ABSTRACT

RAJ, ANANT. Energy Transport in Low Dimensional Systems: Phonons and Beyond Phonon
Descriptors (Under the direction of Dr. Jacob Eapen).

Thermal conduction in solid state electrical insulators has long been associated with the normal
mode of the vibrating atoms known as phonons. In the quantum framework, phonons are
treated as bosons, which can be described by the Boltzmann kinetic theory. While the concept
of phonons is critical to explaining several thermal properties, recent developments are
challenging the notion of phonons as the true carriers of heat. In an alternate framework, which
is more fundamental, thermal conduction can be described by the linear response or
equivalently, the Green-Kubo (GK) theory. The GK theory, however, does not lend itself
naturally to identify the modes of vibrations in a crystalline state. In the past two decades,
several attempts have been made to merge these two disparate theories though with limited
success. The primary objective of this dissertation is to develop a theoretical framework that
can accommodate the GK and phonon theories while maintaining mathematical and physical

consistency.

Following a brief description of the phonon theory in Chapter 2, a mathematically consistent
general solution to the phonon equation of motion is presented in Chapter 3. It is shown that
the displacements necessarily should include a left moving and a right moving wave train to
satisfy all the internal degrees of freedom. The identification of the amplitudes in +q and —q
wave vector directions provides a fundamental breakthrough for describing the correct form of

energy and heat current modes expressed in normal mode coordinates.



In Chapter 4, a numerically efficient method based on the ratio of normal mode coordinates of
velocity to those of displacements is presented for determining the phonon dispersion curve.
While the theory is known before, the method has never been employed for computing phonon
dispersion using atomistic simulations. Case studies on a monoatomic chain, a diatomic chain,
and graphene demonstrate that the ratio method outperforms in accuracy and speed over the

conventional method of using a fast Fourier transform (FFT).

The most impactful results of the dissertation are presented in Chapters 5 and 6. First, the
mathematical and physical consistency conditions for heat carrier modes are derived in Chapter
5. It is shown that a real microscopic heat flux in normal mode coordinates can be consistently
defined, and the net phonon population can be expressed as a difference in amplitudes along
+g and —q wave vector directions. It is further demonstrated that phonon-phonon cross-
correlations, which emerge naturally, can play a dominant role in the thermal transport process,
especially for low-dimension systems; the derivation also identifies a correction term for
phonon self-correlations. Interestingly, the correction from energy correlations leads to phonon

lifetimes that are noticeably lower than those estimated using the existing approaches.

For low dimensional systems, it is more appropriate to investigate the local heat current and
energy fluctuations in appropriate normal coordinates than to probe an ill-defined thermal
conductivity. In Chapter 6, the theoretical framework for analyzing local energy and heat
current fluctuations in corresponding (energy/flux) normal coordinates is presented. These
energy/current modes are then connected to the phonon normal modes that allows the exciting
possibility of analyzing energy/heat modes in the more familiar framework of displacement

(phonon) normal modes. First, the energy/current modes are derived exactly for a harmonic



one-dimensional monoatomic chain; the theoretical prediction is verified subsequently using
atomistic simulations. The theoretical derivation reveals a rather intriguing denouement on the
possible combinations of phonon modes. Even with harmonic interaction, pairs of phonon
modes combine to produce energy/heat modes if and only if they satisfy the three-phonon
scattering law. It is known that three-phonon processes are required for thermal dissipation,
and the appearance of the three-phonon scattering condition, from the energy/current modes,
indicates the distinct possibility of predicting the phonon interaction types directly from the
pertinent microscopic variables (energy/current) — a long sought after goal in recent theoretical
studies. The three-phonon synergy has the lowest order of interaction, and this condition arises
naturally with the interference of energy/heat waves. It is anticipated that if anharmonicity and
higher dimensionality are included, higher order processes will evolve naturally without the

need to specify or postulate the nature of phonon interactions in thermal transport.
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Chapter 1. INTRODUCTION

1.1 Motivation

Thermal management is important for optimizing the performance and design of electronic
devices. With the recent advances in nanotechnology, there is a growing interest in studying
the fundamental mechanisms of energy transport, both at micro and nanoscales [1-13]. The
discovery of low dimensional materials such as graphene [14] and carbon nanotube (CNT)
[15], which exhibit extraordinary electronic [16, 17], thermal [18-24] and mechanical [25-28]
properties, has increased the prospects of them being used in advanced electronic devices [23,
29, 30]. In turn, this has heightened the necessity for investigating the key mechanisms of
energy transport, not just at nanoscales, but also for systems with lower dimensionality [4, 31-

40].

Designing experimental methods [41-43] for thermal characterization becomes more intricate
at nanoscales; the complexity is further escalated for non-isotropic materials. Experimental
characterization may also get affected by boundary and interface effects. Atomistic
computational methods [6, 44-46] provide an alternate framework for probing the thermal
transport mechanisms; they also have the additional capability of extracting atomic-level

attributes, which is not always possible with experiments.



Heat conduction in solid state electrical insulators has long been associated with phonons — the
normal modes of vibrating atoms of a system [47]; in the quantum framework, phonons are
treated as bosons. The transport of phonons can be described by the Boltzmann kinetic theory,
which assumes gas-like interactions among the phonons [48]. The phonon modes interact due
to the anharmonicity in the interatomic potential, which lead to phonon-phonon scattering
events. For example, a cubic term in the interatomic interaction leads to scattering events
involving three-phonon modes (also referred to as three-phonon scattering) [48]. These
scattering events can either conserve momentum as in the case of normal scattering (or N-
process), or lead to a net change in the momentum post-scattering as in the case of Umklapp
scattering (or the U-process) [48]. Of these, only the Umklapp scattering provides a net
resistance to the flow of energy resulting in a finite thermal conductivity [48]. The phonon-
phonon scattering events ensure that any fluctuations in the phonon population from the
equilibrium expectation value as given by the Bose-Einstein distribution, decays in time, which

relaxes the system back to the equilibrium state.

Methods based on Boltzmann transport equation (BTE) are widely used to assess the phonon
transport mechanisms and thermal conductivity of materials. BTE methods [44, 49, 50]
generally use the single mode relaxation time approximation (SMRA) to estimate the
relaxation time for each phonon mode. Relaxation time along with phonon group velocities
and specific heat is then used to estimate the thermal conductivity. The SMRA approach
basically assumes that only a single phonon mode is excited while all other modes are in

equilibrium. However, recent investigations [51] demonstrate that SMRA leads to inaccurate



predictions for low dimensional systems where cross phonon correlations are significant even
at high temperatures. Thus for low dimensional systems, a complete solution to the BTE is

required using more accurate models that are also more complex [47, 52].

In an alternate framework, which is more fundamental, thermal conduction can be described
by the linear response or equivalently, the Green-Kubo (GK) theory [53, 54], which relates the
thermal conductivity to the decay of correlations of heat current fluctuations at equilibrium.
Equilibrium atomistic or molecular dynamics (MD) simulations — classical or ab-initio — can
be advantageously employed to determine the correlation of the heat current fluctuations.
However, this approach does not lend itself naturally to identify the phonon modes of

vibrations.

Following the seminal work of Ladd and Moran [55], there have been several attempts in the
last decade [44, 56-62] to merge the GK approach with the BTE to obtain individual phonon
contributions to the energy transport from statistical mechanics first principles. The primary
objective of this dissertation is to develop a theoretical framework that can accommodate the
GK and phonon theories while maintaining mathematical and physical consistency that has not

been apparent in the earlier attempts.

The energy transport in low-dimensional systems is quite different from that in bulk three-
dimensional systems. The Fourier law of thermal conduction has been reported to break down
for nanoscale and low dimensional systems [31, 33, 35, 63]. Further, the thermal conductivity

no longer remains an intrinsic property but varies with the size of the system for low



dimensional systems. One of the widely studied one dimensional (1-D) systems is the 1-D FPU
chain [64] that exhibits anomalous energy transport [31, 33, 65] with the thermal conductivity
exhibiting a power law divergence with system size. More realistic systems such as
hydrocarbon chains [56, 66] are also known to show a similar behavior. For two dimensional
(2-D) systems such as graphene, the thermal conductivity increases logarithmically with size
[67, 68]. This anomalous behavior is linked to hydrodynamic [40, 69, 70] and ballistic [71]
energy transport rather than diffusive energy transport observed for bulk three dimensional (3-
D) systems. The energy transport tends to the ballistic or hydrodynamic when the non-resistive
normal scattering dominate over the resistive Umklapp scattering [40]. Under such
circumstances, significant cross-correlations [56, 58] between different phonon modes emerge
that manifest as collective phonon excitations [40, 72]. Thus for low dimensional systems, it
IS more appropriate to probe the local heat current and energy fluctuations in appropriate
normal coordinates. The second objective of this dissertation, therefore, is to develop a
theoretical framework for analyzing local energy and heat current fluctuations in the
corresponding (energy/flux) normal coordinates and relating them to collective phonon
excitations thereby raising the possibility of analyzing the energy and heat current normal

modes in the framework of collective phonon excitations.

1.2 Outline of this Dissertation

Following a brief description of the phonon theory in Chapter 2, a mathematically consistent
general solution to the phonon equation of motion is presented in Chapter 3. It is shown that

the displacements necessarily should include a left moving and a right moving wave train to



satisfy all the internal degrees of freedom. The identification of the amplitudes in +q and —q
wavevector directions provides a fundamental breakthrough for describing the correct form of
heat current modes expressed in normal mode coordinates. In Chapter 4, a numerically efficient
method based on the ratio of normal mode coordinates of velocity to those of displacements is
presented for determining the phonon dispersion curve. While the theory is known before [73],
the method has never been employed for computing phonon dispersion using atomistic
simulations. Case studies on a monoatomic chain, a diatomic chain, and graphene demonstrate
that the ratio method outperforms in accuracy and speed over the conventional method of using

a fast Fourier transform (FFT) [38, 73-76] .

The most impactful results of the dissertation are presented in Chapters 5 and 6. First, the
mathematical and physical consistency conditions for heat carrier modes are derived in Chapter
5. It is shown that a real microscopic heat flux in normal mode coordinates can be consistently
defined, and the net phonon population can be expressed as a difference in amplitudes along
+qg and —q wavevector directions. It is further shown that phonon-phonon cross-correlations
can play a dominant role in the thermal transport process, especially for low-dimension
systems; the derivation also identifies a correction term for phonon self-correlations.
Interestingly, the correction leads to phonon lifetimes from energy correlations that are

significantly lower than those estimated using the existing approaches.

In Chapter 6, the theoretical framework for analyzing local energy and heat current fluctuations
in corresponding (energy/flux) normal coordinates is presented. These energy/current modes

are then connected to the phonon normal modes, which allows the exciting possibility of



analyzing energy/heat modes in the framework of more familiar displacement normal modes.
First, the energy/current modes are derived exactly for a harmonic one-dimensional
monoatomic chain; the theoretical prediction is verified later using atomistic simulations. The
theoretical derivation reveals a rather intriguing denouement on the possible combinations of
phonon modes. Even with harmonic interaction, pairs of phonon modes combine to produce
energy/heat modes if and only if they satisfy the three-phonon scattering law. As described
before, it is known that three-phonon processes are required for thermal dissipation. The
appearance of the three-phonon scattering condition, from the energy/current modes, thus
indicates the distinct possibility of predicting the phonon interaction types directly from the
pertinent microscopic variables (energy/current) — a long sought after goal in recent theoretical

studies.



Chapter 2: PHONON THEORY

Thermal conduction in solids is governed primarily by electrons and lattice vibrations. For
metals, the thermal transport is usually dominated by electrons while for non-metals, the
absence of free electrons leaves lattice vibrations as the only means of conduction of energy
[77]. The discreetness of the lattice structure restricts the frequencies and the wavelengths by
which the atoms in the lattice can vibrate, and the allowed vibrational modes are referred to as
the normal modes. The quantum of excitation of any normal mode of vibration is called a
phonon, which is analogous to a photon as a quantum of electromagnetic excitation. The basic
concepts of phonons are now well-established and are elucidated in several solid state and
thermal physics monographs such as by Ziman [78], Kittel [79], Peierls [48], Dove [73] and
Lou [80], Srivastava [47], Chen [7] and Kaviany [52]. This chapter summarizes the key

concepts of phonon dynamics and its relationship to thermal transport.

This chapter begins with the dynamics of a linear chain of atoms, which is best suited for
developing the concept of normal or phonon modes. It is then followed by a general description
of the phonon modes in a 3-D lattice, both in the classical and quantum framework. Finally,

the last section delineates how thermal properties can be computed in the phonon formalism.



2.1 Linear chain of atoms

1 2 3 I N-1 N
------------ @@ @ @ @@
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Figure 2.1: A linear chain of N atoms.

Consider a simple system of N atoms arranged in a linear chain as shown in Figure 2.1. The
total length of the chain is Na, with a being the equilibrium separation between adjacent the
atoms. The absolute position of the j atom at any instant is given by x;j(t) while the
displacement about its equilibrium position (ja) is given by uj(t) given by Egn. (2.1). The atoms
interact only with their immediate neighbors through a linear spring force with a spring

constant C as given by Eqgn. (2.2). Thus the linear chain comprises of N harmonic oscillators.

u; (t)=x;(t)- ja 2.1)

Fi (t):—C(uj (t)—u, (t)) (2.2)

The potential energy of interaction is given by Egn. (2.3), and the net potential energy of the

system and the net force on each atom are given by Eqns. (2.4) and (2.5):

U (£)=5C (u; (6)-u, ()] @3)



U (t) - ZU jk (t)

j>k

Fy (1) =C(u;a (D) =20, (1) +u;. (1))

The Newton’s equation of motion for each atom is given by:

A trial solution to the Eqgn. (2.6) can be expressed as:

u;(q,t)= %exp(i (qja—wqt))

(2.4)

(2.5)

(2.6)

2.7)

The trial solution is that of a traveling wave with angular frequency w and wave vector g. The

amplitude of the wave is equal to Aq, and the phase velocity is equal to w/q. The solution

contains three constants — A, g, and w. The amplitude A is determined by the initial conditions

while w is related to g via a dispersion relationship which will be discussed shortly. The

boundary conditions restrict the allowed values for the wave vector. For a very long chain,

each atom position will be nearly equivalent, and the boundaries will not have a significant

effect. The customary approach for simulating an infinite system using a finite number of

atoms is by joining the ends, which results in the Born-von Karman periodic boundary

condition [81] — it essentially replicates the same system periodically as represented by Eqn.

(2.8).



Upy (t)=u;(t) 2.8)
Substituting the solution from Eqn. (2.7) into Eqgn. (2.8) gives:

exp(i(gNa))=1 (2.9)
Which restricts the wave vectors as given below:

q, :r%;rzo,il,iz ..... (2.10)
Thus, only those wavelengths are allowed for which the total length of the system is an integral
multiple of the wavelength. Every allowed wavelength is called the normal mode and it
represents each independent mode of the system. The two longest wavelengths that are allowed
in a 20-atom chain with a = 1 are shown in Figure 2.2. Though only certain discrete

wavelengths are permitted, the variation in the wave vector space tends to continuous for a

large chain (N—o0).
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Figure 2.2: First two normal modes for a 20-atom chain with a = 1.

The atoms are only present at certain discrete locations, and thus the solution is physically
meaningful only at these locations. The value of displacement at any point between these sites
is irrelevant as it cannot be observed. Egn. (2.11) shows that the displacements at these sites
are identical for any two wave vectors that differ by an integral multiple of 2z/a. As an
example, Figure 2.3 shows this equivalence for a 20-atom chain with a = 1, and for q = 2z/a ,
q = 21x(2x/a). Thus it is sufficient to consider only those wave vectors with a magnitude of
2r/a or less as represented by Eqgn. (2.12). The positive and negative wave vectors represent

waves moving in opposite directions.

u; (a.t) —iexp(i(qja—wqt))ziexp(i(qja+2nj;r—wqt))=uj (q+n2§,tj;n c7Z (2.11)

~Jm Jm
Zog <Zor NN (2.12)
a a 2 2
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Figure 2.3: The equivalence of atomic displacements for two modes whose wave vectors
differ by 2z/a for a 20-atom chain with a = 1.

The relationship between the wave vector and frequency, known as the dispersion relationship,
can be obtained by plugging the solution from Eqgn. (2.7) into Eqgn. (2.6). Figure 2.4 shows the
dispersion curve for the linear chain as given by Eqn. (2.13). This sinusoidal variation of the
dispersion curve is due to the discreteness of the lattice. The limits on the wave vector, as
described before, appear from the atomic discreetness. The interval described by Eqgn. (2.12)
is called the first Brillouin zone and the wave vectors within the first Brillouin zone are
sufficient to describe the linear chain system.

(2

(2.13)
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Figure 2.4: Dispersion curve for a 1-D linear chain. The angular frequency has been

normalized to the peak value w, = f£ , and the wave vector has been normalized by n/a.
m

The general solution is a linear combination of all normal modes, and is given by Eqgn. (2.14):

u ()= > %exp(i(qja—wqt)) (2.14)

T <
It can be observed from Eqn. (2.12) that an odd value of N will allow the following integer
values: r =0, £1, 2, ...+(N-1)/2; a total of N different values for r. Similarly, an even value
of Nwill allow r=0, +1, +2, ...£=N/2. However, r = N/2 and r = —-N/2 represent the same mode

since they differ by 2z/a. Thus both cases will result in N unique values of r.

The amplitude Aq is complex, and thus has a magnitude and a phase (in the exponential

representation). Hence Eqn. (2.14) has a total of 2N constants to be determined. The initial

13



condition for the positions will only supply N equations. To completely determine the solution,
another N equations are required; these are obtained from the initial conditions in the velocity.
Thus it is essentially equivalent to making a transformation from 2N degrees of freedom for
positions and velocities of the N atoms to a system of 2N degrees of freedom for the amplitudes

and phases of the N normal modes of vibration of the atoms.

The total energy associated with each normal mode is related to the normal mode coordinate

Q(q,t) as given by Egn. (2.15) and Eqn. (2.16):

Q(q,t)=%2ﬁ exp(~i(aja))u; (t) (2.15)
E(at)=2[Q(a.)Q (a.)+wR(at)Q" (a.)] (2.16)

It can be shown [73] that the total energy (E) of the system is just the sum of individual
contributions due to each normal mode (Eqgn. (2.17)). However, in real space (r), the potential

energy is coupled as shown in Egn. (2.18):

E(t)= X 5[Q(at)Q (@a+w(atQ (@)= ¥ E(at) (2.17)

(1) =3 M () X (1 ()-u, (1)) (2.18)

14



In the classical theory, the amplitude of any normal mode is continuous and can take any
arbitrary value. Thus a normal mode can have any arbitrary amount of energy associated with
it. However, quantum theory puts constraints on the amount of energy each mode can
possesses. The energy quanta associated with each normal mode is uniquely dependent on its
frequency, and the quantum of excitation of a normal mode of vibration is referred to as the

phonon.

For a perfect harmonic interaction, the individual normal modes do not interact with each other.
Thus given the initial conditions, the amplitude of each normal mode gets fixed and does not
change with time. This represents a system with an infinite thermal conductivity as it can
sustain a finite and constant heat current without any temperature gradient. In real crystals, the
the anharmonicity in the interatomic potential enables the normal modes to interact and thus

impose a resistance to the flow of heat.

15



2.2 General three-dimensional lattice in classical framework

Nl/ |(|1’,|3,13)r—\

L

N,
a ]
3@,
5 ()
Q1 Np
a a2
| /4 | V4 I/ /
- yA
| . J —>
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Figure 2.5: A general three-dimensional lattice with Ny atoms per unit cell.

Consider a general three-dimensional lattice with Ny atoms per unit cell as shown in Figure
2.5. The lattice vectors are given by ai, a; and as, and there are N1, N2 and N3z unit cells along
each of these vectors respectively, thus resulting in a total of Ny = N1N2Nz unit cells and N =
NuNb atoms. The three lattice vectors need not be orthogonal to each other. Any unit cell can
be referenced by three indices (l1, I, 13) or equivalently with just a single index | such that the
two are related by Eqn. (2.19). The location of the origin of the I unit cell is denoted by rj and
is given by Eqn. (2.20). The equilibrium position of the j™ atom in a unit cell with respect to
the origin of the unit cell is given by Arj. The displacement of the j™ atom in the I'" unit cell
from its equilibrium position is denoted by u(j,l,t) while its absolute position is denoted by

r(j,1,t). The absolute and the relative positions are related by Eqgn. (2.21).

16



(I,1,,1;) =1, suchthat: 1 =1, +(I,-1)x N, + (I, =1)x N, x N, (2.19)
r=la +l,a, +la, (2.20)

u(jLt)=r(j,l,t)—r —Ar, (2.21)

The state of the system at any instant is given by the relative displacements and velocities of
each atom, and are denoted by the column vectors u(t) and v(t) as given in Eqn. (2.22). Thus
there are a total of 6N degrees of freedom, with 3 degrees of freedom each for the displacement

and velocity of every atom.

(LLt) v(L1t)
u(2,1t) v(2,11)
u(N,,1t) V(N,,11)
u(t)=4 u(@L2t) fv(t)=1 v(L2t) (2.22)
u(j,1t) v(jlt)
u(N,, N,,t) V(N,, N, t)

The potential energy of the system, which is a function of the displacements of each atom about
the equilibrium position (Eqgn. (2.23)), can be expanded using Taylor’s expansion as shown in

Eqgn. (2.24).

U (t)=U(u(t)) (2.23)

17



U(t)=U, + | %l:(lt)t))) xu, (j.1.t)+
o O (2.24)
0% (U (uf(t
%jul muaaua(l,l(,t)(aui ()z)| ,t)} xu, (j,1,t)u, (j'1"t)+...higher order terms

The first term is a constant and is irrelevant to the dynamics and thus can be omitted. The
second term goes to zero as a condition for equilibrium (see Eqgn. (2.25)). The third term

represents the forces experienced by the atoms.

o(u(u(v)

au, (j,1t)

0

=0 (2.25)

The higher order terms can be neglected for small displacements about the equilibrium. Under

the restrictive harmonic approximation, the potential energy can be approximated as in Eqgn.

(2.26):

(025 % 38y xu, (11U, (1411) (2.29)

B ilea

Above, G refers to the force constant and is defined by:

. Puu) |

reite =5y (31,66, (3] '1t)‘

(2.27)

0
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where o and g refer to the components of the vector along the coordinate axis. Thus ue(j,l,t)
denotes the displacement of the j™ atom of the I'" unit cell along the direction « at time t. The

force on the j™ atom of the I unit cell is given by Eqn. (2.28):

: o iLt) :
Fa(j,|,t):ij Gippina XUs (§51051) (2.28)
or? s
The above equation admit traveling wave solutions of the form given by Eqn. (2.29):
. 1 .
us® (j,1,t) =FA(q, p.t)e,, (a, p)exp(l(q.rI —w(q, p)t)) (2.29)
j

where g represents the wave vector while w(q,p) represents the angular frequency. For every
wave vector, there are 3Ny, different possible frequencies each for a unique combination of the
motion of the Ny basis atoms of the unit cell. The index p above refers to these modes and
ej.«(q,p) represents the unique combination for each mode. A(q,p,t) gives the amplitude of the

wave for the mode p.

The frequency and modes are obtained by substituting the solution from Eqgn. (2.29) into Eqgn.
(2.28). This results in the dispersion relation given by Eqn. (2.30), where D denotes the

dynamical matrix and is defined by Eqgn. (2.31).

w(a, p)e;, (. p)=>.D;.;s(a)e;,(a p) (2.30)
B
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1

TGS \/W ;Gj:rﬁ,j,l,a exp(i (a.(r.—n, ))) (2.31)

The dispersion relation given in Egn. (2.30) can be recast as:

D(a)e(q, p)=w*(g, p)e(a. p) (2.32)

Thus the dispersion relationship is simply an eigenvalue problem as represented by Eqn. (2.32)

. The solution would thus give 3Ny eigenvalues and eigenvectors.

e, (a,p)

e, (9,p)

e, (d.p)
e(q,p)= (2.33)

€n,x (D

er,y

ey, . (0,
D(q)=
Dy xix Q) D1y (4 Dlxlz(q) 1be,x(Q) Dlbe,y(q) 1><sz(q)
Dyyix(d)  Diyiy(a)  Dyyu(a) Ly s (@) Diyny (@) Diyy,(9)
Di.ax(a)  Digyy(a)  Diyus(a) e (@) Doy (@) Digy . (a)

(2.34)

Dy, (@) Dy sy (4) Dy (@) Ny oo (@) Duy oy (@) Dy o,z (@)
D, yix(d) Dy, yay (A) Dy, ax(Q) Moo (@) Dy (@) Dy, yw, . (9)
DNb,zl,X(q) Dbezly(q DNbxl,X(q) szNbx(q) Dszbe(q) DNb,z,NDZ(q)
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The format of the eigenvectors and the dynamical matrix is given in Eqgn. (2.33) and Eqn.
(2.34) respectively. Finally the dispersion relationship can be evaluated by solving the

characteristic equation given by:
‘Dj,a,i:ﬂ ()=, W (q, p)‘ =0 (2.35)

The eigenvalues denote the square of the frequency w(q,p) while the eigenvectors give the
mode of vibration e(q,p) for the wave vector g and mode p as discussed above. If the direction
of vibration is parallel to the wave vector, then it is called a longitudinal mode while if it is
perpendicular to the wave vector, then it is referred to as a transverse mode. However, for most
cases, a clear distinction between the longitudinal and transverse modes is not possible unless

the wave vector is directed along a high symmetry direction.

Eqn. (2.36) defines the reciprocal lattice vectors (b), and these are perpendicular to the lattice

vectors (a) as shown in Eqn. (2.37).

b 27 (a,xa;) b 27 (ay%a,) b 27 (a,xa,) 236
Col(axa) Tt e(agxa)) T fan(a,xa,) '
a.b, =275, (2.37)

For the special case of a1, a2 and as being mutually perpendicular, the reciprocal vectors will

be parallel to the regular lattice vectors. For the case with the added condition of |ai| = |az| =
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|as| = &, apart from the condition for orthogonality, the reciprocal lattice vectors will be parallel

to the regular lattice vectors with each having a magnitude of b = 2w/a.

Periodic boundary conditions (Eqn. (2.38)) impose restrictions on the wave vectors as below

in Eqn.(2.39):
U0 (L0, L t) =02 (L4 Ny L £ = U (5,0, L+ Ny, L £) =u® (1,1, 1 + Ny, £) (2.38)
exp(i (q.(Nlal))) = exp(i (q.(Nzaz))) = exp(i (a.( N3a3))) =1 (2.39)

The wave vector g is defined in the reciprocal lattice coordinates as given by Eqn. (2.40):

g=0q,b, +q,b, +0q,b, (2.40)

Defining the wave vector in the reciprocal gives a particular advantage when calculating its
dot product with any vector in the regular lattice as seen in Eqn. (2.41). Thus, using the
reciprocal lattice coordinates to represent g in the Eqn. (2.39) results in the allowed values for

the wave vectors given by Eqgn. (2.42).

qr, =(qb, +a,b, +ab,).(La, +1,a, +1,a;) = (ql, +a,l, +a,l,) 27 (2.41)

I r. I.
q1=N—11:q2=N—22iq3=N—33JW1,rz,f3€Z (2.42)

The solution is physically meaningful only at discrete locations in the real space. Consider two

wave vector g and g’ that differ by a reciprocal lattice vector as given in Eqn. (2.43). The dot
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products of these vectors with any real space vector are related by Eqn. (2.44). Thus, the
displacement at any lattice position, due to any two wave vectors that differ by a reciprocal
lattice vector are identical as shown in Eqgn. (2.45). Hence a Brillouin zone can again be

constructed, and only the vectors within the first Brillion zone need to be considered.

g=0qb, +q,b, +ag,b,;9'=q+ pb, + p,b, + p;b,;Vp, p,, P; €Z (2.43)
q'rn =qr +(pl+p,l, + ply) 27 (2.44)
exp(i(q.rI —w(q, p)t)) :exp(i(q.rI +(ply + p,l, + psly ) 27— w(q, p)t)) (2.45)

The wave propagates along the direction of the wave vector at the phase velocity defined by

Eqn. (2.46):
v,(a,p)= W(|2’| b) |3| (2.46)
oy (0. p) - MEP)_Ow(a) owlap) | ow(ap) 0o

aq a0, aq, aq,

However, the energy transfer does not take place at the phase velocity but at the group velocity
as defined by Eqn. (2.47). Note that the group velocity may or may not be parallel to the wave
vector. Thus the propagation of energy may not be parallel to the direction of propagation of

the wave.
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2.3 Quantum framework

In the quantum framework, the positions and momenta are replaced by state vectors a shown

in Egn. (2.48) and follow the commutation relation given by Eqn. (2.49).

U> E‘ulllulvz....uNu’Nb >;|p> E‘pl,lpl,Z""pNu,Nb> (2.48)

[ul,r,a’ pl',r',ﬁ] = ihé}l‘5rr'5aﬂ (249)

The total energy is replaced by the Hamiltonian operator:

NII—\

. 1. .
:Z_pl,r,a'pl,ra Zz I,ra rlarlﬁulrﬂ (250)
I.ra 2m| Lralr,
The problem now involves solving the Schrodinger’s equation for the above Hamiltonian and
obtaining the eigenvalues and the eigenvectors. Symmetry arguments can be used to obtain
solutions similar to Eqn. (2.29) with the same dispersion relation and wave vectors; a detailed

derivation can be found in Ziman [78].

The eigenvalues of the Hamiltonian operator denote the total energy associated with that mode,
and the energy eigenvalue for the eigenmode with wave vector g and mode of vibration p is

given by Egn. (2.51):

1
E. :(nq 2Jhw(q p)in,,=012... (2.51)
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where nq,p is the occupation number of each mode. Thus the energy associated with any mode
IS now quantized. The lattice vibration, therefore, can be treated as a collection of particles
similar to the electromagnetic wave being a collection of photons; as described before, this
quantum of excitation for the lattice wave is called a phonon. However, it should be noted that
unlike the photon, a phonon does not carry any real momentum. The wave vector of a lattice
wave is similar to the momentum of a photon (both being equal to a constant divided by the
wavelength), but the wave vector is not conserved in every phonon-phonon interaction [48,

78] as will be discussed in the next section.

The phonons follow the Bose-Einstein statistics, and the average occupation number of any

mode is related to temperature as [77]:

m,,(T)= : (252)

R

ko T

The occupation number is related to the amplitude of the normal mode coordinates obtained

using classical analysis, which is given by [73]:

. (T) =7 w(a p){Q(a.p.T)) (253)

— _ 1
Eq’p(T)z(nq'p(T)JrEjhw(q, p)szT;VT >1 (2.54)
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Clearly, the average energy associated with any mode approaches the classical prediction of

ksT at higher temperatures (see Eqn. (2.54)).

2.4 Thermal Properties

As the energy of the lattice is stored in the form of phonons, several of the thermal properties
of a system can be explained using the phonon concept. This section will briefly describe how
the specific heat, heat current, and the thermal conductivity can be expressed in the phonon

framework. The average energy of the lattice due to any mode is given by:

E(N)=2E,(1)=% +% (g, p) (2.55)
exp{ j—l

Thus the molar specific heat is given by Eqns. (2.56) and (2.57); in the high-temperature limit,

it tends to the classical value of 3R, where R is the universal gas constant.

N 0 1 1 N
C(T)=—2) — —|h p)=—2>C (q,p,T 2.56
(1= ;m (hW(q’p)J +5 [w(a.p)== ; ,(a,p,T) (2.56)
exp T -1
B

C.(a p,T):[hW(q, p)]z exp[hW(q, p)][exp(hwk(i D)j_l]z (257)
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The energy current due to a phonon mode is given by Eqn. (2.58). This is simply a product of

the occupation number, the energy carried by each phonon and the velocity of transport.

J(ap.t)=ng, (t)w(a, p)v, (a, p) (2.58)

Note that the vq for positive and negative wave vectors are in opposite directions while their
average occupation numbers are the same. Thus the net heat current due to all modes is related

to the difference in the phonon population as shown below:

J(t)=2.6n,, (t)aw(a, p)v, (. p) (2.59)

q.p

Combining the positive and the negative modes:

I(t)=23 (o, (1) =0n g, (1) aw(a, p) v, (a. p) (2.60)
q..p
Thus the net heat flow is due to the difference in the population between the positive and the
negative modes — an important concept that will be highlighted later in this dissertation. At
equilibrium, the average occupation number of both will be same, and thus there will be no net
average energy flow. However, thermal fluctuations will cause the occupation number to
deviate spontaneously, and thus there will be an instantaneous heat current due to the thermal
fluctuations. The variance of the deviation of the population from the average value is related

to the specific heat of the normal mode.

27



For an harmonic oscillator, the amplitudes of the normal modes are fixed by the initial
conditions and do not change with time due to the lack of any interactions. Thus if the initial
occupation number of the positive and negative modes are unequal, then there will be a
constant finite heat current in the system. Since there is no resistance to the flow of energy, the
system will exhibit an infinite thermal conductivity. Finite conductivity, therefore, requires
interaction between the phonon modes. This interaction causes resistance to the flow of energy
and is called phonon-phonon scattering, which is engendered by the higher order (anharmonic)
interactions. As briefly described before, the cubic term in the interatomic potential induces
interaction involving three-phonon modes; quartic term induces interactions involving four-
phonon modes and so forth [48, 78]. In most cases, only the three-phonon interactions remain

significant for thermal transport.

The theory of three-phonon interactions, as first described by Peierls [48], is outlined here
without the detailed derivations. It involves interaction between two phonon modes to generate
a third phonon mode. The phonon interaction is permitted only for the modes which satisfy the

conditions given in Eqgns. (2.61) and (2.62).

9, +9, =03 +9 (2.61)
W, +W, =W, (2.62)
g=ib, +i,b, +i,b,; fori,i,,i, eZ (2.63)
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The first condition involving the wave vectors (in Eqgn. (2.61)) is similar to a momentum
conservation equation, though the phonon wave vectors are not always conserved. The vector
g is any reciprocal lattice vector as given in Eqgn. (2.63). For the special case where g equals
zero, the net wave vector is conserved, and the interaction is called the normal scattering or the
N-process. For the case when g is non-zero, the vector is not conserved and the interaction is
called the Umklapp scattering or the U-process. Figure 2.6 illustrates the two processes for a
two-dimensional case. The second condition in Eqn. (2.62) is simply an energy conservation

equation and is always valid.

Normal Scattering Umklapp Scattering

(-n/an/a) A (wama) | (wama) N (n/a,n/a)

B

A 1

| 9

@[ L ------- L > <« >
(-n/a,-n/a) (n/a,-m/a) (-n/a,-m/a) (m/a,-m/a)
v ; v

Figure 2.6: Two-dimensional representation of the Normal and Umklapp scattering process
as described in [77].
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Similarly, a phonon can split into two new phonons such that:

4,=9,+Q;+g (2-64)

W, =W, + W (2.65)
1 2 3

Thus a phonon once created, can scatter into different modes via three-phonon interactions (or
higher order interactions) and hence has a finite lifetime or mean free path. This scattering by

phonons generates a resistance to the flow of energy.

The phonon lifetimes can be evaluated through the Boltzmann transport equation (BTE). As
described previously, it is customary to use a single mode relaxation time approximation

(SMRA). The relaxation time can then be expressed as [77]:

(2.66)

(G_OT)) (g (1)), (£T)

ot 7(9,p,T)

where 7 is the lifetime of a phonon mode while the LHS represents the rate of phonon
scattering. Thus the lifetime represents the average time taken by any fluctuation about the
equilibrium expectation value to decay off. Using Egn. (2.66) and SMRA, the thermal

conductivity tensor can now be evaluated as [77]:

0 (T) = 20, (0 P TV, (0.P)Y, (3. )7 (. P.T) (2.67)

q.p
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where a and S represent the components along the coordinate axes. For an isotropic material,

the thermal conductivity can be treated as a scalar, which is given by:

1

K(T)=3V

>.C(ap TN, (ap)r(dpT) (2.68)
q,p.a

Note that the above equation is an approximation; more involved theoretical models for the
solution of the BTE to assess the conductivity can be found elsewhere [7, 47, 52]. The
methodology for analyzing phonon transport in the framework of statistical mechanics will be

comprehensively described in the chapters that follow.
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Chapter 3: REAL GENERAL SOLUTION TO

THE PHONON EQUATION

3.1 Inconsistencies in the conventional approach

The equation of motion of an N-atom 3-D lattice with Ny unit-cells and Np atoms per unit-cell,
as discussed in Chapter 2, admits wave-like solutions. Eqgn. (3.1) describes the force on the j*

atom of the I'"" unit-cell along the direction a.

’ .
mjwz—.z Gjpina XUy (J5101) (3.2)
ikLp
Mathematically, the displacements (u) can be real or complex; for the former, there needs to
be 6NuNb (=6N) initial conditions for a well-posed solution, while for latter, 12N initial
conditions are required. For a physical system, the displacements (and other dynamical
variables) are real at every instant of time. Hence in the conventional approach, the
displacements are assumed to be real, and a form of solution, which is consistent with real

displacements is assumed. A particular solution for real displacements of a mode of vibration

with wave vector g and mode index p is shown in Eqn. (3.2) [73]:

uj"(j,l,t)zﬁA(q, p.t)e,, (a, p)exp(i(q.rI -w(q, p)t)) (3.2)

J
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where A is a complex amplitude. In total, there are Ny different wave vectors with 3Ny different
modes for each wave vector. A general solution is constructed using a linear combination of

these modes as given below in Eqgn. (3.3) [73]:
1 .
NOARE T (a, p.t)e;, (a, p)exp(i(ar —w(a, p)t)) (3.3)

It is tacitly assumed that the displacements are real without a formal attestation. The general
form shown in Eqgn. (3.3) is sufficient, for example, to evaluate the phonon dispersion curves
and the attendant properties. However, some deficiencies can be noted with this form. For
example, the net phonon population for a given wave vector g cannot be represented by Eqn.
(3.3); in turn, a real heat current is not expressible with this form. Mathematically, complex
displacements are allowed by the governing equation which means there are 12NyNy required
initial conditions. The solution in Eqn. (3.3) contains only 6NsN, degrees of freedom because
the constant A(q,p,t) allows only for 2x3NyNy combinations for all g and p. Thus Eqgn. (3.3) is
mathematically incomplete. Clearly, the general solution requires additional terms to
accommodate for all the degrees of freedom of the system. The next section describes the

additional terms that can accommodate all the degrees of freedom.

3.2  Well-posed complete general solution

Substitution of the particular solution into the equation of motion results in the eigenvalue

problem for the dynamical matrix as shown below:
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‘Dj,a,j',ﬁ(q)_5aﬂ5jj'wz (a, p)‘ =0 (3.4)

Note that the eigenvalues of the dynamical matrix are equal to the square of the frequencies.
Thus for any given wave vector, both positive and negative values of w, satisfy the equation of
motion, and hence the complete solution should use both. Therefore, the complete solution can

be constructed as:

A+(q, p,t)e,,a (a, p)exp(i(ar —w(a, p)t))+

1
qz\/i e;., (a, p)exp(i(ar +w(q, p)t))

J,l,t = (35)

Note that two amplitude constants have now been introduced for the positive and negative
branches of the solution. The addition of left and right propagating waves is a crucial piece of
information missing earlier; it formalizes a real energy/heat current in terms of the difference
between left and right moving phonon amplitudes (population). The solution now contains
12NNy degrees of freedom and is appropriate to describe the system completely. Combining
the terms with positive and negative q and neglecting the zeros wave vector (as it does not

result in any motion), the solution can be written as:

0. p.t)e;. (. p)exp(i(an —w(a, p)t))

q.pt)e,,(a, p)exp(i(q.r,+w a, p)t))+

—q, p.t)e;, (-a, p)exp(i(-ar —w(q, p)t))+
P)) |

ua(j’l't): Z

q>0,p

(3.6)

5~
>
:

g, p.t) q
_Ai -q, p.t)e;, (-a, p)exp( ( q.r, +w(q
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Using the fact that the eigenmodes for positive and negative modes are conjugate to each other:

A (
1 |A(a,pt (
=2 e
A (-apt)

g p.t)e;, (a, p)exp( (a.r —w(a, p)t))+
)

e, (-a, p)exp(i (—q.rI -w(q, p)t))) +

e, (-0, p)exp(i(-ar —w(q, p)t))+

(& (@ p)exp(i(qr —w(a, p)t)))

(3.7)

Clearly, a real solution at every instant of time requires that A is Hermitian, which is expressed

as:

A (a,pt)= (A (-a,p.t))

A (a,p.t)= (A" (-a, p.t))

Thus a real solution with 6NsNu degrees of freedom is given by:

(q p.t)e;, (a p)exp(i(ar —w(q, p)t))+

o (-0, p)exp(i(—q.rI -w(q, p)t))

u, (j,1t)=

Q>0 p \/

The amplitude A*(q,p,t) and eigenvector €j..(q,p) can be written as below:

A'(a,p.t)=

(-a,p.t)e

A" (a, p.t)|exp(ig, (. p))

e, (a,p)=le,, (a p)exp(ig,, (a, p))

(3.8)

3.9)

(3.10)

(3.11)

(3.12)
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This gives:

u, (j.lt)=

2

A (a p.t)e,, (a p)exp(i(an —w(a, p)t+4, (a, p)+4,, (a.p)))+ (3.13)
A (=g, p.t)e;,, (—a, p)exp(i(-axr —w(-a, p)t+4, (-, p)+4,, (-a, p)))

Or equivalently:

ua(j,l,t)

A" (a, p.t)e;, (a, p)|cos(aqr —w(a, p)t+4, (d, p)+¢;, (a,p)) (3.14)

(

The solution expressed by Eqn. (3.14) is now completely real and has 6NpNy degrees of
freedom — 3NpNy for the wave amplitudes | A*(q,p,t)] and 3NNy for the phases ¢+(q,p), and
these are determined by the initial conditions. Note that | ej.(q,p)| and ¢;.«(q,p) are fixed for a
system and do not depend on the initial conditions. Since two atoms in a unit-cell are not at the
same physical location, a wave traveling along any wave vector can have a phase difference at

their respective locations — the term ¢;j,.(q,p) accommodates this phase difference.

3.3 Real cosine solution to the phonon equation

As demonstrated in the previous section, a cosine solution satisfies the equation of motion for

the real displacements. This is compactly written as:

NOARIE % (a, p.t)|[e;.. (a p)|cos(ar, —w(q, p)t+4(a, p)+¢. (A, p)) (3.15)
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The above equation can further be simplified by restricting the initial phase between zero and

n and merging the sign into the mode amplitude, i.e., allowing it to acquire negative values:

(it =Zi A(g, p.t)le;, (g, p)[cos(ar —w(a, p)t+4(a, p)+4;,.(a.p))  (3.16)
M,
<¢(q,p)<7 (3.17)

A(g, p,t)eR (3.18)

The values of g, w(q,p), &j(d,p) and ¢j,«(q,p) are fixed for any given system while A(q,p,t) and
#(q,p) are determined from the initial conditions. For an anharmonic system, the modes can
interact, and thus the mode amplitude A(q,p,t) can vary with time. Restricting the phase ¢(q,p)
between zero and =, and allowing A(g,p,t) to assume negative values, ensures that the phase
remains independent of time. If only the modulus of the amplitude is taken, then there is a
possibility for the phase to change by m once the mode decays to zero. A constant initial phase
is also more suitable for ensemble averaging as will be demonstrated in the next section. Thus

the form given in Eqgn. (3.16) is most convenient and will be adopted in the analyses to follow.

3.4 Well-posed cosine solution for a linear chain

Consider a linear chain of N atoms with only nearest neighbor interaction as discussed
previously in Chapter 2. As there is only one atom per unit-cell and only one dimension for

motion, the subscripts for the vector components and bases have been omitted, and the vectors
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simply are transformed into scalars. The equation of motion for the j*" atom and the potential

energy due to interaction of atom j with atom k are given by:

F()=m Y e u(iont)-au(t)ru(j+Lt)

Uy () =3¢ (u(it)-u(kt)’

The cosine solution discussed in the previous section can be reduced as:

u(j,t) :Z% cos(q.rj—w(q)t+¢(q))

T
__<qS_
a a

4C | . a
wia)= W“”[qﬂ

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)
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(=50 oo 5 I

The total system potential energy is given by:
1 1
U(t)=52Vx(t) =270 (u(0)-u(k )
.k

Substituting the solution from Eqgn. (3.21) into the above expression gives:

cos(q.r, w(q)t+¢(q))D2

1 1ol L
U(t)= 2% Zk:4 {Zq:\/HA(q)[cos(q.rk ~w(q)t+4(q))

On simplification (see Appendix A), the following expression can be derived:

U (t) =203 A% (a)w? (0)+ - 3 A(q) A(-q)w? (a)cos(-2w(q)t+ () + p(~q))

493

Similarly, the kinetic energy of the system is given by:

w(q) A(a)sin(ar _W(q)t+¢(Q))D2

,5
T
M
F
M
A
§|3

On simplification (see Appendix A):

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)
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K (1) =2 2w () 4% ()3 L0 (a) A(0) A(-a)cos(-2w(a)t + o(a) +o(-a)) (33D

a q

The total energy of the system is simply the sum of kinetic and potential energy, and is given

by:

N

E(t)=K(t)+U(t)= 25w (a) A°(a) = LE(a.t) (3.32)
q q

Thus the total energy associated with any mode is constant and keeps oscillating between the

kinetic and potential energy; a detailed derivation of the above results can be found in

Appendix A.

The average values of the kinetic and potential energies are both equal to half of the total

energy. Since the system is purely classical, equipartition theorem is valid, and thus we have:

(K)=(U)=2(E)=5ksT (3.33)
%Wz(q)<A2(Q)>=kBT (3.34)

It may be noted that the past approach to estimate the energy associated with a normal mode

uses the square of the normal mode coordinate as below (see for example [56]):

Q(q,t)=%zj:\/ﬁ exp(-i(gia)) u, (1) (3.35)
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Q(-a,t)=Q"(q.t) (3.36)

E(a.t) =—[Q (9,£)Q" (a, t)+w,”Q(a.t)Q *(q,t)]z E(-q.t) (3.37)

However, the above result is incorrect as it predicts the same amount of energy for both positive
and negative g modes. The energy associated with the positive and negative modes does not
need to be equal; in fact, a finite heat current results from a difference in the energy associated
with the positive and the negative modes. If energy associated with positive and negative
modes is equal, then it will only form stationary waves with no net transport of energy, which
is unphysical. The normal mode coordinate result from the current work contains contributions
from both positive and negative modes that will allow an instantaneous heat current in the
system. While the conventional normal mode analysis gives an incorrect result for the modal
energy (Egn. (3.37)), it does give an accurate estimate of the total energy of the system

(contributions from all modes) as shown below:

Z% w? )=>.= [ Q" (a,t)+w,’Q(0,t)Q" (q.t)] (3.38)

q q

Another important quantity that can be modeled using normal modes is the velocity (v)

autocorrelation function (VACF). VACEF is defined as:

(3.39)
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For an N-particle system, this can be computed as:

Y (o) (in)

VACF (t)= 7 (3.40)

~ 2{v(1.0)v(j.0))

j

Expanding in terms of normal modes:

M sin(q.r, +
(v(i.0v(it) 1 Jm A(@sin(ar +4(3) 3.41
2N N Ew@) N
N (a")sin(q".r,—w(g")t+4¢(q")
It can be shown that (the details can be found in Appendix A):
;(V(J"O)V(Lt»=;<WCOS(W(q)t)> (3.42)

Using the relation for energy due to each mode (Eqn. (3.32)) and the equipartition theorem:

Z<V(J',0)V(J',t)>T _ :fr‘lBl-\]r Zq:cos(w(q)t) (3.43)

; N

Substituting above relation back into Eqn. (3.40), gives VACF as:
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VACF (t Z cos(w(q)t) (3.44)

Thus the Fourier transform of the VACF gives the density of states. It may be noted that for a

system with anharmonicity, the mode amplitude correlation would decay leading to:

Z<V(j0) i) ;< A(g,0) A (q,t)cos(w(q)t)> (3.45)

] 2m

Assuming an exponential decay for the correlation gives:

Ty

VACF (t Zexp[—i] cos(w(q)t) (3.46)

Finally, the heat current for a two-body potential is defined as:

J(t)= Li:E (i,O)v(jt)+= Z Z [Fy (1)v( j,t):ll’jk:| (3.47)

Jlk =1,#j

For the linear chain considered here, this expression simplifies to:

jlk =1,#j

J(t)= {iE (i,O)v(j,t)+= Z Z [Fu (O)v (i) x; (t)} (3.48)

The first term, which is usually referred to as the kinetic heat current, does not lead to any

significant energy transport for a non-diffusive system [82-84]. The second term, which is also
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referred to as the potential heat current [82-84], is more significant. For the present work, this

is more appropriately referred to as the virial heat current and is written as:

v ((-C (u(Lt)—u( ) )(
ogfgler

N(u(it)-u(j 1t)+a)ﬂ (3.49)
(J) (J+1t) a)

For small displacements about the equilibrium position, the virial heat current reduces to:

Jor (1) = %{i[(—(u(],t)—u(j ~LO))Vv( 1))+ ((u(it)-u(] +1,t))v(j,t))ﬂ (3.50)

j=1

Substituting the general solution from Eqn. (3.21) into the above expression:

Jvir(t)z
—Ca| & A(0,,t) A, t)w(a,)sin (g, ja-w(a, )t +e(,))x (3.51)
2Vm J'zlqlqz(cos<q2(j+1)a_W(q2)t+§0(q2)) COS(qz(j )a W(qz)t"'q)(%)))
Simplifying:

A0, ) A(g,, t)w (g )sin[ 222 |cos| 22 |
Jii (t)z%Z ( 2 j ( 2 j (3.52)

M o0, i[Zsin (o ja—w(g,)t+e(q,))sin(g, ja—w(g, )t +§”(q2))]

j=1

Substituting the dispersion relation and the expression for group velocity from Eqns. (3.24)

and (3.26) into the above expression:
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A)-w(a,))t+e(d)-¢(d,))- (3.53)
()

The summation over all atoms would go to zero unless g1 = g2 or g1 = -gz. The virial heat

current now can be expressed as:

N gAz(q,t)wz(Q)vg(qH

~— (3.54)
2V | > A(a.t) A(=a,t)w? (a)v, (a)cos(2w(q)t —p(a) - ¢(-q))

3 (1)

As the group velocities for the positive and negative modes are opposite to each other, the

second term in the above summation would cancel off. Thus the virial heat current reduces to:

()25 Z5 A (@)W @)y, (a) @59

q

Substituting the expression for the energy due to each mode from Eqgn. (3.32), the virial heat

current can be written as:

3 (t)z\%ZE(q,t)vg () (3.56)

a

The above equation is identical to the quantum expression for heat current presented in Chapter

2.
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3.5 Conclusion

In this chapter, the mathematical and physical consistency of the solution that is conventionally
adopted for solving the phonon equation motion is discussed. It is shown that the general
solution considered in the customary approach is mathematically insufficient. To cover all the
degrees of freedom, two amplitude constants have been introduced for the positive and
negative branches of the solution. The addition of left and right propagating waves is a crucial
piece of information missing earlier, which formalizes a real energy current in terms of the
difference between left and right moving phonon amplitude (population). A real cosine
solution is then constructed that is appropriate to compute the properties of a 1-D chain without

ambiguity.
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Chapter 4: PHONON DISPERSION FROM
RATIO OF CONJUGATE AMPLITUDES IN

PHONON SPACE

4.1 Introduction

A key objective of any phonon analysis is to determine the phonon dispersion relationships.
Experimentally, the dispersion can be probed using neutron scattering experiments or Raman
spectroscopy techniques that involve interaction of phonons with other particles or waves [73].
Theoretically, it can be calculated by computing the dynamical matrix followed by evaluating
its eigenvalues (Eqn. (2.35)). The dynamical matrix can be calculated very accurately, for
example, by using ab initio simulations [85]. Recently, Kong [86] has developed a method to
estimate the dynamical matrix directly from atomistic trajectories using a Green’s function
approach. In another approach, McGaughey et al. [61] has determined the phonon dispersion

curve from atomistic simulations using the spectral energy density (SED).

The most popular method for estimating phonon dispersion from atomistic simulations [38,
73-76, 87, 88], perhaps, entails taking the Fourier transform of the correlation of the projection
of the atomistic trajectories along the normal mode coordinates. The SED approach [61] uses
the Fourier transform of the modal kinetic energies and is similar to this method. Dove [73]

discusses two more approaches to determine phonon dispersion from atomistic trajectories.
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The first one entails the use of equipartition theorem to determine the frequency using the
relationship between normal mode amplitude, frequency, and energy. However, Dove cautions
that this method may not be very accurate as the equipartition may fail during the simulations
unless proper care in taken. It may be noted that Kong’s approach [86] for computing the
dynamical matrix also assumes equipartition of energy between the modes, and is very similar
to Dove’s first approach. The second method involves computing the ratio of the normal mode
amplitudes for the velocity and displacement; this approach is valid even in the absence of
modal energy equipartitioning. The approach is also computationally inexpensive when
compared to the more popular method of using the Fourier transform of the normal mode
amplitudes. While this approach is known [89-91], it has not been employed in any atomistic
simulations for computing the phonon dispersion relationships. In this chapter, a formal proof
for the method using the general solution developed previously is first presented, followed by
a demonstration of the method for computing the phonon dispersion curves for three systems

— (i) a monoatomic linear chain, (ii) a diatomic linear chain, and (iii) graphene.

4.2  Projection in Phonon Space

The state of a lattice system, defined by the displacement of atoms from the equilibrium

position, and the velocities — denoted by vectors u(t) and v(t), respectively — is given by:
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(4.1)

These vectors can be split into smaller vectors, one each for the o component of every j* basis

atom, as:

u, (j,1,t) v, (j.Lt)
u,(j.2,t) v, (j.21)
WV, (1)=
ua(j,.Nu,t) va(j,.Nu,t)

Define vector Bq for wave vector g as:

exp(i(qn,))
exp(i(qr,))

woli(ar, )

(4.2)

(4.3)
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Clearly, Bgq satisfies:
(By) By =64 (4.4)

The projection of the a component of velocities and displacements of the j™ basis atom in the
wave vector space for wave vector q is denoted by &u.;(t) and &, (t), respectively, and are

given by:

exp(i(-ar)) ) ( u (jL1)
exp(i(—Q-rz)) u,(J.2t)

o (@)= fm; (Bg) (0= [0 - - (45)

exp(i(—q.rNu)) u, (i, N,t)

exp(i(-q.r,)
exp(i(-ar)) | | v,(j.21)

Eu (@)= (By) v ()= H - (46)

exp(i(—q.rNu)) v, (1N, 1)

~—
-
<

S}

—_~
N
=

~

The complete projection for the wave vector is denoted by &u(q,t) and &(q,t):
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gu X,1 q1 é:v,xl q’
gu y,1 q1t é:v,yl q’t
fu zl( ’t) é:V,Z,l( ’t)
& (a.t)= & (a.t)= (4.7)
éu,x,Nb (q’t) é:V,X,Nb (q’t)
gu,y,Nb ( 't) év,y,Nb ( ! )
gu,z,Nb ( 7t) é:v,z,Nb ( ! )

The components of the projections described above are not necessarily independent for an
arbitrary system, as shown below, and thus do not constitute normal mode coordinates or the

projection in phonon space.

(600 (@) 6y (@)

Jleatar)

The next step is to find an appropriate projection, which is orthogonal. The eigenvector of the

<(§u,a,j (q)) Suatj (Q)>
- # 0,0 # 2
) > \/< £, (0) ><§u,a-,,-- (q)2>

(4.8)

dynamical matrix for wave vector g and mode p is denoted by e(qg,p) as shown in Eqgn. (4.9).

The eigenvectors follow the orthogonalization condition given by Eqns. (4.10) and (4.11).
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e(aq,p)= (4.9

(e(a.p)) e(a, p) =5, (4.10)

>e . (-9.p)e. (q,p)=5,0,, (4.12)

Now define the projection of displacement and velocity in phonon space is denoted by yu(q,p,t)

and yv(q,p,t), respectively, as shown below.

zo(a pt)=(e(a,p)) & (at)= (4.12)

The complete phonon space projection for a wave vector q is defined by the vectors yu(q,t) and

xv(q,t) for the displacement and velocity, respectively. These projections are given by:
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el,x(qil) el,x(qiz)
e,(a1) e,(a.2)
e,(@l) e,(a,2)
e(a)=| |
€x, a.1) €y, x a,2)
€y, (A1) &y, ,(a.2)
er,z 1) er,z
2 (.1,
2 (0,2,
1 (at)= (@)
2, (a, p,t)
zu(q"ng’t)

%o (a.t)=(e(q)) &, (a.t)

1 (a.t)=(e(a)) &, (at)

e, (a,3N,)
e1z (q13Nb)
: (4.13)
er X (q,3Nb)
er y (q’3Nb)
er,z (q'3Nb)
(4.14)
(4.15)
(4.16)

The above projections in the phonon space are now independent of each other and thus follow

the relation below:

((z(00)) 2(a))

{

7(a, p)\2><

(0, p')\2>

(@) z(p)

= 5pp' =

i

(4.17)

%(a, p)\2><

%, p')\2>
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Although the matrix e(q) is not known, it can be calculated following the approach discussed

by Dove [73] (using the relation given by Eqn. (4.17)), as shown next:

% () (, () =((e(@) &, (a.0))((e(a)) &, (a.t)) (4.18)

(. (0)-(a (@) (& (a)( (@) )e(a) (4.19)

The matrix <xu ((I)-(Xu (q))T> is diagonal, which follows from the relation given by Eqn.

(4.17), while the matrix <§u(q).(§u (q))> is Hermitian. Thus Eqgn. (4.19) represents the
diagonalization of a Hermitian matrix. Hence, e(q) is simply a matrix whose columns are the
eigenvectors of the matrix <§u (a)-(5, (q))’> which can be computed directly from an

atomitsic simulation. The eigenvectors then can be estimated and used to obtain the projections

in the phonon space through Eqns. (4.15) and (4.16). Also, note that the matrix e(q) that
diagonalizes matrix <§u (q).(?,u (q))> is unique. The next two sections will demonstrate that
the eigenvectors of the dynamical matrix does indeed diagonalizes it thus impling that the

eigenvectors of <§u (q).(&u (q))T> and the dynamical matrix are one and the same.
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4.3 Phonon space projections due to the general solution

Consider the general solution for the displacement along direction « for the j atom of the I

unit cell:
cos(q.rl—W(q, p)t+¢(a, p)+4;.(a, p))
) cos(a.r, -w(q, p)t+4(a. p)+ 4, (a. p))
u,;(a p.t) :FA(CI, p.t)fe;.(a.p) (420
cos(q.r, —w(a, p)t+¢(a, p)+4;,(a. p))

As discussed in Chapter 3, this solution is equivalent to the solution given by Eqn. (3.5), with
the complex exponential replaced by a real cosine term since the actual displacements of the
atoms are real. The complex exponential solution contains 6N constants, i.e. the real and
imaginary parts of the amplitudes A(q,p,t) for 3N independent modes. Similarly, the real cosine
solution also contains 6N independent constants, 3N for the values of the real amplitudes

A(q,p,t) and 3N for the initial phases ¢(qg,p). The total displacement can thus be written as:

U, (t)=2 U, (a pt)=

q.p

. cos(q.rz—w(q, p)t+4(a,p)+4,,(a, p)) (4.22)

a.p /M;

A(a. p.t)les. (a.p)

cos(q.rNu -w(q,p)t+¢(q,p)+4;,(a. p))
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Note that the velocities are given by the derivative of the displacements. For harmonic
interactions A(q,p,t) remains constant, and thus the rate of change is zero. For an anharmonic
interactions, the rate of change is not zero, but the decay is small compared to the contribution

from the vibrating cosine term, and thus can be neglected. Thus the velocities are given by:

sin(q.r1 -w(q, p)t+¢(a,p)+4;,(a, p))
sin(a.r, —w(a, p)t+¢(a, p)+4;,(a. p))

va,ja):z%w(q, p)A(g, p.t)fe,.. (d, P) | (4.22)

FERVALL

sin(aury, —w(q, p)t+4(d, p)+4;, (d. p))
Evaluation the projection along the wave vector:

Soi (A1) =
exp(i(-a.r,)) ! cos(q'.rl ~w(q', p)t+¢(a’p)+4;,(d" p))
exp(i(-ar,)) | | cos(q'r,~w(a’ p)t+4(a’. p)+4,.(a"p)) |(4.23)

A(a',p.t)e;, (a'p)
N

exp(i (—q.rNu )) cos(q'.rNu -w(q', p)t+4(a’p)+4,,(a, p))

Expanding as a summation:

A(q, ,t)‘em

> on (a.p) Zj:cos(q'.rj ~w(a', p)t+4(q’ p)+4,,(a" p))exp(i(-ar;))

(4.24)
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Expanding the exponential gives:

i (A1) =

A b0l (0" )] [ 008(-ar, )oos('r, ~wi(a’ )t + (2’ P) 44, (" p))+| (425)
ap NR 7| isin(—qur;)cos(q'r; —w(a', p)t+¢(q’, p)+4;,(d"' p))
Simplifying:
Soa (A1) =

cos(('-a)r, ~w(a’ p)t+4(a’ p)+4y, (a'p)) |
NG (12p) () (e ()| o2
o 2N, 7| +isin((a'-q).r, -w(q', p)t+¢(a’ p)+¢,..(a'p))
(a’ (

_—isin((q +q).r;—w(a', p)t+4(a’ p)+4;,(a" p))_

The summation over j goes to zero unless q =9’ orq =-q’:

A, p.t)e,,, (a, p)| YN, {COS(—W(Q, p)t+4(d.p)+4;.(a.p)) }
2 +isin(—w(q, p)t+g(a,p)+4,., (. p))

é:u,a,j )=

(@ ; A(=a, p.t)[e;., (—a, p)|/N, TCOS(—W(Q, p)t+4(-d.p)+. (-a, p))]

2 —isin(—w(q, p)t+¢(-a,p)+4,,(-a, p)) ]

(4.27)

Expanding the sine and the cosine terms to separate ¢;.(q,p):
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_cos(—w(q, p)t+¢(q, p))cos(¢j'a (a, p)) ]
A(g, p.t)fe,. (. p)| YN, | —sin(-w(a, p)t+4(q, p))sin(4,,, (. p))

2 +isin(-w(q, p)t+4(q, p))cos((/ﬁj,a (a, p))
) +icos(-w(a, p)t+4(a, p))sin(g;, (a, p))| (4.28)
> J(q,t)_zp: _cos(—w(q, p)t+¢(-q, p))cos(¢jva (a, p)) |
A(-a, p.t)le;,, (-a, p)| YN, | +sin(-w(a. p)t+¢(-a, p))sin(¢;, (a.p))

2 ~isin(-w(q, p)t+¢(-a, p))cos(g;, (a, p))
_+icos(—W(q, p)t+¢(-a, p))sin(4;,, (a, p))__

Combining the terms:

égu,a_,j (a.t)= )
A(g, p.t)fe;., (a. p)\\/N_u[COS(W(q, p)t+4(a, p))exp(ig;, (a.p)) }

5 2 +isin(-w(q, p)t+g¢(a, p))exp(igzﬁj,a (q,p)) (4.29)
P | A(-q, pt ‘ej a,p ‘\/N_[COS w(q, p)t+4(-a, p))exp(ig; . (a. p)) ]

2 —isin(-w(q, p)t+4(-q, ))exp(iqﬁj’a(q, p)) |
Merging the phase and magnitude of e;.(q,p):

A(g.p)e. (a p)\/_[COS(W(qv p)t+4(a.p)) ]+ _
) 2 +isin(-w(a, p)t+4(a. p))
} J(q't)_g A(-a. p,t)eja(q,p)ﬂ{cos(w(q, p)t+4(-a.p)) ] .
2 —isin(—w(q, p)t+¢(-q, p))

The normal mode coordinate is obtained by:
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z(apt)=>e ., (-a.p)&,,; (at) (4.31)

jia

Substituting the relation from Eqn. (4.30) into Eqn. (4.31):

z.(a.pt)= _
Aa.pey, (a.p)YN, {cos(w(q,p')tw(q,p')) ]
. 2 +isin(-w(q, p')t+¢(q, p)) (4.32)
Jz o (0 p); A(-q,pt)e,, (q, p')JNT[%OS(—W(q,p')t+¢(—q.p'))}
2 —isin(-w(a, p')t+4(-q,p"))||
Simplifying:
z(a.pt)=
(, p',t)| cos(-w(a, p')t+4(a, p")) } | '+_
2 [+|sm( w(q, p')t+¢(q, p’ ) (e ) “ia(0P) (4.33)

\/_
; \/N_“A(q'pl’t)rcos( w(q, p)t+g(-

2 —isin(-w(q, p')t+g(-

J

)]Z( ) j,a (q’ p')
la

Thus the normal mode coordinate for displacement is given by:

Lrapy e |

2 +isin(-w(q, + ,
(e nt)= (-w(a. p)t+¢(a.p)) .

JNLA(—g, p’t)[+cos(—w(q, p)t+4(-q, p))]

2 —isin(-w(a, p)t+¢(-q,p)) ||
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Similarly, the normal mode projection for velocities is calculated as below:

w(q', p)A(a’ p.t)
N,
exp(i(-ax,)) )  sin(a'r,~w(a" p)t+4(a’p)+¢,.(a'p))

Eai (A1) =2 | exp(i(-ar,)) sin(q'r,—w(q", p)t+4(q’ p)+4,. (a.p)) || (439

e;. (0" |0)\X

exp(i (—q.rNu )) sin (q "ry, —w(a', p)t+4(a’p)+¢,.(a, p))

Expanding as a summation:

w(a,p)Ad" p.t)le;. (a%p)]

INCHEDY N, (4.36)
v Zsm(q r—w(a', p)t+¢(a’ p)+¢,, (a' p))exp(i(-ar;))

Expanding the exponential:

w(a',p)A@’, p.t)le;. (a%p)]

JIN,
qZé cos(—q.rj)sin(q'.rj ~w(g', p)t+g(a’p)+e,,(d) p))+
7| isin(—qur;)sin(q'r; -w(q', p)t+¢(a’ p)+ 4, (" p))

&wi Q1) (4.37)
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Simplifying:

w(a', p)A(a’ p.t)
.
_sin((q'—q).rj —w(q", p)t+¢(a’ p)+4;,(a'p))
Sy (@1) = 2, 5 +sin((a'+q).r,~w(a’, p)t+¢(a’ p)+4,. (a' p))
7| —icos((q'-q).r;~w(qa' p)t+4(a’ p)+4,,(a"p))
v i 1, )

€.« (q': p)‘x

(4.38)

The summation over j goes to zero unless q =9’ or q =-q’:

RCIIE
N, w(d, p)A(g, p.t)le;. (a. p) {sin(—W(q, p)t+4(d, p)+4;,(a p)) ]+
2 ~icos(-w(q, p)t+4(a. p)+4,,(q. p))
e, (-0, p)| F”(W(q, p)t+¢(-d p)+¢,.(-a. p)) }

+icos(-w(-q, p)t+¢(-d, p)+4;, (-a, p)) |

(4.39)

2 JN,w(-a, p) A(-a. p.t)

2

Expanding the sine and the cosine term to separate ¢;.(q,p):
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fv,a,j (q't)

_sin(—w(q, p)t+¢(a, p))COS(¢ (q P)) 1
JNow(a, p)A(a, p.t)fe;.. (. p)|| +cos(-w(a, p)t+¢(a, p)) ))sin(,., (a. p)) .
2 ~icos(~w(q, p)t+¢(a, p))cos(4; ( p))
5 +isin(-w(d, p)t+(a, p))sin (4., (a p)) |
; sin(-w(a, p)t+¢(-g ))cos(¢ (q P)) |
JNow(=q, p)A(-q, p.t)fe; . (a, p)| | ~cos(-w(a, p)t+¢(-a. p))sin(4;, (a. p))
2 +icos(-w(q, p)t+4(-a, ))COS(¢,,a(q P))
_+isin(—w(q, p)t+4(-a,p))sin(4,, (a. p)) 1]
Combining the terms:
Sy (A1) =
N, w(, p) A(d, p.t)fe,. (d P) [S‘“(—W(q’ p)t+¢(a, p))exp(ig,., (a.p)) ]+ _
5 2 —i cos(—w(q, p)t+¢(a, p))eXp(i¢j,a (a, p))
> | N, w(a, p)A(-a, p.t)fe;, (a, p) T‘”(W(q' p)t+¢(-a, p))exp(ig;, (a. p)) ]
2 +icos(-w(q, p)t+4(-a, p))exp(id,,, (a. p)) |

Merging the phase and magnitude of e;,(q,p):

_\/NTlW(q, p)A(a, p.t)e,,

-w(q, p)t+¢(d, p))

2

7| Now(a, p)A(-q, p.t)e,.,

(a, p) [sin(

]
~icos(-w(q, p)t+g(a, p))]+

2

(a, p)[sin(—vv(q, p)t+4(-q, p)) }
-a,p)) ||

+icos(—w(q, p)t+e(

(4.40)

(4.41)

(4.42)
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The normal mode coordinate now can be obtained by:

(@ pt)=>¢e.(-a.p)é.;(at)

j.a

Substituting the relation from Eqn. (4.42) into Eqn. (4.43):

(Now(a.p)Aa.p t)ey, (a.p) ) |

2

[sin(—w(q, p')t+4(q, p)) } "

) ~icos(-w(q, p)t+4(a, p’))

28R 80 COPI i p)AC p)e, (a0
2

[sin(w(q, p)t+4(-a,p)) ]

|| +icos(-w(a, p')t+g(-a. p))

Simplifying:
_ NW(Q, p') A(q, p"t)x
2 *
{sin(w(q,p')tm(q,p‘)) ] S (61 (p) e (0 p)+
nlapg-3 o cos(-w(a.p)t+9(a.p’))

7| [Now(a, p)AC-a.p)
2 *
{sin(—w(q, p)t+4(-q, p)) ] %(ej,a (a, p)) e, (ap)

i +icos(-w(q, p')t+¢(-a, p"))

(4.43)

(4.44)

(4.45)

63



Thus the normal mode coordinate for displacement is related to the individual mode amplitude

as:

\/N_uw(q, p)A(q, p't)[sin(—w(q, p)t+¢(q, p)) D+ _

2 —icos(—w(q, p)t+a(aq,
(@ pt)= (-w(a, p)t+¢(a,p)) w.6)

\/N_uw(q, p)A(-q, p,t)rn(w(% p)t+¢(-q, p)) ﬂ

2 +icos(-w(d, p)t+¢(-a, p))

Summarizing, the normal mode coordinates are given by:

Z(a, p,t)=

N [Am’ p0)exp(i(-w(a, p)i+(a.p)))+

2| A(-a, p.t)exp(—i(-w(q, p)t+4(-q, p)))] =(7, (-9, p.1)) (4.47)

z(a.pt)=

M_[A(q’ p'”exp(i(—w(q, p)t+4(q, p>_gm+
2 —[A(_q’ p’t)eXp(_i[_W(q' p)t+¢(-a. p)—%m_

(n(cap) (4.48)

Note that in the above equations, the normal mode coordinate for any wave vector contains

contributions from waves moving in both positive and negative directions.
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4.4  Correlations of the phonon space projections

As discussed in the previous subsections, the normal mode coordinates are orthogonal i.e., the

cross-correlation between distinct modes is zero. The orthogonality will be verified next.

Starting with the normal mode displacement correlation:

<(7‘“ (a.p.t)) .z (a, p',t)> _

A0, p.t)exp(~i(-w(d. p)t+4(a. p))) }

_A(—q, p,t)exp(i(— ,p)t+g(-q, p))) w49)
A(d, p'.t)exp(i(-w(a, p)t+4(a, p))) ]
_A(—q,p',t)exp(—i( w(a, p')t+¢(-a,p"))

Dropping the time term by substituting t = 0:

(@ p.0) 2 (a.p,0)) =N

Expanding the product:

(4.50)
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(2 (a.p.0)) 2 (a.p0)) -
_<A(q 0)A(q, p',0)exp(i(#(a, p')-4(a. p))))

N, | +{A(@ p.0)A(-a. p10)exp(-i(¢(-a. ') #(a. ) @51
4 +<A( 9, p, O)A(q,p',o)exp( (#(a,p")+ ( 9 p)))>
+(A(-a.p.0) A(-q.p20)exp - (¢(a.p)-#(-a. P)))

The phase angles for positive and negative wave vectors are independent of each other. Thus

the ensemble average for the exponential of the sum of these phases goes to zero:

(7.(a.p.0)) 2 (a.p"0))=
[ (A(@.p.0)A(a. p.0)exp(i(¢(a. ')~ 4(a. p))) (4.52)
+(A(-d, p,0)A(-q, p',0)exp(-i(¢(-a, p") - ¢(-a, p))))

Clearly, if p # p’, then the phase angels will not cancel, and thus the ensemble average goes

to zero. Thus the correlation can be expressed as:

((z(a p.0)) .z (a p0)) ==*| (A(a, p,O))+(A(-a, p,0)) |5, (453)
Similarly:
<(zv(q, p,0)) .z (a, p',0)> =M[<A(q, p,0)2>+<A(—q, p,o)ﬂapp. (4.54)
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Thus, using the eigenvectors of the dynamical matrix for e(q) does indeed diagonalize the

correlation <§u (q).(&u (q))T> Dividing Eqn. (4.54) by Eqn. (4.53), it can now be shown that:

W’ (g, p) = T ; (4.55)

Thus the square of the frequency is the ratio of the correlation for velocity projection and
displacement projection in the phonon space as shown in Eqn. (4.55); this relationship provides

a tractable method for computing the dispersion relation using atomistic trajectories.

In the Fourier transform method, time correlation of the velocity normal modes is used; which

is defined as:

A(a, p,O)exp(—i(¢(q, p ))+
A(-, p,0)exp(i(4 (-, p)))]

A(q, p,t)exp(i(—w(q, p)t+a¢(a, p)))+
A(-a. p.t)exp(~i(-w(q, p)t+¢(-q, p)))}

((x (@ p0)) 2 (@) =32

(4.56)

The phase angle for the cross terms in the product above (i.e., terms containing both A(q) and

A(-qg)) will not cancel off, thus giving zero ensemble average. Hence:
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<(zv(q. p,0)) .z (a, p,t)> _
e (q, p) N, FA(Q: p,O)A(q, p’t)eXP(i(—W(q, p)t))> } s

4 +<A(—q, p,0)A(-q, p,t)eXp(—i(—W(q’ p)t))>

The exponentials are independent of the ensemble average and only depend on time:

<(zv(q, p.0)) .z, (a, p,t)> _
W2 (q7 p) N, {(A(q’ p,O) A(q, p’t)>eXp(i(—W(q, p)t)) ] s

4 +(A(-a, p.0) A(-q, p.t))exp(~i(-w(q, p)t))

The ensemble average for the amplitude correlations of positive and negative wave vectors is

same due to symmetry:

((%(0.9.0)) .2 (ap.t)) =

W (g, p)N, <A(q, p,0)A(q, p,t))exp(i(—w(q, p)t)) (4.59)
4 +(A(a, p,0)A(a, p,t)>exp(—i(—w(q, p)t))

Simplifying:

(0.0 (0. p0)="" P (g p0)a(q p)eos(u(@p)) (oo
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Thus the time correlation of the projection of velocities in phonon space is given by Eqn. (4.60)
. Clearly, the Fourier transform of this correlation can be used to obtain the peak frequency for

any wave vector (and hence, the dispersion relation).

45 Results

Based on the theoretical formulations described in the previous section, phonon dispersion

relationships are calculated using two methods as shown below:

e Ratio Method:

<(Zv (a.p.0)) .z (a, p,0)>

Wxatio (q' p) = <(Zu (q, p’()))* . (q’ p’0)> (4.61)
e FFT Method:

%,(a,p,w) =T <(zv(q, p.0)) .z (a, p,t)>exp(—iwt)dt (4.62)
Weer (Qv p) = peak (Zv (q’ p,W)) (4.63)

The FFT method, which is well-established, will be used to assess the fidelity of the ratio
method. For the FFT method, the dispersion is obtained by extracting the frequency
corresponding to the peak value of the Fourier transform of the time correlation of the velocity
normal mode as shown in Eqn. (4.62). Though both methods require calculation of the velocity

normal mode correlations, the ratio method uses the value of the correlation only time t =0
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while the FFT method requires the correlation over a long period of time for resolving the low
frequencies from the Fourier transform. Thus the ratio method will computationally be less
expensive — a definite advantage over the FFT method. It is further shown that in this section
that the ratio method is also more accurate than the FFT method. Three systems that are

considered for the benchmark tests are:

e Monoatomic Linear Chain
e Diatomic Linear Chain

e Graphene

45.1 Monoatomic Linear Chain

Consider a linear monoatomic chain of N atoms as described in Chapter 2. The atoms interact

with each other with a harmonic potential given by:
i 1
U (1) = 2.C (u; (1) ~u (1)) (4.64)

The spring constant is chosen to simulate the harmonic approximation of a Lennard-Jones (LJ)
interaction [92]; this is done to enable comparison with the actual LJ potential (see next

equation) to study effects of anharmonicity at a later stage.

Ui (0=te [u,-(tf—fuk (t)] ‘[ujmfuk(t)J (.69
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The harmonic approximation of the above LJ potential gives:

C=

3 1
3652JZ;a:260

o

(4.66)

The cutoff for the interaction is set up such that only the immediate neighbors interact. As

shown previously, the theoretical expression for the dispersion relation is given by:

(4.67)

where q is the wave vector, w is the angular frequency and m is the mass of each atom. LJ
parameters for Argon are used in order to convert the results into SI units [92]. It is observed
that using any form of rescaling for controlling the temperature or pressure affects the
equipartition of energy between the modes. Thus the system is run under a NVE ensemble for
long enough time after the initial NVT equilibration to redistribute the energy between the

modes, before sampling of data for computing the correlations commences.

Figure 4.1 shows the Fourier transform of the velocity normal mode coordinate as given in
Egn. (4.62), for a monoatomic chain of 100 atoms at 0.5 K. The peak frequency values form a
dark red strip, which corresponds to the phonon dispersion curve. The peak values are extracted
from the Fourier transform using the peak extraction algorithms in MATLAB. The dispersions
using both FFT and the ratio method are shown in Figure 4.2 along with the theoretical

prediction given by Eqgn. (4.67). It can be seen that the dispersion obtained from both the
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methods overlap with the theoretical prediction. The errors in the prediction from the two
methods are shown in Figure 4.3 — clearly, the ratio method gives a much smaller error as
compared to the FFT method. The overall root mean square (RMS) error due to the ratio
method is about 0.0020 THz while that due to the FFT method is 0.0277 THz, almost an order
of magnitude higher. Thus the ratio method is not only computationally less expensive but is

also about ten times more accurate than the FFT method for the harmonic 1-D chain.

The same dispersion curve for a 1000 atom chain at 0.5 K is shown in Figure 4.4. For a larger
system size, the resolution of the wave vector space gets finer. Thus the change in frequency
between successive wave vectors is minuscule. The FFT method is not able to resolve this fine
difference and thus produces a curve with steps rather than a smooth dispersion as shown by
the ratio method. The FFT method thus needs a larger correlation time to resolve the

frequencies more accurately.

Figure 4.5 shows a comparison of the dispersion for LJ potential and its harmonic
approximation calculated using the ratio method. The curves overlap almost exactly for the
low temperature of 0.5 K because the interaction is nearly harmonic with the LJ interaction.
Figure 4.6 shows a comparison of the LJ dispersion curve at 0.5 and 5 K. While the curves
overlap, there is a subtle change in the dispersion behavior near the zone boundary for the
higher temperature. This reduction arises from the anharmonicity, but the effect is still quite

small because of the relatively low thermal amplitudes at 5 K.
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Figure 4.1: Fourier transform of the time correlation of the velocity normal coordinate as
described in Eqgn. (4.62). The peak frequencies give the phonon dispersion, observed as the
dark red curve in the figure.
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Figure 4.2: Phonon dispersion of a harmonic 1-D chain of 100 atoms at 0.5 K.
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Figure 4.3: Error in the dispersion predicted by the ratio and the FFT method for a 100 atom
harmonic 1-D chain at 5 K.
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Figure 4.4: Phonon dispersion of a harmonic 1-D chain of 1000 atoms at 0.5 K.
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Figure 4.5: Phonon dispersion curves of a 1-D chain of 100 atoms at 0.5 K with harmonic

and LJ potentials.
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Figure 4.6: Phonon dispersion of a 1D chain of 100 atoms with LJ interaction at 0.5 K and 5

K.
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4.5.2 Diatomic Linear Chain

1a 1, 2, 2, ry My N, N,
------------ Y
-« e »
a b
L =Na

Figure 4.7: Diatomic linear chain with 2N atoms.

Next, consider the diatomic chain as shown in Figure 4.7. The potential of interaction is exactly
the same as in the case of the monoatomic chain; however, the masses of adjacent atoms are

different. The interatomic spacings are defined as:

1
a=2bandb=2%¢ (4.68)

The theoretical expression for the dispersion relation for the diatomic chain is given by:

: a
C\/(ma +m,)* —4m,m, sin? (q'j
W, = (m+m)C 2 (4.69)
m,m, m,m,

a a

For the diatomic chain, two phonon branches are observed in the dispersion relation. The
branch with the negative sign (in Egn. (4.69)) corresponds to adjacent atoms moving in the
same phase and is called the acoustic mode, while the branch with the positive sign corresponds

to the adjacent atoms moving out of phase, which is referred to as the optical mode.
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The dispersion curves for a mass ratio of 1.0 and 2.0 at 0.5 K with harmonic interactions are
shown in Figure 4.8 and Figure 4.9, respectively (the chain with a mass ratio of 1.0 is identical
to a monoatomic chain). Also note that the value of a for the diatomic case is twice that of the
monoatomic case. For a mass ratio of 2.0, the optical and the acoustic branches separate and a
bandgap is created. For both the cases, the curves calculated using the ratio method and the
FFT method overlap almost exactly with the theoretical prediction given by Eqn. (4.69). The
root mean square error from the two methods is presented in Table 4.1. Although both methods

are quite accurate, the ratio method outperforms the FFT method judging by the RMS errors.

Frequency (THz)
N

—— Theory
—— Ratio Method
— FFT Method

0 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Wave Vector (n/a)

Figure 4.8: Phonon dispersion of the diatomic chain with 100 atoms at 0.5 K with a mass
ratio of 1.0.
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Figure 4.9: Phonon dispersion of the diatomic chain with 100 atoms at 0.5 K with a mass

ratio of 2.0.

Table 4.1: Root mean square error in the calculation of the dispersion curves by the ratio and
the FFT methods.

Number of Chain type and phonon branch RMS Error (THz)

atoms Ratio Method | FFT Method

100 Monoatomic 0.0020 0.0277

1000 Monoatomic 0.0020 0.0279

Acoustic 0.0013 0.0300

100 Diatomic ma/mg = 1.0 Optical 0.0014 0.0249

Acoustic 0.0012 0.0266

100 Diatomic ma/mg = 2.0 Optical 0.0011 0.0283

4.5.3 Graphene

This section focuses on a two-dimensional graphene system with a realistic interatomic
potential. Although the equilibrium structure of graphene is two-dimensional, the atoms are

free to move in three dimensions, and thus the system is essentially three dimensional, and
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each atom possesses six degrees of freedom (three each for position and momenta). The
structure of graphene [93] along with the details of the unit-cell and the reciprocal lattice is
shown in Figure 4.10. The graphene unit-cell consists of a two-atom basis and is shown as
dashed rhombi with lattice vectors a; and a.. Each atom is represented as a blue circle while
the origin of each unit-cell is shown as a red circle. The two lattice vectors are at an angle 120°
from each other, and the system is so aligned such that a; points along the positive x-axis and

both a1 and az lie along the xy-plane. Thus the basal plane is along the xy-plane.

The lattice vectors are related to the C-C bond length a as given below:

a, =+/3ai (4.70)

a, =\/§a{—if+ﬁj} 4.71)
2 2

a, =ck 4.72)

ja,|=[a,|=3a (4.73)

Although the structure is two-dimensional, a third lattice vector is defined for the sake of
completeness and for defining the reciprocal lattice vectors b1 and bz (see Eqns (4.74) to (4.77)
). The magnitude of the third lattice vector is simply taken to be equal to the inter-layer

separation for graphite.
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Real Space

Reciprocal Space , '

Figure 4.10: Real space (top) and the reciprocal space (bottom) for graphene. For the real space,
the blue circles represent atoms while the red circles represent the lattice sites. The lattice
vectors are given by a1 and a; while the C-C bond length is given by a. The x-axis is along the
zigzag direction while the y-axis is along the armchair direction. The dashed rhombi constitute
individual unit-cells with a two atom basis. For the reciprocal lattice, the green circles represent
the reciprocal lattice sites. The reciprocal lattice vectors are given by and by. T represents the
zone center while M and K represent the high symmetry directions.
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o, = 278 x3s) () 27(3,xa,) |, 27(3, ) (4.74)
la,.(a, xa,)| la,.(a, xay)| la,.(a, xay)|

o <22 B0l (479

b, = %”@j i (4.76)

Ib,|=|b,| = i_z @.77)

The reciprocal lattice vectors by and b2 are at an angle of 60° to each other with b, pointing
along the y-axis in the present configuration. The reciprocal lattice points are represented by
green circles, and the shaded hexagon forms the first Brillouin zone. The high symmetry points

are marked as M and K.

It should be noted that the relation between the lattice parameter and bond length given in
Eqgn.(4.73) is valid only at OK when the atoms do not move, and the structure is exactly two
dimensional. At finite temperatures, the atoms start to vibrate, and the graphene sheet shrinks
to accommodate for the vibrations perpendicular to the basal plane. This causes the lattice

parameter for graphene to decrease with temperature initially [94].

For the present work, atomistic simulations are performed at 30 K (to compare with theoretical
dispersion curves which are valid strictly at 0 K) and 300 K (to study the behavior at room
temperature) thus spanning one order of magnitude in the temperature range. The system is

initially equilibrated in a NPT ensemble with zero pressure using Berendson [95] thermostat
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and barostat, and then run under a NVE ensemble for long enough time to redistribute the
energy between the modes. The simulation consists of 60 unit cells along both unit vectors i.e.,
a total of 7,200 atoms. Tersoff [96] potential with parameters optimized [97] for phonon
dispersion of graphene is used for describing the interatomic interactions. Recently, Emmanuel
et al. [98] have used the FFT method to study the phonon dispersion of graphene with several
interatomic potentials and have reported the Tersoff potential with the optimized parameters
(used in the present work) to be the most suitable and accurate. A similar observation has also
been made by Zou et al. [24] using both the SED method [61] and the Green’s function
approach by Kong [86]. The dispersion is calculated only along the high symmetry directions
with T'-M branch pointing along the y-axis and the I'-K branch pointing along the x-axis.
Periodic boundary conditions are used along the lattice vector directions but not along the x

and y directions.

The dispersion curves computed using the FFT method and the ratio method at 30 K are shown
in Figure 4.11 and Figure 4.12, respectively. The Longitudinal Acoustic (LA) branch is shown
in black, Transverse Acoustic (TA) branch in red, Flexural Acoustic (ZA) branch in blue,
Longitudinal Optical (LO) branch in green, Transverse Optical (TO) branch in brown and the
Flexural Optical (ZO) branch in magenta. Lindsay and Broido [97] has theoretically calculated
the dispersion curves for the optimized Tersoff parameters; the reference data extracted from
their work has been added as black dots in the dispersion curves. Both the ratio method and
the FFT method depict a good match to the reference data, but the ratio method appears to be

more accurate visually, especially for the LO and TO branches. The dispersion computed by
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the two methods is compared in Figure 4.13; all the branches overlap apart from the TO and
LO branch; clearly, the FFT method overestimates these branches. Quantitatively, the root
mean square error in the dispersion computed using the two methods as compared to the
reference data is given in Table 4.2. The Ratio method outperforms the FFT method for all the
branches, with the difference in the error for LO and TO branches being the most prominent.
However, the difference in the error magnitudes for graphene is not as huge as it is for the
linear chain. It should be noted that for graphene, an exact expression for the dispersion relation

is not available.
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Figure 4.11: Dispersion curve for graphene along high symmetry directions computed using
the FFT of velocity normal mode correlation in time. The color coding is as follows;
Longitudinal Acoustic (LA) branch: black, Transverse Acoustic (TA) branch: red, Flexural
Acoustic (ZA) branch: blue, Longitudinal Optical (LO) branch: green, Transverse Optical (TO)

branch: brown and Flexural Optical (ZO) branch: magenta. The reference data from Lindsay
and Broido [97] with Tersoff potential used in the present study is shown as black circles.
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Figure 4.12: Dispersion curve for graphene along high symmetry directions computed using
the ratio of conjugate variables in phonon space. The color coding is as follows; Longitudinal
Acoustic (LA) branch: black, Transverse Acoustic (TA) branch: red, Flexural Acoustic (ZA)
branch: blue, Longitudinal Optical (LO) branch: green, Transverse Optical (TO) branch: brown
and Flexural Optical (ZO) branch: magenta. The reference data from Lindsay and Broido [97]
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with Tersoff potential used in the present study is shown as black circles.
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Figure 4.13: Comparison of the dispersion curve for graphene along high symmetry directions
computed using the FFT of velocity normal mode correlation in time (black) and computed

using the ratio of conjugate variables in phonon space (red).
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Table 4.2: The root mean square error in the computation of the dispersion relation using the
ratio and the FFT method for each phonon branch of graphene.

Wave Vector Branch RMS Error (THz)
Direction Ratio Method FFT Method
LA 2.9481 4.4833
TA 3.9885 4.5790
ZA 2.2801 2.2940
r'-M LO 2.8518 5.1305
TO 1.4168 5.6841
Z0 2.2299 3.7898
LA 1.9294 3.4513
TA 1.9817 2.6383
ZA 1.1602 1.3854
I'-K LO 3.5168 6.1068
TO 1.9112 6.5438
Z0 3.5476 4.4409

Figure 4.14 and Figure 4.15 show the comparison of the dispersion curves at 30 K and 300 K

using the FFT method and the ratio method, respectively. A small dip in the LO and TO

branches with increasing temperature has been reported before [98]. It is interesting to note

that the ratio method is able to capture this small dip more prominently than with the FFT

approach.
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Figure 4.14: Comparison of the dispersion curve for graphene along high symmetry directions
computed using the FFT of velocity normal mode correlation at 30 K (black) and 300 K (red).
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Figure 4.15: Comparison of the dispersion curve for graphene along high symmetry directions
computed using the ratio of conjugate variables in phonon space at 30 K (black) and 300 K
(red).
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4.6 Conclusion

Expressions for the phonon space projections in terms of the amplitudes of the real cosine
solution is presented this chapter. These expressions are used to obtain an analytical form for
the time correlation functions of the phonon space projections. The ratio of the time correlation
functions of the phonon space projections for velocity to that of displacement is shown to be
equal to the square of the mode frequency — a result that is also previously known. Atomistic
simulations are then performed to obtain the phonon dispersion curves using this expression
(referred to as the ratio method) for three benchmark cases: a linear monoatomic chain, a linear
diatomic chain, and graphene. For all the three cases, the ratio method is observed to be
demonstrably superior in computational speed relative to the popular Fourier transform

method; it also outperforms in accuracy by a fair margin.
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Chapter 5: MATHEMATICAL AND PHYSICAL

CONSISTENCY FOR HEAT CARRIER MODES

5.1 Introduction

A promising and efficient technique for obtaining the phonon dispersion relationship using
atomistic trajectories is described in the previous chapter. Once the dispersion relationship is
known, further analysis can be conducted to investigate the interaction between the phonon
modes that underpin the thermodynamic and thermo-mechanical properties. It is briefly
described in Chapter 2 that the anharmonicity of the interacting potential is responsible for the
phonon-phonon interactions; for example, the cubic term in the potential leads to three-phonon
interactions, quartic term leads to four-phonon interactions and so forth. In the quantum
picture, these interactions are called phonon-phonon scattering. Three-phonon scattering
involving three-phonon modes is usually the most dominant. Thus, a traveling phonon carrying
energy can scatter into different phonon modes, which causes resistance to the flow of energy,
which is known as thermal resistance. Thus, a knowledge of the phonon scattering processes
and the lifetimes of the phonon modes are essential for understanding the thermal conduction

behavior of a crystalline system.

In their seminal work, Ladd and Moran [55] developed a methodology to estimate phonon
relaxation times using the decay of the energy associated with individual phonon modes (since

the mode energy is proportional to the phonon population). McGaughey and Kaviany [59, 60]
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modified this approach and used a two-step decay model for the heat flux autocorrelation
function (HACF) [53, 54] to separate the thermal conductivity contributions from the short-
range and long-range phonons; this method was extended by Alexander et al. [99] for
decomposing the phonon thermal conductivity of a monoatomic lattice. In recent years, a

similar approach has been reported in several investigations [44, 56, 62, 100].

In the work of Zushi et al. [36] phonon lifetimes were computed directly from the decay of the
phonon normal mode coordinates; however, this appears to be incorrect because the phonon
population is proportional to the square of the magnitude of the correlation. An alternate
method was proposed by Thomas and McGaughey et al. [61] using the spectral energy density
(SED) — this approach has since been employed in other investigations [101, 102]. Volz et al.
[4, 103-105] developed a method for obtaining the spectral heat current from non-equilibrium
systems and used it to obtain spectral thermal conductivity across interfaces using non-
equilibrium atomistic simulations. . A review of the different methods employed for spectral
decomposition of thermal conductivity can be found in the review article by Feng and Ruan

[106].

Gill and Lewis [20, 57, 58] recently developed an approach starting from statistical mechanics
first principles, namely, the Green-Kubo formalism [53, 54] involving time correlations of the
heat currents, to separate the contributions from the positive and the negative phonon modes.
Critically, this approach relies on defining an imaginary heat current due to each phonon mode,
with only the sum of the contributions from the positive and negative modes being real and

physically meaningful. More importantly, this work does not crucially identify the mechanistic
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basis of heat flow i.e., the modal heat flow arises from the difference between the phonon

modes traveling along the positive and negative wave vectors.

The work presented in this chapter employs the mathematically consistent real cosine solution
described in Chapter 3 to obtain the phonon population associated with individual modes. The
phonon population is then used to obtain the individual mode heat currents — an important step
that has been missing in prior investigations. While the expression for the total heat current
due to the sum of the contributions from the positive and negative modes derived in the present
approach agrees with that proposed by Gill and Lewis [20, 57, 58], the current approach
provides an important expression for the individual amplitudes of the waves traveling along g
and —q directions that is critically needed to define a real heat current. Thus, the current work
identifies that the heat current in the phonon normal mode formalism is mathematically and
physically real and not an imaginary quantity which cannot be observed [20, 57, 58]. Three
significant findings from this study are: (i) the phonon lifetimes from energy correlations are
significantly lower than those estimated using the existing approaches, and (ii) phonon-phonon
cross-correlations can play a dominant role in thermal transport process, especially for low-
dimension systems, (iii) thermal conductivity can be partitioned among two phonon modes —
self and cross; while the phonon contributions from self and cross terms have been reported
before [58], a correction term arising from the difference in the heat fluxes moving in +q and

—q directions is a new finding from this dissertation.
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5.2 Theoretical formulation

5.2.1 Extracting individual mode amplitudes

Recalling from the previous chapters, the net displacement, and velocity due the individual

modes from the general solution is given by:

u,;(t)=2u,;(a p.t)=

q.p

cos(q.rl—W(q, p)t+¢(a, p)+4.(a, p))
cos(qr, ~w(q, p)t+¢(d, p) +4,.. (a, p)) (5.1)

€ (Qa p)‘

> A(a.p.t)

m;

&‘

cos(q.rNu -w(q, p)t+¢4(a,p)+4,.(a, p))

Vo ()= 2 Vo (A, pit) =

q.p

sin(qr, ~w(d, p)t+¢(d, p)+4;. (a. p))

1 sin(q.r, ~w(q, p)t+4¢(q, p)+4,, (a, p)) (5.2)

m;

w(g, p)A(g, p.t)

e;. (a. p)‘

k‘

sin(aury, —w(a, p)t+4(d, p)+4;, (a.p))

The corresponding normal mode coordinates are given by:

SN[ Alaptjexp(i(-w(a. p)t+(a.p)))+

Xu (q' p,t) = 2 A(—q, p,t)exp(—i(—W(q, p)t+¢(_q’ p)))

=(z (-a. p.t)) (5.3)
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x,(9,p,t)= _ |
fow(a.p) (A(q, p,t)exp[i(—w(q. p)t+¢(q, p)_@j}
S B

(s poef (e prestan-3)|

Egns. (5.3) and (5.4) can be simplified to obtain the individual normal mode amplitudes as:

A(a. p.t)=

[zu (9,p,t)+ W(;’ p)zv (a, p,t)]exp(—i (~w(a, p)t+¢(a,p))) (5.5)

. F-

A(q,ptf( (a.p.t)- i,p)zv(q,p,t)]exp(i(—W(q,p)t+¢(—q,p))) (5.6)

Eliminating the unknown phase angles ¢(q,p) and ¢(-q,p) to obtain the square of the

amplitudes:
A2 (g, pt) = — (l ( p’t)+W(q’p)Z (@p t)JX (5.7)
" (( (a, p.t)) - )( (a.p t))]
2,(d,pt)- 7,(a,p.t) |x
A (—q, p,t):Ni ( (q'p_) ] 50
u {( (a,p.t)) W(; p)( (q pt))]
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Thus the individual mode amplitudes can be extracted from the normal mode coordinates for
displacements and velocities. The next section will connect the individual modes amplitudes

to the mode population and energy.

5.2.2 Individual mode population and energy

The total energy of the system can be described in terms of normal mode coordinates as given

below in Eqgn. (5.9). A proof for this relationship can be found elsewhere [73].

%[ (a.0) 7, (0 p.t) 2" (0 pt)+ 2, (9, pt) 2 (G o) (5.9)

q.p

Based on the above relation, one approach is to define the energy associated with each

individual mode as [56]:

Eoa (O, Pt ——[w (a,p) 2 (a4, p.t) 2, (0, p.t)+ 2, (a, p.t) 2, (0 pot) | (5.10)
The above relation implies that the energy associated with positive and negative wave vectors

is the same, which is physically inconsistent. The total energy associated with an individual

mode for a monoatomic linear chain was shown to be given by:

E(q,t)zng(q)Az(q) (5.11)
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A detailed derivation of the above relation is given in Appendix A. Generalizing the above

relation for a three-dimensional lattice (the subscript ‘pw’ denotes present work)

NU
2

E,.(a, p.t)=—"w*(q,p)A’(q, p,t) (5.12)

On substituting the expressions for the normal mode coordinates in terms of the individual

mode amplitudes (Eqgns. (5.3) and (5.4)) into Eqn. (5.10), it can be shown that:

N w*(q, p)
e

Eqyq (0, Pit) = A’ (0, p.t)+ A% (=q, p,t)) (5.13)

This leads to the following expression:

E.q (0 p,t)%[Epw(q, p.t)+E,, (=g, p,t)] (5.14)

Thus the existing expression for energy (denoted with the subscript old) associated with a mode
is actually the average of the contributions from the positive and negative wave vectors. It may
be noted here that the sum of the energy due to all modes i.e., is the total system energy is same

from both the existing approach and the present work.

E(t)= Z Ea (0. pt)= ZEDW (. p.t) (5.15)

q.p q.p
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Phonon population from both the approaches can now be obtained from the associated mode

energy. They are given as:

n,, (9, p)= gh w(a, p) A*(a, p.t) (5.16)
Noa (0, P) = 2',; w(q, p)| A*(a, p,t)+A*(—a, p.t) | (5.17)

n,, (4., p)+n,, (=4, p)
2

Nyq (0 P) = (5.18)

Thus the existing expression for phonon population is simply the arithmetic average of the left
and right moving phonon population. Unlike in the present (pw) approach, there is no
mechanism to extract the difference between the phonon populations within the existing (old)

framework. And finally, the energy quantization can be written as:
1
B (A P.t)=| My (0. P)+5 |Aw(a. p) (5.19)

5.2.3 Heat current and conductivity

As discussed in Chapter 2, the heat current is related the phonon population as:

J(a, p,t):\%nq’p (t)aw(a, p)v,(a, p) (5.20)
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Substituting the expression for phonon population from Eqn. (5.16) into Eqgn. (5.20) gives the

modal heat current; it is expressed as:

N u
2V

J(a, p.t)==2w*(q, p) A*(q, p,t)v,(q, p) (5.21)

Note that the exact expression for heat current from individual modes for a monoatomic linear
chain that is presented in Chapter 3 has the form given in Egn. (5.21). The total heat current of

the system is given by:

J(t)=2.3(a, P,t)=ZZNV“W2 (a, p) A?(a, p,t) v, (a, p) (5.22)

a,p q.p

Combining the terms from positive and negative wave vectors, the total heat current due to the

net contributions from the positive and negative modes can be expressed as:

()= X 0w (0PI A (0p.) - (-a.50) v, (a.9) 5.23)

Note that the net heat current is expressed as the difference between contributions from the left
and right moving phonon modes. In a previous work, Gill and Lewis [20] have defined an

imaginary (non-oscillating) modal component of the heat current; it is given by:

Ja (0, p,t)=\i/W(q, P)x (a.p.t) z, " (a. p.t)v,(a. p) (5.24)
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The total heat current from Gill and Lewis is then given by:

[

Jo ()= 23 (0 1) = 2 w(a, p) 7, (0. .1) 2 (0, PV, (0, P) (5.25)
g.p g, P

Combining the positive and negative wave vectors, the total heat current due to the net

contribution from the positive and negative modes can be expressed as:

[
Jo ()= 2@ )z (@ Pz (-6 pt) =z, (o PO z (@ P ]V, (4 P)  (5.26)
q'.p
Substituting the expression for normal mode coordinate from Eqns. (5.3) and (5.4) into Eqgn.

(5.26) gives the following expression:

NU
Ja (t)= Zng(q, p)[ A*(a, p.t)—A*(-a, p.t) |V, (a, p) (5.27)
qa'.p
Thus the modal heat current expression defined by Gill and Lewis is complex and does not a
hold a real physical meaning, whereas, the modal heat current defined in the present work
(Eqn. (5.21)) is real and physically consistent. Note that the sum of current due to the positive

and negative modes from the current work and Gill and Lewis are mathematically equivalent.

Coming back to the total heat current given in Eqn. (5.23), this expression can be written in

terms of modal energy as:
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J(1)=2[E(a p.t)-E(-a,p.t)]v,(ap) (5.28)

Define the difference in energy between positive and negative modes as:

Eoi (0, p.t)=E(a, p.t)-E(-q, p,t)=S5E(q, p,t)-SE(-q, p.t) (5.29)

Thus the total heat current depends on the difference in the energy content between the positive

and the negative mode:

J(t)=D Epy (a, p.t) v, (a, p) (5.30)

q’.p

The conductivity is related to the heat current correlation as [53, 54] :
GK T
Koy =iz im (3,(0)3,(t))dt (5.31)
B 0
Substituting the expression for heat current from Eqgn. (5.30) to Eqn. (5.31) results in:

Kep ﬂﬁ > > {vw (a, P)Vy. (@) p')l(EDiﬁ (9, p.0)Egy (', p',t)>dt} (5.32)

a’,pq”,p’
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Thus, the conductivity depends on the correlation of the difference in energy content between

positive and negative modes. Substituting back the expression for E, (. p,t) in terms of

excess energy 6E(q, p,t):

Voo (0 P)Vg, (' D)

[ (5E(a, p,0)SE(q", p,t))—(SE(q, p.0)SE(-q" p,t))]dt

a’.pq”,p’

1
Koy =—— t (5.33)
kT2 c;oqu [{[5E(a,p.0)-5E(-q, p,0)][ SE(q, p,t) - SE(—q, p,t)])dt
Simplifying:
V.. (9 P)Vy,. (A P)
K e Tl 2 i (5:34)

Thus it can be shown that the total thermal conductivity is composed of two major

contributions — self and cross:

GK GK,Self GK ,Cross
Ky =K' tKyp (5.35)
where:

0a (0 P)Vy 4 (A P)

4 VK T2 Z j[ SE(a, p,0)SE(q, p,t))—(SE(a, p,0)SE(-q, p,t))]dt (5.36)
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GK,Cross __

Kaﬁ

, 0.0 (0 P)Vy (0’ D) (5.37)

Vk T2 j[ SE(q, p,0)SE(q", p,t))—(SE(q, p,0)SE(-q’, p,t)) |t

If the cross correlations between modes is assumed to be zero, then the net conductivity can be

approximated as:

i SE*(q, p)
. %Vg,a(q P)Vy (0. P)
GK
B = (5.38)
’ Vg j (9E(a.P.O)SE(Q pL)) |
ol (oE*(ap))
The specific heat of a normal mode is related to the energy fluctuations as:
<5E2 (a, p)>
S L 5.39
C,(a.p) T2 (5.39)
Since it is customary to define the phonon mode lifetime as [56]:
! 5E O 't
j q p E(a.p.Y)) dt (5.40)
) (q p))

The thermal conductivity can be expressed in the familiar form as:
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1

G

ko = 2Cu(A:P)Vs.0 (0 P)Y, 5 (0, P)7( P) (5.41)

q.p

The above expression is identical to the expression obtained from BTE with the single mode
relaxation time (SMRT) approximation. However, this expression is only an approximation
because it neglects the cross term from the conductivity given in Eqgn. (5.37). Gill and Lewis
[20, 57, 58] have demonstrated that the cross term can make a significant contribution to the

thermal conductivity, in particular for low dimensional systems.

Interestingly, the self-term defined in Eqgn. (5.41), neglects the correlation

<5E(q, p,0)SE(—q, p,t)> from Eqgn. (5.36),. Thus the self-term can be further split as a

difference between the BTE term and a correction due to the correlation between the positive

and negative modes at finite time. Thus the self-term can be rewritten as:

GK, Self GK,BTE GK ,correction

E (5.42)
1
k= 0G0 P)Vs. (4 P)V, s (0 P)7(aP) (5.43)
q.p
GK ,correction 2 t
K5 kT ;;{vg,a (a,p)v, ,(a, p)£[<5E(q, p,0)SE (—q, p,t)ﬂﬂ (5.44)

Now the components of thermal conductivity can be written as:

GK __ . GK,Self
= Ka/i’

GK,Cross

- (5.45)

GK,Cross GK,BTE GK ,correction
+K = -

K B =Kep ap

af +
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5.3 Results

Atomistic simulations are performed on graphene using the same system configuration and
equilibration procedure that was described in Section 4.5.3 before. The simulation consists of
60 unit cells along both unit vectors contributing to a total of 7200 atoms. The heat current for
the thermal conductivity calculation using the GK analysis is described by Eqgn. (5.46) — a

detailed proof for the equation can be found in Appendix B.

1=Fev+3 _i[r_;[(ﬁ;uﬁjﬁ).vi} i_{%[ﬁr.vi]ﬁ; "y [Fij"".vi]H (5.46)
i=1 i=1 j=1; j=i k=L;k=#i, j

5.3.1 Modal Energy distribution

Figure 5.1 shows the distribution of the energy associated with the individual LA phonon
modes in graphene with wave vectors along the I'-M branch; as evident the distribution shows
an exponential behavior. The slope of the linear region of the individual curves is shown in
Figure 5.2. Clearly, the slope for all phonon modes is close to -1.0; similar results are observed
for all phonon branches for both I'-M and I'-K directions, and at both 30 K and 300 K. Thus
the probability that a mode with wave vector g and branch p contains energy E is proportional
to exponential of —E/ksT, which is exactly equal to the classical prediction for the probability

of finding a system in a state with energy E in the canonical ensemble (see Eqgn. (5.47) below).
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ol
P, (E)= 2 (5.47)

=— =
exp| -——— |dE
[ool 15

The simulations thus demonstrate that equipartition of energy holds good for each phonon
mode. The expectation value of the energy associated with a mode, as given by Eqgn. (5.48), is

simply keT.

" TEexp[—kET]dE
<E(q’ p)>=IEXPq,p(E)dE= = EB =kgT (5.48)
0 jexp(—kTJdE

B

o
[
1

0.01 4

Probability (1/k,T)

0.001 -

1E-4 . . .

E(a.p) (k;T)

Figure 5.1: Probability distribution of the energy associated with the individual modes for the
LA branch of graphene with wave vectors along the I'-M direction at 300 K.
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Figure 5.2: Slope of the linear region of the probability distribution shown in Figure 5.1 for
different phonon modes.
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Figure 5.3: Average energy content of each mode for graphene in units of (ksT) with wave
vectors along the I'-M direction at 30 K (left) and 300 K (right).
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Figure 5.4: Average energy content of each mode for graphene in units of (ksT) with wave
vectors along the I'-K direction at 30 K (left) and 300 K (right).
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Figure 5.5: Variance of the energy of each mode for graphene in units of (ksT)? with wave
vectors along the I'-M direction at 30 K (left) and 300 K (right).
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Figure 5.6: Variance of the energy of each mode for graphene in units of (ksT)? with wave
vectors along the I'-K direction at 30 K (left) and 300 K (right).

Figure 5.3 shows the average energy content in the units of keT for all modes with wave vectors
along the I'-M direction for graphene at 30 K (left panel) and 300 K (right panel); Figure 5.4
show the same curve for wave vectors along the I'-K direction. Except the long wavelength
ZA modes along the I'-M direction at 30 K, all other modes show excellent agreement with the
expected theoretical value of ksT as given in Eqgn. (5.48). The curves are smoother at 300 K
relative to 30 K because at higher temperatures, there is greater interaction between the phonon
modes. A lower deviation from the expected value, therefore, is observed at higher

temperatures.

The variance of the energy content of a mode is of greater significance than the expectation
value of the energy, since the specific heat of the mode is proportional to it. The variance in

the energy associated with each phonon mode is given by:
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o t—38

2 E
(E—kgT) exp(—kTJdE 2
2 =(ksT) (5.49)

Iexp (—EJ dE
0 kBT

(E—kgT) xP,,(E)dE =

(6B (ap)))=

o t—38

The theoretical expectation value for the variance of energy is (keT)? as given by Eqn. (5.49).
Figure 5.5 shows the variance of the modal energy content in the units of (ksT)? for all modes
with wave vectors along the I'-M direction with graphene at 30 K (left panel) and 300 K (right
panel); Figure 5.6 shows the same curve for wave vectors along the I'-K direction. As before,
except for the long wavelength ZA modes along the I'-M direction at 30 K, all other modes
show a good agreement with the theoretical prediction. Further, the theoretical prediction
implies that the specific heat for each mode is constant at all temperatures, which is true in the

classical limit (see Eqgn. (5.50)).

2
C <(5E(q' P) > k (5.50)
v (q, p) = T =Kg :
Thus, the atomistic simulations confirm that the specific heat is largely independent of the
phonon modes (see Figure 5.5 and Figure 5.6). A key consequence of this result is that the

thermal conductivity as predicted by Eqn. (5.41) is solely dependent on the group velocity and

the lifetime of the modes; mode-dependent specific heat does not appear in the classical limit.

Another interesting observation is that there is a self-term correction for the modal thermal

conductivity, which is given by:
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Vo (G, P)Vy 4 (a P)
(5.51)

GK,Self __ 2 t
Fap _VkBTZQZ,;) [[(5E(a. p,0)SE(q, p,t))—(SE(q, p,0)SE(~q, p.t)) |t

Thus the self-term of the conductivity does not directly depends on the correlation of the energy
content of the mode, but on the difference of the energy content between the positive and the

negative modes. Note that the initial correlation is given by:
1
<(5E (a, p,O))2>—<5E (d. p,0)SE(—q, p,0)) =Evar(EDiff (a. p,0)) (5.52)

Figure 5.7 shows the variance of the energy difference between the positive and the negative
mode in the units of (ksT)? for all modes with wave vectors along the I'-M direction for
graphene at 30 K (left panel) and 300 K (right panel); Figure 5.8 shows the same for the I'-K
direction. An expectation value of nearly 2(ksT)? is observed for all modes except for the long
wavelength ZA modes along the I'-M direction at 30 K. Due to their weak interactions with

other modes, it is not surprising that the low-temperature ZA modes are not fully thermalized.

As seen from Eqn. (5.52), a value of 2(keT)? for var(E, (g, p)) suggests that the initial

correlation between the excess energy content of the positive and negative modes, i.e.,

<5E(q, p,0)SE(—q, p,t)> will go to zero. This is quite intuitive since the excess energy

associated with the positive mode has no physical reason to stay correlated to that of the

negative mode.
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Figure 5.7: Variance of the energy difference between positive and negative modes for
graphene in units of (ksT)? with wave vectors along the I'-M direction at 30 K (left) and 300

K (right).
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Figure 5.8: Variance of the energy difference between positive and negative modes for
graphene in units of (ksT)? with wave vectors along the I'-K direction at 30 K (left) and 300
K (right).

However, as time proceeds, the excess energy along the positive mode will eventually flow

along the negative mode, i.e., the positive and negative modes will communicate at finite times.
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Even though the initial correlation is zero, the correlation at finite time, therefore, is expected
to be non-zero — a prediction that is also confirmed by the simulations. Figure 5.9 shows the
evolution of each term from Eqn. (5.53) normalized to (keT)? for one of the ZA modes along
the I'-M direction for graphene at 300 K. The correlation <6E(q,p,0)0E(-q,p,t)> (blue curve)
starts at zero, but slowly builds up with time before decaying off. As mentioned before, the
excess energy in the positive mode will eventually flow into the negative mode. Thus if only
the first term in the RHS of Eqgn. (5.53) (red curve) is used for estimating the mode lifetime as

in Eqgn. (5.40), an overestimation is likely.

<EDiff (9. p.0) Epy (a, p,t)>

=(5E(q,p.0)SE(q, p.t))-(SE(a, p.0)SE(-q, p.t))  (5.53)

1 . 1 . 1 . 1 .
1.0 4 - <EDiff(qVp’O)EDiﬁ(q’th)>/2(kT)2 -
<AE(q,p,0)AE(q,p,H)>/(KT)*
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Figure 5.9: Evolution of the excess energy correlations for one of the ZA modes along the T'-
M direction for graphene at 300 K.
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As discussed earlier, the self-term of the conductivity can be estimated by computing the mode

lifetime. The existing approach to estimating the lifetime is given by [56]:

(9, p.0)5Eq, (a. P.1))
<5 old (q P, 0)>

dt (5.54)

Toid (q, p) =.:[ <5E0|d

However, the existing expression for mode energy, as shown below, contains contributions

from both positive and negative modes as previously demonstrated:

Eoi (0, P,1) =%[Epw(q, p.t)+E,, (-a pt)] (5.55)

Substituting Eqgn. (5.55) back into Eqgn. (5.54) gives the lifetime as:

t . (. p,0)SE,,, (a, p,t))+(JE,, (q, p.0)SE,, (-, p.t))

%o (9, P) I dt  (5.56)
0 <(5Epw(q, p,O))2>
However, the correct expression for the mode lifetime is given by:
LI (SE,,(q, p,0)oE t SE,,(a,p,0)3E,, (—q, p.t
T(q,p)=_[< oo (0 P.0)SE,, (0 P.1)) —(SE,, (A P.0) 5B, (-G, PY)) | o 557
) <§EPW a.p.0) )>

Thus, the existing approach (denoted by the subscript old) will overestimate the mode lifetime

by twice the area of the blue curve shown in Figure 5.9.

111



5.3.2 Modal phonon lifetimes for graphene

In this section, the modal lifetimes for graphene, simulated using the optimized Tersoff
interatomic potential [97], is presented (see details in Section 4.5.3). The basal plane
conductivity at 300 K is evaluated to be approximately 2500 W/mK using the GK formalism
[53, 54] with the heat current autocorrelation (HACF) converging in ~200 ps. The simulated
thermal conductivity typically depends on the interatomic potential, the size of the simulation
cell, and the choice of the heat current expression; reported values fall in the range of 300 —
20000 Wm/K [20, 107-113]. Experimental studies also span a broad range from 600 — 5300

W/mK [22, 23, 114-116].

In the current work, the correlation <EDiff (9, p.0)Epy (0, p,t)> has been computed only up

to ~50 ps due to the somewhat high computational cost. The phonon lifetimes at 300 K reported
in previous investigations [24, 102, 107] exceed 50 ps for the low-frequency modes, especially
for the flexural phonons. Further, the HACF takes ~200 ps to converge for the present
configuration. Thus the truncation of the above correlation at 50 ps is expected to
underestimate the phonon lifetimes. The focus of the simulations, however, is not to compute
the exact phonon lifetimes, but to demonstrate the existence of finite lifetime correction terms

discussed in the previous section.
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Figure 5.10: Evolution of the correlation for the difference in the energy content between the
positive and negative modes for the LA branch with wave vectors along the I'-M direction

Figure 5.11: Evolution of the correlation for the difference in the energy content between the
positive and negative modes for the TA branch with wave vectors along the I'-M direction

113



-
(=1

-0.01500

0.08650

0.1880

I
=3

0.2895

| 0.3910

dby'°a(od'®) 3>

1
o

| 0.4925

0.5940

o
=

0.6955

0.7970

0.8985

1.000

Ao dbyealodey i<W

Figure 5.12: Evolution of the correlation for the difference in the energy content between the
positive and negative modes for the ZA branch with wave vectors along the I'-M direction

for graphene at 300 K.

-0.02500
0.07750
0.1800

02825
it

0.3850

de)ya(od 3>

0.4875

0.5900

O <@
o
=

0.6925

0.7950

0.8975

1.000

Agdoyeagdsy
o <
D

Figure 5.13: Evolution of the correlation for the difference in the energy content between the
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Figure 5.16: Phonon lifetimes estimated from the decay of the energy difference correlation
for modes with wave vector along the I'-M direction at 300 K. The solid lines have been
computed using the current approach while the dots have been computed using the existing

approach. The difference between the magnitudes between the current and existing approaches
is appreciable (except for the flexural phonons, for which the correlations have not converged).

Figure 5.10 to Figure 5.15 show the evolution of the correlation for the difference of energy
between the positive and the negative branches for the LA, TA, ZA, LO, TO and ZO branches,
respectively, with the wave vectors aligned along the I'-M direction. All the longitudinal and
transverse modes seem to have decayed within 50 ps while both ZA and ZO branches show a
slower decay, especially for the long wavelength ZA modes. Thus for the flexural modes, the
correlation needs to be evaluated for a longer time range to capture the complete decay process.
For this reason, the present calculations will underestimate the lifetimes of the flexural

phonons.
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The phonon lifetimes computed for the aforementioned curves using Eqgn. (5.57) with the limit
of the integral set to ~50 ps are shown in Figure 5.16. The lifetimes calculated using the
existing approach, given by Eqn. (5.56), have been overlaid in the figure as circles with the
corresponding color. Clearly, the existing approach overestimates the lifetimes of the LA and
TA modes as predicted in the previous section. The ZA modes are also likely to be
overestimated if the integral is computed for a longer time. Note that higher lifetimes for the

flexural mode have been reported in past work [24, 102, 107, 117].

5.4 Conclusion

Using the expression for phonon space projection in terms of the real cosine general solution,
the individual mode amplitudes of the waves moving along the +g and -q directions are
extracted. The mode amplitudes are then used to construct the individual mode energies; it is
demonstrated that the existing approach (prior to this work) for calculating the mode energies
actually computes the arithmetic mean of the energies of the waves traversing along the +q
and -q directions. Thus the existing approach is unable to resolve the difference in the energies
of the left and right moving waves that is critical for computing the net heat current and

conductivity.

Using the current approach, a physically consistent expression for the modal heat current is
derived. It is then employed to resolve the total thermal conductivity into self and a cross
contributions —a result, which is previously known. The self-contribution is further partitioned

into a BTE term (previously known) and a correction term (predicted from this work).
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Atomistic simulations on graphene demonstrate that the correction term is significant for the
LA and TA phonon branches; thus the existing approach overestimates the phonon lifetimes
for these branches due to correlation between +q and —q modes. As observed in past
investigations [20, 40, 56-58, 72] the cross-correlations between the phonon modes are
significant for low dimensional systems. Interestingly, collective phonon excitations emerge
from such cross-correlations. In the next chapter of this dissertation, the local heat current and
energy fluctuations are probed through the normal modes of vibrations for these variables,

which are then used to evaluate collective phonon excitations.
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Chapter 6: BEYOND PHONON DESCRIPTORS

6.1 Introduction

Gill and Lewis [20, 57, 58] previously have shown that the cross-correlations, or equivalently,
the collective phonon excitations are important, particularly for low dimensional systems;
other investigators [40, 56, 72] have also arrived at a similar conclusion. The analysis in
Chapter 5 has probed the origin of self and non-zero cross-correlations from well-posed
statistical mechanical first principles. Further, the Fourier’s law of thermal conduction itself
breaks down in low dimensional systems [31, 33, 35, 63], which makes the GK formalism
inapplicable. Thus, several low-dimensional systems have reported anomalous behavior in
thermal transport [31, 33, 56, 65]. For low dimensional systems, it is more appropriate to
examine the local energy and heat current fluctuations in appropriate normal coordinates.
These correlations (energy/current modes) can also be connected to the phonon normal modes,
which allows the exciting possibility of analyzing energy/heat modes in the framework of the

more familiar phonon (displacement) normal modes.

In this chapter, the behavior of local energy and heat current fluctuations is analyzed by
extracting the normal modes of oscillation of these variables. First, these energy/current modes
are derived exactly for a harmonic 1-D chain; the theoretical prediction is then verified using
atomistic simulations. The theoretical analysis reveals a rather intriguing outcome on the

possible combinations of energy/heat normal modes. Even with harmonic interactions, energy
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and heat modes combine if and only if they satisfy the three-phonon scattering law. It is known
that three-phonon processes are required for thermal dissipation, and the appearance of the
three-phonon scattering condition from the theoretical derivation indicates the plausibility of
predicting the phonon interaction types directly from the phase space variables. The three-
phonon scattering event has the lowest order of interaction, and the condition arises naturally
in the buildup of energy/heat waves. If anharmonicity and higher dimensionality are included,
higher order processes will evolve naturally in the classical framework without the need to

specify or postulate the nature of phonon interactions in thermal transport.

A recent investigation [51] has proposed collective excitation of multiple phonon modes,
denominated as relaxons, to be the actual heat carriers. The nature of the energy and heat
current normal modes analyzed in the current work has certain similarities, but are restricted
to multiple pair interactions within the harmonic approximation. First, an exact derivation of

the energy and heat modes is presented for a 1-D harmonic chain.

6.2 Theoretical formulation

Consider a monoatomic linear chain of N atoms interacting through a harmonic potential as
described in Chapter 2. Similar to the velocities and displacements, the total energy and heat

current of the system are defined as:
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(1,t) E(Lt)
t E(
J(t)= E(t)= (6.1)
J(N,t) E(Il\l,t)

where J(I,t) and E(l,t) denote the heat current and total energy of the I atom, respectively.

These are defined by:

1
E(I,t):Emv ZU|k (6.2)
k:tl
1
J(1,t)= E(I,t)v(l,t)+EZ(Flk (t)v(Lt))r (1) (6.3)
k=1
The force acting on atom | from an atom k is given by:
U, (1)
R (t)=——= (6.4)
1k ( ) arlk (t)
The displacement and velocity for the phonons, from the general solution, are given by:
1
u(l,t)=) —=A(q)cos(a.r, —w(q)t+ 6.5
)= 2 g Ala)oos(ar -w(a)t+9(a) (65)
1
— sm I—w(g)t+ _
H=2 7w (ar -w(a)t+g(a)) (6.6)
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q=r 2% r20,41,42.... 6.7)
Na

Substituting the general solution into the energy expression (for a harmonic interaction) gives

(see Appendix A for details):

E(L,t)= 3 E (1,t) (©.8)
—_W(ql)w(qz)A(ql)A(qZ) |
cos((ql—qz)la—(W(ql) (%))H(("(ql)‘("(qz)))
Ew (1,t) = {1+|31| |qi|cos((q1 qz)%)] (6.9)
cos((ql+q2)la—(W(q1)+W(q2))t+(§0(q1)+§0(q2)))
% % cos( (g, +0,)2
(1+m|2| ((ql qz)zj]

As discussed before, for a non-diffusive system, only the virial part i.e., the second term from
Eqn. (6.3), makes a significant contribution to the energy transport. The virial part of heat

current can be approximated as (see Appendix A for details):

W Z 3 \?llr g (6.10)
— 1 N
AL A (e, w(a,)v, ()

I (10 =| [ cos((, -, )1~ (w(a) ~w(@,))t+ o(a) -0(a,)) ¢4D
| ~cos((a+a,)la~(w(a,) +w(a,))t+o(a) + () |
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Thus, both energy and heat current are expected to form traveling waves at finite wave vectors.
Further, these waves are formed due to the interference between normal mode pairs. In order
to extract the wave amplitudes, the normal mode coordinates for energy and heat current with

a wave vector q are defined similarly to those for phonons. These are given by:

exp(i(a.r)) ) ((E(Lt)
i - exp(i(ar)) | | E(2t)
7 (a:1)=(Bg) E(t)= /5 . . (6.12)
exp(i(.q.rN)) E(l.\l’t)
exp(i(an)) ) ( (Lt
] : exp(i(ar,)) | | J(2t)
7 (at)=(By) J(t) =5 . . (6.13)
exp(i(.q.rN)) J(N,t)

where vector Bq is defined as:

exp(i(qr,))

exp(i(ar,)
(6.14)

exp(i (.q.rN )

The time correlation for energy and heat current normal modes is defined as:
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Exr (1) =(7e (,0) 2 (-a.t)) (6.15)

I (a.t) =2, (a,0) z; (-ait)) (6.16)

The relationship of the above normal modes to energy/heat space-time correlations will be

described in the next section.

6.3 Energy and heat current space-time correlations and normal

modes

Define energy and heat current at a point in space as:

E(rt)=Y E(Lt)5(r 1) (6.17)

J@Q:gJUUﬂrw) (6.18)

The fluctuations of energy and heat current in space/time can be formally quantified using the

space-time correlation functions given by:

G (r,t)=(E(0,0)E(r,t)) (6.19)

G, (r,t)=(3(0,0)J(r,t)) (6.20)
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These correaltion functions represent the probability of heat and energy fluctuations traveling

to a point r in time t. In the reciprocal space, the above correlations are defined as:

GE(q,t)=I(E(O,O)E(r,t))exp(—iq.r)dr (6.21)

G, (a.t)=[{3(0,0)3(r,t))exp(-ig.r)dr (6.22)

Substituting Eqgn. (6.17) into Eqgn. (6.19), it can be shown that:

<ZZE i,,0)E (it 5(r+rh—rj2 )> (6.23)

1=1j=1

Now substituting Eqn. (6.23) into Egn. (6.21):

j <ZZE (0,0)E(j,t 5(r+rjl—rj2)>exp(—iq.r)dr (6.24)

1=l j=1

Evaluating the integral for the delta function:

N N

Ge (a,t) =Y > (E(§1,0)E (i t))exp(-ia.(r,, -, )) (6.25)

1= =t

Combining the terms:
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=L

Ge (at)= <%E(jl,0)exp(iq.rh )ZN: E(jz,t)exp(—iq.rjz )> (6.26)

which gives:
Ge (at)=( ¢ (0.0) 7 (-.1)) = E (qit) (6.27)

where NM indicates normal modes. Similarly, it can be shown that:

G, (A1) = (2, (4,0) 2, (—a,t)) = I (aut) (6.28)

Thus the correlation of the normal modes of energy/heat current is directly related to the space-

time correlations of energy/heat current fluctuations.

6.4 Normal mode projections

The amplitudes of the energy and heat current waves can be extracted by projecting the spatial
variation onto the normal mode space. This section elaborates how the normal mode

projections are related to the pair contributions from individual phonon modes.

6.4.1 Energy normal modes

Substituting the expression for energy from Eqn. (6.8) into Eqn. (6.12), the normal mode

projection can be expressed as:
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ﬁw(%)W( d,) A(d,) A(d,)(cos(aja)+isin(gja))x

cos((a, —a,) ja—(w(a)-w(a,))t+(e(a)-(a,)))
ZE(M):%;; [1+|gi||qi|cos %9, % ] (6.29)
cos((a, +4,) ja- ( )+w(a,))t+(o(a) +o(a,)))
+ 4 G cos +q,)2
e 2]
Expanding the cosine to separate the angles:
%w(q )w(d,) A(a) A(g, )(cos(aja)+isin(gja))x
(cos( d,) ja)cos((w(q a,))t—o( 1)+¢’(qz))+}
sin((g, —d,) ja)sin((w(q )t o(0)+0(a))
;(E(q,t):%:%“zj: [ |gi||q2|cos( ]J (6.30)

0, G,
|/ [a |

Multiplying and expanding:

[cos( g, + 0, ja)cos((w(q1 )+w(a,))t—o(
sin((g, +a, ja)sm((w(q1)+ q,

ddeions)

))t=o(

) -o(,))+
)-o(a,))

|
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=222

G % ]

v T
——<qS—

x{1+iq_2cos((ql +q2)E J

ﬁw(ql)w(qz ) A(ql)A(q2 ) %

(cos((q +q, - )Ja)+cos((q—q1 +q,) ja))
xcos( w(a,) (0(q1)+<0(q2))+
(COS(q o, +0,) ja)—cos((q+a, —q,) ja))

xsin ((W(ql) —w(a,))t—o(q,)+e(g, ))
(1+ |(q1'—i||g—z|cos((q1 K qz)%jJ_

(mqq+%+%1@+wqq %—%n@)
)

xcos(( q,)+w(a,))t- ))+
i(cos((a—a, —1,) ja)- cos( (9+q, +q2)Ja))
xsin(( (g,)+w qz))t o(a,)- ))

QD

| |a,|

Consider just first Brillion zone:

—3£<qiq1iq2£3Z
a a

consider only positive wave vectors:

—2£<qiqliq2 <3%
a a

(6.31)

(6.32)

(6.33)

The projection for positive and negative wave vectors are simply conjugate of each other. Thus

(6.34)
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It is interesting to note that non-zero values for the normal mode projection are obtained only
for:

(6.35)

Solutions to the previous equation (for g = 0.3z/a) are shown in Figure 6.1. Note that only the

line segments that are bounded by the dashed inner black box represent a possible solution.

Clearly, there are eight branches of the solution. Now define:

L (0,0) =5 YNmw(a)w(a) A(q,) A(d) (6.36)

2 1 1 1
\ 0,0, =0
g+q,*q,= 2n/a

g,(n/a)

Figure 6.1: Solutions to Eqgn. (6.35) for q = 0.3x/a.
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Thus Eqgn. (6.31) can be expanded as:

L (0.0,) (o0 (1 ((w(a,)-w(@,))t-0(a,)+0(a,)))

s al o
L (6,0, )(exp(i((w(a) -w(a,))t- (o) + 0 (a.)))

& xL(Qy qz)(_exp(i ((W(q1)+w(q2))t —(p(ql)—(ﬂ(%))))

XE (q’t) =

z(a allo
* XL (0, 0,)(exp (i ((w(a) - w(g,))t-e(a) +0(a,))))

E
"L (0,0,) (e (i(w(a)-w(a,))t-o(a)+o(a,))

z( : a/le
(00 ) e (w(0) + (22t~ 0 (0) - 0(a:)))

. r G 9
T L = 1
z( AL wj[mn |C°S((ql ‘MJ

a
_§+q<q1<§:qz=q1 QJ (1+i . COS((ql‘qz)_

Z(——<q1<——qqz 0, M |q—||q—| ((%qz)j
le(ql,qz)(—eXp( i((w(q q,))t- 2))))

T T . ql qZ a
-—+0<0,<—;0,=—( +QJ. 1+——COS( g, +q _jJ
Z( a talt [ 0 |G| (& 2)2

a
Z_q <0, <§;q2 =0 +q—— J [“iq_zfos((ql_%)in

2
_Z<q1<—§+q;q2:?ﬂ'+q1 j(1+|q_l||q_z|cos((ql qz) jj

vt de{ons)
xL(ql,qz)(—eXp(—i ((w(a)+w(g,))t-e(a)-¢(d, ))))

a
—£<q1<—§+q;q2 q1+q__] (1—1— . q2 COS((Qf"%)EjJ

(6.37)
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Rearranging terms:

Xe (q,t):

i . P 4 9, a
-=<0,<—-0;9,=0,+q 1+__COS( % -q _JJ
Z[ a wTg H%=h j ( |0 [a| \ 2)2

& xL(Q1’ qz)(exp(_i ((W(ql)_W(QZ))t _¢(ql)+ q)(%))))

ol
“1 xL(ql,q»(eXp('((vv(ql)—w(qz))t (e >+¢<q >>)
it ot

w0 w )

T V4 P +q_q—zcos + a
Z(_E<Q<5_q’q2_ q q) (1 PR q)zj]
s ro )

ju 2 . + % % o +g,)2
Z(E_Mq a kT 'El o] [ ((ql qZ)ZJJ
Lokt o

xL(0;,0, 2
(—£+q<q <£;0| =—q +QJ COS(( Oy + 0 )Ej
s\ a et | || q 2

* L (6,0,)(~exp i ((w()+ w(a,))t-o(a) - (a))))

(6.38)

131



Substituting the relation between g and q2:

Z:(—£<q <£—q'q =0, +qj {1+|g||g |cos[qaj]
,)(exp (=i ((w(a)-w(,))t-o(a) + o (a.)
q

——q o —q q+q—— (1
Iq Iql

<L (. ) (exp i ((w(a) - w(a,))t -0 1)+rp(q2)))

20

" XL () (e i ((w(a) - w(a,))t-(a) + 0(a))))
i T =0y —q | 1+ % % cos[ @
Z(‘E*‘““‘q o q)'(l a=(%)

ze(at)= (000 (xp (i (w(a) ~w(@,))t-o(a) + () (6.39
Vs 4 : 3 :
Z(_g<q <O _ql_qj_[“mmcost?n
+w(q,))t-9(q)-¢ qZ))))

Z(—§<ql<——+q 10, =—0, +q—?j {1+q—iq—zcos[q—;+n)]
(0,0, (~exn i((w(a,) +w(a.))t-o(a) ~0(c))))

(—£+q <Q, < z;q2 =-0q, +qj ) (1+iicos(%ﬁ
>\ a a 0 o 2
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Using equivalence of wave vectors separated by a reciprocal lattice vector and simplifying:

XE (q,t) =

Z(_§<q1<§—0|;qz—q +qj £1+|q||g |005[q ]]
* <L (gy,0,) (exp(—i((w(o) -w(a,))t-e(a)+o
Z[——q<q< 10, =0y + [+mmcos j
<L (a0, (exp (i ((w(a) - w(g,))t-0(a) +0(3,))))
Z[——<q <——+qq =0 QJ( cos( Zaj]
<L (0. (ex0 i((w(a) - (@)t~ 0(0)+0(a.))))
Z(——+Cl<q <=0, =0 QJ {1+H|—COS q? J
(6 0,) (exp i((w(a)-w(a,)t-o(a) <0 ()
oo )
L (0,0, )(—exp (i (w(a) +w(a,))t - (a) -0 ()
Z(E-Mf;q o arel3)
* XL (00,0, )(—exp (i ((w(a,) + w(a,))t -0 (6) - (c,))))
Z(—§<q <—£+q q =—0, +q} (1+Hmcos[%n
oL (60, (-ex(i((w(@) + w(a,))t- (@) -(a.))))
Z[——+0|<q< 10, =—0, +0 [ | ||q|C°5 q_zaj
xL(q,,q, )( exp(( )+w(q (9,)

)]

(6.40)
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Merging the common terms:

—£<ql<§;q2:q1+q (1+—icos j]

Z( a |Q1||QZ
% ><L(ql,qz)(exp(—i (w(a)-w(a,))t-p(q)+¢

<
+z(‘§<ql<£;q2:ql J [1|q_llg_|°°{%n
o Olz)(exp( (4@ -w())-o(a) o)
- ( a) (6.41)

__<q -, — 0 1+——COS
1 1 1||q2

<L (cp, qz)( exp( i((w(a)+w(a,))t—e(a)- ¢(qz))))
q

e (s
# xL(ql,qz)(—eXp( ((w(a,)+w(a,))t ¢(ql)‘¢(qZ)))) |

Qz

Ze(9.t)=

The energy normal mode projection can now be expressed as:

(q Oy qz) \/_W(ql) ( ) (ql)A(qz)£l+|q_i||g_z|COS(q2 j] (6.42)
(0 = 6+ @) (0o = 0 —); (Goe =0, —); (Gpo =04 +):]

F (0,0, o) X0 (=i ((w(0) W ()t - 0(a) + 2 (CL)
Ze(at)= 3 |+F (00 Gaa )exp(i((w(a:) - W(dea )t = 0(6) + (e
(0,0 e ) exp (< (W(a) + W )t - 0(6) ~ 0 (0)))
F (0,0, o ) exp (i ((W(a, )+ W(0z0 ) )t - ()~ 0 (0o )))

)
) (6.43)
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6.4.2 Heat current normal modes

Similarly, the heat current normal modes can be evaluated. Substituting the expression for

virial part of heat current from Eqgn. (6.11) into Eqgn. (6.13) to obtain the normal mode

projection:

i M) A w(a) (v, ()
=y 3| | cos((a=0.) ja—(w(a) -w(g))t+o(a)~¢(0))- (6.44)
® | cos((gy+a,) Ja—(w(a)+w(a,))t+ () +0(a,))
x(cos(gja)+isin(gja))

Expanding the cosine to separate the angles:

zvlm A(a,) A(a,)w(a,)w(a,)v, (a,)

c0s((0, 0, ) cos((w(a) ~w(a:))t -0 (6) + (2,
YYY +sm( — 0, Ja)sin((w(ql)—w(qz))t—q)(q1)+(p(q2)) (6.45)
t || -eos((a +a, ) ja)cos((w(ay) + w(g, )t (a) - o(a )

—sin((q, +q, Ja)sm((w(ql)+w(q2))t—(p(ql)—go(qz))
_x(cos(q a)-+isin(cja))

Multiplying and expanding:
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Z‘]vir (q’t) =

7 i () A w(a)w(a) v, ()

cos((q, —d,) ja)cos(aja cos((w( q,))t—o(a,)+o( Qz))+

icos((q, —q,) ja)sin(aja cos((w( (a,))t—e(a,)+e(d z))+

sin((q, —a, )Ja)cos (cja)sin ((w(a,)- )t (%) +9(d))+ (6.46)
quZ; isin((g, —q,) ja)sin(qja sm( (w(a,)-w(a,))t—e(a,)+e(q 2))

cos((q, +0, ) ja)cos (aja) cos((w(g,) +w(q,))t—@(a,) —(g,)) -

icos((q,+0,) ja)sin(gja) COS((W(ql) (9.))t-¢(a)-e(a 2))_

sm((q +0, Ja)COS gja) Sln((W(ql)+W d,) )t o(%)-9 ))_

] isin((q, +0,) ja)sin(gja sm((w(ql w(d,))t—e(q,)- (qz))

Combining the terms:
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(6.47)

— — — " — — —_
2 —_— ~

— TN —

N v — N—"
» N} ~ ~ ~ ~

S ' N

Q.
) ia)-
xSin ((w(q1)+W(Qz))t _w(ql)_q’(qZ)
)
xSin ((w(q1)+w(q2))t —Cﬂ(ql)_(ﬂ(%)
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Simplifying:

o MA@ v, (@)

(cos( q+ql Ja)+COS( q q1+q2 ))
)t

xcos(( w(q, (0(q1)+(ﬂ(%))
i((cos((a- %+%)m)cm(q+% ) Ja))
%%Z xsin((w(g,) -w(d,))t-¢(4,) +¢(d,))- (6.48)
((

(wsq+%+%1®+w%m 0,-q,)ja))

xcos((w (a,)+w( 2)t o(d,)-¢(q ))

i(cos((a-0,—a,) ja)-cos ((q+q1+qz)1 )
(w(

xsin ((w(y ) +w( qz))t (a,))

Consider just first Brillion zone:

a a
3% <q+q,+q,<3% (6.50)
a a

Again, consider only positive g, which leads to non-zero contribution only for wave vectors

satisfying:

q+q,+q, =0,— (6.51)
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Thus the contraints on the wave vectors are identical to those for the energy normal modes.

The solution to the above equation for q = 0.3 w/a were plotted in Figure 6.1. The eight

branches of the solution lead to:

/ﬁ\
mlél
_Q
£
/\
|
_Q
_Q
N
_Q
£
+
0
;/
/-\
O
£
N—
—~
O
N
=
—
O
£
N—
=
—~~~
o)
N
N—
<

«
—~
o)
N

N—

M

M)

B

2. ()= o (6.52)

[ exp(i((w(a,) + w(@,)t -0 (a.)-0(a.))

z(__q<ql<§qz q1+q——j A(G) A(G)W(a)W(g,)Y, (0,)
(e (-i{(wla)-w(a)i-o(@)+0(a,))

Z(_§<ql<_§+q;qz=%”+ql—qj:A(ql)A(qz)W(ql)W(qz)Vg(qz)

(e (i((w(a) - w(@,))t - () +0(c,))))
(2-a<a<Zi-Zoq- j A(G) A(a, ) w(a,)w(g, v, (3;)

x{-exp(-i{(w(a )+ w(a,)) (@)

g Tiqa,- W__) A(G) A(G,)w(a, ) w(a, v, (0,)

o
(-e(i((wla) W@t o(a) -o(a,)

139



Rearranging terms:

2, (01
( q1<%_q q, = q1+qj (ql)A(qZ)W(ql)W(qZ)Vg (qZ)

)=
(exp (a,)-w(q (ql)+(/’(qz)))
(g—q<q1 i, = q1+q——j A(,) A(g,)w(a,)w(a,)v, (a,)

x(exp( ((W(ql) w(ag,))t- (q1)+§0(q2))))

mlkl

M

(Z<a<Zrga- 2a R RCALYCATTCATTINIACY
q'1x(ex|0(i((W(ql) w(d, ))t-p(a)+o(a,) ))
Z(__+q<ql<_qz o - j A(6) A%, w(a,)w(a,)v, (a,)

JN x(exp(i(w(a,) -w(a,))t -0 (a) +o(a,)))

(6.53)

4 (_§<ql<ﬁ—q;q2=—ql—qj- Aa) Aaz)w(a:)w(a. )v, (9.)
“ x(—exp(-i((w(a)+ w(a,))t %))
(Ta<a<Zia=2q- j A(G) A w(a)w(g,)v, ()
" x(-exp(-i((w(a) +w(a,) (@)
Z[_§<ql<_g+q;qz _qﬁq__j A(G) A(a,)w(a,)w(a,)v, (a.)
x{-enpi((w(@) +w(@))t-o(@)-0(c.))
(Zra<a<Zia- q1+qj A() A(,)w(a,)w(3,)v, (4,)
(c2))

_q (—EXP( (( (Q1)+W(q2) ))
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Combining common terms:

VA (q't):

\2

N

T
a

Kol

q1 +(P qz )
_Z<q1<_§;q2:q1_q)' (ql) (q2) (ql) (qz) g(qZ)

o
e {erp(i((wla)-w(a,)t-p(a) +0())

" (eXp(—i(W(ql)_W(qz

(_§<%<gmf>ﬂlqu<> () w(@)w(,)v, (a,)
= (exp(-i((w(a) +w(a,))t (%))
zﬁ;§<%< gq._qﬁqj A(G) A0, w(a,) w(g,)Y, ()
| x{-oi((w(a) rwia))i-o(a)-0(a)

Swapping g1 and g2 and simplifying:

_{(qz = Q1 - q) : A(ql) A(qZ)W
(eXp(i(W(ql

+

A(a) A(a, ) w(a ) w(d, ) Vs (a)

( —(P(Qz))))}
A ) A(d, ) w(c)w(a, )V, (ch)
+w(0,))t-0(6)-0(a)) )J

[ | TS AL CALICATA A

(6.54)

(6.55)
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The heat normal mode projection this can be written as:

\/WA(ql)W(ql)Vg(ql)x
i 4 )
(%A 0, — Q)’(%B =q, q) (qzc = q)'(qzo q1+q):
zjv"(q1t)= Z C|2A (qZA EXp | W ql) W Q2A (q1)+§0(Q2A)) (6.56)

(w(
7§<q1<§ +A qzs)w(qZB)eXp( I( W qZB (q1)+(p(q25)))
~A( qzc)vv(qzc)exp( i(w(a,)+w(de))t—0() - 0(oe)))
2D)W(Q2D)eXp('((W(q +W qu t (D(ql) (qzo)))_

Summarizing, the normal mode projection for energy and heat current corresponding to a wave

vector q is given by Egn. (6.57) and Eqn. (6.59) respectively. These are given by:

_[(q2A=ql+q);(qzs=ql )i (dye = =0, —9); (Ao =—0, + ) ]_
F(quvazA)eXp(_i((W( 1)_ (qZA)t §O(q1 qu )
Ze(at)= 3 |+F (00 daa )exp(i((w(a:) - w(cka) )t = 0(0) + (e ) ) (657)
] (0,0, G ) exp (i ((w(a,) + (o))t -0 (6) (e )))
F (0,0, oo ) exp (i ((W(a, )+ W(0z0 ) )t - () - (00 )))
where:
(q Oy qz) \/_W(ql) ( ) (ql)A(qz)[l+|q_i||g_i|COS(q2 j} (6.58)
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INA(G)W(a)v, (@)

N

(Goa =0 —a); (U =% +9);(Gec =0 —0);(Apo =0, +0):

)
ZJW(Q,t)— Z (%A)W(qu)eXp(( (1) W(qu))t_ (ql)"'(/’(QZA)) (6.59)

27| +A (G ) W( 0 ) exp (=i (W(0y) ~W(0e ) )t =0 (0) + 0 (o) )|
~A(Goc ) W(loc ) exp (i (W) + W(0ao ) )t - 2() ~ (0o ))
| ~A (G0 ) W () exp i ((wiay) + W (o))t - 0(6) - (e )

It is fascinating to note that, for both energy and heat current, the normal mode projection
corresponding to a wave g admits a non-zero contribution from phonon modes with
wavevectors g: and g if and only if the triplet satisfies the three-phonon scattering condition
for wave vectors. Later sections will show that the resultant frequency of the normal mode
projection due to a pair contribution (energy/heat current) also corresponds to the frequency
combination condition for three-phonon scattering. Thus phonon pairs interfere to form waves
of energy and heat current such that their wave vectors and frequencies are same as those
corresponding to a phonon mode created by a three-phonon interaction between them (with

harmonic interactions).

6.5 Normal mode time correlation

A time correlation of the energy and heat mode projection is required to extract the dispersion
relation and decay of the modes. This section evaluates the time correlation corresponding to

the normal mode projections derived in the previous section.
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6.5.1 Energy normal mode correlation

Substituting the expression for the energy normal mode projection from Eqn. (6.43) into Eqn.

(6.15) to evaluate the time correlation of the normal mode projection:

Elmr (a,t) = (e (0,0) ¢ (-a,t))
[(Goa" =+ ) (e "= =) (te "= =0 =) (Aop ' =~ "+ 1)
[(Gor =% +9);(e =q1—q):(q2c =~0,-q):(dyp ==, +0):]

F (0" G0 ") exp(—i (— (") + 2(4 ")) |
+F (9,0, 05" exp(l( +(p(qZB )
—F (0,0, tc ) exp(—i (- ) o(tc)))
%Zq —F (0,0, 05 ") exp(i (- co( ~9(t5"))) (6.60)
ST (Faaa)em(i((w(a) -w(g))t-0(a) 0 (0.4))
+F (0, 0y, Ge ) exp (i ((w(,) qzs))t—(p(ql)w(qzs)))
F (0 6, tc ) exp(i((w(0,) + W(0yc ) St -0 (0) - (0 )
R (@800 )exp (i (w(a) + w(azo )t (0) - 0(0))) )] |

Consider the product of the first term in the lower bracket and with all the terms in the upper

bracket:
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(Gn' =0+ ) (Gs "= = )3 (Ge ' = =0, - Q);
| (Gep'=—0,"+0);(0z0 =0 +0):
F(0.080) F (0.0, 050 ) X
exp(i((w(ql)—w(qu))t—<o(q1)+¢>(q2A)+¢<ql->—<o(q2A'>))
0,0y Gon) F (9,0, Gps ')
W(a)~W(ds))t=0(6)+2(%n) -0 (%) + (a5 )
~F(0,0,,0,,) F (9,0, " Gy )
(a)-
)
(o)

(( o(a (6.61)
(a.9 (a,
exp(. 0)~W(G5))t=2(0) + 9(0n) + (0, ) + (0 )
( (a,
(i((w(a)-w(a

exp(i

~F (0,0, 9,,) F (9,6, 055 ') @
exp I ZA))t_§9(ql)+¢(q2A)_¢(qlI)_(o(qzo |)))

Non-zero correlations are possible only if the phase angles cancel off as the ensemble average

of the exponential of any phase angle goes to zero; this results in g1 = q1”:

[(G2a =0 +0);(0hs = & ) (Gec =0 ) (o =G, +0):]

F?(a, ql,qu)xexp(i((W(ql)—W(qu))t))
+F (a, ql,qu) (9,0, 05 )
i exp(i((W(0) ~W(dz4))t—20(6) + 2(0z0) + (05 ))) (6.:62)
e —F (0,050, ) F (0,0, Gye ) X
exp(i((w(a,)—w( qu))t+¢(q2A)+¢(qzc)))
—F(q, ql,qu)F g, G, Gyp ) X
i exp (i ((w(d,)~W(0zn))t=20(d) + 0(00) (ko)) |

Since the phase angles cannot cancel for the final three terms:
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I
=z[

s
——< <
a a

(O2a =0 +9);(Ge =% —a);(Ac =% —d); (%o :_q1+q):]

(F? (000 Gon ) xexp (i ((w (ql)—W(qu))t)N

(6.63)

A similar argument can be used for the other terms from the product in Eqn. (6.60) to give:

[(q2A2q1+q);(qZB =0,— CI) (qzc =—Q - q) (qzo

Splitting the terms:

Eon (0,t) =

2(q o) exP i (w(0) ~w(0)1))
* (0,0, Gy ) X1 ((W(0) ~W (0 )t
+F? (0,0, Gc exp('((w(q )+w %C))t))
+F2 (0,040 ) xp (i ((w(ay) + w(azo )t

(qZA =ql+Q):

Z§<Z[<F2 (0,0, qu)exp(i ((W(ql)_w(qZA))t))>:|

(qzs :Ch_q):

22[(Flagaon(-((w(a)-w(w.))]

(qzc =—Q _Q):

: :<|:2 (q, 0, A )exp(i ((W(ql)+w(qzc ))t))>i|

(qzo =—0 +Q):

= :<F2 (9,0, qu)eXp(_i ((W(q1)+w(qzo ))t))ﬂ_

Recombining terms using symmetry:

~0.+a):]

(6.64)

(6.65)
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(Q2A:ql+q):
S {000 ) exn(i((w(0)-w(e2))1))
(P00, ) xp (i (W(G) + (G 1))

ECT;/: (q,t) ) (qZD = _ql+q): (6.66)
+ z <F2(q’qpqzo)eXp(_i((W(q1)+w(q2D))t))>
A +<F2(q,ql,—qw)exp(—i((W(ql)—W(qu))t))> ]
Further recombining using symmetry:
(_q2=q1+q):
(F* (00,05 )exp (i ((w (ql) w(a,))t)))
Ec’\(l)';ﬂr (q1t): Z < 2(q 0y qz)exp q1 +W qz t)> (667)
(P (0,700, )exp (i (w(a,) + w(,))t)))
+{F*(0.-0. -0, )oxp(- ( (0)-w(d ))t))>_
Since the exponentials are independent of the ensemble average:
(4, =0,+0):
< (0.0..0,) >exp( ((w(@)-w(a,))t))
cr(ay-| 3 [+(F s )en((na) i )) =

7%%% +< q —0 qz eXp( ((W(ql)+w(q2 )t))

+<|:2 (9,0, — >exp( ((W(ql)—W(%))t))__
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Recalling that:

F(q,ql,qz,t):%x/ﬁw(ql)w(qz)A(ql,t)A(qz,t)[ |q1 qz|cos(q J]

|0, 2

Thus:

<|:(q'ql,q2,0)|: (q1q1’q2’t)>:

2

%Nwz(ql)wz(qz)( |q1 Y cos[q;j] (A(e,0) A, t) A0, 0) A(g, t))

1|0

Hence, it implies that:

(F(,9,9,,0)F(0,,0,t)) =(F (d,-0,,~0,,0) F (0, ~0;, =0, 1))

Using the above relation:

(4, =0 +0):
(F(0,0,,9,0)F (00,0, )>exp(i((w(q1) w(a,))t))
Ear (A1) =] D +(F(9,0,-0,,0)F (9,0, — exp(l (0,)+w(q t))
v +(F (0,0~ ) 9, — exp( w (g, )+w(q )t))
+(F(0,9,9,0)F(.0.0;. ))exp( D)

Combining terms gives:

(6.69)

(6.70)

(6.71)

(6.72)
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(0, =0, +0):
el (a)=(2 3 (F(,0,9,,0)F (0,00, t))cos((w(q,) - w(a,))t) 6.73)

7§<q1 < (q1 ql,_qz,O) F (qv ql,—qz,t)> COS((W(ql)+W(q2))t)

For a harmonic interaction, the mode amplitudes do not interact and are independent of time.

Thus:

(F(9,0,,9,,0)F (,0,.0,,t))

% d ga)| (1 1 (6.74)
£l+| l| | 2| COS[ jJ (2 Nw? (Q1)<A2 (%))j(z Nw? (q2)<A2 (q2)>j
Using the relation for energy associated with a mode gives:
1 2
e ()
< ( 1 2)> AN ( B ) |ql| |q2|

Thus the energy normal mode correlation for a perfect 1-D harmonic oscillator chain is given

by:
(_q2=q1+q): _
Eor (0,1) = (kZBL)Z > ) (H Igil |3§| Cos(q_zajf cos{(w(a) - w(@.))t) (6.76)
g (1_|g—i|3_zcos %j] cos ((w(g,)+w(a,))t )
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6.5.2 Heat current normal mode correlation

Substituting the expression for the virial heat current normal mode projection from Eqn. (6.59)

into Eqn. (6.16) to evaluate the time correlation of the normal mode projection:

Jom (O:1) =
N

16v?
(Gon =0 = 0); (s "= +)i (o "= =01 "= 0): (0o "=~ +);
(quZQ1_q) (qzs q1+q) (qzc =-Qq - q) (qu :_q1+q):
W) w(9 )V (9)vs (&) A(G 1) A ( 10)x
A(qZA"O)W(qZA eXp(l( (0 (qZA ))
+A(q25 "O)W qzs p( ' (0 +(0 Upp ' ))
Z Z _A(qzc I’O)W qzc p( [ (0 Ozc )) (6.77)
%«h'{f«lﬁ% _—A(QZD',O)W Oyp ' eXp('( (D(ql) qZD ) |
_A(quvt)W qZA)eXp( (W(ql)_w(qu)) _¢(Q1)+¢7(q2A))
y +A(st t)W(qZB)exp(l((w(q1)_w(qzs))t_¢(q1)+§0(q28)))
_A(qzc t)W(qzc)eXp(l((W(ql)+W(q2c))t_(ﬂ(ql)_§0(q2c )))
( Uzp» t)W(qZD) Xp( |((W(q1)+w(q20))t_(ﬂ(ql)_(P(qzo)))_

Consider the product of the first term in the lower bracket and with all the terms in the upper

bracket:
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(n'=0%"~0);(ds =0 "+0); (O '=-0'"=0); (G =~ +0);
(qu:ql_q) (qzs ql+q) (qzc =—0,— ) (qZD = q1+q)

w(a,)w(a, ")V, (o) Vg (o) A0y t) Ag,',0)x

| A(z4",0)W(0zn") Aza, ) W(G,4 ) X }
exp (=i (w(d,) —w(,,))t=0(0) +0(dn)+2(d )~ 2(chn)) 576
x| (A0 ) A () J 70
L' E L, <k exp (=i (W(d) =W () t—(0) +0(don) ~ 2 (0 ) + (0 "))
Ao " 0)W( 0o ') A(Gpnr t)W( D) ¢
exp(=i(w(a,) = W(t)t—0(6) + 2 (00) 2 (0 )~ (e ‘))]
Ao ", 0) W (05 ') A(zart) W(D0 ) X
B eXp(—i(W(ql)—W(qu))t—¢(q1)+<o(qu)+<o(q1')+¢>(qzo'))J_

Non-zero correlations are possible only if the phase angles cancel off as the ensemble average

of the exponential of any phase angle goes to zero. This gives g1 = g1’

(924 =% =0)i(Ge =% +0)i(Gc ==~ Q)i (0 =04 +0):

W (0)v " () A0 t) A(G;, 0)x

[ A(020,0) A0z t) W (e )XJ
exp( ( (o)~ (qM)))

A5 0)W( 05 ) A(Gzart) W(Gpa) %

:_ << ’ exp( ( (o)~ (qu))t 2(/’(ql)+(/’(QzA)+¢(q23))]
A(0ac, 0)W(Gac ) Azt W(Clp ) %
) exp(—i(w(ql)—w(qu))t—2go(q1)+go(q2A)——¢)(q2C))J
A2, 0) W (05 ) A(Gza,t) W(G2a) ]

__ eXp(_i (W(ql)_w(qu))t +¢(Q2A)+(P(QZD ))

(6.79)

o N
=2
o N
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The phase angles again will not cancel off for the last three terms giving a zero ensemble

average for the exponential:

(Oa =% —0);(tos =% +0); (e =0, —0): (Ao =—0, +0):
= Z <W( )V, 2(ql)A(%t)A(ql,O)A(QZA,O)A(qmt)wz(qu)> (6.80)

D XeXp( ( (Ch)_w(qu))t)

A similar argument can be used for the other terms from the product in Eqn. (6.77) to give:

Jaon (001) = 1577
(Gon = = )3 (s =0 + )5 (Ge =0, = )i (Gp =t +0):
w* (q,) v’ (ql)A(ql,t)A(ql,O)x
| A(0o:0) A(Ton )W (0, )exp (=i (W) - w(aa))t)) | (6.81)
_”<qu:<ﬂ +A(05,0) A( 0, )W qzs exp(l(w(ql w(0,5) t)
C +A(0ye,0) A(Tye, )W (0, ) X (I( w(aq,) )

_+A(q2D'0) (qzo’ U020 Xp( |((W(q1 +W %D))t))

Splitting the terms and removing constants out from the ensemble average:
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N
JC’\;'IYFI (q’t) = 16\/2 X

(0o = — 1) (W( ) W(0y )V, (@4)) ¥
g (A0, 1) A6, 0) A(T0,0) A(Grt)) exp (i (w(a,) - w(ayy )t
q23:q1+q):( (o) w (%B)Vg(ql))zx
ot (A0 ) A0, 0) A0, 0) Al 1)) exp (i ((W(a,) - W(o))1))

(
( )A
(9 =~ =0): (w(0) (e v, (0)
ez (A1) A0, 0) Al 0) AlGc, ) exp (i (w(a) +w(ae )
( (w(
( L 0)A(

+

)
qu:_q1+q) qu)w(qZ) ( ))

Recombining terms by using symmetry:

N
NM _
‘Jcorr (q1t)_16\/2 X
r 2
(qu:ql_q)'( (ql) qZA )) X

ﬂz{wa,t)A(ql 0)A(G,1,0) qut) exp(i((w(a,)-w(a,))t)) }

(A1) A4 0) AT, 0) A= 1) exp (( w(qu))t))
(the =~ — ) (W( ) W(0c )V, () %

+ Z {( A, 0) A0y, 0) At t)) exp (=i ((w(g, )+ w(dse ))t))

Further simplifying using symmetry:

(A0 t) A(6,0) AT 0) A=t t)) exp (i (wi(a) - w(azc))t)) |

(6.82)

(6.83)
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Jor (@) = 377

(@ =9%-0):(w(a)w()v, (@) %

(A1) A(0,0) A(a;,0) A(dy 1) hexp (i (w(ay)

2 | +{Al)A ( 0) A(~g,,0

A0 A-0,0)A60) A(G,
+HA(-q (-

A(-q,,t) A(-0,,0) A(-0a,,0) A(-a,

(
)

+

Symmetry of the wave vector space implies that:

-w(g,))t))
A(=;.t)) exp(i ((w(a,) +w(a,))
t))exp (=i ((w(g,)+w(a,

t))exp (i ((w(a,) —w(

t)

)

0.

t))

)]

<A(ql't) A(ql’ O) A(qZ ! O) A(qz't)> = <A(_q11t) A(_qy 0) A(_qz ’ O) A(_qz ,t)>

Using the above condition gives:

Merging terms:

(A(q, ) A(a,.0)A(-q )exp(|
e (A0 ) A(G,,0) A(-0,,0) A(~, 1)) exp( i
+{A(Gt) A0,0) A0, 0) A(a,. )>exp( i((w(g,)-

ql +W

(qz))t)

S— \—/
L
L

(6.84)

(6.85)

(6.86)
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(d, =0, —a):(w(a)w(a,)v, (ql))z y -
% 2 {(A(ql,t)A(ql,o)A(qz,o)A(qz,t)>cos((w(ql)W(qz))t) ] (6.87)

A1) AL 0)A(-0,.0) A, ) cos((w(a) +w(a,)t) |

a

For a harmonic interaction, the mode amplitudes do not interact and are independent of time.

Thus:

Ion (a,t)=

1
2NV ?

. (0 =0 - e (@) (2 (@) 3 (0) (W (@) 659
,§<q1<§[vg2 (ql)(cos((w(ql)—w(qz))t)+ cos((w(q1)+w(q2))t)ﬂ

Thus, using the relation for energy associated with a mode, the heat current normal mode

correlation for a perfect 1-D harmonic oscillator chain is given by:

Jom (Q,1) =

(ko) (0, =0,-0): (6.89)

2NV ? %{[vgz(ql)(cos((w(ql)—w(qz))t)+003((W(q1)+W(qz))t)ﬂ

6.6 Dispersion

The energy and heat current normal mode correlation in terms of pair contributions from

individual phonon modes is derived in the previous section. It is also shown previously that
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for a perfect harmonic oscillaotor chain, the correlation depends only on the system

temperature as well as the individual phonon frequencies and group velocities; the exact

expressions are derived in Chapter 2. On substitution, the dispersion relation for the energy

and heat current normal modes can be obtained. The following relations will be used for more

compact notation:

w(q)=C, sin(%)

qa |9
v =C, [cos
o9 (2 ‘|Q|

where:

4
m

Cvza\/§
m

C =

w

6.6.1 Energy normal mode dispersion

(6.90)

(6.91)

(6.92)

(6.93)

Substituting the expressions for the frequencies and group velocities for a linear chain into

Eqn. (6.76):
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(keT)’

E™(q,t
corr (q ) 2N X
B 2
1+i %+4 cos(%j cos| C, sm(ql ]
5 |y |a, + 2 2
2
R | cos(q—) cos| C,, sin(%j+
+
|y o, + 9 2 2
Separating terms:
e ()= UL
corr 1 2N
B B 2
[1 |q1||q1+q|cos(q J] cos[C (sm(q; j‘
0,119, +9
> )
Eh P ] cos(q j cos| C sin(%j
+ 2 v 2
o o, +
[1+|31 |31 q|cos q7 ] cos[ [sm j‘
l l+
,Zo
- +( _ % G+9 cos(q— j oS sm( j
oy o, +a]  \ 2 2
{1 |q1||q1 |cos q? { (sm j‘
0,119, +4
>
bacl - % Gtd cos(q— cos sm( aj
_l’_
i oo, +a] 2 2

Evaluating the modulus operator:

.

+

aft22)

+

020

+

sin

sin

(o +2q)aj

sin

)

[

(o

—
N—

(6.94)

(6.95)
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<<<<<<

(6.96)

(6.97)
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Changing limits of summation:

Lon)
(ee]
SH
O
N—r
[ 1
I 1
/ — NT 1
had — /=
/ N\ )
\J a \J / N
a —_~ T~ a
— o © —
(en + [N —_ o .
—+ eV = o +
— o + N =
o | o
[ ~—" ql —
~ = ~— =
= » = »
n | n +
=+ 7\ | N
al N al N
al ~ o al o~ o
(@x ~ O N~
~— = ~— =
[ wn e n
~ \ 2 N ~ =
z ©) = (@)
o — o ~—
—— 8 —— 3
n n
&) o
w (V) w [9V]
o o~
I/ ., N I/
- N Bl 7 N Bl
o] o o) o
o| N ~ o| N S
— 2] \ v %)
n Q 0 Q
o © o ©
) | o |
+ — + —
— ~— — N7
L l_l I 1 + ]
k| K@
N ¢ N ¢
o o

—
(o]
S
({e]
N
1
)
e N
TN = =
— N o/ 7
— N/ ®©
I/~ @®© © -
I —_~ —_ (on
— o ~ (on + [N
il + TN &
+ | 5 o
o o |
ql N— | ~—
= —_ ~—
~— = ~— =
£ 3 £ @
n + n _
N + VR
© alin./_ o aliz
= N o = NN o
O ~— O N~
~— = ~—
c n c
‘® — K7 —
N = ~—
z O = @)
O —— O ~——
N 2] —_—
(@]
° 3
R &) _
~ I/ TN
X N\ /N
~ TN T | TN © |~
— o] o © o
[9\] (9\]
N =z ~
~— ~—
) @ 3 8
I 8 _ _
—_— — —
— ,N__' ~— H ~—
o + ~— +
- | |
st e
Z 3 Z =
] S
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Expanding the sine terms:

e ()= UL

oo 3)) ool (o )3
{- cos( JRCES J (2o i3 o
() ol o) o[ 5):

r-eo($) (% ot ol (3

Simplifying:

VR
[EEN
_|_
(@)
o
w
VR
o
'\’|m
N—
N
(@]
o)
w
7 N\
@]
=
7\
K,
=}
7N\
o
N |E
5
N—
7\
H
|
(@]
o)
wm
7\
o
N|m
N—
N
|
(@]
o)
w
VR
‘Q
N
2]
=}
VR
8
N—
N—
—_— T

2 2
ga ’ g,a ga 0. (da
+(1—cos(7jj cos[c {sm( j(l+cos ?D+cos( > ]Sln( Zj tJ (6.101)
in[ %2
2

Using the relation given in Eqgn. (6.90):
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2N
_ , .
(1—cos[%jj cos((w(ql)(l+cos[%ﬂ+w(q)cos(%j tj
2 2 2
2
+| 1+cos % cos| | w(q,) 1—005(% —w(q)cos(qL;j t (6.102)
2 :
<a<7l 4|14 cos % cos| | w(q,) 1—cos(q—2a +W(q)cos(i;j t
2
+|1-cos % cos| | w(q,) 1+cos(% —W(q)cos(qL;j t

Thus the energy normal mode correlation can be simplified as contributions from the four
terms as shown in the Eqgn. (6.102) above. The frequency of the cosine term due to each of

these terms is shown in Figure 6.2 to Figure 6.5 as a function of wave vectors g and Q.

The first term is given by COS[[W(ql)[H cos(q—zajj+ W(q)cos(i;)jt]

=

o
1
T

[N
N
1

[N
o
1

Angular Frequency (THz)

Increasing g,

T T
0.0 0?2 0:4 0.6 0.8 1.0
q (w/a)

Figure 6.2: Variation of frequency with wave vector g for different values of g: from the first
term in Eqn. (6.102).
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The second term is given by COS ([W(ql)(l_ cos (q_;D ~w(g)cos (L;Bt]

5 Increasing q,

Angular Frequency (THz)
£

TN

T T T
0.0 0.2 0.4 0.6 0.8 1.0

q (n/a)

Figure 6.3: Variation of frequency with wave vector q for different values of g1 from the
second term in Eqgn. (6.102).

The third term is given by C0S [(W(ql)(l— coS (q—;n +Ww(q)cos [i;ntj

104

Angular Frequency (THz)

decreasing g,

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

q (n/a)

Figure 6.4: Variation of frequency with wave vector q for different values of g1 from the
third term in Eqgn. (6.102).
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a a
And the fourth term is given by cos| | w(g;) 1+cos(q?j —W(q)cosﬂ%j t

14 decreasing q, -

124

104

RS

Angular Frequency (THz)
[oe]
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Figure 6.5: Variation of frequency with wave vector q for different values of g1 from the
fourth term in Eqn. (6.102).

Clearly, a wide spread of frequencies is observed. However, the third term from the Eqgn.
(6.102) contributes a narrow band as shown in Figure 6.4. Thus, it is expected that this term
would dominate in the dispersion curve. The dispersion due to each of the terms is presented
in Figure 6.6 to Figure 6.9. In these figures, the dominance of each frequency for a given wave

vector is represented by specific colors — bright red represents the most dominant mode while

blue represents the weakest modes.
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Figure 6.6: Dispersion due to the first term in Eqn. (6.102).
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Figure 6.7: Dispersion due to the second term in Egn. (6.102).
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Third term:

Fourth term:
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Figure 6.8: Dispersion due to the third term in Eqn. (6.102).
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Adding the contributions from all the terms of Eqn. (6.102), the net dispersion for the energy
normal mode correlation is shown in Figure 6.10, with the left panel having the color bar in
linear scale while the right panel having the color bar in log scale to highlight the smaller peaks
in frequency. As expected, the third term dominates the overall dispersion curve. Also, it is
interesting to observe that the most prominent branch in the dispersion of energy normal modes
is nearly linear i.e. a dispersion of a form w = cq. This is similar to the dispersion of a
displacement wave in a continuous medium. Thus, the phase velocity of the energy waves
appears to be independent of the wavelength. Another high-frequency branch is also observed
which vanishes for larger wavelengths. It may be noted that unlike the phonon dispersion, the
Fourier transform of the energy normal modes do not show sharp peaks but a spread around

the peak values as it is populated by a contribution from several nearby frequencies.
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Figure 6.10: Energy normal mode dispersion from Eqn. (6.102) in (left) linear scale and
(right) log scale.
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6.6.2 Heat current normal mode dispersion

A similar derivation will be performed for the heat current. First define:

(kT) 2
J, = C 6.103
0 2NV2 \ ( )
Thus the heat current normal mode correlation is given by:
(9, =0,—q):J,cos (qzj
Jow (A8)= D (6.104)

e fos{(w(a) (@) oos{(w(a) ()0

Substituting the expressions for the frequencies and group velocities for a linear chain into

the above relation:
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=<y <0
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Changing limits of the summation:

NM
‘]corr

(a.t)=

T
0<qy<—
% a

w
0<gy<—
qla

(6.106)

(6.107)
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Evaluating the modulus operator:

Jom(a,t)=

Combining terms:

I (a.t)=

Jocosz(%]x
2
z cos(CW(sin(E}sin(%
. 2 2
0<q1<g
cos[cw(sin(%j—sin(%j
| 2 2
Jcosz(%jx
2
. (ga) . (ga
cos| C, | sin| = |—sin| ——
2 ( ( ( 2j ( 2
0<q1<g
cos[cw(sin(%jﬂin(%
| 2 2

cos

—— |COS

—— |COS

cos

J,C0s" | —— [exp| — |exp| — |x
2 T, T,
I (gqa) . (ga
cos| C, | sin| — [+sin| ——
2 2
a a
> ||cos| C,|sin 82 sin| %
. 2 2
0<q,1<g
a a
cos| C, | sin 82 ) _gin| &
2 2
- qra . qra‘
cos| C, | sin| — [+sin| =
2 2
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— |+cos
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— |-cos
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— |+cos
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— |—cos
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9,2

q,2

q,a

g,

(6.108)

(6.109)
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Using the relation given in Eqgn. (6.90):

Jocosz[%jx
2

cos| | w(q,)| 1+cos % +w(q)cos qua t |+

a a
IW (q,t)=3 || cos w(q,)| 1—-cos q? —w(q)cos % t|+ (6.110)
O<q1<§
cos| | w(q,)| 1—-cos % +w(q)cos qua t |+
cos| | w(q,)| 1+cos % —w(q)cos CLZ& t

Thus the heat current normal mode correlation can also be simplified as contributions from the
four terms as shown in the Eqn. (6.110) above. The frequency of the cosine term due to each
of these terms is same as that observed in Egn. (6.102), and have already been shown in Figure
6.2 to Figure 6.5 as a function of wavevectors g and gi. However, the pre-multipliers for these
terms are different from those in the energy normal mode correlation, and hence the net
dispersion due to these will be different. The dispersion due to each of these terms is shown in

Figure 6.11 to Figure 6.14.
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Figure 6.11: Dispersion due to the first term in Eqgn. (6.110).
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Figure 6.13: Dispersion due to the third term in Eqgn. (6.110).
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Adding the contributions from all the terms of Eqgn. (6.110), the net dispersion for the heat
current normal mode correlation is shown in Figure 6.15, with the left panel having the color
bar in linear scale while the right panel having the color bar in log scale to highlight the smaller
peaks in frequency. Again, the third term dominates the overall dispersion curve. The
dispersion curve is quite similar to that of the energy normal modes with the most prominent
branch being nearly linear. However, for this case, the linear branch is sharper with a smaller

spread over other frequencies.
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Figure 6.15: Heat current dispersion from Eqn. (6.110) in (left) linear scale and (right) log
scale.

6.7 Atomistic Simulations

Atomistic simulations are performed for a linear monoatomic chain to test the theoretical
results derived in the previous sections, and to investigate the effect of anharmonicity. The

system configuration for these simulations is identical to that used in Chapter 4.
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Figure 6.17: Heat current dispersion (color bar is shown in log scale to amplify the smaller
peaks) from (left) theory and (right) from simulation.

Figure 6.16 and Figure 6.17 compare the dispersion curves derived in the previous section to
those obtained from the simulation using a harmonic potential at 0.5 K for energy and heat
current normal modes respectively. Both the curves show excellent agreement with the

theoretical predictions. Now the initial correlation is evaluated as:
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2(k,T)’ )
Joon (0,0)= T) > v (o) (6.111)

This gives:

NM
Jeon (4,0) _, (6.112)
3M(0,0)

corr

Jeon (0,0 ’
—NM( h | (6.113)
J (q’O)T T2

corr 2

Similarly:

Eorr (0 0)

2 2] 3]

0<ql<—

Thus implying:
2( G2
N (q,O) 1+cos [ 5 j
£ 00) 2 o1

= —1j (6.116)

Figure 6.18 shows the comparison of the behavior predicted by Egns. (6.112) and (6.115) to

results from the simulations with harmonic interaction. The two sets again show excellent
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agreement with the theory. Figure 6.19 shows a similar comparison for Egns. (6.113) and

(6.116); once again the simulation results agree well with the theoretical predictions.
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Figure 6.18 Variation of initial correlation with wave vector for both energy and heat current.
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Figure 6.20: Decay of energy correlation for g = 0.02 (z/a) for harmonic interaction.
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Figure 6.21: Decay of energy correlation for q = 0.2 (z/a) with harmonic interaction.

Figure 6.20 and Figure 6.21 show the time evolution of the energy normal mode correlation
for g = 0.02 (w/a) and q = 0.2 (w/a), respectively. The simulation results reasonable

conformance to the theoretical prediction. It is interesting to note that the curves appear to

177



show an oscillatory decay, which does not arise from the decay of phonon modes, but rather
from a superposition of multiple frequencies going out of phase — an effect similar to the

formation of a wave packet.
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Figure 6.22: Time evolution of energy normal mode correlation for LJ and harmonic
potentials with 1000 atoms at 0.5 K for (left) g = 0.02 (n/a) and (right) g = 0.2 (w/a).
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Figure 6.23: Time evolution of energy normal mode correlation for g = 0.02 (n/a) for (left)
harmonic and (right) LJ potentials.
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Figure 6.24: Time evolution of energy normal mode correlation for q = 0.2 (n/a) for (left)
harmonic and (right) LJ potentials.

The anharmonicity allows the phonon modes to interact with the LJ potential (phonon-phonon
scattering), and the phonon correlations will thus decay exponentially. Thus the time evolution
of the energy normal modes will also be modified by this decay. A comparison of the behavior
of the correlation for harmonic and LJ interactions is shown in Figure 6.22. For a smaller wave
vector, the difference is very negligible as the decay is slow. For a larger wave vector, however,
the difference is more prominent, and a sharper decay of the correlation for the LJ interaction
is observed due to the phonon-phonon interactions. It is also interesting to see a slight shift in
the frequency with the LJ interaction. This behavior can also be understood in terms of cross-
mode interactions. The amplitude corresponding to every pair contribution will decay based
on the cross-mode correlation for that mode (see Eqn. (6.73)). Since the amplitude varies across
the modes, the net contribution due to each pair will be different. Thus an overall decay in the
frequency, which is slightly different from what is expected in the absence of cross-mode

interaction, is observed.
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Figure 6.23 and Figure 6.24 shows the effect of temperature and size on the energy correlation
for g = 0.02 (n/a) and q = 0.2 (n/a), respectively. Clearly, for harmonic potential, there is no
significant effect of size and temperature on the decay of the energy correlation. For the LJ
interaction, it is observed that the decay is not affected by the size of the chain, but the thermal
fluctuations is seen to have a significant effect. As expected, the decay is much faster at a
higher temperature due to smaller phonon lifetimes, especially for larger wavevectors. Also,

there is a shift in the decay frequency with temperature.

Next the theoretical prediction and the simulation results for the heat current normal mode
correlations with harmonic interaction is shown in Figure 6.25 and Figure 6.26 for q = 0.02
(m/a) and q = 0.2 (n/a), respectively. For the shorter wave vector, there is noticeable difference
between the theory and prediction; the reason for the discrepancy is not evident now. For the
longer wave vector the curves show better agreement. Figure 6.27 compares the behavior of
the heat current normal mode correlation for 1000 atoms at 0.5 K for the harmonic and LJ
interactions. Again, a sharper decay is observed for the LJ interaction with a small shift in
frequency. Figure 6.28 and Figure 6.29 delineate the effect of size and temperature on the heat
current normal mode correlation decay for g = 0.02 (z/a) and q = 0.2 (7/a), respectively. As
with energy correlations, the harmonic interaction is independent of the system length and
temperature, while for the LJ interaction, the decay rate increases with temperature with a small

shift in the frequency.
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Figure 6.25: Decay of virial heat current normal mode correlation for g = 0.02 (z/a) with the
harmonic potential.
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Figure 6.26: Decay of virial heat current normal mode correlation for g = 0.2 (z/a) with the
harmonic potential.
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Figure 6.27: Time evolution of virial heat current normal mode correlation for LJ and
harmonic potentials for 1000 atoms at 0.5 K for (left) g = 0.02 (z/a) and (right) q = 0.2 (z/a).
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Figure 6.28: Time evolution of virial heat current normal mode correlation for q = 0.02 (z/a)
for (left) harmonic and (right) LJ potentials.
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Figure 6.29: Time evolution of virial heat current normal mode correlation for q = 0.2 (z/a)
for (left) harmonic and (right) LJ potentials.

The cut-off length for interactions in the simulations has been set to 1.5 in LJ reduced units to
ensure that only nearest neighbor interactions take place. To introduce greater anharmonicity
in the interactions, the cut-off distance for interactions is increased to 3.0 in LJ reduced units,
thereby activating interactions between second nearest neighbors. An increase in
anharmonicity causes an increase in the decay rate of the correlation, and the effect is more
prominent for larger wavevectors. Anharmonicity also results in the flattening of the Fourier
transform of the normal mode correlations. Thus at higher temperatures, the longer wave

vectors merely decay and do not show any prominent oscillations.

The prominent region of the linear branch of the dispersion curve for energy and heat current
normal modes is shown in Figure 6.30 and Figure 6.31, respectively. The phonon dispersion
branch has been overlaid as solid black lines in both figures for reference. A clear increase in

the slope of the dispersion curve is observed with increasing anharmonicity. As previously
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discussed, collective excitations of phonon modes arise in low dimensional systems due to

anharmonic interactions. These collective excitations cause a reduction in the mode decay

times and an increase in the excitation frequencies. Thus, the change in the decay time and

frequencies can be used as a metric to quantify these collective excitations.
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Figure 6.30: Variation of energy normal mode dispersion with increasing anharmonicity.
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6.8 Discussion and Conclusion

The projection in wave vector space i.e., the normal mode projection can be obtained for any
spatially varying quantity. If the behavior is non-oscillatory, the correlation of the normal mode
projection will simply decay with time. However, if the quantity oscillates forming waves, then
the amplitude and frequency of the wave are reflected in the normal mode projection. In this
chapter, the amplitude of the energy and heat current waves has been extracted by the normal

mode projection.

The displacements and velocities of the atoms due to the phonon modes result in the energy
and heat current variation in space. The expression for the energy and heat current of any atom
due to these displacements indicates that they form traveling waves. It is fascinating to note
that these energy and heat current waves are formed even when the phonons are not interacting.
The analysis presented in this chapter shows that these waves arise from the interference
between phonon pairs. It may be noted that the normal mode projection will not be able to
separate the waves moving in positive and negative directions as the normal mode projections
for positive and negative wave vectors are simply conjugate of each other. Thus the amplitude
of the normal mode projection will depend on the contributions from waves moving in both

positive and negative direction.

During the derivation of the normal mode projection, Eqn. (6.117) and Eqgn. (6.118) (shown

below) are obtained for energy and heat current respectively.
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(6.118)

Now, a pair of phonon modes with wavevectors g: and g2 will form wave of energy (or heat

current) with wave vector g if and only if one of the following four conditions is satisfied:
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2
4-0,-0, =0+~ (6.119)

q-0,+0, =0.i2f (6.120)
2

q+0—0, =0, =~ (6.121)
27

q+0y+0d, =0,2°= (6.122)

As the amplitude of the normal mode for the positive and negative g are the same, the first
condition above is equivalent to the fourth condition. Similarly, the second condition is

equivalent to the third condition. Consider the first case:

q:q1+q2+G;G=O,J_rZ—” (6.123)

The terms in the Eqn. (6.117) and Eqgn. (6.118) which make a non-zero contribution are such

that the frequency w follows the relationship:

w=w(q,)+w(a,) (6.124)

Remarkably, these two conditions happen to be the three-phonon scattering condition in which
phonons with modes g: and 2 scatter to create a phonon of mode g. This condition arises even
when the phonons are not interacting (due to a harmonic interaction) for the linear 1-D chain.

Similarly, consider the second case:
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G, =q+0,+G;G=0,+ 2% (6.125)

The terms in the Eqgn. (6.117) and Eqn. (6.118) which make a non-zero contribution are such

that the frequencies follow the condition:

w(g,)=w+w(a,) (6.126)

Again, the two conditions are identical to that of three-phonon scattering conditions in which
phonons with modes g and g scatter to create a phonon of mode gi. Thus, pairs of phonons
with modes q: and g2 interfere to create a wave of energy (or heat current) with wavevector q
and frequency w such that a phonon with the same frequency and wave vector can produce a
three-phonon interaction with the given pair. Further, every energy (or heat current) normal
mode will derive contributions from several such pairs. Thus, the Fourier transform of the
energy (or heat current) normal mode correlations do not show sharp peaks, but rather a wide
spread over a range of frequencies. Thus, the correlation behaves similar to a wave packet in
time and appears to decay even when there is no phonon-phonon interaction (which implies no

decay in the phonon mode amplitudes).

The phonon scattering conditions are true even in the absence of phonon-phonon interactions
i.e. without anharmonicity. Thus the phonon modes can interfere, even when they cannot
scatter. Phonon interaction has a two-fold effect on this interference. First, the interaction leads

to cross-correlation between phonon mode amplitudes. Second, the frequencies due to highly
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correlated pairs are likely to become more prominent, which again points towards a collective
excitation of phonon modes. The modes with collective excitation are likely to be more
correlated and thus have a greater amplitude in the energy (or heat current) normal modes.
Further, the interactions can also cause a decay in the energy (or heat current) normal mode

correlation.

Now consider an anharmonic interaction arising due to a cubic term in the potential. In the
presence of a cubic term, the energy expression will have an additional term involving a
product containing three-phonon modes qz, g2 and gs. The energy normal mode amplitude for
a wave vector q in this case will have finite contributions such that g, g1, g2 and g3 together
satisfy a four-phonon interaction condition. In general, for an n™ order phonon-phonon
interaction, it is expected that the energy wave will be produced by interference involving n+1
phonon modes. A similar argument holds for the heat current normal modes. While a
theoretical derivation for anharmonic interactions has not been attempted in this work, it is
expected that the types of phonon interactions will emerge naturally for higher dimensions and
for increasing order of anharmonicity. The natural emergence of these modes through energy

and heat mode correlations is, perhaps, the most remarkable finding of this dissertation.
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Chapter 7. CONCLUSION

With the recent advances in nanotechnology, there is a growing interest in studying the
fundamental mechanisms of energy transport, both at micro and nanoscales. The discovery of
low-dimensional materials such as graphene and carbon nanotube (CNT) has heightened the
necessity for investigating the key mechanisms of energy transport, not just at nanoscales, but
also for systems with lower dimensionality. In this dissertation, the fundamental mechanisms
of energy and heat transport is investigated using statistical mechanics first principles and

atomistic simulations.

Thermal conduction in solid state electrical insulators has long been associated with the normal
mode of the vibrating atoms known as phonons. In the quantum framework, phonons are
treated as bosons, which can be described by the Boltzmann kinetic theory. While the concept
of phonons is critical to explaining several thermal properties, recent developments are
challenging the notion of phonons as the true carriers of heat. In an alternate statistical
mechanical framework, which is more fundamental, thermal conduction can be described by
the linear response, or equivalently, the Green-Kubo (GK) theory. The GK theory, however,
does not lend itself naturally to identify the modes of vibrations in a crystalline state. In the
past two decades, several attempts have been made to merge these two disparate theories
though with limited success. A primary objective of this dissertation is to develop a theoretical
framework that can accommodate the GK and phonon theories while maintaining

mathematical and physical consistency.
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First, a mathematically consistent general solution to the phonon equation of motion is
presented. It is shown that the displacements necessarily should include a left moving and a
right moving wave train to satisfy all the internal degrees of freedom. The identification of the
amplitudes in +gq and —q wavevector directions provides a fundamental breakthrough for

describing the correct form of heat current modes expressed in normal mode coordinates.

A numerically efficient method based on the ratio of normal mode coordinates of velocity to
those of displacements is presented next for determining the phonon dispersion curve. While
the theory is known before, the method has never been employed for computing phonon
dispersion using atomistic simulations. Case studies on a monoatomic chain, a diatomic chain,
and graphene demonstrate that the ratio method outperforms in accuracy and speed over the

conventional method of using a fast Fourier transform (FFT).

The most impactful results of the dissertation are presented in Chapters 5 and 6. It is first shown
that a real microscopic heat flux in normal mode coordinates can be consistently defined, and
the net phonon population can be expressed as a difference in amplitudes along +q and —q
wave vector directions. It is further demonstarted that phonon-phonon cross-correlations
emerge naturally, and can play a dominant role in the thermal transport process, especially for
low-dimension systems; the derivation also identifies a correction term for phonon self-
correlations. Interestingly, the correction from energy correlations leads to phonon lifetimes

that are appreciably lower than those estimated using the existing approaches.
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For low dimensional systems, it is more appropriate to investigate the local heat current and
energy fluctuations in appropriate normal coordinates than to evaluate an ill-defined thermal
conductivity. In Chapter 6, the theoretical framework for analyzing local energy and heat
current fluctuations in corresponding (energy/flux) normal coordinates is presented. These
energy/current modes are then connected to the phonon normal modes that allows the exciting
possibility of analyzing energy/heat modes in the framework of more familiar displacement

(phonon) normal modes.

The energy/current modes are next derived exactly for a harmonic one-dimensional
monoatomic chain; the theoretical prediction is verified subsequently using atomistic
simulations. The theoretical derivation reveals a rather intriguing denouement on the possible
combinations of phonon modes. Even with harmonic interaction, pairs of phonon modes
combine to produce energy/heat modes if and only if they satisfy the three-phonon scattering
law. It is known that three-phonon processes are required for thermal dissipation, and the
appearance of the three-phonon scattering condition, from the energy/current modes, indicates
the distinct possibility of predicting the phonon interaction types directly from the pertinent
microscopic variables (energy/current) — a long sought after goal in recent theoretical studies.
The three-phonon synergy has the lowest order of interaction, and this condition arises
naturally with the interference of energy/heat waves. It is anticipated that if anharmonicity and
higher dimensionality are included, higher order processes will evolve naturally without the

need to specify or postulate the nature of phonon interactions in thermal transport.
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Appendix A: Properties derived from normal modes for a linear

monoatomic chain

Consider a linear chain of N atoms with a two-body harmonic potential and only nearest
neighbor interaction. The potential due to interaction between a pair of atoms | and Kk is given

by Eqgn. (Al) while the equation of motion for an atom I is given by Eqn. (A2):

U, (t)=%C(u(I,t)—u(k,t))2 (A1)
F(l,t)=m 82252’0 =C(u(l-1t)-2u(l,t)+u(l+Lt)) (A2)

The general solution for the equation of motion is given by:

u(j,t)=> (a)cos(a.r; —w(a)t+¢(q)) (A3)

?\H

The allowed wave vectors and the corresponding frequencies are given by:

q:rz—ﬂ;rzo,il,iZ ..... (A4)
Na
a a
4C | . (ga
w = —Sln - A6
(@)= Ssin[ 2] =
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The phase and group velocities are given by:

—sin (%J (A7)

W(QF%qq):a\/Ecos(qa)G' (A8)

The net kinetic energy of an atom | at time t due to contribution from each mode is given by:

K(I,t):%mv(l,t)z (A9)

Substituting the general solution from Eqn. (A3) into the above expression:

It)——m[Z w(q)A(q)sin(gla— w(q)t+go(q))j2 (A10)
Expanding:
(a) A(a,) A(a, ) x
Z}Z‘Lm(qﬂa w(a,)t+o(q ))sin(qzla—w(qz)t+¢(q2))} (ALL)

Thus:
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L@@ A

K% (1,t) = (A12)
sin(gla—w(a,)t+¢(a,))sin(g,la—w(a, )t +¢(a,))
K(L,t)=> > K% (I,t) (A13)

Splitting the sine terms as a difference of cosines:

7(a)w(,) A(a) A(G,)x

K% (I,t)= cos((a, —a,)la—(w(q,)-w(a,))t+(e(a)-¢(a,)))- (A14)
[ cos((a, +a.)ta—(w(a,) +w(g,))t+(o(a) +0(a.)))

Thus the instantaneous kinetic energy of an atom is the sum of the kinetic energies due to the

pair contributions from individual modes.

Similarly, the potential energy of an atom j at time t due to contribution from each mode is

given by:

u (I,t):%C[(u(l,t)—u(l ~1O) +(u(L)-u(+10)’ | (A15)
Expanding in terms of normal modes:

ZZ(Uql (1,t)-u*(l —1,t))(uqz (1,t)-u® (I —1,t))

LN

+ZZ(Uql (I,t)-u% (I +1,t))(u;2 (I,t)—u% (I +1,t))

hn

1

U(I,t)zzc (A16)
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t)=> > Ut (l,t) (A17)
Splitting the pair contribution:

1 (uql(l,t)—u“l(l—l,t))(uqz(I,t)—qu(I—l,t))

Ut (1t)=C +(ut (L) -u® (120 (u™ (L) -u* (1+11)) -

Substituting the general solution from Eqn. (A3) into the above expression:

U %% (| t)—
la—w(q,)t+¢(q,))—cos(q,(1-1)a—w(g,)t+e(q,)))x
gla—w(a,)t+¢(a,))—cos(q,(I-1)a-w(a,)t+¢(q, ))+ (A19)
)

(a)(cos(a, )
(a,)(cos( )
4m A(ql)(cos(qla w(g, )t+e(q,))—cos(q, (1+1)a—w(q,)t+e(q,) )x
| A(g,)(cos(a, )

la—w(g,)t+¢(a,))—cos(g, (1+1)a—w(q,)t+e(q, ))+

Expanding:

sin| — jsm ql I 05 a-— W q1 t+<0(q1))

4

sin —TJsm d,(1-05)a-w(g,)t+¢(a,))+

Uqqu(I,t):%A(ql)A(qz) (A20)

ga
2

9,2
2

sin jsm q,(1+0.5)a—w(q,)t+e(q,))x

) I
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Simplifying:

sin(q, (1-0.5)a—w(q,)t+¢(q,))x
oy C (ga), (g2 sin(a, (1-0.5)a-w(a,)t+¢(g,))+
. (I’t)_EA(ql)A(QZ)SI (7]SI (7j sin(g, (1+0.5)a—w(q, )t+¢(q,))x (AZD
sin(q, (1+0.5)a-w(q,)t+¢(a,)) |

Splitting the sine terms as a difference of cosines:

2m

—CA(ql) A(qZ)sin (i;jsin(i;jx

_cos((ql—qz)(l—0.5)a—(w(ql)—W(q2))t+(0(ql)—¢’(qz)) |

U (I,t)= —cos((ql+q2)(l—O.S)a—(w(ql)+W(q2))t+€0(ql)+(”(q2)) (A22)
cos((ql—qz)(l+O.5)a—(W(q1)—W(qz))t+(ﬂ(q1)—<0(q2))
__Cos((ql+q2)(|+o.5)a—(w(q1)+W(qz))t+<0(q1)+¢(q2))_

Simplifying:

%A(ql) A(qz)sin(%jsin (L;jx

U (1,t) = cos((q1 ~q,) ja—(w(q,)-w(a,))t +¢(q1)—¢(q2))COS((ql —qz)%j (A23)

—cos((q, +0,) ja_(W(ql)"‘W(qz))t+(/7(q1)+€”(q2))COS((qﬁ‘qz)%)

Substituting the expression for mode frequency from Egn. (A6) into the above expression:
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UQNQ (l’t):

A(0,) A0 ) w(a)w(g, )

| a,|

cos((q1 ~q,) ja—(w(a,)-w(g,))t +(p(q1)—(0(q2))cos((q1 _Q2)%j

N o

(A24)

—cos((q, +0,) ja—(W(q1)+vv(q2))t+(p(q1)+<o(q2))c05((ql+qz)gj

Thus the instantaneous potential energy of an atom is also the sum of the potential energies

due to the pair contributions from individual modes.

The total energy is simply the sum of the kinetic and potential energies. Thus:

E(Lt)=>" > E* (I,t)=>">" (U (I,t)+ K% (1,t)) (A25)

G G2 G 92

Substituting the expressions for potential and kinetic energies from Eqn. (A24) and Eqgn. (A14)

, respectively, into the above expression:

E% (1,t)=
~w(q,)w(d;) A(d) A(d, )
cos (ql—qz)m—(w(ql)—w(qz))t+((p(ql>—<o(qz)))—}+ 90 |

(0 +0,) ja—(w(a)+w(a,))t+(p(e)+0(c,)) | [l (A26)

—cos( (g, +0,) ja—(w(q,)+w(a,))t +co(q1)+co(qz))008((q1 +Q2)%)
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Simplifying:

w(g,)w(a,)A(a,) A(d;)x
cos((a, ~0,) ja—(w(a) -w(a,))t +(0(a) - ¢(a,)))

E9% (1) = (1+ % 9 cos(

Nlm

FACY } (A27)
cos((q1+q2)1a (w(g,)+w(g,))t ((/’(q1)+(/’(qz)))

9 9, ( )2
+—L—2.cos| (0, +0,)=
( |0, || b2 J

As expected, the instantaneous total energy of an atom is the sum of the total energies due to

the pair contributions from individual modes.

The net heat current at an atom | is given by:

1

J (I,t):V{E Z [Fi (1) I,t)]rlk} (A28)
k=1,#

The first term is associated with the total energy current (flux), while the second term

represents the current (flux) corresponding to the virial interaction. As discussed in Chapter 3,

only the virial part of the heat current is significant for thermal transport in a non-diffusive

system.
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Jkin(l,t):\%E(l,t)v(l,t) (A29)

Jvir(l,t):WkZN: IR, () V(L) T, (A30)

by:
—C(u(l,t)—u(l-1t It ILt)—u(l-1t

1, () 1| (D0 (LOND) () -u(1-1)+a) oy
Y —C(u(l,t)—u(l+1,t))v(|,t))(u(|,t)—u(|+1,t)—a)

For small displacements about the equilibrium position, this can be approximated as:

3,0 (1, t)z—%[C(u(lJrl,t)—u(l—1,t))v(|,t)] (A32)

Substituting the general solution from Eqn. (A3) into the above expression:

Jur ( ZZ——[ ( (1+1t)- uqz(l—l,t))v‘h(l,t)] (A33)
G 9

Ja (1L1) Z I (1,t) (A34)

Jate (1,t) =

ac | A(a)A(a,)w(a,)sin (g, ja—w(q,)t+e(q,))x (A35)

S 2vm (cos(g, (1+1)a-w(q, )t +¢(q,))-cos(q, (1 -1)a-w(q,)t+¢(d,)))
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Simplifying:

aC A(a,)A(a,)w (ql)sm(q; ]cos(qg jx

Jate (1,t) =
" | sin(qla-w(q, )t + 9 (q,))sin(g,la-w(a, )t + o(a,))

vir

(A36)

Substituting the expressions for mode frequency and group velocity (see Egn. (A6) and Eqn.

(A8)):
25 (1Lt) = o cos( (6, —0,)la- (w () -w(a,))t +¢(q1)—¢(q2))— (A37)

Thus the instantaneous heat current at an atom is also the sum of the heat currents due to the

pair contributions from individual modes.

Next, the total contribution due to all atoms is computed. While computing the total

contributions, the following result will be used:
N 2
Zcos(qla+a):OVq:rm;rzil,iz ..... ;o = constant (A38)

1=1

Starting with the expression for the net kinetic energy:
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K(t)= 3 K (1,t) (A39)

%W(ql)w(qz)A(ql)A(Qz)x

K(t)=2> > [cos((q1 —q,)la—(w(q,)-w(a,))t +(g0(ql)go(q2)))} (A40)

cos((q1 +0,)la—(w(q,)+w(a,))t+(e(q,)+ (0(%)))

Rearranging:

1

2 (@)w(a, ) A(a) A(a, )~

N [COS((%qz)'a(W(ql)W(qz))t+(<0(ql)¢(qz)))} (A4L)

cos((q1 +0,)la—(w(q,)+w(a,))t+(e(q,)+ go(qz)))

K(t)=2

Using the relation given by Eqn. (A38), for wave vectors given by Eqn. (A4), the summation

over the cosine term above goes to zero unless g1 = g2 or 1 = -g2. This gives:

K (1) = S0 () (2)= S (@) A(0) A-0)os(-2w()t+ 0 (a)+0(-0)  (A42)

q

Similarly, computing the total potential energy due to all atoms:

U(t)= Ziu%‘h(l,t) (A43)

4.0, =1
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. 4 %
2 M@ AR )w(a,)r e

%,ng {COS((%qZ)ja(W(ql)W(qz))tw(ql)<o(q2))cos((q1qz)Zj } (A

—cos((, +3,) ja—(W(ql)+W(q2))t+(p(ql)+@(qz))COS((ql +q2)gj

Rearranging:

1 w(g, )W e
G M)A w(a)w(a,)

cos((ql—qz)ja—(W(ql)—w(qz))t+¢(q1)_¢(q2))cos((ql_qz)gj ﬂ (A45)

—cos((q, +d,) ja—(W(q1)+W(q2))t+¢(q1)+<o(q2))605((q1+qz)%]

N
G,G2 Z
1=1

Again, the summation over the cosine term above goes to zero unless g1 = 2 or q1 = -¢2, which

gives:

U (=3 A (@)W (0) + 7 TA0)AC0)w ()cos(-2u(a)t+0(a) +o(-a))  (a%9)

q

The total energy of the system is given by:

E(t)=K Z% e )=Y E(q.t) (A47)

q q
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Thus the total energy associated with any mode is constant and keeps oscillating between the

kinetic and potential energy. Next, computing the virial part of the net heat current:

1= 38 (1.t) (A48)

o,))t+o(a)-0(a,))- (A49)

Again, the summation over the cosine term above goes to zero unless g1 = g2 or g1 = -02:

. ;Az(q,t)wz(q)vg(q)+

" T A AW (a)v, (a)cos(2w(a)t—p(a)-p(-))

Jar (1)

(A50)

As the group velocities for the positive and negative modes are opposite to each other, the

second term in the above summation will cancel off. Thus:
Jar ()= 2 A ()W () v, (a) (A51)
Substituting the expression for the energy due to each mode (Eqgn. (A47)):

Jar () = Zq:E(q,t)vg (q) (A52)

<|r
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Finally, the VACEF is expressed as:

(O () s

For an N-particle system, it is computed as:

L (o)
VACF (t) =T (AS4)

NIZl:<v(l,0)v(l,0)>
Expanding in terms of normal modes:

“9) () sin(5 +9(a,)
Z<V(| Ojv(Lt)) 1 5 Jm (A55)
, N N5 W(Q)
e ﬁz A(a,)sin (.1, —w(g,)t+4(a,))

Splitting the sine terms as a difference of cosines:

(v(1.0)v(1.1) TRCCALICRLICALYCY

ZT =2{ cos((a, —a,)la+w(a,)t+e(q,)-e(d,)) (A56)
i< —cos((a,+a,)la-w(a,)t+¢(q,)+e(d,))

Again, the summation over the cosine term above goes to zero unless q: = g2 Or g1 = -Q2:
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(A57)

The ensemble average of the cosine with remnant phases in the second term goes to zero. Thus:

. N 2m

5 (v(1.0)v (1Y) _ [Z (A*(a))w (q) COS(W(q)t)] (A58)

Substituting the expression for total energy of a normal mode from Eqn. (A47):

Z<V(I’O)NV(I't)> ={Z<Eﬂ]t)> COS(W(q)t)} (A59)

Equipartition of energy requires that the total energy associated with any mode is equal to kgT:

Z<V(|,0)&’(|,t)>T Z{I:r?[-\]r Zq:cos(w(q)t)} (A60)

Substituting back in Eqn. (A54):

VACF(t):%Zq:cos(W(q)t) (A61)
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Thus the Fourier transform of the VACF gives the density of states. It may be noted that for a

system with anharmonicity, the mode amplitude correlation would decay leading to:

Z<v(|,0|)\|v(l,t)> :Zq:<w2(OI)A(q,O)A(q,t) cos(w(q)t)> (A62)

| 2m

Assuming an exponential decay for the correlation gives:

VACF(t)=%2exp£—%jcos(w(q)t) (A63)

q
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Appendix B: Heat current expression for Tersoff potential

Consider an N atom system with the energy and position of an atom i at time t denoted by
&i(t) and ri(t) respectively. The net heat current of the system is equal to the rate of change of

the first moment of energy as given below:

a N
‘5;5' (B1)
Expanding:
N N a
J(t):Z_l:gi (t)v, (t)+;ri (t)Eg‘ (t) (B2)

The second term above, can be expressed as:

i=1 i=1 j=Lji#j

N N N N (t (t
Sr)Sa-3r (t)%(%mvi (t)v, (t)j+z S (t)g[MJ (B3)
The force on atom i from an atom j due to interaction of atom k with atom | is defined as:

Fi () =V, Uy () (B4)

For Tersoff potential, only four of the all possible permutations described by Eqgn. (B4) are

non-zero, namely, F/(t), F'(t), F(t)and R (t).
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Expanding Eqn. (B3) using Eqgn. (B4) and dropping t for a more compact notation; however,

it should be noted that all of the variables in the equations that follow are a function of time:

>3

i=1 j

I 0 Uij+ ji 0 Uij+UJ'i |
_ a_r, n VAR 6_rj 2 V; (B5)

>3

i=1 N U.+U.
Sy EITECA N
k=tkeij |\ OF 4

Simplifying:

I
N
.
L

M z
-
—~
=1
+
=1
_
<
C [
+
M z
-
—
—_
=11
+
=N
—
<
L1
+

Mz

N
-
ﬂ

v, } + (B6)

ﬁl“ﬁ: %[( IJ+F“)(V +Vj)}+i-_i _i rl[(FI;kJrF“Jk)VI]
_ NJ, J;. . i=L j=L;j=i k=Lk=i, ] (B7)
22 2 sliRvd R A

Consider first term in Eqn. (B7):
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N

i 2 [(FJJ +Fijji)-(vi +Vj)} (B8)

i=1 j=1;j=i

N |

Interchanging i and j and adding:

-

= DI CRE TR 3 3R (CRENe)| &)

Combining terms:

B %( ii 1—12“;‘;:# " [( R +Ff ) (vi+v, )]J (B10)

Splitting into two summations:

= %(i ZN: I [(Fi}j +F) )'V‘}LZ:: ﬁ: ke [(Fi}j +F)y, ]J (B11)

Merging by symmetry:
1, N o
=§Z 2N [(Fﬁj +Fij").vi} (B12)

i=1 j=L; j=i

Evaluating the 2" and 3" terms in Eqn. (B7):
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(B13)

Interchanging i, j, k to all six permutations and adding:

Rearranging:
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(B15)

(B16)

Collecting terms:
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Simplifying:

I
UN
—_
I
4N

MZ
NE
MZ

-~ ™ |;'q

L
=
3,

j#i k
N N N i i rg + ki i
+;i—lzj¢ik—1'%i JE{F"( V'}+ {Fk' Vk}
B LT M
I ERESEOEIS =N 220 J (B17)
_E N N Ny i Fg TN (i
+;j—le¢ik—1;|J?{ij J} {ij k}
v S LR Cic Vi (ki
22 2 R F)
. . N rki kj ik ij Kj
+;j=il.zj$ik=lzk;| ]?{Fki .Vk}+ {Flk VI}
Combining terms:
NS & ro+r, -
) i=1 j;j:ﬂk:l'zk;i lekI:Fijlei]+ J 2 : I:Fijjk'vi:l (B18)
Substituting Eqn. (B12) and Eqn. (B18) back into Eqn. (B2) gives:
N - N T (t) ij i
leg. (t)v, (t)+zl: ;-[JT[(F”J (t)+F] (t)) v, (t)]}
J(t): ) i=1 =1 o9
SRS sl AU r(t)+r, (1)
IDINDY { kz( )[F.,k(t)-vi(t)}+ R ()]
i=1 j=1; j=i k=Lk=i, ]

Eqn. (B19) is expression for heat current due to Tersoff potential.
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