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Abstract

This thesis presents the development of new numerical methods for the treatment of strongly cor-
related electron systems based on self-consistent approaches at both the one and the two-particle
level such as the parquet formalism. The parquet formalism was solved for the first time on a
two-dimensional cluster. When the fully irreducible vertex is approximated by the bare vertex,
we obtain the parquet approximation. Its validity was investigated by comparing results that it
produces to those of other conserving approximations such as the FLuctuation EXchange (FLEX)
approximation or the Second Order Perturbation Theory (SOPT). We found that it provides a sig-
nificant improvement of FLEX or SOPT and a satisfactory agreement with Quantum Monte Carlo
results despite instabilities in the self-consistency at low temperatures and for strong Coulomb in-
teraction. We use the parquet formalism to study the Quantum Critical Point at finite doping
in the Hubbard model by decomposing the vertex into its contributions from different channels.
We apply this decomposition to the pairing channel and we find that the dominant contribution
to the vertex originates in the spin channel even at the quantum critical doping. Furthermore, we
explore the divergence of the two parts of the pairing matrix at optimal doping and observe that the
irreducible vertex decreases monotonically as the doping is increased while the bare susceptibility
exhibits an algebraic divergence at the quantum critical doping supporting the Quantum Critical
BCS scenario proposed by She and Zaanenn. To circumvent the instabilities in the iteration of
the parquet formalism, we explored the dual fermion approach introduced by Rubtsov et al. Here,
we extended the formalism to the Dynamical Cluster Approximation, in the process introducing
a small parameter in the dual fermions perturbation theory. We demonstrate the quality of the
resulting Dual Fermion DCA through a systematic study of the cluster size dependence and of the

different perturbative approximations. These efforts represent the initial steps in the development

vii



of the Multi-Scale Many Body approach that appropriately treats correlations at different length

scales.
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Chapter 1

Introduction

1.1 Complexity in Strongly Correlated Systems

Strongly correlated electron systems have challenged our understanding of solid state physics and
rightfully generated a lot of interest among researchers over the last few decades. This interest is
justified by the very appealing phenomena that they exhibit with potential groundbreaking appli-
cations. These include colossal magnetoresistive materials where the application of a magnetic field
of a few Tesla’s leads to a change in the resistivity by orders of magnitudes; the heavy fermions
where the effective electron mass is orders of magnitude greater than its bare mass; the magnetic
semiconductors where it appears possible to manipulate both the spin and the charge degrees of
freedom; the high temperature superconductors that conduct electricity without any resistance be-
low a critical temperature. Along with their very attractive properties, these systems have phase
diagrams that show a great deal of complexity and where it is possible to go from one phase to
the other by slightly changing some system parameters since the charge, spin, lattice and orbital
degrees of freedom compete in a complex manner [1]. This is illustrated in figure 1.1 where we show
the temperature versus hole density phase diagram of the bilayer manganite Lags_9,Sr142,MnoOr.
The phase diagram shows a ferromagnetic phase, several antiferromagnetic phases and a region
with no long range order down to a temperature of 5 K as well as a structural transition from the
tetragonal phase to the orthorhombic phase identified by the open squares. Potential technological
applications require that we improve our understanding of the underlying mechanisms so that we
can tune these properties for desired purposes.

The many competing interactions involved in these systems lead to the presence of many different

phases closely packed in very small regions in the parameter space. This gives rise to novel behavior



such as quantum criticality that is increasingly being supported by experimental and theoretical

evidence.

Paramagnetic Insulator

T /T /Ton/ Ty (K)

0
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x in SrOe«(La, ,Sr,MnQO,).

Figure 1.1: |2] Illustration of the complexity in strongly correlated systems. Temperature versus
hole density phase diagram of the bilayer manganite Lag_oxSr149xMnsO7. It shows a ferromagnetic
phase, several antiferromagnetic phases and a region with no long range order down to a temperature
of 5 K as well as a structural transition from the tetragonal phase to the orthorhombic phase
identified by the open squares.

1.2 Quantum Criticality

A quantum critical point(QCP) occurs when a system undergoes a continuous phase transition at
zero temperature. This can be produced by suppressing the critical temperature of a second-order
phase transition to absolute zero by tuning some external control parameter such as the chemical
composition, the pressure or an applied magnetic field. The external control parameter adjusts
the zero-point motion of the particles dictated by the Heisenberg uncertainty principle, moving the
system from one phase to the other. The increased interest in the solid state community given to
quantum phase transitions is, in part, due to the fact that the associated critical fluctuations can

then dominate the physical properties of the system up to rather high temperatures. The QCP



distorts the phase diagram and creates a "V-shaped" region of quantum critical matter extending
to very high temperatures. This is illustrated in figure 1.2 [3] where the quantum critical region
(D) separates an antiferromagnet on the left (A) from a normal metal on the right(N). Quantum

criticality has now been established in several strongly correlated systems.

Quantum critical
matter o

Temperature

Tuning parameter

Figure 1.2: [3] Illustration of the quantum critical point. The quantum critical region(D) separates
an antiferromagnet on the left (A) from a normal metal on the right(N). The quantum critical region
extends to very high temperatures.

1.2.1 Quantum Criticality in the Heavy Fermions

The heavy fermion compound CePdsSis has a critical temperature T of about 10K at ambient
pressure below which it orders into an antiferromagnet. This critical temperature/Néel temperature,
can be decreased monotonically by applying pressure; eventually creating a transition from the
ferromagnetic phase into a paramagnetic phase. For a critical pressure of p. around 2.8GPa, a
quantum critical point is observed (figure 1.3-A). Here the QCP is covered by the superconducting
dome at low temperature. In the compound YbRhySis, the non-thermal control parameter is a
magnetic field. The QCP at zero temperature, as shown in figure 1.3-B, creates here a phase diagram
analogous to the V-shaped phase diagram of figure 1.2 [4]. An anomalous metal is observed above
the QCP at high temperatures with an electrical resistivity that is linear in temperature. This

region is surrounded by a Fermi liquid behavior on the left and on the right.
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Figure 1.3: [4] (A) Suppression of the Néel temperature by an applied magnetic field in CePd,Sis.
An unconventional superconducting phase arises at the boundary of the antiferromagnetic phase.
(B) Field induced quantum phase transition in YbRhsSis. The blue region corresponds to Fermi
liquid behavior while the orange region marks the non-Fermi liquid region terminating at a critical
field By at T =0 .

1.2.2 Quantum Criticality in the Ruthenates

The bilayer ruthenate metal SroRusO7 exhibits a metamagnetic QCP. Metamagnetism is, in general,
a first-order phase transition taking place along the line of critical fields H = H.(T). The line of
first-order transitions terminates at a critical end point (H*,T™*) where diverging susceptibilities
are observed. The QCP arises from T* — 0. This QCP is fundamentally different from that
which is obtained by depressing a second-order phase transition to absolute zero in that there is
no spontaneous symmetry breaking. Evidence for this metamagnetic QCP can be found in the
resistivity measurements. This is shown in figure 1.4 [5]. It presents the exponent « of the
resistivity when it is fitted to the form: p = pres + AT* where p,es is the residual resistivity due
to inelastic scattering at 7' = 0. A is a temperature-independent coefficient. The metamagnetic
transition corresponds to the anomalous behavior and collapses towards T" — 0. this is surrounded
on the left and right by regions of Fermi liquid behavior.

This evidence is further substantiated by the lower-temperature data taken below 350 mK which
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Figure 1.4: [5] Resistivity of SroRusO7 as a function of temperature around the metamagnetic
transition. The exponent « of the resistivity is defined by fitting it to the form: p = ppes + AT
where pres 18 the residual resistivity due to inelastic scattering at T = 0. A is a temperature-
independent coefficient. The metamagnetic region (yellow) corresponds to the anomalous behavior
and collapses towards 7" — 0. this is surrounded on the left and right by regions of Fermi liquid
behavior.

is consistent with that of higher temperature (not shown).

1.2.3 Quantum Criticality in the Cuprates

One feature present in the phase diagram of the cuprates is the enigmatic pseudogap phase which
is observed above the Néel temperature in the underdoped region. This phase is characterized by
the deviation of the resistivity from its linear dependence on the temperature at a characteristic
temperature 7™ defined as the pseudogap temperature. Daou et al [6] studied the compound
Laj 6-xNdp 4SrxCuOy4 (Nd-LSCO) and examined the pseudogap transition down to very low tem-
peratures, suppressing the superconducting transition with an applied magnetic field. This study
revealed that for a critical doping p*, the resistivity remained linear as a function of temperature
down to the lowest attainable temperature. This signals that T* — 0, corresponding to a Quantum
Critical Point for p = p*.

Figure 1.5-A shows the normal state resistivity as a function of temperature for two dopings,



p = 0.24 and p = 0.20 measured in a magnetic field strong enough to suppress the superconducting
transition. 7™ is the pseudogap temperature and T;,;, is the temperature at which an upturn is
observed in the resistivity. Figure 1.5-B shows a temperature-doping phase diagram of Nd-LSCO.
It shows the superconducting phase below T, and the pseudogap region below T%. All solid lines
are guides to the eye. The figure also shows a region where static magnetism is observed below a

temperature T}, and a region where charge order is detected below a temperature Tp,.

g 160

A Nd-L5CO Nd-L5C0

Temperature (K)

100 150 a1 0.2 p Pe 03
T €K Hole doping

wn
= F

4]

Figure 1.5: [6] (A)Normal state resistivity of Laj ¢—xNd4SrxCuQOy4 as a function of temperature
for two dopings, p = 0.24 and p = 0.20 measured in a magnetic field strong enough to suppress the
superconducting transition. 7™ is the pseudogap temperature and T,,;, is the temperature at which
an upturn is observed in the resistivity. (B)Temperature-doping phase diagram of Nd-LSCO. The
superconducting phase below 7T, and the pseudogap region below 7™ are shown. All solid lines are
guides to the eye. Also shown is a region where static magnetism is observed below a temperature
T,, and a region where charge order is detected below a temperature Ty, .

This work supplements previous experimental work by Aeppli et al [7] and others supporting
the presence of a quantum critical point in the phase diagram of the cuprates.

The study of these complex phenomena warrants the development of new computational algo-
rithms. We will present our methods from the perspective of the high temperature superconductors

although they can equally be used to study other systems.



1.3 The Models

Non-Fermi-Liquid

c=11.6802 A

Fermi-Liquid

QCP »

Figure 1.6: Left:Crystal structure of YBasCusOgi«. It shows the CuOs planes separated by Y and
BaO alternatively. The CuOs planes are common to all high temperature superconductors. Right:
generic phase diagram of the high temperature superconductors; the figure shows an antiferromag-
netic phase near half-filling above which we have a pseudogap phase. As the doping is increased,
a spin glass (SG) phase is observed at low temperature followed by a superconducting dome that
covers what is now established to be a Quantum Critical Point (QCP). The high temperature region
above this QCP is known as the strange metal or non-Fermi liquid. Further doping results in a
Fermi liquid phase.

In 1986, Bednorz and Miiller [8] discovered that the cuprates could exhibit superconductivity at
temperatures of about 30K which was unusually high compared to the transition temperatures in
conventional superconductors. This subsequently triggered a lot of activity among researchers who
have since discovered many more materials in this class. The critical temperature has, however,
not been raised above 170K and a lot of effort is currently being invested in understanding their
complex phase diagram (figure 1.6).

The cuprates high temperature superconductors have in common the fact that their crystal
structures all show copper oxide planes which are separated by other atoms such as La, Ba, O, etc,

as can be seen from that of YBasCu3zOg4x shown in figure 1.6. The planes are widely believed

7



to contain the low energy physics responsible for their properties. Although some progress has
been made over the last 25 years, key pieces of the puzzle remain unclear. Properties such as the
pseudo-gap phase, linear resistivity, the temperature dependence of the Hall coefficient and the
pairing mechanism are still rather poorly, if at all, understood. Efforts have been hindered by
the very nature of the problem at hand, namely, the coulomb interaction is of the same order of
magnitude or even greater than the kinetic energy. As a consequence, conventional perturbation
theory is inappropriate or at best questionable. Furthermore, Density Functional Theory which is
quite successful at describing normal metals, semiconductors and band insulators wrongly predicts
Mott insulators such as NiO to be metals. This has lead researchers to use simplified models such
as the Hubbard model, the t-J model, the periodic Anderson Model and Kondo lattice models, the
Holstein model, etc. Both the Hubbard and the t-J model are widely believed to describe, at least
qualitatively, the physics of transition metal oxides.

Shortly after the discovery of high temperature superconductors, P. W. Anderson [9] proposed
and Zhang and Rice [10] showed that the Hubbard model is appropriate for their description. The

model is illustrated in figure 1.7 and is given by equation 1.1.

I’i’ =—1 Z CI7UCj,U + ZU?A”LZ‘7T’I¢LZ'7¢ (1.1)

<i,j>,o i

Here, t is the near-neighbor hopping integral, while U is the on-site Coulomb interaction strength,
Cio (CZU) is the destruction (creation) operator that destroys (creates) an electron with spin o at

site 1.

Despite being deceptively simple, an exact solution of the Hubbard model beyond one dimension
remains to be found. The steady growth of the computer power coupled with the development of
new algorithms has lead to some progress in the quest for a solution to these models. These
approaches are further justified by the fact that the correlation length for the cuprates is found to
be of the order of 10 to 15 A [11] while the distance between copper atoms in the CuOs planes is

about 3 A. Exact Diagonalization (ED) can be used to solve small clusters exactly and the Lanczos

8



Figure 1.7: Cartoon picture of the Hubbard model on a square lattice: t is is the near-neighbor
hopping integral, while U is the on-site Coulomb interaction for doubly occupied sites.

algorithm can allow the solution of relatively larger clusters but only provides information about
the ground state. Variational approaches are biased by the a priori information about the system
and can hardly be trusted to reveal new features. The concept of entanglement has also triggered an
increased interest in the Density Matrix Renormalization Group (DMRG) but this is currently still
limited to the study of one dimensional systems. Another widely used method is Quantum Monte
Carlo (QMC) which does not involve any approximation and is exact within statistical errors due
to the stochastic processes used in the algorithm. The main obstacle for this method is the sign
problem that becomes increasingly bad as one lowers the temperature or increases the cluster size

while moving away from half-filling.

1.4 Quantum Monte Carlo and the Sign Problem

023 particles.

In solid state physics in general, we are interested in macroscopic systems with about 1
Solving the Schrodinger equation directly for such a system is in practice impossible. Monte Carlo
simulations allow us to sample a region of phase space by exploring it in a stochastic manner. In

this section, we will briefly discuss the QMC algorithm and present its main limitation which is the



"sign-problem".

In a classical system, the expectation value of an observable A is given by:

Zc AceiEC/T

) =5

(1.2)
where the subscript ¢ denotes a configuration of the system, F, is the energy of the system in this
configuration and 7T is the temperature. For a quantum system, this expectation value is given by:

B TrAe PH

() = (13)

where = 1/T, H is the Hamiltonian and the trace is taken with respect to all configurations of

the system. In the case of the Hubbard model, H is given by:
H=K+V (1.4)
with

K = —t Z (c;ro,cjg + c}acw> - ,uz (nit + niy) (1.5)

(ig),0

V o= Uzi: (nn - %) (nu - %) (1.6)

The inverse temperature (or imaginary time) 3 can be discretized in small intervals (or time slices)
AT = /L, L being the total number of time slices. This is then used to perform the Suzuki-Trotter

decomposition:

Z=Tre Pl = Tre ATLH (1.7)

Q

Tr (e 2Ve 2K L 0 (A72) (1.8)

To integrate out the fermionic fields, the Hubbard-Stratonovich transformation is used to make the

10



interaction term V quadratic in ¢ and ¢f. This gives [12]:

e*ATU/4
2

e*ATU(ninfé)(niylfé) — e*ATSi,lA(”i,T*ni,J,) (19)

Si’l::tl

where s;; is an Ising-like spin at site ¢ and time slice [. A is defined by:
cosh (ATA) = e A7U/2, (1.10)

This transforms the initial interacting problem into one in which the interaction is mediated by

space-time fields. When the fermions are integrated out, one obtains the partition function:

Z= > detO(s)detO,(s) (1.11)
{si,==%1}
where
O,(s) =1+ B{Bf_,...BY, (1.12)
Bla _ e—ATU(l)e—ATK (113)

I is the unity matrix and v(l); ; = J;js;; and K here is the matrix representation of the kinetic
energy part of the Hamiltonian. Standard Monte Carlo techniques can then be used to evaluate the

complicated sums over s;;. The probability of a given configuration c is given by:
1
Pe = EdetOT(C)detOi(c). (1.14)
So that the expectation value of an observable A is given by:

D Acpe
(A) = 7261)6 . (1.15)

It can be readily observed that this probability is not necessarily positive definite. For this reason,

it is convenient to separate in the above expression of p., the sign from the absolute value and write

11



the expectation value as:

<A> _ Zc Achnpc|pc|/Zc |pc|

(1.16)
> sgnpe|pel/ 3. el
Asgn
_ (Asen)yy (1.17)
(sgn)p)
with sgn defined by:
2P 2
(sgn) = =< = (1.18)
Deelpel  Zpp)

where (- - ->|p| denotes the expectation value with respect to the absolute value of the probability as
given in equation 1.14.

Despite the fact that equation 1.17 above is exact, both the denominator and the numerator can
become very small if configurations with positive and negative determinants are equally frequent.
This is unfortunately the case for the Hubbard model away from half filling and is known as the
“sign problem”. As shown in figure 1.8 [13], the sign becomes increasingly worse as one dopes away
from half-filling or as the temperature is lowered. In fact, Haman and Fahy [14] showed that it will
go to zero exponentially with decreasing temperature. One should note that if we can diagonalize
a given Hamiltonian, then the expectation values can be obtained as:

(4) = TrAe P 37, (il Ali) e~ Pei
Tre—BH S e he

(1.19)

where |i) is an eigenstate of the Hamiltonian with energy ;. All weights are then positive just like
in the classical case and there is no sign problem. However, diagonalizing the Hamiltonian is itself
an exponentially hard problem and can not be done in general. This underlines the difficulty of
the problem and a solution has not been found despite a few decades of efforts. In fact, Troyer and

Wiese [15] showed that this is analogous to an NP-hard problem.

To partially circumvent these limitations, the Dynamical Mean Field Theory (DM FT) [16] and its

cluster extensions, Cellular Dynamical Mean Field-Theory(CDMFT) [17] and Dynamical Cluster

12



N=16 U/W=0.5 3=0.2

N,=16 U/W=05

Figure 1.8: [13] Sign as a function of temperature(top) and doping(bottom). N, is the number
of sites in the cluster; g is the inverse temperature and ¢§ is the doping. FSS denotes simulations
The sign for a finite-size system calculation with QMC denoted by FSS is represented by the circles
while the squares represent DCA calculations in which the cluster is embedded in a mean-field. The
embedding scheme can be seen to significantly improve the sign.

Approximation(DCA) [18, 19| were formulated. The embedding scheme of DCA significantly
improves the sign problem and allows investigations down to relatively low temperatures. This is
shown in figure 1.8 [13] where it can be observed that the sign is much better in DCA than in the finite
size calculation (FSS) as a function of cluster size and as a function of temperature. Unfortunately,
the sign eventually becomes very close to zero preventing the exploration of the system at very low
temperatures. The progress in computer technology, although it makes it possible to have longer
sweeps of the space and so to improve the statistics, can not cure this problem. It can, however,

make it possible to use new diagrammatic approaches such as the parquet formalism to tackle this
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issue. It is in this spirit that the Multi-Scale Many Body approach was proposed.

The DMFT and DCA introduce two length scales: a short length scale at which correlations are
treated exactly using QMC and a longer length scale at which correlation are treated in a mean field.
This thesis goes a step further in this direction; introducing an intermediate length scale between the
previous two in which correlations are treated diagrammatically by harnessing the growing power of
modern computers. This approach, which we call Multi-Scale Many Body(M SM B), is illustrated

in figure 1.9.

Effective Medium

QMC

Feynman graphs

Figure 1.9: The Multi-Scale Many-Body embedding scheme. The short length scale is treated
exactly with QMC, the intermediate length scale is treated diagrammatically while the longer length
scale is treated in a mean-field.

1.5 Thesis Structure

This thesis is organized as follows. In chapter 2, I will review the Dynamical Mean-Field Approxi-
mation and the Dynamical Cluster Approximation. Here I will show the derivation of these methods
in a way that relates them to our MSMB approach. I will also present some results obtained with
the Dynamical Cluster Approximation, specifically establishing the presence of the Quantum Criti-
cal Point underneath the superconducting dome in the Hubbard model. The material presented in

this chapter includes previous results obtained in our group that I recently gathered into a review
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about Dynamical Cluster Approximation to be published as a chapter in a Springer book entitled
“Theoretical methods for Strongly Correlated Systems".

In chapter 3, I will present the results obtained with the parquet approximation for the Hubbard
model on a 4x4 cluster. This work was done in collaboration with Shuxiang Yang, Jun Liu, Thomas
Maier, Karen Tomko, Ed D’Azevedo, Richard Scalettar, Thomas Pruschke, and Mark Jarrell. The
material in this chapter has been published in Physical Review E [20]. My contribution in this
project involved debugging and optimizing the code for the Cray-XT5 at ORNL, implementing the
Newton’s method for our problem and deriving expressions for the quantities to be calculated in
our paper as well as doing some of the calculation.

In chapter 4, I present our investigation of the relationship between the Quantum Critical Point
underneath the superconducting dome and the high superconducting temperature. This project
was done in collaboration with Shuxiang Yang, Shiquan Su, Dimitris Galanakis, Ehsan Khatami,
Jian-Huang She, Juana Moreno, Jan Zaanen and Mark Jarrell. Here, we used the tools offered
by the parquet formalism to decompose the pairing matrix into its contributions from different
channels. This establishes that the dominant contributions to the pairing vertex originate from the
spin channel. Furthermore, we study the divergence of the two components of the pairing matrix at
optimal doping and find that the bare bubble has the most singular behavior which is in agreement
with She and Zaanen’s Quantum Critical BCS [21|. The material presented in this chapter has
been published in Physical Review Letters [22]. My contribution in this project included deriving
the equations for the vertex decomposition, working on the resulting code and doing some of the
DCA calculation on the Cray-XT5 at ORNL.

In chapter 5, I present our recent generalization of the dual fermion approach proposed by
Rubtsov et al to the Dynamical cluster Approximation. This generalization introduces a small pa-
rameter in the dual fermion perturbation theory and makes the approach systematic. We illustrate
the quality of the approach by using various diagrammatic techniques and exploring the convergence
as a function of the problem size. The material presented here has been submitted for publication
in Physical Review B. This project was done in collaboration with Shuxiang Yang, Hartmut Hafer-

mann, Ka-Ming Tam, Juana Moreno, Thomas Pruschke and Mark Jarrell. My contribution included
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the derivation of the formalism, the parquet approximation calculation for the DMFT dual fermion
and a code to cross-check the second order approximation calculations for the dual fermion DCA.
This project was initiated during my visit to the ETH in Ziirich.

In appendix A, I will describe the formulation of Newton’s method for a self-consistent solution
of the parquet equations and appendix B will show the derivation of the potential for the dual

fermion degrees of freedom.
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Chapter 2

The Dynamical Mean Field and Cluster
Approximations

In this chapter, I present the Dynamical Mean-Field Approximation and the Dynamical Cluster
Approximation. Here I will show the derivation of these methods in a way that relates them
to our MSMB approach. I will also present some results obtained with the Dynamical Cluster
Approximation, specifically establishing the presence of the Quantum Critical Point underneath
the superconducting dome in the Hubbard model. The material presented in this chapter includes
previous results obtained in our group that I recently gathered into a review about Dynamical
Cluster Approximation to be published as a chapter in a Springer book entitled “Theoretical methods
for Strongly Correlated Systems”.

H. Fotso, S. Yang, J. Moreno, M. Jarrell, K. Mikelsons, E. Khatami and D. Galanakis, Dynam-

ical Cluster Approximation, Unpublished

2.1 The Dynamical Mean-Field Approximation

The DCA algorithm can be derived in analogy with the DMFA. The DMFA is a local approximation
which was used by Kuramoto in perturbative calculations as a simplification of the k-summations
which render the problem intractable [23, 24]. But it was after the work of Metzner and Vollhardt
[25] and Miiller-Hartmann [26], who showed that this approximation becomes exact in the limit of
infinite dimensions, that it received extensive attention. In this approximation, one neglects the
spatial dependence of the self-energy, retaining only its variation with time. See the reviews by
Pruschke et al. [27] and Georges et al. [28] for a more extensive treatment.

In this section, we will show that it is possible to re-interpret the DMFA as a coarse-graining
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approximation. The DMFA consists of mapping the original lattice problem to a self-consistent im-
purity problem. This is equivalent to averaging the Green functions used to calculate the irreducible
diagrammatic insertions over the Brillouin zone. An important consequence of this averaging is that
the self-energy and the irreducible vertices of the lattice are independent of the momentum. Hence,
they are those of the impurity.

Miiller-Hartmann [26] showed that this coarse-graining becomes exact in the limit of infinite-
dimensions. For Hubbard-like models, the properties of the bare vertex are completely characterized
by the Laue function A which expresses the momentum conservation at each vertex. In a conven-

tional diagrammatic approach

A(kl,kg, k3,k4) = Zexp [ZI’ . (kl + ko — kg — k4)]

r

- N5k1+k2,k3+k4 (2'1)

where k; and ky (k3 and ky) are the momenta entering (leaving) each vertex through its Green
function legs. However as the dimensionality D — oo Miiller-Hartmann showed that the Laue

function reduces to [26]
Ap_eo(ky, ko ks, ky) =14+ 0(1/D) . (2.2)

The DMFA assumes the same Laue function, Apyrra(ky, ko, ks, k) = 1, even in the context of
finite dimensions. Thus, the conservation of momentum at internal vertices is neglected and we may
freely sum over the internal momentum labels of each Green function leg. This leads to a collapse
of the momentum dependent contributions and only local terms remain.

This argument may then be applied to the generating functional ®, which is the sum over all
closed connected compact graphs constructed from the dressed Green’s function G and the bare
interaction.The second order contribution to ® for a Hubbard-like model as illustrated in Fig. 2.1.
The self energy ¥ may be obtained from a functional derivative of ® with respect to the Green’s

function G, which effectively removes one of the Green’s function lines.
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N =1 DMF
G r=() r=0
y ky A=l neglect
G(k)—G(r=0)
V (k)= (r=0)

Figure 2.1: The second order contribution to the generating functional ®. As we apply the DMFA
coarse-graining approximation, Eq. 2.2, ® becomes a functional of the local Green’s function and
interaction.

Figure 2.2: The DMFA self energy contains only local corrections. See, e.g., the third graph. To
prevent overcounting these contributions, the local self energy must be excluded, cf. Eq. 2.3, from
the Green’s function line used in most cluster solvers.

The perturbative series for ®, ¥ and the irreducible vertices I" in the DMFA are identical to those
of the corresponding impurity model, so that conventional impurity solvers may be used. However,
since most impurity solvers can be viewed as methods that sum all the graphs, not just the skeletal
ones, it is necessary to exclude ¥ from the local propagator input, G, to the impurity solver, in

order to avoid overcounting local self-energy contributions. Therefore, in Matsubara frequencies
Gliwn) ™t = G(iw,) ™! + 2 (iwy) (2.3)

where iw, = (2n + 1)7T, X(iwy,) is the selfenergy and G(iw,), the full local Green’s function.
Hence, in the local approximation, the Hubbard model has the same diagrammatic expansion as an
Anderson impurity with a bare local propagator G(iwy,; %) which is determined self-consistently.

An algorithm constructed from this approximation is the following: (i) An initial guess for X (iwy,)
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is chosen (usually from perturbation theory). (ii) X (iw,,) is used to calculate the corresponding local

Green’s function

e P°(n)
Glion) = [ iy sy .

where p° is the non-interacting density of states, and p is the chemical potential. (iii) Starting from
G (iwy) and X (iw,) used in the second step, the host Green’s function G (iw,) ™! = G (iw,) "1+ (iwy,)
is calculated, which serves as the bare Green’s function of the impurity model. (iv) Starting with
G(iwy,), the local Green’s function G(iw,) is obtained using the Quantum Monte Carlo method
(or another technique). (v) Using the QMC output for the cluster Green’s function G(iw,) and
the host Green’s function G(iw,) from the third step, a new X(iw,) = G(iw,)™! — G(iw,) ! is
calculated, which is then used in step (ii) to reinitialize the process. Steps (ii) - (v) are repeated
until convergence is reached. If in step (iv) the QMC algorithm of Hirsch and Fye [29, 30] is used
to compute the local Green’s function G(7) or other physical quantities in imaginary time, local
dynamical quantities are then calculated by analytically continuing the corresponding imaginary-

time quantities using the Maximum-Entropy Method (MEM) [31].

2.2 The Dynamical Cluster Approximation

Like the DMFA, the Dynamical Cluster Approximation (DCA) may be intuitively motivated with
a coarse-graining transformation. In the DMFA | the propagators used to calculate ® and its deriva-
tives were coarse-grained over the entire Brillouin zone, leading to local (momentum independent)
irreducible quantities. In the DCA, we wish to relax this condition, and systematically restore
momentum conservation and non-local corrections. Thus, in the DCA, the reciprocal space of the
lattice which contains N points is divided into N, cells of identical linear size Ak. The coarse-
graining transformation is set by averaging the Green function within each cell. If N, = 1 the
original lattice problem is mapped to an impurity problem (DMFA). If N, is larger than one, then
non-local corrections of length ~ n/Ak to the DMFA are introduced. Provided that the propaga-

tors are sufficiently weakly momentum dependent, this is a good approximation. If N, is chosen to
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be small, the cluster problem can be solved using conventional techniques such as Quantum Monte
Carlo (QMC), the Non Crossing Approximation (NCA) or the Fluctuation Exchange approximation
(FLEX). This averaging process also establishes a relationship between the systems of size N and
N.. A simple choice, which will be discussed in Sec. 2.2.1, is to equate the irreducible quantities
(self energy, irreducible vertices) of the cluster to those in the lattice.

This coarse graining procedure and the relationship of the DCA to the DMFA is illustrated by a

microscopic diagrammatic derivation of the DCA. The DCA systematically restores the momentum

.
//////,,

\

e
/7

A

Figure 2.3: Coarse-graining cells for N, = 8 (differentiated by alternating fill patterns) that partition
the first Brillouin Zone (dashed line). Each cell is centered on a cluster momentum K (filled circles).
To construct the DCA cluster, we map a generic momentum in the zone such as k to the nearest
cluster point K = M(k) so that k = k — K remains in the cell around K.

conservation at internal vertices relinquished by the DMFA. The Brillouin-zone is divided into
N, = LP cells of linear size Ak = 2r/L (cf. Fig. 2.3 for N. = 8). FEach cell is represented by
a cluster momentum K in the center of the cell. We require that momentum conservation be

(partially) observed for momentum transfers between cells, i.e., for momentum transfers larger than
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Ak, but neglected for momentum transfers within a cell, i.e., less than Ak. This requirement can
be established by using the Laue function [32]

Apcal(ki, ko, ks, Ka) = NeOypae ) viks) M(ks)+Mks) (2.5)

where M (k) is a function which maps k onto the momentum label K of the cell containing k (see,
Fig. 2.3). This choice for the Laue function systematically interpolates between the exact result,
Eq. 2.1, which it recovers when N, — N and the DMFA result, Eq. 2.2, which it recovers when
N, = 1. With this choice of the Laue function the momenta of each internal leg may be freely
summed over the cell.

This is illustrated for the second-order term in the generating functional in Fig. 2.4. Each
internal leg G(k) in a diagram is replaced by the coarse-grained Green function G(M(k)), defined
by

G(K) = % S GEK+kK) (2.6)
K

where N is the number of points of the lattice, N, is the number of cluster K points, and the
k summation runs over the momenta of the cell about the cluster momentum K (see, Fig. 2.3).
The diagrammatic consequences for the generating functional and its derivatives are unchanged;

however, the complexity of the problem is greatly reduced since N, < N.

Nc >1 DCA K+9
. sz:Nc-aM(kl)JrM(kz).M(k;l ﬁor:wél
4 G(k)_AQ(K) v cons.
V(k)HV(K) K'+0

Figure 2.4: A second-order term in the generating functional of the Hubbard model. Here the
undulating line represents the interaction U, and on the LHS (RHS) the solid line the lattice
(coarse-grained) single-particle Green functions. When the DCA Laue function is used to describe
momentum conservation at the internal vertices, the momenta collapse onto the cluster momenta
and each lattice Green function is replaced by the coarse-grained result.
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2.2.1 & Derivability

The coarse-graining approximation can be applied to the generating functional ®. The generating
functional is the sum over all of the closed connected compact diagrams, such as the one shown in

Fig. 2.4. Tt is defined as
®(G) =Y ptr [EgGo} (2.7)
l,o

The trace indicates summation over frequency, momentum and spin. Here, X! is the set of irre-
ducible self-energy diagrams of Ith order in the interaction, G, is the dressed Green function related
to ¥, by the Dyson equation G,! = G9! — ¥, where G is the non-interacting Green function,
pi is a counting factor equal to the number of occurrences of G, in each term (for Hubbard-like

models, p; = 1/1). The free energy F' can be expressed as
F=—kpT (®(G) — tr[X,Gs] — trIn[—G,]) (2.8)

With the above definition, it holds that ¥, = 6®/0G,, as required for a “®-derivable” theory, and
the free energy is stationary under variations of G. In addition, the irreducible vertex function is
obtained by a second variation of ®, I'yyr = 62®/6G,6G 5 = 63, /0G4

The DCA can be microscopically motivated by the choice of the Laue function Apca (Eq. (1.6)).
Within this formalism, the effect of the chosen Laue function is the replacement of the self-energy
Y, and the irreducible vertex I'; ,» by the corresponding coarse-grained quantities (indicated here
by the bars). Consider for example the Schwinger-Dyson equation relating the self-energy to the
two-particle reducible vertex T3, ¥ = GGGT?. The vertices connecting the Green function to
T® do not preserve momentum conservation within the cells about the cluster momentum due to
the DCA Laue function. Consequently, the lattice Green function G, is replaced by the coarse-
grained Green function G,. The external momentum label (k) of the self-energy is in principle still
a lattice momentum; however, the self-energy will only depend on k through the function M(k). If
we use this self-energy in the calculation of its contribution to the ® functional, the Laue function

on the vertices will "reduce” both the self-energy as well as the closing Green function to their
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corresponding coarse-grained expressions. Consequently, the DCA ® functional reads
®poa(G) =) ptr {iééa} (2.9)
!

In correspondence to the lattice system,

0®Ppca <« 0®Ppca
9TDCA _ 5 2.1
0G, 0G, (2.10)

where the second equality follows since the variation §/0G, corresponds to cutting a Green function

line , so that 5C_¥UK/5Gﬁ,k' = 5K,M(k' d¢,o0- It follows that the DCA estimate of the free energy is

)

FDCA = _kBT ((I)DCA —tr [EUGJ] —trln [_Go]) ’ (211)

Fpc 4 is stationary with respect to G, when

—1 0Fpca
kpT 5G, (k)

= i:U(l\/I(k)) - Ea(k) =0, (212)
which means that % (k) = ,(M(k)) is the proper approximation for the lattice self energy corre-
sponding to ®pc 4. The corresponding lattice single-particle propagator is then given by

1
z— (e —n) = E(M(k), 2) |

Gk, z) = (2.13)

where € is the quasiparticle energy, and u the chemical potential. A similar procedure is used
to construct the two-particle quantities needed to determine the phase diagram or the nature of
the dominant fluctuations that can eventually destroy the high-temperature ground state. This
procedure is a generalization of the method of calculating response functions in the DMFA [33, 34].

The introduction of the momentum dependence in the DCA self-energy allow one to detect
some precursors to transitions which are absent in the DMFA; but for the actual determination of
the nature of the instability, one needs to compute the response functions. These susceptibilities

are thermodynamically defined as second derivatives of the free energy with respect to external
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fields. ®pca(G) and ¥,, and hence Fpoa depend on these fields only through G, and the bare

GY. Following Baym [35] it is easy to verify that, the approximation

Fmgl ~ fa,a’ = (520/5G0/ (214)

yields the same estimate that would be obtained from the second derivative of Fpca with respect
to the applied field. For example, the first derivative of the free energy with respect to a spatially

homogeneous external magnetic field A is the magnetization,

m=Tr[cG,]|. (2.15)

The susceptibility is given by the second derivative,

om 0G,
= ="Tr . 2.1
X Bn [" h } (2.16)
We substitute G, = (Ggf1 — ig)fl, and evaluate the derivative,
0G| 9 0%, 0G
X—Tr[aah]—Tr[Ga<l+aaGO, o >] (2.17)

We can generalize this argument to include the staggered susceptibility by identifying x4, = aagg o

and xst = Tr[Xs,—0o) and X% = G2. By collecting all the terms within both traces, and sum over

the cell momenta k, we obtain the two—particle Dyson’s equation

2()20,0 - XU,*O’) (218)

= 228 + 228 (fmc - fo,—a) (Xa,a - )Zo,—a) .

We see that again it is the irreducible quantity, i.e., the vertex function, for which the cluster and

lattice quantities are equal.
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2.2.2 Algorithm

A variety of techniques may be used to sum the cluster diagrams in order to calculate the cluster
selfenergy, X, and the cluster vertex function, I'.. In the past, we have used QMC [37], the non-
crossing approximation [38] or the Fluctuation-Exchange approximation[39]. Here, we will mainly
use QMC techniques. Since QMC is systematically exact; i.e. it effectively sums all diagrams to all
orders, care must be taken when defining the initial Green function (the solid lines in Fig.2.4) to
avoid overcounting diagrams on the cluster. For example, to fourth order and higher in perturbation
theory for the self energy, non-trivial self energy corrections enter in the diagrammatic expansion
for the cluster self energy of the Hubbard model (see Fig. (1.4)). To avoid overcounting these
contributions, we must first subtract off the self-energy corrections on the cluster from the Green
function line used to calculate . and its functional derivatives. This cluster-excluded Green function
is given by
1 1

GK.7) QK7 ) (2.19)

which is the coarse-grained Green function with correlations on the cluster excluded. Since X.(K, z)
is not known a priori, it must be determined self-consistently, starting from an initial guess, usually
from perturbation theory. This guess is used to calculate G from Eq. 2.6. G(K, z) is then calculated
with Eq. 2.19, and it is used to initialize the QMC calculation. The QMC estimate for the cluster
self energy is then used to calculate a new estimate for G(K) using Eq. 2.6. The corresponding G(K)
is used to reinitialize the procedure which continues until G, = G and the self energy converges to
the desired accuracy.

One of the difficulties encountered in earlier attempts to include non-local corrections to the
DMFA was that these methods were not causal [40, 41]. The spectral weight was not conserved and
the imaginary parts of the one-particle retarded Green functions and self-energies were not negative
definite as required by causality. The DCA algorithm presented in this subsection does not present
these problems. This algorithm is fully causal as shown by Hettler et al. [32]. They analyze the
different steps of the self-consistent loop and found that none of them breaks the causality of the
Green functions. Starting from the QMC block, one can see that if the input G is causal, since

the QMC algorithm is essentially exact, the output G, will also be causal. Then the corresponding
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Y¢(K,iw,) is causal. This in turn ensures that the coarse-grained Green function G(K,iw,) also
fulfills causality. The only non-trivial operation which may break causality is the calculation of
G(K,iwy). Hettler et al. [32] used a geometric proof to show that even this part of the loop respects

causality.

2.2.3 Physical Quantities

Most experiments measure quantities which can be expressed as reducible one or two-particle Green’s
functions. As discussed above, the appropriate way to calculate these quantities is to first extract
the corresponding irreducible quantity from the cluster calculation, and then use it to calculate
the reducible quantity. For example, to calculate the single-particle Green’s function (relevant
for angle-resolved photoemission spectroscopy) we first extract the cluster self energy and use the
Dyson equation to construct the lattice Green’s function. To calculate the phase diagram, we
calculate the irreducible vertices in the different scattering channels I', and insert them into the
Bethe-Salpeter equations for the lattice. In this subsection we will provide more details about the
relationship between the lattice and cluster two-particle Green’s functions and describe how a lattice

susceptibility may be calculated efficiently.

2.2.4 Particle-hole Channel

As a specific example, we will describe the calculation of the two-particle particle-hole Green’s

function

XJ,J/(q,k,k/) = / / / / dTldTQdT3dT4

% (wn—I—un T —wnT2+w,, 83— (W, +vn)T4)

X

<TTcL+q0(ﬁ)cko(72)CL/O, (T3)ei s (7))

where we adopt the conventional notation [42] k = (k,iwy), ¥’ = (k,w!,), ¢ = (q,vy,) and T is the
time ordering operator.

Xo.o' (¢, k, k") and T'; 5 (g, k, k") are related to each other through the Bethe-Salpeter equation

27



k K k k K" ‘kv

LS S S > >
X = Xo 5+ Xo | X
- - —a < - -

DCA: T (k') = I, "(M(k),M(k)), k=K+k, sum on k

_K _K K K o LK K'
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Figure 2.5: The Bethe-Salpeter equation in the DCA. We approximate the lattice irreducible vertex
I' by the I'Y from the DCA cluster and coarse-grain over the momentum k. The remaining equation
is a function only of the cluster momenta K and may be solved by inversion.

(Fig. 2.5):

XU,U/ (q7 k7 k,) = Xg,g’ (q7 k7 k,) + Xg,o” (q7 ka k”) (220)

X Fo'//70'/// (q, k”, k,/,)XU”/,O” (q’ kjm’ k,)

where frequency labels have been suppressed, and I'y (g, k, k') is the two-particle irreducible ver-
tex which is the analogue of the self-energy, X& o (¢, k, k") is the non-interacting susceptibility con-
structed from a pair of fully-dressed single-particle Green’s functions. As usual, a summation is to
be made for repeated indices.

We now make the DCA substitution Ty (g, k, k") — Teor (¢, M(E), M(K')) in Eq. 2.20. We
ultimately want to sum over all k and &’ to calculate the susceptibility at q. Note that after the DCA
substitution only the bare and dressed two-particle Green’s functions x depend upon the momenta
k within a cell. Since y and x° in the product on the RHS of Eq. 2.20 share no common momentum

labels, we may now freely sum over the momenta k within a cell, yielding

XU,U/(Q7 K7 K/) = X&a/ (q7 K7 K,) + Xg,o” (q7 K7 K”)

X FCJ”,U”/(q’ K”?K,”)XU”’,U’(CL K”/,K/) . (221)
By coarse-graining the Bethe-Salpeter equation, we have greatly reduced its complexity; each of the
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matrices above is sufficiently small that they may be easily manipulated using standard techniques.

In contrast with the single-particle case where the coarse-grained quantities are identical to those
of the cluster, x¢, o (¢, K, K') is not equal to X, (q, K, K'). This is because the self-consistency is
made only at the single-particle level. Unlike the single particle case where both X(K) and G(K)
are directly calculated, only the cluster susceptibility is calculated by the cluster solver, neither
I's o (g, K, K') nor the coarse-grained susceptibility X, ./ (q, K, K’) are calculated during the self-
consistency. Instead, the coarse-grained non-interacting susceptibility )‘(27 o (¢, K, K") is calculated

in a separate program after the DCA converges using the following relation

)2270,,[(q, ivn); (K, iwy); (K'yiwh)] = 5070'5K,K'6‘*’n7%

N, - - .
X E Gys(K + k,iw,)Go (K + k + q,iw, +vy) . (2.22)
N &
k
The vertex function is extracted by inverting the cluster two-particle Bethe-Salpeter equation

XCJ,O” (q7 K7 K/) = Xcg,o’ (Q7 K7 K,) + XCS,U” (Q7 K7 K”)

XFCO.//70./// (q, K”, KW)XCUW,J’(Q, Km, K,) . (223)

If we combine Eqs. 2.23 and 2.21, then the coarse-grained susceptibility may be obtained after

elimination of I'(q, K, K’) between the two equations. It reads

_ _ —1 _n—1

X T= Xe t— X(c] + XO ) (224)
where, for example, y is the matrix formed from X, . (q, K,K’) for fixed q. The charge (ch) and

spin (sp) susceptibilities x¢p, sp(q,T") are deduced from x

kpT)? )
: NQ) Z )\O'O',XO',O'/(q7K7 KI) ) (2.25)

¢ KK'oo!

Xch,sp(Q7 T) =

where \,,» = 1 for the charge channel and \,,, = oo’ for the spin channel.
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2.2.5 Particle-particle Channel

The calculation of susceptibilities in the particle-particle channel is essentially identical to the above.
The exception to this rule occurs when we calculate susceptibilities for transitions to states of lower
symmetry than the lattice symmetry. For example, in order to obtain the pairing susceptibility
of the desired symmetry (s,p,d), the two-particle Green’s function must be multiplied by the cor-
responding form factors g(k) and g(k’). In the study of the Hubbard model below, we will be
particularly interested in g(k) = 1 (s wave), g(k) = cos(ky) + cos(ky) (extended s wave) and
g(k) = cos(ky) — cos(ky) (d2_,2 wave). These symmetries have been evoked as possible candidates
for the superconducting ground state of cuprate superconductors.

These factors modify the Bethe-Salpeter equations

g(k)x(q, k, K )g(k") = g(k)x°(q, k, k') g(K') (2.26)

+ g(k)x"(q, k, k") x T(q, k", K") x x(q, k", K )g(K').

where

(g, k) = / / / / drydrydradr, (2.97)

z ((wn4vn)T1—wnTa+w, 1 73— (W, +vn)T4)

X

X

<T7—cir{+qa (Tl)cT_k_O(TQ)cfklfg(Tg)ck/Jrqa (T4)>

On the LHS, we have dropped the spin indices since we will consider only opposite-spin pairing.
Eq. 2.26 cannot be easily solved if it is coarse-grained, since this will partially convolve x(q, k, k)
with two factors of g on the LHS and one factor on the RHS. Hence for the pairing susceptibilities,
or for any situation where non-trivial form factors must be used, we use the equivalent equation

involving the reducible vertex F' (instead of the irreducible vertex I)

g(K)x(q, k. K )g(K) = gk)x°(q,k, K )g(k') (2.28)

+ g&)x"(q, k, k")
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Figure 2.6: Calculation of particle-particle projected susceptibilities. Often we want to calculate
a projected particle-particle susceptibility (e.g. d-wave, with g = cos(k;) — cos(ky)). Here the
Bethe-Salpeter equation is rewritten in terms of the reducible vertex F'. We approximate the lattice
irreducible vertex I'V by the T from the DCA cluster and coarse-grain over the k. Then the
projected bare bubbles are calculated, and the remaining equation is a function of the cluster K
only and may be solved by inversion.

% F(q, k”, k”/)XO(q, k”/, k:')g(k') ’

where
F(q,k, k) = T(q,k k) (2.29)
+ F(q7 k, k//)XO(q7 k//, k///)r(q7 k///, k/) +
We define
My (g, k, k) = gk)x(q,k K )g(k') (2.30)
) (¢, k, k) = gk)x°(q,k,k)g(k') (2.31)
(g, k, k) = g()x"(g,k, k). (2.32)
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The remaining steps of the calculation are similar to the particle-hole case. We invert the cluster
particle-particle Bethe-Salpeter equation with g = 1 for the cluster, in order to extract I'.. We then
coarse-grain Eq. 2.29, and use I'. to calculate the coarse-grained F = I, (1 — )‘(OI‘C)_l. We then

coarse-grain Eq. 2.28, and use the coarse-grained F to calculate the coarse-grained II,

Hge(q, K, K') = Tg4(q, K, K') (2.33)

+ (¢, K,K")F(q, K", K")I)(q, K", K').

The pairing susceptibility of a desired symmetry is given by

_ (ijT)2 = /
Pg(an) - N2 Z Hgg(Qa K7 K ) . (234)
¢ KK’

2.3 DCA and Quantum Criticality in the Hubbard Model

2.3.1 Evidence of the Quantum Critical Point at Optimal Doping

The phase diagram of the hole-doped cuprates exhibit some unusual properties including a pseudo-
gap (PG) at low doping and unusual metallic behavior at higher doping. This has lead researchers
to postulate the existence of a quantum critical point (QCP) at optimal doping in the cuprates
phase diagram. Some investigators have also argued that the PG is related with the establishment
of order [43, 44, 45, 46, 48], and the optimal doping is in the proximity of the QCP associated
to this order. Others have argued that the QCP is located at the transition from the non-Fermi
liquid(NFL) to the Fermi liquid (FL) ground state with no order established in the PG region [49].
We use the DCA to explore the presence of this QCP in the two-dimensional Hubbard model [50].
Investigating the single-particle properties, we find further evidence for the QCP and determine
that it is the terminus of a V-shaped Marginal Fermi Liquid region (MFL) separating the NFL PG
region from the FL region at high doping.

In this section we analyze several physical quantities using the known forms of the self-energy
in the MFL and the FL regions, as well as an ansatz in the region beyond but near the QCP, when the

system crosses over from MFL to FL. Within the DCA we can evaluate Zo(k) = (1 — Im¥(k, iwp) /wo) ",
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where wyg = @71 is the lowest Fermion Matsubara frequency. For a well behaved self energy,
limp_,0 Zop(k) = Z(k) is the quasiparticle renormalization factor. In this problem, the relevant
low energy scales are the antiferromagnetic exchange energy J near half filling, the PG temperature
T* in the PG region, and the effective Fermi energy T'x at higher doping. From the previously
described analysis [51], we find that J.sp ~ 0.44¢ for n = 0.95 and n = 1. We extract 7" and Ty
from fits to the data,[50] as presented in the figures below, where data for 7' < Jes¢ is included in
each case. T can be also determined from the peak in the susceptibility (see Fig. 2.8).

The quasiparticle fraction is calculated with k on the Fermi surface (FS) as defined by the
maximum along the (1,1) and (0, 1) directions of |Vn(k)|. This FS is slightly different from the one
identified using the spectral function A(k,w = 0) [52] when n > 0.85. However, the quasiparticle
weight Z — 0 everywhere on both Fermi surfaces (and shows a similar anisotropy on both). So,
our conclusions do not depend on whether |Vn(k)| or A(k,w = 0) is used to identify the FS. Since
we are interested in the crossover from PG to FL behavior, and the PG is stronger along the (0, 1)
direction, we present detailed results and analysis for the (0, 1) direction only. The quasiparticle
fraction along the (0, 1) direction, Zy1, is shown in the main panel in Fig. 2.7 for different fillings.

As the filling n increases through n = 0.85, the low temperature Matsubara quasiparticle data
changes its behavior. The data has a negative curvature at all T" for n > 0.85; while for n < 0.85, it
has a negative curvature at high 7" and develops a weak positive curvature at lower T'. The change
in curvature of the low temperature data for n < 0.85 is easily understood as a crossover to a FL
region. On the other hand, the MFL always has negative curvature. So at the transition between
FL and MFL, a region of positive curvature is found at T' &= Tx. The ratio of the quasiparticle
fraction at the FS along the (01) and the (11) direction, Zy11/Zo1, plotted in the inset of Fig. 2.7 as
a function of temperature for different fillings, shows that the conclusions from the above analysis
are not specific to the direction (0,1). The ratio is seen to be essentially the same for all fillings
at the QCP, indicating that 7 is essentially isotropic at the QCP, and becomes progressively more
anisotropic as we dope into the PG region. Furthermore, Z calculated at k = (0,7) (not shown)
is qualitatively the same as that calculated along the 01 direction on the FS. Therefore, the QCP,

which separates the low temperature FL phase from the PS region, can not be an artifact of the
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Figure 2.7: [50] Matsubara quasiparticle fraction Zy(k) versus temperature T" evaluated with k on
the Fermi surface along the (0,1) direction for different fillings n when U = 6¢ and the bandwidth
W = 8t. The unit of energy is such that 4¢ = 1. The lines represent fits in the region 7' < 0.3 to
either the MFL form, for n > 0.85 or the crossover form (X), for n < 0.85. The arrows indicate
the values Ty extracted from the crossover fits or 7 (cf. Figs. 2.8 and 2.9). Note that the data
for n = 0.85 fits the MFL nearly perfectly, while the data for n > 0.85 is poorly fit by the MFL
for T" < T™ because, due to the formation of the pseudogap, the MFL temperature dependence
is too slow in temperature to provide a good fit. The data for n = 0.75 was also fit by the FL
form; however, the fit is clearly worse than that obtained by the crossover form. Inset: The ratio,
Zo11/Zoo01, is plotted as a function of temperature for different fillings. The ratio is essentially the
same for all fillings at the QCP, indicating that Z is essentially isotropic, and becomes progressively
more anisotropic as we dope into the PG region.

interpolation nor due to the change of the Fermi wave vector with filling. Rather, it is due to a
dramatic change in the nature of the self energy for momenta near the FS.

The PG region, n > 0.85, is further characterized by exploring the temperature dependence
of the DOS and the bulk, Q = 0, spin susceptibility of the cluster, as shown in Fig. 2.8 and its
inset, respectively. A concomitant depression appears in the low energy density of states (DOS) at
temperatures below the energy, 7%, of the peak in the susceptibility. The corresponding Zyo1(T")
is well fit with the MFL form for T" > T*, while it fits poorly for T < T* (Fig. 2.7) due to the
formation of the PG.

In Fig. 2.9, we show the relevant temperatures near the QCP, Tx and T*. Tx is determined

from the fits while 7™ is determined from the peak in the susceptibility and the initial appearance
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Figure 2.8: [50] The single-particle density of states in the pseudogap region for various temperatures
with n = 0.95, U = 6t = 1.5, W = 8t = 2. The unit of energy is set to 4¢ = 1. Inset: The bulk,
Q = 0, cluster susceptibility for the same parameters. The PG in the DOS begins to develop at
roughly the same temperature 7™ which identifies the peak susceptibility.

of the PG in the DOS as shown in Fig. 2.8. Here, T, is the superconducting critical temperature
determined in Ref. [22] from the divergence of the pairing susceptibilities as discussed in section
2.2.5.

Further evidence of the presence of the QCP separating the FL region from the NFL PG region
can be obtained by studying the thermodynamics of the system [53]. The Hubbard model (Eq. 1.1)

can be rewritten as:

H= Z e(l){cLockU + UZ il , (2.35)
ko i

where ei]{ = —2t (cos ky + cos k) is the tight binding dispersion. The quadratic part of the Hamil-

tonian, referred to as the kinetic energy, and the potential energy may be calculated as [54]

T 0 .
E, = N Z e Go(k,iwy) (2.36)
wn Ko
B, = > Sok,iwn)Go (K, iwn) (2.37)
P - 2N k g au"-}n a alwn ) .
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Figure 2.9: [50] The pseudogap temperature 7%, identified from the peak in the susceptibility and
the emergence of the PG in the DOS shown in Fig. 2.8. The FL to MFL crossover temperature
identified by fits to the Matsubara quasiparticle data shown in Fig. 2.7. T, is the superconducting
critical temperature determined in Ref. [22] from the divergence of the pairing susceptibilities as
discussed in section 2.2.5. The unit of energy is set to 4¢ = 1.

Both Ej and E, are expected to exhibit a leading T? low temperature behavior in the FL
region and T2InT behavior [55] in the MFL region. Continuous Time Quantum Monte Carlo
(CTQM) is used to solve the cluster problem and the energies are calculated using Eqs. (2.36) and
(2.37). CTQMC avoids systematic errors and prevents them from accumulating between different

temperatures in the calculation of the entropy given by partial integration:

S(8,n) = S(0,n) + BE(B,n) / B8 n)df (2.38)

where S(0,n) = —nln% — (2 —n)In (1 — %), n is the filling, 8 = 1/T and E is the total energy
obtained by summing up E, and Ej [56]. Since DCA preserves thermodynamical consistency [57],

our entropy results also satisfy the Maxwell relation

<@> _ _<5_P‘> , (2.39)
on TU oT Un

where p is the chemical potential.
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The behavior of the numerically calculated potential energy (FE,) and kinetic energy (Ej) is
consistent with the analytical expressions in the FL. and MFL regions. However, we find that the
characteristic energy scales of the FL. and PG vanish at the QC doping where the MFL behavior
persists to the lowest accessible temperature. This is consistent with the existence of a QCP at zero
temperature between the FL and PG regions. To illustrate this we fit the total energy away from

half filling to the form:

E(T) = E(0) + Af(T)T* + B (1 — f(T)) T In g , (2.40)

where f(T) = 1/ (exp (T —Tx)/0) + 1) describes the crossover from the MFL to the quadratic
behavior, characteristic of a FL. or presumably a PG region. A, B, 6, Tx and  are the fitting
parameters of the QMC energy data, as shown in Fig. 2.10. The fit is indistinguishable from the
data for all fillings at low 7. In agreement with the previous estimates, these fits indicate that
Trr, = 0.15t for n = 0.70 and T™ ~ 0.24¢ for n = 0.95.

The calculation of the specific heat is known to be a very difficult problem. It usually involves
a fit of E(T) to a regularized (smooth) functional form [58, 59]. In the present case, we already
have an excellent fit, so C'/T is simply obtained from a derivative of the fit divided by temperature.
For n = 0.70, at low temperatures, C'/T is flat in T, as one expect for a FL. The data in the PG
region, n = 0.95, also show this behavior, but, at the critical filling, n = 0.85, the data shows a
weak divergence at low T consistent with quantum critical behavior [53].

The behavior of the entropy per site near the critical filling as the system is cooled confirms
the physics seen in C'//T with no need for a fit or a numerical derivative. With decreasing T', the
entropy is more strongly quenched in the FL and PG regions than in the MFL region, creating a
maximum in S/T at n = 0.85 and low temperature (see Fig. 2.11 (a)). The persistent rise of S/T
at critical doping as T' — 0 is consistent with the increase to C'/T. The near overlap for n < 0.85
of the low temperature S/T" at different temperatures also agrees with the constant C'/T" indicative
of a FL.

Eq. (2.39) indicates that a local maximum in S/T versus n corresponds to a flat chemical

potential as a function of temperature. For this reason, the critical filling at low 7" can be identified
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Figure 2.10: [53] Total energy per site, E, versus temperature for different fillings. The data are fit
to a crossover form of the energy, Eq. (2.40) (dashed lines). The values of Tx determined from the
fit are indicated as Try, for n = 0.70 and T* for n = 0.95. In the inset, the specific heat calculated
from the fit is plotted versus temperature.

from the temperature dependence of y for different fillings. This is shown in Fig. 2.11 (b) where, one
can see that the near temperature independence of p at n = 0.90 for 0.25¢ < T' < 0.50t evolves into
a broad maximum centered around 7" = 0.15¢ for n = 0.87 which presumably moves to n = 0.85
at low enough temperatures. These observations are consistent with the evolution of the maximum
in S/T versus n as the temperature is lowered from 0.50¢ to 0.08¢ (see Fig. 2.11 (a)). A stationary
chemical potential can be the signature of local particle-hole symmetry, in analogy with the half-
filled case. This is consistent with the observation of near particle-hole symmetry in the cuprates

in the proximity of optimal doping [49].

2.3.2 Nature of the Quantum Critical Point in the Hubbard Model

A systematic study of the phase diagram of the Hubbard model as function of additional control
parameters allows us to identify the nature of the QCP in the cuprates. We use an extended
Hubbard model where the tight binding dispersion is modified to include #/, the hopping between
next-nearest neighbors. The dispersion is then ef{ = —2t (cos ky + cos ky) — 4t (cos ky cos ky — 1)

. Our results suggest that the QCP is the zero-temperature limit of a line of second-order phase
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Figure 2.11: [53] Left panel: filling dependence of S/T showing emergence of a peak at n = 0.85
at low temperatures. Right panel: Chemical potential vs. temperature for a range of fillings with
PG and FL energy scales shown as T* and Try, for n = 0.95 and n = 0.70, respectively. Note that
the position of the maximum of entropy in the left panel corresponds to du/0T = 0 in the right
panel. As temperature is lowered, the maximum of entropy shifts towards lower n, causing local
particle-hole symmetry for n = 0.85 at low T (see text).

separation transition as shown schematically in Fig. 2.12 [60]. The control parameter for this
transition is .

To illustrate this, we calculate the filling, n, versus p and the compressibility (or bulk charge
susceptibility), dn/du, by taking its numerical derivative. To connect with previous results, sim-
ulations were performed with U = 6t (Fig. 2.13(a)), but, as discussed previously [60], the region
of divergent charge fluctuations is larger and more accessible for U = 8 and cluster size N, = 8.
For this reason, we also present results for these parameters where additional studies have been
conducted (cf. Fig. 2.13(b)). Fig. 2.13(a) shows n versus p for U = 6t, T = 0.077t and t' ranging
from 0.0 to 0.4. The filling n increases monotonically with p and shows a pronounced flat region
associated with the Mott gap, especially for ¢ < 0.4. An inflection appears in n(u) at finite doping
and becomes more pronounced as t’ increases. It translates into a peak in the susceptibility that
becomes sharper and moves closer to half-filling as ¢’ is increased. The peak in the susceptibility
and the plateau in n(u) near half-filling disappear for ¢ > 0.3. In the inset, we plot n., the value

of the critical filling at the peak as a function of ¢'. For ¢’ = 0, n. = 0.86 in agreement with the
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Figure 2.12: [60] Schematic phase diagram of the 2D Hubbard model in the temperature (T),
chemical potential () and next-near-neighbor hopping (¢') space. For ¢’ > 0 the first order phase
separation transition terminates at a second order critical point at doping n. and temperature 7).
The line of second order critical points (T, n.), approaches the QCP on the ¢’ = 0 plane. This is
the critical point separating the pseudogap (PG) from the Fermi liquid (FL) region.

filling of the QCP (n. = 0.85) found previously for these parameters [50, 53|. These results suggest
an association between the QCP and charge fluctuations.

For temperatures below a critical temperature T,, the filling is observed to develop a hysteresis
as a function of p. As mentioned before, the DCA equations are solved self-consistently starting
with an initial guess for the self-energy, usually zero, the result from a higher temperature or that
of perturbation theory. The solution is generally unique and independent from the initial guess for
doping away from a critical doping 4., such as 0% or 10% doping. However, we find that for a
critical chemical potential p., if the initial self-energy is that corresponding to the undoped solution
(n = 1), then n versus p will look as the upper curve (squares) in Fig. 2.14, whereas if it is that of a
large doping solution (n < 1), n versus u will be described by the lower curve (circles) in Fig. 2.14.
The fully converged self-energy from a previous point is used to initialize the calculation in both
cases.

To further investigate the association between the QCP and charge fluctuations, we study the

behavior of the bulk charge susceptibility, x.(Q = 0,7'), and its divergence as t' — 0. We follow the
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line of second order critical points of these first order transitions as ¢’ changes using x. as shown in
Fig. 2.15. We plot the inverse charge susceptibility at n. as a function of temperature for different
values of ' and U = 8t , N. = 8. The critical filling n. shown in the legend is the filling where the
compressibility either diverges or is peaked at the lowest accessible temperature. The temperature
of the second order critical point is found to increase and move towards half-filling as t’ is increased.
However, in these results, unlike those of U = 6t [Fig. 2.13(a)], the critical point seems to avoid
half filling even for ¢’ = 0.4¢. As can be seen in the persistence of the flat region in n(u) near n = 1
for t = 0.4t, the stronger Coulomb interaction U = 8t also appears to strengthen the Mott gap for
this value of ¢ (Fig. 2.13(b)).

2.4 Conclusion

We have presented an introduction to the DCA. We have described how coarse-graining methods
can be used to derive both the DMFA and the DCA, which map the lattice to a self-consistently em-
bedded cluster problem. We also showed how DMFA and DCA can be derived from a ® functional.
DMFA is a local approximation while DCA incorporates systematic non-local corrections. We have
showed how DCA is used to study the Hubbard model and the evidence it provides for the presence
of a QCP underneath the superconducting dome. This QCP is the terminus of a line of second order
phase separation transitions. Finally we have seen that the QCP may explain the relatively high
superconducting critical temperature through an enhancement of the pairing susceptibility at the
critical doping. In brief, the Dynamical Cluster Approximation provides an efficient tool to study
correlated electron systems.

The evidence discussed here strongly favors an interpretation involving a QCP as opposed to a
simple crossover from the FL to a NFL as the filling increases towards one. The fits to the quasi-
particle fraction Zy(k), the behavior of the DOS, the T?InT behavior of the kinetic and potential
energies, the peak in S/T which sharpens as T falls, and the logarithmic behavior of the specific
heat are clear signatures of quantum criticality. The results also show that the QCP is the terminal
point of a line of second order critical points associated with first order phase separation transitions.

The critical temperature is driven to zero as t' — 0.
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Figure 2.13: [60] Filling, n (solid lines), and compressibility, dn/du (dashed lines), plotted vs
chemical potential, u, for various values of ¢’ for (a) U = 6, N, = 16 and T" = 0.077 and (b)
U = 8, N, = 8 at different temperatures. The unit of energy is t. The critical filling, where the
compressibility peaks, is plotted in the corresponding inset. In (a), when ¢’ — 0, the peak in the
charge susceptibility is located at the QCP identified previously [50].

42



c
2 ; iterations
= o951 BRI -
) 1=2.96 1
‘ £ e PEEF T ey e 1
| o © @ ] 1 e
o | 095
8 V R Ry
8
0 ? L | L | I
'%.8 2.9 3 31 3.2
W/t

Figure 2.14: [61] Filling n versus chemical potential for ¢’ = 0.3t at 7= 0.071 ¢ and N, = 8. Two
solutions describing a hysteresis are found, one incompressible with n = 1 (squares) and a doped
one (circles). Inset: stability of the two solutions versus DCA iterations when p = 2.96¢ (middle of
the hysteresis, corresponding to the dotted line in the main figure).
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Figure 2.15: [60] Inverse bulk charge susceptibility vs temperature when U = 8, N. = 8 for
several values of t’. The unit of energy is t. The values of the critical filling n. shown in the legend
correspond to the maximum of the low temperature compressibility, or the filling where it first
diverges.
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Chapter 3

Qualification of the Parquet
Approximation on the 4x4 Hubbard
Cluster

In this chapter, I will present the results obtained with the parquet approximation for the Hubbard
model on a 4x4 cluster. This work was done in collaboration with Shuxiang Yang, Jun Liu, Thomas
Maier, Karen Tomko, Ed D’Azevedo, Richard Scalettar, Thomas Pruschke, and Mark Jarrell. The
material in this chapter has been published in Physical Review E [20]. My contribution in this
project involved debugging and optimizing the code for the Cray-XT5 at ORNL, implementing
Newton’s method for our problem and deriving expressions for the quantities to be calculated in
our paper as well as doing some of the calculation. S. X. Yang, H. Fotso, J. Liu, T. A. Maier,
K. Tomko, E. F. D’Azevedo, R. T. Scalettar, T. Pruschke, and M. Jarrell, Qualification of the
parquet approzimation on the 4z4 Hubbard cluster, Phys. Rev. E 80, 046706 (2009).

3.1 Introduction

Many different techniques have been employed to study strongly correlated electron systems. Each
of the successful techniques provides some advantages but unfortunately shows some limitations.
Recently, because of the progress in computer technology, complex diagramatic approaches have re-
ceived increased attention. Although Baym and Kadanoff’s ® derivability [65, 66] does not guarantee
the physical validity of a theory, the framework enables the generation of conserving approxima-
tions which satisfy a variety of Ward identities. For these reasons, the FLuctuation EXchange FLEX
[69, 70] has been intensively studied over the years. It is a single-particle self-consistent conserving
approximation. But as we mentioned previously, the physical validity of the approximation appears
to be questionable as the vertices are either overestimated or underestimated and the Pauli exclusion

principle is not respected[71]. The parquet formalism[62], introduced by Dominicis et al in 1964,
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is a two-particle self-consistent conserving approximation. It is an attractive alternative to FLEX,
but has been computationally out of reach. To solve this problem, Bickers et al introduced the
pseudo-parquet approximation which attempts to improve on the FLEX. But this fails to properly
address the full frequency and momentum dependence of the scattering processes. A numerical
solution of the full set of parquet equation, however, is beyond the scope of computational physi-
cists for many years because of the extremely heavy burden of computational time and memory
required. Only very recently, with the great advance of the parallel computational techniques and
resources, are we able to solve this problem for the first time. In part I we present the formalism
and the relevent equations. In part II, we discuss the algorithm and the numerical difficulties that
arise from it. In part III, we present some results obtained from the parquet approximation for the
2-dimensional Hubbard model and their comparison to other methods such as FLEX, self-consistent

second (SC2nd) order approximation and Determinental Quantum Monte Carlo (DQMC).

3.2 Formalism

3.2.1 Vertex Functions

These perturbative expansions attempt to describe all the scattering processes that take place in
the system as one- or two-particle Feynman diagrams. In the one-particle formalism the self-energy
describes the many-body processes that renormalize the motion of a particle in the interacting
background of all the other particles. In the two particle context, with the aid of the parquet
formalism, one is able to probe the interactions between particles in greater detail using the so-
called vertex functions, which are matrices describing the two particle scattering processes. For
example, the reducible two-particle vertex Ff:h(12;34) describes the amplitude of a particle-hole
pair scattered from its initial state |3,4 > into the final state |1,2 >. Here, i = 1,2, 3,4 represents
a set of indices which combines the momentum k;, the matsubara frequency iw,, and, if needed,
the spin ¢; and band index m;.

In general, depending on how particles or holes are involved in the scattering processes, one can

define three different two-particle scattering channels. These are the particle-hole (p-h) horizontal
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channel, the p-h vertical channel and the particle-particle (p-p) channel. For the Hubbard model, the
spin degree of freedom further divides the particle-particle channel into triplet and singlet channels
while the particle-hole is divided into density and magnetic channels.

One can further differentiate the vertices on the basis of their topology. Then one would end up
with the reducible vertex noted F', the irreducible vertex I' corresponding to a subclass of diagrams
in F' that can not be separated in two by breaking two horizontal Green’s function lines, and the
fully irreducible vertex which corresponds to the subclass of diagrams in I' that can not be split in
two parts by breaking two vertical Green’s function lines. An illustration of these different types of
vertices is provided in figure 3.1.

The Pauli exclusion principle produces the so-called crossing symmetries which in turn yields a
relationship between these vertices in the different channels. This enables us to reduce the indepen-
dent channels defined for the theory to the particle-particle and the particle-hole horizontal channel.

The different classes of vertices are related by a set of equations which we will discuss next.

3.2.2 Equations

The parquet formalism is self-consistent at both the one- and two-particle levels. The connection
between the one- and two-particle quantities is through the Schwinger-Dyson equation which con-
nects the reducible vertex F' to the self-energy Y. It is an exact equation derived from the equation

of motion and has the following form:

2
S(P) = e SAGPIGP + QG(P ~ Q)Fu(Q)p-q.r — Fn(Q)p-q.m)
PQ
FEP)GP + QG(-P + QB Qp-.r + FiQpqr)) (1)

where G is the single-particle Green’s function, which itself can be calculated from the self-energy

using the Dyson’s equation:
Gl=Gyt - % (3.2)

The reducible and the irreducible vertices in a given channel are related by the Bethe-Salpeter
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Figure 3.1: different classes of diagrams; the solid line represents the single particle Green’s function
and the wavy line represents the Coulomb interaction: here we use the p-h horizontal channel for
illustration (a) reducible diagrams: can be separated into two parts by breaking two horizontal
Green'’s function lines, (b) irreducible diagrams: can only be separated in two parts by breaking two
Green’s function lines in the other two channels, (c) fully irreducible diagrams : can not be split in
two parts by breaking two Green’s function lines in any channel

equation. It has the following form:

F.(Qppr = T.(Q)pp +2.(Q)pp (3.3)

F.(Q)pp = Tw(Q)pp + ¥ (Q)pp (3.4)

where r = d/m for the density and magnetic channels respectively and r’ = s/t for the singlet and

triplet channels, and we are using the vertex ladders which are defined as:

. (Qrr = Y FQprrxd (QpTr(Q)pr p (3.5)

P//
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Ve@pp = Y Fu(Qppodl(Q)pr T (Q)pr p (3.6)

P//

Xo is the direct product of two single-particle Green’s functions and is defined according to the
particle-particle or the particle-hole channel.

In a similar manner, the irreducible vertex and the fully irreducible vertex are related by the
parquet equation. This expresses the fact that the irreducible vertex in a given channel is still

reducible in the other two channels. The parquet equation has the following form in the different

channels:
1 / 3 /
Ly @) pp = Ai(Q)pp — §(I)d(P —P)ppig — §‘I>m(P — P)ppiq
1 3
+ §\IJS(P + P/ + Q)_P_Q7_P + §\I/t(P + P/ + Q)_P_Q7_P (37)
1 / 1 /
L@ ppr = An(Q)ppr — §‘I)d(P — P)ppig+ §‘I)m(P - P)priq
1 1
— §\IJS(P + P/ + Q)_P_Q7_P + §\I/t(P + Pl + Q)_P_Q7_P (38)
1 / 3 ,
Ls@pp = As(@)ppr + 52a(P" = P)—prprq = 5Pm(P = P)-p/piq
1 3
+5%a(P + P'+Q)-pp— 3 &m(P + P'+Q)p_-p (39
1 , 1 /
I'v(Q)ppr = M(Q)ppr + 5‘1%1(13 —P)_p pio+ 5‘1%(13 — P)_p pig
1 1
- §‘I’d(P +P' +Q)-p,p— §(I>m(P +P'+Q)-p-p (310)

The Bethe-Salpeter equation and parquet equations are also exact and derived from the categoriza-
tion of the Feynman diagrams.

The above description of the formalism is far from being exhaustive and is given for this paper
to be reasonably self-contained. For a more detailed description of the parquet formalism, we refer

the reader to Bickers et al [63][64]. Our goal is to solve these equations self-consistently for the
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Figure 3.2: self-consistency loop

Hubbard model on a two dimensional cluster. The algorithm for this solution is described in the

next section.

3.3 Algorithm and Computational Challenge

The set of equations dicussed above are solved self-consistently as illustrated in the self-consistency
loop in figure 3.2. One starts with a guess of the one-particle Green’s function or self-energy. This
can be taken from the second order approximation. The reducible and the irreducible vertices are
also initialized with the bare interaction. The self-consistency loop can then be described as follows:
(i) first we calculte the bare susceptibility xo which is just the product of two Green’s functions
(i) next this bare susceptibility is used to calculate F' through the Bethe-Salpeter equation

(iii) we then proceed with solving the parquet equation which enables us to update the irreducible
vertex I". This step requires the input of the fully irreducible vertex A which in the context of the
parquet approximation is simply taken to be the bare interaction. It can also be derived from some
more sophisticated methods.

(iv) it is followed by a calculation of the new F' through the Bethe-Salpeter equation

(v) this value of F' is then used to update the self-energy through the Schwinger Dyson equation
(vi) the Dyson’s equation is then solved for the Green’s function G.

This loop is repeated until convergence of the self-energy 3 is achieved within a reasonable criterion.
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Unfortunately, this loop becomes unstable when the Coulomb interaction strength is increased
or the temperature is lowered. This leads us to use some variations of the above scheme. One
possibility is to start with an overestimated self-energy and to damp it along with the irreducible

vertex between two iterations according to:

X = a1Xpew + (1 — al)EOld (311)

I' = oslnew + (1 — a2)Tog (3.12)

where o and as are some damping parameters.

The other possibility is to rewrite the coupled Bethe-Salpeter and parquet equations in the form
of a Newton fixed-point problem. Then we can take advantage of the existing linear solvers such as
BiCGS [68] or GMRES [67].

One major advantage that the parquet formalism has over Exact Diagonalization (ED) or Quan-
tum Monte Carlo (QMC) is that it scales algebraically with the volume of the system in space-time
as one can readily observe. The most time-consuming part of the formalism is the solution of the
Bethe-Salpeter and the parquet equations, where the computational time scales as O(nt*) where
ng = N X Ny, N being the number of sites on the cluster and n; the number of Matsubara frequen-
cies . Although the scaling is better than that of ED or QMC, one can see that when the system size
grows, the problem quickly grows beyond the capacity of the usual desktops and becomes suitable
for a distribution on a large number of processors on a supercomputer.

Our parallel scheme and our data distribution are based on the realization that the Bethe
Salpeter equation is the most time-consuming part of our calculation. One can easily see that it
decouples nicely with respect to the bosonic momentum-frequency index (). This enables us to
distribute the vertices across processors with respect to this third index and to solve the Bethe-
Salpeter equation with a local matrix inversion. However, this storage scheme puts a limit on the size
of the problem that we can address. For a node with 2G of memory, the maximum value of n; that
we can use if our variables are complex double precision is about 2500. Unlike the Bethe-Salpeter
equation, one can readily observe that the parquet equation doesn’t decouple in terms of the third

index. Solving this equation requires a rearrangement of the matrix elements across processors and
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this is the communication bottleneck in the algorithm. The rearrangement is necessary to obtain
the form of the vertex ladder ® or ¥ that is necessary in the parquet equation. For instance, in the
d channel, we need ® (P — P')p p, 5. This form of the vertex ladder is obtained in the three-step

process described in following:

(Q)pp = 2(Qpp_p (3.13)
®(Qpp_p = O(P-P) PO (3.14)
®(P-P)p, = 2(P-P)pp.q (3.15)

The first step in this transformation only moves data locally in memory. This doesn’t require
much time. The second step is actually just a 2D matrix transpose but with matrix elements spread
on many nodes. This is where communication across nodes is required. It is achieved by using the
standard MPT collective directives. The final step is also local and can equally be done very fast.

Next we will discuss some results that we obtained for the Hubbard model.

3.4 Results

In the following section, we will show the PA results on the 4x4 Hubbard cluster at half-filling. The
calculation is done for U=2t and different temperatures. We have done the nf — oo extrapolation
so that the cutoff error in the frequency space is minimized. To see how good PA works for the
lattice model, we use the DQMC result as the bench-mark. In the DQMC calculation, A7 = 1/12
is used and the combined statistical and systematic errors are smaller than the symbols used. To
further compare PA to other approximations, FLEX and self-consistent 2nd-order results are also

included.

3.4.1 One-particle Green function G (7)

First, one can get a rough idea on how PA improves physical measurables by comparing the one-
particle Green’s function from different levels of approximation. Shown in Figure 3.3 are Gy (1)

with k = (7,0) calculated from the self-consistent 2nd-order approximation, FLEX, PA and DQMC.
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Figure 3.3: One-particle Green function G (7) for the three diagrammatic approaches and the
DQMC. For this temperature, the PA result looks very close to the DQMC one.

The result gets closer to the DQMC one from the 2nd-order approximation and FLEX to PA as can
be readily seen from the figure. This confirms the intuition that one would get better results if the

approximation is made on the more irreducible vertex level.

3.4.2 Unscreened Local Moment

Next is the local moment which is defined as

<p> = <(np—n))?> (3.16)

= <n>-2<mng > (3.17)

where 7, denotes the number operator of electron of spin ¢. In the context of a conserving ap-
proximation, it can be re-expressed in terms of the self-energy and the one-particle Green’s function
as

2T
<p>=<n> —FTr(EG)

where the trace sums over both the momentum and the frequency degrees of freedom.

The results are shown in Figure 3.4. Among the three diagrammatic approaches, the PA result
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Figure 3.4: The inverse temperature dependence of local moment. Among the three diagrammatic
approaches, the PA result goes closest to the DQMC one.

goes closest to the DQMC one. If looking at the DQMC more carefully, one can find the existence
of two hunches (the two hunche structure is clearer if the temperature instead of the inverse tem-
perature is used as the x-axis). The hunch at T} ~ U/2, which is well re-produced by the PA,
designates the energy scale for the charge fluctuation, and is directly related to the suppression of
charge double occupancy. The other hunch at 75 < ¢ is related to the virtual exchange interaction,
J, between nearby spins. It is believed to be related to the synergism between the development of
the long-range antiferromagnetic correlation and enhancement of the local moment. As a result, a
pseudogap is opened which increases the entropy of the system|[72][73]. The magnitude of T3 can
be estimated by noticing J = 4¢2/U for the strong coupling limit and texp (—27t/U) in the weak
coupling limit[72][12]. Therefore it basically interpolates between these two limits for that U = 2t
is in the intermediate coupling regime. This hunch is not well captured by PA. The increasing im-
portance of envelop-shape diagram contribution not included in PA is responsible for this deviation

at the low temperature region.
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Figure 3.5: Uniform susceptibility calculated for different methods as a function of inverse temper-
ature. While at the high temperature region, all the diagrammatic method results come close to
the DQMC result, the PA shows its advantage clearly at the low temperature region.

3.4.3 Uniform Susceptibility

As the last quantity, the uniform magnetic susceptibility is defined as

Yomag (0,0) = /Oﬁd7<ﬁsz(¢)sz(0)> (3.18)

1
= 7 (5 (3.19)

with magnetic moment defined as

5.1) = % (g (1) — ey () (3.20)

T
The Xmaqg from different approaches are presented in Figure 3.5. The uniform magnetic suscep-
tibility calculated from DQMC follows a nearly linear dependence on 3. This mimics closely the
Curie-Weiss law of weakly interacting moments and implies that the dominant effect in the system is
the short range magnetic fluctuation. This is consistent with the 5 dependence of the local moment
presented in Figure 3.4. As the temperature still dominates over the spin energy scale of the system,

it suppresses the long range fluctuation.
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From this figure, the improvement of PA over the other two approximations is also easy to
see. Similar to the local moment, the difference between results from PA and DQMC at the low

temperature region can be explained as the missing of envelop-shape diagrams in PA.

3.5 Summary and Outlook

We have presented the parquet formalism and the PA method. The preliminary application of PA
on the 4x4 Hubbard cluster shows that it can extract better results than the SC 2nd-order or FLEX
calculations. This is the first step in our work, next we are going to use the parquet formalism in
the so-called Multi-Scale Many-Body (MSMB) approach. Within MSMB, correlations at different
length scales are treated with different methods. The short length scales are treated explicitly with
QMC methods, intermediate length scales treated diagrammatically using fully irreducible vertices
obtained from QMC and long length scales treated at the mean field level. This new approach
will avoid the exponential increase of the computational cost as the system size increases, and thus
can take full advantage of the most up-to-date computer resources available. And we might even
combine it with the Local Density Approximation (LDA) to gain some predictive power from the

first principle electronic structure calculation.
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Chapter 4

Proximity of the Superconducting Dome
and the Quantum Critical Point in the
Two-Dimensional Hubbard Model

In this chapter, I present our investigation of the relationship between the Quantum Critical Point
underneath the superconducting dome and the high superconducting temperature. This project was
done in collaboration with Shuxiang Yang, Shiquan Su, Dimitris Galanakis, Ehsan Khatami, Jian-
Huang She, Juana Moreno, Jan Zaanen and Mark Jarrell. Here, we used the tools offered by the
parquet formalism to decompose the pairing matrix into its contributions from different channels.
This establishes that the dominant contributions originate from the spin channel. Furthermore, we
study the divergence of the two components of the pairing matrix at optimal doping and find that
the bare bubble has the most singular behavior supporting in agreement with She and Zaanen’s
Quantum Critical BCS [21]. The material presented in this chapter has been published in Physical
Review Letters [22|. My contribution in this project included deriving the equations for the vertex
decomposition, working on the resulting code and doing some of the DCA calculation on the Cray-
XT5 at ORNL.

S.-X. Yang, H. Fotso, S.-Q. Su, D. Galanakis, E. Khatami, J.-H. She, J. Moreno, J. Zaanen,
and M. Jarrell, Proximity of the Superconducting Dome and the Quantum Critical Point in the
Two-Dimensional Hubbard Model, Phys. Rev. Lett' 106, 047004 (2011).

4.1 Introduction

The unusually high superconducting transition temperature of the cuprates remains an unsolved
puzzle, despite more than two decades of intense theoretical and experimental research. Central
to the efforts to unravel this mystery is the idea that the high critical temperature is due to the

presence of a quantum critical point (QCP) which is hidden under the superconducting dome [74, 75].
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Numerical calculations in the Hubbard model, which is accepted as the de-facto model for the
cuprates, strongly support the case of a finite-doping QCP separating the low-doping region, found
to be a non-Fermi liquid (NFL), from a higher doping Fermi-liquid (FL) region [50, 76]. Calculations
also show that in the vicinity of the QCP, and for a wide range of temperatures, the doping and
temperature dependence of the single-particle properties, such as the quasi-particle weight [50], as
well as thermodynamic properties such as the chemical potential and the entropy, are consistent
with marginal Fermi liquid (MFL) behavior [53]. This QCP emerges by tuning the temperature
of a second-order critical point of charge separation transitions to zero and is therefore intimately
connected to ¢ = 0 charge fluctuations [60|. Finally, the critical doping seems to be in close proximity
to the optimal doping for superconductivity as found both in the context of the Hubbard [60] and
the t-J model [77]. Even though this proximity may serve as an indication that the QCP enhances
pairing, the detailed mechanism is largely unknown.

In this Letter, we attempt to differentiate between two incompatible scenarios for the role of
the QCP in superconductivity. The first scenario is the quantum critical BCS (QCBCS) formalism
introduced by She and Zaanen (She-Zaanen) [21]. According to this, the presence of the QCP results
in replacing the logarithmic divergence of the BCS pairing bubble by an algebraic divergence. This
leads to a stronger pairing instability and higher critical temperature compared to the BCS for the
same pairing interactions. The second scenario suggests that remnant fluctuations around the QCP
mediate the pairing interaction [78, 79]. In this case the strength of the pairing interaction would
be strongly enhanced in the vicinity of the QCP, leading to the superconducting instability. Here,
we find that near the QCP, the pairing interaction depends monotonically on the doping, but the
bare pairing susceptibility acquires an algebraic dependence on the temperature, consistent with

the first scenario.

4.2 Formalism

In a conventional BCS superconductor, the superconducting transition temperature, T, is deter-
mined by the condition Vx((w = 0) = 1, where xj is the real part of the ¢ = 0 bare pairing

susceptibility, and V' is the strength of the pairing interaction. The transition is driven by the
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divergence of x((w = 0) which may be related to the imaginary part of the susceptibility via
Xo(w = 0) = L [dwx§(w)/w. And x{(w) itself can be related to the spectral function, Ay(w),

through
o) = % Y [ ) A - ) (- 6o) - ) (4.1)
¢,k

where the summation of ( € {—1,+1} is used to anti-symmetrize x{(w). In a FL, x{(w)
N(w/2) tanh (w/4T), and x((T") o< N(0)In(wp/T) with N(0) the single-particle density of states at
the Fermi surface and wp the phonon Debye cutoff frequency. This yields the well known BCS equa-
tion T, = wp exp (—1/(N(0)V). In the QCBCS formulation, the BCS equation is Vx/'(w = 0) = 1,
where y/ is fully dressed by both the self energy and vertices associated with the interaction re-
sponsible for the QCP, but not by the pairing interaction V. In the Hubbard model the Coulomb
interaction is responsible for both the QCP and the pairing, so this deconstruction is not possible.
Thus, we will use the more common BCS T, condition to analyze our results with Vxi(w =0) =1
where x{, is dressed by the self energy but without vertex corrections. Since the QCP is associated
with MFL behavior, we do not expect the bare bubble to display a FL logarithm divergence. Here,
we explore the possibility that yu(w = 0) ~ 1/T.

The two-dimensional Hubbard model is expressed as:

H=Hi+H,=Y el e, +UD numy, (4.2)
ko i
where c}; - (Cro) is the creation (annihilation) operator for electrons of wavevector k and spin o, nj, =
cjocw is the number operator, €} = —2t (cos(k;) + cos(k,)) with ¢ being the hopping amplitude
between nearest-neighbor sites, and U is the on-site Coulomb repulsion.

We employ the dynamical cluster approximation (DCA) [18, 19| to study this model with a
Quantum Monte Carlo (QMC) algorithm as the cluster solver. The DCA is a cluster mean-field
theory which maps the original lattice onto a periodic cluster of size N, = L? embedded in a self-
consistent host. Spatial correlations up to a range L. are treated explicitly, while those at longer
length scales are described at the mean-field level. However the correlations in time, essential for

quantum criticality, are treated explicitly for all cluster sizes. To solve the cluster problem we use
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the Hirsch-Fye QMC method [80, 13] and employ the maximum entropy method [31] to calculate
the real-frequency spectra.

We evaluate the results starting from the Bethe-Salpeter equation in the pairing channel:

X(@)pr = xo(Q)ropp
+ Z X(Q)p,pL(Q)pr Prx0o(Q) P (4.3)
P//
where x is the dynamical susceptibility, xo(Q)p [= —G(P + Q)G(—P)] is the bare susceptibility,

which is constructed from G, the dressed one-particle Green’s function, I' is the vertex function, and
indices Pl-] and external index Q denote both momentum and frequency. The instability of the
Bethe-Salpeter equation is detected by solving the eigenvalue equation I'xg¢ = A¢ [81] for fixed Q.
By decreasing the temperature, the leading A increases to one at a temperature T, where the system
undergoes a phase transition. To identify which part, xg or I', dominates at the phase transition,
we project them onto the d-wave pairing channel (which was found to be dominant [76, 82]). For
X0, we apply the d-wave projection as xoq(w) = > Xo(w, ¢ = 0)kga(k)?/ >k ga(k)?, where gq(k) =
(cos(k) — cos(ky)) is the d-wave form factor. As for the pairing strength, we employ the projection
as Vg = 1 9a(k) Tk ga(K')/ Dk ga(k)?, using T' at the lowest Mastsubara frequency [83].

To further explore the different contributions to the pairing vertex, we employ the formally
exact parquet equations to decompose it into different components [83, 20]. Namely, the fully
irreducible vertex A, the charge (S=0) particle-hole contribution, ®., and the spin (S=1) particle-
hole contribution, ®g, through: ' = A 4+ ®, 4+ &,. Similar to the previous expression, one can write
Vi= VdA + V7 + V", where each term is the d-wave component of the corresponding term. Using
this scheme, we will be able to identify which component contributes the most to the d-wave pairing

interaction.

4.3 Results

We use the BCS-like approximation, discussed above, to study the proximity of the superconducting

dome to the QCP. We take U = 6t (4¢ = 1) on 12 and 16 site clusters large enough to see strong
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evidence for a QCP near doping 6 ~ 0.15 [50, 53, 60]. We explore the physics down to 7"~ 0.11.J on
the 16 site cluster and 7' ~ 0.07J on the 12-site cluster, where J ~ 0.11 [50] is the antiferromagnetic

exchange energy. The fermion sign problem prevents access to lower T'.
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Figure 4.1: Plots of leading eigenvalues for different channels at the critical doping for N, = 12 and
N, = 16 site clusters. The inset shows the phase diagram with superconducting dome, pseudogap
T* and FL Tx temperatures from Ref. [50]

Fig. 4.1 displays the eigenvalues of different channels (pair, charge, magnetic) at the QC fill-
ing. The results for the two cluster sizes are nearly identical, and the pairing channel eigenvalue
approaches one at low T, indicating a superconducting d-wave transition at roughly 7. = 0.007.
However, in contrast to what was found previously [83], the ¢ = 0 charge eigenvalue is also strongly
enhanced, particularly for the larger N, = 16 cluster, as it is expected from a QCP emerging as
the terminus of a line of second-order critical points of charge separation transitions [60]. The inset
shows the phase diagram, including the superconducting dome and the pseudogap 7™ and FL Tx
temperatures.

In Fig. 4.2, we show the strength of the d-wave pairing vertex Vy versus doping for a range
of temperatures. Consistent with previous studies [84], we find that Vj falls monotonically with
increasing doping. At the critical doping, d. = 0.15, V; shows no feature, invalidating the second

scenario described above. The different components of V; at the critical doping versus temperature
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Figure 4.2: Plots of Vy, the strength of the d-wave pairing interaction for various temperatures with
U=1.5 (4 = 1) and N. = 16. V, decreases monotonically with doping, and shows no feature at
the critical doping. In the inset are plots of the contributions to V; from the charge V7 and spin
V7 cross channels and from the fully irreducible vertex VdA versus 1" at the critical doping. As the
temperature is lowered, T' < J = 0.11, the contribution to the pairing interaction from the spin
channel is clearly dominant.

are shown in the inset of Fig. 4.2. As the QCP is approached, the pairing originates predominantly
from the spin channel. This is similar to the result of Ref. [83] where the pairing interaction was
studied away from quantum criticality.

In contrast, the bare d-wave pairing susceptibility xoq exhibits significantly different features
near and away from the QCP. As shown in Fig. 4.3, in the underdoped region (typically § = 0.05),
the bare d-wave pairing susceptibility x{,(w = 0) saturates at low temperatures. However, at the
critical doping, it diverges quickly with decreasing temperature, roughly following the power-law
behavior 1/+/T, while in the overdoped or FL region it displays a log divergence.

To better understand the temperature-dependence of x,(w = 0) at the QC doping, we looked
into T'®x{,(w)/w and plotted it versus w/T in Fig. 4.4. When scaled this way, the curves from
different temperatures fall on each other such that T'°x{,(w)/w = H(w/T) = (w/T) =5 for w/T 2
9~ 4t/J. For 0 < w/T < 4t/J, the curves deviate from the scaling function H(x) and show nearly

BCS behavior, with x{,(w)/wl| _, which is weakly sublinear in 1/7" as shown in the inset. The curves
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Figure 4.3: Plots of x(,(w = 0), the real part of the bare d-wave pairing susceptibility, at zero
frequency vs. temperature at three characteristic dopings. The solid lines are fits to x{,(w = 0) =
B/VT + Aln(we/T) for T < J. In the underdoped case (§ = 0.05), xhy(w = 0) does not grow
with decreasing temperature. At the critical doping (§ = d. = 0.15), x(,(w = 0) shows power-law
behavior with B = 0.04 for the 12 site, and B = 0.09 for the 16-site clusters (in both A = 1.04 and
we = 0.5). In the overdoped region (6 = 0.25), a log divergence is found, with B = 0 obtained from
the fit.

away from the critical doping (not displayed) do not show such a collapse. In the underdoped region
(6 = 0.05) at low frequencies, xg,(w)/w goes to zero with decreasing temperature (inset). In the FL
region (6 = 0.25) xg,(w)/w develops a narrow peak at low w of width w ~ T’x and height o< 1/T as

shown in the inset.

4.4 Discussion

Xog(w)/w reveals details about how the instability takes place. The overlapping curves found at the
QC filling contribute a term T~ H(w/T) to xf(w)/w or xhy(T) o< 1/VT as found in Fig. 4.3.
There is also a component which does not scale, especially at low frequencies. In fact, x(,(w)/w at
zero frequency increases more slowly than 1/7 as expected for a FL. From this sublinear character,
we infer that the contribution of the non-scaling part of x{j;,(w)/w to the divergence of x{,(T) is

weaker than BCS and may cause us to overestimate A and underestimate B in the fits performed
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Figure 4.4: Plots of T'°x{,(w)/w versus w/T at the QC doping (§ = 0.15) for N, = 16. The arrow
denotes the direction of decreasing temperature. The curves coincide for w/T > 9 ~ (4¢/J) defining
a scaling function H(w/T), corresponding to a contribution to x{;(T) = 1 [ dwx{;(w)/w o 1/VT
as found in Fig. 4.3. For w/T > 9 ~ (4t/J), H(w/T) ~ (w/T)~1® (dashed line). On the x-axis,
we add the label Ty /T ~ (4t/J), where Ty represents the energy scale where curves start deviating
from H. The inset shows the unscaled zero-frequency result xg;(w)/w| _, plotted versus inverse
temperature.

at the critical doping in Fig. 4.3. In addition, if H(0) is finite, it would contribute a term to x(,(T")
that increases like 1/T"5, so H(0) = 0. From Eq. 4.1 we see that the contribution to yg,(w)/w at
small w comes only from states near the Fermi surface. H(0) = 0 would indicate that the enhanced
pairing associated with x},(7") o 1/v/T is due to higher energy states. The vanishing of x{;(w)/w
in the pseudogap region (6 = 0.05) for small frequency when 7" — 0 indicates that around the Fermi
surface, the dressed particles do not respond to a pair field. Or, perhaps more correctly, none are
available for pairing due to the pseudogap depletion of electron states around the Fermi surface.
Thus, even the strong d-wave interaction, seen in Fig. 4.2, is unable to drive the system into a
superconducting phase. In the overdoped region, x{,(w)/w displays conventional FL behavior for
T < Ty, and the vanishing V; suppresses T.

Together, the results for xoq and V; shed light on the shape of the superconducting dome in the

phase diagram found previously [60]. With increasing doping, the pairing vertex Vj falls monotoni-
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cally. On the other hand, x{,(7T") is strongly suppressed in the low doping or pseudogap region and
enhanced at the critical and higher doping. These facts alone could lead to a superconducting dome.
Futhermore, the additional algebraic divergence of x{,(T’) seen in Fig. 4.3 causes the superconduc-
tivity to be enhanced even more strongly near the QCP where one might expect T, (VdB)Q, with
B = %f dxH(x), compared to the conventional BCS form in the FL region.

Similar to the scenario for cuprate superconductivity suggested by Castellani et al. [78], we
find that the superconducting dome is due to charge fluctuations adjacent to the QCP related to
charge ordering. However, we differ in that we find the pairing in this region is due to an algebraic
temperature dependence of the bare susceptibility xgq rather than an enhanced d-wave pairing
vertex Vy, and that this pairing interaction is dominated by the spin channel.

Our observation in the Hubbard model offers an experimental accessible variant of She-Zaanen’s
QCBCS. We use the bare pairing susceptibility xg while She-Zaanen use the full y, which includes
all the effects of quantum criticality but not the correction from the pairing vertex (the pairing glue
is added separately). This decomposition is not possible in numerical calculations or experiments
since both quantum criticality and pairing originate from the Coulomb interaction. However, the
effect of quantum criticality already shows up in the one-particle quantities, and the spectra have
different behaviors for the three regions around the superconducting dome. She-Zaanen assume
that x”(w) o< 1/w® for Ts < w < w,, where w, is an upper cutoff, and that it is irrelevant (o < 0),
marginal (a = 0), or relevant (a > 0), respectively in the pseudo gap region, FL region and QCP
vincity. We find the same behavior in xp and we have the further observation that near the QCP

s~ (4t/J)T and a = 0.5.

Experiments combining angle-resolved photo emission (ARPES) and inverse photo emission
results, with an energy resolution of roughly J, could be used to construct ygq and explore power
law scaling at the critical doping. Since the energy resolution of ARPES is much better than inverse
photo emission, it is also interesting to study x{,;(w)/w|w—0, which only requires ARPES data, but

not inverse photo emission.
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4.5 Conclusion

Using the DCA, we investigate the d-wave pairing instability in the two-dimensional Hubbard model
near critical doping. We find that the pairing interaction remains dominated by the spin channel
and is not enhanced near the critical doping. However, we find a power-law divergence of the bare
pairing susceptibility at the critical doping, replacing the conventional BCS logarithmic behavior.
We interpret this behavior by studying the dynamic bare pairing susceptibility which has a part
that scales like x{,;(w)/w ~ T~'H(w/T), where H(w/T) is a universal function. Apparently, the
NFL character of the QCP yields an electronic system that is far more susceptible to d-wave pairing
than the FL and pseudogap regions. We also suggest possible experimental approaches to exploit

this interesting behavior.
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Chapter 5

Dual Fermion Dynamical Cluster
Approach for Strongly Correlated
Systems

In this chapter, I present our recent generalization of the dual fermion approach proposed by Rubtsov
et al to the Dynamical Cluster Approximation. This generalization introduces a small parameter
in the dual fermion perturbation theory and makes the approach systematic. We illustrate the
quality of the approach by using various diagrammatic techniques and exploring the convergence
as a function of the problem size. The material presented here has been submitted for publica-
tion in Physical Review B. This project was done in collaboration with Shuxiang Yang, Hartmut
Hafermann, Ka-Ming Tam, Juana Moreno, Thomas Pruschke and Mark Jarrell. My contribution
included the derivation of the formalism, the parquet approximation code and the calculation for
the DMFT dual fermion and a code to cross-check the second order approximation calculations for
the dual fermion DCA.

S.-X. Yang, H. Fotso, H. Hafermann, K.-M. Tam, J. Moreno, T. Pruschke, and M. Jarrell, Dual

Fermion Dynamical Cluster Approach for Strongly Correlated Systems, arXiv:1104.3854.

5.1 Introduction

Dynamical mean-field theory [23, 16, 26] has been remarkably successful at capturing the physics
of strongly correlated systems dominated by spatially local correlations. Successes include the
description of the Mott transition in the Hubbard model, screening effects in the periodic Anderson
model, as well as the description of correlation effects in realistic systems [27, 28, 86].

Since the introduction of the Dynamical Mean-Field Approximation (DMFA) there have been
a number of attempts to develop formal extensions around the DMFA that incorporate non-local

corrections. These include cluster extensions of the DMFA, such as the Dynamical Cluster Ap-
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proximation (DCA) [18, 19, 13] or the Cellular Dynamical Mean-Field Theory (CDMFT) [17], and
multi-scale approximations where the DMFA or DCA vertices are used to parameterize two-particle
field theories and longer ranged correlations can thus be captured [88, 89, 90]. One of the main
limitations of these theories is that they converge slowly with the linear cluster size L., especially
for the calculation of transition temperatures.

The Dual Fermion (DF) formalism [91, 92] is however, distinctly different from other cluster
extensions of the DMFA. In the DF formalism, the lattice action is first mapped onto a DF action
where the interaction vertices are the n-body reducible vertices of the cluster. This mapping is exact,
so the DF formalism provides a complete and exact formalism for the lattice problem. Thus far,
the DF formalism has only been explored using the DMFA or the CDMFT as a cluster solver [93].
However, the CDMFT has the disadvantage in this context that it violates translational invariance,
so that the CDMF'T vertices, are rank-4 tensors in the spatial or momentum indices which are too
large to be stored and manipulated on most computers, especially for large clusters. Thus in this
manuscript we propose the Dual Fermion Dynamical Cluster approach (DFDCA), within which the
long-ranged correlations can be systematically incorporated through DF lattice calculation. Since
the DCA preserves the translational invariance of the lattice system, the DCA two-body vertices are
rank-3 tensors which, for modest cluster sizes, will fit in the memory of modern computers. Another
difference with the above mentioned, which we will discuss in detail, is that the small parameter
for the DFDCA is the DF single-particle Green function, which scales as G4 ~ O(1/L.) with L.
being the linear cluster size. As a result, perturbation theory on the DF lattice converges very
quickly. Simple second order perturbation theory on the DF lattice already yields a DF self-energy
of order O(1/L3) with two-body corrections down by an additional factor of O(1/L2). Higher order
approximations are also possible, since the, e.g., three-body vertex corrections to the DFDCA self-
energy are small, O(1/L2). Therefore, the resulting DFDCA formalism converges very quickly with

increasing cluster size, with corrections to the self-energy no larger than O(1/L3).
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5.2 Mapping the DCA Formalism to Dual Fermions

We will derive the DFDCA formalism with the example of the Hubbard model. Tts Hamiltonian is

H = -— Z tij(czacj‘g + h.C.),

<ij>

+ UZ(WT —1/2)(n;y, — 1/2) (5.1)

(t)

where t;; is the matrix of hopping integrals, ¢;,’ is the annihilation (creation) operator for electrons
on lattice site ¢ with spin ¢, and U the intra-atomic repulsion.

The DMFA, and its cluster extensions such as the DCA, are based upon the common idea of
embedding a cluster in a lattice. We assume that the cluster, of size N, = L” with wavevectors
K, dimensionality D and sites I, is embedded in a large but finite-sized lattice of size N with
wavevectors k and sites i. In the DCA, the reciprocal space of the lattice is divided into NN, cells of
identical geometry and linear size Ak. The cell centers are labeled by K, and the points surrounding
K within the coarse-graining cell are labeled with k. We will also invoke a dual space lattice which

is of the same size and geometry as the real lattice.

The action for this model is

Sle*, el = — Z Cz,kp[(iw +p)1 — hk]cw,k,a + Z Sioclci s il (5.2)

UJJi‘,O' K3

where Sjoc[ct, ¢;] is the local part of the action including the Hubbard interaction term, ¢} and ¢; are
now Grassmann numbers corresponding to creation and annihilation operators on the lattice, p the
chemical potential, hy the lattice bare dispersion, and w = (2n 4+ 1)xT the Matsubara frequencies.

Decomposing the wavevector according to k = K + k, the lattice action becomes

Slc*, ] = Z Stoclcy s ¢l

o Z CZ,K+1~<,J[(Z‘w + M)l B hK+l~(]cw7K+l~(,J' (53)
w,K,f(,a
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The goal is to express this action in terms of the DCA cluster problem [94]

Scluster[€ ¢l = Z Stocler, 1]
I

- Z E:J,K,J[(iw + :u)l - EK - A(Kv iw)]Ew,K,m (5'4)
w,K,o

where ¢} and ¢; are now Grassmann numbers corresponding to creation and annihilation operators

on the DCA cluster, and A(K,iw) is the cluster hybridization function. To this end, we add and

subtract the hybridization function and coarse-grained dispersion, i.e.,

CZ),K+R,O'[EK + A(K, iw)]
w,K,f(,a

N 7 . p—
- N Y ool + A(K,iw)]ew K 0, (5.5)

c
w,K,o

Cw,KJrfc,a

where the last line follows from the DCA coarse-graining identity

_ _ N,
Coo Ko Cw K0 = WC C:J,K+E,JCW,K+IE,U (5.6)
k
and the coarse-grained dispersion is given by
_ N,
hic =~ > hgi (5.7)

k

The DCA coarse-graining identity preserves the Fermionic Lie algebra, despite the fact that it is

not a canonical transformation,

N,
=t = _ T _
{CKU’CK""'} - NC Z {CK+R,0’CK’+R70'} = OKoK'a", (5.8)

where the last step follows since the coarse graining cells surrounding K and K’ have the same

geometry and contain the same number of states which, therefore, may be labeled with the same k.
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We then obtain

Sle*,d = Sigelc}, cil

_ Z C;K_*_R’U[(iw + 1)1 —hg — A(K, iw)le, k1o
w,K,f(,a
- Z ko AM () iw) + hayky — hilco ko (5.9)

w,k,o

In the third line of this equation we have introduced the function M (k) which maps the momentum
k in the DCA momentum cell to the cluster momentum contained in that cell. Coarse-graining the
first and the second terms on the right hand side of the above equation yields the cluster action

(5.4). Since the latter is independent of k, we may write

Sle*, el = Z Scluster!€ + 7]
k

- Z C:,k,o[A(M(k)’ iw) + EM(k) - hk]cw,k,a- (510)

w,k,o

Again, up to this point, we have only re-arranged terms and employed an identity which defines €.
No approximation has been made.

The dual fermions are now introduced by means of the following Gaussian identity

/ exp(—f2ap s — [ibascs — b fa) L df dfy

= det(a) explc},(ba 'b)ascs] (5.11)
for Grassmann variables in the path integral representation for the partition function

/exp(—S[c*,c])D[c*,c]. (5.12)
To be specific, we choose the (diagonal) matrices according to

Qu.ko = §72(M(k)a ’LW)[A(M(]C), iw) + EM(IC) - hk]il;

70



bw,k,a = g_l(M(k)aiw)' (513)

where g is the single particle Green function calculated on the DCA cluster. Applying the above

identity to the second term in (5.10) yields

w, k o fw k,o
2 G2 (M (k), iw)[A(M (k) iw) + harcr) — Tl

w,k,o

+ Z [f:,k,agil(M(k)’ Z.w)cw7k,a + hC] (5]_4:)

w,k,o

The essential observation now is that, since g~ *(M(k),iw) = g~ (K, iw) is independent of k, the

second line of (5.14) may be coarse-grained using again the DCA coarse-graining identity

- _ N,
fw7K7Ucw7K70 = W Z f:;,K*FI;),O'CW,KJr]%,O'. (515)
k

As a consequence the lattice action, Eq. (5.10), can be expressed in the form

Slc* e f*, f] = Zsrestr e f ’f]
It -
+ Z - .w,K—l—k,a. 7KJrk_, (516)
R (K,iw)[A(K, iw) + hi — hy]
where
Srestr[@ G f o fl = Scluster@ 7
+Z wKog YK, iw)ey k.o + h.c.] (5.17)

w,K,o

is the action restricted to the cluster.
The transformation to dual fermions is completed by integrating out the fermionic degrees of

freedom corresponding to ¢ and ¢*. Since Spegty is independent of k, this can be done individually
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for each cluster

;/eXp(_Srestr[E*7E§7*7f])D[E*7E]

Z cluster

=exp | — Z ?Z:,K,Ugil(Ka iw)?w,K,o - V[?*af]

w,K,o

(5.18)

Eq. (5.18) defines the dual potential which can be obtained by expanding both sides and comparing
the resulting expressions order by order. It is given by [96]:
— =1
GRS S 3D
KK'Qww'Q01,02,03,04

/ L .
’70'1,02,03,0'4([(7[( 7Q71w72w 729)

—x —

— _
Xfw—i—Q,K—i—Q,zn fw,K,Jg fw’,K’,o‘;; fw’+Q7K’+Q,U4

+... (5.19)

where ~ is the full (reducible) vertex of the cluster quantum impurity model, and the higher order
contributions involve the n-body (for n > 2) reducible vertices as the bare interaction. Integrating
out the lattice fermions results in an action which depends only on the DF degrees of freedom given

by

Sd[f*a f] = - Z f:kaG?l(k:’ iw)_lfwka + Z V[?*a?]’ (520)

kwo k
where G?l is the bare dual Green function defined by

(K, iw)? .
(K, iw) + (A(K, iw) + b — hg) "

GY(k,iw) = — (5.21)

This quantity together with the dual potential V[T*,T] provides sufficient input for a many-body

diagrammatic perturbation calculation on the dual lattice.

72



Note that besides the DCA coarse-graining process introduced here, the above derivation is a

natural generalization of the DF DMFA formulation of Rubtsov etal. [91]

5.2.1 Self-consistency Condition

In rewriting the lattice action in terms of the cluster impurity model in the above derivation, the
DCA hybridization function has been added and subtracted and hence is an arbitrary quantity. In

order to fix this quantity we impose the condition
0/ 7 - N. 0 S
Gy(K,iw) = N Z Gy (K 4+ k,iw) = 0. (5.22)
k
To appreciate the consequences of this condition, first consider the DCA lattice Green function

G—l

Do (K +kyiw) = (iw+ )1 = hye o — Zo(K, iw), (5.23)

which can be expressed in terms of the cluster Green function

g UK, iw) = (iw+ p)1 — h — Ze(K,iw) — ALK, iw), (5.24)
as
Gpea K +kiw) = 57 (K, iw) + Ac(K, iw) + hi = e g (5.25)

Using the last expression, one may straightforwardly derive the following identity relating the DCA

lattice Green function to the bare dual Green function
G (K +k,iw) = Gpoa (K + k,iw) — (K, iw) (5.26)

Hence the above condition (5.22) is equivalent to requiring that the coarse-grained DCA lattice
Green function be equal to the Green function of the cluster impurity model. This is exactly
the DCA self-consistency condition. The DCA solution is therefore obtained if no diagrammatic

corrections are taken into account and the hybridization is determined such that (5.22) holds.
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Consequently, we have a perturbation theory around DCA as the starting point. While the DCA
solution only depends on the cluster momentum K, the dependence on k can be introduced by
solving the dual problem perturbatively.

5.2.2 Scaling of the of Dual Fermion DCA Approach with Cluster Size

The bare dual Green function is given by

(K, iw)? .
(K, iw) + (A(K, iw) + b — hg) "

GY(k,iw) = — (5.27)

If we introduce the linear cluster size L through N, = L?, one finds that the term (A(K,iw) + hg — hi;) ~
O(1/L.). The small nature of this term for large L. should ensure rapid convergence of the DFDCA.

In particular, we then have

Gy(k,iw) = —g(K,iw) (A(K,iw) + hx — i) K, iw)

+0O(1/L?), (5.28)
i.e. the bare dual Green function also scales like
GY(k,iw) ~ O(1/L.). (5.29)
Applying the standard tools to the DF action, one as usual obtains the formal expression
Gy(k,iw) = GY(k,iw) + GY(k, iw)Ty(k, iw)GY(k, iw), (5.30)

for the full DF Green function Gy(k,iw), where the reducible self-energy or scattering matrix
Ty(k,iw) of the dual system is introduced. We will show later, that Ty(k,iw) will be at most

O(1/L?), i.e. we can infer the scaling

Gk, iw) ~ O(1/Le) (5.31)
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for the full DF Green function, too.

Once the DF Green function is known, one can reconstruct the real lattice Green function as

Gk, iw) = G(K,iw) > (A(K,iw) + hi — h) " Galk, iw)

+ (A(K, iw) + he — hy) (5.32)
As G(k,iw) is the Green function of the real lattice, it should scale as
G(k,iw) ~ O(1) (5.33)

with respect to any length scale. On the other hand, for the two terms on the right hand side in
(5.32) we find
(K, iw) 2 (A(K, iw) + hie — hi)~ Ga(k, iw) ~ O(L,) (5.34)

and

(A(K,iw) + T — hg) " ~ O(Le) . (5.35)

Thus, the two O(L.) terms must cancel each other. To verify this requirement, we insert the zeroth
order contribution of the dual Green function into the original Green function, and after some

algebra we indeed obtain
G(k,iw) ~ g(K,iw) ~ O(1), (5.36)
with a correction given by
AG(kyiw) ~ Ty(k,iw). (5.37)

Therefore, the correction to the real Green function through the DF approach scales the same way
as the dual self-energy.
Presently, the dual potential Eq. (5.19) still contains an infinite hierarchy of vertices. The

previous discussion now provides a very important insight into the contributions of these vertices to
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a perturbation expansion: Each n-body diagrammatic insertion will involve a vertex and n Green
function lines. In the parameter region away from a critical point the dual potential will be of
order O(1). As noted before, the dual Green function is of order O(1/L.), i.e. each dual space
diagrammatic insertion is of order O(1/L?) when it involves the two-body dual space interaction, of
order O(1/L?) for the three-body interaction, and so on. This means that the two-body contribution
to V, explicitly shown in Eq. (5.19), will actually dominate and low-order perturbation theory will

be sufficient to accurately capture the corrections to the DCA from the DF lattice.

5.2.3 Mapping Back from the Dual-Fermion to the Real Lattice

The relation of the real fermion Green function to the dual Green function has been been established
in Eq. (5.32). This is an exact relation which follows by taking the functional derivative of two
equivalent functionals. They are linked through the same Gaussian identity that has been used
to introduce the dual fermions (Eq. (5.11)). Higher order derivatives then allow us to derive
relations between higher order cumulants. From this recipe, we find the following relation between

the two-particle reducible vertex functions

Fk,k’,q;iw,iw/,iﬂ = T(k +4q, iw + ZQ)T(k7 Zw) Flg,k’,q;iw,iw’,iﬂ
x Tk, iw"T(K + q,iw' +iQ) (5.38)
in dual and real space, where
ki
T(kiw) = —— L1 .
G(k,iw)(A(K,iw) + hxg — hg)g(K, iw)
= —[14 g(K,iw)Sq(k,iw)] " (5.39)

Similar relations hold for many-particle vertex functions. With the help of the two-particle vertex
function we can now express the corresponding susceptibility as x = xo + xo0F xo. Since from Eq.
(5.39) it follows that T'(k,iw) is always finite, a divergence of x, signaling an instability or phase
transition in real space, necessarily corresponds to an instability in the quantity F? in the dual

fermion space. In order to locate the instabilities, it is hence sufficient to search for a divergence
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of the Bethe-Salpeter equation in the dual space. For the special case when no diagrammatic
corrections to the dual self-energy and vertex are taken into account, T'(k,iw) = —1 and both
DFDCA and DCA would produce the same phase diagram. In general cases, the DFDCA will
produce results which are more realistic than DCA does due to the inclusion of additional long-

ranged correlations from the dual fermion lattice calculation.

5.3 Dual Fermion Diagrams

In the DFDCA formalism, the DF Green function is O(1/L.)(c.f. Eq. (5.29)), i.e. it acts as the
small parameter in diagrammatic expressions. In addition, in the strong coupling limit, the Green
function is proportional to the hopping t/U,[96] so each Green function leg contributes a factor of
O((t/U)/L.). In the weak coupling limit, the Green function remains O(1/L.), but the vertices
are now small, with the two-body vertex behaving like O(U/t), the three-body vertex like O(U?),
and so on. Each two-body diagrammatic insertion, composed of a two-body vertex and two dual
fermion Green function legs, then scales like O(1/L2), with an additional factor of U or ¢ in the
weak and strong coupling limits, respectively. Each three-body diagrammatic insertion, composed
of a three-body vertex and three dual fermion Green function legs, scales like O(1/L3) with an

additional factors U? or ¢? in the weak and strong coupling limits, respectively.

=0 =0

Figure 5.1: Lowest order contributions to the dual fermion self-energy from the two-body interaction
(left) and to the two-body interaction from the three-body term (right). Since the bare n-body
vertices depend only upon the small cluster K, the dual Green function line may be coarse-grained
and are therefore zero according to Eq. (5.22).

The boundary condition Eq. (5.22) also constraints the diagrammatics. For example, the first-
order contribution to the dual self-energy from the 2-body interaction is the Hartree-Fock contri-

bution shown in Fig. 5.1. Since the vertex depends only upon the small cluster K, the dual Green
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function line may be coarse-grained. The result is zero by virtue of Eq. (5.22). Physically, this term
must be zero since the Hartree term is local and therefore already included in the cluster contribu-
tion to the self-energy. Therefore, the first finite contribution to the dual fermion self-energy comes
from the second order graph which contains three dual-fermion Green function lines. This and all
higher order contributions described by the Schwinger-Dyson equation already are of O(1/L3), or
smaller. Therefore, the fully dressed DF Green function retains the scaling of the bare DF Green
function

Galk,iw) ~ O(1/L,) (5.40)

as already anticipated earlier.

Similarly, the first-order 3-body contribution to the dual two-body vertex, also shown in Fig. 5.1,
is zero. To see this, suppose the top leg is labeled by momentum k£ = K + k. Since the remainder
of the 3-body vertex does not depend upon k, we may freely sum over this label. Again, the result
is then zero through Eq. (5.22).

As the cluster size becomes large, the DFDCA cluster problem may be accurately solved using
low order perturbation theory, keeping only the 2-body interaction vertex. As described above,
two-body vertex insertion contributes an extra factor of O(1/L?), while three-body vertex insertion
contributes an extra factor of O(1/L3). Tt is therefore possible to use standard perturbation theory
based on a two-body vertex to solve the dual-fermion DCA cluster problem, with an accuracy which
turns out to be at least of O(1/L2).

For example, simple second order perturbation theory yields a self-energy O(1/L2). Two-body
corrections, composed of a two-body vertex and two further Green function legs will contribute an
extra factor O(1/L2) . The first three-body contribution is the second order graph composed of two
3-body vertices. It has five internal Green function legs, and is of order O(1/L3) so that the first
three-body correction is smaller than the simple second order DF self-energy composed of 2-body
vertices by a factor of O(1/L2?). Self consistency, as needed to impose the boundary condition
Eq. (5.22) is more important for the self-energy than higher order or three-body contributions.

As another example, consider the equation for a transition, in the pairing matrix formalism (as
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illustrated in Fig. 5.2)
Lyx9® = @ (5.41)

where ® is the leading eigenvector of the pairing matrix Fdxg. A transition is indicated by the
corresponding eigenvalue approaching one. To lowest order, the irreducible DF vertex I'y ~
is just the bare DF interaction, and the legs in Xg are not dressed by the DF self-energy. In
this case the transition temperatures of the DCA are reproduced (e.g., see Fig. 5.3). The lowest
order corrections to the DCA come from the second order corrections to the vertex, which contain
two DF Green function legs and are therefore O(1/L%). The low order contributions to X9 are
g~ GY(1+3,GY+ - -)GY, and thus the lowest correction is O(1/L?). Therefore, the cross channel
second order corrections to the vertex are more important than the second-order corrections to the
self-energy when the DCA cluster size is large. We note that this is not only true for the DFDCA,
but also for the DFDMFA in the strong coupling limit where the small parameter ¢/U replaces 1/L..
Furthermore, higher order approximations such as the ladder approximation that do not include
these cross channel contributions are not appropriate for the solution of the DF lattice in the limit

of large DCA cluster size or small ¢/U.

a Iq o = P
y y

b T, ~ + + + O(1/L3)
Y y

c X ~ 5 + O(1/LY

Figure 5.2: (a) Equation for T,. Transition temperatures on the DF lattice are identical to those
calculated on the real lattice. (b) The low order corrections to the DF irreducible vertex I'y. The
second order terms are of the order O(1/L2) with corrections O(1/L#). (c) Contributions to the DF
self-energy. It is dominated by the second-order term which is of the order O(1/L?) with corrections
O(1/L3). The self-energy adds corrections to xJ of order O(1/L%) (see the text for the detail), so
the most important contributions to the equation for T, come from the second-order cross channel
contributions to I'y.
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Higher order approximations for T, like the fluctuation-exchange approximation (FLEX) [95],
which include the cross channel contributions to I'y should on the other hand be quite accurate. In
fact, the FLEX contains all diagrams to second order. The first diagram neglected by the FLEX
is of third order and would contribute a correction O(1/L3) to the self-energy or O(1/L2) to the

vertices.

5.4 Results

In this section, we will present numerical results from the DFDCA calculation. We will restrict the
discussion to a 2D Hubbard model on the square lattice without next-nearest neighbor hopping.
Thus, for half-filling we expect strong antiferromagnetic correlations, which will drive an antiferro-
magnetic transition in DCA. As the Mermin-Wagner theorem prohibits long-range order except for
T = 0 in this case, we expect strong renormalizations of T from DFDCA.

To check the correctness of our implementation of the DFDCA approach, we first carry out
calculations with the correction from the dual-fermion lattice turned off. For this trivial case, one
expects DFDCA to reproduce the same physics as DCA. Fig. 5.3 displays the leading eigenvalues
for different cluster sizes at filling (n) = 0.95 for the antiferromagnetic channel. Note that for each
cluster size, both the DFDCA and the DCA leading eigenvalues cross the line A = 1 at the same
temperature, which is the mean-field Néel temperature, and that with increasing cluster size Tx
decreases, as expected. It is also interesting to note that the DFDCA provides a sensitive way
to monitor the finite-temperature transitions since the DFDCA leading eigenvalues have a steeper
slope when crossing the A = 1 line.

For the non-trivial DFDCA calculation, we expect to see for a fixed cluster size a reduction of
the Néel temperature since correlations beyond the cluster scale are now incorporated by the dual
fermion calculation. For the dual fermion lattice, we employ different approximation schemes: the
self-consistent second-order perturbation theory (SOPT), FLEX and the parquet approximation
(PA) [20]. The results are collected in Fig. 5.4, where the power of DFDCA manifests itself clearly.
The simple second-order correction from the self-energy is already able to reduce the Néel temper-

ature by ten percent. Taking into account more Feynman diagrams with higher orders, for example
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Figure 5.3: Plots of leading eigenvalues for different cluster sizes for the anti-ferromagnetic channel
with U = 6t and filling (n) = 0.95. Lines without symbols are results from DCA calculation
for clusters with sizes N, = 8, 12 and 16, while lines with symbols are results from the DFDCA
calculation without self-energy correction. For the latter, we have used a linear size of the dual
fermion lattice as large as several hundreds (N = L x L, L ~ 200). The inset is an enlarged view
around the transition point. Note that both calculations produce the same transition temperatures
as expected.

by FLEX or PA, continues to reduce the Néel temperature. However, the inclusion of vertex cor-
rection tends to increase the Néel temperature again. For example, the eigenvalues labeled Yprrx
are calculated with a bare DF vertex and FLEX dressed legs, while those labeled Yrrrx + I'rLex
are calculated with both FLEX dressed legs and vertex (see b and ¢ in Fig. 5.2 for contributions
up to second-order in bare dual fermion vertex ).

Up to now we have only discussed the leading eigenvalues of the vertex. Of course, the DFDCA
also allows to calculate the full susceptibility from the Bethe-Salpeter equation. Two typical results
for an N, = 2 x 2 DCA cluster are shown in Fig. 5.5 as function of temperature for U = 8¢. In
the left panel, the inverse staggered susceptibility for half filling is displayed, while the right one
contains results for the inverse d-wave pairing susceptibility at a filling (n) = 0.95. Due to the heavy
computational cost for the parquet calculation, we here only used the SOPT and FLEX in our dual
fermion calculation. Although L. = 2 is not really large, the DFDCA is still able to significantly

reduce the mean-field Néel and abnormally large superconducting transition temperatures. It is
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Figure 5.4: Plots of leading eigenvalues for the anti-ferromagnetic channel. They are calculated with
different approximate methods in the dual-fermion calculation. The parameters used are U = 4t,
(ny=1, No=1and N =4 x 4.

quite interesting to note, that for the anti-ferromagnetic channel at half-filling, SOPT and FLEX
produce similar results, both being different from the DCA results. The effect of vertex correction
is small in this case. For the d-wave pairing susceptibility at (n) = 0.95, on the other hand, SOPT
in dual space makes almost no difference from the DCA results, but the FLEX tends to significantly
reduce the pairing susceptibility. Again, the inclusion of vertex correction has the adverse effect,
i.e. leads to a slight increase of the critical temperatures.

In the derivation of DFDCA approach, we have assumed that the dual fermion lattice size is
infinite. However, in practical calculations, the size is limited due to the algebraic increase of the
computational cost. This results in some deviations from the infinite size system. Fig. 5.6 shows the
L (N = L x L) dependence of the leading eigenvalues for different DCA clusters. The nice linear
dependence of the leading eigenvalues on 1/L? can be readily observed. This is due to the periodic
boundary conditions used in the dual-fermion calculation. This property allows us to reduce the
computational cost of our calculation by using two small L’s and extrapolating to obtain a rather

accurate approximation of the L = oo result.
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Figure 5.5: Plots of the inverse anti-ferromagnetic and d-wave pairing susceptibilities calculated with
different approximate methods in the dual fermion calculation. The parameters used are U = 8t
and N, = 4.

5.5 Discussion

The dual fermion mapping as discussed in section 5.2 is exact, and the approximation is made only
when performing the diagrammatic calculation for the dual fermion lattice. Justified by the scaling
behavior of the Green function, it suffices to consider the 2-body term of the interaction and use low
order perturbation theory. Correlations beyond the DCA cluster size are systematically restored
through the dual fermion calculation on the lattice. In this sense, the DFDCA can be seen as a
diagrammatic expansion around DCA. This is manifested in Fig. 5.3 and Fig. 5.4 where we see that
not including the dual fermion self-energy and vertex corrections reproduces the DCA transition
temperature. When these corrections are included, we observe a systematic suppression of the DCA
transition temperature resulting in a more realistic value of the critical temperature. This is clearly
seen in Fig. 5.4 and Fig. 5.5.

The DFDCA has the additional advantage in that it is parameterized by the full (reducible)
vertex function calculated on the DCA cluster. Other multi-scale methods[88, 89, 90] rely upon
the calculation of the cluster irreducible or fully irreducible vertices. As discussed in the appendix,
inverting the Bethe-Salpeter equation to obtain the irreducible vertex, which is the first step in the

calculation of the fully irreducible vertex, fails in some parameter regions, especially for large U or
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Figure 5.6: The L dependence of the leading eigenvalues for different DCA clusters. The parameters
used are U = 8t, (n) = 1, Xguq = 0 and 8 = 4t/T. The nice linear dependence of 1/L? can be readily
observed, which is due to the periodic boundary conditions used in the dual-fermion calculation.

near half filling. This difficulty is avoided in DFDCA.

The dual fermion mapping also assumes that the dual fermions are treated on an infinitely
large lattice. In practice however, they are treated on a finite-size lattice. That finite-size scaling
behavior observed in Fig. 5.6 is used to extrapolate to the infinite-size lattice and it can also lead
to a reduction of the computational cost in the dual fermion lattice calculation.

Note that in the calculations presented here, we have not performed the full self-consistency
where the dual fermion result is used to determine the DCA cluster hybridization that is fed back
into the DCA calculation until convergence. However, this first iteration already produces more
satisfactory values for the Néel temperature as well as the d-wave superconducting temperature. We

can anticipate that the full self-consistency will further improve the performance of this approach.

5.6 Conclusion

We have designed a new multi-scale many body approach, the DFDCA, by combining the DCA
and the recently introduced dual fermion formalism. The DFDCA uses both single and two particle

quantities calculated in DCA as the input and different self-consistent diagrammatic approximations
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Figure 5.7: The external frequency dependence of the leading eigen-values (LEV’s) for different
channels. Note that the LEV for iv = 0 charge channel goes across one, which is responsible for the
divergence of the irreducible charge vertex in the low frequency region. The parameters used are:
N.=1,U=6t, f=4t/T =4, (n) = 0.95.

can be used in the dual fermion lattice calculation, which systematically restores the long-ranged
correlation ignored during the DCA calculation.

Our numerical experiments show that the original DCA results can be reproduced when the
correction from the dual fermion lattice calculation is turned off. We applied different self-consistent
diagrammatic methods, self-consistent 2nd-order, FLEX and parquet approximation, on the dual
fermion lattice calculations and they all improved the DCA calculation by reducing the mean-field
Néel temperature to a lower temperatures by different amounts. In addition, the abnormally large

superconducting transition temperature can be reduced by this approach as well.

5.7 Inability to Extract the Irreducible Vertex Functions

In this appendix, we will show that the conventional two-particle formalism breaks down in some
paremeter regions due to the inability to extract the irreducible vertex functions. Since the DF
approach is parameterized by the reducible cluster vertex, which may always be calculated, while

other multiscale appraoches are parameterized by the irreducible or fully irrecucible vertices, this
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breakdown further justifies the DF based methods.
Conventional two-particle formalisms rely upon either the reducible or the irreducible vertices

(F or I') [20]. They are related by the well-known Bethe-Salpeter equation:
F =T +TyoF. (5.42)

Given that the bare susceptibility, xo, is known, the knowledge of either one of them is enough to

calculate the other. For example, F can be expressed as

I'(Q)pp

Qe = T Q) @

(5.43)

A divergence in F, and then in x since x = xo+ xo* F * X0, denotes a second-order phase transition,
which is used to identify the boundary lines in the phase diagram.
By inverting the above Bethe-Salpeter equation, we can write formally the irreducible vertex in

terms of the full vertex and bare susceptibility as

_ F(Q)p,p
1+ F(Q)pprxo(@)p

(Q)ppr (5.44)

Note that the above equation involves the inversion of a matrix. We would thus expect to encounter
similar situation as in solving the Bethe-Salpeter equation. Namely, I" could be divergent in some
parameter region. And the region of convergence for this equation can be defined by the boundary
where the leading eigenvalue (LEV) for F(Q)p p/xo(Q)ps becomes equal to one. So we calculate
LEV’s for different channels, see Fig. 5.7. The LEV for the i = 0 charge channel, the most singular
channel and frequency, approaches one for some set of parameters, and we see that the divergence
happens for the irreducible vertex (not shown here). For this set of parameters, LEV’s for all the
other channel are less than one.

Since this divergence exists already at high temperatures and only for strong enough interac-
tion, it is not likely to be driven by the temperature, but instead by the interaction. For a fixed

temperature, as we increase the interaction, we can observe the LEV’s increasing nicely (Fig. 5.8).
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Figure 5.8: The U-dependence of the leading eigen-values for different DCA cluster sizes. The inset
shows the DCA cluster size dependence of the critical U determined from the leading eigen-value
crossing the unity. The parameters used are: = 4t/T =4, (n) = 1.

It suggests that there is a critical U, above which we cannot invert the Bethe-Salpeter equation.
At half-filling, this U, is about 1.35 for the infinite cluster size limit. Also note that in Fig. 5.8,
DCA and finite-size simulation (FSS) results converge to the same infinite cluster size limit result
from different directions. This is consistent with the fact that DCA tends to over-estimate the cor-
relation, while FSS tends to under-estimate the correlation, so that DCA and FSS results converge
complementarily.

So far, we are not able to find out a physical explanation for the existence of U.. Nevertheless, this
inability to extract the irreducible vertex renders two-particle approaches based on the irreducible or
even fully irreducible vertex questionable, and partially explains the difficulty of doing the parquet
approximation calculation [20]. However, since in our proposed DFDCA scheme, we do not need to
invert the Bethe-Salpeter equation and thus do not have this problem, this new approach is more
promising than others in this sense. This breakdown does not invalidate the approach of using
the cluster irreducible vertex I'. in DCA (or impurity irreducible vertex in DMFA) to calculate the

phase transition temperatures, because I'. is only implicitly needed and can be avoided by using
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another form of Bethe-Salpeter equation to calculate the lattice reducible vertex

F.

Ey . = 5.45
lattice 1— FC(XO — XO,C) ( )
instead of the conventional one [28, 13|
r
Flattice = 1 —If %o (546)
C

One can also thus construct the pairing matrix as M = F.(xo— Xo,c), which is exactly corresponding

to the DFDCA calculation when corrections from dual fermion lattice calculation are turned off.
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Appendix A: Newton’s Method for the
Parquet Formalism

One way to approach the instability of the self-consistent iterations of the parquet formalism in
the order to reach lower temperature is to implement Newton’s method for nonlinear equations and
take advantage of the existing well optimized libraries.

The vertices ' and T in all channels are 3 — D arrays of size n} where n; = n. x n f; ny being
the number of frequencies and n. the number of sites in the cluster. The arrays are distributed
accross the computer with respect to the third index, resulting in local arrays of size n?. It can also
be convenient to think of these arrays as expanded 1 — D arrays. Our goal is to solve the following

two equations:

Bethe-Salpeter equation:
F=T+9® (47)
with @ is defined by:
d=Fxx"«T (48)

where x° is the bare bubble given by the product of two Green’s function lines.

Parquet equation:
F=A+0W 4+ 0% =A+ 59 (49)

where @) and ®®) are the rotated matrices obtained from ® given by Eq 52. S is a large sparse
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matrix that serves the purpose of performing the rotations on ® and producing the parquet equation.
Note that it is not necessary to have an explicit form for S. Only the result of the operation is

needed. These equations can be rewritten as;

—F+T+®=0 (50)
—T+A+SP=0 (51)
d=Fxx"xT (52)

this problem can be reformulated as a a single nonlinear equation:
f(x) = 0 Where z is a giant column vector combining the variables F', T" and ®; f is the
combination of the above 3 equations.

This problem is then solved in the usual way.

1. Guess initial solution zg.
This step was found to be very important as the temperature is lowered or the Coulomb
interaction is increased. As the divergence is approached, we found it useful to use the
solution of the previous run to initialize the next lower temperature. However, this approach
does not solve the instability problem because the steps become increasingly small, making it

unpractical to reach low temperatures.

2. Solve the following linear equation for dz:

J xdx = f(x) (53)

Where J is the Jacobian matrix defined by:

(54)

This step is solved using any of the existing well optimized linear solver such as GM RES [67],
BICG [97], BICG — Stab [68],...The Jacobian can be approximated by a finte difference
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method or calculated on the spy every time it is needed [98].

3. update the solution by x1 = xg + dx

In this step, we used the so-called line-search technique to improve the convergence.

4. calculate the residual f(x)
5. iterate until convergence to a desired accuracy.

In this approach, the vector x made of matrix elements of F', I' and Phi is very large and so the
work space required by the linear solver is prohibitively expensive for relatively large problem sizes.

As a solution to this problem, Ed D’Azevedo proposed that we could rewrite the problem in terms

of the ® variables.

The Jacobian of the equations can be written as the 3 x 3:

-1 I I oF
o -1 S or
6P 0P

st s 1 0P

So that the linear equation to solve can be written as:

—I 1 I OF rF
0o -1 S 6 | = | I
P P

Where the different terms in the matrix are m; X m; matrices; m; = 4 X n; and [ is the identity.
rF,rI'r® are the residuals of equations 50, 51, 52 respectively.

This form is equivalent to:

§F = 6T + 6@ — rF (55)
6T = +86® — T (56)

5 5
S7OF + 50l — 50 = rd (57)
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(1) and (3) can be combined into:

0P 0P
5—F(5F+5(I)—TF)+5—F*5F—5(I):T(I) (58)
Which is equivalent to:
0P 6P 0P 0P
(5_F+5_F)6F+(5_F —1)6® —T<1>+5—FTF (59)
Inserting the value of dI', one gets:
0P I 0P 0P
(55 + 5p) (S0 —1T) + (5= = 1)3® = r® 4 i F (60)
After rearranging, we obtain:
0P IO 0P 0P 0P I

This is the equation we can solve for ®. It reduce the memory requirement by eliminating the
need to include F' and I' in the nonlinear equation. Once we have ®, we can then update F and I
and iterate the process until convergence following the steps mentioned previously.

This approach makes it possible to reach lower temperature that the direct iterative approach
but is relatively inefficient due to the fact the the convergence becomes very dependent on the
initial guess and that the Jacobian is prohibitively big and can not be stored in memory for large
problem sizes. This forces us to calculate it on the fly every time it is needed and this process is

computationally very expensive.
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Appendix B: Dual Fermion Potential
Derivation

The dual fermion approach integrates out the lattice degrees of freedom and leaves an action in
terms of the dual fermions degrees of freedom. This action can then be studied using Feynman
diagrams. In this appendix I derive t the potential or interaction between dual fermion degrees of
freedom. This derivation is a straight forward generalization to the DCA of the DMFT derivation

of Ref [96]. For the Hubbard model, the lattice action is given by:

Sl =Y g liw+p— gl Copo+ Y Sioclc”,d] (62)

w,k,o

As shown in Chapter 5, this can be rewritten as:

Sle*, e = Z Scluster/€ @
k

- Z Cz,k,a[A(M(k‘),iw) +EM(k) — hilew ko (63)

w,k,o

The partition function is given by:

2= [ exp (=5l e) DI (64)
We will now use the following Gaussian identity for Grassman variables on the second term of the

action above:

exp (cabag (a71) 5, brocs ) = detl[a] [ exp (- Faauafa + Sabapes + cibasf) DIFL 1) (65)
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a and b are not uniquely defined. Following Rubtsov et al [91], we will choose them as follows:

Gopo = § (M), iw)[AM(k),iw) + hasgy — hi) ™
and (66)

bw,k,a = gil(M(k)aiw)' (67)

g being the single particle Green’s function calculated on the DCA cluster. This results in the

following form for the action:

Sletye f*, f1 = Zsrestr e f ,f]
I i Jo K tio
by ke Tl (68)
e (K, iw)[A(K,iw) + hg — hg]

where Syeqstr, the action restricted to the cluster is defined by:

Srestr[5*7 C; T*v T] = Sc]uster [6*7 E]

+Z wKUg YK, iw)e, o + h.c. (69)
w,K,o

Integrating out the c electrons allows us to define the dual fermion potential V' according to the

following:

/GXP (-Srestr [5*757 7*77}) D[e*,e] = Zejuster exp | — Z ?:;J(,Uy(;l?w,l(,a +V [ﬁ(a?}(] (70)
w,0,K

Writing the exponential on the left hand-side in the form:

exXp (_Scluster [6*75]) exXp (_ [f:,K7g§;71[(Ew,K,a + E:K,gy;,l[(fw,l(,a]) (71)

99



A term by term identification can then be performed after the second exponential is expanded. We

use the following definitions:

g12 = — <clc;>cluster (72)
(s = (crchesch (73)
X1234 <clc2c3c4>cluster
6 * * *
X§2)3456 = - <Clczc3c40506>czuster (74)

Where the numbers 1,2,3,4,...are compound indices including momentum, frequency and spin. For

%k

simplicity, we will drop the bar in ¢, ¢, f, f and g. The exponential yields:

(D"
_ . _ . B n
Z n! [fw,K,agwch7K70 + Cw,K,agwlfwyKvU] (75)
n=0 )

Since each odd order yields 0 in the Grassman variable integral, only even orders survive. As a

result, the above is rewritten as:

o0

1 -1 -1 n
Z E [f;,K,agw Cu,K,o + C::,K,Ugw fw,K,o] (76)
n=0,neven

The first term of the integral is:

<
<

* — x — 2

f1 a2+ 019121f2] > = (77)
cluster

from eafig5ica + [ cachgs) fa + Eig1a Faf 5955 ca + €915 F263953 F4) quston

N — N -

Since we are in the normal state, only the second and third terms are non-zero after the integral

and produce

1 -1 —1,12 I 1 I 4
B) <[fik912 co + € g1o fZ] >duster = 5912 931 (€263) cpuster F1 11+ 5912 934 (€4€T) cpuster 13 14T8)
1 ., _ 1 _, _
= _591219341923fff4 - 591219341941f§f2 (79)
= g2 fifo (80)

100



Where the last equation is obtained by rearranging.

The fourth order term is given by:

1 _ _ 4
a0 <[ff912102 + C>1kg121f2] > (81)
! cluster

Only 6 of the 16 terms contain as many c’s as ¢*’s and survive the integral. As a result,

~1 ~1 ~1 ~1
J1 919 c2ac3934 faf5 956 coCrrg f3

1 * —1 * —1 4
1 <[f1912 Cc2 + 1919 f2] >
: cluster

+  fi91s c265gsd fackgsg fofig7s cs
+ figg eafigst cacigsg fochars fs
+ cign f2f3 950 cafigsg ceCigng f
+ 0 fof3950 cachsg fofF 978 o
+ 1915 fochgsl faf3 g5 cofr g cs (82)
This can be rearranged to give:
1 * —1 * —1 4 1 -1 -1 -1 -1 * * * *
1 <[f1 912 €2 + €191, o >duster =u = 6919 931 956 978 (C2C3C6CT) cpyster F1.f215 13 (83)
Which is rewritten as:
1 x —1 x —1p 14 R S T 7' R,
1 <[f1 912 2 + 1912 f2] >clusm = 3912 934 956 18 Xose7J1.f4f5 Is (84)

Now we will look at the the expansion of the potential. Since only even orders in ¢ and ¢* survive

the integral, it has to have the form:

VI 1) = a9 fifo+ a\u Fr Fofi fa+ a\ohuse FE Fofi Faf i fo + - (85)

Plugging this into the exponential, expanding and keeping only terms up to third order in ff*
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yields:

Vit [ f195 o + SR i fafi fa + aGhuse L Faf3 fafi fol
+ {f1 91 1!)02!)039341f4 + 912 03456f1 faf3fafsfo + a123495 lfl faf3 fafs fo

+ 912 931 956 [1 fof5 fafa fo] + ... (86)

1
31
Term by term identification produces

ag) =0 (87)
For the next order term, one finds

1 —_ * *
a1458f1 fafsfs = — 912 931 956 978 X3467f1 fafsfs + 914 "g5s [T faf5 T (88)

The second term of this last equation is antisymmetrized as:

SRR LS = e QR (59)
= e UL Rfifs — FFsfi ) (90)
= L loites - aiesl] S o1)
= igﬁlggﬁl (923967 — 921963) 934 975 J1 fufs fs (92)

Where we have used the ability to swap indices 2 and 4 and 6 and 8 in the first term and 2 and
8 and 6 and 4 in the second.

This equation then implies

a1458f1f4f5f8 4'71458f1f4f5f8 (93)
where
(4 1
754)58 = 912 956 X2(36)7934lg781 (94)
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with
1(4)

_ @
X237 = Xasgr — 923967 + 927963

Higher order contributions to the potential can be derived in a similar manner.

103

(95)



Appendix C: Permissions

The author has the right to use the article or a portion of the article in a thesis or dissertation without
requesting permission from APS, provided the bibliographic citation and the APS copyright credit

line are given on the appropriate pages.

From the website of the American Physical Society (APS).

104



Vita

Herbert Fotso was born on September 24" 1980, in the little city of Mbouda-Ville in Cameroon;
graduated from the Lycée du Manengouba in Nkongsamba in 1998 and subsequently enrolled at the
University of Yaounde I where he obtained his Bachelor of Science in Physics in 2002 and later
a master’s of science in 2004. In September 2005, he joined the Department of Physics at the
University of Cincinnati and later started working on a research project in Prof. Mark Jarrell’s
group. Herbert followed Prof. Jarrell’s group at the Department of Physics and Astronomy of
Louisiana State University in January 2010 where he continued working towards his doctorate.
Herbert’s driving force is his passion in science in general and in physics in particular. He is also an
ardent believer that when it comes to science, "What we don’t know CAN hurt us". This justifies
his interest in teaching and reaching out to broad audiences to communicate about science. Outside
of research, Herbert enjoys reading about various aspects of science. His other hobbies include
playing soccer, meeting people from various places and learning about their culture, traveling, and

listening to music from all over the globe.

105



	Louisiana State University
	LSU Digital Commons
	2011

	Two-particle level diagrammatic approaches for strongly correlated systems
	Herbert Fotso
	Recommended Citation


	thesis_template.dvi

