence of electronic resonances, we may take the transmission coefficient
7 (E) to be independent of energy. Call this quantity 7 = 7 (E).

30 Note that, unlike the local ionic heating, there is no “critical” bias in the electron heating
effect: current-carrying electrons can scatter the Fermi sea at any bias and create electron-hole
pairs in the process.

31T am not aware of a complete theory of electron heat conduction in nanostructures.



406 Hydrodynamics of the electron liquid

From Eq. 8.66 we therefore see that I, o< 762, i.e., the thermal conduc-
tivity must be of the form

k= ~T0,, (8.67)

which is similar to the form 8.63 — with possibly a different coefficient v —
except that it explicitly contains the transmission coefficient. A larger value
of 7 means a more efficient way for electrons to transport energy from one
region to the other.

In the linear response, away from electronic resonances, and in the absence
of turbulence we do not expect the coefficient v to be much different from
the bulk value appearing in Eq. 8.63.3

In what follows, therefore, I will assume k equal to

b TkEE3 A
9h
with 6. possibly dependent on position.

0, , (8.68)

Clearly, for an accurate quantitative result one needs to determine all the
above quantities — for each system — from first principles.

8.6.2 Hydrodynamics of heat transfer

We now need a microscopic theory to determine the coefficients entering
Eq. 8.64. This theory needs to take into account the influence of electron-
electron interactions on both the heat production and transport.

The hydrodynamic theory I have introduced in the previous sections is
well suited for this problem. We know from classical fluid dynamics that the
internal friction of a fluid gives rise to local entropy production, where the
entropy in this non-equilibrium problem must be interpreted as the statisti-
cal entropy I have defined in Sec. 2.8. If there is a variation of temperature
in the liquid, and the latter has a position- and time-dependent thermal
conductivity k(r,t), then the balance equation of this entropy production is
(Landau and Lifshitz, 1959b)

n(r,t)f.(r,t)Dys(r,t) = o;(r, t)0jvi(r, )

(8.69)
+ V- [k(r,t)VO(r, t)],

32 Turbulence can produce local eddies in proximity to the junction where heat is generated non-
linearly at a high rate (Sec. 8.5). Electronic resonances produce multiple reflections inside the
nanostructure (Sec. 3.7.1.1). Electron-hole pair production is thus enhanced with different high-
order processes occurring at comparable rates. In both cases, the heat conductivity coefficient
may deviate substantially from the bulk law.



8.6 Local electron heating 407

where s is the local entropy per unit volume and o;; is the liquid stress
tensor.?? Equation 8.69 can also be derived from first principles for the
electron liquid along the same arguments I have used to derive the quantum
Navier—Stokes equations.?

Here I start from Eq. 8.69 in analogy to the classical case and study its
steady-state solutions. The electron stress tensor is either Eq. 8.30, if we

keep the bulk viscosity, or Eq. 8.29, if we neglect it.

Incompressible electron liquid

For a general nanostructure Eq. 8.69 needs to be solved numerically.?> We
can however estimate the order of magnitude of the heating effect in the case
in which the electron liquid can be assumed incompressible.?S We proceed
along the following lines.

Let us postulate that the following relations are valid out of equilibrium
as they are at (quasi-)equilibrium (Landau and Lifshitz, 1959b)

0s 0s 0.  cp 00,
T (ae)P a0 o (8.70)
and
vs=(25) vo, = g (8.71)
s=\aa. ), V=9 V0 :

where the subscript P indicates that the derivative has to be done at con-
stant pressure, and cp is the electron specific heat at constant pressure.?”
Replacing 8.70 and 8.71 into 8.69 we then get the heat equation for an

incompressible liquid,®

33 As before, we are assuming that the system is in local thermal equilibrium, thus local ther-
modynamic quantities such as energy and entropy densities can be defined as I have done in
Sec. 2.4. However, unlike the global equilibrium case, the statistical entropy defined here can
both increase and decrease in time: the energy is transferred in and out of the local volumes
where the entropy is defined.

34 The derivation requires one to keep the third and fourth moments of the distribution 8.18, and
neglect the fifth-order one. I refer the interested reader to Tokatly and Pankratov (1999), for
such a derivation.

35 See D’Agosta et al. (2006), for an analytical solution in the case of a quasi-adiabatic potential.

36 As T have discussed previously, this is a good approximation for metallic quantum point con-
tacts.

37 The specific heat per unit volume is Cp = ncp. At room, or lower, temperature, within
corrections of the order of (kpf./EFr)?, we can approximate Cp = Cy .

38 In the presence of temperature variations the density cannot be strictly constant. However,
if the variations of the temperature are small and the velocity of the fluid is smaller than the
Fermi velocity, the liquid can still be assumed incompressible.
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oij(r)0jvi(r) + V - [k(r,t)V.(r,t)] = ncp <%9te +v(r,t)- Vﬂe(r,t)> :

(8.72)

Assuming that the temperature variations are maintained by external sources
— in the present case the energy supplied by the battery and the “cooling”
provided by the external environment — we can assume the temperature (and
thermal conductivity) constant in time and solve the steady-state equation

0;j(r)0jvi(r) + V- [k(r)VO.(r)] = ncpv(r) - V. (r). (8.73)

The first term on the left-hand side corresponds to heat generation due to the
internal friction of the electron liquid. The second one on the left-hand side
is the heat transfer (diffusion) due to the presence of temperature differences
in the liquid, and would be present even in the absence of mechanical motion
of the liquid.

Finally, the term on the right-hand side is the advection term and is related
to heat transport due to the actual movement of the particles in the liquid.
Equations 8.31, 8.32, and 8.73 constitute a complete set of equations to
describe the charge and heat flow of an incompressible fluid at steady state.

Once again, the solution of Eq. 8.73 for an arbitrary external potential
requires numerical integration. To obtain an analytical solution I proceed
as follows.

Let us suppose, as we did in Sec. 8.4.2, that the velocity field does not
vary appreciably in the directions transverse to current flow, which I take
along the x axis. In addition, I take the viscosity to depend only on the
density, and not on the local temperature.

The stress tensor is thus (from Eq. 8.30 without the bulk viscosity)

2
Opy = <2 — d) NV Vg (8.74)

Replacing Eq. 8.74 (d = 3) and 8.68 into Eq. 8.73 we get®”

"3\ o 2" o a2 Vg (8:75)

4 <8vx ) 2 1kLER N 9762 9
By assuming that both the first and second derivatives of the temperature

391 assume here 7 = 1 and Cp = necp = Cy. The inclusion of a finite transmission function
requires specific knowledge of the velocity profile that leads to such transmission.
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are appreciably different from zero within a length L < A.,** we see from the
above equation that the ratio between the advection term and the diffusion
one is of the order of v, L/vpA.. In quasi-ballistic nanoscale systems this
ratio is much smaller than one.

I can therefore neglect the contribution of the advection term. The equa-
tion we need to solve is thus

4(81)1.)2 1k kS N 0202
3

Ox 2 9k Ozx2 =0 (8.76)

The change of velocity with bias can be estimated as follows. Let us start
from Bernoulli’s equation 8.36 for the liquid slightly away from the junction

in the z direction where the potential of the junction can be assumed zero,*!
2
E E 1%
Yo | ZF _o2F | €V (8.77)
2 m m m

If we write v, = vgp +dv, and assume dv, < vp, from Eq. 8.77 we find dv, =~
eV/mup. If L is again the length over which the velocity and temperature
change most, we can linearize Eq. 8.76 as

4 (60, \?> KRk A 62
n3 <L> “ o 2% (8.78)

where I have defined as 6, the average electronic temperature over the length
L, and the minus sign is because the temperature increases inside the junc-
tion, thus its second derivative in space is negative. Solving Eq. 8.78 we

then get
- e 4n
O =V —— /7 .
’ kg \ hnkp. (8.79)

where I have used the relation ki’; = 3n%n, with n the density of the liquid.

Equation F.8 in Appendix F shows that the ratio n/hn is a number de-
pendent only on the “average distance” between electrons, rsag. Call this
ratio ¢(rs). Let us take kp ~ 1 A~1 and A, ~ 1000 A, typical of metallic
quantum point contacts.*> From Eq. 8.79 we get

0. =~V B/c(rs), (8.80)
with 8 ~ 235 K/V.

40 That is equivalent to saying that most of the electron temperature variations occur in the
nanostructure whose characteristic length is much smaller than the inelastic mean-free path.

41 The factor of 2 in front of Er on the right-hand side of Eq. 8.77 comes from the fact that we
consider two Fermi gases, one on the right and one on the left of the junction, and we neglect
the small interaction energy between the two.

42 We are here implicitly assuming that both A. and the viscosity  do not vary appreciably in
the bias range of interest.
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In 3D, if we consider a gold point contact, 75 ~ 3ag, ¢(rs) ~ 0.017 (from
Eq. F.8). We therefore get 6, ~ V x 31 [K/V]. At a bias of 0.1 V, the local
electronic temperature is thus about 3 K. For comparison, the ionic one, at
the same bias, is about 50 K (see Sec. 6.3.1 and Chen et al., 2003).

Recall, however, that the above is an oversimplified derivation meant to
provide an order of magnitude of this phenomenon. The exact values of
the electronic temperature clearly depend on the microscopic details of the
junction and, to a large extent, on the exact form of the heat conductivity,
Eq. 8.68, and the value of the inelastic mean-free path ..

Let us finally note that, as in the case of localized phonon modes (see
Sec. 6.3), if the generated electron-hole pairs are not able to diffuse away
from the junction, then from the point of view of the electrons in the Fermi
sea the current-carrying electrons are simply excited at an effective finite
temperature of the order of eV /kp. This is the amount of departure of the
electron distribution from the equilibrium value, irrespective of the electron-
electron interaction strength. In this case, much larger electronic tempera-
tures may be obtained.

8.6.3 Effect of local electron heating on tonic heating

The discussion in the previous section neglects the correlated effect of electron-
ion interaction. In particular, it does not take into account that part of the
energy of the current-carrying electrons goes into the excitation of ionic vi-
brations. Since the latter effect generates a local ionic temperature, which,
as discussed in Sec. 6.3, may be measured experimentally, the relation be-
tween local ionic temperature and local electron temperature may provide
evidence of the electron heating effect.

If we consider the electron-phonon interaction, then each electron can
either scatter with other electrons or with phonons. Since the source of
energy is the same for both processes — the initial energy of the electron —
the ‘onic temperature must be lower in the presence of the electron heating
than without: part of the energy that would otherwise go to heat up the
ions is “lost” into heating of the electrons.

Within the assumptions of the previous section, to first order we can as-
sume the electron-electron and electron-phonon processes independent, and
occurring with equal probability. Let us also suppose that, for a given bias,
the local electron temperature in the absence of electron-phonon scattering,
0, is smaller than the ionic temperature in the absence of electron heating,
eion-

The energy lost by an electron due to electron heating is “seen” by the
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phonons as a sink of energy at the electron temperature 6.. This energy
however is “lost” by the phonons at their own rate. As done previously, let
us assume a bulk lattice heat conduction law and start from zero background
temperature for both electrons and ions. The energy per unit time not
gained by the phonons due to electron heating is thus —ozphﬁﬁ, where oy, is
the lattice heat conductance coefficient (Sec. 6.3.1).

The balance between the power in and the power out at steady state is
therefore (for 6. < 0;0y,)

— 091 zero background 6.

(8.81)
In terms of the bias, 6,,, = fyph\/v and 0, = ~.V, where 7,;, and v, need to
be determined microscopically as discussed in the preceding section and in
Sec. 6.3.

4 4 4 4
apheeff = aph0i07l - aphae - geff = (eion

325

Fig. 8.3. Experimental local
ionic temperature (symbols) as
a function of bias for alkane-
dithiol molecules of different
lengths between bulk electrodes.
Theoretical predictions are from
Eq. 8.83 and are indicated as
solid lines. Reprinted with
205 A C10 permission from Huang et al.
00 04 08 12 16 (2007).
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Equation 8.81 is thus (for V' < (y,1/7¢)?)
Ocpr = (’y;lh V2 At vHY4 gero background 6. (8.82)

Finally, if we assume a finite background temperature 6y (for simplicity
the same for electrons and ions), the effective ionic temperature is (see also
discussion in Sec. 6.3)

Ocr = (63 + 7;31h V2 —AtvHY4 finite background 6. (8.83)

From the above we thus see that at low biases the ionic heating domi-
nates, while at large biases electron heating increases in importance till it
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effectively “cools” the local ionic temperature of the nanojunction. In order
to observe this phenomenon, the electron-phonon coefficient, ~,;,, and the
corresponding electron-electron one, ., must be of comparable magnitude.
From the estimate in the previous section, we can argue that this is likely to
occur in structures where ionic heating is small, as in insulating molecular
structures.

A preliminary indication of this phenomenon has been reported exper-
imentally in molecular structures (Huang et al., 2007). This is shown in
Fig. 8.3 where the effective local ionic temperature as a function of bias
for alkanedithiol molecules of different lengths has been extracted from the
effective force necessary to break the junction. The temperature saturation
and reversal as a function of bias is clearly visible.

Summary and open questions

In this chapter I have shown that the many-body time-dependent Schrodinger
equation can be written equivalently in a hydrodynamic form in terms of the
single-particle density and velocity field. All interactions among particles are
lumped into a stress tensor, which, however, is generally unknown.

Due to the fast elastic collisions electrons experience at a nanojunction,
the above stress tensor can be approximated to a form similar to the one en-
tering the classical Navier—Stokes equations. The form of this stress tensor is
also similar to the one obtained within linear-response theory of the electron
liquid, making the connection between hydrodynamics and the Schrédinger
equation even stronger.

Within this approach I have derived the conductance quantization for a
charged non-viscous fluid in 1D. In addition, this hydrodynamic formulation
suggests several phenomena with classical counterparts, such as turbulence
of the electron liquid and local electron heating.

The latter in particular has consequences for the local ionic heating effect,
namely it suggests that ions effectively “cool” at high biases due to “loss”
of energy towards electron-electron interaction degrees of freedom.

All the results, however, are qualitative due to many factors. For one, the
viscosity dependence on bias is unknown for nanostructures. Second, a mi-
croscopic theory of electron heat transport at nanojunctions is still lacking.
In addition, it is not clear how heating is generated in the regime in which
electron-electron and electron-phonon interactions are of the same magni-
tude. A theory that addresses the correlated dynamics of many electrons in
interactions with ions is thus necessary.

Finally, due to its “economical” description in terms of single-particle
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properties such as the density and velocity field, the hydrodynamic formu-
lation seems ideal to study poorly understood effects such as dephasing and
memory effects in transport. Its generalization to spin-dependent phenom-
ena would also contribute to our understanding of these issues in nanostruc-
tures.

Exercises

8.1 The Madelung equations. (i) Consider the de Broglie ansatz
8.3 for a single-particle wave-function. Insert this form into the
Schrodinger equation 8.2. Show that this decouples into the two
equations of motion 8.4 and 8.5. (ii) Prove that by defining the stress
tensor 8.8 one obtains the Madelung equations 8.11. (iii) Show that
the stress tensor 8.8 can be written as

(V2 n)di; + f;(v”? n)ivj n) (E8.1)

where the first term on the right-hand side can be interpreted as
the pressure and the second term as the shear stress temsor. Note,

2
P.= —
(%) m

however, a substantial difference with the Navier—Stokes shear stress
tensor 8.29. This latter one depends on the derivatives of velocities,
not of densities.

8.2 Vanishing of the quantum force in the single-particle case.
Show that for a single particle in an external potential the “ hydrody-
namic quantum force” associated with the “potential” 8.7 vanishes
if \/n is an eigenstate of the Laplacian, namely

Vi/n = M\/n, (E8.2)

with A an arbitrary real number.

8.3 Consider a single particle in a non-magnetic external field. The
expectation value of the paramagnetic current density operator over
a state U(r,t) is

i(r, 1) = %Im{[\ll(r,t)]*v\ll(r,t)}. (F8.3)

Write this state using the de Broglie ansatz, Eq. 8.3. Show that the
velocity field 8.13 is equivalent to the single-particle definition 8.6.
8.4 (i) Consider the rate of energy dissipation 8.56. Integrate this ex-
pression by parts, and use the fact that the tensor o, ;; (Eq. 8.55)
is traceless to prove Eq. 8.57. (ii) Assume now the current density
constant, |j| = j, and the velocity field oriented along the direction of
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current flow z: v =n~! j2. Show that in this case Eq. 8.57 reduces
to Eq. 8.58.



Appendix A

A primer on second quantization

This appendix is meant to cover only the basic facts of second quantiza-
tion that are relevant to this book, and it is thus not a comprehensive
account of this formalism. The reader interested in an in-depth proof of
all the statements presented here should consult books fully dedicated to
many-body techniques (see, e.g., Fetter and Walecka, 1971; Mattuck, 1976;
Mahan 1990).

Fermions

Let us consider a system of N non-interacting and indistinguishable particles
that satisfy Fermi statistics (see Sec. 1.4.6). If {¢y(r)} is a general complete
set of orthonormal single-particle states — with k denoting any possible quan-
tum number — the many-body wave-function describing this system is the
Slater determinant of the N x N matrix built out of the single-particle states

Ok, (r1) oo Ppy (i)

1
@k’l,kg,..,,kN (rl; e I'N) = W

(ﬁkw'(rl) . ¢kw '(I‘N)

1

The set of all possible Slater determinants forms a complete basis set in
the Hilbert space Hy of the N-particle system. This means that if the N
particles interact with each other or with an external perturbation, a general
many-body state of the system can be written as a linear combination of

415
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Slater determinants

U(ry;...5ry) = Z Cryvkony Phy o by (T15- .05 TN), (A.2)
ki,..kn
with Cj, .k, arbitrary c—numbers.

Now, since the particles are indistinguishable it is much more convenient
to use a representation in which the only information we care about is how
many particles are in a specific single-particle state {¢y(r)}. If we denote
with ny the number of particles in state {¢x(r)} (also called the occupation
number) we can write in Dirac notation

®k1,k2,...,k;\r (1‘1; vy I'N) = <I'1; . ;rN]nkl yoo nk\ >, (A3)
with

> g, =N. (A.4)
k;

More compactly we write

’(I)k17k27~-7k1v> = |nk1 g 7nkN>7 (A'5)

which can be interpreted as the N-particle non-interacting state in which
ni, particles are in the single-particle state {¢y, (r)}, ng, particles in the
state {¢g, (r)}, and so on.

We are dealing now with a new class of states, which are called Fock states,
and the corresponding space spanned by these states is called Fock space,
which is an “extended” Hilbert space with variable number of particles.

Creation and annihilation operators

With this in mind, we may define operators on this space that either create,
&L, or destroy, ay,, a particle in any given single-particle state {¢y, (r)}. In

.|.

particular, we may define the successive action of the creation operator a;_
2

on the vacuum state — the one with zero particles —
|0,0,...,0) = |0) (A.6)
so that
(P gy ) = Gy @) -] 0). (A7)

Since we are dealing with fermions, a successive application of creation
and destruction operators on the same state exchanges particles and thus
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the many-body wave-function has to change sign. We thus define the action
of creation operators as

af [y, = (D) (L= ng) gy g, 1,00 (A.8)

i

and the action of annihilation operators (Hermitian conjugate of the creation
operators) as

(Alki ]nkl yoee g iy et > = (—1)& n; |nk1 yee ey Mgy — 1, - .>, (A9)
where the coefficient

Si=np +...+ng,_, = anl (A.10)
I<i
takes into account the fact that each occupied single-particle state preceding
the particle state ¢ in |ny,, ..., ng,,...) contributes a factor (—1) to the wave-
function.
It is easy to prove from these definitions that

d;ﬁdkﬂnkl,.. My vt > = nkilnkl,.. My v .>, (A.ll)

1 7

namely the operator az ay, counts the number of particles in a given single-

particle state. We then define the occupation number operator (or simply
number operator)

g, = al ay,, (A.12)

and the total number opemtor
ki ki

which counts the total number of particles in a given many-body state.
Similarly, we can prove that

ar,af, |y ) = (=) [y, (A.14)

i

so that
ar,af, =1y, (A.15)
By summing A.15 and A.12 we get the relation
ax,af, +al ag, = 1. (A.16)

By using the definitions A.8 and A.9 one can also prove that for arbitrary
states k; and k;

{an,,af } = ax,af, +af ar, = op, 1, (A.17)
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and

The field operators

We can now work in the position representation and define the field operators

Yi(r) = Z(gf)ﬂr}&l, creates particle at positionr (A.19)
k
and
P(r) = Z<P\¢k>flk, destroys particle at positionr. (A.20)
k

Using the commutation relations A.17 and A.18 one can easily prove that

{o(r), ' (x")} = 6(r = 1), (A.21)
and

{¥(r), v(")} = {¥'(x), 0" (")} = 0. (A.22)

Operators in second-quantized form

Here, I simply state the second-quantized form of the operators that are
mainly used in this book. The demonstration of these results is straightfor-
ward but tedious, and I refer the interested reader to other books for a full
derivation (see, e.g., Mattuck, 1976).

In terms of the field operators, the single-particle number density opera-
tor 1.24 can be written as

a(r) = Y1 (r)e(r), (A.23)
while the current density operator 1.22 is
5 h
j(ra t) = Tm hm/(vr - Vr/)@/)T(I‘,, t) w(rv t)a (A24)

where in the above expression the field operators are in the Heisenberg
picture.
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A Hamiltonian describing free electrons can be written as
S Di Pk
H= Z o = zk: ayay. (A.25)
(3

2m
Finally, using the above field operators, we can write a one-body operator
with position representation U(r) as

U= / drpt(r) U(r) h(r) = / drU(r) i(r). (A.26)

A two-body operator, with positional elements W (r,r’), can be written as

W = / dr / de'yt ()T () W (e, ') o (x')op(x). (A.27)

Bosons

The above results can be easily extended to the case in which the particles
follow Bose statistics. If

[UNy Ny = [N, N2 ) (A.28)

is a general many-body wave-function of non-interacting bosons, with N;
the occupation of a single-particle boson state, we define the creation, b},

and annihilation, b;, operators as

BNy, ... Ny, ) = /(N + 1) [N, N +1,..) (A.29)
bi |N1,...,Niy.. ) = /Nj| Ny, ..., Nj—1,..0). (A.30)
It is then easy to prove that these operators satisfy the commutation
relations
[bj, b” = bj, b, — b, by = 6y (A.31)
and

[by,b51] = [ol.8l,] =o. (A.32)



Appendix B
The quantum BBGKY hierarchy

I derive here the BBGKY hierarchy generated from the equation of motion
of the single-particle time-ordered Green’s function for fermions

Glr, 0, 1) = — ({0, 061 (0, ). (B.1)

The field operators are written in the Heisenberg picture with respect to a
general many-body Hamiltonian of the type

R,
—Z%Vz‘ +Zw(1‘i — 1), (B.2)
i ij

with w(r; —r;) a general two-body potential (such as the Coulomb potential)
describing the interaction between any two particles.

The equation of motion of any operator Ay (t) in the Heisenberg picture
is (Messiah, 1961)

dAp(t) _

ih o= [Ag(t), H], (B.3)

where I have assumed that the operator A does not depend explicitly on
time.

Using this equation for the field operator we get

LOU(,t) W

) _ gy /drwr—rwr B, 8) (r, 1), (B.4)

and its Hermitian conjugate

ouirt)

_ih
! ot 2m

V2T (r,t) + /dr’w(r — )l (e, )T () (', t).
(B.5)

420
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By differentiating Eq. B.1 with respect to one of the two times we get

ihaG(r, t;r', 1)

5t =0(t —t){{w(r,1), v, 0)})

+ih <T{8¢g;’t)¢*( )}>
=56(r —1r)o(t —t') + <T {W@N(r', t’)}> . (B.6)

where in the last equality I have used the commutation relation A.21.
By replacing Eq. B.4 into B.6 we obtain

<1h£ + s V2>G(r1,t1,r1,t ) =06(ry —r})d(t1 — )
1

—i/drw(r1 —1)Go(r, ty, 1, ty; 1, ], 1, 1)), (B.7)

where the symbol t; means lim._o4 (t; + €), and Gy is the two-particle (or
four-time) Green’s function (with the compact notation 1 = (ry,¢;))

Ga(1,2:2,1) = — (T @)W 1)), (B

By differentiating the two-particle Green’s function B.8, we get an equa-
tion of motion containing the three-particle Green’s function, whose equa-
tion of motion depends on the four-particle Green’s function, and so on.

By defining the n-particle Green’s function as

G,(1,2,...,mn/,...,21)

= E ). vt ). o @)t
(B.9)

we get the general relation between the G,, and the G,,_1 Green’s functions
(n>2)

h2
(lhaat + VQ) Gy(1,...,mn/,... 1)

=6(r; — r))o( +hz 1)F95(r; — v))o(ti — t))

X Gp-1(1 ,...,z—1,z—|—1,...,n;n',...,(j—|—1)',(j—1)',...,1’)

i/drw(rj —1) Gy (vt 1, onyn’, o U rth), (B.10)

2
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where G,,_1(1,...,i — 1,0+ 1,...,n;n/ ..., (7 — 1), (j+1),...,1) is the
(n — 1) Green’s function where the coordinates ¢ and j have been omitted.

The above relation represents the BBGKY hierarchy. It can be trivially
generalized in the presence of an additional single-particle potential U(r) in
the Hamiltonian B.2, by subtracting this potential in the parenthesis on the
left-hand side of Eq. B.10.



Appendix C
The Lindblad equation

Let us consider a closed system whose degrees of freedom can be divided into
two distinguishable sets — call them S and B, e.g., electrons and phonons
— and we are interested in the dynamics of only one of the two, say, the
electrons. Call the set of degrees of freedom S the “system”. These two
sets of degrees of freedom are mutually interacting, but do not exchange
particles, namely the number of particles of S is fixed.

Let us also suppose that the other set of degrees of freedom B is so
large that we are not interested in its microscopic dynamics, or it is simply
impossible to calculate. For both mathematical and physical reasons, by
“large” I mean infinitely large. This set of degrees of freedom then acts as
an environment for the system S (Sec. 1.2).

Given an initial condition, the dynamics of S 4+ B is reversible, so that it
is generated by a group of unitary operators U(t) (Eq. 1.18) on the Hilbert
space of S + B, that depends on one parameter: the time ¢. On the other
hand, if we follow only the degrees of freedom of S, by considering the
environment B infinite (hence with an infinite Poincaré recurrence time —
Sec. 1.2.1), we impose a preferential direction of time because, due to the
interaction of S with B, during time evolution some correlations in the
system .S are “lost” into the degrees of freedom of B without the possibility
to recover them (see Sec. 2.8).

We have thus transformed the original, reversible closed system S + B
dynamics into an irreversible description of the reduced dynamics of S. We
therefore expect that, unlike the group of unitary transformations U(t),
there exists in the present case — under appropriate conditions to be given
— a semigroup of “maps” (operators) that describes the dynamics of S. By
“semigroup” I mean one that generates a continuous dynamics of the reduced

423
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statistical operator pg, but only along one direction of time.! In particular,

we expect this dynamics to be generated by an equation of motion of the
type

D) _ s ). (@)

In this appendix, I will first formulate a general theorem due to Lind-

blad (Lindblad, 1976) which, under specific conditions, rigorously shows

what form the above super-operator £ must have (super-operator because

it maps an operator into another). Second, I will derive, from first princi-
ples, the same result so that a more physical understanding of Eq. C.1 can
be obtained.

C.1 The Lindblad theorem

Assume that the dynamical semigroup generated by Eq. C.1 also preserves
the three fundamental properties of the statistical operator pg

(i) Hermiticity: all probabilities are real,
(ii) Conservation of trace: Tr{ps(t)} = 1,
(iii) Positivity: (¥|ps(t)|¥) > 0, V |¥) in the Hilbert space. This guar-
antees that the probabilities associated with all possible states are
non-negative.

In addition, under the condition that the map pg(t = 0) — pg(t) is linear,
the Lindblad theorem states that the super-operator £ must have a specific
form, so that Eq. C.1 reads

; e 5 Loy L VT U a1
Oips(t) = —+ |Hs, ps(t) |+ > —gVaVaps(t) = 5ps(O)VaVa + Vaps )V

@

(C.2)
with Hg an Hermitian operator, and {V,} a set of (Lindblad) operators not
necessarily Hermitian. However, both Hg and the bath operators must be
time independent.?

The terms V, f)g(t)V,j in the Lindblad equation C.2 create “quantum
jumps” between states of the system, so that they can be associated with

1 Tn mathematical terms a semigroup does not have the inverse-element property of a group, and
hence does not allow a unique invertibility of the system dynamics. If the environment B is
finite (but large), we can still describe a “locally irreversible” dynamics of the subsystem S so
long as the time scales associated with the latter are much longer than any other correlation
time of the subsystem B. In this case, however, there is no ezact dynamical semigroup in
the mathematical sense, since we can always invert the system dynamics (albeit at very long
times).

2 An example of Lindblad operators and the use of the Lindblad equation C.2 was given in
Sec. 2.2.1 when discussing relaxation and dephasing.
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quantum fluctuations, while the other terms, %VJ Vaps(t) and $hs (t)VJ Va,
compensate for such fluctuations — to preserve properties (i) and (ii) of the
statistical operator — and can be thus interpreted as dissipative terms (see
also discussion in Sec. G.1 of Appendix G).3

Equation C.2 is invariant under the transformations

N ~ i N . ~ ~ o
s — Hs =2y (caVamcaVil)s Voo D CasVotead, (C3)
B

(e}

with {C},ps a unitary matrix, and {c,} a set of arbitrary c-numbers.

Note that the operators H s, {Va} need to be independent of time for the
proof of the theorem to be valid.” However, time dependence of these oper-
ators does not mean that an equation of the form C.2 cannot be derived.

The class of equations C.2 with time-dependent operators are generally
called quantum master equations.” It is easy to prove that they preserve
properties (i) and (ii) of the statistical operators.

However, these quantum master equations may not guarantee property
(iii), namely there may be solutions of Eq. C.2 for arbitrary time-dependent
Hamiltonians and/or bath operators that are not positive, and thus do not
correspond to physical states. Positivity may be lost at specific times, and
this may also depend on the initial conditions: some initial conditions may
lead to unphysical states, while others may still be proper states despite
time-dependent operators (see, e.g., Maniscalco at al., 2004). This means
that for time-dependent Hamiltonians and/or bath operators — namely,
whenever the dynamical semigroup property is violated — one needs to check
that condition (iii) is satisfied for the physical problem at hand.

This issue does not appear if one starts from the stochastic Schrodinger
equation G.1 that I will discuss in Appendix G. For given Hamiltonian and
bath operators, the statistical operator one calculates from this stochastic
equation, by definition, always corresponds to a well-defined physical state.

3 Note that the energy quantum jumps induced by the bath may be very long range in space, in
the sense that its influence may be “felt” in the whole system.

4 This implies that the operators V, can always be chosen traceless.

5 A dynamical semigroup cannot be strictly defined for time-dependent Hamiltonians.

6 In fact, the derivation of Eq. C.2 with time-dependent Hamiltonian and Lindblad operators
rests on the general decomposition of a super-operator F(p) in Kraus operators E,,

F) =3 Bupb,
"

where 3, EA'E E, =1 (sce, e.g., Breuer and Petruccione, 2002).

7 Time-dependent bath operators that are local in time may be interpreted as some sort of non-
Markovian dynamics, whereby the interaction of the bath with the system changes in time, but
it carries information only at the time at which the statistical operator is evaluated, and not
on its past dynamics (Paz and Zurek, 1999).
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C.2 Derivation of the Lindblad equation

There are several ways to derive the Lindblad equation C.1 from first prin-
ciples (see, e.g., van Kampen, 1992). Here I follow one due to Nakajima
(Nakajima, 1958; see also Zwanzig, 1960).

Let us write the time-independent Hamiltonian of the system plus the
environment degrees of freedom as

ﬁtot = ﬁs @Ip+1s® ﬁB + ozﬁmt, (C.4)

where 1p is the identity operator acting on the Hilbert space of the environ-
ment Hp, 1g is the identity operator on the Hilbert space of the system Hg,
and Hi,; describes the interaction between our system and the environment.
I have also introduced a small parameter a to stress that I consider this
interaction weak so that some sort of perturbation theory on the interaction
can be performed. The Hamiltonians H,o; and Hjp are operators acting on
the tensor product Hilbert space Hipr = Hg @ Hp.

The statistical operator of the total system pyo¢(t) follows the Liouville—von
Neumann equation 1.60

dptc;;(t) = —% [Htotu ﬁtot(t)} = LiotProt(t) = (Ls + Lp + aLint)prot, (C.5)
where I have introduced super-operators for each Hamiltonian appearing
in Eq. C.4. A formal solution of the above equation is (if Ly is time-
independent)

Prot(t) = €5 p(t = to). (C.6)
I am interested in the dynamics of the reduced statistical operator pg(t)
ps(t) = Trp{pror(t)}, (C.7)

where Trp means that we are tracing out all degrees of freedom of the en-
vironment B. As discussed in Sec. 1.4.5, this operator does not generally
obey a closed equation of motion of the type C.1. Let us then proceed as
follows.

The projection method

Let us suppose the two subsystems S and B are uncorrelated at the initial
time ¢y (and earlier times as well)

Prot(to) = ps(to) @ pr(to), (C.8)

where the two statistical operators pg(ty) and pp(ty) act on their respective
Hilbert spaces.
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Let us now define a super-projector P (a time-independent linear operator
acting on My, with P2 = P) such that I can divide the total statistical
operator in two parts®

prot = Pprot + (1 — P)pror = p1 + p2. (C.9)

For a general operator X on the composite Hilbert space Hyy: I define the
action of this operator as follows’

PX = pp(to)Trp{X}, (C.10)
which for the total statistical operator is simply
Ppior(t) = pp(to)Trp{ bt ()} = pa(to) ps (1), (C.11)

namely it projects into the subspace S without otherwise affecting the envi-
ronment degrees of freedom. By construction, it thus commutes with both
Ls and Lp and its action on Ly is zero

PLs—LyP=0, PLp=LpP=0. (C.12)

Energy renormalization due to the bath

In addition, let us assume that the action of the interaction Hamiltonian
averages to zero over the environment degrees of freedom

TI‘B{]SI,‘M,@B (to)} = 0. (013)
In terms of the super-projector P this is equivalent to
PLiy P=0, (C.14)

or explicitly in terms of the statistical operators
Trp{Hintpp (t0)}ps(t) — ps (&) Trp{Hinipp (to)}} =0. (C.15)

Assumption C.13 is reasonable for homogeneous interactions with the en-
vironment. If it is not satisfied, we can always absorb the average of the
interaction Hamiltonian H;,; over the equilibrium state of the environment
into the Hamiltonian H g: it simply contributes to the unitary evolution of
our system S. This is equivalent to saying that the eigenvalues of the system
Hamiltonian are renormalized by the interaction with the bath.

8 By definition C.9, po is not actually a statistical operator in the proper sense, but simply the
difference between statistical operators.
9 This is one particular choice. For another type of super-projector see, e.g., Zwanzig, 1960.
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Memory kernels

The Liouville—von Neumann equation C.5 can then be written in terms of
two coupled equations for p; and po

p dpror(t) _ dpi(t)

dt dt = ESﬁl (t> + apﬁ?ﬁm&)aQ (t), (016)
(1-P) dﬁtdoltf(t) _ dﬁ;t(t) = (1= P)Lyotp2(t) + (1 = P)Linypr(t). (C.17)

The formal solution of Eq. C.17 is

t
pr(t) = a / dr e V=PVt (1 — PYLiipr (t— 1)

to
t

—a / dr =PI E £y 6 (¢~ 7), (C.18)
to

where in the last equality I have used Eq. C.14.
By substituting C.18 into Eq. C.16 gives (using also the definition C.11
of super-projector)

dps(t . t .
Pst( ) = Lgps(t) + 042/ drF(1)ps(t — 1), (C.19)
to
where
F(1) = Trp{Lie™ VD0t £ 55 (t0) } (C.20)

is sometimes called the memory kernel.

Equation C.19 is still exact, namely it is an equivalent form of the Liouville-
von Neumann equation C.5. It is not yet in the Lindblad form C.1, since
one needs the full history of the dynamics of the reduced statistical operator
ps-

We can simplify it by assuming that there exists an autocorrelation time
7. (see definition in Sec. 5.1) such that

F(r)~0, for 7 > 7. (C.21)

For this to be true the environment B must have a dense energy spectrum
so that its internal correlations cannot affect its dynamics in the long-time
limit.

This approximation allows us to extend the integral range in Eq. C.19
from t to oo, when ¢ > 7.. In addition, since P projects out the action of
both Lg and Lz we have

Pﬁtot = OéPEmt. (022)
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If the interaction f[mt is weak we can formally expand the exponential
appearing in the function F'(7) and retain only terms of order o in Eq. C.19.
We then get!?

dpjt(t) = Lsps(t) + o / dr [TrB{Ei"teT(LS+LB)ﬁmtﬁB (to)}| ps(t — 7).
0
(C.23)

Markov approximation

This equation still contains memory. Let us then call 7g the typical time
scale dictated by the unitary evolution of the system S (namely, caused by
Lg) over which the state of the system S changes even in the absence of the
environment. If

Te K Tg (C.24)

we can make the Markov approzimation'!

ps(t —7) > ps(t), (C.25)

so that no history (memory) of the statistical operator is required to deter-
mine its time evolution. This is equivalent to saying that when the time
evolution of our system is long compared to the time necessary for the envi-
ronment to “forget” quantum correlations, the system dynamics is local in
time.

We may then neglect the action of Lg in Eq. C.23, so that the latter
becomes

dﬁst(t) = {Es +a? /OOO dr [TTB{ﬁmteTﬁB Lmtﬁg(to)}] } ps(t).  (C.26)

The above is the desired equation of motion — which is in the Lindblad

form C.1 — for the reduced statistical operator pg(t).

Let us write the interaction Hamiltonian as!?

Hipy = Vs ® Vg, (C.27)

10 The next term in the series contains a time integral of range 7.. Therefore, this term is of order
a® Tg. “Weakness” of H;,+ then strictly means at. < 1.
11 The relative error one makes is thus of order T/ TS

12 We could write Hmt as the sum of product operators. This would give rise to a summation in
Eq. C.28.
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namely the product between an operator acting on the system and an op-
erator acting on the environment. Equation C.26 then becomes

dps(t R 2o reo ~ A e
P _ ooty — & / dr [Tep (Vim0 Vis (10)} s [V, s (1)
it o /.
— Trp{Vze ™ Vi pp(to) }[Vs, ps(t)] VS] ; (C.28)

which can be written in operator form as in Eq. C.2.

C.3 Steady-state solutions
The steady-state solutions, p¢’, of the Lindblad equation C.2 are defined as

ANSS

dpg
dt

This is equivalent to finding the eigenstates of the super-operator £ with

=0 = Lpy=0. (C.29)

zero eigenvalue
(L—A1)p¥ =0, A=0, stationary solutions. (C.30)

For an arbitrary £ — not necessarily time-independent — the above equa-
tion may have no solution or many solutions, namely several steady-state
statistical operators in the long-time limit. All other non-zero eigenvalues,
A # 0, correspond to non-stationary states.



Appendix D
Ground-state Density-Functional Theory

I summarize here the concepts of density-functional theory (DFT) as applied
to the ground state of many-electron systems. The reader interested in a
comprehensive description of ground-state DFT is urged to consult the book
by Parr and Young (1989).

D.1 The Hohenberg—Kohn theorem

Let us start from an N-electron Hamiltonian
H=T+W + V.., (D.1)

where T is the kinetic operator and W is the electron-electron interaction
operator. The operator Vut describes a local static external potential (like
the electron-ion potential in Eq. 6.2) and can be written in terms of the
density operator 1.22 as (see Eq. A.26)

Vet = / dr Vi (v) (). (D.2)

Let us then take an arbitrary many-body wave-function |¥), antisym-
metric in the exchange of orbital and spin coordinates of two electrons and
construct the density (see Sec. 2.8.3)

n(r) =N Z /drg...drN (W (r, 5179, 89;.. .3, sx)]%, (D.3)

S81...85N

where I have indicated with s; the spin coordinate of electron i. This density
satisfies the condition

/drn(r) =N, (D.4)

where the integral is over all space.
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Let us now assume that for a given V,,;(r) we have found a density n(r),
satisfying D.4, which corresponds to the ground state of Hamiltonian D.1.
Such a density is called V-representable.! Changing the external potential,
clearly changes the density.

On the other hand, the Hohenberg—Kohn theorem states that (Hohenberg
and Kohn, 1964)

Theorem: Two external potentials, which differ by more than a con-
stant, cannot give the same ground-state density,

thus establishing a one-to-one correspondence between the external potential
and the ground-state density.

For a proof of this theorem I refer the reader to the original paper (Hohen-
berg and Kohn, 1964) or the book by Parr and Young (1989). The above
theorem has tremendous consequences since it implies that, if one knows
the ground-state density, then, in principle, one can determine the scalar
external potential that determines that density, hence the Hamiltonian D.1,
from which the ground-state many-body wave-function can be obtained,
and, therefore, all ground-state properties of the N-electron system (see
also Sec. 2.8.3).

D.2 The Kohn—Sham equations

From the above theorem we also know that the total energy of the system
in its ground state is a functional of the density

E[n] = <\I/gS|ﬁ|\Ijgs> = <‘IJgS|T =+ W|‘I’gS> + <\Ijgs|vezt|\1195>
—I—/drVeIt(r) n(r), (D.5)

where |, is a ground-state many-body wave-function, and n(r) is the cor-
responding density. The functional F'[n] is the same for all electron systems
and we make the following ansatz

F[n] = /dr/d /n]r—r’] Eqe[n]

= Ts[n] + Epg[n] + Exc[n], (D.6)

where T[n] is the kinetic energy of a non-interacting system with the same
ground-state density n(r) as the interacting one. The second term in Eq. D.6

I Note that, if the ground state is degenerate, given an external potential Veat(r), we can find
more than one ground-state density.
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is the Hartree energy, and the last term is called the exchange-correlation
energy functional, and contains information on the exchange interaction
between the electrons and all other correlation effects of the many-electron
system.2

The functional derivative of the Hartree part of D.6 with respect to the

density gives the Hartree potential energy 3.11

o [ s n(') _ 6Eg[n]
= d = ) D.
Valr) = ¢ / “le—r] T on() (B-7)
Similarly, we define the exchange-correlation potential as the functional
derivative
OE,c[n]
xc = - D.
Vaelr) = 2oL (D.5)
Finally, by minimizing the functional
Exgln] = Ts[n] + Egn| + Eyc[n] + /dr Vet (r) n(r) (D.9)

with respect to the density subject to constraint D.4 we find the Kohn—Sham
(KS) equations

h2

m

V2 4 Vig (1) + Vaelr) + Vm(r)] o5 (r,5) = ol S(r.5).| (D.10)

that correspond to the solution of the Schrédinger equation of auxiliary non-
interacting electrons in the presence of the potential Vg = Vi (r)+ Vi (r) +

‘/ext(r)-
Solving the above equations yields the wave-functions gi)kKS (r,s), from
which the ground-state density is

N
n(r) =Y lor s 9P, (D.11)
k=1

that is equivalent to the density of a single Slater determinant (Eq. A.1)
1
Vv N!

constructed from the N lowest-occupied KS wave-functions.

| @Sy = det [|¢f )] (D.12)

3

2 Physically, this energy corresponds to the Coulomb interaction between any electron and the
exchange-correlation hole that accompanies it. This hole is due to the repulsive electron-
electron interaction which “depletes” charge density around that given electron.

3 Like the single-particle KS states, this Slater determinant is just an “operational” tool, and
generally not a good approximation of the many-body wave-function.
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D.3 Generalization to grand-canonical equilibrium

The Hohenberg—Kohn theorem can be generalized to the case in which
the system is in grand-canonical equilibrium with a reservoir specified by
a chemical potential i and temperature 6. In this case the theorem states
(Mermin, 1965)

Theorem: Given a many-particle system in grand-canonical equilib-
rium with a reservoir at chemical potential f and tempera-
ture 0, two external potentials, which differ by more than a
constant, cannot give the same ensemble-averaged density,

where the ensemble-averaged density is

n(r) = (a(r)) = Tr {pf n(r) }, (D.13)

with ﬁé? the grand-canonical statistical operator 1.76. The expectation value
of any observable can then be written, in principle, as a functional of the
ensemble-averaged density D.13.

Note also that any approximation to the exact functional makes the Kohn-
Sham Hamiltonian stochastic, i.e., a different Hamiltonian for every element
of the statistical ensemble (Sec. 1.4.4).

D.4 The local density approximation and beyond

In order to solve Egs D.10 one needs to know the exact exchange-correlation
functional. This is unknown and approximations are thus necessary. The
most commonly used one is known as the local density approximation (LDA).
It consists in approximating the exchange-correlation functional E,.[n] as

BEPAfn) = [ den(r) e (n(r), (D.14)

where €, (n(r)) is the exchange-correlation energy per particle of the ho-
mogeneous electron liquid with density n. The LDA exchange-correlation
potential at position r is then

d [n €zc (n)]

VLDA
Tc (r) dn

) (D.15)
n(r)
that of a homogeneous electron liquid that has density n at that position.
Approximate formulas for the exchange-correlation energy per particle of

the homogeneous electron liquid have been proposed (Perdew and Zunger,
1981) based on interpolation of Monte Carlo numerical results (Ceperley

and Alder, 1980).
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Several other schemes have been suggested to improve on the LDA. One,
known as generalized gradient approzimation (GGA), assumes a form for the
exchange-correlation energy functional where the gradient of the density of
the electron liquid at any point in space appears explicitly (see, e.g., Perdew
et al., 1996). For isolated systems these functionals improve the binding
energy compared to LDA. However, I am not aware of a systematic study
of the differences between these functionals and LDA on static transport
problems.

In practice, given an approximate form for the exchange-correlation scalar
potential, Egs. D.10 are solved iteratively until self-consistency — in the
density and/or potential — is achieved within a given numerical accuracy.
For instance, one starts from a guess for the density n(r), calculates the
potential that enters the KS equations D.10, solves the latter with given
boundary conditions — in the case of steady-state transport with scattering
boundary conditions, Chapter 3 — and calculates a new density via Eq. D.11.



Appendix E
Time-Dependent DFT

I extend the concepts of ground-state DF'T to the time-dependent domain,
namely for many-body systems out of equilibrium. A comprehensive review
of time-dependent DFT (TDDFT) can be found in, e.g., Marques et al.
(2006).

E.1 The Runge—Gross theorem

Let us start from an N-electron Hamiltonian
H(t) =T+ W+ Vu(t) (B.1)

where T is the kinetic operator and W is the electron-electron interaction
operator. The operator V;;(t) is a time-dependent local external potential

Vet (t) = / dr Vo (v, t) an(r). (E.2)

Let the system described by Hamiltonian E.1 evolve from an arbitrary
initial condition |¥y) at time ty. Call n(r, ) the density that evolves from
the initial state |¥() under the action of potential V,,¢(r,t), and call n/(r, t)
the density evolving from the same initial state |¥j) under the action of
potential V/ ,(r,t). The Runge—Gross theorem (Runge and Gross, 1984)
states that

Theorem: If two external potentials differ by more than a time-
dependent (space-independent) constant

Vet (r,t) L t) +c(t), (E.3)

then the corresponding densities, n(r,t) and n'(r,t), are dif-
ferent.

436
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For a proof of this theorem I refer the reader to the original paper (Runge
and Gross, 1984; see also van Leeuwen, 1999). I make here only some
remarks on the conditions necessary for its proof. First, the potentials
Vezt(r,t) and V/,,(r,t) need to be expandable in Taylor series about the
initial time ty. Second, the density has to go to zero at infinity — which is
the case for a finite closed system with bound electrons — or it is the density
of an infinite but periodic system. The theorem does not exclude the pos-
sibility that two different potentials produce the same density if the time
evolution occurs from two different initial conditions.!

Finally, the current density is not generally V-representable: the map-
ping between current density and external scalar potential is not invertible
(D’Agosta and Vignale, 2005). This is easy to understand: at any given time
and point in space a scalar potential provides just one value, while the cur-
rent density is a vector. Therefore, the KS current density in TDDFT is not
guaranteed to be exact; only its divergence via the continuity equation 1.11.

E.2 The time-dependent Kohn—Sham equations

From the above theorem one can formulate the time-dependent version of
the Kohn—Sham equations

171; + EVZ Vi (r,t) — Vie(r,t) — Veae(r, )] d) (r,s,t) =0,| (E.4)

where Vi (r,t) and V,.(r,t) are the time-dependent generalizations of the
corresponding potentials D.7 and D.8, respectively, of the static case. The
density is then

n(r,t) = nf5( Z Z K5 (r, 5, 1)) (E.5)

E.3 The adiabatic local density approximation

The time-dependent version of the KS equations poses further requirements
on the construction of the exchange-correlation scalar potential. The poten-
tial V. (r, t) depends on the history of the system — included initial condition
—so that it cannot be written simply as the functional derivative with respect
to the density.

! For a discussion of these conditions see Giuliani and Vignale (2005).
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It is nonetheless common to approximate it as the ground-state exchange-
correlation potential D.15 evaluated at the instantaneous density n(r,t).
This is known as the adiabatic local density approzimation (ALDA):

d[n ez (n))] .
dn n(r,t)

Equations E.4 are generally solved the following way. Assign an initial
condition. This is typically (but not necessarily) the solution of the ground-
state KS equations for some Hamiltonian (e.g., the Hamiltonian in Eqs. E.4
without the time-dependent part in the potentials). These equations are
then solved numerically by time-evolving the initial KS states, where at
every time step one determines the density from which the Hartree potential
and the exchange-correlation potential can be determined.

Due to numerical instabilities, typical time evolutions that can be achieved

Vi PA(e,t) = (E.6)

with small numbers of atoms and/or electrons are of the order of tens of
femtoseconds. A small time scale, but enough to establish a quasi-steady
state in a nanoscale system (see Sec. 7.6).

In order to improve beyond the ALDA one has to work with time-dependent
current DFT (Appendix F).



Appendix F
Time-Dependent Current DFT

In this appendix I outline the main tenets of time-dependent current DFT
(TD-CDFT). A pedagogical and extended account of this approach can be
found in the book by Giuliani and Vignale (2005).

F.1 The current density as the main variable

In Appendix E I have hinted at the problem of obtaining a local representa-
tion of the exchange-correlation scalar potential V. (the one appearing in
the Kohn—Sham equations E.4) in terms of the density. Without going into
details, I just mention that the physical reason why such a representation
does not exist for an inhomogeneous electron liquid is related to the strong
non-local (in space) functional dependence of this potential on the density.

A way out of this problem is to realize that due to gauge invariance
a time-dependent scalar potential V(r,t) can always be represented by a
longitudinal vector potential A(r,t).! We also know that the density is
related to the current density via the continuity equation 1.11. Putting
these two facts together, we therefore see that the response of the density
operator to an external scalar potential can be expressed as the response
of the current density operator to an external vector potential, i.e., we can
reformulate time-dependent density-functional theory in terms of the current
density instead of the density. It turns out that a local representation of the
exchange-correlation vector potential in terms of the current density can be
derived.

I By longitudinal I mean that it has a finite divergence and zero curl. The relation between the
longitudinal vector and scalar potentials is
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Using the current density as the main variable we can then formulate the
following theorem of TD-CDFT due to Ghosh and Dhara (Ghosh and Dara,
1988)

Theorem: Given an initial quantum state |Vy), two external vector
potentials Acyi(r,t) and Al
current density j(r,t), must necessarily coincide, up to a

gauge transformation.

LT, 1) that produce the same

The given current density is then said to be A-representable.® It is also
obvious why — unlike in TDDFT — the map between the current density and
vector potentials is generally invertible: they are both vectors.

The above theorem also guarantees that the expectation value of any
physical observable can be in principle written as a functional of the current
density and the given initial condition.

In addition, one can choose to work with an auxiliary (Kohn—Sham)
system in which the interactions among particles have been switched off
and solve the TD-CDFT Kohn—Sham equations

0 1 . e e 2
|:lhat — % (—lhv - EAext(I‘,t) — EAIC(I‘,t))

— Vet (r) — Vi (r, )] qﬁfs(r,t) =0, (F.1)

where, due to gauge invariance, all time dependence of the external poten-
tial has been included in the vector potential A (r, t),3 and A,.(r,t) is an
exchange-correlation vector potential that is a functional of the initial con-
dition |¥¢) and the current density j(r,t’) at all previous times t' < ¢. This
functional describes all quantum correlations in the system and is dependent
on its history.

F.2 The exchange-correlation electric field

Within the above formulation it was shown that an approximate local rep-
resentation of Az.(r,t) can be obtained (Vignale and Kohn, 1996).

To be precise, let us consider an external field with frequency w and
wave-vector k. Let us call vp and kp the local (in space) Fermi velocity and
wave-vector of the electron liquid, respectively, and ¢ = |Vng/ng| the rate

2 For a different, and more recent, proof of the theorem see Vignale (2004).

3 For a static electric field, A(r,t) can be chosen identically zero, and V¢ (r) is simply the static
electron-ion interaction.
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of spatial variation of its ground-state density ng. Under the assumptions
that ¢, k < w/vp, kr, one can show, using linear-response theory, that
the exchange-correlation vector potential A,.(r,t) is local in space (albeit
non-local in time) and can be written as (Vignale et al., 1997)

e 0Ayci(r,t) ALDA 1 00 4 ij(I‘,t)
—_ v = EIC , — _§7’L"/_'L‘(- , ) ,
c ot eBue(r,?) Y n(r) Z or;j

J
(F.2)
where VALPA(r t) is given in Eq. E.6 and . ;;(r,t) is a stress tensor that
has the following hydrodynamic form in d dimensions
! 2
aress0.0) = [ {00000 [Vt + Vioso) = 51,910,000
t

0

+{(n(r),t,t)V - V(r,t’)éij} dt'. (F.3)

The complex coefficients 7 and ¢ represent, respectively, the shear and bulk
viscosity of the electron liquid. With the assumption that the external
perturbation is periodic in time we can Fourier transform Eq. F.2 to get

1 00 c.ij(r,w)
_ — _\.ALDA xe,ig\Ly
eE,.(r,w) ViVi (r,w) + n(r) zj: or;j ’ (F.4)
with
2 -
Oscij(r,w) = N(n,w) | Vv + Viv; — déi,jvkvk:| +{(n,w)V -vd;;. (F.5)

The functions 7(n,w) and {(n,w) are generally complex. Their full expres-
sions in terms of the exchange-correlation kernel of the homogeneous electron
gas can be found in Giuliani and Vignale (2005). Below I report approximate
formulas for the real part of the viscosity coefficient in the zero-frequency
limit, the only quantity that is of interest in most of this book.*

Alternatively, one can choose to work in a different gauge and solve the
equations

0 1 . e €\ dyn 2
|:1h8t — % (—lhv — EAEIt(r,t) — EA:EC (I’,t))

~Vear(r) = Vi (v, 1) = Vg P2 (x,1)] 5 (x, 1) = 0, (F.6)
with

: » t 1 00 c.ii(r, 1)
Adyn' ¢ :Adyn' ¢ C/ dt/ zeij\bs . F.7
e = e o[l S0, g

4 In this limit only the shear viscosity is finite, the bulk viscosity being zero.
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Note that in the above I have included the time dependence of the density
as well. This is beyond the linear-response result expressed in Eq. F.2.
However, it is reasonable to think that Eq. F.2 is valid beyond linear response
provided both the density and the velocity field are slowly varying function
of space so that non-linear terms, involving three-particle (and higher order)
Green’s functions, may be neglected (see discussion in Sec. 8.2.1 and Giuliani
and Vignale, 2005).

Equations F.1 (or F.6) are solved similarly to Egs. E.4 of TDDFT. One
starts with an initial condition for the density — and typically from an initial

W (p tg) = 0, and then evolves

condition with zero velocity field so that A7

the initial KS states in time.

There is however a major difference with the standard TDDFT equations:
the presence of an exchange-correlation vector potential that depends on the
history of the dynamics in a non-trivial way.

Even if one uses the memory-less approximation 8.52, and thus the stress
tensor F.3 can be approximated as in Eq. 8.53, one needs to determine the
exchange-correlation vector potential at a time ¢ as in Eq. F.7. This repre-
sents an extra numerical burden compared to the solution of the TDDFT
equations E.4.

F.3 Approximate formulas for the viscosity

In the zero-frequency limit (or more precisely for fuw < Ep) the viscosity
n = lim,_0 Re7(w) can be approximated in three and two dimensions as
(Conti and Vignale, 1999)°

an
BD = 601y Jan) =372 + 80(ry Jag) L — 40(rs Jag) =273 + 62(rs Jag)—1/3’
(F.8)
and
-1
_ | (rs/a0)* | [2a0 2 -2
-1
+ 23(rg/a0) "2 +13] (F.9)

where e is the Nepero number, n the density, ay the Bohr radius, and ry =
(3/47n)'/3 in 3D, and r, = (1/7n)"/? in 2D.

5 Note that
1.6 x 104

hn = - .
n (s Ja0)? as
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These are the expressions used in Chapter 8 to estimate the viscosity.
Note, however, that these formulas have been derived from a fit to numerical
results based on mode-mode coupling theory (Nifosi et al., 1998), and may
not describe well the viscosity of the electron liquid at low densities.

Indeed, the ezact low-density limit of the viscosity of the electron liquid
is not known. Due to strong correlation effects in the low-density electron
liquid, where the electron system is close to crystallization, it is reasonable to
suspect that the relative viscosity n/n might increase well above the values
one obtains from Egs. F.8 and F.9 (Sai et al., 2007a).

In addition, the presence of a nanostructure introduces an effective cut-off
for the transfer of momentum between adjacent layers of the electron liquid,
which is at the origin of the viscosity (see Appendix K). This effective cut-off
may increase the viscosity beyond the value obtained from Eqs. F.8 and F.9.



Appendix G
Stochastic Time-Dependent Current DEF'T

In this appendix I extend the theorems of dynamical density functional the-
ories to the case in which the system is not closed, namely it is in dynamical
interaction with a bath, or a set of baths. This theory goes under the name
of stochastic time-dependent current density-functional theory (Di Ventra
and D’Agosta, 2007).

G.1 The stochastic Schrodinger equation

Since in density-functional theory Hamiltonians depend on the density and /or
current density, they are in general different for every element of a statistical
ensemble. This precludes us from writing a closed equation of motion for
the statistical operator (see discussion in Sec. 1.4.4). In addition, we have
discussed in Appendix C that for time-dependent Hamiltonians and/or bath
operators positivity of the density operator is not guaranteed by the quan-
tum master equation C.2. This means that one could obtain solutions of
Eq. C.2 that do not correspond to physical states.

To avoid these pitfalls we therefore start from the following stochastic
Schrédinger equation (see, e.g., van Kampen, 1992)!

O (1) = — B0 ~ SV + (V@) (G)

where V is an operator — possibly dependent on time — describing the inter-
action of the bath with the many-body system. Here H(¢) is an Hermitian

! From a numerical point of view the advantage of the stochastic Schrédinger equation compared
to an equation of motion for the density matrix is that the former requires the knowledge of
N —1 components of the state vector (the —1 comes from the normalization constraint), while
the latter (N 4 2)(IN —1)/2 elements of the density matrix (taking into account the constraints
of hermiticity and unit trace). However, several runs, each one corresponding to different
realizations of the stochastic process £(t), are necessary to compute ensemble averages with the
stochastic Schrodinger equation.

444
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operator, not necessarily equal to the Hamiltonian of the system in the ab-
sence of the bath. Indeed, it may also describe the renormalization of the
states of the system due to the interaction with the bath (see discussion in
Appendix C).2 Given an initial condition, Eq. G.1 always defines a proper
physical state, whether the Hamiltonian is stochastic or time-dependent, or
both (and also if the operator V is time-dependent).

For simplicity we will take it to be the Hamiltonian of an interacting
N-electron system subject to an external field with vector potential A,

ﬁ@zlzbf&w“] ZU'% (G.2)

2
m Z#J

with U (7; — 7;) a potential describing two-particle interactions (e.g., the
Coulomb potential 2.96).3

Without loss of generality the stochastic process, £(t), is chosen such that
it has both zero ensemble average and d-autocorrelation, i.e.,

ot) =0; L)) =6(t —t), (G.3)

where the symbol -~ indicates the average over a statistical ensemble of
identical systems all prepared in some initial state |¥y). The following dis-
cussion will be valid even if the initial state is not pure, namely, it represents
a given macro-state of the system.

The last term on the right-hand side of Eq. G.1 describes precisely the
fluctuations induced by the bath; the second term is the compensating dis-
sipative part.

We can generalize the above to more than one bath, each described by an
operator Va, by solving

wwmz—f —vav+Z£ W(t)), (G.4)

with
L (t) = 0; La(t)ls(t) = 5apd(t —1'). (G.5)

In what follows, I will consider only one bath operator. However, all
conclusions apply to an arbitrary number of baths.

2 Note that Eq. G.1 is a linear stochastic Schrédinger equation. Stochastic Schrodinger equations
that contain non-linear terms may be derived which are equivalent to the linear equation G.1
(see, e.g., Collet and Gardiner, 1984). The difference between the linear and non-linear type of
equations is in the interpretation of the stochastic process. In the former case it is interpreted
as an “input” type of noise, e.g., due to fluctuations of the environment. In the second case, it
is considered as the “output” fluctuations of the system dynamics induced by the presence of
the environment. The theorem of stochastic TD-CDFT (Sec. G.3) applies to both cases.

3 Here T am working in a gauge in which the dynamical external scalar potential is zero at any
time.
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The stochastic Schrodinger equation G.1 preserves the ensemble-averaged
orthonormality of any two states. This is easy to show by expanding Eq. G.1
in a small interval of time At*

|U(t 4+ At)) = [i+/tt+m dt’ (—;ﬁ(t’) - ;VTVM(#)V)] | (t)). (G.6)

. . . |4
The ensemble-averaged norm is thus preserved in time:°

(U(t+ AL)|U(t+ At)) = (U(t)|L(1)). (G.7)

In general, given any two orthogonal states |U,(t)) and |¥3(t))
(Wa (0)[5(t)) = ap- (G.8)

G.2 Derivation of the quantum master equation

The above results are equivalent to the formalism of statistical operators
I have introduced in Sec. 1.4, provided the Hamiltonian does not depend
on microscopic degrees of freedom, such as the density or current density.
Indeed, as in Eq. 7.13, we define the statistical operatorf

p(t) = W))W ()] = Z pi(t) [ () (Wi (1), (G.9)

with ), pi(t) = 1, so that (from Eq. G.7)
TOTD) = Tr {p(0)} = 1 (G.10)

By construction, this statistical operator is Hermitian, positive, and its trace
is conserved at all times.

Consider now a general operator O(t) in the Heisenberg picture (see
Sec. 1.4), and define the following stochastic “evolution” operator

Ult + At,t) = [i+/j+m dt’ (—;_Lf{(t’) — ;VTV+€(t/)V):| . (G.11)

4 Note that due to the presence of the stochastic term £(t) Eq. G.1 is a stochastic differential
equation. Therefore, the “standard” calculus does not apply, and one has to use stochastic
methods. In this appendix, I follow the It6 calculus (see, e.g., van Kampen, 1992).

5 One may impose the normalization of the state vector for every realization of the stochastic
process at every instant of time. This leads to a non-linear stochastic Schrédinger equation
which provides an equivalent physical description as Eq. G.1 (see, e.g., Goetsch et al., 1995).

6 In this definition I am assuming for simplicity that the initial state of the system is pure. If
the initial state of the system is mixed with macro-state {|¥{),pn}, then definition G.9 of
statistical operator includes an extra summation

pt) =D pu [T (£)) (T (D)],

where |U" (t)) = {|¥7 (t))} is the ensemble of state vectors corresponding to the initial condition
W)
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where At is a small interval of time.
The expectation value of the operator O(t) at a time ¢ + At is then

(Ot 4 At)) = (Wo|UT(t + At, ) Ot)UT (t 4+ At, )| W). (G.12)

By carrying out the calculations explicitly and averaging over the stochas-
tic process according to Eq. G.3 we find, in the limit At — 0, the ensemble-
averaged time evolution

2{O(t)) = % <M> - %(VTVO(t)> - %(O(t)f/ﬂﬂ + (VTO@)V).
— 3 {[A®.00)]) - 3071V00) - 5wV} + (VTOWHV),

where in the second equality I have assumed that the Hamiltonian and the
bath operator do not depend explicitly on the wave-functions (or density),
and the symbol (---) means (¥g|---|¥), the average over the initial state.

Using the definition G.9 of statistical operator, I can rewrite Eq. G.13 as

AT {p(1)0} = THH( (), O]}

where I have used the cyclic property of the trace (Eq. E1.3 in Exercise 1.1),
and the operator O is now in the Schrédinger picture.

Since the above result must be true for an arbitrary operator O, we con-
clude that the statistical operator satisfies the following equation of motion

~ A

2ia(t) = — [B(e), )] — S V1V (1) -

; pOVIV £ Vi)V, (G.15)

1
2
which is of the Lindblad form C.2, but with a time-dependent Hamiltonian.

If the Hamiltonian does not depend on the wave-functions, the physics
described by the stochastic Schrodinger equation G.1 is thus the same as
that described by a quantum master equation, with the additional benefit
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that the statistical operator derived from the stochastic Schrédinger equan-

tion G.1 is, by definition, positive at all times.”

Using the number density and current density operators (Egs. 1.24 and
1.25, respectively) the ensemble-averaged density is

n(r,t) = (n(r,t)) = Tr{p(t) n(r)}, (G.16)
and the ensemble-averaged current density
3,0 = Glrt) = T{p) j())- (G.17)

From the first equality of Eq. G.13, we get the equation of motion for the
ensemble-averaged density

on(r,t)
ot

_ o 1. T . .
=-V-j(r 1)+ <VTW— VIV - 2nva>. (G.18)

This is the generalization of the continuity equation 1.11 for a system open
to an environment. The last term on the right-hand side of Eq. G.18 is iden-
tically zero for bath operators that are local in space (Frensley, 1990). Most
transport theories satisfy this requirement since the action that a true bath
does on the system is derived from microscopic mechanisms (e.g., inelastic
processes) which are generally local (Frensley, 1990).

If this is not the case, then this term represents instantaneous transfer
of charge between disconnected — and possibly macroscopically far away —
regions of the system without the need of mechanical motion (represented
by the first term on the right-hand side of Eq. G.18). This instantaneous
“action at a distance” is reminiscent of the postulate of wave-packet reduc-
tion (Sec. 1.3.3) whereby the system may change its state in a non-unitary
way upon measurement.

Here, it is the result of the memory-less approximation that underlies the
stochastic Schrodinger equation G.1. By assuming that the bath correlation
times are much shorter than the times associated with the dynamics of
the system (in fact, in the Markov approximation these correlation times
are assumed zero), we have lost information on the microscopic interaction
mechanisms at time scales of the order of the correlation times of the bath
(see also discussion after Eq. C.25 in Appendix C). In other words, we have
coarse-grained the time evolution of our system, and we are therefore unable
to follow its dynamics on time scales smaller than this time resolution (see,
e.g., Gebauer and Car, 2004).

7 We also say that the stochastic Schrédinger equantion G.1 defines a stochastic unraveling of
the corresponding quantum master equation.
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G.3 The theorem of Stochastic TD-CDFT
We can now formulate the following theorem (Di Ventra and D’Agosta, 2007)

Theorem: Given an initial state p(t = ty), and a set of bath operators
{V.}, two external vector potentials Aoy (r,t) and A, (r,t)
that produce the same ensemble-averaged current density
j(r,t) must necessarily coincide, up to a gauge transforma-
tion.

For a proof of the theorem I refer the reader to the original paper (Di Ven-
tra and D’Agosta, 2007). Here, I mention the important consequence that
any ensemble-averaged current density that is interacting A-representable
is also mon-interacting A-representable. This means that an ensemble-
averaged current density that can be obtained from a vector potential acting
on the true many-body system can be obtained from a suitable vector po-
tential acting on a non-interacting system (for given initial condition and
set of bath operators).

Let us write this “auxiliary” Kohn—Sham vector potential as

Acss(rt) = Acar(rt) + Aue i), 0t = t0). {Va f| . (G19)

with the exchange-correlation component a functional of the initial state, the
ensemble-averaged current density at times ¢ < ¢ (it depends on the history
of the system), and on the bath operators {Va} The role of the exchange-
correlation vector potential is precisely to provide the correct ensemble-
averaged current density at any given time.

This shows that the dynamics of the many-particle system can be mapped
into the dynamics of an auxiliary Kohn—Sham Slater determinant evolving
according to®

OIS (0) =~ BSOS (1) -
+) VP

VIVIwEs (@)

1
2
(1)), (G.20)

where
2

A 1 e e .
HKS(t) = Z { om |: P Aext(rut) - EAIC(Tiyt)

+ V;gg;t(fi) + VH(?%’, t)} , (G.21)

8 For a single bath operator. To generalize to many operators one simply sums their dynamics
as in Eq. G.4.
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where here I have explicitly added a possible scalar external potential Vi, (7;)
(e.g., the electron-ion potential), and I have isolated the Hartree potential
Vi (7, t). R

The above also shows that for a general operator V' acting on the many-
body system one can “decouple” its quantum correlations, but not neces-
sarily the statistical correlations induced by the presence of the bath.

It is only when the bath operator V acts on single-particle states or de-
pends on the single-particle density only (call it Vsp) that Eq. G.20 can be
written as

OGS () = — TAFS (WIS (0)) — SV Vaploff S (1)
+L()Viplof (1)), (G.22)

with HXS (t) a single Kohn—Sham Hamiltonian appearing in Eq. G.21.
Finally, any approximation to the functionals appearing in the Kohn—Sham
Hamiltonian G.21 makes the latter stochastic (Sec. 1.4.4). For instance, the
commonly used ansatz that isolates the Hartree potential Vi (r,¢) from the
exchange-correlation vector potential, as in Eq. G.21, can be made assum-
ing that the density appearing in it is the density of each element of the
ensemble, or the ensemble-averaged density. This is because in general

[ [ TCREED |, [y [ DD (g
r—r r—r

From a physical point of view, the first choice is the most natural since
every element of the ensemble has its own density. This, however, precludes
us from writing a closed equation of motion for the statistical operator, as
discussed in Sec. 1.4.4, while this case is intrinsically built in the solution of
Eq. G.20, thus adding no extra computational complexity to it.

If we choose the second possibility, one needs to include in the exchange-
correlation also the statistical correlations of the direct Coulomb interaction
at different points in space. These correlations may be very large, and
possibly much larger than the Coulomb interaction between the average
densities (right-hand side of Eq. G.23).

In actual calculations, one may apply, as a starting point, available ap-
proximations for A,., like the ones introduced in Appendix F. The cal-
culations are carried out as described in Appendix F, with the difference
that one has now to average over the different dynamical realizations of the
stochastic process G.3.



Appendix H

Inelastic corrections to current and shot noise

I give here explicit (and approximate) formulas for the first-order correc-
tion to the wave-functions due to electron-phonon scattering in the weak
backscattering approximation. I then write the corresponding corrections
to the current and shot noise.

Up to first order, the correction to the wave-function due to electron-
phonon interaction is

L(R L(R L(R

@5 N) = W) 18w ), (H.1)

where according to standard first-order perturbation theory the correction
term is

\I/ HM ‘He h’\IIQEaNH\PE'v >
|6W%: N;) = hm /dE D”‘ £ — ,
E ’EI;R;/ e(E,Nj) —e(E', Mj) + ie
(H.2)

with e(E, N;j) = E'+ Njhw; the energy of state |U%; N;).
One can solve the above integral using the relation

lim m = P/ FG) _ inF(0), (H.3)

e—0t z + 1€ z

where P indicates the Cauchy principal value.
In the weak backscattering case one can approximate the principal value
with —imF'(0) so that the correction to the wave-function can be written as

|60 Nj) = (Bfy + Biig) Wy, s Nj + 1) + (B + Biy) [ Wip s Ny — 1),
(H.4)

where B¢,, B¢ 37 3 and Bj, are the amplitudes corresponding to the

g1 =52
diagrams depicted in Fig. 6.2.
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For instance, for ‘5\1@; Nj> the coefficients are!
Bﬁ = _12W\/72A2J TRt 7EDJ[L‘4—hw‘,- \/(1 + Nj) fR(1 - fé‘l_hwj)v
B = _127T\/>ZA y]JJlE—L&-I;w EDé+hwj \/Nj fg(l - J%er]-%

Bjs —m\r D AT, pDE [0 N TR = T ).
BE, = 127r\/7214 5 2 DE e, \/Nj fEU = fE ) (H5)

Similarly, the coefﬁments in ’6‘11 %5 N;) have the forms BLk = B]Rk (L=R),
where k£ = 1,. ; the notation (L = R) means interchange of labels R
and L.

Let us now calculate the inelastic contribution to the current from these

wave-functions.? Consistent with the approximations I have made so far, I
calculate this contribution only for the case of small bias, but still larger than
the first few vibrational modes of the nanostructure. I write this contribution
for the case in which the electronic temperature is zero (6 = 0).

Let us define the current operator (Sec. 5.2)

) = o [ans [0 (2000) = (o)) o] o

where now the field operator is given by Eq. 6.27 with the single-particle
electronic states as modified in H.1. We then calculate the average of the
current operator over the electronic degrees of freedom using the proper-
ties 5.24. Assuming that the electrochemical potential on the left, uy, is
higher than the electrochemical potential on the right, up, then, at 8 = 0,
due to the Pauli exclusion principle only the processes (c) and (d) in Fig. 6.2
contribute.

At 0 = 0 (but finite ionic temperature), the current has thus the elastic

contribution I
eh
I, = 2m1/ dE/erIEE, (H.7)

! There are also the terms proportional to \/fg (1= f 14, ) that have a smaller amplitude at
J

low temperatures and small phonon frequencies.
2 This neglects the interference terms 6.34 between the zero-order and the second-order correction
to the wave-functions.
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which is precisely the average current 5.28 I have calculated in Sec. 5.2 with
0‘“ defined in Eq. 5.27. The inelastic contribution I, is instead?

eh B *RR R 12 R |2
Iin = —% dE erIE,E ‘ <’BJ,1‘ + |Bj,2‘ ) . (HS)
J

HR

The sum of the above two terms thus gives the total current

h
= Iel+1m_% dE/erI 1—2(} A+ BRI |
J

(H.9)
Since only the modulus squared of the coefficients Bfk appears in Eq. H.8,
the current, under weak backscattering conditions, is reduced by inelastic
effects.

Inelastic effects on shot noise

One can follow similar arguments and find, within the same approximations,
the corresponding inelastic correction to shot noise. In this case one finds
Chen and Di Ventra (2005)

2h3 IR 2

ﬁ 1+ Y |BE-BYP|. (H10)

Jik=1,2

Srr = dE ’ / dr I,

which instead shows an increase of shot noise due to inelastic scattering
with respect to the elastic contribution (see Eq. 5.33). This increase can be
interpreted as increased correlations between states of different directionality
introduced by the electron-phonon coupling.

3In Egs. H.8 and H.10 the coefficients Bj are the ones in H.5 but without the terms

. . . e . NRR ~
\/f 1-— fF In addition, these equations have been simplified by using IEith,Eihwj ~
IgRE, valid for energies close to the electrochemical potentials. (The electrochemical potentials
have energies of eVs, to be compared with the typical energy of a few meVs of phonons in
nanoscale junctions.)



Appendix I

Hydrodynamic form of the Schrodinger equation

I discuss some steps necessary to show that the time-dependent many-body
Schrédinger equation 1.16 can be written in hydrodynamic form.!

Let us start from the general Hamiltonian operator
H=T+W+ V., (1)

describing electrons interacting via Coulomb forces (described by the oper-
ator W) subject to a time-dependent external potential represented by the
operator Veut.2 The operator T describes the kinetic energy of the par-
ticles. Using the relations A.26 and A.27 we can write these operators in

second-quantization form so that the Hamiltonian 1.1 can be written as®

~ h2‘72
— T
H-= /dri/) (r) 5

+ % / dr / ' ()0 () ()

v — ']

W(r)

+ [t et o), (12)

where the field operators have been defined in Egs. A.19 and A.20. Using
Eq. B.3 we find the following equation of motion for the field operator in
the Heisenberg picture

P K22 Pt 1 /
iho () = — = w(r,t)+/dr Wﬁi)mw(rvtwr’w

+ Vemt(nt)w(rvt)' (I'3>

! This derivation follows closely the one in Tokatly (2005), see also Martin and Schwinger (1959).

2 Here the external potential may be the electron-ion potential plus any other possible external
potential.

3 The kinetic energy is a one-body operator, the Coulomb interaction is a two-body operator,
and we assume, as we did in Sec. 4.3.1, that the external field can be described by a one-body
potential.
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The equation of motion for the density operator, Eq. A.23,

n(r,t) = i (r, )Y (r, t), (1.4)

follows similarly from Eq. B.3. Using Eq. 1.3 (and the hermiticity of the
Hamiltonian) we get

L on(r,t) . 8¢T(r’, t) , , L O0U(r)t)
ih 5 = ih [({%w(r )+ (e ,t)at}
2
= o L ) V(e 1) — [V (e )] 1))
= —ig v Lt Ve, 1) — (V6 (e 1))
= —ihV - j(r, 1), (L5)

where in the last equality I have used the definition A.24 of current density
operator.

If we now take the average of Eq. 1.5 (with respect to the statistical
operator of the system) we recover the continuity equation 1.11. By defining
the fluid velocity

S (CO0) 00} o

we can rewrite the continuity Eq. 1.11 as
Din(r,t) +n(r,t)V - v(r,t) =0, (L.7)

where the convective derivative is given in Eq. 8.10.

Following similar arguments, i.e., by differentiating in time the current
density operator A.24, one can show that the expectation value of the current
density operator satisfies the following “Newtonian” equation of motion

0j(r,t A _
mE?t) + FF (e t) + FO¢(r,t) + n(r, t) Vi Vi (r, 1) = 0, (1.8)
where I have defined the force densities due to the kinetic part of the Hamil-
tonian

3 B2 9 dij
B (r,t) = o ; 3 <Wﬂvjw + Vil Viy — ;V2(¢T¢)>

=> iTij(r,lt) =V, T;;(r,t), (1.9)
J 8’!“]'
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and due to the Coulomb interaction among electrons

Pt (et) = [ ae' i (W 0u i e e ). (L10)

In Eq. 1.9 T have also defined the second-rank tensor ’i’ij

- h?
Ty = 2m

<v ATV 1 + ViV — 9ij v2(¢T¢)> (1.11)

and, in the last equality of Eq. 1.9, I have used the convention that repeated
indexes indicate summation over the three spatial coordinates.

Equation 1.8 can be interpreted as the second law of mechanics applied
to the electron liquid: all forces, internal (F¢~¢ and F*") and external
(—=nVVeu) to the fluid, produce a change in velocity.

Assuming that the integration volume in I.10 extends beyond the range
of the interactions, F§ “(r,t) can also be written as the divergence of a
second-rank tensor?

Foe( Za =V, W (r, 1), (1.12)

where

1 Lol |t
Wi (r,t)=—- [ dr ik
=g [ o v o]

1
></ dX (T (x + X/ )T (x — (1= M)r', t)

0

x (e — (1= N/, ) (r + A/, t)), (1.13)

with A a positive parameter that defines a line which connects two interacting
particles.

Let us now use the definition of convective derivative 8.10 and rewrite the
kinetic stress tensor as

Tij = Tyj(r,t) — mn(r,t) vi(r, t) vj(r,t). (1.14)
Let us define the total (two-particle) stress tensor
Pij(r,t) = Wyj;(r,t) + Tj;(r, ). (I.15)
We can then rewrite Eq. 1.8 as
mn(r,t)Dyv;(r,t) + V;Pi;(r,t) + n(r,t)V; Ve (r,t) = 0. (1.16)

4 Due to screening effects and for a finite and closed system this statement is generally true, i.e.
one can always find a volume large enough that the interactions are negligibly small at the
surface enclosing this volume.
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Solving the coupled equations 1.7 and 1.16 with given initial conditions is
therefore equivalent to solving for the many-body Schrodinger equation 1.16.
We have thus proven the equivalence

d|¥(t))

in
SN

— H|¥(1)
i (117)
{ Din(r,t) + n(r,t)V-v(r,t) =0

mn(r,t)Dyv;(r,t) + ViP;;(r,t)

+ 7’L(I‘, t)vj‘/ext (I‘, t) =0,

where the reverse relation (from the hydrodynamic equations of motion
to the Schrodinger equation) is guaranteed by the theorems of dynamical
density-functional theories (see discussion in Sec. 8.2).

In order to solve 1.17 one needs to derive an equation of motion for the
two-particle density matrix Gy = (¥ (r)yT(r/)1(r')1(r)), which enters in the
definition of the interaction part of the stress tensor, Eq. 1.13. This equa-
tion of motion can be derived from the Heisenberg equation of motion of
the particle field operators, Eq. 1.3. Carrying out the calculation explicitly,
one would find that this equation of motion contains the three-particle den-
sity matrix G3 = (¢f(r)f(r/, 1)yt (r")(r"))(r')(r)), i.e., one needs the
stress tensor involving interactions among three particles (call this PS,Z)
In turn, the equation of motion for the three-particle density matrix (stress
tensor) contains the four-particle density matrix (stress tensor) and so forth,
thus generating the BBGKY infinite hierarchy of nested equations explicitly
written in Appendix B, making the problem practically unsolvable.



Appendix J

Equation of motion for the stress tensor

I derive here the equation of motion for the stress tensor P;;, Eq. 8.21.
Let us start from the Boltzmann equation 4.155 for the non-equilibrium
distribution function f

W * % Vi f(r,p, 1) = VieVeu(r,t) - Vp f(r,p, 1) = I[f], (J.1)

for an arbitrary external potential V., (r,t). The number density and cur-
rent density are related to the distribution function as

n(r,t) =Y f(r,p,t) (J.2)
p

and

i) =30 2 i(ep.0). (1.3)

p

Let us move to a reference frame co-moving with the liquid (called the
Lagrangian reference frame) via the transformation (Tokatly and Pankratov,
1999)

p—p+mv, (J.4)

where v is the velocity of each point r in the liquid.! Call fX(r,p,t) =
f(r,p+ mv,t) the distribution function in this reference frame. We have

S o ffapt) =) fep+mv,t) =Y f(r,pt) =n(r,t),  (J5)
p p p’

I This is a local non-inertial reference frame.
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and

S 2 ety =Y T fpmvi) =Y <51 —V> f(r,p't) =0,
P P

pl
(J.6)
i.e., the density is the same as in the laboratory frame, while the current
density is zero in the Lagrangian frame.
The Boltzmann equation J.1 in the Lagrangian frame is

thL—l—%-VrfL—eVVert-foL—V-Vp-foL—thv-foL =1[f1. (3.7)
If we integrate Eq. J.7 over all momenta p we obtain

Dyn(r,t) + n(r,t)V - v(r,t) = Y _I[f*] =0, (J.8)
1%

where the last condition is set by the conservation of number of particles
(see Exercise 2.12). Equation J.8 is the continuity equation.

Let us now write Eq. J.7 in index notation (summation over repeated
indexes is implied), multiply it by the products of momentum components
p; pj and sum over all the momenta. We then get

DbiP;Pk
D pipiDift Y TV — eV Vo Zpipjvpk fL
P P

> pippr VvV fF szpj mDyuy) V;)kf ijpj fF1.(1.9)

p

Let us define

_ 1 4L
= mzp:pzpjf : (J.10)

and

szk m2 szpjpk f ) (J.11)

the second and third moment of the distribution, respectively. Equation J.9
can then be written as

DiPij + PV v + Py Viv; + Py Vi, + VP = Zplp7 (J.12)

which is Eq. 8.21. One can then prove that an equation of the same form
exists for the stress tensor in the laboratory frame by inverting the trans-
formation J.4.
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Let us now write the stress tensor as
Pij(r,t) = P(I’,t)(;ij —mj(r,t), (J13)
with Tr{m;;(r,t)} = 0. We introduce J.13 into J.12 and neglect the term
VkPS’/,)$ We get
DPé;j + [Vvi Poyj + VivjPoji, + Viv; Po; j]
— DtTrij — [Vkvﬂrkj + Vkvjﬂ'ik + Vivz'ﬂ'ij]

_ % S a1l (J.14)
P

By taking the trace of Eq. J.14 and using the fact that 7r;;(r, ) is traceless
we get in d dimensions

2 2
DtP + <1 + d) kavk - gﬂ'kjvkvj = 0, (J15)
which is precisely Eq. 8.26. By introducing J.15 into J.14 we finally get
2
— Dﬂri]‘ — I:Vkvﬂrjk- + Vkvjﬂ'ik -+ Vk”l)kﬂ'ij — dﬂ'klvkvl&'j]
2 1
+ P | Vi + Vipvidy, — 86ijvkvk = ?pipjl[f]- (J.16)
This is equivalent to 8.27.

The derivation of the quantum Navier—Stokes equations then follows as
explained in Sec. 8.2.1.



Appendix K

Cut-off of the viscosity divergence

In this appendix I give a simple argument to show that the presence of
a nanostructure cuts off the typical divergence of the electron viscosity at
zero frequency and zero temperature (Abrikosov and Khalatnikov, 1959).!
At finite frequencies the shear ji and bulk B moduli of a liquid are complex
functions (Landau and Lifshitz, 1959)

f(w) = p(w) — iwn(w), complex shear modulus, (K.1)

and
B(w) = B(w) —iw((w), complex bulk modulus, (K.2)

where 7 is the shear viscosity, ¢ the bulk viscosity, p(w) is the shear modulus
and B(w) is the bulk modulus, and pu(w — 0) = 0.

Since p(w) and —wn(w) are the real and imaginary parts, respectively, of
the same response function fi(w), they are related via the Kramers—Kronig
relation

w/2

) = o = 00) =27 [ ), (K.3)

where P indicates the Cauchy principal value. In the limit of w — 0 the
above equation reads

n(w — 0)

P oo
pw — 00) = ploo = 2/ dw' n(w') ~ ———, (K.4)
™ Jo T

where 7 is the total scattering time, and the last step is justified by the fact
that the major contribution to the integral comes from frequencies within a
range of the order of 1/7.
I This is the order of the limits to obtain this divergence: first one sets the frequency to zero,
and then the temperature to zero. The opposite order — first the temperature goes to zero

and then the frequency vanishes — does not lead to a viscosity divergence. In this regime, the
viscosity n tends to a constant and rather small value.
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462 Cut-off of the viscosity divergence

In the absence of the nanostructure and for a translationally invariant sys-
tem, 7 diverges as 1/62, where 0, is the electronic temperature. From K.4 we
then see that the viscosity diverges at zero frequency and zero temperature
(Abrikosov and Khalatnikov, 1959).

Physically this is due to the fact that for a translationally invariant sys-
tem at zero temperature the quasi-particles close to the Fermi energy are
very long-lived and can transport momentum — and thus friction of every
“adjacent” layer of the liquid — over very large distances, thus making the
liquid move as a whole (similar to a solid behavior).

On the other hand, the nanostructure introduces a finite lifetime 7, (in-
dependent of temperature) due to the elastic scattering of electrons at the
junction (see Sec. 7.6) which cuts off the divergence of the zero-frequency
viscosity n(w — 0) via the relation (from K.4)

n(w - 0) = HooTes (K5)

as if a finite temperature is present. The presence of the nanostructure does
not allow quasi-particles to transport momentum to every layer of the liquid
over all distances. This result also shows that the zero-frequency viscosity
is structure-dependent and may be much larger than the one obtained from
Egs. F.8 and F.9 of Appendix F.



Appendix L

Bernoulli’s equation

Here, I derive Bernoulli’s equation from the Navier—Stokes equations 8.35.
Let us use the identity

V'VV:%V(V-V)—VX(VXV), (L.1)

and replace it into 8.35. We then get

ov V-V P Vet 2.
(%+v<2+n+m>—7]VV—VX(VXV). (L.Q)

For an inviscid liquid (n = 0) at steady state we get
) = \Y . L.3
+ - + - > v x (Vxv) (L.3)

A streamline is defined as the line such that its tangent at any point gives
the direction of the velocity at that point (Landau and Lifshitz, 1959). If we
denote with [ the unit length along a streamline, the projection of Eq. L.3
onto a streamline gives

8 V-V P ‘/e:vt
el I UL L4
ol < > tu ) ’ (L-4)

since v x (V xv) is orthogonal to v and hence its projection on the streamline
is zero. Equation L.4 finally gives Bernoulli’s equation

D+E+V€ﬂ
2 n m

= constant. (L.5)
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advection, 408 Born—Oppenheimer
Aharonov—Bohm effect, 192, 381 approximation, see approximation,
analytic continuation, 304 adiabatic
anharmonic effects, 320 surface, 282
apparatus, measurement, 7, 15, 32, 93 bosons, 83, 219, 223, 419
approach shot noise for, 263
Landauer, 35 time-ordering operator, 287
Langevin, 278 branch cut, 141
partition-free, 214, 346 brownian motion, 65
partitioning, 108, 146, 149, 154, 213 bubble diagram, 304
approximation
adiabatic, 53, 213, 282 capacitance, 6, 245, 247, 260, 278, 348
in presence of current, 283 channels, 110, 117
Born, 54, 136, 303 closed, 177
self-consistent, 303 incoherent, see independent
conserving, 225 independent, 47, 110, 111
generalized gradient, 435 open, 177
local density, 434 characteristic polynomial, 174
adiabatic, 357, 358, 392, 437 charge
loss of memory, 393, 401 bound, 5, 356
Markov, 28, 429 free, 5, 356
mean-field, 60, 65, 70, 73, 89, 107, 137, 166, charge neutrality, 369
230 coherence, 22
non-crossing, 300 length, 48
quasi-particle, 229 long-range, 62
relaxation-time, 81, 82, 98, 255, 371, 384 orbital, 76
single-particle, 283 spin, 76
attractor, 367 collision, 77
average elastic, 43
macroscopic, 70 inelastic, 43
planar, 70 integral, 80, 255
Avogadro’s number, 8 compressibility, isothermal, 65
conductance, 39
basin of attraction, 367 differential, 130
bath, 7 four-probe, 181, 375
phonon, 25, 44, 369 heat, 315, 411
BBGKY hierarchy, 81, 84, 108, 218, 356, 420, multi-channel, 182
457 multi-probe, 185, 348
bias, 3, 39, 70, 103, 128, 213, 348, 358 quantized, 130, 388
Boltzmann constant, 8, 404 single-channel, 179
Boltzmann equation, 35, 49, 83 two-probe, 128, 130
classical, 79, 80 conductivity, 39
quantum, 235, 251, 254, 382 Drude, 42
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frequency-dependent, 95
frequency-dependent, 56
sum-rule, 42
tensor, 40
conductor, ohmic, 40
constant of the motion, 363
constriction
adiabatic, 399
non-adiabatic, 400
correlations, 22, 27, 32, 47, 59, 63, 78, 84, 107,
110, 209, 216, 237, 266, 423, 443, 453
Coulomb blockade
non-equilibrium Green’s function approach

to, 248
othodox picture, 245
coupling

electron-phonon, 285, 290, 291
spin-orbit, 75, 190
cross-correlation, 270
cumulant, 274
current
alternating, 348
chaotic, 398
confined, 14
density, 1, 4, 90, 458
diamagnetic, 55
diffusion, 72
direct, 53, 348, 384, 393
displacement, 276
drift, 72
fluctuations, see noise
inelastic, 290
from NEGF, 296
from perturbation theory, 291
localized, 5, 356
magnetization, 5, 356
moments of, 261
non-variational properties of, 199
paramagnetic, 55
persistent, 14
polarization, 5, 356
spontaneously fluctuating, 63
total, 4, 6, 7, 123, 351-356

de Broglie ansatz, 378, 380, 413
decoherence, 22, 44, 46
density

ground-state, 57

number, 4, 89, 458

of states, 66, 123, 205, 226

local, 291, 294, 322

phase, 77, 79

probability, 78, 81, 118, 228

reduced, 26, 78, 84
density-functional theory, 24, 57, 89, 92, 351

stochastic time-dependent current, 5, 57,

351, 356, 444

time-dependent, 57, 351

time-dependent current, 90, 354
dephasing, see decoherence
diffusion, 69, 408

471

coefficient, 65, 66, 73
response coefficient, 73
dilution
energy, 9
geometrical, 181, 390
of degrees of freedom, 112
dimensional analysis, 398, 400
dipole
local resistivity, 114, 333
local resistivity spin, 197
disorder, see entropy
distribution
Bernoulli, 274
binomial, 274
gaussian, 275
Lorentzian, 258
Poisson, 264, 265
statistical, 261
distribution function
Bose—Einstein, 31
Fermi—Dirac, 31, 77, 415
local equilibrium, 111, 126, 374
non-equilibrium, 78
dots, quantum, 2, 245
drag
spin Coulomb, 75
viscous, 391, 397
drift, 69
Drude
model, 35, 39
peak, 95
dyadic, 36
dynamics
dissipative, 380
irreversible, 9, 90
non-Markovian, 425

eigenchannel basis, 162, 272
eigendifferential, 14, 119, 336
Einstein relation, 65
electro-migration, see force, current-induced
electron-hole pair, 303, 403
electron-pumping effect, 316
electrons
core, 283
independent, see approximation, mean-field
left-moving, 112
right-moving, 111
valence, 283
electrostatic potential, 374
energy dissipation, 96, 314, 394, 400
rate of, 396
ensemble, 4, 19, 20, 24, 25, 92, 94, 261
canonical, 30, 63, 87
grand-canonical, 29
micro-canonical, 64
entanglement, see correlations
enthalpy, 388
entropy
canonical, see entropy, thermodynamic
concavity, 92, 99, 357
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flux, 91, 99 statistics, see distribution function
local, 71, 407 velocity, 48, 66
micro-canonical, 86 wave-vector, 117
production, 99, 367, 406 ferromagnet, 197
rate, 91, 99 field
statistical, 8 electric, 72, 333
classical, 85 inhomogeneous, 35
Kubo, 91 uniform, 57
of measurement, 93 magnetic, 109, 156, 190
of open systems, 90 velocity, 376, 378, 380
of pure states, 87 field operator, 218, 267, 287, 289, 418
of stochastic Hamiltonians, 92 flow
quantum, 86 irrotational, 380
thermodynamic, 68, 87, 98 laminar, 387, 395, 397
environment, 7, 423 turbulent, 260, 387, 397
equation fluctuations, 6, 258
Bernoulli, 388, 463 spectral density of, 265
Boltzmann, 458 spontaneous, 63
continuity, 6, 62, 75, 225, 361, 378 thermal, 4
drift-diffusion, 73 fluid, see liquid
Dyson Fock
interacting, 222 space, 286, 416
non-interacting, 137 states, 416
Hartree—Fock, 24, 166 force
Keldysh, 236 and topology, 341
Langevin, 278 conservative character, 340
Lindblad, 28, 44, 424 current-induced
Liouville, 97 elastic, 329
Liouville—von Neumann, 23, 51, 211, 426 inelastic, 329
Lippmann—Schwinger direct, 330
time-dependent, 132 from linear response, 332
time-independent, 140 out of equilibrium, 335
Schrédinger, 12, 51, 211 Pulay, 334, 345
stochastic, 28, 354, 444 sign, 333
stochastic differential, 278, 446 wind, 330
equilibrium formalism
global, 50, 51, 212 Keldysh, 209
local, 49, 71, 80, 83, 101 Kubo, 35, 50
approach to, 82 linear-response, 35, 50
quasi-static, 69 non-equilibrium Green’s function, 209
thermal, see equilibrium, thermodynamic Fourier transform, 42, 117, 132, 140-142, 222,
thermodynamic, 31, 69, 74, 219, 320, 407 223, 225, 239, 240, 253
ergodicity, 64, 262 friction, see viscosity
Euler equations, 387 Friedel oscillations, 146, 374
evolution function
non-unitary, 28, 152, 336 autocorrelation, 62, 261
unitary, 12, 213, 423, 427 voltage, 279
exchange-correlation characteristic, 274
field, 392, 440 correlation, 97, 224, 278
functional, 433 current-current, 62
hole, 433 distribution, 77
kernel, 59 Heaviside, 31, 117
pressure, 393 moment generating, 274
scalar potential, 392, 433, 437 sample, 261
vector potential, 59, 392, 439, 449 spectral, 225, 228
functional, 24, 80, 211, 221, 245, 432
Fano factor, 273 derivative, 433
Fermi
energy, 31, 66, 69, 117 g-factor, 191
momentum, 66 gas

sea, 403 Fermi, 48, 266, 409



degenerate, 31, 66
non-degenerate, 32, 63, 74, 76
ideal, 30, 48, 63, 73, 74, 78
gauge, 52, 56
invariance, 13, 96, 192, 392, 439
Green’s function
advanced, 133, 223
anti-time-ordered, 232
contour-ordered, 217, 231
equation of motion, 220
equilibrium, 217
free, 134
greater, 224
lesser, 224
principal-value, 204

relation between retarded and advanced, 134

retarded, 133, 223

series expansion, 136

three-particle, 220

time-ordered, 218

two-particle, 220
group, 423

Hamilton equations, 80, 83
Hamiltonian
electron-ion, 281
Hartree, 108, 231
Kohn—Sham, 355
ground-state, 109
stochastic, 434
random, see stochastic
stochastic, 24, 92
transfer, see tunneling Hamiltonian
heat dissipation, see energy dissipation
heat transfer, 406
heating
local electron, 403, 410
local ionic, 280, 312, 410
vs current-induced forces, 343
Helmholtz, free energy, 68
hypothesis, ergodic, 64, 264

idempotency, 38

information, loss of, 9, 32, 84-86, 94, 357, 390,

394
in Kubo approach, 91
in Landauer approach, 107
with stochastic Hamiltonians, 92
information, maximum, 18, 21
insulator, 67
interaction
electron-electron, 2, 47, 110, 356, 369
electron-ion, see interaction,
electron-phonon
electron-phonon, 110, 280, 286-288, 290,
365, 369, 410, 451
phonon-phonon, 286
invariance, time-reversal, 83, 122
Ito calculus, 446

jellium model, 338, 341, 358, 401

Index

Kohn—Sham

equations, 57, 432

time-dependent, 437
functional, see exchange-correlation
functional

orbitals, 58
Kondo effect, 210
Kramers—Kronig relation, 461

leads, 105, 108, 112, 115, 116
lifetime, electron-phonon, 307
Lindbladian, 28
liquid
electron, 376
Fermi, 228
incompressible, 388, 401, 407
Luttinger, 210
viscous, 376
localization length, 175
Lyapunov exponent, 176

Madelung equations, 379
magnetization, 5
magnetoresistance, 194
mass, effective, 41, 95, 299
material
diamagnetic, 5
ferromagnetic, 190
paramagnetic, 5
matrix
T, 157
S, 167
unitarity of, 162, 174, 205
density, 21
N-particle, 89
Kohn—Sham, 59
single-particle, 89
pseudo-unitary, 173, 206
random, 176
reduced density, 103
transfer, 167
mean-free path, 48
inelastic, 48, 290, 294
measurement
complete, 19, 32
continuous, 32
current, 15-17, 19, 93
ideal, 16
outcome of, 32, 94
memory, 27, 28, 83, 171, 368
kernels, 428
mesoscopic, 1, 36
micro-canonical approach, 35, 346
conductance, 374
micro-reversibility, 84
mobility, 74
modes, transverse, see channels
molecule, 112
alkanethiol, 323
octanedithiol, 313
moment
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dipole, 5 interacting, 77
magnetic, 5 non-interacting, 30, 79, 415
path
nanotube, 2, 112, 118 evolutionary, 363
Navier—Stokes equations, 382, 387 semiclassical, 41
noise, 6 phase, 43
1/f, 258 phonon, 25, 29, 44, 83
external, 258 absorption, 293, 307
input, 445 dressed, 288
internal, 258 emission, 293, 306
Johnson—Nyquist, see thermal spontaneous, 294
output, 445 in presence of current, 340
Poisson, 264 localized, 308, 316
shot, 260, 398, 453 propagator, 288
spectrum, 265 free, 287, 308
sub-poissonian, 273 subsystem, 284
super-poissonian, 273 picture
telegraph, 258 Heisenberg, 21
thermal, 260, 263, 275, 277-279, 398 interaction, 53
turbulent, 260 Schrodinger, 21
normal mode, 285 polarization, 5, 288
spin, 75, 195, 197
observables positivity, statistical operator, 21, 54, 355, 424
commuting, 12, 18 potential
compatible, 18 chemical, 29, 68, 72
occupation number, 31, 248, 266, 275, 416 electrochemical, 70, 103
Ohm’s law, 39 local, 179
Onsager relation, 196, 206 spin-dependent, 72
operator electrostatic, see Hartree
current, 13, 120 Hartree, 70, 109, 128, 438
current density, 13 non-local, 193
density, see operator, statistical pressure, 385-387, 407, 413
density of states, 143 principal value, 204
diamagnetic current density, 13 principle
equilibrium statistical, 29 exclusion, see principle, Pauli
Kraus, 425 initial-state maximum entropy, 367
Lindblad, 28, 424 maximum entropy, 367
linear, 427 Pauli, 59, 66, 83, 84, 354
number density, 13 Prigogine, 367
occupation number, 417 probability
paramagnetic current density, 13 inelastic transition, 292
Pauli, 75 reflection, 121, 267
position, 13 transmission, 122, 267
projection, 16 probe, 128
scattering, see collision, integral capacitative, 128
statistical, 19-21, 93 floating, 188
properties of, 37 invasive, 129, 185, 195
reduced, 26, 426 local, 313, 403
time-evolution, 23 non-invasive, 128, 173, 179
truncation of, 33 voltage, 43, 69, 185, 188, 324
super-, 28, 29, 104, 424, 430 process
time-evolution, 12 cascade, 401
series expansion, 217 dephasing, 43, 110, 171, 186, 187, 189
time-ordering, 12 inelastic, 280, 284, 370
velocity, 13 irreversible, 84
optical lattices, 368 normal, 320, 369
stationary, 262
particle flux, conservation, 122, 125, 162, 165, stochastic, 261, 278, 445
187, 189 d-correlated, 354
particles Umklapp, 319, 320, 369

indistinguishable, 9, 30, 77, 415 projection method, 426
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projector, super-, 427
propagator, see Green’s function
pseudopotential, 283, 330, 332, 338

quantum master equation, 28, 425, 446
stochastic unraveling of the, 448

quantum of conductance, 67

quantum point contact, 1, 131

reference frame
co-moving, see reference frame, Lagrangian
Lagrangian, 383, 458
non-inertial, 458
reflection amplitude, 158
regime
ballistic, 67, 178
hydrodynamic, see equilibrium, local
localization, 176
ohmic, 67, 177
quasi-ballistic, 178
relaxation
energy, 44
momentum, 43, 50, 369, 370
spin, 75

renormalization, energy, 28, 105, 148, 151, 229,

299, 427
reservoir, 7, 67, 69, 103, 105, 111, 129, 166,
178, 186, 202
phonon, 289
resistance, 6, 39, 110, 348
definition of, 42
dynamical, see resistance, viscous
quantized, 67
viscous, 395, 396
resistivity, 39
resolution of the identity, 143
resonance, 128, 148
response, 39, 115
function, 55
current-current, 55, 58
linear, 40, 50, 52, 392
Reynolds number, 398
critical, 399

scattering
theory, 132
boundary conditions, 106
elastic, 109, 249, 405
electron-electron, see interaction
electron-phonon, see interaction
inelastic, 283, 290
selection rules, 296
rate
electron-phonon, 291
solutions, 106
theory, 102, 106
screening, 129
length, 114
magnetic, 5
partial, 115
Seebeck coefficient, see thermopower

self-consistency, 70, 199
self-energy, 136
electron-phonon
equilibrium, 301
non-equilibrium, 307
greater, 234
irreducible, 221
lesser, 234
operator, 149
semiconductor, 197
doped, 74, 299
non-degenerate, 74
semigroup, 423
similarity transformation, 175

single-electron tunneling, see Coulomb

blockade
Slater determinant, 415
Sommerfeld expansion, 326
specific heat, 404, 407
spectral representation, 142
spectrum
continuum, 14
dense, 8, 44, 103
discrete, 14
spin
accumulation, 197
degeneracy, 66, 67
electron, 75, 190
flip, 75
majority, 72, 197
minority, 72, 197
nuclear, 75, 190
polarization, 72
spin valve, 193
spinor, 191
state
evanescent, 118
incoherent, 23
incoming, 138
lifetime, 137, 148, 151, 229
elastic, 166
inelastic, 299
macro-, 20, 21, 25, 38, 102

micro-, 17, 19-22, 26, 32-34, 38, 107

mixed, see macro-
mixing, 47
outgoing, 139
pure, see micro-
quasi-steady, 347, 360
global stability, 364
variational definition, 360
square-integrable, 119
stationary, see steady
steady, 7, 104, 121, 200, 203, 346
and initial conditions, 364
approach to, 369
uncorrelated, 27, 112
statistics, counting, 262, 265, 274
Stosszahlansatz, 84
streamline, 463
subbands, 116
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superconductor, 62
superlattice, 398

symmetry breaking, spontaneous, 84
symmetry, time-reversal, see invariance,

time-reversal
system

chaotic, 398
closed, 7, 23, 51, 107, 211
finite, 8
homogeneous, 57
infinite, 9, 106
inhomogeneous, 40
isolated, 8
isotropic, 66
Kohn—Sham, 58, 351
macroscopic, 1, 46
mesoscopic, 178
non-interacting, 228
open, 28, 32, 102
strongly correlated, 228
translationally invariant, 369
weakly interacting, 228

temperature
Debye, 319
local electronic, 286, 403
local ionic, 286, 313
tensor, 40, 42
shear stress, 413
stress, 378, 381
Navier—Stokes, 385
theorem
H-, 86, 98
central limit, 275
fluctuation, 88

fluctuation-dissipation, 60, 65, 97, 226, 257

Hellmann—Feynman, 334, 345
Hohenberg—Kohn, 432
Lindblad, 424
Liouville, 79
Migdal, 303
optical, 206
Oseledec, 176
Poincaré recurrence, 8
Runge—Gross, 436
total current, 351-356
variational, 200
Wiener—Khinchin, 265
thermopower, 323
dynamical effects, 327
transient response, 327
time

autocorrelation, 103, 105, 398, 428

and steady state, 262
definition of, 262
coherence, 43

correlation, see time, autocorrelation

decoherence, 46

elastic relaxation, 43
inelastic relaxation, 43
momentum relaxation, 49
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Poincaré recurrence, 8, 349
relaxation, 41, 81, 90, 95, 230
transit, 2
trace, 20, 36
transition probability, 81
transitions, inelastic, 280, 292, 319
transmission amplitude, 159
transmission coefficient, 124
transport
incoherent, 43
phase coherent, 43, 110
spin-dependent, 75, 190
viewpoints, 35
tunneling
Hamiltonian, 206
resonant, 169, 244
sequential, 171
single-electron, see Coulomb blockade
turbulence, 260, 395, 406
eddies, 400
fully developed, 398

ultra-cold gases, 368
variable, extensive, 9

vector potential, 56, 379, 392, 445
longitudinal, 439

velocity
drift, 4, 74
thermal, 4

vertex corrections, 302
virtual process, 304
viscosity, 198
bulk, 386, 441, 461
shear, 376, 386, 441, 461
approximate formulas, 442
voltmeter, see probe, voltage
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postulate of reduction, 16
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wires, atomic, 2
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