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Résumé en francais

Ce travail a été consacré a I’étude de I’effet Hall dans deux systemes différents
de fermions fortement corrélés: un systeme constitué de liquides de Luttinger faible-
ment couplés et le réseau triangulaire bidimensionnel. Dans le but d’avoir les outils
nécessaires pour attaquer ces problemes, on a entrepris une révision des propriétés
principales des systemes avec des interactions fortes, en nous concentrant sur les sys-
témes a deux dimensions et a basse dimensionnalité (1D et quasi 1D). Etant donné
que I’effet Hall est avant tout un phénomene de transport, on a étudié les formalismes
existants dans la littérature pour traiter les propriétés de transport dans les systemes
fortement corrélés, et nous avons consacré tout un chapitre au traitement spécifique de
I’effet Hall.

Donc dans un premier temps nous avons étudié le modele des liquides de Lut-
tinger (LL) faiblement couplés. L’étude de I’effet Hall dans un systéme quasi 1D a été
partiellement motivée par les résultats expérimentales obtenus sur des conducteurs or-
ganiques quasi 1D. Ce travail était basé sur ’application du formalisme de la matrice
mémoire pour obtenir la constante de Hall (Ry) dans des chaines a moitié remplies
faiblement couplées, incluant la diffusion umklapp. La géométrie du modele a été
choisie pour avoir le courant circulant le long des chaines 1D. On a calculé la dépen-
dance en température et fréquence de Ry en tenant compte des interactions particule-
particule et particule-réseau (processus umklapp). Nous avons obtenu un coefficient
de Hall constitué d’abord par un terme d’électrons libres (valeur de bande RY,) plus un
terme de correction avec une dépendance en température (fréquence) donné par une loi
de puissance, due a la présence de la diffusion umklapp. Ces lois des puissances sont
des signatures du comportement des liquides de Luttinger, ou les exposants dépendent
des parametres d’interactions. Le coefficient de Hall a aussi été calculé dans le sys-
téme sans interaction particule-particule, conduisant a une dépendance logarithmique
en ' (ou w), en accord avec la limite d’interaction nulle de la loi de puissance. Etant
donné que les conducteurs organiques quasi 1D sont en méme temps des systemes a
moitié remplis et au quart remplis, nos résultats théoriques ne sont pas directement ap-
plicables aux mesures d’effet Hall existantes, mais ils nous ont permis d’arriver a des
conclusions intéressantes. En premier lieu, la fagon appropriée d’analyser les mesures
d’effet Hall réalisées dans ces systémes quasi 1D (dans la méme géométrie du mod-
¢le), est d’ajuster les déviations de la valeur de bande par rapport a la limite a haute
température. Et deuxiemement, les résultats théoriques prévoient 1’apparition de sig-
natures de liquides de Luttinger dans Ry (loi de puissance) a haute températures, dans
des mesures réalisés avec la méme géométrie que le modele considéré dans ce travail.
Pour la deuxiéme géométrie utilisée dans les mesures d’effet Hall, ou le champ mag-
nétique est appliqué le long des chaines, la question de 1’apparition de signatures de
LL reste toujours ouverte.

Le deuxieme modele étudié dans ce travail est le réseau triangulaire bidimension-

iii



nel avec une interaction locale U. Cette étude théorique a été partiellement motivée par
des mesures d’effet Hall réalisées a fréquence finie et a fréquence nulle dans 1’oxyde de
cobalt de sodium (cobaltate), qui est un matériau avec un réseau triangulaire isotrope.
On a calculé la constante de Hall a fréquence infinie, ou la fréquence de mesure doit
étre plus grande que toutes les autres échelles d’énergies du probleéme, pour toutes les
valeurs d’interaction U et température 7. Nous avons obtenu un Ry(w — 00) avec
deux comportements caractéristiques différents a basse et a haute température: pres
de T = 0, Ry ressemble a la valeur classique dc du coefficient de Hall 1/gn* ou ¢
et n représentent les valeurs de charge et de densité des porteurs, respectivement; a
des températures plus grandes que la valeur de bande, Ry présente un comportement
linéaire en 71" avec une pente dépendante de la densité. Ces résultats ont été appliqués
aux mesures d’effet Hall réalisées dans les cobaltates a fréquence finie (infrarouge) et
a fréquence nulle. Les valeurs expérimentales a fréquence finie différent d’un ordre de
grandeur avec nos résultats théoriques. Pour comprendre ce désaccord, on doit éten-
dre I’approche dans le but de couvrir le domaine des fréquences intermédiaires. Par
contre, le comportement des valeurs a haute température de Ry mesurées a fréquence
nulle, sont en accord avec la dépendance linéaire prédite par les résultats théoriques.
En ajustant le modele sur les valeurs expérimentales a haute température on obtient
une détermination indépendante des amplitudes de saut ¢ entre des sites voisins, en
accord avec les résultats expérimentales. Une extension possible du travail réalisé ici
est le calcul du terme de matrice mémoire de la constante de Hall au premier ordre en
U, ce qui donnerait le comportement de Ry a des fréquences intermédiaires.

Apres avoir récapitulé les résultats correspondants a chacun des modeles étudiés
dans ce travail, nous devons préciser que 1’étude de I’ effet Hall dans des systemes forte-
ment corrélées n’est pas un probléme simple du point de vue théorique. Les interac-
tions peuvent avoir un effet important sur les propriétés de transport. En particulier, sur
la résistivité de Hall ces effets semblent augmenter quand la dimensionnalité du sys-
teéme diminue. Cependant, avec ce travail nous avons constaté que de bonne méthodes
théoriques pour attaquer ces probléemes existent et que la géométrie du systéme joue
un rdle important. En tout cas, beaucoup plus de travail doit étre fait dans ce domaine
dans le but de comprendre du point du vue théorique le grand nombre d’expériences
et la vraie signification de la résistivité de Hall dans les systemes fortement corrélés.
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Abstract

We investigate the Hall effect in two different theoretical models of strongly corre-
lated systems: a system made of weakly coupled Luttinger liquids, in the presence of
umklapp scattering, and the two-dimensional triangular lattice, with nearest-neighbor
hopping and a local Hubbard interaction. We first make a review on the main prop-
erties of these strongly correlated systems, in particular their transport properties, and
we study the interpretation of the Hall effect in strongly interacting systems. Then, we
work on each model separately. In the first model we use a memory function approach
to compute the Hall coefficient as a function of temperature and frequency in the pres-
ence of umklapp scattering. We find a power-law correction to the free-fermion value
(band value), with an exponent depending on the Luttinger parameter K ,. At suffi-
ciently high temperature or frequency the Hall coefficient approaches the band value.
We discuss the applications to Hall experiments made in quasi 1D organic compounds.
In the second model, the complete temperature and doping dependencies of the high-
frequency Hall coefficient Ry are evaluated analytically and numerically for small, in-
termediate, and strong interactions using various approximation schemes. We find that
Ry follows the semiclassical 1/gn* law near 7' = 0, but exhibits a striking 7-linear
behavior with an interaction- and doping-dependent slope at high temperature. We
compare our results with previous theories as well as Hall measurements performed in
cobaltates. We make general conclusions at the end of the manuscript.






CHAPTER 1

Introduction

It is likely that Edwing Herbert Hall was not aware of the enormous impact that his
experimental results would have when he measured the Hall voltage for the first time
in 1879. Not only because the Hall effect has allowed to determine the sign and density
of the charge carriers of many materials, but also because it lead to a whole new field
of research on the nature of the particles responsible for the electrical current in any
system.

Nowadays, the Hall resistivity has become a common tool when studying the trans-
port properties of any new material. However real experiments have shown that this
phenomenon cannot always be interpreted in terms of the density of charge carriers
and thus, has to be interpreted in a different way. Compounds can have strong interac-
tions affecting the transport properties. Such strongly interacting systems are now at
the heart of research in condensed matter physics and the understanding of the effect
of these interactions is crucial for the description of these materials.

In this work we undertake the challenging task of studying the Hall effect in two
different systems taking into account interactions. This requires the study of the exist-
ing methods for treating strongly interacting systems and their application to the Hall
effect. We have chosen two model systems which are similar to real compounds where
the measured Hall effect cannot be readily explained. The work presented here is en-
tirely theoretical but some applications to real experiments are discussed. The plan of
the work is presented in what follows.

We begin this manuscript with a description of the standard theoretical models used
to describe two-dimensional and low-dimensional fermions systems with strong cor-
relations. In particular, we review the main properties of the two-dimensional square
lattice and the 2D triangular lattice, and then those of one-dimensional and quasi one-
dimensional systems.

The second chapter is devoted to the transport phenomena in systems with strong
interactions. For this we explain the linear response theory and the Kubo formulas.
Such formulas are necessary for the understanding of the memory function formalism
developed afterwards. We end this chapter with an application of the previously men-



tioned theories in the calculation of transport properties in low-dimensional systems.

The third chapter is completely dedicated to the Hall effect. We begin with the
explanation of the classical Hall effect. Next, we obtain an expression for the Hall
resistivity at infinite frequency and finally, we use the memory formalism to include
interactions in the expression of the Hall resistivity.

Our first theoretical contribution is presented in the fourth chapter. The Hall effect
is investigated in a quasi one-dimensional system made of weakly coupled 1D chains.
For this we begin with a review on quasi 1D organic conductors, specifically in Bech-
gaard and Fabre salts, where various Hall measurements have been accomplished. We
explain the model and methods used to calculate the Hall constant. We then present
the results and discuss their range of validity and application to real experiments.

In the fifth chapter we present our second theoretical work. In this case we con-
sider the two-dimensional triangular lattice as our model system. We start with the
description of the sodium cobalt oxide, a compound with a triangular lattice structure,
where the Hall effect have been investigated recently. As before, we introduce the
model and methods used to calculate the Hall constant. We present the results ob-
tained and discuss their range of validity and application to the previously mentioned
experiments.

We close this manuscript with some general conclusions from the two theoretical
works presented and perspectives for future works. Some appendices are presented at
the end.



CHAPTER 2

Strongly correlated systems

In condensed matter physics, understanding the effects of interactions in real materi-
als, has occupied theoretical and experimental physicists for more than fifty years now.
Depending on the strength of interactions the convenient approach to be implemented
can be completely different. For example, if interactions are very weak, like in metals,
the free-electron model works well to describe most of the physical properties. The
dimensionality also plays a crucial role in this choice. In general, high-dimensional
interacting systems are well described by the Fermi Liquid theory, where electrons
are dressed by the density fluctuations around them, forming individual objects called
quasiparticles, as formulated by Landau and others [1, 2, 3]. The fraction of the elec-
trons that remain in this quasiparticle state is called the residue Z, and gives the ampli-
tude of the discontinuity in the occupation factor ng. The big result of the Fermi liquid
theory is that the properties of the interacting system remain essentially the same of
the free fermionic particles.

In one dimension, on the contrary, the Fermi Liquid theory breaks down and is the
Luttinger Liquid theory that describes the physics, even in systems with very strong
interactions, as explained in Sec. 2.4.1. Furthermore, Fermi Liquid theory is not al-
ways applicable in high-dimensions when one is working with strong interactions.
The common characteristic of strongly correlated systems, where one finds materials
as different as heavy fermions, high Tc superconductors, cobalt oxides and organic
conductors, is a narrow band where fermions interact strongly on a scale of the order
of electronvolts at short distances. In two-dimensional systems, for example, none of
the previously mentioned theories is applicable when strong interactions are present.
Then, basic models such as the Hubbard, ¢-.J, Anderson and Kondo lattice models had
to be implemented in an effort to understand the properties of these strongly correlated
layered materials.

As we are interested in the study of the Hall effect in a quasi one-dimensional
system and in a two-dimensional triangular lattice, we will devote this chapter to the
description of the theoretical models used to describe these systems throughout this
work. First, we will study the main properties of the two-dimensional Hubbard model,
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Figure 2.1: The Hubbard model: electrons hops from site to site with a hopping ampli-
tude ¢. Full (empty) circles denote sites with one (zero) electron. When a particle hops
into an occupied site, it has to pay a penalty U (on-site Coulomb interaction). This is
shown in the image on the right.

focusing on two geometries: the rectangular and the triangular lattice. Then, for the
case of low-dimensional systems, we will make a short review on the Luttinger liquid
theory and its extension to describe quasi one-dimensional systems.

2.1 The Hubbard model

The Hubbard model is one of the simplest models existing in literature [2] to describe
the physics of interacting fermions on a lattice. Hubbard (1963) proposed an extension
of the tight-binding model [2], where electrons hop from site to site with a matrix
element ¢, adding a term that provides a penalty U for any atomic site occupied by
more than one electron. This is depicted in Fig. 2.1. In terms of fermionic operators,
the Hubbard Hamiltonian takes the following form [2]

H=-—t Z cjocjg + UZ”%’T”% — uan, 2.1
(if)o i io

where cL (cq) 18 the creation (annihilation) fermion operator, n,, = cL Cq, 18 the fermionic

number operator and (ij) are nearest-neighboring sites. The first term in Eq. (2.1)
represents the kinetic energy of the electrons and the second term correspond to the
interaction between them. In addition, we include a chemical potential p in order to
adjust the number of electrons in the system.

There are extensions of the Hubbard model in which electron hopping beyond
nearest-neighbors and electron-electron interaction at larger distances, are taken into
account. We will not treat these models here because they are beyond the scope of this
work, and we refer the reader to the literature for a complete description of these cases
[2]. The Hubbard model was solved exactly in one dimension, by Lieb and Wu (1968)
[4], as we will discuss it in the next section. For dimensions greater than one, many
attempts have been undertaken to derive a phase diagram at zero temperature using
random phase approximation (RPA) [2], mean field theory [5], numerical methods
as the dynamical mean field theory (DMFT) [6], etc; but there are still many open
questions and discrepancies between different approaches.
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When working with the Hubbard model, there are two important energy scales to
take into account: the on-site Coulomb interaction U and the bandwidth W. They
determine the behavior of the system by the value of the ratio U/W. If this ratio is
small, the free-electron model can be used to describe most of the physical properties
of the system. Simple metals like aluminium or sodium have U < W. On the other
hand if the ratio is large, then U > W and electron correlations are dominant. This
case is not fully understood but some of its properties are currently well characterized.
We list some of them below.

The electron density n = N/N, (/N being the number of electrons and N, the
number of lattice sites) varies from 0 to 2, due to Pauli principle. When n = 2 there
are two electrons in each site, they cannot move, and the system is an insulator. At
half filling, when there is exactly one electron per site (n = 1), the ground state is
antiferromagnetic (AF), i.e., neighboring spins pointing in opposite directions. Fur-
thermore, if U >> W and there is one particle per site, the system is in an insulating
state known as a Mott insulator [7, 8]. Possible phases of the Hubbard model are: the
paramagnetic phase, the ferromagnetic phase, the charge-density wave phase (CDW)
and the spin density wave phase (SPW) [2]. Each of these phases has particular prop-
erties which have been studied extensively in the last decades. Nevertheless a unique
phase diagram for the Hubbard model for dimensions d > 1, is still lacking.

One important property of the Hubbard model at half-filling is the particle-hole
symmetry, which means that the Hamiltonian in Eq. (2.1) is invariant under the electron-
hole transformation: ¢;, — (—1)j d} »» Where d, (dL) creates (annihilates) a hole. This
property is very peculiar to half-filled bi-partite lattices (lattices that can be decom-
posed into a disjoint union of two sublattices) and is not fulfilled, for example, on the
triangular lattice (see Sec. 2.3).

An special limit of the Hubbard model that will be studied in Chapter. 6 is called
the atomic limit and corresponds to a system where the hopping amplitude is set to
t = 0. In this case the system consist on isolated sites where particles cannot move
from site to site. An exact solution can be found for the atomic limit of the Hubbard
model (each site is considered individually), for any dimension (see Appendix. B.3).
Another exactly solvable limit is the U = 0 limit (tight-binding model), where the
Hubbard Hamiltonian can be also completely diagonalized. The properties of the Hub-
bard model strongly depend on the type of the lattice and on the dimensionality. That is
why we will focus here only on two geometries of the 2D Hubbard model: the square
lattice and the triangular lattice. But, before entering into these two particular geome-
tries, we will mention another variant of Hamiltonian (2.1) known as the ¢-J model
[9].

The ¢-J model describes a system of interacting fermions on a lattice where the
on-site interaction U is considered infinite, in order to prohibit double occupancy, i.e.,
sites with n;1n;) = 1. This constraint is implemented using the Gutzwiller projection
operator Pg = II;(1 — n;n;). Applying this operator to Hamiltonian (2.1) one
obtains H;_; = PgHFPg+“exchange term”, where the exchange term is given by
J Z<i ) S; - §;, with S; the spin operator at site i. The exchange term represents an
effective antiferromagnetic interaction between neighboring spins, which results from
the virtual hopping of electrons into and out of doubly-occupied states, and has an
amplitude J = 4t2/U. The t-J model has no exact solution either, but it is widely
used in the study of fermionic systems with very strong interactions. We will not
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study the properties of the ¢-J model here because we are interested in the effect of
interactions as a function of their strength, and for this the Hubbard model is the more
accurate model to describe our two-dimensional systems. But it remains a good model
to make comparisons at very strong interactions, as will be done in Chapter 6. We refer
the reader to the literature for a complete review on the ¢-J model [10, 11].

2.2 The 2D square lattice

In this section we will study some general properties of the square lattice and defi-
nitions that will be useful in the rest of this work. Then, we will give the properties
of the Hubbard model in this particular geometry. The two-dimensional square lattice
has the structure shown in Fig. 2.1 which is invariant under translation (it has trans-
lational symmetry). The lattice is defined by two primitive vectors a; = a(1,0) and
az = a(0,1), where a is the intersite distance, called the lattice parameter. The real
space lattice, often referred as direct lattice, can also be represented in momentum
space. The latter is known as the reciprocal lattice and is formed by the set of vectors
K satisfying KR — 1 with R a vector of the direct lattice [12]. The two primitive
reciprocal vectors are by = 2%(1,0) and by = 22(0, 1). We will see, in a minute, how
any vector on k-space is defined by b; and by. Due to the periodicity of the lattice,
it properties can be studied in a reduced zone or primitive cell of the reciprocal space
defined by the Wigner-Seitz cell of the origin, which associates with each lattice point
all of space which is closer to it than any other lattice point [5]. This is the Brillouin
zone (see Fig. 2.2).

One important quantity that changes from one geometry to the other, is the disper-
sion relation or momentum energy of the particles. It also depends on the model used.
Let us take the previously studied Hubbard model to describe the 2D square lattice.
The dispersion relation is obtained by transforming the Hamiltonian to momentum
space, using the Fourier transform of fermionic operators

1 ik
o = 7 > emkrich 2.2)
k

where () is the volume of the system. The inverse Fourier transform is thus given by
cL . = (1 / \/ﬁ) > elhri CZ»LU. We will also need the Fourier transform of the number
operator, which is

1 ik
nie = Zk: e T (2.3)
Then, Fourier transforming Hamiltonian (2.1) we obtain [2]
H = Zekc;rwcka +Uznan—ki —,LLZCLUCIW. 2.4)
ko k ko

The coefficient of the first term in Eq. (2.4) (the kinetic energy term) gives the disper-
sion relation of the 2D square lattice. Thus, the dispersion relation is

e = —2t [cos(kza) + cos(kya)], (2.5)

6
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Figure 2.2: (Left) Fermi surface of the 2D square lattice. The red square represent the
first Brillouin zone for the square lattice and the Fermi surface is the shaded area inside
this zone. (Right) Density of states of the square lattice. The DOS exhibits a van Hove
singularity at the center of the band. The bandwidth of the system is equal to 8|¢|.

where a is the lattice parameter (|r; — r;| = a, with 4, j nearest-neighboring sites). In
Eq. (2.5) we supposed an isotropic square lattice. The components %, and k, of any
vector in the reciprocal lattice are obtained from the primitive vectors by and by trough
the relation: k, = nbi/27 and k, = mby /27, where m and n are integers. The
dispersion relation determines the bandwidth (W) of the system, which is given by the
range of energies between the maximum and minimum of €. As can be seen from
Eq. (2.5), the bandwidth of the 2D square lattice is equal to W = 8|¢|. The dispersion
relation is often written with reference to the chemical potential, combining the 1st
and 3rd terms on the right hand side of Eq. (2.4): £, = —2t [cos(kza) + cos(kya)] —
u. The ground state of the non-interacting system (U = 0 in Hamiltonian (2.4)) is
constructed by occupying all the energy-levels with two electrons with opposite spins,
until reaching the total number of particles N. The highest energy level is called the
Fermi level and has an energy e,, with kp the Fermi momentum. This energy level
allows to define the "Fermi surface", which is an important quantity when studying real
materials (nowadays measured experimentally with different methods, such as angle
resolved photoemission spectroscopy). The Fermi surface is defined by the collection
of points in the reciprocal space with energy g, = u, i.e, { = 0. Fig. 2.2 shows
the Fermi surface and first Brillouin zone of the 2D square lattice described with the
Hubbard model. Following the Luttinger Theorem, interactions do not change the
volume of the Fermi surface, only its shape. Another important quantity is the Density
of states (DOS) of the system, which describes the number of states at each energy
level that are available to be occupied. It is important to known the shape of the
DOS when one is working with the Hall effect, due to the relation between the Hall
resistivity and the electronic density, as we will see in Chapter 4. Fig. 2.2 shows the
DOS of the non-interacting square lattice, which exhibits a van Hove singularity at the
center of the band.

The particle-hole symmetry mentioned in the previous section is fulfilled in the
square lattice, because it is a bipartite lattice. The particle-hole symmetry at half-
filling is evident from the shape of the DOS, which is symmetric with respect to the
center of the band. Although we will not work on the square lattice for the Hubbard
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a) b)

Figure 2.3: a) Two-dimensional triangular lattice structure with hopping amplitudes ¢
and t’. b) Geometrical frustration on a triangle. Should the empty site be spin-up or
spin-down?. From Ref. [13]

model, it is important to know this geometry because it is the simpler model, it has
been extensively studied and thus, it always works as a point of reference. Let us now
move to the triangular lattice, which is the geometry that will be used with the Hubbard
model in Chapter. 6

2.3 The 2D triangular lattice

The structure of the two-dimensional triangular lattice is shown in Fig. 2.3a. In the tri-
angular lattice, hopping ¢ occurs along the longitudinal direction and hopping ¢’ along
a direction defined by an angle of 60 degrees from the longitudinal direction, as can be
seen in Fig. 2.3a. The lattice is called isotropic when the hopping amplitudes satisfy
t = t'. The primitive vectors defining the lattice in real space are a; = a(1,0) and
as = a(1,+/3)/2, with a the lattice parameter. And for the reciprocal space vectors
we have by = 2Z(1, —%) and by = 22(0, %) As before, we obtain the dispersion
relation from the Fourier transformed Hamiltonian (2.4) for the 2D triangular lattice.

Thus, € is this geometry is given by
e = —2 [t cos(kza) 4 2t' cos(kya/2) cos(k,av'3/2)| . (2.6)

Thus, the bandwidth is W = 9|¢|. With this dispersion relation we obtain the Fermi
surface shown in Fig. 2.4, as well as the Brillouin zone which has an hexagonal char-
acter. The corresponding density of states (DOS) exhibits two van Hove singularities
which are degenerate when ¢ = ¢’ (see Fig. 2.4). Unlike in the square lattice, the
DOS has no particle-hole symmetry, irrespective of the value of ¢ and t'. Thus, the
particle-hole symmetry is not fulfilled because the lattice is no a bipartite one.

Two important properties arise from the topology of the triangular lattice. The
first one is that it has the smallest number of steps necessary to make a loop, namely
three. This will be reflected in the study of the Hall effect on the triangular lattice in
Chapter 6. The second one is called the electronic frustration and it appears because
the geometrical arrangement in the triangular lattice frustrates the alternation of the up
and down spins that minimizes the Coulomb repulsion. As shown in Fig. 2.3, two of
the three electrons in each triangle share the same spin orientation [13]. The effects
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Figure 2.4: .(Left) Fermi surface of the 2D triangular lattice. The green hexagon represent
the first Brillouin zone for the triangular lattice and the Fermi surface is the shaded area
inside this zone. (Right) Density of states of the triangular lattice. The bandwidth of the
system is W = 9|t|. The density of states (DOS) exhibits two van Hove singularities
which are degenerate when ¢ = t'.

of frustration in transport properties are not yet fully understood. We will not treat
frustration here because it is out of the scope of this work. We refer the reader to the
literature [13] for an explanation on this phenomena. The ground state of the triangular
lattice is expected to be antiferromagnetic with the spins oriented forming 120 degrees
between them.

At this point we have seen numerous properties of the two-dimensional Hubbard
model in two different geometries. In particular, the properties of the triangular lattice
will be used in Chapter. 6. In the following, we will study other types of systems called
low dimensional systems where the physics vary substantially from the one studied
previously.

2.4 Low dimensional systems

Until now we have seen the theoretical models, that will be used in the next chapters, to
describe strongly correlated systems in two dimensions. The next step, is to investigate
the rest of the systems that interest us for this work, the one- and quasi one-dimensional
cases, in order to study their most important properties. In particular those related to
transport phenomena. We will begin this section by studying the main features of
electrons moving in one dimension, and the Luttinger liquid theory that allows us to
describe the physics of these systems. Then, we will focus on a special 1D system
called the one-dimensional Mott insulator. It is essential to understand the physics of
the latter if one is interested in electrons moving on a lattice, as will be the case in
Chapter 5. Finally, we will investigate the main properties of quasi one-dimensional
systems, and the way to extend the Luttinger liquid theory with the aim of describing
their physics.

2.4.1 One-dimensional case

In order to understand the physics and, in particular, the transport properties of strongly
correlated systems in one dimension, we must first realize that fermions in 1D have
quite different behaviors than fermions in higher dimensions. In one dimension, an
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Figure 2.5: (a) Single-particle dispersion in a one-dimensional system. The Fermi sur-
face consists of two points. (b) Linear spectrum of the Luttinger model. The particles are
now separated in right (R+) and left (L—) going fermions. The spectrum is extended to
+00, giving rise to an infinite number of negative states (‘unphysical’states). This requires
the introduction of a cutoff on the momentum to make the model well defined.

individual electron cannot move without pushing its neighbors, thus any individual
excitation has to become a collective one. The main consequence of these differences
is that, instead of the Fermi liquid theory, the proper theoretical description for one-
dimensional systems is the Luttinger Liquid theory. In the following we will focus on
the basic ideas necessary to describe transport properties in one-dimensional systems,
and we refer the reader to the many existing reviews and books in the literature [14,
15, 16] for a detailed description of all the properties of 1D systems.

Fig. 2.5(a) shows the single-particle dispersion for a one-dimensional system, where
the Fermi surface consists of only two discrete points. Because the states contributing
to transport are the low-energy ones, i.e. excitations close to the Fermi level, we may
replace the original model by one with a purely linear spectrum (see Fig. 2.5(b)) ex-
tended to =oo. This linearization was first proposed by Luttinger [18] and requires the
introduction of two species of fermions, right (R) and left (L) going fermions with a
dispersion relation given by

Ei(k) = Up(ik — kp), (2.7)

where v is the Fermi velocity, kp is the Fermi momentum and + (—) refers to right
(left) going fermions.

Another property of one-dimensional systems is that low-energy particle-hole ex-
citations, where an electron with momentum £k is removed from below the Fermi sur-
face and created above with momentum k + ¢, do not exist for 0 < ¢ < kp. This
arises because the Fermi surface consist of only two points and thus the only places
where the particle-hole energy can reach zero are ¢ = 0 and ¢ = 2kp. This is de-
picted in Fig. 2.6. Thus, these low-energy excitations have a well defined momentum
g, a well-defined energy E'(q) ~ ¢ (independent of k) and an energy dispersion 0 E(q)
which goes to zero much faster than the average energy. These properties make them
well defined ‘particles’with a lifetime that increases when one goes closer to the Fermi
level (£ = 0) [16]. In the linearized model, these excitations have an energy (for right
going fermions)

Erk(q) = vr(k + q) — vrk = vgg, (2.8)
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Figure 2.6:  Particle-hole spectrum for high-dimensional systems (a) and one-
dimensional ones (b). In 1D systems, particle-hole excitations have well defined energy
and momentum for small values of ¢ (low energy modes at ¢ ~ 0 and ¢ ~ 2kp), which is
not the case in high-dimensional systems (From Ref. [17]).

which is indeed independent of k. They have a well defined momentum ¢ and energy
E(q) = vgq. The particle-hole spectrum for the Luttinger model is shown in Fig. 2.7.
These excitations are bosonic in nature (product of two fermion operators) and because
they are well defined, they can be used as a basis to represent the Hamiltonian and
all fermionic operators. Indeed, the density fluctuations which are a superposition of
particle-hole excitations, are used as such basis.

To further understand the previous arguments, let us take a system of fermions
moving in 1D and write down the linearized kinetic energy term in momentum space

Mign = Y vr(Ek — ke)cl € po (2.9)
k,o,r=R,L

where the + (—) sign corresponds to » = R (r = L), right (left) going fermions. To
transform this term to direct space, the single particle fermion operator 1, (x) must be
rewritten in terms of right and left going fermions, taking into account only the parts
acting close to the Fermi surface

1 P | ik 1 ike,,
Yo(x) = a Ze Cho ~ Z e Ckg-i-a Z e"epy = Yor(T) +oL(T),
k k~+kp k~—kp
(2.10)

where (2 is the volume of the system. Thus, in terms of ¢r and v, the kinetic energy
term in direct space is given by

Hign = / dr 3 [ord ()rs(—i0n)e, ()] @.11)
o=l

where ¢t = (w}; szL) is the two-component vector composed of right- and left-moving

fermions and 73 is the Pauli matrix ((1) _01 ) Eq. (2.11) is easily Fourier transformed
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Figure 2.7: Particle-hole spectrum in the Luttinger model. The states on the left of the
black line are ‘unphysical’states coming from the extension to oo of the single-particle
spectrum (see Fig. 2.5). That is why a cutoff must be introduced in momentum to make
the model well defined

into Eq. (2.9) using representations (2.10). It can be proved, by simple commutation
relations [16], that the kinetic energy term (2.9) is well represented in a basis generated
by boson operators b;, and by: Hiin ~ Zp £0 vE| p|bTb , showing how this term can be
quadratic in such a basis. Similarly, in a system of fermions with spins, the interaction
term has typically the following form

Hine = Z / dz dz'V (z — 2') py () por (2), (2.12)

where p,(z) is the density operator defined as p, () = M;(a:)@bg (z). This operator is
made of a product of two fermions operators and thus it can also be represented in the
boson basis p(q) ~ bg or p(q) ~ bg (or some linear combination). The interaction term
thus remains quadratic in the boson basis and can be easily diagonalized, as shown
below. In terms of right and left going fermions the density operator becomes

po(@) = 0l @10, (@) + U] g (@), n(2) + ] L (@), 5(@) + ] (@), (3.1 3

13)
It must be kept in mind that the relevant processes in the interaction are those close
to the Fermi surface (¢ ~ 0 and ¢ ~ 2kp). Because the Fermi surface in 1D consist
only on two points, the interaction term can be decomposed in three different types.
The first process called g4 couples fermions on the same side of the Fermi surface.
The second type is called g2 and couples fermions from one side with fermions on the
other side of the Fermi surface. But each species stays on the same side after the inter-
action (forward scattering). And finally we have the g; process which corresponds to a
scattering of 2kp, where fermions exchange sides (backscattering) [16]. The processes
between fermions with parallel spins are denoted g and with opposite spins, g, . We
suppose our system is made of fermions with spin rotational symmetry (for simplic-
ity), moving in one dimension. Adding the interactions terms to the Hamiltonian we
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obtain the following expression

Mo = [do 3 [orbd(e)m(-i0.)6,(0) + g2y prr@por(s) (219
o=l

+921 por(T)p—or(T) + Z (

r=R,L

il
2

g4l

Por () por(T) + T pm«(x)pfgr(:v))} .

The first term is the kinetic energy (2.11) and the other terms in Eq. (2.14) refer to
forward scattering. In H;p we have omitted the backscattering terms (g; processes)
which are, for spin rotationally invariant systems, marginally irrelevant [16]. We there-
fore take g1, = g1 = 0. If only backscattering terms are considered, it must be kept
in mind that logarithmic corrections can be introduced by the forward scattering terms.
This will be the case in Chapter 5, in our study of the Hall effect in a quasi 1D chain.
The representation of fermionic operators in term of bosonic fields, is an important
tool of the Luttinger liquid theory to calculate correlations functions, as explained at
the end of this section. This technique is known as bosonization [15, 16]. We will not
present the bosonization method in details here, but only the important results needed
for the understanding of the transport properties in 1D. We refer the reader to the
literature for a detailed description of this technique [15, 16]. Hamiltonian (2.14) will
be used in Chapter 5, both in its fermionic and bosonic representations (see Eq. (2.20))
Let us see first how the fermionic fields vy = s r + 1, 1, are represented in
terms of bosonic fields denoted 0, and ¢,, ! (fields written in the boson basis b and bh,
where v = p(o) denotes the charge (spin) degrees of freedom. The charge and spins
degrees of freedom must be separated in order to diagonalize Hamiltonian (2.14). The
fermionic field yields
b o) = 6“:” o~ 5 r8p()=0p (@) +olrbs (2) =00 ()]} 2.15)
Ta

with 7 = +1(—1) for right (left) moving fermions, and a a cutoff which precise value
is irrelevant for the low-energy, long-wave length properties of the model. The limit
a — 0 should be taken in principle. All the formulas given here are found after taking
the thermodynamic limit . — oo, with L the size of the system [15, 16]. The fields
(¢p,0,) and (¢4, 0,) obey the following commutation relations

[cbu(a:), ivey(:c’)] =id(x — 2'). (2.16)

The bosonic fields ¢ and 6 can be represented in terms of the density operators pr and
pr, [16], giving rise to the following relations

Voi(z) = = [pry(2) + pr1(2)]
Vo (z) = = [prt(2) — pr1(2)] (2.17)

!The boson fields are defined as

T w1 —ajpl/2-ips

:‘: JE—
L L
p#0 p

6(2),6(x) = = (Nr £ Nz)

The N, terms disappear in the thermodynamic limit L — oo [16].
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and the same is valid for the other spin (|). The boson fields for the total charge and
spin degrees of freedom are related to the formers as

bp() = ;5 (61(2) + 6, (2)
Do) = —= [p1(2) — By (z)]. 2.18)

V2

and the @ fields obey the same relations. From this expressions we can already see that
interactions of the form (2.12), introduce term such as (Vé, (z))? and (V6,(x))2.

Using representation (2.15), the Hamiltonian Hp can be bosonized obtaining a
quadratic Hamiltonian of the form

Hip = H,+Hs (2.19)
H, = / b S V0, (2)]2 + ~2 [V ()] (2.20)
14 - 27T v v v KV 14 ) .
where v = p(o) denotes the charge (spin) degrees of freedom, w, is a velocity,

K, a dimensionless parameter depending on the interactions, and 6, and ¢, are the
“new”’bosonic fields. The parameters u and K are given by the interaction parameters

e = or (U ya/2)” — (/2]

K, — [Ltya/24 /2 V2 221)
L4 ya/2 — yu /2

v = 91 — 92 F 921

G4y = Ga £ ga1

Yo = Gu/(mUE),

where the upper sign refers to p and the lower one to o. In the non-interacting case
u, = Uy = vp and K, = K, = 1. For systems with spin rotation symmetry we have
g1 = 911 and thus K; = 1. K, = 1 in the absence of interactions and K, < 1 for
repulsive interactions.

The representation of a fermionic Hamiltonian in a quadratic form is one of the
big advantages of the Luttinger liquid theory. It takes into account all the effects of
fermionic interactions (momentum conserving interactions) and put them in a simple
quadratic Hamiltonian of the form of Eq. (2.20). Although we will not treat the case
of gy scattering here, it is important to know that this term cannot be written in the
same quadratic form of Hamiltonian (2.19) because it gives a cosine term (called sine-
Gordon Hamiltonian) and must be treated with renormalization group equations [19].
The splitting of Hamiltonian (2.19) into a charge part H, and a spin part H,, reveals
the complete separation of charge and spin degrees of freedom in 1D systems, which
is an important property of Luttinger liquids. It forbids single particle excitations (free
electron) carrying spin and charge together.

There are various properties of Luttinger liquids that we will not treat here since
it would require more than an entire chapter, but there is one special property which
is very important to know when one is working with one-dimensional systems: the
power-law decay of correlation functions. In addition to the particle-hole excitations
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mentioned at the beginning of this section there are also particle-particle excitations.
These are collective excitations that represent charge-density and spin-density fluc-
tuations respectively, with ¢ ~ 0 and ¢ ~ 2kp components (see Fig. 2.6). When
calculating charge-density or spin-density correlations functions in one dimension, the
q ~ 0 part gives a free fermion decay of the correlation and the ¢ ~ 2kr (or multi-
ples ¢ ~ 2nkg) behaves as a non-universal power law, with an exponent depending on
interactions. This arises because the charge and spin densities fluctuate in space and
time. That is why ordered states do not exist in one-dimensional systems [16]. Let
us take for example the density-density correlation function of a system described by
Hamiltonian (2.20),

K, y2—a? a\ Kpt+Ks
z,7)p(0)) = p2 + =L 22— _ 4 52 Ay cos(2mpox <7)
(p(z,7)p(0)) = po + 3 (w2 52 TP (2mpoz) (
9 a\ 4K
+p5 Ay cos(4dmpox) <7> +.0 (222)
r

Where y, = ur + aSign(7) and 7 is an imaginary time related to ¢ by the Wick
rotation [2]: 7 = it + eSign(t). po is the average density of particles. In Chapter 3
we will give the technical details necessary to compute a correlation function of this
type. At this point we are interested in the physical meaning of Eq. (2.22). The ¢ ~ 0
part of the correlation decays as 1/x2. This is a Fermi liquid like decay and only
the amplitude is renormalized by the interactions. The 2kg and 4kg parts, however,
decay as a non-universal power law, with exponents depending on interactions. In
this specific correlation, the 4kr component does not depend on the spin part, thus if
K, =1and K, < 1/3, it becomes the dominant component. A system with this type
of correlations is referred as a Luttinger liquid. Another important quantity showing
a power-law decay is the retarded single-particle Green’s function, which will be used
repeated times in the next chapters. It is defined as [2]

Grg(a,t) = =i0(6) (Yo (2, 1), 91 (0,0)]1), (2.23)

where [] is the anticommutator, 6(¢) is the Heaviside-function, r = +1 (—1) for
right (left) movers, and o denotes the spin. The retarded Green’s function is usually
obtained form the Green’s function in imaginary time [2]. The relation between these
correlation functions will be explained in Sec. 3.1. In a Luttinger liquid, the retarded
Green'’s function is given by

a + i(vpt — 1) "

Gl (z,t) = 0 i lim{ (2.24)

27 e—0 | €+ i(vpt — rx)

H 1 ( CL2 )mj + <.CL' — —CL’)
a+ i(uyt —rz) \(a+iu,t)? 4 22 t— —t) [’

v=p,0

with a the momentum cutoff. The exponent is
v = (K, +K,;'-2)/8 >0 (2.25)

For a spin rotation invariant system, K, = 1 and 7, = 0. It is not our intention to
explain how to obtain Eq. (2.24) because is out of the scope of this work. We refer
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the reader to Ref. [16] for a detail explanation on the calculation of the 1D Green’s
function. We are interested in the asymptotic behavior of Eq (2.24), i.e., at x — o0

ret a\ 2w

G (2 — 00) ~ (E) . (2.26)
The behavior of correlation functions at large distances will be used constantly in the
next chapters, to detect power-law behaviors in the calculations using scaling analy-
sis. Because most of the functions in one dimension are power laws, most result can
be obtain by simple scaling analysis. The single-particle Green’s function in imagi-
nary time G, (z, 7) follows the same asymptotic power-law behavior of Eq. (2.26).
From G, (x, T) we can obtain the occupation factor n(k), which is simply the Fourier
transform of the equal time Green’s function [2]

nro (k) = /dwe_iszm(x,T =07). 2.27)

The occupation factor is thus the Fourier transform of a power-law and, for a spin
rotational invariant system K, = 1, is given by [16]

n(k) ~ |k — kp|V/AEHEG1-1/2, (2.28)

Instead of the discontinuity at kg characteristic of a Fermi liquid, in one-dimension
one finds a power-law singularity. This means that the quasi-particle residue is Z = 0,
which is an evidence that single-particle excitation cannot exist in 1D.

At this point we can summarize the features of Luttinger liquids that we have
discussed until now. Firstly, we saw that in one dimension the dispersion relation can
be linearized keeping the same low-energy properties of the system. This requires the
definition of right- and left-going fermions. We learned that particle-hole excitations
are well defined in 1D and thus can be used as a basis to represent fermionic operators,
thought a transformation known as bosonization. And we saw that a fundamental
property of Luttinger liquid is the power-law decay of correlation functions. Now we
will discussed the case of fermions moving on a lattice. For this we dedicate the next
section to the one-dimensional Mott insulator and all the relevant properties for the
study of transport physics in it.

2.4.2 1D Mott insulator

Let us begin by considering a system made of fermions moving on a one-dimensional
lattice. This system is described with the Hubbard model studied in Sec. 2.1. We
will apply the bosonization transformation to the Hubbard Hamiltonian of Eq. (2.1)
in one dimension, where the sum over j disappears. The result is again a quadratic
Hamiltonian of the form given in Eq. (2.19), but now parameters u and K are:

UPKp = UO'KO' - UF
/K 14+ Y (2.29)
u = v — .
P ’ F TR
U
U /Ky = vp (1—> ,
TR
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Figure 2.8: (a) One dimensional Mott insulator: at half filling (one particle per site)
due to the repulsion between particles, the system prefers to localize one particle on each
lattice site. In this case, antiferromagnetism order is favored. (b) If the system is doped
with holes or electrons, the particles (electrons or holes) can move and we thus have a
metallic state (From Ref. [17]).

functions of the Coulomb interaction U.

If there is one particle per site (half-filled system) and the repulsion U is larger
than the kinetic energy ¢, the particles are localized on the lattice sites to minimize
repulsion and the system is called a Mott insulator [7]. This is depicted in Fig. 2.8. In
the Mott insulating state a gap A appears in the charge excitation spectrum, but the spin
properties are totally unaffected. To attain a metallic state, the system must be weakly
doped away from half-filled case in order to have particles propagating. For other
commensurate fillings, like quarter-filling (one particle every two sites), it is necessary
to have a nearest neighbor repulsion (V') to form a Mott insulator [16]. The transition
between the insulator and metallic state is known as Mott transition [8] and is depicted
in Fig. 2.9. It can occur changing the value of the repulsive interaction, in this case
is called a Mott-U transition; or changing the doping § and is called Mott-§ transition
(see Fig. 2.9). Here we will not treat the case of doping and thus we refer to the Mott-
U transition as just the Mott transition. The properties of Luttinger liquid discussed in
the previous section remain essentially the same for the 1D Hubbard model, knowing
that interaction K, and velocity u, parameters, depend on U as shown in Eq. (2.29).

To study transport properties in commensurate systems (as will be done in Chapter
3), we must take into account the effect of the underlaying lattice. Due to the presence
of the lattice, the wavevector is defined modulo a vector of the reciprocal lattice, i.e.,
27 /a in one dimension with a the lattice spacing. As a consequence, new interac-
tion processes will appear in which the total momentum is not conserved, such that
ki1 + ko + ks + k4 = Q, where @ is a vector of the reciprocal lattice (in momentum
conserving processes, such as (2.12), k1 + ko + k3 + k4 = 0). In other words, the
particles exchange momentum with the lattice. These processes are known as umklapp
processes and they are the only ones responsible for dissipation in 1D systems [16].
The umklapp processes appear only at commensurate fillings. For example in a half-
filled system we have 4kr = 27/a and it corresponds to a process where two electrons
jump from one side to the other of the Fermi surface, transferring a momentum 4k to
the lattice [16, 17]. This is illustrated in Fig. 2.10. The umklapp term modifies only
the charge part of Hamiltonian ( 2.19), by adding a term of the form

Hijon = gl/gn/daz cos(nV8e,(x)), (2.30)
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Figure 2.9: Phase diagram of the one-dimensional Mott insulator. n denotes the order
of the commensurability: n = 1 for 1/2-filled and n = 2 for 1/4-filled systems. Int
denotes the repulsive interaction between particles, p is the chemical potential, § is the
doping and A is the Mott gap. MI and LL correspond to the Mott insulator and Luttinger
liquid (metallic) phases, respectively. The critical exponent K. and velocity u. depend
on whether it is a Mott-U or Mott-4 transition (From Ref. [16]).

(@) ky (b) E
3 I 4
1Yy ——d3
k 2\
k

Figure 2.10: (a) Umklapp processes in high-dimensional systems appear regardless of
the filling (provided |kg| is large enough). (b) In one dimension an umklapp process ap-
pears when two particles are scattered from one side to the other on the Fermi surface
4kp = 27 /a, that is, for half filling. There are also umklapp processes for other com-
mensurate fillings (From Ref. [17]).
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where n is the order of the commensurability (n = 1 for half-filling and n = 2 for
quarter-filling), g; J2n is the coupling constant, and the commensurability n is related
to the reciprocal lattice vectors by 2pkr = 2mq/a, where p = 2n and ¢ are integers.
In the case of one particle per site (n = 1, half-filled band), we rewrite Eq. (2.30) as
[16]

— (227?;)2 /dx cos(V8,(x)). (2.31)
We have replaced the amplitude g, /, by the factor 2g;/ (27a)?, where the coefficient
g5 is of the order of the Coulomb interaction U and a is the lattice spacing. The
umklapp process of Eq. (2.31) will be the only term, producing dissipation, considered
in our study of the Hall effect in a quasi one-dimensional system.

After reviewing the necessary tools to understand the transport properties of fermions
moving on a one-dimensional lattice, we will describe an extension of the pure 1D case
which is the lowest dimensional situation where the Hall effect has a sense: quasi one-
dimensional systems. This will be the type of strongly correlated low-dimensional
system treated on Chapter 5.

2.4.3 Quasi one-dimensional case

In the group of low-dimensional systems we find, beside the purely one-dimensional
ones, systems with a dimensionality between one and two or one and three. These sys-
tems are known as quasi one-dimensional and they consist of one-dimensional chains
coupled by an interchain coupling term of the form

Hy = / dr 3" 10 [Ufothe +hec] . (2.32)
wyo

with (y, v) a pair of chains and ¢, , ,,, the hopping integral between these two chains.
The simplest example of a quasi 1D system is composed of two one-dimensional
chains coupled to form a fermionic ladder [16]. Here we are interested in systems
made of a large or infinite number of coupled chains. In Chapter 5, we will use
Eq. (2.32) together with Hamiltonian (2.14) to describe our system of weakly coupled
one-dimensional chains.

In addition to the coupling term (2.32), there exist hopping processes of second
order in ¢, where two particles jump between chains. These terms have a well de-
fined classical limit (unlike the coupling term in Eq. (2.32)) and for a sufficiently large
number of chains they can be treated using a mean field approximation [20]. Their
most important effect is to drive the system into an ordered state [17]. The ratio ¢ / b
where ¢ is the intrachain hopping, determines the effective dimensionality of the sys-
tem. When the system is nearly isotropic, ¢} ~ t||, we deal with a high-dimensional
situation where even small interchain interactions must be taken into account because
they lead to a Fermi liquid state or another correlated state. In the opposite limit
t1 < t)|, the system is highly anisotropic and the chains are in a well defined Lut-
tinger liquid regime. Thus, the processes of second order in ¢ are less likely to occurs
and can be neglected. This is the limit that interest us for the discussion of trans-
port in quasi one-dimensional systems. We will therefore focus only on the interchain
hopping term of Eq. (2.32), and we refer the reader to the literature for an extensive
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Figure 2.11: Open Fermi surface of a quasi one-dimensional system. (a) If the tempera-
ture (or any other energy scale) is larger than the warping of the Fermi surface produced by
the interchain hopping, the system cannot feel it and thus behaves as a one-dimensional
one. (b) For temperature/energy smaller than the warping, the system feel the two- or
three-dimensional nature of the dispersion and thus behaves as a high-dimensional sys-
tem (From Ref. [17]).

discussion of the effects of interchain interaction terms [16, 17]. Therefore, in the rest
of this manuscript the word “interaction”will only refer to intrachain interaction.

One important effect of the coupling term (2.32) is to induce a dimensional crossover,
as a function of decreasing temperature (or another energy scale), from a one-dimensional
regime to a high-dimensional one (2D or 3D). To understand this dimensional crossover
we consider the dispersion relation of the system in the absence of interactions:

e(ky, k1) = —2t cos(kya) — 2t cos(k D) (2.33)

where b is the distance between chains. In the limit ¢ | < t the Fermi surface given
by Eq. (2.33) is an open surface as the one shown in Fig. 2.11. If the temperature (or
energy) is larger than the warping of the Fermi surface due to interchain hopping, the
system cannot be sensitive to it (see Fig. 2.11) and thus feels a flat Fermi surface cor-
responding to a one-dimensional regime. In contrast, when the temperature (energy)
is much smaller than the warping, the system behaves as a two- or three-dimensional
one. This dimensional crossover occurs, in the non-interacting case, at an energy scale
of the order of the interchain hopping ¢, . Interactions renormalize this energy scale to
(unities are taken in order to have kg = 1)

£\ /=0
Eth~W<W> , (2.34)

where ( =" v, and v, = (K, + K, ! —2)/8 > 0[16]. For a spin rotation invariant
system K, = 1 and v, = 0. Furthermore, in the non-interacting case ( = 0 and we
recover 11 ~ t . For interacting systems we have ( > 0 and thus the energy scale at
which the dimensional crossover takes place is reduced, making the system effectively
more one-dimensional. This can be understood in the following manner: the interchain
coupling involves single-particle hopping processes which are unstable excitations in
a Luttinger liquid, then in order to have an electron jumping from one chain to the
other a collective excitation must brake and then recombine in the new chain. This
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Figure 2.12: Deconfinement transition: quantum phase transition that takes place at
T = 0 as a function of the interchain hopping ¢, . At finite temperatures, one can have
a crossover between a Luttinger liquid (LL) and a Mott insulator (MI) if ¢, < ¢7 by
lowering the temperature (arrow 1), or between a LL and a high metallic phase (HDM) if
t; >t (arrow 2). A is the Mott gap (From Ref. [17]).

makes the single-particle hopping very difficult. As mentioned previously, there exist
hopping processes of second order in ¢ | which are more favorable, where two particles
jump between chains. These processes lead to an ordered state at a temperature 1o
which depends on the precise coupling (spin-spin, Josephson term or density-density)
[16]. In the limit £, < ¢, the dimensional crossover always occurs first (131 > Ty2)
because two-particle processes are of the order ti < 1 and thus are less likely to
occur.

Another property of quasi 1D systems that we shall mention in this section is the
deconfinement transition. It consists of a quantum phase transition where the system
goes from a one-dimensional Mott insulator to a high dimensional metal with increas-
ing interchain hopping [16]. It appears in commensurate systems which are generally,
as we saw in the previous section, Mott insulators with a gap A in the charge excita-
tions. A qualitative picture of the deconfinement transition is given in Fig. 2.12. This
transition is more complex than the dimensional crossover, because when it occurs
electrons are able at the same time, to leave the chains and to conduct. The critical
value of ¢ | at which the deconfinement occurs is ¢’ . One should solve the fulled cou-
pled problem to obtain a critical value for ¢ . It is quite difficult to extract physical
properties in the deconfined phase. One known quantity is the transverse conductivity
that will be discussed in the next chapter.

At this stage, we have seen the main properties of low-dimensional systems related
to transport physics. We know how to describe a strongly correlated quasi 1D system,
made of weakly coupled Luttinger liquids. In addition, we can introduce the effects
of the lattice through the umklapp scattering review in this chapter. All these will be
implemented in Chapter 5.
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CHAPTER 3

Transport in strongly correlated systems

In order to study the Hall effect in strongly correlated systems, which is above all a
transport measurement, we must first investigate the various existing methods to treat
transport in systems with strong interactions. In this chapter we make a review of two
related methods and then use them to obtain the conductivity in a one-dimensional
system, with the purpose of clarifying their domain of applicability.

A discussion about transport in correlated systems cannot start without mentioning
the most simple theory used to study transport in nearly-free electron systems. This is
the Drude theory of metals [12] (Drude constructed his theory on electrical and thermal
conduction in 1900). This theory is the precursor of all modern transport theories and
is still widely used. The Drude model assumes electrons are classical particles that
can move freely and experience collisions with other electrons with a probability per
unit time 1/7. The time 7 is known as the relaxation time. In accordance with Ohm’s
law there is a relation between the potential drop V' and the current I flowing along a
wire, which is V' = IR, where R is the resistance of the wire. This relation can be
rewritten in terms of the applied electric field E and the current density j as E = pj,
where p is the resistivity of the wire. If n electrons of charge —|e| per unit volume
move with an average velocity v, then the current density is proportional to v and is
given by j = —|e|nwv. After each collision, the momentum of the electrons is changed
by Ap = FAt, where F' = —|e|E and the average time At between collisions is 7.
Then, the average velocity of the electrons is given by vaye = —|e|E7T/m, where m is
the electron mass. Thus the current density can be rewritten as

2
j=ldT gy 3.1)
m
This formula is usually given in terms of the conductivity o = 1/p.

B nlel®r

j =0F, (3.2)

m
The formula on the right is the known as the Drude formula and gives an estimate of
the dc electrical conductivity in terms of known quantities, except for the relaxation
time 7 which is generally determined experimentally [12].
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In the case of an applied time-dependent Electric field, E(t) = Re(E(w)e™™?),
the current induced in a metal j(w) is given by: j(w) = o(w)E(w), where o(w) is
known as the frequency dependent (or AC) conductivity. In the Drude theory of Metal
o(w) is equal to [12]

o nle*r

J(w)zl—iuﬁ’ 0T T

(3.3)

This result reduces to the DC result of Eq. (3.2) at w = 0. In the next sections we
describe two quantum theories to compute the conductivity o. First, we discuss the
linear response theory used to compute ac conductivities (o(w)), and then we explain
the memory function formalism that allows to compute o(w) including the effect of
interactions. Finally we applied all these methods to the study of transport in low-
dimensional systems.

3.1 Linear response theory and Kubo formulas

When an external field is applied to a physical system, its response will depend on the
magnitude of the perturbation. Many experiments in condensed matter physics mea-
sure responses to applied fields. For example, a sample is placed in an electric field, a
magnetic field or a temperature gradient to measure its electric current, magnetization
or thermal current, respectively. In linear response theory, the applied field is assumed
sufficiently small, so that the system response increases linearly with the intensity of
the field, and non-linear terms can be neglected.

Although linear response theory applies to all possible fields [2] (Kubo first derived
his equations for the electrical conductivity in solids in 1957-1959), we will focus here
on the electrical conductivity tensor o (7, 7, t — t') which relates the current response
Ja(r,t) to an electric field E(r’,t’) trough

t
Ja(r,t) = Z/dr'/ dt' oop(r —r'st — ) Eg(r', 1), (3.4)
B —o

where Eg(r/,t') is the total electric field, i.e the sum of the applied external field E(;Xt)
and the fields created by the charged displaced in the solid. In Eq. (3.4) we write the
conductivity as a function of the difference (r — r’) because we assume translational
invariance in the solid.

The main goal is to obtain an expression for the ac conductivity o, (g, w), that
is the Fourier transform of o,3(r — 7/,¢ — t’). Let us consider a system described
by a Hamiltonian H, where an electric field is applied. For this formalism to be well
defined, the system is considered unperturbed at ¢ = —oo and the perturbation, in
this case the electric field, is turned on slowly to be totally present at ¢ ~ 0. Then,
at large times, t = 400, the perturbation is turned off and the system returns to its
unperturbed state. A(r,t) is the time dependent vector potential related to the electric
field by E(r,t) = —0A(r,t)/0t. The current is defined as the functional derivative
of the Hamiltonian with respect to the vector potential (unities are chosen in order to
havec=1,Ah=1land kg = 1)

OH

ja('f’,t) = — m Ael:o, (35)
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and it can be itself proportional to A. We also define the operator of the total current
as Jo = [drja(r). The vector potential also enters in the Hamiltonian modifying
the momentum IT of the particles by IT — |e| A, with |e| the elementary charge. Thus,
to capture all the linear response to the vector potential, one should make a first order
expansion in both the Hamiltonian and the current. In the case of the current, the
expansion of the average value is given by

Z / dr’dt’ 5 Aﬂ )%A@('r/,t/), (3.6)

with (- - - ) the thermodynamic average taken with respect to the Hamiltonian . Here
we suppose that H can be diagonalized in some basis for the average (---) to be
computed analytically. In the same manner, the total Hamiltonian is expanded to first
order in A giving

H = H[A = 0] - /dr S50 1) A, 1), 37

where 59 (r,t) is the part of the current independent of A. Using the above result in
Eq. (3.6) we obtain the following expression for the average current

(Ja(r,t)) Z/ dr'dt’

5]04( ) — (0 1) O o
<5AB( >>H[A_0} Galr, 0350 e | Ag(r', 1),

(3.9)
(39(r, t); jg(r’ , ")) rer stands for the retarded current-current correlation function [2]
defined as

(Ga(r, ); 38 (r" e = —i6(t — ') ([ja(r, 1), ja(r', ¥)]) . (3.9)

In Eq. (3.9) we dropped the superscript O to lighten notation. Using the definition of
the current given in Eq. (3.5), we rewrite the first term in Eq. (3.8) and we obtain for
the average current

/ §*H
(ja(r, 1)) Z/dr dt’ [ <5Aa(T7t)5Aﬁ(T',t/)>A_O
_<JQ(T7 );jﬁ(r ) /)>ret] Aﬁ(rl;t/)- (310)

As pointed out before, the Hamiltonian is a function of II—|e| A and thus the functional
derivative with respect to A can be written in terms of the momentum operator I,

§*H
A (T, t)0Ag(r ') la=

2 §?H
SI12

(r—7r")o(t —t')0ap- (3.11)

The average current is finally given by the following expression

2
(Jalr,t)) Z/dr'dt [_625a6 <(§1_;(> S(r—r)ot -1t
—<]a(’l°,t);]5(’l“ it ))ret] Aﬁ(rlat/)- (3.12)
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Making the Fourier transform

(alg,w)) = / dr / dte 1T (G, (1 1)), (3.13)

and using the relation between the vector potential and the electric field in Fourier
space: A,(q,w) = E,(q,w)/iw, we finally encounter an expression for the con-
ductivity matrix o, describing the linear-response current j, (g, w) induced by an ac
electric field FE, (g, w)

Jol@:w) =Y 0ap(q,w)Es(qw), (3.14)
B
where 0,3 is
1
O'aﬁ(q,W) = E [Xaﬁ(o)daﬁ - Xoaﬁ(Q>w)] . (3.15)

Eq. (3.15) is known as the Kubo formula. The first term is called the diamagnetic term
and is purely imaginary

O*H *H
_ 2 — /=
Xaa(0) = —¢ <6H2> <5A3>\A:0. (3.16)

The second term is the retarded current-current correlation function in Fourier space

o0
Xap(q,w) = —i / dte™ =0t —t') ([ja(g, 1), jo(a. 1)) (3.17)
—0o0
The real part of the conductivity is totally given by this term. The dc conductivity is
found by taking the limit ¢ — O first and then the limit w — 0. If the order of these
limits is interchanged, one would obtain the thermodynamic response of the system,
where the limit w — 0 is taken first in order to have a static perturbation with g # 0.
The retarded current-current correlation function is usually computed in imaginary
time 7 using the Matsubara formalism [2], because it is the standard way to perform
the calculations at nonzero temperatures. For this we first define the current-current
correlation function in imaginary time

Xas(q,7) = —(T-jl(a.7)js(q,0)), (3.18)

where 0 < 7 < 3 and (3 is the inverse temperature (3 = 1/T). T is the T-ordering
operator, which arranges operators with earliest 7 to the right [2]. Then, we perform
the Fourier transform of Eq. (3.18):

B .
Xap(q,iwy) = / dre™ " xap(q, 7). (3.19)
0

The frequencies iw,, are called imaginary Matsubara frequencies and have the fol-
lowing values: for bosons w,, = 2n7/( and for fermions w, = (2n + 1)7/B. To
recover the retarded correlation function from the Matsubara function we have to
change the imaginary frequencies to real frequencies making the analytical continu-
ation: tw,, — w + 10,

Xaﬂ((L Z.Wn) S — XaB(Q7W)7 (3.20)

iwp —wid
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with = 0. Finally by inserting the result in the Kubo formula (3.15) we obtain the
conductivity.

Until now, we have seen how the conductivity can be expressed in terms of a
current-current correlation function plus a diamagnetic term, via the Kubo formula
(3.15). This formalism is suitable for systems with a Hamiltonian that can be diago-
nalized, i.e., in which the averages (- --) can be computed analytically. However, if
we are interested in strongly correlated systems, as is the case in this work, we must
consider interacting terms in the Hamiltonian that cannot be diagonalized. Thus we
must search for other approaches where the conductivity can be calculated with in-
teractions included. The Kubo formula is, however, the most general expression to
compute ac conductivities and serves as a basis for the other approaches. The next
section is devoted to one of this approaches known as the memory matrix formalism.

3.2 Memory function formalism

To understand the essence of this formalism, we first need to study some important
properties of correlation functions. The current-current correlation function defined
in Egs. (3.17)-(3.19), belongs to a larger group of functions known as susceptibilities
X(w), denoted as xap(w) = (A4; B) at ¢ = 0. They are holomorphic functions for all
complex frequencies w. Integrating by parts Eq. (3.17) we can extract the behavior at
large frequencies (this is done in detail in Sec. 4.2)

{4, B))  ([[AH] B

5 for w — o0, (3.21)
w w

xAB(w) =

with [A, B] the commutator between operators A and B at the equal time, and H the
total Hamiltonian of the system. If A and B commute, it is the second term in (3.21)
which gives the behavior at high frequency. In the imaginary-time representation of
the susceptibilities xap(7) = —(T-A(7)B(0)), the operators obey the Heisenberg
time evolution A(7) = €7 Ae~"'", which implies the following equation of motion
0-A(t) = [H, A(7)]. With this, one can demonstrate that susceptibilities obey the
following equation of motion

w(4; B) = ([, B]) — ([H, A]; B) = ([A, B]) + (4; [, B). (3.22)
In order to prove this, we have taken the time derivative of x 45 (7), applied the time
homogeneity property (T;A(7)B(0)) = (T-A(0)B(—7)) and then Fourier trans-
formed the whole equation. We recall that the retarded correlation function x(w) is
obtained from the Matsubara function y(iw,) by the analytical continuation iw, —
w + 0.

In general, susceptibilities can be represented as a spectral integral (also called
Lehmann representation (1954)) of the form

X (iwn) = / IO (3.23)

. 7
o 2T Wy — w

where the spectral function S(w) is given by the imaginary part of the retarded corre-
lation function defined in Eq. (3.17)

S(w) = —2Im[x(w)] and X(w £ 1) = Re[x(w)] £ iIlm[x(w)].  (3.24)
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One can also demonstrate that y (w) verifies the following symmetry properties

x(w) = x(-w) and x*(w) = x(w"). (3.25)

Thus, Re[x(w)] and Im[x (w)] are real and satisfy Re[x(w)] =Re[x(—w)] and Im[x(w)] =
—Im[x(—w)]. All these susceptibility properties will help us define the memory func-
tion properly.

Now let us come back to the conductivity . We suppose a system described by a
Hamiltonian H = Hy + Hint, Where Hjy is an interaction term that we do not know
how to treat exactly. We will start with the case where the conductivity goes only
along one direction and thus the Kubo formula (3.15) becomes o,4(w) = o(w) =
[X(0) — x(w)] /iw. As pointed out before, the static conductivity, in a normal conduc-
tor, is given by the diamagnetic term x(0) (w = 0 term in Eq. (3.15)) and for all w we
have:

x(w) # x(0). (3.26)

The memory function formalism consist on representing the conductivity by a relax-
ation or memory function M (w) [21], as mentioned before. Let us consider the func-
tion
wx(w)

X(0) = x(w)’
Due to inequality (3.26) the memory function is also an holomorphic function for all
frequencies w. The behavior of x(w) at large frequencies shown in Eq. (3.21) gives
an asymptotically decrease of M (w) as 1/w? when w — oo (because the commutator
[J, J] is zero). The fact that M (w) vanishes at infinite frequency will be determinant in
the study of the high-frequency Hall effect in Chapter 4. The susceptibility properties
shown in Eq. (3.25) imply the following symmetry relations for the memory function:
M*(w) = M(w*) and M (w) = —M (—w). Furthermore, it can also be represented by

an spectral integral
dw' S(W
M(wn):/w () (3.28)

o W —w’

iM(w) = (3.27)

where again
S(w') = —2Im[M (w)] and M(w £ i) = Re[M (w)] £ iIm[M (w)]. (3.29)

Thus, Re[M (w)] and Im[M (w)] are real functions satisfying Re[M (w)] = —Re[M (—w)]
and Im[M (w)] = Im[M (—w)]. From Eq. (3.27) we can rewrite the susceptibility in
terms of M (w),

iM(w)

= x(0)—2L
X(w) = x(0) = M (@)

Now that we have represented the current-current correlation function in terms of the
memory function, it can replaced in the Kubo formula to derived an expression for the
conductivity in terms of M (w),

(3.30)

. x(0)
=—fj——" 3.31
o) Yo +iM(w) (3-31)
This representation of the conductivity provides a correct way to make perturbative
expansions in small parameters (like a coupling constant or density), that are not feasi-

ble on susceptibilities due to their singular character at small frequencies. Comparing
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Eq. (3.31) to the semiclassical formula (3.3), derived from the Drude model, it is ob-
vious that the memory function plays the role of the relaxation time 7 in the Drude
conductivity. The advantage of the memory function formalism is that i M (w) gives
a practical way to obtain the conductivity which is expected to be non-singular when
w — 0. Eq. (3.31) will be frequently used in this work to compute conductivity.

The next step is to see how the memory function is computed by treating the inter-
action term H;y, perturbatively. From the equation of motion (3.22) one can write

w(J; J) = —(K; J) (3.32)

where K = [H,J] is an operator known as residual force. It is given by the part of
the Hamiltonian that does not commute with the current, i.e., the interaction term H;y
(K = [Hint, J]). Furthermore, using the same equations of motion for operators K
and J, we have

w(K; J) = (K, J]) + (K K). (3.33)
And from Egs. (3.32) and (3.33) at w = 0 we obtain
(K, J]) = =(K; K)w=0. (3.34)

Using Eqs. (3.32)-(3.34), and the current-current correlator defined in (3.17) at g = 0
(where operator j becomes a total current operator J) we find
(K K) — (K; K)w=0
- .

Until now we have worked with exact relations. However, we do not know how to com-
pute the correlator (K; K') with interaction terms present in the Hamiltonian. Thus,
we have to make some approximations. First, we expand M (w) in Eq. (3.27) at high
enough frequencies where |y (w)/x/(0)] is small

X(0)iM (w) ~ wx(w). (3.36)

With this approximation we arrive to the following expression for the memory function
1 (K5 K)o — (K K)w=0

x(0) w '

Because the operator K is proportional to the interacting term Hy, the thermodynam-

ical average in correlation (K; K') can be computed with the Hamiltonian H (denoted
{---)Y) to get the lowest order in the interaction parameters,

L (K K)G — (K K)oy
x(0) w '
Finally, calculating M (w) and replacing it on Eq. (3.31), we obtain a result for the
ac conductivity at second order in the interaction parameters (each K contributes with
one parameter), which is the lowest non-zero order for the memory function. The
application of these results will be much more clear in Sec. 3.3, where it will be used
to obtain the conductivity in a one-dimensional system.

In this entire discussion we have supposed a system with longitudinal conductivity,
where the memory matrix reduces to a scalar function. However, if one is interested
in the conductivity in a plane (a more general case), the previous results must be reob-
tained using relations involving matrices. In the next section we will study the memory

function formalism using the conductivity tensor in order to obtain a matrix expression
for M(w).

—wx(w) = (3.35)

iM(w) ~ — (3.37)

iM(w) ~ — (3.38)
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3.2.1 Matrix representation of the Memory function

In the study of the Hall effect, one is confronted with a problem of conduction along
different directions in the presence of an applied magnetic field, as will be explained
in Chapter 4. In this case, the previous derivation for the memory function must be
remade starting from the conductivity tensor, in order to get a matrix representation
for M (w). The conductivity tensor is given by

o= ("” ”W). (3.39)

Oyxz  Oyy

It is important to observe, for the following derivations, that the non-diagonal terms of
o appear when a magnetic field is applied perpendicular to the x-y plane. Thus, for
the rest of this section we will suppose that a magnetic field is indeed applied. Let us
rewrite the conductivity tensor in terms of the memory matrix M (w) as

io(w) = x(0) [wl + Q +iM(w)] " (3.40)

Eq. (3.40) as well as the following definitions, are enclosed in a general theory called
the Mori theory, and details can be found in Ref. [22]. As mentioned previously, the
advantage provided by the memory matrix formalism is the possibility to make finite-
order perturbation expansions which are singular in the conductivities due to their
resonance structure [21]. x(0) in Eq. (3.40) is a diagonal matrix composed of the
diamagnetic susceptibilities in each direction,

The matrix €2 in (3.40) is called the frequency matrix and is defined in terms of the
equal-time current-current correlator as [22]

1
ol

The frequency matrix gives the behavior of o (w) at high frequencies because the mem-
ory matrix vanishes as 1/w? when w — 00, as mentioned in the previous section. From
Eq. (3.40) one can directly express the memory matrix M (w) in terms of the conduc-
tivity tensor,

Qu = Jus ) - (3.42)

iM(w) = —io"H(w)x(0) — wl — Q. (3.43)
The diagonal terms M,,(w) and M,,(w), are given by definition (3.27) with x(w)
replaced by x.(w) and x,,(w), respectively (idem for x(0)). For the off-diagonal
terms we have My, (w) = —Myy(w) (due to o,y = —0y,), and we take M, (w)
because it will be the term necessary in the description of the Hall effect in Chapter 4.
M, (w) written in terms of the conductivities gives

iMyy(w) = 2y Oomy(@) Uy (3.44)

Oaa(W)oyy(w) + J:%y (w)

Expressing the conductivities in terms of current susceptibilities by means of the Kubo
formula 0, = % [Xuw — 6,xu(0)], the above expression leads to

7 w) = wa(O)Xa:y(W) _
M:Ey( ) [Xx(o) — wa(w)] [Xy(()) _ ny(w)] wa- (3.45)
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This representation, together with Eq. (3.27) for the longitudinal terms, completely de-
fines the Memory matrix. The parity property in Eq. (3.25) is valid for the longitudinal
Xze(w) and xyy(w), giving for the diagonal term M., (w) = —My.(—w), and the
same for My, (w). In the other hand, the transverse susceptibility satisfies Xz, (w) =
—Xay(—w) and from Eq. (3.45) it is easy to prove that M, (w) = My, (—w).
Following the same procedure applied in the longitudinal case, we rewrite Eq. (3.45)

at high enough frequencies, such that |x,,,(w)/x,.(0)| is small. In this expansion we
use the equation of motion for the susceptibilities, as well as the relation [Ho, J,| =
—Qy,,Jy, with i, v = x,y and summation over repeated indices is implied. This rela-
tion is the precondition necessary to obtain a regular expansion of the memory function
for all frequencies to leading order in the interaction term [22]. The obtention of the
following result will be presented in detail in Sec. 4.3. The off-diagonal term of the
memory matrix thus reads

B 1 (K Ky)w
Xz(0) w

iMyy(w) ~ : (3.46)

where K, are the residual forces operators defined in the previous section. In this
case, they are given by the part of the Hamiltonian which in the absence of magnetic
field does not commute with the currents, i.e. K, = [Hin, Ju]- When a magnetic
field B is applied, the non-interacting Hamiltonian does not commute anymore with
the currents, that is why it must be emphasized that K operators are computed with
B = 0. The quantity (K,; K,) stands for the retarded correlation function of the
operators K. The obtention of this correlator will be the key point in the study of the
Hall effect in a quasi 1D system in Chapter 5.

Expression (3.46) does not contain the term at w = 0 present in Eq. (3.37), be-
cause the off-diagonal terms of the memory matrix are even in frequency (therefore
wiMyy(w) is odd). Only the diagonal terms are odd in w and thus have the residual
forces correlator evaluated at zero frequency. The terms omitted in Eq. (3.46) are ei-
ther of second order in |x ., (w)/x.(0)|, or of second order in the magnetic field. As
will be seen in the next chapter, Eq. (3.46) is the memory matrix element necessary to
compute the Hall resistivity.

Now that we have a technique to compute longitudinal and transverse conductivi-
ties in strongly correlated systems, to leading order in the interaction term, we will see
in the next sections one example of their application in low-dimensional systems.

3.3 Transport in low-dimensional systems

After reviewing the main properties of low-dimensional systems in Chapter 2, we will
devote this section to the study of "transport" properties in these systems. For this
we make use of the two formalisms discussed previously. We will begin studying
transport in purely one-dimensional systems and then in quasi one-dimensional ones.
We concentrate on systems with commensurate fillings because in Chapter 5 we will
investigate the Hall effect on quasi 1D commensurate materials.
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3.3.1 1D systems without umklapp scattering

Transport properties are commonly used as a probe for Luttinger liquid (LL) behavior
in low-dimensional systems. The measured conductivity or resistivity helps determin-
ing the energy scales at which the sample is in a Luttinger liquid regime. In Sec. 2.4.1
we saw that the umklapp scattering is the only interacting term producing dissipation
in a Luttinger liquid. Thus, if one removes this term for a moment and thus momen-
tum is conserved in all interaction processes, the system should behave as a perfect
conductor. In order to prove this we will compute the conductivity in a LL without
umklapp scattering, making use of the Kubo formula presented in Sec. 3.1. First, we
calculate the current using the charge part of the 1D Hamiltonian (2.19) (because the
transport properties do not affect the spin degrees of freedom) in the form (again we
puth=1landc=1)

Hy = /;ij; {“pr [WHP('%')F + ;if; [V¢p(x)]2}, (3.47)

where II(x,t) = (1/m)V(z,t). The vector potential enters only in the II part of the
Hamiltonian via the substitution IT,(z,t) — II,(x,t) — eA(x,t)/m. Then, the current
operator defined in Eq. (3.5) is given by

(@, t) = e(V2u,K,), (2, ), (3.48)

where the factor v/2 comes from the sum over spins (II, = (I; + II})/v/2 [16]). In
the same way we calculate the diamagnetic term x(0), defined in (3.16), which for
fermions with spins gives

2e?u, K,

™

x(0) =

As we saw in Sec. 3.1 the conductivity is equal to the diamagnetic term plus the
current-current correlation term. Using (3.48) the current-current correlation function
in imaginary time (defined in Eq. (3.18)) thus result

(3.49)

Xz, 2's 7 — 7)) = — (euK)? (T, (x, T)II(z, 7). (3.50)

We remove the subscript p in order to lighten the notation, remembering that all these
transport calculations affect only the charge part of the 1D Hamiltonian. At this point
we can write down the Kubo formula (3.15) in bosonization language [23]:

o(w)=—

i [e22uK
w

+ X(w)} , (3.51)

™

where (w) is the Fourier transform of Eq. (3.50). Note that 8euK plays the role of
the plasma frequency in the usual formulas for the conductivity [21].

As we need to evaluate time-ordered correlation functions x(w) in order to obtain
the conductivity, we give below the necessary tools to compute correlation functions
using functional integral techniques. Some important results of functional integration
are presented here but we refer the reader to the literature for a complete review [24].
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The partition function Z = Tr (e~?"*) of Hamiltonian (3.47) represented via a func-
tional integral is [24]

Z = / Doz, 7)DIL(z, 7)™ (3.52)

B
s - _ /0 ir / deliTl(z, 7)d, ¢(z, 7) — H((, ), II(x, 7))].

S is the action in imaginary time associated with Hamiltonian (3.47). Time-ordered
correlation functions of two operators A and B, functions of the operators ¢ and 11,
are defined in the functional integration formalism by the formula

(T A(z,7)B(0,0)) /D¢ x, 7)DI(x,7)A(¢, ), - B(p, Moo e, (3.53)

where Z and S are given in Eq. (3.52). From now on we simply denote (7...) as
(...). An important advantage of this technique, is that A and B on the right hand
side of Eq. (3.53) are the value of operators A and B, respectively, and thus have
the properties of scalar fields, that are much easier to deal with than operators [24].
Another useful formula from functional integration (which we will not prove here) is
the one corresponding to the Fourier transform of the correlation function (u(r)u(r’))
[24]:

J Dulglu*(q1)u (Q2)e 3 2 Al@)u* (@)ulq)
Dulgle” 2 52, Alg)u*(q)u(q) A(QI)5q1,q27

(u*(q1)ulq2)) = (3.54)

where A(q) is a diagonal matrix and, for real fields u(r), we have u*(q) = u(—q).
Now we are ready to compute the correlation function in Eq. (3.50).

Tz, 7, 7)) = % / Do, 7)Dll(z, H)ll(w, D)I(2', ) e=5.  (3.55)

To express the Fourier transforms we use the following notation: r = (x,ur), ¢ =
(k,wp/u), and €'4" = ¢iko=wnT) Then II(r) = ﬁ% ZqH(q)eiq"", with 5 = 1/T
and €2 the volume of the system Thus, the above expression becomes

(I1(r1) (1) = D Q —= > (I qo))e T 19T (3.56)
q1,92
(IT* ()T / Do(q)DIT(q)TT* (q1)TT(gz) . (3.57)

The action given in Eq. (3.52) must be also written in Fourier space,

S=—= ¥ [wngﬁ(q)ﬂ(_Q) - M;rﬂ(q)ﬂ(—q) - ﬁk%(q)ﬁﬁ(—@
(3.58)

Next we complete the squares on the II part of the action to get ride of the linear term.
The action thus result

_ Wi 1 T
° - m§zm¢<q>¢<q>+mgmk s@)o(-q) (359

o S 0~ e -0+ )]
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Making the change of variable II(g) = II(q) — -“2_¢(q), we obtain an action com-
pletely separable in Sy and Sy part,

2

Si+80 = o (3) X [hmittai-a) + (5 + i) sl@o(—a)

1 /1 K 0
T 50 (2) 2 (10, 6) <u07r wy_ ukz2> (g, ¢q) (3.60)
q

ukr T Kr

The matrix representation defines the diagonal matrix A(q) to be inserted in formula
(3.54). Using the same procedure, the partition function can also be separated in Z =
ZyZ11. We rewrite the correlator (3.57) in the new variables and simplify it using
(1/Z4) [ Dp e = 1 (the same is valid for IT),

2

1 w

<H*(Q1)H(QQ)> = Zﬁ /Dﬁ(Q)ﬁ*(Q1)ﬁ(QQ)€Sﬁ . (UKZ_)Q <¢*(q1)¢(q2)>
+uu;§7r (ll(q1)¢" (g2)) — %<¢(Q1)ﬁ*((h)>. (3.61)

At this pgint, we can {nake use of formula (3.54). It is evident that the crossed corre-
lations (II¢*) and (¢II*) vanish because A is a diagonal matrix (see Eq. (3.60)). The
(IT*IT) correlation function thus gives

w2

(0 (@1)T1(q2) = — ¢ 2 0" (@)0(a2) +

m75q1’q2' (3.62)
Moving to real space and multiplying the result (3.62) by (euK)? we obtain for the
current-current correlation function of Eq. (3.50)

2 ro e I e*uk / ’
(euld)™((z, T2, 7)) = ——5(0rp(x, 7)0rp(a", 7)) + O(z—2)o(r—7).
(3.63)
After summing over spins the above expression (a factor v/2 appears for each I and ¢),
the second term on the right cancels exactly the diamagnetic term given in (3.49), when

using Eq. (3.51) to obtain o(w). Now we Make the Fourier transform of Eq. (3.63),

B
(ki) = / deike / dren (eu ) (TI(z, P)I0,0)).  (3.64)
0

Thus the ac conductivity (at £ = 0) of a one-dimensional system without umklapp
scattering gives

22 . . .
olw) = —?z(w +30){p"(k = 0,wn)P(k = 0,wn))iw, —wris  (3.65)
e L Tm2uK
= —ilw+ za)T%\Mwm. (3.66)

Here we have used again the functional integration formula (3.54) to calculate the
(¢* @) correlation using the ¢ part of the action given in (3.60) (and Z) at k = 0 to get
the long wavelength ac conductivity. Finally, after analytical continuation we obtain

e 2iuK

ow) = TwAio

2 o1
2 (2uK) [5(@ +zPM} : (3.67)
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where P denotes the Cauchy principal value. As expected, the one-dimensional system
is a perfect conductor with an infinite static conductivity given by a delta function peak
at w = 0 (Drude peak). The weight of this peak is 2e%u .

If we now include umklapp scattering in the system we would no longer have a
perfect conductor. Such scattering processes are responsible for the appearance of a
finite resistivity because they produce momentum relaxation. The next section is ded-
icated to the obtention of the conductivity in a 1D system in the presence of umklapp
scattering.

3.3.2 1D systems with umklapp scattering

As we saw in Sec. 2.4.2, the umklapp processes arise due to the presence of the lattice
in systems with commensurate fillings. Here we consider a 1/2-filled system, but the
subsequent derivations can be done for any commensurate filling [16]. In the following
we make use of the memory matrix formalism presented in Sec. 3.2, because the cal-
culation of the exact (¢¢) correlation function is not feasible when umklapp scattering
is present in the system. Let us first write down the expression for the conductivity in
the memory function formalism, Eq. (3.31), in bosonization language

622iupr 1
T w+iM(w)

o(w) = (3.68)

In a one-dimensional system M (w) is just a scalar function, as the one discussed in
Sec. 3.2, given by !

[(Ku% KU)SJ — (Ky; KU>2;:O] Jw
—x(0) ’

where the force K, (the subscript u is there to avoid confusion with the LL parameter
K,)is K, = [Hy, J] and H, is the umklapp scattering term in a 1/2-filled system,

iM(w) ~ (3.69)

H, = (2275;’)2 /d:t: Cos(\/§¢p(x)). (3.70)
From the above expressions it is clear that if the current commutes with the Hamilto-
nian, as in a 1D system without umklapp scattering, the memory function is zero and
one recovers a perfect conductor.

The K, operators are easily computed calculating the commutator between the
umklapp operator (3.70) and the current (3.48), using the commutation relations (2.16)
between bosonic fields ¢ and 6 (remember that IT = V6 /),

8egs
(2ma)?

The next step is to calculate the correlation (K,; K,) and then insert the result in
Eq. (3.69) to finally obtain the conductivity. We will not compute here the full expres-
sion for the correlation (K ,; K,,) which is obtained in detail in Refs. [23, 16]. Instead,

Ky = [Hu,J] = (upr)i/da: sin(V8¢,(, 7)). (3.71)

"This expression for M (w) differs from the expression in reference [16] by a factor <. We make this
choice of notation to be in accordance with the 2D case where the memory matrix is defined as i Mg (w).
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Figure 3.1: ac conductivity in a one-dimensional Mott insulator at commensurate fill-
ings. At frequencies smaller than the optical Mott gap 2A, the conductivity is zero and
at frequencies larger than 2A, it decays as a power-law with an interaction-dependent
exponent y = 3 — 4n? K ,, with n the commensurability order (From Ref. [17]).

we use scaling arguments to determine the exponents of the power-law frequency (or
temperature) dependence of the conductivity. Each K, force depends linearly on the
parameter g3, thus the memory function is of order g3. The function sin(v/8¢,(z, 7))
in Eq. (3.71) behaves at large distances as (a w)2Kﬂ [16] (where the cutoff a is of the
order of the lattice parameter), giving for the correlator

CE
o Ku>g N /d:c/ dre ™ (Tr Ky(z, 7) Ku (0, 0)>‘iw —wtis = 9§W4K’372-
0 n
(3.72)

The factor —2 in the exponent comes from the integrals in 7 and x. Finally, we obtain
the following frequency dependence for the memory function

1
iM(w) ~ ggaw4Kﬂ_2. (3.73)

At high frequency (w > T') the expression for the conductivity (3.68) must be ex-
panded in w™!: o(w) ~ x(0) [1/w +iM(w)/w? + ---]. Therefore, o(w) is given
by a power-law dependence with an non-universal exponent depending on interactions
(typical behavior of a LL):

o(w) ~ %w4K”_5. (3.74)

93

Result (3.74) is valid as long as a perturbative expansion in g3 is reasonable, i.e., when
the umklapp operator is irrelevant (or marginal) [16]. In this case the system is a per-
fect conductor with a regular part given by the power-law dependence of Eq. (3.74):
Re[o(w)] = D(w) + oreg(w). There is still a peak at w = 0 (Drude peak). In the op-
posite case, if the umklapp operator is relevant and leads to the opening of a gap in the
excitation spectrum, the above procedure will only be valid at energy scales larger than
the gap. For instance, in a Mott insulator Eq. (3.74) is only valid for frequencies larger
than the optical Mott gap (w > 2A). The conductivity is thus strongly affected by the
Mott transition. As mentioned before, we consider here only the case of the Mott-U
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Figure 3.2: Temperature dependence of the dc resistivity in a one-dimensional Mott
insulator with commensurability n. At temperatures below the Mott gap A, the number of
carriers is exponentially small giving an exponential increase in resistivity. At 7' > A the
dc resistivity shows a power-law behavior typical of a Luttinger Liquid (From Ref. [17]).

transition where the 1D Mott insulator becomes a Luttinger Liquid (metallic phase) at
a critical value of the interactions K, = 1/ n? (see Fig. 2.9) [16]. Fig. 3.1 shows the
zero temperature ac conductivity in a Mott insulator. The ac conductivity is zero for
frequencies smaller than the optical Mott gap 2A. Atw > 2A, the conductivity decays
with the power-law given in Eq. (3.74).

The temperature dependence (at w < 1) or dc conductivity is obtained by the
same scaling method, giving o(7T) ~ T3 *Ks /g2 Fig. 3.2 shows the temperature
dependence of the dc resistivity, which is related to the conductivity as p = 1/o, in
a 1D Mott insulator. At temperatures smaller than the Mott gap A, the resistivity
increases exponentially, and for temperatures larger than A there is again a power-law
behavior

p(T) ~ T4Er=3, (3.75)

At the Mott transition, K, = K. = 1/ n?, the ac conductivity and dc resistivity lead
back to universal exponents: o(w) ~ 1/(wIn(w)?) and p(T) ~ T/ In(1/T)?, respec-
tively [16].

Now that we have studied the transport properties of one-dimensional systems,
especially those of 1D Mott insulators, we acquired the necessary tools to investigate
the conductivity of quasi 1D systems. These transport properties are essential for the
study of the Hall effect in weakly coupled Luttinger liquids in Chapter 5.
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3.3.3 Transport in quasi one-dimensional systems

In quasi one-dimensional systems, transport properties change from the pure 1D case.
In addition to the conductivity along the chains, which remains essentially the same as
studied before, there is also a transverse conductivity o | . This transverse conductivity
is obtained at high temperatures or frequencies by making a perturbative expansion in
the interchain coupling term, or by using a mean field approach [25, 26]. In this section
we will use again a scaling analysis to obtain the frequency (temperature) dependence
of the transverse conductivity o) and we refer the reader to the literature [25, 26] for
the complete expressions.

In order to obtain o, we use again the Kubo formula (3.15). Let us consider a
system composed of weakly coupled 1D chains described by Hamiltonian of the form:
‘H = Hip + H. (see Egs. (2.14) and (2.32)),

o= [ oS [or], @m0 (0) + 92 Lo p(o)00 (0 (001 )

jo
"y (wj.g(a;)wj @)+ h.c.)} , (3.76)

where j is the chain index. We suppose a system with spin rotation symmetry g; | =
g1 =10 (K, = 1). We will keep the fermionic representation (to maintain the same
representation of the coupling term ), knowing that the terms corresponding to
the 1D chains (first and second terms in Eq. (3.76)) are easily bosonized in the form
(2.19), as explained in Sec. 2.4.1. With this Hamiltonian we can easily calculate the
diamagnetic term in the transverse direction using definition (3.16),

x1(0) = —2¢% a2 / dz [(ng ()t (2)) + h.c.} , (3.77)

with a,, the lattice parameter in the transverse direction. The thermodynamical average
in Eq. (3.77) must be obtained to first order in the coupling term (first order int | <<
1), using standard perturbation theory [2]. For this we must expand the action in the
thermodynamical average to first order in ¢ |

B
Wy (@) (@) = —t1 /0 dri Y 85000y ()51 (2, 7)) (] g (2, 7)1 (2)

(3.78)
The thermodynamical averages on the right hand side of Eq. (3.78) are taken with re-
spect to the 1D part of the Hamiltonian. The quantity w}r (x)11(z)) is just the equal-
time Green’s function of the 1D chains, who’s Fourier transform gives the occupation
factor n(k) ~ max [0y, T]"*, withp = (K, + K, ') — 3, (see Eq. 2.28). Using sim-
ple scaling arguments (we must add a 7~ factor to account for the x and 7y integrals),
we find the temperature dependence of the transverse diamagnetic term

Y 1(0) ~ 12 T72720+2 = 42 =145 (Kot Ko, (3.79)

Note that the scaling analysis does not give the correct dimensions and non-interacting

limit for x; (0). The detailed calculation gives ~ tiTTQW [25], but we are interested
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here in the power-law dependence and for this the scaling analysis is sufficient. Re-
sult (3.79) will be used in Chapter 5 to study the temperature dependence of the Hall
coefficient.

To obtain the conductivity o, we need the current-current correlation function
X 1 (w) defined in Sec.3.1. The current along the transverse direction is obtained using
definition (3.19) and Hamiltonian (3.76),

Jo = —iet L a, / dw Y (6], (@) 1p(2) ~ he.) . (3.80)
jo

Thus, the current-current correlation function in frequency is given by (see definition
(3.19))

B
- / dre ™ (T, J1 (1)JL(0)) (3.81)

0 Wy —w+id
Because each current operator contributes with a ¢, this term is already of second
order in this parameter (f; << 1) and thus the averages can be taken considering only

the 1D part of the Hamiltonian. Taking 7 > 0, we have

(LT (1) TL(0) = —e*t3al / dr (W] 1o (2, 7)1, (0,0)) (W5 (0,0)9,, (2, 7))
= 2R / 1 S Grolw,7) (1 - Grola, )], (3.82)
r=R,L

with G(z, 7)o ~ max[w, |7, withn = $(K, + K1) — 3. the Green’s function
of a one-dimensional system, with spin rotational symmetry (K, = 1). Now we can
apply scaling arguments to get the frequency (temperature) dependence of the current-
current correlation function

X1 (w, T) ~ max[w, T]*". (3.83)

Using the Kubo formula for the transverse conductivity o, = [x1 (0) — x1 (w)]/iw,
the result is, as for the longitudinal conductivity, a power law

o (T>wEY) ~ 12171
o (w>T,E*) ~ WL (3.84)

E* is the energy scale of the dimensional crossover: at T,w < E* the system is in
a high-dimensional metallic state, whereas at T, w > E* the system is in a Luttinger
liquid state. A full expression of o can be found in Ref. [25]. At this stage we have
a general knowledge of the transport properties in low-dimensional system and, in the
next chapter, we will take the challenge of studying the Hall effect in these systems.
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cHAPTER 4

The Hall effect

4.1 The classical Hall effect

The Hall effect was found by E. H. Hall in 1879 using an experimental setup similar to
the one shown in Fig. 4.1. An electric field E, is applied along a wire extending along
the x-axis and a magnetic field B is applied along the z-axis. The electric field drives
a current density j, along the z-direction and the magnetic field deflects the electrons
in the negative y-direction with a Lorentz force equal to

_lel

F=—-"vxB, 4.1
c

where |e] is the electronic charge and v is the average velocity of the charges. Because
current cannot flow along the y-axis, the charges accumulate on the sides of the wire.
As they accumulate, an electric field builds up in the y-direction that opposes the mo-
tion of the charges and their further accumulation. At equilibrium, this transverse field
E, balances the Lorentz force. The Hall resistivity py, is defined as the ratio between
the transverse electric field and the current along the wire [2]

E

Jx
The Hall coefficient Ry (or Hall constant) is just the Hall resistivity divided by the
magnetic field,

Pye _ Ly
Ry = = . 43
H="5 =B 4.3)
Assuming that the motion of the electrons is classical, their equation of motion reads
B
md = —|e| [E+UX }—m” 4.4)
T

where 7 is the relaxation time for scattering, that was defined in the description of the
Drude model, at the beginning of the previous chapter. In the steady state the time
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Figure 4.1: Hall’s experiment: an electric field E, is applied in a metallic sample along
the z-axis and a magnetic field B is applied along the z-axis. The electric field drives a
current density j, along the x-direction and the magnetic field deflects the electrons in
the negative y-direction with a Lorentz force equal to —(|e|/c)vx B (v is the charge’s
velocity). The electrons accumulate on the sides creating an electric field E, in the y-
direction. At equilibrium, this transverse electric field balances the Lorentz force.

derivatives are zero and we have

B
0 = —|ef [Em+ Uy} _ e 4.5)
c T
B
0 = —|ef [Ey— Uz } _ M (4.6)
C T
The current density along the x-axis is given by j, = —|e|nv,. Furthermore, the

current density along the y-direction is v, = 0. Then, multiplying Eqs. (4.5) and (4.6)

by n|e|T/m we obtain

B
nle|c

oEy = jg, E, = “.7)

where o = n|e|?7/m is the Drude model dc conductivity in the absence of magnetic
field (see Eq. (3.2)). Then, the Hall coefficient results

1

nlele’

Ry = (4.8)
As can be seen in Eq. (4.8) the Hall constant does not depend on the parameters of the
metal or the dimensions of the sample, except for the density of carrier n. As a result,
Ry gives a direct measurement of the number and sign of the carriers in the metal.

There are additional phenomena, related to the Hall effect, known as the quantum
Hall effect and the fractional quantum Hall effect that occur in highly correlated elec-
tron systems where electrons are allowed to move only in a plane and a strong magnetic
field is applied [2]. In this work we study the regime where the applied magnetic field
B is supposed weak enough for the linear response theory to be valid and the quantum
effects do not appear.

The Hall constant result obtained in the classical approximation assumes a system
where electrons move as free particles. Therefore, it can only be used in metals where
the free-electron model works well. In order to understand the Hall effect in correlated
systems, we must take into account interactions, which is generally a complicated task.
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The next sections are devoted to the investigation of two different approaches for the
problem of the Hall effect in the presence of interactions. The first approach consist on
a high-frequency expansion where the Hall coefficient is obtain in the limit of infinite-
frequency. And the second approach is the obtention of Ry using the memory function
formalism studied in Chapter 3.

4.2 The infinite-frequency Hall constant

The conductivity was expressed, in the previous chapter, by the tensor 7,

o= <"m “my> . (4.9)

Oyz  Oyy

The Hall resistivity py, = o, ,

written in terms of the conductivity tensor, is equal to

Ua:y
OzaxOyy T OzyOyz

Py = (4.10)

To obtain a result for p,, by means of Eq. (4.10) when interactions are present in
the system is generally not feasible, thus some approximations must be made. In
the following, we develop a high-frequency expansion of the conductivity, in order to
obtain a simpler expression for the ac Hall constant, as was proposed by Shastry ef al.

in Ref. [27]. Let us write the conductivities using the Kubo formula Eq. (3.15). The
longitudinal conductivity along the x-direction is

1

Ozz(w) = o [Xz(0) = Xaz(w)], (4.11)
where ., (w) is given by Eq. (3.17) at ¢ = 0. Without lost of generality we can take

t' = 0in Eq. (3.17). Integrating by parts, we have

Xarl) = = (a0 O [} 1 [ (0L O @12)

0 w

We have used the Heisenberg representation for the current operator J (t) = e/, J(0)e= ",
with H the total Hamiltonian of the system. The first term in (4.12) vanishes because

the currents commute at ¢ = 0 and, as we said at the beginning of Sec. 3.15, the per-
turbation (here the electric field) is assumed to vanish when ¢ — 400, implying the
vanishing of the current. Integrating by parts again, the second term on the right side

of Eq. (4.12) becomes

1wt

ezwt

(201, O |+ [ e (0 1a(0. 7). 1))

(4.13)
As before, the current vanishes at £ = oo and therefore only the ¢ = 0 contribution
remains in the first term. Now, we can write the high-frequency expansion of o, (w)
as

Xzx (W) = -

w? w?

1

W

([, H], J2])

— +0(1/u%)|. (4.14)

Oz (W)

[xx(o) +
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The longitudinal conductivity in the y-direction, o, (w), has the same high-frequency
expansion with x,(0) and J,, replaced by x,(0) and J,, respectively. From the Kubo
formula we have for the transverse conductivity

Oay(w) = éxxy(w). (4.15)

Integrating by parts the definition of X, (w), as before, the following high-frequency
expansion results
i [ Jy]) (s H], H)

Oay(W) = — [T — +0 (1)) . (4.16)

We can now insert the frequency expansion of the conductivities in Eq. (4.10). Since
the conductivity o, is proportional to the magnetic field, the factor 0,0y, in the
denominator of Eq. (4.10) is of second order in B and thus can be neglected. Keeping
only the linear term in B and zero-order term in w, we obtain for the Hall constant

i (e y])
B x2(0)xy(0)’

This expression for Ry is known as the infinite-frequency Hall constant [27]. We
will use it in Chapter 5 to calculate the high-frequency Hall coefficient on a triangular
lattice. For this high-frequency expansion to be valid in an experimental measurement,
it requires a probe frequency larger than any other energy scale in the system, and it
can be measured using the Faraday rotation experiment.

Although Eq. (4.17) seems to be a much simpler expression for the Hall coefficient
when comparing with (4.10), we must remember that when interactions are present in
the system, they must be taking into account when calculating the thermodynamical
average (- -- ). This is usually not a simple task. If interactions are small, they can be
treated using perturbation theory; if not, other formulas to compute Ry must be used.
In the next section, we will use the memory function formalism, studied in Sec. 3.2, to
obtain an expression for the Hall constant at leading order in the interaction term.

Ru(w — o0) = (4.17)

4.3 The Hall constant in the memory function approach

As in the previous section, our main goal is to calculate the Hall resistivity p, ., and
consequently Ry, in terms of the conductivity tensor o, using Eq. (4.10). However,
in this section we ought to obtain an expression for the Hall constant where interac-
tions can be included directly in the calculations, going beyond the infinite-frequency
limit. For this we use of the memory matrix formalism. With the definitions given
in Egs. (3.40)-(3.43) we arrived at an expression for the off-diagonal memory matrix
element in terms of the conductivities

ixXy(0) 0y (w)

iMxy(w) = Uxx(w)o'yy(w) + Ug%y(w)

— Quy = iXy(0)pay(w) — Dy (4.18)

From this expression it is straightforward to rewrite the Hall coefficient, Ry = pa, /B,
as

Q i M,
Ru(w) = —— 1jm e+ My (@)

ixy(0) B0 B (419)
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Since the memory matrix vanishes as w~2 at high frequency, we see from Eq. (3.42)
that the infinite-frequency Hall constant, Ry(w — ©0), is indeed given by Eq. (4.17).
The result (4.19) will be used to compute the Hall constant in a strongly correlated
quasi one-dimensional system in Chapter 5.

Let us now return to the memory matrix element necessary to calculate Ry, given
in Eq. (3.45),

wXy(0)Xay(w)
[Xe(0) = Xaw (@)] [y (0) = Xyy(w)]
This expression will be expanded at high frequencies to obtain the result of i/, (w)
|

given in Eq. (3.46). At high enough frequencies, where the quantity |y, (w)/x.(0)
can be considered small, the off-diagonal memory matrix term can be written as

iMyy(w) =

— Qg (4.20)

WXy (W) Xz (@) | Xyy(W)
i My (w) =~ 7sz(;0) [1+ . (0) + ;;’(0) } — Quy 4.21)

Owing to the equations of motion given in Eq. (3.22), for the susceptibility X, (w),
the above expression becomes

(o) (P T [y 2o, ) _ (0T

x=(0) X=(0) =0 w0 | T X0
(4.22)

The two terms involving [.J;, J,| cancel. In the following we will write the Hamilto-
nian as H = Ho + Hint

My (o) = |

. Xxx( ) ny(w)
My (w) ~ Qg X Gl + Quy 0 (4.23)
_ <[H07Ja:]; y) <[Hmt7 acLJy> Xa:a:(w) ny(w)

{ w0 () } [” w(0) (0 ]

Because there is always a magnetic field present in the Hall experiment, the non-
interacting part of the Hamiltonian Hy does not commute with the currents. How-
ever, following Mori’s formalism [22], the commutator [H, J,,] can be expressed as
[28, 21]

[Ho, Ju] = = 1,9, (4.24)

with i1, v = z,y and summation over repeated indices is implied. The superscript 0
means that the average (- - - ) must be computed using the non-interacting Hamiltonian
Ho. With this expression as well as the symmetry property X (0)Qz,y = —Xy(0)Qyq,
Eq. (4.23) can be rewritten in the form

. - Xm:(w) ny(w)
My (w) >~ Quy ¥ (0) + Qgy W (0) (4.25)
U M BT T xer®) | x(®)

B 0) (0) ] [1 (0 T xy(0)

The second term in the right hand side is cancelled by the first term in the square
brackets. Now let us keep only the leading terms in |x,,(w)/x,.(0)| (the correlator
([Hint, Jz; Jy) is of the order of x,,,.),

<[Hint7 Jx]a Jy> an:(w)
Xz(0) Sy X=(0)
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As before, we use the equation of motion for the correlator ([Hiy, J2]; J,) and for the
susceptibility Y., (w). Introducing the residual force operator K, = [Hint, Jz], we

have
([Kz, Jy]) + (Ka, [H, Jy])) ([H, Jzl; Ju)

wxz(0) wxz(0)
_ ([Kaz, Jy]) = (Ka, Jo)Qay + <Ka:aKy>)_Q 0 (Jy; Jz) o) (Ka; J)
= xys by xry :
wxz(0) wxz(0)xz(0) wxz(0)
The second term and last term in the right hand side cancel. Each frequency matrix €2,
is of first order in the magnetic field because the commutator [.J;, J, ] is proportional
to B. Thus, the fourth term above is of second order in the magnetic field. Then, at
high frequency, we end up with two terms for the off-diagonal memory matrix element
at first order in B

iMyy(w) ~ — — Qyy

(Ko, Ky) — ([Ka, Jyl)

wxz(0) wxz(0)
The second term in Eq. (4.27) is of first order in the interactions parameters. How-
ever, it can be proved that the leading terms of the memory matrix are of second
order in the interaction parameters, as obtained in Sec. 3.3 for a 1D system. In or-
der to see this, let us take a system where electrons interact via a Hubbard interaction
Uy, CZT.Tci |- The correlator ([K;,.Jy]) correspond to a first-order expression of the
frequency matrix [22]. The frequency matrix is easily traced back to the number oper-
ator N = <cT ¢, ), whose first-order contribution in U vanishes. In consequence, the

10 10
only remaining term in Eq. (4.27) is of second-order in the interaction parameters,

iMyy(w) ~ — 4.27)

<K-T7 Ky>

. 4.28
wxz(0) ( )

iMpy(w) ~ —
This is the expression that will be used in the following chapter to compute the mem-
ory matrix contribution to the Hall constant Ry, by means of Eq. (4.19). Because
Eq. (4.28) is already given at second order in the scattering parameters, the thermo-
dynamical average of K operators can be computed with the free Hamiltonian, i.e.,
putting interaction terms to zero. This facilitates enormously the calculations, because
these averages are usually straightforward to compute without interaction. Even more
in one-dimensional systems, as explained in the preceding chapters.

At this point we have reviewed all the theoretical tools necessary for our study of
the Hall effect in two different models of strongly correlated systems. In the next chap-
ters, we will see how all the previously studied formulas can be applied to an specific
theoretical model or to Hall measurements made in real experimental compounds.
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CHAPTER B

Hall effect in strongly correlated quasi 1D systems

In the last decades, various experimental realizations of low-dimensional systems have
been achieved. Realizations as the organic conductors [29], carbon nanotubes [30], ul-
tra cold atomic gases [31], quantum wires [32], quantum dots [33, 34] and others, have
largely stimulated the research in low-dimensional physics. Among these, the organic
conductors have become the model systems for the study of quasi one-dimensional
physics due to their highly anisotropic molecular structures. They have been exten-
sively studied for more than twenty years now, since the discovery of a superconduct-
ing state in their phase diagram [29]. We will start this section with a short review on
the physical properties of these organic conductors and some experimental facts that
motivated the theoretical study of the Hall effect in these strongly correlated quasi 1D
systems.

5.1 Quasi one-dimensional organic conductors

Within the various families of organic conductors [35] we will focus here in the prop-
erties of Bechgaard (TMTSF-X) and Fabre (TMTTF-X) salts, which are very suitable
compounds for the study of quasi-1D physics, as will see in the following. TMTTF-X
stands for tetramethyltetrathiafulvalene and TMTSF-X for tetramethyltetraselenaful-
valene. In these formulas, the X denotes an inorganic anion with various possible
symmetries: spherical (PFg, AsFg, SbFg, TaFg), tetrahedral (BF4, ClO4, ReOy) or
triangular (NOs). TMTTF-X and TMTSF-X salts belong to a same family forming
the generic (TM)2X phase diagram shown in Fig. 5.2. These salts have three main
conducting directions: the stacking direction of the molecules called a, the transverse
direction called b and the direction ¢, perpendicular to the ab plane. The hopping in-
tegrals are of the order of t, = 3000K, ¢, = 300K and t{. = 20K. The molecular
structure of (TM)2X conductors is depicted in Fig 5.1. With such anisotropy in their
molecular structure, where the overlap between electron clouds along a is 10 times
larger than the overlap between the stacks in the transverse b direction and 150 times
larger than the one along c, the electronic structure can be seen as one-dimensional
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Se Se

Figure 5.1: a) TMTSF molecule; b) view along the stacks, a direction; ¢) Along the ¢
direction the stacks are separated by the X anions (PFg in the picture).

with a slightly warped Fermi surface (see Fig. 2.11). This is what make these com-
pounds quasi 1D materials.

There exist a variety of ordered states in the phase diagram of (TM)2X compounds
(see Fig. 5.2): spin-Peierls (SP), spin density wave (SDW), charge localized (loc),
charge ordered (CO), antiferromagnet (AFM) and superconducting state (SC). In ad-
dition, there is a metallic state which description changes from a one-dimensional
Luttinger liquid to a two- or three-dimensional Fermi liquid (dimensional crossover
studied in Sec. 2.4.3). Going from left to right in the phase diagram, the materials get
less one-dimensional due to the increasing interaction in the second and third direc-
tions. In order to study the Hall effect in these systems, we will concentrate on the
properties of the “normal phase”(metallic state) at high temperature, where the one-
dimensional behavior appears. We refer the reader to the literature [29] for a review
on the different ordered states appearing in the phase diagram of Fig. 5.2.

The insulating properties of the TMTTF compounds evolve towards those of TMTSF,
which are good conductors, trough an insulator-metal transition when increasing pres-
sure (or changing the anions X), as can be seen in Fig. 5.2. The insulating behavior of
the TMTTF family, as in (TMTTF)2PFg compound, is expected for a one-dimensional
Mott insulator. Such Mott insulator behavior could come from the 1/4-filled nature
of the band or from the 1/2-filled nature, due to a small dimerization existing in these
molecules, of the order of Ay ~ 100K [29]. This indicates that interactions have a
large effect in the properties of TMTTF family. In the case of the TMTSF family, due
to their metallic behavior at ambient pressure, the role of interactions is more compli-
cated to understand.

Studies of the longitudinal transport (a direction) have revealed signatures of LL
properties [37, 38, 29]. Fig. 5.3 shows the optical conductivity along the chain axis (a-
axis) in the TMTSF family, where a power-law decay is found for o(w), in agreement
with the predicted conductivity in a Luttinger liquid (see Eq. (3.74)). The exponent
of the power-law behavior allowed an experimental determination of the Luttinger pa-
rameter K, ~ 0.23 [37], consistent with an interpretation of the insulating state as a
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Figure 5.2: Phase diagram for the (TM)3X compounds. For the different compounds
the ambient-pressure position is indicated. Here loc stands for charge localization, CO
for charge ordering, SP for spin-Peierls, AFM for antiferromagnet, SDW for spin density
wave, and SC for superconductor. The clear phase transitions are indicated with solid
lines and the dashed lines indicate crossovers. From Ref. [36].

quarter-filled Mott insulator in the TMTSF family. Photoemission data has revealed
a similar value for K, but in a very large range of energies [39], making these re-
sults more difficult to interpret. Transport transverse to the chains has given access
to the dimensional crossover between a pure 1D behavior and a more conventional
high-dimensional one [40, 41, 17, 29]. Optical conductivity measurements give a di-
rect evidence of a deconfinement transition between a one-dimensional insulator and
a high-dimensional metallic regime, when the observed gap is of the order of the in-
terchain hopping [39]. Finally, measures of resistivity along the chains and spin sus-
ceptibility, have shown evidence of the spin-charge separation characteristic of a LL
[36].

To probe further the consequences of correlations in these compounds, several
groups have undertaken the challenging measurement of the Hall coefficient Ry(7")
[42, 43, 44, 45]. In particular, two measurements of Ry (7)) were made in 2000 by
Moser et al. [42] and Mihdly et al. [43], in the organic conductor (TMTSF)sPFg.
The results are shown in Figs. 5.4 and 5.5, respectively. In the former, the current
is applied along the a axis and the magnetic field along the ¢ axis. Thus, the Hall
voltage develops along the b axis. They investigated the temperature dependence of Ry
between 0 and 300 K. In the normal state of (TMTSF).PFg, at temperatures 7' > 130
K (a dimensional crossover to a 2D metal is expected at 7' ~ 130K), the Hall constant
was found to be temperature-dependent (see Fig. 5.4), increasing with 7T". The sign
of Ry was found to be positive (holelike). In the second Hall experiment, shown in
Fig. 5.5, the current was applied along the ¢ direction and the magnetic field parallel to
the most conducting direction (a axis). The Hall voltage was measured along b. They
obtained a Hall constant independent of temperature for 7' > 100K and a positive sign
for Ry. These results, different depending on the direction of the applied magnetic
field, proved difficult to interpret due to a lack of theoretical understanding of this
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Figure 5.3: Normalized conductivity along the chain axis for different Bechgaard salts.
The solid line shows a fit of the form o(w) ~ w™". From Ref. [37]
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Figure 5.4: Temperature dependence of the Hall constant in (TMTSF);PFg measured
by Moser et al. in Ref. [42]. The current is applied along a and the magnetic field along
c. The Hall voltage is measured along b. The dashed line is a 7 power law fit with
a=0.73.
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Figure 5.5: Temperature dependence of Ry in the normal phase of (TMTSF)2PFg mea-
sured by Mihdly ef al. in Ref. [43]. The current is applied along c and the magnetic field
along a. The Hall voltage is measured along b.

problem. This prompted for a detailed theoretical analysis of the Hall effect in quasi-
1D systems. A first move in this direction was reported in Ref. [25] where the Hall
coefficient of dissipationless weakly-coupled 1D interacting chains was computed and
found to be T-independent and equal to the band value RY; = 1/nec. This surprising
result shows that in this case Ry, unlike other transport properties, is insensitive to
interactions. However the assumption of dissipationless chains is clearly too crude
to be compared with realistic systems for which a finite resistivity is induced by the
umklapp interactions [23].

This chapter is the object of publications [46] and [47]. In the following we ex-
amine the effect of umklapp scattering (see Sec. 2.4.1) on the temperature dependence
of the Hall coefficient in quasi-1D conductors, and we discuss the applications to the
Hall experiments mentioned above.

5.2 The Hall effect in weakly coupled Luttinger liquids

We consider a model composed of weakly coupled 1/2-filled 1D chains. We take
a 1/2-filled band because the umklapp scattering at 1/4-filling is much more compli-
cated to treat in the calculations. But understanding the effect of the 1/2-filled umklapp
scattering already gives an idea of the 1/4-filled case. With this model we compute
Ry(T) to leading order in the umklapp scattering using the memory function approach
explained in Sec. 3.2 [21, 47]. We find that umklapp processes induce a T-dependent
correction to the free-fermion value RY,. This correction decreases with increasing
temperature as a power-law with an exponent depending on interactions (Fig. 5.7). At
the end, we discuss the implications for quasi-1D compounds.
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Figure 5.6: Schematics of the model. The chains and the current I go along the x-axis,
the magnetic field B is applied along the z-axis, and the Hall voltage is measured along
the y-axis.

5.2.1 Model and methods

Our model is sketched in Fig. 5.6. We consider 1D chains coupled by a hopping
amplitude ¢ supposedly small compared to the in-chain kinetic energy. As explained
in Sec. 2.4.1, the usual Luttinger liquid model of the 1D chains assumes that electrons
have a linear dispersion with a velocity vg. For a strictly linear band, however, the Hall
coefficient vanishes identically owing to particle-hole symmetry. A band curvature
close to the Fermi momenta +kp is thus necessary to get a finite Ry. We therefore
take for the 1D chains of Fig. 5.6 the dispersion

1 (k) = +op(k F k) + a(k F kp)?. (5.1)

The upper (lower) sign corresponds to right (left) moving electrons. Eq. (5.1) can be
regarded as the minimal model which gives rise to a Hall effect, while retaining most
of the formal simplicity of the original LL theory, and its wide domain of validity.
In particular, this model is clearly sufficient at low temperatures (compared to the
electron bandwidth) since then only electrons close to the Fermi points contribute to
the conductivities.

Our purpose is to treat the umklapp term perturbatively. We express the Hamilto-
nian as ‘Hgy + H,, where H,, is the umklapp scattering term and H, reads

H() = /d$ Z [UFw;[o-T?)(_iam)wjo- - aw;’aaiwja
jo
192V o o1 Vjor — tL <¢;a¢j+1,a€7i€Aj’j+l + h'C')} - 02

In Eq. (5.2) j is the chain index, 73 is a Pauli matrix, and A; ; = fjj/ A -dl. We
choose the Landau gauge A, = Bz, such that A; ;11 = Bza, with a, the interchain
spacing. ! = (w;. wz) is a two-component vector composed of right- and left-
moving electrons. The second term in Eq. (5.2) is the band curvature, the third term
is the forward scattering and the last term corresponds to the coupling between the
chains (Eq. (2.32) with a Peierls phase due to the presence of the magnetic field). As
mentioned before, we omit the backscattering terms (g; processes) which are, for spin
rotationally invariant systems, marginally irrelevant [16]. We therefore take g1, =
g1 = 0. At 1/2 filling the umklapp term reads (the bosonized version is given in
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Eq. (2.31))
_ 93 T T
M= B [ e (0],n] ooty + ). 53
jo

We will compute the ac Hall constant using the memory matrix formalism, where the
Hall coefficient Ry = py. /B is given by (see Eq. (4.19))

1 Qyy + M,
Ru(w) = lim — Rl y(w)'

iy (0) B0 B S

From Hamiltonian (5.2) and the definition for the diamagnetic term, given in
Sec. 3.1, we obtain the longitudinal and transverse diamagnetic terms

2 2
Xa(0) = ——F (5.5a)

Ay

W(0) = 2%, a2 / dr(h (2)pu ()e P97 £he).  (5.5b)

For the longitudinal diamagnetic term (5.5a) we have used the relation between the
electron density n and the Fermi momentum: na, = kg/m (since na, is the density
per one chain). It is also easily obtained from Eq. (3.49) with u,K, = vg. For the
evaluation of the frequency matrix in Eq. (5.4), we write down the current operators,
making the functional derivatives of the Hamiltonian with respect to the vector poten-
tial, as explained in Sec. 3.1,

Jp = e/da;Zq/);U(:z:) [vFTs + 20(—10z)T1] ¥, (2) (5.6a)
jo

Jy = —ietay / dx Z (¢;U¢j+1 Ue*ieAj,jﬂ _ h.C.) (5.6b)
jo

To obtain the frequency matrix, we must calculate the commutator between these cur-
rent operators. Thus, using the standard commutation relation for fermionic operators,
the expression resulting from Eq. (3.42) for €2, is then

2reat | a3 B
Qgy = —

/ 4 (5 (@) (2)e PO he).  (5)

UF

At this stage we can already evaluate the high-frequency limit of Ry, because the
memory matrix vanishes as 1/w? if w — oco. Thus, the effects of the umklapp dis-
appear at high frequency, and in this limit one recovers from Eqs (5.4-5.7) the result
obtained for dissipationless chains in Ref. [25], namely that the Hall coefficient equals
the band value RY:

Ty

Ru(co) = R, = o (5.8)
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5.2.2 Ry in the presence of umklapp and forward scattering

As explained in Sec. 4.3 the memory matrix element M,, (w), necessary to obtain
Ry(w), can be reduced at high frequencies and linear order in B to the calculation of
the following average

. 1 (Ky; Ky>
iMyy(w) = — — (5.9
Iy( ) Xx(o) W
with K, the residual forces operators, which in this case are K, = [H,,J,], and

(K4; K,) stands for the retarded correlation function of the operators K,,. Using the
umklapp term (5.3) and the currents (5.6) ! we find

K, = 2evpgs / dw " (6l ) omts-ortior — he.) (5.10a)
jo

Ky = ZetJ_ggay/de Z |:€_i5Aj,j+1 (w}gbw“:,—abd}jv70’77b’(/}j+170-77b

jo b=L,R

SR R R RS (5.10b)

Note that each of the K’s is of first order in g3, hence M, is of order g3. The quan-
tity (K,; Ky) entering Eq. (5.9) is the real-frequency, long-wavelength limit of the
correlator, which we evaluate as

B
<Km;Ky>:—/ dr e (T, K, (1)K, (0)) (5.11)

0 iQ—w+i0t ’

where i) denotes the Matsubara frequency. The correlator (K,; K,), at first order in
t), vanishes for B = 0 or o = 0 as shown in Appendix A.1. Thus, retaining only
leading-order terms in ¢, and «, the first nonvanishing contribution in Eq. (5.11) is of
order atﬁ_ ggB, and involves three spatial and three time integrations, which we were
not able to perform in full. Based on a scaling analysis, we can nevertheless extract
the temperature (or frequency) dependence of this contribution.

We evaluate the correlator (K ,; K y) to first order in v and ¢ | . Let’s denote by H,,
the curvature [second term in Eq. (5.2)], by H | the inter-chain hopping [fourth term in
Eq. (5.2)], and by H the remaining parts of the Hamiltonian, H1p = Ho— Hao —H .
Standard perturbation theory yields [2]

(Kui K,) = — / dr i / drdrs (T, Ko () K, (OVH L (r)Ha())  (5.12)

where the average is taken with respect to Hy. The latter corresponds to a 1D chain
and can be easily bosonized, as shown in Sec. 2.4.1. With the help of representation

"Here we use the following properties for commutators: [AB, CD] = A[B,CD] + [A,CD]B, and
[A, BC| = [A, B]+C — B[A, C]4, where [A, B]+ denotes the anticommutator AB + BA.

54



(2.15) we bosonize each operator in Eq. (5.12):

K, — 42€UF93/d$ZSID \[gbp ) (5.13)

2ma)?

B zetngay —ieBayz, —={3bdp(x)—¢€;;10,(x)—0[bdo (z)+¢€,,105(z)]} .
Ky = (2ma)? Z g du €jjr vFev? ? 7 J
(4,4")

eﬁ{bqﬁp(aﬁ +€jj/9p(:r)+0[b¢g(x)+ejj/Gg(x)]}j, n h.c) (5.14)

where j and j’ are neighboring chains, b = +1(—1) for right(left) moving fermions,
and e;; = (—1)7'~7. For the coupling term we have

—ieBayx {bdp(x)—0p(2)+0[bds () —05 (x)]};
'H 27ra2/dx Y f p 4 J
job
o~ V21080 (@) =0, (@) +0lbdo (2) =00 (2)]} 511 —l—h.c.> (5.15)

and for the band curvature term we take [48]

Ha = & dx (V(bp)g

5.16
2ma 2 ( )

Next we will use a very helpful identity for the calculation of correlators between func-
tions of the fields ¢ and #. The following identity can be proved using the functional
integral technique presented in Sec. 3.3 and its fully demonstrated in Ref. [16]

<H 6i[An¢(Tn)+Bnt9(7"n)]> — exp{ . %Z’ - (AnAmK I BanK—l)Fl (Tn . Tm)

n n<m

+ (AnBy + BrAp) Fo(rn — rm)}, (5.17)

where = (x, ut), the notation 3"’ means that the sum is restricted to those terms for

which ) A, =5, B, =0, and F} 5 are universal functions which for (z, ur) > a
are,
1 2,,2
Fi(r) = ilog [527;2 (sinhz(;i) —|—sin2(7;-))] (5.18)
F: = —7Arg |t tanh 5.19
() = —irg tan(72) + itann(50)]. .19

where y, = ut + aSign(7), and a is a momentum cutoff. The resulting expression for
the correlator in Eq. (5.12) is (see appendix A.2)

(Kp Ky) ~ / d*rd?rydPry e 3K P10 || (5.20)

B*KpFl(T*TI) (Kp K7 —2)F1(r1) _~ 1
o]

The factor |r| results from the linearization in the magnetic field B. In Eq. (5.20) we
have discarded all factors involving the F5 function, since they correspond to angular
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Figure 5.7: Correction of the high-temperature/high-frequency Hall coefficient Ry by
the umklapp scattering in weakly-coupled Luttinger liquids. RY is the value of the Hall
coefficient in the absence of umklapp scattering, Eq. (5.8), and W is the electron band-
width. Our approach breaks down below some crossover scale (dashed line, see text). In
this figure we have assumed that A in Eq. (5.24) is negative.

integrals of the r variables and therefore do not contribute to the scaling dimension. At
distances much larger than the cutoff a we have e~ 4¥1(") ~ (a/|r|)4, and therefore
we find the high temperature, high frequency behavior as

(Kpi K,) ~ Bmax(w, T) 3 H4Ke=a (KoK, ), (5.21)

As done in Sec. 3.3.3, we follow the same procedure for the diamagnetic term x,, (0)—
however at zeroth order in o and B—and find

Xy (0) ~ max(w, T) " +2(Ket K ) (5.22)
Combining these expressions and collecting the relevant prefactors we deduce

1 (Kg; Ky)

ix2(0)xy(0)  wB

where K, is the LL parameter in the charge sector (see Sec. 2.4.1). In the absence
of interactions we have K, = 1, while K, < 1 (K, > 1) for repulsive (attractive)
interactions. If the interactions are strong and repulsive (K, < 1) the exponent in
Eq. (5.23) changes due to the contraction [16] of the operators in K, and K, which

gives the relevant power-law in this case. Together with Eqs (5.9) and (5.4), Eq. (5.23)
leads to our final expression for the Hall coefficient:

2 3K,—3
g3 T P
1+ A= — 5.24
i <7T UF ) < w > ] 029
with W the electron bandwidth.

Eq. (5.24) shows that in 1/2-filled quasi-1D systems the umklapp scattering changes
the absolute value of the Hall coefficient with respect to the band value, which is only

~ a g3 max(w, T)35r =3, (5.23)

Ru = R},
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recovered at high temperature or frequency. Note that Eq. (5.24) also describes the
frequency dependence of Ry provided 7' is replaced by w. The backscattering term g1
(neglected here) could possibly give rise to multiplicative logarithmic corrections to
the power law in Eq. (5.24) [16]. The sign of the dimensionless prefactor A can only
be determined through a complete evaluation of (/;; K ) in Eq. (5.11), and is for the
time being unknown. The available experimental data are consistent with Eq. (5.24) if
one assumes that A is negative (see below), as illustrated in Fig. 5.7.

Eq. (5.24) would imply that in the non-interacting limit K, — 1 (g2 — 0) the cor-
rection to the Hall coefficient behaves as log(7"/TV). In order to check this prediction
we have evaluated the correlator in Eq. (5.11) for go = 0. This is done in the following
section.

5.2.3 Ry in the presence of ukmlapp without forward scattering

Here we provide the calculation of Ry to leading order in g3 but in the absence of for-
ward scattering, go = 0. Using Eqs (5.4) and (5.8) we can express the zero-frequency
Hall coefficient in terms of RY; and Re[M,,(i07)]. We then perform a Kramers-
Kronig transform, insert the free-fermion values of the diamagnetic susceptibilities,
xz(0) = —2¢%vp/(may) and x,(0) = —4€t? a,/(mvE), and use Eq. (3.46) to arrive
at

0 VR 1 dw .
= 1+ ——+—— [ —=I K., K
RH(O) RH + 863Oztiay B / w2 m <1< y>0

z‘Q—>w+z‘o+>} (5.25)

where (K,; K)o is to be evaluated to first order in B. From Eq. (5.10) one sees that
(K4; Ky)o involves 8 fermion fields and can be represented by diagrams like the one
displayed in Fig. 5.8. There are 32 different diagrams, but all of them can be expressed
in terms of only one function A(i€2, B), whose expression is given by the diagram in
Fig. 5.8. This is done in Appendix A.3. We thus obtain,

A2 dw
RH(O) — Rg[{ Fg3

o — m [A’(w+i0+)—A(—w—i0+)]} (5.26)

where A'(iQ2) = 0A(iQ, B)/0B| p—o and we have pulled all prefactors from Eq. (5.10),
as well as a factor ¢ | from the diagram, out of the definition of function A. The explicit
expression of A’ is (see Appendix A.3)

e N (& d§+(k‘1 1 3
A(m)‘@mi’*/ dkrdkadg =g 53 > o

vivavsy

1 1 1
vy — & (ko) vy — E (ko — q) ivy +ivo —ivg +1Q — (k1 +q)

(5.27)

The frequency summations in Eq. (5.27) are elementary, and the various momen-
tum integrals can also be evaluated analytically to first order in «, yielding (see Ap-
pendix A.3)

Ru(0) = R}

1 ( g3\’ [dw (Bw/4)® — sinh?(Bw/4)
e 16 <7TUF> / w tanh(fw/4) sinhQ(ﬂw/4)] . (5.28)
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Figure 5.8: Example of a diagram appearing in Eq. (5.11) at first order in ¢, and for
g2 = 0. The full (dashed) lines correspond to free right (left) moving fermions, j is the
chain index, and the arrows represent up and down spins. The magnetic field increases
the momentum of the electron by 6k = eBay,.

The remaining energy integral is divergent and must be regularized. Cutting the inte-
gral at the bandwidth W and assuming 7" < W we obtain the asymptotic behavior

1 g3 2 T
1+3 <7er> log <W>] , (5.29)

consistent with Eq. (5.24). For non-interacting electrons, though, we see that the rel-
ative correction induced by the 1/2-filling umklapp is positive at 7 < W. Since all
properties are analytic in K ,, we can also deduce from Eqs (5.24) and (5.29) that A
tends to [24(1 — K,)] ! in the limit K, — 1. Note that Eq. (5.29) would also apply to
models in which g» ~ g3, such as the Hubbard model, while Eq. (5.24) is valid only
when g3 < ga.

Ry = RY,

5.2.4 Discussion and perspectives

The result of Eq. (5.24) shows that in 1/2-filled quasi 1D systems the umklapp pro-
cesses induce a correction to the free-fermion value (band value RY) of the Hall coef-
ficient Ry, which depends on temperature as a power-law with an exponent depending
on interactions. At high temperatures or frequencies, Ry approaches the band value
as shown in Fig. 5.7, implying that any fitting of experimental data must be done with
respect to the value of Ry at high temperature or frequency.

To study the range of validity of our result, one must consider that at low tempera-
ture the quasi-1D systems generally enter either in an insulating state characterized by
a Mott gap A, or in a coherent two- or three-dimensional phase below a temperature
T* controlled by ¢, as explained in Sec. 2.4.3. In either case our model of weakly-
coupled LL is no longer valid, as illustrated in Fig. 5.7. The variations of Ry below
max (7™, A) can be very pronounced, and depend strongly on the details of the materi-
als. When the ground state is insulating, for instance, Ry (7') is expected to go through
a minimum and diverge like AT asT — 0, reflecting the exponentially small carrier
density. Other behaviors, such as a change of sign due to the formation of an ordered
state or nesting in the FL regime [49], can also occur. The validity of Eq. (5.24) is
therefore limited to the LL domain: max (7™, A) < max(T,w) < W.
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For the case A > T*, we estimate the change of Ry with respect to RIQI at the
crossover scale A, for a system with g3 < U, where U is the Coulomb repulsion. The
umklapp-induced Mott gap in 1/2-filled systems is given by A /W ~ [g3/(mvE)]* with
z = [2(1 — K,)]~! [16]. We thus find that the largest correction is ~ [gg/(?TUF)]% and
has a universal exponent. On the other hand, Ry approaches the asymptotic value R
quite slowly, and according to Eq. (5.24) a correction of ~ [g3/(7vg)]? still exists at
temperatures comparable to the bandwidth.

The available Hall data in the TM family and in the geometry of the present anal-
ysis [42, 44] show a weak correction to the free fermion value which depends on
temperature. Some attempts to fit this behavior to a power law have been reported
(see Fig. 5.4) [42]. However the analysis was performed by fitting Ry(7") to a power
law starting at zero temperature. As explained above, the proper way to analyze the
Hall effect in such quasi-1D systems is to fit the deviations from the band value start-
ing from the high temperature limit. It would be interesting to check whether a new
analysis of the data would provide good agreement with our results. However in these
compounds both 1/4-filling and 1/2-filling umklapp processes are present. For the
longitudinal transport, the 1/4-filling contribution dominates [17]. For the Hall effect,
the analysis in the presence of 1/4-filling umklapp is considerably more involved, but
a crude evaluation of the scaling properties of the corresponding memory matrix gives
also a weak power-law correction with an exponent 2 — 16K, + (K, + Kp_l) /2, and
thus similar effects, regardless of the dominant umklapp. The observed data is thus
consistent with the expected corrections coming from LL behavior. However more
work, both experimental and theoretical, is needed for the TM family because of this
additional complication.

Our result Eq. (5.24) is however directly relevant for 1/2-filled organic conduc-
tors such as (TTM-TTP)I3 and (DMTSA)BF, [35]. Hall measurements for these com-
pounds still remain to be performed. Comparison of the Hall effect in these compounds
with the one in 1/4-filled non-dimerized systems [50, 29] for which only 1/4-filling
umklapp is present, could also help in understanding the dominant processes for the
TM family.

The other type of Hall measurements, shown in Fig. 5.5, were done in a different
geometry from the one used in the present theoretical work. In this case the current
flows along the least conducting direction c and the magnetic field is applied parallel
to a, as explained before. This implies a current flowing along a direction which is
incoherent at high temperature (1" > 7™) and thus, the results for Ry are expected
to differ from Eq (5.24). To describe the system in this geometry, the Hamiltonian
must have two coupling terms corresponding to the hopping along b and ¢ directions
and one must choose a gauge for the magnetic field that determines the Peierl’s phase
appearing in the Hamiltonian, as done for the model studied here. The longitudinal and
transverse currents will have the form of Eq. (5.6b) (with a different Peierl’s phase),
each one with the respective hopping amplitude ¢, or t.. The diamagnetic terms will
be both similar to Eq. (5.5b), with ¢ replaced by t; or t. and a, replaced by the
respective lattice parameter. Since in this geometry the magnetic field goes along the
one-dimensional chains, the question is whether or not signatures of Luttinger liquid
behavior will appear on Ry. With the information given until now we can compute
the first term of Eq. (5.4) (the high-frequency Ry of Eq. (4.17)). For this we must
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calculate the commutator between the currents, obtaining

apQe Za,ﬁ <wltﬁ¢a+lﬁ+1 + ¢Lﬂ+lwa+1ﬁ + hC>
DD <¢Lﬁ¢a+1ﬁ + h.c.> <”¢Lg¢a5+1 + h.c.>

where « and (8 are chain indexes, and a; and a.. are the lattice parameters along b and
c directions, respectively. It is evident that the average in the numerator of Eq. (5.30)
must be expanded to first order in ¢; and . in order to obtain a nonzero result. Im-
mediately, many questions on the derivation of expression (5.30) appear: can we treat
t. perturbatively even if the current goes along c?, is the 1D Hamiltonian term nec-
essary or just a Hubbard Hamiltonian will be sufficient?, should one consider the 1D
properties of the chains to obtain the averages, even if they do not play a crucial role
in this geometry?, is the above expression temperature independent?, etc. These and
many other questions must be answered in order to understand the Hall effect in the
geometry consider by Mihdly er al. in Ref. [43]. In this work we did not solve this
problem, but we hope to do it in the near future.

Ru(w — o0) = (5.30)

5.2.5 Conclusions

In this chapter we have accomplished a theoretical study of the Hall effect in a system
made of weakly coupled 1/2-filled chains, in the presence of umklapp scattering. We
obtained a Hall coefficient Ry given by the free-fermion value (band value RY) plus
a correction term with a power-law dependence on temperature (or frequency), due
to the presence of umklapp scattering. This power-law is a characteristic behavior of
Luttinger liquids, where the exponent depends on the interaction parameters. The Hall
constant was also computed for the system without forward scattering, resulting in a
logarithmic dependence on 7' (or w), in agreement with the zero interaction limit of
the power-law. The results are not directly applicable to the Hall data in the quasi
1D organic conductors, reviewed at the beginning of this chapter, because these are
1/2- and 1/4-filled compounds, but they allowed us to reach the following conclusion:
signatures of LL behavior (power-law dependence) are expected to appear, at high
temperatures, in Hall measurements made in the geometry considered here.
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CHAPTER O

Hall effect on the strongly correlated 2D triangular lattice

As we have seen in the preceding chapters, the interpretation of the Hall effect in
strongly correlated systems can result in a very complicated task. Interactions can
have a large effect in the Hall resistivity, and this effect seams to increase as the di-
mensionality of the system decreases. Furthermore, the understanding of these effects
is crucial for the investigation of transport properties in strongly correlated systems, in
particular for the Hall effect.

We now know that there exist a variety of strongly correlated systems with differ-
ent geometries. Among these, the triangular lattice exhibits a unique property: it has
the smallest possible closed loop with an odd number of steps (namely 3), as explained
in Sec. 2.3. Anderson proposed that the model could have a spin-liquid ground state
at commensurate fillings such as one electron per site [51]. These peculiarities make
the triangular lattice a very interesting system for the investigation of the Hall effect.
In particular, important differences between the Hall effect in the square and triangu-
lar lattices were pointed out by Shastry et al. in Ref. [27]. Since we have already
studied the Hall effect in a quasi 1D system, which can be also considered as a highly
anisotropic square lattice, the investigation of the same phenomena in the triangular
lattice can be a helpful way to understand the relation between the Hall resistivity and
the geometry of the underlying lattice in two-dimensional systems.

There exist a variety of compounds with structures resembling the triangular lat-
tice. Among these the CoO4 layered compounds where the recent discovery of super-
conductivity in the hydrated Na,CoOs [52] have motivated a large number of works.
These materials, also known as cobaltates, are good realizations of an isotropic 2D tri-
angular lattice and have been extensively investigated, both experimentally [53, 54, 55]
and theoretically [56, 57, 58], in the past years. There are also organic conductors of
the BEDT (bis(ethylenedithio)) family [59] where one finds various structures resem-
bling the anisotropic triangular system. This anisotropy, together with the dimerization
of the molecules present in some compounds of the BEDT family, make these materi-
als much more complicated to describe from the theoretical point of view. That is why
we will concentrate here exclusively in the Na,CoO2 compound.
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Figure 6.1: Molecular structure of y-Na,CoO2 phase with a space group symmetry of
P63/mmc and lattice constants a = 2.84 A and ¢ = 10.81 A. The CoO, layers are inter-
calated with insulating layers of Na™ ions. Na; and Nay differ from their crystallographic
positions: Na; is situated on the vertical crossing Co atoms above and below, and Nay is
slightly displaced with respect to the vertical crossing the center of the triangle formed by
the Co atoms. From Ref. [60]

In the following we make a review of the most important properties of Na,CoOq,
which is the material considered in this work for the application of our theoretical
study of the Hall effect on the two-dimensional triangular lattice.

6.1 A triangular lattice compound: Na,CoQO-

The crystal structure of Na;CoOx consist on two-dimensional CoO4 layers of edge-
sharing tilted octahedra. Each octahedra is composed by a Cobalt ion surrounded by
six Oxygen atoms at the vertices CoOg. Within each CoO; layer, the Co ions occupy
the sites of a two-dimensional triangular lattice. The CoOs layers are separated by
insulating layers of Na™ ions. There exist four phases of Na,CoOs, with slightly
different structures, called o, o/, 3 and . They differ by the stacking order of CoOq
layers and Na-O environments [61]. In this work we will focus only on the « phase
because it is the one used in the Hall measurements. Fig. 6.1 shows the structure
of the v-Na,CoO2, which has an hexagonal structure with a space group symmetry
of P63/mme and lattice constants a = 2.84 A and ¢ = 10.81 A. Band-structure
calculations [56] show that the O 2p orbital states lie far below the Co 3d states and
the chemical potential falls within the band formed from ¢5, states in Co. Hence the
electrons donated by the Na ions are distributed among the Co ions, a fraction (9) of
which are in the Co** state in which S = 1/2, while the rest (1 — J) are Co®** with
S = 0. The elementary charge-transport process is the hopping of a hole from Co**
to Co3*t. A large on-site repulsion excludes double occupancy of a site by the holes.
Different ordered states appear as a function of the doping x of Na ions. Fig. 6.2
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Figure 6.2: Phase Diagram of Na,CoO-. The different order states are found changing
the doping of sodium atoms (z). From Ref. [13]

shows the phase diagram for Na,CoOs. A paramagnetic metal is found for z < % and
for x > % the system behaves as a Curie-Weiss metal [62]. These two metallic states
are separated by a narrow charge-ordered insulating state at x = % This compound
becomes superconducting below 5K, when intercalated with water forming Na,;CoOx -
yH»20, for i <z < % For values of the doping above %, a Spin Density Wave metallic
state appears [62, 13]. Na,CoO?2 presents also an unusual enhanced thermopower at
x ~ 2/3 which has been recently related to the spin entropy carried by the holes in the
Curie-Weiss phase [63]. Nag 7CoOs is the host compound from which Na, is varied
to achieve superconductivity in the hydrated compound.

The effective Hubbard interaction U have been estimated in band-structure calcu-
lations [56] to be of the order of U ~ 5-8 eV and a Fermi surface with hexagonal
character in agreement with photoemission measurements [55, 54]. The dispersion
behavior seen in photoemission data is consistent with a negative sign of the single-
particle hopping of the order of ¢t = 10 & 2 meV [55]. Therefore, the bandwidth (W)
is estimated between 70 to 100 meV making this system a real strongly correlated
one with U > W. Several Hall measurements have been undertaken in Nag 7CoQO9
[63, 64]. The anomalous linear increase of the dc Hall coefficient and a recent infrared
Hall measurement [64] have motivated recent theoretical works [57, 58, 65, 66] with
the aim of investigating the role of correlations in the Hall effect, but many questions
remain open. Fig. 6.3 shows the Hall constant measured by Choi et. al. [64] at an
infrared frequency and at w = 0.

This chapter is the object of publication [67]. In the following we make a theoret-
ical study of the Hall effect in a 2D triangular lattice where electrons interact via an
onsite Coulomb repulsion U. We calculate Ry in the high frequency limit studied in
chapter 4, and we cover the whole range of interaction values using several approxi-
mation schemes.
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Figure 6.3: Temperature dependence of the Hall constant measured in Nay 7CoO+ by
Choi et. al. [64]. (Left) Infrared Hall constant measured at w = 1100 cm~*. The upper
(lower) curve correspond to the real (imaginary) part of Ry(w) . (Right) dc Hall constant
(w = 0). The scale on the left differs from the one shown in Ref. [64] because it was
corrected by the authors.

6.2 Model and methods

For this theoretical study, we consider an anisotropic triangular lattice with nearest-
neighbor hopping amplitudes ¢ and ¢’ and an on-site Hubbard interaction U, with the
structure sketched in Fig. 6.4. The system is described by the Hubbard model on the
triangular lattice studied in Sec. 2.3:

H=— Z tijC;raCja + UzniTnil (6.1)
%

(if)o

where cg (cq) is the creation (annihilation) fermion operator, n,, is the fermionic num-
ber operator and (ij) are nearest-neighboring sites. The dispersion relation for this
model (see Sec 2.3) is

e = —2t cos(kya) — 4t' cos(kya/2) cos(kyav/3/2). (6.2)

We assume that a current / flows along the x axis and a dc magnetic field B is
applied along z, hence a Hall voltage develops along the y axis (see Fig. 6.4). We
use the vector potential A = A™ + Al where for the magnetic part we choose,
as in the previous chapter, the Landau gauge A™2 = Bzqj, and A® describes the
electric field. The coupling between the lattice fermions and the electromagnetic field
induces a Peierls phase in the hopping amplitudes which change according to ¢;; —

tij exp(—ie fij A-dl).
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Figure 6.4: Top: Two-dimensional triangular lattice. a is the lattice parameter, ¢ and
t’ are the hopping amplitudes for bonds along the x direction and for +60° bonds, re-
spectively. The unit-cell area is S = a?y/3/2. The current I flows along the z axis, the
magnetic field B is applied along the z axis, and the Hall voltage is measured along the
y axis. Bottom: Non-interacting density of states of the model in the cases t = ¢’ = —1
and t = 2t/ = —1, presented in Sec. 2.3.

We use Egs. (3.5) and (3.16) for the total current operator, .JJ,, = f drj,(r), and the
diamagnetic susceptibilities x,(0), respectively. Performing the functional derivatives
we find for the currents

J. = ea [27520};00,” sin(kza)+

ko
ke
+t Zsin <2a + T) (cLUckJmU iky V35 4 . c) (6.3a)
Jy = —eaV/3t' ZCO ( + 1 ) (icLocker iky V35 —i—hc), (6.3b)

where we have defined the vector n = (n,0) with n = v/3eBa/2. The diamagnetic
susceptibilities are:

xz(0) = —gi [thos (kza) + ¢ cos <k2 >cos (k‘ V3= )]( k)
(6.42)

24/
X, (0) = _4\/2?75 3 cos ("é“) cos (ky\/33> (k). (6.4b)
k

As shown in Sec. 4.2, it is possible to rewrite Ry as a high-frequency series where the
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infinite-frequency limit reads

i i (Ja Jy)) )
Rt =) = b, (s, T ) ¢
The remaining contributions are expressed in terms of a memory matrix (see Sec. 4.3).
Ry(w — o0) is expected to provide the dominant contribution at any finite frequency.
The memory matrix formalism allows in principle to go beyond the infinite frequency
approximation and compute corrections at finite frequency [28, 46]. It leads, in par-
ticular, to corrections due to interactions that vanish identically if U = 0. These
corrections do not affect the sign of Ry which should be entirely determined by
Ry(w — o0). In the following we shall consider only the infinite-frequency con-
tribution to Ry, Eq. (6.5), and adopt the notation Ry(w — o0) = Ry.

Strictly speaking, our results are valid provided the probing frequency is larger
than any other energy scale in the system, w > max{U, ¢, T'}. The last two conditions,
w > max{t, T}, are easily fulfilled experimentally in known triangular compounds,
while the condition w > U is more problematic. However, as we will discuss in Sec.
6.4, in certain limits our results coincide with those obtained in Ref. [57] under the
opposite assumption w < U, showing that this condition is not stringent.

In order to evaluate Eq. (6.5), we calculate the commutator [J,;, J, ] from Egs. (6.3),
and we use the diamagnetic susceptibilities of Eq. (6.4) to arrive at

1
Ry = 5w aalklnm (6.6)

e % Zk Bk<nk>% Zk Ck<’flk> 7

A = (l{:;) s(kza) cos (k: V3= )
[cos (kza) + cos (k fa)}
)

Br = 2cos(kga)+ (t'/t)cos <k2 )cos (k V3= )
kra ) a
Cr = cos (2> cos (ky\/gi) . (6.7)

As can be seen from Eq. (6.6) the high frequency Hall coefficient depends only on the
distribution function (ng) as well as some geometrical factors. The interaction term in
Eq. (6.1) therefore only influences Ry through its effect on (ng). Another implication
of Eq. (6.6) is that at low temperature the behavior of Ry can be interpreted in terms
of an effective carrier concentration, as in the non-interacting case.

with

6.3 Results

In the following we evaluate Ry in the whole domain of interaction values U with
respect to the bandwidth W = 9|¢| of the system, by using four different approaches:
exact calculation at U = 0, a perturbative expansion of the self-energy at U < W,
a local approximation to the self-energy, treated with dynamical mean field theory
(DMFT) at U 2 W, and finally the atomic limit of the self-energy at U > W.
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6.3.1 Non-interacting case

In the non-interacting case there are various limits in which we can obtain analytical
results for REI (Ryg atU = 0): at zero temperature and band fillings nearn = O and n =
2, and at high temperature 7' > W. For intermediate fillings and temperatures, we
compute RY; numerically by performing the sum in Eq. (6.6) on a dense 2048 x 2048
discrete k-point mesh. Some details on the numerical sum over momentum are given
in Appendix B.1.

Zero temperature

Here we restrict for simplicity to the isotropic case t' = ¢ and we set the lattice param-
eter a = 1. Close to the band edges we can expand the various integrands of Eq. (6.7)
and thus perform the k integrals.

Near the bottom of the band the Fermi surface is made of two nearly circular elec-
tron pockets around (4F,0) and (2F, %) In each pocket we have {i = e — pu =~
3t — %th — i, where k is the momentum measured from the pocket center, and there-
fore k2 = %(3 — u/t). The corresponding electron density is n = k2/7. Writing
similar expansions of Ag, Bg, and Cy, close to the pocket center and performing the
Brillouin zone integrations, we obtain the non-interacting Hall coefficient at low elec-

tron density:
1 3mn
RY(T=0)=—|1l-—+0(n]. 6.8
BT =0)= - 1= 0 ©3)
At sufficiently low density we recover, in the above expression, the classical result
R) = 1/ne.

Near the top of the band the Fermi surface is a nearly circular hole pocket centered
at k = (0,0). Close to this point we have { ~ —6t + %th — i, and therefore
k% = %(6+ 1/t). The corresponding density is obtained by subtracting the contribution
of the hole pocket from the maximum density: n;, = 2 — k2/2m. Similarly, for the
functions Ay, By, and Cj we have to subtract the contribution of the hole pocket from
the contribution of the whole Brillouin zone, which turns out to be zero because

ZAk:ZBk:ZCkzo. (6.9)
k k k

Thus, for low hole densities n;, = 2—n we find that the non-interacting Hall coefficient
is given by

1 T\ 2 .
T =0)=—— |1—(—2 i 1
Ry( 0) nne ( 1 > +O(np) | (6.10)
and as nj, — 0 we have RY;, = —1/nye.

The complete density dependence of RY; calculated numerically at zero tempera-
ture from Eq. (6.6) is displayed in Fig. 6.5 and compared to the limiting cases Egs. (6.8)
and (6.10). It is clear from this figure that the infinite-frequency Ry follows the well-
known dependence of the dc Hall coefficient Ry(w = 0) on the carrier charge density.
This indicates a weak frequency dependence of the non-interacting Hall coefficient at
zero temperature, since the dc result is recovered from the infinite frequency limit of
Ry. Furthermore this suggests, as we will discuss in more details below, that the fre-
quency dependence should not be too crucial, even in the presence of interactions, for
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Figure 6.5: Non-interacting Hall coefficient Ry} at zero temperature as a function of the
electron density n, for an isotropic triangular lattice with ¢ = ¢ = —1. The dashed lines
indicates the classical behavior at low electron and hole carrier densities.

most band fillings. At U = 0 the sign of the Hall coefficient is entirely given by the
sign of the carriers, and it can be seen from Fig. 6.5 how the sign changes at quarter
filling when the Fermi energy crosses the van Hove singularity of the DOS, and the
Fermi surface shape evolves from electron to hole like.

High temperature

If T > ¢ the distribution function (ng), which reduces to the Fermi distribution at
U = 0, can be expanded in power of 5 = 1/T. This expansion must be done at
constant density n, which requires that 3y remains finite as 3 — 0, in other words
u ~ T at high temperature. Taking this into account we can deduce the relation
between p and n, exp(—(u) = 2/n — 1, and write the Fermi distribution as

(ng) = g —n(2— n)ekg +0(6?). (6.11)

Due to Eq. (6.9) the k-independent terms in Eq. (6.11) do not contribute to R, which
in this case takes the form:

S 1 LS Aper
RY(T > t) = —4T= N =k . (6.12)
H en(2—mn) %ZkBkak% >k Crer
Performing the Brillouin zone integrations we obtain
T/t 1 V3 3
ROUT > 1) = /1 a’v3 6.13)

e n(2—n) 2 24 (/t)*

This result is plotted in Fig. 6.6 together with the numerically calculated full temper-
ature and density dependence. The most striking feature of Eq. (6.13) is the linear
increase of R]QI with T'. The same linear behavior was obtained in Ref. [68] at w = 0,
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Figure 6.6: Temperature and electron density dependence of the non-interacting Hall
coefficient R, for the isotropic triangular lattice with t = ¢’ = —1. The dashed line
shows the asymptotic behavior described by Eq. (6.13). Inset: Temperature and density
dependence of the chemical potential p, illustrating the relation p ~ 1" at high tempera-
ture.

indicating a weak frequency dependence of RY at high temperature. Our result shows
that the T'-linear dependence of Ry is not due to interactions but to the peculiar topol-
ogy of the triangular lattice. The sign of R} at high T is determined by the sign of ¢,
irrespective of the density (see Fig. 6.6). We attribute this property to the fact that at
high enough temperature the full band contributes to the Hall effect; hence the sign of
Ry reflects the dominant nature, electron or hole-like, of the band. As is clear from
Fig. 6.4, for ¢ < O the band is dominantly hole-like, while for ¢ > 0 it is electron-like.

The relevance of result (6.13) is that even without interactions, the Hall coefficient
has a linear dependence at high temperature due to the geometry of the system, em-

phasizing the peculiarity of the triangular lattice. By contrast, on the square lattice the

same analysis yields a T-independent non-interacting RY; = 2 {l — %n)] at high

e |n n(2
temperature.

6.3.2 Weakly interacting regime

When interactions are present, the distribution function (ng) can be expressed in terms
of the one-electron self-energy 3(k, iwy,) as:[2]
eiwn0+

1
<nk> - E %n: Z‘Wn - fk - 2(k7 iwny

(6.14)

with wy, = (2n 4 1)7T the odd Matsubara frequencies. In the weak coupling regime
U < W, we evaluate the self-energy using conventional perturbation theory in U and
we keep only the lowest order contributions of order U2. For a local interaction like
the Hubbard term in Eq. (6.1) there is only one diagram which is drawn in Fig. 6.7.
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Figure 6.7: Brillouin zone average of the real and imaginary parts of the self-energy
Eq. (6.15) at low temperature 7' = 0.1, calculated using a 64 x 64 k-point mesh (solid
lines). The small standard deviations o (shaded curves) illustrate the weak momentum
dependence of 3(k, iw,, ). The dashed lines show the local self-energy resulting from the
DMEFT calculation (see Sec. 6.3.3). The density was set to n = 1.54, which is the value
for Nag 7CoOs (see Sec. 6.4). Inset: Feynman diagram corresponding to Eq. (6.15).

The standard diagrammatic rules yield the following expression for the self-energy:

U2

_W
ki1k2

f(gkz) [f(gkn) - f(§k+k1—k2)} - f(fkl)f(_fk—i-kn—kz)

twp + §k1 - gkz - §k+k1—k2

S(k, iwy) = (6.15)

where f(&g) is the Fermi distribution function.

The numerical evaluation of Eq. (6.15) is demanding due to the double momentum
integration. This is particularly time consuming because our calculations are done at
fixed density, and thus require to calculate Y(k, iw, ) many times in order to deter-
mine the chemical potential. However it turns out that the momentum dependence of
Y.(k,iwy,) in Eq. (6.15) is weak. This is illustrated in Fig. 6.7 where we plot the Bril-
louin zone average of the self-energy, ¥ (iwy, ), as well as its standard deviation. The
weak momentum dependence allows us to compute Y(k, iw,) on a coarse (typically
16 x 16) k-point mesh, and then to interpolate using splines (see Appendix B.1) onto
a dense mesh for the evaluation of (ng) and eventually Ry. The Matsubara sum in
Eq. (6.14) also requires special attention: the formal regularization of the divergence
through the exponential factor is not suitable for a numerical evaluation of the sum.

We therefore rewrite Eq. (6.14) as

1 1 1 1
(ng) = 5 + B ; (iwn — &g — B(k,iwy,) - an> . (6.16)

The wy, sum is now convergent and can be efficiently calculated via the truncation at
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some large frequency and the analytical evaluation of the remaining terms using an
asymptotic expansion of the self-energy.

The Ry resulting from perturbation theory are valid in the regime U < W < w,
with W = 9|t| the bandwidth of the system. As already anticipated the effect of a
small U on the distribution (ng) is a subtle broadening, and as a result the dependence
of Ry on U is very weak at low U. Fig. 6.8 provides an illustration of this weak
dependence. As a consequence the non-interacting results of Sec. 6.3.1 are expected
to give a fairly good account of the Hall effect for an interaction strength smaller than
the bandwidth .

An important observation which we can make from our perturbative calculations
is that the momentum dependence of the self-energy is very small, i.e. the self-energy
is almost local in real space. This suggests to approach the strong-coupling regime
U 2 W by assuming that the self-energy is exactly local. In the following section we
study such local approximations to the self-energy, and we compare them to the result
of the perturbation theory.

6.3.3 Strongly interacting regime

Assuming that the self-energy is local in first approximation, we investigate here two
models for ¥(iw,,) and their implications for the Hall coefficient Ry. The first ap-
proach is based on the dynamical mean field theory (DMFT) [6] and requires to solve
a difficult self-consistent quantum impurity problem. Due to numerical difficulties this
method cannot be pushed to very high interactions and/or very low temperature. Our
second approach is based on a simple analytical form for X (iw, ), which is expected
to be valid at U > W, and allows us to express (ng) analytically in this limit.

DMFT

The DMFT approximation provides the exact solution of the problem under the as-
sumption that the self-energy is local. In this framework the self-energy is expressed
as:

Y(iwn) = Go Hiwn) — G (iwy,) (6.17)

where Gy is an effective propagator describing the time evolution of the fermions in
the absence of interaction, and G is the full propagator, which takes into account the
local Hubbard interaction. The calculation of G from a given Gy amounts to solve the
problem of a quantum impurity embedded in a bath. We do it by means of the quantum
Monte Carlo Hirsh-Fye algorithm [69] as described in Ref. [6] (see Appendix B.2).
From the requirement that G coincides with the local Green’s function of the lattice,

) 1 1
Gliwn) = 2}; oy (6.18)

one can deduce the self-consistency condition

ie.

Gy Hiwn) = 1/D [iwy, — X (iwn)] + X (iw,), (6.19)

where D(2) = [dé D(€)/(z — &) is the Hilbert transform of the DOS D(&) cor-
responding to the triangular lattice and shown in Fig. 6.4. Once the self-consistent
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Figure 6.8: Evolution of the high-frequency Hall coefficient with U calculated using
different approximations at 7' = |t| and n = 1.54, for an isotropic triangular lattice with
t=t =-1.

Go(iwy,) is obtained, the corresponding self-energy > (iwy,) is injected in Eq. (6.16) to
compute Ry.

In Fig. 6.7 we compare the DMFT self-energy with the Brillouin zone average of
the perturbative expression Eq. (6.15), both calculated at U = 4. It can be seen that
the frequency dependence and the order of magnitude of the two quantities are very
similar, suggesting that the self-energy is dominated by the U? term and therefore the
domain of validity of the perturbation theory is not limited to very small U. On the
other hand it shows that the DMFT, although it is not a perturbative approach, provides
a smooth transition from the weak to the strong-coupling regimes. This is further illus-
trated in Fig. 6.8 where we see that the values of Ry calculated by perturbation theory
and DMFT coincide up to U = 4]|t|. At not too low temperature the DMFT calcula-
tion is reliable up to interaction strengths comparable to the bandwidth WW. We have
performed DMFT calculations at U > W, but since these results could be affected
by systematic statistical errors in the Monte-Carlo summation, they are not shown in
Fig. 6.8 (Appendix B.2). At U > W it is expected that the DMFT result approaches
the atomic limit in which accurate calculations can be performed, as discussed in the
next paragraph.

Atomic limit

In the limit of very strong interactions U >> W we assume that the self-energy ap-
proaches its atomic limit given by the expression: (see Appendix B.3):

I%f_% n/2(1 —n/2)U?

Sa(iwn) =
alion) = ot o T (A —n/2)U

(6.20)

with pi, the chemical potential in the atomic limit, not to be confused with the lattice
chemical potential u. Using this expression in Eq. (6.14) it is possible to evaluate
analytically the sum over Matsubara frequencies and thus to obtain a closed expression

72



Atomic limit

Ry % 8(1 — 4)|e]

2 3
Temperature T'/|t|

Figure 6.9: Temperature and density dependence of the high frequency Hall coefficient
calculated in the atomic limit at U = 500|¢|. The dashed line shows the asymptotic
behavior, Eq. (6.21), and 6 = |n — 1|. For densities close to half-filling (n = 1.05),
Ry(T) deviates from the asymptotic behavior (see text).

for (ng) (Appendix B.3). In Fig. 6.8 we show the Hall coefficient calculated with the
atomic limit of the self-energy in the whole range of interaction values. Ry obviously
converges to the non-interacting limit at low U since the atomic self-energy vanishes
at U = 0, and provides a good interpolation between the weak and the strong-coupling
regimes. At intermediate values U ~ W the atomic limit is not reliable, although it
gives the correct order of magnitude for Ry. Fig. 6.8 also shows that Ry saturates at
sufficiently large U.

In Fig. 6.9 we display the temperature and density dependence of Ry at U =
500(t|, which is a typical value for the cobaltate compounds as discussed in the next
section. We have selected four densities corresponding to the bottom and top of the
lower and upper Hubbard bands (see also Fig. 6.11 below). Like for U = 0 we find
a T-linear increase of Ry at T 2 W. Due to the Mott gap, however, the density
dependence of the slope is not the same as for U = 0. The slope can be obtained
explicitly by sending U to +o0 and performing the high-temperature expansion as in
Sec. 6.3.1 The result is

T/t 1 a®>v3 3

U=0c0 _*/°
B> 0=""50=% 1 21 @wnr (021

very similar to Eq. (6.13) except that the slope oc [45(1 —§)]~! replaces [2n(2—n)] !,
where 0 = |n — 1| measures the departure from half-filling. The U = oo result
of Eq. (6.21) is displayed in Fig. 6.9, and correctly describes our high-temperature
results at U = 500|t|. The differences observed at n = 1.05 in Fig. 6.9 reflect the
fact that close to half-filling the slope of the high temperature Ry depends strongly on
the interaction and is not saturated even at U = 500(¢| (see also Fig. 7). Away from
half-filling the U dependence of the slope is weaker, and Eq. (6.21) is valid for lower
interaction values.
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Figure 6.10: Density dependence of the Hall coefficient within the 7T-linear regime at
U = 0 and in the atomic limit at U >> |¢| (solid lines), compared to the result of the ¢-.J
model (Ref. [57], dashed line).

6.4 Discussion and perspectives

The various approximations presented above allow us to calculate the Hall coefficient
on the triangular lattice for all interactions strengths U and all temperatures 7". The
main limitation of our approach, in view of a comparison with experimental systems,
is that our results are in principle valid in the limit W, U < w, because they are based
on a high-frequency expansion. The first criterion, W < w, is not too difficult to
satisfy for realistic compounds if the measurement of the Hall effect is performed at
optical frequencies. The second criterion, U < w, seems more problematic since
interaction strengths can be as large as several electron volts, at the upper edge of the
mid-ultraviolet frequency domain. However, we have seen (Fig. 6.5) that at U = 0 and
T = 0 the Hall coefficient calculated at w = oo coincides with the w = 0 dc value,
and at U = 0 and T" > ¢, we obtained the w = 0 results of Ref. [68]. All this suggests
that the frequency dependence of Ry is weak in the non-interacting case.

At the other extreme of the parameter space, U = oo and T' > W, we can com-
pare the result of the atomic limit approximation with the result of the ¢-J model [57].
In the latter model U is considered infinite from the outset, so that the high-frequency
and high temperature expansion of Ref. [57] is in fact valid at frequencies w < U. We
plot in Fig. 6.10 the density dependence of Ry obtained in both models at U = oo and
T =z W. The small quantitative difference between the atomic limit at U = oo and the
t-J model shows that these two ways of treating the U = oo limit are not equivalent:
they differ, in particular, in the renormalization of the kinetic energy by the interaction.
However the two models give away from half filling very similar behaviors. This re-
inforces the idea that the frequency dependence of Ry is weak. Exact diagonalization
on small clusters also indicate such a weak frequency dependence [58]. This strongly
suggests that our results could also be valid at w < U, and therefore be relevant to
interpret experiments performed in this regime. The atomic-limit approach has the
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Figure 6.11: (a) Density dependence of the Hall coefficient at 7 = 0 and U = 500|¢|
calculated in the atomic limit approximation. (b) Density of states for various electron
densities, showing the lower (LHB) and upper (UHB) Hubbard bands. The shaded regions
indicate the occupied states and the position of the chemical potential.

advantage to give access to the full temperature dependence (Fig. 6.9) as well as the
U-dependence as shown in Fig. 6.10, while the calculation of Ref. [57] is valid at
U=occandT > W.

The evolution of Ry with temperature is of particular interest since it is most easily
probed experimentally. A linear increase of Ry with temperature, without saturation
at high T', was reported in Ref. [57] for the ¢-J model. Our results show that the
Coulomb interaction is not responsible for this effect which is also present at U = 0
(Fig. 6.6) and is therefore a consequence of the peculiar geometry of the triangular
lattice. However the interaction controls the density dependence of the slope which
changes smoothly from [2n(2 — n)] =t at U = 0 to [40(1 — 6)]~! at U = oo. This is
further corroborated in Fig. 6.10.

The sign of Ry turns out to be independent of n and U at high temperature, unlike
in the square lattice where Ry changes sign at n = 1. The situation is different at
T = 0. In the non-interacting case Ry changes sign at quarter filling and can be simply
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interpreted in terms of the carrier density (Fig. 6.5). We have also investigated the
T = 0 density dependence of Ry at large U as shown in Fig. 6.11. The interpretation in
terms of the carrier density remains qualitatively valid, provided one takes into account
the splitting of the DOS into the lower and upper Hubbard bands. These two bands
are displayed in Fig. 6.11b, where it can also be seen that the DOS keeps qualitatively
the same shape as for U = 0, but the width of each band varies strongly with the
density n. Due to this band renormalization the sign change of Ry at n < 1 does
not occur at quarter filling, but a little below. Comparing Fig. 6.11a with Fig. 6.10
one easily understands why the temperature dependence of Ry is more pronounced
slightly above n = 0 and n = 1, where Ry changes from negative at 7" = 0 to positive
at high 7, than slightly below n = 1 and n = 2 where its stays positive (see also
Fig. 6.9).

Let us now discuss the application of our theoretical results to the Hall measure-
ments performed at finite frequency by Choi et al. [64] on the cobaltate Nag 7CoOs
(see Fig. 6.3). As mentioned before, ARPES measurements [55] indicate that the trian-
gular lattice is isotropic with an estimated hopping amplitude of £ = —10 meV and an
effective Hubbard energy U ~ 5 eV. From the radius of the Fermi-surface hole pocket
observed in ARPES, kg = 0.65 + 0.1 A‘l, we deduce an electron density n = 1.54.
Choi et al. measured the temperature dependence of both the dc and ac Hall coeffi-
cients up to room temperature (see Fig. 6.3). The ac measurement was performed at
w = 1100 cm~! ~ 12|t|. The experimental conditions thus satisfy T, W < w < U.
In Fig. 6.12 we plotted together the experimental and theoretical curves. As can be
seen in the figure, there is a factor of 10 between the measured Ry at finite and zero
frequency. The order of magnitude of our theoretical curve, obtained with the param-
eters measured with ARPES, is in agreement with the dc Hall data and not with the
ac Hall data, as expected. We do not have, at the moment, any clear explanation for
this discrepancy. One would have to extend the theoretical approach in order to cover
the domain of intermediate frequencies and more infrared measurements are needed
in order to assure that the experimental data is correct. In any case, we compare our
results with the dc Hall data at high temperatures and the results are discussed below.

The behavior of the dc Ry above T' = 250 K is consistent with the linear increase
predicted by the various theoretical models. By adjusting these models on the dc
experimental data at high temperature (dotted line in Fig. 6.12) we obtain independent
determinations of the hopping amplitude ¢, namely { = —7.4 meV using the atomic
limit model Eq. (6.21) and ¢ = —5.7 meV using the ¢-J model. This values are in good
agreement with the ARPES results. We note, however, that there are discrepancies
between different sets of experimental data [64, 63].

The organic conductors of the BEDT family present several compounds with an
anisotropic triangular structure. Unfortunately we are not aware of any measurements
of the ac Hall effect which we could compare to our calculations, although measure-
ments have been done at zero frequency in these materials.[70, 71]

6.5 Conclusions

The theoretical high-frequency Hall coefficient in the two-dimensional triangular lat-
tice exhibits two different characteristic behaviors at low and high temperatures: near
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Figure 6.12: Comparison of the Hall coefficient in Nag 7CoO4 as measured by Choi
et al. [64] at w = 0 (empty circles) and w = 1100 cm™! (full circles) with available
theoretical models. The blue solid line is the high-frequency result in the atomic limit
and the dashed line shows the high-temperature result in the ¢-J model [57]. Theoretical
curves are calculated att = ¢/ = —10meV, U = 5 eV, and n = 1.54. The dotted line
shows the best linear fit of the experimental data at high temperature (see text).

T = 0, Ry resembles the classical dc Hall coefficient 1/gn* where ¢ and n* are the
carrier charge and density, respectively; at temperatures higher than the bandwidth, Ry
shows a remarkable T-linear behavior with a density- and interaction-dependent slope.
These conclusions apply provided the probing frequency is larger that the other energy
scales of the problem, and that the electron self-energy remains essentially local for
strong interactions.

Although we argued that the frequency dependence of Ry is probably weak, it is
clear that for understanding the anomalously large Ry(w) measured experimentally in
Nag 7C00Os in the mid-infrared range, one would have to extend the approach in order
to cover the domain of intermediate frequencies. Concerning the self-energy, we do
not exclude that this quantity could present a non-negligible momentum dependence
for strong interactions. This could affect the Hall coefficient, especially at low tem-
perature. Such a momentum dependence is indeed expected for ordered ground states
at and close to half-filling due to antiferromagnetism. However, the influence of a
momentum-dependent self-energy would be reduced on the Hall effect, because the
expression Eq. (6.6) for the Hall coefficient averages the distribution function over the
Brillouin zone. In addition we do not expect a strong momentum dependence far from
half-filling, as in the case of the n = 1.54 cobaltate considered here.

Another possibility is that the simple one-band model considered in this study
would not suffice to capture the detailed properties of the materials [72]. Experiments
conducted as a function of w, as well as measurements of other materials with a trian-
gular structure, would be very helpful to elucidate the peculiarities of the Hall effect
in triangular compounds.
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CHAPTER /

Conclusions

This work was devoted to the investigation of the Hall effect in two different theoreti-
cal models of strongly correlated systems: a system made of weakly coupled Luttinger
liquids and the two-dimensional triangular lattice. In order to have the necessary theo-
retical tools to tackle these problems, we started with a review on the main properties
of systems with strong interactions, focusing on two-dimensional and low-dimensional
systems (1D and quasi 1D). Because the Hall effect is first of all a transport phe-
nomenon, we reviewed the formalisms existing in the literature to treat transport prop-
erties in strongly interacting systems, and we dedicated a whole chapter to the specific
treatment of the Hall effect. The conclusions corresponding to each of the models
studied are presented in what follows.

The study of the Hall effect in a quasi 1D system was in part motivated by various
Hall measurements made on quasi 1D organic conductors. This work consisted on
the application of the memory matrix formalism to obtain the Hall constant (Ry) in
weakly coupled 1/2-filled chains, in the presence of umklapp scattering. The geome-
try of the model was chosen in order to have the current flowing along the 1D chains.
We computed the temperature and frequency dependence of Ry taking into account
particle-particle interactions and particle-lattice interactions (umklapp processes). We
obtained a Hall coefficient Ry given by the free-fermion value (band value RY) plus
a correction term with a power-law dependence on temperature (or frequency), due
to the presence of umklapp scattering. These power-law dependencies are signatures
of Luttinger liquid behavior, where the exponents depend on the interaction parame-
ters. The Hall coefficient was also computed for the system without forward scattering
(particle-particle interaction), resulting in a logarithmic dependence on 7' (or w), in
agreement with the zero interaction limit of the power-law. Because the organic con-
ductors are 1/2-filled and 1/4- filled systems at the same time, our theoretical results
are not directly applicable to explain the available Hall data, but they allowed us to
make valuable conclusions. Firstly, the proper way to analyze the Hall data, made
in such quasi-1D systems (in the same geometry of our model), is to fit the deviations
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from the band value starting from the high temperature limit. And secondly, signatures
of LL behavior (power-law dependence) are expected to appear, at high temperatures,
in Hall measurements made in the geometry considered here. A second geometry,
where the magnetic field is applied along the 1D chains, can be considered for this
system and the question of the appearance of LL signatures in this case remains open.

The second model studied in this work was the two-dimensional triangular lat-
tice with an onsite interaction U. This theoretical study was partially motivated by
Hall experiments made at finite and zero frequency on the sodium cobalt oxide. We
computed the infinite-frequency Hall constant, where the probing frequency must be
larger that the other energy scales of the problem, for all interactions strengths U and
all temperatures 7. We obtained an Ry(w — o0) with two different characteristic
behaviors at low and high temperatures: near 7' = 0, Ry resembles the classical dc
Hall coefficient 1/gn* where ¢ and n* are the carrier charge and density, respectively;
at temperatures higher than the bandwidth, Ry presented a 7T'-linear behavior with a
density- and interaction-dependent slope. These results were applied to the Hall data
measured on cobaltates at finite (infrared) and zero frequency. The finite frequency
data showed an order of magnitude of difference with our theoretical results. To un-
derstand this discrepancy, one would have to extend the approach in order to cover the
domain of intermediate frequencies. The behavior of the dc Ry at high temperature
was consistent with the linear increase predicted theoretically. By adjusting the model
on the dc experimental data at high temperature we obtain independent determinations
of the hopping amplitude in accordance with the experimental values. An extension
to the work done here can be the calculation of the memory matrix term for the Hall
constant to leading order in U. This would give the behavior of the Hall constant at
lower frequencies.

After summarizing the conclusions corresponding to each one of the models stud-
ied, we must point out that the study of the Hall effect in strongly correlated system is
a very complicated problem from the theoretical point of view. Interactions can have
a large effect on the transport properties. In particular, for the Hall resistivity these
effects seem to increase when the dimensionality of the system decreases. However,
with this work we have learned that there are feasible ways to treat this problem and
that each geometry must be treated in a different way. In any case, much more needs
to be done in order to understand form a theoretical point of view the large number of
experiments and the real meaning of the Hall resistivity in strongly correlated systems.
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APPENDIX A

Appendix for the study of the Hall effect in quasi 1D
systems

A.1 Correlator (K,; K,) at zero order in o and B

The operators K, K,, and H | are given in boson representation in Eqgs. (5.13) and (5.15). Here
we replace b = +1(—1) by » = +1(—1) for right(left) moving fermions in the expression for
K. To obtain the correlator at zero order in the band curvature term and magnetic field, we
take Eq. (5.12) with H, = 0 and we put B = 0 in expressions (5.13) and (5.15),

(Ko K,) = — / dr %7 / dry (T Ko (1), (0) R () ) (A1)

We denote by (...) the time-ordered correlation function and the superindice (0) means zero
order in B. All the terms are multiplied by the factor: (2evggs/(2ma)?) (iety gsa,/(2ma)?)
(t1 /2ma). We will use the letter C to denote it in the following calculations. In bosonization
language, the average (A.1) gives

J

—a Yy < [1VBon(m) — gmivBas ] (A2)

o

[e%[3T¢p(7’2)_90(7‘2)+0(_r¢0(r2)_90 (7’2))],e—%[—T¢p(rz)—9p(?”2)+U(—7’¢70(7’2)—9a(7’2))}_,+1 + h'c'}

% Z [6\iﬁ[T’¢>n(7“3)—9p(Ts)-i-¢7'(r/<l5a(T:s)—ea(rs))]Je—\}'5[7“"1%1(7’3»)—9;7(7“3)-*-0'(7"%(7“3)—9:7(7“3))]1.+1

0!

N e—;‘5[rwp(ra)—ep(rs)w'(r/%(w)—eg(rs))]]e;;[r’m(rs)—ep(ra)w'(r’asa(m)—ema))]m} >

with 7; = (x;,ur;) Due to result (5.17), the surviving terms are those satisfying Zi A =
>-; Bi = 0, where A; and B; are defined in Eq. (5.17). Separating spin and charge parts, we
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have (the common prefactor C is omitted in other to lighten notation)

— Z<[ iV86,,5(r1) (e\f[ 36(r2) =05 (r2)+0 (9o (r2) =05 (r2))]; ;= 75 (6 (r2) =05 (r2)+0 (6o (r2) =05 (r2))], 1,

+ o~ V31380 (r2) =0, (r2)+0(=¢o (r2)—0s (r2))]; e%[—%(m)—%(%)-i-d(—%(Tz)—ga(”))]wl)

—e_i\/gd)p’j (7‘1) (e%[3¢p(7'2)_9p(r2)+0(_¢0 (702)_90 (702))1/'6_%[_‘bp(r2)_60(7'2)+0(_¢U(r2)_90 (7’2))]J‘+1

1 e Va3 (r2)— (rz>+o<¢g<r2>790(rz>>},eﬁm<rz>70p<r2>+a(¢a<r2>—ea<r2>>1j+1)] %

J+1

Z |:e\/i§ [ 60 (rs) =0, (r3)+0” (' 5 (r3) =0 (r3))] 6*% [ 60 (r3)=0,(r3)+0" (1" $o (r3) =0o (r3))]

r’,o’

4 e valr @) =Bo(ra) o’ (6o (ra) - eo<rs>>l,ef§[r’¢p<rs>0p<rs>+a’(r’¢a<rs>ea<rs>)l,+l]>

Now, making explicitly all the products in the above expression we obtain four different terms,

— <Zei\/§¢p,j(7‘1) (e%[_3¢p(r2)_6p(7'2)+0'(¢(r(7"2)_90'(7'2))]j [¢p(72) 0 (7‘2)+0’(¢0-(7'2) [ (T2))]

Z (e\}E[d’f’(”)0P(T3)+0/(¢°(T3)9°(T3))]767i§[¢"(r3) o (r3)+0 (¢ (r3)—0o(r3))] 1+l

o’

+<Z iV86,,5(r1) (e 5860 (r2)=0,(r2)+o (o (r2)—05 (Tz))],ef[ bp(r2)=05(r2)+0 (=95 (r2)=00(r2))];

o

Z <e\}§[¢p(T3)Gp(r3)+o-/(¢o('r3)00(7‘3))]76\}§[¢p(r3) p(13)+0" (=90 (r3)—04 TS))

o’

o

Z<6;§[¢p<rs>ep<rs>+a’<¢g<r3>ea<rs>>]]6;§[¢p<r3> p(73)+0" (— 60 (r3) 0o (r3))],

o’

<Z —iV/B, asm(n)( 536 (r2) =05 (r2)+0 (9 (r2) 02 (r2)], , 5105 (r2) —0, (r2) +0 (6 (r2) =05 (r2))

o

3 <65[¢p<r3>ep<r3>+a'<¢a<rs)er,(rs))]je;‘5[%(@)0 o (73)+0" (90 (15) =05 (1))]

<Zei¢é¢p,]<n> (eﬁ[3¢p<rz>79p<rz>+a<f¢a<r2>790<rz>>]jef%[f¢p<rz>fep<rz>+o(f¢a<rz ~6,(r2)) )

Summing over the spins o and ¢’, and using the result shown in Eq. (5.17), we finally obtain

that at zero order in the band curvature (o) and magnetic field (B), the correlator (K, ; K,)
vanishes,

+2€—%[6KPF1(T1—r2)+2K,;F1(7"1—Ts)—(Kp—K;I)Fl(T2—T3)] X

o~ Fl-2Fa(ri—r2)+2F2(r1—r3)] ,~ [(3 Ko+ 5 K, ) Fi(ra—ra)+ Fa(r2—r3)]
+ 267%[6KpF1(r17r2)+2KpF1(r17r3)7(KP7K;1)F1(T27r3)] %
o~ 5[2Fa(r1—r2)—2Fs(r1—r3)] o~ [(§ Ko+ 5 K ) Fi(r2—r3)—Fa(ra—7s)]
o~ B0 F1L(ri—r2)+2K, Fi(r1—r3)— (K~ K ') Fi(ra—r3)] o
—L[2Fy(r1—r2)—2Fs(r1 —73)] —[(1K0+2 V) Fy(r2—r3)—Fa(ra—7s)]
e ;[GK Fi(r1—r2)+2K, Fi(ri—r3)—(K,— K, ') Fi(r2—r3)]

67%[72Fg (’I“l 7T2)+2F2(’r‘17’r3)]e—[(iKG.J,-%K;l)Fl (rg—r3)+F2(T2—T3)] — O
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This can also be verified applying spatial inversion and particle-hole symmetry in correlator
(Kq; Ky).

A.2  Full expression for the correlator (/{,; X)) at first order
ina, Band ¢

Here we will repeat the same type of calculations done in Appendix A.l, but in this case
we consider the band curvature term in the correlator (K,; K,) and we take to first order in
B the terms depending on the magnetic field (K, and H ). Thus the correlator is given in
Eq. (5.12). Again we take the bosonized form for each operator (see Sec. 5.2.2) and we put all
the prefactors together in a constant named Cs. The resulting expression is

_ Z (ieB(:CQ + :c3)ay> s <|:ei\/§¢>p(r1) -~ 67i\/§¢p(7‘1):|

c J

T,

[estrentra)=Optrarto(ronra)0a(radl; g~ Golors )0y ) o (oo =00 Cs ]

Z [6;‘5[v-’asp(rz)—9p<7-3>+a/(r’¢a(m)—ea(rs))]je—;5[r'm(rs)—ep(rz)w’(7-/¢a<v-3)—ea<r3))],.+l

+ e,g[r'waep<rs>+o'(r/¢a<r3>oa<rs>>l]ej§[r’¢p<rs>ep<rs>+o/<r'¢a<rs>eo<rs>>LJ

X(Vy(ra))?) (A.3)

There are again four surviving terms, all multiplied by (ieB(z2 + x3)ay/c) Ca

< [Z eiVB®p.a(r1) (e%[_3¢p(r2)_90(r2)+0(¢6(TQ)_GO‘(TQ))]Qe_%[¢p(""2)_90(T2)+o'(¢0‘(TQ)_GO‘(TQ))]UHJ)

Z (6_% [qbp(7'3)—9p(7'3)+O'/(¢a(7"3)—9g(r3))]“e%[¢p(7"3)_90(7"3)+‘7,(¢o (r3)—05 (TS))](YJA) >

o!

- <Z ei\/gdij (r1) (e—%[3¢p(7'2)—9p(7'2)+U(—¢a(7'2)—90(7'2))]“ e%[—¢p(7'2)—ep(7'2)+0(—¢a(7'2)—9a(7'2))]u+1)

Z (eﬁ [_¢p(T3)_0p(T3)+U/(_¢U(T3)_GU(T3))}ﬂ6_%[_¢0(T3)_99(T3)+0-/(_¢(7(rs)_ed(rg))]a+1) >

o!

_ <Zew§¢p,u<n> (eﬁ[sm<rz>—ep<rz>+o<—¢o<rz>—ea<rz>>1ue—%[—m<r2>—ep<rz)+a<—¢a<rz>—ea<rz)>}u+1)

Z (67% [7¢p(r3)79p(T3)+U/(7¢G(T3)790(T3)):|ﬂe%[_¢P(T3)_GP(T3)+O’/(_¢(’ (r3)—05 (7'3))](\,+1) >

o!

+ <Z efi\/gtﬁp,u(n) (e*%[*3%(T2)*9p(T2)+U(¢U(T2)*9a(T2))]ueﬁ[¢p(Tz)*ep(rz)ﬂf(d’a(Tz)*ea(w))]u“)

o

Z (6%[¢p(r3)709(r3)+a'(¢g(r3)790(r3))}Oe—%[¢p(rs)—9p(r3)+o/(¢o(ra)—eo(rs))]aﬂ)

(V¢p(r4))3>

o!

Summing over the spins ¢ and ¢’, and using result (5.17) we write the above expressions in
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terms of functions F} and F5

- (ieHm + xa)ay> [0 H6FoFir1=ray 28, Futra—rs)= (K=K Fitra=ro)
&

Xe—%[—QFQ(T‘l—T2)+2F2(T1—T3)]e*[(%KU+%KU_1)F1(T27T3)+F2(T2*Tg)]

746*%[6KpF1(T17T2)+2KpF1(rl7T3)7(KP7K;1)F1(T27T3)]67%[2F2(T17T2)72F2(T17r3)]

3
(et )R] (ﬁl) (A4)
T4

The functions F} (r) and F,(r) are given in Eq. (5.18). The factor (a/|r4|)® is the behavior
of V¢, at large distances (x,ur) > a [16]. Because the model studied in Sec. 5.2.2 is
spin rotational invariant, we have K, = 1. The function F»(r) gives the angular part in the
above expression and thus, does not play any role in the scaling analysis, where only power-
law dependencies are involved. Keeping only the terms with F; functions and making the
following change of variables: r; = r, ro = 0, r3 = 71 and 74 = r9; we obtain result (5.20).
We take only the magnitude for 3 in the prefactor %B (x3)a, because, as we said before,
angular parts can be neglected in the scaling analysis.

A.3 Full expression for (K,; K,) with go =0

For the analytical obtention of correlator (K,; K,) with g = 0, we will need in several

instances the average value (¢;0R(x, T)¥j+1,0r(Y,0))o to first order in ¢, . We note that in
the absence of magnetic field this quantity equals the free Green’s function of the 2D lattice:

(W5 (2, 711,08y, 0))0 = Gorly — 7,0y, —7) =
1 . 7 —x) ik ay twnT
ﬂfSZZGUR(k,kL,zwn)e kly=2) gikiay givn

wn kky

eik’(y—z) eikj_ ay eiwnf

1
- BS Z}% iwp — Er(K) 4 2t1 cos(kLay)

Wn,

- L L —2t) cos(kLa _ i 2
) ﬁswznkk;[iwn—mm 2t osthaon) () +OUD)

iwn — &R
1 1 2
= —t, — : eik(y—w) eiwnr
2 (oam)

eik(yfx) eikL ay iwnT

= *tL/d5E1dT1 Gjor(21,71)Gjor(y — — 21, —T — T1).

With a finite magnetic field we can use another method: in general, in the presence of a
time-independent perturbation, the Green’s function obeys Dyson’s equation: G(r,r’',w) =
Go(r,r",w) + [ dridroGo(r,r1,w)E(r1, 72, w)G(r2, 7', w). In our case Go(r, ', w) is the
Green’s function in the absence of interaction and for t | = 0, i.e. Go(r,r",w) = 0;;;G(x —
2',w) with j the chain index. On the other hand, the self-energy is simply X(ry, 7o, w) =
Ejj/(xl,xQ,w) = 7tL(5($1 — .172)(5]'/7]'4_1677"(%“ + 5j/7j_16i5kml). The magnetic field B
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enters in the shift of momentum §k = eB/c. At first order in ¢, , we have:

Gjjy(z,a'\w) = 6;G(x +Z/dx1dxz5]kg - T1,w) X
(—t1)8(z1 — z2) (Grppre” K + 6y k—1€771) 615G (22 — 2, w)
= 4;7G(x — ' w) — t10j 41 /dml Gz —z1,w)e *“S’”l(](w — a2, w)

—t1 051 /d:rl G(x — x1,w)e®*1G(z) — 2’| w). (A.5)

Thus, we obtain an expression for the Green’s function to first order in ¢; and in presence of a
magnetic field B,

WJUR(UC,T)%‘H,UR(%O»O =Git1,4(y, 7, —7) =

_tJ_B > / dz1 Gjor(y — w1, iwn)e** 1 G g (21 — @, iwy, Je ™ n (=7)
= —tJ_ / dl’ld’ﬁ ngR(y — 1, Tl)eiék’“'lgjaR(xl — T, =T — Tl). (A6)

This last expression reduces to our previous result if B = 0. The result (A.6) will be used in
the following computation of the correlator (K ,; ). Starting from Eq. (5.25), we write the
complete expression for correlator (K ; Ky)

<Kx,Ky>0 = 2e UFtngjay/d:EZ/dyZ dTeiQT (A7)

j'o’ b=L,R
—idk
<T'r <¢jaR¢;7—oR¢jv—0ij0L - h.C.) [6 o <¢;'U’b¢j’770’171#]"7—0/7—b¢j/+170',—b

- w;’o/b ;’+1,7U’bwj/+1:7‘7/’*bwj/"rlvo";*b) +h'°'} >0'

In the first parenthesis the operators are evaluated at position x and time 7, while in the second
parenthesis they are at position y and time 0. We consider the first term:

e Ml ot ior Vgl it —or b 1,00 —b)0. (A8)

(z,7) (,0)

We can decouple this term in only two different ways. The first is

67i5ky<¢;03wj’+1,0’,—b>0<77Z1;7_0R77[}j’,—a/,—b>0<wj,—aL1/};/7_g'b>0<wjoL¢;/U/b>0 (A9)

and it clearly implies that 0’ = o and b = L. The chain indices j and j’ must be such that the
fermions are on the same or nearest-neighbor chains, since we work at first order in ¢, . The
only solution is j = 5/, since the other possibility, ;' = j — 1, gives a term of order 3 . Hence
the term reads

So0rOb8550e" ky(W,,R(ﬂf T)Vj+1,0rY:0))0G),—ocr(Y—2, —7)Gj o=y, T)Gjo L (x—Yy, T)
(A.10)
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with G the free propagator. Using Eq. (A.6), we find that the first decoupling yields the follow-
ing contribution to ¢(K,; K)o [we temporarily omit the prefactor in Eq. (A.7)]:

—t, / drdydzydrdr Y > > € 0,q08,,0;e RO

jo j'o’ b=L,R

Gior(Yy —21,7)Gjor(@1 —2,—T — 71)Gj —or(y — 2, —7)Gj,—or(z — ¥, T)Gjor(z — Yy, T)

1 )
= —tj_@ Z /dxdydxl Ze"ék(y_“) X

Gjor(y — x1,11)Gjor(x1 — 2,i11)G; _or(y — T, iv2)

XGj _or(x —y,i3)Gjor(z — y, i1 + ivg — ivs + 1Q2)

iV1,8V2,iV3 jo

N, 1 . . .
= —Qth; Z @ Z gTR(/ﬁ,lel)gTR(kl + 5k,ZV1)glR(k2,Zl/2)
T kikaq V1 ,iV2,1V3
leL(kg — q7iu3)gTL(k1 + q, vy + vy —ivs + ZQ)
= —QtlA(Z‘Q,B). (A.11)

This corresponds to the diagram shown in Fig. 5.8. The 2nd decoupling of Eq. (A.8) is
e_iéky <'¢3?0_ij/’70./)71)>0 <’(/J;)_O.R'(/Jj'+1,o"7fb>0 <wj7fo'Lz/};’a"b>O <,¢)J‘O'Lw;’770"b>0 (A 1 2)
and implies 0’ = —o, b= L,and j = j":

0o, 001.055€ " M Gjon(y—2, =) (W] (@, )41, 0r(Y:0))0G) —or(@=Y, T)Gjor (=Y, T).
(A.13)
This is the same expression as for the first decoupling provided we change o into —o. It will
therefore give the same contribution —2t; A(i€2, B).
We now move to the second term:

—e_iékng,,d ;ngjonj,foRw;/glbd};/’fg/bwj’,fa’,sz/]j’+1,0",fb>0 (A.14)
(z,7) (v,0)
Again there are only two decoupling:
e T (L N A G T LAY 1) e L AR T (Y ST R
= 00— GorSjyre” MW (@)~ (4, 0))0Gs0L (Y — @, ~T)Gjor(x — ¥, 7)Gj —or(w — Y, T)
~8o0r Ol e D] i b)o (Wl i 1,0n,-6)0 (Wh0 L g )0 (5o RO )0

= _600’5bR5jj/eii5kygj,—UL (y -, _T) <¢;]‘ng (.13, T)wj-‘rl,OL (yv O)>0ngR(x -9 T)gj,—UR(x -Y, T)'

The calculation is very similar to the previous one: just exchange R and L and add a minus
sign. Hence these two terms contribute

1
=4t Z 7 Z Grr(k1,iv1)Grn (k1 + 0k, iv1)G 1 (ke, iv2)

kikaq iV1,iV2,iV3

G r(k2 — q,1v3)Grr(k1 + q,iv1 + vy —ivz + i)
1 . . .
= 4@_ Z 23 Z QTR(kl,wl)gTR(kl —6k7w1)glR(k2,wQ)

kikaq iV1,iV2,iV3
glL(kQ —q, ng)gTL(kl + q, i1 + ivy — tvg + ZQ)
= 4t A(i€), —B), (A.15)

where we have used the fact that G, 1, (k, iw) = G, r(—k, iw). The third term is

—e_iéky<¢;UR¢;’—UR¢j,7UijUL w}/a/b ;/4.17_(7/[,11)]"+1,7J’,7b2/}j’+1,a’,7b>0 (A.16)

(z,7) (v,0)
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and can be decoupled as follows
~800 001657 516 R WL p i o 0)o (W] it —or0)o (oLl )0 (Wior el o
= oo 0u105r j16" G0 (y — 7, —7)Gj—or(Y — 2, —T)Gj—or(® — Y, T) (Yjor(x, 7¢I _1 .1 (4,0))0
~80,—orGor 8 1€ RV WL pbir —or 0)o(W] o pthiit0r 000 (W00l 0 )o(Wie ] 11 oo
= 00— 0b105 jo16 G0 m(y — 2, —7)Gj —ar(y — T, —7) (Y —or (. TV, _,; (4.0))0GjoL(z —y,T)

Both terms are equivalent except for the sign of o. From Eq. (A.5) we read that

<¢ng(x,T)1pT_1 UL(y, O)>0 = do'_l(l‘,yﬂ') =—t, [ deidm gng(ac—acl,Tl)eiékmlgng(an—y, T—T1)
Ji-1,
(A.17)

and we then find that these two terms contribute 4t A(—i€2, B). We continue the game with
the fourth term:

ik
e’ y<wj,—oLw;aijonj,—aR %T-/(,/W}H,,arb%'ﬂ,—a',—b¢j'+1,a',—b>o (A.18)

(z,7) (,0)

which has the decoupling

So.—o1OprOjr j_1” OKY <wj’7Jij'+1,0’,*b>0<¢;0L¢j'+1,*0’,*b>0<¢j¢7Rw}’+1,—a/b>0<¢j,*0R¢;’o’b>O

= 6501 0br0jr 167G or(y — 2, —7)Gjor(y — 2, —T)Gjor(T — ¥, )W) —or(z, TV 1 L5 (4,0))
SoorOprdjr 51" 0kY <1/1;7_0ij’+1,—0’,—13>0<7/1;0ij’+1,0’,—1)>0<77Z)jaR7/}]T/g'b>0<wj,—URw;/+1,_g’b>0

= SoorOordy 16" MG or(y — 2, —7)Gjor(y — 2, —T) Wjor(@, )OS L5 (4,0))0G) or(x —y,7T)

and contributes —4¢ | A(—i€), —B). There are four additional terms to consider, for which we
look only at the first of the two equivalent decoupling:

isky gt ot
e PT 0l i oo Wl o Wl o ety oo
(z,7) (,0)
10k
= 205,01 0or5 €M (W] gy o )0 (W] oo (W —or ¥l i1 o )0 Wier®l 0 y)o

= 250’,—0’5bR5jj’eiékyngR(y - 7T, _T)gj,—G'R(y - T, _T)<wj,—UL(xa T)w;-t,-l,—aL(ya 0)>0ngL(Jj - Y, T)
< 4t A(—iQ, —B), (A.19)

ok
—e' <¢T,_0L¢;0L¢jaR¢j,—aR ;/’,U/’,bw;[url)0/’,b¢j’a’bwj’,—a’b>0

(z,7) (v,0)
= —2500/5bL5jj/ewky<¢;7_UL¢]",—0/1)>0<¢;UL¢j/J’b>O <7/1jaR7/ij»/+17Uf,,b>o<¢j,—aR¢ij,,[,/},b>o

= 72600/5bL5jj/6i6kygj,—aL (y -, 7T)gj<7L (y -, *7—) <1/}jUR($7 7')1/1;“7(,13(% 0)>0gj,—aR(1‘ - Y, 7)
< 4t A(—i, B) (A.20)

10k
— Ml ] i Lie L Wit ot b1 0 ¥ b1~ 80

(z,7) (y,0)
= ~206,—0100n8jr 1 (], girr—an )0 (U] om0 (Ws—ar ) i1 o _p)o(WioL ¥l o )0
= _250,70/5bR5j’,jflei6kygjaR(y -, _7—) <'l/)j,70'R(x; 7)7/1;71,703(% 0)>0gj,*0L (.’E - Y, T)ngL (fE - Y, T)
< 4t A(Q, —B), (A21)
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ik
ORI T o Vio R —a R ) i1 —or ¥l i1 0y Wirosirr1, o)
(z,7) (,0)
i
= 20,0050/ j—1€" ky<w;[7_gL¢j’+1,—a/b>0<w;gL7/}j/o’b>0<wjaR1/};/+17gl,_b>0<wj,—aRw;[l+1,_gl7_b>0

- 2500/6bL§j/,j—1ei6kygj,—0L (y -, 77_) <7/}jUL (l’, T)w;—l,aL (ya 0)>0gng(I - Y, 7—)gj,—0R(‘r - Y 7_)
< 44, A(iQ, B). (A22)

At this point we have calculate all the terms and we have found that

i(Ky; K)o = 2€*vgt | g3a, (=8t 1) [A(i2, B) — A(iQ, —B) — A(—iQ, B) + A(—iQ, —B)].

(A.23)
Itis clear enough that i(K;; K)o vanishes at B = 0. The first-order term is
K. K ‘ .
’L% —32¢2 thngay [A/(ZQ) —A/(—ZQ)]-FO(BQ). (A24)

with A'(iQ) = £dA(iQ, B)/dB|p—o = “g*dA(iSQ, B) /dSk|sk—o. For Ry this implies
o 4771)ng dw 1 / + ' 0+
Ru(0) = R} — —Im [A(w+i0") — A (—w—i0T)] 7. (A.25)
The last step is to evaluate A’ (w):

A/('LQ) — egy P Z ﬁ Z gTR klvﬂjl) [dékgTR(k}l —+ ok ZU1):| i X

T Ekikoq vy ,iVs,1V3
Gir(k2,i2)G 1 (ke — q,iv3)Gr1 (k1 + g, iv1 + ivy — ivg + Q)
+
_eayNyL, [ dkidkodqd§y 1 3 _
- S / @GP B 2 Gtalnin) X

V1,102,103

glR(k}Q,il/Q)giL(k'g —q, ng)gTL(kl + q, v, + vy — ivg + ZQ)

The Matsubara sums are elementary (once third-order poles are under control, and yield

) dg;” F F. F
A(iQ) = %/dkld@dq dk’TFO{ ! 2 3 }

0—a (0—a? @Q—ap
Fy = 60 M) + [y = 1] = £ )€y

o= %ff/(g;l), Fy=f1&L),  Fs=f&) = F&niq T rq — i)
a == §]€_1+q+€k_27q_€2_1 _51:_2

where f is the Fermi function f(£) = (e%¢ — 1)~!. At this stage we shift k; and ks by kg, and
q by —2kg. Then the energy of the right movers (k1 2) = vp(k12 — kr) + a(k1 2 — kr)?,
which depend only on one momentum, becomes E,jl , = vrk1,2 + akiQ. At the same time
§k1+q U}:(kl +q+k‘p)—|—a(k1 —‘rq—l—k?]:) becomes E_(k'l —I—q) = —’l)]:(k‘l —|—q) +Oz(/€1 +q)2,
and finally &, becomes & ., = E~ (k2 — q). This last equality~holds because we are
at half-filling so that 4kg = 0. We also move to adimensional variables k = [Sugk:

e 1

(2m)% (Bue)?

. N o Py Fy
dkidkad 14 2ak,)F -
/ 1dkodqur(1+20k) O{m_a Q—a2 @—ap
} 3 (A.26)
where & = 5—‘12 and the F’s and @ are the F”’s and a with momenta k replaced by k/(Bvr) and

= (k + ak?)/[. We see that

A'(iQ) =

¢ replaced by E. For example, &; » must be replaced by Ek /(Bor)
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the temperature disappears completely from the momentum integrals. We then take away the
tildes and rewrite:

aGi0) = U /dkdkd 1+ 26k,)Fy x
VD= G By | Pt 1o
Fy Fy Fy
{iQﬁ —a (iQ8—a)? + (i08 — a)? } (A.27)
FO = g(€;:2) I:g(elzl+q) + g(nf];2iq) — 1:| — g(€;1+q)g(5;27q)
1 — —
Fl = 29 (Ekl) F2 = g/(gz,;)’ F3 = 9(62;) - g(€k1+q + Ekz—q - 6;:2)
glx) = [f(@/B)=("=1)"", e =+k+ak’
@ = Elzl""q + 57;2—(1 B 62_1 - 52_2'

We treat this expression to first order in a. For this we introduce a new quantity: A" (i) =
(2”) @m)f dA'(i€)) /di|s—o, in such a way that A’(iQ) = GoTE BT A"(i) + O(a?). Taking
1nt0 account the various factors we arrive at

dw 1

Ru(0) = RY, {1 — = <> /7 —Im [A"(w+i0T) — A" (—w — i0T)] } . (A28)

TTUFR

Taking the imaginary part in Eqs (A.28) and (A.27) leads to delta functions which allows one
to do the k; integration directly using the identity:

L 1 1 B
m[(ﬁw—a—!—z(ﬁ‘) (—Bw—a—z’Oﬂ"} a

ﬁ {(—1)"5 "D(Bw —a) — 6"V (Buw + a)] ) (A.29)

The remaining k9 and g integrals can be done exactly yielding

B 1 (g5’ [dw (Bw/4)? - sinh’(Bw/4)
Rua(0) = Ry {1 16 (mF) / w tanh(fw/4) sinh?(Bw/4) } (430

We see that the integrand becomes —w ™" at high frequency, and therefore the w integral di-
verges as — log wmax Where wp,x is the cutoff. We can extract the divergent term by rewriting
the integral as

/dw (Bw/4)? — sinh?(Bw/4) ) /°° p {1 2?2 —sinh?z N 1 } ) /ﬂW/2 de
i ~ o _
w tanh(fw/4) sinh?(Bw/4) 0 ztanhzsinh®*z 3+ 0 3+x

= —2.0622 — 2log (1 + ﬂ?/)

w

~ =21 — .

= (r)

2
1 gs w
1+= () 1og( =
o5 (o) e (7)

Our final result is thus

Ru(0) ~ RY (A31)

&9
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APPENDIX B

Appendix for the study of the Hall effect on the triangular
lattice

B.1 Some numerical details

To obtain the full temperature and density dependence of Ry using Eq (6.6) we computed the
sum over momentum numerically. For this we took a reduced zone of the reciprocal space
of the 2D triangular lattice, defined by vectors by = 2%(1, —%) and by = 27(0, %) (see
Sec. 2.3). We then performed an N x N grid discretization of this zone (discrete mesh), with
N? the total number of sites. Due to the k-periodicity of coefficients Ay, By, and Cy, and that
of dispersion relation €, which are the k-dependent quantities in Eq (6.6), it can be proved
that for the description of the whole reciprocal space, is enough to make the sum over a trian-
gle defined by points Py = (0,0); P, = 22(1, —%) and P3 = 27(1,0). Each k-point in the
triangle must be weighted according to the number of times it appears when the full reduced
zone is recovered, by making reflections of the triangle. In the following, some short routines
are presented (written in fortran 95). They allow to obtain the diamagnetic terms and therefore
Ry (in unities of Ry X |e|c with c=1) at U = 0. In this routines, "Nt" denotes the number of
sites (the total number given by Nt?) and "dist" is the Fermi distribution function (where the

temperature and density enter),

function p(Nt) (gives the proper weigh to each point in the triangle)
Implicit None

integer, intent (in) :: Nt
integer, dimension ((Nt/2+2)*Nt/2) :: p
integer :: i,m

p=4; p(l:Nt-1)=2

do i=1,Nt/2; m=i* (Nt-(i-2)); p((m)=2; p(m-1)=2
enddo

p(Nt)=1 ; p((2+Nt/2)*Nt/2)=1

end function p

This funtion p(/Nt) is used in the two following routines.
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function X(dist) ( returns the diamagnetic terms X ;(0) and x,(0))
Implicit None

real,dimension(:), intent (in) :: dist
real, dimension(2):: X

integer, dimension ((Nt/2+2)*Nt/2) :: weil
integer :: k,ki,kJj

real:: kx,ky

wel=p (Nt) ; X = zero

do k=1,size(dist)

kj=floor ((Nt+two) /2-sqgrt ( (Nt+two) »*2/4-k)+1.d-10)

ki=k-kj* (Nt-k7)

kx=mod (ki,Nt) xtwoxpi/ (axNt)

ky=(-mod (ki, Nt)+2xkj) *two*pi/ (a*Nt*+sqgrt (3.d0))

X(1)=X (1) +wei (k) (two*xcos (kx*a) +

(tper/tpar) xcos (kx*a/two) rcos (ky*sqrt (3.d0) ra/two) ) xdist (k)
X (2)=X(2)+weil (k) xcos (kxxa/two) xcos (ky*sqgrt (3.d0) xra/two) *dist (k)
enddo

X(1)= X(1)/Nt**2 ; X (2)= X(2)/Nt**2
end function X

Once we have the diamagnetic terms, we are ready to compute the Hall coefficient Ry by
means of the following routine.

function RH (dist) (returns the Hall constant Ry)
Implicit None

real (dp),dimension(:),intent (in) :: dist
real (dp), dimension(2):: diamag

real(dp) :: RH,terml,term2,kx,ky
integer, dimension ((Nt/2+2)*Nt/2) :: weil
integer:: k,ki,kj

diamag=X(dist); RH= zero; terml=zero; term2=zero; wei=p (Nt)
do k=1, size(dist)

kj=floor ( (Nt+two) /2-sqgrt ( (Nt+two) x*2/4-k)+1.d-10)

ki=k-kj* (Nt-k7)

kx=mod (ki, Nt) *twoxpi/ (a*Nt)

ky=(-mod (ki, Nt)+2+kJ) rtwo*pi/ (a*xNtxsqrt (3.d0))

terml=terml+

wel (k) xcos (kx*a) xcos (kx*a/two) xcos (ky*sqrt (3.d0) xa/two) xdist (k)
term2=term2+

wel (k) x (cos (kx*a)+cos (kyxsqgrt (3.d0) a) ) »dist (k) /4.d0
enddo

RH = —((a**2)*sqrt (3.d0)/2.d0) * (terml+

(tper/tpar) xterm2) / (diamag (1) *rdiamag (2) *Ntx*2)

end function RH

In the U # O case, the above routines must be adapted to obtain the self-energy and
consequently (ng), with the different methods explained in Sec. 6.3. Due to the weak momen-
tum of X(k,iw,, ), we can compute it in a 16 x 16 mesh and then, using the function shown
below, interpolate it into an /N X NN mesh as large as possible (in our work 1024 x 1024):
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function spline (v1,v2,A) (returns a linear interpolation of the array A to the
vector v) (vl must be in the range [0,size(A,1)] and v2 in the range [0,size(A,2)].)
Implicit None

real (dp), intent (in) :: v1, v2

complex (dp), dimension(0:,0:), intent(in) :: A

complex (dp) :: spline

integer :: N, M, i, J; real(dp) x, Vv

complex (dp) :: Al, A2, A3, A4

N=size (A,1); M=size (A, 2)

if (vl<zero.or.vl>real (N,dp)) then

stop ’Stopped => Out-of-range vector vl in lib:spline’

else if (v2<zero.or.v2>real (M,dp)) then

stop ’Stopped => Out-of-range vector v2 in lib:spline’

endif

i=int (vl); J=int(v2); x=vl-i; y=v2-j; i=mod(i,N); Jj=mod(j,M)
Al=A(1i,3J); A2=A(mod(i+1,N), J)

A3=A (mod (i+1,N),mod (j+1,M)); Ad4=A(i,mod(j+1,M))

spline=Al+ (A2-Al) *x+ (A4-Al) xy+ (A1-A2+A3-A4) xx*y

end function spline

Then, for each element (4, j) of the Ny x N original complex matrix ¥ (k, iw,,) we find
by interpolation the element (i Ny /N, jNo/N) with N x N the size of the final matrix we want
to obtain. In the above routine, vy, vo and A correspond to iNg /N, jNo /N and ¥ respectively.

B.2 Calculation of the DMFT self-energy

We evaluate the local self-energy in the DMFT framework using the Hirsh-Fye algorithm [69]
as described in Ref. [6]. In this method the imaginary-time axis [0, 5] is cut into L slices, and
the Trotter formula is used in each time slice in order to single out the Hubbard interaction.
In a second step the interaction is decoupled via the introduction of an Ising variable in every
time slice. The Green’s function G(7) is finally calculated by averaging over the ensemble
of configurations of the Ising variables using a Monte-Carlo sampling and local updates. In
our calculations at 5 = 1 and U < 20 we take L = 128 and we keep 108 out of the ~ 108
configurations visited. The numerical accuracy of the calculated G(7) is estimated to be ~
10~2 at the highest U values, and closer to 10~* at U < 8. We believe that the accuracy at
U > 8 is not sufficient to get a reliable self-energy; hence we did not evaluate Ry at U > 8 in
Fig. 6.8.

In order to calculate the self-energy and solve the DMFT self-consistency condition, Eq. (6.19),
we need to Fourier transform G(7) from imaginary time to imaginary Matsubara frequencies
iwy,. In traditional implementations of the algorithm this step is performed through a cubic
spline interpolation of G(7). Because cubic splines are non-analytic, however, the resulting
Fourier series are unreliable at frequencies above ~ L/(3. Instead of an interpolation, we have
performed a fit of G(7). Our fitting function is a discrete form of the spectral representation,
G(1) = — [de A(e)e =" f(—¢), which we express as

M
G(r) ==Y Aje " f(—e;) (B.1)
j=1

with A; > 0and Z;\il A; = 1. The number M of poles ¢; and their weight A; are determined
by adding more and more terms in Eq. (B.1), until the fitted function matches all QMC data
points within a numerical tolerance, which we take as the estimated accuracy of G(7). The
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Figure B.1: DMFT imaginary-time propagators calculated at 5 = 1 and n = 1.54 for
various interaction strengths. The symbols show the QMC results on the discrete-time

mesh. The solid lines are the fit, Eq. (B.1), used to evaluate the self-energy shown in
Fig. 6.7.
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Fourier transform is then simply

. Aj
G(iwy) = ; P (B.2)
The calculated self-consistent propagators G(7) and Gy (7) are displayed in Fig. B.1, together
with the fits to Eq. (B.1).

Solving Eq. (6.19) at fixed electron density requires to determine the chemical potential 1
self-consistently. In our calculations we perform the search for both the self-consistent Gy and
1 in one shot using a global minimization procedure. As a result the self-consistent solution
can be reached in typically less that 20 iterations.

B.3 Self-energy and distribution function in the atomic limit

In the case U >> ¢ one can treat the Hamiltonian Eq. (6.1) using a perturbative expansion in
ti;/U. The atomic limit is the zeroth-order term of this development, and it corresponds to a
collection of disconnected sites with four possible states on each site. This limit is not very
useful since there is no hopping and thus no possible transition below the Hubbard energy U. In
order to retain the low-energy dynamics of the problem we adopt an hybrid approach, where the
free dispersion is used in the lattice Green’s function together with the self-energy evaluated in
the atomic limit. The atomic self-energy is obtained by diagonalizing the Hamiltonian Eq. (6.1)
with ¢;; = 0, which leads to the atomic Green’s function

1—n/2 n/2
2, nf

Gyliwy) =
dl( n) 1w + ot 1wy + far — U’

(B.3)

while the non-interacting G o = 1/ (iwy, + i) results by putting U = 0. From Dyson’s equa-
tion, X = G 1 — G, we deduce the atomic self-energy displayed in Eq. (6.20). Here iy is
the chemical potential in the frue atomic limit—i.e. the limit where the lattice Green’s func-
tion takes the form (B.3), and therefore the electron density is given by n = (2 — n) f(—pa) +
nf(U — py) with f the Fermi function. We can invert this relation and express i, explicitly
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in terms of the electron density as

1
= glom 3 =10/ r e ()

Using the atomic self-energy Eq. (6.20) as an approximation to the exact self-energy in Eq. (6.14),
we evaluate analytically the lattice distribution function (ng). Let’s first remark that

1 _ . 1—Zg
iwn - fk - Eat(iwn) N an - El: Z(.dn — EI;
with
EBf = (SetAk+U— pta)/2
fk + Ak +U — Hat
Z =
k 40, %

(§k + Ak — U + prag) (ptae — U +nU/2) + npuU
gk (Mat -U+ nU/Q) + nMaIU/Q

Ak = V(& + U+ pa)?+2(n—2) (& + pa)U.

As a result the Matsubara sum in Eq. (6.14) is easily performed to yield
(k) = Zif(EL) + (1= Zk) f(By,). (B.4)

Within this approximation it is also straightforward to perform the infinite U limit. Taking
into account that both  and i, are either of order ¢ (if n < 1) or of order U (if n > 1) we find
that Zy, approaches n/2 as U increases toward +o0o. Likewise, if n < 1 we have E,Jcr ~ U and
E,, ~twhileifn > 1 we have E} ~ tand E,, ~ —U. Hence we find

Q-2 f[(1-2) & —2pa] n<l

5736 - (1-8) ] +1-5 n>1

(ni)y = =

where we have introduced fi, = py — U = —% log[(1—n/2)/(n—1)] and &, = e}, — i with
it = p—U. For the purpose of evaluating the high-temperature behavior of the Hall coefficient
at U = oo, we finally expand the distribution function in powers of 3 following the procedure
described in Sec. 6.3.1:

%—n(l—n)akg—&-(’)(BQ) n<l1
(ni)a > =

2 (n—2)(1-n)ekd +0(B%) n>1

Comparing with Eq. (6.11), which is valid at U = 0, we see that the only difference between
the high-temperature behaviors of Ry at U = 0 and U = oo is the n-dependent slope, and we
easily deduce that

T/t 2
U T/n(llfn) ¢ 41/52+(t?;/t)2 n<1
Ry=®(T >1t) = ) -
T/t a

e (n72)1(17n) o 2+(t3’/t)2 n>1

By introducing § = |n — 1| which measures the doping with respect to half-filling, these two
cases can be recast in one single expression shown in Eq. (6.21).
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