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ABSTRACT

The Hubbard model is one of the most important solid state physics models to describe
strongly correlated electron systems. Unfortunately, an exact or reliable approximate method
for solving this model has still not been found. The self-consistent diagrammatic expansion
method is a useful tool to obtain approximate solutions. However, the current computing
power limits both the sizes of physical systems and the orders of diagrammatic approxi-
mation that can be treated by conventional numerical brute force summation approaches.
In order to overcome this obstacle, we have developed a novel technique, combining Monte
Carlo summation, with the self-consistent conserving diagrammatic approximation method.
We demonstrate the feasibility of our method by applying it to the two-dimensional Hub-
bard Model at band filling %, searching for the Mott-Hubbard gap and studying the strong
antiferromagnetism.
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2.1

Li1sT OF FIGURES

Example of conduction electron band filling in momentum space for the non-
interacting electron system on a two-dimensional square lattice with first neighbor
hybridization only (¢t; # 0, ty = t3 = --- = 0), i.e., € = —2t1(cos kg + cosky). The
Fermi “surface”, i.e., contours of constant band energy, € = 1 = const, are shown
for chemical potential y is 0, 2¢; and —2t;, depicted by red solid-, dash- and dotted-
line respectively corresponding to band filling p. = 0.50, 0.82 and 0.18 respectively
in the thermodynamic limit N — oo. Note that the p. is equal to the fraction of
the Brillouin zone in term of interior “volume” delimited by the Fermi surface. Also
shown for illustration is the discrete grid of allowed E—points for a finite lattice of
size N = 8 x 8, with closed square symbols denoting 64 distinguishable E—points and
open square symbols denoting additional E—points that are indistinguishable from
closed ones by k-space periodicity. The full square with corners (m,7), (—m,—m),
(—m,7) and (w, —) is the first Brillouin zone. All k-vector components are given

in units of 1/a where a is the lattice constant. . . . . . . . .. ...
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2.2

2.3

A one-dimensional Hubbard chain with 6 lattice sites is used to illustrate the
basic physics of the atomic and strong-coupling limit of the Hubbard model. The
same qualitative ideas apply to the higher-dimensional case. The arrows in the
graph are used to illustrate the movement of an electron from one lattice site to
another one. The cross sign on the arrow means that this kind of movement is not
allowed. (A) and (B) are two degenerate ground states of the Hubbard model in the
atomic limit. (C) is the first excitation state generated from (A). (D) is an example
for under-doped (p-type) Hubbard model. Moving the electron to a non-occupied
site won’t affect the ground state energy. (E) is an example for over-doped (n-
type) Hubbard model. Moving the electron from a double-occupied site to another
single-occupied site won’t affect the ground state energy. (F) is a cartoon of the
antiferromagnetic ground state of the Hubbard model in the strong-coupling limit.
Strictly speaking (F), the so-called Neél state, is not an exact ground state of the
Heisenberg model, but rather of the corresponding Ising model, where only the
Si(z) S](-Z) terms in Equation (2.34) are retained. . . . . . . ... ...

(A) A 4 x 4 lattice is shown with partitioning into two sublattices: sublattice A
(open circles) and sublattice B (closed circles). Note that the unit cell (depicted
as a solid-line square) contains one site regardless of sublattice, and the two-site
unit cell (depicted as a red dashed-line diamond) contains one sublattice A and
one sublattice B site. (B) The first Brillouin zone for the single-site unit cell (black
solid-line square) and the two-site unit cell (red dashed-line diamond) are shown.
The latter coincides the non-interacting Fermi surface of the previous one. The
circles show the discrete grid of allowed E—points for the 4 x 4 lattice with periodic
boundary conditions. The black circles are a complete set of such E—points, the grey
circles are identical to corresponding black circles modulo a reciprocal lattice vector.

The first Brillouin zone for the single-site and for the two-site unit cell are referred

to as “large” Brillouin zone and “small” Brillouin zone in the following, respectively. 22



24

3.1

(A) The conduction band for a non-interating Hubbard model with first neighbor
hybridization t; # 0 only (t2 = t3 = 0) is plotted along time diagonal (k; = k) in
the large first Brillouin zone (dashed blue line) and in the small first (solid red line)
with “large” and “small’ first Brillouin zone defined in Figure 2.3. Note that the
portions of the large-zone band falling outside of the small zone are shifted back
into the small zone by small-zone reciprocal lattice vectors. Therefore the single
conduction band actually becomes two bands in the small-zone representation. (B)
The spin density wave (SDW) electron bands for the interacting Hubbard model
are treated in the Hartree-Fock approximation with antiferromagnetic symmetry
breaking. The bands show a SDW gap between the upper- and lower-SDW band

at the reduced first Brillouin zone boundary. The SDW band energy E; has the

form Ej = :l:\/e,; + (Agpw/2)? for upper and lower SDW band respectively. At
half-filling and zero temperature, the lower SDW electron band is completely filled
and the upper SDW band isempty. . . . . . . . . . . ...
Examples of self-energy graphs, including (A) First-order irreducible self-energy
graphs (Hartree and Fock); (B) Second-order irreducible self-energy graphs; (C)
Third-order irreducible self-energy graphs; (D) Example of a first-order discon-

nected self-energy graph; and (E) Example of a second-order reducible self-energy

x1



3.3

3.4

(A) First-order up-down irreducible self-energy graph. (B) Second-order up-down
irreducible self-energy graph. (C) Third-order up-down irreducible self-energy
graphs. (D) Fourth-order up-down irreducible self-energy graphs. (E) A third-order
irreducible self-energy graph that doesn’t obey the up-down self-energy graph rule.
Here we denote a G-line, which originated from vertex “a” and points to vertex
“b”, as (a, b). The self-energy graph shown here contains an internal G-line loop,
denoted as A\ = 1, including vertex “2”, 37, “5” and “4”, and G-line (2,3), (3,5),
(5,3) and (4,2). If the base loop is assigned with an upward spin, then the G-lines
in loop A = 1 should be assigned with a downward spin. Albeit, since the vertex
“3” and “4” are connected by a V-line, thus G-line (2,3) and (5,4) must be assigned
with spin variable with different directions. The up-down rule is thus violated in
this irreducible third-order self-energy graph. . . . . . . . . . .. ... ... ..
The spectral weight function A(E, w) of the Hubbard model with on-site repulsion
U = 8t1, in the atomic limit and non-interacting limit, are illustrated in color blue
and red, respectively. The spectral weight function A(E,w) for the non-interacting
limit is for the special case that k is on the Fermi surface (/; = EF) The spectral

weight A(K,w) in the atomic limit is the same for all k in the Brillouin zone.
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3.5

4.1

4.2

4.3

It is illustrated how the vertex diagram (B) can be generated from (A) self-energy
diagram. The shaded circle in both (A) and (B) is to denote the internal topology
(including internal G-lines, V-lines, and internal vertices except the vertices) of the
single-particle self-energy diagram and two-particle vertex diagram respectively.
The open circles are to denote the external vertices; and the close circles are to
denote the internal vertices. Two examples are given to describe how different
second-order vertex graphs are generated from a second-order self-energy graph.
(C) One internal G-line in the second-order self-energy graph, which belongs to an
internal G-line loop, is cut to generate (D) a second-order exchange vertex diagram.
(E) One of the internal G-line that is in the base loop, of the same self-energy graph
as (C), is cut to generate (F) a second-order direct vertex diagram. . . . . . . .
Self-consistent iteration difference of the self-energy (k) between two adjacent
iterations and two second nearest iterations . The data are for a second order cal-
culation (nyee = 2) performed on a 4 x 4 lattice, at T' = 1.0¢t;, U = 8.0t; and
= U/2. The Monte Carlo (relative) error is comparable to but smaller than the
(relative) convergence difference. . . . .. ..o oL o oo
Self-energy of momentum k, which is on the Fermi surface (k = (m/2,7/2)), of
the Hubbard model on a 4 x 4 lattice with U = 8t; at half-filling by second-order
approximation. (A) shows the real part of $(k,ivy,), (B) presents the imaginary
part of self-energy at low Matsubara frequency. The inset of (B) is the imaginary
part in a large range of Matsubara frequencies . . . . . . . . . . ... ... ...
Self-energy of momentum k, which is off the Fermi surface, of the Hubbard model
on a 4 x 4 lattice with U = 8¢; at half-filling by second-order approximation. (A)
shows the real part of Z(E, iVm), (B) presents the imaginary part of self-energy at
low Matsubara frequency. The inset of (B) is the imaginary part in a large range of

Matsubara frequencies . . . . . . . . .. L e
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4.4

4.5

4.6

4.7

The imaginary part of self-energy Im¥(k), where k = (7/2,7/2) is on the Fermi
surface, calculated by the fourth-order approximation (denoted as “total X(k),
Nmaz = 47) is compared with the imaginary part of the self-energy calculate by
the second-order approximation (denoted as “total X(k), nper = 27) on a 4 x 4
square lattice with U = 8t and p = 4t1, at T' = 1.0¢; and demonstrated in (A) large
range of Matsubara frequency and (B) low Matsubara frequency range respectively.
The imaginary part of the contributions of second-, third- and fourth-order self-
energy diagrams at the fourth-order approximation, i.e, £ (k), £CG(k) and ¥ (k)
for nmaes = 4, respectively, are also shown in (A) and (B). . . .. ... ... ..

The imaginary part of self-energy Im¥(k), where k = (7/2,7/2) is on the Fermi
surface, calculated by the fourth-order approximation (denoted as “total X(k),
Nmaz = 47) is compared with the imaginary part of the self-energy calculate by
the second-order approximation (denoted as “total X(k), npmer = 27) on a 4 x 4
square lattice with U = 8t and p = 4t1, at T' = 0.2¢; and demonstrated in (A) large
range of Matsubara frequency and (B) low Matsubara frequency range respectively.
The imaginary part of the contributions of second-, third- and fourth-order self-
energy diagrams at the fourth-order approximation, i.e, X (k), 2G(k) and ¥ (k)
for nmaez = 4, respectively, are also shown in (A) and (B). . . .. ... ... ..

Second-order approximation on a 4 x 4 square lattice with U = 12t1, u = 6t
at a variety of temperatures, (A) showing the imaginary part of the self-energy on
Fermi surface with k = /2, 7/2, and (B) are compared with self-energies on a same
square lattice with U =8t and p=4¢;. . . . . . . . . . ...

Green’s function G(k,ivy,) [in units of t7'] on the Fermi surface (k = (7/2,7/2)
on 4 x 4 square lattice with U = 8t; and pu = 4t; calculated by both second- and
fourth-order approximation at (A) 7' = 1.0¢; and (B) T' = 0.2¢;. In the insets of

both (A) and (B) give the corresponding Green’s function in large range of iv,,.
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4.8

4.9

4.10

4.11

Green’s function G(k, iv,,) [in units of t71] off the Fermi surface (k = (0,0) and
k= (m,m) on 4 x 4 square lattice with U = 8t; and p = 4t; calculated by both
second- and fourth-order approximation at 7' = 1.0¢; with (A) real part and (B)
imaginary part shown individually. The inset of (B) shows the imaginary part of
Green’s function in a large range of iv,,. . . . . . oL Lo Lo

Green’s function G(k, iv,,) [in units of ¢7!] off the Fermi surface (k = (0,0) and
k = (m,m) on 4 x 4 square lattice with U = 8t; and p = 4¢; calculated by both
second- and fourth-order approximation at 7' = 0.2¢; with (A) real part and (B)
imaginary part shown individually. The inset of (B) shows the imaginary part of
Green’s function in a large range of {py,. . . . . . L Lo Lo Lo Lo
Spectral weight function A(E, w) for a Hubbard system on a 4 x 4 lattice in particle-
hole symmetry with ¢; and U = 8.0¢7 at T' = 0.05¢1. The spectral weight function
A(E,w) is computed from the imaginary-frequency Green’s function G(k), which
is calculated by the second order approximation. The momentum k goes through
(0,0),(0,7/2),(0,7),(7/2,7),(m,7) and (w/2,7/2). . . . . . ...
Spectral weight function A(E,w) for the Hubbard model on a 4 x 4 lattice in
particle-hole symmetry with ¢; and U = 8.0ty at T" = 0.2¢;. The spectral weight
function A(E, w) is computed from the imaginary-frequency Green’s function G(k),
which is calculated in the fourth-order diagrammatic approximation n,q, = 4. The

momentum k goes through (0,0),(0,7/2),(0,7),(7/2,7),(m, 7) and (x/2,7/2). . . .
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4.13

4.14

4.15

4.16

4.17

Spectral weight function A(E, w) for a Hubbard system on a 4 x 4 lattice in particle-
hole symmetry with ¢; and U = 8.0t; (A) on the Fermi surface (k = (7/2,7/2)
(B) off the Fermi surface, calculated from imaginary frequency Green’s function
data computed by the second-order approximation. The inset of (A) is the spectral
weight function of k = (m/2,7/2) shown in a large imaginary frequency range. The
vertical red arrows indicate the positions of atomic limit Hubbard bands as shown
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A(E, w) calculated from second-order approximation data and A(E, w) from fourth-
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CHAPTER 1

INTRODUCTION

The Hubbard model [1] is at the center of strongly correlated electron physics due to its
ability to account for the most fundamental aspects of interacting electrons in solids. It
takes into account both the delocalization and repulsive Coulomb interaction of the elec-
trons. The Hubbard model is a highly simplified version of the inhomogeneous electron gas
(IEG) model of a solid, written in terms of a Wannier basis function representation. Three
simplifying approximations are needed to reduce the inhomogeneous electron gas model
to the (extended) Hubbard model. First is the truncation of the electron Hilbert space to
retain only the Wannier orbitals associated with the electronic conduction band(s). Second,
all 3-center and 4-center Coulomb interaction matrix elements of these Wannier orbitals
are neglected. Third, all 2-center Coulomb matrix elements, except for the most dominant
“direct” interaction elements, are neglected. The result of these approximations is referred to
as the extended Hubbard model. If, in addition, all 2-center Coulomb interaction matrix ele-
ments are neglected, and only the single-center or “on-site” Coulomb interaction is retained,
we has the the so-called pure Hubbard model. In spite of its simplicity, the model exhibits
a very rich phenomenology and is able to provide insights into various condensed matter
phenomena, including those observed in high-7, superconductors (HTS) and heavy fermion
materials. The two dimensional Hubbard model, which is believed to be essential to explain
the high-T, cuprates [2], cannot be solved exactly. Even numerical approaches face great dif-
ficulty in the intermediate and strong coupling regime (the intermediate and strong coupling
regimes are defined respectively as those parameters of the regimes of the model with on-site

Coulomb repulsion matrix element that is comparable to or much large than the electron



bandwidth). Many numerical methods, such as quantum Monte Carlo [3][4][5], dynamical
mean field theory [6][7], dynamical cluster approximation [8], and exact diagonalization [9],
have been developed for this purpose. So far all these methods have not led to a complete
understanding of the Hubbard model, and especially the question about the possible super-
conducting phase in the Hubbard model.

In this thesis, we introduce a novel method to calculate the self-energy and the single- and
two-particle Green’s functions of the Hubbard model self-consistently based on a finite-order
version of the “conserving approximation” scheme by Baym[10]. The number of Feynman
diagrams grows exponentially with the perturbation order, and at intermediate and strong
coupling, the high order Feynman diagrams make a non-negligible contribution to the self-
energy. In order to overcome this obstacle, we employ an iterated self-consistent perturbation
expansion to include all diagrams that are comprised in a much smaller subset, i.e, so-called
irreducible Feynman diagrams. This subset is truncated at a specific finite order cut-off.
However, with increasing expansion order, even the number of irreducible Feynman diagrams,
even though only a minor subset of all Feynman diagrams, does also increase exponentially,
and the computation complexity for calculating the self-energy grows accordingly.

The Monte Carlo summation technique is an essential element of our approach. It provides
us with an efficient method to carry out the summations over high-dimensional momentum
and frequency domains that are necessary to calculate the self-energy contributions from
high-order Feynman diagrams with a satisfactory precision in realistic CPU times.

We implement this methodology to calculate the imaginary-frequency one-particle
Green’s function, self-energy and two-particle irreducible vertex function of the two-
dimensional Hubbard model. The Mott-Hubbard gap is then searched for in the two-
dimensional Hubbard model by several different approaches, including the single-particle
spectral function and the compressibility. The strong antiferromagnetism of the Hubbard
model is demonstrated by studying the spin susceptibility as a function of wave vector and

temperature. We also show that the higher-order diagrammatic corrections are essential to



the formation of the Mott-Hubbard gap, and that they are able to push the Neél transition
seen in the spin susceptibility to a much lower temperature compared to the lower-order
approximation.

The thesis is organized as follows: A general introduction on the Hubbard model, espe-
cially in two dimension case, is given in Chapter 2. In Chapter 3, the self-consistent dia-
grammatic approximation methods, which are designed to calculate the Green’s function,
the self-energy and the single electron spectral function are explained in detail, along with
the introduction of our Monte Carlo summation technique. The approximation approach to
calculate the irreducible vertex function and, from it, the spin susceptibility is discussed. Our
simulation results are presented in Chapter 4. For simplicity and due to the limitation of time
and computational resources, we only studied the single-band Hubbard model with only a
non-zero first neighbor hybridization term on the two-dimensional square lattice (mostly for
4 x4 and in some cases 8 x 8 lattices) with periodic boundary conditions. We demonstrate the
convergence of the self-consistent Monte Carlo approach, and discuss results for the Green’s
function, the self-energy, the spectral function and density of states of the two-dimensional
Hubbard model in order to search for the existence of the Mott-Hubbard gap. We also show
a series of results for the spin susceptibility in the first- and second-order approximation, and
discuss its temperature and wave vector dependence. Finally, in Chapter 5, we present our
conclusion and discuss the future work. In the Appendix, some detailed formalisms, which

are related to previous discussions, are shown.



CHAPTER 2

GENERAL INTRODUCTION TO THE HUBBARD MODEL

2.1 THE HUBBARD MODEL IN SOLID STATE PHYSICS

Originally proposed as a model of magnetic and electrical transport properties of transition
metals, the Hubbard model, introduced independently by Gutzwiller[11], Hubbard [1] and
Kanamori [12], is the simplest realistic model of correlated electron systems, containing only
the essential aspects of electrons in a solid - the competition and interplay between Coulomb
interaction and kinetic energy of the electrons, the filling of the available electronic band
and the structure of underlying lattice.

In decades of study, the Hubbard model as been used to describe various phenomena
including ferromagnetism and antiferromagnetism, superconductivity, the Mott-Hubbard
metal-insulator transition and antiferromagnetic correlations for a certain class of transition
metals and transition metal oxides [13][14][15][16][17][18], including the high-T, cuprates [2]
and low-T, ruthenates [19]. Since the discovery of superconductivity in the cuprate LaCuOy
[20], the mechanism of high-7, superconductivity has become a center of interest in con-
densed matter physics. The importance of the two-dimensional (2D) Hubbard model lies in
the fact that all known high-T,. cuprate superconductors exhibit a common phenomenology
in their electronic structure, magnetic transport and optical properties, which is very similar
to the “known” properties of the Hubbard model and, specifically, the Hubbard model on
a two-dimensional square lattice. The cuprates are layered materials, characterized by the
presence of quasi-two-dimensional CuOy planes [21]. The term quasi-two-dimensional here
refers to the fact that the electronic coupling, specifically the electronic conduction band

hybridization, between the CuO, layers is much weaker than within each layer. The cuprates
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are highly correlated materials with an effective conduction bandwidth comparable to the
effective local Coulomb repulsive interaction between the conduction band electrons. In their
pure “undoped” form, the cuprates’ electronic structure exhibits one conduction band associ-
ated with each CuOs layer. The quasi-two-dimensional conduction band is half-filled and the
undoped cuprates should therefore be metals according to band theory. Yet their observed
transport and optical properties show that the undoped cuprates, such as pure LayCuQy, are
insulators. This insulating behavior is caused by the strong local Coulomb interactions of the
conduction electrons and this type of insulators is referred to as a Mott-Hubbard insulator.

Furthermore, all undoped cuprates exhibit strong antiferromagnetic spin correlations,
and at temperatures below about 200 - 300 K, long-range antiferromagnetic order. The
cuprates become conducting and their antiferromagnetic spin correlations are suppressed
by substitutionally doping them with non-iso-electronic ions, which change the conduction
band electron density away from half-filling. This general phenomenology is very reminiscent
of the “known” physics of the Hubbard model in its strong coupling limit, as described in
more detail in Section 2.4. The rich phase diagram of the Hubbard model is of great interest
in order to describe the phenomena of these materials and their phase transitions between

different ordered states.

2.2 HUBBARD MODEL: BASIC THEORY

While the originally proposed Hubbard model retains only the short-range effects of the
electron-electron Coulomb repulsions, the longer-range part of the Coulomb repulsion could
also be important, especially for questions related to the superconducting pairing mechanism
in the cuprates. It is therefore of interest to also include long-range Coulomb interaction effect
in the framework of the Hubbard model, which thus leads to the so-called extended Hubbard
model. The extended Hubbard model describes spin—% electrons moving in a crystalline solid.

It assumes that band electrons interact via a two-body repulsive Coulomb interaction and



the vast set of electron bands and continuum electron levels of each ion can be approximately
reduced to a single or sometimes a few localized orbital levels.

Specifically the extended single-band Hubbard model is based on a representation of the
electronic structure in terms of a basis of conduction band Wannier functions ¢,,(Z,€) of a

general form

$jo(T,6) = O(T —75)d0e (2.1)

where the site index j indicates a lattice site located at lattice vector 7, and o is the spin
index of the Wannier orbital that denotes spin eigenstates ¢ =1 or |. Also, ¢ is the electron
spin coordinate, and Z is the electron position coordinate vector.

The orbital part of the Wannier function ¢(z —177;) is assumed to be centered around lattice
vector 7. This o(T— 7;) can be constructed from the Bloch wave functions of the conduction
band [22]. We assume that there is only one conduction band, i.e., all other electron energy
bands of the solid, except for the conduction band, are either completely full or completely
empty. The basic approximation underlying the single-band Hubbard model is then to neglect
all non-conduction band orbitals and retain only the conduction band Wannier orbitals ¢;,.
This can provide an adequate description of the physics of the electrons for excitation energy
scales of the order of 2 to 3 eV or less, i.e., at energy scales below the typical interacting-band
excitation energy in the cuprates.

Some of the general formalism and basic physics discussed below will not depend on the
specific choice of the lattice structure. However,we will implicitly assume simple cubic or
tetragonal lattices in D-dimensions with periodic boundary conditions, and will ultimately

focus on the D = 2 square lattice, with period boundaries and
N=LxL (2.2)

unit cells, where L is the linear lattice size of square lattice sites. Because the set of single-

band Wannier functions is orthonormal and incomplete, the Hilbert space is truncated by



the restriction that only one Wannier function is allowed per unit cell. In some other cases
the other orbital Wannier functions are kept, leading to the multi-band Hubbard model [23].

In addition to the single-band (or few-band) Hilbert-space truncation, the Hubbard model
introduces further approximations involving the neglect of certain less important “inter-site”
matrix elements of the electron-electron Coulomb interaction, as described in great detail
in the literature [23][24]. The larger “on-site” Coulomb matrix elements are retained in the
model; they constitute the so-called “extended Hubbard” interaction. The largest of these is
the matrix element for the on-site Coulomb repulsive interaction, which plays a fundamental
role in the physics of the conduction electron system. The grand canonical Hamiltonian for

the extended Hubbard model in Wannier function basis is given by

. 1
H = — Z tijcit cjo + 3 Z Vz»jc;;cjt)cjpcig — Z UC Cig (2.3)
ij,0 ijop o
where cgj) is the annihilation (creation) operator for an electron in ¢;,, localized at a lattice

site 7; with spin o(=T, |), and the hybridization matrix elements ¢;;, related to the kinetic
energy, enter the hybridization term between sites 7; and 7;. Site indices ¢ and j will be
summed over all N lattice sites, while ¢ and p will be summed over spin up (1) and spin
down (|). p is the chemical potential. Since the lattice has translational symmetry, ¢;; =
t(7; — 7). Any hybridization terms beyond first nearest neighbors are referred to as longer-
range hybridization matrix elements. V;; are the Coulomb interaction matrix elements to be
discussed below.

The extended Hubbard interaction can also be written in terms of electron number oper-
ators n;

. 1 . 1. 1 .
H = =) tychcio+ 3 > Vil - )= 5) = > i (2.4)

15,0 i %



where

n; = Njors (2.5)
Mo c;:,cjg (2.6)
i = p—Ap (2.7)
and Ay is given by
ap = 3V (2.8)
J

it is also called the particle-hole symmetric chemical potential. Note that Apu, as defined
here, is independent of the site index ¢ in Equation 2.8 due to the translational invariance of
Vij, i.e., Vi; = V(7; — ), and due to the translational invariance of the lattice with periodic
boundary conditions.

The interaction term with the matrix elements V;; comes from the repulsive Coulomb
interaction between the electrons and is independent of spin. Thus the on-site interaction
(i.e., 7; = rj) is the Coulomb repulsion between two electrons with opposite spins both
occupying the same Wannier orbital on the same lattice site, whereas the off-site interaction
is the Coulomb repulsion between two Wannier electron clouds localized at two different
sites. Due to the localized Wannier charge distribution, the off-site interaction V;; with i # j
can be approximated by the Coulomb interaction between two point charges located at two
lattice sites 7; and 7. The extended Hubbard interaction can be then written as

U if 7 =7
Vij = (2.9)

Vi/(Iri =75l /a) i 7 # 7
where U is the on-site interaction and V; is the Coulomb interaction between the first nearest
neighbors, and where |7, — 7| denotes the shortest distance between 7; and 7; on a finite
lattice subject to periodic boundary condition and a is the first neighbor distance. Note that

this form of V; preserves the translational invariance, since V;; = V(7; — 7).



By lattice Fourier transform, Bloch annihilation(creation) operators in momentum space

dy, (dgo_) can be constructed from real space annihilation(creation) operators by

1 -
d- = —— Y e *c. 2.10
2 m; ; (2.10)

where j is summed over all lattice sites, N is number of the lattice sites, and dj,_ ( d;fa)
annihilates (creates) an electron in Bloch state with crystal lattice momentum k and spin
0. The crystal lattice momentum k resides in the first Brillouin zone, in a finite subset By,

given for the two-dimensional square lattice by

- =<l <=, —= <1, <=l [, are integer}. (2.11)

B, is the finite set of distinct, allowed k-vectors in the first Brillouin zone of a finite square
lattice L x L with periodic boundary conditions as illustrated in Figure 2.1.

The Hamiltonian of the extended Hubbard Model can now be written in momentum

Space as
f{ - Z( d+ d-) + Z k+q d:’ 7 /dk'cf’dk}a" (2]‘2>
keB. KKk ,quL,
U7U,:T~L

V(q) is the lattice-Fourier-transformed interaction given by

1 —id- (7 —7;
— Nze q-(7i J)‘/ij (213)
ij

and the interaction term describes scattering of electrons and exchange of momentum due

to interaction. The band energy e is related to the hybridization terms by
1 ik (7 —7
= NZ& ke (7 T])tij. (214)
ij

For example, if we include only the two non-zero hybridization terms for first and second
neighbor hybridization, respectively on a 2D square lattice denoted by t; and t,, the band

energy is

e = —2ty(cos(ky) + cos(ky)) — 4ta cos(ky) - cos(ky). (2.15)
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Figure 2.1: Example of conduction electron band filling in momentum space for the non-interacting
electron system on a two-dimensional square lattice with first neighbor hybridization only (¢ # 0,
ty =t3=---=0), ie, eg = —2t1(cosk; + cosky). The Fermi “surface”, i.e., contours of constant
band energy, €z = u = const, are shown for chemical potential p is 0, 2¢; and —2t;, depicted by
red solid-, dash- and dotted-line respectively corresponding to band filling p, = 0.50, 0.82 and
0.18 respectively in the thermodynamic limit N — oo. Note that the p. is equal to the fraction
of the Brillouin zone in term of interior “volume” delimited by the Fermi surface. Also shown for
illustration is the discrete grid of allowed E—points for a finite lattice of size N = 8 x 8, with closed
square symbols denoting 64 distinguishable E—points and open square symbols denoting additional
E—points that are indistinguishable from closed ones by E—space periodicity. The full square with
corners (m,7), (—m, —m), (—m,7) and (m, —7) is the first Brillouin zone. All k-vector components
are given in units of 1/a where a is the lattice constant.
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We also define €; hereafter such that
€ = €5 — [ (2.16)
The band width W can be determined by €(k) such that
W=¢e"—e, (2.17)

where €' is the maximum value of e(k) and €~ is the minimum value (The symbol W here
should not be confused with the Monte Carlo weight function defined in Chapter 3). For
instance, if the first neighbor hybridization term t; is nonzero, and the second neighbor

hybridization term t5 is limited by

t1 t1
R
2 ==
the band width
W == 8t1

In the grand canonical ensemble, the average occupation number (n) is thus defined as
. 1
() = + D ddi,) = (cheio) (2.18)
ko o
Here the grand canonical thermal average is defined by

Tr(e=PH A)

(A) (e (2.19)

for any observable A. The average occupation number (n) is determined by the chemical

potential u and is usually expressed in terms of the so-called electron band filling, p., by
() = 2p. (2.20)

where p, is the fraction of electron k-states in the conduction band that would be occupied
in the non-interacting limit of the model (V;; = 0) for the same (n). p. ranges from 0 to 1,

and the factor of 2 in Equation 2.20 is due to the spin degeneracy of each k-state. Figure 2.1
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gives an example of electron conduction band filling in lg—space on a square lattice for the
non-interacting system. In the following we will use the term “band-filling” to refer to p. even
in model parameter regimes where a conventional band picture may not apply to describe
the physics of the model.

The extended Hubbard model is characterized by spin rotation symmetry and gauge

symmetry. Under spin rotation symmetry,

[H,U,(@)] =0 (2.21)
with the unitary operator

U, (@) = e'Seer (2.22)

—

where o is an arbitrary three-dimensional unit vector. The site spin vector operator S; is

defined as
S = (8,5 5%
where the components of §j given by

(@ _ 1o+
S = Z 5700 CjoCio
o,p=T1

and () denote the Pauli matrices for o = z, y, and z. Then
St = Y5 (2.23)
J
The gauge symmetry is the property that
[H, %] =0 (2.24)
where
Ne=> jo (2.25)
jo

is the total electron number operator. and ¢ is the gauge angle.
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In addition, if the longer range hybridization matrix elements (beyond first neighbor)
vanish, the Hubbard model on a bipartite lattice has particle-hole symmetry for a special

choice of the chemical potential, namely for,

Ap = p (2.26)

i =0 (2.27)

in Equation (2.8) and Equation (2.7) respectively, such that its Hamiltonian is unchanged
under the particle-hole transformation (Appendix A). If the model is particle-hole symmetric,
the system is precisely half-filled ((n) = 1), i.e., it holds one electron per lattice site on
average, for all values of the V;; and all allowed t;; parameters in the Hamiltonian at any
temperature T'. The diamond shaped noninteracting half-filled Fermi surface in Figure 2.1
has a special significance, even for the interacting system, i.e., it is the locus of all E—points
which are invariant (i.e., mapped onto themselves) under the particle-hole transformation
in k-space (see Equation (A.13) and Equation (A.14) in Appendix A.2). As a consequence
of particle-hole symmetry, the Green’s function and spectral functions for /;—points on the
diamond-shape Fermi surface have special symmetry properties, as derived in Appendix A
and shown later in Chapters 3 and 4.

In the interacting system (with V;; # 0), it is still possible to define a so-called “interacting
Fermi surface” in the zero-temperature limit, 7" — 0, provided that the system “maintains”
Fermi liquid behavior, as shown by Kohn and Luttinger [25] [26] [27] [28] and described in
more detail in Chapter 3 and Appendix D. In this situation, the interacting Fermi surface
of the half-filled particle-hole symmetric system can be shown to be identical to the non-
interacting diamond-shaped surface in Figure 2.1 due to its particle-hole invariance. We will
therefore refer to this special particle-hole-invariant half-filled Fermi surface as “the Fermi
surface” in all further discussions of the results for the particle-hole symmetric Hubbard

model in Chapter 3 and Chapter 4 even for the interacting system V;; # 0.
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2.3 THE ORIGINAL HUBBARD MODEL

The original Hubbard model [1][11][12] (also called the pure Hubbard model, the on-site
Hubbard model or just the Hubbard model) is a special case of the extended Hubbard

model, where only the on-site interaction is considered, i.e, Equation (2.9) becomes

U ifr,=r7j
Vi = (2.28)
0 ifr #75.
The Hamiltonian in coordinate space is thus simplified to
2 + U + o+ +
H=-— Z tiiCiCio + 2 Z CioCipCipCio — Z A€} Clor- (2.29)
1jo jop jo
from Equation (2.3), and
. n U . 1., 1 N
H = =) tiches+ 5 > (g — )1 = 5) = > iy (2.30)
ij,0 J J

from Equation (2.4) where as Equation (2.7)

LU
/’1/— 2“'

The Hubbard model in momentum space can be written as

. U
_ gt g, Y + + g
H o= ) Gdld,+ow Y didl . didg, (2.31)
keBio=1| kK qeBio,p=11
If the Hubbard model has particle-hole symmetry, then from Equation (2.26), the chem-

ical potential p is exactly half the magnitude of the on-site repulsion U, i.e.,

n=g. (2.32)

We will always use the term “Hubbard model” to refer to Equations (2.29), (2.30)
and (2.31) in the following. The models in Equations (2.3), (2.4) and (2.12) will always be
referred to as the “extended Hubbard model”. The actual model calculations reported in this
thesis, in Chapter 4, are all for the case of the pure Hubbard model. The extended Hubbard
model has been introduced here only to develop the general formalism of our simulation

method and to illustrate the generality of this formalism and the simulation method.
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2.4 HUBBARD MODEL IN THE ATOMIC AND STRONG-COUPLING LIMIT

The physics of the Hubbard model in atomic and strong-coupling limit at half-filling is
reasonably well understood.

The atomic limit of the Hubbard model is obtained by setting all hybridization terms
ti; = 0, and retaining only the on-site repulsion U. For a half-filled system (n) = 1, the ground
state of the Hubbard model then consists of the eigenstates of all occupation number operator
N, with exactly one electron per lattice site. The ground state therefore has degeneracy of
2N where N is the number of lattice sites, since at each site j, we can choose occupation
numbers so that either nj; = 1, n;; = 0, or nj; = 0, n;; = 1, corresponding to spin z-
component s; = +% or sj = —%, respectively. For example, both states in Figure 2.2A and
Figure 2.2B are ground states. If we want to move an electron, i.e., transport charge, between
different lattice sites, we need to excite the system to its first excited state where one site

becomes doubly occupied, as shown in Figure 2.2C. The excitation energy gap A between

the ground state and first excited state is therefore
A=U. (2.33)

Having a required finite excitation energy A > 0 to transport charge is characteristic of an
electrical insulator [29].

In the cuprate materials, the removal or addition of conduction band electrons is achieved
by doping the pure insulating parent compounds with p-type or n-type substitutional dopant
ions respectively. We will therefore also refer to lowering of band-filling away from p, = 1/2
as “p-doping” or “hole doping” in the context of the Hubbard model. Likewise, we will refer
to an increase above p, = 1/2 as “n-doping” or “electron doping”.

If we change the band-filling, for example by removing one electron from the half-filled
ground state, as shown in Figure 2.2D, then we can move an electron between different sites
without having to excite the system to a higher energy state. Therefore, doping away from

half-filling has the effect of destroying the charge excitation gap. Being able to transport
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Figure 2.2: A one-dimensional Hubbard chain with 6 lattice sites is used to illustrate the basic
physics of the atomic and strong-coupling limit of the Hubbard model. The same qualitative ideas
apply to the higher-dimensional case. The arrows in the graph are used to illustrate the movement
of an electron from one lattice site to another one. The cross sign on the arrow means that this
kind of movement is not allowed. (A) and (B) are two degenerate ground states of the Hubbard
model in the atomic limit. (C) is the first excitation state generated from (A). (D) is an example
for under-doped (p-type) Hubbard model. Moving the electron to a non-occupied site won’t affect
the ground state energy. (E) is an example for over-doped (n-type) Hubbard model. Moving the
electron from a double-occupied site to another single-occupied site won’t affect the ground state
energy. (F) is a cartoon of the antiferromagnetic ground state of the Hubbard model in the strong-

coupling limit. Strictly speaking (F), the so-called Neél state, is not an exact ground state of the
Heisenberg model, but rather of the corresponding Ising model, where only the Si(z)Sj(-z) terms in

Equation (2.34) are retained.
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charges without having to supply a minimum excitation energy across a gap, i.e., A =0, is
characteristic of a metal.

If we turn on a hybridization ¢;; # 0 in the Hamiltonian, but with U > |¢;;|, the doping-
induced extra hole in Figure 2.2(D), the doping-induced extra electron in Figure 2.2(E)), and
also the excitation-induced pair of extra-electron and extra-hole in Figure 2.2 (C) become
mobile and the respective degenerate manifolds of ¢;; = 0 eigenstates are mixed and broad-
ened into energy bands. These bands are referred to as the “lower Hubbard band” and
the “upper Hubbard band” for the manifold of states represented by Figure 2.2(D) and
Figure 2.2(E) respectively. Hubbard bands represent correlated many-body eigenstates of
the Hamiltonian. They are therefore very different from, and cannot be represented by,
single-electron energy bands known from conventional band theory.

Note here that only the doping-induced extra holes in the lower Hubbard band or extra
electrons in the upper Hubbard band are freely mobile and contribute to electrical charge
transport. The electrons in the half-filled system are basically “frozen in” by the large Mott-
Hubbard gap A ~ U. These frozen in electrons only produce a correlated insulating “spin
background” in which the doping-induced carriers move. In this sense, the lower and upper
Hubbard band have a certain analogy to the valence and the conducting band states of a
conventional weakly correlated semiconductor (or insulator), described by conventional band
theory. In this semiconductor analogy the upper Hubbard band corresponds to the energy
states of a single electron, added by n-doping, to the semiconductor conduction band, and the
lower Hubbard band corresponds to the energy states of a single hole, added by p-doping to
the semiconductor valence band. This analogy will be made more explicit in the spin density
wave electron band picture described in Section 2.5. However, the crucial difference between
a conventional band semiconductor and a strongly interacting Hubbard system is that in a
conventional semiconductor, the undoped insulating state consists of a valence band which is
completed filled with electrons and a separate conduction band which is completely empty.

By contrast, in the case of the Mott-Hubbard insulator, the undoped state comprises only
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a single half-filled band, represented by its single-occupied Wannier orbitals. Thus, in the
absence of the strong local Coulomb repulsion U, the half-filled system would actually be a
metal, according to band theory. The insulating behavior of the half-filled Hubbard system is
therefore not caused by band-filling effects, but rather by the strong local Coulomb repulsion
U. This insulating behavior of a partially-filled band system constitutes a complete break-
down of the conventional band picture.

If the on-site repulsion U is much larger than the hybridization terms ¢;;, i.e., U > [t;;],
but the ¢;; are non-zero, we have realized the so-called strong-couping limit of he Hubbard
model. Because the electrons are now allowed to hop to different lattice sites, in the half-filled
ground state the antiferromagnetic alignment of spin is preferred, as shown in figure 2.2F.
This preferential antiferromagnetic alignment can be simply understood as a consequence of
the delocalization energy gain from the ¢;; term and of the Pauli principle. As illustrated in
Figure 2.2A, for the two middle sites, the spins are anti-parallel, and therefore the spin down
(1) electron, for example, can delocalize by hopping to the other site, occupied already by the
spin up (T) electron, thereby lowering the total energy of the system. However, for the leftmost
sites in Figure 2.2A, the electron spins are parallel, the Pauli principle prohibits delocalization
between these two sites and therefore prevents a delocalization energy gain. By a more
systematic second-order perturbation theory, the original Hubbard model Hamiltonian at
band filling % can be approximately mapped to a spin—% Heisenberg model

Hy=Y"J;S S (2.34)
ij
with the antiferromagnetic exchange coupling J;; given by

42,
Jp = —2
1] U

(2.35)

in terms of the original Hubbard parameters. The Hilbert space of H; is restricted to the

states with n; = 1 at all sites. In the most relevant case for the cuprates,

i1 > |t2| 5 |t3|’ to (236)
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where tg, t3, ... are the second, third, ... neighbor hybridization terms, we can reduce H;
to a first neighbor antiferromagnetic coupling model which has an antiferromagnetic ground
state [30].

Due to the continuous nature of the group of spin rotations shown in Equation (2.21), the
Mermin-Wagner Theorem [31][32][33] prevents the Hubbard or Heisenberg model from having
any long-range antiferromagnetic or other long-range magnetic order at finite temperature
T > 0. However from extensive simulational and analytical work [30][34][35], we know that
the model exhibits spatially very extended, finite-range antiferromagnetic spin correlations

when 7" becomes smaller than the first neighbor exchange
Jp =2 —. (2.37)

For T' < Ji, the correlation length ¢ is known to grow exponentially with 1/7, i.e., roughly
as [30]

¢ o exp(|const| x J1/T). (2.38)

(True long-range antiferromagnetic order at finite temperature (7" > 0) can of course develop
in the real “quasi-two-dimensional” cuprate materials due to three-dimensional antiferro-
magnetic coupling between the CuOy layers which makes these material three-dimensional
antiferromagnets. ) The existence of strong antiferromagnetic spin correlations has also been
demonstrated directly in the Hubbard model by exact quantum Monte Carlo simulations [9]
(the term “exact” here means that the results of this kind of Monte Carlo simulation agree
with the exact result within Monte Carlo statistical error. And the Monte Carlo statistical
error can be systematically reduced by increasing Monte Carlo sample size), as well as in
approximate mean-field type treatments [36].

If we dope away from half-filling, the strong-coupling expansion maps the Hubbard model

onto the so-called ¢-J model which is a generalization of the Heisenberg model, given by

Htj - Ht +HJ+H} (239)
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where H; is different for hole- and electron-doped model,

(1 —nss c;-;c-a hole-doped
Ht _ Zzga ]( J ) J (24())

> ijo tiiMiaCinCio electron-doped

and H is defined as
1. .
H), = — Z 7 (i = 1)(; = 1) (2.41)
ij

which represents an effective attractive interaction between the doping-induced hole or extra
electron carriers. Again, the Hilbert space for this model is truncated to allow only the
subspace whose n; = 0 or 1 for the hole-doped case and n; = 1 or 2 for the electron doped
case. H;; describes the motion of either doping induced extra holes or doping induced extra
electrons in the antiferromagnetic correlated spin background. In other words H;; describes
the energy states associated with the motion of doping-induced charge carriers in the lower
Hubbard band only for hole-doping, or in the upper Hubbard band only for electron doping.
The higher energy “particle-hole” excitations, as shown in Figure 2.2(C), are not explicitly
included in the H,; Hilbert space. Rather, they are eliminated by a perturbative procedure
[9]. To order (t;;)* these “virtual excitations” are what give rise to the antiferromagnetic
couplings J;;. It is believed that the kinetic energy associated with these doping induced
charge carriers is responsible for bringing about metallic-like electrical conductivity and the
suppression of spatially extended antiferromagnetic spin correlations in the doped Hubbard
model.

The physics of the Hubbard model in the atomic and strong-coupling limit is therefore
very similar to the high-T,. cuprates, and it is believed that the Hubbard model is able to
explain at least some of the phenomenology of the cuprates. However, one of the central ques-
tions, whether the two-dimensional Hubbard model or the quasi-two-dimensional extension

thereof can explain high-T, superconductivity, is still open.
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2.5 NON-INTERACTING LIMIT OF THE HUBBARD MODEL AND HARTREE-FOCK MEAN-

FIELD THEORY

In the non-interacting limit case, we set the Hubbard interaction V;; = 0 in Equation (2.4).
The exact solutions of the Hubbard model in the non-interacting limit are the common

eigenstates of the occupation number operators in E—space, defined as
my, = d;cfod,;g. (2.42)

At zero temperature T = 0, all states (l;, o) with band energy below chemical potential p,
such that e; < p, are occupied, whereas all the states above the chemical potential, such
that ez > p, are empty. The total energy of the Hubbard model ground state thus is the

sum of band energy ¢;  of all occupied states, given by
E =) mye, (2.43)
ko

where my_ denotes the eigenvalue of ri;_, with my_ = 0 or 1. In the thermodynamic limit, the
grids in crystal momentum space become continuous, so that there is no gap for excitation
across the Fermi energy. Hence, in this case, the system is metallic at any non-integer banding
filling include half-filling (p. = 1/2).

As the Hubbard interaction V;; is turned on, the Hubbard model can be treated
in the Hartree-Fock mean-field approximation [9][37][38], where the interaction term
in Equation (2.12) is approximated by replacing the 4-fermion-operator products like

di_ d+ g,d];/grd];g With

—

k+qo k' —q,

2d§+¢adga<df d];,g,> + (—Q)d;;:_q dE’ ,(d’—g - ,dlgg>.

k'_‘ial q,0 g —q,0
This leads to an “effective” or “mean-field” Hamiltonian which consists only of terms with
2-fermion-operator products and which, therefore, can be diagonalized exactly by solving
for the corresponding “mean-field” single-electron eigenstates. The required “mean fields”,
<dg/,qjg/d12/gf> and <d%/,§,gldEa> are then calculated self-consistently by taking the thermal or

ground state averages with the exact Hamiltonian replaced by the mean-field Hamiltonian.
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Figure 2.3: (A) A 4 x 4 lattice is shown with partitioning into two sublattices: sublattice A (open
circles) and sublattice B (closed circles). Note that the unit cell (depicted as a solid-line square)
contains one site regardless of sublattice, and the two-site unit cell (depicted as a red dashed-line
diamond) contains one sublattice A and one sublattice B site. (B) The first Brillouin zone for the
single-site unit cell (black solid-line square) and the two-site unit cell (red dashed-line diamond)
are shown. The latter coincides the non-interacting Fermi surface of the previous one. The circles
show the discrete grid of allowed E—points for the 4 x 4 lattice with periodic boundary conditions.
The black circles are a complete set of such E—points, the grey circles are identical to corresponding
black circles modulo a reciprocal lattice vector. The first Brillouin zone for the single-site and for
the two-site unit cell are referred to as “large” Brillouin zone and “small” Brillouin zone in the
following, respectively.

Without any symmetry breaking, the Hartree-Fock mean-field Hamiltonian has the same
form as the non-interacting band Hamiltonian, but with a modified energy band. For the
pure Hubbard model such that V;; = Ud,;, the energy band in the absence of symmetry
breaking is unchanged compared to the non-interacting limit case, except for a constant

energy shift which can be absorbed into the chemical potential.
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Figure 2.4: (A) The conduction band for a non-interating Hubbard model with first neighbor
hybridization ¢; # 0 only (t2 = t3 = 0) is plotted along time diagonal (k; = k) in the large first
Brillouin zone (dashed blue line) and in the small first (solid red line) with “large” and “small’ first
Brillouin zone defined in Figure 2.3. Note that the portions of the large-zone band falling outside
of the small zone are shifted back into the small zone by small-zone reciprocal lattice vectors.
Therefore the single conduction band actually becomes two bands in the small-zone representation.
(B) The spin density wave (SDW) electron bands for the interacting Hubbard model are treated
in the Hartree-Fock approximation with antiferromagnetic symmetry breaking. The bands show a
SDW gap between the upper- and lower-SDW band at the reduced first Brillouin zone boundary.

The SDW band energy Er has the form B = j:\/e]; + (Aspw /2)? for upper and lower SDW band

respectively. At half-filling and zero temperature, the lower SDW electron band is completely filled
and the upper SDW band is empty.
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If antiferromagnetic symmetry breaking is allowed, the corresponding unit cell is doubled
and includes two lattice sites, as shown in Figure 2.3, which also implies that the area of the
corresponding (new) Brillouin zone is reduced to half the volume of the original Brillouin
zone. The new Brillouin zone boundary coincides with the diamond-shaped half-filled Fermi
surface shown in Figure 2.1.

The Hartree-Fock mean-field theory with antiferromagnetic symmetry breaking leads to
a splitting of the original single conduction band into two sub-bands, referred to as the upper
spin density wave (SDW) band and lower SDW band, as shown in Figure 2.4(A). As a result
of the Coulomb interaction, a so-called spin density wave gap, Agpw, is opened, as shown
in Figure 2.4(B). The magnitude of the SDW gap can be determined self-consistently by
solving the mean-field equations.

The Hartree-Fock solution with antiferromagnetic symmetry breaking implies long-range

spin density wave order,
(S = My -exp(—iG* - 7)) (2.44)
with spin density wave vector

@* = (7‘(‘, 7T)

i.e., the SDW state is therefore an antiferromagnetic state. In the Hartree-Fock approx-
imation, the SDW antiferromagnetic order occurs below a finite transition temperature
Tspw > 0 in any dimension including D = 1 and D = 2, and therefore the Hartree-Fock
approximation violates the Mermin-Wagner theorem in two dimensions and the fundamental
theorem that long-range order cannot exist at finite temperature in one or two dimension.
Nevertheless, the SDW band formation again reproduces very similar “physics” as the
atomic and strong coupling limit. At half-filling (p. = 1/2), the lower SDW band is com-
pletely filled, while the upper SDW band is empty, i.e, the system is in an insulating state and
it exhibits antiferromagnetic order as just discussed. Upon doping with holes into the lower

SDW band or with electrons into the upper SDW band, the system becomes conducting.
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Just like the Mott-Hubbard gap in the strong coupling limit, the SDW gap is a so-called
“charge excitation gap” which means that it can be seen in optical absorption or other
experiments where the system is perturbed by (external) electrical fields. It is interesting
to note that in the strong coupling limit U > |¢;;|, the magnitude of the SDW gap is

approximately equal to the on-site interaction U, i.e.,
Aspw =U

in the Hartree-Fock mean-field equation [39][40], which is the same value as the Mott-
Hubbard gap A in the atomic limit. It is therefore tempting to identify the two SDW bands
with the lower and upper Hubbard bands, and identify the SDW gap with the Mott-Hubbard
gap.

The Hartree-Fock mean-field theory violates fundamental theorems of statistical mechanics
by allowing a continuous symmetry to be broken by a long-range order state at finite temper-
ature T even in one and two dimensions. On the other hand the Mott-Hubbard excitation
gap is clearly seen in numerical solutions of the half-filled Hubbard model, even in the
absence of any symmetry breaking due to, e.g., long-range antiferromagnetic order [3]. A
central question of strongly correlated electron systems is therefore whether the basic physics
of both the strong coupling limit and the SDW symmetry broken Hartree-Fock mean-field
theory (insulator with excitation gap and antiferromagnetic spin correlation) can be repro-
duced by systematic, extensions of the Hartree-Fock mean-field theory. It is the main goal of
this thesis work to employ a systematic self-consistent perturbative formalism to go beyond
Hartree-Fock theory and to develop the algorithmic tools for actually implementing this

formalism computationally.



CHAPTER 3

GREEN’S FUNCTION FORMALISM

3.1 GENERAL INTRODUCTION

The method that we use to treat the two dimensional Hubbard model is a self-consistent
diagrammatic expansion combined with a Monte Carlo summation technique. Our method
employs a Baym-Kadanoff-type [41] of “self-consistent conserving approximation”. The term
“conserving” here refers to the fact that all the fundamental symmetries and resulting con-
servation laws, such as gauge symmetry and particle-number conservation, or spin rotational
symmetry and total spin conservation, will be fully preserved by the approximation scheme
of all levels of approximation (i.e., at all orders orders of diagrammatic expansions up to the
maximum order). For example, the Ward identities [42] related to particle number and spin
conservation are automatically obeyed. The Hartree-Fock approximation is the lowest order
version of this more general approach.

Our Monte Carlo summation method, which will be introduced later in this chapter, is
used to carry out the summations over high-dimensional momentum and frequency domains
required in the high order diagram expansions. The method can be applied to finite lattices
and systematically extrapolated to infinite lattice size L — oo. The important advantage of
this Monte Carlo summation method is that, at any level (or so-called “order”) of approx-
imation, the computation time grows only linearly with the lattice volume N = L x L, as
defined in Equation 2.2.

Obviously, as a tradeoff, the drawback of the diagrammatic expansion approximation is
that the solution is not exact, but can be (in principle) systematically improved by going

to the next higher level of approximation. On the other hand, to date there is still no
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proof that the self-consistent expansion method will converge as approximation order 7,
approaches infinity. At large approximation order n,,,,, the total number of so-called dia-
gram topologies, which need to be summed over, grows exponentially or super-exponentially
with n,,... Hence our specific approach of summing by brute force over all diagram topolo-
gies, as described below, cannot be extended beyond 6th order at the very most with current
computing resources. We must then resort to carrying out summations over diagram topolo-
gies along with momentum-frequency-summations by the Monte Carlo method, though this
approach may substantially increase the statistical errors. In this thesis, we will develop and
explore only the “partial Monte Carlo summation” approach. The “complete Monte Carlo
summation” approach described above will remain for future studies.

The basic diagrammatic formalism of our approach has been fully developed in the lit-
erature, notably in the works of Feynman [37][38], Matsubara [37][38], Kohn, Luttinger
[25][26][27][28], Ward [42], Baym and Kadanoff [41] and others in the 1950s and 1960s. In
the following sections, we will therefore introduce the basic formal graph theoretic definitions
that are required for the full computational implementation of this formalism and we will
then only summarize the primary diagram expansion results required for our numerical work

without any detailed derivations.

3.2 SINGLE-PARTICLE GREEN’S FUNCTION

The one-particle Green’s function (also called “propagator”) plays a fundamental role in
interacting many body physics, determining the excited states associated with creation or
annihilation of one particle in a system in thermodynamic equilibrium. The one-particle
Green’s function is also the fundamental building block for all self-energy diagrams to be
computed in our calculations. Hence, the starting point of our calculationss is the evaluation
of the single-particle Green’s function.

Although our formalism is described here for the two-dimensional extended Hubbard

model, the formalism is much more general. It applies in all finite dimensions and can even be
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extended to infinite dimension [7]. It can also be extended beyond the single-band Hubbard
model to more realistic multi-band models. However, to be specific, we assume that the
model that we study is defined on a square lattice, consisting of N = L x L lattice sites, with
repulsive interaction V;;, chemical potential p, first and second nearest neighbor hopping, t;
and ty respectively as described in the previous chapter. In the following, all energies are
expressed in units of the first nearest neighbor hopping amplitude ¢, if not otherwise stated
explicitly.

In momentum-imaginary-time domain, the single-particle Green’s function is defined as

37] [38]
Gk,m) = —(Tldg,(T)dg, (0)]), (3.1)

where, 7 is the so-called imaginary time variable with —3 < 7 < 3, § = 1/T for temper-
ature T', and T’ is the Fermion time ordering operator, and where d;_ is the annihilation
operator for an electron in a Bloch state with crystal momentum k and spin o as defined
in Equation (2.10). The notation (A) is again the grand canonical ensemble average for any
operatorA, as defined in Equation (2.19). The imaginary time evolution of any operator A

is defined here by

A ~

A(t) = exp(HT)Aexp(—HT). (3.2)

In the absence of spin rotational symmetry breaking, G (E, 7) is independent of spin index
o in Equation (3.1). The Green’s function in the so-called momentum-Matsubara-frequency

domain is related to G(k, ) via the Fourier series

Gk,7) = TY e ™ G(k,ivy) (3.3)

Wm

where,

i} s
Gk) = Gk ivy) = /0 T GR, T, (3.4)
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Here the symbol k without vector arrow is used to denote a (D+1)-dimensional momentum-

Matsubara-frequency vector
k= (k,ivm) (3.5)

for the general case of a D-dimensional lattice, where k is the D-dimensional crystal

momentum, and iv,, is the odd Matsubara frequency, defined as

Wy, = (2m+ 1)miT (3.6)
with integer m and 2 = —1. Formally, we can write
ke =By, x M_ (3.7)

where By, is defined in Equation (2.11) and M _ is the odd Matsubara frequency set defined

as
M_ = {ivg|vm = (2m+ 1)7T, m is integer}. (3.8)
We will later also need even Matsubara frequencies, defined as
Wy, = 2mmiT (3.9)
for integer m and the even Matsubara frequency set, defined as
M, = Aiwp|wn = 2maT, m is integer}. (3.10)

The E—space occupation number can be obtained directly from the Green’s function as

—

(ko) = (dF di,) = lim G(F, —7). (3.11)

T—0t

The Green’s function can be evaluated by the Feynman-Dyson perturbation theory
[37][38]. In the momentum-Matsubara-frequency domain (, iv,,), the Green’s function is

then given by, so-called Dyson equation,

1 1

S 1 B LI e

(3.12)
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where the self-energy E(E, ivpy,) includes all interaction effects and the non-interacting single-
particle Green’s function is given by
1

) = o TaTa
m k

(3.13)

with €7 given by Equation (2.15) in Section 2.2 for the case of two-dimensional Hubbard
model.

Since both G(k, 7) and %(k, 7) (the inverse-Fourier sums of G(k, ivy,) and X(k, ivy,)) are
real-valued, G(k, 7), and $(k, 7) obey the symmetry relations

— —

Gk, —ivy) = G*(k,ivy) and  S(k, —ivy,) = S (K, ivm). (3.14)

Also G(E, 7) and E(E, 7) are invariant under all point group symmetry operations of the
lattice, applied to /;, and they are defined to obey l;—space periodicity for k-vectors outside

BL, i.e.,
Gk + K, ivy) = G(k,ivy,) and Sk + K, ivy,) = S(k, ivy,) (3.15)

for reciprocal lattice vector K.

3.3 PERTURBATION SERIES FOR SELF-ENERGY

In the Feynman-Dyson approach, the self-energy is the sum of certain perturbation expansion
terms, called diagrams. Each diagram has each a representation in terms of a certain labeled,
rooted graph, with an associated set of so-called Feynman rules for the calculation of the value
of the diagram for given graph topology. In Figure 3.1, a few examples of first, second and
third order self-energy diagrams are shown. In general, a self-energy diagram is characterized

by an integer number, its order n. A graph of order n is constructed as follows:

1. Draw 2n internal vertices, shown as filled circular dots in Figure 3.1, and 2 external
vertices, shown as open circles in Figure 3.1. Number all the vertices with an integer
labelling v running from v = 0 to v = 2n + 1, with v = 0 and v = 2n + 1 reserved for

the external vertices and v = 1,2, --- ,2n for the internal vertices;
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Figure 3.1: Examples of self-energy graphs, including (A) First-order irreducible self-energy graphs
(Hartree and Fock); (B) Second-order irreducible self-energy graphs; (C) Third-order irreducible
self-energy graphs; (D) Example of a first-order disconnected self-energy graph; and (E) Example
of a second-order reducible self-energy graph.

3
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2. Connect the internal vertices with directed wavy lines, so-called V-lines, so that each
odd-numbered internal vertex v and its following even numbered vertex v + 1 are

connected by a V-line, and the V-line points from v to v + 1;

3. Connect all vertices by directed, straight lines, so-called G-lines, in such a manner that
each internal vertex has two G-lines attached, with one of the G-lines” arrow pointing
towards the vertex and the other G-line’s away from it. Each external vertex, v = 0
and v = 2n+ 1, should have only one G-line attached, with the G-line’s arrow pointing

away from v = 0 and towards v = 2n + 1.

Every such graph (denoted by ¢) can be formally represented as a one-to-one mapping
g:{0,1,--- 2n} — {1,2,--- ,2n+ 1} (3.16)

such that v' = g(v) is of the termination vertex of the G-line originating from vertex v.

Some of the graphs constructed according to these three rules will be “disconnected”,
meaning that they consist of disconnected pieces. An example of such a disconnected graph
is shown in Figure 3.1(D). These disconnected graphs are not allowed to contribute to the
self-energy Y(k) in the self-consistent diagram expansion method that we will be using here
[41]. The subset of nth order graphs remaining after eliminating all disconnected graphs is
referred to as the set of connected graphs of order n.

In the set of connected graphs at each order n, there will now be certain graphs, referred
to as the “reducible” graphs, which have the property that they can be partitioned into two
disjoint pieces by cutting only one single G-line. An example of such a reducible graph is
shown in Figure 3.1(E). These reducible graphs are also not allowed to contribute to the
self-energy in our self-consistent diagram expansion method [41], in order to avoid over-
counting the diagrams which have already been included by using “fully dressed” interacting
Green’s function for each G-line. The subset of nth order graphs remaining after eliminating

all disconnected and all reducible graphs is referred to as the set of wrreducible graphs of
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order n and is denoted by the symbol G,, in the following. Figure 3.1(A), Figure 3.1(B) and
Figure 3.1(C) show all irreducible graphs g, contained in G, Go and G3 respectively.
To calculate the diagram value of a given graph, we next need to assign a momentum-

Matsubara vector
kj = (]gj,l.ymj) € BL X M_

to each internal G-line numbered j = 1,2,--- ,2n — 1, where a G-line is called internal, if
both its starting vertex v and ending vertex g(v) are internal, i.e, if v € {1,---,2n} and
g(v) € {1,---,2n}. The subscript j used here to label the k-vector of G-lines in a diagram
should not be confused with the lattice site label j introduced in Chapter 2 Equation (2.1).

We also assign a momentum-Matusbara vector
@ = (¢, iw,) € By, x M4

to each V-line labeled by ¢ = 1,2,--- ,2n, where ¢ is again a crystal momentum and iwy,,
is an even Matsubara frequency. Here, the sets By, M_ and M, are defined in Equa-
tions (2.11), (3.8) and (3.10) respectively.

For each diagram contribution to (k) with & = (E, V), we also assign the momentum-

Matsubara vector

to the incoming and outgoing G-lines, labeled by 7 = 0 and j = 2n, respectively, with j =0
originating from external vertex v = 0 and j = 2n terminating on external vertex v = 2n+1.
We now impose momentum-frequency conservation at each internal vertex, i.e., require

that
/{Zj/ = ]{fj:i:Qg (317)

if G-line j points toward some vertex v, j’ points away from it and the 4+(—) sign on the

right-hand-side of Equation (3.17) applies if V-line number ¢ points toward (away from)
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(B)

Figure 3.2: The conservation rule on each internal vertex is shown.

vertex v, as illustrated in Figure 3.2(A) and Figure 3.2(B) respectively. Given the external
ko = ko, = k and the conservation rules (Equation (3.17)), there are thus only n internal G-
lines for which k; can be chosen independently. The k; of the remaining n—1 internal G-lines
and the ¢, of all V-lines (I = 1,2,--- ,n) are fully determined as linear functions of k = kg
and of the n independent internal k; by the conservation rules shown in Equation (3.17).
We can always choose a kj-labeling of the internal G-lines such that the independent k; are
labeled by j = 1,2,--- ,n and the dependent k; by j = n+1,---,2n—1. It is thus convenient

to use a new notation and labeling for the dependent k; by setting
ki—ni=k; forj=n+1,---,2n—-1 (3.18)

Using this notation, the relations between the dependent and the independent momentum-

Matsubara-frequency vectors, k;, E:j and ¢y, can be expressed as follows:

];:j - Z?’:O O-G(jmj/;g)kj’ for .] = ]-7' R 1 (319)

Q=2 ygov(lj9)ky forl=1,---,n (3.20)
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where the conservation coefficients o¢(j, j'; g) and ov(j,j’; g) depend on the graph topology
(Equation (3.19) and Equation 3.20)) and they take on only the values 0, +1 and —1,
according to graph theory [43].

The conservation coefficients o and oy are generated and tabulated, at each order n,
by graph theoretical algorithms, along with the topology ¢ [44]. Note also that the assign-
ment of the independent k; and of the dependent 15]- to the internal G-lines is not unique.
However, graph theory also provides standard algorithms for choosing a unique “canonical”
representative k;-labeling from all possible kj-labelings within the general framework of the
Depth-first search (DFS) method [45].

With this preparation, we can now state the Feynman rules for the calculation of the

diagram value of each nth-order graph contributing to 3(k):

1. With each internal G-line, labeled by k; (j =1,2,--- ,n) orby k; (j =1,2,--- ,n—1),

associate a factor of G(k;) or G(k;), respectively;

2. With each V-line labeled by ¢, (¢ = 1,2,--- ,n), associate a factor (—%)V(ql) where

the value of V(q,) is given by,
Vige) =V (q) (3.21)

which is independent of the Matsubara frequency iw,,, for ¢, = (4, iwy,, ). The value of

V(q) is given by Equation (2.13);
3. With each closed loop of internal G-lines, associate a factor of (—2);

4. In each first order diagram (n = 1), introduce a “convergence” factor exp(iv,,7) and
take the limit 7 — 07 after carrying out all Matsubara frequency summations according

to rule 5 below.

5. Multiply together all factors listed under (1), (2), (3) and (4), then sum over all internal
independent kj-variables (for j = 1,--- ,n), given the external k = ky. The result of

this summation is this graph’s contribution to self-energy (k).
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Therefore, the self-energy diagram sum can be formally written as

- ar T
Y(kyivy) = lim  lim Z Z(—N)"~(—2)A”’g Z exp(0y,19Vm, T) X

Nmaz—00 7—01

n=1 geg, ki-knell
n n—1 n
[160) < [T66) < [V (3.22)
j=1 j=1 =1

where G, is the set of nth order self-energy graphs, A, , is the number of closed internal
G-line loops in an nth order diagram of topology g, and v, is the Matsubara frequency
part of k; = (Ej, iV, ). The values of dependent momentum-frequency vectors Ej and g, are
calculated from the independent momenta k; and k, using og and oy of the specific graph

g according to Equation (3.19) and Equation (3.20).

3.4 SPIN-RESTRICTED DIAGRAM SERIES FOR THE PURE HUBBARD MODEL

For the pure Hubbard model, the subset of allowed self-energy graphs included in Equa-
tion (3.22) can be further restricted by exploiting the strictly local (on-site) form of the
interaction matrix Vj; = Ud;;. Due to the locality, the spin summation over the spin vari-

ables o and p in Equation (2.29) can be restricted to only those spin configurations with

pF#o,ie.,

v cteteic, = v ctete e
9 Jjo - jpIP=I0 D) Jo = jpTIPTI0
jop J,o#p

since it is not allowed to have two electrons with same spin coordinates (o = p) on the

. . . . . . . + + o . . . .
same site j, according to the Pauli principle, i.e., because ¢} c;, = ¢jocj, = 0 if o = p. This

restriction on the spin summation allows us to further reduce the set of graph topologies

required in the self-energy summation Equation (3.22), as follows.

For an nth order graph g € G,, we assign a spin variable o, to every closed loop A

of internal G-lines where A = 1, 2, ..., A, 4. Here, a “closed loop” is defined formally as a
sequence of M, vertices v§’\), vé)‘), e vg’x such that

o = gwD) m=1,-- M, (3.23)
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Figure 3.3: (A) First-order up-down irreducible self-energy graph. (B) Second-order up-down irre-
ducible self-energy graph. (C) Third-order up-down irreducible self-energy graphs. (D) Fourth-order
up-down irreducible self-energy graphs. (E) A third-order irreducible self-energy graph that doesn’t
obey the up-down self-energy graph rule. Here we denote a G-line, which originated from vertex “a”
and points to vertex “b”; as (a, b). The self-energy graph shown here contains an internal G-line
loop, denoted as A = 1, including vertex “2”, “3”, “5” and “4”, and G-line (2,3), (3,5), (5,3) and
(4,2). If the base loop is assigned with an upward spin, then the G-lines in loop A = 1 should be
assigned with a downward spin. Albeit, since the vertex “3” and “4” are connected by a V-line, thus
G-line (2,3) and (5,4) must be assigned with spin variable with different directions. The up-down
rule is thus violated in this irreducible third-order self-energy graph.
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with
A A
U§\/[1+1 = U§ : (3.24)

In graphical terms, these M) vertices are connected by G-lines which indeed form a closed
loop.
Also we assign a spin variable og to the graph’s “base loop”, defined as that sequence of

(Mo + 1) vertices 9 v}y, 41 for which Equation (3.23) holds but with
v@ =0 and vj(\%ﬂ =2n+1 (3.25)

i.e., in graphical terms the G-lines connecting these “base loop” vertices form a contiguous
line from the graph’s entrance vertex v = 0 to the exit vertex v = 2n + 1. Note that every
vertex v = 0, ..., 2n + 1 is a member of one unique loop A € {0,---, A, ,}, denoted by A,
below.

A graph g, so labeled with loop spin variables, oy (A =0,---, A, ), is said to “obey the
up-down rule”, if a set of values of either o, =T or o, =] can be chosen for each loop spin,
such that the two end-point vertices v and v’ = v + 1 of every interaction line (with v odd)

belong to different loops, with opposite loop spin, i.e,
ox, # 0y, foralloddov, v =v+1 (3.26)

The subset of nth order irreducible graphs g € G,,, which obey the up-down rule is denoted
by Gl in the following.

We call the self-energy Feynman diagrams that conform to the up-down rule the up-down
self-energy diagrams. In the first order self-energy diagrams (Figure 3.1A), only the Hartree
diagram obeys the up-down rule. Figure 3.3(A), (B), (C) and (D) show all the first, second,
third and fourth order up-down self-energy diagrams.

For the Hubbard model, we can either use the unrestricted self-energy diagram sum
Equation (3.22) to calculate the self-energy, or use an equivalent up-down self-energy diagram

sum. The difference is that in the unrestricted self-energy diagram sum, each closed loop
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sum contributes a factor (—2), whereas each closed loop in an up-down self-energy diagram
contributes (—1). Hence, for the Hubbard model, where V(q) = U, Equation 3.22 can be

written as an up-down diagram sum like this:

Nmax

S(kyivy) = lim  lim Z Z —— —1)Ans Z exp(0p, 19V, T) X

Nmaz—00 7—01

i=1

where Gl is the set of nth order up-down self-energy graphs.

We have developed a simple graph analysis algorithm, to check graphs g € G, for up-
down-rule compliance at any order n, and to tabulate Gl!. The basic idea is to start by
assigning, say, op =1 to the base loop then assign o) =| to all closed loops A connected to
the base loop by a V-line, and so on, until all loops have been assigned a . If all loops A
can be assigned a o, in this iterative manner without ever violating the up-down-rule, the

graph g obeys the up-down-rule, i.e., g € Gl!; else g ¢ G\

3.5 FINITE ORDER TRUNCATION AND MATSUBARA FREQUENCY CUT-OFF

A finite order truncation must be made for calculating the self-energy of the Hubbard model

numerically. Hence in the numerical implementation, Equation (3.22) is altered to be

Nmaz

S (K, iv,) Z Z —— —2)Ans 11%1+ Z exp(8, 11 D7) x

n=1 geg, k1---kn€KC

[T » H G(k) < [TV (3.28)

=1

and Equation (3.27) for the pure Hubbard model is modified as

. Nmax T
S(kivm) = Y Z(—N)”'(—UA” lim, exp (0 10mT) X
n=1 yeglt T ki kn €K

n n—1
[[G:) < T[] Gk x U™ (3.29)
i=1 i=1

The resulting approximation is a “conserving approximation” in the sense of Baym

and Kadanoff [41]. It allows for a consistent construction of a 2-particle Green’s function
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which does not violate any of the fundamental symmetries of the underlying Hamiltonian,
as explained further in Section 3.12.

Equation (3.28) or Equation (3.29) combined with the Dyson equation (Equation 3.12)
constitute the fundamental self-consistent coupled equations for ¥(k) and G(k), which we
want to solve. Note that Equation (3.28) or Equation (3.29) allows us to calculate ¥(k),
given G(k), whereas the Dyson Equation (3.12) allows us to calculate G(k), given (k). This
suggests an obvious iterative solution procedure which will be described in the next section
of this chapter.

A number of investigations have been done on the higher order perturbation expansion
with self-energy diagrams. Zlati¢ worked up to the third order self-energy diagrams for the
two-dimensional Hubbard model [46]. There are twelve topogically different proper self-
energy diagrams of the fourth order, which can be grouped into four sets, within which all
three diagrams give the same contribution at particle-hole symmetry. These fourth-order
diagrams were first used by Yamada and Yosida [47] to study the symmetric Anderson
impurity model [48]. Freericks and Jarrell [49] used them for the attractive Hubbard model
(U < 0) at finite-temperature, and Gebhard et al studied the infinite dimensional Hubbard
model with a half-filled band up to fourth order by the diagrammatic approximation as well
[50] .

Since the number of Matsubara frequencies v, is also infinite in Equation (3.28) and
Equation (3.29), a proper cut-off on the Matsubara frequencies is required to make the
numerical calculation feasible. For order n > 2, the summation over Matsubara frequencies
converges absolutely, and a simple numerical summation can be performed up to a maximum
frequency vpge, i.e, over all iv,, with |V, < V.. This so-called Matsubara cut-off must
be chosen large enough so that the results are independent of v,,,, to within the desired
numerical accuracy. Typically, for the physically relevant parameter regime studied here,

one can use

Vmaz > a X W
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where W is the bandwidth described in Equation (2.17) and « is some constant factor of
order 2 to 8. In the calculation presented in Chapter 4, we used o = 8 to achieve a numerical
accuracy of the Matsubara frequency sums of 99.5% or better. To avoid violations of any

fundamental symmetries, the Matsubara cut-off is actually enforced by setting:

. 0 if V| > Vinax
G(k,ivy,) = .
(iU — €5 + p — X(k, ivy,)) "1 otherwise
in the numerical summation of Equation (3.28) or Equation (3.29).

For the first order contribution, n = 1, in Equation (3.28) or Equation (3.29), the fore-
going Matsubara cut-off scheme cannot be used, because the iv,,-summation is only con-
ditionally convergent. The summation must first be carried out to infinite |iv,,|, with a
convergence factor exp(iv,7) and 7 > 0, and then the limit 7 — 0T must be taken. This
requires some special numerical summation methods which will now be described. From
Equation (3.28), the first-order contribution, (k) = ©M(k), is independent of Matsubara

frequency v, for k = (l;, ivy,) and given by

OF) = Jim 3 ()2 3 expliv, )GV (ar). (3.30)

7—0t
9691 k1

According to the definition of the Fourier transformation of Green’s functions between the
imaginary time and Matsubara frequency domains, Equation (3.3), the Matsubara frequency
sum in Equation (3.30) is related to the Green’s function in the imaginary time domain,

namely

lim T exp(ivmT)G (K1, ivm,) = lim, G(k,—7). (3.31)
7—0 7—0
Wy EM_

The v, sum is conditionally convergent because

Gk) = —— + O(——)  for |iy] — oo (3.32)

Wy Wy,

due to the jump discontinuity of G(k, ) at 7 = 0:

G(R,m— 0%) = G(F,7 — 07) = —{[dg,dko” +d di]4) = —1.
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In order to calculate this iv,, sum, we choose a “reference” Green’s function

1
m k

where

E.:= lim (e — p+ (K, iv)) = e — p+ SO (F). (3.34)

7.
k Wi — 00

Gr(k) cancels the 1/iv,,-tail of G(k), that is the difference, AG(k), between G(k) and G r(k),

AG(k) = G(k) — Gr(k) = O(——) for |ivy| — oo, (3.35)

[/ m
and we can carry out the iv,-sum over AG(k) with a finite cut-off v,,,, and with 7 set
to 7 = 0. We can also carry out the iv,,-sum over the reference Green’s function Gr(k)

analytically by contour integral method, taking v,,,, — oo and then 7 — 07, i.e.,

lim G(k,—7) = lim AG(k,—7)+ lim Gg(k,7)
T—0F T—0+t T—0+t
- 1

Wm
|V'm I <Vmaz

This result is then used to evaluate X1 (k) according to Equation (3.30).

3.6 ITERATIVE SELF-CONSISTENCY ALGORITHM

The implementation of the self-consistency iteration starts from an initial guess for the self-
energy denoted by 2(0)(/1‘). Normally, one would set i(o)(k) = 0 unless a better initial guess
is known, for example from a previous calculation of ¥ (k) with slightly different parame-
ters, such as temperature. Successive iterative approximations to G/(k) and ¥ (k) could be

calculated by

GO (k) = [ivy, — ez +p— SV (k)]

S0(k) =BGV K
where p = 1,2,--- | [ is the iteration number and [ is the maximum number of iterations.
Here X([G™)], k) denotes the self-energy treated as a functional of an arbitrary complex-

valued function G (k) defined on the domain K 3 k’. That is, ¥([G)], k) is the right-hand
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side expression of Equation (3.28) or Equation (3.29), respectively, with the internal Green’s
function factors G(k;) and G(k;) replaced by any G®(k;) and G®(k;), respectively. If,
after p iterations, with p < I, G (k) is “sufficiently close” to G~V (k) and X([G")], k) is
“sufficiently close” to S([GP~Y], k), then the iteration has converged, and we accept G® (k)
and X?)(k) as the solutions for the Green’s function G(k) and the self-energy X(k). The
precise meaning of “sufficiently close”, i.e., our convergence criterion, will be described later
on in Appendix C.3.

However, it frequently happens that the foregoing simple iteration scheme runs into a
limit-cycle, i.e., it never converges. Rather, in successive iteration steps p, i(p)(k:) and é(”)(kz)
oscillate back and forth between, say, two different limiting values, no matter how large p
is. This problem can often be avoided by using a so-called feedback iteration method, which
damps out such limit-cycle oscillations. The feedback method is described by the following

iteration scheme, for p =1,2,--- | I:
GO (k) = [ivy, — ez +p— SO (k)]
: (k) =1 R ( )]~ (3:37)
E0() = (1- RGP K) + /S0 O(E)

where, the feedback parameter f is usually chosen in the range 0 < f < 1.

The procedure to calculate the self-energy with the self-consistent algorithm is then

summarized by

1. input 2O (k) as initialization; X (k) can be set as zero unless a better initial guess is

available;
2. start self-consisent iteration loop with iteration number p = 1;

3. (in loop) calculate the next Green’s function approximant G'® (k) from the latest self-

energy approximate %~V (k) using the Dyson equation (Equation 3.12);

4. (in loop) calculate the self-energy functional X([G)], k) for the latest Green’s function
approximant, G)(k), using self-energy diagram expansion Equation (3.28) or Equa-

tion (3.29);
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5. (in loop) compute the “self-consistency iteration difference” (as defined in Equa-
tion (C.5) and Equation (C.6) in Appendix C.3), to determine whether the self-
consistency iteration has converged or not. If it is converged, then stop the the
self-consistency iteration, and use L([G®)], k) as the self-energy solution Y (k) and

exit; else goto Step 6;

6. (in loop) calculate self-energy X®)(k) from L~V (k) and 2([G®])(k) according to

Equation 3.37, advance the iteration number p by +1, and goto Step 3.

This algorithm can be directly implemented is this form if the diagram summation X ([G®], k)
can be done, exactly by brute force summation over all orders n < Nynee, g € G, or Gl and
all (k1,--- ,kn), see Equation (3.28) or (3.29). However, if the higher order (n > 2) diagrams
are evaluated by Monte Carlo sampling techniques, additional modifications are necessary

to deal with the Monte Carlo errors. This will be described in the next section.

3.7 MONTE CARLO SUMMATION TECHNIQUE

According to Section 3.5, to evaluate the first order diagrams, £ (k), the computation effort
is linear in the total number of all individual k = (k, ivy,). And thus we can always sum over
k for XM (k) by brute force. The sum of all higher order (n > 2) contributions, denoted as

Y- (k), and defined as
Yo (k) = S(k) — 2D (k), (3.38)

requires summations over very large, high-dimensional (k;-) domains. Therefore we use a
Monte Carlo summation technique to calculate the higher-order contributions, ¥ (k), to the
self-energy (k).

The basic idea for Monte Carlo summation is quite straightfoward. Suppose that we need
to calculate Y as the sum of function F'(x) over some discrete summation domain S of Ny

distinct objects z € S. By choosing an appropriate weight function W (zx), we can write this



45

as

Y = ) F(x)

€S

= Q) S(x)-P(x) (3.39)

€S

where €2, the score function S(z) and the probability distribution P(z) are defined as

Q=Y W (3.40)

zeS
S@::%% (3.41)
szlﬁw (3.42)

respectively. The weight function W (x) must obey

Wi(x)>0 if F(z)#0 (3.43)

W(x)>0 forallzeS (3.44)

and the sum of weight function over domain S must be finite. Otherwise, the choice of W (z)
is arbitrary. One can show that the Monte Carlo statistical sampling error is minimized by

choosing
W (x) = constant x |F(x)|

However, for reasons explained later, we will use a different choice for W (z) for our diagram
summation problem.

Note that Y can therefore be thought of as the statistical mean of Q- S(z), averaged with
the probability distribution P(z). Therefore, by the central limit theorem, if enough random

sample points (™ from S are chosen, distributed according to P(x), then

Q
~ 27 (m)
Yy = MmE 1S(x )

where [#(™] (m = 1,---,M) is a random sample drawn from the summation domain S

according to the probability P(x) and M is the size of that sample. The index m used here
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to label the Monte Carlo sample point (™ is not to be confused with integer index m for

the Matsubara frequency defined in Equation (3.6).

3.8 CALCULATION OF SELF-ENERGY BY MONTE CARLO SUMMATION

The foregoing Monte Carlo summation technique is applied to the calculation of the high
order (n > 2) self-energy contribution, X< (k), as defined in Equation (3.38). According to

Equation( 3.22) for the extended Hubbard model,

Nmaz

So(k) = ) =M(k) (3.45)

where, £ (k) is given by

S(k) = Y F(kiky,-- ken,g) (3.46)
k1--knelC
and
T n n—1 B n
F(kiky, - knym,g) = Z(—N)”(—%A"’QHG%)HG(k:j> Vige) (3.47)
9EGn j=1 j=1 =1

where £k = (l;, V) is the momentum-Matsubara-frequency vector assigned to external G-
lines.

We will perform a separate Monte Carlo summation for the self-energy contribution,
¥ (k) at each order n (2 < n < Nyee). The summation domain S and the summation

objects z for calculating (" (k) are given by
S™W = {x=(ki,  ky) | ks €K, -k, € K},

where K is defined in Equation (3.7), and the weight function W™ (ky,--- , k,) for (™ (k)
is then chosen as

WO (ke k) = [[IGH) (3.48)

=1
The score function S™ (k; ky,--- , k,) for (™ (k) is then

F(kvkla e 7kn7nag)
[T} 1G (k)]

SO ki by, k) =D

9€Gn

(3.49)
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Note that the sum over diagram topologies g € G, is carried out by brute force in evaluating
S not by Monte Carlo, in order to reduce the statistical errors. Note also that the score
function depends on the momentum-Matsubara-frequency k associated with the external
G-line. For each order n, E(")(/g, ivy) can be calculated as

SOk ivm) = e Y Shiky e k) JTIGR)]

kiek knek

Qe = (m) (m)
o D SR, ) (3.50)
m=1
where
QW =3 " Y WO ey, k) = (O IG(R))T = ()" (3.51)
k€K knek kek
and M is the Monte-Carlo sample size of configurations 2™ = (K{™, ... k™) that have

been generated according to probability

W(")(k‘l,"' ,k‘n)

P(n)<k17... ’]{;n) — am

(3.52)

Perfect sampling [51] is a Monte Carlo sampling algorithm that produces, in a finite
number of calculation steps, sample points (™), which are statistically independent of each
other and distributed ezactly according to the desired “target” probability P(x). Our prob-
ability functions P™ (ky,--- ,k,) from Equation (3.52) and (3.48) have the advantage that
they allow for a very efficient (and trivial) perfect sampling Monte Carlo algorithm. Since

Equation (3.52) can be also written as
POy, k) = HP(I)(kJ')’ (3.53)
=1

and kj (j = 1,---,n) and kjy (j' = 1,---,n) are statistically independent for j # j’, we
can draw the sample of each k;, statistically independently, from the distribution P(l)(kj),
defined as

PO (k) = |Gk (3.54)

Therefore, a perfect sampling for the n-vector variable (kq, - - - , k,) can be achieved as follows:
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1. Introduce a one-to-one integer labeling of all elements of I, denoted with a single
integer , k(k) € K, so that

k(k) # k() if K # K (3.55)

and the index k ranges from 1 to K, where K is the total number of elements in set

IC, which is finite due to the cut-off |iv,,| < V4, of the Matsubara frequency;

2. Define

Q(r) ==Y |G(k(x")] (3.56)

k=1

for k =0,---, K. Thus, at the boundaries, kK = 0 and kK = K, respectively:

QO) = 0 (3.57)
QUK) = Y |Gk =0V (3.58)
kek
3. To draw n independent kj-sample points kq,--- , k,, generate n independent uniform
random numbers u; (j = 1,---,n), with u; € (0, 1], uniformly distributed over (0, 1]

(ie., 0 <wu; <1). Find that k; € {1,--- , K} for each j = {1,--- ,n} for which

Q(Iij - ].) <u; X Q(l) < Q(lij). (359)

Then choose (ki,--- ,kn) = (k(k1), -, k(kn)).

Note that the weight sums Q(x) divide the interval (0,Q"] into K subintervals (Q(x —
1),Q(x)] (for k = 1,---,K) and the probability that uQ™ falls into (Q(rk — 1), Q(x)],
for a uniformly random u € (0,1], is exactly equal to PM(k(k)). Therefore each random
k; drawn in this manner is distributed according to P (k;), and is statistically indepen-
dent of any other kj (j # j') or any previously drawn kj;, if the random numbers wu;
are generated statistically independently. Therefore each sample point (k%m) o ,kfzm)) with

m = 1--- M generated like this is distributed according to P"™(ky,--- ,k,), and the sample

points (k§m), e ,k’ﬁlm)) will be statistically independent.
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The perfect sampling algorithm can be straightforwardly parallelized simply by dis-
tributing the sample generation and score evaluation over multiple processors. The great
advantage of perfect sampling compared to the conventional Markov chain sampling [52] is
that each new sample configuration (l{;im), e ,k‘,(Lm)) is statistically completely independent
of any previously generated sample configuration. The sample configurations can therefore
be generated in a completely independent manner, in parallel, on multiple processors, with
linear speedup.

In order to estimate the Monte Carlo statistical error, R repetitions of independent
Monte Carlo estimations are performed in every self-consistency iteration step. The detailed
calculation of G(k) and X (k) procedure in each self-consistent iteration step, say the p-th
iteration, is described below. Here we will use »® (k) to denote the r-th repetition of the
estimation of self-energy in p-th self-consistency iteration, and use s (P )(k) to denote the

r-th repetition of the estimation of nth-order contribution of self-energy in the p-th self-

consistency iteration.
1. Set )(k) = 0 for p = 0, unless a better initial guess for f},(no)(k:) is available.
2. Start loop with iteration number p = 1.

3. Given R independent Monte Carlo estimations of self-energy (&), denoted as P (k)
(r =1,---,R) from last self-consistency iteration step if p > 2, or the guessed initial
value i&o)(k), if p=1: use these % _1)(k) to calculate R independent estimations of

G (k) by

G (k) = [ivm — e + p = ST (R)] 7 (3.60)

4. Calculate the average of these R estimations G\7 )(k) for G(k) as

';U |

Zég . (3.61)
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For all n from 2 to n,,4., use this G(p)(k) to construct the Monte Carlo weight functions

WP (ky, -+ k,) at orders n = 1,- -+, Nyaq, given by

WO (k- k) = [[IGP (k)| forallr=1,--- R (3.62)
j=1
. Do R independent Monte Carlo simulations at each order n (n = 2,  N4) to

calculate S"P )(/f) from G )(k) for the present self-consistency iteration step, using

W("’p)(k’l, .-+, k) as the Monte Carlo weight function as described in Section 3.7 and
earlier part of this section. Also calculate 3(?) (k) by brute force summation from G(k)
as described in Section 3.5 (notice there is no subscription r here since the first-order

contribution is calculated directly from the averaged Green’s function).

. Calculate the next sample of R new diagram estimates for the self-energy by summing

S0P (k) and S (k) to get

S0 (k) = 2O (k) + > S0 (k). (3.63)
n=2

. Calculate the average over the samples of the R self-energy estimates, i.e.,

> B0(k). (3.64)

r=1

g(p)(k) —

= =

. Calculate the Monte Carlo error of the samples of R self-energy estimates, for both
P (k) and for SUP(k) with n = 2,--+ ,Mues, by Equation (C.4) described in
Appendix C.2, and use P (k) to check the convergence difference between L) (k)
and the self-energy =Y (k) calculated in last self-consistency iteration step. If the
convergence criterion is met, accept L) (k) as the self-energy solution ¥(k) and stop
the iteration; Else, use the feedback Equation (3.37) to generate the R samples of

self-energy estimations,
SP(k) = (1 - fHEP (k) + fEP D (k), (3.65)

for the next iteration. Advance the iteration number p by +1 and go to Step 3.
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3.9 SPECTRAL FUNCTION OF SINGLE-PARTICLE GREEN’S FUNCTION

The spectral weight function A(E, w) can be observed by angle-resolved photoemission
(ARPES) [53], the angle-resolved inverse photoemission and tunneling experiments [54], so
that the theoretical calculation can be compared with the experimental data.

The Green’s function in the Matsubara frequency domain G(l;, iVm), as well as the self-

energy (k) can be analytically continued into the complex plane
Wy, — 2 = wxin

with real w and with n > 0, i.e., excluding the real axis, leading to the complex frequency
Green’s function G(lg, z). The analytical continuation allows the Green’s function in the
Matsubara frequency domain to be related to that in the real frequency domain [37]. The
real-frequency (w) behavior of G(k, z) can be expressed in terms of a real-valued function of

the real frequency.

G'(Rw) = lim—[Gw—in) — G(Fw+ in)] (3.66)

n—0 29

The function G (k,w) is sometimes referred to as the absorptive part of the Green’s function.

The inverse of this relationship can be represented in the integral form with

Gk, z) = /_OO dw G"(F,) (3.67)

o T Z—W

It is customary to express G” and G in terms of the spectral function A(lg, w) defined as

(.
- k
Ak, w) = M (3.68)
T
Therefore, G(l;, ivy) is related to A(l;, w) by

G(k,ivy) = /_ " ,A(E’“) (3.69)

Wy — W

[e.9]

The integral moments of the spectral function are given by

W = / dww™ Ak, w) (3.70)

o0
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The zeroth order integral moment p is exactly equal to zero, i.e.,
o = 0 (3.71)

which is general to all single band models. For the pure Hubbard model, the first- and

second-order integral moments, u; and o respectively, are known to obey [3]

= gt ()2 (3.72)

Lo
pe = (eg—p)?*+UX (GE—M)+§U2<H>. (3.73)

The simplest way to calculate G”(k,w) or A(k,w) from G(k, ivy,) is to analytically con-
tinue G(k,ivy) to G(k,z) and insert it into Equation (3.66) to obtain G”(k,w). But this
method is not applicable to the situation where G(E, iVy) is computed by a numerical
method, and thus an analytical formula for G(/;, z) doesn’t exist. Therefore, an integral
equation solver algorithm for Equation (3.69) is required. But due to the incompleteness
and noise of the Green’s function, G(k), data in the numerical solution, the standard inte-
gral equation solution method meets great difficulties due to numerical instability. The most
widely used technique to solve this problem is the maximum entropy method (MEM) [55],
which selects the most likely candidate solution for A(l;, w) that is consistent with the input
G(E,ium) data. The spectral weight function is treated as a probability function with an
entropy function S[A]. The “best” solution is then that spectral weight A(E,w) which max-
imizes S[A]|. Appendix B.1 provides a more detailed introduction to the maximum entropy
method.

The absorptive part G”(k,w) of the Green’s function can be related to a mathematically

equivalent object, the reactive part G’ (E, w) of the Green’s function, defined by
. 1 - .
G'(k,w) = §[G(k,w+i0+) + G(k,w—1i07)].

According to the Kramers-Kronig relations [38],

G'w) = P / d G"(k, 5) (3.74)
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and
G'w) = —P / dio G (k, &) (3.75)
T W—W
where P [ denotes the principle value integral.

Just like the Green’s function, the higher order contribution to the self-energy, >+ (E L iVm)s
can be analytically continued and expressed in terms of a reactive part E;(l;, w) and absorp-
tive part Z;(lg, w). The spectral function E’;(lg, w) can be calculated from G”(k,w) and
G'(k,w) as shown below. Zl(%,w) can also be calculated from (K, ivy,) by the maximum
entropy method. The first method is more reliable [56]. The analytically continued Green’s

function can be written as

lim Glk,w+in) = G(kw)+iG"(kw)
77—)
1
(W+i07) — e — S(k,w + i0+)

From Equation (3.12), the high-order partial self-energy E>(E, ivy) can be written as the
function of of £ and G(k, 2).

- 1
Yulk,2) = z2—Ep — ——
>(5:2) "Gk, 2)
where
E; = ez — p+ SD(k) (3.76)

and the first order self-energy 2(1)(E), Equation (3.30), is independent of Matsubara fre-
quency.

So the real frequency self-energy E(E, w +i0") can be calculated from G’ and G” as

S(k,w+i07) = YL (kw) +i% (kw) + SO (k) (3.77)
L "k
S (Fw) = —dme) g (3.78)
G'(k,w)? + G"(k,w)?
S (Fw) = Gk w) (3.79)

Gk, w)? + G (k,w)?
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-

after G"(k,w) = m - A(k,w) has been obtained by the maximum entropy method from
G(k,ivy) via Equation (3.69) and G/(k,w) has been calculated from G”(k,w) by Equa-
tion (3.75).

The density of states (DOS) also provides important information about the excitation

spectrum. It is defined as
Dw) = + > Ak, w). (3.80)

D(w) can also be obtained from the imaginary frequency function D(iv,,) defined as

D(iv,) = Nl_ - > Gk, ivy),
i

by analytical continuation iv,, — z = w + i1, such that

| —

D(w) = —[D(w—i0") = D(w+1i07)]. (3.81)

]

[\

For non-interacting electrons, the density states D(w) is
1
D(w) =+ Z 0w —eg +p) = DO(w — p). (3.82)
k
The functions —G”(E, w), A(l;, w), D(w) and —E”(lg,w) are all positive semi-definite, i.e,

~G"(k,w) >0, —%"(k,w)>0, A(k,w)>0

and D(w) >0 for all w . (3.83)

Both in the atomic limit (¢;; = 0) and in the non-interacting limit (V;; = 0), the Hubbard
model can be solved exactly as indicated in Chapter 2, and A(E, w) can be calculated exactly
in either limit.

The spectral weight function A(lg, w) of the Hubbard model at half-filing and 7" — 0 in
the atomic limit is composed of two equivalent delta functions located at w, = U/2 and
w_ = —U/2, regardless the momentum /;, corresponding to the lower and upper Hubbard
band excitations described in Chapter 2, i.e,

A(F.w) = 2[5l - g> o+ %)], (3.84)
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indicating an energy excitation gap A = w, —w_ = U, consistent with the properties of the
Hubbard model in the atomic limit, discussed in Section 2.4.

If the Hubbard model is in the non-interacting limit, the spectral weight function A(l;, w)
is a single delta function localized at the band energy measured from the chemical potential

W, w= Ep =€ —p, le,

—

A(k,w) = 0(w — e + ). (3.85)

In the particle-hole symmetry case, this is also true at T > 0, since p = 0 in temperature-
independence. For T" — 0 and momenta k on the Fermi surface, the delta-function-peak of
A(k,w) will be exactly at w = 0.

Figure 3.4 provides a conceptual view of A(l;, w) for the Hubbard model in the atomic

limit and non-interacting limit.

3.10 SELF-ENERGY AND GREEN’S FUNCTION OF PARTICLE-HOLE SYMMETRIC HUB-

BARD MODEL

When the Hubbard model is particle-hole symmetric as described in Section 2.2 and
Appendix A, the self-energy ¥(k), the Green’s function G(k) and the corresponding spectral

function A(/;, w) all obey additional symmetry relations due to the particle-hole symmetry,

namely,
ReX. (K, ivy) = —ReXs(k+ K, ivy,) (3.86)
Y. (K, ivy) = ImSs (k4 K, ivy,) (3.87)
for self-energy 3 (k);
ReG(k,ivy) = —ReG(k+ K, ivy,) (3.88)

ImG(k,ivy,)) =ImG(k+ K, ivy,) (3.89)
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Figure 3.4: The spectral weight function A(E,w) of the Hubbard model with on-site repulsion
U = 8t;, in the atomic limit and non-interacting limit, are illustrated in color blue and red,
respectively. The spectral weight function A(E,w) for the non-interacting limit is for the special
case that k is on the Fermi surface (k = kp). The spectral weight A(k,w) in the atomic limit is the
same for all k in the Brillouin zone.
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for the Green’s function G(k), where K is a reciprocal lattice vector, i.e, K = (7, 7). The
corresponding spectral weight A(E, w) then thus holds the relation as

—

A(k,w) = Ak + K, —w) (3.90)

in the particle-hole symmetry.

As a consequence, for the momenta on the particle-hole symmetric Fermi surface (e.g.
the diamond-shape k-surface for Hubbard model of 2D square lattice shown in Figure (2.1)),
denoted by EF,

ReY. (kp, ivy) = ReG(kp, ivy) = 0 (3.91)
and A(kp,w) and D(w) are symmetric to w = 0

A(kp, —w) = A(kp,w) , D(—w) = D(w). (3.92)

For the special case of the pure Hubbard model, the first order contribution E(l)(k) is

exactly equal to the chemical potential u, such that
SOk)=p=—= (3.93)

according to Equation (2.32). As a consequence, (V) (k) exactly cancels the chemical poten-

tial 1 in the so-called “first order quasi-particle energy” Ep, i.e,
Er = ¢; (3.94)

at particle-hole symmetry.

3.11 SPIN SUSCEPTIBILITY

The spin susceptibility is essential to understand the magnetism of the extended or pure
Hubbard model, especially its antiferromagnetic properties, by describing the correlation

between the spin operators S which is defined in Equation (2.23), i.e.,



o8

The index « is used here to denote a variety of spin-related operators, including x, vy, z, +

(@)

and —, defined at lattice site j and 65, are the corresponding Pauli matrices, namely

1% z ]‘
a="“z S( ) §(nﬂ — ;) (3.95)
a=“+7 S .= c (3.96)

J \/— jT Jjl

a=4“—" S](_) = EclejT (397)

139} z ]‘
a="‘“x S](» )= §(chch + ¢ et (3.98)

2 1
a="“y S](-y) = 2—7;(0;}% —cj¢ir) (3.99)

: : (£) o) (v)
and the relationship among S;™, S; and S
1

SH = (8% £45W). (3.100)

G

The spin susceptibility X““’(C}, iwy,) is then defined as
XN, iwn) = Z/ drem @0 Ty tenT 0l ' 7) (3.101)

where @ € B for an L x L lattice, and C®®) is given by
Ce(j, 5, 7) = (817 (r) 857 (0)). (3.102)
Also, we define a momentum-Matsubara-frequency vector
Q = (@, iwn) € B, x M. (3.103)

If the Hamiltonian has spin rotational symmetry and there is no spontaneous breaking

of that symmetry, the following symmetry properties hold

X(Ix) (Q’ Zwm) — X(yy) (@’ zwm) — X(Zz) (@’ /me) (3104)

X N(@,iwn) =0if a £ o and o, ' = z,y, 2. (3.105)

Also, according to Equation (3.100),

XTUQ) = xF(Q) (3.106)
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It is an important feature of the Baym-Kadanoff-type conserving approximations that the
approximations fully preserve these symmetry properties [41].
The spin susceptibility can be represented in terms of the creation and annihilation

operators in the momentum space, d¥ and dy
ko o

- CH

XNQiwm) = / dre ™™ >N fulo, o) fur(p.pf) -

0 k,k" oo’ pp’

(5, (T (T)d,_5 (0)d,,(0) (3.107)

where f,(0,0") is related to the Pauli matrices, such that

: ifo=0"=1
o = “Z” fz<07 0'/) - —% 1f g = 0'/ :l (3108)
0 if otherwise

1 ifo=7,0 =]
a=“+" fi(o,0)= (3.109)
0 if otherwise

1 ifo=|, o =7
a=“=" f(o,0)= (3.110)
0 if otherwise.
The spin susceptibility X““/(@, iwm = 0) is basically just the second derivative of the free

energy (aside from some constant pre-factor) with respect to an external applied spatially

sinusoidal magnetic field with wave vector @, and the amplitude E, ie,

—

h; = heos(@Q - 7)), (3.111)
acting on the local spins with a coupled Hamiltonian of the form
Hyp=H+ Hy=H+> h;- S (3.112)
where H is the original Hamiltonian in the absence of the magnetic field fzj.

3.12 Two PARTICLE VERTEX DIAGRAM AND CALCULATION OF SPIN SUSCEPTIBILITY

We employ the Feynman-Dyson approach to evaluate the spin susceptibility X(O‘a/)(@, W)

as the sum of a certain class of diagrams, referred to as two-particle vertex diagrams. Similar
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Figure 3.5: It is illustrated how the vertex diagram (B) can be generated from (A) self-energy
diagram. The shaded circle in both (A) and (B) is to denote the internal topology (including
internal G-lines, V-lines, and internal vertices except the vertices) of the single-particle self-energy
diagram and two-particle vertex diagram respectively. The open circles are to denote the external
vertices; and the close circles are to denote the internal vertices. Two examples are given to describe
how different second-order vertex graphs are generated from a second-order self-energy graph. (C)
One internal G-line in the second-order self-energy graph, which belongs to an internal G-line loop,
is cut to generate (D) a second-order exchange vertex diagram. (E) One of the internal G-line that
is in the base loop, of the same self-energy graph as (C), is cut to generate (F) a second-order direct

vertex diagram.
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to the self-energy diagrams, each nth-order vertex diagram contains n V-lines connecting 2n
internal vertices labeled by v = 1,2,--- ,2n. However, unlike the self-energy graphs, each
two-particle vertex graph has four external vertices, two of them with in-going G-lines and
two with out-going G-lines attached as shown in Figure 3.5(B). The two external vertices
with in-going G-lines are labeled with v4 = 0 and vp = —1, and the two external vertices
with out-going G-lines are labeled with vg = 2n+1 and ve = 2n+2. As a consequence, each
two-particle vertex diagram has only 2n — 2 internal G-lines, instead of the 2n — 1 internal
G-lines of an n-th order self-energy diagram. Each vertex graph g can therefore be formally

represented by a one-to-one mapping of v-sets:
g:{-1,0,1,--- 2n} — {1,--- ,2n,2n+ 1,2n + 2} (3.113)

such that, again, v' = g(v) is the label of the termination vertex of the G-line that originates
from vertex v.

An important subset of vertex diagrams are the so-called irreducible vertex diagrams.
They can be constructed directly from the irreducible self-energy graphs. Assume an nth-
order irreducible self-energy graph with external vertices labeled as vy = 0 and vg = 2n+1 as
shown in Figure 3.5(A). An irreducible vertex graphs g is then generated from this irreducible
self-energy graph by cutting an arbitrary internal G-line of this self-energy graph into two
G-lines, and linking these new two G-lines to the two additional external vertices ve = 2n+2
and vp = —1 respectively, as illustrated in Figure 3.5(C)-(F).

Depending on the G-line in the self-energy diagram that is cut, the irreducible vertex
graphs can be further classified into two subsets, direct graphs and exchange graphs. If the
internal G-line cut in the self-energy graph is in a closed loop of G-lines, then the gener-
ated irreducible two-particle vertex graph is called an exchange vertex graph as shown in
Figure 3.5(C) and Figure 3.5(D). On the other hand, if the G-line, which is cut, belongs
to the base loop of the self-energy graph, the newly generated irreducible vertex graph is
a direct vertex graph as illustrated by Figure 3.5(E) and Figure 3.5(F). Topologically, in a

direct vertex graph, a contiguous G-line path connecting vertex vp to vg can be found , and
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another contiguous G-line path can be found connecting external vertex v4 to ve. By con-
trast, in the exchange irreducible vertex graph, one cannot find such two contiguous G-line
paths between vp and v and between v, and ve respectively; rather vp is connected to ve
and v4 to vp in an exchange diagram.

Just as for evaluating self-energy diagrams, in order to calculate the value of a vertex
diagram, we need to assign momentum-Matsubara-frequency vectors to all the internal G-
lines and V-lines, such that each internal G-line numbered j is associated with a k; for
7=1,---,2n — 2, and each V-line /¢ is associated with ¢, as £ = 1,--- ,n. The momentum-
Matsubara-frequency vectors, ka, kg, ko and kp respectively, that are assigned to the 4
external G-lines, labeled by j = —1,0,2n + 1 and 2n + 2 respectively, can be expressed in
terms of only 3 independent external momentum-Matsubara-frequency vectors denoted by

k= (k,ivy), K = (E/,Z‘I/;n) and Q = (Q, iw,,) as follows:

ka =ky =k (3.114)
kg =k =k+Q (3.115)
ke =kons =K +Q (3.116)
kp =k =k (3.117)

as illustrated in Figure 3.5(B). And it is, again due to the momentum-frequency conservation,

required that the sum of in-going k’s must be equal to the sum of out-going k.
ka+ kc=kg+kp. (3118)

On each internal vertex, the momentum-frequency conservation is imposed by Equa-
tion (3.17) as illustrated by Figure 3.2. Therefore, among the 2n — 2 G-lines, only for n — 1
of them can we choose the momentum-Matsubara-frequency vector k independently. We can
always choose a k-labeling of the internal G-lines such that the independent k; are labeled
by j =1,2,--- ,n—1, and the dependent k; as j =n,n+1,---,2n—2. And for convenience,

we introduce a new notation /53» for dependent k; in a manner that

ki—pt1:=Fk; forj=n-—1,--- 2n—-2 (3.119)
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Using this notation, the relations between independent and dependent internal momentum-

Matsubara-frequency vectors can be expressed as

ki =30 060,05 9)ky forj=1,---,n—1 (3.120)

@ =30 yov(l,jigky forl=1-- n-1 (3.121)

where k_y = koo = k¢ for a clear notation, and the conservation coefficients o¢ (7, j'; g»)
and oy (4, '; g») are determined again by the vertex graph’s topology g and take on values
as 1, —1 and 0 only.

From this point, we will only discuss the direct vertex diagrams because they are the only
diagrams that are required to calculate the spin susceptibility, which we are interested in. The
exchange vertex diagrams are needed by the calculation of density susceptibility that won’t
be discussed in this thesis. The generalization of the following formalism to include exchange
graphs, when needed, is straightforward. We will denote the set of nth-order irreducible
direct two-particle vertex graphs as V), in the following.

The Feynman rules for the calculation of the vertex diagram value of each nth-order
irreducible direct vertex graph in V,, are described as the following:

1. With each G-line labeled by k; (j = 1,2,---,n—1) or by k; (j = 1,2,---,n — 1),

associate a factor of G(k;) or G(k;), respectively, where G(k;) or G(k;) is obtained

from self-energy Y (k;) or X(k;) calculated by the approach described in Section 3.7.

2. With each V-line labeled by ¢, (¢ = 1,2,---,n), associate a factor (—%)V(g) where

the value of V(q,) is given by
Via) =Vi(a) (3.122)
and is independent of the Matsubara frequency iw,,, for ¢; = (G, iwy, ).

3. With each closed loop of internal G-lines, associate a factor of (—2). The total number

of closed internal G-line loops in an nth-order vertex graph g is again denoted by A,, 4.
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4. Multiply together all factors listed under (1), (2) and (3), and by another overall factor
(—N/T); then sum over all internal independent k;-variables (for j =1,--- ,n), given

the external k£ = kg. The result of this summation is this vertex graph’s contribution

to Fim«(k?, k/, Q)

Hence, the value of the sum of all irreducible direct vertex diagrams, the so-called direct
irreducible vertex function, is given by

Lolbk5Q) = STy e Y Y [T o)

n=1 gEVn k1€ kn_1€K j=1
H G HV @) (3.123)

with a finite truncation of expansion order at the same n,,,, that was used for the self-energy
diagram sum.

The above procedure to construct the two-particle vertex diagram ensures the two-particle
Green’s function, and hence the resulting spin susceptibility, to obey all the symmetry and
conservation laws of the underlying Hamiltonian.

For the pure Hubbard model, the direct irreducible vertex graphs, V,, can be further
restricted by the strict local form of the interaction matrix V;; = U¢;;. The resulting reduced
set of allowed irreducible direct vertex graphs is said to obey the up-down vertex graph rule.
The up-down vertex graph rule is similar to the up-down rule for self-energy graph, which
is discussed in Section 3.4. The only difference between the up-down self-energy graph rule
and the up-down vertex graph rule is that in each direct vertex graph, besides A,, , closed
internal G-line loops (indexed by A as A = 1,--- A, ), there are two base loops. Again,
we label the sequence of vertices that are in G-line loop A as vg’\),vy), e (A) . The two

base loops labeled by A = 0 and A = —1 in a direct irreducible vertex graph must obey

Equation (3.23) and
v%o) =0=wv4 and UJ(\%H =2n+2=v¢ (3.124)

vg_l) =—-1=vp and U](\/;EE_H =2n+1=vp. (3.125)
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The irreducible direct vertex graphs that obey the up-down vertex graph rule are called
up-down irreducible direct graphs, and the set of the nth-order up-down irreducible direct
graphs is denoted as V. Similar to the up-down self-energy diagram, the sum of spin
variables for each internal G-line loop now contributes a factor (—1) to the value of the

vertex diagram. The sum of all irreducible direct diagrams I';..(k, k’; Q) can be written as

sum of all irreducible direct up-down diagrams, such that

Lo(h K@) = D) 3 (Y 3

n=1 geV(”) ki1ex kn—1€K

n—1 n—1 B n

[TcE)TTGE) T V(g (3.126)
j=1 j=1 =1

The Monte Carlo summation is only applied to the calculation of high-order vertex dia-
grams with with order n > 3, while the first- and second-order irreducible vertex diagram
contributions to I';..(k) are calculated by brute force. We employ an analogous perfect sam-
pling Monte Carlo summation method as described in Section 3.8, and set the Monte Carlo

weight function W (ky,---  k,_1) as
n—1
j=1

for nth-order vertex diagrams. The Monte Carlo summation of the nth order contribution
to 'y (k), denoted by FEZ?(I{:), proceeds by the perfect sampling method, described in Sec-
tion 3.7.

We need to evaluate the sum of the reducible direct vertex diagrams, the so-called
reducible direct vertex function, which is required to calculate spin susceptibility [41].

This reducible direct vertex function, denoted by I',.q(k, k', @), can be calculated from

Ly (K, K5 Q) by using the Bethe-Salpeter equations [37][38][57]

Pred(kak/7Q> - Firr(kaklaQ)+
T

kz FiTT(k7 kh Q)G(kl + Q)G(kl)(_ﬁ> X Fred(kla kla Q) (3128)
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For convenience, we introduce a matrix notation for Equation (3.128). We treat k and £’
as the matrix indices and thus denote the value of the irreducible and reducible direct vertex
functions for given Q as a matrix I';,,(Q) and a matrix [',.q(Q), respectively.

Then, Equation (3.128) can be written as

~ ~

[rea(Q) = Dipr(Q) 4 Tinr (Q)Gr(Q)Trea(Q) (3.129)

where matrix G’F(Q) is defined to have matrix elements
, T
Gr(k, K, Q) = (=)0 Gk + Q)G(b) (3.130)

Hence, I eq(@) is solved by the following equations,

~ 1 R
Fred(@) = i . f‘er(Q)ép(Q> ' Fzrr(Q) (3131)

where 1 is a unit matrix.
The spin susceptibility x*?)(Q) can be expressed in a matrix representation [37][38][57]

as

Q) = Q) + X2 (3.132)

where X(()ZZ)(Q) is the leading loop term, given by

XF(Q) = i Gr(Q)a, (3.133)

Xg,iz)(@) is the so-called “vertex correction” term to x*#(Q) and given by

A

XE(Q) = 1t Gr(Q)T,ea(Q)Gr(Q) i, (3.134)

and « is a column vector, defined to have vector elements
u(k) =1, (3.135)

and row vector 47" is the transpose of the column vector .
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Combining Equation (3.131), (3.132), (3.133) and (3.134), we have the final solution to
the spin susceptibility y*(Q), i.e.,

. 1
_ — . (3.136)

1T (Q)Gr(Q)

In a numerical calculation, the CPU time required for inverting a matrix K is much more
than the CPU time required for solving a set of linear equations, i.e, y = K Z, where Z and ¢
are column vectors. Therefore, in order to solve for the spin susceptibility in Equation (3.136),

we solve the linear equations instead of doing the matrix inversion to 1 - Here,

i_fred(Q)éF (Q

we construct matrix A , such that

~ ~ N

K =1 T0a(QCr(Q). (3.137)
To calculate the column vector
W= (K) (3.138)
is equivalent to solving the linear equations
K = . (3.139)

Therefore, in implementation, we calculate Equation (3.136) by first constructing matrix K ,

then solving Equation (3.139) for 0, and finally calculate x**)(Q) by

x*(Q) =t Gr(Q)w. (3.140)



CHAPTER 4

RESuULTS

In order to look for the Mott-Hubbard gap and the antiferromagnetism of the two-
dimensional Hubbard model at half-filling, we performed simulations on finite systems
with periodic boundary conditions for inverse temperature 5 = 1/kgT up to 8 = 20/t; and
on-site repulsion interaction U up to U = 12¢;, and unless otherwise stated the chemical
potential g = U/2 to maintain particle-hole symmetry. We use the particle-hole symmetry
of the Hubbard model to test our code, the convergence to self-consistency, and the Monte
Carlo algorithm, and also to simplify the analysis of the data. The single-particle spectral
weight A(lg, w) is inferred from high-quality Monte Carlo summation data by the maximum
entropy method (MEM). It should be noted that ¢; in physical units is typically of the order
of a few tenths of an eV for the Hubbard model applied to cuprates. For example, t; of
around 0.2 to 0.3 eV has been estimated for La,CuO, based on electronic structure data,
corresponding to about 2200 to 3300 K in temperature units. Hence our simulations reach
down to T' = 1/(kpf) around 150 to 260 K in physical units for § = 20/t;. For all results
below we use t; as a unit of energy and frequency, i.e., we set t; =1 and h = 1.

In our Monte Carlo simulation, we use a powerful pseudo-random number generator
developed by Makoto Matsumoto and Takuji Nishimura [58]. This generator features an

extremely long period and 623-dimensional equidistribution up to 32 bits accuracy.

4.1 CONVERGENCE OF SELF-CONSISTENT ALGORITHM AND MONTE CARLO SAMPLING

We utilized the self-consistent diagrammatic expansion method combined with Monte Carlo

summation technique to calculate the self-energy. The self-consistent calculation is expected

68
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Figure 4.1: Self-consistent iteration difference of the self-energy (k) between two adjacent itera-
tions and two second nearest iterations . The data are for a second order calculation (n,,q,; = 2)
performed on a 4 x 4 lattice, at 7' = 1.0¢;, U = 8.0t; and pu = U/2. The Monte Carlo (relative)
error is comparable to but smaller than the (relative) convergence difference.
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to converge in weak and intermediate coupling. In our test, the self-consistent algorithm
converges with the coupling at least as high as U = 12¢;. The self-consistent convergence
difference and Monte Carlo error, defined as Equation C.5 and C.6 in Appendix C.3 and
Equation C.4 and C.2 in Appendix C respectively, exist simultaneously during the self-
consistent iteration.

Figure 4.1 shows a typical convergence process. A criteria for judging whether the self-
consistency iteration has converged or not is to compare the convergence difference between
two adjacent iterations with that between two second nearest iterations. Upon convergence,
the above two iteration differences should be close to each other, and the magnitudes should
be comparable to the Monte Carlo statistical error.

The Monte Carlo error is determined by the Monte Carlo sampling size, and sets the
upper limit for the precision of the self-consistent iteration (i.e, a lower limit for the lowest
achievable convergence difference).

The simulations were performed on an IBM p655 High Performance Computer, usually
with 32 or 64 processors. The codes are parallelized by the parallelization scheme introduced
in Section 3.8. For instance, to calculate the Green’s function and self-energy of the Hubbard
model on a 4 x 4 lattice with 140 discrete Matsubara frequencies, for one self-consistency
iteration, the CPU time is 12,800 single-processor seconds (i.e, it takes 400 seconds to finish
one self-consistency iteration on 32 processors). The total number of self-consistency iter-
ations required to reach convergence is different for various model configurations including
lattice size L, temperature 7" and on-site interaction U.

In our Monte Carlo simulation, we set the relative self-consistency convergence difference
as 1073. And we controlled the relative Monte Carlo statistical error to be less and equal
to the convergence difference by choosing the proper Monte Carlo sample size. For example,
we usually chose the Monte Carlo sample size as 1% of the original problem size for second

order approximation, i.e., M =~ |K|?/100.
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Order Number of Diagram
irreducible || up-down irreducible

1 2 1

2 2 1

3 10 2

4 82 9

5 898 54

6 12081 390

Table 4.1: Number of irreducible single-particle self-energy diagrams (column 2) and irre-
ducible diagrams that conforms to the spin-up-down rule (column 3) defined in Section 3.4

We also compared the results obtained by brute force calculation and the Monte Carlo
calculation for the Hubbard model on a 4 x 4 lattice at T' = 1.0¢;. The difference between
these two solutions is indistinguishable to within the self-consistency iteration difference, i.e,
the Monte Carlo calculation is able to reach the same convergence criterion as the brute
force does, though a few more self-consistency iterative steps are required by the Monte-

Carlo-summation-based code.

4.2 SELF-ENERGY

The diagrammatic expansion approach relies on the creation of irreducible self-energy dia-
grams. Using graph theoretic methods [44] the whole set of irreducible single- and two particle
diagrams were generated up to sixth order. From these diagrams, we selected all diagrams,
which obey the up-down rule, for Hubbard model self-energy. Table 4.2 shows the number
of all irreducible diagrams from second order to sixth order. The highest order (n,,,,) cal-
culation that we have actually carried out is fourth order due to the current limitations of
our computational resources.

In order to check our two diagram expansion computer codes, based on Equation (3.22)

or Equation (3.27), the self-energy is generated by brute force summation for the general
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irreducible self-energy diagrams series, Equation (3.22), compared with those generated for
up-down irreducible self-energy diagrams series, Equation (3.27). The results generated by
the two methods matches exactly, showing that the computer codes based on the set of
irreducible self-energy diagrams and the code based on the up-down irreducible self-energy
diagrams are consistent.

Figure 4.2 and Figure 4.3 show the self-energy of the second order approximation on a 4 x4
lattice with U = 8t; at half-filling. The self-energy on the Fermi surface, ¥ (7/2,7/2,iv,,),
has the real part very close to U/2 = 4t;. From previous discussion (Equation 3.93 in
Section 3.10), the first-order contribution ™ (k) should be exactly equal to U/2 = 4t; in
this case. Combined with Equation (3.91), the real part of 3(m/2,7/2,iv,,) should also be
exactly equal to U/2 = 4¢;. As shown in Figure 4.2A, the real part of X (7 /2, 7/2,iv,,) equals
U/2 to within an absolute error of about 5 x 1073t;, which can be ignored when compared
with either 4t or this self-energy’s imaginary part. The real part of E(/;, W), if k is off the
Fermi surface, is symmetric to the real part of S(k+ K, ivy,) (with K = (7, 7)) about 4¢,, as
illustrated in Figure 4.3, and required by particle-hole symmetry, as discussed in Section 3.10
Equation (3.86).

The imaginary part of the self-energies of different momenta k differ from each other
insignificantly. The maximum magnitude of ImZ(E, iVp,) is much larger than the corre-
sponding Re2>(lg, V), i.e., the imaginary part dominates the value of the Green’s function
at low Matsubara frequency and low temperature, according to Equation (3.12). Another
observation is that at low temperature 7" = 0.05¢; and 7" = 0.10¢;, the imaginary part of the
self-energies seems to be on a same curve, in both cases to be on and off the Fermi surface.

With the decreasing temperature, the imaginary part of the self-energy has a more notice-
able change in the low Matsubara frequency range than the real part.

The sum of all the third order self-energy diagrams’ contribution, n = 3, shown in
Figure 4.4 and Figure 4.5, are zero to within the Monte Carlo errors, which conforms to

what has been proven in Appendix A.3 that, at particle-hole symmetry, the contribution of
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Figure 4.2: Self-energy of momentum k, which is on the Fermi surface (k = (7/2,7/2)), of the
Hubbard model on a 4 x 4 lattice with U = 8¢; at half-filling by second-order approximation. (A)
shows the real part of E(E, iVm), (B) presents the imaginary part of self-energy at low Matsubara
frequency. The inset of (B) is the imaginary part in a large range of Matsubara frequencies .
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Figure 4.3: Self-energy of momentum E, which is off the Fermi surface, of the Hubbard model on
a 4 x 4 lattice with U = 8t; at half-filling by second-order approximation. (A) shows the real part
of E(E, iVm), (B) presents the imaginary part of self-energy at low Matsubara frequency. The inset
of (B) is the imaginary part in a large range of Matsubara frequencies .
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Figure 4.4: The imaginary part of self-energy Im¥(k), where k= (r/2,7/2) is on the Fermi
surface, calculated by the fourth-order approximation (denoted as “total X(k), nmee = 47) is
compared with the imaginary part of the self-energy calculate by the second-order approximation
(denoted as “total X(k), nmar = 2”) on a 4 x4 square lattice with U = 8t; and p = 4tq1, at T = 1.0ty
and demonstrated in (A) large range of Matsubara frequency and (B) low Matsubara frequency
range respectively. The imaginary part of the contributions of second-, third- and fourth-order self-
energy diagrams at the fourth-order approximation, i.e, ) (k), 2@ (k) and ¥ (k) for nma = 4,
respectively, are also shown in (A) and (B).
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compared with the imaginary part of the self-energy calculate by the second-order approximation
(denoted as “total X(k), nmar = 2”) on a 4 x4 square lattice with U = 8t; and p = 4t1, at T = 0.2t
and demonstrated in (A) large range of Matsubara frequency and (B) low Matsubara frequency
range respectively. The imaginary part of the contributions of second-, third- and fourth-order self-
energy diagrams at the fourth-order approximation, i.e, ) (k), 2@ (k) and ¥ (k) for nma = 4,
respectively, are also shown in (A) and (B).
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any odd order expansion terms to the self-energy are zero. The contribution of each individual
diagram of the third order to the imaginary part of the self-energy differs only in sign and
magnitude. All the third-order irreducible diagrams are proportional to each other, and add
up to zero, which is also seen by Zlati¢ [46]. The third order contribution does not vanish
after the first few self-energy iterations, i.e., iteration to self-consistency is necessary for
the sum of the sum of the third order diagrams to disappear, as required by particle-hole
symmetry. The value of the third-order diagram sum is not zero when calculated with the
bare Green’s function (GY), but it diminishes to zero in a few (usually 2 to 3) iterations.
This illustrates one of the fundamental properties of the “conserving” approximation [41]:
self-consistency is a necessary requirement to preserve the symmetry of the Hamiltonian.

At intermediate and strong coupling, the fourth order self-energy diagrams are expected
to significantly contribute to the self-energy, especially in the low Matsubara frequency
range. Even at an intermediate temperature, for example, T = 1.0t; and U = 8t; shown
in Figure 4.4, the contribution of the fourth order diagrams is not negligible as v,, varies
from —20 to 20. This can affect the low imaginary frequency Green’s function on the Fermi
surface substantially. We thus expect that the fourth order contribution to the self-energy
can have a very large effect on the spectral weight function at low temperature.

Our results also show that at a variety of temperatures and if the other conditions are kept
the same, the imaginary part of the self-energy E(E, ivy,) differs only at the low Matsubara
frequencies, whereas the high-frequency’s behaviors are indistinguishable. The real part of the
self-energy is composed of ReX(M), a constant to all temperatures at particle-hole symmetry,
and ReX< whose maximum magnitude is much smaller than the corresponding imaginary
part. With varying temperature, the real part also has an unnoticeable change over all
Matsubara frequencies.

The contributions from each of the self-energy diagrams, at both second order and fourth
order, to the self-energy are all of comparable magnitude. Therefore, our decision to perform a

brute force summation over all diagram topologies g € G,, at each order in the Monte Carlo
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summation is justified, because this brute force summation over all ¢ € G, substantially
reduces statistical error.

Another set of tests was done on the Hubbard system with a larger on-site interaction U =
12t1, at half-filling again, i.e., with g = U/2. Some related results are shown in Figure 4.6.
According to Figure 4.6B, the shape of the imaginary part of self-energies at U = 12t; is
similar to those with U = 8t;. The difference of the maximum magnitude of self-energies of
half-filled Hubbard model system on same size of lattice is almost proportional to the ratio of
the on-site repulsion. For the second order approximation, the Matsubara frequency related
to the maximum value of self-energy with U = 12¢;, when v, is positive, is larger than that
of the self-energy with U = 8t;, indicating that a higher order expansion is essential for

larger on-site repulsion.

4.3 GREEN’S FUNCTION

The self-energy determines the behavior of the Green’s function via the Dyson Equation [37]
by Equation (3.12).

When the Matsubara frequency iv,, approaches to infinity, the value of the Green’s
function is dominated by 1/(iv,,), Equation (3.31), that the Green’s function at large iv,,
becomes E—independent and cannot be distinguished by different momentum k. This can
be found at a variety of temperatures, both on and off Fermi surface, shown in Figure 4.7,
Figure 4.8 and Figure 4.9.

At low frequency, the value of the Green’s function is determined by both the quasiparticle
band energy Er and the higher order self-energy Z>(/;, iVm). The behavior of the Green’s
functions is substantially different if they are on or off the Fermi surface. On the Fermi
surface, by definition, Ep s zero, both the imaginary part of E>(l;p,ium) and iv,, deter-
mines the value of G (l;p, iVp) in the low-Matsubara-frequency range via the Dyson equation
(Equation (3.12)). At a low temperature, v, is comparable to or even much smaller than

Im2>(lgp, iVp). Thus in this situation, the Green’s function presents the characteristic of the
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Figure 4.7: Green’s function G(k,ivy,) [in units of t7'] on the Fermi surface (k = (7/2,7/2)
on 4 x 4 square lattice with U = 8t; and u = 4t; calculated by both second- and fourth-order
approximation at (A) 7' = 1.0¢; and (B) T' = 0.2¢;. In the insets of both (A) and (B) give the

corresponding Green’s function in large range of iv,,.
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Figure 4.8: Green’s function G(k,ivy,) [in units of t7'] off the Fermi surface (k = (0,0) and
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The inset of (B) shows the imaginary part of Green’s function in a large range of ifiy,.



83

self-energy. By contrast, off the Fermi surface, if iv,, is very small, both nonzero E}, as defined
in Equation (3.34) and Y- (k,ivy,) determine the value of Green’s function. The results
demonstrated in the earlier part of this section indicate that the magnitude of Z>(l;, W) 18
much smaller than Ej}. Therefore, the difference between the non-interacting and interacting
Green’s function at momenta off the Fermi surface are very small. Figure 4.8(B) and 4.9(B)
illustrate this behavior of the off-Fermi surface Green’s function.

Figure 4.7 shows the Green’s function on the Fermi surface at a variety of tempera-
tures computed by both second- and fourth-order approximation. At high temperature case
(T' = 1.0ty), the Green’s function values calculated by different orders of approximation do
not differ from each other too much. In contrast, at relatively lower temperature (7' = 0.2t),
the first, second and fourth approximation causes noticeable differences of the corresponding
Green’s function on Fermi surface, because the magnitude of the lowest Matsubara frequen-
cies is much smaller than those of the corresponding self-energies, hence the self-energy
dominates. The difference caused by orders of approximation are obvious. For example, the
maximum value is more suppressed in the higher order approximation due to the larger self-
energies on the Fermi surface correspondingly. Off the Fermi surface, for example, Figure 4.8
and Figure 4.9, one can observe that the difference between various order of approximations
is unrecognized.

At low temperature, for the particle-hole symmetric Hubbard model, the temperature
dependence of the imaginary frequency Green’s function G (IZ , 1V, ) 1s significant if momentum
k is on the Fermi surface, but is weak if momentum k is off the Fermi surface. The Dyson

equation, Equation (3.12), shows that
G(k) = ity — ez + pu — SW (k) — 2o (k)]

Due to the particle-hole symmetry property, u = (1) = U/2, according to Equation (3.93).

Then the Green’s function can be written as

G(k) = [ivm — g — S (k)]
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If k is on the Fermi surface, € = 0 as required. At low temperature, according to Equa-
tion (4.1), the Green’s function G(k) is determined by ¥ (k) at different temperature. On
the other hand, if k is off the Fermi surface, €;; # 0. If the square lattice size is finite, such as
4 x4 or 8x 8, ez can be much larger than ¥ (k), and thus dominates the value of the Green’s
function G(k) at low Matsubara frequency range. For example, for a 4 x 4 square lattice, if
k is off the Fermi surface, €; can have 4 different values, —4, —2, 2 and 4, by Equation 2.14.
According to Figure 4.3, when |iv,,| is comparable to or smaller than |+ (k)|, |Xs (k)| is
much smaller than 2, the smallest possible value of ¢ if k is off the Fermi surface. Therefore,
if k is off the Fermi surface, the value of the Green’s function G (E, ivp,) has small differences
at different temperatures.

The particle-hole symmetry property of the Green’s function is shown in these figures
as well. The real part of the Green’s function for two momenta differing in K = (7, ),
k= (0,0) and k = (7, 7), in Figure 4.8 an Figure 4.9, are negatives of each other, i.e., they
obey the particle-hole symmetric relations given by Equation (3.88) and (3.88), while the
imaginary parts of the Green’s function of these two momenta are exactly the same. On
the Fermi surface (Figure 4.7), the real part of the Green’s function is zero, as required by
particle-hole symmetry Equation (3.88), since kp+ K = —kp (modulo a reciprocal lattice
vector) on the particle-hole symmetric Fermi surface.

As the spectral weight function is calculated from the imaginary frequency Green’s func-
tion data, we expect that the order of approximation will not affect the value of spectral
weight off the Fermi surface significantly, but will cause significant differences on the Fermi

surface.

4.4  SINGLE-PARTICLE SPECTRAL WEIGHT A(k,w)

Let us first consider the single-particle Green’s function G(E, ivy,) and single-particle spec-
tral weight function A(l;,w) in the first order approximation, n,,,, = 1. In this approxima-

tion (may = 1), G(k,ivy) and A(K,w) are identical to the non-interacting G(k, ivy,) and
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A(k,w), calculated at the same electron occupancy (n). The only difference between the non-
interacting and first-order approximation is a shift in the chemical potential. The chemical

potential u for the interacting system treated in the first-order approximation is

p=pu®+x0, (4.1)
where
1
> = SU ), (4.2)

and ) is the corresponding non-interacting chemical potential for same occupancy (n).

Hence,

—

A(k,w) = 0(w — Ey), (4.3)
where the quasiparticle band energy
E:=¢— (u—X) = ez — u®. (4.4)

In the particle-hole symmetric case, at band-filling p. = %, the spectral function A(E, w),
with kz on the particle-hole Fermi surface, has a delta function peak exactly at w = 0. For
momentum k off the Fermi surface, the quasiparticle peak disperses with E, i.e., its peak
position Ep varies with k.

For approximation orders n,,q, > 2, the imaginary-frequency single-partlce Green’s func-
tions G (E, iVy,) obtained from Monte Carlo summation were transformed to spectral weight
functions A(E, w) by the maximum entropy method.

Let us turn to the second order approximation, n,,,, = 2. The single-particle spectral
weight function A(IZ, w) for k on and near the Fermi surface consists of a sharp peak, which
is the so-called “quasiparticle peak”, and a broader peak, the so-called “incoherent side
band”. These interaction-broadened quasiparticle peaks evolve from the sharp 6(w — Ej)
quasiparticle peak of the non-interacting system as the interaction (U) is turned on. The main

effects of the interaction are to broaden the d-function quasiparticle peaks to a finite width,
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Figure 4.10: Spectral weight function A(k,w) for a Hubbard system on a 4 x 4 lattice in particle-
hole symmetry with ¢; and U = 8.0t; at T = 0.05¢;. The spectral weight function A(E,w) is com-
puted from the imaginary-frequency Green’s function G(k), which is calculated by the second order
approximation. The momentum k goes through (0, 0),(0,7/2),(0,7),( /2, 7),(x, 7) and (7/2,7/2).
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to reduce their (integrated) spectral weight, and “flatten” their dispersions as discussed in
the next section. In addition, the interactions cause the formation of the incoherent side
bands mainly at the larger energies beyond the quasiparticle peaks, i.e, for |w| > |E%|.
These incoherent side bands contain the “missing” spectral weight that has been removed
from the quasiparticle peaks by the interaction, so that the total sum rule, [ de(E, w)=1
(Equation (3.71)) remains satisfied. For momenta k far from the Fermi surface and sufficiently
strong interaction U, the quasiparticle peaks are so strongly broadened and/or reduced in
spectral weight that they become indistinguishable from the incoherent side band(s). This
can be seen in Figure 4.10 for k£ = (0,0) and k = (m, 7). Just as in the non-interacting
system and first-order approximation, in the second-order approximation, the quasiparticle
peak disperses with E, as will be discussed in more detail in the next section. We notice
also that our numerical results for A(l;, w) obey reasonably well the particle-hole symmetry

requirements, i.e.,
Alk+ K, w) = A(k, —w)

with K = (m,7) for particle-hole-transformation-related k-points, k and k + K, such as
k= (0,0) and k = (m,7) or k = (0,7/2) and k = (m/2,pi). This is an important check on
the numerical accuracy of the Monte Carlo code and the maximum entropy method analytic
continuation procedure.

Figure 4.12 compares the spectral weight functions of the Hubbard model at half-filling in
the second order approximation at different temperatures. At higher temperature T° > 0.1¢1,
the quasiparticle peak and the incoherent side band for the on-Fermi-surface g—vector, in
Figure 4.12(A), are essentially indistinguishable due to the large width of the quasiparticle
peak. However, as the temperature is lowered, the quasiparticle peak narrows. We can then
see more clearly how distinct incoherent side bands develop that are clearly separated from
the quasi-particle peak, as the temperature is lowered. The incoherent side bands can be
clearly distinguished from the quasiparticle peak at at T" = 0.05¢;, though the side bands

are not very strong.
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w = 14.
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At low temperature, the spectral weight functions A(lg,w) for momentum k far from
the Fermi suface show very little temperature dependence as expected from the results
for G(l;, ivy) off the Fermi surface. For example, in Figure 4.12(B), the spectral weight
function A(k,w), such that k = (0,0) or k = (m,7) at T = 0.10¢ is very close to spectral
weight A(k,w), with k& = (0,0) or (7, ) respectively, at T = 0.05¢;. This is because the
spectral weight function is calculated from the imaginary frequency Green’s function, and
the imaginary-frequency Green’s functions G (lg, iy, for E, which is off the Fermi surface,
have small differences at different temperatures, as we have already discussed in Section 4.3.
Basically, for these far-off-Fermi-surface k vectors, the quasiparticle peak and the incoherent
side band have merged at all temperatures, and cannot be clearly distinguished.

The displacement of spectral weight away from w = 0 into the side bands at larger |w|
can be interpreted as the incipient development of the Mott-Hubbard gap. Note that the
peak position of the side band corresponds closely to the position w = £U/2 of the lower
and upper Hubbard band peaks in the atomic limit, as shown in Figure 3.4.

The spectral function of the Hubbard model is also affected by the orders of diagram
approximation, 7,,.;, used in the calculation, especially on the Fermi surface. Figure 4.13
shows the spectral function A(lg, w) of the particle-hole symmetric Hubbard model on a 4 x 4
lattice with U = 8t;. To see the significance of the fourth order diagrams’ contribution,
we compare the results for A(k,w) in the second order simulation (., = 2) and the
fourth order simulation (n,.. = 4). For instance, at T" = 0.2¢;, the quasiparticle peak
of the spectral weight function A(EF,UJ) for on-Fermi-surface momentum kp calculated by
the fourth order approximation has less spectral weight and is somewhat broader than the
quasiparticle peak of A(EF, w) calculated by the second-order approximation. Otherwise, the
difference of approximation orders doesn’t make a dramatic change on the spectral weight
function. At high temperature, such as T" = 1.0, the difference is even less significant.

For momenta k far from the Fermi surface, the spectral weight function A(l;,w) is also

weakly dependent on the order of approximation. The main effect of including the the fourth-
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Figure 4.13: A comparsion is made between the Hubbard model’s spectral weight function A(E, w)
calculated from second-order approximation data and A(/z,w) from fourth-order approximation
data. The simulation is performed on a 4 x 4 square lattice, with on-site interaction U = 8¢ and
chemical potential = U/2, at T = 0.2t;.
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order diagrams to the two-dimensional Hubbard model is to broaden somewhat the corre-
sponding spectral peaks in A(E, w).

However, it is important to notice that including the higher order (n,,., = 4) diagrams
does move the results in the right direction, as far as the formation of a Mott-Hubbard gap
is concerned. Namely, including the fourth-order diagrams reduces the quasiparticle spectral
weight at w = 0 for on-Fermi-surface E—Vectors, EF, and pushes the spectral weight to the
higher energies |w|, i.e., into the incoherent side bands. That is qualitatively the type of
spectral weight redistribution required for the Mott-Hubbard gap formation.

Our results for the second- or fourth-order self-consistent diagram approximation to the
two-dimensional Hubbard model (n,,4; = 2 Or Nypae = 4 respectively) at low temperature
clearly exhibit all the expected characteristics of a Fermi liquid [27] as described by Equa-
tion (D.4). First, when the momentum vector k moves towards the Fermi surface, as shown
in Figure 4.10 and Figure 4.11 respectively, the peak of A(/Z, w) becomes sharper; whereas
the peak of A(IZ, w) gets broadened when k moves away from the Fermi surface. Second,
for k on the Fermi surface, as shown in Figure 4.12. as the temperature is lowered, the
quasiparticle peak of A(l;, w) gets sharper. This behavior is consistent with Luttinger’s fun-
damental proof [25][26][27] that any finite-order self-consistent diagram approximation to an
interacting Fermion system with translation invariance in the infinite system limit N — oo
obeys Fermi liquid theory for T — 0. Therefore, at any finite approximation order 7,4, our
diagrammatic approximation scheme will always lead to Fermi liquid behavior, for any band
filling p. with 0 < p. < 1, including p. = 1/2, if we take the limit N — oo and then study
the system asymptotically in the low-temperature limit 7" — 0. Fermi liquid behavior implies
that the system would be metallic and therefore would not exhibit the Mott-Hubbard insu-
lator behavior. However, it is still possible that, without violating the Luttinger theorem, the
physically expected Mott-Hubbard insulator behavior can be recovered from our Fermi-liquid
approximation scheme by going to higher approximation orders. This would require that the

quasiparticle peak spectral weight for E—points on or near the Fermi surface decreases to zero,
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as the approximation order n,,., is systematically increased to infinity. Qualitatively, this
is indeed what we find in our comparison of the second- and fourth-order results of A(lg, w)
discussed above: the quasiparticle spectral weight for k on the Fermi surface is reduced in
going from the second- to the fourth-order. However, this quasiparticle peak spectral weight
reduction is rather weak and it indicates that one may have to go to even higher order
Nmae t0 see a substantial further reduction that would approximate the Mott-Hubbard gap

behavior.

4.5 DISPERSION

It is also of great interest to study how the quasiparticle dispersion is affected by the inter-
action. To do this, we now define the interacting quasiparticle energy E; as the frequency
w = Ep of the largest peak in A(E, w). For e, = 1, B = € — 1 as discussed in Sec-
tion 4.4. For ., > 2, we get Ej numerically from the spectral weight function A(E, w),
which is calculated from the imaginary-frequency Green’s function data by the maximum
entropy method.

From our result, shown in Figure 4.14, with each lattice momentum E, one can see that

the quasiparticle band F (IZ) is flatter than the non-interacting band. This quasiparticle band

flattening becomes more pronounced as we lower the temperature, i.e., more precisely:
|E4(T = 0.5)| < |E(T = 08)] < |eg (4.5)

where the equality occurs only at €;; = 0. In other words, the quasiparticle band is flattened by
the interaction and this flattening becomes more pronounced as we lower the temperatures.
The flattening of the quasiparticle band can be interpreted as a “mass-enhancement”, since it
implies that at a given momentum /;, the quasiparticle velocity is reduced. The quasiparticle’s

velocity is defined as

Q_J)QP — =, (46)
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Figure 4.14: Quasiparticle energy E}. of the interacting system compared to the non-interacting
band energy Ep = ¢;: along I' = X — Z — T', tested on an 8 x 8 square lattice with U = 8¢ and
= U/2 by second order approximation.
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and the quasiparticle mass enhancement corresponds to having a mass-enhancement factor
= 20 5 (4.7)

where HO(E) is the non-interacting quasiparticle’s velocity, given by

ook = 2

Ok

Within the framework of Fermi liquid theory, the mass enhancement on or near the Fermi
surface is related to the reduction in the spectral weight under the quasiparticle peak in
A(/;, w), such that 1/Z; equals the fraction of spectral weight of the quasiparticle peak,
according to Equation (D.6). If the development of the Mott-Hubbard gap A is indeed
accompanied by a gradual disappearance of the quasiparticle spectral weight on and near the
Fermi surface, then this should also be seen in a gradual divergence of the mass enhancement
factor Z; — o0, i.e., in a very severe flattening of the quasiparticle band near the Fermi
surface, as well as in a severe loss of spectral weight under the quasiparticle peak, given by
1/Z; according to Fermi liquid theory. As can be seen in Figure 4.14, as well as Figure 4.12
and Figure 4.13, the mass enhancement is only about Z; = 1.14 near kp = (0,7), (m,0)
and about Z; = 1.26 near kp = (7/2,7/2). This is much weaker than the large Z; > 1 one
should expect in the range T" < A where the Mott-Hubbard gap should start to form with

A of the order of U.

4.6 DENSITY OF STATES

The density of states D(w) of the two-dimensional Hubbard model is calculated from the
single particle spectral weight function A(E, w) by Equation (3.80).

Figure 4.15 compares D(w) of a 4 x 4 particle-hole symmetric Hubbard model at different
temperatures. At high temperature, for example, 7' = 1.0t; and 0.4¢;, the density of states
is a broadened smooth Gaussian-like curve centered on zero frequency. As the temperature

decreases, more and more weight is shifted to the higher frequency range. Two side peaks



96

T T T | T
04} — T=003, |
— T=010t,
X T = 0.40t, -
— T=1.00,
0.3 |
(@]
02|~ -
01 -
0 ' 1 | 1 '
-16 -8 0 8 16

wit,

Figure 4.15: The density of states D(w) of the Hubbard model on a 4 x 4 lattice with U = 8.0t; and
= U/2. The inset emphasizes the difference between D(w) of various temperatures’ in details. The
results shown comes from the imaginary frequency Green’s function G(E, iV, ), which is calculated
by second-order approximation. The insets of (A) and (B) are the comparison in a larger range of
w.
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start to appear as the temperature is lowered to 0.1¢;, and are obvious at 7" = 0.05¢;. The
density of states looks like the sum of several smeared delta functions, which is not the
same as White’s exact quantum Monte Carlo result [3], in which a very strong depression
of spectral weight appears at the center around w = 0 (low frequency). It is reasonable to
expect that at even lower temperature the density of states may be strongly suppressed in
our diagram approximation. Zlati¢’s spectral weight function at half-filling is also peaked at
zero-frequency. There is an interesting phenomenon that most of the perturbation approaches
generate a delta-function-like sharp peak on the Fermi surface, but the exact quantum Monte
Carlo method yields a gap-like depression.

Just as for the single particle spectral weight function A(E,w), the density of states of
Hubbard model D(w) depends on the the order of the diagrammatic approximation 7,4,
Figure 4.16 compares the density of states D(w) calculated by second-order approximation
with the D(w) calculated by fourth-order approximation. The peak at w = 0 in D(w), which
corresponds to the quasiparticle peak of A(lg r,w) for on-Fermi-surface E—vector, is suppressed
with higher order diagrammatic approximation, whereas, the side peaks at w # 0 in the D(w),
which correspond to the quasiparticle peaks of A(E, w) for off-Fermi-surface E—VGCtOI‘S, show
less dependence on the order of diagrammatic approximation. Qualitatively, the inclusion
of the higher order (n,,, = 4) produces the results as expected for the formation of the
Mott-Hubbard gap, i.e., the spectral weight at low w (|w| < U/2) is suppressed by the higher
order (nq; = 4) correction.

The lattice size is also a factor that affects the system property. There are more discrete
€ € By in a larger lattice size. This of course affects the density of states D(w), even for
the non-interacting system, according to Equation (3.80). Due to the limitation on CPU
time, we’ve only completed the calculation of self-energy on an 8 x 8 lattice at temperature
T = 0.5t; and 0.8t1, which are not sufficiently low. From the density of states of an 8 x 8
lattice at half-filling (Figure 4.17) and its comparison to those for another similar system,

but on a 4 x 4 lattice at high temperature, the size effect on the density of states is not
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Figure 4.16: Comparison of density of states with second- or fourth-order approximation on a 4 x 4
square lattice, whose on-site repulsion U is 8t and p is U/2, at (A) T = 1.0t; and (B) 7' = 0.2¢;.
The insets of (B) shows the difference of the density of states between second- and fourth-order
difference in detail.



99

0.18

0.16 -

Density of States D(w)
o
N
I

012 —

0.1

0.14

012 —

Density of States D(w)
o
=
I

0.08

Density of States D(c:)

| . | . |
0.06 4 L L
wlt,

Figure 4.17: The comparison of the density of states on various sizes of Hubbard model, 8 x 8 and
4 x4, with U =8t; and p=U/2, at (A) T =0.5¢; (B) T' = 0.8;
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obvious. However, as expected from the non-interacting case, the finite size effect increases
with decreasing temperature T'. More extensive studies at lower T" and larger lattices will be
required to further explore the finite size dependence.

This finite size dependence is in contrast with the results obtained by the deterministic
quantum Monte Carlo at the same temperature. In the quantum Monte Carlo results [3], a
strong finite size dependence is found and the gap depression of the density of states becomes
surprisingly less pronounced as the lattice size is increased from 4 x 4 to 8 X 8 (one needs to
notice that this quantum Monte Carlo result was obtained with interaction U = 4t4, i.e, not
same as our model configuration U = 8¢, which is shown in Figure 4.17).

On-site repulsive interaction U is another parameter that affects the spectral properties
of the Hubbard model. The results, shown in Figure 4.18, were obtained on the 4 x 4 particle-
hole symmetric lattice with on-site interaction U = 12¢;. The shape of the corresponding
density of states is quite similar to that with U = 8t;. Consistent with our expectation, the
density of states is suppressed more with stronger interaction.

On the other hand, the self-consistent calculation has more difficulty to get a converged
result with a larger on-site repulsive interaction. The difference is particularly apparent
between U = 8t; and U = 12t;.

We noticed that our solution for the density of states under low temperature at half-filling
is quite similar to that of Gebhard for the infinite dimensional case at ground state [50]
(Figure 8 and 9). In both of them, the DOS appears to have three peaks. The phenomenon
is also observed by Georges and Kotliar [59] in the close to particle-hole symmetric half-filled

case.

4.7 INTEGRAL MOMENTS OF THE SPECTRAL FUNCTION

We aslo calculated the integral moments from the spectral weight of the simulated results,

and compare them with the corresponding analytical value (table 4.2 to table 4.5).
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Figure 4.18: shows the density of states of Hubbard model on a 4 x 4 lattice with U = 12¢y,
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Table 4.2: Comparison of p; for Hubbard model on a 4 x 4 lattice with U = 8.0¢1, u = 4.0t; and
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k Percent Error of pu
U=8ty, p=4t, | U=12t;, p=6t; | U = 16t1, p = 8t

(0,0) | 1.57 11.40 6.67

(0, 23) 2.40 13.96 12.02

(0,7) | 3.62 14.72 14.64

(5.m) | 2.34 13.61 12.05

(m,m) | 1.64 11.13 6.62

(5.5) | 3.53 14.80 14.51

Table 4.6: The percent error (to the exact value) of g for second-order approximation computation
with on-site repulsion U is 8t1, 12t; and 161, respectively, and p = U/2, on a 4 x 4 Hubbard lattice
with 1 =1 and T = 0.2¢;.

The zeroth order moments g, at any approximation order n,,,., will be exactly equal to
1, due to the fact that the asymptotic behavior G(E, W) = 1/ivy,, Equation (3.32), which is
exactly preserved by the approximation. Table 4.2 (4.3) compare p; (u2) obtained by second-
(Nmaz = 2) and fourth order (n,,,, = 4) approximation. Both approximation orders perform
well for py with at most 1% error. The error for us is a somewhat larger than the other
two cases, especially the fourth order approximation. However, the results are acceptable
considering the limited numerical accuracy of the MEM analytical continuation.

Table 4.6 also indicates that when on-site repulsion U is larger than or equal to 12¢4,

the second order approximation causes non-negligible errors (mostly larger than 10%) to the

exact value. Hence a higher order truncation of the diagram series is essential.

4.8 AwAYy FROM PARTICLE-HOLE SYMMETRY

An alternative, equivalent way to search for the existence of a charge excitation gap is to
calculate the occupation numbers (n) as a function of the chemical potential x, and look for

regions of p where (n) is constant with changing p, i.e., for a so-called “plateau” where

BRSS! (4.8)
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Figure 4.19: The charge susceptibility %’3 as a function of & = p — U/2 for the system on a 4 x 4

lattice, with with U = 8¢; at (A) T'= 0.25¢; and (B) T"= 0.10¢;. In the insets of (A) and (B), the
results for non-interacting system are also shown. (C) plots the occupation number as the function
of the chemical potential p at 7= 0.10¢; and 0.25¢1. The inset of (C) shows a detailed plot of (n)

vs. p near half-filling at 7' = 0.10¢;. The flat plain of (n) is obvious.
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over some finite p-interval denoted by [, . ]. The charge excitation gap is then given by

A=py —pe (4.9)

Note that the quantity d(n)/0u is actually the charge susceptibility of the system and a
measure of its compressibility [60]. Strictly speaking, the gap is defined, and Equation (4.9)
holds, only for N — oo and T' — 0. However, some approximation to this gap-like behavior
should be observed even at finite N and 7.

The occupancy number (n) was evaluated for a finite grid of p in a certain range by
Equation (2.18), (3.11) and (3.36). Using a second-order approximation (n,., = 2) for
G(k, ivm,), the p-derivative 8(n) /O was evaluated by carrying out a cubic spline interpolation
between the p-grid points. The results are shown in Figure 4.19 in terms of the particle-hole
symmetric chemical potential i = u — U/2 (Equation (2.7)) for a range i = —U to i = +U
for a finite grid of 25 fi-points. The occupation number (n) increases as the chemical potential
is raised, as required by thermodynamic stability, i.e, by d(n)/du > 0. On the other hand,
at low temperature, the increase of (n) with p does not have a uniform slope, but around
the particle-hole symmetry point, i = 0, the slope d(n)/0u is depressed, as illustrated in
Figure 4.19A and Figure 4.19B. This can also be seen in more detail over a smaller ji-
range near i = 0 in Figure 4.19C. This shows that if particle-hole symmetric chemical
potential i is within the expected range of the gap ,[f_, fiy], with g =2 —U/2 and i, =
+U/2, {n)/0u becomes very small, though not exactly zero. Such a strong suppression of
d(n)/Ou to very small but non-zero values, over the range from fi_ to fi, is exactly what one
expects to observe for a charge excitation gap at low, but finite, temperature. For comparison,
we also show d(n)/Ou for the non-interacting system in the insets of Figure 4.19(A) and
Figure 4.19(B). Clearly, d(n)/0u for the interacting case is strongly suppressed compared to
the non-interacting case for i between i = —U/2 and i = +U/2.

By applying the particle-hole transformation, one can show that the plot of d(n)/du

versus [t should be exactly symmetric around i = 0. This symmetry is approximately obeyed
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in Figure 4.19(A) and Figure 4.19(B). The deviations from symmetry are again due to the
Monte Carlo statistical error.

Near 1/4 and 3/4 filling, i.e, (n) = 0.5 and (n) = 1.5, implicated by taking the derivative
d(n) /O, there is a relatively abrupt change in filling with the chemical potential, as indicated
by the maxima in d(n)/Ju at i = +5t;, indicating that the filling may be close to becoming
unstable towards phase separation. Note that the phase separation would require that the
charge susceptibility (or compressibility) d(n)/0u becomes infinite. Such a phase separation
in the two-dimensional Hubbard model near 1/4 (or 3/4) band-filling has been suggested to
occur in another study [61].

For the high-T. cuprates at finite doping, pseudogaps at low excitation energy have been
found in experiments [53][54][62][63]. The exact quantum Monte Carlo results also show the
existence of such a pseudogap in the two-dimensional Hubbard model upon being doped [4].
Figure 4.20 shows two simulations in p-doped and n-doped cases respectively. A pseudogap
is defined as a partial (but not complete) suppression of the spectral weight function in a
low energy range around w = 0. It is interesting to note that our density of states results
from the doped system do have an obvious pseudogap around w = 0. Note also that the
two spectral weight functions in Figure 4.20 should be exactly symmetric to each other by
particle-hole transformation. The deviations from symmetry in Figure 4.20 are again due to
the Monte Carlo statistical error of the E(E, ivy,) input data (usually the statistical relative
Monte Carlo error is about 1073). Our result is qualitatively close to the exact quantum

Monte Carlo results [4] on the doped model with the same square lattice size.

4.9 SPIN SUSCEPTIBLITY

We calculated the spin susceptibility X(Cj ,iw, = 0) at T' = 0.30¢; as a function of wave vector
@ by the second-order approximation, shown in Figure 4.21. The strong antiferromagnetic

spin fluctuation is clearly visible there as X(ZZ)(@, iwy, = 0) is strongly peaked at Q= (7, 7).
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Figure 4.20: The density of states D(w) for two-dimensional Hubbard model with doped band.
Two simulations with different chemical potential are on a 4 x 4 lattice with U = 8t1 at T" = 0.25¢1,
resulting at (n) = 0.74 and (n) = 1.26 respectively. The inset is a magnified view of the spectral
weight function about w = 0.
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This clearly shows that antiferromagnetism is indeed the dominant magnetic fluctuation in
the system.

In order to study the antiferromagnetic long-range order of the two dimensional Hubbard
model, we calculate the antiferromagnetic spin susceptibility X(zz)(@, iwm = 0), i.e., for wave
vector Q = (m, 7).

Our finite-order self-consistent diagram approach inherits the mean-field theory behavior
of the Hartree-Fock approximation, i.e., the first-order approximation n,,,, = 1, because
our methods to calculate both self-energy and spin susceptibility are an extension of the
Hartree-Fock approximation [37]. As a result, we will find a finite antiferromagnetic transition
at finite temperature in the two-dimensional Hubbard model. This violates the Mermin-
Wagner theorem, which requires a long range order, and, even worse, the theorem that finite
systems cannot have a phase transition at finite temperature. Therefore, with a finite order
truncation in our perturbation calculation, we don’t expect to find the antiferromagnetic
transition temperature to be T" = 0, as required by the fundamental theories. However, we
are interested in finding how the contribution from high-order perturbation terms is able to
push the transition temperature closer to zero temperature.

For the Hubbard model, the spin susceptibility x**)(Q) in the first-order approximation

(Nmaz) 18 given by

(22) 3
24 zz zZzZ X Q
Q) = @+ Q)+ r 0 (@) (110
1-U-x (@)
where, the zeroth order contribution X((]ZZ) is given by Equation (3.140) or
(22) T
Xo (@) = (=%) > GR)G(k+Q). (4.11)
k

and G(k) is the Green’s function calculated from the self-energy in first-order approximation
Nnaz = 1.
With the first order approximation, at particle-hole symmetry, the zeroth order contri-

bution X(()ZZ)(Q) is independent of on-site interaction U, because the self-energy 2(1)(]2’ Um)
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Figure 4.22: The spin susceptibility X(ZZ)(@, iwy, = 0), with antiferromagnetic wave vector
g = (m,m), on a 4 x 4 square lattice at half-filling at various temperatures. (A) gives out the
spin susceptibility X(ZZ)(Q) in the first-order approximation with a variety of on-site interaction
(including U = 8t;, 4t1 and 2t;) with p = U/2 calculated by Equation (4.10) The inset of (A)
shows the zeroth order contribution to the spin susceptibility Xézz)(Q) with U = 8¢y and p = U/2
in the first-order approximation. (B) compares the spin susceptibilities calculated by the first- and
second-order on a 4 x 4 square lattice with U = 8¢; and p = U/2.
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will cancel z in Equation (3.12). The inset of Figure 4.22A shows that yv7*(Q) is finite at
finite temperature, and approaches to infinity as temperature is reduced.
In the first-order approximation (n,.. = 1), according to Equation (4.10), the spin

susceptibility will therefore diverge at critical temperature 7T, determined by

U=1/x57(Q). (4.12)

The antiferromagnetic phase transition always occurs at a finite temperature 7T, even for a
finite lattice, since X(()ZZ)(Q) diverges to oo for T — 0, and approaches to zero for T' — oo.
At strong-coupling, for example, U = 8t; shown in Figure 4.22A, the transition temperature
T, ~ 1.80t;.

At weak-coupling and high temperature, the higher order perturbation terms only make
trivial contributions to the spin susceptibility. For example, at T' = 1.0¢y, for a 4 x 4 Hubbard
lattice with half-filled band and on-site repulsion U = 2t;, the spin susceptiblity calculated
by the first- and second-order approximation are almost the same within numerical precision,

However, the higher order diagrams do change the behavior of the spin susceptibility
at low temperature and intermediate/strong interaction U substantially. At intermediate
coupling, the higher order correction is essential. If the on-site interaction U = 8.0t1, the effect
of the second-order contribution is significant, which is obviously seen in Figure 4.22B. The
critical temperature T, is pushed to much lower temperature, say T, ~ 0.29t; for 1,4, = 2,
compared with T, ~ 1.80t; calculated by Hartree-Fock approximation, n,,., = 1.

Although it still violates the Mermin-Wagner theorem (and the finite-system T, theorem)
due to its mean-field-theory behavior, the second order approximation gives an important
improvement for the intermediate and strong coupling regimes.

Below the critical temperature T, the spin susceptibility turns negative in any order of
approximation up to the second order. This is of course unphysical and violates fundamental

thermodynamic stability requirements. To restore thermodynamic stability, one would have

to perform calculations in the symmetry-broken antiferromagnetic ordered phase, which is
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beyond the scope of this thesis. It is also of limited physical interest, since we know that this
symmetry-broken phase is an artifact of our approximation.

At particle-hole symmetry, the sum of the contributions of all third order two-particle
vertex diagrams (7., = 3) is zero by mutual cancellation, similar to the third order self-
energy diagrams. Therefore, all second-order results shown here are actually also correct up

to order 1,4, = 3.



CHAPTER 5

CONCLUSION AND FUTURE WORK

In summary, we have developed an efficient methodology to calculate the imaginary-
frequency one-particle Green’s function G(k, ivy,) and self-energy $(k, ip) for the interacting
Fermion models, such as the pure and extended Hubbard models by the self-consistent higher
order self-energy diagrammatic approximation combined with the Monte Carlo summation
technique. Based on the Green’ function obtained by this approximation method, we have
also developed the methodology to calculate the sum of the the two-particle irreducible
vertex functions I';,..(k, k', Q) by Monte Carlo summation of the irreducible vertex diagrams.

We have demonstrated the feasibility of these methodologies by applying them to the two
dimensional Hubbard model. Specifically, we have used these new computational methods to
search for the Mott-Hubbard gap and the antiferromagnetism in the Hubbard model. Because
this work is intended mainly as a feasibility study of our proposed new methodology, our
calculations have focused on small finite lattices and a particularly simple limit, the particle-
hole symmetry limit, of the Hubbard model.

Based on the single-particle Green’s function G(k), we show the existence, or at least
the incipient development, of the Mott-Hubbard gap in the two-dimension Hubbard model
from three different aspects: (1) the development of the incoherent side bands of the spectral
weight function A(Ep,w) with the on-Fermi-surface k-vector, kp in the particle-hole sym-
metric model, (2) the suppression of the single-particle density of states and (3) the strong
suppression of the compressibility d(n)/0u as a function of particle-hole symmetric chemical

potential i around g = 0.
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Also, we have demonstrated the strong antiferromagnetism of the two-dimensional Hub-
bard model at half-filling via its spin susceptibility x*#(Q), which is obtained from the
two-particle vertex diagram I';,..(k, k', Q).

Our results have shown that including higher-order corrections is important to the study
of the two-dimensional Hubbard model. The inclusion of higher-order self-energy diagrams
in the calculation of the Green’s function G(k) causes the suppression of the quasiparticle
peak of A(Ep, w) and helps to develop the corresponding incoherent side bands of A(E F,w) at
higher energies, as required for gap formation. Also, including second-order vertex diagrams
to the spin susceptibility y(*?) (@) pushes the antiferromagnetic transition temperature of the
two-dimensional Hubbard model to a much lower temperature compared to the first-order
approximation. This is qualitatively consistent with the requirement of statistical mechanics
principles preventing a finite antiferromagnetic transition temperature 7, > 0 in the two-
dimensional Hubbard model on both finite and infinite lattices.

We also notice that our self-consistent diagrammatic approximation results for the two-
dimensional Hubbard model are consistent with the Fermi-liquid theory, even though the
size of square lattice that we simulate on is finite. We expect the inclusion of high-order
(Nmaz > 6) in the calculation can obtain a better approximation to the Mott-Hubbard gap
behavior.

The main limitation of our self-consistent diagrammatic methodology is imposed by the
available computational power. It may require more than 5000 hours CPU time in order to
calculate the self-energy at a low temperature, for instance 7" < 0.1¢;, with the fourth-order
approximation. Namely, as long as we have sufficient computational power, we can perform
the simulation on any size of lattice (L) to any finite order of diagrammatic approximation
(Nmaz) at any temperature (7). The limitation on the diagrammatic approximation order
Nmaz 1S due to super-exponential growth of the number of diagrams. The computing effort
grows only linearly with the product of the lattice size and the inverse of the temperature

(o< N/T). Therefore, we could extend the calculation to larger lattices with larger parallel



115

processing systems. Parallelization is perfectly applicable to our method, because the Monte
Carlo algorithm is based on a trivial perfect sampling method and one can therefore achieve
linear speedup in a trivial parallelization without sacrificing statistical independence of the
Monte Carlo sample.

Based on our methodology, it is of interest to extend our current study on the Hubbard
model to a wider range of model parameters and system sizes with more available CPU time.

The size effect is very important to study the ordering behavior of the physical models
with finite size. We are planning to calculate the one-particle Green’s function G(E, V) OF
two-particle irreducible vertex function I';,.,.(k, k’; Q) on a larger lattice size, such as 16 x 16
or 32 x 32, and compare the single-particle weight function A(l;, w) or the spin susceptibility
YF(Q) with A(k,w) or x*(Q) on the 4 x 4 lattice, respectively.

We should also push the diagrammatic approximation to even higher order, say 1,4, = 6
or 8, and see how the higher order diagrammatic corrections affect the single-particle spectral
weight function A(E, w) for the formation of the Mott-Hubbard gap.

One of the center of interests of the high-7, cuprates is that they can be in a supercon-
ducting state if they are doped. Recent studies [64][65][66][67] based on quantum Monte
Carlo finite-cluster embedding methods [8] have strongly suggested that the two dimen-
sional Hubbard model does indeed exhibit a superconducting phase at finite doping. Within
our diagrammatic approximation scheme, it is straightforward to search for superconducting
instabilities by calculating the relevant superconducting pair susceptibilities starting from a
Baym-Kadanoff construction of the irreducible particle-particle vertex function. Such a cal-
culation is entirely analogous to our calculation of the magnetic susceptibility starting from
the irreducible particle-hole vertex functions and is of the same computational complexity.

Since the Hubbard model is characterized by short-range dynamical fluctuations, the
Monte Carlo self-consistent high-order diagrammatical approximation method can be com-

bined into the Dynamical Cluster Approximation [8][68] by replacing the quantum Monte
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Carlo method, which might offer us a more powerful tool to explore the Hubbard model on

much larger lattice sizes or at least, to extrapolate to infinite system size more efficiently.
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APPENDIX A

PARTICLE-HOLE SYMMETRY IN HUBBARD MODEL

A.1 PARTICLE-HOLE TRANSFORMATION AND PARTICLE-HOLE SYMMETRY

In general, the particle-hole transformation is defined on the electron annihilation and cre-

ation operators as

Cjo = €%l (A1)
¢y = e ey, (A.2)

such that new ¢, and ¢, obey the standard fermion anti-commuting rules, and ¢; is some
arbitrary phase factor. This transformation can also be expressed in terms of a unitary

operator U, such that [57]

Cjo = UphcjaU;;L (A?’)
& = Unch U (A.4)

The transformed number operator ﬁl is thus defined as
Jife = Zﬁ] = Z E;_géja (A5)
J jo

and it obeys

N, =2N — N, (A.6)

A

for a finite lattice with NV sites, 7 ,and, therefore 2N single-particle states, (j,0), i.e, N,

counts the number of holes in the system whereas N, counts the number of electrons.
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If the particle-hole transformation, as Equation (A.3) and (A.4), is applied to the

extended Hubbard model, whose hamiltonian H is defined in Equation (2.4), then we have

H = U,HU},
— — 1 fay fal ~ I
= Y [—tyeee + 5 Vii( = 1)(nj — 1)} = ANe. (A.7)
%

Then, “particle-hole” symmetry is obeyed in the extended Hubbard model if

H=H, (A.8)

or equivalently,
UphﬁUJL —H or (A.9)
U Bl =0 (A.10)

for some choice of the phase ¢;.
A square lattice can be partitioned into two intervening sub-lattices, say A and B. The
necessary and sufficient condition for the extended Hubbard model on a square lattice to

obey the particle-hole symmetry is the limitation on the hybridization terms ¢;;, such that

0 for [ and j on the same sub-lattice (I,j € Aorl,j € B)

arbitrary  for [ and j on opposite sublattices (I € A, j € Borl € B, j € A)

Then we can choose

0 jeA
¢ = (A.12)
T jE€EDB

so that Equation (A.1) and (A.2) now can be written as

+C<'Fo'7 .]eA

Gr = (D=4 (A13)
_C;_U7 .]GB
+Cjo, JEA

E;_a = (_1)¢jcjaz ’ (A14)

—ng, j - B
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A.2 GREEN’S FUNCTION OF PARTICLE-HOLE SYMMETRIC MODEL

If the two-dimensional Hubbard model obeys the particle-hole symmetry, according to Equa-
tion (A.13) and (A.14), the Green’s function in the coordinate space and imaginary-time

domain
G i) = —(T[e;(7)e (0)])

is particle-hole transformed to

G(,lm) = —(Trle(n)e (0)]). (A.15)
If the model obeys particle-hole symmetry, then
G5 l;7) = G, ;7). (A.16)

Expressed by the originally defined creation/annihilation operator, by assuming 0 < 7 < f3,

and using the cyclic relation [38],
G, ;) =-G(, L7+ 0) as -G <71<0, (A.17)
we have
G(j.li7) = G, ki) = (1)U G js B — 7). (A.18)

if the particle-hole symmetry is obeyed.
Combining Equation A.18 with the Fourier transform of the Green’s function from the

coordinate space to the momentum space

- 1 oo )
Gk7) = 5 3 MO 1)G(, i 5 - 7) (A.19)

Iy
The fact (—1)?0= serves like an additional factor /X =) where K = (, ).

1 if 7; — 7} € sublattice A

—1 if 7; — 7] € sublattice A
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Thus,

—

Gk, 7) =Gk +K,5—7), (A.20)

if the system is in particle-hole symmetry.
Then we perform the Fourier transformation on imaginary time 7 to Matsubara frequency

iVp,. From Equation (A.20) and (3.4), we have the following relation

ReG(k,ivm) = —ReG(k+ K, ivy,) (A.21)

ImG(k,ivy) = ImG(k+ K, ivy,) (A.22)

Furthermore, if the ¢;; are consistent with particle-hole symmetry, i.e, obey Equa-

tion (A.11), then

R = TR
and it is easy to show that
ReXs (k4 K, ivy) = —ReSs(k,ivm) (A.23)
IS (k+ K, ivy,) = ImSs (K, ivy,) (A.24)

for K = (7).

A.3 ODD-ORDER SELF-ENECY DIAGRAMS

In the pure Hubbard model with the on-site repulsive interaction U. The Green’s function

G(l, j;7) is given by
G(l,j;7) = —(Tr[ae(T)c,(0)]) (A.25)

As we do the particle-hole transformation to the Hubbard model, equivalently, we get a

model that can be described by

G(lji71) = —(Tr[en(r)e;(0)]) (A.26)
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with the on-site attractive interaction
U=-U, (A.27)

For n > 2, insert Equation (A.25) into Equation (3.46) for nth-order diagrams’ contri-
bution ¥ (k), and insert Equation (A.26) into Equation (3.46) for ¥ (k), then it is easy

to show that if the Hubbard model obeys the particle-hole symmetry, then
Gk, ivm) = Gk, ivy), (A.28)
and as a consequence, for odd order n = 2] + 1 or even order n = 2[:

YD (k) = -3k =0 (A.29)
(k) = Z@®(k), (A.30)
where [ is an integer and [ > 1.

Therefore, the odd-order (except the first-order) diagrams have zero contribution to the

self-energy Y(k), if the Hubbard model obeys particle-hole symmetry.



APPENDIX B

ANALYTICAL CONTINUATION AND MAXIMUM ENTROPY METHOD

We use the maximum entropy method to perform the analytical continuation on imaginary-

frequency Green’s function G(lg, ivm) to spectral weight function A(lg,w).

B.1 MaxiMmuM ENTROPY METHOD

In general, the maximum entropy method (MEM) is used to solve the problems of

Vi = ) KA, (B.1)

for A; with ill-conditioned matrix K;; and noisy data Y;. MEM is originally introduced to
extract the spectral weight function from quantum Monte Carlo single-particle Green’s func-
tion in imaginary time space, while the approaches can be generalized to that in imaginary
(Matsubara) frequency space with trivial modification [55] [69]. In the following content, &
is used to denote either 7 for imaginary time or iv,, for imaginary frequency.

The idea of maximum entropy method is to find the spectral weight A(w) that maximizes
the conditional probability distribution function (PDF) P[A|G, I], where G is the input sim-
ulation data and [ is to denote the relevant background information as the prior knowledge
from A(w) and also referred to as the “default model”. The PDF P[A|G, I] is proportional to
the product of P[A|I], a prior probability distribution function, and the likelihood function
P[G|A, I] by Bayes’s theorem. The reliability of estimation is indicated by the width of the
PDF P[A|G,I].

In calculation, the spectral weight function A(w) is combined into entropy S[A] as

S[A] = —/de(w)ln(A(w)/D(w)). (B.2)
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where D(w) is the default model containing “prior” information. The likelihood function is

related to the goodness of fit x2, which is give by

e = [ [ arewaw - coF (B3

where G(€) is the input data (Green’s function) with noise. The integral limit a and b are 0
and 3, or Uy, and V4., for imaginary time or imaginary frequency respectively.
In practice, maximum entropy method tries to minimize the quantity Q[A] = x? —a ™19,

using, for example, the gradient search techniques, such as the Newton-Raphson algorithm.

B.2 IMPLEMENTATION OF MAXIMUM ENTROPY METHOD (MEM)

The maximum entropy method is designed to analytically continue the non-perfect exper-
imental data Y; in the imaginary frequency domain to the corresponding spectral function
A; in real frequency domain in discrete representation. We need to map our problem, Equa-

tion (3.69), to Equation (B.1) as the following:

1. The imaginary-frequency Green’s function G(E, iVy,) is mapped to Y] as

ReG(k,ivy,) forl=1,--- N,
Y, = (B.4)

ImG(E, iVy) forl=N,+1,--- 2N,

where N, is the number of cut-off Matsubara frequencies.

2. The kernel function K (I, j) is defined as

(L) Re(52-)  1<I<N, (B5)
J) = ’ :
Im(—2%—) N, <[<2N,

W N, —Wj

where w; is defined on a discrete real frequency grid in a finite interval [Wyin, Winas) of

size N, such that
Wj = Wmin+ (j—1) xdw forj=1,--- N, (B.6)
and

w — Wmi
Sw — max min . B.7
S e (B.7)
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3. The spectral weight function A(IZ, w) to solve by MEM is mapped to A;, such that

Ak, w) — A(k,w,) (B.8)

4. Then Equation (3.69) is thus mapped to Equation (B.1) as

—

ReG(k,ivy) = Y K(m,j)A(K,w,) (B.9)
J
ImG(k,iv,) = > K(m+ N, j)A(kw;). (B.10)
J
The MEM solution for A(k,w) also require the default model as the the “prior knowl-
edge”. We construct the default model of the information of high-frequency behavior of the

Green’s function (Equation (3.32)) [56]. First we solve M, from the high imaginary-frequency

Green’s function

pmaz
_ 1
G(Zl/m) = E <iy_)p+1Mp (Bll)
p=0

by least square fit method, and p,,., is chosen by experience. Then, we can generate a default

model m; (for each w;, j =1,---,N,) by maximizing the following function

Pmazx

Z m;In(m;) — Y Ap(z mjw? — My) (B.12)

to the constants A,. Hence, with the solutions, A, for p = 0, -+ | pymae, the default model is

generated as

Pmaz

m; = exp(z A — 1) (B.13)
p=0



APPENDIX C

MONTE CARLO STATISTICAL ERROR AND SELF-CONSISTENT ITERATION

CONVERGENCE CRITERION

C.1 MoNTE CARLO ERROR

In the computation with Monte Carlo summation technique, we need to estimate the Monte
Carlo error of the data simulated. Suppose that we perform R repetitions of the Monte Carlo
calculation. In each repetition, there are M sampled data points (121, cee En) Therefore, the

absolute MC error o4 and relative MC error r4 are

1 2 2
7 = | SR - A c)
A

[{{(AD

where,

M is the sampling size; r denotes each of R repetitions.

C.2 MONTE CARLO ERROR OF THE SELF-ENERGY

Assume that X is a vector on a set of different value k. k can be either a vector or scaler as

either a complex number or real number. Therefore, the norm of X can be defined as

X[ = /> IX(®)P
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Given R repetitions of Monte Carlo simulation on (X (k))

o0 = |/ TP~ XDl s

We can treat (k) as a vector, which component is a distinct value of 3-momentum £,
in order to find a single (aggregate) Monte Carlo error of it. According to Equation C.3, for

self-consistency iteration p,

() 2 @ 9
o(x) = \/<||<Er (k)] >RR||<(Er (k) m)Rll

and relative MC error is defined as

i o(X)
(P (k) )]

Since the goal to calculate o(X) is for its variation among various repetitions. we can use

r(¥) =

(k)™ in the place of (X),/, because X (k)" contains the average of score function and it is
obtained by Monte Carlo procedure.

Thus, after all, the MC error for the self-energy is

 (P) 2\ (3P 2
) = \/ (IS 1)~ W4l o

C.3 SELF-CONSISTENCY ITERATION CONVERGENCE CRITERION

In the self-consistent algorithm, one of the most important aspect is to judge whether the
convergence is achieved. We use the difference of self-energy (k) between two adjacent
iteration to determine whether the self-consistent computation reaches convergence.

We denote the absolute and relative different between iterations as d, and 6, respectively.

The absolute difference of self-energy between iteration [ and m

> |20 (k) — B0 (k)]
b, = =k T (C.5)

where K is the number of all possible momentum-imaginary-frequency vector k£ on an N-site

lattice with cut-off Matsubara frequencies, as defined in Section 3.8.
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The corresponding relative difference is defined as relative difference between Iteration [

and m:

V2 [EOk) — S (k)2/ K (C.6)
V2 (B0 (k) + 20 (k) /2?/ K '

In our simulation, we set the self-consistency iteration convergence criterion for self-

5,

energy as the relative difference between two adjacent iterations §, < 0.001. 9, is usually 2

to 3 times larger than the relative Monte Carlo error ().



APPENDIX D

FeErMI LiQuiD THEORY

The Fermi liquid theory [27] describes an interacting behavior of the Fermion model near
the Fermi surface (k — kr) at the temperature that is sufficiently close to zero (T — 0)
in the thermodynamic limit (N — oo) at low excitation energies w — 0. The higher-order

contribution to the self-eneryg E>(IZ, w +107) for |w| — 0 is then asymptotically given by
S (kw +i07) 2 EZ + (1 — Zp)w +i(Ypw? + X;I7), (D.1)

where the power p > 2, and X, Yz and Z;; are real functions of k-vector. The corresponding

-

Green’s function G(k,w) is given by
G(k,w) = [Zzw — (e — p+ SV (k) + E2) — i(Ypw? + Xz17)] ! (D.2)

The single-particle spectral weight function A(lg, w) is composed of the coherent spectral

weight Acoh(E,w) and Amc(lg,w)

Ak, w) = Agon (b, w) 4 Aine(k, w), (D.3)

where Awh(E, w) describes a low-energy quasiparticle peak

- 1 Vi
Aon(k,w) = k D.4

with the quasiparticle band energy Ej and the quasiparticle width ~¢, which is defined as

12

1
—(YiE + X;T7). (D.5)

r‘)/ﬂ
Zy

The integral of Aep(k,w) and Agn(k,w) are

- 1
/decoh(k,w) = — <1 (D.6)
Zi
- 1
/demc(k,w) = 1-—x<1 (D.7)
Z
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The quasiparticle band energy £} is described as

1 —
Bp= ol —n+ (k) + E7] (D.8)
k

The Fermi surface is defined with the E—vector, ];:F, as

E; =0 (D.9)



