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ABSTRACT

frustrated magnets. If we focus on the full set of problems which are contained in the

class of quantum spin systems, we see that the techniques which can deal with them
are plenty, but that the presence of frustration introduces several methodological hin-
drances. Whether it is the presence of a sign problem, or the extensive resources needed
to perform the computation, many of these methods are efficient only on a reduced subset
of frustrated systems. We will employ the pseudofermion-Functional Renormalization
Group (pfFRG) method as our method of choice to tackle two dimensional frustrated
quantum magnets, all of them modeled via a Heisenberg Hamiltonian. We will extend
the pfFRG formalism to include spin systems where the spin length is unrestricted,
S = 1/2. With this extension we are able to study in detail what the effect of quantum
fluctuations are on the system. From the extreme quantum limit (S = 1/2) to the classical
limit (S — 00), the large-S extension of pfFRG allows us to manipulate the strength of
the quantum fluctuations and study in detail how the quantum to classical transition
happens. We apply this method to the study of incommensurate phases in the Heisenberg
honeycomb model. We map the phase diagram for different values of the spin length
and analyze how this length, and subsequently quantum fluctuations, affect the phases
found in the classical limit. Furthermore, we prove that in the classical limit, pfFRG
reduces to the Luttinger-Tisza formalism.

When quantum fluctuations can be neglected, we model our frustrated magnet as a
classical spin system. While this limit can easily be obtained from the large-S extension
of pfFRG, this methodology is constrained to the study of two point correlators at zero
temperature. To collect information regarding the behavior of our classical magnet beyond
the two point correlators we study classical spin systems via Monte Carlo simulations.
In this case we show how the method can be applied to continuous spin systems with
strong anisotropic interaction. Furthermore, we employ this technique to numerically
study a-LigIrOg, a material which exhibits an incommensurate ground state but for
which a minimal model has not been determined. We study and compare the possible
minimal models that have been proposed. We reduce the number of minimal models by
showing that many of those that have been proposed do not reproduce the full set of
experimental results. Furthermore, we predict the magnetic behavior (for those models
which reproduce the experimental results) in the presence of an external magnetic field.
With this study we obtain magnetization processes and propose experiments which can
confirm if one of the studied models is the correct minimal model for a-LisIrOg.

I In this thesis, we will concentrate on the numerical study of classical and quantum






ZUSAMMENFASSUNG

klassischer und Quantenmagneten befassen. Wenn wir die vollstinde Menge an

Problemen in der Klasse der Quanten-Spin-Systeme betrachten, dann sehen wir,
dass diese durch eine breite Anzahl von Methoden bearbeitet werden kann, Frustration
jedoch einige methodische Hindernisse mit sich bringt. Sei es das Vorhandensein eines
Vorzeichenproblems oder die erheblichen fiir die Rechnung benétigten Ressourcen, viele
dieser Methoden sind nur bei einer kleinen Menge frustrierter System effizient. Die
pseudofermionische funktionale Renormalisierungsgruppe (pfFRG) wird die Methode
unserer Wahl sein um zweidimensionale frustrierte Quantenmagneten, modelliert mit-
tels eines Heisenberg Hamiltonians, anzugehen. Wir werden den pfFRG Formalismus
so erweitern, dass er Spinsysteme unbeschrankter Spinlédnge, S > 1/2, umfasst. Durch
diese Erweiterung sind wir in der Lage den Effekt von Quantenfluktuationen auf das
System zu untersuchen. Die Erweiterung der pfFRG fiir grofle S erlaubt uns die Stiarke
der Quantenfluktuationen vom extremen Quantenlimit (S = 1/2) bis zum klassischen
Limit (S — oo) zu manipulieren und genau zu untersuchen wie der Quanten-klassische
Ubergang stattfindet. Wir wenden diese Methode auf die inkommensurablen Phasen
des Heisenberg-Honeycomb-Modells an. Wir erkunden das Phasendiagramm fiir ver-
schiedene Werte der Spinlidnge und analysieren wie sie und spiter Quantenfluktuation
die die Phase im klassischen Limes beeinflussen. Des Weiteren beweisen wir, dass pfFRG
im klassischen Limes den Luttinger-Tisza-Formalismus ergibt.

I n dieser Dissertation werden wir uns mit der numerischen Erforschung frustrierter

Wenn Quantenfluktuationen vernachlissigt werden konnen modellieren wir unseren
frustrierten Magneten als ein klassisches Spinsystem. Zwar kann dieser Limes leicht
aus der Erweiterung der pfFRG fiir grofle S gewonnen werden, ist jedoch auf Zweipunkt-
Korrelatoren bei T' = 0 beschrinkt. Um Informationen tiber das Verhalten unseren klas-
sischen Magneten tiber Zweipunkt-Korrelatoren hinaus zu gewinnen, untersuchen wir
klassische Spinsysteme mit Hilfe von Monte Carlo-Simulationen. In diesem Fall zeigen
wir wie diese Methode auf System mit kontinuierlichem Spin mit stark anisotropen
Wechselwirkungen angewendet werden kann. Weiterhin benutzen wir diese Methode um
a-LigIrOs, ein Material, das einen inkommensurablen Grundzustand aufweist und fiir
das noch noch kein minimales Modell gefunden wurde, numerisch zu untersuchen. Wir
untersuchen und vergleichen die moglichen, vorgeschlagenen minimalen Modelle. Wir re-
duzieren die Anzahl minimaler Modelle indem wir zeigen, dass viele der vorgeschlagenen
Modelle nicht den vollen Umfang experimenteller Ergebnisse reproduziert. Weiterhin
sagen wir das magnetische Verhalten in einem externen Magnetfeld der Modelle, die die
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experimentellen Resultate reproduzieren, voraus. Mit Hilfe dieser Voraussage erhalten
wir Magnetisierungsprozesse und schlagen Experimente vor, die bestétigen kénnen ob
eines der minimalen Modelle das Modell fiir a-LigIrOg ist.
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CHAPTER

INTRODUCTION

I’'m smart enough to be confused,
but not smart enough to resolve

the confusion.

Christian Frdfidorf, 2018

he central topic of this thesis will consist on the numerical study of frustrated
magnetic insulators. There are different ways in which magnetism can arise
in materials. From itinerant magnets modeled via RKKY interactions [2], to
impurity models exhibiting Kondo effects [3], the models which represent magnetic
behavior are plenty. In our case we will be interested in magnetic materials which can be
described by the Heisenberg Hamiltonian [4] and associated models. In its more general

formulation, the Heisenberg model takes the form

(1.1) %=ZJijSiSj,
ij
where the spins S; are located at sites i of a given lattice, and they interact via an
exchange coupling J; ;. We want to study the particular case when this model is frustrated.
A system is called frustrated when not all terms of the representative Hamiltonian can
be minimized simultaneously. More specifically, in the systems we are interested in,
many interacting degrees of freedom are present, and frustration can be understood

as these interactions competing with each other, each one favoring one particular type
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CHAPTER 1. INTRODUCTION

of correlation, which cannot all be realized at the same time. Frustration in magnetic
systems started to be intensively studied after the initial proposals by Anderson [5, 6].
He suggested that competing interactions can make it impossible for certain magnetic

systems to order, leading to a disordered ground state, the so called spin liquid state.

We can distinguish different classes of frustration in magnetic materials. One one
hand we have geometric frustration, where the lattice structure imposes several con-
straints on the system inhibiting the minimization of every term of the Hamiltonian
simultaneously. An example of this is that of an antiferromagnetic Ising model on the
triangular lattice [7]. In this case, not all spins can fulfill the antiferromagnetic condition
at the same time. This leads to an extensive configurational disorder in the spin orienta-
tion and a remnant zero point entropy. On the other hand, we can have non-geometric
frustration where the interactions themselves affect the behaviour of the system. An
example on non-geometric frustration emerges from different competing interactions
in the Hamiltonian. This competition leads to non-trivial spatial correlations, as e.g on
the honeycomb lattice with nearest and second neighbour antiferromagnetic Heisenberg
interactions [8]. Another form of non-geometric frustration arises from systems with
strong anisotropies. For example, Kitaev models [9], where the bond anisotropy induces
different interactions on different lattice bonds, and this leads to non-trivial phases,

which cannot always be observed in geometrically frustrated systems.

The Heisenberg model (Eq. 1.1) shines in its simplicity, it states that our insulating
magnet can be simply considered as spins localized on lattice sites, and completely omits
the existence of electrons and nuclei. However, even though the model is very simple,
a large number of materials can be modeled with it. With the Heisenberg model as a
starting point, many different associated models can be created. The Heisenberg model is
not constrained to act only on nearest neighbors, and not all spin components need to be
coupled via the same exchange coupling, an example of this last point is the famous XXZ
model, where two spin components are coupled via the same exchange, while the third
can be very different, changing not only in value, but sign. What is even more important,
the Heisenberg model can be studied both in their classical and quantum version giving
rise to some of the canonical examples not only for magnetic materials, but also for the
study of both quantum and thermal phase transitions. Some canonical examples in the
classical realm of associated Heisenberg models are those of the Ising and XY models. The
Ising model is a playground in which to study and learn spontaneous symmetry breaking
and thermal phase transitions, while the XY model was one of the first examples of

topological phase transitions exhibiting a Kosterlitz-Thouless transitions [10]. On the
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quantum limit, the transverse field Ising model is the canonical example for quantum
phase transitions, and the much more recent Kitaev model [9] is extremely studied for

it’s disordered ground states and exotic excitations.

With all of this in mind, we have to restrict our study to some part of the field, now
quite large, of frustrated magnetic insulators. In this thesis, we will study both sides of
the spectrum, those of classical and quantum magnetism, and we will analyze how this
limit comes about, and what the effects of quantum fluctuations are on the physics of
our model. Furthermore, we will study a particular set of ground states (helimagnetic
states) which arise in many different forms, either from a pure Heisenberg model, or

from extended models arising from the Heisenberg Hamiltonian.

Of course, a study like this, while interesting from a purely theoretical point of view,
is also motivated by experiments. Many materials exhibit Heisenberg like physics, both
in the quantum and classical limit. For example, LiHo,Y;_,F4 [11] is a material that ex-
hibits physics like the one found in the transverse field Ising model, and ZnCug(OH)gCls
[12] seems to realize a disordered ground state, a spin liquid, and can be modeled as a
quantum Heisenberg model. Another example of interesting quantum frustrated mag-
nets are those in which Kitaev interactions arise, as for example in a-RuCl;3 [13] and a big
family of Iridate materials (I7rOg) [14], which both are cases of Heisenberg-Kitaev models.
On the other hand, classical Heisenberg models also touch on reality. While it is not
expected that a purely quantum model (as a model fundamentally composed of quantum
objects as spins is) can be fully treated as a classical one, the study of the classical version
of Heisenberg models has been extremely fruitful. Many materials posses very small
quantum fluctuations which, when disregarded, can be seen as examples of classical spin
systems. The spin ices, DysTiaO7 and HooTisO7 [15] are important examples of Ising
models where the fundamental excitations can be considered magnetic monopoles, and
YbMgGaOy4 [16] seems to mimic a spin liquid state, in which the strong interactions, and
possibly a small amount of impurities, mimic the behavior of a spin liquid, and can too be
modeled as a classical magnetic system. This is by far not a comprehensive list of all the
materials which realize Heisenberg interactions, the list is extensive and here we just
wanted to point out many examples which indicate that the study of Heisenberg models
is not only interesting as a theoretical exercise, but fruitful from the experimental point

of view.

The question that arises is how one would model all of these materials, until one
finds that a Heisenberg model or associates are a good choice. Modeling any of these

materials is a joint effort, from the point of view of experimentalists and theorists alike.
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CHAPTER 1. INTRODUCTION

Whether theorists propose a model in which interesting physics arise, and this model
is later realized experimentally (as was the case of Kitaev interactions in the Iridates
family), or a material shows strange properties which pick the interest of theorists (as

the residual zero point entropy in DysTizO7), the modeling is usually non trivial.

As theorists interested in magnetic systems and magnetic order, the holy grail of
experimental techniques resides with the different neutron scattering and diffraction
techniques. Via neutron scattering and diffraction experiments, both in single crystal or
powder samples, we can study if our system orders magnetically, and if it does, what the
nature of this ordering is. This points in a theoretical direction, as not all models will
present the same types of order, and the minimal model of our system will rely on the
type of order it presents. If the material orders magnetically at low temperature, we can
consider as a first order approximation the neglect of quantum fluctuations, this is, we
treat our system as a classical spin system. This neglect readily present us with many
different tools to study the effective Hamiltonian, as analytical and numerical techniques
which can deal with classical magnetism are well known. If, on the other hand, the
system is not ordered at low temperature, we cannot neglect quantum fluctuations, and
the approaches treating the resulting Hamiltonian will be vastly different than in the

classical case.

But this is not the end of the story. To even start modeling a material we believe
realizes Heisenberg-like interactions, we need to know what the atoms in the material
are, which is the crystalline structure, and where each atom is in this structure. The
effort of experimentalists appears here through different experimental techniques, as
i.e. X-ray diffraction experiments, which can give us answers to questions related to the
crystal structure. Furthermore, the purity of the samples is a topic which cannot be left
aside, as the behavior of magnetic systems can drastically change (as is the case of spin
glass systems) in the presence of impurities. As such, the growth of pure samples, and

the theoretical understanding of the effect of impurities in the system is crucial.

Once the crystal lattice is clear, we need to know what the hybridization and possible
gap between atomic orbitals is, and what effects are at play, whether it is spin orbit
coupling or hyperfine interactions. Again, an effort from the theory part resides in em-
ploying analytical and numerical techniques as DF'T, likewise these efforts are supported
by experiments such as uSR and NMR, which can give us information regarding the
microscopics of the material, for example, regarding line shifts and widths of the atomic
orbitals produces by crystal field effects (where the electronic levels of the magnetic ions

in our compound feel an electromagnetic field produced by the environment of the other
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atoms present in the material) and nuclear interactions, as well as providing information
regarding the magnetic order of our sample. At the same time, experiments as uSR and
NMR can give us information of whether the crystal field induces an easy axis or easy
plane anisotropy, which will point us, theorist, in the direction of Ising or XY models
respectively. Furthermore, these techniques allow us to probe the relaxation time of the
sample, which tells us something regarding the possible quantum fluctuations, as well
as possible freezing, of the magnetic degrees of freedom. This information determines
whether we are in the presence of spin glass-like states or spin liquids. It is also used to
study fundamentally different phenomena, as critical slowing down [17] and persistent
dynamics [18], which both are realized in pyrochlore materials. This is by no means an
exhaustive list of experimental techniques, extremely useful experiments (as for example
those regarding the thermodynamics of the materials) have not been mentioned here.
The aim of this section was to exemplify the effort, from experimentalist and theorist

alike, that are required to model these materials.

From a theoretical point of view, even though frustrated magnetic materials can be
described by well defined microscopic Hamiltonians, they cannot always be efficiently
solved. The field of frustrated quantum magnetic materials has seen a recent surge in
the production of numerical and analytical techniques aimed at tackling these problems,
but still a general and efficient methodology to solve these types of Hamiltonians is
lacking. Many methods work well in a reduced part of the field, as exact diagonalization
and tensor networks algorithms which are ideal to study systems with a small number of
lattice sites, as 1D and quasi-1D spin chains. However, many of these types of methods
are inefficient at studying 2 and 3D systems. On the other hand we could use Monte
Carlo method to deal with quantum systems. But the existence of a sign problem also
constrains the lattice sizes that can be studied considerably. Still, quantum magnetic
systems in 2 and 3D can be tackled theoretically employing novel numerical and theoret-
ical techniques. Employing quantum field theoretical methods [19, 20] or mapping the
interesting Hamiltonian to another basis in which the problem becomes tractable via
existent numerical methods [21] allows us to gain a valuable insight into the physics of
these systems. The situations becomes less complex in the realm of frustrated classical
magnetic materials, where quantum fluctuations can be neglected. In this case many
different techniques exist which can be employed to attack these problems. While the
methodology for these systems has been developed and used for much longer than for
their quantum counterparts, solving the classical analogous is still non-trivial, and

amounts to intense numerical and analytical efforts. Developing novel techniques to
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CHAPTER 1. INTRODUCTION

tackle the quantum and classical problems is still an active field of research, which
has seen a good number of successes in the past years. In particular we mention the
pseudofermion-functional renormalization group method, which will be treated in detail
in this thesis. Nonetheless, with the currently know techniques, the theoretical studies
for both quantum and classical frustrated magnetic systems provide a framework, which
not only can be used to interpret the available experimental results, but which allows
us to employ magnetic materials as a playground in which to study several different
phenomena.

In this thesis, we will not model materials from first principles, but we will instead
concentrate on the study of either models which show interesting physics and could or
have already been realized in experiments (as in Chapter 4 [8, 22-25]), or in materials for
which different models have been proposed but a careful comparative study employing
the same theoretical techniques has not been performed in full (we will study one
of these materials in Chapter 6 [14]). In Chapter 3 we will put a technique forward,
pseudofermion-functional renormalization group, which allows us to study and resolve
the ground state properties of quantum Heisenberg models in arbitrary lattices for 2
and 3D systems. Furthermore, we will apply this technique to study what happens
when quantum fluctuations are slowly suppressed, arriving at the classical limit in the
end. In Chapter 4 we will show how this method can be applied to study spin spiral
states in Heisenberg honeycomb models, both in spin 1/2 as well as higher spin systems,
which have already been realized experimentally. In Chapter 5 we will switch gears
and move to the purely classical realm of spin systems, also with the hopes of studying
spin spiral states. We will show how Monte Carlo simulations can be simply modified to
study classical Heisenberg magnets, what are the advantages and disadvantages of the
method, and how it can be modified to surpass some of the disadvantages. In Chapter 6
we will apply it to study a-LigIrOg, a material which seems to realize Heisenberg and
Kitaev interactions and which possesses a spin spiral ground state. For this particular
material the question of which minimal model corresponds to it is still open, and it will
be our effort to reduce the number of possible models, as well as predicting the magnetic

behavior in a way which is experimentally realizable.



CHAPTER

THE HUBBARD AND HEISENBERG MODELS

Frustration is the name of the

game.

Linus Pauling.

he first question that arises when one looks at the Heisenberg model is: where

exactly does it come from? How can it be that the magnetic interactions in

a crystal, arising from atomic magnetic moments which are connected in an
arbitrary lattice structure, can be explained by such a simple Hamiltonian?

The derivation of the Heisenberg Hamiltonian from a full electronic model is well
known, and the aim of this introduction is to derive it again in a way that will make
clear not only it’s properties, but also how and why we will use it in this thesis. We will
also employ different extensions of the Heisenberg model, but the derivation of each one

of these can be traced back to a similar procedure as the one we will show next.

2.1 Electronic Hamiltonian and Hubbard model

Our derivation starts with a solid state system, a crystal composed of atoms localized
on lattice sites. Furthermore, and for the sake of simplicity, we will assume that we
have already performed the Born-Oppenheimer approximation and that the nuclei are

fixed on the lattice sites, such that we can concentrate on electronic Hamiltonians. The
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CHAPTER 2. THE HUBBARD AND HEISENBERG MODELS

effects of lattice distortions as phonons or Jahn-Teller effects will not be considered in
the following.
With these considerations in mind we can assume that our Hamiltonian consists of

two parts, a term describing electron dynamics

2
2.1) Hy = f dral @ | 2 +v)|apm),
2m

and another term describing electron-electron interactions

(2.2) oo = % f dr f dr'V,.(r—r)al (r)al (t)as(r)aq(r),

where aZ(r) creates an electron with spin o at position r, V(r) is the periodic lattice
potential, and V,.(r —r') is the electron-electron interaction potential. We have also
ignored relativistic terms as spin-orbit coupling. As this thesis progresses we will see
that these terms have to be taken into account in certain cases, specially when dealing
with heavy ions. We will omit these terms and concentrate on the atomic limit of this
Hamiltonian, where the nuclei are separated by a distance greater that the Bohr radius
of the valence electrons, in other words, the overlap of the electron wave function is
small.

If our interaction Hamiltonian were zero, we would be able to solve #}, employing
Bloch’s theorem, and we would obtain energy levels €,k and wave functions |y,x) =
e™®T |y 1. Since we don’t want to study free electrons in a periodic potential, but instead
want to study the effect of interactions on electrons localized at the atomic positions, it
is worth to write our Hamiltonian in a basis of single particle states, which labels the
states according to their positions on the lattice sites, R. For this purpose we will use

Wannier states

1 B.Z LR
YRA) = Wi Y e My,
k

where R labels the lattice sites, and the sum is over wavevectors inside the first

(2.3)

Brillouin zone. If the atomic overlap is zero, the Wannier states are simply atomic orbitals,
but usually a finite overlap exists. As such, the different energy levels become energy
bands. We will consider the simplest possible case, where the bands do not overlap and

the Fermi energy is contained fully within one band. With this we can drop the band

8



2.1. ELECTRONIC HAMILTONIAN AND HUBBARD MODEL

index, n, and define the creation operator of Wannier states in terms of the creation

operators of Bloch states

(2.4) al(®) =Y ypwak =Y vi @al
R i

where aTU(r) is a creation operator in real space, azg

is a Wannier creation operator,
and we have indexed the lattice sites by i. The connection with Bloch wavefunctions

comes from the Fourier transform of these operators

(2.5) aka Z kR T

Expressing the non interacting Hamiltonian in terms of Bloch wavefunctions, and

then using Eq.( 2.5) we obtain

1 k /
(2.6) Ho = Zekalaaka = NZZEL ®i~R, )EkaT Ai'g = Zazgtii’ai’ay
k i k i’
where ¢;;; = N1 e’ ¥Ri~Ride, are the hopping matrix elements. By the same proce-

dure the interaction term takes the form

2.7 oo = Z ZU”JJra an,ajlgfajg,

ii'jj oo’

where the matrix elements of the interaction are

1
2.8) Uiniy =5 [ dr [ dr'vi e @IV -, @ve, o).

Adding both terms we obtain the tight binding model

_ T Tt
2.9) S = E a, tiirdjo+ E Uii/jj/awai,g,ajrg/ajg.
it iy

Please note that here we are not considering matrix elements that couple different

bands, so we are effectively working in a single band model. While models where more

than one band are relevant exist, we will not consider them here.

9



CHAPTER 2. THE HUBBARD AND HEISENBERG MODELS

Certain terms in Eq.( 2.9) deserve a special mention. The direct terms, containing the
elements U, ;; couple density fluctuations at different sites, which lead to the description
of charged density waves. Here we are interested in the study of spin fluctuations that
lead to magnetic phases, so we will not consider the direct terms in the following. Terms
that couple spin fluctuations are the exchange terms, where ii’ = jj' = ij. These terms

can be written in a more amenable way noting that %azaaﬂ

apdip = Sf, obtaining

b g jo e
1#] 1#]

(2.10) Y Uijisal o' aigao=-2Y J:;(8;8;+ iﬁiﬁj),.

where 7; is the number operator on site i and J;; = U;j;;. This is a kinetic ferromag-
netic exchange term, and can contribute to ordering tendencies in metals. There can
be another way of obtaining this type of exchange following Hund’s rules: if we assume
the wave functions of the electrons can be factorized into the orbital part times the spin
part. Thinking of only two neighboring electrons, the Coulomb repulsion between them
will be minimized when the orbital wave function has the minimal possible overlap,
which means this wave function will be antisymmetric. Since the total wave function
needs to be antisymmetric, then the spin part will have to be symmetric, with both spins
pointing in the same direction. While this is a mechanism which can lead to magnetic
interactions, it is usually small in the atomic limit, since in this case the overlap between
wave functions decay exponentially with the atomic distance. In this limit, where the
direct ferromagnetic exchange is small, the dominant interaction arises from the matrix
elements which describe an on-site Coulomb interaction, U;;;;, which generates terms of

the form

10 10

(2.11) ZUm'iaT al Qig@ioc =) UiRih;|.
oo’ i

One more consideration needs to be taken into account, in the atomic limit, the

hopping amplitude ¢;; also decays fast with distance, which effectively means that we

will at most have hopping up to first neighbors. With these considerations in mind, and

further assuming the system is translational invariant so the couplings are the same for

every bond in the lattice, the resulting Hamiltonian takes the form

(2.12) H=-tY ol aje+UY Ay =I6+7,.
@ i

10



2.2. LARGE U LIMIT AND HEISENBERG MODEL

This is the famous Hubbard model, which while simple looking is non trivial to solve,
and which describes a lot of highly correlated electron systems in solid state physics. The
Heisenberg model we are interested in, arises as a natural, low energy effective model,
of the large U limit of the Hubbard model.

2.2 Large U limit and Heisenberg model

The behavior of the Hubbard model is determined by three parameters: the filling fraction
n, the interaction ratio U/, and the adimensional temperature T/¢t. We will study the
large U limit, U/t > 1, as the principal mechanism for magnetic order in insulators.

At half filling, and in the limit U/t > 1, double occupancy is inhibited, since the
Hubbard interaction U is large, and as such the energy cost of double occupancy is
large. In these cases, the lowest energy configurations will be given by singly occupied
states. On the other hand, states with double occupancy are higher in energy. In the
limit of large U we can consider that our Hubbard term, #7;, will be perturbed by
the hopping term, H;, and as such attempt to project out the higher energy states to
obtain an effective low energy theory of the Hubbard model [26, 27]. We will perform
this projection following the downfolding technique, which aims at integrating out the
high-energy degrees of freedom. In this technique, we start by partitioning the Hilbert

space in two sets, one containing the low energy states without double occupancy

(2.13) S ={In1y,n1y,n91,n2),..)Vinj +ny < 1}

and another containing the high energy states with one or more doubly occupied

states

(2.14) D ={ln1y,n1),nzy,n2),..)3i ng +ni =2}

The hopping term will couple the S and D subspaces, given that this term produces
the hopping of one electron in or out of an occupied site. Furthermore, it will partially
lift the degeneracy of the subspaces. Even though the dimension of these subspaces is

infinite, we can attempt to write the Hamiltonian in a matrix-like form

o Pg(A; + Ay)Ps Ps 7 Pp

(2.15) )
Pp #;Pg Pp(A; + Fy)Pp

11
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where Pg is an operators which projects on the low energy configurations S, and Pp
projects on subspace D. Here, the upper left term is the Hamiltonian restricted to the
lowest energy states, S, while the lower right is restricted to the states in D. The off
diagonal elements describe transitions between states in S and D. We can obtain an
effective Hamiltonian which acts on the low energy subspace by studying the Green’s

function of the problem

(2.16) G(E)=(E-7)"1,

which can also be partitioned by introducing Eq. 2.15 into the expression for G(E).
By calculating the inverse of this “matrix” (please note that the elements are matrix

themselves so they won’t commute) and projecting over S we obtain

2.17)
PsG(E)Ps = (E - [PS(th + #17)Pg + Pg.H,Pp (E _Pp(H + JfU)PD)_IPDthPS] )_1 ,

which looks as the Green’s function for an effective Hamiltonian

-1
(2.18) % = Po(H#, + 7#)Ps + Ps.76,Pp [E _Pp (T + JﬁU)PD] Pp7#,Ps.

Furthermore, noting that Pg.#y = #£Ps = 0 we obtain

-1
(2.19) #°% = P #,Pg + Ps.#,Pp [PD (E — (7, + JfU))PD] Pp#,Pg.

There is no way to evaluate the inverse in the second term explicitly, so we will
perform perturbation theory in powers of #/U. In this expansion the first order in ¢
vanishes, and we obtain a Hamiltonian which is second order in ¢, which we call the ¢t —<J/

model

2
t i N
th— — Z aka,ajarnﬂnjlajgaig

(2.20) 777 = pg
U ijRoo

Pg.

We can further write the ¢t — J Hamiltonian as

(2.21) 00 = pg| 7, + 7 + J’] ,

12



2.2. LARGE U LIMIT AND HEISENBERG MODEL

where, if we write %a:aag pQip :Sf we obtain
4t2 ﬁ,iAj
(2.22) JfH:?g’ S;S; - ik
J)
and
2
U P TR VS B S

(2.23) J = Z Z(akg(l Ajo)aio OLk_UOLjUaJ_gam)nJ_(7

U ijyimizi'@
In the case of half filling, both terms #; and J' are annihilated by the projector Pg,

and the only term that remains, minus a constant is the Heisenberg model

(2.24) g =J ) (SiS;)+const,
an

with J = 42,

Even though the hopping is restricted to nearest neighbour, we can consider spin
exchange terms which extend beyond nearest neighbours. This is the superexchange
mechanism proposed by Anderson [26, 27], where the magnetic ions “communicate” with
each other through an intermediary ion, not necessarily magnetic, usually Oxygen or
Fluorine.. In these cases we would obtain again a Heisenberg Hamiltonian, but the
exchange coupling J would be modified. This exchange coupling would not only depend
on the orbitals through which the hopping is taking place, but also in the angle of the
atomic bond between orbitals. This hopping via an intermediary ion will be the basis of
the study of magnetism in insulators, given that this implies that even in the case of
insulating materials where the magnetic ions are not nearest neighbors, and as such we
do not expect direct hopping between them, the spins will be able to talk to each other.

For example, the simplest case we can think of is that of CuOg, where the hopping
occurs between the d—orbitals of Cu and the p,-orbitals of Oxygen. Furthermore these
bonds form an 180° angle. When this is taken into account we obtain an exchange

integral J of the form

tt 1 1
(2.25) pd (

= —+—)>0,
Ud+Apd Uy Ud+Apd

where ¢,4 and A, are the strength of the hopping and the level splitting, between p-

and d-orbitals respectively, and U, is the Coulomb interactions on the Cu ions. In this

13



CHAPTER 2. THE HUBBARD AND HEISENBERG MODELS

case we see that the exchange is antiferromagnetic in nature. On the other hand, if we
would consider a 90° angle, the hopping would occur between the d-orbitals of Cu and

the p, and p,- orbitals of the Oxygen, obtaining

Stf)dey 1

(2.26) =- <
Ua +Dpa)? 4Uqg + Dpa)? — J2,

In this case the exchange is ferromagnetic.

We see then, that the angle between the atoms can drastically change the behavior of
the system. Furthermore, there can be other types of interactions, for example spin-orbit
coupling, which would also drastically change not only the strength of the coupling but
the form of the interaction. For example, as we will see in Chapter 6, in systems where
the magnetic ion is surrounded by oxygens in an octahedral fashion, the exchange paths
change, and together with the spin-orbit coupling we obtain strongly anisotropic bond
dependent interaction. The study of magnetic insulators where the relevant mechanism
for the spin interaction is superexchange will be the central point of this thesis. We will
study in detail how the resulting Hamiltonians can be solved, both in the classical and
quantum limits, how different materials can be modeled by these Hamiltonians, and

what the effect of quantum fluctuations are on these systems.

14



CHAPTER

FUNCTIONAL RENORMALIZATION GROUP METHOD

We appear to live in the best of
all possible worlds, where the
computable functions make life
predictable enough to be
survivable, while the
noncomputable functions make
life (and mathematical truth)
unpredictable enough to remain
interesting, no matter how far

computers continue to advance.

Gottfried Wilhelm von Leibniz

unctional renormalization group (FRG) methods have been around for a consider-
able amount of time. Initially developed in the context of high energy physics, they
have been employed to tackle problems in various subfields (QCD[28],QED[29—
31], quantum gravity[32—34], etc). It has since then been adopted by the condensed
matter community, to study Hubbard-like systems, non-equilibrium phenomena, the
Kondo effect, and many other subjects. In this thesis, we will employ a pseudofermionic
version of FRG to treat 2 and 3D frustrated spin systems, study the effects that quantum
fluctuations produce in these systems, and search for one of their most sought after

phases, the spin liquid phase.
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CHAPTER 3. FUNCTIONAL RENORMALIZATION GROUP

The pseudofermionic FRG approach (PFFRG) to treat frustrated quantum magnetism
is a relatively new concept (the first paper dating back to 2010 [35]) and it was put
forward motivated by the lack of methodology currently existent to treat these type of
systems. While different analytical theories are developed to study some properties of
frustrated magnets, a general numerical treatment able to study different lattices and
Hamiltonians, detect their ground state properties, and give results that can be compared
with experiments was lacking. From the numerical point of view, most existent methods
fail at these type of studies, exact and powerful methods as exact diagonalization and
DRMG are extremely powerful to calculate energy spectrum and entanglement entropies
of 1D systems, but become extremely inefficient at higher dimensionality than 1. Other
more sophisticated tensor networks based algorithms, as PEPS, MERA, etc. are currently
in development, but whether they’ll be efficient in 2 and 3D highly entangled quantum
frustrated spin systems is an open question. As such, PFFRG was developed to explore
the ground state phase diagram of systems that cannot currently be efficiently studied
with other methods.

We will start this chapter by introducing the general FRG framework and later on

we will derive the precise flow equations for Heisenberg like Hamiltonians.

3.1 General FRG framework

Following the comment by Kopietz, Bartosch, and Schiitz [36], renormalization group
theories are proud owners of the status of meta-theories, that is, theories about theories.
FRG shares this status, as an approach that analyzes in detail the underlying structure
of the quantum field theory of our choosing, and tries to solve it by studying one energy
scale at a time (from this the renormalization part in the FRG name). Since we want to
study a many body strongly interacting fermion system, the natural starting point is
the partition function. In essence, if we manage to calculate the partition function, then
we can get all the statistical/thermodynamical information we desire, the correlation
functions being of particular interest in this thesis. So we concentrate in the partition
function, the path integral form in particular, it’s underlying structure, and on the basic
building blocks, the bare Green’s function and the bare interactions. From here on, is
just a question of understanding how all this elements together can be manipulated into
giving us a structured way of studying the fundamental Hamiltonian.

We will sketch the derivation of the FRG framework (for more details please look

at Ref. ([36]), starting with a primer on functional methods. The starting point is repre-
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senting the correlation functions of the fermionic system by a functional integral of the
exponent of a general action S[w], and a properly normalized integration measure, such

that the partition function can be written as

(3.1) Z= f Dy, yle SVl

where ¥ and v represent Grassmann fields (we will concentrate on a fermionic
description, but a bosonic one is also possible). If we collect all the indices for Matsubara
frequencies and quantum numbers in a variable we denote k2, and assume we are

interested in treating Hamiltonians consisting of a kinetic part

(3.2) Ho@W,w)=) & pWp,
Kk

which defines the free propagator G (note that energy conservation means that G

is diagonal in the Matsubara frequencies), and a two body interaction part

(3.3) Hint(U_/,W) = Z Vkll,k’z,kl,kg/(pkllwk'zw]%zwkl ’
kG k1 ke

then we can assume that the action can also be decomposed as S[y,y]= Soly,yl+

Sindlw, ], where Soly,y] is of a Gaussian form

(3.4) Solw,y1= =Y FwlGoly ywe = —(,[Gol ).
k'R

As such, the non interacting partition function takes the form

(3.5) Zo= f D1, e PG

Adding source fields n that are of the same nature as the field components, i.e,

Grassmann variables, we obtain the generalized partition function Z(7,n)

(3.6) Zln,nl= f DIy, yle SWvI+@m+u.n),
And we can define the generating functional W(n,n) = Z(7,n)/Z
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_ [ DIy, wle SWYI+@+y.n)
3.7 W _
(3.7 [7,7] DIyl

The n-particle Green’s function is no other than the coefficient of a functional Taylor

expansion of the generating functional, with respect to the fields

o" o
STy O, My BT,

(3.8) G(ky,...kn B, ....E}) W@, nlz=n=0

We can perform a perturbative expansion of this Green’s function in terms of the in-
teraction, S;,:[¥,¥]. The two basic building blocks of this expansion are the bare Green’s
functions and the irreducible functions, and we can represent them in diagrammatic
form in terms of directed lines representing the bare propagators, Gy, and vertices with

n-points corresponding to an interaction between n/2 particles.

(3.9) Go = k10—>——0k;

Eq. (3.9) shows the diagrammatic representation of the bare propagator, Gg.

One subsequent point needs to be made, if we write the full diagrammatic expansion
we would notice that it contains subdiagrams that do not connect all the external points.
This means that the expansion of the n-particle Green’s functions contains diagrams
belonging also to Green’s functions of lower order. This in turn means that a n-th particle
Green’s function would not exclusively contain information about correlations involving
n-th fields. We can obtain a diagrammatic expansion only containing connected diagrams.
Literally, a diagram contributing to the n-particle Green’s function is called connected if
all vertices are connected by a sequence of lines and other vertices. The generators of

these objects can be obtained by the logarithm of W,
(3.10) W(@,n) = In[W(#,n)].

The connected n-particle Green’s functions can then be obtained by the functional
derivative of W,.[36]:

o" o"
OO, O1y BT,

(3.11) G,k kY, k) W@, mln=n=0
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The connection between the usual G

Green’s functions and the connected @ = @ +

Green’s functions can be obtained simply

+><

Figure 31: Relationship between the two par-

by the above expression. The single parti-

. ticl ted and 1G ’s function.
cle connected Green’s function equals the 1cle connected and usual Lreen's tunction

, . . We represent the two particle Green’s func-
usual Green’s function, as any single par-

. . . ti b ircle. The single li indi-
ticle vertex contains only one propagation lons by a gray cirele © single nes md

line and as such is always a connected di- cate single particle Green’s functions.
agram. For the two particle Green’s func-
tion, evaluating the derivative and expressing it in diagrammatic language, we find the
expression shown in Fig. 31. In general the nth-particle Green’s function will be given in
terms of al the ith-particle Green’s functions, with i <n.

The connected Green’s functions can also be decomposed in more fundamental pieces,
the one-particle irreducible n-particle vertex function. A one particle irreducible diagram
is such that cannot be disconnected by removing a single propagator line. An example of
this is given in Fig. 32.

The generating functionals for the these objects can be

found renaming the derivatives of W, as new Grassmann /
fields, ¢ = —%(ﬁﬁ’”) and ¢ = %(77’"), and performing a Legen-

dre transform. As a consequence we obtain the generating

functional

(3.12)  T($, ) = —W(@,m) — (b, — @, )+ (P,[Gol ' ).

7\

Figure 32: Example of a one

Finally, via a functional derivative we can find the one-

particle irreducible vertex functions with n-legs

(3.13) particle irreducible diagram

. 5 s ] .
Yolk1,on B, k) = — _ F(¢’¢)|<Z>:¢:0-that contributes to the one
6(’1)7@’1 "'6('[)/2’” OPp, -0z, particle irreducible two parti-

. L ) cle vertex function.
The relation between one-particle irreducible vertex func-

tions, y,, and the connected Green’s functions can be extracted as well from the diagram-
matic expansion. There are diagrams which can be decomposed into two pieces when
cutting one fermion line. An example of this is the three particle vertex shown in Fig. 33.

These diagrams are called one-particle reducible and are also contained in the con-
nected Green’s functions. However, for the FRG formulation we will use the so called

one-particle irreducible vertices, which are characterized by the fact that they cannot
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+ =0+ OO =

+o—>—.—)—o

Figure 34: Diagrammatic expansion for the one particle vertex. The thick line represents the
one particle Green’s function. The thin lines are bare propagators G, and the circles represent
one particle vertices.

be decomposed into two pieces when cutting one fermion line. The n-particle Green’s
function will be the sum of all one particle irreducible vertices.
For example, the explicit expansion for the one particle

Green’s function G(% : £') is of the form

Ge(k:k)=Golk:kE)+Gok:1"yy1(I' : 1)Go(l : &)
(8.14)  +Gok:Dy1(:1NGo(I" :m)yi(m :m")Go(m : k") +... Figure 33: One-particle re-

ducible diagram contributing
where a sum over internal indices is implicit. This series to the three particle vertex.

expansion can be re-written as

(3.15) Ge(k:E)=Gok:E)+Gok:1)y1(I' : DG : R,

which can be compared to Dyson’s equation

(3.16) Ge(k:k)=Golk:k)+Gok: 1)Z': DG (1 : k),

where X is the self energy. This way we can identify the one particle vertex with the
self energy, y1 = . Diagrammatically this means that the particle vertex functions y;
will be connected by propagators to a chain that starts in 2 and ends in k2’. Summing over
all possible chain lengths we obtain the expansion of the one particle connected Green
function, which is Dyson’s equation, which is shown in diagrammatic form in Fig. 34.

Please note that this means that the exact propagator is the one which is fully dressed
with the exact self-energy, which correspond to a sum of all terms in Fig. 34, an example

of this procedure is shown in Fig. 35.
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Now we are ready to derive our FRG equations. > > >
We will work with the one-particle irreducible ver- Figure 35: Two particle vertex af-
tices that we have shown can be traced back all

the way to the Green’s functions. The heart of FRG

ter the self energy resumations (right)

have been performed. Thick lines cor-
resides in the regularization of the bare Green’s yegpond to full propagators, while thin

function by applylng an infrared cutoff to the Mat- ones are the bare propagators

subara frequencies,
(3.17) Gy = 0wl - NGo(w).

Physically, this means that we are suppressing all the fermionic frequency com-
ponents below A, and as such we will obtain physical information about the original
Hamiltonian when all the propagators are considered, i.e. when A = 0. If we approach
the limit A — O from the right we are successively adding the fermionic frequencies to
our system until we reach the original Hamiltonian (at A =0).

There is a certain freedom regarding the choice of cutoff. We could implement it in
momentum space, or not necessarily with a Heaviside theta function, all these choices
depend on the system we want to study. What cannot be changed though is that two
limits need to be respected: G(’)\ =0 when A — oo, and Gé\ =Go when A =0. In our case,
we will choose a sharp cutoff function in frequency space, since this will lead to the
cancellation of internal frequency integrations in the FRG equations.

The FRG procedure studies how the changes in A affect the vertex functions by
retrieving differential equations for this elements. When we replace Gg by Gé\ every one
particle irreducible diagram contributing to the one particle irreducible vertex becomes
also A dependent. Given that the bare propagator enters multiplicatively in the diagrams,
via the product rule, these one particle irreducible diagrams will transform into a sum
over different subdiagrams, all of them differing only by one propagator line that is
differentiated with respect to A. We obtain y2 summing up all possible A dependent one
particle irreducible n-particle diagrams terms.

In functional language: when we replace G¢ by G(/)\ the action and the different

generating functionals become A dependent. From the action

asMawl  d o
(3.18) = g5 CWIGT )+ Sinl @ y]) = 9Q My
where Q" = diA[Gé\]_l. And
Ar=
@19 S - [ Dt y1igQ e SVIEDwD,
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then, the generating functional for the connected Green’s functions becomes A depen-
dent W, — WCA, and from Egs. (3.7) and (3.10) we obtain

0 A OZWA

d
(3.20) — WA = —Tr[@ G} +Tr 56v

dA

(6WCA A(SWCA)
on ’ ]|

We remind the reader that we are not interested in the connected Green’s functions
but in the one-particle irreducible vertex functions. Using equations (3.12) and (3.20) we

can find the differential equation for the generators of the vertex functions, I'*

Q" W]

d A AA
(3.21) — TN, ¢) = TrQ"G{1-Tx 5767

d

Please note that since we performed a Legendre transform to go from one generating
functional to the other, the variables 7} and 1) now are A dependent. We can eliminate
W, from the above expression using the relation between the derivatives of W, and the

generators I', which is

2w, oW, o2
570 5707 5¢>5¢ oo
(3.22) _gZ‘zc 62%/!7 521’* [[G ] l]T
onén  6noM oo 5¢>5¢
with this we obtain
d
(3.23) —TM¢p,¢) = TrIQ G)1-TrG*Q*R11],

dA

with R1; a matrix element of the R matrix

-1
—GA 0 g ot
(3.24) R=|1- worl | szen 220
with
52T
(3.25) =———yt.
dpd¢p

Now, to find the differential equations for the vertex functions we can expand I'* in

powers of ¢ and ¢ using Eq. (3.13)

- 1)"
(3.26) ™o, ¢) = Z( ) Z Z Y,/L\(k/ ki Ry R )(Pk' Dp Py Pl 5

nso (D%,
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and expand the matrix R in a geometric series. Finding the flow equations is then
just a matter of comparing coefficients of the fields ¢ and ¢ on both sides of Eq. (3.23).

The differential equations we obtain for )//1\ and yé\ are:

d
(3.27) d—Aﬁ(k',kl)— 5 Z Yo (kY kY k1, k2)S (ko kD)
k/
N T S S g S AR R Ry k1, k2, k3)S (s, kY)
dAYZ shg - R1,~k2) = k/kY3 sy V9 Ivg - 1,~2,~3 373
3
,3 Z Y [y (R, kY ks, ka)yh (R, R)  k1,k2)
k’ sk kg

(k’ ’kii : kl,kg)’}’2 (k, ,k, k47k2) (k3 - k4,k3 —kyq)
79 (k/ ,k4 kl,kS)Yz (k3,k,1 :k4:k2)+(k3 A k4,k3 — k4l
(3.28) x G k3, k5)S kg, kY,

where S? is the so called single scale propagator given by S* = GAQ*GA.

Eq. (3.27) and (3.28) are the so called flow equations for the self energy and two
particle vertex respectively. We notice that these equations are coupled to each other.
Since the Green’s function contains yfl\, the flow of this vertex will depend on )/11\ itself
and on )/ For )/2 the story is similar, with the flow depending on )/1 , y2 , and yé\. In
general the flow of the nth-particle vertex will depend on the ith-particle vertices where
i <n. The first term of the flow equation for the two particle vertex corresponds to the
three particle vertex. The next two are direct particle-hole terms, while the remaining
two are crossed particle-hole terms. We will describe each term in more detail in the next
section.

All that remains is identifying the initial conditions for these equations, which can
be derived remembering that the initial point of the calculation is A — oo and Gé\ =01in
this limit. Since the bare Green’s function vanishes, the particle propagation disappears
and only the bare vertices remain. Extracting the bare vertices from the Hamiltonian in

Eq. (3.2) and (3.3) we obtain the following initial conditions

(3.29) YO k) = =2k k) = ~Ep e,
Yo Uk kY k1,k2) = Vi btk ks
yA=o R, k) ik, k) =0 for n=3,

23



CHAPTER 3. FUNCTIONAL RENORMALIZATION GROUP

the third condition is special, in the sense that if the Hamiltonian would contain

interactions involving more than two particles some of these terms would be nonzero.

3.2 Slave fermionic approach for spin operators

Our implementation of the PFFRG method to spin systems is based on the Heisenberg
Hamiltonian, here we will study the case of 1/2-spins, to later concentrate on arbitrary

length spins. The Hamiltonian thus has the form

(3.30) A=) JijS;-8S;.
@j)

The basis of the implementation starts by expressing the elements of the spin opera-

tors in terms of two fermionic operators, f| and f; [37] such that

(3.31) S*=ff-ff, ST=flf, S =flf
equivalently,
3.32 sh=lypion p
(3.32) i_gzl;:fiaaaﬁflﬁ’
a

where a, =1, | denote spin indices, fi(l) are fermionic annihilation (creation) operators
on site 7, and o (u = x,y,2) represent the Pauli matrices. This representation fulfills the

correct angular momentum algebra of spin operators

(3.33) [SH,8"]= ie ynS”

If we consider the pseudofermionic operators as our field operators then the resulting
Hamiltonian has the form (3.3). This quadratic form is precisely what we need to use
diagrammatic Feymann techniques. An important point needs to be dealt with now:
denoting the vector space of an arbitrary angular momentum operator L by V%, the

pseudo fermionic representation extends the spin-1/2 vector space V2 according to

(3.34) V2 Lyl Voe V12,
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where the symbol & denotes a direct sum. One finds that the physical spin-1/2
subspace V2 is represented by the two basis states |fiTT fm,f;l fi;» =11,0) and |0,1) while
the two spin-0 subspaces VO are given by the states |0,0) and |1,1). In order to treat
the original spin-1/2 model one needs to project out possible spurious admixtures from
the unphysical spin-0 states. This could be achieved by imposing a constraint on the

pseudofermion number,

(3.35) Qi=) [l fia=1.

This is an extremely non trivial constraint to treat, given that the fermion number
has to be constrained at each point of the lattice (in cases where only one interacting
particle carry a spin, like a Kondo model where one magnetic impurity interacts with
a sea of non interacting electrons, the constraint can be dealt with exactly). We could
always treat the system approximately and replace the constraint (3.35) by the average
(®;> = 1. In cases where the system is translational invariant the constraint is identical
in each lattice point, so only one such condition remains. Furthermore, in our case case
the Hamiltonian presents particle-hole antisymmetry, which means that the Hamiltonian
changes sign under the exchange of creation and annihilation operators (this can be
proven simply by interchanging the creation and annihilation operators in Egs. 3.31 and
using the anticommutation relations for the pseudofermions). As such this constraint is
equivalent to enforcing a yu = 0 chemical potential since the constraint aims to remove
two of the four states per site.

Another method to handle this constraint exactly has been proposed by Popov and
Fedotov [38]. We will briefly present this method for the sake of completeness, but please
note that in the next chapter we will show that this method is not necessary in our zero
temperature case.

Popov and Fedotov propose the introduction of an imaginary chemical potential of

the form uff = —é—’é. This amounts to replacing the original Hamiltonian H by

(3.36) HPF =H— PPN,

where N =) ;®;, and H is written in terms of the fermionic operators. In their work,
Popov and Fedotov show that there is a mutual cancellation of unphysical contributions
arising from the sectors with @; = 0 and @; = 2 such that the expectation value of

a physical operator @, calculated with HPF within the entire Hilbert space, (G)FF,
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is identical to the expectation value calculated with the original Hamiltonian in the
constrained Hilbert space. While this approach has been applied to spin models at half
filling, it cannot be extended away from this limit. Furthermore, at 7' = 0, the schemes
with 4 =0 and p = uPF are in principle not equivalent, given that the limit 7' — 0 and the
calculation of (6)FF do not necessarily commute. In our formulation of PFFRG we will
consider a zero chemical potential as our Hamiltonian is particle hole symmetric and it is
easier to treat numerically. We can interpret this choice from a phenomenological point of
view: if we note that non or doubly occupied spin-0 sites are equivalent to vacancies in the
spin lattice, then creating such vacancy (via a fermion number fluctuation on a particular
site) means that the binding energy of a spin to its environment needs to be overcome.
It therefore is to be expected that at zero temperature the ground state of the fermionic
system lies entirely in the physical spin-1/2 sector and that unphysical occupations are
gapped excitations with an energy on the order of the exchange couplings. In Sec. 4.1.1
we will show that this is indeed the case, proving that at 7' = 0 the pseudo fermion
constraint is automatically fulfilled without any further methodological adjustments.
This proof will be based on the addition of level repulsion terms to the Hamiltonian.
In our case our study will be based on Heisenberg like Hamiltonians of the form in
Eq. (3.30), so the level repulsion term takes the form —A} ; S?. Since the eigenvalues
of S? are S(S + 1), where S is the spin length, this implies that, if A is positive, this
term will shift the ground state energy of our Hamiltonian by a factor of S(S +1). In
our particular case the pseudofermions can generate two different spin lengths, total
spin 1/2 or 0, and in turn the level repulsion term will lower the energy of the spin-1/2
sector with respect to the spin-0. What we expect is that, if our assumption is correct
and indeed there is no pseudofermionic number fluctuation, then the inclusion of the
level repulsion terms in the Hamiltonian should not affect the results obtained from
it as the ground state would already be completely generated by spin-1/2. Please note
that we assume this considering that the energy scale of the level repulsion terms, A,
is positive (interesting results arise in the case of negative coupling as we will show
in the next chapter) and that in general A <« J;;. If A would be of the order or bigger
than the Heisenberg couplings, the overall physics of the Hamiltonian would change, for
example, in the limit of A > J;; we could treat our Hamiltonian as the Hamiltonian of
non interacting spin (arising from the extremely large level repulsion terms) perturbed
by a small interaction (coming from the Heisenberg part) which is very far from the

strongly interacting Heisenberg systems of interest.
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3.3 PFFRG framework

3.3.1 General form of the PFFRG equations for spin systems

We will now explicitly derive the PFFRG equations for the spin-1/2 case. In the next
chapter we will show a generalization to a Heisenberg model with spin operators of
arbitrary length [8]. We will concentrate on non-magnetic phases, i.e. phases which do
not break a symmetry of the Hamiltonian. To study long range ordered phases we would
have to include infinitesimal symmetry breaking terms in the Hamiltonian (as has been
done for superconductivity in Ref. [39]), which would increase the complexity of the
equations. Please note that even though we cannot access magnetically ordered phases,
we will still be able to detect magnetic instabilities as a breakdown of the flow.
Starting from the introduction of the pseudo fermions we see that without any
quadratic terms in the pseudo-particle Hamiltonian the bare fermionic propagator in

Matsubara space is simply given by
1
(337) GO(]-,, 1) = Jé(a)l - wll)éillilaalalr )
1

where the index “1 ={w1,i1,a1}” denotes a multi index containing the frequency variable
w1, the site index i1, and the spin index a. Also note that in the zero temperature limit
considered here, the discrete Matsubara frequencies become continuous. The diagonal
structure of Eq. (3.37) in the frequency, site, and spin variables is due to energy conser-
vation, absence of any fermion hopping in the Hamiltonian, and isotropy in spin space
(coming from the non-magnetic nature of the phases), respectively.

Within PFFRG, the singularity of the propagator at w; = 0 is regularized by introduc-

ing an artificial infrared cutoff A implemented via a Heaviside step-function,
(3.38) Gg(1';1) = 0(wil - NGo(1'51).

This introduces a A-dependence in the self energy. Similarly as before, energy con-
servation, the absence of hopping, and isotropy in spin space gift the self energy with a

diagonal structure

(339) ZA(]-,, ]-) = ZALAI((HI)(‘)\((IUI - wl’)6i1/i16a1a1/ ’

which also extends to the single scale propagator S*.
Here and in the following we will denote the two particle vertex by I'* (not to be con-

fused with the generating functional I'*(¢,¢)), and the self energy by =*. As mentioned
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1 1 1 1 1 2! 1 2

Figure 36: Diagrammatic illustration of the PFFRG flow equations for the self energy and
the two-particle vertex, see also Egs. (3.40) and (3.41). The thick black lines represent
full propagators, G* while the black crossed lines are identified with the single scale
propagator SA.

before, this modification generates a A dependence of all fermionic irreducible one parti-
cle vertex functions with m-legs, I’ ,‘,\1, such as the self energy ZA(1';1) = F’l\(l’ ;1) and the
two-particle vertex I'(1',2';1,2) = Fé\(l’ ,2':1,2). Following the standard FRG framework
we showed in the previous section (for more details please refer to [40, 41]), this depen-
dence can be described by an infinite hierarchy of coupled integro-differential equations
where the scale derivative dl“a/dA couples to all vertices l“,’} withn=1,2,....m,m+1.

The equations for the self energy and the two-particle vertex take the form

i A(q/. __i A(1! of. A /
(3.40) =M (15) = 2”2,22r (1,2;1,2)81 (2,2),
i A(1! of. _i A(1! ol ql. A /
T (1,2,1,2)_2713,253 (1,2,31,2,3)S"(3,3)
S y [FA(1’,2’;3,4)FA(3’,4’;1,2)
270 35314

-T81',4;1,3)1 (3,2';4,2) - (8’ —~ 4,3 — 4)
+I2,4/;1,3)1r (3/,1;4,2) + (3’ —~ 4,3 < 4) ]
(3.41) xG™(3,3")S%(4,4),
where sums stand for 21 = [ o1 dw1};, Y q,=1,] and Fé\ is the three particle vertex. The
diagrammatic form of these equations is depicted in Fig. 36. The right hand side of the
equation for the two particle vertex contains six terms, the first one is the three particle

vertex. The second is the particle-particle graph, and the remaining four represent

particle-hole graphs.
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As before, GMw) = [(G{)\(a)))'1 —>Mw)]! denotes the fully dressed propagator and

d -1
(3.42) SMNw) = GA(w)zd—A (Gw) ™,

is the single-scale propagator. This expression can be brought to a more convenient
form noticing that G contains a step function O(Jw|— A) and it’s derivative gives a delta
function 6(|w| — A). Morris’ identity ([42]) tells us that if we use broadened functions
Oc(lwl—A)=06(lw| — A +¢€) and O (|lw| — A) = O(Jw| — A +¢€) and take the limit ¢ — 0 it can
be proven that

1
(3.43) 66(x—A)f(®€(x—A))—>5(x—A)f fdte.
0

This identity straightforwardly leads to an expression of the single scale propagator
of the form

O0(lw|—=A)
iw—-2Mw)

We mentioned previously that we chose a sharp frequency cutoff given that it would

(3.44) SMNw) =

simplify the flow equations. This simplification is evident now looking at Eq. (3.44), given
that due to energy conservation the Matsubara sums are greatly simplified, with only
one sum remaining.

For a numerical evaluation of these equations, the infinite hierarchy needs to
be truncated. The most straightforward truncation scheme amounts to treating the
three-particle vertex Fé\ as zero. This, however, leads to an insufficient feedback of
the self energy into the two-particle vertex flow such that all results effectively re-
main on a classical level. Particularly, quantum fluctuations needed for the description
of magnetically disordered phases are almost com-

pletely neglected within such a scheme [35]. The

key improvement is achieved by the so-called % —— i-)- =>4 —

dA

»

Katanin truncation [43] which neglects Fé\ in
Eq. (3.41) but at the same time replaces the single- Figure 37: Diagrammatic expression

scale propagator by the total derivative of the full of Eq. (3.45). A crossed line represents

Green’s function a A-derivative in the propagator.

d
A A A A
(3.45) §h— ——gh=85"-(GN)

2 d

A
dA
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where the last equality arises from simply applying the quotient rule and the first term
of the utmost right hand side is the results of derivating G(‘)\. The diagrammatic form of
the replacement is shown in Fig. 37, where we have denoted by a crossed out propagator
line the propagator that contains a A-derivative. When this replacement is inserted in

the second flow equation, new terms arise.

This scheme effectively takes into account a certain subset of three-particle vertex
contributions in Eq. (3.41), an example of one of these three particle contributions is

shown in Fig. 38.

Most importantly, the modified single-scale
propagator is given by the total derivative —dd—AGA,
such that the complete feedback of the self en-

ergy into the two-particle vertex is always ensured

within the Katanin truncation. We can see the use-

fulness of this approach if we interpret the self en-

. . . Fi : P f the th icl

ergy as a pseudo fermion damping term in the full igure 38: Part of the three particle
. . . contribution to the two particle ver-

propagator. In this picture the contribution of the '

tex generated by the Katanin trun-

self energy plays a fundamental role as it can de-
stroy magnetic order by suppressing the fermionic
propagation. It seems then that this feedback is
essential for the proper description of quantum
fluctuations that lead to magnetically disordered
phases. If the Katanin truncation were not to be
implemented, one would expect that the results
of our PFFRG scheme would be biased towards
magnetically ordered phase, thankfully though, the

Katanin truncation balances the different terms in

cation (right hand side diagram). If
we replace the single scale propaga-
tor in the particle-particle term by the
self energy correction arising from the
Katanin truncation (Eq.3.45) the right
hand side term arises, which can be
seen as of the same type as the three
particle vertex as it has four external

legs and one loop.

such a way that all diagrams corresponding to magnetic order or disorder are accounted

for with the same weight, leading to an unbiased calculation.

3.3.2 Initial conditions

The initial conditions are taken in the limit A — oo, where the free propagator vanishes

identically. Hence, the only finite vertex function at A — oo is the bare two-particle vertex

given by
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oo/ of. _ H H
F (1 2 ]. 2) 11L20a1/a10a2/a26ll’l16l2’l2
x 6(a)1 +wg — w1 — Wgr)

(3.46) — (w1 <= wa,i1 < ig,a1 < @2),

where the factor ~ 1/4c0#0* results from the pseudo fermion representation (3.32)
and a sum over u is implicitly assumed. The last line guarantees that the fermionic
antisymmetry condition under the exchange of variables 1 < 2 or 1’ < 2’ is fulfilled.
Furthermore note that due to the absence of any quadratic fermionic terms in the
Hamiltonian, the self energy always vanishes identically at A — oo, but it will become
non-zero as the flow progresses.

The flow equations can be brought into a more convenient form by exploiting the
special site index structure of the two-particle vertex. Since all propagators G*(1',1),
SA(1',1) are diagonal in i1/, i1 the spatial dependence of I'°(1’,2’;1,2) as indicated in
Eq. (3.46) is retained to all levels of diagrammatic approximations. This means that for
each diagrammatic contribution with site indices i1/ and i9 on two external fermion
lines, the other two indices must either be given by i1 =iy, ig =ig9 Or iy =19, ig=1i7.

The spatial dependence of I'*(1/,2';1,2) can therefore be parametrized as

rA@,251,2) =T, (1,2'51,2)8;,,1, 81,1,
x 0(w1 +we — w1 —war)
(3.47) — (w1 < wz,i1 < i, a1 < ag),
where the new vertex I'* fulfills the condition ff\liZ(l’,Z’; 1,2)= fé\zil(Z’, 1’;2,1). Note
that the multi index “1” appearing in the argument of I'* only stands for the frequency
w1 and the spin a1, while the site indices are written as a subscript. Furthermore, the

O-function in the frequencies in Eq. (3.47) guarantees that energy is conserved.

The initial conditions for I'* takes the form

(3.48) e, 1,251 2)— Ji1i20 0010 bty iy Oi iy Oy -

i1l2

3.3.3 Parametrization of the spin dependence

The parametrization of the vertices according to their spin dependences leads us to a

clearer picture of the underlying structure of our equations, and is fundamental for their
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numerical solution.
Considering the self energy, we know it is a local quantity in spin space, proportional
to the unit matrix, and is related to the Green’s function G* via Dyson’s equation. At

the same time, G" is related to the spectral function p(w) via G(w) = [ NN

oo (w_e)de, where

w is a Matsubara frequency. Since the spectral function represents the distribution
of probabilities of a particle having an energy w, it has to be an even function in the
presence of particle hole symmetry. Then G” is an odd function with vanishing real part,
and via Dyson’s equation we find that the self energy also result as a purely imaginary
odd function, =" = —iy ().

Furthermore, the rotational invariance of our system will be conserved during the
flow. As a consequence, the two-particle vertex can be parametrized by spin-spin terms
x O'Z ﬁaﬁ s+ What it is perhaps not obvious, is that even though the initial conditions
only contain spin-spin terms, the structure of our equations allow for the appearance
of density-density terms o §456,5 at finite A, with the density term vanishing in the
limit A — oco. This way the two particle vertex, T’ 5\1 iz(l’ ,2':1,2) can be represented as in a

similar form as Eq. (3.47):

I}, @,2;1,2) =4, (1,2':1,2)0% 4,05 0,

i1lg si1ig
+fé\i1i2(1,’2, : 1’2)5“1’6“160‘2'@2)
x0i,1i10i,i,0(W1 + 02 — w1 — W)
(3.49) —(w1 < w2,i1 < iz, a1 < A2),

where s(d) correspond to spins (density) interactions, the §-function ensures energy
conservation, and the numbers now only represent a short hand notation for frequencies.

We can now re derive the flow equations for both the self energy, =%, and the two
particle vertex, I'A in terms of the parametrized vertices I é\( O

We will derive the new flow equations in the conventional truncation scheme, where
the single scale propagator adopts the form (3.44). Later on we will show that the Katanin

truncation scheme just modifies a portion of the flow equations.

3.3.4 PFFRG equations for the self energy

For the self energy, inserting the parametrization Eq. (3.49) into (3.40) and using
Eq.(3.39), we can see that evaluating the sum over spin variables becomes straight-
forward. At the same time the w9 integration is also simple to calculate since Eq.(3.49)

contains a delta function on frequencies. Performing the above mentioned steps we obtain
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d A 1 A
o (1)_—7T2:Zi (- 22% J(1,2:1,2)+304 | (1,2:2,1)

(350) +f‘di1i1(1,2:2,1))w+—y1\(2),
2

This equation can be rewritten by exploiting symmetries in frequency space. First,
since energy conservation apply, we can write one of the frequencies in terms of the other

three, which means we can rewrite the arguments of I'* and fé\ as

(3.51) (1,2:8,4)— T2, (1+2,1-3,1-4).

s(d)leg

Please remember that the number notation now only represents frequencies. With
this in mind, we can rename s = wy + Wy, t = Wy — w1, and u = wy — wg such that
s(d)z i9 (1+2 1- 3 1- 4) S(d)l ig

sum in Eq. (3.50) we thus arrive at the final equation for the self energy

(s,t,u). Naming 1 — w, and performing the explicit

d A
o (w)_—[ 2Z(Fd”w+A0w N-T}(0=-A,0,0+7)
+3(rSA”(w+Aw A,0)— rg‘”(w A 0+ A,0))
1
A

3.3.5 PFFRG equation for the two particle vertex and Katanin

contribution

The two particle vertex can be obtained via a similar process as we used for the self
energy. The form of the fully parametrized equations is shown in Appendix . Here we
will show the equations without parameterizing the spin dependence, and we will point
out the explicit difference between the conventional and the Katanin truncation schemes.

The two particle vertex flow equation is
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ifA. (1’,2’:1,2):if00 dw4foo dws Y.

dA 200 Joco  alas
|[4,(,2:3,9T2,,(3,4:1,2)P), (05,0)
— 2 I 4: L3, 3,21 4,2)P (w3, w4)

J

+T0,,(1,4: 1,310, (3,2':2,4)P)) (w3,04)
+T0, (1,4:3, DT, (3,2':4,2)P); (w3,04)
(3.53) +T2,.(4,2':1,3)8, (1,3:4,2)P}, (w3,04)

1911 lol1 igi1

where we have defined

(3.54) pPA

A (@1,09) = G (01)S A (w2) + G (w)S P (w1).

Depending on the truncation scheme in use, the form of Pij\liz(wl,wg) will be different.
If the conventional scheme is used, in which the third particle vertex is completely

disregarded, the single scale propagator has the form of Eq. (3.44) and we obtain

(3.55) GMw1)S Mg = 21t =A) Bllws|~A)

w1 +yMwr) ws +yMwsz)

Within the Katanin truncation scheme, the replacement Eq. (3.45) is done only in the

second flow equations, and it leads to

A A, O0(ow1l=A) O(wzl—A)
¢S (w2)_w1+YA(w1)w2+YA(Qz)

d a O(lwil—A) O(ws|—A)

* (d_A () (@1 +YMwD)Z wg +YMws)

(3.56)

This means that within the Katanin truncation scheme the right hand side of the
flow equation for the two particle vertex will contain a new term.

The five terms on the right-hand side of Eq. (3.53) can be easily distinguished
according to their site-index structure, as illustrated in Fig. 39. The first term is a
particle-particle term that generates ladder-type diagrams where the fermion lines
have the same orientation (see arrows in Fig. 39). The second term is special as it

contains an internal closed fermion loop associated with a site summation. This term
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: J 2 2
d 1 _
dA 1’@’ = +
1 13
1 2 4l 2 24 2 24 2'
2 i, 2 2 4 2! 2\ 3 2
d 4 4 4
- — _ +
A J- s T3 + 3
17, 117, 3 1' 17, 4 1

Figure 39: Diagrammatic illustration of the PFFRG flow equations for the self energy
and the two-particle vertex, see also Eqgs. (3.52) and (3.53). The gray lines crossing
two fermion propagators denote the term PiAlig(wl’wQ) = Gé\l(a)l)SLAZ(wg) + Gg(wz)Sf.\l(a)l)
while slashes crossing only one line are the single scale propagators. Site indices i1, ig, j
illustrate the real-space structure of the flow equations. The five terms on the right-hand
side of the second equation are the particle-particle channel, the RPA term, two vertex
correction terms and the crossed particle hole term in the same order as they appear in
Eq. (3.53).

sums up RPA diagrams and will play an important role in the spin-S generalization
described in the next chapter. Most importantly, this is the only term in the PFFRG
equations where the vertex evolution d%ff\l iy does not only couple to the local vertex
ff\i or to itself, but also to any other vertex ff\lj and fj.\iz. As a consequence, the RPA
term generates long-range correlations between spins. The third and fourth terms in
Eq. (3.53) are referred to as vertex corrections, while the fifth term is the crossed particle-
hole channel summing up ladder diagrams with fermion lines of opposite orientation.
In general, the non-local nature of the RPA term is responsible for the formation of
magnetic long-range order. On the other hand, the ladder diagrams induce a strong
short-range binding between nearby spins leading to spin-singlet formation and to an
effective non-magnetic resonating-valence bond description. Given that in our approach
the terms that contribute to magnetic order and those that induce quantum fluctuations
are treated on the same level of approximation, magnetically ordered and disordered
phases can be described on equal footing, which establishes the strength of the PFFRG
method.

The last step of the derivation is straightforward though tedious, we show the final
flow equations in Appendix . It regards the replacement of I'* with fé\ and ffi\ in Eq.3.53

and performing the spin sums over ag and a4 with the subsequent introduction of the
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frequencies s, t, and u. Comparing the contributions corresponding to the spin and

density interactions on both sides we obtain flow equations for '} and fé\.

3.4 Technical aspects on the numerical solution

To numerically solve the PFFRG equations, several further steps of manipulating
Eq. (3.53) need to be performed. In the following we treat the definition of boundary
conditions for our real space dependence, as well as the appropriate approximation of
the continuous frequency variables by a discrete grid. Finally we will briefly explain the

numerical algorithm employed in the solution of the equations.

3.4.1 Treating the spatial dependence

Since our flow equations have summations which depend on the lattice sites, and the
numerics require a finite set, we need to treat this spatial dependence in a way in which,
for finite system sizes, we can distinguish between presence and absence of long range
order, and where the finite size effects are minimized. At the same time, given the site
summations involved, maintaining the translational invariance of our lattice intact
will allow us to speed up the calculation. In our numerics we will treat this spatial
dependence considering an infinite system where the spatial limit appears in the vertex

functions. We will consider an infinite system in which l"ﬁ\l iy #0 for i1 and i9 such that

(3.57) IR -RY |<L?,
1 12

where y ={x,y,2}, R; = (Rf,Rf’,Rf) is the distance between sites i; and ig, and L =
(Ly,Ly,L), with L, , . the number of unit cells in (x,y,z) direction where the condition
holds.

With condition (3.57), our effective system “size” will be defined in terms of L. For
example, for a simple cubic lattice we take L, =L, = L, = L, and our system size will
contain L3 sites. With this constraint, translational invariance is preserved, so our site
summations will be performed only over all the neighboring sites that fulfill the length
constraint. Please note that in the case of the two particle each RPA bubble contains
sums running over an index j, dealing with vertices between i; and j, and j and io,
while the self energy only contains one. Further lattice symmetries will be employed to

speed up the calculation.
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3.4.2 Frequency dependence and numerical approximation

Once we resolved the spatial dependence, we can concentrate on the treatment of the

frequencies.

First and foremost, the flow equations at zero temperature are formulated in terms
of a continuous set of frequencies. To achieve a numerical solution we need to discretized
the frequency dependence, i.e selecting our frequencies s, ¢, and u from an appropriate
grid. In general we will use a linear grid for the frequencies corresponding to several
orders of magnitude above the coupling strength, where the flow of the two particle
vertex is small and shows little variation, and a logarithmic grid at energy scales of the
order of the coupling strength and below, to obtain a good resolution of the small energy
scales where the interesting behavior of the flow is located. In principle, the frequency
arguments w, w1, wg, and ws that appear on the right hand side of the flow equations for
fé\( O and > (w) will not coincide with grid points as they are given by combinations of s,
t, and u as mentioned before Eq. (3.52). To choose one point from the grid for each one of
these frequencies we use a linear interpolation based on the nearest grid point below

(w<) and above (ws) our desired frequency. This way, our self energy results

1
(3.58) )/A(w) = [yA(a)<)(a)> —w)+ YA(w>)((1) — w<)]—w > o<

and the two particle vertex

i, (W1<, 02<, u)W1> — W1)(W2> — W2)

A _[rA
rS(d)ilig(wl’wz,u) = [l“s(d)i1
+ Fé}d)iliQ(wk,wb, w)wis —w1)(Ws — Wac)
+ Fé}d)ili2(w1>,w2<, u)((,l)]_ - w1<)(w2> — wz)

+ Fé}d)ili2(a}1>,w2>, u)(wl — (1)1<)(a)2 — w2<)]
1

3.59 X .
( ) (w1> — w1 W2> —wac)

Finally, we point out that as we could use lattice symmetries to speed up the numerics,

we can also use frequency symmetries[44]. The vertex Fé\( d)im(s, t,u) is invariant under

s — —s, t — —t, and u — —u. Furthermore, F;‘iliz(s,t,u) is invariant and fé\iliz(s,t,u)
changes sign under s — u. These symmetries reduce the computational power by a factor

of 16 since only 1/16 of the space spanned by the frequencies needs to be calculated.
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3.4.3 Numerical algorithm

The equations that remain to be solved are ordinary first order (coupled) differential

equations of the form

d A _ A
(3.60) A

where Y represents the self energy and two particle vertex, and f is the right hand
side of the flow equations.

The solutions of these equations can be found numerically via an iterative method,
for this we chose a Runge Kutta algorithm. Furthermore, a Runge Kutta order one,
otherwise known as the Euler method, is sufficient to solve it with minimal numerical
error. The algorithm consists on replacing the boundary co by a large value and splitting
up the integration range into n small pieces, [Ag,00) — [Ag, A1], [A1,A0], ..., [An—1, ARl
For the first step we get Y = Y2, from then the algorithm proceeds by introducing in the
integrand the previous values of Y.

The pseudo code (ignoring the spatial dependence that only consists on nested “for’

loops on the lattice indices) has the form:

Algorithm 1 Euler method for the flow equations.
Define f(YA, A).
Input the initial conditions Y?» and A,,.
Input the step size h, and the number of steps n.
for j =0;j <n+l) do
m =f (Y, A,)
Yn—l = Yn + h*m
An—l = An +h
Yp=Yp1
Ap = Ap-1
end for

Please note that certain care needs to be taken regarding the third step, since the
step size, h, will change depending on the discretization of the continuous frequency A.
The algorithm is in principle straightforward, but using every possible symmetry in the
frequency and real space is essential, since the scaling with the different parameters
can require several CPU hours/days per data point. We can estimate the scaling of the
computation by looking at the most complex flow equation, the two particle vertex: for

the spacial dependence of the scaling we notice that the two particle vertex I’ {\1 iy depends
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on two sites. This is due to the fact that the lattice is translation invariant and as such
the two particle vertex will depend on the distance between the sites, but not the sites
themselves. As such we can fix i1 and calculate the two particle vertex for every site is.
These scales with system size, N, as G(N). But at the same time the two particle vertex
contains a site summation running over all the sites in the lattice, which transforms the
scaling to G(N?). For the frequencies, we have three frequencies discretized over a grid
containing f points, which together with the Katanin truncation result in a scaling of
the form @(f*). Finally, our total computational scaling for a calculation consisting of N
lattice sites, provided translational invariance is not broken, and f frequency grid points,
results G(N? x f4).

For our results throughout this thesis we use a combination of a linear and logarithmic
grid consisting of up to 60 discrete values for each frequency variable. For the A grid we
will employ a scale in which A, = 0.95A,,_1. Furthermore, the spatial dependence of the

vertex functions is treated with L = 10 according to our spatial constraint.

3.5 Calculations of the static spin-spin correlator

Finally, from our approach we can calculate the static spin-spin correlation function,
which gives us information on the magnetic properties related to two particle interactions.
We can calculate this quantity via Kubo’s formula. If we consider a small local magnetic
field at site i , we can ask what the effect on a spin on another site j will be, and treat
this as a perturbation to our Hamiltonian on site j. The response to this perturbation is

given by

(3.61) xij(7) = 0(){S;(7)S;(0)}).

For the static correlator we can write

(3.62) Xij = fo dr (T+(S:(1)S,0)) .

This has the form of a spin-spin correlator, which can also be interpreted as a
local susceptibility. We can replace the spin operators for pseudofermions, and see that
the form of the susceptibility resembles that of a two point Green’s function with the
superindices 1’ = 1 and 2’ = 2. We can expand the expectation value diagrammatically as

we have done in previous sections for the Green’s functions, and we find
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(3.63) A= @@j +4

which in explicit form reads

= —— f doGN OGN @) - — f f dwdw'GNw)GNw)GN )G W)
' 4n 872

(3.64) x

sii

sij

or® -(w+w’,0,w—w')+FA-(a)+a)',w—w',0)6ij—Fé\ii(w+w',w—w',0)6ij )

Exploiting translation invariance of the lattice and transforming the site variables

i1 and ig into k-space yields the spin susceptibility )(A(k) as a function of the RG scale

A. The magnetic properties of the system can be deduced from the A evolution of the

susceptibility.

We have formulated our full PFFRG derivation
considering that our system does not break time re-
versal symmetry. Furthermore, we have pointed out
the increase in complexity if we were to add time
reversal symmetry breaking terms to the Hamilto-
nian. This means that the flow equations will have
a physical solution as long as time reversal is not
broken, if this symmetry is broken then the results
lack physical meaning and the flow of the stud-
ied quantity breaks down. This property is used
in the analysis of our numerical results by study-
ing the behavior of the maximum of the two point
susceptibility in the reciprocal space at a given A,
Ymax(&): In the case that our particular Hamilto-
nian presents magnetic long-range order (LRO) in
the ground state, and this LRO appears with wave
vector Kk, the corresponding maximal susceptibility

Ymax(K) will grow as A is decreased, until a peak or

— Magnetic order
/ — NOo magnetic order
~
4
3
—> A\

Figure 310: Sketch of the susceptibil-
ity’s flow as a function of A for the cases
of a magnetically disordered ground
state (green curve) and another pre-
senting LRO (red curve). We plot the
maximum of the Fourier transform of
the two particle susceptibility at the
dominant wavevector k as a function
of A.

a kink indicates the magnetic instability breakdown of the RG flow as can be seen in

Fig. 310. Please note that with a dense frequency grid and in the thermodynamic limit,

i.e., without limiting the spatial extent of the two-particle vertex, these peaks would

grow and eventually become divergences. Otherwise, if the system does not exhibit LRO

in the ground state, a smooth flow of the susceptibility is expected, i.e. it does not show
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signatures of an instability down to A — 0, as shown by the green curve in Fig. 310. We
have to be careful still with the interpretation of this analysis, as we are studying two
point correlators. The absence of a magnetic instability is not a smoking gun proof of a
disordered ground state without any type of symmetry breaking, as there might be an
instability in a higher order correlator (for example, a chiral state is expected to present
an instability in the three point correlator). It is worth noting that if the spatial con-
straint we mentioned before on the two particle vertex is too drastic, which would mean
working with a lattice size too small, the signatures of magnetic instabilities cannot
be clearly identified, as a relatively big system size is needed to identify LRO. In our
experience, system sizes with a lattice size L = 6, which is equivalent in our honeycomb
lattice benchmark to ~ 70 sites, is enough to detect a clear magnetic instability. As the
size is increased the instability gets more pronounced, but the critical value at which it
happens, A.,it, is not changed (please note that a good determination of A.,;; requires a

very dense discretization of the A scale).
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CHAPTER

QUANTUM TO CLASSICAL CONNECTION
LARGE S GENERALIZATION FOR PFFRG

The part that is stable we are
going to predict. And the part
that is unstable we are going to

control.

John von Neumann, 1948

n the following chapter, we will introduce a large S generalization for the pseud-

ofermionic FRG framework. While this generalization might seem of pure academic

interest, there is a growing number of spin systems, many of them with experimen-
tal realizations, where novel phases appear at higher spin lengths than 1/2.

The traditional recipe for maximizing the effects of quantum fluctuations has pri-
marily involved spins of the smallest magnitude S = 1/2, but extremely interesting spin
phases can likewise occur in the extreme opposite limit of classical spins, S — oco. For
example, this limit is realized in pyrochlore materials known as spin-ices[45] which
are characterized by an extensive ground state degeneracy[46] and effective monopole
excitations[47], and in spiral spin liquid materials [48-50]. Furthermore, there are many
novel types of quantum phases that appear at a specific intermediate value of S (see e.g.
Refs [61-54]).

In the present chapter we will show how this generalization is obtained within
the PFFRG framework, and later on, as a first test, we will apply this scheme to the
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antiferromagnetic /1-J9 Heisenberg model on the honeycomb lattice with first (second)
neighbor interactions J; (J2). Due to the frustrating effect of the J2 coupling, the system
shows rich magnetic behavior as a function of S and J9/J1, where the spin-1/2 case has

attracted particular attention.

4.1 Large S generalization

The first step of our approach to generalizing the S = 1/2 PFFRG method of the previous
chapter to arbitrary spin lengths S, consists on generating spins of length S in our
lattice sites. The most straightforward way in which we could do this is generalizing the
Pauli matrix representation o in Eq. (3.32) to higher angular momenta, as described,
e.g., in Ref. [55]. In such a scheme, the implementation of a spin-S degree of freedom
requires the introduction of 2S5 + 1 fermions on each site with a pseudo fermion constraint
fixing the particle number to either 1 or 2S. This constraint could be implemented by
introducing a non-zero chemical potential, but in situations as we are interested in,
the problem of applying a chemical potential is that any finite yu will either deplete
the system completely (¢ > 0) or induce the maximal fermion occupation (u < 0), as
our Hamiltonians posses no hopping terms. To not deal with this complication, we will
approach the problem from a different perspective: we will generate our spin S in a given
site, by considering multiple copies of spin-1/2 degrees of freedom of different flavors on
each site [66-58]. Thus the finite chemical potential problem is avoided since for each
flavor x a spin-1/2 degree of freedom is realized at half filling which corresponds to a
chemical potential i =0 as stated in the previous chapter.

To achieve the arbitrary S formulation, we have to rewriting our pseudo-fermionic
approach considering the different flavors. In our definition (3.32) we now add a sum

over the M spin flavors, i.e.

M
(4.1) Si— ) Six,

k=1

where x denotes the new “flavor” index. Inserting into the Hamiltonian (3.30) we

obtain

M M
(4.2) FE = ZJij(Z SiK)-( SJ-K,).
k=1 =1

(L]) x'=
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Please note that all flavors x on site i interact with all flavors x” on site j via the

same coupling JJ;j, but there is no coupling between spins of different flavors in the same

site. A coupling between different flavors in the same site can be added, this is what we

will reference in the next sections as level repulsion terms.

The question that arises when one introduces the different flavors is related to the

total spin our combination of pseudofermions of different flavors will generate. If we

study the modified pseudo-fermionic representation in Eq. (3.32) we see that in this case,

if we aim to set up a generalized spin-S PFFRG scheme, the pseudo-fermions acquire an

extra flavor index, and the representation

takes the form

L
(4.3) S = §Zfiax‘7ZﬁfiﬁK’
ap

where the operators f;, fulfill the standard fermionic anti-commutation relation

(4-4) {fiaKy f;a’x’}

As mentioned in the previous chapter,

the operators f Y

i1k fl(L)( for a given site i
(and now also for a particular flavor «)
will generate sectors in our Hilbert space
which correspond to spins of total length 0
and 1/2. This means that if we sum up M
of these operators we essentially are gen-
erating subspaces that correspond to net
spin lengths ranging from M/2 to 0. The
main problem is that, a priori, we cannot
state which spin length will correspond to
the ground state. Since we aim to use this
approach to study the ground state of spin
models with a certain fixed spin S = M/2,
we need to find out whether the subspace
corresponding to our desired spin length

S is the one in which the ground state of

= 5ii’6aa’61<1<’ .

A —5=0

= 5=(M-2))2
— 5= (M-1)12
—S=MpR2
E
r

A

Figure 41: Scheme representing the energy of
the different spin sectors as a function of the on-
site level repulsion term strength. We show the
energy as a function of a ferromagnetic coupling
A for different values of the total spin length S. A
ferromagnetic level repulsion term will strongly

reduce the energy of the higher spin sector.
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Eq. (4.2) is realized or whether the ground state has contributions from different sec-
tors. We can gain an intuitive understanding of which spin length will correspond to
the ground state if we think about Hund’s first rule. This rules states that for a given
electron configuration, the term with maximum multiplicity has the lowest energy. The
multiplicity being equal to 25 + 1, where S is the total spin angular momentum for all
electrons. This means that according to this rule, the term with lowest energy is also the
term with maximum total spin S. In our particular case, given that the largest angular
momentum eigenvalues corresponds to S = M/2, it is natural to assume that the ground
state will be constructed from states with S = M/2 on each site.

We will show in Sec. 4.1.1 that this is indeed the case. We will do this by explicitly
adding the aforementioned level repulsion terms, of the form A(Zﬂi 1 Six)?, with a ferro-
magnetic coupling, A. Since the eigenvalues of S? are S(S + 1) then a ferromagnetic A
will shift the ground state energy of our Hamiltonian by a factor of S(S + 1) as shown
in Fig. 41. What we expect is that, if the ground state is indeed composed exclusively
from S = M/2 states, then the inclusion of the level repulsion terms should not affect the
results obtained from PFFRG. This would be a clear indication that the ground state of
the modified Hamiltonian in Eq. (4.2) with M spin flavors is identical to the ground state
of the model (3.30) with spin length S = M/2.

To see how this modified pseudofermionic representation affects the flow equations,
we set up a diagrammatic theory with the new flavor indices x. This is a straightfor-
ward process since we already know what the building blocks of our theory are. In the
diagrammatic theory with new flavor indices we obtain the bare propagator Gy(1';1)
(analogous to that in Eq. (3.37)

1
(45) GO(]-,’ 1) = Eé(wl - wl’)(silrilaaflal/(sKl/Kl ’

where the d-function on the flavor indices arises from the anticommutation relations
in Eq. (4.4). With this in mind we see that the bare interaction I'*°(1',2’;1,2) (i.e., the

two-particle vertex at A — oo, analogous to Eq. (3.46) also has a §-function in the flavor

indices,
oo(1! 9. -7 . 5" H R
F (1 ,2 a172) _Jlllzaal/alUaz/a2611/116lgl126K1/K161(2/K2
x6(w1+w2—w1/—w21)
(4.6) —(a)1<—>w2,i1<—>i2,a1<—>az,1<1<—>1<2).
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where the multi indices also include the x variables, i.e. “1 = {w1,i1,a1,x1}”. By simple
inspection we notice that the index structure in Egs. (4.5) and (4.6) is identical for the
indices x and i. This simply means that the flavor index can be understood as an extra
site variable, and as such the sums can be dealt with exactly the same way as for site
indices. Furthermore, since the bare couplings <J;; do not depend on the flavor indices,
and the number of flavors is finite, the treatment of the multiple flavors is even simpler

than the case for the sites. A depiction of this process is shown in figure 42.

® @ @ ®

Figure 42: Scheme depicting the equivalence between different flavor pseudofermions and site
indices. (a) Each site here is a real space site where an spin lives. A red and black dot represents
a spin-S. (b) One spin-S site contains 2M pseudofermions corresponding to M different flavors.
(c) According to Eqgs. (4.5) and (4.6) the flavor index can be considered as a site index. As such the
sum between flavors can be dealt in exactly the same way as a sum between real space indices,
which can be depicted as each flavor corresponding to the sites of an underlying lattice (red dots).

With this equivalence, the analog of Eq. (3.47) is immediately given by

r‘a’,2';1,2) = (1',2'1,2)8; ,i,61,1,0x yx1 Oxcyca

i1i2K1Kg

4.7 —(w1 < w2,i1 < 12,a1 < A2,K1 < K2).

As noted earlier, the exchange couplings J;,;, in Eq. (4.6) do not depend on the flavor
variables such that there is no explicit x dependence in the scheme. Consequently, the
couplings oJ;,;, also remain independent of the flavor index yielding ff\l i2K1K2(1’ ,2:1,2) =
ff\liz(l"Q'; 1,2).

With this, the modifications of the PFFRG scheme are rather simple. If we look at
Eq. (3.40) and (3.41) we see that we will obtain a very similar equation, but where now
the sums stand for Z; = fwl dw1Y;, Y a,=1,] 2x,- Following the exact same procedure as

described in the previous section we can obtain the flow equations for the self energy
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d A 1 ™A ™A
-5 (a)):%[—ZM;(Fdij(a)+A,O,w—A)—Fdij(w—A,O,w+A))
+3(02 . (w+ A0 - A,0)-TA (0-A,w+A,0)
(4.8) +TA 0+ A w-A0)-TA (w-Aw+A 0)];
. dii\@ @ ’ dii\@ W ’ A+’)/A(A)

and the two particle vertex.

4 A (1’,2’;1,2):ifoo dmfoo dog Y
dA 12 27 J—co —o00 s s
[T4,0,2':3,000, (3,4:1,2)P), (03,00)
—2M ) T} (1,4: 1,313 (3,2 : 4,2)P (w3, w4)
J
+T2,(1,4: 1,30, (3,2':2,4)P)), (w3,04)
+T0, (1,4:3, DT}, (3,2':4,2)P}; (w3,04)
(4.9) +T8(4,2/:1,3) . (1,3:4,2)P . (03,04)

igi1 igi1 igi1

The extra flavor sum that needs to be performed on the process only appear in the
site summations, as these are the RPA terms that couple spins, and thus flavors, on
different sites. Performing the sum over flavors explicitly, and using the anticommutation
relations, we find that this leads to the prefactors of M in front of the site summations.
Please note that there is no further modification of the flow equations. The Katanin
truncation can be implemented as before, as well as the vertex parametrization and the
numerical treatment of the resulting equations.

We see then that all terms in Eqgs. (3.52) and (3.53) that contain a site summation
>j now also acquire a flavor sum ZKM:1 producing an extra factor M in these terms. In
this fashion we see that (provided the above assumption about the angular momentum
subspace of the ground state is correct) a spin-S generalization of the PFFRG only
requires an additional prefactor M = 2S in the first term on the right-hand side of
Eq. (3.52) (the new version of the equation is shown in Eq (4.8)) and 2M in the site
summation of Eq. (3.53) (i.e. the second term on the right-hand side of this equation, now
in Eq. (4.9). This is a somewhat expected result from a phenomenological point of view:
since the site summation lead to the RPA-like terms in the diagrammatic expansion, and
these are responsible for the onset of magnetic order, is no surprise that increasing the
spin length reinforces this term. Even though the bare couplings «/;; are independent
of the spin length, the RPA terms are reinforced the bigger S = M/2 is and thus the
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spin-spin interaction will be enhanced, as a consequence, the system will tend towards
some form of magnetic order. In other words, increasing the spin length makes the
ladder terms weaker, which is equivalent to decreasing the quantum fluctuations. Since
quantum fluctuations are responsible for the existence of disordered ground states in
clean quantum systems, we expect that for Heisenberg type systems, there will be a
critical value of S at which the possible disordered states are lost and magnetic order
appears. We will show how this can happen when we study the honeycomb lattice.

Though these results are expected, it is also remarkable from the numerical point
of view. We have shown that arbitrary spin lengths S can be easily implemented in the
PFFRG scheme, and that the implementation amounts to a multiplicative factor in the
equations. This factor does not change the computational scaling with system size, and
as such, any arbitrary spin length can be implemented without additional numerical
efforts.

Regarding the numerical solution, one more point needs to be clarified. As prefactors
of M appear in front of the RPA terms, it is expected that in the limit of big spin, S — oo,
the equations would contain divergences. Furthermore, the energy scale would change

with varying M since

- J

4.10 M=o —.
( ) u
Then, to ensure a correct numerical convergence and normalize the energy scales for

different spin lengths we define

(4.11) A= MmrA,

Rewriting the flow equations in terms of I'?, and rescaling the bare couplings as «/; i—
J;;j/M, we see that this would be equivalent to “exchanging” the factors proportional to

M in the RPA terms for factors proportional to 1/M in the rest of the terms. Furthermore,

(4.12) M= J,

thus the energy scales are automatically rendered equal for every spin length.

4.1.1 Level repulsion terms

Above we have claimed that the ground state of the spin model in Eq. (4.2) featuring M

copies of spin-1/2 degrees of freedom on each site is constructed from states in the highest
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angular momentum sector, and we proposed an analogy with Hund’s first rule. To check
that these statements are correct we will consider additional level repulsion terms of the
form A(ZKM: 1 Six)?, and we will study the effect of this term on a known model. We will
study the Heisenberg honeycomb lattice with nearest neighbor interactions (see Fig. 46)

where the resulting Hamiltonian takes the form

ww  wepaffn (L az(fs)

@) K
The eigenvalues of the operator

(ZQ’I: 1 Six)? present in the level repulsion

A)Jy =00 e

term are given by S(S + 1) where the to- A?ﬂ — 02
tal angular momentum quantum num- ﬁﬂi - :8:% o
ber S can, in principle, take all values T T T
0,1/2,...,(M — 1)/2,M/2. When A is chosen b 1
negative, the expected effect of the level I ‘\‘g& 1
repulsion terms it to shift down in energy e —

03 06 09 12 15 18
the angular momentum sectors. This re- A

duction will be more pronounced for the 08 1 12 14 16 1s

highest angular momentum eigenvalue A

S = M/2. If our assumption is correct, and
Figure 43: Flowing PFFRG susceptibility for

the nearest neighbor honeycomb Heisenberg an-

indeed the ground state of our Hamilto-
nian without the level repulsion term is

. . tife t with onsite level Ision t
given by the biggest total angular momen- iferromagnet with onsite level repulsion terms

. at S = 3/2, and varying negative values of A (due

tum, then we expect that further reducing i ] o
) to almost diverging susceptibilities, the RG flow
the energy of that subspace with respect

is not shown below the critical A scale)
to the other ones should have no effects on
our results.

We tested this assumption for the honeycomb Heisenberg antiferromagnet with
nearest neighbor interactions /1 > 0. We will present plots showing the maximum of the
susceptibility )(A(k), which is the Fourier transform of the spin-spin correlator calculated
according to Eq. (3.62), as a function of the cutoff parameter A. As mentioned before
the susceptibility’s RG flow breaks down whenever there exists an onset of magnetic
order, and we shall call the A value at which this breakdown happens critical, A.. The
breakdown is observed as a change in the slope of the susceptibility curves, accompanied

by oscillations arising from the discretization of the continuous frequencies (as a clear
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example of this breakdown please look at Fig.44). The model studied here presents long
range Neel order, as such, the flow of the two particle correlator will break down. This
will appear as a kink in the slope of the susceptibility’s flow. Studying how this kink and
the overall behavior of the flow changes in the presence of the level repulsion terms, we
will explore whether our assumptions about the angular momentum corresponding to

the ground state are correct.

In Fig. 43 we show the flow behavior
for the case of S = 3/2. We present different

ey eqeye . . =0.0 e i
susceptibilities corresponding to different — 02
values of the level repulsion term strength - :8:%1 A

A, normalized with the exchange coupling
Ji1. It can be seen that the susceptibil-

ity’s flow behavior remains qualitatively

unchanged as A is decreased from zero,

except for an overall shift of the curves

1.5 1.8

towards higher values of A. This shift is
not surprising, as A and A both have the

dimension of an energy, and subsequently
Figure 44: Flowing PFFRG susceptibility for

the nearest neighbor honeycomb Heisenberg an-

the energy scale is modified when the val-
ues of A change. Increasing |A| while keep-

. . tiferromagnet with onsite level repulsion terms
ing J; fixed increases the overall energy & P

at S = 1/2, and varying negative values of A

scale of the system such that the param-

eter A becomes renormalized. To account

for these effects, we repeated the calculations for rescaled values of A and /1. Phe-
nomenologically, we find that for fixed \/A2+J % such artifacts are largely removed,
yielding an approximate collapse of all curves, see inset in Fig. 43. In the rest of the plots
in this section the susceptibility y*(k) (RG scale A) is given in units of 1/J; (J1). In the
insets, energy scales are in units of /A2 +J % to compensate for energy renormalization

effects in A.

We also studied the effect of level repulsion terms for the case of spin-1/2 systems. In
this case the level repulsion terms will change the energy of the two sectors mentioned
in section 3.2: the unphysical spin-zero sector, representing occupations such as singly
or doubly occupied sites, and the spin-1/2 sector. Our initial assumption was that the
spin-0 sector is energetically suppressed in the ground state given that fluctuations of

the pseudofermionic number are forbidden at zero temperature. If this is indeed the case,
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CHAPTER 4. QUANTUM TO CLASSICAL CONNECTION

then we should see no qualitative difference in the behavior of the susceptibility’s RG
flow, as was the case for the spin-3/2 system. We show in Fig. 44 the RG flow behavior
of the susceptibility for the nearest neighbor honeycomb Heisenberg antiferromagnet
for S = 1/2. In analogy to the spin-3/2 case, the flow remains qualitatively unchanged
and shifts in A can again be compensated by keeping /A?2 +Jf constant (inset in
Fig. 44). These results indeed shows that our initial assumption was correct, and that no

unphysical subspaces contribute to the flow.

Additional calculations also confirm

the absence of any qualitative changes in 6 ‘ ‘
£ AJTy =00 oo
the RG flow for finite second neighbor in- 5 L3 A?Ji =02
AJJy =03 e 1
teractions JJ9 and varying S. In particular, . A?Ji =0.36 -
41 5 AT =04 e .

phase boundaries between different mag-
netic phases or melting transitions into
non-magnetic phases are never found to
be affected by A. We therefore conclude
that at least for the honeycomb Heisen-

berg model our assumptions about the

angular momentum sector in which the

ground state is located are correct. Fur- Figure 45: Flowing PFFRG susceptibility for
thermore, we anticipate that also a wider the nearest neighbor honeycomb Heisenberg an-
class of spin models shares this property tiferromagnet with onsite positive level repul-
within the PFFRG framework. sion terms [see Eq. (4.13)]. Susceptibility for

It can also be studied what the effect of Ja/J1 =0.1, S =1/2, and positive level repulsion
an antiferromagnetic level repulsion term terms 4 = 0.
will be. In this case, the energy levels in
the highest angular momentum sector undergo the largest relative increase, until above
a certain threshold of A, lower subspaces should become energetically preferred. It is
expected that the subspace with the smallest net spin (the unphysical spin-0 sector) will

be preferred after the threshold is reached.
The situation for Jo/J1 = 0.1 and S = 1/2 is depicted in Fig. 45, where the absolute

value of A is varied within similar ranges as in Figs. 43 and 44 but with a positive sign.
Upon increasing A we first observe a decrease of the critical A, followed by a sudden
drop of the susceptibility at A = 0.35, and almost vanishing responses above this value.
We interpret this behavior as a consequence of promoting the unphysical zero or doubly

occupied states. These results can be qualitatively understood with a simple analogy:
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if we promote total spin-0 states, what we are basically doing is diluting our system
by replacing the magnetic ions with non-magnetic ones. The states carrying S =0 are
equivalent to having vacancies in the magnetic lattice, as such the bigger A is, the more
magnetic ions are missing, the more diluted our system is, drastically changing the
behavior of the magnetic susceptibility. When A is sufficiently large, the ground state
resides entirely in the unphysical sector of the Hilbert space, which can be seen as no

magnetic ions living in the lattice anymore, leading to a vanishing susceptibility.

4.2 Antiferromagnetic J;-J; Heisenberg model on

the honeycomb lattice

To study how this method can be employed to understand the role of quantum fluctuations
in different magnetic systems, we apply this scheme to the antiferromagnetic J1-J2
Heisenberg model on the honeycomb lattice with first (second) neighbor interactions /7
(J2) (see Fig. 46), the Hamiltonian is given by

(4.14) H=J1) S;Sj+dJ2 ) S;S;,
@) {in

where (ij) denotes a pair of nearest
neighbor sites while ((ij)) indicates second
neighbor sites. We are interested in the
antiferromagnetic version of the system,
so the corresponding exchange couplings
are J; > 0 and Jy = 0, respectively. The
ratio of the two couplings is denoted by
g = Jold]. Figure 46: Illustration of the honeycomb lat-

Plenty of studies have been performed tice where /1 nearest neighbor (9 second neigh-

on this particular variant of the Heisen- bor) interactions are highlighted by red (dashed

berg honeycomb model. Tt is known that blue) lines. The two sublattices are indicated by

while the quantum system, S = 1/2, re- numbers and the nearest neighbor distance is

. . . assumed to be one.
mains antiferromagnetically ordered up
to Jo/J1 = 0.2, an abundance of numerical
studies indicate an intermediate magnetically disordered phase above this value [59-73].

The precise nature of this phase is still debated, but there is growing numerical evidence
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that it might again be split up into a potential plaquette valence bond solid (a state in
which pairs of spins couple into spin-0 singlets, and where these singlets order in a pla-
quette fashion in the honeycomb lattice, thus preserving the lattice rotational invariance)
at smaller Jo/J1, and a staggered dimer crystal phase at larger Jo/J; (also known as
lattice nematic, a state in which there is also dimerization present, but the dimers order

in a staggered fashion, breaking the rotational invariance of the lattice)[64, 66, 67, 70].

Concerning the opposite, classical, limit S — oo[74] it has early been realized that
above the classical antiferromagnetic phase (which is stable up to J2/J1 = 1/6) the system
features a continuous set of degenerate incommensurate spiral ground states[60, 75]
where it is known that quantum fluctuations at large S select a certain finite subset
of these states[60] via an order by disorder mechanism. We will not concentrate on a
detailed study of the different phases in the S = 1/2 case, as it has previously been
studied with PFFRG[59]. We will actually concentrate on the effect finite spin lengths,
S > 1/2, have on the different phases, and in how the presence of quantum fluctuations
affect the phase diagram. For sake of completeness we mention that with the PFFRG
framework it has been shown for the S = 1/2 case that there indeed exists a magnetically
disordered phase within the range Jo/J1 = 0.15...0.6 [59]. Probing this regime with
respect to the formation of different types of valence-bond crystals, strong staggered
dimer responses are found near the upper boundary of this phase, in agreement with
other numerical studies[64, 66—70]. Near the lower phase boundary (J2 ~ 0.2) the PFFRG

dimer responses are small, possibly pointing at the existence of a spin liquid phase.

We will show that at relatively large spin lengths the phase diagram quickly resem-
bles the classical one. In particular, already at S = 1, PFFRG shows no indication of a
magnetically disordered phase (it is worth noting that numerical investigations based on
coupled cluster and DMRG approaches indicate the possibility of a small non-magnetic
phase in the S =1 case[76, 77]). Instead, the system exhibits two regimes with different
types of incommensurate magnetic spiral phases. At S = 3 the magnetic phase diagram is
almost indistinguishable from the one at S — co except that, as mentioned before, quan-
tum fluctuations select specific states from a continuous set of degenerate classical states
via an order by disorder mechanism. This selection is found to be in agreement with
earlier semiclassical studies of the system.[60]. At the end of this chapter we will also
prove that at S — co, when the PFFRG equations can be solved analytically, we exactly
reproduce the known classically ordered states. More generally, we will also demonstrate
that for arbitrary lattices the PFFRG becomes identical to the Luttinger-Tisza method

in this limit.
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4.2.1 Phase diagram in the J,/JJ;-S plane via PFFRG

We now apply the spin-S generalization
of the PFFRG method discussed in the

last section to the antiferromagnetic /- |
J2 Heisenberg model on the honeycomb 52f = mms s s

lattice as illustrated in Fig. 46.

We will work with a lattice size con- “

3/2f = w4 4

sisting of 10 unit cells in each direction,

i.e L =10, and we will take advantage of TR S
the rotational invariance of the lattice to

12 CITIT4 A A v

speed up the numerics. The Hamiltonian

o 0 0.10203040506070809 1
is given by Eq.4.14. &

Numerically solving the PFFRG equa- Figure 47: Phase diagram in the g-S plane. We

tions for varying parameters in the g-S find a non-magnetic (NM) phase at S = 1/2 and

plane we obtain the phase diagram shown three magnetically ordered phases: an antiferro-

in Fig. 47. For S = 1/2 we reproduce the magnetic (AF) state represented by blue squares,
phases that have previously been found and two spiral phases S1 (red triangles), and S2
within PFFRG (see Ref. [59]): An extended (green diamonds).

non-magnetic phase at g = 0.2...0.6 is

framed by an antiferromagnetic phase at 0 < g < 0.2 and an incommensurate spiral
phase at g 2> 0.6. When quantum fluctuations are slowly suppressed, meaning, when S
is increased, the phase diagram changes drastically.

Already at S =1, the tendency towards magnetic order is strong enough that the
non-magnetic phase is completely eaten up by magnetic long-range order presenting
incommensurate wavevectors (See Fig. 49). This leads, in total, to three magnetically
ordered phases at S = 1: an antiferromagnetically ordered regime at 0 < g < 0.19 and two
spiral phases we will name “S1”, and “S2” at 0.19 < g < 0.53 and g = 0.53, respectively.

While this sequence of phases persists for larger values of S, the locations of the two
phase transitions shift towards the classical values 1/6 (for the boundary between the
antiferromagnetic phase and the S1 spiral), and 0.5 (between S1 and S2), see Fig. 47.
This implies that for intermediate values of the spin length, 1/2 < S < 3/2 quantum
fluctuations are suppressed enough as to destroy the non magnetic states, but not
enough that the boundaries of the phases will coincide with those in the classical limit.

To demonstrate how the onset of magnetic long-range order for all spin lengths S > 1

appears within our framework, we show in Fig. 48 the PFFRG flow of the susceptibility
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for the highly frustrated case g = 0.3 and varying values of S. While at S = 1/2 we do not
observe an instability feature as A is decreased, hinting at a magnetically disordered
phase, for all values S =1 we find pronounced kinks at A =~ 0.2 associated with the onset
of magnetic order. With increasing S the susceptibility grows and the kink becomes

more pronounced, signaling an increase in

the tendency towards magnetic order. The 50 ‘

S =1/2uwum
point at which the kink appears does not S = 1/

S =3/ |
change with different spin length, as we S = 5?2 .......

have rescaled the equations following the
discussion at the end of section 4.1. We will

use the point at which the kink appears

in k space to identify the type of magnetic

order.

To study in more detail the types of
magnetic orders detected in the system,
we plot in Fig. 49 the k space resolved Figure 48: A flow of the maximal k space com-
susceptibilities at S = 3/2 within the three Ponent of the susceptibility y"(k) for g = 0.3

ordered phases, along with real space illus- and increasing values of S. While the flow for

trations of the spin patterns. In the anti- S = 1/2 does not show signatures of an instabil-

ferromagnetic phase (Fig. 49(a)) magnetic ity, for S = 1 we find a kink in the susceptibility

t A = 0.2 that get d with in-

Bragg peaks are located at the corners of 2 ) a% §eIs more pronotinced wWith
. . o creasing S.

the extended Brillouin zone. As g is in-
creased the system first establishes planar
incommensurate spiral order of S1 type, which is characterized by magnetic wave vectors
residing at the edges of the extended Brillouin zone, as shown in Fig. 49(b). In the S1
phase the susceptibility presents a ring-like shape. Along these rings the susceptibility
is actually not uniform in k space, but small maxima of the form k,,,» = (q,q’) at the

edges of the Brillouin zone can be detected.

This can be contrasted with the selection of wavevectors via quantum fluctuations
described in Ref. [60]. Please note that in the classical limit, where the quantum fluc-
tuations disappear, the selection effect is not present, and we obtain a continuous set
of degenerate ground states. To sketch the spin pattern of this phase in real space
(Fig. 49(b)) we extract the maximum wavevector from our PFFRG susceptibility and
construct a planar spiral which — upon Fourier transformation — yields a dominant Bragg

peak in k space at exactly the same position. As a characteristic feature of this state,
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Figure 49: Upper panel: Susceptibility y"(k) in reciprocal space for the three magnetically
ordered phases at S = 3/2. (a) antiferromagnetic state at g =0, (b) S1 spiral at g = 0.3, and (c)
S2 spiral at g =0.9. All plots correspond to A values right above the instability feature during
the RG flow. Outer (inner) hexagons indicate the boundaries of the extended (first) Brillouin
zone. Lower panel: Below each susceptibility profile we depict the corresponding real space spin
patterns which yield magnetic Bragg peaks in k space at the marked positions (black dots).
Arrows illustrate the unit vectors of the honeycomb lattice and indicate the pitch angles of the
spiral state along these directions.

4 -2 2 4

the spiral pitch angles along the lattice vectors indicated in Fig. 49(b) are identical,
while the angle between spins in the two sublattices is almost 90°. Further increasing
g the system enters the S2 spiral phase, which shows magnetic Bragg peaks at the
k. =0 line (or symmetry related positions), see Fig. 49(c) (K,,qx = (0,q)) . These peaks
correspond to a planar spiral with pitch angles of opposite signs but same absolute value.
Furthermore, along one of the three nearest neighbor directions, pairs of spins are in

parallel orientation.

The overall movement of the magnetic wave vectors in k space upon increasing g
can be tracked. We illustrate it in Fig. 410 for S = 3/2. In the antiferromagnetic phase
the magnetic Bragg peaks remain at the corner position of the extended Brillouin zone
(black dots in Fig. 410) and start moving along the Brillouin zone boundary as the system
enters the S1 phase. At the transition between the S1 and S2 spirals, the peaks reside

exactly at the midpoints of the edges (purple squares). Further increasing g they move
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Figure 410: Position of the magnetic wave vectors in reciprocal space at S = 3/2 for increasing
values of g: While the antiferromagnetic state is characterized by susceptibility peaks at the
corners of the extended Brillouin zone, in the S1 (S2) spiral the maxima move along the Brillouin
zone edges (radial &, = 0 direction or symmetry related directions

towards the center, in the limit g — co these points should reside at the corners of the
first Brillouin zone, as this limit corresponds to the 120° Néel order. In this limit, the
nearest neighbor coupling can be neglected, and as such the honeycomb lattice decouples

into two triangular lattices with 120° Néel order each.

4.3 Classical Limit, S — co

4.3.1 RPA solution

To shed more light on the spin-S generalization of the PFFRG method and the approx-
imations associated with it, we now consider the classical limit S — co where the flow
equations can be solved analytically. Starting from the PFFRG equations (4.8) and (4.9),
we have argued that an arbitrary spin length S can be implemented via a simple mul-
tiplicative factor M = 2S in the internal closed fermion loops. In the limit S — oo these
terms are the only ones that remain, and the classical limit is effectively recovered. In

this limit, the flow equations have the form

d A _ 1 A A
15 —yNe)= %[;(Fdij(w+A,O,w—A)—FdiJ.(w—A,O,w+A)) resaTng
and
(4.16) A pA (1951, = —iZZFA (1,4;1,3)1 (3,2';4,2)P2( )
. dA i1igi Tt 24 el = o1 S5 igj b Jig\Pr4 2 JJ w3,w4).
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Here, we have omitted the prefactors M to avoid diverging terms at S — oo, and used
the notation where sums stand for 2; = [ o1 dw1) q,=1,]- Furthermore, for the equation
corresponding to the self energy, we have performed the frequency integration and spin
sum implicitly, as shown in the previous chapter. For the following argument, it will
be useful not to look at Eq. (4.15) in it’s present form, but to study the analogous of
Eq. (3.50). In this case, the flow equation for the self energy takes the form

1

d 1 3
4.17 M =-— M a,2:1,2)| ————

Due to the special spin-index structure of Eq. (4.16), the property f‘i"l’iz(l’ ,2'51,2)
aﬁl, alaﬁzm of the initial conditions [see section (3.3.2)] is retained during the entire
RG flow. This can be seen remembering that the full PFFRG scheme at finite S also
contains density terms of the form 640,04, a, (see Eq. (3.49)). If we introduce Eq. (3.49)
in the the right hand side of Eq. (4.16) we can see that the density terms vanish
identically. Furthermore, if the density terms are zero throughout the flow, we see
that Eq. (4.17) contains all spin sums of the form },, aglalaﬁzaz =0 and thus the self
energy is identically zero throughout the full RG flow. As the self energy is contained in
the Katanin contribution [see Eq. (3.56)], this term in the single scale propagator also
remains identically zero.

In the following we will concentrate on a static PFFRG approach, which consists on
only taking into account the zero-frequency components of the vertex functions. This
approach is not suitable for the full PFFRG scheme, as it leads to a self energy identical to
zero during the full RG flow. This can be seen putting all frequencies to zero in Eq.( 3.52)
and employing the symmetric relations in frequency space mentioned in section 3.4.2.
In our case, since in the limit S — oo the self energy identically vanishes, we can look
at the frequency arguments in Eq. (4.16) and concentrate only on the static component,
w1 = wy = w1 = wg = 0, of the two-particle vertex. In this approach, such component
completely decouples from all other components thanks to the delta function in the
parametrization of the two particle vertex. This allows us to perform the frequency
integration analytically, given that the explicit form of P;\j(wg,w4) (Eq. (3.55)) contains a

term of the form

6(lws| = A) O(|wg| — A) N 6(lwgl = A) O(wz| — A)
w3 w4 w4 w3

(4.18)
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and the two particle vertex has a frequency structure of the form I i\l iz(l’,2’ ;1,2) x
0(w1+wo—wy —wy) (Eq. (3.49)). Using PJ‘.\j(wg, w4) explicit form, and employing Eq. (3.49)
we can perform the integration over w3 and w4 and will obtain a term proportional to
2/A? in the static case. At the same time, the spin sums are straightforward to perform,
using Eq. (3.49) and the identity between Pauli matrices ohot =6 pul +igy oY we
obtain after some algebra a term proportional to —Ugl,alaﬁz,az. All this combined yields

a flow equation of the form

d = A 2 BA A
(419) ariliz = n.AZ F riljrjiZ

where the prefactor 1/A2 is the result of the frequency integration and ff\l i (without

arguments “17, “2”, ...) parametrizes the static two-particle vertex component via
A I of. _PA H ©
(420) Flllg(]‘ 25 1 2)|w1/:w2r=w1=w2 =0~ 1_‘Illlza-acl’(’rl 0-0,’2/012 )

This vertex is initially given by F‘l’flz = iJ i1ig:

To simplify the remaining spatial dependence of Eq. (4.19) we Fourier-transform Tf\m

using

(4.21) Popp®= Y e *ERIA,
ARZRi—RJ'
Here, a(i) = 1,2 denotes a function that returns the sublattice index of site i on the
honeycomb lattice (b(j) is defined in the same way) and R; is the position of the two-site

unit cell that contains site i. If we Fourier transform the right hand side of Eq. (4.19)

A A ~ik(R;; ~R;) ,— ik (R;~Riy) A
ZFWFM Z > 2 e v 2FRLIa(ll)Rjb(])erb(])Rl2a(lz)
ij(])Ril_RjRj_Riz

_ iR, (kK ,~ikR;, ,iR; A
(4.22) = RXb% . ZR . ZR i re'MiaTp R, ali)R;6()] R6()Ryyalis)
jOU) Wiy = iy =R,

Carrying our the sum over R; we obtain a delta function dky'. Furthermore, noticing

that T LalDR; b(])rﬁ ()R, aiz) ©20 be written as a matrix element [[*} x fA]Rila(il)Riza(i2)
we obtaln
A FA —ikppA | A BA L BA
(4.23) 2T, — 2 e NI XTVIR, atoRiatiz) = [T X T oG atiz) (K)-
J il_Ri2
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Figure 411: Fermionic two-particle vertex in RPA approximation: Dashed lines denote bare
exchange couplings J;,;, and arrows illustrate free fermion propagators.

This shows that since the Fourier-transform is only performed with respect to the
unit-cell coordinates without involving the sublattice positions, different k components
in the flow equations decouple. Writing the Fourier transform of Eq. (4.19) in matrix

form we find,

d A
(4.24) = —

I e))?

Given that there is more than one atom per unit cell, the vertex I'*(k) in this equation
is understood as a 2 x 2 matrix in the sublattice indices, and the square on the right-hand
side is a standard matrix product. The analytical solution of Eq. (4.24) is given by the

ansatz

3 2 3 417t
(4.25) P = | —lawr + (F(0) o

where (k) is the Fourier-transform of the bare exchange couplings iJi j, using
Eq. (4.21), and 1249 denotes the two dimensional identity matrix. It can be straightfor-
wardly shown that the ansatz is a solution of Eq. (4.24)

d d - -1
0 = S+ (100) | -

d o 2 onn-1]72
(4.26) (—[—hm r°())” 1])[H—A]12x2+(r )~

Since I'*® does not depend on A we obtain,

-2
(4.27) irA(k) -2 = Agup + ([P) !

2 A2
Ty A = Az ()]

2
—1oxo A

This equation has the form of an RPA solution. Illustrated in Fig. 411 is the diagram-

matic expansion of 4.25 in terms of the exchange couplings I'°(k). The equivalence
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of the PFFRG and the pseudo fermion RPA in the limit S — oo can be seen from the
diagrammatic expansion. If we expand the RPA equation (Eq. (4.25)) for the two particle

vertex we obtain a Dyson-like equation

- - - 2 . - 2 - 2 -
(4.28) FA(k) =T°k) + k) — 192 (k) + I'°(k)— 1 9o C(k)— 1o, o I'°(k) + ...
TA TA TA

Where %]lzxz takes the place of a fermion bubble. For each given order in the
exchange couplings expansion, J/, the RPA terms are those diagrams with the maximal
number of closed fermion loops (in Fig. 411, this means that the n-th term on the right
hand side is of n-th order in J and contains n — 1 loops), as in the classical limit the RPA
terms contain a prefactor of 2S, these terms are the only ones that remain when we take
the limit S — oo.

We can think about this solution from a classical mean field perspective. In this
case, the RPA approximation relates the susceptibility to the inverse of a function that
contains the temperature and the Fourier transform of the exchange couplings. In our
case the form is the same, specially since the Fourier transform of our couplings is
encoded in ' ~%°(k), but A takes the place of the temperature. Even though our scale
A cannot be considered a temperature, since we have derived our formulation at 7' =0,
both A and T set the cutoff energy scale of the problem, and as such have a similar effect
over the susceptibility in this limit.

The key outcome of Eq. (4.25) is the wave vector kgpa at which the two-particle vertex
diverges first as A is decreased. We mentioned before that the wavevector corresponding
to the maximum susceptibility determines the type of magnetic order the system presents
at the critical A. In the classical limit, unlike the full PFFRG scheme, instabilities appear
as real divergences, nonetheless taking the A point at which this divergence occurs as
our critical A and studying the wavevector corresponding to the maximum susceptibility,
kgrpa, we can also determine the type of magnetic order the system develops. Interestingly,
Eq. (4.25) implies that in order to find kgrpa, we need to minimize the eigenvalues of
the initial interaction matrix I'*°°(k). Such a minimization procedure is, in turn, a well
known method for finding the classical magnetic order of a spin system. We will denote
the eigenvalues of I'*°(k) by A,,(k) below and we generalize the discussion to arbitrary
lattices with n sites per unit cell. All relations in Eqgs. (4.21)-(4.25) then become n x n
matrix equations.

We first denote the eigenvalues of the matrix %]lnxn +[I*°k)]~ ! by A, (k). It follows
that the eigenvalues of [[*°(k)]~! are given by 1/A,,(k) (with m =1,...,n).
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Py 2 1
(4.29) A (k) = —t Fh

where the constant term originates from %]lnxn.

From Eq. (4.25) we can see that the
two-particle vertex I'“(k) will diverge
when the matrix %]lnxn +[[*°(k)]"! has a

vanishing eigenvalue 1/, (k) at some wave \
vector k. Then we obtain 2 /é \\—/
2 ?
(4.30) A=——2p(K).
7T
It follows that each negative eigen-
value 1,,(k) <0 can cause a diverging ver- _,
tex T'A(k) when Eq. (4.30) is fulfilled. This /_\\

condition also indicates that as A is de-

ky

. A

=)

ka

creased from infinity, the first divergence

-4 -2 0 2 4
occurs when the smallest (negative) eigen-

value A,,(k) satisfies Eq. (4.30) (here, the Figure 412: Degenerate spiral magnetic wave

rs of the classical antiferromagnetic J1-
term “smallest” refers to a minimization vectors of the classical antiferromagnetic J/1-J2

with respect to k and m). This proves that honeycomb Heisenberg model in reciprocal space.
. ; .., . At 1/6 <g<1/2the degenerate states form con-
the classical magnetic order found within g 8
tours around the corners of the extended Bril-

an RPA scheme occurs at the wave vec- ] )
o ) louin zone, see red ring for g = 0.3. For g > 0.5
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We calculated the wave vectors kgpa for arbitrary g by minimizing the wavevectors
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of the interaction matrix, and compared the results with Ref. [60], where the exact phase
diagram is determined via a direct minimization of the classical energy. Throughout
the phase diagram we find perfect agreement of the two approaches demonstrating that
for the J1-J2 honeycomb Heisenberg model the spin-S generalization of the PFFRG
approach becomes exact (see Fig. 412). For small g the system shows antiferromagnetic
order which remains stable up to g = 1/6. At 1/6 < g < 1/2 one finds contours of degenerate
classically ordered states forming rings in k space around the antiferromagnetic order
position (red rings in Fig. 412). With increasing g the rings become larger, merge at
g = 0.5 and then form new rings-like features around the corners of the first Brillouin

zone (blue lines in Fig. 412).
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4.3.2 Equivalence to the Luttinger-Tisza method

Previously we mentioned that the wavevector that determines the magnetic order,
Kkgrpa, can be obtained via a minimization of the eigenvalues of the interaction matrix.
Coincidentally, this approach is identical to the Luttinger-Tisza (LT) approximation[78,
79] for arbitrary classical spin models. LT method provides a simple framework to
construct approximate classical ground states[80—83]. Instead of minimizing the classical
energy under the hard constraint |S;|2 = S, normalizing the spin length on each site i

separately, the minimization is done subject to a weak constraint of the form

(4.31) YISi*=N,

where N is the total number of lattice sites.

We will now show that with this condition the LT method reduces to the same
minimization of eigenvalues A,, (k) of I'®°(k) that yields the RPA solution. We will start
with a brief description of the LT method as was shown in Ref. [80].

For a generic system in a lattice that can be separated in different sublattices, we
start by defining our exchange couplings ¢/;; in terms of a function a(i) which indicates

which spins are in which sublattice

(4.32) Jij = Jat)p)Rij),

where R, is the distance vector between spins in sublattices a and f§ in sites i and ;.

Now we can define the Fourier transform of our spin components

(4.33) Se(q) =

1 Z Sie—iq.ri ,

V Nsub l€a

where N, is the number of lattice sites in sublattice a, q is a wavevector in the

Brillouin zone. Fourier transforming the exchange couplings

o1 -
(4.34) Jap =35 > JatiypiRije’ T,
i

where o, g, if our system consists of n sublattices, are the elements of an n x n matrix.

Further substituting in the Hamiltonian, which we will regard as that of the standard

Heisenberg model, we find
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(4.35) H=Y > Jup(@Sa(@Sp(—-q)
q ap
Now, let’s regard A,(q) as the eigenvalues of this coupling matrix at wavevector q,

and uk(q) to the corresponding eigenvector. Then we can write

(4.36) Se(@ =Y W,ub(@),

where w, are three dimensional coefficients. The total energy will be given by

(4.37) H=YY Af@Wu@l*.
q p

It’s easy to see now that, if A,,;, is the minimum eigenvalue of the matrix J(q) and
Q7 is the wavevector that minimizes A,,;,, then H = NA,,;n(QLT).

We have shown that the Luttinger-Tisza method reduces to the same minimization
as our S — oo case. But a caveat needs to be taken into account: in the context of the LT
method, the wave vector Qi1 = kgrpa that minimizes A,,;,(Q) is referred to as “optimal”
LT eigenmode. If there exists a degenerate set of these modes (as is the case for the
J1-J2 honeycomb Heisenberg model), classical ground states can be constructed by linear
superpositions of the corresponding plane waves. Whether these states are the actual
ground state of the system depends on whether it fulfills not only the weak constraint,
but the strong constraint too. If this is the case, such a configuration represents the
exact solution of the classical problem. It can be proven that a normalized spin state can
always be created with the eigenmodes Qi for Bravais lattices. When the lattices are
non Bravais, the modes Qi are not always sufficient to obtain a spin state[80, 82] that
satisfied the strong constraint. If we want to obtain the true ground state we need to add
extra modes to our constructions which do not correspond to the absolute minimum of
Am(q). While in such situations the LT method is no longer exact, the wave vectors Qi
still allow to construct phase diagrams of classical spin models which typically closely
resemble the exact ones.

Now, one would notice that the JJ1-J5 honeycomb model discussed here is an example
where the LT method still works, and gives the exact result for a non-Bravais lattice. The
reason why this is the case can be traced back to the equivalence of the two sublattices.

The initial two-particle vertex I'°(k) for this Hamiltonian is of the form

65



CHAPTER 4. QUANTUM TO CLASSICAL CONNECTION

Y Y —iy?

(4.38) k) = , 0
yY+iyY oy

with

J.
yo(k) = 32 (cosk+ +cosk_ + cos \/§ky) ,

y*(k)= %(1 +cosk, +cosk_),

J
(4.39) Y (k) = Zl (sink, +sink_),
and
3k, 3k
(4.40) he== i‘/; =

Where the nearest neighbor lattice distance is set to one and the sublattice structure
follows the convention of Fig. 46. From the form of the interaction matrix we see that all
eigenvectors u""(k) of I'*°(k) will have have sublattice components with equal norm, i.e.,

Iu’l”(k)l2 = Iug‘(k)l2 . The explicit form of these eigenvectors is

Y (k) — iy? (k)
VI&2Z + (k)2

(4.41) u%(k) = f{+

>

where a = 1,2 and f is a normalization constant. Calculating the norm of the different
sublattice components we find Iu’l"(k)l2 = |u'2"(k)|2 = f. Since the Luttinger-Tisza method
works if one can find a normalized spin configuration composed of eigenmodes of the
kgrpa (and of symmetry related wavevectors) we can see that in this case it is possible to

write the spins as a superposition of plane waves

(4.42) SR),SR)pt= Y. e™EaRy%(Qppy)

krppa=+QRpa

Since all sublattices components of the eigenvectors have equal norm, then spins on
both sublattices can be normalized simultaneously, thus fulfilling the strong constraint.
Finally, one important point needs to be clarified, we mentioned that the LT method

is not exact for non Bravais lattices, and we have proven that RPA is equivalent to the
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LT approach. But RPA includes all possible pseudo-fermion Feynman diagrams in the
classical limit, reason for which one would expect the RPA result is always exact, which
in turn would mean the LT approach is also always exact. This contradiction can be
clarified by noting that FRG schemes yield physical results only in the limit A =0. In
every discussion here, the instabilities occur at a finite critical A = A. such that the
RG flow has to be stopped before the physical limit A = 0 is reached. Therefore, any
result obtained at a finite RG scale may still be subject to errors. While proposals to
track the FRG flow into symmetry broken phases exist and reach the physical limit (for
example for superconductivity in a BCS model[39]) in out PFFRG approach this implies
an enormous complication of the method. In such type of generalization the self energy
would no longer vanish at S — oo but the loop term in Eq. (4.15) would contribute which
would increase the complexity of the equations and a numerically precise solution is, in

principle, not ensured.

In conclusion, we developed a general framework that allows one to study in detail
the effect of quantum fluctuations on spin systems. Starting from the classical limit,
S — oo we can study how quantum fluctuations modify the classical ground state of a
system. We implemented a systems with S > 1/2 considering M copies of spin-1/2 degrees
of freedom on each lattice site. Using onsite level-repulsion terms we showed that in our
framework spin systems tend to realize the largest possible local spin magnitude S = M/2
in the ground state. Furthermore we showed that this property survives when the onsite
level-repulsion terms are excluded, such that no further projection is necessary to fix the
spin length. Finally, we show that for the case of S = 1/2 the constraint of having single
pseudo fermion occupancy is automatically satisfied in the ground state, justifying the

treatment of the particle constraint in previous PFFRG studies.

To test this method we studied the antiferromagnetic J/1-J3 honeycomb Heisenberg
model, exploring the phase diagram as a function of g = Js/JJ; and S. Studying the effect
of the quantum fluctuations induced by the presence of a frustrating /5 interaction we
show that they are strong enough to melt down the magnetic order at 0.2 < g < 0.6.
When the quantum fluctuations are diminished, i.e, when the spin length is increased,
the phase diagram quickly resembles the classical one. In particular, already at S =1 we
find no evidence of non magnetic states, instead finding two spiral phases at g 2 0.2, and
an antiferromagnetic phase at g < 0.2. We observe that these spin spiral phases exhibit
a set of maxima in the momentum resolved spin susceptibility, which are located along
rings enclosing either the corners of the first, or extended, Brillouin zone. At a finite

spin length quantum fluctuations induce an order by disorder mechanism which selects
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a particular wavevector from these rings. Increasing S (or equivalently, decreasing
quantum fluctuations) the signal becomes more evenly distributed along these rings
until in the limit S — co we obtain an continuous degeneracy of states along these rings.
This means that the spiral states are degenerated for all wave vectors along rings in k
space, in agreement with the solutions found for the classical states. More generally, we
prove that for S — co the PFFRG method becomes identical to the LT approach.

Comparing our results with other methods (the S = 1/2 case has already been dis-
cussed in detail in an earlier PFFRG work[59]) we note that the existence of a non-
magnetic intermediate phase is supported by the vast majority of previous studies[60—
73]. However, there is an ongoing debate regarding the nature of this non magnetic
state [64, 66—70]. Comparing results in the opposite limit S — oo, the continuous set of
degenerate classical states as well as the selection of states out of this manifold[60] by a

quantum order by disorder mechanism are correctly captured within our approach.

In the case of intermediate spin magnitudes S, and to the best of our knowledge,
there are few works to compare with, two of them investigating the S =1 case [76, 77]
and one studying the S = 1 case [84]. The detailed studied for S =1 find indications
for a narrow non-magnetic phase around g = 0.3, whereas our approach and the study
performed by Li et. al[84] detects magnetic order throughout the phase diagram. Since
the pfFRG study is unbiased towards any form of magnetic order or disorder, and since
we proved that there are no contributions from spurious admixtures of spin subspaces
which can increase quantum fluctuations, we believe in the accuracy of our results in

this limit, despite the differences observed with other methodologies.

Finally we note that another difference with know results appears when one studies
large enough J5. Refs. [76] and [77] both find stripy order while we detect incommensu-
rate spiral phases. In the quantum limit, S = 1/2, the ground state has been a topic of
debate. Some methods identify spiral order[59, 61, 69] while others find a stripy state
[62, 71, 72]. The stripy order usually comes together with a quantum locking of the mag-
netic wavevector, where the wavevector is localized at a high-symmetry point. However,
when quantum fluctuations are decreased the strength of this quantum locking becomes
weaker, hence strengthening spiral order tendencies. The origin of this differences can
arise from particular properties of each study. The coupled cluster method applied in
Ref. [77] did not probe the system with respect to spiral order, which could be the reason
while they are not detected. In the case of the DMRG studies in Ref. [76], they report
conflicting spin patterns in this parameter regime when extrapolating the results to the

thermodynamic limit. In this case the reason for not detecting incommensurate order
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can arise from the fact that these type of studied restrict the lattice to cylinder. This
is, periodic boundary conditions are applied in one direction. Since periodic boundary
conditions are incompatible with incommensurate order, then they might mask spiral
order states in the DMRG study. Since PFFRG is not implemented on a finite system,
commensurate and incommensurate types of magnetism can both be described on equal

footing within this approach. Which lead us to rely on the quality of our results.
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CHAPTER

NUMERICAL METHODS FOR CLASSICAL MAGNETISM

Monte Carlo originated as a form
of emergency first aid, in answer
to the question: What do we do

until the mathematician arrives?

George Dyson, 2012

t the beginning of this thesis we concentrated on the study of quantum frustrated

spin models and their quantum fluctuations. We also mentioned that the study

of frustrated quantum many body systems is not trivial at all, since most of
the time there is not an exact solution, and numerical methods that can treat these
systems efficiently are lacking. As a way to attack the latter problem we developed
an FRG formalism that would work not only in the quantum but also in the purely
classical limit. And we showed how in the classical limit FRG provides exact results
within the RPA approximation for a certain class of systems . Considering the classical
limit of our frustrated spin systems an interesting question arises: is there a way in
which these systems can be computationally studied without having to resort to FRG (or
it’s associated RPA limit)? Furthermore, is there a way to extract further information,
besides the correlation function, regarding the classical Hamiltonian? The answer to both
these questions is yes, in fact, many methods, approximate or otherwise, exist to treat
classical spin systems, independently of whether they are frustrated or not. The study of

the frustrated part of the spin system’s family is far from trivial even in the classical case,
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the competing interactions produce a rough landscape of energies that has to be dealt
with carefully. But what is remarkable is that for many years, the study of classical spin
systems has been an extremely active field of research, not only because of the academic
interest in the classical version of certain Hamiltonians, but also since for many systems
the results obtained within the classical description match the experimental evidence
extremely well.

One of the most prominent numerical methods to study classical spin systems is the
Monte Carlo method. Many Monte Carlo studies have proven invaluable for the under-
standing of many condensed matter phenomena. Among others, it has been employed in
the theoretical description of multiferroic behavior in different materials (see for example
Refs. [85-87]), and in the description of thermodynamic properties of spin ice systems
[15, 20, 88, 89], paved the way to the understanding of spin ice most famous low energy
fluctuations, the magnetic monopoles [90, 91], and has been the chosen method to study
classically disordered systems and their associated properties (look at Ref. [92] for a brief
overview on Monte Carlo methods applied to glassy systems written by the fathers of the
field).

In the next chapter we will employ large scale Monte Carlo simulations to study con-
tinuous spin systems, in particular we will study a particular Kitaev material for which
exciting experimental results have been recently published but Monte Carlo studies
have not yet been performed. We will show how the classical description reproduces the
latest experiments with a high degree of accuracy, and contrast our results to other, not
so robust, numerical methods. As such, in the present chapter we will give an introduc-
tion to the Monte Carlo method, paying particular attention to the implementation on
continuous spin variables, and we will show in detail how our algorithm was developed.
Furthermore, we will introduce the parallel tempering and iterative minimization al-
gorithms as a way to improve the convergence of the method in the presence of many

competing interactions.

5.1 Equilibrium thermal Monte Carlo method

Monte Carlo (MC) methods are part of a broad family of stochastic simulation methods.
Simply put, MC probes the phase space of a statistical problem stochastically, taking
into account the random thermal fluctuations of the system that appear from state
to state. Its aim is to estimate the thermal expectation value of a given quantity €

(this can be a magnetization, correlation function, etc). In these type of simulations we
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create a model system and evolve it through a variety of states in such a way that the
probability of the system being in a particular state m, at a given simulation time ¢, is
equal to the probability weight w,,(¢) that the state would have in a real system. We will
concentrate on systems governed by a Hamiltonian H at constant temperature, which
will be implemented in the form of a thermal reservoir (please note that even though
the formulation of the method relies on a constant temperature, we are still able to
study thermal phase transitions with it). The effects of this reservoir in our simulations
can basically be considered as gifting the system with dynamics. In the particular
case of classical spin systems, the dynamics are governed by a Boltzmann distribution.
Effectively, what we are doing with MC is taking our Hamiltonian H, setting it into an
initial random state, choosing a temperature T that will remain constant throughout the
simulations, and letting time pass (this does not mean real time dynamics, the system
is evolved to reach equilibrium and the time being referred here is a time given in
simulation steps, also called Monte Carlo time), during this time the system will evolve
through a set of thermal states until it reaches equilibrium, ideally this equilibrium

corresponds to the minimal energy state at that given temperature.

5.1.1 Principles of Monte Carlo simulations

In the present section, we will detail the fundamentals of Monte Carlo (MC) techniques.
The simplest implementation of MC to solve spin systems was formulated by Metropolis
et.al. in 1953 [93, 94](here we will use a modified version called Metropolis-Hastings al-
gorithm [95]). In this implementation, the simulation generates configurations following
a Markovian chain, i.e, at each step a new configuration of the system will be generated
from the immediately previous one. In accordance with importance sampling, we will
choose the transition probability rate from one state to the other over a certain time,
W;_;, as dependent on the energy difference between the initial and final state according

to a Boltzmann distribution, e PAE

(5.1) Wi—»j = Wij = min(l,e_ﬁAE)

Metropolis’ implementation is extremely effective for two reasons: first, it can be
proven that whatever the initial state, a Markov chain in the Metropolis implementation
will eventually sample the full phase space associated to our statistical ensemble at a
given temperature. This is an extremely important point given that we want to ensure an

ergodic simulation. If the implementation of the simulation results to be path dependent
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then the simulation is non ergodic, as there might exist states that cannot be reached, as
such our simulation would be biased and, in principle, uncontrolled. This would mean
that there exist a non zero probability of equilibrating the system in a state that is not
the real equilibrium state of the system just because the real equilibrium state was
rendered unreachable by an unfortunate and somewhat fortuitous selection of path.
Or what might be even worse, our simulation might never reach equilibrium. On the
other hand, we could avoid the memory dependence by randomly sampling the phase
space every time, and weighting the contribution of the selected state with a Boltzmann
factor. While this completely rules out any kind of history dependence, the configurations
generated in this fashion will contribute very little to the real evolution of the system
towards an energy minimum, especially in cases where a specific state is expected, as
is the case of the Ising model below the critical temperature. We can see now that a
Markovian process in which the steps are random, but connected to the evolution of the
system without depending on it’s history, while at the same time sampling a Boltzmann
distribution is the optimal choice for our unbiased simulations.

We will now show that a Metropolis type implementation [96], based on a Markov
chain, fulfills the detailed balance condition ensuring that the Boltzmann distribution is
the equilibrium distribution of the chain, and thus leading to the transition probability
of the form 5.1.

We define a stochastic process at discrete times {¢1,t9,...} for a system with a finite
set of states {S1,S9,...}. If the system is in state X; at time t then we can consider the

conditional probability of the system being in a state X; =S, as:

(52) P(th :Siantn—l :Sin_l,th_z = Sin—27""Xt1 :Sil).

If the system follows a Markovian process, the previous expression reduces to

(5.3) P(th = Sin|th71 = Sin,l)’

and this expression can be considered a transition probability from state S to S;,

in a time interval At =¢, —¢,_1. At the same time we can study the probability transition

in—l

rate from one state to the other in the limit At =¢,, —¢,_1 =0 as

(5 4) W_W(S S)_ lm P(th:SJlth—lzsl)
. v ' J _A%—»O At ’
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with the usual requirements for transition probabilities

(5.5) WijEO Vi,J, and ZWijzl-
J

With this we can construct the total probability of the system being in state S; at

time £,,:

(5.6) P(X;, =S)=) P(X;,=8,IX:, , =S)PX,, ,=Si).
5

The master equation determining the evolution of the probability with time can be
obtained from the Chapman-Kolmogorov equation which states that the probability of

being in a give state S3 at time ¢35 = ¢1 + 2 while we where at S at time ¢ is given by

(5.7) P(X;, =8S31X;, =81) =) _P(Xy, =S31Xy, =S2)P(Xy, = S2lXy, =S1).
So

Which simply states that, knowing the initial an final state, the probability of jumping
from one to the other is given by the sum of the probabilities of jumping to all possible
intermediate states. We can now take the transition probability P(X;, = S3|X;, = S2)

and expand it in a Taylor series around zero for small time steps At =3 —t2

(5.8) P(Xt3 = S3|th2 =8S9)=(1-aAt)d(S3—S9)+ AtWog +0(At)2 R

the 6-function represents the probability of staying in the same state after no time
has passed is one. The correction factor in front stems from the fact that the probability
needs to be normalized, and as such we need to consider the case in which no transition

occurs at all in A¢, which equals to (1 — aAt), where

(5.9) a(Sg) =) Wag,
S3

i.e. the probability rate of transition from any state S3 towards state Sy.
Introducing Eq. (5.8) into Eq. (5.7),
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P(X;, = S3lX;, =S1) = Y. | P(X, = S2lX1, = S1)6(S5—S2)
So

—Atad(S3—S2)P (X, =SalX:, =S1)
(5.10) + AtWasP(X;, = SalXs, =S1)|,

using Eq. (5.9)

P(Xt3 :Sngtl :Sl) :P(th :S3|Xt1 :Sl)
-2 [AtWBZP(th =8S31X;, =S1)
Sg

(5.11) + AtWosP(X;, = SalX;, =S1)|,

dividing by At¢, and taking the limit At — 0 we find the differential form of the

Chapman-Kolmogorov equation, also called the master equation

d
EP(th = S3|Xt1 = Sl) =
(5.12) =Y (WasP(Xy, = S2lXy, = S1)— WsoP(Xy, = S31Xy, =S1))
So

We notice that all the transition probabilities are for a given S at a time ¢1, then we
can recast this equation in terms of the probability of the system to be in state S3 simply

by multiplying both sides by P(X;, =S1) and summing over S;. Then we find

d
(5.13) EP(th =83)=) (WasP(Xy, =S2)— WsaP(X;, = S3)) .

So

This is the master equation. If the system is in equilibrium, and for arbitrary states

S; and S, then we can see that % =0 and consequently

(5.14) > WjiP(Xy, =8;) =) Wi;P(X;, =S)).

This expression takes a stronger form when we ask not that the sum of all the terms
are equal, but that for each pair i,; the condition holds. This is the Detailed balance

condition.
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(5.15) W;iP(X,, =S,)=Wi;P(X;, =8S,).

This means that if we choose a probability rate that respects detailed balance we can
ensure that this probability is the equilibrium distribution of our Markov chain, as we
have proven that detailed balance is a sufficient condition to ensure the stationary nature
of our master equation. However, if we expect that the equilibrium probability of the

system to be in a given state with energy E; at time t follows a Boltzmann distribution,

e_Ejﬁ

Z b

(5.16) P(X;,=8))=

where Z is the partition function, then we can see that this probability is not usually
known, since we lack knowledge about Z. We can avoid this problem if we generate a
Markov chain of states, which produces the j-th state from state i-th, then the transition
probability of producing state j from i is the ratio of the probabilities of being in state S;

and S;. This means that our transition rate can be chosen as

Wi = e 2P when AE>0
(5.17) Wij=1 when AE<O0

which is precisely condition 5.1. We see now that Eq. (5.15) is respected, and as such
we can choose a probability of the form P;(¢) = e Eib,

In essence, any transition rate of a Markovian process that satisfies detailed balance
is acceptable and it will lead to the equilibration of an unbiased simulation after a
certain Monte Carlo time ¢.,. The desired Boltzmann distribution being the equilibrium
distribution in our case.

In the language of the Ising model, given in Eq. (5.18) (in the presence of an external

magnetic field &)

(5.18) H=J) oio;-h) o; with o;==1.
ij i

generating a new state following an importance sampling Markovian process amounts

to, in principle, flipping a random spin from +1 to —1 (or vice versa). Calculating the

energy difference AE of the system with and without the spin flip (please note that the
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process of flipping the spin is the so called “update algorithm” in the literature) we can
determine if the flip will be accepted or not. We iterate this process until convergence is
reached. We show the pseudo-code for the Importance sampling Metropolis-Hastings in
Algorithm 2.

Algorithm 2 Importance sampling Metropolis-Hastings algorithm
Generate an initial state with spins in random +1 orientations.
for (j = 0; j < Monte Carlo steps) do

for (p=0; p < System size) do
Choose a site i at random
Flip that spin
Calculate AE
if AE <0 then
accept the move
else if AE >0 then
Generate a random number r /0 <r <1
if r <e 2EP then
accept the move
else
discard the move
end if
end if
end for
end for

Importance sampling is the crucial part of the previous algorithm, given that it
accounts for the proper entropic contributions. Even if a new configuration has higher
energy, it can still be accepted given that at finite temperature and in thermal equilibrium
the free energy (F =U — T'S with U =< H >) is minimum. We could always accept the
spin flip following an uniform distribution, i.e accept if AE < 0 and discard otherwise, and
this would indeed minimize the energy, but is only at 7' = 0 — § — oo that the transition
probability to states of higher energy tends to zero and this simple minimization is
physically feasible.

Please note that having a convergence in the simulation doesn’t necessarily mean we
are in the minimal energy state of the system at temperature T, as we might have landed
on a local energy minimum. In general, depending on the system the global minimum is
not ensured within this simple algorithm. For systems with simple energy landscapes
is relatively easy to detect if the system is in a local minima or not, but as we shall
see in the next section, for systems with a rough energy landscape, as is the case for

simulation of Heisenberg Hamiltonians, the algorithm needs to be further modified and
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extra diagnostics need to be performed on the final state to asses whether it is the global
minimum or not.

Once the simulation reaches equilibrium, it is continued for a certain amount of time
to calculate statistical averages. One of the strengths of MC methods reside in the ability
to accumulate the spin configurations at different times and thus calculate statistical
quantities from one single simulation. While a certain amount of statistical noise is
expected, this can always be reduced by performing several different simulations and
averaging the results. In this context, the order parameters of different phases can be
calculated after equilibration via a statistical average. For example, the ferromagnetic
order parameter for an Ising model, i.e, the magnetization in the z— direction, can be

calculated after equilibrium as

1 M N
(5.19) (m) = —M; Z:

where N is the number of Monte Carlo steps in the simulation, and M is the number
of sites. The sum over N in the above expression is the statistical average, i.e the average
of the quantity S; at different steps of the simulation. We define one Monte Carlo step,
also called Monte Carlo sweep, as M spin flips, meaning, we will choose as many spins
at random to flip as spins there are in our system (second loop in Algorithm 2). This is
a way to be able to consider every spin in the system on one iteration of the algorithm.
Note that since the spins are chosen at random nothing ensures that we will choose
different spins every time. This way, if the simulations employs N Monte Carlo steps, we
randomly choose a spin to flip N x M times.

From the fluctuations of the energy, E, and different order parameters we can extract

the associated susceptibilities, e.g. the specific heat of the ferromagnetic order parameter

1
(5.20) Co=r3 ((E% - (E)?),

while the magnetic susceptibility has the form

1
(5.21) r=7 ((m?) - (m)?).

Finally, from the stored spin configuration we can calculate the correlation function

as
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(5.22) Cij=(S;-S;)—(S;)(S;),

where the average stands for statistical average. One point needs to be further
clarified: Since the update algorithm flips one spin at a time, then consecutive states will
be highly correlated to each other. If we calculate a given observable « with correlated
configurations, we can end up with biased results. To avoid this problem it is important
that for each system we measure the autocorrelation time of our simulation, 7, this
time describes the time it takes for two measurements to be decorrelated. As such,
the statistical averages in our MC simulation, after the system has been thermally
equilibrated, can only be taken every 7 steps. If a thermal phase transition is studied, the
divergence of the correlation length induces longer relaxation times, thus slowing down
the simulation. Different methods have been proposed to deal with this effect (Wolff
cluster method [97] and Swendsen-Wang [98] to name a few) that involve cluster moves
or worm updates. We will not deal with these modifications in this thesis since they are

in general not applicable to frustrated systems.

5.1.2 Boundary conditions and finite size effects

Throughout this thesis we will be interested in bulk properties of different materials, but
our systems will, understandably, be finite. This is the reason for which it is necessary to
explore the different types of boundary conditions that we could apply in our simulation.
The choice will depend on the type of system and states we want to study. In principle,
since we want to work with bulk properties it would be tempting to choose periodic
boundary conditions (PBC), since this represents bulk physics extremely well. While the
finite size effects do not disappear (and in some cases this is good as it leads to estimates
of critical exponents), they are minimized with PBC, and this has the fundamental
advantage that the studied sizes can be reduced and as such the simulation will speed
up. The introduction of PBC needs to be done with care, as there are cases in which the
ordered state of the system has a special configuration which does not coincide with an
arbitrary choice of PBCs.

This last point will become relevant in the next section: if we expect that the ground
state of our system will be incommensurate to the lattice, meaning that the real space
period of the state is an irrational number in units of the lattice spacing, then PBCs
are not the right choice of boundary conditions. They would implicitly make the system

adopt a commensurate state, which would lead to the miss-identification of the phases,
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or to a lack of convergence in our code. In that case we need to completely forgo PBCs
and instead employ free edge boundary conditions (FEBCs). In this case the spins on
the edges of the lattice see no neighbors where PBCs would introduce one. This choice
of boundary condition is less than ideal, as it introduces heavy finite size effects and
surface and corner effects. To obtain a representative physical system in the presence
of FEBC, system sizes have to be considerably bigger than for PBCs, and we need to
limit our study to the bulk of the lattice (i.e. away from the edges). Everything is not lost
though, as even though we lose some much needed computation time studying bigger
sizes, we not only gain the possibility of studying incommensurate states, but also the
appearance of domain walls and small energy fluctuations can be representative of the

behavior of real materials, and as such interesting to study on themselves.

5.2 Implementation for continuous spin variables

For systems with continuous degrees of freedom things can change drastically, not in
terms of the algorithm (the modification to Algorithm 2 will be straightforward) but in
terms of performance and data analysis. In these cases, the spins do not take discrete
values as in Ising or Potts models, but vary continuously on a circle (as is the case for
XY models) or on a sphere (for Heisenberg models). As such, several complications arise:
while in systems with discrete degrees of freedom the elementary excitations (spin flips)
cost a finite amount of energy, systems with continuous spins will have excited states
that cost an infinitesimal amount of energy. This implies that the spectrum of elementary
excitations in continuous spin systems will be gapples at low temperatures, which leads
to an energy landscape that contains multiple energy minima, as creating a defect or
domain wall costs an infinitesimally small amount of energy, and once is created it can
move through the lattice without further energy cost. This makes the determination of
the true minimal energy equilibrium state much more complicated than for e.g. Ising
models. At the same time, thermal fluctuations are more prominent in continuous models
which smears out the different phases and transitions.

Metropolis algorithm (Algorithm 2) can still be employed to study continuous spin
systems, but with some caveats. We need to define a way to chose a random orientation
for our spins, we cannot simply flip the spin between two positions as in the Ising model,
which brings complications of it’s own: first, how does one choose the spin orientation
in such a way that the distribution of possible directions is uniform? The most straight-

forward way would be to choose new random orientations of the spin components (in
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Cartesian coordinates) and normalizing the total spin length to unity. Implementing this
would translate into selecting a real random number in the range [-0.5,0.5] for each
component and then normalizing to unity, but this would not give a uniform distribution
in a unit sphere since spins will tend to point towards the corners of a cube more often.
While other such proposals that provide uniform distributions of spin components in
Cartesian coordinates exist, we will opt to track the coordinates of our spins in polar
coordinates. As we will work with large system sizes, we need to keep in check our
memory usage. An efficient code that can deal with heavy memory requirements is
fundamental if we aim to surpass finite size effects brought by our implementation of
FEBC. In this case polar coordinates are a good choice since we have to keep track of
two numbers instead of three (since the vector is always on unit length). To choose the
angles such that we obtain a uniform distribution on a sphere we choose two random

variables u and v in (0, 1) and define the polar angles as

(5.23) 0=21u ¢=cos 1(2v-1),

this is enough to ensure a uniform distribution of spin coordinates. Of course, we
still need to transform to Cartesian coordinates to calculate the energy and one would
think that this is an extremely time consuming process. We have performed bench-
marks of our code comparing many different ways to chose our spins (Marsaglia’s
algorithm [99] among them) and the polar coordinates selection, and reached the
conclusion that the update in terms of polar coordinates is the most efficient one.

Once we know how to choose random spin

orientations, the second caveat appears, in
a system with continuous degrees of free-
dom at low temperature, simply choosing
a random new orientation of our spin will
generally produce large energy changes,

Figure 51: Sketch of the update algorithm for

continuous spin variables. For a given spin, only

which will decrease the acceptance ratio

considerably and require extensive simu-

. . ) a new configuration within the cone can be cho-
lation time. As such, an update algorithm &
. . . . sen. Once the spin is moved to the new orienta-

that chooses random spin orientations in | i .
o ] ] tion, a new cone is generated from which the new
the sphere is inefficient. The ratio can be . . .
orientation will be chosen.

increased via a modification of the update

algorithm that we can extract from one of
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the fundamental property of classical spin systems at low temperature: in these cases the
excitations can be considered spin waves, where the spins precess around a fix axis, it is
then not expected that small temperatures will produce a big deviation of the spins from
their original position, as such, we can restrict the space of random spin orientations
from which we will select the new one to a cone around the original position (see Fig. 51).
The size of the cone has to be carefully chosen, since a choice too narrow will again slow
down the dynamics considerably. Careful initial trials where performed for the codes
used in this thesis to ensure the optimal size. Please note that this does not mean that
the ground state will be close to the original random state. With this update algorithm

ergodicity is preserved, as spins can still change position drastically after enough sweeps.

5.2.1 Parallel tempering

Up to now Metropolis-Hastings algorithm has not been modified (except for a more
sophisticated update algorithm), and in principle it needs no further modification. Once
the new random orientation is chosen the process stays unaltered, we calculate AE and
accept the move according to our detailed balance condition.

As we mentioned previously, we are interested in the study of Hamiltonians with
continuous spins, and furthermore, with many competing interactions as we are search-
ing for the low temperature properties of frustrated systems. This in turn means that
the energy landscape is increasingly complicated, with multiple energy minima, where
these minima might be states consisting of only one stable phase which is higher in
energy than the ground state, and separated from the ground state by a large energy
barrier which cannot be surpassed at low temperatures. Or it many consist on many
domains separating domains of the same state (please note that as we have previously
stated creating domains cost a certain energy, but moving them around the lattice does
not provided the area of the domain does not change). We will see in the next chapter
that the closer we are to a phase boundary the local energy minima multiply and the
tendency to form magnetic domains is increased. To ensure we reach the true energy
minima of the system we will implement two modifications to the Metropolis’ algorithm,
one of them, parallel tempering, is aimed at avoiding local energy minima altogether, the
other one we will define in the next section, called iterative minimization, and will be
employed in an attempt to reduce the magnetic domains that might remain.

Parallel tempering was first devised [100] as means of speeding up the equilibration
process of systems presenting quenched disorder and glassy behavior. This algorithm

relies on the replica trick, simultaneously simulating N identical copies of the system,
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the replicas, at a range of temperatures {T'1,T,...Tn}. After a certain number of Monte
Carlo sweeps has taken place a swap move is performed. A swap move consists of N
iterations of the following: two replicas at neighboring temperatures 7T'; and T;.1 are
randomly chosen and exchanged. The time evolution of all replicas will still follow a
Boltzmann distribution, but with different § values, as such, if we make the exchange

B < [/, then there will be an energy difference given by

(5.24) A& =(BE + BE")—(BE+BE")=(B- B )E—E') = ABAE.

Employing this A& we find that our transition probability now takes the form

(5.25) Wi = min 1,225

and this exchange will be accepted or rejected according to a Metropolis algorithm.

We present the pseudo code for the swap move in Algorithm 3

Algorithm 3 Parallel tempering
Randomly select a given replica i at temperature T';
Randomly select a neighboring replica i’ with T; = T;,1 or Ty = T;_1
Calculate A&
if A6 <0 then
Exchange temperatures T; — T';
else if A& > 0 then
Generate a random number r /0<r<1
if r < e®¢ then
Exchange temperatures T;; — T;
else
do nothing
end if
end if

We can see now that if both temperatures where equal, the move would always be
accepted and if, on the other hand, the temperatures are close together, the chance of
acceptance is also high. In short, when the temperatures are similar then the correspond-
ing Boltzmann distributions will overlap substantially. In a manner of speaking, if both
temperatures are close to each other then there will be thermal states that belong to
both replicas, and as such the energy change upon exchanging them will not be so drastic

and the acceptance rate will increase.

84



5.2. IMPLEMENTATION FOR CONTINUOUS SPIN VARIABLES

For a given replica, the swap moves induce a random walk through temperature
space, with the replicas diffusing to a high temperature region, where the equilibration is
rapid, and back to a low temperature region where the simulation naturally slows down.
This way the simulation efficiently explores complex energy landscapes and surmounts
local energy minima in which it might get stuck. With this in mind we aim at maximizing
the number of round trips one replica performs (how many times the lowest temperature
replica visits the highest temperature region and returns to it’s original position), this
will depend on the choice of the given temperature set for our simulation. One would
in principle consider that, given the appropriate conditions for a large scale parallel
simulation, the more temperatures one uses the better as the temperatures can be closer
and closer together thus increasing the acceptance rate considerably. But, since the
movement of the replicas in temperature space is diffusive, the time scale for round-trips
scales approximately as the square of the number of temperatures. Following the work
in Ref. [101] we will chose a temperature set such that the probability for a swap at
neighboring temperatures is flat. This is a good choice provided the specific heat of the
system is constant, i.e no phase transition occurs at the studied temperatures. If this is

the case then a good approximation is given by a geometric progression of temperatures:

T

M

i-1 . Tp \ V=D
(5.26) T;=T.[]R with R= ( )
i=1
where T is the minimum temperature, Tn is the maximum, and 7T; are the N — 2
intermediate temperatures. As we will explore low temperature properties away from
thermal phase transitions, we will implement this temperature set, if thermal excitations
and associated transitions are of interest then the algorithm needs to be modified as

proposed by Katzgraber et.al. [102].

5.2.2 Iterative minimization

As mentioned before, within the implementation of FEBCs the appearance of domain
walls cannot be avoided. If our system is in a state that possesses any sort of degeneracy
the domains will consist of different versions of the same state, e.g in a ferromagnetic
Ising model the ordered state has a two fold degeneracy, as such the system can induce
magnetic domains where the total magnetization has two different orientations. In cases
where the phase diagram is more complex, if we choose exchange couplings which locate

us close to a phase boundary, the magnetic domains can consist of two different phases,
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one type of domain will be formed by the expected ground state for the selected exchange
couplings, while the other will be given by the phase we are close to. This is another way
in which our simulation gets trapped in a local minima. In principle parallel tempering
will not always get rid of this problem, as higher temperatures can induce the appearance
of domain walls that cannot be broken at low temperature.

To solve this problem, we will use an iterative minimization (IM) algorithm[103, 104].

In this method, a local field is calculated, h'°° for a given spin at site i,

(5.27) e =-%"J,8;,
J#
in a sense, we calculate an effective local field generated by all the spins which whom

the spin at site i interacts via the Hamiltonian H. In this way, the Hamiltonian can be

written as

(5.28) H=-Y n.s;.
i

The method selects one spin at random, and aligns it with the local field, this is
iterated N times, where N is the number of spins in the system. Later on we calculate the
average energy change (between the system with the original spin orientation and the
system with the spin aligned with it’s local field) of all the moves and if it is lower than a
certain threshold (we chose this threshold as AE < 10720) the algorithm ends. In principle
this method can be used as a stand alone method to find the ground state of different
classical Hamiltonians at 7' = 0 as it completely disregards thermal fluctuations. In that
case we would start our simulation on a random state, and orient random spins with their
local field until the threshold is reached. We chose to employ it instead as an improvement
algorithm of our MC method since IM comprises a very slow relaxation time, if a long
wavelength magnetic excitation is present in the system, it will take the IM method a
considerably longer simulation time to make it disappear than MC, which constrains
the system size greatly. As we have stated, we aim at studying incommensurate states
which require extensive system sizes, then the IM method alone is out of the question.
We show the pseudo code for the IM method in Algorithm 4.

One would be worried that employing IM as a further equilibration algorithm of
a MC simulation would drastically change the observed physics, as MC is based on
thermal excitations driving the dynamics while IM completely disregards them. And

indeed this would be a problem if we where studying high temperature phases and
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Algorithm 4 Iterative Minimization
input the low T state obtained from MC
while A& > 10720 do

for p=0, p <(N +1) do
Randomly select a spin S;
Calculate the local field hl*
Calculate the energy change for this move
Update the spin S; = hlioc
accumulate the energy change AE

end for

As=5E

end while

their transitions. In our case, we will focus on low temperature properties well below
the smallest energy scale of the Hamiltonian (7" ~ 0.01/in, Wwhere JJyin is the smallest
exchange coupling in the system), and as such a final minimization via IM will not affect
the ground state obtained via MC, but it will reduce the domain walls that might appear
in it. Furthermore, since the energy of the system is minimal in the ground state (at
T =0), then all spins are aligned with their local field, which justifies the use of IM to
study ground state properties.

In conclusion: we have implemented a Metropolis algorithm for continuous spins to
treat Heisenberg like Hamiltonians with an arbitrary number of interactions. Focusing
on the study of incommensurate states of the next chapter we explained the need to
implement free edge boundary conditions and the associated difficulties. Furthermore,
we implemented two extra algorithms to ensure a proper equilibration of the low temper-
ature states and to deal with the effects of the FEBCs. When everything is taken into
consideration, the final code used to map the phase diagram of continuous spin systems
consisting of N spins reduces to: M Metropolis Monte Carlo sweeps interlaced with P
parallel tempering swaps. Once the low T state was equilibrated we employed iterative
minimization with a threshold E. While the number of iterations for every step vary
for system to system, for the different models studied thought this thesis we employed
(unless stated otherwise) N = 2400 or 5400 sites, M = 10® with 10 used for equilibration
and the rest to calculate the averages. The parallel tempering swaps where performed
with either 16 or 32 replicas, every 100 MC sweeps, as such is P = 16 or 32, finally
E=10"%.
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CHAPTER

MAGNETISM IN THE CLASSICAL LIMIT
PHYSICS OF a-LiyIrO;

Perhaps the material is the
simulation approaching your

computer’s results.

Daniel Litinski, 2018

ow that we have shown how our Monte Carlo method works, we can employ it

in the study of low temperature properties of classical magnets. In particular,

since the algorithms don’t change when different Heisenberg like or anisotropic
interactions are employed, we will concentrate in models that present bond dependent
interactions. In particular, we will study a compound belonging to the broad family of
Kitaev materials.

In 2006 Alexei Kitaev put forward an exactly solvable model [9], the now called Kitaev
honeycomb model, which belongs to a wider range of quantum compass Hamiltonians
[105]. The distinguishing feature of the quantum compass models is that the spin-spin
interactions along each bond are anisotropic, and depend on the orientation of the bond.

We show the spin Hamiltonian corresponding to Kitaev interactions in equation 6.1.

— YQY
(6.1) A=K Y Yy SISt

<ij>Y

89



CHAPTER 6. MAGNETISM IN THE CLASSICAL LIMIT, THE CASE OF a-LigIrOs

where y = {x,y,z}, and where different bonds couple different components of the
spin. We show in Fig. 61 the different bond interactions in the honeycomb lattice. One
of the most relevant features of Kitaev’s honeycomb model consists on the fact that it
can be solved exactly. Reformulating the spin operators in terms of Majorana fermions
the Kitaev-honeycomb model can be mapped onto a Zy gauge theory with static flux

excitations describing a spin liquid ground state.

A detailed study of quantum compass models or of the particular Kitaev model is
beyond the scope of this chapter, but it suffices to say that Kitaev’s model is special in the
sense that for spins 1/2 it harbors both gapped and gappless spin liquids. This proposal
kick-started a quest for experimental realizations of model 6.1, and since then many
materials have been synthesized that have been proposed to realize Kitaev interactions
(NagIrO3[106], LiaIrO3[107-109], RuCl3[110], BagIrTiaOg[111]).

Until now, though, these materials
not only present Kitaev interactions but
also are accompanied by Heisenberg and
other bond dependent exchanges, we will
call these models extended Kitaev mod-

els. These perturbing interactions have a

strong effect on the ground state of the
these materials. Even though Kitaev inter- Figure 61: Color coded honeycomb lattice
actions give rise to spin liquid states, the showing the Kitaev exchanges SfS;? (blue),
SfSJy. (red), and Sijﬁ (green) for nearest

neighbor interactions.

perturbation are so strong that in the ex-
periments they give rise to classical mag-
netic order. One of the materials in which
we will be interested in this chapter is a—
LioIrO3. While the quest for materials which only realize a Hamiltonian of the form
6.1 is still ongoing, the theoretical understanding of extended Kitaev models remains
challenging. These extended models are in principle not exactly solvable, and as such
approximate analytical methods, or numerical simulations need to be employed. In
particular, the question of which minimal model a-LioIrOg realizes has not been settled.
We aim in this chapter to give an overview of the physics of this material, and study the
different proposed Hamiltonians via large scale Monte Carlo simulations to compare
the different models with the accepted experimental evidence. Furthermore, we will go
one step beyond and study the magnetization processes of the different models, with the

intention of predicting their behavior in an experimentally reproducible way.
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Figure 62: Diagram showing the formation of spin-orbit entangled j = 1/2 local moments
arising from ions in a d® electronic configuration. A canonical example of this process is
the Ir** ions in a—LisIrOs. Figure adopted from [112].

This chapter is structured in the following way: First we will present the current
understanding of the generation of bond dependent interactions in real materials, focus-
ing on a—LigIrOs. Following we will study extended Kitaev models based on symmetry
allowed interactions, that will lead us to a minimal model that accurately reproduces the
low temperature experimental signatures of this material. We will also study a model
put forward in Ref. [1] based on DFT calculations. Finally we will make predictions on

the magnetization behavior of both models.

6.1 Bond dependent interactions

We will start this chapter by briefly describing the main properties of materials like
a-LigIrO3 composed of transition metal oxides with partially filled 5d shells in an octahe-
dral environment (in a—LisIrOs the 5d transition metal Ir** are the magnetic ions). Ma-
terials such as this present a rich behavior arising from the combinations of electronic cor-
relations, spin orbit entanglement, and crystal field effects [113]. In the presence of both
strong electronic correlations and spin orbit coupling, it can be shown that these materi-
als form spin orbit entangled Mott insulators. We will be interested in the particular class
of Mott insulators in which the local moments are spin-orbit entangled j = 1/2 Kramers
doublets arising from a d® electronic configuration in an octahedral environment. The
environment around the magnetic ion (please see Fig. 63 for the crystal structure of
a—LisIrO3) contains six O atoms that form an octahedron around the metal ion. In these
cases the d-orbital splits, thanks to the crystal field of the ligands, into a high energy
empty e, pair and a lower energy, three-fold degenerated, ¢2, level containing one hole.
This way five electrons, with a total s = 1/2, are located in the ¢, levels, each one realizing

an effective [ = 1 orbital moment. The strong spin orbit coupling also affects the elec-
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tronic levels, splitting the 5, into two bands with corresponding j.rr =3/2 and j.rr = 1/2.
Furthermore one hole is localized in each metal ion in such a way that the j.rr = 3/2 band
is full and the remaining j.rr = 1/2 band is half-filled. This process if schemed in Fig. 62.
One important point needs to be clarified
before moving on: in chapter 4 we men- R P o Q P o
tioned that the classical limit of our spin

o o R0 R0
system is given by S — co. And we men- d o ! B Y

tioned that increasing the spin length can g ‘( !

be interpreted as decreasing the quan- ? E ? x

tum fluctuations. Theoretically this can KR+-0 ERA "
o

o = - o

be proven by studying the overlap of co-

herent spin states as the spin length is ':( } o o ‘( | 0 o
increased [115] and noticing that the over- 0 R0 =R ©
lap vanishes in the classical limit. The ex- b | &g -£ | o =

perimental reason for why a system com- ﬂ J o
posed of atomic spins 1/2 (that in principle Co&—> 3
are quantum objects) can be studied clas- Figure 63: Refined crystal structure of a—

sically, as we will do in this chapter, is LisIrOg, showing unit cell as a black outline.

related to the experimental evidence sug- Here we present the basal plane layer showing
gesting that the ground state of a-LigIrO3 the honeycomb of edge-sharing IrOg octahedron.
is a magnetically ordered phase. In cases The Ir ions are represented by gold spheres, Li
such as this, a good first approach is to as purple, and O as red. Figure extracted from
completely neglect quantum fluctuations Ref. [114].

and study the purely classical case. Please

note that previously, in chapter 4 we studied another model, in which the classical
limit moves the boundaries between different phases, but does not change the nature of
the magnetic long range orders present in the quantum limit. As such, in this particu-
lar model we could also in principle neglect quantum fluctuations and proceed with a

classical treatment as a first approach in the parts of the phase diagram showing LRO.

One more detail needs to be pointed out, for the material we will study in this chapter
the crystal field presents no easy axis (easy plane) anisotropy that could force the local
moments to point in a particular direction (plane). As such we will model our system
of spins as vectors living on a sphere. It has to be noted that there are cases where the
crystal field not only splits the energy levels but also selects particular directions (planes)

for the movement of the local moments. This is the mechanism by which spin ices [45]
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(XY models) can be considered as classical spins pointing only in a particular direction
(taking values in one particular plane).

With this in mind, now we can study where the particular interactions that will
be used to model a—LigIrOs arise from. Jackeli and Khaliullin [116] realized that the
geometric orientation of the octahedron affects the exchange paths between magnetic
ions located at the center of these octahedra. If the IrOg octahedron share a corner, as in
the case of SrolrO4 [117], there is one single Ir-O-Ir exchange path with the bond in a
180° configuration. It can be calculated in a similar way as was done in Chapter 1, that
in this case the dominant super-exchange interaction is of Heisenberg type between the
two j.rr = 1/2 moments. On the other hand, if the octahedron share an edge (as in the
case of a—LigIrOg) there are two possible Ir-O-Ir exchange paths with a 90° geometry.
In this case, when considering hopping only between the p-orbitals we see that, for the
symmetric Heisenberg exchange, both paths interfere destructively if we only consider
paths arising only from the j.rr = 1/2 bands, and that this path is significantly reduced
when considering the full multi-orbital model. Further calculations including hopping
between d-orbitals (which in 4d and 5d elements are diffuse which leads to a bigger
direct overlap between them) arrive at more significant deviations from the pure Kitaev
model. What is consistent is that, even in the case where all hopping paths are taken
into account, the dominant interaction is of Kitaev type, and bond dependent couplings
enter into play.

The bond directionality stems from the fact that a pair of Ir are linked between
two neighbor octahedra sharing an edge, which induces different orientations of the ¢94
orbitals, as their lobes point exactly along the axis of the Ir-O-Ir bonds, and these bonds
are not the same for all Ir-O-Ir triads. Many works have shown that these bond dependent
interactions are of Ising type, between the two j.rr = 1/2 moments, with a magnetic
easy axis perpendicular to the plane spanned by the two exchange paths[118-120]. If we
represent these two local 1/2 moments by vectors of the SU(2) spin 1/2 Pauli matrices
algebra, S; and Sg, it can be calculated that this bond geometry naturally couples only
one component of the spin, which is precisely the Kitaev exchange in equation 6.1.

With these considerations in mind a generic model for the magnetic interactions

between spin-orbit entangled j = 1/2 moments was determined [120, 121],
— Y QY B, Qb
6.2) #=JYSS;+ Y (KSIST+T(se8”+805),
ij ijey—bonds
where y = {x, y,2}, and where a and f indicate the two spin components perpendicular
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to y. J represents a Heisenberg coupling, while the bond dependent terms contain Kitaev
interactions coupled by K, and a I exchange that couples two orthogonal spin components,
a and B, along the bond with Kitaev interactions in the y spin component. In this class
of materials the specific model may vary, not always been exactly of the form 6.2 or
including interactions of different ranges, but it is a distinguishing feature of most
Kitaev materials that the dominant interaction has been proposed to be of Kitaev type,
K>dJ, K.

For a—LisIrO3 many experimental studies have been performed, and up to the mo-
ment the consensus is that the ground state of this material is a long range ordered state,
in which spins form incommensurate counterotating spirals with a tilted rotation plane
[14]. Different variations of model 6.2 have been proposed for a—LisIrOg, in particular
Kimchi et. al. have proposed [122] a slightly different model where the bond dependent
interaction is allowed by the crystallographic symmetry. This model was studied by
the authors in a toy model consisting of 1D zig-zag chains, and it can be seen that the
Hamiltonian can be taken to a similar form as Eq. 6.2, but the coupling strength, their
respective signs, and the symmetries, change drastically. We will study the model pro-
posed by [122], but we will employ large scale Monte Carlo in the precise crystallographic
configuration of a—LisIrOg instead of the 1D toy model. We will also study a variant of
the model shown in Eq. 6.2 with coupling strengths obtained via DFT calculations, and
other further models which might present a similar ordered ground state as the one

expected for a—LisIrOg.

6.2 Characteristics of a — LisIrO;

As mentioned before, we will concentrate on the study of a particular material believed
to be representative of extended Kitaev models, a — LigIrO3. This material, isostructural
to NayIrOs, possesses a layered crystal structure where the Ir**, surrounded by an
octahedral cage of oxygens, form a honeycomb lattice (see Fig. 63). This lattice resides in
the [111] Cartesian plane, with one bond parallel to the [110] direction.

Both compounds, NasIrOs and a — LioIrOg, present long range order [107], showing
anomalies in the specific heat and in the magnetic susceptibility at a critical temperature
T. ~ 15K (experimental data extracted from [107] is shown in Fig. 64), with a Curie-
Weiss temperature of ©® = —125(6)K and © = —33(3)K respectively. NagIrOs presents
a zig-zag ordered state and it would be expected that, given the similarities in the

thermodynamic anomalies, a — LioIrO3 would also present a zig-zag order. While the
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Figure 64: Top: Specific heat as a function of temperature for NAgIrOg (blue), a —LigIrOg (black),
and the nonmagnetic compound LisSnOs. Inset shows the difference heat capacity AC and
the difference entropy AS for the Li compound. Bottom: Zero field magnetic susceptibility as
a function of temperature for the Na and Ir compounds. The red curve represents a fit by the
Curie-Weiss expression y = yo + C/(T — ©). The insets (a) and (b) show the anomaly at T, for
NAsIrOg and a — LigIrOg, respectively. In both cases, a clear peak corresponding to the transition
towards long range order is seen at T'. ~ 15K. Figures extracted from [107].

thermodynamics show similarities in the behavior of the Na and Li compound, recent
studies performed on single crystals and powder samples of a — LigIrO3 have shown that
the magnetic order present in this material is not of zig-zag type, but of spiral nature.
Magnetic resonant X-ray diffraction (MRXD) together with magnetic powder neutron
diffraction determine a magnetic structure composed of counterrotating incommensurate
coplanar spin spirals [14], with a propagation wavevector q = (0.32(1),0,0). At the same
time they are able to determine that the plane of rotation of the spirals is uniform
between the different sublattices and tilted with respect to the lattice plane by 80°. In
their studies they see that the MRXD, at a temperature of 5K, present satellite peaks
at positions 7 + q, where T are the positions of allowed structural reflections 7 = (h,k,1),
with h + k =even. We show a scan of the magnetic diffraction along the [A,0,6] plane in
Fig. 65(b).

Similarities have been found between the ground state of @ — LigIrOg and the two
structural polytypes, f —LioIrO3 and y — LioIrOg, which correspond to hyper-honeycomb
and stripy-honeycomb magnetic lattices respectively. All three of these polytypes are
members of the “harmonic honeycomb” structural series, and the similarities in their
magnetic ordering have lead to proposals of universality between the members of the
family of harmonic honeycomb Iridates [122].

It has been shown previously that the magnetic ordering of the  and y structures

are well described by a dominant antiferromagnetic Kitaev interaction, combined with
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other smaller exchange terms, like Heisenberg or bond dependent terms, [122—-125], in

particular the counterrotating spirals can be modeled via a bond dependent interaction

in the zz—bonds. Furthermore, these materials present an alternating tilt of the rotation

plane that can be reproduced via a change in the sign of the Kitaev interaction along the

zz-bonds. [122].

Given the similarities between the dif-
ferent polytypes we predict that the model
which correctly describes the magnetic
structure of a—LigIrOg will be composed
of dominant Kitaev interactions, supple-
mented by weaker Heisenberg and bond
dependent terms. While in principle this
proposal is in agreement with what is
known of the  and y polytypes, the partic-
ularities of the minimal model have not yet
been defined. Many models have been pro-
posed which reproduce some characteris-
tics of the a polytype, but which have been
tested only in toy models, or by a Luttinger-
Tisza (LT) approximation, which are not
ensure to succeed at the detection of in-
commensurate states. In the following we
will study the models that have been pro-
posed until now, and propose some of our
own, under the light of a common method,
a Monte Carlo simulation. We aim at ex-
ploring the possible ground states of the
different models via a method which is not
biased towards any type of magnetic order,
and which can deal with the incommensu-

rate nature of the expected ground state

(a) FA
(1,1,6)

(1,0,6)

20| (b)

Intensity (arb. units)

Figure 65: (a) Schematic diagram for the [hk6]
reciprocal plane of a — LigIrO3g showing struc-
tural peaks (black circles), measured magnetic
peaks (blue diamonds), and the absence of peaks
(pink crosses). The lattice points are indexed
by their magnetic basis vectors. (b) Intensity of
the magnetic resonant X-ray diffraction scanned
along the (h,0,6) direction. Structural peaks ap-
pear at integer A = 0, 2 (points rescaled by
3 x 107%) with their magnetic satellite points at
positions h =0+ q, 2+ q. The red line indicates
the calculated magnetic scattering intensity for
a magnetic structure corresponding to incom-
mensurate counterotating spin spirals with a
tilted plane of rotation and a magnetic wavevec-

tor ¢ = 0.32. Figure extracted from [14].

appropriately. At the same time, we will go one step beyond and study the magnetization

properties of the different models whose ground state match the experimental signatures

of the material. Our aim is that the differences in the magnetization processes with

different field directions can provide an efficient experimental route to probe which of
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the proposed models is the more feasible one.

6.3 Models

We will classify the different models according to the range of their interactions, into
nearest, second, and third neighbor models. All the models we will study here are
variations of the extended Kitaev-Heisenberg model shown in Eq. 6.2. Here we will show
some of their basic common features. More information regarding the particularities of
each model will be given as the results are shown, as the construction of some of these
models heavily rely on the results found for others.

The nearest and second neighbor models are based on the following Hamiltonian

63) A=) [Jn ) Si-S;+K, )} Y SISI+I. Y 8;VSV+1a ) S;"S]
n <ij>p <ij>, Y <ij> <ij>

where < ij >, denote a sum over n-th neighbors, y = x, y, z indicates the bond in
which the Kitaev coupling acts, and S; = (S7 ,S“;V ,8%) denotes the classical spin operator
acting on site i. The terms containing the couplings I, and I; are Ising terms that couple
the spins components parallel to the bond orientation, i.e 8"/ =S -¥;;, where r;; is the
unit vector connecting the spins in sites i and j. In the real material, the octahedral
cage enclosing the Ir atoms is not perfect, and presents deformations. This deformations
induce a bond anisotropy on the interactions, where the couplings of the Ising terms is
not the same on the zz-, and xx- and yy-bonds. For this, we choose I, to be active only on
the zz-bonds, while I; acts on the rest of them (zig zag bonds). A diagram of the lattice
and the Kitaev interactions is shown in Fig. 66

Please note that the Kitaev model has a particular symmetry in the bond isotropic
case, where a 60° rotation in real space and spin space leave the ground state invariant.

We will work with two nearest neighbor models, the model we will name “I.-model”
will contain dominant ferromagnetic Kitaev interactions K; < 0 as well as small anti-
ferromagnetic Heisenberg terms J; > 0, the Ising term is ferromagnetic as well, I, <O0.
The “I.I;-model” will also include terms with I; < 0. For the second neighbor models
we will have the “2N-model” with J1 >0, J9 <0, K1 <0, and Ky > 0, while “2N I .-model”
will include terms with I, < 0. The different models with their respective interactions
are shown in Table 61.

For the third neighbor case we will use the model proposed by Winter et.al. based on
DFT calculations [1]. The Hamiltonian, for the zz-bonds takes the form
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vy

Figure 66: (a) Color coded honeycomb lattice showing the Kitaev exchanges S7S f (blue),

Sf S 3’ (red), and S7? S; (green) for nearest neighbor interactions. The I, terms act on the
the zz-bonds which 1n this figure correspond to the vertical bonds. The I; term acts on
the remaining zig-zag bonds, xx and yy. (b) Extended Brillouin zone of the honeycomb
lattice (inner hexagon is the first Brillouin zone). Ferromagnetic (FM) order presents
peaks in the center of the first Brillouin zone, while antiferromagnetic (AFM) order
resides at the corner of the extended zone scheme.

Model Jl Kl IC Id J2 Kz J3
I, >0 <0 <0 - - - -
1.1, >0 <0 <0 <0 - - -
2N >0 <0 - - <0 >0 -
2NI,. || >0 <0 <0 - <0 >0 -
J1 Kl I'y J2 K2 Iy J3
W Yes Yes Yes Yes Yes Yes Yes

Table 61: Different interactions present in each model, together with the names we
will assign to each model throughout this thesis. While I.- and 1. ;-models are nearest
neighbor models, 2N- and 2N 1.-models are second neighbors. The more extended model
we will study is Winter’s model (“W-model”) which contains interactions up to third
neighbors (see text). The double lines separate the nearest, second, and third neighbor
interactions.

(6.4) A=Y [Jn Y. 8i-8j+Ky, Y, SIST-T, Y (828 +Sls%)]

n <ij>, <ij>, <ij>p

where (a, ,7) = (x,,2). In this model the I'-exchange term couple the spin compo-
nents that are perpendicular to the spin component coupled via the Kitaev terms. For
this model, that we will name “W-model”, we will study the bond isotropic version of the
Hamiltonian in Eq. 6.4, but also a version which introduces large bond anisotropies in

the nearest neighbors interactions. Defining the bond anisotropy constant by § we obtain
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JEY =d -6 JE=d1+6
KfY =K,-6 KZ=K,+6
I{Y=r1-6 14=r1+6
(6.5) XY =1,-6 TIf=r;+5,

where the quantities /1, K1, I'1, and I'9 are understood as bond averaged interactions.
In Table.62 we show the bond average value of the different couplings together with the

anisotropic component § that reproduce the experimental results.

Ow | Bond average W Anisotropic interactions
Ji | 0.14 0.2 Ji? =0.06 JZ=0.34
K| 0.34 -1 K{Y =-134 K7=-0.66
Iy |0.195 1 r{¥=0.805 I'?=1.195
Ky | 0 -0.275 KXY =-0.275 KZ=-0.275
Ty | -0.06 0.275 I5¥=0.335 I'7=0.215
J; | 0 0.3 JiY =03 JZ=0.3

Table 62: Values that reproduce the experimental results with the corresponding bond
anisotropies for the W-model. All values are given in terms of |K;]|.

6.3.1 Method

The numerical simulation consist on a Monte Carlo simulations implementing a Metropolis-
Hastings algorithm. As mentioned in the previous chapter, even though we want to study
ground state properties of the bulk, some of these ground states are incommensurate
phases which, to the effect of the algorithm, means that our system will need free edge
boundary conditions (FEBs). The presence of FEBs carries some added effects, and as
such the system will exhibit edge modes that are, in principle, not relevant to the study
of the ground state, plus it will enhance the appearance of domain walls. We show in
Appendix B that the edge modes do not affect the bulk properties of the data, provided
the lattice sizes are sufficiently big. We achieve this via a benchmark of our code imple-
menting FEBs against the results of Ref. [126] for the Kitaev-Heisenberg model (/7 # 0,
K1 #0) with periodic boundary conditions.
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To minimize the creation of domain walls, and
to increase the acceptance rate, we will implement .
an iterative minimization and parallel tempering
algorithms respectively, with system sizes ranging
from 2400 up to 5400 sites. To identify the differ- *

ent states in the phase diagram we will rely on

the study of the Fourier transform of the spin-spin Figure 67: Reciprocal space diagram

correlation function of the honeycomb lattice showing in
red the positions of the magnetic Bragg
(6.6) Cij=(S;-S;)—(S;)S;), .

peaks corresponding to the ground
state of a—LigIlrO3. The black dots

correspond to the allowed structural

where the average is taken over different Monte
Carlo sweeps. For the ground state of a—LioIrO3 we
L L Bragg peaks 7, while the red stars cor-

expect to find peaks at positions indicated by the ]
respond to the satellite peaks 7+ q.

d stars in Fig. 67 i d ith th Its of
red starsin t1g 1 aceordance wi e resuiis o The inner hexagon is the first Brillouin

[14], in particular with their results shown here in zone, while the outer hexagon is the

Fig. 65. We can determine the propagation wavevec- extended Brillouin zone.
tor of the magnetic spirals from the maxima of the
Fourier transform of Eq. 6.6, as they will be located at the points 7+ q, with q =(+q,0)
the propagation wavevector. At the same time, and since Monte Carlo produces the spin
pattern of the state, we confirm our results by calculating the relative angle between
nearest neighbor spins in one spiral.

To study the magnetization processes we will be interested in the ferromagnetic order

parameter,
1

(6.7) [FMop| = =) (S,
N5

where the average is taken over different Monte Carlo sweeps, the magnetization in

the direction of an externally applied field,
1
(6.8) Mp=MH-= ]v(FMoprx+FMopyHy+FMOPZHZ),

where N is the number of sites, S; represent the spin at site i, and FMpp; is the
i-th component of the ferromagnetic order parameter. Please note that while FMpp
probes the existence of a ferromagnetic state in the system, it does so without taking into
account the possible directions of the magnetic polarization. To probe the existence of a

ferromagnetic order with a particular polarization the ferromagnetic order parameter
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has to be projected onto this direction. As we will include magnetic fields, we choose to
study the projection of FMgp in the direction of the field, as we know that at high enough
intensities the system will polarize in that direction. To estimate critical fields we will
also employ the associated response function of the ferromagnetic order parameter, the

magnetic susceptibility

dFMpp 11
X=— =

(6.9) 90 NT

2 2
2 (¢S —(8:)7)
where H is the magnitude of the applied magnetic field, and T is the temperature of

the simulation.

6.4 Nearest neighbor models

6.4.1 Heisenberg-Kitaev-I. model (/.-model)

We begin the study of our different models by analyzing a nearest neighbor model which
qualitatively captures the features of the spin spirals along the harmonic honeycomb
family of LioIrO3 compounds. Both § and y polytypes suffer from a phase transition to a
LRO state at T, = 38K, magnetic X-ray diffraction experiments show that both materials
order in a spin spiral state with counterrotating magnetic spirals propagating with a
(q,0) wavevector, where ¢ = 0.57(1) in units of 27. As mentioned before, the a polytype
also shares the same groundstate properties as its sibling compounds. For this reason
Kimchi et. al. proposed [122] a nearest neighbor Hamiltonian that is capable of capturing
the qualitative features of the ground state properties common to these three compounds.

The Hamiltonian, corresponding to the I.-model, takes the form of Eq. 6.3 with I; =0,

(6.10) H=J ) Si-S;+K ) Y S|ST+I. ) S;VS}.
<ij> <ij>y Y <UJ>zz

where < ij >, indicates the bonds in which the interactions acts. This Hamiltonian
contains terms that are symmetry allowed by the microscopic structure of the materials,
and in their paper[122] Kimchi and collaborators studied it via a reduction to a 1D chain
model and a subsequent solution employing an LT approximation. While the results
they have obtained are in good qualitative agreement with what is known for these
materials, the methods used are approximate. The 1D toy model relies on the reduction

of the Hamiltonian in Eq. 6.10 to that of decoupled zig-zag chains by taking the I. term
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to zero and introducing a second neighbor Heisenberg interactions. This Hamiltonian is
solved by proposing an ansatz for the spin components and then the interchain coupling
arising from the I, terms is slowly introduced. They subsequently solve the perturbed
Hamiltonian by an LT approximation. They find that even when the second neighbor
interactions is zero and the I. term is completely introduced, the spin spirals survive
in the phase diagram. As such, we opt for studying the model in Eq. 6.10 exactly, via
Monte Carlo simulations. This gives us the chance to test whether the appearance of spin
spiral states in this model exist without recurring to approximations given that LT is an
approximation, that cannot ensure the correct ground state when treating non-Bravais
lattices and incommensurate states, while MC methods are exact up to stochastic noise.

In the following we will show the obtained phase diagram for the I.-model, and the

properties of the spiral phases present in it.

6.4.1.1 Phase diagram

Employing large scale Monte Carlo simu-

lations we are able to map the phase dia- 0.5

gram of the I.-model in the phase space of

the J and I, couplings. In all the models 04

we will study, the dominant coupling is the

Kitaev exchange, which we consistently 03

set to —1. The obtained phase diagram can \0.2 ,,,,,,,,,,,,,,,,,,,,

be seen in Fig. 68. This diagram shows

evidence of the strong Kitaev interactions ol

present, displaying a broad region where esovoooscece
the stripy phase lives, which is a promi-

0 e
. . 0 0.I 02 0304 05 0.6 0.7 0.8 09
nent feature of the Kitaev-Heisenberg A

model as shown in Appendix. B.

At the boundary I, = 0 (J # 0) we re- Eq. 6.10. Blue squares represent the st-Z order
cover the Kitaev Heisenberg model, which (gee text), green squares the spiral phase, and

Figure 68: Phase diagram for model shown in

presents a stripy phase for these values plack dots correspond to ferromagnetic order
of J and K. A stripy phase is such that

one pair of spins on nearest neighbors are

aligned ferromagnetically, while the other two are aligned antiferromagnetically. This
order is three fold degenerated in this case, with the spins orienting themselves along

one of the Cartesian spin directions, i.e the spins will all have one component equal +1
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and the other two equal 0. For example in Fig. 69 we see green (red) dots representing
spins pointing in the (0,0,—-1) ((0,0,1)) direction. Furthermore, this state is affected by a
spin locking effect. This mechanism is that by which the neighbors in which the spins are
ferromagnetically aligned are correlated to the spin direction in which the spins aligned,
in the sense that if our spins are aligning in the z direction, then the neighbors which
will align ferromagnetically are those coupled by the zz-bonds. The name of this state
comes from the fact that it can be seen as stripes of spins propagating along the lattice
(In Fig. 69 we show the propagation direction by a blue arrow).

As soon as we set I, # 0 the degeneracy of the stripy phase is broken, and a stripy
in the z direction is chosen (we will name this phase st-Z), which we show in the phase
diagram by blue squares. This break down of the degeneracy is not surprising, as the I,
terms reinforce ferromagnetic order over the zz-bonds.

On the other limit, when J =0 and I. # 0 the

model in Eq. 6.10 reduces to two ferromagnetic

couplings, which produces a large ferromagnetic ”

phase which survives up to finite J (black dots in Q .

Fig. 68). The case I, =0 and J = 0 is special, as # ”

this point reduces to the Kitaev model, which is a

macroscopically degenerate state without LRO. For Figure 69: Sketch of the stripy order
finite J and I, we find an incommensurate spiral in the z-direction. Red (green) dots rep-

phase (green squares in Fig. 68) which we will study resent spins oriented in the +z (-2)

in detail in the next section. It is worth noting that direction. The blue arrow indicates the

Kimchi et.al report the existence of a small area propagation direction of the stripe, and
the kitaev coupling on each bond is in-

where the st-X and st-Y phases should be present,
dicated.

and they locate it at the intersection of the spiral

and st-Z phase.

6.4.1.2 Spiral properties

The incommensurate order present in the phase diagram (green squares in Fig. 68)
exhibits signatures of incommensurate counterotating spirals. This spiral phase propa-
gates in the horizontal direction according to Fig. 66 (the direction perpendicular to the
zz-bonds), with a wavevector that varies from 0.5 to 0.30 in units of 27. The phase of
rotation tilted with respect to the lattice plane remains constant throughout the phase
diagram at 0 = 54°, i.e, the rotation plane is oriented parallel to the XY-Cartesian plane.

This phase mostly reproduces the experimental structure determined from neutron
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diffraction except for the tilt of the rotation plane (we find a tilt of 54° and the expected

value for the tilt angle is 80°). For this reason we will postpone further discussions

regarding this phase until the next section, where we analyze in detail the 1.1 ;-model,

which reproduces the experimental results fully, and is derived from the present model.

6.4.2 Heisenberg-Kitaev-I.-I; model (/.1; model)

6.4.2.1 Phase diagram

We study the model described in Eq. 6.3
setting fixed values for the Heisenberg and
Kitaev interactions J/|K| = 0.2, K/|K| =
—1, which we know from the previous sec-
tion show the presence of a stripy and an
incommensurate phase at finite I.. To an-
alyze the effect of bond dependent inter-
actions we allow the couplings I. and I4
to move in the range {-1,...0}. Studying
both the real space configuration of the
spins, as well as the correlation function
in reciprocal space we are able to map
the phase diagram for finite I, and I,.
We show this phase diagram in Fig. 610.
We observe a rich behavior, with differ-
ent commensurate-incommensurate tran-
sitions. The experimentally relevant phase
corresponds to the green squares.

The regime I; = 0 was shown in the
previous section, and it corresponds to a
cut along the line J = 0.2 in Fig. 68. All
our results in this limit are consistent with
what we have found for the I, model. In

the I, = 0 regime: for moderate values of
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Figure 610: Phase diagram for the I.1;-model.
Blue squares represent the st-Z order, orange
triangles are st-XY, red diamonds the 120°, green
squares the spiral, and black dots correspond to
ferromagnetic order. The open marks show the
zone boundaries between the st-XY, st-Z, 120°,
and incommensurate phases. The line of open
circles in the ferromagnetic phase indicates the

line along which a U(1)-like behavior appears.

I; (I;>—-0.25) we observe a degenerate stripy phase, that we denote st-XY (orange tri-

angles), while for smaller I; we obtain a 120° order (red diamonds). This latter state was

previously studied via a soft spin approximation, and identified as an incommensurate
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spin spiral propagating in the vertical direction of Fig. 66.

While the Fourier transform of the cor-

relation function present maxima close 60

to the first Brillouin zone, Fig. 611(top), 50

which would indicate a spiral-like state 40

that is approaching the 120° order, the 20

spin pattern in the real space shows that

the state is that of a distorted 120°. 20
The distortion can be understood if we (1)0

think of the origin of the 120° order in
the honeycomb lattice. This state can be ks
constructed with a pure second neighbor
Heisenberg Hamiltonian, in this case both
triangular sublattices decouple, and each
presents a 120° states. A depiction of the
spin pattern of this state in the triangular
lattice is shown in Fig. 611(bottom). In this

case, we see that second neighbors in the

Y

underlying triangular lattice are parallel Figure 611: Top: Fourier transform of the cor-

to each other. In our model we see that, for relation function for the order present in the

high enough |I;]|, the distortion present in I. = 0 regime, for I; = 0.5. The maxima are lo-
the 120° order can be understood as long cated close to the corners of the first Brillouin
wavelength spin spirals propagating over zone. Bottom: 120° order in the triangular lat-
the second neighbors. In the language of tice. Blue lines indicate the neighbors which lie
spin spirals, the 120° state can be seen as parallel to each other.

a spin spiral state with wavevector 0.33

in units of 27, the distortion here appears

as a small deviation from this wavevector, on the order of 10%. This deviation can
be observed in the Fourier transform of the pseudo-120° state present in our model
(Fig. 611(top)). While in the 120° state the maxima lie on the corners of the first Brillouin
zone, here they appear slightly away from them. For smaller |I;| and non zero |I.| the
distortion becomes more pronounced, with the wavevector deviating more from 0.33. We

expect that in the limit I; — oo we recover the exact 120° order.

The stripy phase in the I, = 0 regime arise as a superposition of st-X and st-Y

phases. We will call it, st-XY phase, according to the literature. The appearance of this
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superposition can be understood remembering that previously we have mentioned that
the Heisenberg-Kitaev model stabilizes a triple degenerated stripy phase (see appendix
B and [126]), each of which we denote as st-X, st-Y, and st-Z respectively. As we have
also seen in the case of the I, model, the inclusion of a small bond dependent interaction
strengthening one particular bond, breaks the degeneracy of the stripy phase. In the
case of the I, model (where the I, terms strengthen the ferromagnetic ordering over the
zz-bonds) we saw that, as expected, the stripy phase selected is that which has spins
over the zz-bond coupled ferromagnetically. Is then easy to understand why, in the case
where I, =0 and I; # 0, the selection happens in the x- and y-bond, as the I; terms

strengthen the ferromagnetic interaction equally in them.

When both 1. and I; are non-zero, we see a clear separation of phases through the
line I. = I4. For the stripy phases this is again intuitive, as we expect a different selection
of stripes based on which coupling is dominant. It is expected, and indeed observed, that
throughout this line, and where the stripy phases are located, there is a superposition of
st-X, st-Y, and st-Z states.

Beyond the line I, = I; a counterro-
tating spiral state dominates the phase
diagram. This phase reproduces well the
experimental results for a — LioIrO3 and

will be studied in detail in the next section.

Finally, we note that, at high enough
values of |I.| and |I4| the model adopts an
in plane ferromagnetic order. This order
lives on both sides of the I. =14 line, pre-
senting a ferromagnetic order with a net
magnetization in the direction of the zz-

bonds when |I.| > |I;|, and perpendicular

to it in the |I.| < |I4| case.

Understanding the behavior of the fer- Figure 612: Ferromagnetic order for the

model shown in Eq. 6.11 with parameters
I.=05andI;=0.5.

romagnetic phase will be crucial to under-
stand the magnetization plots given that
the experimentally representative point is
close to this phase. In Fig. 610 we observe a ferromagnetic phase (full black dots) which
is separated in two by the line I, = I ; (line with open black dots). On the left side of this

line (I > I.) we encounter ferromagnetic polarization on the direction perpendicular to
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the zz-bonds. On the other side (I, > I ;) the magnetic vector is also in plane but parallel
to the zz-bonds. Both cases posses the same type of low energy fluctuations, these being
domain walls separating different orientations of the magnetic polarization. The line in
the phase diagram separating both polarization is of special interest given that the low
energy fluctuations of the system are of a different nature. All over the line I, = I; the
low energy fluctuations are vortex-antivortex pairs, where antivortices are extended over
a number of unit cells. An example of a spin pattern presenting this behavior is shown,

for a calculation over 2400 sites, in Fig. 612.

These vortex fluctuations where studied in systems ranging from 24 to 5400 lattice
sites, and they consistently appear in all the studied system sizes over this particular
line in the phase diagram, which rules out this behavior as a finite size effect. This
low energy behavior reminds us (though it is not necessarily the same physics) of the
behavior of XY-models when I, =1, and I, = 0.46.

This behavior can be understood following a symmetry argument. The I, (I;) term
posses a rotational invariance along the Z Cartesian axis (XY plane). When I, =1 4,
there is no preferred symmetry axis or plane, instead the preferred orientation is the
lattice plane, and, as both these off-diagonal terms are of the same strength, there is no

preferred bond direction, which implies that an on-plane XY-like behavior could emerge.

6.4.2.2 Spiral properties

A big part of the phase diagram on Fig. 610 is domi-

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

nated by an incommensurate phase (green squares).
This state represents an incommensurate counter-
rotating spiral which propagates in the horizontal
direction according to Fig. 66 (the direction perpen-

dicular to the zz-bonds). In the regime I; = 0 the

wavevector varies between 0.5 and 0.4 (in units of
2m) and the plane of rotation is tilted with respect Figure 614: Heat map of the wavevec-
to the lattice plane by 54°, i.e, the rotation plane is | . . ipe regime I,/K > 0.5. The black
oriented parallel to the XY-Cartesian plane. This co- jie represents the line of wavevector
incides with what it is found for the I. model when ¢ =0.32, in units of 27.

a cut on the phase diagram over the line J =0.2 is

performed.
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Figure 613: Spiral structure obtained from Monte Carlo simulations for the couplings I. = —0.5
and I; = —0.35. The wavevector and tilt angle coincide with the experimental results ¢ = 0.31(1)
and 0 ~ 80°. The circular drawings on the upper right indicate the rotation direction of two
neighboring spirals. Blue circles show the plane of rotation, with the plane tilt. By a, b, ¢, and d
we mean to label the four spirals that appear in one single slab of hexagons, with spins of each
sublattice forming one spiral along the slab. Finally, and for the sake of completeness we indicate
the bonds that correspond to the Kitaev interaction as defined in the model.

In the regime where both I. #0 and I; # 0 the
commensurate phases mentioned previously sur-
vives for values of I; down to —0.4 and for values
of I, such that |I.| > |I4]—0.4 for |I;] < 0.2, and
|I.|>|I4] for 0.2 < |I4] < 0.4. We show in Fig. 613
a real space pattern of the spin spiral, at a point
in the phase diagram which reproduces the exper-
imental results. In this regime some properties of
the spiral phase are modified. As I, and I; are
varied the wavevector changes, but in this case
it changes between 0.5 and 0 (wavevector O cor-
respond to the onset of ferromagnetic order). The
rotation plane’s tilt now also varies along the phase
diagram, between ~ 50° (consistent with the spin

spiral known to appear at I; =0) and ~ 90°.
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Figure 615: Heat map of the rotation
plane’s tilt for the SP phase in the
regime I./K > 0.5. The black like repre-
sents the experimental value obtained
for the wavevector, ¢ = 0.32 in units of
27.



6.4. NEAREST NEIGHBOR MODELS

In Fig.614 and 615 we show two heat maps, one for the wavevector and another
for the tilt angle of the rotation plane, respectively. We can clearly see the variation of
these quantities in the phase diagram. In the heat map corresponding to the wavevector
(Fig. 614) we indicate with a black line the zone of wavevector ¢ = 0.32 (in units of 27)
and superimpose this line over the tilt angle heat map (Fig. 615). Please note that this
mark is a guide to the eye, it does not arise from a fit to the data.

Further confirming the existence of counterrotating spin spirals reproducing the
experimental results, we show the Fourier transform of the correlation function in
Fig. 616. This figure was calculated for the parameters I, = —0.5 and I; = —0.35, which
reproduce the wavevector and rotation plane tilt found in experiments. The correlation
function presents maxima at the experimentally expected positions. They appear as
satellites of the I' point, with positions 7 + q, where 7 indicates the location of the I
points and q = (+£0.32(1),0) in units of 27, which coincide with the experimental results

discusses in section 6.2, and in particular, with the findings shown in Fig. 65.

A 300000
250000

2
200000
20 150000
100000

)
50000

—4 0

Figure 616: Correlation function for the incommensurate spin spiral state at I. = —0.5 and
I; =-0.35. We observe maxima as satellite points of the I' point, and secondary maxima as
satellites of the K points.

109



CHAPTER 6. MAGNETISM IN THE CLASSICAL LIMIT, THE CASE OF a-LigIrOs

6.5 Second neighbor models

6.5.1 Next Nearest Neighbors Heisenberg-Kitaev model
(2N-model)

We proceed now to study the 2N model, which consists of first and second Heisenberg and
Kitaev interactions. We show in Fig. 617 the exchange couplings in the honeycomb lattice

for this model. The Hamiltonian corresponding to the 2N model is given by Eq. 6.11.

(6.11) A =dJ; <L—Zj> Si-S;+K1 <izj>;sjsj. +J3 «izj»si -S; +K2<<izj>>;sfsj.

This model was previously studied in the context of the LioIrO3 family via PFFRG
[127]. In their paper, Reuther et. al parametrize the different couplings via two angles,
P and Ps, as J; = cos(nP1/2), K1 = —sin(nP1/2), Jo = —gcos(nPy/2), Ko = gsin(nP2/2),
and map the phase diagram of 6.11 for P; €(0,1) and P € (0, 1).

They find two incommensurate spiral
phases for Py 2 0.5, the spirals SP1 and
SP2, while for values below 0.5 they find
a ferro and antiferromagnet. Studying the
maximum of the susceptibility they find

that the state SP1 corresponds to maxima

outside of the first Brillouin zone, while

the SP2 has maxima inside the first zone. Figure 617: (a) Color coded honeycomb lattice

We will employ Monte Carlo simulations showing the Kitaev exchanges S;‘Sf (blue), Sg’ Sj.'
to study the classical equivalent of this (red), and S-izsj (green) for nearest (full lines)
model, and we will restrict ourselves to the and second (dotted lines) neighbor interactions.

value g = 0.8, as according to the evidence

in Ref.[127] the phase diagram does not change drastically for different values of g.

6.5.1.1 Phase diagram

The phase diagram for model 2N is shown in Fig. 618. Please note that since the aim
of this study is to identify the nature of the spiral phases, we have not gone to great
lengths mapping the boundary in between the phases in this model. While it is expected
that the boundaries between the quantum and classical phase diagram will shift, we

have previously seen cases in this thesis where the quantum to classical limit affects the
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6.5. SECOND NEIGHBOR MODELS

position of the boundaries but not the nature of the phases when LRO is expected. For
this reason, we leave the study of the precise boundaries for future work, as we don’t
anticipate fundamental differences between those of the quantum and classical phase
diagram. In the phase diagram shown in Fig. 618 the phase boundaries will be located
somewhere over the white spaces.

The phase diagram presents two

commensurate and two incommensurate
phases. Pink dots represent antiferromag-
netic order, black ones indicate the onset of 0.9

ferromagnetic order. We indicate by red di-

LR R R A R 2R 2R I AR 2
LR R R R AR 2R 2R 2R R 2
IR AR AR IR IR AR AR R
S 6 0000000
LR R R A AR 2R 2R 2 R 2

amonds the incommensurate spiral phase 0.8
SP1, and by green squares the phase SP2. g
We will study these phases in detail in the 0.7,
next section.

The ferro and antiferromagnetic phases 0.6/
exhibit clear features in the correlation
function which confirms their nature. How-
ever, when we study the real space pattern

of the spins we find that these phases come Figure 618: Phase diagram for the 2N-model.

together with domain walls as well as with Pink dots represent antiferromagnetic order,

vortex-like defects. As our numerical cal- black dots correspond to ferromagnetic order,

culations have been performed at low tem- o4 diamonds to a spiral phase SP1, and green
perature, and the iterative minimization gquares to another spiral phase SP2.
algorithm probes ground state properties,

we are lead to believe that this vortices are

ground state properties of the Hamiltonian. In Fig. 619 left we show a magnification
of the real space spin pattern of the ferromagnetic state for P; =1 and Py = 0.6. We
show the zone in which a vortex like structure is present viewed directly from above the
lattice plane. While in Fig. 619 right we show the associated Fourier transform of the
correlation function for this state, calculated with the same spin pattern that is shown
in the left side. The maxima resides at the I' point, as it is expected for a ferromagnet.
Furthermore, secondary maxima are present in the corners of the extended Brillouin

zone.
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Figure 619: Left: real space spin pattern for the ferromagnetic state at P;1 =1 and Py = 0.6
showing a vortex-like defect in the center. The filled circle indicates the center of the defect. Right:
Fourier transform of the correlation function for the same ferromagnetic state.

6.5.1.2 Spiral properties

The two incommensurate spin spiral phases we find correspond to the red diamonds
in Fig. 618 (SP1), and to the green squares (SP2). Upon examination of the correlation
function (Fig. 620) we see that the SP1 phase present maxima outside of the first Brillouin
zone, while the maxima corresponding to the SP2 phase are contained within the first

Brillouin zone.

Figure 620: Fourier transform of the correlation function for the 2N-model shown in Eq. 6.11
with parameters P; = 0.6 and P2 = 0.8 (SP1 phase, left) and P; =1 and P2 = 0.7 (SP2 phase,
right).

The structure factor for the SP2 phase resembles that of a — LigIrOg3, with satellites
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6.5. SECOND NEIGHBOR MODELS

around the I' point and very faint secondary maxima around the K points. However,
unlike the expected signal for the Iridate material, an degeneracy is present, in which
the maxima appear in the three symmetry related positions, which would indicate that
the spin spirals propagate in the three directions allowed by the Kitaev symmetry. On
the other hand, the spiral phase SP1 presents only maxima as satellite peaks around
the K points.

Upon a closer inspection of the real

space spin pattern we see that for both o Q \ ........ q} ........ / e
the SP1 and SP2 phases, the actual spi- ¥ e h / Y '/
ral present in this model does not coin- ‘ ....... \s,. ...... / ........... \ ‘, ....... 5
cide with that of @ —LigIrOs. In the experi- f f b \ ¥
mental case one observes co-planar spirals, ] / ] 4 ....... \ ,,,,, Q . o,

A g e S :
where the plane of rotation can be defined /¢E> '* ¢ \ ad .
by (S1xS,)-S3, where S (with v ={1,2,3) N&  mo Ao w A
are consecutive spins on a single spiral X M f A >
(this type of spiral was observed in both - * ..... /J . -~ . \ -
nearest neighbor models). However, the 4~ \ / ’ ’ \
2N-model exhibits a non-coplanar heli- ‘ / ...... \ ....... . ‘ wy /
magnet, where a plane of rotation cannot o i \ < /
be defined. This is not strange, as there , x i 4— A ....... _
are different types of spin spirals, all be- ‘b @ ' \\ [ ‘ /(
longing to the family of helimagnets [128], ,c q . / . ‘ A/ \
and indeed some of these are non-coplanar. e / * - |

For example, a non-coplanar case are conic

spin spirals which rotate not in plane, but Figure 621: Spiral structure obtained for the

in a cone, and are relevant to the study of 1,4del shown in Eq. 6.11 within the phase SP1,
multiferroic behavior [129, 130]. i.e. parameters P; = 0.6 and P9 = 0.8. (top) and

Whlle bOth spirals are non-coplanar, within phase SP2, Pl =1and P2 =0.t. (bOttOWL).

we can further distinguish them by study-

ing their nearest neighbor correlations. Calculating the correlation function up to nearest
neighbors, and Fourier transforming it, we obtain Fig. 622. From here we see that the
main distinguishing feature between both non-coplanar spirals resides in the nature
of the nearest neighbor correlations. While the maxima are broadened, we see that for
phase SP1 we find maxima in the corners of the extended Brillouin, which indicates

antiferromagnetic nearest neighbor correlations. On the other hand, SP2 has a maximum
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in the I' point, which coincides with ferromagnetic correlations.

[y
[t

.
=
[e]

N W 0ty 3 0 ©

Figure 622: Fourier transform of the nearest neighbor correlation function for the 2N-model
shown in Eq. 6.11 with parameters P; = 0.6 and P = 0.8 (SP1 phase, left) and P; =1 and P2 =0.7
(SP2 phase, right).

6.5.2 2NI. model

Since a — LigIrOg presents bond dependent interactions, a question that arises after
studying the 2N model is what the effect of other symmetry allowed interactions are in
this model. It is not absurd to think that an I.-like term could break the degeneracy and
perhaps induce a coplanar spiral. For this purpose we will now study a modification of
the 2N model, where we introduce an I, term of the same form as used in the I.- and

I.1;-models. The Hamiltonian results.

(6.12)
FE = <,~ZJ-> Si-S;+Ki <izj>;siysj. +Jo «izj»si -8+ Ko <<izj>>;sjs§ +1, <izj>S§ i
As before we parametrize the different couplings via two angles, P; and Pg, as J1 =
cos(mP1/2), K1 = —sin(mP1/2), Jo = —gcos(nP2/2), Ko = gsin(nP2/2), and set g =0.8. The
coupling I, will take values in the range {—1,-0.9,...,0}. We run Monte Carlo simulations
for the pairs {P1 =0.5,P3 =0.5}, {P1 =0.5,P5 =1}, {P1=1,P5=0.5}, {P1 =1,Py =1}, and
{P1=0.9,P2 =0.9} as a way to probe the effect of the I, term at different points in the
phase diagram.

6.52.1 p1=05,py=05
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For the limit I, = 0 an antiferromagnetic \ \ \ I ¢
state is realized, as shown in Fig. 618. . *

This state is degenerate, with spins able to .'

point in different symmetry allowed direc-
tions. For I, > —0.5 the state remains an . . b I ‘
antiferromagnet, but now the degeneracy 0 D : ]
disappears and the ground state selects
the state with spins pointing in plane and Figure 623: Stripy phase in the 2N 1.-model, for
perpendicular to the zz-bonds, as shown I.=1.
in Fig. 623. For I. < —0.5 the state changes
slightly, maintaining its antiferromagnetic nature, but with the staggered magnetization
in a direction perpendicular to the lattice plane.

This selection of states from a degenerate set is not surprising since the effect of the
I. term is that of destroying the discrete symmetry arising from the Kitaev interactions
(please remember that this symmetry is such that, without the 7. term, the Hamiltonian

remains invariant on a 60° rotation on spin and real space).

6.5.2.2 pP1= 1, P2 = 0.5

For these set of parameters, a ferromag-
netic state is realized, where vortex-like
defects appear. When the value of I is non

zero, the vortex defects disappear, and we

find a ferromagnetic state with a net mag-
netization in the direction of the zz-bonds.
This configuration is reached for the small- Figure 624: Stripy phase in the 2NI.-model,
est values of I, studied and remains un- for I. = 1. The spins are colored according to the
changed through the whole range. Here, conventions in Fig. 623.

two possible orientations of the net mag-

netization are possible, and they appear through the simulation separated by extended

domain walls expanding through the system.

6.5.2.3 pP1= 0.5, p2= 1

In the case of the 2N model, i.e, the case for I, = 0 realized a helimagnetic state, which
was studied in detail in the previous section. The inclusion of a finite I, > —0.2 breaks

the degeneracy of the spin spiral states, and spirals only propagate in the direction
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perpendicular to the zz-bonds. The nature of the spin spiral also changes with respect to
the case I, =0, the spirals are still non-coplanar, but the nearest neighbor correlations
are not purely antiferromagnetic, as the I, term introduces a ferromagnetic binding
in the zz- bonds. For I. < —0.2 domains of stripy order appear, growing in size and
overpowering the phase diagram as I, decreases. For I, = —0.3 the stripy phase already
dominates the phase diagram, with domain walls separating different orientations of the
spins. In this stripy phase, the spins are in plane, aligned in the direction of the zz-bonds.

We show in Fig. 624 the resulting stripy phase for the case I, = 1.

6.5.2.4 pP1= ]., Po = 1, and pP1= 0.9, pPo = 0.9

For the limit I, = 0 we observed a spin spiral state which we analyzed in the previous
section. When I, > 0 the non-coplanar nature of the spin spiral disappears, the anisotropy
along the zz-bonds introduced by the ferromagnetic I, term enforces a ferromagnetic
in plane alignment of the spins in this bond, which transforms the spin spiral into an

antiferromagnetic state. As I. decreases the state remain unchanged.

6.6 Third neighbor model

Until now we have been studying models that were devised with symmetric considera-
tions in mind. The atomic structure of a — LioIrO3 induces bond dependent interactions,
of which Kitaev exchange is the dominant one. Furthermore the symmetry of the mate-
rial allows for longer range interactions and other bond dependent exchanges beyond
Kitaev exchange. In the following we will study a model which was obtained via DFT
calculations performed by Winter, et al [1]. In their work, they propose a model with
Heisenberg, Kitaev, and other bond dependent interactions, some of them ranging up to

third neighbors. The effective Hamiltonian obtained results in

A=J1 Y, 8;-8;+K1 Y. SIST+T; Y (8987 +5059)

<ij>1 <ij>1 <ij>1
(6.13) +Ky Y SIST+Ty Y (SPST+8PSH+d3 3 8i-8;
<ij>9 <ij>9 <tj>3

Where X,,, with X =J, K, or I', represent the exchange coupling for an interaction
between nth-neighbors, 3 _;;. represents a sum over nth-neighbors, and {«,,y} =

{x,y,z} indicate the spin component.

116



6.6. THIRD NEIGHBOR MODEL

Ref. [1] report strong bond anisotropies in the model, an observation which coincides
with previous proposals for this material [122]. To gain an intuitive understanding of
such a complex Hamiltonian we will proceed to study the isotropic case, in which the
exchange couplings for each interaction are the same for each bond. Afterwards we will

introduce bond anisotropies based on Ref. [1].

6.6.1 Isotropic W-model
6.6.1.1 Phase diagram

We will start by mapping part of the phase diagram of the isotropic case for the model
shown in Eq. 6.13. In their work they show that this model has the peculiarity of the
Kitaev and I' exchanges to be equal in magnitude and opposite in sign, i.e K; = —T;.
The isotropic case was already studied by Winter and collaborators employing the LT
method. For this reason we can constrain ourselves to the parts of the phase diagram
which indicate in the soft spin approximation to contain incommensurate phases. We
will employ a dominant Kitaev coupling K = —1 supported by (here and in the following,
all exchange couplings are given in units of |K1|) Ko = —-0.275,1'1 =1, I'o =0.275, J; €
(-0.1,...,0.4), and J3 €(0,...,0.4).

The phase diagram is shown in

Fig. 625. We observe three commensurate 04 DD
phases, and an incommensurate one. In D
the limit J3 = 0 we observe a transition 0.30 e
from a ferromagnetic to a stripy phase at lee ’
J1 ~ 0.15. Since our model contains two secce
T ()2000e00e
dominant interactions, K; and I'y, it is A PPITEYS
not surprising to observe that many of 9ecccccee
000000 OCO0CS
the states that appear in the phase dia- 0-1:: soeseeeeee mEmee
gram are on the lattice plane. For example, Jooosesseeees nmmEmEs
the ferromagnetic state is one in which poecceccsecse mEmmEEEAS
. ) . O "0 %01 02 03 04
spins are ordered in the lattice plane. The Ji

presence of off diagonal bond dependent Figure 625: Phase diagram for the isotropic

terms in the Hamiltonian can induce the case of the Hamiltonian shown in Eq. 6.13. Black

appearance of vortex-like defects when the g4t correspond to ferromagnetic order, light blue
ground state (as we have seen in the pre- squares to stripy order. The incommensurate
vious sections) is collinear. In this case the states are represented by green squares, and

the Neel state by red diamonds.
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ferromagnetic state presents vortex-like
defects which increase in number as we
increase the interaction strength. For example, we show in Fig. 626 two spin patterns
obtained at J3 =0.1, J1 = 0.1 and J7 = 0.15. We notice that as /7 is increased the number

of defects increases.
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Figure 626: Ferromagnetic spin patterns for the ferromagnetic state of the isotropic W-model
obtained at J3 =0.1, J1 = 0.1 (left) and J; = 0.15 (right).

At a critical value of J1 (which depends on the value of /3 = 0.05) the defects dominate
the ground state and the system enters into a spiral phase (green squares in Fig. 625. If J;
is further increased the system can enter a stripy phase (J3 < 0.1), an antiferromagnetic
phase (J3 2 0.25), or remains in the spiral phase. Both antiferromagnetic and stripy
phases have spins oriented perpendicular to the lattice plane. This means that the stripy
phase is a st-Z phase. Both phases are two fold degenerated, and this is seen in the spin
pattern as domains separating these degenerate states. We have confirmed the existence

of these phases via a LT minimization, which also confirms the results of Ref. [1].
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6.6.1.2 Spiral properties

The incommensurate order present in this

model exhibits the signatures of a co- 4 140000
planar counterrotating spin spiral. The 120000
fundamental difference between these spi- 2 100000
rals and the ones appearing in a-LigIrOs 20 80000
is that in this case, the spirals are degener- 60000
ate. Since the model is bond isotropic, the -2 40000
spin spirals can propagate in three sym- » 20000
0

metry allowed directions, i.e. The propa-
gation direction can be perpendicular to
the x-, y- or z bonds. This means that our
state will contain domain walls separat- Figure 627: Correlation function for the spiral
ing spin spirals propagating in one of the phase found in the isotropic W-model. We ob-
three allowed directions. This can be seen serve a degenerate set of maxima inside the first
in Fig. 627 where we show the Fourier Brillouin zone

transform of the correlation function. Here

we see that indeed, we obtain maxima inside the first Brillouin zone, and that these are
three fold degenerated. The study of the wavevector and nature of the spirals confirm
that these spirals are the same ones we obtain with the I.1;-model, except for the fact
that there is a degeneracy in the state.

The material we are interested does not seem to show any type of degeneracy of the
ground state in the powder MRXD measurements, which point to the fact that, since
Winter et. al. [1] have found strong bond anisotropies in their work, these anisotropies
need to be included in the model to break the degeneracy. In the following we will include
these anisotropies and study what their effect is on the phase diagram and the spiral

properties of the system.

6.6.2 Anisotropic W-model

To study the anisotropic W-model we first need to determine what there anisotropies
are. In their work, Winter et. al. [1] determined (via a combination of DFT and exact
diagonalization on a small cluster of hexagons) that the model presents large anisotropies

in various parameters. The values of the exchange parameters are shown in table 63.

Studying this table it becomes clear that an analysis considering that the model is
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Bond Jn K, r,

X1,Y1|-10] -130| +6.6
VA -46 | -42 | +11.6
Xy, Yy | +09 | —29 | +3.0
Zo -09 | +0.1 | +1.5
X3,Ys | +4.7 -0.2 0

Zs3 +44 | +04 -0.1

Table 63: Values of the anisotropic interactions as obtained in Ref. [1]. All interactions are
given in meV. For the study of the anisotropic model we have selected those interactions
which are greater than one (bold).

bond isotropic is an excessive simplification, if we aim at modeling the material, there
anisotropies need to be taken into account. We will introduce them in our model (where
we will also only consider those who are greater than one) in the following way: we will
first express every coupling in terms of |K1|. Next, for a given coupling a (which now is
expressed in units of |[K1|) we have an anisotropy which differentiates the X and Y bond
(axy) from the Z bond (az).

We will define a,, as the bond average of the ex-

change coupling a, and § as the anisotropy constant

(with an appropriate sign) such that (for a direct com- ow
parison please look at Eqs. 6.5) J1 | 0.14
K, | 034
(6.14) aAxy =0m—0 az=0p,+0 Ty | 0.195
This way, calculating the bond average from Table 63 we Ky 0
can determine what the anisotropy for each exchange I | -0.06
is. The values obtained for the anisotropy constants are J3 0
given in Table. 64 Table 64: Values of the

If we were to study the bond isotropic model in Ta- anjsotropy constants for the W-
ble. 63, we would obtain a a zig-zag type of order. In the model, extracted from Ref. [1]
phase diagram shown in the previous section, no zig-zag following the process described
order is present, as we have concentrated in mapping a in the text. All values are
part of the phase diagram which exhibits incommensu- gjven in terms of |K1].
rate spirals. If we were to map the full phase diagram
we would see (and we have confirmed this via numerical simulations) that for J3 > 0.4 a
zig zag phase is present. In the bond anisotropic case, where the interaction couplings

reduce to those shown in Table. 63, we again obtain a zig zag state. By changing the
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bond averages but maintaining the anisotropic parameters 6 constant, we can map a
phase diagram including anisotropies. Please note that changing the bond averages is
not a radical idea, since the values obtained by Winter, et. al. [1], have been obtained via
diagonalizations on small clusters. Furthermore, the uncertainty in the crystal struc-
ture which has been resolved until this point indicates that while the nature of the

interactions might not change, their couplings could.

6.6.2.1 Phase diagram

The phase diagram of the anisotropic W-

model is shown in Fig. 628. We map the
phase diagram for various values of J;
and J3, we do this by maintaining the
anisotropy values constant and varying
the bond average. The phase diagram
presents two dominant phases, a ferromag-
netic state (black dots) and an incommen-
surate state (green squares). At the bot-
tom right corner a small stripy phase is ob-
served (blue squares). A comparison with
the the phase diagram for the isotropic
model (Fig. 625) indicates that both the fer-
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Figure 628: Phase diagram for the anisotropic

displacing th t of the ph . Fur-
are gispiacihg the rest ot the phases. Tur case of the Hamiltonian shown in Eq. 6.13. Black

thermore, the ferromagnetic phase also dots correspond to ferromagnetic order, light blue

eats away part of the spin spiral phase. squares to stripy order. The incommensurate

The ferromagnetic phase present in gates are represented by green squares.
this model contains an in plane net mag-
netization, in the direction perpendicular
to the nearest neighbors zz-bonds (Fig. 617). Domain walls separate the two domains
containing the two possible orientations of the polarization. Furthermore these domain
walls are given by spins aligned antiferromagnetically. As J; and J3 are increased the
domains multiply, until the system enters the spiral phase.

To understand how this transition happens we can look at Fig. 629. In this figure
we sketch the projected spin pattern on the lattice [111] plane for a cut though a fixed

value of J3, where the system suffers a phase transition from a ferromagnetic state to
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CHAPTER 6. MAGNETISM IN THE CLASSICAL LIMIT, THE CASE OF a-LigIrOs

(@) (b) (c)

Figure 629: Sketch depicting the commensurate/incommensurate transition in the anisotropic
W-model projected on the [111] plane for J5 = 0.2. (a) Ferromagnetic state at /1 = —0.1. (b) When
J1 is increased (here we show J; = 0) ferromagnetic domains are separated by antiferromagnetic
domain walls (green dots depict spins pointing outside the page, and purple are spins pointing
inside the page). (¢) at a critical value of J; ~ 0.15 the system enters the spiral phase which can
be depicted in the [111] plane as alternating ferromagnetic/antiferromagnetic domains.

a spiral state. To simplify the argument we have assumed for this discussion that the
angles between the resulting spirals is 45° and there is no tilt angle in the rotation
plane. But careful study of the numerical results shows that this picture is still valid
for arbitrary wavevector and rotation plane tilt. ' Then, for this particular example,
we see that at small values of J; the state presents no domain walls (Fig. 629(a)). As
J1 is increased domain walls start to span the length of the system, separating big
domains of ferromagnetic order (Fig. 629(b)). For even bigger J; the system now contains
ferromagnetic and antiferromagnetic domains spanning two sites in the vertical direction,
each. This is seen in Fig. 629(c), which corresponds to spin spirals of a wavevector such

that the angle between spins is 45°.

6.6.2.2 Spiral properties

As can be seen from Fig. 628, a big part of the phase diagram is dominated by an
incommensurate state. These spirals are of the same nature of those found for the
I.1; model. In essence, the state is such that planar spirals propagate in the direction
perpendicular to the zz-bond. Furthermore, the spirals counterotate, with those formed
by spins on sublattice a and ¢ rotating with opposite chirality to those formed by the
spins of sublattices b and d (see Fig. 630). A real space pattern of the spirals can be

observed in Fig. 630, where we show a spiral which coincides with the experimental

IThe reason for choosing this particular example is that of convenience, given that at this angle and
plane tilt, the spin spiral can be seen as alternating ferromagnetic/antiferromagnetic domains of size two.
For another wavevector there would also be ferromagnetic and antiferromagnetic domains but the size of
these regions would not be the same.
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6.6. THIRD NEIGHBOR MODEL

Figure 630: Spin pattern for the spiral phase found in the bond anisotropic W-model. We observe
incommensurate couterotating spirals propagating in the direction perpendicular to the zz-bonds.
The wavevector and plane of rotation of this phase coincide with those found in the MXRD

experiments.

results for a-LisIrOs, exhibiting a wavevector (g,0) where ¢ = 0.32 in units of 27, and a

tilt of the rotation plane of ~ 80°.

Comparing this spiral with that found
for the bond isotropic model, it is not sur-
prising to notice that the effect of the
anisotropies was that of destroying the de-
generacy of the spiral phase. Recall that
in the bond isotropic model our spirals
were planar spirals, but also degenerate,
where the degeneracy came from the fact
that the Hamiltonian retained the dis-
crete Kitaev symmetry, and as such the
spirals were free to propagate in three
possible direction. In the anisotropic case
this degeneracy is destroyed, a fact which
can already be observed in the ferromag-
netic phase, where the spins are ordered
in only one particular direction. Through-
out the phase diagram, we notice that

the wavevector and tilt angle change. In

0 0.05 0.1 015 O.ZJ 0.25 03 0.35 0.4
1

Figure 631: Heat map of the wavevector (top)
and rotation plane’s tilt (bottom) for the spiral
phase in the anisotropic W-model. The dotted
line represents the calculated wavevector, g =
0.32(1) in units of 27.
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Fig. 631 we show a heat map of the variation of the wavevector (Fig. 631 top) of the tilt
angle (Fig. 631 bottom) as the exchanges JJ; and /5 are modified.

The dotted line indicates the region of

200000
180000
160000

the wavevector map where the wavevec- 4

tor coincides with the experimental value

q = 0.32(1). Superimposing this dotted line 2 E 140000
on the tilt angle heat map we show there is 20 | 138888
a broad region of the phase diagram where ) 28888
the experimental results are reproduced. - 40000
Please note that this heat maps and the —4 (2)0000
dotted lines are a guide to the eye, where 4 -2 0 2 4

an interpolation has been performed be- ks

tween the points obtained from our simula- __ _ )
Figure 632: Fourier transform of the correlation

function for the spiral phase (J1 = 0.3, J3 =0.3).
This state reproduces the experimental features:

imental values are recovered. wavevector (q,0) with ¢ = 0.32, and tilt of the
In Fig. 632 we show the Fourier trans- plane of rotation of 80°.

tions. Non the less our simulations clearly

show an extended region where the exper-

form of the spin pattern shown in Fig. 630.
From this we observe that the maxima are
located inside the Brillouin zone as satellite peaks of the I' point, and secondary maxima
appear as satellite points of the K points. From this Fourier transform we can further
extract a wavevector (q,0), ¢ = 0.31 in units of 27, which coincides with the analysis
performed on the real space spin pattern. Furthermore, these results are consistent with

the experimental results shown in Section 6.2.

6.7 Magnetization process

Up to this point, we have performed an analysis, based on Monte Carlo simulations, of
the possible minimal models for a-LisIrOg3. All these models where proposed either on the
basis of symmetry allowed interactions, or on DFT studied. Having compared the results
for all the models we have determined that only two of those reproduce the experimental
features of the material. While all models present incommensurate spin spiral phases,
only the I.1;- and anisotropic W-models reproduce not only the counterotating nature
and wavevector of the spirals present in a-LigIrOg, but also the tilt of the rotation plane.

Now, if any of these two models is indeed the minimal model of a-LiaIrOg, we want
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6.7. MAGNETIZATION PROCESS

to predict what the behavior of these models would be in a way which can be verifiable
experimentally. For this we have chosen to study the magnetization processes of the
different models by applying an external magnetic field in different directions. Given
the strong bond anisotropy of both models, the behavior in the presence of external
magnetic fields will be different depending on the direction of the field. As we will
see, the magnetization processes of the I.I;- and anisotropic W-models are radically
different, which indicates an experimentally feasible way of reducing the number of
possible minimal models further. It can be that the magnetization processes of a-LioIrOg
coincide with one of these two models, which would be evidence of the validity of one
of them, or that it is different from both of them, which would mean a different model

needs to be put forwards.

6.7.1 I.I;-model

We will study the magnetization processes of the I.1;-model (Eq. 6.3) for magnetic fields
in three different directions: H || [111], H || [110], and H || [112]. Of these three directions,
[111] corresponds to the direction perpendicular to the lattice plane, while [110] is the

direction parallel to the zz- bonds and [112] the direction perpendicular to those bonds.

We will concentrate on the point of

the phase diagram that reproduces the

experimental results: I, = —-0.5 and I; =
—0.35, in units of the Kitaev coupling, |K]|.
Fig. 633 shows the magnetization curves
for the different directions of the field. We
observe that for field directions in the lat-
tice plane (H || [110], H || [112]) the criti-
cal field is much lower than for the out of
plane direction (H || [111]). This indicates

the existence of an easy plane anisotropy.

The origin of this easy plane can be seen Figure 633: Magnetization in the direction of
from the position of the experimentally rel- the field as a function of field intensity for three

evant point in the phase diagram. This different field directions.

[H]

point is close to the phase boundary be-

tween the spiral and the ferromagnetic phase.
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We have seen before that the ferromag-
netic phase is such that the spins point in
plane, in a direction that depends on the
values of I. and I;. Since our spiral phase
is so close to the boundary with a ferro-
magnetic phase, a small reinforcement of
one of the bond dependent terms will drive
the system towards a ferromagnetic state.
Applying a magnetic field in the direction
of one of the bonds then is equivalent to
reinforcing one of the Ising terms, and as
such the magnetization in these directions
is easy. Furthermore, we also compare the
magnetization in the direction of the field
(M .H) with the ferromagnetic order pa-
rameter (FMop) and analyze the suscepti-
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Figure 634: Magnetization in the global [112]

direction (green) and ferromagnetic order param-

eter (blue) as a function field intensity. Inset:

susceptibility of FMop as a function of field.

bility, y/H, of the ferromagnetic order parameter (F Mopp) to determine the critical field

at which ferromagnetic order is realized. (F Mop) will probe the system for the presence

of a ferromagnetic state, while M.H will probe whether the polarization vector is in the

direction of the field or not.

For both in plane direction, [112] and
[110] (Figs. 634 and 635), we observe the
same behavior in both the FMpp and
M.H. The magnetization monotonically
increases until saturation is reached at
rather small critical fields (in compari-
son with the relevant couplings of the
model). The susceptibility curves show a
peak that indicates a phase transition to-
wards the fully polarized state. The tran-
sition towards saturations for all field di-
rections resembles the well know param-
agnetic/ferromagnetic transition of many
magnets, in which small domains showing

ferromagnetic correlations form at small
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Figure 635: M.H in the global [110] direction
(green) and FMop (blue) as a function field inten-

sity. Insets: susceptibility of FMpp as a function
of field.

126



6.7. MAGNETIZATION PROCESS

fields, and whose size grows with increas-
ing intensity of the external field until they dominate the system.
In the case of the field in the [111]

direction the behavior between M.H and 1 ‘ : .
. . . OPyp ——
FMop is rather different. Both curves in- OPrur,,
0.8 | .

crease monotonically up to H = 0.5 (un-
less stated otherwise, the magnetic fields 0.6 | 4 H .

. . . . . A /0 0.2 04 06 08 1
are given in units of |K|), at this point 604 //30 T Ty L]
they separate into two different behav- ‘ 7 awl i

/o=

iors. While M .H keeps slowly growing un- 0.2 / 10 - 1
til saturation at approximately H = 0.8, 0 4 | 0 | -
the ferromagnetic order parameter sud- 0 0.2 0.4 0.6 0.8 1

denly reaches saturation at H = 0.6. This i

indicates a stable intermediate state in Fjgure 636: M.H in the global [111] direction
which the ferromagnetic state is realized (blue) and FMop (green) as a function field inten-
in a direction not parallel to the applied sity. Inset: susceptibility of FMop as a function
field. The resulting ferromagnetic state is of field.

a state where the spins are out of plane,

their z-component aligned parallel to the external field, while their x- y-component are
aligned along the zz-bonds.

We determine the critical fields consistent with the susceptibility simulations. We
obtain a critical field H.,;; = 0.05 (in units of the Kitaev exchange coupling) for a field
direction [110], H.,;; = 0.1 for the magnetic field in the [112] direction, and H,,;; = 0.8
for the field in the [111] direction.

6.7.2 Anisotropic W-model

Now, we will study the magnetization processes for the anisotropic W-model with the
same field directions as for the I.I; model, this is H || [111], H || [110], and H | [112].
As we shall see, the magnetization processes change drastically from those in the 1.1,
model, given the strong off-diagonal and further neighbor interactions present in the
model.

In Fig. 637 we show the magnetization in the direction of the field for the three field
directions studied. We observe that the polarized state is reached at H ~ 0.25 in the
[110] direction, while for the magnetic field in the [112] direction the critical field is
H ~ 1.5 and H ~ 4 for the field in the [111] direction. This behavior points towards the
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existence of an easy axis anisotropy in the [110] direction (please remember that the
[110] direction is the direction parallel to the zz-bonds). Note that we have dedicated

a big part of the numerical effort to fields H < 1.5, which correspond to experimentally

realizable fields.

We show in Fig. 638(top) the magne-
tization curve for an applied magnetic
field in the [110] direction. We observe
that the magnetization monotonically in-
creases with an increasing slope at small
fields up to H ~ 0.25 (unless stated oth-
erwise all fields are in units of |K;il),
at which point it suddenly reaches sat-
uration. This behavior, and the associ-
ated presence of an easy axis anisotropy
can be understood following the argu-
ment developed in section 6.6.2.1 for
the ferromagnetic/spiral phase transition.
In this case we stated that, in the spiral
phase, the spin pattern projected over the
[111] plane, is that of alternating ferro-

magnetic and antiferromagnetic domains,

0 051 15 2 25 3 35 4 45 5 55
H

Figure 637: Magnetization in the direction of
the field as a function of field intensity for three
different field directions, H | [111], H | [110],
H | [112]

where the ferromagnetic domains are oriented in the direction parallel to the zz-bonds,

this is, in the [110] or [112] directions. If we introduce a small magnetic field in one of

these two direction, the effect of it is of decreasing the wavevector of the magnetic spiral,

which is evidenced in the projection on the [111] plane as the increase on the size of the

ferromagnetic domains, until they overpowerd the system. In Fig. 638(bottom) we show

the change in the spiral wavevector, calculated from the resulting spin pattern obtained
from Monte Carlo, as a function of field. It can be seen that at small fields, H < 0.15 the

change in the wavevector is not pronounced, ranging from g = 0.31 to ¢ = 0.25 (in units

of 21). On the other hand, for H < 0.15, the wavevector decreases rapidly, reaching g =0

at H ~ 0.3, a vanishing wavevector would then be interpreted as a ferromagnetic state. It

is also at H ~ 0.3 that we observe the maxima in the susceptibility of the ferromagnetic

parameter (inset of Fig. 638(top)). The maxima of the susceptibility, together with the

decreasing wavevector and the saturation point of both OPjs ;7 and OPpj;, show that
the critical field for this field direction is H . ~ 0.3.
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For the other in plane direction, H ||

[112] (the direction perpendicular to the 00135”; Z o
zz-bonds) the behavior at small fields is 0.8 r ]
radically different. In Fig. 639(top) we 0.6 L i
show that the magnetization grows mono- % H
tonically with a constant slope, reaching 04 r % e
saturation at H ~ 1.5. At H = 0 the state is 0.2 - E i
a planar counterrotating spiral as shown ]
in the previous section, but for H > 0 a 0 0 0,55 015 0.‘75 1
continuous transition between a countero- H
tating planar spiral and a counterotating 0.35 ot o
conical spiral is realized. 03+ 1
As the name indicates, a conic spiral 02T i
is a helimagnetic state in which the spiral 2 021 |
does not rotate in a plane but in a cone 015 i
around a certain common direction, which 0.1 )
in this case is the propagation direction of 0.05 - i
0

the spiral. Since the magnetic field is ap- 0 005 01 015 02 02 03

plied in the direction parallel to the prop-

agation direction, at moderate fields the

. . . . . Fi : Top, mai : M ization i
spins cant in that direction, which trans- igure 638: Top, main figure: Magnetization in

the global [110 d fe ti
form the plane of rotation into a cone. We  global [110] (green curve) and ferromagnetic
show in Fig. 639(bottom) a scheme of this

process. We indicate the direction of propa-

order parameter (blue curve). Top, inset: suscep-
tibility of the ferromagnetic order parameter as

a function of field. Bottom: change in the asso-
gation (which coincides with the direction

of the applied field, [112]) as well as the
direction perpendicular to it ([110]). At low

ciated spiral wavevector (q) as a function field

intensity

fields the canting in the spins induces the
transition from a rotation plane to a rotation cone. As the field increases the cone gets
narrower, until at high fields the spins point in the direction of the field, thus reaching

saturation.

Since the model contains strong in plane interactions, saturation is only achieved at
strong magnetic fields for out of plane directions. In the case of a magnetic field in the
[111] direction (direction perpendicular to the lattice plane) the saturation is reached at
H ~ 4 (in units of the Kitaev coupling) as can be observed in Fig. 640(left). In this case,
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as well as in the I.1;-model, both order parameters saturate at different field intensities.

Both the ferromagnetic order parameter and the magnetization in the direction of the

field have to saturate at high enough fields, but while the ferromagnetic order parameter

saturates at H ~ 0.4, the magnetization in the direction of the field does not completely

saturate up to the biggest calculated fields.

A magnetic field in the [111] direction
tilts the spins in this direction, producing
a net magnetization, up to the biggest cal-
culated field, which is deviated from the
magnetic field direction. The magnetiza-
tion process can be understood recalling
Fig. 629. Here we mentioned that the spin
spiral state can be considered as arrange-
ments of ferromagnetic/antiferromagnetic
domains of spin in the [111] plane. When
a magnetic field is applied in perpendic-
ular to the direction of the ferromagnetic
domain’s polarization (as is the case here,
since the [111] plane is the lattice plane),
the spins of the ferromagnetic domains
will be tilted in the direction of the field.
The same will happen to the spins in the
antiferromagnetic domains which are not
already pointing parallel to the field, but
the tilt angle will not be the same as
the one in the ferromagnetic domains. In
Fig. 640(right) we show the spin pattern
at H = 0.35, where the tilt in the direction
of the field can be observed.

6.8 Discussion
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0.8 i
0.6 |- i
S H
04 L 0 05 1 15 2 |
1 F T T T |
m 0.8 i S
0.2 | S04 | 1
02 |- X/ Hnorm = -
0 | L | L | L
0 L L L L L L L

0 025 05 075 1 125 15 175 2
H

rotation plane

e [110]

[112]

“rotation cone

-

Field Intensity

Figure 639: Top: Magnetization in the global
[112] direction (green curve) and ferromagnetic
order parameter (blue curve) as a function field
intensity. Inset: susceptibility of the ferromag-
netic order parameter as a function of field. Boi-
tom: scheme showing the change from a rotation

plane towards a rotation cone (see text).

We have studied a variety of extended Kitaev Hamiltonians as minimal models of a-

LioIrO3. The experimental studies of this material indicate a strong bond anisotropy,

which led us to study models which contain strong anisotropic bond dependent interac-
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Figure 640: Left: Magnetization in the global [111] direction (green curve) and ferromagnetic
order parameter (blue curve) as a function field intensity. Right: real space spin pattern at
H =0.325

tions beyond Kitaev interactions. Furthermore we have considered interactions ranging
from nearest to third neighbor models. While all models share similarities with each
other, we have shown that the range of the interactions can produce radical differences

in the behavior of the system.

Our nearest neighbor models (/.- and I.I;-models) exhibit a phase diagram where a
big part of it presents an incommensurate counterrotating coplanar spiral state. For the
I. model we encounter a spiral state whose wavevector coincides with that of a-LioIrOg
on a section of the phase diagram. However, whether in the Iridate material the plane of
rotation is tilted away from the lattice plane by ~ 80°, in this model the plane of rotation
is parallel to the XY Cartesian plane (54° tilt with respect to the lattice plane). This can
be understood realizing that a Hamiltonian only containing the I, term is equivalent
to and XY model, where in this case the model posses a U(1) symmetry around the
Cartesian z-axis. This mean that in a Hamiltonian only containing the I, term the spins
are constraint to take values on a circumference, and this circumference is parallel to the
XY plane. When the Kitaev and Heisenberg terms are included, the U(1) symmetry is
broken, but there is a residue of this symmetry, which is exhibited in the rotation plane
of the spin spiral state. The introduction of a small term of the same nature as the I. but
over the xx- and yy-bonds (I.I;-model) will induce a tilt of the rotation plane, and we

have shown that the I.1; model reproduces all the experimental features of a-LiaIrOsg.

When a second neighbor Heisenberg-Kitaev model is considered (2N-model) also two

spiral states are present in the phase diagram, but these spirals are non-coplanar. We
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expected that the introduction of an I, term, inducing a ferromagnetic alignment over
the zz-bonds would modify the spiral states into coplanar spirals. We do not see this in
any part of the phase diagram. Furthermore, one would expect that the introduction of an
I; term would modify the plane of rotation, but not the wavevector, as we have shown in
the nearest neighbor model that only an I, term is enough to generate incommensurate
counterotating spirals, so a further modification of the 2N I.- model was not attempted.
We can conclude then, that the 2N- and 2N I.-models are not minimal models for a-
LioIrOs.

While the introduction of second neighbor interactions do not reproduce the exper-
imental results, recent DFT calculations [1] have put forward a model, the W-model,
which indicate that further neighbor interactions are needed. We tested this model, in
both its bond isotropic and anisotropic forms. Given that the experiments performed
on a-LigIrOj indicate strong bond anisotropy, is no surprise that the model which re-
produced the experimental features of the material is the bond anisotropic W-model.
While the isotropic third neighbor model presents incommensurate spirals, they do not
propagate on only one direction, but can propagate in three symmetry allowed directions.
Unsurprisingly, the introduction of anisotropies destroy the degeneracy by selecting a
preferred propagation direction.

In the third neighbor models, the interactions are slightly different than in the models
previously studied. We modeled the bond dependent interactions in the nearest and
second neighbor models as I./4Y <;j> S;ijS;ij, with S;ij =8, -r;;, where r;; is the bond
between sites i and j. This in turn takes the form, for the zz-bonds (the expression for

the remaining bonds is analogous)

6.15) 1. Y S;”S7=1.(S7S1+8]S]+S87S7 +8%5]) = 1.(STS5+8]SN+I.I"*,
<ij>

which has the form of the I' terms included in the W-model, supplemented by two
Heisenberg terms. This expression indeed shows that the connection between the nearest
neighbor and the anisotropic W-model could be achieved by adding further interactions
in the I.1; model and finely tuning the bond anisotropy parameters in the W model.

Since both 1.1 ;- and anisotropic W-models reproduce the experimental features of
the specific heat, we proceed to calculate the Curie-Weiss temperature within a mean
field approach. For the I.1;-model we find an anisotropic susceptibility y = (Yxx, Xyy,Xz2)
arising from the I. and I; terms, where the associated Curie-Weiss temperatures are

given by
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S(S+1
(6.16) O =0,y =25¥D a5 1 _1,-K),
3K,
S(S+1)
6.17) Ous = (-8 ~211 - K).

At the point of interest (I, = —0.5 and I; = —0.35), where experimental results
are reproduced, we obtain positive Curie-Weiss temperatures: 0., = 0,, = 16.35K and
0., = 14.38K in units of the Kitaev coupling.

In the case of the W-model we also find an anisotropic susceptibility, in this case

arising from the anisotropy of the nearest neighbor Heisenberg and Kitaev interactions

S(S+1
(6.18) Oue =0,y = 2O H D L x¥ _gXY o, 3y,
3K,
S(S+1
(6.19) 0,, =20 a5z g7 ok, s,

3K,

Evaluated at the experimentally relevant point shown in Table. 62 we obtain O,, =
0,,=20.15K and 0., = -17.17K.

The experimentally measured Curie-Weiss temperature [107] was obtained from a
fit to the high temperature magnetic susceptibility for polycrystalline samples, Ocxp =
—33(3)K. Since the experiments have been performed on a polycrystalline sample, the
Curie-Weiss temperature obtained is the average of the anisotropic Curie-Weiss temper-
atures. In the case of the I.1;- and anisotropic W-models we obtain an averaged Curie-
Weiss temperature @ﬁifd =15.7K and @}Z, =7.58K. As previously shown, a considerable
part of the phase diagram for the anisotropic W-model reproduces the experimental
results. This would indicate that a different selection of coupling strengths could mod-
ify the averaged Curie-Weiss temperature of the model as to obtain the experimental
value, while maintaining the overall behavior of the system to be the same as in the
neutron diffraction experiments. For example, for coupling strengths such that the bond
averages are J1 = 0.2 and J3 = 0.5 we obtain a averaged susceptibility @Z‘Z =-741K.
In this case, the behavior of the model still reproduces the neutron diffraction results,
but now the sign of the calculated Curie-Weiss temperature coincides with that of the

experiments. While we could do a similar analysis for the I.1;-model the region of the
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phase diagram that reproduces the results in much more reduced, and as such the
variation of the exchange parameters is not enough to change the sign of the Curie-Weiss
temperatures. Given that the experiments where performed at high temperature the
comparison between our ground state calculations and the experimental results are not
sufficient to determine if the anisotropic W-model is the minimal model of a-LisIrOsg.
Furthermore, extra thermodynamic studies on single crystals would prove useful at
determining the anisotropic susceptibilities and the respective signs of the associated

Curie-Weiss temperatures.

We also studied the magnetization processes for both I.1;- and W-models. In both
cases we find a strong anisotropy in the magnetic response, with different behaviors
for different directions of the applied field. For the I.I;-model we find a strong easy
plane anisotropy, arising from the off diagonal terms of the Hamiltonian. Since these
terms favor in plane orderings, the tendency to order ferromagnetically when an in-plane
magnetic field is applied is strong, which presents in our study as a lower critical field for
in-plane rather than out of plane directions of the external field. Furthermore, since the
experimentally representative point of this phase is close to an in-plane ferromagnetic
phase with polarization in the [110] direction, small fluctuations favoring this type of
in-plane ferromagnetic state quickly drive the system towards this phase, which explains
the difference in the critical fields for the external field in the [110] and [112] directions.
The tendency to in-plane ordering is also observed in the magnetization behavior when
a field in the [111] plane is applied, as there exist an intermediate state where the
magnetization has a net component in the direction of the field, but also a component
in the lattice plane direction. For increasing field strength the lattice plane component
decreases in magnitude until full saturation in the direction of the field is reached. For
intermediate fields the three directions show similar magnetic behavior, which resembles
that of a ferromagnetic/paramagnetic transition, where ferromagnetic domains with
polarization parallel to the direction of the external field are induced, and which grow
in size as the field is increased. Finally, we mention that, since the magnetic field are
expressed in terms of K, we can extract the value in Tesla since H =1 in units of |K]| is
equivalent to gupH/|K| = 1. The gyromagnetic factor is believed to be anisotropic, given
the deformations of the octahedral cage of Oxygens, but the exact value is not known.
Recent calculations [131] show that the g factor can drastically change depending on the
octahedral deformation, with values ranging from ~ 1.5 to ~ 4 for the parallel component
of the gyromagnetic factor (the component in the lattice plane), and from ~ 2.5 to ~ 0.5

for the out of plane component. Given the strong variation of this parameter and the
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lack of experimental data, we employ an isotropic factor g = 2. Finally, if we assume the
interaction strength of the Kitaev interaction to be —4.5meV (as proposed in Ref. [14]),
we obtain the critical fields of ~ 31T for the [111] field direction, ~ 6T for [112], and
~ 2.7T for [110].

For the case of the anisotropic W-model the behaviors is quite different. While the
system also exhibits an anisotropic magnetic response, in this case it possesses a strong
easy axis anisotropy. Additionally, assuming that the overall energy scale of the couplings
determined by DFT is correct we find that the critical field for an external field in the
[111] direction results ~ 200T, while it is ~ 111T for the [112] direction, and ~ 22T
for [110]. While such high fields are hard to achieve in experiments (for continuous
field the world record is at approximately 45T), the low field regime already exhibits
a high anisotropy which can be probed experimentally. This anisotropy can be traced
back to the Hamiltonian of the model, where strong off diagonal terms are present. In
particular the nearest neighbor I exchange, which induces an in-plane configuration of
spins, is equal in magnitude to the nearest neighbor Kitaev exchange, which makes these
two interactions the dominant ones in the model. Equally, the anisotropy drastically
changes the magnetic behavior at intermediate fields. For fields in the [110] direction,
the magnetization suddenly increases at |[H| ~ 0.25 (in units of the nearest neighbor
Kitaev coupling) indicating the possible discontinuity of the transition, while for fields
in the [112] and [111] directions the transition is continuous, exhibiting a continuous
transformation of the spin pattern (in the case of the [112] field direction, from a planar

spiral towards a conical spiral).

The similarities in the ground states found for both systems indicate that one of them
could prove to be the minimal model of a-LisIrO3. The differences in specific heat as
well as different magnetization behaviors indicate that further experimental studies
are needed to decide which one, if any, is the model corresponding to this material.
While the Curie-Weiss temperature for the I.1;-model does not reproduce the sign found
from the calorimetric experiments, the nature of the experiments (the powder average
and the high temperature measures) could obscure further details which could help
clarify the discrepancy. Furthermore, studies on single crystals would prove valuable
as in these cases the different crystallographic directions could be probed to assert the
existence of anisotropic susceptibilities. In the case of the anisotropic W-model, we find
that for a careful choice of parameters we can reproduce the sign of the Curie-Weiss
temperature. While Ref. [1] proposes a set of values for all couplings (which were chosen

as the starting point for our study), in both isotropic and anisotropic cases these values
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do not correspond to spiral phases. By changing the couplings of the nearest and third
neighbor Heisenberg exchanges we find a range of values where the experimental results
are obtained. This indicates that further studies regarding the quantum chemistry as
well as the crystal structure of the material are necessary to further determine the

strength of the couplings.

To further distinguish the models, magnetization measurements can be fruitful. While
the critical field for W-model are far beyond current capabilities, interesting studies
can be performed at low field. In particular, for the I.1;-model the calculated critical
fields are within the possibility of experimental realization, while for the W-model, the
anisotropy present at low fields can be measured experimentally (we remind the reader
that the critical field measured for a field in the [110] direction in W-model is 22T, which
is reachable experimentally). In particularly, the low field behavior, which is different for

the different field directions, could be observed in single crystals.

We conclude then, pointing out that questions remain open regarding the minimal
model of a-LigIrO3. We have reduced the number of possible models and explored the
different magnetization behavior of those models which reproduce the experimental
signatures of the material. We expect that magnetization measurements can point in
the direction of one these models being correct in the low temperature limit. However,
we recommend further studies: We expect that electronic structure calculations could
clarify the current situation in which the obtained exchange couplings do not lead to the
experimentally measured spin pattern. On the other hand, as pointed out in Ref. [1],
the crystal structure of the material is not well understood. The recent growth of single
crystals could help refine the crystal structure. Furthermore, our study of the W-model
suggest that modest long-range interactions can stabilize the counterotating spirals
found in a-LigIrOg, but that anisotropy is crucial to obtain a non degenerate state. Since
materials realizing Kitaev interactions show strong bond anisotropy, it cannot be dis-
carded that perhaps a different combination of interactions with a different combination
of anisotropies could also reproduce the experimental results and be relevant in real
materials. We further mention that also more Monte Carlo studies can be beneficial.
By studying the finite temperature magnetization curves, we might encounter lower
critical magnetizations and interesting intermediate states which could be easier to
realize experimentally (as it was recently done for f-LigIrOg [132]). Furthermore, a
study of the full phase diagram in the presence of different external magnetic fields could
help model future materials which could be realized. Finally, we mentioned that both

models could also reproduce the observed behavior in §-LiaoIrO3 and y-LigIrOg, which
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indicated that further numerical studies of both models in three dimensional lattice as

hyper-honeycomb and stripy-honeycomb are necessary.
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CHAPTER

CONCLUSIONS AND OUTLOOK

The awesome splendor of the
universe is much easier to deal
with if you think of it as a series

of small chunks.

Terry Pratchett

e have studied frustrated magnetic systems in their quantum and classical ver-
sion. We extended the pfFRG scheme shown in Chapter 3 to include arbitrary
spin lengths (Chapter 4), and showed that this formalism can be employed to
study the effect of quantum fluctuations on a given model. We showed how this approach
can be used, by employing it to study the nearest and next nearest antiferromagnetic
Heisenberg honeycomb model, and we proved that in the limit of infinite spin length,
when we recover the classical limit, pfFRG reduces to the Luttinger-Tisza approach.
The large-S extension of pfFRG has had great success at studying the effects of
quantum fluctuations in several different systems. Buessen [133] et. al. employed it to
study the classical to quantum transition and the subsequence appearance of spin liquids
in diamond lattices, Igbal and collaborators studied the effect of different spin lengths
on the pyrochlore lattice [134] and the stability of spiral states on MnSceS4[135]. At the
same time the large-S expansion has recently been complemented by a large-N extension
where the flow equations are formulated now with a pseudofermionic approach based on
a SU(N) spin representation [136, 137].
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pfFRG for spin systems is a new technique, and it is still currently being developed.
Nevertheless, the present state of the technique makes it very versatile for the study of
different systems without the need to modify the basic formulation. Plenty of materials
can be modeled as Heisenberg Hamiltonians with competing interactions, and pfFRG is
a technique designed to study the phase diagram of models which cannot be accessible
with other techniques. Furthermore, pfFRG is not constrained to particular lattices or
low dimensionality, and does not suffer from a sign problem. The large-S implementation
is straight forward, as it amounts to adding a multiplicative factor to some terms in
the flow equations, which extends the strength of the method now including all spin
lengths and, as a consequence, both the purely quantum and classical limit, with the

added benefit of recovering an exact solution within the classical limit.

Many questions remain open which can be addressed with pfFRG. For example,
long ranged interactions can be treated with relative ease, as has been shown in
Refs. [138, 139] for the case of Coulomb interactions. With both the large-S and the
dipolar interactions implementations many interesting phenomena can be studied. In
many frustrated magnets Coulomb phases emerge (as in Heisenberg kagome or spin ice
systems), whose properties can be very different in the presence or absence of dipolar in-
teractions. These phases are heavily studied in the classical limit and become particularly
interesting when quantum fluctuations are included. The effect of quantum fluctuations
on Coulomb phases in the presence of Coulomb interactions has not been fully studied,

and pfFRG offers a good numerical first approach to deal with this particular topic.

A particular interesting problem resides on the fact that, at the moment, the algo-
rithm relies on the translational invariance of the lattice, but that many interesting
phenomena can be studied, both in the classical and quantum limits, when translational
invariance is broken. The introduction of hard boundaries in the system induces edge
defects, whose behavior in a quantum spin liquid state is not well understood. pfFRG
provides a framework in which (assuming a good code parallelization and sufficient CPU
power is provided) analyzing the properties of the edge states in spin liquids can be
straightforwardly obtained. Translational invariance can be broken in many different
ways. A natural question that arises is what would happen if the reason the trans-
lational invariance is broken is not due to edges, but due to defects in the magnetic
lattice. Disorder arising from dilution or stuffing of the magnetic ions can also be studied
within pfFRG. In the classical limit it has long been known that frustration and disorder
are the two main ingredients of spin glass states, and are a topic of intense research

up to date. In the quantum limit, the effects of atomic disorder in a spin liquid state
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have not been studied in detail giving the lack of methodology available to tackle this
problem. Furthermore a detailed pfFRG study of how edge states change in the presence
of disorder could help discern between spin glasses and spin liquids in the quantum
limit.

We have shown that the classical limit can be exactly recovered within pfFRG, but we
have also mentioned that in the classical case many powerful methods exist which can
treat these systems and provide further information beyond the zero temperature two
point correlation function. To this end we have shown how Monte Carlo simulations can
be employed to study effective models for continuous (spin space) frustrated magnetism
(Chapter. 5). We showed how the introduction of open boundary conditions can be an
asset to study incommensurate phases, and showed that a modified update algorithm
together with parallel tempering and iterative minimization schemes are extremely

useful to study magnetic insulators that exhibit strong spin orbit coupling.

We studied one material in particular, a-LioIrOg (Chapter. 6), where the most recent
experiments indicate the presence of an incommensurate spin spiral ground state. The
many minimal models that were proposed for this material had not been studied under
the light of a common framework. Employing large scale Monte Carlo we performed
a comparative analysis of the models, and determined that only two out of six models
reproduce the full set of experimental results. These two models belong to the same
category of Hamiltonians, both presenting strong ferromagnetic Kitaev couplings and
secondary Heisenberg and off diagonal terms. They differ, though, on the extent of these
interactions. One of the models is a purely nearest neighbor model, while the other
presents interactions ranging up to third neighbors. This elevates the question of how
minimal a minimal model needs to be. While we would be tempted to select the nearest
neighbor model as the minimal one (given the reduced number of interactions) there
cannot be discarded that the actual material allows for longer range interactions which
would modify the results of further experiments. To resolve this issue we studied the
magnetization processes of the two models which reproduce the known experimental
results up to date. The two studied models show a very different behavior at both the
high and low magnetic field regimes. The nearest neighbor model exhibits an anisotropic
magnetization for different field directions, but the magnetization process is consistently
the same for all the studied directions. In the case of the third neighbor model, an
anisotropic magnetization behavior is also detected, but the magnetization processes
are different for the different directions. We proposed that a low field study of a-LiaIrOs
with the field in the directions studied in this work could help discern which one of the
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studied models belongs to the material, or if another model needs to be put forward.
Furthermore, we proposed x-Ray diffraction experiments and pointed out the need for
further quantum chemical studies to determine the exchange couplings of the model
with higher accuracy.

It needs to be pointed out that there is a proposal of universality between the three
members of the LigIrOg family, given that they share similar ground state properties.
Furthermore, it has been shown that a nearest neighbor model (the I.-model) can
reproduce some of the ground state properties common to all of these materials. Therefore,
the next question to answer would be whether the nearest and third neighbor models
also reproduce the ground state of all these materials. We would expect that the minimal
models for the three of them are extremely similar. A good test of universality, which
would help determine which minimal model is the correct one, will be to check how the
nearest and third neighbor models perform in the lattices corresponding to the 8 and y
members of the family (hyper- and stripy-honeycomb lattices respectively).

Besides that test, the door is now open to the study of thermal phase transitions
in these materials. While we know that in the absence of an external field a-LisIrOg
orders at a critical temperature below 15K, we have not studied the effect of thermal
fluctuations on the magnetization processes. This can be a fruitful endeavor, since
thermal fluctuations can decrease the critical fields, or induce exotic intermediate states
which can be accessed experimentally. While we are a step closer to defining what the
minimal model of a-LigIrOj is, the previous discussion indicates that a lot of work
remains to be done. Within the Monte Carlo framework developed in this thesis, the
proposed studies are straightforward to resolve, and these will be the next steps in our
study of the LigIrO3 family.
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APPENDIX

FLOW EQUATIONS FOR THE TWO PARTICLE VERTEX

Here we present the FRG flow equations for the simetrized two particle vertex Fé\ and

Ffi\. This can be obtained by replacing I'* with '} and ffl\ in Eq.3.53 and performing the

spin sums over ag and a4 with the subsequent introduction of the frequencies s, ¢, and w.

Comparing the contributions corresponding to the spin and density interactions on both

sides we obtain the following flow equations for the two particle vertex,
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APPENDIX

HEISENBERG-KITAEV MODEL

o fully comprehend the physics of the models studied in this thesis, we need to
carefully analyze what the effects of the free edge boundary conditions (FEBs)
are on our system since, as mentioned in Chapter 5, we will be studying incom-
mensurate phases, which imply that periodic boundary conditions (PBCs) cannot be
implemented. To this end, we will benchmark our code by studying the Heisenberg-Kitaev

model on the honeycomb lattice,

(B.1) H=J ) S;-Sj+K ) ) SIS}

<ij> <ij>7v
This model contains exactly solvable points and has been studied in detail by Price et.
al [126] via Monte Carlo simulations employing PBCs. We will reproduce some of the
results in Ref. [126], to show how (in the case of FEBs), at big enough system sizes we
recover the bulk behavior expected from a simulation employing PBCs.

We perform Monte Carlo simulations on the Hamiltonian shown in Eq. B.1, for sizes
ranging from 24 to 5400 sites. The temperature of the simulations is consistently chosen
as T = 0.001. We employ 2 x 105 Monte Carlo sweeps from which 1 x 10° are used as
equilibration steps. The runtime for 2400 sites comprised 1.5 days of CPU time on a
single node, as the Metropolis algorithm cannot be parallelized. We concentrate here in
the behavior of a simple Metropolis-Hastings algorithm, without recurring to parallel
tempering or iterative minimization schemes, to test the effectiveness of the Monte Carlo
code. In this thesis further modifications of the code were performed to reduce the effects

of domain walls and of rough energy landscapes as mentioned in chapter 5.
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Figure B1: Phase diagram for the Heisenberg-Kitaev model. We observe a phase transition from
a ferromagnetic state to a stripy phase occurring at @ = 1/3. The points a =0, a = 0.5, and a — oo
are exactly solvable, where a = 0.5 presents an emergent SU(2) symmetry.

We have mapped the phase diagram for the Heisenberg-Kitaev model. We parametrized
the exchange couplings as K = 2a and J = 1—a and calculated the ground state for values
between a@ =0 and a = 1. We show the phase diagram in Fig. B1.

The phase diagram exhibits two phases, at a < 1/3 we obtain a ferromagnetic state,
while for a > 1/3 the state is a triple degenerated stripy phase. We have described the
stripy phase in Chapter 6. This phase is degenerated owing to the symmetries of the
Kitaev interaction, allowing for the three possible stripy phases, st-X, st-Y, and st-Z.

B.1 Real space configuration

Since the Heisenberg-Kitaev model does not contain bond dependent interactions, we
will select the lattice plane as the Cartesian XY-plane, and observe the real space spin
pattern on the YZ plane where both Néel and stripy phases are easy to distinguish. We
will choose to show phases where the spins are oriented maximally in the z-direction
to ease the comparison, but states where spins are aligned in other directions are also
possible, and have been also obtained within our approach.

We study the real space configurations for different values of a to compare with the
low temperature results of [126]. We show the results for a =0, « = 0.5, and @« = 0.75
obtained from a calculation employing 216 sites.

For the case @ = 0 we recover the antiferromagnetic Heisenberg model. In Fig B2 we
show one of the simulations performed, in which the system exhibits a Neel order, where
(in this case) the spins are ordered ferromagnetically on the z directions. In this case the
lattice can be partitioned into two sublattices where the spins in one sublattice points
in the [001] direction (red arrows) while on the other sublattice the spins points in the
[001] direction (pink arrows).

For the stripy phases,we show the spin pattern for a = 0.75 (Fig. B3). In this case
we observe that in the center of the system, the spins point in two directions forming
stripes that span the system. In this case we separate the system in four sublattices, two

with spins pointing in the +z directions (red and pink spins), and two in the —z (blue

148



B.1. REAL SPACE CONFIGURATION

0.8

0.6 |

04 |

0.2 |

-0.2 |

0.4 |

-0.6

-26

Figure B2: YZ plane of the real space configuration for the a = 0 case.

and green). The finite size effects are noticeable here, where the spins deviate from the
+z orientation, and where this deviation is more pronounced at the boundaries of the
system. Even for this small system size, where the finite size effects are considerable,
the simulation already reproduces the known results for the Heisenberg-Kitaev model

for these parameters.

m

Figure B3: YZ plane of the real space configuration for the a = 0.75 case.

For the stripy an important point needs to be mentioned. The point a = 0.5 is special,
since at this point the obtained stripy phase becomes and exact ground state of the
system, which can be seen as a ferromagnetic state in a rotated basis. It can be proven
also that in this case the system exhibits a SU(2) symmetry [126]. In Fig.B4 we show a
spin pattern for this case. The ground state realizes a stripy phase, but in this particular
case the spins are not arranged along only one direction, owing to the emergent symmetry
of the state. While in the a = 0.5 case some disorder in the state can be seen, these finite

size effects are not as pronounced as in the rest of the stripy state.

149



APPENDIX B. HEISENBERG-KITAEV MODEL

0.5

04 |

03

02 |

01

01 |

02 |

03 |

0.4 |

05 |

Figure B4: YZ plane of the real space configuration for the case @ = 0.5 which presents
an emergent SU(2) symmetry.

These findings coincide with what was reported in Ref. [126] for the full phase
diagram. We have purposefully showed results for a relatively small system size (216
sites), to exemplify the effect of FEBs. In the following we will calculate the Fourier
transform of the correlation function and study in detail how the finite size effects shown

here for small systems could affect bigger system sizes.

B.2 Correlation function

We proceed to show in Fig. B5 the Fourier transform of the correlation function for both

the antiferromagnetic and stripy phases, obtained from simulations on 2400 sites.
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Figure B5: Fourier transform of the correlation function. Left: AF state for a = 0. Right: Stripy
phase for @ =0.75
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Fig. B5(left) shows the Fourier transform for the antiferromagnetic state. We observe
the distinct features of the Néel phase, presenting maxima at the corners of the extended
Brillouin zone. On the other hand, the stripy phase (Fig. B5, right) presents two maxima
as well as secondary maxima on the sides of the extended Brillouin zone. This maxima
indicate that, in this particular simulation, the state is dominated by a st-Y phase.
The secondary maxima on the sides of the extended Brillouin are effects arising from
the FEBs, where small regions of the system realize the other two degenerate stripy
phase. These regions can take the form of magnetic domains, or can be generated by the

presence of a domain wall as we will see in the following section.

B.3 FEBs effect on big system sizes

Even though the effect of FEBs is still noticeable in system sizes as big as 2400 sites,
the behavior of the system is not radically affected by them. While the presence of FEBs
has the tendency to generate domain walls where the ground state might be degenerate,
the simulations consistently converge to states that correspond the true behavior of the
system.

In the following, we show the results of two identical simulations, run with different
stochastic seeds, for the case a = 0.75 and 5400 sites. In this case, both simulations
converge to the stripy phase on the z-direction. Fig. B6 shows the stripy phase for a
simulation in which no domain walls have been generated. In this case, away from
the bulk the spins deviate from their +z orientation, but it is only close to the edges
of the system where the effects of FEBs destroy the stripy order. Furthermore, these
deviations do not take any form. When the spins deviate from the +z direction, they do it

by inducing a non-zero x- and/or y-spin components arranged according to the st-X and

g

Figure B6: Real space snapshot of the XZ plane for the ground state of the case a =0.75
case using 5400 sites.

st-Y phases.
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On the other hand, Fig. B7 shows a spin pattern where a domain wall has been
generated in the middle of the system. In this case, both sides of the domain wall present
a stripy order, but the orientation of the sublattices is flipped. In this case, the domain
wall also generate non-zero x- y-spin components which are arranged accordingly to the
st-X and st-Y phases.

Figure B7: Real space snapshot of the XZ plane for a local minima spin configuration for
the a = 0.75 case using 5400 sites.

While in Fig B7 the effects of FEBs seem to be more noticeable than in Fig.B6, the
correlations for both states are the same, i.e, the Fourier transform of the correlation
function presents the same characteristics as Fig. B5.

In this thesis we will implement further algorithms to minimize the effect of FEBs, but
while their effect can be minimized, they cannot be eliminated eliminated. To eliminate
them entirely, we would have to implement periodic boundary conditions, which are not
compatible with the incommensurate states we wish to study.

With this in mind, and the comparison of our results to the work in Ref. [126], we are
ensured that while FEBs will induce domains (when the ground state is degenerated)
and edge defects in the systems, these effects will not modify the nature of the studied
system nor their correlations. If the simulations is able to converge to a low temperature
state (please note that here we are not considering other effects such as local minima
or critical slowing down of dynamics which would mean the simulation might never
converge) then we are confident that this state will be a low temperature state of the

studied Hamiltonian.
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