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Ce manuscrit considére une approche dans
un régime de fortes corrélations partant d'un
état fondamental décrivant un isolant de Mott
obtenu avec un large terme de répulsion élec-
tronique Coulombienne pour un réseau carre.
Les opérateurs de Hubbard sont de bonnes
excitations pour ce terme, puisqu'ils décrivent
correctement la phase de Mott. Un terme de
saut est alors ajouté dans un traitement du
modele de Hubbard basé sur les équations
du mouvement. Une approximation est réal-
isée pour tronquer les courants des opéra-
teurs de Hubbard et permettre une approche
auto-cohérente. Différents jeux d'équations
auto-cohérentes sont usuellement considérés
dans la littérature et sont d'abord analysés
pour des systéemes invariants par translation.
La méthode viole le théoréme de Luttinger
et ne présente une symeétrie particule trou
gu'avec des termes de saut pour les plus
proches voisins. Nous |'étendons alors pour
étudier la supraconduction en symétrie d et
des sauts vers des voisins plus éloignés. Bien
que nous arrivons a stabiliser la supracon-

Hubbard étudié avec le formalisme des opéra-

de Hubbard, fonctions de Green, equations du

duction, nous montrons qu'elle nest non-nulle
qu'uniquement au voisinage d'une singularité
de Van Hove. En incluant les sauts vers des
voisins plus éloignés, la singularité de Van Hove
comme le pic de supraconduction est décalée
vers des dopages plus élevés. Finalement,
un modéle de Hubbard a deux orbitales est
considéré en tant qu'application de la méth-
ode. Lorsque I'énergie de saut interorbitale
est suffisamment faible, une brisure symétrie
spontanée est observée sur les orbitales. En
I'absence de cette énergie, la phase obtenue
n'‘est pas hybridée et posséde une orbitale
demi remplie, ce qui correspond aux éléments
caractérisant une phase de Mott orbitalement
sélective, sans avoir a considérer un terme de
Hund. Alors que I'énergie de saut inter-orbitale
augmente, cette phase de Mott selective survit,
mais gagne légérement en hybridation alors
gu'une des deux orbitales n'est désormais plus
exactement demiremplie. Passé une valeur cri-
tique, cette phase de Mott orbitalement sélec-
tive est brisée, et le systeme passe dans une
phase orbitalement uniforme.
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Abstract: This manuscript considers a strong
coupling approach starting with the expected
ground-state of a Mott insulator obtained for a
large Coulomb electronic repulsion term with
a square lattice. The Hubbard operators are
good excitations for this interaction term, as
they describe properly the Mott phase. Hop-
ping is then considered in an equation of mo-
tion treatment of Hubbard model. An approx-
imation is performed to truncate the currents
of the Hubbard operators and allow for a self-
consistent framework. Different sets of self-
consistent equations are typically considered in
the literature and are firstly analyzed for trans-
lationally invariant systems. The method vio-
lates Luttinger's theorem and is only particle-
hole symmetric with nearest-neighbors. We
then extend it to study d-wave superconductiv-
ity and longer-range hopping. While we man-
aged to stabilize superconductivity, we show it
is non-zero only in the vicinity of a Van Hove

singularity. As longer ranged hoppings are
included, the Van hove singularity is moved
away to higher doping and so does the super-
conductivity peak. Finally, a two-orbital Hub-
bard model is considered as an application
case of the method. For small enough inter-
orbital hopping and no inter-orbital interaction,
a spontaneous orbital symmetry breaking is
observed. In the absence of inter-orbital hop-
ping, the resulting phase is unhybridized and
has one orbital close to half-filling, present-
ing the characteristic features of the orbital-
selective Mott phase without having to consider
any Hund term. As the inter-orbital hopping
is switched on, this selective Mott phase sur-
vives but becomes slightly hybridized and with
an orbital not exactly half-filled anymore. Pasta
critical value, this orbital selective phase is bro-
ken and the system goes in an orbital uniform
phase.
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2 . Introduction

Investigating strong electronic correlations is a central challenge in quantum matter, underlying
many non-trivial phenomena, such as high-T, superconductivity, Mott insulators, and heavy Fermi
liquids, among others. The significant interactions between different degrees of freedom in quantum
materials lead to multiple broken symmetry phases, resulting in an extremely rich phase diagram.

The Hubbard model is a central focus of theoretical efforts to understand strong correlations.
More than 50 years after it was first introduced, it remains an intensive topic of study even now. The
main question at the core of these investigations is whether this simple yet still undefeated model
is enough to predict exotic behaviors caused by correlations and, more importantly, whether it can
provide a physical scenario to explain the appearance of such behaviors. Instances of these can in-
volve unconventional superconductivity, charge density waves, selective Mott insulators, or even the
putative pair density waves. In this manuscript, we consider the composite operator method, initially
introduced to encompass the strongly correlated regime of the Hubbard model.



Chapter 3 offers a physical and equationless presentation of the relevance of strong electronic cor-
relation. It also qualitatively introduces several key concepts of this phd.

Chapter 4 presents more in depth important theoretical frameworks and studies we will use as a
basis for most of this work. Namely, after a general introduction on second quantization and Green's
function, we present the Hubbard model and perform a detailed study of Hubbard | approximation.
For the sake of an analogy occurring in chapter 6, Kondo physics is also lightly introduced.

In Chapter 5 the main technique used in this manuscript, the composite operator method, is com-
pletely presented and detailed. The two usual self-consistent schemes performed with this method,
"Roth" and "Pauli" schemes are then introduced and compared. After making various benchmark
with litterature, we conclude which solution is the most physical. We then consider the study to the
violation of Luttinger theorem as well as a particle-hole symmetry. The method is then extended to
d-wave superconductivity and longer ranged hopping. The goal of this chapter is therefore charac-
terizing and understanding composite operators.

Finally, in Chapter 6 we apply the technique to a two orbital hubbard Hamiltonian. No inter-orbital
interaction is considered, but the inter-orbital hopping is fixed as an external parameter. Transla-
tional invariance is still imposed. A spontaneous orbital symmetry breaking is observed when this
parameter is small enough, and the system can enter in an orbital selective Mott phase, even though
no Hund term has been considered.



3. The importance of strong interaction physics

3.1. Early days in the physics of interactions

3.1.1. Free electrons gas

A crystal is defined by an ordering of atoms. Despite some possible irregularities or local impuri-
ties [1, 2], it is commonly assumed to be a periodic system described by a lattice. Valence electrons
may move or remain on lattice sites, each of them containing positively charged ions enforcing charge
neutrality [3, 4, 5]. Because of the assumed discrete translational invariance, momentum of the elec-
trons (product of mass and velocity) is a good quantum number and is usually introduced in the study
of these systems. It is by definition the associated Fourier variable of the position of the electrons in
the lattice [3]. For simplicity, this position is usually defined only in the Wigner-Seitz unit cell, which
contains exactly one lattice site. This cell is repeated in space, and atomic nucleus with their core
electrons are positioned within it. Conversely, momentum is defined in the Brillouin zone which is
analogous to the Wigner-Seitz unit cell within the reciprocal lattice obtained from a Fourier transform
(6, 71.

One of the first assumption made in these models is the weakly interacting nature of valence elec-
trons. They can move between lattice sites without feeling too much repulsion. This free electron gas
model (oftentimes referred as Fermi gas) was one of the early success of condensed matter, allowing
to predict the electrical nature of crystal. To analyze this system, Bloch assumed valence electrons
should be described as the solutions of a Schrodinger equation with a periodic potential of period
equal to the length of an unit cell. His theorem [&] states that the solution of such a Schrodinger
equation are plane wave modulated by a periodic potential. Thus the energies of valence electrons
depend on their positions within the Wigner-Seitz unit cell. In the reciprocal lattice, this leads to eigen-
values dependent of the momentum. Hence, the name "bands" was introduced, as the energy levels
are not flat anymore when represented along position or momentum.

Ground State Current Flowing
B
3
k=-m/a k=+m/a k=-m/a k=+m/a

Figure 1: Display of the bands of a one dimensional system. (left): in the ground-state, the band is
half-filled. (right): if a current occurs electrons accelerate, resulting in a shift in the filling of the band.
This figure is taken from Ref. [9]



The insulating or conducting nature of a material can then be described by considering the oc-
cupation of the bands [10]. Since electrons are fermions, in the absence of thermal excitations, they
will populate the lowest energy level of the bands and fill them progressively. The highest energy
occupied by an electron is called the Fermi energy (horizontal dashed line in the ground-state of fig.
1).

Let's assume there is a current in the crystal (for instance by mean of an external electric field).
The electrons then gain velocity as they describe a global flow. This creates a shift in momentum.
However, as the energy of the electrons is constrained to the bands, this shift can only change the
filling of the band as depicted on fig. 1. Therefore a Fermi gas with states available above the Fermi
energy describes a metal [9]. In the case of a fully filled band, this shift in occupation cannot occur
because all states are filled and Pauli exclusion principle forbid two electrons of being in the same
state. In that case, a current can only occur if the electrons gains enough energy to hop in an empty
band at higher energy. Depending on the value of the energy gap between the filled and empty bands,
the system is either an insulator or a semi-conductor (small gap).

Despite an experimental agreement with most of the materials, bands theory is not able to predict
the behavior of all materials. This can be explained by two main arguments. First, because some
materials are too heterogeneous due to the presence of defects or impurities for the system to be
described with a periodic potential. [5, 9]. Second and this point will be the main interest of this
manuscript, because electrons of this model are assumed weakly interact. While this assumption
may be reasonable for a broad range of materials, a rich amount of physical behaviors find their
origin in electronic interactions.

3.1.2 . Fermi liquid and quasi-particles

Fermi liquid is the conventional way of treating electronic interactions. This theory was first intro-
duced qualitatively by Landau, and a more formal and mathematical framework was given later on
[13, 14, 15].

The key concept of Fermi liquid theory is adiabaticity: the electronic interaction is very slowly
switched on in the system [16]. In the absence of interaction, the usual Fermi gas model applies. For
simplicity let us consider the situation at vanishing temperature. Because of Fermi-Dirac statistics,
electrons are going to occupied states up to the Fermi energy. This will create a Fermi sea (the en-
semble of occupied states) and a Fermi surface (the cross-section in momentum space of the bands at
the Fermi energy). If the interaction is now slowly switched on, Fermi liquid theory predicts a change
in the dynamic properties of the electrons due to electronic repulsion. Namely, their mass or their
momentum are going to be renormalized [17]. No symmetry will be broken, and the Fermi sea turns
to an interacting ground-state of "dressed" particles. These quasi-particles present particle-hole exci-
tations analogous to the Fermi gas situation, but are the results of the interactions and have different
dynamical properties, such as an effective mass [18].

Atypical characteristic property of a Fermi liquid behavior is a discontinuity in the electron density
in momentum space in the neighborhood of the Fermi surface. As sketched on Fig 2, for the classic
Fermi gas the electron density is always equal to one (or 2 in the case of spin degeneracy) for momen-
tum inside the Fermi surface and jumps to zero for momentum out of the Fermi sea. In the case of a
Fermi liquid, the situation is different: due to interactions, it is possible for an electron near the Fermi
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Figure 2: (left): Electron density as a function of momentum modulus. In the ideal Fermi gas, below
kr in the Fermi sea the electron density is fully filled (one, or two in the case of spin degeneracy). It
then drops to zero above kr. In the case of a Fermi-liquid, scattering processes occurs due to electron
interactions and creates a drop of the electron density in the Fermi sea, and an enhancement of the
density above the Fermi energy. (right): display of such a particle-hole excitation: due to interactions,
scattering processes occur and electron at momentum k greater than kr decays to momentum &'’
at a lower energy, closer the the Fermi surface. Due to momentum conservation, an electron inside
the Fermi surface is then scattered out of the Fermi sea. These scattering processes justify why some
particles resides outside of the Fermi sea (and respectively some hole are inside), making Z smaller
than 1. The figures are respectively from Ref. [11] and [12].

surface to be scattered, losing some energy and momentum. Because of momentum conservation
another electron from within the Fermi sea is then scattered out of the Fermi surface. These excita-
tions causes a non-zero density above kr for Fermi liquid, and conversely lower the density below
kr. Therefore the initial discontinuity of the Fermi gas is smaller, and called "quasi-particle weight"
Z. This weight can thus be described as the overlap between the quasi-particle and bare electrons so
that Z in the Fermi gas case. It is important to note that this quasi-particle weight is not exclusively
observed in Fermi liquids. In sec. 6.3.3 we display a jump in the momentum resolved electron density
for a non-Fermi liquid phase. The interpretation remain similar, and this is still measuring overlap be-
tween quasi-particles and bare electrons, but these quasi-particles are rather emerging directly from
the existence of a Fermi surface.

3.1.3. Luttinger theorem

Not every strongly correlated system is well described by a Fermi liquid. The adiabatic assumption
is not always satisfied, there can be discontinuities that can break this assumption. These phases that
display a non Fermi liquid behavior are still nowadays an intensive research topic. Example of these
includes the famous one dimensional Luttinger liquid [19] or the strange metal observed in cuprates
materials with a linear resistivity with temperature [20] while Fermi liquid theory would predict a



quadratic resistivity. In the case of Mott Insulators usually observed around half-filling for a large
variety of strongly correlated materials [21], no Fermi surface exists causing a definition issue of the
theorem. Suggestions for solving this issue have been made by considering a Luttinger surface from
the zero of the Green'’s function [22].

In a Fermi gas at vanishing temperature, every states under the Fermi energy are filled. As a
consequence, if one displays the Fermi surface, all momentum enclosed by the Fermi surface are
occupied by electron. Therefore, it is clear that the enclosed volume of the Fermi surface is equal to
the number of electrons in the system. Characteristic of a Fermi liquid behavior, Luttinger theorem
states that despite interaction, the Fermi surface of the quasi-particles will keep enclosing the number
of charge carriers of the system [23, 24].

A perturbative proof of the theorem was first performed using Luttinger-Ward functionnal [25].
Later, a non-pertubative proof was developped using topological argument [26]. In both cases it is
assumed the considered system is a Fermi liquid. A strong debate remains on whether the Luttinger
theorem is satisfied or not in the case of non Fermi liquid system, with many suggestions of how to
extend the theorem to various cases [27, 28]. In the case of the Hubbard model, a Luttinger breakdown
has been reported using Determinantal Monte-Carlo simulations [29]. This is possible, as several
studies reported the non-Fermi liquid behavior of the Hubbard model [30, 31].

Further work also reports a violation of the theorem for the Hubbard | approximation [32]. In Sec.
4.2.3, this approximation is studied in depth and the area of the Fermi surface will be computed in the
neighborhood of half-filling to confirm Luttinger breakdown. In Sec.5.2.2 the analysis of the theorem
is also studied with the composite operators method.

3.2. The case of Superconductivity

3.2.1. BCS theory

Superconductivity is the typical example of interactions (whether they are weak or not, between
electrons or between electrons and lattice) giving birth to exotic behavior at very low temperatures.
Macroscopically, a superconductor is known for two main properties: perfect conductivity with a van-
ishing resistivity, and the Meissner effect. The latter is a consequence of the perfect diamagnetism
in superconductors, causing material in this phase to repel magnetic fields [33]. In this section we
introduce qualitatively BCS theory and sketch the relevance of interaction to the modelisation of su-
perconductors.

Because of particle-wave duality, the collective motion of the lattice can be described by particles
called phonons which correspond to the quantum of vibrational energy require to excite the lattice.
One key experiment indicating the relevance of phonons in the superconducting states us the isotope
effect. The superconducting critical temperature below which a material enter a superconducting

phase decays with the isotope mass of the lattice [34, 35, 36]. This experiment showed importance in
the vibrational modes of the lattice and was later explained by BCS theory.
BCS theory relies on the notion of Cooper pairs to model superconductivity [37, 38]. BCS theory

suggested phonons as an attractive pairing mechanism leading to pairs of opposite spin and momen-
tum. Let us first provide a qualitative scenario to justify such type of pairing of electrons. Consider an
electron propagating in the lattice. Because the lattice sites are positively charge, they are going to
be attracted by this electron. This attraction creates some vibration of lattice sites, that are going to
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change the electrostatic properties of other electrons. Correlations then gets created between elec-
trons of opposite spins and momentum in the lattice, forming pairs. The situation is described in Fig

3a.

IR e}
. .Q + . . . Cooper pair
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&

(a) (b)

™

Figure 3: (a): sketch of the formation of a Cooper pair in the lattice for a conventional superconductor.
A correlation between electrons of opposite spins and momentum is created by the vibrations of the
lattice due to the attraction between lattice sites and electrons. Taken from ref. [39]. (b): Display
of the profile of the density of states for a BCS superconductor. At a low enough temperature the
Cooper pair form a Bose-Einstein condensate and cannot be described as single electrons anymore,
resulting in a gap A in the density of states around the Fermi energy ¢r.

BCS theory relies on the idea that at low enough temperature, the Cooper pairs form a Bose-
Einstein condensate. A pair of electrons is indeed a boson. As such, they all get into the same ground-
state energy at vanishing temperature. Since Cooper pairs are not single electrons anymore, at low
enough temperature the electronic density of states looses states associated to the electrons involved
in pairing. This typically opens up a gap [38, 40] in the density of states sketched on Fig. 3. Itis then
possible to prove the supercurrent and the perfect diamagnetism find their origin in this coherence
of the bose-Eistein condensate[41].

3.2.2. Superconductivity in cuprates

In 1986, G. Berdnoz and K. A. Muller observed the first signature of high critical temperature su-
perconductivity in cuprates [42]. These are a materials family composed of oxygen and copper plans
with various atoms in between acting as charge reservoirs. These atoms can be substituted to mod-
ify the electronic doping within the planes. As such, most of the physics happens within these plans
[20, 43]. According to Band theory, undoped cuprates have half-filled bands and should be metallic
but are rather insulator, due to the strong electronic repulsion effects within the planes. At half-filling,
cuprates are described as Mott-insulators [20, 44]. These strong correlations are at the center of a
very rich phase diagram displayed in Fig 4 where superconductivity is only one among many exotic
phases. Although not central to this manuscript, we will briefly mention the pseudogap phase and

"



the strange metal phase. The pseudogap is believed to be possibly related to the formation of su-
perconductivity and is characterized mainly by a loss in the density of states at the Fermi energy for
specific momentum and the absence of Fermi surface, only "Fermi arcs" are observed experimentally
[45]. On the other hand, the strange metal is known for a linear resistivity with temperature, contrary
to the usual quadratic behavior of Fermi liquids [46].

400

300

200

100

Mott insulator

0 0.05 0. 15T 0.25 03
underdoped overdoped . p

optimal'doping

Figure 4: Sketch of the typical shape of cuprates phase diagram. p denotes the hole doping concen-
tration. In the vicinity of half-filling, due to strong electronic correlation the material is a Mott insulator
with an antiferromagnetic ordering. Two exotic phases are intensively studied in the vicinity of the
superconductivity (SC) dome, the pseudogap and strange metal phase. As we mostly focus on the
Mott and superconducting phase, they will not be described in depth. Let us finally note a Fermi lig-
uid behavior is observed at high hole-doping. Taken from [47].

Because conventional superconductivity is caused by electron-phonon interaction, it is possible
to give an estimate of the highest critical temperature (below which the material becomes a super-
conductor) in these materials using the Debye frequency [37]. This temperature is estimated under
normal pressure at roughly 40K. In some cuprates compounds, the critical temperature can reach up
to 160K. This means the pairing mechanism of such superconductors is not the usual electron phonon
interaction. Later on, other families of materials have exhibit unconventional superconductivity, such
as iron pnictides or strontium Ruthenate [48, 49].

While there is still an experimental and theoretical consensus of Cooper pairing [50, 51], the great
mystery of unconventional superconductivity is the origin of the interaction allowing the formation of
such pairs [52]. Let us note that the Cooper pairs of these systems are not always on site with opposite
spin pairs. The superconductivity order parameter can indeed be decomposed in the symmetries of
the lattice [12]. The ground-state energy can then be computed for each of these symmetries and the
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system form pairs in the lowest symmetry channel. While most conventional superconductors have
an s-wave symmetry, cuprates superconductivity is for instance d-wave [50].

3.2.3 . Superconductivity within the Hubbard model

The Hubbard model was suggested as a simple yet challenging model to analyze electronic in-
teractions. In this model electrons can hop from one site to another, but with a strong repulsion or
attraction (depending on the sign of the interaction term) whenever two of them lie at the same site
with opposite sites. Initially introduced in 1963 [53], it remains a theoretical challenge today. It has
been exactly solved in one dimension [54] but requires various approximation schemes in dimension
n greater than one.

In the early days of the model, many studies were focused on understanding the Mott phase such
as the one observed in cuprates close to half-filling [53]. To this end, various schemes were devel-
oped. The usual Hartree-Fock approximation has shown good description of the magnetic phase in
the weakly interacting limit [55], but as it is a weak coupling perturbative technique, it is not well suited
for describing the metal-insulator transition where interaction is strong [56]. The Hubbard | approxi-
mation, derived in Sec. 4.2 provided the first qualitative explanation of Mott-Insulators. It is however
only suited for the strong correlated regime, as the approximation mainly comes from the atomic
limit without any hopping. It also has notable drawbacks such as an electron-hole symmetry violation
[55]. To enhance it, other approximations were introduced such as the Hubbard-Il and Ill. In Hubbard
Il approximation, a frequency dependent self-energy correction to be determined self-consistently is
added to model the behavior of an electron of spin o which can either hop on electrons of spin  or
empty sites. Electrons of spin ¢ are assumed to not move, while in Hubbard-IIl approximation this
assumption is lifted and both spins are considered to fluctuate [55, 57].

Motivated by the rich physics of phases and order of cuprates, an underlying question of the
model also consists in determining the ground-state, and whether superconductivity can be stabi-
lized. Indeed, due to the close proximity of Mott-insulators and the superconducting domes in these
materials, a natural question was about the connection between these two phases. To this end,
more sophisticated techniques were applied, such as Density Matrix Renormalization Group (DMRG),
Gutzwiller wave function approximation or Determinantal Quantum Monte Carlo (DQMC) [29, 58, 59].
Dynamical Mean Field Theory (DMFT) solved the model in infinite dimensions by performing a map-
ping on an Anderson impurity problem. DMRG turned out to be a good method for one dimension,
but is becoming too complex for higher dimensions.

Recent studies [60, 61, 62] have shown the groundstates of the model is mainly composed of ver-
tical stripes in the strongly correlated regime around 12% hole doping: these stripes are a charge
ordering in space of the electrons, with superconductivity at higher energy. Already expected [63],
the competition between charge density waves and superconductivity is also a core question of the
Hubbard model, as people now try to understand what changes to the model can favor superconduc-
tivity over stripes formations [64].

3.3 . Orbital selective Mott-insulators
3.3.1. The one orbital Mott-Insulator Physics
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Already mentioned in the discussion on cuprates and Hubbard model, Mott-Insulators are a typ-
ical example of a non-conventional behavior caused by electronic repulsion because they cannot be
well described by bands theory detailed in Sec. 3.1.1. The understanding of Mott physics was one of
the first important achievement made by the Hubbard model in the strongly correlated regime.

Qualitatively, according to Hubbard-l approximation and later developed schemes, the insulating
nature of this phase is due to the considerable energy penalty electrons have to pay if they form a
pair due to Coulomb repulsion. Therefore at half-filling, the lowest energy configuration would be the
one with exactly one electron on each lattice site [65]. Let us then assume an electron tries to hop
on a neighboring site with another electron of opposite spin. This would create a pair, and penalize
so much the system in energy than this hopping process is very unlikely. Then, electrons are likely
to stay on their respective lattice site, and this localization makes the system insulator. It is also very
common for Mott-insulator to form some kind of antiferromagnetic ordering, where the spin of the
electrons get flip from one site to its nearest neighbors. This is rather well understood by Heisenberg
model, which can be obtained from the Hubbard model at half-filling with stron correlation by mean
of a Schrieffer-Wolff transformation [66].

While there is now a consensus that Mott-insulators are well understood, important questions
remain on their relationship with high temperature superconductors. Some models such as the
Hatsugai-Kohmoto Hamiltonian have even been analyzed to present a superconducting instability
when hole doping a Mott insulator [44]. The question of the relation between the Mott parent com-
pound and the superconducting phase upon doping is also deeply related to the question of charge
order formation, as proven by recent scanning tunneling experiments showing the emergence of
checkerboard patterns [67]. Since the Hubbard model describes so well Mott-insulators and the
metal-insulator transition upon doping, it is also at the center of theoretical efforts to understand
superconductivity and charge order formation away from half-filling. This regime is difficult to cap-
ture by DQMC: because of the sign problem the method is mainly applied at half-filling [97]. DMFT
has been a popular method for studying the energy of these phases in the vicinity of half-filling [55].

After revisiting Hubbard | approximation in Sec. 4.2 and recovering the usual Mott-insulator physics,
we will mostly focus on the composite operator method. We will see the method can be applied in the
vicinity of half-filling. In Sec. 6 the analysis is then extended to a two orbitals Hubbard model, each
with strong repulsion for double occupancy. At half-filling the model is expected to be in a Mott phase
with one electron on each orbital for a given phase. In this system the question of what happen upon
doping is interesting. Will the ground-state still be an orbital uniform phase with the same electron
density on each orbital, or can a spontaneous orbital symmetry breaking happen ? This type of orbital
selectivity is usually obtained theoretically by considering a Hund term [71].

3.3.2. Hund's coupling within multi-orbital systems

Hund's rules have been introduced in 1925 by physicist Friedrich Hund in the study of degenerated
atomic shells. These rules explain how to fill them with electrons: electrons must first occupy empty
spots and all single occupied spots must align their spins to maximize total spin [68]. These rules have
to be also considered also for crystals.

Whenever a lattice is introduced, the crystal field lifts the degeneracy of the atomic orbitals de-
pending on the symmetry of the considered lattice [69]. A sketch of the effect of the crystal field for
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Figure 5: Example of the effect of crystal field effect on a d-shell of a free ion (sketched by 5 degen-
erated energy level on the left) for a Octahedral lattice symmetry. The resulting energy levels are 3
degenerated crystal orbital d,,, d.., d,. and 2 degenerated orbitals d2 and dy2_yp2.

an octohedral lattice symmetry is shown on Fig. 5. Some crystal orbitals can still be degenerated in
energy after considering the crystal field effect. Hund’'s term makes spin alignment on the of a given
set of degenerated crystal orbitals favorable.

Hund's coupling has three different effects on an ordinary metal [70]. Firstly, it tends to enhance
the effective mass of the quasi-electrons. Second, it has a natural effect on spin correlation as it
forces singly occupied sites to align. Finally, in the case of a multi-orbital system it tends to enhance
the electronic correlation of one of the orbital and cause a spontaneous orbital symmetry breaking
[71]. These properties have been confirmed theoretically using DMFT [72, 73] or DMRG where Hund's
term is showed to enhance superconductivity of a two orbital system [74].

In a typical Mott-insulator described by a one band Hubbard model, the charge fluctuation van-
ishes as we approach the Mott phase due to the penalized double occupancy and the charge local-
ization. This contrast with the effect of Hund coupling, where the constrains affect spin rather than
charge. Hund term is directly involved in the value of the Coulomb repulsion necessary to stabilize a
Mott insulator in the vicinity of half-filling. This result is typically obtained by adding a Hund term the
Hubbard model, as it increases the Mott gap it at half-filling and reduce it away from half-filling [75].

3.3.3. Selective Mott insulators

Beside its relationship with Mott insulators, Hund term has shown importance to differentiate two
degenerated set of crystal orbitals [76, 77]. In this regard several works report that this term must
be considered to obtain an orbital with an important mass renormalization compared to the other.
It is also believed to be a key ingredient in the formation of an orbital selective Mott-Insulator phase
(OSMP) [75, 78]

OSMP was first proposed to explain the coexistence of metallicand magnetic properties in ruthen-
ates [79, 80] and has since been recognized as key for understanding the normal [49] and supercon-
ducting properties [31, 82] of iron-based superconductors. It is characterized by the selective localiza-
tion of electrons in specific orbitals, while electrons in other orbitals remain itinerant. Initial evidence
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came from Angle-resolved photoemission spectroscopy (ARPES) studies [83] in Caj gSrg.2RuQy, fol-
lowed by similar observations in iron-chalcogenides [84]. In these materials, the spectral weight of the
d., orbitals vanishes upon cooling, while the spectral weight of other 3d orbitals remains non-zero.
More recently, theoretical proposals suggest that OSMP could also emerge in twisted bilayer systems
such as twisted dichalcogenides [85] and twisted trilayer graphene [86].

This phase has been theoretically studied with either a multi-orbital Hubbard model with inter
and intra orbital on-site interaction or with Hund coupling or both[87]. In the OSMP, one orbital is
completely localized and decoupled from the other metallic orbitals. The stability of OSMP phase
with respect to kinetic inter-orbital interactions remains a subject of debate. While there is agree-
ment among various methods that an OSMP exists when the hopping between different orbitals is
negligible, the situation becomes more intricate when it is non-zero. Slave-spin method shows sta-
bility of the OSMP phase with inter-orbital hopping [88, 89], with the hybridization of the localized
orbitals to the others renormalized to zero. Single-site DMFT shows opposite results [90] claiming
any amount of inter-orbital hopping should lead to a finite hybridization. Both methods nevertheless
agree that for finite hybridization orbital differentiation exists with a large difference in effective mass.
The hybridization of the OSMP is reminiscent of the Kondo model. In the latter, a lattice of strongly
interacting impurities is connected to a lattice of conduction electron by mean of a hopping from the
conduction to the impurity lattice. While the two systems are not exactly similar, some analogies can
be make between the OSMP we observe in Sec. 6 with a composite operators treatment of the 2
orbital Hubbard model and Kondo model. For this reason, Sec. 4.3 provides a light introduction on
Kondo physics.

3.4 . The composite operators method

3.4.1. State of the art

While the Hubbard-I approximation discussed in Sec. 4.2.2 is a good enough scheme to under-
stand Mott insulators, there are now more advanced methods that showed good results in the analy-
sis of the Hubbard model in the regime of strong correlations. DMFT as well as DQMC are for instance
some of the leading technique that attracts a lot of attention for performing this analysis [29, 55].

DMFT is adapted to treat the strongly correlated regime of Hubbard model. It has notably ex-
plained the metal to Mott-insulator transition when tuning the interaction strength. It has also proved
to be relevant in the study of ferromagnetism and disorder within the model [91]. Single-site DMFT
considers one site in a sea of electrons and perform a mapping to the Anderson impurity problem
[92, 93]. As a consequence the method is treating very well quantum fluctuations and dynamical ef-
fects, but has the drawback of being mostly local [94]. Several extensions of single-site DMFT have
been suggested to answer this issue and are still an intensive topic of research, like Cluster-DMFT
[95].

On the other hand, DQMC s an exact numerical method to solve the strongly correlated regime of
the Hubbard model. However, due to the inherent complexity of Quantum Monte-Carlo for fermions
because of the notorious sign problem, the main drawback of DQMC lies in its limitation with system
size and temperature, as it have a O(3N?) complexity [96], where N denotes the number of lattice site
and S is the inverse of temperature. Despite this problem DQMC has predicted numerous results in
the half-filled regime of Hubbard model where the sign problem can be avoided [97]. One could cite
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the study of charge order and stripes [98], Luttinger theorem and Fermi surface [29] or magnetism
[97]. Other famous strong coupling methods involved DMRG, or tensor networks, but these methods
are also mostly limited by number of sites or complexity [99, 100].

We now shift our attention to the method that is going to be considered in this thesis. The com-
posite operator technique, presented in Sec. 5 is a self-consistent framework developed from the
Hubbard-Il approximation. Compared to DMFT, this method treats and considers local corrections
to the self-energy while also including dynamical corrections. Originally called two-poles approxima-
tion, it relies on the Hubbard operators and uses a decoupling scheme based on equation of motion
developed by L. Roth [101]. This decoupling is used express two bodies correlators obtained from a
truncation of the equation of motions. In the normal state, the metal to Mott-insulators transition
upon doping is recovered and a good qualitative agreement is made with Monte-Carlo simulations
[102]. Some early claims of Luttinger theorem violation have also been reported [102, 103]. In the
vicinity of half-filling a transfer of spectral weight, typical of what is experimentally observed in Mott
insulators has also been predicted by the method [102].

Superconductivity has also been considered and observed in the d-wave symmetry channel within
the method [102, 104, 105]. In these works, a gap opens in the band structure and present the usual d-
wave symmetry. The gap amplitude has also been reported as a function of Coulomb interaction and
the critical temperature predicted to be in the range of 10 to 100 K in the regime of moderate electron
interactions. This manuscript assume a paramagnetic order for simplicity. The different magnetic
orders stabilized by the method has been summarized in a phase diagram in [106].

A few other models have been considered with composite operators such as the extended Hub-
bard model [105], attractive Hubbard models [107] or the Emery model [108].

3.4.2 . Motivations

The composite operators method have the notable drawback of violating Pauli principle. This vi-
olation is likely a consequence of the uncontrolled approximation made to truncate the equation of
motions. While this violation is increasingly small as the Coulomb interaction is large, another self-
consistent scheme has been suggested. Instead of using Roth decoupling to express the two-bodies
correlators appearing in the self-consistency, these parameters are left to vary freely while the quan-
tities that should have vanished due to Pauli principle are imposed to be zero as a self-consistent
equation instead [103, 122, 141]. This second scheme, called "Pauli scheme" has been extensively stud-
ied in the last few years. Contrary to the initial "Roth scheme" it presents two self-consistent solutions
[121]. One of them is not Mott insulators and does not present superconductivity, while the other does
but displays two electron pockets at the Fermi energy. A higher order computation of the equation
of motion allowed to show one of the two pockets has a vanishing lifetime [103].

Nowadays composite operators is a mostly unused method because of the respective drawbacks
of each schemes. On one hand, there is the violation of Pauli principle with Roth scheme, on the
other hand the Pauli scheme displays unconventional behaviors such as the two electron pockets in
the Fermi surface, or the uncontrolled variation of the two-bodies self-consistent parameters. It is
however a powerful method, as in allows to recover the bands, Fermi surface and the energy depen-
dence while allowing to tune electron density, Coulomb repulsion (as long as it dominates over the
hopping energy) and temperature as external parameters. In addition, contrary to DMFT it allows to
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consider both dynamical and momentum corrections to the self-energy.

The first goal of this thesis is to compute, compare and discriminate the various schemes and so-
lutions. To this end, we will compute the bands, Fermi surface, density of states of each solutions and
also consider new quantities such as the area of the Fermi surface to better characterize Luttinger
violation, particle-hole symmetry, an in depth study of the effect of each self-consistent parameters
and superconductivity. We claim Roth solution is the rightful self-consistency to consider, as Pauli
scheme presents a non self-consistent behavior and an uncontrolled variation of the two bodies pa-
rameters. We will then highlight the correlation between the Van Hove singularity in the density of
states and superconductivity. Finally we will extend the method to perform a new study with longer
ranged hopping to detail their effects on the solutions. As the Van Hove singularity is shifted away
with the details of the tight-binding parameters, we report a shift of superconducting peak at the
same density, confirming the correlation established with nearest-neighbors.

Once the method has been reviewed and clarified, the second objective is to consider a two or-
bital Hubbard model and check whether a spontaneous orbital symmetry breaking can be obtained
with the composite operators approach without any Hund coupling involved in the Hamiltonian. An
orbital selective Mott phase (OSMP) is displayed and characterized by computing the bands, the Fermi
surface, the density of states, the quasi-particle weight as well as their orbitally resolved counterparts.
A phase diagram summarize and details the transition seen between the orbitally uniform and the
OSMP.
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4 . Theoretical Tools

4.1 . Basic notions

4.1.1 . Second Quantization

In all the following, the framework of second quantization will be heavily used. In this section we
give a smallintroduction of this formalism. In first quantization, states are described by wavefunctions
living in a Hilbert space, and the system evolves in time according to the Schrédinger equation under
the influence of a Hamiltonian. The eigenvalues of this Hamiltonian represent the energy levels of the
system, while the eigenvectors correspond to the states of the system [109]. The probabilities of mea-
suring specific outcomes are related to the squared eigenvectors associated to a specific eigenvalues.
In the case of multiple systems, the Hilbert space is decomposed as a tensorial product of subspaces
associated to each system. However, this formalism can become cumbersome, particularly when
dealing with a large number of particles.

Second quantization aims at replacing this tensorial product picture by an empty/occupied states
formalism. The two pictures are equivalents: the many-body state |¥) is composed of a complete
basis of single particles states {|v1), ..., [vn)} where v, denotes the state of single particle u. Hence,
the tensorial product of first quantization is replaced by the N-particles states:

l
[Ty s Mgy -oey M) With Znyu =N (1)

u=1

In this picture, | denotes the number of considered states (which can be empty or not) and n,,,
denotes the number of particles in state |v,,). We define the quantum operator n,,, such that:

7ﬁLVu ’n’/u> = 7/Ll’u |n’/u> (2)

Some important elements of second quantization are the operators ¢, and ¢l, that annihilates and
creates respectively a particle on site u. They are related to n,, by the following :

) = |y, +1)

éu‘”lm) = ’nVu - 1>

Ay = ¢l é, and { (3)

Note that the eigenvalues of the annihilation operator ¢, acting on an empty state are zero, mean-
ing that ¢,|0,) = 0.

The operator 7, is a number operator associated with a specific single-particle state at site w.
Importantly, n,, operates in the Fock space, a larger vector space that encompasses states with varying
numbers of particles. The Fock space is constructed by taking the tensor product of the single-particle
Hilbert spaces for each particle, providing a comprehensive framework for describing systems with
multiple particles.

It is important to distinguish the operator 7, from the integer n,, that counts the number of par-
ticles occupying a particular state on site u. The quantum state |n,) corresponds to a vector in the
Fock space, specifically representing a configuration where n particles are on site u. In this context,
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the Fock space captures the full quantum state of a system by considering all possible configurations
of particles across different sites.

An equivalence can be built between the first and second quantization. The latter can be seen as
a shift mathematical representations rather than a change in physical content. In first quantization,
a quantum system is described by wavefunctions representing individual particles, while in second
quantization, the focus shifts to an ensemble of single particle states defined by occupation numbers.
The two pictures are therefore interchangeable.

The fermionic or bosonic nature of the considered particles is usually derived by exchanging the
particles. This exchange can be directly encoded in the algebra by imposing anticommutation rules
for fermions and commutation rules for bosons. The algebra of second quantization can be obtained
by considering:

{Cmcir;}:l: = 5uv and {Cmcv}:l: = {C;ruc;r;}:l: =0 (4)

Where {.,.}1 is respectively a commutator for + and an anticommutator for -. The Pauli princi-
ple can be directly expressed from this algebra when fermions are considered. Indeed, from these
commutation relations, (CDQ = 0, meaning that two fermions cannot exist in the same state. Finally,
any n-body operator O can be rewritten in second quantization in term of creation and annihilation
operators:

Ay — f t
0= E Ovuy oy, oy Ciny, Cup oy Crrug, (5)

UL,.-,U2n

Where O,,W,,,,,,
eter, we get:

, are the matrix elements of the operator O. For the case of a one body param-

u2

0= Z Ouscle, = Z(u!@\@clcv (6)
uv uv
In the following we will consider translational invariant systems in which we will heavily rely Fourier
transforms. The Fourier transform of an operator ¢; in second quantization is defined by:

1 ikr
Cp = —F— g e e

Because of translational invariance of crystal lattice the momentum variable k will be considered
in the Brillouin zone, which is the smallest unit cell one can consider to fully reconstruct momentum
space by translations.

Second quantization proves particularly advantageous in solving condensed matter problems,
providing a powerful tool for handling many-body systems. By transforming the Hamiltonian from
the traditional first quantization form to its second quantized counterpart, expressed in terms of
creation and annihilation operators, one gains a more convenient and efficient framework. This ap-
proach simplifies the treatment of systems with varying particle numbers and facilitates the deriva-
tion of quantum many-body theories. Second quantization enables a natural description of complex
interactions and correlations within condensed matter systems.
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4.1.2 . Green'’s function

Green'’s functions, also known as propagators, play a central role in the field of quantum many-
body physics, providing a powerful tool for characterizing the response of a system to external per-
turbations. In essence, a Green'’s function in condensed matter can be understood as an object de-
scribing the response of a system under an excitation. It can be define for an arbitrary number n of
particles n-points Green's functions, butin this manuscript we will mainly focus on the 2-points Green's
function. Let us first consider operators in the Heisenberg representation: they are time-dependent
operators ¢ (1) of a given Hilbert space such that:

(1) = (e, 0)e (8)

Where H is the Hamiltonian which define the time evolution of a system by means of the Schrodinger
equation. As a direct consequence, we obtain the following result:

dy(t)
dt

B O
= [(t), H] + i ©

Where the second term account for the explicit dependence in time of v, and will be considered o
(time independant operator) in the following. We can now define the causal 2-points Green's function
[110] as follow

G5, (1) = —i(T(cu(t)eh () = —ilOu(t — )eu (e (t) — bu(t — t)ch(t)eu(t)) (10)

In this equation T is the time ordering operator and can be defined using heaviside function 6y
(we remind that 6y (xz) = 1 if z is positive, and o otherwise). With this time ordering (or heaviside
functions), the operator on the left always is at a later time than the one on the right. The subscripts
u and v denotes two quantum numbers (for example, spin, momentum or lattice site). (O) denotes
the thermal expectation value, defined as

A 1 _BH
(O) = =Tr(e"70) (11)
Z
Where Z = Tr(e ?H) is the partition function. We can introduce the retarded and advanced

Green'’s function, defined by :

{sz(t’t,) = —if(t — ) ({eu (D). b))
G (t,t) = i0n (¥ = )({ealt), L))

The retarded Green's function is the complex conjugate of the advanced one, and the causal
Green's function can be rebuilt from the retarded and advanced Green'’s function. Even though they
are all related, the retarded Green'’s function is usually the most considered because it is the most
physical in condensed matter. Indeed, one can show from linear response theory [111] that this Green’s
function determine the linear response of the system to a perturbation. It makes sense, because the
response of a system appears after a perturbation.

(12)
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We now move on to the frequency domain to introduce the spectral representation. We consider
first a non-interacting (ie separable) Hamiltonian such as

H = Z enc;rlcn (13)

Computing the commutator of the operator ¢, with the Hamiltonian (called the "current" of this
operator) leads to the following equation of motion

den (1)
dt

= —i[ep, H] = —ieqcy (14)
This differential equation is solvable and one can get:
cn(t) = e“”tcn(O) (15)
Introducing this in the definition of the retarded Green'’s function leads to:
QT (t—t) = —if(t — t)e g (16)

Where we used {cn,CL,} = dpny. We can now use the following property of the Heaviside step
function:

“+o00

, efw(tft’)
Ot =1 =50 | o rior

— 00

(17)

Introducing thisin Eq. (16) leads with a bit of algebra to the non interacting Lehman representation:

(i) = 32 ) (18)

_ 0t
— W €n + 10

For a non-interacting system, two important physical properties are lying in this definition. First,
the poles of the Green'’s function is directly corresponding to the eigenvalues of the system. Sec-
ond, the imaginary part of the same site retarded Green's function, called spectral function A,,, is
proportional to the local density of states:

1 1
prw) = F_Im(Gpn (W) = F —Apn(w) (19)

In the case of an interacting system we can still define and call |m) the eigenbasis for m electron,
but the particle-hole excitation operator c,t/cn removing or adding an electron at lattice site n will
create a state |m — 1) which is not anymore an eigenstate of the interacting hamiltonian. The Lehman
representation of an interacting system thus takes the form:

_ﬁfu —Bev

W — ev—eu)+10+
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Where Z is the partition function of the system and g is inversely proportional to the temperature.
In the non interacting case, the overlap element |(u|c,(0)|v)|? reduces to a Kronecker function and we
recover the previously non-interacting Lehman representation of Eq. (18). The local density of states
is now taking the form:

pnle) = 5 3 Hellen(O) ) (e + )5 — (e — ) (21)

The '<“|c"(0)‘”>‘2(§_ﬁ€“+e_ﬁ€”) factor is often referred as the spectral weight and modify the density
of states of interacting systems.

Let us finally mention imaginary time, defined as 7 = it with ¢ being real time. We can also define
the Matsubara Green’s function G™ (7). This Green’s function is often used because of the analytical
continuation that can connect it to the retarded Green’s function after a time-Fourier transform:

GE (w)y= lim GM, (iw,) (22)
iwn—w+i0F
4.1.3 . Tight-binding model

In this section, we show an example of the previously introduced tool on a well known condensed
matter system: the tigh-binding model. The tight-binding Hamiltonian is a simple model, yet able
to capture a lot of complex phenomenons (ref [112]). This model considers that each lattice sites of
the total hamiltonian are described by an atomic hamiltonian with atomic orbitals of spatial extension
usually assumed to vanish for distances larger than lattice spacing. The electrons are therefore tightly
binded to atomic sites (explaining the name of the model). Electrons can tunnel from one atom to the
other through overlapping of the orbitals. Therefore, the tight-binding model describes the kinetic
energy of these localized electrons by means of hopping process from one lattice site to another. In

second quantization, it is given by:

H = Z tij(cjcj* + C}L-CZ') (23)
)

This Hamiltonian describes the destruction of an electron on one site ¢, and the creation of an
electron on a neighboring site j effectively representing the process of an electron hopping from site
i to j. t;; is called the hopping parameter and is the energy cost of each hopping processes. It can
take several values depending on the configuration if i and j. For example, it is standard to consider

tij =0 if I=J
t;; = —t ifiandjare nearest-neighbours (24)
ti; =t ifiandjare next-nearest neighbours

The sign of t and ¢’ can vary depending on the considered material. The more hopping parameter
we consider, the more accurate it can describe the band structure of a material. These parameters
can be fitted from experiments such as angular photo-emission spectroscopy (ARPES) [113]. We now
Fourier transform this Hamiltonian using the rules defined in Sec. 4.1.1:
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(25)

With ¢ and ¢’ running respectively on the nearest and next-nearest neighbours of site 4, and ¢,
and ¢}, the eigenvalues of the tight-binding model in momentum space, given by:

€ = —tZeﬂ'ké €, = t/Ze%k‘;/ (26)
1 &

The exact expression of ¢;, and ) depends on the symmetry of the considered lattice. For a square

lattice, they are given by

e, = —2t(cos(kg) + cos(ky)) €, = 4t'cos(ky)cos(ky) (27)
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Figure 6: Bands along high symmetry points and density of states for the tight-binding model with t=1
and t'=o for a square lattice. The high symmetry points for this lattice are I' = (0,0), M = (m,7) and
X = (m,0). The chemical potential is computed from the Fermi-Dirac distribution at T=0oK and n=0.9
(corresponding to 10% hole doping). Since the chemical potential at the level of the bands, this means
that this system would be a conductor at this doping. The density of states presents a peak at £ = 0.
This corresponds to the energy where the band is flat (near k=X). This divergence of the density of

states is called "Van Hove singularity".
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In the case of a weakly interacting material, plotting the bands ¢, + ¢} can give information on
the electrical conducting nature of the considered material. In the absence of excitation, under the
chemical potential energy, the bands are filled, and they are empty above. The chemical potential
can be considered by adding the following expression to the tight-binding Hamiltonian:

Hy=p) ni (28)

The value of ;1 can then be determined self consistently by fixing the total electron density of the
system n, defined by

1 N
”—N2m (29)

where N is the total number of site. In Fig. 6, we plot the bands of the tight-binding model for
a square lattice from Eq. (27) at vanishing temperature with no ¢'. The dashed line is the chemical
potential computed from the Fermi Dirac distribution with electron density n=0.9 which corresponds
to 10% hole doping. At this density the chemical potential is lying inside the band. This means that
in the ground-state at T=0K, all of the energies and momentum associated to the band for energy
below the chemical potential are filled with electrons, and conversely the band is empty above the
chemical potential. This also mean that a very small external electric field will create a current since
electron can be excited with this small field and fill an empty energy state just above the chemical
potential, the material is a conductor. If however, the chemical potential lies in between two bands,
the external electric field to apply must be at least of the order of the gap between the bands in order
to excite the electron from the band below the chemical potential to the empty band. The system is
an insulator (or a semi-conductor if this gap is small).

We can also get the density of states by using:

1
plB) = 5 D_0(E — e =) 30)
k

The dirac distribution can be computed numerically by approximating it to a Lorentzian with small
broadening. The density of states corresponds to the number of states (filled or not) at a given energy.
It is interesting to note the singularity around £ = 0, called the "Van Hove singularity”, and caused
by the flatness of the band around this energy. If the band is flat, it means there are indeed a lot of
momentum site available near this energy, creating effectively a singularity.

Let us finally note the same results can be recovered using Green'’s function formalism. Since the
tight-binding model is a non-interacting system, from Eq. (18) we can extract ¢ + ¢, by considering
the pole of the electronic Green'’s function, and the imaginary part turns out to give the same density
of state as the one obtained by mean of Eq. 30

4.2 . The Hubbard model
4.2.1. Description of the model and qualitative Hubbard | approximation
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Introduced by Hubbard in 1963 [53], the Hubbard model has often been described as the simplest
model one can build in order to capture the physics of strongly correlated material. The Hubbard
Hamiltonian is as follow:

H=-— Z tij (C;TO_C]‘U + hC) + UZ NNy — ,U,Z Nio (31)
1,70 % 0

The first term acts as the kinetic energy of the electron : they are hopping from one site to an-
other, this is simply the tight-binding Hamiltonian from sec. 4.1.3. The second term penalizes double
occupancy by adding an energy cost U if two electrons are on the same site. The sign of the U term
will decide whether the considered interaction is repulsive or attractive. The last term is the chemical
potential and acts on the filling of the system, and usually fixed by the electron density. This model is
exactly solvable in one dimension, and in infinite dimension [54] [114]. In two or three dimensions, it
has remained unsolved for decades and is still a hot topic of the field of strong correlations [115].

One of the big success of this model in the strongly correlated limit is its ability to well describe
the Mott-Insulator transition around half-filling [53]. Qualitatively the idea behind is that at half-filling,
since there is only one electron per site, from a band picture the material should be a conductor
because the band is not filled. However, hopping processes are blocked by the Coulomb repulsion U
and the system is insulator.

To build the notorious picture of Hubbard bands to explain Mott insulators, we will first perform
an heuristic derivation starting from the ground-state at half-filling inspired by ref. [57]. In that case,
since the interaction is large, there can only be one electron per site. We will assume the system to be
paramagnetic, thus there is as many spin up than spin down, in a disordered configuration. Now, let's
assume an excitation is created by the hopping term: an electron moves to one of its neighboring sites
to form a doubly occupied state, at a penalty cost in energy of U. This hopping can only occur if the
electron of spin ¢ hops on a site with a spin & electron. This has a probability % to occur (paramagnetic
assumption). This excitation creates a double occupied state 7;, at site i by adding an electron of spin
o to a site with an electron of spin &, therefore 7720 = Cjama- As a consequence, a hole is created from
this hopping on a neighboring site j, since no electron of spin o will be left on site j: £;5 = ¢jo (1 —1j5).
The effective Hamiltonian resulting of this particle-hole excitation then takes the form:

Hepp = % > tii (€l +he) + U D nlymio (32)
1)0 10

The first term describes the excitation of an electron forming a pair on site s and a hole on neigh-
boring site j, and the second term is the energy penalty of U for the formation of such a pair.

Once a pair have been formed, its propagation will not have a considerable energy cost because
this conserve the number of pairs and will not cost another penalty in energy of U. Assuming the
electron of the pair conserve its spin, it can hop to another neighboring site of spin & (which still has a
probability % due to the paramagnetic assumption). The hole can similarly propagate, leading to the
following particle-hole hopping Hamiltonian:

1
Heppa =5 3 tij(nlynje — €5650) (33)

ijo
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The negative sign in front of the hole term is due to the fact that hole propagation is the opposite
of electron propagation tijC}o,Cio—. The global % prefactor comes again from the paramagnetic condi-
tion. The full effective Hamiltonian, obtained from summing these two processes can be expressed

in Fourier space.

€L €L €L
Hepp =) ((5 + Uity o — 55110&%— + Enl];ofka + hc) (34)
ko

Where ¢, is the Fourier transform of the tight-binding hamiltonian and depends on the details of
the considered lattice (refer to Sec. 4.1.3 for details). We now perform the following unitary transform
to get the eigenvalues of the Hamiltonian:

{a;m = apNMko + bkfxia (35)

Bro = —bkmko + arl

Where a; and by, are some complex numbers. A bit of algebra leads to the following form of the
two eigenvalues of this effective Hamiltonian.

1
B = 3 (ek—i—Ui\/ez%—U?) (36)

In the large U limit this simplifies into E, = % and E;" = % + U, allowing to obtain this picture of
lower and upper Hubbard bands. In the case of half-filling, the chemical potential will lie in between
these bands. Since the Fermi energy is inside the gap, there are no available states for the electrons
if a small electric field is applied. The system is then called a Mott insulator.

It is important to understand another approximation is being made in Hubbard | approximation.
The energies we obtain are defined for the Hubbard operators. These operators do not commute the
same way the electronic operators do. As a consequence, the bands should not be filled according
to Fermi-Dirac distribution. However, by stating at half-filling the chemical potential is in between the
energies, we are already assuming the Hubbard operators behaves as the electronic one. We will
dwell on this approximation more in the next section.

4.2.2 . Rigorous Hubbard I derivation

We now build more rigorously the Hubbard | approximation the way it was historically introduced
in 1963 by Hubbard. We introduce formally the two previously defined operator:

Nic = CicNiz

¢io = Cig(1 — niz)

Cic = Nioc + fia with { (37)

These operators n;, and §;, are called "Hubbard operators". They present the following commuta-
tion relation (often referred as "currents") with the Hubbard Hamiltonian in the atomic limit (¢;; = 0):
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(38)
[giowHAL] = _Mgia

We now consider the hopping term as a small perturbation. The currents with the full Hubbard
Hamiltonian becomes:

{[mm Hapl = —(p = U)nio

Cio, H) = —p&ic — Y ta <(1 — (nis))cle — (nic — (Niz))Clo + Sfign(&)cla + Sign(f?)AiClt—,)
]

Moy H = —(u—U)nie + Zl: ti (—(nic—,>clg — (niz — (niz))clo + Sfign(6)clg + sign(&)Aic;(T) (39

With S;” = czTiciT' St = CZTT% the spin operators and A; = cj¢; a pair operator. The charge
operator n; have been rewritten as n;z = n;z + (n;s) — (niz), introducing its expectation value to
make a distinction between the averaged part (first term in the sum) and the fluctuation part (second
term) of the charge channel. We take the following convention: sign(1) = 1 and sign(}) = —1. The
contribution of the hopping term to the current can therefore be divided in three contribution: a
charge excitation, a spin excitation and a pair excitation.

Hubbard | approximation neglects the spin and pair components as well as charge fluctuation
and only retain the expectation value of the charge (first term in the sum) to only describe the simple
propagation of a particle-hole excitation. In fact, the term neglected by this approximation are only
terms that appears because the Hubbard operators are not commuting like the usual electronic ones.
Indeed, we have:

(40)
(Miosnl } = 15

{{€i0'7§30'} =1-n;

instead of the usual {c¢;,, cZTU} = 1. Thus, by neglecting these terms, the Hubbard | approximation
implicitly assume the Hubbard operators are behaving exactly as usual electronic operators.
The currents under Hubbard | approximation then rewrite as:

[Cio, H] = —p&ic — (1= 75) ;tilcla

. (41)
Nio, H] = —(p—U)nic — 5 ;tilcla

This approximation makes the problem solvable using operator while retaining partially the effect
of the hopping term. We used the paramagnetic assumption to rewrite (n;5) = . We can indeed use
Hubbard operator to decompose the electronic operator and fully rewrite the current as a function
of the Hubbard operators. In Fourier space, we obtain

() = ("G ) () )
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In this equation ¢, is the Fourier transform of the hopping term and depends on the details of the
lattice, and n is the averaged electron density.

Eqg. (42) typically close the equation of motions of Green'’s function defined with Hubbard opera-
tors. Let us indeed consider the following Green'’s function:

Se2(r) = 0 (r) ({ane (1), B, 1) (43)

Where « and 3 are Hubbard operators (€ {{ko, 710 })- The equation of motion of this equation is
obtained by taking the time derivative. Using Heisenberg representation, this typically leads to the
following equation:

0:Sp () = 8(7) ({ ko, B, 1) + 0 (7) ({ ek H)(7), 8L, 1) (44)

The anticommutator at the same time (with the dirac prefactor) can be exactly computed. We
arrive at the following matricial equation, after a time Fourier transform:

(S5 ) (18 ) (s he 0he Y (5 )
SpE S 0 3 —Gex ~(u—=U) = 5ex) \ S} SI7
The first matrix corresponds to the dirac term in the equation of motion computed explicitly.
To reconstruct the Hubbard Green’s function on the right hand side we used [y, H](w) o &g (w).
This matricial system can be solved. We can then use the relation between electronic and Hubbard

operators ¢;, = &;» + 1o to reconstruct the electronic Green'’s function Gy, (7) = 05 (7) ({cko (7), c20}>
by summing the four Hubbard Green'’s function. We arrive at the following expression:

1
Gro(T) = 6
k(T = T e S (@) (46)
With ¥ (w) the self-energy given by:
U(p +
Ep(w) = nUlp+w) (47)

(n=2)U +2(p+w)

The electronic Green's function can be rewritten in a more meaningful way by decomposing it as:

zZr Z
Go‘ — k k 8
k(T) w—E,:' w—Ek_ (48)
With :
1 e, + (1 —n)U 1
Zkizf(1¢u) and E;f:f(U—ekiWk)—u (49)
2 Wi 2

Where W, = \/U? + €2 4+ 2(1 — n)Ue;,. With this latter form, it is clear that G presents two poles
associated to Eki Z,f are the spectral weight (introduced qualitatively in Sec. 3.1.2) and renormalize
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Figure 7: Bands (top) and Fermi surface (bottom) obtained with Hubbard | approximation at U=8t,
t=1, (left) n=0.8, (right) n=1.1. The colors of the bands correspond to the spectral weight Z;, broadened
by some small imaginary lifetime. The two poles of the electronic Green’s function under Hubbard
| approximation corresponds to the lower (E, ) and upper (E;") Hubbard bands. When hole doped
(n smaller than 1, left hand plots), the Fermi energy lies at the lower Hubbard bands. At half-filling, a
jump of chemical potential occurs so that the upper Hubbard band gets filled when electron doped
(n bigger than 1).

these two lower and upper Hubbard bands respectively. At half-filling (corresponding to setting n=1)
we recover the qualitative derivation from Eq. (36), up to a sign convention on t. This form is rem-
iniscent of the Green'’s function of a Fermi liquid theory, but there are two different quasi-particles
weights associated to the two Hubbard bands and the fractionalization of the electronic operator in
the two Hubbard operators. So while this is not a Fermi liquid anymore, Hubbard | approximation
leads to a "correlated" Fermi liquid. The electronic Green's function appears as the sum of two Fermi
liquids, with two quasi-particles, which are assumed to behave like the electronic operators in Hub-
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bard | approximation.

In fig 7, we plot the bands E,:f and their spectral weight Z]f at two different doping for a square
lattice (therefore e, = 2t(cos(k,) + cos(ky)), along with the associated Fermi Surface. The chemi-
cal potential is computed by mean of the Fermi Dirac distribution, since the Hubbard operators are
assumed to have the same statistic as normal fermions. We observe a gap of the order of U (since
Wi, = U ifU > t) between the two bands. When moving from hole to electron doping (from n{1to n)1),
the chemical potential jumps from the lower to the upper Hubbard band. Therefore, at half-filling the
Hubbard | approximation describes the Mott-Insulator phase well since the chemical potential would
lie in between the bands. The spectral weight is given by the color of the bands and will be discussed
in Sec. 5.2.1. Let us finally note the Fermi surfaces can be extracted directly from the spectral function.
We represent on fig. 7 the Fermi contour, given by the equation E,:f =0.

4.2.3 . Luttinger theorem and its breakdown with Hubbard-l approximation
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Figure 8: Area of the Fermi surface A represented as a function of the electron density n with Hub-
bard | approximation. The chemical potential is computed by mean of the Fermi Dirac distribution. A
violation of Luttinger theorem (dashed-line) is observed at every doping.

As discussed in sec. 3.1.3, Luttinger theorem has broaden the Fermi gas concept of Fermi sea to
the case of interacting fermions using adiabaticity. It states that the volume enclosed by the Fermi
surface is invariant under interaction and is equal to the total number of fermions. This theorem is
fundamental in the description of Fermi liquid theory (cf Sec. 3.1.2).

The range of validity of the theorem is however very debated, especially the requirements on the
self-energy for the theorem to hold. This implies that Landau adiabatic assumption is not always
adapted for some systems. Few references even make a distinction between the "hard" version of
Luttinger theorem we just mentioned, and a "soft" version where the invariance with respect to inter-
action is lost [116]. Nevertheless, there is now a consensus that a necessary and sufficient condition
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for the "hard" Luttinger theorem to hold is that the low energy excitation of the considered theory
should be described by a Fermi liquid [26].

Even though Hubbard-I approximation can somewhat describe a "correlated" Fermi liquid as ex-
plained in Sec. 4.2.2, fig 8 shows Luttinger theorem is not verified. The reason is that there are two
types of quasi-particles involved, the Hubbard operators, that are correlated (since in order to recon-
struct the electronic Green'’s function they need to be summed). In addition, since Hubbard | wrongly
assume these quasi-particle excitations behaves as normal Fermions, the real filling of these two
lower and upper Hubbard bands is not described by a Fermi-Dirac distribution and causes Luttinger
theorem to be even less likely to hold [116].

The composite operator scheme we will introduce in the next section goes beyond Hubbard-I
approximation by correctly taking into account the non-electronic nature of the Hubbard operators
and fixing the chemical potential and the filling of the bands accordingly.

4.3 . Kondo physics
4.3.1. Kondo physics qualitatively

Kondo physics is a rich and broad topic, and is still nowadays an intensive research subject. In this
section we only aim at providing a light introduction of the Kondo model in order to build an analogy
for the orbital selective phase discussed in Sec. 6.

We consider a lattice of conduction electrons ¢;, described by a tight-binding model of dispersion
€ and nearest-neighbor hopping parameter t. The lattice is coupled at site o to a local impurity d,,
with a coupling constant A. Strong interaction U, are imposed on the impurity site to penalize double
occupancy. The chemical potential of the impurity is given by ¢,. The situation is sketched for the one
dimensional case on Fig 9.

A

&d, Ud d
Figure 9: Sketch of the Anderson impurity model in 1D. A lattice of conduction electrons ¢;, is coupled
at site o with an impurity. The conduction sites can hop on nearest-neighbors sites with energy t. The
impurity is coupled to the conduction lattice through the constant A. The impurity site has chemical

potential ¢; and is strongly interacting, making the formation of pairs on the impurity site penalized
in energy by Uy.

The Hamiltonian used to describe this system is called the Anderson impurity model:
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Hyup = HRLM+Udd,]er¢d1d¢
HRLM = Z GkCLUC]gU + Z 6ddj;dg — )\(dI;COU + hC) (50)
ko o

Hpry is called the resonant level model and exhibit a Fermi liquid behavior .The Kondo model
is directly derived from the Anderson impurity model under a Schrieffer-Wolff transformation. For
conciseness we will not give details of this transformation in this manuscript, but the derivation is
presented in ref [117]. The Kondo Hamiltonian is given by:

Hyg =Y excl,cro + JiSa- S (51)
k

With S, a % spin acting on the impurity and S, the spin operator for the conduction electron,
defined by:

Ouv
Z Chu—g O (52)
k:k:’uv

With ¢ the Pauli matrices and Jg the exchange interaction and is given in term of Anderson im-
purity model parameters by:

1 1
Jg =2\ [ ——
K ( 6d+€d+Ud> (53)

The Kondo model is a mapping of the Anderson impurity problem to an interacting spin picture.
This modelis atthe core of a rich and still debated physics. Itis known for providing a good explanation
to the Kondo effect, a rise of resistivity at very low temperature past a local minimum [118].

In Kondo physics, a relevant energy scale is the Kondo temperature Tk. This temperature is such
that for T > T the system behaves like a Fermi liquid and there is hybridization between the impu-
rity and the conduction electron. On the other limit 7" > T}, the impurity is not hybridize with the
conduction electron and is local. )

A renormalization group approach [17] can be used to show that T varies in e “x. Therefore,
Ty decreases as Uy gets stronger.

4.3.2. Heavy Fermions and enlarged Fermi surface

We now consider a situation closer than what will be studied in the following: instead of a single
impurity as described in Fig. 9, the system is now a lattice of impurities coupled to the lattice of con-
duction electrons, with a coupling constant \ at each site of the two lattices. The Anderson impurity
lattice model now takes the following form:

Harp =3 (ekckgckg + el d,w> n Z ( (dcio + el dig) + Uadldind! d; ¢) (54)
k
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With ¢ the hopping in the impurity lattice. A Schrieffer-Wolff transformation in the Uy > , e, €}
limit (so that the impurity lattice is at half-filling) leads once again to the Kondo-lattice model.

Hyp = exchycre +Jx Y SE- S5 (55)
k 5

With Ji. the exchange interaction, S¢ a spin % operator acting on site i of the impurity lattice and
S¢ =3 Iuauvcw. A Heisenberg Hamiltonian will also appear from the transformation but we do not
consider it in this section.

We want to derive using a mean field approach an important property of such system to deepen
the analogy with our observations in the two orbital Hubbard model. Namely, we want to prove in the
strong correlations regime that the Fermi surface enclosed volume is enlarged due to hybridization
between the conduction and impurities lattice. Using the spin representation, we can rewrite ¢ as:

Oq
szd = szaTﬁfi,B (56)

Where f;, is a fermionic spinon and we enforce the strong correlation on the impurity lattice by
mean of a Lagrange multiplier L to impose f fic = 1. Therefore, we perform a mean field decoupling
by introducing the following parameters:

J
P=" Z<f,10fka>
1
=N Z (Flofio) (57)

nc 1
§ Ckgcka
k

The % factors are due to spin degenaracy. The first equation introduces the hybridization mean-
field parameter. Second equation fixes the constraint on the spinons f,, while third equation is used
to fix the total electron density n.. We first rewrite the Kondo-lattice model using the following relation
on Pauli matrices:

l\.’)\»—l

O'QBO'QIB/ = 25&6’560/ - 5&550/6’ (58)

We arrive at the following form:
_ i JK P o i
Hgr = Ek: €kCrgCho + Ek: (2fk00kack0/fka' - flmfkackg’ckﬂ’) +L ; o fro (59)

The second term of the exchange term is just a shift to the chemical potential since one can apply
fl fro = 1. We now perform a mean-field decoupling of the first term:

f[zo—ckcrc]zo—/fka ~ ,PCLO—/ka’ + P*f];ro—cka - ’P’2 (60)
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Therefore the Kondo-lattice model rewrite in mean field as:

X PPN
HKL ~ (Ekczockg PkaCkg P Ckafka' + L Z fkafkﬂ — L 2 + | (|] (61)
k k

This Hamiltonian can be rewritten in the Nambu spinor (cx, fis)?, and diagonalizing it leads to
the following eigenvalues:

€.+ L+ \/(ek — L)? +4|P|?

E* =
2

(62)

P =0.173t
L =0.009t
n. = 0.875

71'/2 ™

T O+

Figure 10: Dispersion of the 1D tight-binding model with n. = 0.875 (red). In green the mean-field
eigenvalues of the Kondo-lattice model are plotted. The parameters P, L as well as the chemical
potential have been computed self-consistently for an electron density n, = 0.875. The red and the
purple area represents the filled states of the mean-field Kondo lattice model, while the purple states
are the one of the tight-binding. The Fermi momentum k; is bigger for the Kondo lattice, resulting in
an enlarged Fermi surface caused by hybridization.

The parameters L and P as well as the chemical potential can then be determined self-consistently
by imposing Eq. 59. In Fig 10, we plot the tight-binding dispersion ¢, for the conducting electrons
as well as E*. For a non-zero P the enclosed volume by the Fermi surface is bigger than without
hybridization. Therefore, a signature of hybridization is an enlargement of the Fermi surface.
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4.3.3 . The competition of antiferromagnetism and hybridization

We now consider the effect of the Heisenberg term neglected in the previous section. This term is
known to create anti-ferromagnetic or ferromagnetic order depending on the value of the exchange
constant. In the case of the Kondo-Heisenberg model, the constant is known to be positive and there-
fore stabilize an anti-ferromagnetic order [119].

A competition between this order and hybridization is to be expected. Indeed, hybridization tends
to favor electron delocalization, since it involves hopping processes between the impurity lattice and
the conduction electrons. As a consequence, some effects such as spin flip or pairs or holes can arise
from hybridization, effectively destroying the anti-ferromagnetic ordering. This competition has been
extensively studied [120], and we won't give any details in this section as we will just build an analogy
with this competition later on in Sec. 6.
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5. The Composite operators method

The composite operators method (COM) consists in introducing a specific set of operatorsin order
to study a Hamiltonian in some particular regime where some terms can be neglected in the currents.
In the following we will mainly focus on the Hubbard model. The composite operators we consider
here are the same as the previously defined Hubbard operators. After introducing the method, we
will study the Mott-insulator transition, and extend the method to superconductivity, longer-range
hopping and sublattice (with the application to a 2 orbital Hubbard model with an inter-orbital hopping
term).

5.1. General framework

Starting from the one orbital Hubbard model Eqg. (31), we introduce the following Hubbard op-
erators, that exactly solve the equation of motion of the electronic Green's function in the atomic
limit:

iy = (Eia) with {ﬁz‘a = Civ — CioNig (63)

o Nioc = CioNis

Where & means we take a spin 1 if ¢ =] and a spin 1 if o =|. Hereafter, ¢} = &, and ¥2, = n;,
denotes the first and second component of the spinor at site i and with spin o. Before detailing how
this set of composite operators solve the equation of motion in the atomic limit, we want to provide
some physical interpretation to these operators. Let us consider a site ig and study the effects of &;
and 7;,». We obtain the following:

5i00| T\L>lo =0 77i00| T\l/>’LO - |6>1Q
fioal‘i>i0 = ‘0>10 77i00|f>i0 =0 (64)
§i00’0>i0 =0 771'00‘0>i0 =0
§i00‘0>i0 =0 771'00|0>i0 =0

These operators differ from the usual electronic operators, and will only affect specific site con-
figurations. One can see the £, operator is going to act on the transition from an empty state to a
single occupied site with spin . On the other hand, 7, is a transforming a double occupied state to a
single occupied state of spin . The 7, operator is therefore expected to be particularly important to
treat the electron interaction terms.

5.1.1. Atomic limit study

In the atomic limit, we do not consider hopping term ¢t. The Hamiltonian is now local (each site is
independent, and we can consider a site independent model) and is given by

Hioe =U Y nigni, — 1y nig (65)
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Since the hamiltonian is now local, we can fix the consider site and work with the following hamil-
tonian:

Hjpe = Ungny — p(ng + ny) (66)

The composite operator basis ¢ can also be defined as site independant in the atomic limit:

o = <5T) - (CT - CW) (67)
un cpny

Let us start by introducing the 2 x 2 matrix composed of composite Green's function, with spins
o and ¢’ and defined for Matsubara times 7 and 7’ by decomposing the electronic Green’s function

{<?§ﬁ/cr,7'> = (e (7); €4 (7)) = (SELYo(r, ') + (SE2)%0(7, 7') + (S22 (7, 7') + (S220)°(7, )
T

(See)'e(r, 1) = (W (m): () (7))ioc
(68)

Where, for two operators X and Y the double bracket notation is such that
(X ()Y (T ))oe = 0u (T = T){X (7)Y (7') Pioc (69)

O (r — 7') is one if 7 > 7/ and zero otherwise (Heaviside function). (...);,c denotes the thermal
average (cf Eq. 11) taken with the Hamiltonian H;,. and {X (7); Y (')} is the anticommutator of X and
Y. Since we are at thermal equilibrium we have S/°¢, (7, 7') = §!°¢,(r — 7/). From now on we fix 7’ to
zero as a choice of the origin of Matsubara time.

Eqg. 68 has been obtained by decomposing the electronic operator in the definition of the Green’s
function: ¢, = &, +n,. We will now write in bold matrices in the ) vector, and the superscript index will
denotes the elements of these matrices. By differentiating with respect to T the composite Green's

function matrix, we get the following equations of motion

d

%sffo'c/ (T) = 5(7-)500’ <{7;Z)0(7-); ¢2(0)}>loc + 050 <<W}a (7-); Hloc]; wz—(o)»loc (70)

Where [A; B] is the usual commutator between two operators A and B. This commutator appears
by considering the Heisenberg representation and by derivating it with respect to time.

For simplification purposes, we enforce a para-magnetic solution by adding .+ prefactor, mean-
ing that in the following the results remain unchanged whether we consider an up or a down spin for
0. The currents in the atomic limit are given by

TT) = ety () = [ (s Hioe] = Ai(7) 71

With

_ (0
A—<O U—u) (72)
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The equations of motion become

d

—Se5 (1) = 8(7)00r ({0 (7); 01 (0) Dioe + A S5 (7) (73)

By time Fourier transform we get

51°¢ (W) = bppr(w — A +430T) 7 HIle (74)

With 12°¢ = ({1}, wl})loa the normalization matrix. It is worth noting that the I matrix corresponds
to the composite Green'’s function at equal time. 07 is a small positive parameter used for analytic
continuation. This I matrix can be explicitly computed. A bit of algebra leads to

1—{(nyn 0 )
Iloc _ oc
o < O <no—>loc (75)
We finally obtain
17(”0')‘106 0
Séo;(w) = Ogo w0 (no)ioc (76)
0 w—U+p+i0+

Finally, by Eqg. 68, we can deduce the electronic Green'’s function

Gl (7) =001 ((€o (T); b)) 1oe
25001(5;1 loc(,]_) + 5;2 loc(,]_) + Sgl loc(,]_) + 532 lOC(T))

_ 1- <ncr>loc 4 <no>loc
w—pu+i0t  w—-U—pu+i0"

Where S7m lo¢ = (47 (7);4™(0)));0. denotes the (n,m) element of the 2x2 composite Green's func-
tion matrix. Therefore we have showed that the composite operators we introduced solve exactly the
atomic limit. The electronic Green'’s function can be directly recovered.

At this level it is important to observe the connection with the lower and upper Hubbard bands
picture we already introduced with Hubbard | approximation. Indeed, this electronic Green’s function
has two poles atw = pandw = pu+U. They both corresponds to flat bands (since there is no hopping
or terms that introduce a k-dependency, the system is local). These two bands are separated by U.
When turning on the hopping term as a perturbation, we can expect this two bands picture to remain
slightly similar, although momentum dependant. This is in agreement with what we have seen in Sec.
4.2.2: the atomic limit picture is the precursor of the Hubbard bands.

5.1.2. Composite operators approximation

Let us now consider the full Hamiltonian Eq. (31) that includes both the local term H,,. and the
hopping term t. We consider the limit where U > t. Let's consider the effect of the hopping term on
the current 6J, define as:
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0Jio = Wioy H — Hpe] = Jig — JI2° (78)

Where the current operator in the atomic limit Jfgc is given by Eq. (71) and J;, = [¢is, H] is the
current operator taken with the full Hubbard Hamiltonian Eq. (31). Therefore, 6J;, is the current
associated to the hopping term. Let's introduce the composite Green’s function, now site dependent

by:

Sijaor (1) = 011 (1) ({0 (1): 01, }) (79)

From now on, (...) denotes the thermal averages taken with the full Hamiltonian. The site index
are written as susbscript and the v indexes as superscript, but it is important to remember S is a
matrix both in site and ) elements. We will keep writing in bold the matrices with no superscripts.

We will again enforce a paramagnetic solution and consider a global d,, factor in front of S; 5/ (7).
The equation of motion of this composite Green'’s function is :

LS00 () = 8y (6N {3 01, ) + 0 (P} (o (7); 1, 1) (80)

Which we rewrite as

%szjwl (7) =000 (5(F)5ikir + Ot (7)Mo (7)) (81)

Where we introduced the normalization matrix I and the overlap matrix M respectively as

lijo ={ti0, ¥}, }) = 65 (1 - éni6> g >

11 12
Mo =(Ur vl ) = (1 )
)0 10y Yo mij mij
Because of the hopping term, the total current J;, is not proportional anymore to the composite
operator basis ¥;,. We will not be able to solve the problem exactly as in the atomic limit. We thus
need to do an approximation to truncate the equations of motion. Let us start by decomposing 4 .J;,
as follow:

0Jic =Y Pitotio + 5ic (83)
l

The first term contains the part of §.J;, proportional to v;, with a proportionality matrix P. §¢;,
contains the non proportional part of §J;,. To solve the equations of motion for the composite Green's
function matrix, we need to compute the I and M matrix. We directly computed the I matrix in Eq. 82.
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The M matrix requires the total current J;, that we can express with the decomposition of 6.J;, we
introduced

Jic = Z Eiicioc + 00is
l (84)
Eiiv =Ad; + Py

The E matrix contains all the terms proportional to ¢ in the total current (the local A matrix from
the atomic limit terms is analogous to Eq. 72), and d¢;, contains all terms which are not, and comes
exclusively from the hopping term.

With this rewriting, the M matrix is now given by the following expression

Mijo(T) = Y Euo({thio(T): 01, }) + ({8610 (7); 01, }) (85)
l
When injecting in Eq. 81, we obtain the following equation :

d

%Sijao’(T) = 0o (0(7)0ijlis + ; EiloSijo (T) + 0m (7){({00ix (7); ¢;0}> (86)

the first term of Eq. 85 is proportional to Sj;,,-. However the second term with the d¢;, currentis
not and will introduce higher-order Green'’s function in the equations of motion. Hence, an approxi-
mation is needed: we will assume that d¢;, is negligible:

Y Eio ({1o(1); 0], 1) > ({610 (1) 9], 1) (87)
l

Three main relations can be inferred directly from this approximation. First, the total current is
now proportional to ¢ by construction, with the proportionality matrix E:

Jio(T) = Y Eigthio(7) (88)
l

Second, considering the definition of the M matrix in Eq. 85 leads to the following relation between
E and the M and I matrix, obtained by noticing that at 7 = 0 (equal time) I;;, = ({11,(0); ¢}0}>:

M;, ~ Z Eiolijo (89)
1

Thirdly, we can obtain an easy form for the composite Green’s function matrix after a time Fourier
transform, of the equation of motion under the main approximation Eq. 87 :
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Z 50’0” (WId25il - Eila)sljoo’ = 50’0/5ij|i0 (90)
l

Where Id; is the 2 dimensional identity matrix. At this stage one has to be careful with the inversion
of these matrices. When a product of these matrices occurs, it is both done on the sites and ¢ index.
The inversion one needs to consider is therefore not only on the v parts, but also on the sites. This
means one must invert a (2N x 2N) matrix. We therefore obtain the following expression

Sijoor (W) & Ggor > _[wida — ] 6 (91)
l

These three equations Eq. (88), (89) and (91) are direct consequence from the main approximation.
We can also include higher order terms in the basis to go further in the approximation. This has been
done in Ref. [121].

Let's finally note that Eq. (88) is similar to a Schrédinger equation for the composite operators
(by remembering that d%_ww(T) = Jis = [¥is(7), H]). The E matrix therefore is a non-hermitian (due
to the approximation Eqg. (87)) energy matrix for the composite operators. This non-hermiticity still
comes with real eigenvalues due to the following mathematical property: the product of a real and
symmetric matrix by a diagonal matrix has real eigenvalues (cf Appendix A for proof).

5.1.3 . Building a self-consistency

The equations of motion of the composite Green’s function matrix only depends on the E, M and
I matrices under approximation Eq. 87. We can explicitly compute them. We already computed the |
matrix in the previous section. We obtained:

Iijo = <{wio; %TUD - 5ij ( 0 2 (m)) (92)

2

Note that since this matrix is not an identity matrix, this indicates the commutation relation of the
composite operators i, are different from the usual electronic operators c;,.

In order to perform a self-consistent scheme, we will introduce the 2 x 2 correlation function
matrix define as

Cijo = <¢ia¢;0> (93)
The interest of introducing C;;, comes from fluctuation-dissipation theorem:

Cjr = [ (1 = ofe)) (=1 ) 1m(Sii) (94

With fp = W the Fermi Dirac distribution. We now need to rewrite S in order to get an
easy expression for its imaginary part. Let's introduce the matrix of eigenvectors Q2 of E such that:
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A=Q'EQ (95)
Then, the equation of motion Eq. 91 becomes:

Spm (W) & Bger Y QU ([whdy — A1) ()] Yt e (96)

’LJO’O' l1l2 l3j

l1 1213
Ul U2 U3

We now use the fact that wlds — A is a diagonal matrix, so

—1\nm 1
([widy — A] )™ = ilénmm (97)

Therefore, Si,,» becomes

nm nu 1
Sz]aa ( ) ~ 500'2 il ?(Q )ll’ I (98)

v
uu’

Which can be rewritten as

S ) = b0 305 O (59

I u=1

With
(o)™ =y (It (100)

ol

This expression simplifies in momentum space using translational invariance since this makes ev-
ery term diagonal in momentum space (indeed, the sum over the sites can be rewritten as convolution
products which are simple products in momentum space). Accordingly to ref. [122], we then get the
simpler expression:

2 w\nm
Shaer (W) = gt Z (7k) r (101)
—w—e
With
( Z uu Iu m (102)

Equation (101) is an usual form for the Green'’s function. Indeed, this looks like the Lehman repre-
sentation we obtained in sec. 4.1.2. We now introduce a vanishing complex quantity to the frequency
0. Then, we use the Cauchy principal value distribution of the inverse function:

1 1 .
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Where Pv(x) denotes the Cauchy principal value of x. Applying this on Eq. (101) (using the fact that
o are spectral weight and are therefore real) and injecting it in Eq. (94) leads to :

e N (1 e P ) o
ko = 5 ; ( + tan 2) Oy (104)

Where 3 = T T comes from the Fermi Dirac distribution. Eq. (104) is important because it shows
that knowing the E matrix means one can express the correlation functions C. We know that from
the M and | matrices we can obtain the energy matrix E using Eq. (89). Therefore, to close the system
and build a proper self-consistent scheme, we know need to explicitly compute the M and | matrices
and express them as a function of the correlation functions.

The I matrix has already been determined in Eq. (82). In order to compute M, we now compute
explicitly the currents. Since the ) basis is composed of the same Hubbard operators as the one
introduced in Sec. 4.2.1, the currents have the same form that we remind here:

Jir = = Wio — Z til (Cla — NizClo + Sfign(&)cla + Sign(a)AiclT&)
l
5 sign(&) - f (10s)
Jio=—(u—=U)nis + Z ti ( NizClo + S; e + szgn(&)Aicla)
I

With S, = chlT' St = CZTT% and A; = cir¢;). We take the following convention: sign(1) = 1 and

sign(}) = —1. The coefficients of the M matrix can then be expressed:
mi; == pu (1 - é) dij — Oij Zt%‘lﬁu —tag(1— = 5 ~ + pij)
12 —513 Zta 1€il — tozw ( 5 pU> (106)

l

With

eij = (€0l ) — (njonl)

i . (107)
pij = (ionjo) + (S;8)) — (AiAT)

o, = 4 is equal to 1if i and [ are nearest neighbors, and o otherwise.

The parameter e contains correlations between neighboring composite operators and will mainly
re-normalize the chemical potential because it always appear in M in front of a ¢;;. The p parameter
contains charge-charge, spin-spin and pair-pair correlations and contain most of the physics of the
interactions.

We now use the translational invariance of the system: each parameters with a dependence in
two sites 7 and j will only depend on the distance between these two sites i — j. Hence we get

€ij =€i—j
Pij =Di—j (108)
M;; =M;—;
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We assume lattice inversion and rotation (C4) symmetries and we take n, p and e as constants

n,=mn
bits, =Pits, =P
€i+5, —€its, = €

Under these assumptions the coefficients of the M matrix become

mll =— U (1 - g) 5@']' - 51']'4256 - tOéle(l —n —I—p)

n
mlf =0;j4te — tozzlj (5 — p)

n
mff =—(u— U)E(Sij — 0j;4te — tozzljp

And the E matrix defined by Eq. (89) is given by
s2emll 2ml2
Ei; = <22” h B 22)

2—n'""ij M

Hypothesis : current

(109)

(110)

(111)

j is proportional to ¥

C depends on eigenvalues

_ I >

lis inv:h
E is diagonalizable /‘\

Of E

GetMand |

C@ljcrcr" - <¢iow;g’ )

Get the correlation
Function C 4

M and | matrices depends on
4 parameters we can express
as function of C

M ={57 ()
I ={wis ()

Ji =10y ”‘(T) = [y (1), H]

Figure 11: The self consistency loop. Our hypothesis on the currents allows us to get a relation between

the M and | matrices (Eq. (89)). The energy matrix E is diagonalizable. We can express correlation
functions as a function of its eigenvalues with Eq. (104). Then, we can rewrite the M and | matrices in
term of these correlations functions and do a self-consistency (Eq. (112)).

This matrix is diagonalizable and Eq. (104) allows to relate the correlation function C;;, = (@Z}igw;(,)

with the eigenvalues of the E matrix. Thus in order to close the system the only thing left to do is

expressing the parameters in the M and | matrices as a function of the correlation functions. Since
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e and n are one-body parameters, they can easily be expressed. Expressing p as a function of the
correlations functions is not so direct since it is composed of two-bodies operators. Following the
step of L. Roth [101], we express p as a function of correlation functions by mean of equations of
motion. In appendix B are all of the details of Roth decoupling applied to p. After some algebra, the
final expression of the parameters appearing in M and | as a function of the correlation functions are

e =Cl-C® ¢ =—2%(C5" +Cg%) + 2(Cg* + CF?)
n =2(1-CH —202-C2% With S p; =52 (CH +C12)2 + 2(C22 + C1%)? (112)
po= - - - ps = gy (O + CP2)(CF + C)

In this equation Cy = C;; are constants by translational invariance. and C = C;; = C;_; is treated
as e and p in Eqg. (109) using lattice inversion and rotation (C4) symmetry, so it is also a constant but
different from C,.

The system has now been closed. For simplicity (namely due to Eq. (101)) we will perform the nu-
merical study in momentum space. In Fig. 11, we represented the self-consistency pattern. Starting
from initial guess for e, n and p, we compute the M and | matrices. We can then obtain E and di-
agonalize it. Then, using Eq. (104), we can relate the correlation functions with the eigenvalues of E.
Finally, using the self consistent Eq. (112), we compute again e, p and n. We stop when f(z) — 2 < §
where z = (e, p, 1) and f are given in Eq. (112). We chose 6 = 10~8. Once the system converges, we
use the parameters (e, p, 1) to compute the electronic Green’s function using the relation between S
and G:

Grw) =S () + S5* (W) + S (w) + S (w)

B 22: (@i + (6HE2 + (oHE + ()P (113)
B — w — b +1i0F

Where the k act as spectral weights and are defined in Eq. (102) and ¢! and ¢ are the eigenvalues
of the E matrix, and can be built from the parameters (e, p, u).

Finally the composite operator method can be compared with the Hubbard | approximation, wich
is also known to exhibit a Mott-insulator transition as long as U ## 0 [53] (cf Sec 4.2.2). It is however a
less refined assumption than the composite operator method because it completely neglects some
components of the currents and assume the Hubbard operators behave like electrons (see Sec. 4.2.2).
Albeit under the approximation from Eq. 87, the composite operator treatment consider the full
expression of the current and the non-electron like algebra of the Hubbard operators. It can thus
only be considered as more refined than Hubbard I.

5.2 . Mott-insulator transition

5.2.1. Bands and Fermi surfaces

The method presented in the previous subsection use a decoupling scheme initially developped
by L. Roth for the expression of the parameter p. The converged solutions obtained with this self-
consistency have the notable drawback of having an on-site correlation function C}? non zero while
it should analytically be zero due to Pauli principle. Indeed, we can see that by explicit computation:
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C82 = (€ion])

_ t ot
= (CigC},Niz + CigCl5Cl CigNiz)

(114)
Cio (CIE)QCZU (ciz)?)

(—
0

It is important to note that this Pauli violation of C$? not being zero after numerical convergence
gets smaller with increasing U and is exactly zero at half-filling [122]. Furthermore, Roth decoupling
does not introduce any other approximation: in appendix B, the only approximation used to express
the p parameter using Roth decoupling is the main composite operator approximation Eq. (87) that
is already assumed in the method itself.

In references [123] [122], another self-consistency have been suggested. Instead of considering a
self-consistent equation on the p parameter, Ci? = 0 is explicitly imposed and p is allowed to vary
freely to satisfy this condition. From now on, we will call "Roth scheme" the self-consistency using
Roth decoupling, and "Pauli scheme" the one imposing C3? = 0 instead.

In this section we now compare the two schemes and their respective solutions with nearest-
neighbours. In Fig 12 we start by plotting the eigenvalues of the E matrix for two schemes. It is im-
portant to note that we found a unique solution for Roth scheme, and two solution for Pauli scheme,
that we will call "COM1" and "COM2" accordingly to ref. [122]. The eigenvalues of the E matrix can be
understood as the bands obtained after the composite operator treatment. Indeed in Eq. (113) one
can note the eigenvalues of the E matrix corresponds to the poles of the electronic Green's function,
with a spectral weight given by Eq. (102). In red on Fig 12 we plot the U=o, tight-binding dispersion for
comparison.

The solutions have two Hubbard bands associated with the two eigenvalues of the energy ma-
trix, split by the interaction strength U. The COM2 and Roth solutions exhibit Mott insulator physics
at half-filling as the chemical potential resides between the two bands. In contrast, contrary to the
conventional understanding, the COM1 solution represents a metallic phase at half-filling for ¢ = 1,
U = 8t. Consequently, COM1 cannot be deemed a physically viable solution for the Hubbard model
in strong coupling regimes.

The COMz2 solution always presents two holes pockets, leading to two Fermi Surfaces in Fig. 13.
This is unexpected, as this has never been observed by ARPES experiments for strongly correlated
materials such as cuprates where this treatment of the Hubbard model is relevant. However, in Ref.
[121] the basis has been extended to take into account dynamical corrections of the self-energy. The
lifetime of the second hole pocket is then computed and happens to be small, which can explain why it
is not observed experimentally. Finally, the Roth solution (Fig. 12c) has the advantages of presenting
only one hole pocket and a maximum at (7, 7). This maximum is consistent with the tight-binding
bands. COM2 bands have a minimum at (7, 7) which can also comes as a surprise because it leads to
a solution completely different from the non-interactive one.

It is also important to notice the so called "waterfall" feature. This consists in a loss of spectral
weight on the lower Hubbard band around M = (7, 7), and an increase on the upper band at the
same momentum. The spectral weight, overlapped in colors on Fig 14, is defined as the excitation
of the system when adding or removing an electron. It is obtained by plotting the spectral function
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Figure 12: (a), (b), (c): Bands along high symmetry points with¢ = 1,U = 8t,T = 0,n = 0.8 for (a) Pauli
COM1 solution, (b) Pauli COM2 solution, (c) Roth solution. The non interacting (tight-binding) band is in
red. The composite operator treatment of the interaction splits it into 2 Hubbard bands obtained for
every solutions. We overlapped in color the spectral function A(k,w) along high symmetry points. At
half filling the chemical potential lies in between the two Hubbard bands and we get a Mott insulator,
except for COM1 that is therefore considered unphysical. The shape of the COM1 Hubbard bands is
also similar to the non-interacting band, they are simply splitted by U. We observe a flattening of the
bands around X=(, 0) for both COM2 and Roth solution.

Ag(w), which is defined as the imaginary part of the electronic Green’s function. The waterfall effect
is currently under debate of being an universal features in cuprates [124, 125].

The waterfall effect has already been observed with Hubbard | approximation, and the same trans-
fer of spectral weight around M is observable on Fig. 7. According to [57], the following interpretation
can be given in the context of lower and upper Hubbard bands: in momentum space, when hole
doping close the half-filling, the only available states lies near momentum close to (m, 7) since the
lower Hubbard band presents a maximum. Therefore, upon adding an electron, the excitation can
only happen around this momentum. For electron density close to half-filling, this excitation has high
chances to create a double occupied states, thereby costing an energy U to the system, and trans-
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Figure 13: From left to right we plot the Fermi surfaces (imaginary part of Eq. (113) at w = 0, here
we show the contour line ¢, = 0) of COM1, Roth, COM2 and the non-interacting (tight-binding) case
respectively at n=0.8, t=1, T=0 and U=8t (o for the non-interacting case). COM2 solution exhibits two
hole pockets around (0,0) and (m, 7). The two dispersions obtained from the Pauli minimization we
obtain are analogous to Ref. [122]. The Fermi surface of Roth solution is diamond-like and would
corresponds to half-filling if Luttinger theorem would hold.

fering the excitation to the upper Hubbard band at the same momentum. This is consistent with 12
which is at 20% electron density and exhibit much less spectral weight on the upper Hubbard band
around M symmetry point than on fig 14 which is closer to half-filling.

Once reaching half filling, the Roth and the COMz2 solution bands become alike, and are plotted
on Fig. 14. The chemical potential has a degenerate range of value it can take within the gap, and the
system is a Mott-insulator.

Close to halffilling (2% hole doping), the Roth solution exhibits a second small hole pocket at (7, 7)
that can be observed both on the bands of 14 on the Fermi surface on Fig. 15. This second hole pocket
around (7, 7) may be the consequence of the paramagnetic assumption (n;;) = (n;) = 5. It appears
around half filling where we know the antiferromagnetic phase dominates [126]. The wave-vector
(m, ) is associated with antiferromagnetism, so this second hole pocket might be an instability of the
system because we neglected it.

5.2.2 . Density of states and Luttinger theorem

In the previous section we arrived to the conclusion that COMx1 is not a good solution. While the
presence of the second hole pocket at every filling that COM2 exhibit is unusual for strongly correlated
materials such as cuprates, both COM2 and Roth are indeed Mott insulator at half-filling and metallic
away from half-filling, as well as exhibiting the well known "waterfall" feature.

In this section we focus on the study of the density of states and the validity of Luttinger theorem.

In Fig. 16, we plot it as a function of energy for several doping with the Roth and COM2 solutions
respectively. The density of states has been computed from the spectral function using the following
formula

1 & 1
PW=5 3 (—%> Im(G(k.w)) (115)

49



10

0.7

6 0.8 0.6
¢ 0.5
0.7 * /\
2 0.3
0.6 0 0.2
—2 / 0.1
0.5 —4f ™ X T 0.0
0.4 (b) 2% hole doped
0.3 4 /\ 0.8
2 / 0.7
0.2 0 - zz
0.1 —4 oa
—61 —6 0.2
/ -81 /T - 0.1
I‘ M X F 0.0 B "
T M X T .

(a) Half-filling () 2% electron doped
Figure 14: (a) Bands obtained at half-filling with COM2 and Roth (both solution leads to the same
bands). (b) and (c) Bands obtained by Roth minimization in the neighboorhood of half filling (2% hole
and electron doped respectively).

Where N denotes the number of considered points for sampling k, and k, and G is the electronic
Green'’s function introduced in eq. 113.

At half filling we do not have any states at the Fermi energy for both Roth and COMz2, since the
model leads to a Mott insulator for this doping and the chemical potential lies in between the upper
and lower Hubbard bands. Close to the Hubbard gap two peaks can be distinguished. Usually, in 2D
a Van Hove singularity can only appear at a saddle point, not at a maximum or a minimum of the
dispersion. But these two peaks may be interpreted as a remnant of the tight-binding, U=0 model.
Indeed, as seen in Sec. 4.1.3, if only considered with nearest-neighbors, the Van Hove singularity lies
at half-filling. Here, at half-filling both COM2 and Roth density of states presents some peaks around
the gap, as if the tight-binding Van-Hove singularity have been "split" in two by the interaction. This
is possible thanks to the spectral weight in Eq. 102 that can renormalize the density of states. These
peaks near the edges of the gap seems to be a characteristic of Mott-Physics and the transfer of
spectral weight usually occuring [127].

For every doping except half-filling, a third peak is also observable for Roth solution and corre-
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Figure 15: Fermi Surfaces of Roth solution at n=0.98 (left) and n=1.02 (right). A second hole-pocket
appear close at these dopings for Roth solution near. We assume this is a consequence of the param-
agnetic assumption since it is centered on (7, 7) when hole-doped. This second hole pocket disappear
after 3-4% hole or electron doping.

sponds to the Van Hove singularity. It is indeed associated to a saddle point of the dispersion on
Fig. 12 around (7, 0). The Fermi energy is exactly at this Van Hove peak at n=0.8 or n=1.2. In term of
Fermi surface for a square lattice the Van Hove singularity corresponds to the doping below which
the Fermi Surface is centered on (0,0) and above which it is centered on (, ). In Fig. 17 we confirm
the peak observed on the density of states away from the gap peaks is indeed following this behavior.
Note the COM2 solution has no such peaks. This is consistent with the absence of saddle point in the
dispersion.

Regarding the Mott transition, we see at half filling no quasiparticle peak is observed around the
Fermi energy. Instead, the density of states is closer to what was observed with determinantal quan-
tum Monte Carlo simulation (DQMC) in Ref. [29]. DQMC is a stochastic algorithm which allows under
some limitations to perform direct studies of complex condensed matter problems. As predicted by
DQMC in Ref [29], at doping close to half-filling we only observe a transfer of spectral weight between
the lower and upper Hubbard band occurs, changing the density of states, without creating a quasi-
particle peak at the Fermi energy at half filling. Therefore in this regime where U >> t the density of
states of the lower and upper Hubbard bands are the only contribution.

We now turn our attention to the Luttinger theorem. This theorem states that the volume enclosed
by the Fermi surface is proportional to the electron density [128]. The regime of validity of Luttinger
theorem is still a very debated topic [129, 130, 131]. To compute the volume enclosed by the Fermi
surface, we can use the spectral function at the Fermi energy, defined from the electronic Green'’s
function Eqg. (113). The o act as spectral weights of the electronic Green’s function. The Fermi surface
is therefore given by the spectral function at the Fermi energy (corresponding to w = 0):

Ap(w = 0) = — 2 Im(Gr(w = 0))

=D [0t + (@i + (0D + (6)R18(eh)
l

3

(116)
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Figure 16: Density of states in energy with parameters¢ = 1,U = 8¢t and T' = 0, of Roth solution (top)
and COMz2 solution (bottom) with nearest neighbors. From top to bottom the filling is respectively:
n=0.76, 0.88, 0.92, 0.98, 1 (halffilling), 1.08 and 1.24. The blue line corresponds to the chemical potential.

52



M M
0 r » 0 r X
_ﬂ-ﬂ' 0 'y _ﬂ-‘JT 0 T

Figure 17: Fermi Surface obtained with Roth solution, at n=0.7 and n=0.9.The chemical potential or
the Fermi energy coincides with the Van Hove singularity for some specific electron density (here
n=0.8). Below the singularity the Fermi surface is centered around (0, 0), and above the singularity it
is centered around (m, )
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Figure 18: Area of Fermi surface as a function of doping. It is computed using Eq. (117). We observe a
violation of Luttinger theorem for all solutions. The two figures are obtained at (a) 7' = 0K (3 ~ 10°t)
and U = 8¢, (b) # = 2t and U=10t to make a comparison with what was obtained in Ref. [29] from
Determinantal Monte Carlo. The solutions are proportional to the electron density only asymptotically
(the curves and the black dotted line “FS=n" associated to Luttinger theorem are not parallel). The
system is in a “Luttinger breaking phase".

Thus, the Fermi contour is the set of points associated to a vanishing eéj. Therefore a way to
compute the enclosed area Apg is simply by considering the following equation
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1
Alpg N2 Z Or (e},) (117)
e hoy=1

Note in this last equation we do not have the sum over the two eigenvalues. Indeed, one must
only consider the bands that are not completely filled (the empty bands are at a positive energy so
will not be counted), so | has to been chosen accordingly. For instance, in the electron-doped regime
the lower band is going to be filled, so | must correspond to the eigenvalue of the upper band in order
to not count the fully filled lower Hubbard band in the area of the Fermi Surface.

Fig. 18 reveals that the Luttinger theorem is violated. This violation is analogous to what was ob-
served by Ref. [20] using determinantal quantum Monte-Carlo simulations. In Fig. 18, we plot Luttinger
violation observed with the same parameters as in Ref. [29] (U=10t and =2). We obtain analogous
results: while none of the solutions we considered are precisely similar to what was observed with
determinantal quantum Monte-Carlo, we have the same overall behavior. Our curves are not parallel
to the black dotted line representing the Luttinger theorem (where Fermi surface area equals electron
density). The system is in a “Luttinger breaking phase". Contrary to results of Ref. [29]which indicates
a critical density after which Luttinger theorem holds, with composite operators the theorem seems
broken at every doping and verified only asymptotically at maximum and minimum doping. This vi-
olation is expected, given the non-fermionic commutation relation of the composite operators: the
model is not describing a Fermi liquid.

5.2.3 . Parameters study and particle-hole symmetry

In this section, we consider the individual effect and physical meaning of the self-consistent pa-
rameter, and verify how and if they enforce particle-hole symmetry.

We first start by providing a physical interpretation of the effect of the parameters on the system.
In fig. 19, we plot the three self-consistent parameters as a function of the electron density at U = 8¢,
t =1and T=o.

The chemical potential is a well known physical quantity : it fixes the filling of the bands accordingly
to the electron density that we fix as an external parameter. It is nonetheless worth mentioning the
jump at half-filling (corresponding to electron density n = 1) it makes for the COM2 and Roth solution.
This isin agreement with the band study: this chemical potential gap is of the order of U and therefore
corresponds to the lower Hubbard band being filled and the upper Hubbard band starting to be filled.
COM~1 does not exhibit this behavior, as we concluded it is not a Mott-insulator close to half-filling and
is not a good physical solution.

The parameter e is defined as follow:

e = (Eo€]) — (mjonl,) (118)

where ¢ and j are nearest-neighbors. We remind the £ operator represents the transition from
an empty to a singly occupied state, and the n parameter the transition from a single to a doubly
occupied state. Hence fjggjg moves a o electron from single occupied state j to empty state i: it
corresponding to a hole propagating to nearest neighbors. On the other hand, njgnja destroys the
double occupied state on j and create a pair on site i. It is thus associated with pair propagation.
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Figure 19: (a), (b) and (c): parameters as a function of doping for each solution. The dash lines in the
electron dope (n >1) region are the particle-hole symmetric (128) of their equivalent in the hole doped
region.

Therefore, if e counts the number of hole propagating without creating a pair minus the number of
pair propagating without creating a hole. As a consequence, this parameter vanishes exactly at half-
filling because of the Mott-Insulator physics: no hole or pairs can propagate. The main contribution
of e to the dispersion will be to renormalize the chemical potential.

The p parameter involves two-bodies correlations. We remind it is defined as:

p= (nwnja> + <S;S]+> — <A1A;> (119)

It represents the interaction both in the charge, the spin and pair sector. Because it only involves
nearest neighbors processes, it can have many effects both on the shape or bandwidth of the disper-
sion. A notable drawback of the Pauli scheme is due to the fact p is free to vary since Pauli scheme
replaced the self-consistent Roth decoupling equation on p to enforce Pauli principle. However, the
Roth decoupling detailed in Appendix B does not make any other assumptions than the main com-
posite operator assumption we made at the beginning in Eq. 87.

This decoupling is therefore consistent with the method and should always be equal to the p pa-
rameter. But the converged value of p with the Pauli scheme is not matching the value of p one would
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Figure 20: Parameter p with Roth scheme (black) as a function of electron density n. In blue we plot
the p parameter after convergence for COM2 solution. Then, in red we display the value of p with Roth
decoupling using the converged self-consistent parameters from COM2 solution. Since the red and
blue curves are not matching, COM2 solution is not respecting Roth decoupling. This is unexpected,
as the decoupling involves no other approximation than the main COM approximation we already
make in the method.

obtain if we compute it from Roth decoupling using the converged Pauli correlation functions. This
issue shows that Pauli scheme is not giving consistent results with the composite operator approxi-
mation. The Pauli violation seems to come from the main approximation Eq. 87 itself. For this reason,
the Roth scheme appears as the best scheme to consider.

Let us now check the validity of particle-hole symmetry with the method. It is well known that
the Hubbard model with nearest neighbour hoppings only is particle-hole symmetric. This symmetry
exchanges particles and holes with the transformation

Cip — (=1)'cl o (=1 (120)

10

We could also have taken another convention for this transformation without any (—1)?, as long
as we change t to -t to keep the Hamiltonian invariant. Applied to the composite operators one can
show that it becomes

Mo = (<)€L, &0 = (1)), (121)
With the paramagnetic assumption, the particle-hole transformation is rewritten

(el cio) = {ciocl,)
a1t v
2 2
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Hence applying the particle-hole transformation on electronic filling gives n — 2 — n. The transfor-
mation changes the self-consistent parameters p, p and e (Eqg. (107)) as follow:

For the chemical potential, we use the invariance under particle-hole symmetry of the Hubbard
Hamiltonian. We obtain

H = Z tijcj;o_c‘jo- +U Z Nt + J Z Nig

ijo i
— Ztij(—l)”jcwc;c, +U Z(—l)éll'cl-Tcl.LTcwc;ri — Z(—l)%cwc;rg

ijo A o

t (123)

= Ztijc.jo.cia' + UZ (1 — nu — niT + nnnii) + uan

ijo A o
= Ztijczacj-g +U Z nipng, + (u—U) Z nis + cste

jo A (1o

Thus, to keep the Hamiltonian invariant and therefore have under the particle-hole transforma-
tion H — H, we need to impose

12 —n) =—(u(n) —U) (124)
For e and p we work directly with their respective definitions

e =(€iotl,) — (mion),)

_ . (125)
p =(nignjo) + (S;7S7) — (AiA})
We use the particle-hole relations of the composite operators Eq. (121). For e we obtain
e(2 = n) = (=1 ((nl,nj0) — (€&50))
NigNjo 105)0
= (77j07730>T— <€ja£l,>T (126)
= _(<§i0'§jo'> - <77i<777ja>)
= —¢(n)
We didn't kept the terms with §;; because e and p always appear with a t;; prefactor and ¢;; = 0 if
i = j. We used the fact that i and j are always nearest neighbors to get (—1)"*/ = —1. For p, we have
p = (=12 (eigel cjoc], + el cuely = chiel eiei)
= <ngc;g — nwcjac;g + SZ_S;_ — A;AJ
= (1 — njo — Nig + NigNjo + S;FSZ-_ — AGAY) (127)
n n
—1— ==
5~ 5 Tpn)
=1 —=n)+p(n)

57



Therefore the particle-hole relation for the self-consistent parameters are the following

e(2—n)=—e(n)
p(2 —n) =p(n) + (1 —n) (128)
w2 — ) =U — u(n)

In Fig. 19a, 19b and 19c we plot e, p and p as a function of doping for the three solutions we studied
(COM1, COM2 and Roth). The dashed-lines on the electron-doped region is the value the parameter
must have to satisfy the particle-hole relations Eq. (128). We see that particle-hole symmetry is re-
spected for every parameters for the three solutions.

We obtain a different result from Ref. [122]. Itis possible to have a particle-hole symmetric solution
which violates Pauli principle. This is indeed the case of the Roth solution which has a non vanishing
C¢? despite the fact it is zero analytically. The solution is particle-hole symmetric as long as C? is not
put to zero by hand in the self-consistent equations it must appear both in the equation of n and in
the ¢ term in the equation of p.

Finally, note that applying this transformation on the composite bands €' and €? leads to

(2 - n) = 62—&—(77,71’) (n)

(129)
(2=1) =~ € (rm (1)

5.3 . Superconductivity and Longer range hoppings

5.3.1. Extension to superconductivity
Superconductivity can be studied by extending the initial basis. The new spinor v to consider is

§i0
n;
=4 (130)
€,~Ta
iz
The method described before in Sec. 5 remains the same except for the | and M matrix which
are now 4 x 4 matrices. Since we have chosen to make comparisons with cuprates when we will
include longer range hoppings, we consider in this section only the case of d-wave superconductivity.
Therefore, (c;c;;) = 0. Within this new basis, two currents add up to the two previously define in Eq.
(105). After a bit of computation, we get the M and | matrices

=% 0 0 0 mi gl
ng 12 22 13 13

R 8 I Sl (D VP I A PR L (131
J J 0 0 1—-2 o J mis —m:?  —mir —1me
2 ij i i ij
ng _ 13 13 _ 12 22
0 0 0 5 mge o mys mys m;;

We used the paramagnetic assumption: (n;,) = %-. The coefficient of the M matrix m}jl, m}f and
mZ? are the same as in Eq. (106). In addition, the coefficient m;? is defined by:

13 _

my; = —t7ij0i; (132)
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7i; is a d-wave form factor we artificially added to enforce d-wave superconductivity. It is such
that v j+s, = —7Vixs,: = 1 Where 4,/9, is the lattice constant along x/y axis.
The parameter @ is given by

bij = (CigCizNjo) (133)

There is more in §;; than just superconductivity. For the sake of giving an intuition of this, we apply
Wick theorem on 6;; (this cannot be done since Wick theorem is only valid for weak correlations but
it will give an insight of the physics)

0ij =(CioCio)njo — (CiaCl,)CiaCio
: ; (134)

+ <cigcjg>cic—,cjg — (cwcjg)cwcjo + ..
From this hand wavy decoupling it appears 6;; is composed of superconducting channels (showed

by the charge 2 correlations of type (cc)), but also of bond-charge (<cjacjg>) and spin flip hopping
(<CIO.CJ'[7>) channels. Since we impose d-wave symmetry by mean of the d-wave +;; factor in Eq.(132),
all the superconducting channels except the one associated to the d-wave symmetry (c;zc;,) Will be
assumed to be negligible. §;; can therefore been seen as an anomalous d-wave superconductivity
mean field parameter, and it also involves spin and charge correlations. Since we consider singlet

pairing, we have
(CioCigNjo) = (cjacjgnj(,> (135)

We can still apply translational invariance to treat p, n and e as a constant. We can do likewise for
0. The self-consistent equations remain the same for n and e since they are only one body correla-
tions. However extending the basis changes the self-consistent equations of p;; and 6;;. We obtain
(cf appendix C for details)

p = n? _ pit+oép2  pi—p2 _ p3
{ 4 1—¢2 1-¢ 1+¢ (136)
) — S
1+¢
With
(60 =—2(C3! +C%) + 2(CE* + CF°)
p1 = 2%( 11_|_012)2 %(022_'_012)2
Py = %(013 +CI4) %(023 +C24)2 (137)
p3 = (4 )(Cll C12)(022+012)
C — ﬂ(Cll 012)(013 4 014) 4 %(012 4 022)(023 4 024)

Let us note that this decoupling is not unique. Several choices can be made (an example of this can
be found in appendix C). These choices give similar results but tend to overestimate or underestimate
some quantities, depending on which regime we consider [132]. Following the original suggestion of
L. Roth [101], we should symmetrize the different possible decoupling. Beside the size of the matrices,
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Figure 21: Bands and Fermi Surface with superconductivity at ¢t = 1, U = 8t and T' = 0 respectively
for (a) Roth solution at n = 0.8 (b) COM2 at n = 0.9. These are the respective doping at which
superconductivity is maximum. We observe a doubling of the bands associated to the doubling of
the basis. The spectral weight, overlapped in colors is also particle-hole symmetric. The insets on the
top plots correspond to a zoom around zero energy of the bands: we see a gap opening at k=(r,0).
There is no gap opening between k=(0,0) and k=(r, 7) because of d-wave symmetry. The associated
Fermi surfaces of (c) and (d) have been plotted with some broadening, as it is made only of one nodal
point between I" due to d-wave symmetry and the gap opening.

everything else remain the same: the expression of o from Eqg. (102) remains unchanged, but will
involve 4 x 4 matrices.
On Fig. 21 we plot the bands for the Roth and COM2 solutions. There is a doubling of the bands
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due to the particle-hole symmetry of the basis: we have four distincts eigenvalues €' of the E matrix
verifying the property ¢! = —¢3 and €2 = —¢*. Beside this doubling, the bands are almost unmodified
compared to what we had without superconductivity. Only one difference can be seen: a gap opening
at (m,0). We performed a zoom around zero energy in order to see the gap better on the insets. The
presence of the gap also appears on the Fermi surface: there is less weight near the (7, 0) compared
to what we had in Fig. 12 without superconductivity.

On Fig. 22a, we plot the parameter 6 as a function of the electron density n for the COM2 and the
Roth solutions. The dashed-line corresponds to the usual d-wave superconducting order parameter
Afj = (cisCjz). We can recover it directly from the correlation functions involving nearest-neighbors
cy" = <¢?(¢;”)T> using the following equation

AL = CB 4 Y 4 OB 4 o2 (138)
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Figure 22: (a): Anomalous superconducting mean field parameter ¢ as a function of doping for Roth
minimization and Pauli minimization (COM2 solution). € satisfy particle-hole symmetry in both cases.
The dashed lines corresponds to the d-wave superconducting order parameter A<, (b): Density of
states at the Fermi energy with no superconductivity. We see a clear correlation between enhance-
ment of the density of states and superconductivity. § and A? are maximum at the Van Hove singu-
larity. It lies at n=0.8 for Roth and around n=0.9 for COM2, as shown in Fig. 21.

The maximum of # and A? are at the same electron density. For the Roth solution this corresponds
to n=0.8, while for the COM2 solution it is around n=0.9. We already showed that n=0.8 corresponds
to the Van Hove singularity for the Roth solution in the discussion of Fig. 16 and 17. This is in agree-
ment with other studies [105] [102]. The same phenomenon occurs for the COM2 solution. In Fig. 21
we plotted the bands and Fermi surfaces for the COM2 solution at n=0.9 where superconductivity is
maximum. Beside the gap opening, the band for COM2 exhibits some flatness at (7, 0) and its Fermi
Surface is almost diamond-like. We plot the density of states at the Fermi energy as a function of elec-
tron density on Fig. 22b. Let us note we did not considered superconductivity to compute this density
of states (otherwise there would be a superconducting gap). The density of states was computed using
Eqg. (115) atw = 0. There is a clear correspondence between the maximum of superconductivity and
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of the density of states at the Fermi energy, both for Roth (at n=0.8) and COM2 (at n=0.9). For the Roth
solution a maximum can be found near half-filling but this maximum is associated with Mott physics
and does not improve superconductivity because it is too close to half-filling. The local maximum at
n=0.8 due to Van Hove singularity is the one relevant in the enhancement of superconductivity.

We checked that the 6§ parameter also verifies the following particle-hole symmetry

0 — 6* (139)

In order to satisfy particle-hole symmetry, there must be another maximum of 6, therefore another
Van Hove singularity in the electron doped regime. On Fig. 22b, we indeed see another peak both for
superconductivity and the density of states in the n > 1 area. They correspond to the particle-hole
symmetric of the peaks in the hole doped region.

In this method, the gap opening observed on the bands in Fig. 21 is of the order of A4, as it
is expected. The value of § affects both superconductivity and the density n, since ¢ involves both
quantities.

5.3.2. Bands and Luttinger theorem with longer ranged hopping

We now want to consider the effect of higher hopping terms in order to get closer to more realistic
materials. We want to see if the results we had with nearest-neighbours hoppings on the bands, the
validity of the Luttinger theorem and superconductivity are modified by further hoppings. Including
at least next nearest neighbors in the model is enough to break the particle-hole symmetry. We will
only consider the Roth solution in this section, since COM2 and COM1 solutions have been studied
with next-nearest neighbors in Ref. [123], and Roth presents Fermi surface closer to what is observed
by ARPES for cuprates.

From now on we will consider four different sets of tight-binding parameters all corresponding to
a square lattice as described in Fig. 23.

° . o ° °
° ° 0 °
t
° ° ° °
t
° 7 ° °

4] ] ] ] ]

Figure 23: Representation of the five longer ranged hopping parameter considered in this section for
a square lattice.

These tight-binding parameters correspond to cuprates Bi2212 and LSCO, which are strongly cor-
related. Their values, taken from Ref. [133],are given in Table 1. They are such that the energy for a
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tight binding model of a square lattice is given by

ew(k) = 2t(cos(kz) + cos(ky)) + 4tacos(ky)cos(ky) + 2t3(cos(2ky) + cos(2ky))

+ 4ty (cos(ky)cos(2ky) + cos(2ky)cos(ky)) + 4tscos(2ky)cos(2ky) (149)

In the following we will normalize every plots so we have t=1 (we will divide every tight binding
parameter by t in absolute value).

t ts ts ty ts
tb1 | -0.2956 | 0.0818 | -0.0260 | -0.0280 | 0.0255
tb2 | -0.3399 | 0.1184 | -0.0397 | 0.0086 | 0.0006
tb3 | -0.2941 | 0.0731 | 0.0048 | -0.0325 | 0.0035
tb4 | -0.3912 | 0.0370 | -0.0294 | -0.0350 | -0.0087

Table 1: Values of the 4 tight bindings we are going to consider. tb1is based on an ARPES fit
of Bi2212. tb2 corresponds to the bonding surface of Bi2212, tb3 is a modified version of tb2
to get a flatter band and tb4 corresponds to underdoped LSCO.

In this section we include hoppings up to t5 and study the bands and Fermi surface behavior.
With additional hopping terms, only the expression of the matrix M changes. In addition to the o},
parameter appearing in Eq. (106) higher hopping terms will appear in the M matrix. It becomes

N
n; n; +n;
m5=—u<1—2’>5u—2t[a%<1— e ]+Pw>+5w2a56u]
k=1 t

N
s
m}j? = Z t [O‘?j(; = Pij) — 0ij Z Oéfzez‘l] (141)
k=1 l

N
n
= 0 Yot a6 Yk
k=1 l

where

N—1times
off =1 ifiandlare next-.. -nearest neighbour (142)
of =0 Otherwise

Each new hopping considered adds a term in the tight-binding Hamiltonian which is then added in
the M matrix. The parameters p and e depend on bonds i-j, so we should make a distinction between
ellj with i and j nearest neighbors (NN), e?j with i and j next nearest neighbors (NNN)... e, and p’; will
be associated with their corresponding hopping as in Fig. 23. Translational invariance still allows us
to treat e, €2,....€5, pl, p?,...p° as constants. Correlation functions C;; = (¢);; 1/)}) are at different sites
too, so we will also have to make a distinction in the self-consistent equations between C! for NN, C?
for NNN and so on.
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(c) tb 3: Modified tb2 (cf [133]) (d) tb 4: underdoped LSCO

Figure 24: Bands obtained using Roth minimization with hoppings up to order 5. The overlapped
colors are the spectral weight, and the same waterfall feature as described in Sec. 5.2.1is observed.
The tight bindings parameters are taken from Ref [133] and are given in table I. The red line is the
non-interactive, tight binding dispersion. We consider n=0.8 and U=8t.

Fig. 24 presents the bands we obtain for Roth solutions for the four sets of tight-binding pa-
rameters in Table. (1). In Fig. 25 and 26 we plotted respectively the Fermi surfaces obtained with
the method and the Fermi surfaces of the non-interactive tight-binding dispersions (corresponding
to Eq. (140)). In the hole doped regime, the Fermi surface we obtained from the Roth solution has
the same general shape as the non interacting Fermi Surface. This is expected since despite being
non-interactive, the tight-binding parameter taken from table 1 are fitted from ARPES experiment of
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strongly correlated materials. The composite operators method produces Fermi surfaces that appear
to be smaller/larger than the tight-binding ones. This is in agreement with the violation of the Lut-
tinger theorem observed with nearest-neighbour hopping, and indicates that it is still violated with
further hoppings. We checked the opposite situation is accordingly observed in electron doped area:
the Fermi Surface obtained with the method is at a lower doping than the non interacting one. Let
us note that although the specific shape of the dispersions are different due to the characteristics of
the considered tight-binding parameters, the symmetry point are the same (one saddle point, one
maximum and one minimum).

r X r X r X r X
7r7r 0 ™ _ﬂ-—Tr 0 ™ _ﬂ:ﬂ' 0 ™ 7r7r 0 ™

Figure 25: Fermi Surfaces renormalized by the composite operator methods using Roth minimization
with the parameters of Ref [133]. We consider n=0.8 and U=8t. Top left: tb1, top right: tb2, bottom
left: tb3, bottom right: th4.

r X r X r X \I‘
_ﬂ-fr 0 ™ _ﬂ-‘n' 0 ™ >7T-7'r 0 ™ —7r_7r 0 ™

Figure 26: Non interacting (NI) Fermi Surfaces for the parameters of Ref [133] at 20% hole doping. Top
left: th1, top right: tb2, bottom left: tb3, bottom right: tb4.

In the following we study the particle-hole symmetry and the Luttinger theorem violation with
next-nearest neighbours. For the sake of simplicity we restrict ourselves to next-nearest neighbors
in this part. Next-nearest neighbors hopping parameter ¢, breaks translational invariance because of
the hopping term of the Hamiltonian which transform as follow:

Ztifcjocja — = (=) el cjo (143)
ij ij

65



ey
. eltbl
o e?tbl
o elth2
o eth2
o elth3
o elth3
nf
o elthd
o elthd
0.50 0.75 1.00 1.25 1.50 0.50 0.75 1.00 1.25 1.50
electron density n electron density n
(a) Chemical potential (b) Parameters e
2.00
1.75
o]
8150
125
€
5 1.00
('8
50.75
[
20.50
<
0.25
0.0é)
0.50 0.75 1.00 1.25 1.50 .50 0.75 1.00 1.25 1.50
electron density n electron density n
(c) Parameters p (d) Luttinger Violation

Figure 27: (a), (b) and (c) :Parameters as a function of doping for each tight binding with next nearest
neighbors. The circles corresponds to p1 and e1 (NN) while the squares corresponds to p2 and e2
(NNN). (d) : Luttinger violation for each tight binding.

For i and j next-nearest neighbour we have (—1)J = 1. The Hamiltonian is therefore not in-
variant if ¢o is included because it changes sign. We are now going to check the parameters are in-
deed not going to follow the particle-hole symmetry. An interesting question is to know whether the
nearest-neighbor quantities like e! and p' are still particle-hole symmetric or if they are affected by
the presence of ¢s.

For n and p, the transformation is the same as with the nearest neighbors case:

n—2-—n

1
LU (144)

For the bond variables e;; and p;;, we already know the transformation for p! and e!. The only
difference for p? and e? comes from the (—1)"*7 term. p? will not be affected because it involves only
two bodies operators. Thus only e? has an additional minus sign under the transformation. Therefore
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the particle-hole transformation on the parameters leads to:

pt—=1-—n+p
p? = 1—n+p
1 1 (145)
e — —e
e? = é?

In Figs. 27a, 27b and 27c we plot the parameters p, e and p as a function of doping for the four
considered tight-binding parameters of Table. (1), only considering t and ¢,. Parameters e? and p?
indeed break the particle-hole symmetry from Eq. (145). The chemical potential, as well as e! and p'
behave as in the nearest neighbor case, so they remain particle-hole symmetric.

Finally we can again study the Luttinger theorem. In Fig. 27d, the area of the Fermi surface is
plotted as a function of electron density. Interestingly we observe an analogous behavior as in the
nearest-neighbor case. The Luttinger violation does not seem to be affected by the presence of next-
nearest neighbors hoppings and is barely changed when we modify tight-binding parameters. As
already mentioned before, the Luttinger theorem is strongly violated around half filling and is recov-
ered further away. This confirms why in the previous section the Fermi surfaces seemed to be at a
higher doping than the electron density we considered when we are in the hole doped regime (and
conversely, at a lower doping in the electron doped regime).

5.3.3 . Superconductivity with longer ranged hoppings

In this section we again consider hoppings up until ¢5, and we implement superconductivity. We
will assume again a d-wave symmetry and only consider nearest-neighbor pairing. As before, the
M and | matrices become 4x4 and have the same symmetries as the nearest neighbours case. The
I matrix is independent of t and t' and is thus the same as before. The main difference is that the
coefficients mj}, m;? and m;? are now given by Eq. (141). m;? stays identical to its expression in the
nearest neighbor case since we only consider superconductivity for nearest neighbors. Therefore m}f’
is proportional to the § parameter, defined the same way as previously (6;; = (circijnjo)).

In Fig. 28a, the # and A% parameters are plotted as a function of electron density for the four tight-
binding parameters with the Roth solution. Since we have included further neighbors, ¢ is not particle-
hole symmetric anymore. In Fig. 28b, we plotted the density of states at the Fermi energy without
superconductivity using Eq. (115) at w = 0 (in order to see the peaks with no superconducting gap).
In Fig. 28c and 28d, we plotted without and with superconductivity the bands at electron densities
corresponding to the maximum of the density of states for tb3 when the system is hole doped (n ~
0.6). The bands with no superconductivity on 28c are flats at the Fermi energy. This proves that the
maximum of Fig. 28b correspond to the Van Hove singularity. On 28d we see in the inset the gap
at (m,0) is again of the order of 2A%. The maximum of the # and A? parameters are thus at the
same electron density as the Van Hove singularity. Hence, the situation is the same as in the nearest-
neighbor case. In Table 2 we give the electron densities associated to the Van Hove singularities
for the four sets of tight-binding parameters. Let us note there is no proportionality between the
peak in the density of states and A it is different for every set of tight-binding parameters. This is
seemingly a consequence of the electronic correlations which are treated differently for each tight-
binding parameters as a consequence of the main approximation of the method Eq. (88).
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Figure 28: (a): Anomalous superconducting order parameter  as a function of doping for the four sets
of tight bindings parameters with Roth minimization. The dashed line corresponds to the usual d-
wave superconducting order parameter we rebuilt from the correlation function. We are at U=8t. (b):
Density of states (with no superconductivity in order to see the peaks) at the Fermi energy. The 2 peaks
corresponds to the 2 Van Hove singularity in hole and electron doping respectively. To illustrate this
the bottom plots (c) and (d) are the bands at the Van Hove singularity with tight binding parameters
tb3 at n=0.6 respectively with: (c) no superconductivity, where we clearly see the flat band associated
to Van Hove singularity (d) with superconductivity, the gap is located around X and is of the order of
A,

The most striking feature is that superconductivity in the method seems to be induced by the
proximity of the Van Hove singularity. This was already the case with nearest neighbors but this
property seems unaffected by further hopping terms. For cuprates there exist a consensus that an-
tiferromagnetism is the interaction necessary to explain the pairing mechanism [134]. This has also
the advantage to explain why experimentally superconductivity is observed around 15% hole dop-
ing. Since this method predicts superconductivity only close to the Van Hove singularity, it is non
zero at some doping values which does not correspond to what is expected. This flaw is maybe a
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tb1 | tb2 | tb3 | thg
Van Hove (electron) | 1.04 | 1.05 | 110 | 1.1
Van Hove (hole) 0.57 | 0.45 | 0.6 | 0.58

Table 2: Electron density at which there is a Van Hove singularity at the chemical potential. At
this values a flat band lies at the Fermi energy and the associated Fermi surface is diamond
like. These singularities occur both in electron and in hole.

consequence of the main hypothesis of the method: it is maybe necessary to consider dynamical
corrections to the self-energy in order to observe a different behavior for superconductivity.
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6 . Two orbital Hubbard model with inter-orbital hopping

6.1. Description of the model and limit case studies

6.1.1. Model and physical motivations

Unlike in cuprates, in iron-based superconductors, there is no Mott-Insulator phase close to the
superconductor phase. Instead, there is a metallic phase with spin order. In this context, the question
of the reconstruction of the Fermi Surface due to electron interactions have been extensively studied
[135] [136]. A local loss of spectral weight in the Fermi surface upon doping or temperature change
has been observed. It is associated to the unhybridization of one of the d orbital (usually d,,) [137].
Such phase has been called orbital Selective Mott phase (OSMP). The main ways to describe this phase
involves either Hund's coupling [76] or Hubbard interaction with inter-orbital hopping [138].

In this section we will show an OSMP phase was achieved with a two orbitals Hubbard Hamiltonian
with aninter-orbital hopping term by mean of composite operator method. We consider the following
Hamiltonian:

= 3 hntinn — i A Y et + htian) + DU (g

ijaoc fege] [1ea 1o

Where cjw creates an electron on site i with spin o € {1, |} on orbital & € {z,y}. ¢inr Will destroy
such electron, and n;,, is 1 if an electron is on the lattice at site ¢ on orbital a with spin ¢, and o
otherwise. ¢} is the intra orbital kinetic energy, with chemical potential n*. The A term is a inter-
orbital hopping. Finally, U® denotes the intra-orbital Coulomb repulsion. We start by studying the
limit case (atomic limit and non-interacting, since the A = 0 limit has been studied in the previous
section and would simply lead to two identical orbital following the same physics as detailed in Sec.

5).

6.1.2 . Non-interacting limit (no U)

In the non-interacting limit, we do not consider any Coulombian interaction. In this case, the
Hamiltonian becomes:

Hyr = Z tzj zaa’cjag + C}Lagcwca - A Z mgczya + Czya'c'bxo- Z ,U, Niao (147)

Z]OéO' [1ea ioa

This Hamiltonian is diagonalizable in Fourier space. To simplify the picture we consider in this
section a 1D chain. Thus, it can be rewritten as:

Hyr =) Hy

F (148)
Hk = Z Eg(CLaUCkaU - A E(C;ro'ckya + CLyUC]WU)

ao ko

With e = —2t%cos(k) — p® the tight-binding dispersion for a 1D chain. Introducing the Nambu
spinor ¢; = (cizciy) the Hamiltonian rewrite:
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T\
Hy = <f"3 y> (149)

pe=0,py =0ty =-1,t, =1,A=0 pe =1,y =1,t, =1,t, =1, A =1
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Figure 29: Bands of the 1D chain with no interaction for various values of the parameters. (a) In the
absence of X and for t, = —t, the eigenvalues are particle-hole symmetric as one can expect. (b)
A splitting is created because of A of the two bands. (c) & (d) A systematically opens a gap of 2),
whatever the bandwidth or chemical potential (as long as they are taken equal).

Spin is not considered in this basis because Hj, is spin degenerate (the off diagonal blocks con-
necting o to ¢ are equal to zero). Therefore, the two spin-degenerate eigenvalues of this Hamiltonian
are:

Lt V(e — ez + 402
£

(150)
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This expression simplifies in the case t* = tY and p* = Y into:
ef = e £\ (151)

In that case, the non interacting limit bands are composed of two tight-binding bands split by a
gap of 2\,

It is also instructive to consider the situation with ¢t # Y. In Fig. 29 we plot various parameters
regimes. At vanishing ), the two eigenvalues are degenerate (particle-hole symmetricif ¢, = —t,) and
describe the regime of Sec. 5. A splits the band and opens up a gap of different size depending on the
values of u* — p¥ and t* — t¥ as shown by Eq. 150. This gap is thus always observable but for larger
bandwidth may appear negligible.

It is important to note that these bands are not directly associated to orbitals but to combination
of these orbitals. The eigenvectors of these bands indeed involve a mixture of the x and y orbitals.

6.1.3 . Atomic limit (no t)

In the atomic limit term, the bands are now local. Therefore there won't be any momentum de-
pendency and we have discrete energy levels. For simplicity, we will then consider one site with its
two orbitals. The Hamiltonian in this limit (at © = 0 and U* = UV for simplification) is:

Hap ==X Z(C;UCyg + CLUCxo) +U Z NorNa (152)
o o

Let us first notice that the total number of charges commutes with this Hamiltonian. The total
hamiltonian is block diagonal in the charge sector. Thus we can consider independently each of these
block matrices associated to a certain number of charges (o for the doubly empty site to 4 for the
doubly occupied).

At half-filling we consider the following charge 2 basis:

82 - {‘ Tl«xvoy% ‘OxyT\Ly>7 | Txviy% ‘ ixaTy)} (153)

The state |o,, 0,) is not relevant because the application of H 4y, to it always make it vanish. The
Coulomb term is going to give o if we apply the two states with single occupied orbitals. The two doubly
occupied states are eigenvector of this term with eigenvalue U. Meanwhile the A term transform two
single occupied orbital into one double occupied orbital and the other one empty. Therefore, in the
B2 basis, we have:

U 0 =X =X
0 U =X =X

2 _
Hy; = X -\ 0 0 (154)
-A =X 0 0
The eigenvalues of this hamiltonian are:
€y — 0
ey =U (155)
o — UEVUZHIGN?
== 2
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In the case of a large U, ¢y and ey correspond to the lower and upper Hubbard bands from the
Mott-Insulator physics. It is important to note that e is three fold degenerate because of the |o,, o)
states. Then,

2 (156)

e+ represents the gap opened by A. Inthe U — oo limit, this gap tendstooande_ — 0, ey — U,
only the lower and upper Hubbard bands picture remain.
In the other limit where X\ dominates over U, we have

1
e %_2)\4_% U2 (57)

2
{e+ ~2+ 8+
~ 6%

Interestingly, in this limit U is not completely washed out by )\ in the sense that eg and ey remain
different than e in the A — oo limit.
If we only consider one electron, the charge 1 basis is:

Bl = {‘ T$a09>7 |0567Ty>? | ¢x70y>v |Oza¢y>} (158)

In this basis, the Hamiltonian rewrite:

1 | =A 0 0 0
HAL - 0 0 0 - (159)
0 0 —-X 0
In case of three electrons, the charge 3 basis is:
83 = {| TixyTy% ‘ Ti«xviy% ‘ Ta:aTi«y% ’ \Lx’Tiy} (160)
The Hamiltonian in this basis is:
v 0 -\ 0
3 |0 U 0 =X
Hi, = “\ 0 U 0 (161)
0O - 0 U

In the charge 1 channel the eigenvalues of H; are doubly degenerate (because of the spin) and
given by :

Epm = £ (162)

In the charge 3 channel, the eigenvalues are still doubly degenerate because of the spin (there is
always one pair, and a possible degeneracy of spin of the unpaired electron) and are given by:

et =U+ A\ (163)
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Figure 30: Schematic of the spectrum of the system in the atomic limit. The o energy level is three
fold degenerate. The states are depicted for U > X (right) and A > U (left).

Both the charge 1 and charge 3 channels presents two doubly degenerated eigenvalues due to a
spin degeneracy. The three electron case is analogous to the 1 electron case, but it is the hole that is
doubly degenerated. Let us finally note that the energy of the system is o in the charge o channel and
2U in the charge 4 channel. Therefore, we can represent the spectrum of this model in Fig. 30

In both limit cases, the ground-state is given by the ¢ = U=VU+16A° VU22+16A2 eigenvalue. In the B; half-
filling basis given in Eq. (158), eigenvector |—) associated to e_ is given by:

4N 79\
=)= U+ \/m| T, O0y) + U+ \/m|0y>T¢y> + | Tas dy) + 1 T2 dy) (164)

Although this eigenvector is non normalized, we see in the U >> A case the first two components
vanishes, and only the singlet states have a weight. This is in agreement with Mott-Insulator physics,
pair formation are avoided. If U is large but not infinite, some double occupations are still possible
when X is non zero. We now want to know whether it is possible to have a Mott insulator on only one
orbital and a metal on the other orbital away from half-filling.

6.2 . Composite operator treatment and phase diagram

6.2.1. Extending the theory to two orbitals
We want to study the strongly correlated limit of this hamiltonian in the following regime: U* =
UY =U > A t, =t, = t. For simplicity we also consider u, = p, = . We choose this regime to
verify whether spontaneous orbital symmetry breaking can be observed only with this regime. The
two orbital Hubbard Hamiltonian is now given by
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H=- Z tijcjaacjaU —H Z Niag — A Z(C;‘rxaciyg + ijaciffa) +U Z TNiatTial (165)
1joo [lege s 26
«ais the orbital quantum number and can be either x or y. We introduce the following basis which
is adapted to this limit because it commutes with the interaction terms:

&‘m
Nizo

i = (166)
w Eiy(r

Niyo

With:

(167)

giaa = Ciao — CiacTias
Nice = CiaoNias

As usual with the method, it is important to notice that ¢;ns = &iao + Miao-
The same equation of motion approach can be performed by introducing the 4 x 4 composite
Green's function matrix defined by:

Sijoor (1) = {(Wia (1) 01,)) = 0 (1) ({Whio (1) 01, ) (168)

From now on we will assume a paramagnetic solution, therefore we will take ¢’ = o. The con-
nection between S matrix and the electronic Green’s function G appears from the relation ¢, =
&iao + Miao, @and is now involving different matrix element depending on the considered orbital:

Gijx:co('r) =S 4812 g2l 4 g2

jo jo jo jo
Gijyyo (1) = Sijy + S + Sijo + Sijo (169)
Gijoyo(T) = Si3 +SEL+ S5, + S,
Gijzeoc and Gijyye are the usual electronic Green’s function for their respective orbitals, while
Gijzyo IS an inter-orbital electronic Green’s function and will be useful for studying hybridization.
We perform the same equation of motion scheme and apply the usual composite operator ap-

proximation (Eqg. 173) to obtain the usual relation between the M and | matrices:

M;, ~ Z Eiolijo (170)
1

Where

lijo = <{wio;¢;g}>

(171)
Mo (1) = ({Jio(r): 61, ) !
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Jis(T) is the total current defined by:

Jio (T) = 0rthio (T) = [thio (7), H] (172)

Under the main approximation of the composite operators method it simplify to:

Jio(T) = Y Eat(7) (173)
l

Finally, with the main hypothesis and translational invariance, we obtain in Fourier space the fol-
lowing equation of motion for the composite Green'’s function:

Sijo = Y _[widy — EJ ;"o (174)
l

The presence of the A and t terms constrain us to neglect terms in the total current which are
non proportional to 1. However, the currents are exactly proportional to the composite operators in
the atomic limit. As such, the Hubbard operators provides a good description of the Mott insulator
phase and are appropriate to study excitations around half-filling. Therefore the current truncation
is assumed to be a good hypothesis in the vicinity of the Mott phase.

The self-consistent loop then remain the same as depicted on Fig. 11: using fluctuation-dissipation
theorem an equation between the correlation functions C;;, = (wwwj.o) and the eigenvalues of the
E matrix can be obtained, and the self-consistency loop is closed by expressing the elements of the E
matrix as a function of these C;;,. From the results of our analysis of Roth and Pauli solutions in Sec.
5, we will only consider Roth solution in this section as we showed it is more physical.

We thus explicitly compute the I and M matrix (which allows to obtain E). We start with the I
matrix:

,_.
|
S
]
o
o
o

2
0 Rz 0 0
ljo = (i W) = o | o 2 (175)

0 0 0o

To compute the M matrix we need first to explicitly compute the currents. From now on we will
assume ¢ =71 and we will not write ¢ anymore. Note that the equations will be the same if o =|.

Gt = =i = Yt (cjar + ije) = ACigt + Tiay)
j
U+ S5+ AT

J
(176)
G2 = =1y — Yt (ciyr + Tijy) = Alciat + Tige)
i

= = U 3 AT
J
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With:
ILijo = —NialCjat + S;pCjal — Aiac}w
Linar = —NialCiart + SiCial] — Aiacza/ . (177)
Ajo = CiatCia)l Siy, = Cza\LCiaT

Finally, the explicit expression of the M matrix is:

11 12 13 14
Tge, My g My
M. — (mijx)* Mz mij my, (178)
U (mb3y mB)r ml ml2 7
4\« 4\ o b2
(mij ) (mij ) (m zjy) My

With :

nza

= 5” Iu,

Ztlezla - ?a) _t%‘ (1 — Nja +pijoz)

zya <

n;
z]a - 52] ( tzlezla + /\6 ) ta ( ;a pija)
Ua (

n (179)
= 5@] = Z tzlezla - ?a ) - t%])ija
Nigz + Ny Nig
n;
mll]4 = Adz]( 2zy pixy) mU = Aészzzy

With @ = Y if @ = X and conversely. Hence, since E = M 11, we know the E matrix will depend
on the 9 following parameters to be determined self-consistently:

Njaq = <C;[agciaa>
8 = (€jaotlse) — (MjaoNigy) + (N50le) — (Nacly) (180)
Pap = (Riaofjsa) + (50 575) — (Bially)
We have used translational invariance and C* rotational symmetry in order to consider these
parameters as site independents constants, the same way as in Sec. 5. Furthermore, since they are
physical observable we will assume these parameters are real. We will do likewise for correlation

functions. Now we have to express these parameters as a function of the correlation functions to
close the system. We define the on site and on bonds 4 x 4 correlation function matrices as:

Cy™ = Cy" =cste O™ = Cl™ = cste (181)

We remind that i and j are now always considered as nearest neighbors.
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It is easy to express all the one-body parameters as a function of the correlation functions, one
simply has to decompose the electronic into composite operators. We get:

ng =2(1-Ct = O -2 —02%) n,=201-CP - C3* - C5? - O
ey = CH — C* e, =C¥ —o# (182)
ery = Co' +Cy' = C° = CF* eye = Cp° + C3° — Cp' = Cp®
For p., py and p,, we use Roth decoupling as mentioned earlier. The details of the computations
of pz, py and p,,, can be found in appendix D. The self-consistent equations for p, and p, are as follow:

by = (na)* P

T4 1—()? 1—¢ 146 83
P, = (ny)2 ply p; Py

y =

4 1—(¢)? 1—¢, 1+,
With :
pév — ax(cll +012)2 +ﬂx(cl2 +C22)2 p; — Oéy(033 +034)2 +/By(034 +C44)2
pr = (g + B2)(C + CP)CP +C?) py = (ay + B,)(C¥ + C**)(CH + C*) (184)

bs = —a(CY 4 C2) 4 Bu(CP 1+ CF) 6y =~y (CF + CJY) + B, (CH* + O3
And:
2 2 2 2
ax_Q—nx ﬁx—n*x ay_Q—ny By—TTy (185)

Similarly to superconductivity in Sec 5.3.1, several Roth decoupling are possible for p,,. Indeed, a
term such as A; A} can be decouple by considering the x or the y channel (details on this arbitrari-
ness can be found in appendix D). However the two channels must be equal because of translational
invariance (AIA;; = AyA}). Therefore, following the original paper or Roth (ref [101]), we will again
symmetrize these equations. We then get the following equation:

1 08— Qa Q, Q
=g 2. 1—(¢a)2_<1—¢a+1+¢d> (186)
a€(zy)
With:
s N Ny
0 = Waa(O + G (-1 460) % = "y (P +CF) ~1)(-1 +6,)

Q= o (O3 + C3)? + Bo(C + Ci2)? Q, =y (CP + O + B, (Ca* + c3hH?  (187)

Q= (ao + Ba) (G5 + C) (o' + C3%) Q) = (ay + B,)(C5® + CF°)(Cy* + CFY)
The self-consistency is now closed: starting from initial guess for the 9 parameters defined in Eq.
(180), we compute the eigenvalues of the 4 x 4 E matrix. Then, we use fluctuation-dissipation theorem

(Eg. 104) to compute the correlation function, that we use to self-consistently obtained new set of
parameters.
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6.2.2 . Phase diagram

Rather than the n, and n, parameters of Eq. (180), we will fix the global electron density n =
ng +ny (between o and 4 due to spin and orbital). The chemical potential 1 will be the self-consistent
parameter that vary, but is constrained by the following self-consistent equation:

n=ng+n, =22-0"—Ci? -0 —C¥ - O - C3* — Cg® — Cgh) (188)

Then, the electron density on each orbital can be recover by considering the following self-consistent
parameter:

on =ny —ny = 2(C3% + C3* + C3 + it — gt — C§? — 2t — C2?) (189)

Therefore, instead of fixing n, and n,, we fix the total electron density n and the difference of
electron density between the orbital én. If dn converges to zero, the two orbitals have the same
density.

The calculation are done on a square lattice of dimension 300 x 300 with periodic boundary con-
ditions. In Fig 31A we present the phase diagram as a function of total electron density n and inter
orbital hopping A for U = 20t in the hole-doped regime (n smaller than 2). Two solution can be ob-
tained: the orbital uniform phase (OUP) exists everywhere in this phase diagram and is characterized
by a vanishing on and e, = ey, px = Py, €zy = €y. When X = 0 this phase is analogous to what was
described in Sec. 5.2.1 (with Roth scheme).

For lower values of X in the vicinity of half-filling, the dn parameter converges to values such that
one orbital electron density is close to half-filling, and the other one such that n = n, 4 n,. Therefore,
we call this phase Orbital Selective Mott Phase (OSMP). We will offer a better characterization of the
OSMP in Sec. 6.3. The red line on the phase diagram correspond to the limit beyond which the OSMP
cannot be stabilized anymore: the system can then only converge to the OUP. On Fig 31B we plotted
the dn parameter for several total electron density n: each line color corresponds to a specific total
electron density associated with the colored dashed lines of the phase diagram. For low values of
A and close to half-filling, én is such that one orbital « is close to half-filling: n, = % ~ 1. This
regime thus corresponds to the OSMP. The chosen Mott orbital can be picked randomly, thus dn can
converge both with a positive or negative sign. A drop to zero is then observed when entering the
OUP phase, where n, = n,. This drop is therefore associated to the red line of the phase diagram.

On Fig 31C, the energy per site of the two phases are plotted for several total density, again fol-
lowing the same color code as Fig 31B. The dashed line corresponds to the energy per site of the OUP
while the continuous one is the OSMP. The energy per site E; is defined as follow:

(H) =Y Ey(i) (190)
i
To compute it, we start from the full expression of the 2 orbital Hubbard Hamiltonian at site i:

H; = — Z taczagci—i-&oza - Z ,Uanicw - A Z(C;‘rxa-ciya + C;{ygci:po) + Z UaniozTniOQ (191)
o @

dao oa
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Figure 31: (A): Phase diagram at U = 20t, ¢t = 1 and T' = 0 of the system as a function of total electron
density n and inter orbital hopping A in the hole doped regime. The orbital uniform phase (OUP) exists
across the whole diagram: it is characterized by a vanishing én (meaning that n, = n,), and allows to
recover the results from Sec. 5 at A = 0. An Orbital Selective Mott Phase (OSMP) emerges for smaller
A and is such that one orbital has a half-filled electron density and the other one is such that the sum
of the orbital density gives back n. The red line represents the limit of stability of the OSMP. (B): value
of the difference of orbital electron density on as a function of A/t for several density associated to
the colored lines (A). An abrupt drop to zero can be seen and corresponds to the red line of (A): the
OSMP cannot be stabilize anymore. (C) represent the energy per site of the OUP (dashed) and the
OSMP (continuous line) as a function of A/t for electron density associated to the colored lines of (A).
The values of (A, n) such that the OSMP has a lower energy per site is represented by the green area
on (A). Between the red and black line, OSMP is metastable.

where § runs over the nearest neighbours of site i. We now consider the expectation value and re-
express each term as a function of the correlation function C"™™ = (¢*( ﬁé)w and Cp™ = (2 (ypm)T).
For the hoppings terms (weather it is the t or the X term), we simply use ¢; = &; + n; and commutes
the operator which are at different sites or orbital to obtain:
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(Hy) =Y (t°(CM + C"2 4 C? + C?2) + t¥(C% + C** + O 4 C))
b0 (192)
(Hy) =AY (C3'+ CF? + Cit + Cg% + G + G + Gt + )
Then, we simplify this expression using the paramagnetic assumption, the C* rotationnal invari-
ance and the fact that C§! = (C}*)*. We obtain:

{(Ht> = 2[17(CM + C'2 4 O+ O2) + (33 + O3 4 C%3 4 O] 193

(Hy) =4NCFE +C3 + it + 3

Where z is the coordination number, and is 4 for a square lattice. The expectation value of the
interacting term can be derived by replacing the ¢ by £ and #:

Ng + Ny
2

Finally the expectation value of the chemical potential is just a shift of energy and should not be
consider to compute the ground-state energy. Finally, the expression of the energy per site is:

(Hy) =U( —-C3' - - - cih (194)

Ei — QZ[tm(Cll + 012 + 021 + 022) + ty(033 + 034 + 043 + 044)] + 4)\(0&3 + 083 + 064 + 034)

O - - - o

_ U(
(195)

Fig 31C reveals the energy per site of the OSMP is smaller than the OUP at low A and closer to
half-filling. On the phase diagram of Fig 31A, we report with the black line the area where the OSMP
becomes energetically favorable (green area). In the white area between the black and red lines, the
OSMP is stabilized for low X but not favorable compared to the OUP phase: it is in a metastable state.
We will now study these two phases more in depth.

6.2.3. Bands and hybridization

In the context of the two orbital Hubbard model, hybridization corresponds to the tendency of
electrons to delocalize between orbitals. This information can be extracted from the orbitally resolved
spectral function A, o< —Im(Goz) where a and 8 runs over x and y orbitals and G5 denotes one
of the four Green's function introduced in Eq. 169. In Fig 32 We display the bands at electron density
n = 1.72 for three different values of A\ corresponding to the blue stars of fig. 32. The color of the
bands represent the difference A,, — Ay,. This is the tendency of the associated (energy, momentum)
set to be localized on the x (green) or on the y (blue) orbital. As in Sec. 5, bands corresponds to the
eigenvalues of the E matrix and are the poles of the electronic Green'’s function for both orbitals. Let
us note we zoom around the Fermi energy to display the lower Hubbard bands, and we show as an
inset the upper Hubbard bands.

Fig 32A and 32B display the OSMP bands for A = 0.06 and A = 0.2, respectively corresponding to
the stable and metastable region of the OSMP. Among the two lower Hubbard bands, one of them
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Figure 32: Bands along high symmetry points of the square lattice associated ton = 1.72and U = 20¢
for three values of \. (A) and (B) depicts the OSMP respectively in the stable and metastable region
while (C) is the OUP. The two bands observed corresponds to the lower Hubbard band splitted in two
because of the orbital degree of freedom and \. The upper Hubbard bands are also splitted in two
and represented as an inset for each figure. The colors of the bands depicts the difference A,, — Ay,.
A very blue or green color indicates strong localization on one of the orbital. (A) and (B) presents a
fully filled and orbitally localized band, hence it is indeed "Orbital Selective Mott Phase". Hybridization
is however not exactly zero and is enhanced with X\ around the crossing points of the bands. In (C),
A, — A, is zero, and the bands are uniformly hybridized, but not degenerated due to the presence of
A

is fully filled and below the Fermi energy. A clear difference in color appears, meaning that 4, —
A, is very positive for a band and negative for the other one. Thus, in the OSMP bands are mostly
associated to an orbital. We can then conclude that the band under the Fermi energy is the Mott band
where one of the orbital (here, the y orbital as the Mott band is in blue) electron density is close to
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one. It is however important to note that only at exactly A\ = 0, the bands are fully unhybridized. A
very small hybridization is observed at the crossing points of the band and gets larger with A, until
it breaks completely the OSMP. Expectingly, the electron density of the Mott orbital is driven slightly
away (but remain close) to half-filling whenever hybridization increase. OSMP therefore appears as a
spontaneous orbital symmetry breaking.

In the OUP displayed on fig. 32C, the hybridization increased so much that the Mott band disap-
pear completely and gets fully hybridized, resulting in A, = A, everywhere. At A\ = 0, the two lower
Hubbard bands are degenerated and show analogous behavior as in Sec. 5. However the degener-
acy is lifted with \. Beside having the same electron density for both orbital (én = 0), the OUP orbital
parameters are also equal (e, = ey, Pr = Dy, €zy = €yz). FOr this solution, A, — A, are uniformly zero,
meaning that the OUP bands are strongly hybridized at all A.
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Figure 33: For A = 0.06t n = 1.72 (A) displays the intra orbital spectral function A, as a function
of energy w — u for different high symmetry k-points. The spectral for each k-points are shifted by
1.5t for clarity. (B) Shows the inter-orbital spectral function A, for the same parameter. Here the
results for each k-points are shifted by 0.3t for clarity. The inter-orbital spectral function is non-zero
whenever the two intra orbital spectral function overlaps, indicating hybridization.

To confirm this hybridization between the orbitals, we plot in Fig. 33A the spectral function for
both the z (green) and y (blue) orbitals as a function of of energy for several high symmetry points in
the OSMP at n = 1.72 and A\ = 0.06¢ (associated to the band of Fig. 32A). Between each momentum
points a shift of 1.5¢ has been considered for clarity. On 33B, we plot the inter orbital spectral function
for the same parameters of the OSMP. As it takes smaller values, the shift between the k-points is
taken equal to 0.3t.

The spectral function of the two orbitals overlaps for electrons near I'-X points of the Brillouin
zone. The overlaps lead to a substantial interorbital spectral function along the I' — X regions, as
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shown in Fig. (33B). However, the spectral functions around M — X points remain well separated and
retain their orbital character. Therefore, the interorbital spectral function remains flat around M — X
regions.

Therefore, we reveal the characteristics of the bands in the OSMP and OUP phases. First, in the
OSMP phase, one of the bands flattens and goes below the Fermi level. Secondly, in the OSMP phase,
the two bands have weak hybridization and retain their orbital character. Thirdly, the hybridization
occurs only around specific momentum points where the two bands overlap. However, such hy-
bridization remains appreciable for any finite ), indicating the absence of a complete breakdown of
hybridization in the OSMP phase.

Because of this small hybridization no Kondo breakdown is observed. The presence of an inter-
orbital repulsion U,, may have to be considered in order to completely vanish hybridization. This
project is left for future studies.

We now shift our attention to the Fermi surface.

6.3 . The orbital selective Mott phase

6.3.1. Fermi surface

To give a better characterization of the orbital selective Mott phase, and establish an experimental
connection with ARPES experiments [83, 84], we represent in Fig. 34 the Fermi surfaces at n = 1.72
associated to the three values of \ of Fig. 32.

On the Fermi surface we only represent the Fermi contour, corresponding to the momentum
such that the bands have a vanishing energy. While diminushing A and going from the OUP to the
OSMP, an electron pocket centered on (, ) vanishes. This is in agreement with experimental papers
mentioning the loss of spectral weight in the Fermi surface as a characteristic component of Orbital
Selective Mott Phase [139]. In our model, this loss of spectral weight at the Fermi energy is explained
by the localization of one of the orbital, corresponding to the lower Hubbard band of Fig. 32 that gets
completely under the Fermi energy.

Fig. 34A and Fig. 34B are fairly similar. This is because they both corresponds to the OSMP at
different A. Modifying the electron density have a direct effect on the Fermi surface, as observed in
the section were the violation of Luttinger theorem has been established (Sec. 5.2.2). To establish
the effect of A, we report on Fig. 34D the evolution of the area enclosed by the Fermi surface as a
function of \ for several electron density, with the same color code as in Fig. 31. This area remains
almost constant with ), explaining the similarities between the two figures. However, a big jump in
the Fermi surface area occurs when the system undergoes the transition to the OUP phase.

While this increase of the Fermi area can be explained by the second electron pockets being re-
stored, we would like to offer an analogy at this stage with Kondo lattice model. It is firstimportant to
note this model is different from Kondo, as strong interaction and hopping are present on both or-
bitals. That being said, as detailed in Sec. 4.3 Kondo lattice model has the notable effect of enlarging
the Fermi surface whenever hybridization occurs as explained in Sec. 4.3.2. The situation is com-
parable here, as the fermi surface area is enlarged when the transition occurs between the almost
non hybridized OSMP and the hybridized OUP. We could also compare the fact that OSMP survive
to non zero A\ with the competition between antiferromagnetism and hybridization of the Kondo-
Heisenberd model as explained in Sec. 4.3.3. This last comparison must be understood cautiously,
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Figure 34: (A) Displays the spectral function A(k, er) at A = 0.06t in the OSMP phase for n = 1.72. (B)
Depicts the same for A = 0.2t, in the metastable region of the OSMP. (C) Fermi surface of the orbital
uniform phase at A = 0.36¢. In the OSMP, only a single Fermi sheet is observable, whereas in the
metallic phase, two sheets are visible. Furthermore, the Fermi surface area is smaller in the OSMP
phase compared to the OUP. (D) Illustrates the evolution of the Fermi volume A, as a function of
inter-orbital hopping for different electron densities, showing a jump at the transition. In the OSMP
phase, the Mott orbital does not contribute to the Fermi volume since one band remains filled.

as a paramagnetic assumption has been done in the beginning of the composite operator treatment.
Nevertheless, it appears two energy scales are competing in our system, one that would favor Mot-
tness and the other one favoring hybridization. This might explain why OSMP can "resist" to non-zero
A, in contrast to other studies [140].

6.3.2 . Density of states
We shift our attention to the total density of states at n=1.72 as a function of X on fig. 35A. The
lowest line corresponds to A = 0 while the uppermost is A = 0.42¢, and a step of A = 0.02t is taken
between each density of states line, separated with an energy shift of 0.05¢ for clarity. The green
dashed line corresponding to o energy represent the Fermi energy. The system is in the OSMP until
it reaches the critical value of X after which the phase cannot be stabilized anymore (red line of the
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phase diagram of Fig. 31). Above this value A\. = 0.22¢ the system is in the OUP phase.
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Figure 35: (A) Density of states at n = 1.72 and U = 20t for A ranging from o to 0.42¢ with a step of
0.02t. Ashift of energy of 0.05¢ is made between each A value for clarity. A Mott peak is observed at low
A and gets flatter as A is increased. (B) Orbitally resolved Density of states at A = 0.16¢. This Mott peak
is the consequence of one orbital, which is in consistent with the OSMP being almost unhybridized,
as detailed in Sec. 6.2.3. (C) Display of the density of states at the Fermi energy. A jump is noticeable
at the phase transition because the Mott orbital becomes metallic. Within the OSMP, X increase the
density at the Fermi energy as it creates small hybridization, and push away from half-filling one of
the two orbitals. (D) The position of the maximum of the density as a function of A. As X increase,
hybridization gets stronger and the peak gets closer to half-filling.

At low X value in the OSMP, a peak below the Fermi energy is noticeable. It is associated to the
filled bands depicted in Sec. 6.2.3. Following the conclusion of Sec. 6.3.1 that system in this phase is
almost unhybridized, we display on Fig. 35B the orbitally resolved density of states corresponding to
A = 0.16t. The total density of states is represented in brown while in blue and green are respectively
the y and z orbital density of states. The observed peak is indeed the consequence of only one of the
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two orbital, corresponding to the filled eigenvalue of the OSMP bands. However, at the Fermi energy,
this orbital still has a small but non-zero density of states.

32C tracks the density of states at the Fermi energy. While a clear jump is observed at the OSMP-
OUP transition due to the Mott orbital becoming metallic, an increasement of D(er) is observed with
A within the OSMP. This is in agreement with the small hybridization observed around the crossing
point of bands in the OSMP in Fig. 32. As showed in previous section, in the OSMP, only at A\ = 0
one of the two eigenvalues is perfectly at half-filling and unhybridized. When X gets non-zero, a small
hybridization is noticeable. As a consequence, the "Mott" orbital is not exactly at half-filling anymore
and some states appear at the Fermi energy. Inter orbital hopping compete against the OSMP and
progressively hybridized the orbitals and enhance the density of states at the Fermi energy. Once
A gets big enough this hybridization fully destroys the OSMP and the two bands become perfectly
hybridized. As a consequence, the density at the Fermi energy presents an important jump.

The density of states gets flatter with increasing A until no "Mott" peak is distinguishable. Fig. 32D
tracks the position of this peak with A\. While a noticeable jump also appears at the phase transition,
we observe a shift of the peak to the Fermi energy as it get flatter.

6.3.3 . quasiparticle weight and behavior with Coulomb repulsion

Although composite operator theory is a non-Fermi liquid theory due to its apparent violation
of Luttinger theorem (cf Sec. 5.2.2), the quasi-particle weight can still be introduced as the overlap
between bare electrons and the quasi-particles of this theory. Indeed, the expression of the electronic
Green's function in the composite operator framework is given by

O.’I’L
Gop= v 196
of Zw—ez+i0+ (196)

nyv

Where n runs over the four eigenvalues of the E matrix €” and ¢™ are the spectral weight matrix
defined by Eq. 102. The indices v and v are chosen accordingly to rebuild G, Gy, or G, and are the
matrix elements in the ¢ basis of o (for instance, for G, v and v runs from 1 to 2).

In general, close to the Fermi surface and at small energies, a Green function can be written [12]
as:

Z

G = = . (197)
w — By, + QT(lzs,w)

7(k,w) is the quasiparticle lifetime, and diverges as w — 0 for a Fermi liquid. As we consider only
real Green's function, we do not have this term. Z is the quasiparticle weight. By comparing Eqg. 196
and Eqg. 197, we get:

4
gn
Gop = TP with Zug = n 198
af ;w+62—|—i0+ af %;U'yy (198)

On figure 36A we report the value of the total quasi-particle weight Z = » Z7 + Z,, as a func-

n
tion of A for several electron density n. An average over the Fermi surface has been done, and the
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Figure 36: (A): Quasi-particle weigh Z as a function of \ for several electron density n (given in legend).
The continuous line correspond to the explicit computation of Z using the Green'’s function while the
dots are obtained by measuring the discontinuity in the momentum resolved electron density Ni. (C):
an example of the orbital resolved momentum density in the I" to M high symmetry line. Two jumps
are seen in the OUP because of the presence of two Fermi contour. In the OSMP, only one jump
occurs, but Ny is non zero at M due to the filled Mott orbital. (B) The orbital resolved quasi-particle
weight. In the OSMP, one of the two orbital has a vanishing weight due to the strong localization of
the electrons of the Mott orbital.

displayed errorbar corresponds to the standard deviation. As Z is never close to one, the quasipar-
ticles of the theory are different from the bare electron. Eq. 198 indeed indicates the bare electrons
have been fractionalized into four quasi-particles associated to the bands. As a consequence, none
of these overlap can be close to one since these quasi-particles have different features than the bare
electrons.

We also report the typical shape of N along the I" to M high symmetry line in fig. 36C. By definition
of the Green's function in Eq. 197, when crossing the Fermi contour a discontinuity of the order of Z
is observed in momentum space. One drop is observed for the OSMP, and the momentum resolved
density does not vanish at M due to the fully filled Mott bands. Two drops are seen in the OUP due
to the two Fermi contour of the phase. In this case, Z is defined as the sum of these two drops. We
report the Z measured this way as a function of A on Fig 36A as dots. There is a good agreement
between the two ways of computing Z

Since there is no Fermi surface at half-filling, and that Z is a quantity defined at the Fermi energy,
Z = 0 at half-filling. As electron density n is decreasing, Z increases. Therefore, we can also interpret
the quasi-particle weight as a measurement of how close the system is from Mott regime.
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36B displays the orbitally resolved Quasi-particle weight. In the OSMP the Mott orbital has an
almost (exactly at A = 0) vanishing quasi-particle weight due to the almost localized nature of the
electron. Since the other, non-Mott orbital is further away from half-filling than the two orbital in the
OUP, its associated weight is higher. An abrupt drop of the total quasi-particle momentum is observed
at the transition, meaning that having two orbitals hole doped makes quasi-particles feel in average
more the interaction than in the OSMP.
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Figure 37: We present the phase diagram as a function of intra-orbital interaction strength U and A
for n = 1.85. The colored area shows the region where the OSMP phase is energetically favorable,
whereas the OUP phase is favorable in the white region. The OSMP is a metastable state between the
thick and dashed lines.

Finally, In Fig. 37, we present the phase diagram when the on-site repulsion U is varied for elec-
tron density n = 1.85. The colored region indicates where the OSMP phase is more favorable than
the uniform phase. On the other hand, the OUP phase is stable in the white areas. The OSMP is a
metastable state between the thick and dashed lines.

For lower U, there is a weak increment of critical interorbital hopping A. where the OSMP phase
becomes unfavorable. For large U > 15 the same A. reduces with increasing U. Thus, the critical A,
shows a non-monotonic behavior with Hubbard interaction U.

To qualitatively understand this result, we examine the destabilization of the OSMP phase. Initially,
we assume double occupancy is forbidden due to strong repulsion. First, we focus on comprehending
the decrease of \. with increasing Hubbard interaction.

In the OSMP phase, all the Mott orbital sites are singly occupied, whereas the metallic orbital
has itinerant vacancies. When \ # 0, electrons can hop from the Mott to the metallic orbitals if the
metallic site is vacant. A stable OSMP phase depends on refilling the holes in the Mott orbital without
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significant hybridization. Without recombination, holes will proliferate in the Mott orbital, leading to
the breakdown of the orbital differentiation. The hole created in the Mott-orbital is heavy and can be
assumed to be approximately immobile.

Two scenarios are possible once an electron hops to the metallic orbital: it either immediately
hops back to the Mott orbital or transfers to a neighboring site within the same orbital. The stability
of the OSMP phase depends on the ratio between ¢ and A for a fixed U and electron density.

In the A < t regime, electrons are more likely to hop between neighboring sites of the same
orbitals rather than between orbitals. Since double occupancy is forbidden, recombination can only
happen when any electron on the metallic orbital returns to the site at which Mott orbital has the hole
and goes back to the Mott orbital. The mobility of electrons in the metallic orbitals is crucial in such
a recombination pathway, which is relatively enhanced for lower U. Thus, the OSMP phase survives
for a broader range of A when U is lower.

In the A > ¢ regime, inter-orbital hopping between the = and y orbitals dominates. This leads to
strong hybridization between the x and y orbitals, which destroys the OSMP phase.

Finally, we focus on understanding why . decreases for U < 15. In this regime, double occupancy
contributes to destabilizing the OSMP ordering. As U decreases, double occupancies become more
likely, increasing hybridization between the Mott and itinerant orbitals. Consequently, a metastable
OSMP phase can still be present at lower U due to the competing processes that are favored when
lowering U. However, the OSMP becomes energetically less favorable compared to the orbitally uni-
form phase.
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7 . Conclusion and outlook

The composite operator scheme is a very powerful tool to study strong correlation, that has been
forgotten for too long. In this manuscript, we have considered Hubbard operators which are good
excitation of the Mott phase, and have performed a detailed analysis of the method in the vicinity of
the Mott-region, around half-filling.

In Sec. 5, we brought an answer to the long conflict between the two usually considered [104, 141]
set of self-consistent equations: Roth and Pauli scheme. We made a in-depth study of the solution,
bands, fermi surface and densities of states. Among the two solutions obtained with Pauli scheme
named "COM1" and "COM2", COM1 does not describe a Mott-insulator at half-filling, does not stabilize
superconductivity and overall does not seem to take the interaction into account as the bands we
obtained are simply the tight-binding dispersion splitted by the interaction. While COMz2 is describing
a Mott-insulator at half-filling and stabilize superconductivity, its associated Fermi surface displays
an unexplained second electron pocket for every doping. The density of states of both Roth and
COMz2 solution displays the expected transfer of spectral weight from the lower to the upper Hubbard
bands. This is also reported by the "waterfall" feature displayed when plotting the spectral weight on
the bands: in the hole doped regime, closer to half-filling, pairs are more likely to form and the upper
Hubbard bands gains some states. The final argument to discriminate Pauli scheme is detailed on Fig.
20, as it violates Roth decoupling. As the decoupling does not involve any additional approximation
than the central composite operator hypothesis on the current (Eq. 87) that we already assume, it
has to be satisfied after convergence. We thus claim Roth scheme is the physical solution one should
consider.

Further benchmarks of the method have been established by observing a Luttinger violation at
every electron density, and extending the method to longer ranged hopping and d-wave supercon-
ductivity. Luttinger violation is even more consequent in the neighborhood of half-filling, and we can
conclude this region is a non-Fermi liquid phase. We proved the presence of d-wave superconduc-
tivity is a direct consequence of the Van Hove singularity in the density of states, as is only observed
in its vicinity. Superconductivity creates a particle-hole symmetry of the bands and opens up a gap
of the order of the anomalous superconducting order parameter ¢ around (r, ). Due to the d-wave
symmetry factor, a nodal point is also reported: the Fermi surface therefore consists in set of dots,
broadened with some lifetime on fig. 21 for clarity. As more states are available, every quantities is
increased, including the mean-field superconducting order parameter. Furthermore, the inclusion
longer ranged hopping have confirmed this correlation: as the Van Hove singularity is driven away at
higher doping, so do the superconducting peak. We also reported that beside breaking particle-hole
symmetry, the extension to longer ranged hopping does not help to satisfy better Luttinger theorem.

In Sec. 6, we applied composite operators method to the interesting case study of a two orbital
Hubbard model with inter-orbital hopping. A spontaneous orbital symmetry breaking is reported
leading to an orbital selective Mott phase, without any inter orbital interaction or Hund term in the
model. In the absence of inter orbital hopping, the electronic bands of this phase are exactly unhy-
bridized, leading to one of the two bands completely filled and below the Fermi energy. The orbital
associated to the filled band is then at half-filling and insulating because of Mott physics. As the in-
ter orbital hopping increases, hybridization progressively occurs at the crossing points of the bands,
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driving slightly away the Mott orbital from half-filling case. Past a critical value, the two bands get
fully hybridized as the system enter an orbital uniform phase. A phase diagram as a function of the
inter-orbital hopping and total electron density is displayed on Fig. 31.

If one consider the Fermi energy, this localization of an orbital in the orbital selective Mott phase
leads to a charactistic loss of spectral weight reported by ARPES experiments [84]. Analogously to
Kondo physics, as hybridization is increased, an increasing of the Fermi surface area is seen in the
orbital uniform phase. An orbitally resolved density of states picture also support the strong local-
ization of the selective Mott phase with a peak below the Fermi energy getting progressively flatter
and indistinguishable as hybridization is increased by tuning the inter orbital hopping. We finally con-
firm once again this localization of an orbital by observing a vanishing of one of the orbitally resolved
quasi-particle weight in the selective Mott phase. The effect of Coulomb interaction is also studied,
as a phase diagram as a function of the interaction and the inter orbital hopping is diplayed on Fig.
37. A maximum of the stability of the orbital selective Mott phase is found in the phase diagram, as
the resulting competitions of hopping processes and energy penalty of pairs formations.

Let us provide some final few mentions of the still unexplored potential of this method. This
manuscript only considered translational and rotational invariance to perform the self-consistent loop
in momentum space. An extension to a fully real space treatment with a finite size lattice is under
development and will be the object of further studies. This real space composite operator method
might bring to light translational breaking order such as charge density wave or topological effect.

8 . Other works

In this final section, we give a summary of the main results of the other studies performed during
this PhD as a co-author. As we deemed them difficult to connect with the composite operator method,
which was the main focus of this thesis, it was decided to only synthetically explain the projects as
well as my personal contribution in each of these articles.

A serie of three articles was made on superconductivity in monolayer and few layers graphene.
The goal of this project was to study and categorize the various superconducting symmetry in these
materials. To this end, the first article focused on the computation of the different superconducting
symmetry channels. We characterized the momentum resolved lowest energy bands for the various
channels as well as the density of states. The study is then repeated to bilayer ABA and ABC stacking.
Among all the symmetries considered, two different profiles are distinguished. The fully gapped states
displays a U-shaped density of states and includes s—, f—, d+id — and p+ip’— wave states while the
nodal states such as dyy,—, dy2_,2—, p.— ans p,— wave states present a V-shaped density of states.
In the case of few-layers graphene, the low energy bands is modified by the presence of interlayer
coupling changes the profile compare to the monolayer case of only nodal states. In this case, all the
nodal points presents a small splitting in momentum space which is not observed in the monolayer
study. My personal contribution in this first article was mainly the computation of the form factor, the
generation the band structures figures for monolayer graphene, as well as helping in the redaction
of the article.

The second article on graphene then focuses on the Chern number study and the edge states.
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Chiral states d + id’ and p + ip’ are considered as only those break time reversal symmetry and can
have a non-zero Chern number as the chemical potential and the superconducting pairing strength
are tuned. Using an impurity technique, the edge states are visualized within the gap and related to
the value of the Chern number. Edge states are also confirmed to be spin degenerated by observing
a Zeeman splitting. More complicated diagram for the value of the Chern number are displayed for
the bi- and tri-layer graphene case, but the conclusions are mostly the same, and the value of the
Chern number is related to the edge states. As such, this can provide a way of characterizing the
superconducting pairing symmetry. As | haven't work on any topological related topic, my personal
contribution in the second paper was only limited to computing the form factors, as well as a few
equations extracted from the first article.

The final article presents the effect of a scalar or magnetic impurity in both monolayer and few
layer graphene. For each of the superconducting symmetries the additional local density of states
from the impurity is computed by mean of a T-matrix technique [142]. The presence of such addi-
tional density means the impurity is creating states within the gap. In the case of a scalar impurity,
no subgap is created for superconducting in both the extended s-wave and on-site channels. For any
other symmetry, two spin-degenerated subgaps are observable. In the case of a magnetic impurity,
two subgaps are seen in the case of an extended s-wave and the other nodal states while four sub-
gaps states exists for the d + id’, f and p + ip’ channels. A momentum resolved representation of
the local density of states is given by computing quasi-particle interferences and shows a breaking of
the six fold symmetry for nodal states and not for the fully gapped states, which is in agreement with
bands structure computation from the first paper. The results remain similar for bilayer and trilayer
graphene, allowing to keep the same analysis. This article therefore provide ways by characterizing
the subgaps caused by impurities to constrain the superconducting symmetry of graphene. My per-
sonal contribution to this third article was consequent. Beside the computation, | generated all local
density of states plots as well as quasi-particle interference for monolayer graphene, and few cases
for bi- and tri- layers graphene. | also contributed in the making of the draft, then in the redaction of
captions and appendices.

Another study of a metallic junctions has been performed. In this study an attractive Hubbard
model is considered and a charge density wave is artificially stabilized on the left side of the junction,
with a non-zero attractive interaction. The right side is kept metallic with no interaction. A proximity
effect of charge order is observed as charge modulation persist in the metallic section. When changing
the electron density of the right metallic side, the proximity effect survive but in domains caused by
phase shifts. Therefore a tunneling of the quasi-particle from the ordered region is observed to the
metallic region similarly to what is known with a junction between a superconductor and a normal
metal. In this article, my contribution was a full rewriting of the code in parallel of the other author and
observing the proximity effect for charge density wave together with collaborator. | mostly rechecked
all the results detailed in the article, but did not contribute in the redaction.
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A . Résumé de la thése en Francais

Cette these porte sur I'étude du modeéle de Hubbard, considéré comme le modele le plus sim-
ple pour étudier des matériaux ou les électrons interagissent fortement entre eux. Les interactions
électroniques sont cruciales a comprendre d'un point de vue théorique, car elles sont a l'origine de
beaucoup de comportements intriguants parfois encore mal compris, comme la supraconductivité a
haute température, les isolants de Mott, les transitions orbitalement sélectives...

Depuis son introduction, le modéle de Hubbard est toujours non résolu exactement dans le cas
général, bien qu'il soit analytiquement résolu en une dimension. Ainsi, la plupart des approches mod-
ernes sur ce modeéle consiste a faire des approximations pour extraire des informations. Parmi la
grande quantité de méthodes théoriques utilisées sur ce modele, nous pouvons citer la DMFT (dy-
namical mean field theory), la DQMC (determinantal quantum Monte Carlo), ou des approches vari-
ationnelles avec les fonctions d'onde de Gutzwiller.

Cette thése se concentre sur une méthode approximative de résolution du modéle de Hubbard
dans le cas ou les interactions sont dominantes: les opérateurs composites. Dans ce résumé, nous
détaillerons succinctement le principe des opérateurs composites et montrerons quelques résultats
obtenus.

Considérons un réseau carré 2D. L'hamiltonien de Hubbard est le suivant:

H ==Y tij(elyejo +he) +U Y migniy =y mig (199)

ijo i

Dans cette équation, c;, et CIU respectivement détruisent ou créent un électron au site i avec un
spino. nje = cjocw vaut 1 s'il y a un électron au site i avec un spin o et zéro autrement. Ainsi le terme
en U est une interaction coulombienne qui rend défavorable la présence de deux électrons au méme
site (et avec des spins opposés a cause du principe de Pauli). Comme U est considéré grand dans
ce manuscrit, si une paire d'électrons est formée, le systéme doit payer une énergie U, ce qui rend
ces configurations défavorables (mais pas impossibles). ¢;; est I'énergie qu'il faut payer pour qu’un
électron saute du site i au site j. i est le potentiel chimique, et fixe le nombre total d'électrons dans
le systeme.

Le principe de la méthode des opérateurs composites se rapproche de I'approximation de Hub-
bard I. En effet, nous allons introduire les mémes opérateurs de Hubbard que dans cette approxima-
tion:

10

Vi = (f]’ ) avec {&g = Cio(1 = nig) (200)

i Nic = CioNig

Il est important de noter lintroduction du vecteur ¢: nous dénoterons ¢} = &, sa premiére
composante et ¥2, = n,, sa deuxiéme. Ces opérateurs ont la propriété notable d'avoir des courants
Jis proportionnels a eux-méme dans la limite atomique (ou ¢;; = 0. Nous noterons Hy,. 'hamiltonien
résultant). Ainsi:

Jia - [wia; Hloc] = Awia (201)
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Puisque v;, est un vecteur, A est une matrice de proportionnalité et sera notée en gras. Calculer
les commutateurs explicitement permet d'obtenir son expression:

_ (0
A_<O U—u> (202)

Beaucoup de propriétés importantes du systeme peuvent étre extraites de la fonction de Green
electronique G4, définie par:

Gijoo (7) = ({cig ()5 ¢t} = 0 (7) ({eio(T); ], }) (203)

Dans cette équation nous avons introduit le temps de Matsubara 7, la fonction de Heaviside 6 (7)
et la notation ((.,.)), définie par le second terme de I'équation. L'opérateur (.) signifie une valeur
moyenne thermique, tandis que {., .} représente 'anticommutateur de deux opérateurs.

Afin de déterminer la fonction de Green électronique, la technique des opérateurs composites
utilise l'eq. 202 et introduit la matrice des fonctions de Green composites, définie par:

Sijaa’ = <<¢ia(7—);¢j'g/>> (204)

L'intérét principal d'introduire cette matrice réside dans le fait que sommer ses composantes per-
met de reconstruire la fonction de Green électronique. En effet, il faut remarquer que &;» + i = Cis
pour en déduire que:

11 12 21 22
Gija—o—/ - Sijaa’ + Sijaa’ + Sijaa’ + Sijao’ (205)

Ainsi, déterminer la fonction de Green électronique revient a déterminer la matrice de fonctions
de Green composites. En utilisant la propriété des courants des opérateurs de Hubbard (Eq. 202), il est
facile de le faire dans la limite atomique (¢;; = 0). En effet, on peut calculer I'€quation du mouvement
de cette matrice:

d

dr

dso @ €té introduit car nous supposerons dans tout le manuscrit la limite paramagnétique. Il est

important de noter que comme nous sommes dans la limite atomiques, les valeurs moyennes ther-

miques se font dans cette méme limite locale, d'ou le {...);,.. De maniére générale, le second terme

des équations du mouvement de fonctions de Green est une autre fonction de Green, difficile a cal-

culer puisqu'il faut refaire son équation du mouvement, ce qui donnera encore une fonction de Green

inconnue... Cependant, grace a la propriété des opérateurs de Hubbard dans la limite atomique (Eq.
202), I'équation du mouvement est entierement soluble. On obtient:

Sijaa’ = 00’ (5(T)<{¢w (T); ¢jo’}>loc + <<[¢i0'(7_); HZOC]; w;r‘g»loc (206)

Sijoo’ = Opor(w — A +i07) 11, (207)

Ou I, est appelée matrice de renormalisation et est définie par:

o 1—<nia>loc 0
I’L]O’ = 51] ( 0 <nig>loc> (208)
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Ainsi dans la limite atomique la fonction de Green obtenue est donnée par:

GijUg/ = 1- <ni0'>loc <ni0'>loc

= 20
w—p+i0F  w—U—p+ior (209)

Le systeme est donc exactement soluble dans cette limite. Maintenant, la méthode des opéra-
teurs composites consiste a effectuer une approximation lorsque l'on considére le terme de saut t;;.
En effet dans le cas général, les courants J;, = [¢is, H] ne sont plus proportionnels a ;.. lls peu-
vent néanmoins étre décomposés en une partie proportionnelle, et une partie non-proportionnelle.
Ainsi l'approximation principale des opérateurs composites consiste a supposer que les courants des
opérateurs de Hubbard demeurent proportionnels a ces opérateurs dans le cas général:

Jio = Z Eis15 (210)
!

Deux autres relations peuvent étre déduites en conséquence de cette approximation. En effet,
en introduisant My, = ({Jis, ¥js }), il vient naturellement que:

M, ;o ~ > Bisljs
7

Sijggl (w) ~ (5001 Z[wldg — E]i_llllja
l

(211)

La premiere équation vient directement de la définition de M, tandis que la deuxiéme peut étre
obtenue en effectuant une transformée de Fourrier temporelle sur 'équation du mouvement de S.
L'intérét de cette approximation se trouve dans le fait que la matrice S (et donc la fonction de
Green électronique) peut étre obtenue en déterminant les matrices E et I correctement. Ces derniéres
peuvent étre calculées explicitement, mais dépendront des parameétres suivants:
nig = (clytio) =3
cij = (&olly) = mjonly) (212)
pij = (nionjo) +(S; S7) — (AiA})

Ainsi, grace a 'approximation des opérateurs composites, déterminer la fonction de Green élec-
tronique dans le cas général revient a fixer correctement ces trois parametres. Cela peut alors étre
fait en utilisant le théoréme de fluctuation dissipation pour relier les fonctions de corrélations C;;, =
<¢z‘o¢;g> aux valeurs propres de E. On obtient alors 'équation (104). Ensuite, les parametres ci-dessus
peuvent étre décomposés en fonction des C;; (Eq. 112) afin d'établir un calcul auto-cohérent de ces
parametres. Le parametre p est exprimé en fonction des fonctions de corrélations en utilisant le
découplage de Roth, détaillé en annexe.

La méthode présente le défaut de posséder aprés convergence une fonction de corrélation qui
devrait valoir z&ro a cause du principe de Pauli, mais qui est non nulle. Ainsi, une autre méthode fut
suggérée: au lieu d'utiliser le découplage de Roth pour contraindre la valeur de p, on impose cette
fonction de corrélation a zéro et on laisse p varier librement de maniére auto-cohérente. Ce manuscrit
se concentre sur ce long débat dans la littérature de la méthode [122], et arrive a la conclusion que
la méthode imposant le principe de Pauli n'est pas physique, puisque le parametre p varie librement
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et n'est pas fixé de maniere auto-cohérente. Plus exactement, le découplage de Roth ne suppose
aucune approximation supplémentaire que celle déja effectuée par la méthode. Il doit alors étre
exact. Néanmoins la figure ci-dessous montre que le p obtenu avec la méthode de Roth n'est pas
égal a celui calculé par le découplage de Roth a parametres équivalents.

e Rothp .28
0.4] + Rothwith COM2 eest’
L}
« pCOM2
o'.o°.
°® :"
0.2] ege’
e’
e00®%e o’
Sh .ooO°..:::°.....J’ oooo.....
i .:::. oo’ wnoocecce®
0.04382e00e ../
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—0.2] oo
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Figure 38: paramétre p calculé avec la méthode de Roth (points noirs), p calculé avec la méthode
de Pauli (points bleus) et p calculé avec le découplage de Roth a partir des fonctions de corrélations
obtenues avec la méthode de Pauli. Puisque le découplage de Roth ne suppose aucune autre approx-
imation que celle des opérateurs composites, il devrait associer a p sa vraie valeur physique. Puisque
les points bleus et rouge ne sont pas confondus, le p calculé avec la méthode de Pauli n'est pas con-
traint a la valeur physique qu'il devrait avoir. La méthode de Pauli n'est pas physique.

Fort de cette conclusion le reste du manuscrit se concentre sur le découplage de Roth. Une vi-
olation du théoréme de Luttinger est observée, ce qui n'est pas inattendu puisque l'approximation
de Hubbard | le violait aussi, et des articles utilisant la DQMC montraient aussi une violation [29]. La
méthode est également étendue a la supraconduction, ou nous concluons que la supraconduction
prédite par la méthode n'est qu’'une conséquence de la singularité de Van Hove. En effet sur la figure
ci-dessous, il apparait que le pic de la supraconductivité coincide avec un pic dans la densité d'état
a I'énergie de Fermi (densité calculée sans supraconduction). Cette coincidence a été confirmée en
étendant une deuxieme fois la méthode a des voisins éloignés jusqu’a I'ordre 5 et en observant les
mémes pics coincider.

Finalement, un nouveau systeme est étudié avec les opérateurs composites en se concentrant sur
la solution issue du découplage de Roth: un modéme de Hubbard a deux orbitales. Un diagramme de
phase est calculé en fonction de I'énergie de saut inter-orbitale, et une phase de Mott orbitalement
sélective apparait quand cette énergie est suffisamment faible. Ceci traduit une brisure spontanée de
la symmétrie orbitale qui a de l'intérét dans le domaine des matériaux supraconducteurs a base de fer,
ou une telle phase a déja été observée expérimentalement [84]. En parallele, une phase orbitalement
uniforme (ou les deux orbitales sont identiques) est observable sur I'ensemble du diagramme de
phase. Il est alors possible de calculer I'énergie libre des deux phases pour savoir quand l'une est
favorable par rapport a l'autre. Ainsi, le diagramme de phase présenté en figure 31 possede une zone
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Figure 39: (a) Parametre d'ordre supraconducteur anormal 6 calculé avec la méthode et parametre
d'ordre supraconducteur en symétrie d reconstruit avec les fonctions de corrélations. (b) Densité
d'état a I'énergie de Fermi en I'absence de supraconduction. Les maximums de (a) et (b) coincident:
la supraconduction apparait comme une conséquence de la singularité de Van Hove.

verte la ou la phase orbitalement sélective est favorable, une zone blanche ou elle est défavorable, et
une ligne séparant la zone blanche selon que la solution peut étre stabilisée (et est alors métastable)
ou non.

i (6000) = 32m (G200) o0 ()

ijl

B . Product of a real and symmetric matrix by a diagonal
matrix has real eigenvalues

At the center of the composite operator method lies the E matrix, whose eigenvalues are corre-
lated to the self-consistent parameters of the method. It is then important to know whether these
eigenvalues can be complex or if they will always be real.

The E matrix is the product of a real and symmetric M matrix with a real diagonal | matrix, as
described by Eqg. 89. Let us show this implies that the eigenvalues of E are real.

The characteristic polynomial of a real symmetric n x n matrix M is given by the equation:

det(XId, — M) =0 (214)

From spectral theorem it is known the eigenvalues of a symmetric matrix with real entries are
real. Therefore the solution of the above characteristic polynomial (which are the eigenvalues) are
real. Let us now consider the product of M by a diagonal n x n matrix with positive entries D:

E=MD (215)
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The characteristic polynomial can be rewritten as follow:

det(XId, — M D) = det(D"?*(Xid, — DY?MD'?)D~1/?) (216)

Using the product property of determinant det(AB) = det(A)det(B) the right hand term can be
simplified. It follows that the characteristic polynomial of E = M D and F = D'2MD~'/2 are the
same. As a consequence, F and F' matrices have the same eigenvalues. Since F is a product of a
real symmetric eigenvalue by diagonal matrix, according to spectral theorem F has real eigenvalues.
Therefore, E also has real eigenvalues.

Because of this, no broadening has to be considered as all involved quantities in the self-consistency
are real.

C . Roth decoupling and computation of p
In this appendix we derive the self-consistent equation of
p(i = j) = (nipny) + (S;795) — (AA) (217)

C.1. Pair-pair term

Following the step of L. Roth [101], we express p as a function of correlation functions by mean of
equations of motion.
First, notice we can write

(AAT) = (Sirei AF) + (mirei AF) (218)

Note we illustrate this decoupling with &;+ and n;; but the idea is exactly the same with ;. We
introduce the following Green's functions

{Fiﬂm = ({€n(n): ciuA) (219)
Giji(r) = (it (7); ¢ A7)
We then consider the equations of motion for these Green'’s functions
F; 'l(7)> <<{8t§n(7'); c '¢A7}>>
Or / =0 ! *
(Gz‘jl(T) (") ({0:mip(1); GITAY: 1y (220)

a0 (3]

where f, = ({¥7*; ¢; ) Af}). We now use Eq. (88) to obtain

ijl —

o (Gpn) =3 (60) o ()

il
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We then time and space Fourier transform associating the Fourier variable k; to r; — r; and ks to
r; — rj. The equation becomes

Fieyks (w) _ -1 fkl71k2
(Gk1k2 (w)> - (WIdQ - Ek’1+k2) <f131k2 (222)
Finally we use Eqg. (91) to obtain
Fk1k2 (w) _ -1 félk2
(le ko (W)) B Sk1+k2 (w)I (f’?l ko (223)

Finally, we can extract (A;A}) by summing F and G, integrating over w and taking the imaginary
part to use Eq. (94) in order to replace the composite Green's functions by correlation functions. We
get

. 2
TF[(ciocjaA)) (K1, k2) = r (Ck1+k2 + Cli?+k2)fl%1k2
, (224)
+ = Z Ck1+k2 + k1+k2)fk1k2
We compute [ = ({75 ¢  Ar}) using the algebraic relations given in appendix C leads to
i =0 {AAT) + 0u(CF + CFF) (225)
o1 == 0 (AAT) + 8a(Cijf + CiF)

Performing a Fourier transform of filﬂ and ffjl and setting i=j by integrating on ko, then finally inverse
Fourier transform on k; leads to:

i} 4 clil 4 iy (c? + ¢t
(AAT) = 2( ! 11 r 1)2( " 2 §l1) 22 (226)
n(2—n)1—32.(Co' + Cg*) + £ (C3 + CF?)
Which is the form in the main text. We pose
2
b= —5——(C' + )+ (G + G (227)

Replacing C¢! and C22 by their definitions allows us to express these correlations function explic-
itly as a function of n. We don't explicit C}? however, else it will be zero while it is not numerically:
C4? should stay in the numerical minimization process to obtain our results. Doing so leads to the
following expression for ¢

o= (228)

With our notations the pair-pair term becomes

(AA]) = p3 (229)
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C.2. Spin-Spin term

The spin-spin term is defined as (S;"S;") = <c}Tci¢clT¢cl¢>. In order to have our basis element as the
first term, we rewrite it as

(S;FS;) = —(c}Tcwcchw = —<cchLchci¢> (230)

We therefore introduce the following Green's functions (setting 7' = 0)

Fip(r) = {(En(r)ich S1)
Gijn(r) = ((mi(7); ¢k 7))
The next steps are the same as with the pair-pair term. The only difference lies in the definition

of f™ in the resulting equations of motion. For the spin-spin term it is defined as f7%, = ({¢}; NS*})
Hence we arrive at the following equation

(231)

TF(<C7/TC;\LSZ+>)(]C1? kz) 2 (Ck1+k2 + C’%f-ﬁ-k’z)fkl;lk‘z

(232)
(Ck1+k2 + sz—‘,—]w)flglkg
A computation of the f™ leads to
= 0i(S; ;) = 0n(Cii + Ci) (233)
2= —0,;(S7 ST — 6 (CL2 + C?2)
ijl I\Mg Ml ki\“ i ij

Therefore by Fourier transform the expression of f, then by integrating over k, to set i=j and by
inverse Fourier transform on k1, we obtain

(Gl + CP)* + 2 (G + C3)°
L+ 525 (Gt + CF%) = 2(C3* + G

(S7SF) =— (234)

Which become with our notations

(57857 = 2 (235)

C.3. Charge-Charge term

As we did for the (S;S;") term we need to commute the charge charge term so the first element
can be decomposed using our spinor. We then rewrite

n
(cheirmi) = 5" (carclimir) (236)
We introduce the following Green's functions
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Gijt(r) = ((mir(7); i)
Once again the general form of the equation for <ci(,c§gnlg> will be the same as for the other 2

terms. However the definition of the involved f;; will not be the same. We compute [, = <{¢?;C;¢nm}>

mn
it = 01 (5 = (naymir)) + 8a(Clf + C3f) (238)
fi = Gijlniyn) + 6u(CF + CFF)
We hence obtain
n n
<nﬁn”> :5 —p1 — ¢<”iTnl¢> + E(Cél + C&Q) (239)

We don't know how to express (n; n;;) as a function of the correlations functions. So we need to
redo this decoupling on this term. This time we use
n
<nz¢n”> = 5 — (C”\CZFTTLN,) (240)
We therefore introduce

Fi(r) = ((&x(r)iclimy) (21)
Gijn(r) = {(nir(r); ¢l ymy))
The f = (¥7, c}Tnm are given by
1 n
it = 03 (5 = (naymuy)) (242)
ff = Gij(niymuy)
Using the paramagnetic assumption we have (njyn;) = (n;nyy), leading to
n n 11 12
(nipmyy) =5 = ¢lnpmu) + 5—(Co” + Go7) (243)
If we inject this in the equation of (n;+n;y), we obtain
n
(niyniy) = —p1 + ¢*(nipmuy) + m((f&l +Co?)(1 - ¢) (244)

The last term can be simplified. An explicit computations of the Cy leads to C¢! + C{? =1 —n +
(nirniy), allowing us to show the last term is in fact just equal to "72. We therefore obtain

(nirmuy) = m_a

4 1—¢2
Which is the self consistent equation we have. Combining the three terms, since p = (njn;) +
(S55S77) — (A;Af), we obtain the following self consistent equation

(245)

p:i_ | - T &
4 1—-¢?2 1—-¢ 1+¢

(246)
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D . Roth decoupling with superconductivity

In this appendix we show how Roth decoupling changes when we include superconductivity with
4x4 basis. We will redo one of the terms of p as an example, and perform the decoupling for the 6
parameter. Let us start by considering (S; S;") in p for example. The superconducting basis is of size
4 and define by

it
Nit
Y= ¢l (247)
zTi
iy

To include the full basis we need to introduce 4 Green's functions now

Aijl :<<§iT§C}¢Sl+>>
Biji :<<77iTvc;r¢Sl+>> (248)
Fyjr =((€]}: ¢}, 5)
Giji <<77L7 LS )

Now the equations of motion has to be defined for the 4 Green'’s functions. Hence

1

Aiji Aiji il
Biji Biji it
Ol g | (1) = > B | LRI R (249)
v k ) a5l
Giji Giji ;gl

With f7, = ({¢]; ¢ NS*}> As before we can use the relation (w — Ex) = Sy(w)I~! after a space
Fourier transform and integrate over w after we took the imaginary part to replace the composite
Green'’s function matrix by a correlation function matrix. Thus

7TF[<C;‘\LCZTSZ+>](I€17 k2) 9 _ [(Ck’l-‘rk’z + Ck1+k2)fl%1k2 + (01112-&-]62 + C/%f—i—k‘z)flglkz
(Ck1+k2 + Ck1+k2)fk1k2 (Ck1+k2 + Cl%f—&—kg)fl?lkg]

In the last equation, the first line is the same as before, while the second line are additionnal terms
appearing with the superconducting basis. f! and f? have already been computed before in Eq. (233).
We give here f3 and f*:

(250)

z_]l 5 (013_"_014)

(251)
fi =6a(CEH + CH
Finally the spin-spin term in p becomes
(57 5) = TP (252)

l—¢
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With py = 52-(CF + CiM)? + 2(CF + C3)2.
Now we move on to the Roth decoupling for . We consider a decoupling starting from (<c3¢, cZTTnlg».
We introduce the following Green'’s functions

Aiji = ((&ns C%Tnn»
Bij = it Cinl
il <<77TT i 1)) (253)
Fj= (& cpmur)
Giji = <<77;r¢5 C;[Tan»
The decoupling is identical and by considering F+G we arrive to
2
TF(c] chmo)| (k1 k) = 57— [(Che, + Cltin) fian,
(Ck1+k2 + Ot fibrs) (254)
[(Ck:l-i-k‘g + Ckl-i-kz)f]?ﬂfz
(Ckl-i-k’z + Ckl"er)fklk'Q]
With f7 = ({¥]; c}Tnla}>. Computing the f gives
zgl ( <n2Tan>) + 5il(Cz'1jl + 01132)
fa = <nmn,¢> +64(Ci7 + C7F)
9 (255)
fz]l (51
0
;‘ljl 61.7 )
We therefore obtain
0 {napmp) [2(CF° + C31) — 525(C6° + o) +¢
2 1+¢
(256)
n P+ o >
2 1+9¢
WlthC = 2 (CPH+CR(CR+CIH+2(CL2+C2)(C23+C21). Finally by noting that C33+C34 = 0
and C§? + C = 0, we obtain the equation we used
4 ¢
5= m (257)

Let us finally note several decoupling are possible for the 4 x 4 basis. As mentioned in Ref. [102],
these choices will over estimate or underestimate the real value of 6 but the behaviour will remain
globally the same [104]. For 6, another choice of Roth decoupling would start by considering 6;; =
(circiynie). This definition is equivalent to the other one because of singlet pairing assumption. We
can then introduce the following set of Green'’s functions:
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= ((€it; cjumio))
Biji = ({ n»cgw:a»

Fiji = <<77@¢vcjinl0>>
Giji = <<77La CjiMio))

We would then have to consider A+B in order to rebuild 6. Note there are several decoupling
choice for p too. In the v = (&i4,m;4)T case, there is only one possible decoupling for p, but the more
the basis is extended the more choices are possible. When several choices can be considered, the
final expression should be symmetrized and consider all of the possible Roth decoupling.

z]l

(258)

E . Roth decoupling for the 2 orbital Hubbard model

E.1. Decoupling of px and py

In this appendix we give more details on how Roth decoupling was done for each terms.
We introduce the 4 following Green'’s function:

A ({611 (7) )
Bl | (narmicinag)
F (€t (7); ciat AL
G (it (7) )

)
> (259)
)

A f; ({a gsz(T) C]xiAbe
B f <{ TnzscT(T>7C‘x¢A* }>
o, =4 40 Tk 260
Pl DT T o6 (ricim ALY 200
G ijk f ijk <{8T?7ZyT( ) cjﬁiAk:E}>
With f = ({¥5: ¢jiaAf, }). We now use the main approximation of the composite operator

method Eg. (173) to get:

A ft A
B f2 B
Ol p| =00 |G| + zl: Ex|p| ™ (261)
4
G ijk f ijk G ik
After a time Fourier transform we can rewrite this equation as:
A ft
2
S(whalds— Ea) [ | (@) = §3 (262)
! 4
G ljk f ijk
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We now use the equation of motion (Eq. (174)) to get:

fl
2

(w)=>_ Sulw)I;* jis (263)
l

4
ijk f ljk

QMo

We used the global 6;; prefactor in the | matrix to rewrite it as Ig;.m = 0;;I7"". We can now take the
imaginary part and integrate over frequencies in order to use fluctuation-dissipation theorem (Eq.
(104):

(EixtCini AFy) f ;

(Mt Cial Dba) | _ | f

Eipcinl AL | ; Cali f? (264)
(nincjriAZx> f4 ik

Ii_l is diagonal. Now we need to compute the matricial products and consider the sum of the two
first components of the vector of the left hand side of the equation. Using the fact that &4 + 724 =
Cizt, WE Obtain:

(CiotCiatDa) = > ia(Ciit + C3) g + Bia (CF + C)V i
!

(265)
+ iy (C3P + CP) i + Biy (Ci + CIY) fiin
With:
2 2
Z—I-_lll— '_I»_133—
Qg (z ) 2_nzm 057»1/ (’L ) 2_niy
9 9 (266)
—1\22 4 (-4 _ 2
BZJC (Iz ) - N Bzy (Iz ) niy
The only thing left is to compute explicitly the f™ and take i=j. We get:
Fiie = G (AGAL) + ik (Cif + CF)
flie = =0 (88%) + 6w (Cl + Ciff) (267)
fl?}k =0
fise =0

f? and f4 vanishes because they only contain commutators of x operators with y operators. In the
end, we get the same expression for (A;; A ) as in the uniform case:

(Cii + CR(CE + Ci)

( ke) = (o + fia) 7 air(ClH + CfF) + Bie (CF2 + CFF)

(268)
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Every other terms in p;j, and p;;, will also be similar to the uniform case because the 3 and f*
that will be considered in the decoupling will vanish for p;;, quantities while for p;;, it will be f* and
f? that vanish. Roth decoupling will be exactly the same for p,,,.

Let's detail the other terms of p, and p,. First it is important to notice that p, and p, decoupling
will be exactly the same but with the top-left block for the x channel and the bottom-right block for
the y channel of the | and C matrix. This means that an «,, = (I~1)!! for p, will become o, = (I71)33
for py, and a C1' = (&44€],,) for p, will become €33 = (gmgjm) for p,. For this reason we will only
consider terms of p,. here.

Let's start with <SZ.;S,jx> with i and k nearest neighbors. We start by rewriting :

(S7Sih) = —(encl Sih) (269)

This way we can introduce the following Green’s functions:

(270)

Q=W

ijk

The steps that follow are similar to what was detailed in the main text: we consider the equation
of motion, and use a time Fourier transform and the equation of motion Eq. (174) to obtain:

fl
2
(W) =>_ Sulw)I;* j; (271)
l

4
ijk f ljk

Qe

This time, f7%, is defined by /7, = <{1/’?EC;I¢S;;;}>- Now one can apply fluctuation dissipation
theorem to replace Green'’s functions by correlation functions and sum over the two first components

of the vector of Green's functions (so that we obtain (£, + ”ixTC;mSijx»:

<Cz‘a:TC}x¢Sljm> = Z aio(CF + CF) fis + Bia(Cit + CI) i
]

(272)
+ iy (i’ + CP) figi + By (Ci + Ci) fi
A computation of f1%, leads to:

Fije = 003 (S52Siiz) — O Ci + Cif)

foe = —65(S55%) — ou(Ci + C7)

20 (273)
ljk =

fl%‘k =0
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Again, if we were considering <Si;S,jy>, frand f2 willvanish and 2 and f* will have the same form
of 1 and f? but with a; — oy, C* — C33, ...

Finally, we get the following expression for (S;,S) ) = —<ci¢cLS,:;> :

p/
— gty
(SiSkz) = — 1 _x% (274)

With p/, and ¢, defined in the main text.

The last term of p, we haven't considered yet is (n;;+ng.1. This term is a bit more difficult to
decouple. Let's start by rewriting it as:

Nk

<ninnkxT> = 7 - <Cz‘$TCLCTnkxT> (275)

We introduce the four following Green'’s functions:

(276)

Qb

ijk

Again, the following steps are similar to what is detailed in the main text. We will sum the two first
components to reconstruct <cmTc;ranka>. We get:

(Ciste] CjptMheat) Z @iz (Cii" + Ci) fijr, + Bie (Ci* + CF) [k

(277)
+ azy(C Ci )ffjk + Biy (Cii* + C%)fé’k
This time, f%). = ({¥i; c}mnkﬁ}). A direct computation of the anticommutators leads to:
ny
Figne = 05(=5" = (Rjaimkar) + 0w (Cyjf + Cf)
[tk = 0 (njmyniary) + 0u(ClF + C77) (278)
fl?}‘k =0
fise =0
Hence we get:
n n
<nixTnkrT> = ?m - aw(c + C12) - <nix¢nksz>¢x - P,w (279)
(nizynrzt) is unknown and must be decouple again with Roth’s method. We have:
N
(Mg Nozrt) = (Mot Nig]) = % - <CkxTCLm¢ni:r:¢> (280)
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Hence we introduce A, B, F, G = (¢!"; C};}:Tnkﬂ)' Everything that follows is the same, and we get:

n
(NiatNka)) = = —

5 Gu(NigtNpar) — ap(Cot + C&Q)& (281)

2
With this equation we can express (njz1n,+). We obtain:

(n:v)z ch

(Rictniat) = == T (02 (282)

To obtain this result we computed explicitly the Cy and expressed everything as a function of n,.

E.2 . Decoupling of pxy

Py iNVolves two bodies on the same site but on different orbitals. The method we used with p,
and p, will mainly be unchanged, except that at the end we will take i=j=k. It is important to note
however that there are two ways of decoupling each terms: in the x or in the y channel. Let's start
with (A;zAj,), in the x channel. We introduce the following four Green’s functions:

éggm'% cjxiA ;i

o Nixts iji

7| earicindi,) 283)
<<771yTa C]xiA >>

Qe

ijk

We say this decoupling is in the x channel because to reconstruct A;Aj we need to sum the
composite operator of the x orbital. The step that follow are the same than before. We get:

(CiztCioyDby) = Z aie(CF + CF) fis + Bia(Ciff + Ci) i

(284)
+ azy(C’ szzg)fz?}k + Biy (Cii* + Ci2l4)fl§‘k
With fit, = (¥ cjarAf,)- An explicit computation leads to:
flb’k = 0y <AlmA2y>
fhe = =0 (DA, o8

fin = 0w (Cji + C3)

fie = ou(Cji + C3)

Note that the four f™ are non zero because both x and y terms appears in p.,. This term is the
one which couple x and y. Hence, after setting i=j and k=i we obtain the following equation :

2,
L+ s

<A2$A;ky> = (286)
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With:

Q) = (ay + By)(C* + C3*)(Cy* + C§)

(287)
Gz = _O‘w(c(%l + Cgl) + ﬁI(C(%Q + 082)

For completion, let's do the decoupling in the y channel. Then, we introduce the following Green's
function, after noticing that (A, A7) = (A,A}) due to translational invariance.

A’ ég‘fm’ Cayiikmi;

B’ _ Thizts Gyl

Pl Gmenar)) 288
G ijk ((Miyt; gt D))

Since now we want to sum the composite operator in the y channel, we want to consider F+G'.
After the same procedure, we get the following equation:

(CiztCia) Afy) = Z ia(C' + CM) fli + Bia(CF + Cit) 12

+ azy(C )fljk + 5iy(034 + C#)fék

With 7 = (¢ cjyr AL, ). An explicit computation leads to:

(289)

fl/jlk = 5lk(C§’1§ + C;‘ll?)
fl/jzk = 5lk(C§’1§ + C;%)
fide = 05 (A AT
fije = =0 (A AL,)

(290)

We get:

Q/
Ay AT) = —F 201
<y > 1_|_¢y (291)

With:
Y, = (az + B2)(C3 + C3*)(Cg + C?)

(292)
by = _O‘y(Cg3 + 0613) + 5@,(08’4 + 034)

Let's move on to <SmS;;> <%T%Ts+> We introduce the following Green's functions:

(293)

QN W
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P e
P e e e
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Applying Roth decoupling leads to:

<CmTCj$J’ k:y Z azm Ci%l)flljk + Bzac(czllZ + Ci2l2)fl2jk
(294)
+ aiy(Cil Ci )fl?}k + Biy (Cii* + Cfﬁ)fék
With fi = (¥ ]uS,jy> We can compute directly f™ and get:
Fijk = 01 (S5 S5,
i = =0(Si:53,) o
fl?}k = 5lk(C§’ll + C;’lz)
fé’k = 5lk:(0;111 + C;lf)
Hence, we get:
—(SiS5) = —02(S5Siy) + 0y (Co® + CF°)* + By (G + C3)? (296)
Which give what is in the text:
Q
+ y
With :
Q= oy (C33 + C*)* + By (C3* + C3*)? (298)
A decoupling in the y channel would lead to:
2
(SiySik) = T1_4, (299)
y
With :
Qp = a (C3 + C32)% + B, (CF + C5?)? (300)

Finally let's consider (niz1niy) = % — <CixTij¢”in) (x channel). We pose the following Green’s
functions:

(w) = (301)

QMW
P e e
3
3
8
=
—

3
ol
<
_>
RSP S
==

ijk
To reconstruct (n;z4+n;,) we need to consider A+B in the equation of motions. Thus we get:
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(CiatChpnkat) = = Z @iz (G + CF) fijr, + Bie (Ci* + CF) [

(302)
+ azy(c il3)fl3jk + Bzy(czll4 + 012l4)fl§k
With f7), = ({¢s; c}ﬂnkm}) We compute them explicitly and get:
fise = 5lg(7y (12 Miyt))
fl_2jk = 61] <nl$ﬂinkyj\> (303)
fiie = o (C5F + C3)
j"[*j,C = 5lk(C + C %)
We get:
Ny 11 21\ Ty
(Ristniyr) = 5 = aw(Cy” + G5 ) 5 = Ga(nizyniy) — Ly (304)
In the y channel we get:
(Miypniat) = 7 — oy (C3° + G )7 — Py(niyyniyr) — Qo (305)

Another Roth decoupling needs to be done on (1, n4y1). Itis very similar to the one on (n;z174y1).
We obtain:

n n
- a:c(c Cgl)?y — ¢z <nixTnin> (306)

(Nig)Niyt) = 5

For the x channel. In the y channel we get:

Ny Ng
<niy¢nixT> = ? - ay(C ng)i - (by <ninnixT> (307)

2
We can therefore express (n1+niy1). There are two decoupling (x/y) for (n;.1ns) and two for
(izyMigt). Since (ngny) = (nyn,), we consider the symetrize expression obtain by taking the average
of all of the four decoupled expressions, as Roth did in her original paper Ref. [101]. We get :

1 Q¢ — Q5
<nixTnin> = 5 Z m (308)

a€(zy)
With:
n
0 = L (C' + C51) — 1](—1 + ¢2)

(309)
Qf = Soloy (CF + C8%) — 11(-1+ ¢,)
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