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Abstract

Recently, quantum spin liquids (QSL), as an example of topologically ordered phases,
have attracted much attention |1]. A prominent model potentially hosting QSL states is
the Heisenberg-Kitaev model on the triangular lattice. Earlier analyses using Schwinger
boson mean-field theory (SBMFT) predicted three QSL phases in this model [2]. In this
thesis, we use an effective action approach to study the system analytically in order to gain
insight into the nature of one of the corresponding quantum phase transitions. Starting
from a Schwinger boson representation of the model, we perform a Hubbard-Stratonovich
decoupling in the pairing channel using singlet and triplet fields. Integrating out the
Schwinger bosons, we derive a critical theory for the phase transition. This results in a
theory of three interacting bosonic fields, dispersing along one of the lattice directions
each. We study the critical phenomena of this theory using mean-field theory and the
functional renormalization group (fRG), and find the phase transition to be of second
order in agreement with the predictions of SBMFT. This shows that the combination of
an effective action and fRG can give insights into phase transitions between different QSLs.
Furthermore, our method can be generalized to other systems hosting QSL states.
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Chapter 1

Introduction

Since the early days of quantum mechanics, the intrinsic ‘quantumness’ of spin has posed
an interesting challenge for theoretical and experimental physicists. In particular, the in-
sight that the spin and magnetic properties of a system are intertwined at a microscopic
level gave rise to a new field of physics, nowadays called ‘quantum magnetism’, that de-
scribes magnetic properties from a quantum mechanical point of view [3].

The simplest models of quantum magnetism involve localized spins on a lattice, which
are often derived from underlying microscopic models for the electrons in a solid, as for
example the fermionic Hubbard model [4]. Already, these seemingly easy spin models
provide an interesting playground for the study of (strongly-correlated) quantum many-
body systems. Consequently, an enormous number of approaches has been used to study
quantum magnets numerically (e.g. Quantum Monte Carlo [5], DMRG [6], tensor network
methods [7], exact diagonalization [8]) and analytically (e.g. large N expansion [9], slave-
particle mean-field theory [1,10]). At the same time, the close connection to real materials
has lead to many experimental studies of spin systems in solid-state systems as well as
realizations in cold atom experiments [11].

In recent years, the field of quantum magnetism has seen a renaissance with the discovery
of topologically ordered phases. Loosely speaking, this kind of order is characterized by
the absence of a local order parameter describing a broken symmetry, and therefore has
to be studied and understood globally [12}/13]. One class of topologically ordered states
are so-called quantum spin liquid states, which can arise as ground states of frustrated
spin models. The possibility to formulate the underlying models in terms of lattice gauge
theories has given rise to analogies to high energy physics, most prominently Higgs mech-
anisms and particle confinement [14].

Again, a new perspective presents itself by combining lattice symmetries with topologi-
cally ordered states. In this way, symmetry enriched topological phases can be defined,
which are characterized by both, topological properties as well as the representation of
the symmetry group of the underlying lattice. These phases can be (partially) classified
using the projective symmetry group [1] or group cohomology [15].

An example of a system hosting different symmetry enriched topological phases, and in
particular different quantum spin liquid states, is the Heisenberg-Kitaev model on the
triangular lattice. Kos and Punk [2] used Schwinger boson mean-field theory to analyze
this model. For a totally symmetric mean-field ansatz they found the system to host three
quantum spin liquid ground states, which are separated by quantum phase transitions.
However, the details of the phase transitions remained unclear. The nature of one of these




1 Introduction

quantum phase transitions will be discussed in this thesis. To this end, we will derive an
effective action for the relevant degrees of freedom in chapter [3| using a Schwinger boson
representation of the spin degrees of freedom. To get a first understanding of the possible
phases, we perform a mean-field analysis of the resulting effective action in chapter 4. In
chapter [b| we use the functional renormalization group to derive one-loop renormalization
group flow equations and use them to understand the critical behavior of the theory.

We confirm the existence of the quantum phase transition using analytical tools without
relying on numerical methods. Furthermore, we derive a critical theory characterizing
the phase transition and argue that it is indeed second order by both mean-field and RG
arguments.

Before we start our endeavor, we will review some theoretical background on quantum
phase transitions, quantum spin liquids and renormalization group methods in chapter




Chapter 2

Theoretical Background

To set the stage for our discussion of quantum phase transitions in the Heisenberg-Kitaev
model, some theoretical foundations are introduced in this chapter. First, a very short
exposition of quantum phase transitions is given. For a deeper understanding we refer
to the literature (e.g. Sachdev’s book on quantum phase transitions [16]). We discuss in
some detail magnetic (dis)order on the square and triangular lattice to obtain a working
definition of quantum spin liquids. Afterwards, we define some basic notation and the
Heisenberg and Kitaev models, before we turn to a short review of earlier work on the
Heisenberg-Kitaev model on the triangular lattice and discuss connections to real mate-
rials. Eventually, we introduce basic concepts of the renormalization group method and
the functional renormalization group.

2.1. Quantum Phase Transitions and Quantum Spin Liquids

2.1.1. Quantum Phase Transitions

As is well-known from statistical physics, when lowering the temperature, many systems
undergo phase transitions from (thermally) disordered to ordered phases. Such a phase
transition is driven by thermal fluctuations which contribute more at high temperatures
and therefore lead to disorder in this regime. When lowering the temperature, the ther-
mal fluctuations become increasingly negligible and the system will finally reach its ground
state. This idea gave rise to Landau’s theory of phase transitions formulated in terms of
order parameters and symmetry breaking. Today we know some exceptions to this theory
even for thermal phase transitions, in particular in low dimensions. However for a rough
understanding of the difference between classical and quantum phase transitions this sim-
plified picture is sufficient at this point.

In quantum mechanical systems, additional quantum fluctuations play an important role.
When lowering the temperature, these quantum fluctuations become more and more im-
portant [16] and at zero temperature, they are the only kind of fluctuations that persist.
If the system depends on some non-thermal control parameter, the ground state of the
system may depend on this non-thermal parameter. Then, by changing this parameter,
the system may undergo what is called a quantum phase transition (QPT) and the point
of the phase transition is called a quantum critical point (QCP). These transitions are
clearly driven by quantum fluctuations as they occur at zero temperature, 7' = 0. A
generic phase diagram for a system undergoing a QPT is given in Fig.
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Fig. 2.1. Schematic phase diagram around a quantum critical point (QCP), where T
denotes the temperature and g denotes a non-thermal control parameter. The solid line
indicates a classical second order phase transition around which the classical theory of
thermal fluctuations may be applied. The dashed line indicates the crossover into the
quantum critical regime, where the finite-temperature behavior is affected by the QCP.
(Figure adapted from [16])

In addition to the QPT at zero temperature, there is a quantum critical regime, where
the finite-temperature properties of the system are controlled by the QCP. In this regime,
quantum and thermal fluctuations are equally important and a classical description of the
system cannot be used. It is important to mention that the crossover behavior around
this quantum critical regime is not a thermal phase transition but really a crossover. The
quantum critical regime is of great interest due to the interplay of quantum and thermal
fluctuations. Even more, as any experiment will perform measurements at temperatures
T > 0, understanding the influence of the QCP on the behavior in the quantum critical
regime is very important for a correct interpretation of such measurements.

2.1.2. Quantum Spin Liquids

For spin systems, phase transitions can often be described by a local order parameter
measuring magnetic order in the system. To illustrate this situation, consider Ising spins
on the square lattice with an anti-ferromagnetic nearest-neighbor interaction. We want
to find the ground state of this model. For the first spin we have the freedom to have it
point parallel to the z-axis or anti—parallelE] For the neighboring spins the orientation is
restricted by the first spin due to the anti-ferromagnetic interaction: all neighboring spins
of the initial spin have to point in the opposite direction as the initial one. Repeating
this argument for all lattice sites, we finally arrive at the well-known Néel-ordered state
depicted in Fig. The order parameter in this case would be the staggered magneti-
zation, (% >;(—1)'07), where o7 is the value of the Ising variable at site ¢ and N is the
number of lattice sites. For the Néel-ordered state the staggered magnetization takes a
finite value whereas it is zero in the disordered phase.

However, for the triangular lattice the situation changes drastically. Consider again Ising
spins with anti-ferromagnetic nearest-neighbor interaction. After positioning the first spin,
the second neighboring spin is forced to point in the opposite direction as the first one. The
third spin necessarily neighbors one spin pointing upwards and one pointing downwards,
therefore it is not clear how to align the third spin in an optimal way (see Fig. , a
feature known as geometric frustration.

“'We choose the z-axis to be perpendicular to the lattice plane.
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Fig. 2.2. Spin alignment for the anti-ferromagnetic Ising model. (a) Néel-ordered ground
state on the square lattice. (b) Geometric frustration on the triangular lattice. The red
spin indicates the first spin placed on the lattice.

Allowing for superpositions of various states in the quantum case, this problem can be
overcome in the so-called resonating valence bond (RVB) state. For a given lattice, con-
sider a state where pairs of neighboring spins combine into spin singlets. Such a state
is called a wvalence bond state and is illustrated in Fig. A single valence bond state
clearly breaks the lattice symmetries, however a superposition of all possible valence bond
states restores the initial symmetries. Therefore, such a superposition seems to be a good
candidate for a state without broken symmetries and without long-range order. Such a
superposition is called a (short-ranged) RVB state and was first proposed by Anderson in
1973 |17,/18].

The described RVB state is the prototype of so-called quantum spin liquid (QSL) states
which break no symmetries [19]. Quantum spin liquids are indeed qualitatively differ-
ent from other states of matter. They do not break symmetries of the system and thus
cannot be described by Landau’s theory of phase transitions which involves spontaneous
symmetry breaking as a key ingredient. In fact, they are topologically ordered in the sense
that they have degenerate ground states which cannot be distinguished in terms of local
observables [12].

H

Fig. 2.3. Examples of valence bond states on the triangular lattice. The blue ellipses
indicate the singlets. The state in the right panel can be obtained from the state in the left
one by the action of a local operator. The number of singlets crossed by the dashed path
has the same parity for all states obtained under the action of local operators. (Figure
adapted and expanded from [20])
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This degeneracy can most easily be understood in the context of a valence bond state as
indicated in Fig. Imagine the triangular lattice to be realized on a torus. Consider
the left panel of the figure and draw a closed path intersecting some of the bonds in the
middle. Thus, the path might cross some of the singlets, where we are mainly interested
in the parity of the number of crossings (in the figure the path crosses 2 singlets, i.e. an
even number). Acting on the state with a local operator which effectively flips two of
the singlets, we obtain another valence bond state like the one in the right panel. Again,
examining the path defined before for the new state, we see that it crosses some singlets
and the parity of this number did not change. Since this is in fact true for any local
operator, the Hilbert space is split into two parts of opposite parity,

H = %ven @ r7afé)dda

and we cannot distinguish states in one summand of the Hilbert space by any local mea-
surement. Note, that the periodic boundary conditions for the path are crucial for this
argument. As the possible closed paths in a given space are dictated by the topology of
this space, it is clear that the splitting of the Hilbert space is a topological statement.
Thus, it es expected to be unaffected by local properties and changes of the system.

In particular, the ground state degeneracy is robust against any local perturbation and ex-
citations are gapped. Hallmark signs of topological order are a high degree of entanglement
and non-local and fractionalized excitations [21]. In the RVB picture the fractionalization
of an excitation can be understood intuitively. Starting from a valence bond state, imagine
breaking one of the singlets by flipping one of the spins, thereby obtaining an excitation
with AS = 1. The two resulting spins can independently propagate through the system.
These excitations are called ‘spinons’ which carry spin 1/2 but no charge.

2.2. The Heisenberg-Kitaev Model

Having discussed the basic ideas of quantum spin liquids, we now want to find a model
which might host such a special state of matter. In particular, we are looking for models
of localized spins on a lattice as these were studied in the context of ‘quantum magnetism’
for quite some time [3]. Omne of the simplest models describing localized spins is the
Heisenberg model, which consists of spin-S particles on a lattice interacting according to
the Hamiltonian o
Hu=> JiySi- 5,

i,j

1#]
where 4,5 denote the lattice sites and S_'; is the spin operator on site i. The couplings
Ji;j could in principle be chosen arbitrarily, however we restrict our discussion to the case
of site-independent nearest-neighbor interactions, such that the Heisenberg Hamiltonian
simplifies to

Hu=Ju Y S5, (2.1)
(i7)
where (ij) denotes the sum over nearest-neighbors. Furthermore, we will discuss the anti-

ferromagnetic Heisenberg model where Jiy > 0. Note, that the Heisenberg Hamiltonian in
Eq. (2.1)) preserves SU(2) spin-rotation symmetry.
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Fig. 2.4. Definition of the triangular lattice vectors a, and the Cartesian coordinate
system e, , for lattice constant a = 1.

For the Kagomé lattice it was found that the ground state of the anti-ferromagnetic Heisen-
berg model is indeed a spin liquid [22}23]. The previous discussion of the Ising model on
the triangular lattice indicates some interesting physics on this lattice as well. However,
for the triangular Heisenberg model with spin-1/2 constituents it is known that the ground
state is characterized by the magnetic ‘120-degree order’. Nevertheless, using or adding
other interactions one can prevent the system from magnetically ordering even at zero
temperature.

One particular model hosting QSL states was proposed by Kitaev in Ref. [24]. Even though
the model was initially studied on the hexagonal lattice, it can be equally well defined on
the triangular lattice. To this end, we define the triangular lattice vectors a, as shown
in Fig. The Kitaev model again consists of interacting spins with the anisotropic
interaction

M =T Y SiSj+J > SiSi+J3 Y 8PSy,

1—links 2—links 3—links

where the sums are over the nearest-neighboring lattice sites along the indicated link.
The couplings Ji 2,3 can again take any value, however we consider the symmetric case,
J1 = Jy = J3 = Jk > 0, and rewrite the Kitaev Hamiltonian in the more compact form

He=Jx Y S5 (2.2)
Al i3)

Here, the notation v||(ij) indicates the sum over neighboring sites along a link in direction
v e {1,2,3}.

To understand the interplay of different types of interaction, we will study the physics of
spins on a triangular lattice interacting via both a Heisenberg and a Kitaev term,

Hux = Ju Y _ S Si+Jk Y S7S], (2.3)
(i) i)

in this thesis.
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2.2.1. QSL States in the Triangular Heisenberg-Kitaev Model

Earlier studies of the Heisenberg-Kitaev model on the triangular lattice showed that the
properties of the system depend strongly on the size of the spin, S. For S = 1/2 Becker
et al. calculated phase diagrams for both the classical and the quantum version of the
model [25]. It turned out that the model hosts a variety of different phases depending
on the ratio of the Heisenberg and the Kitaev coupling. Without going into the physical
properties of the individual phases, we show the phase diagram for the quantum model in
Fig. where the parametrization

Jg =cosa, Jg =sina,

is used and the couplings where normalized, such that JIQ{ + Jf{ = 1. Earlier analyses of
Heisenberg models on triangular and Kagomé lattices [9,14] have shown that, by lowering
the value of the spin to (unphysically) small values, the ground state might become a
QSL state. Furthermore, further-neighbor interactions were found to stabilize the QSLs
as they might increase frustration of the system. Thus, QSL ground states might actually
be realized in real materials as discussed in the next section.

Guided by these results Kos and Punk [2,]26] studied the ground state behavior of the
triangular Heisenberg-Kitaev model at small spin values using Schwinger boson mean-field
theory (SBMFT). They found three different spin liquid phases in the sector Jy, Jxk > 0,
which they identified as symmetry enriched topological (SET) phases. Ground state phase
diagrams for three different spin values can be found in Fig. 2.6al Note that the phase
transition between the different spin liquid phases seems to depend on the value of the
spin. In particular, the transition between SL1 and SL2 occurs at a smaller ratio Jx/Ju
for larger spin values. The nature of the quantum phase transitions between the different
QSL phases remained unclear and will be addressed in this thesis.

dual 120° order nematic phase

dual Z,
vortex crystal

Y dual O(3) FM

Fig. 2.5. Phase diagram of the Heisenberg-Kitaev model on the triangular lattice for
S =1/2 as obtained by Becker et al., using the parametrization Jy = cos«, Jg = sina.
(Figure taken from [25])
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(a) Phase diagrams for the dif- (b) Self-consistent mean-field parameters for the singlet
ferent QSL ground states. field A, the hopping field B and the triplet field ¢.

Fig. 2.6. Phase diagrams and self-consistent mean-field parameters as obtained by Kos
and Punk using the parametrization Jg = cosvy, Jg = sinv. Here, SL1, SL2, and
SL3 denote the three different QSL phases obtained in SBMFT using totally symmetric
ansétze, defined by the different fields taking (non-)zero values. (Figures taken from )
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2.2.2. Connection to Real Materials

So far, our discussion of quantum spin liquids was rather abstract and we did not con-
nect our theoretical concepts to real materials. However, several promising candidates
for QSL states in real materials have been studied using numerical and experimental
techniques [27]. For example, in the compound x-(BEDT—-TTF)3Cuz(CN)s, in which an
almost isotropic triangular Heisenberg model is realized, QSL behavior was found using
'H NMR and static susceptibility measurements [28]. Using neutron scattering, CsaCuCly
was found to host a QSL phase and spinon excitations [29], where a description by an
anisotropic Heisenberg interaction applies. A recent example of a triangular lattice com-
pound possibly hosting a QSL ground state is LiYbSy, where magnetic susceptibility and
"Li NMR measurements indicate the absence of magnetic long range order down to 2 K [30].

Strong spin-orbit coupling could give rise to a Kitaev-type interaction in certain Mott in-
sulating materials. Often, this Kitaev interaction is accompanied by a residual Heisenberg
interaction, thus the system can be described by an effective Heisenberg-Kitaev model.
A possible class of materials realizing this idea are the iridates AoIrOs, A = Na, Li [31].
Analyzing thermodynamic measurements, a-LisIrO3 was estimated to be close to a spin-
liquid regime, whereas NagIrO3 seems to be in a magnetically ordered regime [32]. Instead
of a triangular lattice, these materials form a hexagonal lattice. However, the Ir**-ions in
the compound BaglrTisOg were found to form a triangular lattice and could theoretically
be described by a spin-1/2 Heisenberg-Kitaev model [25]. Indeed, experimental measure-
ments of the magnetic susceptibility did not find magnetic ordering down to 2 K [33|. Even
more, heat capacity measurements give no indication for magnetic order down to 0.35 K.
These measurements suggest that BaglrTioOg hosts a quantum spin liquid described by
the Heisenberg-Kitaev model on a triangular lattice.

2.3. Renormalization Group Fundamentals

Having introduced quantum phase transitions and QSL states, we now take a different
perspective on the system under study. The Heisenberg-Kitaev model is a theory of pure
interaction in the sense that the Hamiltonian only contains interaction terms and no Kki-
netic term. Thus, we are more or less directly in the regime of strong interactions. A
meaningful analysis of interacting theories is notoriously difficult. A convenient method
to gain knowledge about the behavior in the limit of weak interactions is perturbation
theory, especially in combination with diagrammatic techniques [34,35]. However, in the
regime of strong coupling, perturbation theory is doomed to fail and a different method
has to be used. A method which turned out to be particularly useful is the remormaliza-
tion group (RG), which was mainly developed by Wilson. Here, we will only sketch the
main idea following reference [36] and refer to the literature for a more detailed discus-
sion [37-40].

In condensed matter physics, we are mainly interested in the long-range behavior of a
system so that it seems natural to integrate out fast, short-range fluctuations in order to
obtain an effective theory for the slow, long-range fluctuations. However, the separation
of fast and slow fluctuations is in general not clear a priori and instead, one introduces
a scale A = Ay/b in momentum space which separates fast and slow fluctuations, where
Ag is some ultraviolet (UV) scale at which the parameters of the theory are known, and b

10
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parametrizes the recursive step discussed next.

The recursive RG step starts with the integration over the fast field components and yields
a new effective action for the slow field components. At this stage, approximations like a
loop expansion are needed in most cases. The choice of reasonable approximations strongly
influences the effectiveness of the RG method. Rescaling momenta and frequencies in such
a way that the kinetic term of the theory becomes scale-invariant yields a mapping from
the old couplings g to a set of new couplings g’ = R(g) Now, for the new effective theory
the RG step is repeated and again the fast field components are integrated out. Repeating
this argument recursively, one obtains a flow for the couplings which is parametrized by
the rescaling parameter b.

Introducing the infinitesimal, logarithmic flow parameter [ = logb one obtains the Gell-
Mann—Low equation or [B-function for the change of the couplings under the RG step:
dg _ R(g), where R(g) =limi™! (R(g) - g) .
dl =0
We identify the Gell-Mann—Low equation as a set of flow equations for the couplings which
might have fixed points which do not change under the RG step, thus parametrizing a
scale-invariant action. Now, the correlation length £ describing the exponential decay of
field correlations is a natural length scale for a given system. Importantly, only & = 0 and
& = oo are compatible with the argument of scale-invariance. However, the divergence of
the correlation length can be seen as a hallmark of a second order phase transition. There-
fore, the study of fixed points of the RG flow might help to understand phase transitions
of the system under study.

The fixed point structure of the flow equations can be investigated further. Linearizing
the flow equations around the fixed point g* one might use the eigenvalues A\, and left-
eigenvectors ¢, of the resulting matrix to define scaling fields,

Vo = ¢L (g — &%),

satisfying the property
dv,
dl

We distinguish three different types of RG eigenvalues and scaling fields:

= AaVq-

e )\, > 0: The flow is directed away from the fixed point and the corresponding scaling
field is called relevant.

e )\, < 0: The flow is directed towards the fixed point and the corresponding scaling
field is called irrelevant.

e )\, = 0: In this case, the scaling field is stationary under the flow and is called
marginal.

Using this classification of RG eigenvalues, we can also distinguish different types of fixed
points:

e Stable fized points with only irrelevant and marginal scaling fields. These describe
stable phases of matter, as any small deviation from the (fine-tuned) fixed point is
decreased upon the RG flow, driving the system back to the stable fixed point.

11
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e Unstable fized points with only relevant scaling fields. They do not describe special
phases of matter, but are highly important for the global structure of the RG flow.

e (eneric fized points involving both relevant and irrelevant scaling fields. These turn
out to be particularly important for the understanding of phase transitions. The
irrelevant scaling fields span the so-called critical manifold. Starting on the critical
manifold the couplings get attracted to the fixed point. However, even the slightest
deviation from the critical manifold introduces some relevant parameter and drives
the flow away from the fixed point to either some other fixed point or to the strongly
interacting regime.

o (Critical fized points as a special case of the previous type, with one relevant and an
arbitrary number of irrelevant scaling fields, where the relevant perturbation drives
a phase transition. This class of fixed points is clearly the most interesting one for
the analysis of critical phenomena and indicates a second order phase transition.

Furthermore, the RG eigenvalues can be used to calculate critical exponents which can be
measured in experiments. Thus, the RG not only allows for qualitative statements but
also for quantitative predictions which can be tested in experiments.

This superficial introduction to the philosophy of the renormalization group already indi-
cates its effectiveness in the study of critical phenomena in the strongly correlated regime.
However, RG methods can be used not only in condensed matter physics but also in
high-energy physics and statistical physics. Also, many different implementations exist
for both numerical and analytical approaches. In the next section, we will shortly discuss
the functional renormalization group (fRG) as a particularly versatile method due to its
flexibility in the choice of the separation between slow and fast modes. Our discussion
follows [21,{41]. For a more detailed introduction to the fRG we refer to the literature [41].

2.3.1. Functional Renormalization Group

Consider a field theory containing the fields ¢,, where « is some (multi-)index labeling
the fields (e.g. momentum, spin, Hermitian conjugates, ...), coupled to source fields J,.
We write the partition function as functional integral:

Z[J] = /Dcpa e Slel+/, Java

Next, we decompose the action into a Gaussian part,

1
SO[“P] - _2/ /9001 (Gal)aa/ Pa’s

and an interaction part Si[¢], such that
Sle] = Sole] + Sile]-
From the generating functional for connected correlators,
W lJ]=log Z[J],

one can derive the vacuum expectation values of the fields ¢,,

SW [J]
5Ja

= (¢a) = da; (2.4)
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2.3. Renormalization Group Fundamentals

|
T

0 A ||

Fig. 2.7. Schematic plot of a regulator satisfying the necessary conditions.

and we define the effective action I" as the Legendre transform of W[J],

F[¢]:/Ja¢a_W[J]a

where J, = Ju[¢] can be obtained by inverting Eq. (2.4). The functional derivatives of
I' with respect to ¢, give the one-particle irreducible n-point correlation functions with
their full momentum and frequency dependenceE]

We formalize the RG step of integrating out the fast modes by introducing a cutoff A such
that we obtain a cutoff-dependent generating functional

Zp[J] = /D@a e~ Soalel=Silelt [, Jara

where, in the cutoff-dependent Gaussian action Sy a, the propagator G is modified by
some regulator Rj,
Goa(k) = Gg ' (k) — Ra(k),

satisfying the conditions

oo for A — oo,
RA(k) — <0 for |k| > A or A — 0 (k| fixed),
>0 for |kl — 0.

A schematic plot for such a regulator can be found in Fig.

Using the regularized propagator, we define the cutoff-dependent effective action

FA [¢] = / Ja¢o¢ - WA [J] - ;/ , ¢a (RA)aa’ ¢0/7 (25)

ASH[¢)]

which is a modified Legendre transform of the cutoff-dependent generating functional,
such that
Sg] for A — oo,

Falol = {F [¢] for A — 0,

where S[¢] is the classical action at some initial UV scale.

2In our analytical approach we will neglect the external momentum and frequency dependence and
restrict the correlation functions to be some parameters flowing under the RG.
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2 Theoretical Background

Taking the derivative of Eq. (2.5)) with respect to the cutoff A followed by some manipu-
lations [41] one arrives at the Wetterich equation,

oaTa Lol = 510 | () + Ra) 4R (2.6)

where the trace is performed over all indices and where we used the matrix notation|

—

(r(f))m/ - &;FA 5;5&/ .

The Wetterich equation is an exact equation for the flow of the effective action and defines
an infinite hierarchy of flow equations for the n-point correlation functions. In order to
obtain a closed set of equations, this hierarchy has to be truncated at some order n. For
our analysis, we will use the one-loop approrimation, and keep only the n-point correlation
functions up to n = 4, neglecting all higher order correlation functions. For an action .S
including terms up to fourth order in the fields, this corresponds to

Iy=5,

where the parameters in S are now taken to be A-dependent. Thus, one can derive flow
equations for the parameters as functional derivatives of the Wetterich equation with
respect to the fields ¢g.

3The arrow above the second derivative indicates that the derivative acts from the left. This distinction
is not needed for purely bosonic theories, however in the case of fermionic fields additional minus signs can
arise. Since in this thesis we only use bosonic fields, we do not discuss this in further detail.
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Chapter 3
Effective Action of the Heisenberg-
Kitaev Model

Starting from the Heisenberg-Kitaev Hamiltonian,

Huk =Ju» 8- Sj+Jx Y S7S], (3.1)
(ig) VII¢g)
we want to study quantum phase transitions between different quantum spin liquid ground
states on the triangular lattice discovered earlier [2]. We concentrate on the QPT at rela-
tively small Kitaev coupling, that is the transition from SL1 to SL2 in the nomenclature of
the aforementioned reference. To this end, we want to derive a critical theory describing
some order parameter-like quantity characterizing the QPT.

We start by rewriting the model in terms of Schwinger bosons for which we obtain an
action containing quartic interactions. We decouple this action by a Hubbard-Stratonovich
transformation and integrate out the remaining Schwinger bosons. At this point, we can
use a saddle point approximation as consistency check and compare our intermediate
results to those by Kos and Punk. We use the saddle point approximation for some of the
degrees of freedom and perform a gradient expansion of the two-point vertex for the triplet
fields. Thus, we obtain an effective theory expected to characterize the critical behavior
at the QPT.

3.1. Schwinger Boson Description of the Model

Since the model consists only of interaction terms and therefore does not allow for a
perturbative expansion in some small parameter, we have to use another approach. In
earlier works [2,9,/42], Schwinger boson approaches turned out to be particularly useful to
study frustrated spin systems. Therefore, we employ spin-1/2 bosons, by, b), and express
the spin operator at lattice site ¢ as

S B
Si = ibiao—aﬂbiﬁ’
where & is the vector of Pauli matrices and bgl) are the creation/annihilation operators for
a boson with spin « at site ZEI For this representation to be faithful, the constraint
bl b, =25 Vi (3.2)

[leRg 7o

Mf not explicitly mentioned otherwise, summation over spin indices is implied throughout this thesis.
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3 Effective Action of the Heisenberg-Kitaev Model

has to be satisfied, where S is the total spin.

Using the Schwinger boson operators, we define a singlet (a;;) and three triplet operators
(tj;) on nearest-neighbor bonds,

1 1
CLZ']' = §bio¢6aﬁbj,8 = Qbiaaiﬁbjﬂ

1 4 3
tij = 5bia0apbis

1
tij = —5biadasbis

3 ! 1
tij = —5bia0apbis,

where € is the anti-symmetric tensor of rank 2. These operators satisfy the identities
a]’i = —aij, t}i = t;yj

and

—

ad 2
Si- Sy =—2ala,,+ 8
2

S18) = —t]1t), — ala,; + S,
which hold true for arbitrary spin S (see appendix . With the new link operators the
Heisenberg-Kitaev Hamiltonian reads

Huk = — (200 + Jk) Y _ala,; — Jx Y 0t + (Ju+ Jk) Y 82,
(i) YII{id) (i)

const.

We include the constraint in Eq. (3.2) in the Hamiltonian via Lagrange multipliers A;,
define the new couplings

J1:=2Jg+ Jx, J2:=JK,

and drop the constant term to get

M= DY alay—J Y 1+ 3N (blabia —28).

(i) II¢ég)

We relax the constraint to hold only on average, i.e. A\; = A. In principle, this allows
doubly-occupied or unoccupied sites, which correspond to unphysical states in the en-
larged Hilbert space of the Schwinger boson representation. However, studies involving
the related pseudo-fermion representation showed that, using the relaxed constraint, the
ground state remains in the physical Hilbert space, where all sites are singly-occupied [43].
A similar behavior is expected for our Schwinger boson representation as well, thus justi-
fying the approximationE]

2The validity of this approximation can also be seen from gauge theoretical considerations: It is possible
to describe the anti-ferromagnetic Heisenberg model in terms of a U(1) lattice gauge theory [12,{21]. In this
description the (now time-dependent) field A;(7) plays the role of the temporal component of the gauge
field. It turns out that in the present case the fluctuations of the gauge field are gapped and therefore
approximating \;(7) by its expectation value should not change the theory significantly. We comment on
the gapped gauge fluctuations later on when discussing the validity of a saddle point approximation.
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3.1. Schwinger Boson Description of the Model

In this approximation, the Hamiltonian in the Schwinger boson representation takes the
form
=—J Zawa” — B >t + /\Z bl b, —2\ANS. (3.3)
Y5}

Here, from a formal point of view, S can take any real value and it was seen earlier, that
below some critical value, Serit < 1/2, spin liquid states can emerge. We will briefly discuss
this in the context of the saddle point approximation below.

In SBMFT this Hamiltonian would be the starting point for replacing the singlet and
triplet operators by their mean-field values, expanding in the fluctuations around the
mean-field and again rewriting the fluctuations in terms of Schwinger boson operators.
This was done by Kos and Punk in their previous work [2]. Here, we will not use the mean-
field approximation but instead use a Hubbard-Stratonovich transformation to decouple
the quartic interactions of the Schwinger bosons in the next section. This allows for a
more systematic treatment of the fluctuations around the mean-field solution.

3.1.1. Hubbard-Stratonovich Transformation

Using a functional integral approach, the partition function can be written as

Z= / DIb, b, \] e~ SsBlbA

SSB[b )\ /0 dr (Z bza a bza )+HSB[B(7—)76(7—)]> :

The Hamiltonian for the Schwinger bosons contains terms quartic in the bosons, bwﬂ
To decouple this quartic interaction, we perform a Hubbard-Stratonovich transformation
using the identity

1= /D[A,A] o1 S o 47 Aij (1) Aij (1)

and shifting the A-field according to the rules

Ay (7) = Agg(r) — %bm(ﬂeaﬁbﬂm Ay (r) — agy ()

A7) > A7) = 3hia(m)easbis(r) = Aig(r) - aig(r).

Introducing analogous Hubbard-Stratonovich fields T for the triplets ¢7, we decouple all
quartic terms in the pairing channelE] Decoupling in the pairing channel seems reasonable
as we want to construct an RVB-like ground state consisting mostly of spin singlets and
some (rather dilute) triplets. Flint and Coleman [42] argued that an additional decou-
pling in the hopping channel yields more reliable results and a more accurate description
in large N descriptions. However, for our Schwinger boson representation, where N = 2,
the inclusion of the hopping term is mainly used to improve numerical stability. Therefore,
we treat numerical accuracy for a simpler description involving only the pairing channel.

3Recall that a;; and t;; are both quadratic in b.
4To avoid confusion, from now on temperature is always expressed by the inverse temperature 8 and
T always refers to the triplet field.
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3 Effective Action of the Heisenberg-Kitaev Model

Note, that the triplet fields 77 are only non-zero on the corresponding ~-links, i.e.
Y _ gy
Tjj = Tijor; ritas -

Thus, we obtain the equivalent action

Sb, A, A, T /{Zba (8; + N b,a+Z(J1A7]2+JQZ| )

(i5)

(i3)
— 2ANSB, (3.4)

J Joi - J: — Joi .
-> < “reapdij + ; Tapliy — 22 8oy — ;C’éﬁTé‘) biabjp + C-C-}

where we dropped the imaginary time arguments for convenience and introduced the

notation
B
/ = / dr.
T 0

3.1.2. Transformation to Frequency and Momentum Space

Defining the fields b; (wy) and A;;(£2) in frequency space via
bia(r) = =3 bia(wn)eir
ia\T) = —F= ia\Wn )
VB 4
() = [ a0,

and analogously for T;;(€2), we can write the action in frequency space as

S[b, A\, A, T7] :Z {me wWn) (iwn + A) bia(wy) ﬁ Z <J1|A” W) |2 +JQZ| >}

Wn, 7 (ij)
Jai |
= Z Z EQBA” wn+wn)+7oa5T (wp, + wp)
w”,w 1 (i7)
Ja - Joi
—?501511@%‘(‘“71 +wnr) — 7Ja6T3 (wn + wn )) bia(wn)bjs(wn)
+ c.c.}
—2ANSB.

Similarly, we define the fields in momentum space via

1 .
bia(wn) = ﬁ Ze ker; bka(wn)y
k
=" Aiia (e,

and analogously for T ().
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3.1. Schwinger Boson Description of the Model

The momentum space expressions for the coupling of the Schwinger bosons to the Hubbard-
Stratonovich fields are somewhat non-trivial due to the geometry of the triangular lattice:

J ea
1€af Z ZA” W, +Wn wz(wn)bjﬁ(wﬂ)

Wn Wy (i)

_d 3 23 At ) Je Cer Ry (s ()

wWn,wyr kK (

_ Ji€ap T —i(k+k')r; Fik’a,
- 4Nﬂ Z Z Z A'é,i:l:’y (wn + wn/)e ( ) bka (wn)bk/ﬁ(wn/)

wrywy,r kK 4,1y

= Tt S ST Ao+ P (Y b )

wy,w,r kKK 4,y

Jién . ke
= — 21];; Z Z Z A; iy (wn +wpr)e (ke K)rs iy (ak;) bia (Wi )bk g (wWh)

Wnyw,r kKK 1,y

= 2Nﬁ€aﬂ Z ZZsm ak; k+k/(wn + wn )bk (wn ) bir g (wn ).
wn,w,r kKK 7y
Here, we used the notation
ak, = ay -k,

where a. is any of the lattice vectors and a is the lattice constant. The factor of two
in the second equality is needed to compensate for overcounting when changing from a
sum over nearest-neighbors to a sum over all lattice sites. Note in particular that, when
changing to the sum over all lattice sites, we include bonds in both directions, +a. This is
special for the triangular lattice, as, for example, on the hexagonal lattice only +a, bonds
exist. This is the first expression in our discussion, where the lattice geometry enters the
mathematical structure of the theory.

By a similar calculation one finds for the term containing 77bb

Wn + wyy bza(wn)bjﬁ(wn’)

wmw / 1])

Z Z cos (ak!)) Tyl 1o (wn + wns)bica (wn) bicr g (W)

wn,wy,r k k!

We introduce the notation k = (wg, k) = (ko, k), ba(k) = bax(wn), and

2=

k ko.k

2NB

and write the action in frequency and momentum space as

S[b,\A, T

:Z{Ba(k ) (ko + )b Z (LAY (B)? + Jo|T7 ()] )}
k
Z ( z—eag (Zsm (akl) A7 (k+ K )) —&—i% cos (aky) ol 5T (k + k)

kk/

2 cos (ak}) 8 T2k + K) — "2 cos (akf) o, T + k')) ba(k)bs(K) + c.c.

— 2ANSB. (3.5)
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3 Effective Action of the Heisenberg-Kitaev Model

The diagrammatic Feynman rules for this theory are illustrated in Fig. [3.1] We represent
Schwinger boson propagators by solid lines and propagators for the A (T7) fields by dashed
(solid) double lines.

ba (k) bo (k)

A’Y(k—‘v‘k/):::ﬂé:: Tl(k+k')
3 sin(ak! )icap o () — 2 cos(ak))io? (k)
ba(k) ba (k)

TQ(]{;—‘,—k‘/) Tg(k}—‘rk‘/)
% cos(ak})bap 8 (F) 2 cos(aky)ioh, ~ LK)

Fig. 3.1. Diagrammatic Feynman rules for the action Eq. lj of the Schwinger bosons.
Solid single lines represent Schwinger bosons, dashed (solid) double lines represent the A
(T7) fields.

3.2. Integrating Out the Schwinger Bosons

Since the action in Eq. (3.5]) is quadratic in the Schwinger bosons, we can formally integrate
them out via a functional Gauss integral. We rewrite the action in terms of pseudo-spinors,

(k) = (b (k). b, (k). b ). B (—h) )

and introduce the notation

Ok k! = Ok kO’ -

Since the components of the pseudo-spinor ¥ (k) are not linearly independent, a simple
summation over all 3-momenta k would lead to double-counting and therefore a change
of the partition function. In order to compensate for double-counting, we only sum over
half the momentum space, ko, = n, - k > 0 for some (arbitrary) direction specified by the

!/
unit vector n,. We indicate the restricted sum by Z , such that the action reads

S[U, N\ AT = k)G, ,\I/k

ZZ JiAY (k)P + Jo|T7 (K)[?) — 2N BAS, (3.6)
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3.3. Saddle Point Approximation for A and A

where
(GI;.}@')H = N (iko + A) O 12,
(G’;}@’)m = —710® Y sin (ak!) AV (k — )
v

+ Jo (i0® cos (ak}) T' (k — k') — 15 cos (akh) T (k — k') — io" cos (akh) T?(k — k') ,
(Gik),, =~ Y sin (akl) A7 — k)

+J2 (— Za cos (ak}) T" (k' — k) — 15 cos (akh) T (k' — k) + io" cos (ak}) T*(K' — k),
<G/;,}€’)22 = NB (—iko + A) Oppr 12

is the inverse Green’s function of the pseudo-spinor W.

Integrating out the bosonic pseudo-spinor ¥ we get
= /D [\TJ, \117)\,[17,4,]_’7’]’7] o= SI¥XNATY

-1
/D INALATLTY e — 35 L (DA () P+ T (R)?) +2NBAS 4 ¢ (2;[&(}1)

_/D[A,A,A,TV,TV] e~ SHATY
where we defined

S\ A, T : kz Ji|AY (k)2 + Jo|T7 (k)[?) — 2NBAS + Trlog <2N5G ) (3.7)

Here, the trace has to be performed over frequencies, momenta and spinor indices, but
without any additional prefactors since these are already included in the Green’s function,

Tr — Z/ try.
k

3.3. Saddle Point Approximation for A and A

Before we continue our derivation of an effective field theory, we want to use a saddle
point approximation to get a first understanding of the system. Thus, we get mean-field
estimates for the singlet field A and the Lagrange multiplier A. In particular, we will see
that the assumption J;A/\ < 1 - which will turn out to be very useful in our further
discussion - can be satisfied by tuning the spin value S. Furthermore, we can use the
saddle point approximation to compare our theory to the qualitative behavior found by
Kos and Punk [2] and use this as a consistency check on our way towards a theory beyond
Schwinger boson mean-field theory.

The projective symmetry group (PSG) analysis performed by Kos and Punk motivates a
spatially and temporally homogeneous mean-field ansatz,

Aij (w) = :I:A(Sw,()éj,iify, TZ( ) T(Sw,oéj,iify,

21




3 Effective Action of the Heisenberg-Kitaev Model

where A can be chosen as real. Therefore, we have
AYV(k) = AN Borpo, T7(k)=TNpBokp.

In the saddle point approximation, the action simplifies to

) 1
v 2 2_ — G
Svr[\ A, T = NS <3J1A +3Jo|T|" — 2AS + NﬁT“Og (2Nﬁ >) ’

and the saddle point equations read

OSnr
oT

OSnr
0A

S r
o\

Performing the derivatives, we get

| | !
=0, =0, =0.

il IGyp il OG
0——28+N718T1" (GMF B3\ ) , 0_6J1A+WTr (GMF A ,

OGyp
0 JQT + WTI‘ (GMF T .

A self-consistent solution of the saddle point equations using numerical methods was un-
dertaken in reference [2], whereas here we restrict ourselves to an approximative, analytical
discussion. We are interested in the quantum phase transition where the A-field has a finite
expectation value throughout the transition, and the 7T field acquires a finite expectation
value at some parameters (Ji,J2). Thus, to get a feeling for the values of A and A, we
consider the case where T' = 0 in order to estimate their mean-field values. The saddle
point equation for A takes the form

1 Gy
25 - mﬁ (GMF|T_O W

) =Tr (GMF|T:O) .
T=0

Here, we have to be careful when evaluating the various traces. Since the Matsubara
summation over +1/ky is formally divergent, we have to regularize the divergence by

introducing the convergence generating factors etko0™ [36] in the inverse Green’s function,
_ ko + )\) eik00+ 1 *J10'2/~1k
G = Npoy, [ R . A
( MF‘TZO)’“’“/ Bork ( —Jio? Ay (—iko + \) e~ iko0™ 1,

where we used .
A = A Z sin(ak-)
y

Now, we can safely perform the trace in spinor space and get

1

28 = — -
Nﬁzk: K+ X\ — J2AL

((—mo + e 0" 4 (kg + A)e“foo*) .

As we are interested in the ground state behavior of the system, we take the zero temper-
ature limit and replace the Matsubara sum by an integral,

el
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3.3. Saddle Point Approximation for A and A

The frequency integral can be evaluated using the residue theorem and we get

,/ JfA?
/

WN

Using the symmetry of the summands under k, — —k,, the saddle point equation for A
reads

25

mw

aw

L e T\ S
N - A

E}““*' (3.8)
k

A

-1

25 +1=

2|~

Due to the matrix structure, all Matsubara sums in the saddle point equation for A
converge and the convergence generating factor is not needed:

<Z sin(ak- )) ’

4.J2A
6J,A = 1
1 Z k? + )\2 JQAQ

(3.9)

3.3.1. Self-Consistent Solution of the Saddle-Point Equations

Instead of a (numerical) evaluation of the sums over momenta in the saddle point Egs.
and , we stay with the qualitative behavior of these equations. Assuming that
J1A/A < 1, we expand the summands in powers of this ratio and get the approximate
equations

2
1
25+1%Nzk: 2)\2 (Zsmak >

2
=1+ 2)\2 (Z sin(ak, ) ,
J S )
~ 1 . 1 .
6~ N Zk: (Z{: sm(akﬁ) + EIVE (; sm(akﬂ)

Taking the thermodynamic limit and replacing the momentum sums by integrals over the

first Brillouin zone,
— d%,
Z o
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3 Effective Action of the Heisenberg-Kitaev Model

we find
2 4
]ifzk: (Z sin(akﬁ) = g, Jbzk: (Z sin(akﬁ) = %
g g

Thus, we can rewrite the saddle point equation for A as

. 3JpA* JRA® _

8
RSVEIRSY gS, (3.10)

and inserting this in the saddle point equation for A we get

3J; 155 o
b~y th5 = A= 55

(3.11)

In particular, we see from the first equation that by decreasing S the ratio JiA/A de-
creases. Therefore, we are able to fulfill the assumption J; A/\ < 1 by tuning S.

The calculations above rely on the assumption that J; A/A < 1. Therefore, our approxi-
mation will definitely break down for S 2> % = 0.375. Indeed, previous works [9,/14] found
that above some critical spin value the spin liquid description is no longer valid. We will
briefly discuss this in the next section.

We can use the expressions above to estimate A and A for some values of S and compare
our estimates to the results obtained by Kos and Punk. We do not necessarily expect
the numerical values to coincide, since the inclusion of a hopping parameter B for the
Schwinger bosons in their work may affect the values of A and A. Furthermore, our
approximate equations are only valid in the limit J;A/A < 1, whereas the numerical
results take into account higher order corrections which become more and more relevant
away from this limit. Nevertheless, the increasing value of A with increasing spin value
S implied by Egs. and agrees with the results of the numerical analysis.
Therefore, we believe our approximation to capture the essential physics in the limit of
small spin S.

A A
0.9
0.4
0.8
0.3
0 0.7
0.1 0.6
H"\H“\H“\H“\H“\H"\““\S H"\H“\H“\H“\H“\H"\““\S
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35
(a) (b)

Fig. 3.2. Mean-field values of (a) A and (b) A as functions of the spin value S (J; = 2).
The red dots in (a) indicate the numerical values from Ref. [2]. Note in particular the
qualitative agreement of decreasing A with decreasing S.
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3.4. Expansion of the Trlog-term around 77 = 0

_4n _2n 2r  4n
3 3 0 3 3
2 2
2L ‘ ' |22 0.490
0.462
0.434
< 0 . . 10 0.406
0.378
_2n| ‘ . | 2 0.350
Ve Ve 0.322
an _2m 2r im
T3 3 0 3 3
Kx

Fig. 3.3. Spinon dispersion for A = 1, JiA/A = 0.3 and lattice constant a = 1. The
minima are located at the K-points, whereas the maximum is located at the I'-point.

3.3.2. Spinon Dispersion and Gap Closing

Returning to the action in Eq. before integrating out the Schwinger bosons, we can
understand the qualitative change taking place at the critical spin value Scpiy. The Hamil-
tonian corresponding to the action S[¥, A, A,T7] can be diagonalized via a Bogoliubov
transformation giving rise to a new set of bosonic operators ’yl(j). We interpret them as

spinons carrying spin 1/2. For the case T' = 0 the spinon dispersion relation is given by

1 -
Wspinon(k) = 5 \/ A2 — J12A12(a

which is plotted in Fig. for A\ =1, J;A/XA = 0.3. The minima of the spinon dispersion
are located at the K-points of the first Brillouin zone, for example at (k, ky) = (47/3a,0),
where the value is given by

1/ 27 A 27 J? A2
Agap = Wspinon (47/3a,0) = 3 A2 — ZJfA2 =s\V1-7 ;2 :

Therefore, the spinons are gapped as long as JZA?/A? < 4/27. As soon as the spinon
gap closes, our approach of integrating out the Schwinger bosons fails, as the spinons
start to form a Bose condensate with (by, ) # 0, where kg denotes the K-points. This
condensation leads to the 120-degree-order of the triangular Heisenberg model as discussed
in Ref. . As long as the spinons are gapped, there is no magnetic order and a spin liquid
state forms. Therefore, we call the regime J1A/\ < 1 the ‘spin liquid regime’ which can
be reached by lowering the spin length S.

3.4. Expansion of the Trlog-term around 177 = 0

As mentioned before, we want to discuss the quantum phase transition, where A has a
finite expectation value, and T plays the role of an order parameter acquiring a finite ex-
pectation value at some parameters. The phase fluctuations of A are gapped and therefore

25




3 Effective Action of the Heisenberg-Kitaev Model

at low energy the essential physics is captured by the (gapless) fluctuations of the triplet
fields, 77 P

Deep in the spin liquid regime we can expand the term

1
Tr log (WG_1>

in powers of T as its fluctuations around 0 will be small compared to A\/J; A. We decom-
pose the inverse Green’s function as

G '=G,'+D,
where
I (A +iko)1s —J1Ao? > sin(aky)
G = NBOkks ( —J1Ao? >, sin(aky) (A —iko)1a

and D accordingly. Starting from this decomposition, we expand the Trlog-term as

Trlog (2]\715(}1> = Trlog (2]\71ﬁ (GE1 + D))

The linear term (n = 1) vanishes when evaluating the trace as expected for an expansion
around the saddle point. In order to study the effect of T7 fluctuations we start by
discussing the Gaussian fluctuations.

3.4.1. Gaussian Fluctuations

The algebraic form of the second order contribution in 77 can be anticipated from the
diagrams in Fig. Since the inverse ‘bare’ Green’s function Gy 1is not diagonal in
the Schwinger boson basis, one gets a somewhat unusual form for the Schwinger boson
propagator. Working in the mean-field approximation with respect to A and A, we think
of the Schwinger bosons as coupled to the A-field and thus have to use

w(k) = /A2 — JRA2
for the denominator of the Green’s function.
At second order in 77 we have
3% = —%Tr [GoDGD]

1 !
Y > 14 [GouiDim Gonn Dokl -

k,l,mmn

5Some comments on the U(1) gauge structure of the theory justifying this approximation can be found
in appendix @}
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3.4. Expansion of the Trlog-term around 77 = 0

7,4 7,4

q+k

(a) (b)

Fig. 3.4. Contributions to the (a) normal ((b) anomalous) two-point vertex from the
second order expansion of the Trlog-term. For the anomalous term, coupling of Schwinger
bosons to A-fields is needed as expected from the evaluation of the matrix products in
the algebraic method. Recall, that the A-field only has a k¥ = 0-mode in the mean-field
approximation.

Inverting the inverse ‘bare’ Green’s function we get
G . % 1 ()\ — Zko) 12 J1Ak02
O NBRZ + (k) \ Jidko? (A +iko) Lo

o [ G, G962
Ng\ G¢We2 a1, |

Thus, we can write the second order contribution as

@ _ 1 /
S7 = “oNTg ; tra [Gok, Dk, Goy D) -
We define
T(k —1) = io>cos (al)) T (k — 1) — 15 cos (aly) T?(k — 1) — io! cos (al3) T?(k — 1),
’i‘(l — k) = —io®cos (aly) T (1 — k) — 1y cos (aly) T*(1 — k) 4 o™ cos (al3) T3(1 — k),

and write

B 0 T(k—1)
D’“’l__J2<T(l—k) 0 >

Evaluating the matrix product and performing the trace in spinor space we get

3(2) __ J22
INZ232

3 {GIG (trs [* T = W)o* Tk = )] + 3 [0 Tk — o> T(1 — 1)) )
k,l
+ (GG s [Tk = DTk = )] + GG s [T - )T - 1))}
Using the Pauli matrix trace identity
tro [ao‘aﬁ} = 2008,

we can rewrite this expression as

3%~ 13 > (@I (@T7(q) + T (0) (T7 (@) T (=0) +c.c.) ).
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3 Effective Action of the Heisenberg-Kitaev Model

where we defined the two-point vertices an) and Fga) Viaﬁ

r(q) = J2 + 17 (q),

5
B (Y _J722 (X —ikg) (A4 iko +iqo) cos(ak-) cos(a(ky + qy))
I77(q) : Np Zk: (k2 + w2(k)) ((ko + q0)2 + w?(k + q)) 5 (3.12)
PREDIEED D D VR
¢ . —qw<kk7<0 O<I~cﬁ,k<_q7
Fg“)(q) — _]t\]rzzﬂ Z J? Ay Ay s cos(aks) cos(a(ky + gy)) (3.13)

~ (K +w?(K)) (ko + q0)? +w?(k +q))
ky>max(0,q-)

Instability of the Normal Two-Point Vertex

The normal two-point vertex can be understood as the inverse normal propogator for the
T7-fields. Therefore, a potential instability will be indicated by a sign change of the normal
two-point vertex at vanishing external frequency and momenta. Therefore, we perform
the Matsubara sum over kg and evaluate the vertex at ¢ = 0 to get

2 2
F(V”) (0) = Jo (1 — j—if ; )\:(k)g(k) cosQ(ak:W)> .

"
Here, we used that for ¢ = 0 the sum Zk simplifies to a normal sum over momenta.

Since the summand in the previous expression is positive, F(Wn) (0) vanishes for some value
J2 crit Where the Gaussian action becomes unstable so that we have to take into account
higher order contributions to obtain a stable theory. The precise value of J it could
be obtained by evaluating the sum over k numerically, however an estimate value can be
obtained deep in the spin liquid regime without integrating the full expression. We expand
the summand in powers of J; A/\ and keep only terms up to second order:

2
Jo 1 J?A? .
F%")(O) ~Jy | 1- 22— 1+ 1)\2 (Z sm(ak@) cos?(aks)
k «
Replacing the momentum sums by integrals over the first Brillouin zone and evaluating

the integrals, we get
Jo 5 J2A?
™ (0) ~ 1- 2 (1432 .
mo~n (1= (1+555)

Inserting the expressions for A and A obtained from the saddle point approximation above,
we can solve the equation

1 (0) =0
for Jy and find (apart from the trivial solution J; = 0)
o 12,
2T (4 58) (3+ 1085)

5For the normal two-point vertex we add the contribution J» which was present in the action already
before expanding the Trlog-term. Therefore, we distinguish the ‘full’ normal two-point vertex I'}, and the
contribution from the second order terms in the Trlog-expansion. For the anomalous two-point vertex
only a contribution of the second type exists.
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3.4. Expansion of the Trlog-term around 77 = 0

Using the definitions of J; /5 and the parametrization Jy = cosa, Jk = sina, we define
the critical angle o it via

. 2J2,crit
Qerit == arctan | —————=— | .
J1 — Jo.crit

In particular, the critical angle does not depend on the value of J; or Jy but is only a
function of the spin, as expected. For the spin values S = 0.07 (0.14,0.17) discussed above
we find aeip = 1.508 (1.467,1.454). The tendency of smaller agy for larger S, which
was one of the key results of Kos and Punk [2] (see also Fig. [2.6), is correctly captured
by our estimate. As discussed for the saddle point values of A and A, we do not expect
numerical agreement due to the differences in the parametrization of the model itself and
the assumption to be deep in the spin liquid.

Gradient Expansion of the Normal Two-Point Vertex

We want to derive a time-dependent Ginzburg-Landau action [44,45] as effective action for
the fluctuations of 77 around their mean-field values, T&F = 0. To this end, we perform
a gradient expansion of the two-point vertex,

T{Y(q) = T5(0) + qodg, Y (0) + Z 4004, 5 (0 Z 404504, 04, T (0).

We already determined the contribution an)(O) above. For the frequency term we get

g3 3 JE A
o zqoﬁ Z (1 + 3 1)\21‘) cos?(ak.)
k

i 2 (1B TA
— o3 8 a2 )

where we kept only terms up to second order in J1A/\ < 1.

The term linear in the momenta vanishes by symmetry. For the term quadratic in q we
have to distinguish four different index combinations:

ca=p=r,

b 0‘257&77

e twice the contribution from o # 8 = v,

e «.3,v all different, o # 8 # v # a.
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3 Effective Action of the Heisenberg-Kitaev Model

The corresponding contributions are

J2a? 9 J2A?
252 D) () av o222 14 24
278% (0) q78)\<+16 )\2>’

Z 252 T n ) ~ q2J22a21J12A2
9001 T8N 8 A2

a#v aFy
J2a2 1 J2A2
72%‘%8 8‘17F’Y)( )~ an Iy 8\ 8 N2’
aFy aFy
J3a? 1J12A2
Z qaqﬁa a‘lﬁr’y Z 9a4p 8\ 8 N2~
a,B,y a,B,y
distinct distinct

where we always approximated the expressions up to second order in J; A/\. Note, that
the term involving qu gives the dominant contribution deep in the spin liquid regime. We
will return to this point later.

Since the velocities in the final action have to be independent of the index « in order to
preserve the lattice symmetries, it is sufficient to consider the case v = 1 for which we can
rewrite the full quadratic contribution as

Z qaqp

J3a® 2 9 JEA?\ | 1J7A?
1+ — + 552 > (a2 + qam) +

2
8A 16 A | a,8,1
distinct
J2q2 7 JEA? 1 J2A%
= ;)\ 2<1+16 1)\2 ) 3 1)\2 G+ G +a 0+ ags+ 200

=3, =3 (a%+q2) =—1(a3+342)

J2a? [ 9 JRAZN
= 14+ —
) < T )N

Note, in particular, that any contribution containing go, g3 vanishes at this level of accuracy
so that the propagator is extremely anisotropic. Nevertheless, we expect higher order terms
in J; A/ to give a contribution for these directions, however these contributions will not
be taken into account here. Combining our previous results, we arrive at the following
normal part of the action:

]\;ﬁ ZT”(Q) (r+ Zigo + ca?) T7(q),

where we defined the phenomenological parameters

B I 5 JEA?
T‘—J2<1—4)\<1+4 )\2 5

J2 15J2 A2
zZ=2%(1 .
8)\2( TR )

B (9 .pA
= 1+ — .
) <+16 22
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3.4. Expansion of the Trlog-term around 77 = 0

Gradient Expansion of the Anomalous Two-Point Vertex

The same approach can be used to approximate the anomalous two-point vertex,

r'@ig) = — ‘]12‘]22 AkAk+q cos(ak,) cos(a(ky + ¢y))
. Ng Zk: (k3 + w2(k)) ((k:o +q0)* + w?(k + q))

k~>max(0,q)
__AR g g oos(ahy) cosfafhy +4)) (ol + a) + ()
oA 2wl + ) ((w(k + a) + w(k)? + g3

ky >max(0,q,)

where we get the gradient expansion

. J2 J2A?
aFy

Thus, the effective action up to Gaussian fluctuations reads

ﬂ”ﬂ%AJﬂ:&hNﬂﬁ—QN@WWwﬂ%<ééﬁGf)

n ng S T7(q) (r + Zigo + c?) T7(q)
‘bel

‘*;5§:<”+4®<@3+§:ﬁ>>(TﬂwTWﬂﬁ+TW®TW—®%

where we defined

_ s
64N A2
o) _ J30 JEA?
64N A2

Deep in the spin liquid regime the anomalous terms do not contribute much, whereas the
normal terms are dominant. In particular, we can approximate the Gaussian action as

J2A?
A2 '

1 _ .
ST AN = 35 D T7(a) (7 + Ziao + ea) T7() + O (
kel

3.4.2. Fourth Order Contribution

Since the third order terms in 7™ vanish by spin structure arguments, we continue our
discussion at fourth order. The key idea of the diagrammatic representation for this ex-
pression is given in Fig. Here, various different spin combinations are possible and
give rise to the somewhat complicated algebraic form. A more detailed derivation of this
expression is given in appendix [C|

Deep in the spin liquid regime, J?A?/\? < 1, we can neglect the off-diagonal terms of the
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3 Effective Action of the Heisenberg-Kitaev Model

Fig. 3.5. Diagram illustrating the key idea of the fourth order contribution. Note, that
the spin arguments were omitted for convenience, however they give rise to the non-trivial

structure in Eq. (3.14)).

Schwinger boson Green’s function and get
(€]

SV = —ETr [GoDG(DG(DG(D]
2J n n n n = i =
— 9K S el a6 Gl [ (k—l)T(m—l)T(m—n)T(k—n)}
k,l,m,n
_ (n) ~(n) (n) (n)
- 2]\74,6’4 Z Z G GO k+q1G0 k+q3G0 —k+g2—qs
q1,92,93
a,B3,7,6
tro [UT(Q)O’T(ﬁ)O’T(’Y)O’T(é)} sgn(a)sgn™(8)sgn(y)sgn*(4)
cos(a(ka — q1,a)) cos(a(ks + g3.5)) cos(a(ky — g2,y + g3,4)) cos(aks)
Tq)T" (g1 + ¢3)T" (02)T° (g2 — g3),
where we used "
k k
k'yZmaX(O:QL'y7QQ,w_q3,'yv_q3,'y)
and defined
7 a=1 3 a=1
sgn(a) =4 -1 a=2, 7(@)=4{0 a=2, =1
— a=3 1 a=3,

Using Pauli matrix identities and neglecting the frequency and momentum dependence of
the four-point vertices, we can write the fourth order contribution as

= 4u
8(4) - ( 5)5 Z ZTV (1 Tv(‘h + (JB)T7 (Q2)Tv (2 — q3)
q1,92,493 7,7y’
2u — _ .,
+ (N )3 DD T (@) (@ +a3) T (@) T (92 — g3)
q1,92,93 7,7y’
(Nﬁ)?’ Z ZTW q)T (@1 +43)T7(q2)T" (g2 — g3), (3.14)
q1,92,93 Y
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3.5. General Properties of the Effective Action

where we defined
o
T64N3T

Summing up all contributions up to fourth order, we finally arrive at the effective action
for the T7-fields deep in the spin liquid regime:

1 - )
Ser[T7; A, A] = NG > T(q) (r + Zigo + cg2) T7(q)
qy

2 3 (=D )T (k=g

b
~T7(k = p)T" ()T (T (k=)
~ iz 2 Tk = DT DT @k - g). (3.15)
k,p,q
,

3.5. General Properties of the Effective Action

We conclude the derivation of the effective action by a short discussion of its general prop-
erties. First of all, we note that the action in Eq. is only valid deep in the spin liquid
regime, where J;A/\ < 1. This was the key assumption of our derivation and restricts
the validity of our result. Beyond this limit higher orders in J; A/\ become increasingly
relevant. In particular, the anomalous terms, o (T“’)2 , (TV)2, become relevant and the
action gets much more complicated. Furthermore, one would probably have to take into
account an isotropic dispersion, thus changing the qualitative form of the action even more.

Deep in the spin liquid regime, we found a theory of three interacting bosonic species T
of the same mass. Each of them disperses anisotropically in the corresponding spatial
direction a,. This might show some quasi-one-dimensional features of the system which
could be addressed in future studies. The bosons behave non-relativistically as their
dispersion relation is given by

w(q) o« ¢,

and the dynamical exponent is z = 2.

Considering for a moment the symmetric mean-field ansatz for the T fields used by Kos
and Punk,

TV (k) = NBS(k)T,
we get

Setr = N3 <3r T2 - 15u |T\4) .

Believing our result that « > 0, the mean-field approximation would yield an unstable
action. In fact, we believe this to be wrong and suspect a sign error in the derivation
of the fourth order term, or a sixth order term stabilizing the ground state. Since the
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3 Effective Action of the Heisenberg-Kitaev Model

functional renormalization group analysis below will not depend on the sign of u, we do
not go into further discussion of the sign of w.

For the interaction of different bosonic species different processes are possible. We define
the new couplings
u™ = —du, WY =2, v=—u

to distinguish the interactions. Thus, we can write the effective action as
1 - .
Ser|T7; A, A] = N3 ;TV(Q) (r+ Zigo + cq2) T7(q)

4

+ N333

> Tk —p) T (p)T ()T (k — q)
k,p,q
4

u(@ _ _ , ,
tNiE S Tk —p) T ()T ()T (k - q)
k,p,f]
VY

> Tk —p) T ()T ()T (k — q). (3.16)

k,p,q
v

()
+ N3B5

The bosonic fields can interact in three different ways:

e 77 +T7 — T+ T In this process, the number of bosons of species v and ' is
preserved separately, therefore we call this process a normal interaction characterized
by u(™.

e 277 — 277" In this process two bosons of species ~ are transmuted into two bosons
of species 7/. Therefore, the particle number for both species is not preserved and
we call it an anomalous interaction characterized by u(®.

e 277 — 277: In this case, two bosons of species 7 interact without transmutation to
another species. Such an interaction is parametrized by u(™ + u(®) + v.

Therefore, we see that in the case u(* = 0 the number of bosons is preserved for all species
independently, whereas for u(®) # 0 this is only true for the total number of bosons.

In the case u(® = v = 0 the corresponding theory with an isotropic propagator was studied
among others by Uzunov using perturbative renormalization group methods [46]. Wet-
terich [47] used the functional renormalization group to study similar systems for a broad
range of parameters. They both found that the propagator does not get renormalized
at any loop order. Neglecting the gradient terms, or equivalently using a homogeneous
mean-field ansatz, for u(® = v = 0 the action is not only invariant under U(3) rotations of
the fields 77, but also under an O(6) symmetry, as the action only contains the absolute
values of the fields T7. For the case v # 0 the model is similar to models describing cubic
symmetry breaking which were for example discussed by Aharony [48].

Note that the analogies of our theory to the aforementioned models rely on the absence of
the gradient terms. The non-relativistic, anisotropic propagator as well as the anomalous
interaction are expected to qualitatively change the picture beyond mean-field approxima-
tion. Therefore, we will briefly analyze the mean-field behavior of the effective action in
the next chapter before we perform a renormalization group analysis using the functional
renormalization group.
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Chapter 4

Mean-Field Analysis

A first step towards a better understanding of the phase transition indicated by the in-
stability discussed above is to study the mean-field behavior of the critical theory. To
this end, we approximate the triplet fields 77 by a spatially and temporally homogeneous
mean-field defined by

(k) = NBTV5(k). (4.1)

The PSG analysis by Kos and Punk [2] suggests a real mean-field, such that the effective
action Eq. (3.16) simplifies to

sunt =08 (32 () 5 (00 4 5,0) () ()

Note that for real mean-fields the action does not distinguish normal and anomalous
interactions of bosons. Therefore, we define the effective coupling

ut = ) 4 (),

Furthermore, the mean-field effective action is that of the usual O(3) symmetric model
with a cubic symmetry breaking term, which was studied earlier [40,48.|49].

The mean-field equations are given by

T = NPTV | r+2 Z (ueff + v5%7/> (TV/)2

,y/

The mean-fields T could in principle take different values in the three directions. Thus,
we get the following solutions to the mean-field equations:

T'=T?=T13=0, (4.2)
£, /- ueff ) =T°=0, (4.3)
Queﬁ e (4.4)

1_
T +, /- 3ueﬁ 5] (4.5)
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4 Mean-Field Analysis

The choice of the non-vanishing component is somewhat arbitrary. By symmetry of the
mean-field action under permutations of the field indices we can argue that the four solu-
tions listed above in fact describe all possible phases of the system. The same is true for
a change TV — —T7.

It is clear that the first solution exists for all parameters r,u, v, however the other three
solutions exist only for certain parameter regimes. The corresponding constraints are
implied by the assumption of a real mean-field and are given by

r
0 4.6
ueft + o <5 (4.6)
T
_— 4.
I (4.7)
”
_— . 4.
50 1o < 0 (4.8)

For a solution to the mean-field equations to describe a stable phase it has to be a mini-
mum of the mean-field free energy or, equivalently, the effective action. This condition is
equivalent to the (dimensionless) Hessian matrix,

h _ L 0*Sur
o= Np\ areoT? |’

being positive definite or, equivalently, having only positive eigenvalues. Here, the deriva-
tives are evaluated at the respective solution of the mean-field equations. The matrix
elements of the Hessian matrix are given by

hap = 2048 <r +2u ™y " (T7)? + 6o (T"‘)2) + guefirers,
v

We will now discuss the stability of the possible solutions, Eqs. (4.2))-(4.5). A summary of
this discussion can be found in Tab. [4.1]

For the trivial solution Eq. (4.2)), 77 = 0, we get
hSﬁ) = 21043,

which has only eigenvalue 2r. Thus, we conclude that the trivial solution T = 0 is stable
for r > 0 and arbitrary values of u*f and v.

For the solution Eq. (4.3) with one non-vanishing component, T = ) we get

. r
2(ueﬂ+v

h(2):25a L_(;a 9, Y
af T0ap S )1 +Ueﬁ+’u ,

which has eigenvalues
2rv

weft o’

Therefore, we conclude that this solution is stable for

—4r.

r<0, v<0, uT+v>0.
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For the solution Eq. (4.4) with two non-vanishing components the Hessian matrix has
eigenvalues

4rov 2rv 4
— —A4r
2uett + o7 2ueff 4o’ ’

which clearly cannot all be positive at the same time. Thus, we conclude that this solution
is nowhere stable.

Finally, for solution Eq. (4.5 the Hessian matrix has eigenvalues

4rv 4
— — ’,"‘
3ueft ¢’ ’

so that we conclude that this solution is stable for

r<0, v>0, 3uT+v>0.

MF solution Stability conditions
T'=T?=T%=0 r=>0
le\/—72(ueg+v),T2:T3:O r<0,v0<0,u+v>0
T =772 = \/—m, T3 =0 nowhere stable
T1:T2:T3:\/—2(3u:73+v) r<0,v>03uf+v>0

Tab. 4.1. Solutions to the mean-field equations and corresponding stability conditions
for the parameters for real mean-fields 77

Next, we use the relations v = —4u, u(® = 2u, v = —u from our microscopic derivation

and get
eff

us = —2u.
Thus, we can rewrite the stability condition for the first non-trivial solution, Eq. (4.3)), as
r<0, u>0 u<0,

which is clearly inconsistent. Therefore, we conclude that this solution is not a valid mean-
field solution. For the third non-trivial solution, Eq. (4.5)), we get the stability condition

r<0, wu<O.
Using the parameters r and u, we obtain the following mean-field structure:

e >0, u € R: The mean-field solution is given by the trivial one,

T =72 =73 =0.

e r <0, u <0: The mean-field solution is given by

gy e, L
14u’
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4 Mean-Field Analysis

e r < 0, u>0: In this case, the only solution to the mean-field equations is
TH=T?=T°=0.

However, this solution is unstable, as it is a maximum of the mean-field free energy
as can be seen from the Hessian having only the eigenvalue 2r < 0. Therefore, no
stable mean-field solution exists.

The results of our mean-field analysis resemble those of Kos and Punk [2]. In the regime
u < 0 we interpret the qualitative change of the mean-field solution to describe a second
order phase transition from a QSL phase with 77 = 0 to a QSL phase with T7 # 0. The
phase transition is driven by the parameter r or, in terms of microscopic quantities, by
the ratio of the Heisenberg coupling, Jy, and the Kitaev coupling, Jx. We can see this as
a sanity check that the effective action Eq. captures the essential physics correctly.
Thus, we expect the value of u to be actually negative as already discussed at the end of
the derivation of the effective action.

In order to get a better understanding of the phase transition and, in particular, the
dependence on the potentially independent parameters (™, 4@ and v, we perform a
renormalization group analysis in the next chapter.
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Chapter 5

Renormalization Group Analysis

We want to use a renormalization group (RG) approach to get a better understanding
of the quantum phase transition occurring at J crit. In order to get a fairly simple RG
procedure, we assume the system to be deep in the spin liquid regime and use the effective
action Eq. derived above. Since we do not expect any symmetry to protect the
specific relation between the coupling constants for the quartic interactions, we treat them
as independent parameters, so that we want to derive RG flow equations for

Z,e,r,u™ u@ and v,

and determine the resulting fixed point structure.

To this end, we first consider the tree level scaling behavior of the parameters using power
counting arguments and then use the functional renormalization group (fRG) to obtain
the one-loop flow equations. Note that in this approximation, we expect the wave func-
tion renormalization factor Z and the velocity ¢ to not get renormalized. Thus, it seems
appropriate to rescale the fields in such a way that the velocity can be set ¢ = 1. To get
flow equations beyond tree level for ¢ and Z one would need higher loop orders.

Using the one-loop fRG flow equations, we perform an e-expansion in d = 2 — e dimensions
and determine the fixed points of the flow numerically. Linearizing the flow equations
around the fixed points and determining the RG eigenvalues, we study the stability prop-
erties of the fixed points.

5.1. Tree Level Scaling

We start our RG analysis by performing a power counting analysis. Since we also want to
determine the critical dimension of the theory, we generalize the dimension to arbitrary d.
Furthermore, we take the thermodynamic limit to replace momentum sums by integrals
and take the zero temperature limit,

1 dk 1 * dkg
V2 [ 52
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5 Renormalization Group Analysis

Thus, we arrive at the new form of the action,
Salt"xn A= Y [ 1) (r+ Zian + ) 70
q

+ % /k,p . <u(n)T’Y(k - p)T’Y/ (p)TV(q)T'Y/(k; — )

+u@TWk—mTWMTW®T“%—QD

oY [ T T )T T ), (5.1)
S Jkpag

where we used the notation
> dko ddk:
)d

For our power counting analysis, we rescale the momenta as k’ = bk and the frequencies
as ki = b%ko, where z = 2 is the dynamical exponent. At the same time, the fields are

rescaled as
TV (k') = b= 21T (k).

Requiring the kinetic term to be scale invariant, we get

d 2 d+4
Ap—dtzF2_did
2 2

i.e.
T'y/(k,/) — b (d+z+2)/2Tw(k;) b (d+4)/2T7(k)

so that we get for the scaling behavior of the couplings at tree level
r = b2r,

u(n)/ _ b4fdfzu(n) _ b2fdu(n)

u(a)l _ b4—d—zu(a) _ b2—du(a)

'U/ _ b4—d—Z,U — bQ_d’U.

)

)

We see that the mass parameter r is always relevant as expected. The quartic couplings
are relevant in d < 2, a fact which we will investigate further in the one-loop approximation
using the functional renormalization group (fRG). From our scaling analysis, we conclude
that the critical dimension is d. = 2 which is the dimension of the physical system. Typi-
cally, the marginal parameters give rise to logarithmic corrections to the scaling behavior
at the (upper) critical dimension [40]. Nevertheless, we expect the RG flow slightly below
the critical dimension to still capture the essential physics [50]|. Therefore, we will perform
an e-expansion in d = 2 — € below.
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5.2. One-Loop Approximation - Functional Renormalization Group

5.2. One-Loop Approximation - Functional Renormalization Group

The one-loop RG flow can be obtained using fRG and the truncation
FA [T’Y] - SA,eff [T’Y, )‘) A])

where we promoted the parameters to cutoff-dependent parameters ra, Za,.... Next, we
will derive flow equations for these parameters by taking functional derivatives of the Wet-
terich equation with respect to the fields T7. For simplicity, we return to the case
d = 2 in our derivation and generalize only the final flow equations to arbitrary dimensions.

We define the inverse propagator,

-1

Agry = (TA + Zniqo + q%)

and the regularized inverse propagator,

where Ry 4 is some regulator function specified below. Defining the matrices

_ 8Ty _ 8Ty
(F(2)> _ ( §T(p)oTh(q) oT(p )5Tf3(q) )
A 0.8 32Ty 521 )
P& 5T (p)dsTB(q) OT°(p )5Tﬂ(q)

0 1
(Br),) s = Bosdpa Bt ( 0l ) |
and M = FE\Q) + Ry, we can write the Wetterich equation 1 as
1
Oala = 5Tr [M~'OARA] .

Some expressions needed for our calculations related to these objects are listed in ap-

pendix
5.2.1. Flow Equations for the Parameters

We derive the fRG flow equations as functional derivatives of the Wetterich equation using
the identities

-
A,y g TV (R)STY(K') |
rA = — %IE)I%)GX k,y?

Zy =1 hm (“)kOGXk .

Z / 51Ty
W= prps—0 0T (p1)ST7 (p2)0T (p3)6T7 (pa) |

) — Z / 54T A
Sps0 6T (1)1 (p2)6T (p3)dT™ (pa) | 1

(n)+u Yy, = Z/ 54T
A AT prps—0 517 (p1)0T7 (p2)0T (pa)0T (pa) T=0
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5 Renormalization Group Analysis

Flow Equation for G/_\lk .
We start by determining the flow equation of the inverse propagator:

52
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2 @ "\p G%%,p,a ? 6T7(k)5T7(k/) PDOLQ 1 0

n a 8 R o4
- 2/ @) D5k~ 1) S (08" (Gar + 1) +2 (6 + 0, Gy /A_Qp
! o p GR,p,Oc
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[e% y21es
where we used the Egs. (D.1)) and (D.4) to evaluate the trace.
Next, we use a regulator implementing a sharp cutoff in momentum space ,
RA,p,a = RAyp = A2@(A2 — p2) (52)
and its derivative
OrRapa =2A (O(A? — p?) + A%5(A% — p?)) . (5.3)
Thus, the frequency integral

/oo dpo 2A (@(AZ _ p2) + A25(A2 _ p2))
oo 2 (rp + Znipo + p2 + A20(A2 — p2))?

can be evaluated using the residue theorem. To this end, we note that the only pole of the
integrand lies in the upper half plane, as long as 7y > —A2. As we are later on interested
in the behavior for small |ry/A?|, this condition will be satisfied. Closing the contour in
the lower half plane, the integral vanishes.

Therefore, we conclude that
-1
8AGA,]{?,'7 — 07 (5.4)

i.e. the inverse propagator does not get renormalized. This resembles the fact that for
non-relativistic, interacting bosons at T = 0 the self-energy is known to not get renor-
malized [46,/47]. Since this result holds at all orders in perturbation theory, we expect
Eq. to stay true even beyond our one-loop approximation.

Flow Equations for ry, and Z,

Using the fRG flow for the inverse propagator, it is immediately clear that the mass
parameter rp and the wave function renormalization factor Z, do not get renormalized
as well,

Oara = 0, (5.5)
OnZa = 0. (5.6)
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(n)

Flow Equation for u,

Next, we want to derive the flow equations for the quartic couplings, starting with u&n):

1 5
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We evaluate the summands separately, using the Eqgs. )- For the first term we
get

§2M M

1 TT|—— MY (M
;/ma r[ampl)m'(m) 70 T3 ot (o) (M =0

IR M_IIT:O)

4u5\n)2 / ) OARA k0 ?
- _ lim ———"— (Jay08y + Igy0a’)
24 g;/ k,l,py P1oeP3—0 GRQk aGR,ll,B o o
aB
x (2m) 8 (py + po — k= 1)(2m) VS (ps + py — 1 — k)
n)2
__OaBaka
ay 2 -1
’v;ﬁ’y GRk OéGRﬁkﬁ
n)2 / 6ARA k  OaBRARy
Ty GR k. R —k

CY)
‘7Iv,’v’

and the second term gives the same contribution. By a similar calculation, we get for the
third term
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and for the fourth term

52M M

=y M M, OzRy M~
Z/ a0 [5T”(p1)5T”(p3) 7= 577 (p2)oT" (p4)( 70 92 B4

[—0)

= 23 (04 2603) A+ 000 ) T
775v

Summing up all contributions, we obtain

(n)2 2 (uV? 4 4
) = 1A 5 (a0 + 400 S,

¥y
3 ¥EY giaed
(n)
2u n
- = (u(A V(14 2607) + 4l + v,)0 ) 19,

Again, using the regulator specified in Eq. 1) we see that the integral [ 52), vanishes
when performing the frequency integral by the same argument as above. Therefore, we are

left with the first summand involving the integral Isli,

. Referring to the appendix [D.2.1

for the evaluation of the integral, we know that the value of I A(Yl?y, does not depend on
the indices v # 4/ but only on the fact that they are different. Therefore, we define

I/(\?é)(r) =1 ,(Yl,)y, and rewrite the flow equation for u&”) as

OAUXL) = —21F) (1) ug\n)% (5.7)

Note that I/(\;é)(r) depends on the mass parameter r and the cutoff A. A diagrammatic
representation of the flow equations for all parameters is shown in Fig. where only the
diagrams with a non-zero contribution are included.

Flow Equation for ug\a)

(a)

A similar calculation gives for u

54
Z/ D1, 7103—)0 5T'y( )5T7(p2)5T7/(p3)5T7/(p4) T

82M 82M
S § li T _ _ M1 . .
e / P KdTv(pl)aTv(pz) 70 577 ()87 (o)

N 82M M| 82M
6T (p3)dT (pa) T=06T7(p1 )T (p2)

4 §2M M| 52M >
6T (p1)0T (pa) T=0 5T (p2)6T (p3)

(M_l‘T:O IR M_l‘T:O)] :
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7D 7
8Au5\") = —2x ug\n) qu)
Y v, —p o4
. v, p o v, p ~ a,p
aAuE\a) = —8x uxl) A | —8X uE\a) u&n) —12x uﬁf) qu)
i vi-p A vi-p o @, =p
~ 7. vy 7D Ny 7D
Opva = —4x |V uf™ | —16x |y UA | —16x | VA VA
~ 7D vy VP Ny a,p
—32x |l vA | —16x | ul® ul? | —48x | u(® ul®
v Y, —P v v Y, =P Y Y a, —p
—aA“(An) - aAUS\a )
Fig. 5.1. Diagrammatic representation of the one-loop fRG flow equa-

tions , and , where solid lines indicate triplet propagators and the vertical
line represents a regulator insertion. In our approximation all external frequencies and
momenta vanish. The combinatorical prefactors can be obtained by carefully summing
over admissible index combinations and topologically distinct diagrams. Only diagrams
giving a non-zero contribution where included.
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For the first summand we get

(52 _1 52 . .
;/ ----- 70 LST(p)éT(p) =0 577 g7 (pay (M o OnFin M)
ST GO ) )
v#Ey

and the same expression is obtained for the second summand. For the third summand we
get

82M 1 2M 1
il - T (M- IRy M1
;, ~/p4 P13 =0 {5T”(p1)5T” (p4) 7= 6T (p2)dT (p3) ( 7= Oafia |T‘0)]
n 2
W

YEY

Combining these terms, we obtain
(@) _ 2 (a) n) (a) 8 (m), (@) @)
Oy’ = =2 37 ul? (2 (ul” + vy ) b+ o) 1 = S 37 1),
vsév’ y£Y

Using the regulator in Eq. { , we know that the integral Iszi, vanishes as before and

referring to appendix for the evaluation of Iélg[ we get that I[(‘:)( ) =1, (IZY is inde-
(a)

pendent of o, so that we can write the flow equation for u,’ as
Oyl = —41O () ) (2 (ul” +0,) +3uf) (5.8)
Again, Iz(\:) (r) is a function of 7 and A.

Flow Equation for vy
Finally, we have
N <u5\n) + ug\a) + vA>
1 /f , &
= — lim = =
12 5 Jp, proeps=0 8T (p1)0T7 (p2)6T (p3) 0T (pa) =0
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-1 -1
(M ‘T:O OnRy M ‘T:O)
Again, we evaluate the summands separately. For the first term we get
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5.2. One-Loop Approximation - Functional Renormalization Group

and the same result is obtained for the second term. As before, the third term vanishes
when evaluating the frequency integral. Using I(=) (r), we can rewrite the flow equation
for vy as

2
drvp = —4I5)(r) <<u§\n) +2 (uﬁf) + UA)) + 8u§\a)2> - 8Au5\") - (9Au5\a)

2
— 41O () (ng\a)Q + 20" (u(A”) + 3vA) + (uX” + 21}A> ) +21F) (r) W2,

(5.9)
5.2.2. Fixed Points of the fRG Flow in d = 2 — ¢ Dimensions

In order to examine the fixed point structure of the fRG flow in d = 2 — € dimensions,
€ > 0, we define the dimensionless parameters

n=raA 22 Al = A2 Al = uONR T oy = o2y

and replace the dimension-dependent factor from the integrals, A?/2 — A?/d, so that the
the flow equations for the new parameters read

AOATA = —2T4,
(n n 2A2d—3 "
A0, = (d—2)al" + " 2,
2A2d—3
A8 i\ = (d—2)a® + d,ul?,
AYA ( ) A dZA ATA
2d—3
AOpTp = (d — 2) vA + Zx OAVA.

We introduce the logarithmic cutoff A = Age™* and insert Eqgs. (5.5)-(5.9) so that the flow

equations for the dimensionless parameters read

O = 27 (5.10)

0.2 = ca™ 1 422AA [)(7A2) 52 (5.11)
— €
ZpA

0.2 — @ 4 82 AT @@ (2(a +5) + 30@) (5.12)
— €

2
055 — €t + 822“\1@ (7A?) (%@2 + 20 (@™ 4 30) + (a" +20) )

—€
47 A
2—¢€

From the fRG flow equation for 7 it is clear that all fixed points are necessarily at

TP (7A2) @2, (5.13)

7 = 0.

Therefore, in order to find the fixed points of the fRG flow, we can evaluate the integrals
I[(f/:) at r = 0 and get

1 1 16 1
1Py = _ ( N )_:_07
x O =37 235 | 15v/15 AZy '

I(:)(O)z— 1 1 + 1 ::—LCQ.
A TAZA \8V2 33 ANZ\
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Thus, we can rewrite the fixed point conditions for the parameters @™, (@ & as

0=al" <e o ai"’)
2—¢ ’
0=a® (e - 28?6 (2 (a&”) + @*) + 3@@)) ,

0= et + 2L gm2_ B2 <9ﬁia)2 + 20l (@ +3,) + (@ + 217*)2> '
2—¢€ 2—¢€

The fixed point values for the parameters @™, 4(®) ¢ can be determined using Mathe-
matica. Furthermore, we linearize the fRG flow equations around the fixed points and
determine the RG eigenvalues. Expanding up to first order in €, we find six fixed points.
Four of them are at @(*) = 0 and might be related to those of the O(6) model with cubic
anisotropy discussed earlier. Therefore, we label these fixed points in analogy to the known
fixed points for cubic symmetry breaking models. The fixed point structure is summarized
in Tab. and plots indicating the parameter flow are given in Fig. The fixed points
and the corresponding RG eigenvalues are the following:

e Gaussian fixed point:

i =0, @% =0, @ =0.

The RG eigenvalues are all positive, 2, €, €, €, and therefore the Gaussian fixed point
is unstable.

e Heisenberg-like fixed point: This fixed point seems to be related to the Heisenberg
fixed point known from the study of systems with cubic symmetry breaking:

"™ = 4.3642¢, 1\ = 0,5, = —4.00026¢.

We comment on the difference to the usual Heisenberg fixed point below. The
fixed point has three relevant and one irrelevant directions with RG eigenvalues
2,6.20¢,0.74¢, —¢.

e Cubic fixed point: This fixed point seems to be related to the cubic fixed point:

" = 4.3642¢, 7\ = 0,5, = 0.335214e.

The fixed point has one relevant and three irrelevant directions with RG eigenvalues
2,—6.20¢, —2.36¢, —e and therefore is critical with the relevant parameter 7 driving
a second order phase transition.

e Decoupled O(2) fixed point: Furthermore, there is a fixed point corresponding to
three decoupled O(2) models for the complex order parameter:

™ = 0e, 7\ = 0,5, = 0.699155¢.

This fixed point has three relevant and one irrelevant directions with RG eigenvalues
2,¢,0.5¢, —e.

e New fixed point 1: For this fixed point the anomalous interactions are crucial:

™ = 4.3642¢, 7\ = 1.00552¢, 5, = —4.47418¢.

The fixed point has two relevant and two irrelevant directions with RG eigenvalues
2,5.40€, —1.08¢, —e.
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e New fixed point 2: This fixed point is a consequence of the anomalous interactions
as well:

4" = 4.3642¢, @") = ~1.50924e, 3, = —0.702026e.

The fixed point has two relevant and two irrelevant directions with RG eigenvalues
2,3.88¢, —e, —2.25e€.

We see that the cubic fixed point is the only critical fixed point, the Gaussian fixed point is
the only completely unstable fixed point and the other four fixed points are of the generic

type.

ﬂin) ﬂ,(f’) i RG eigenvalues
Gaussian fixed point 0 0 0 2,€,€,€
Heisenberg-like fixed point | 4.3642¢ 0 —4.00026€ 2,6.20€,0.74¢e, —€
Cubic fixed point 4.3642¢ 0 0.335214¢ | 2,—6.20¢, —2.36¢, —¢
Decoupled O(2) fixed point 0 0 0.699155¢ 2,¢,0.5¢, —¢
New fixed point 1 4.3642¢ | 1.00552¢ —4.47418¢ | 2,5.40¢,—1.08¢, —¢
New fixed point 2 4.3642¢ | —1.50924¢ | —0.702026¢ | 2,3.88¢, —¢, —2.25¢

Tab. 5.1. Fixed points in the e-expansion up to order O(e) for e = 0.1. Note that 7, =0
for all fixed points.

5.3. Interpretation

To interpret our results, we may compare the RG flow and the fixed point structure to
earlier results in the literature and point out the important differences. To start with, we
consider the case u(* = v = 0, i.e. the theory without anomalous interactions or cubic
symmetry breaking terms. As already mentioned above, Uzunov [46] and Wetterich [47]
studied such systems for the isotropically dispersing case and found that the propaga-
tor does not get renormalized. As we saw in Eq. , this property holds also for an
anisotropic dispersion. Therefore, the mass does not get renormalized and the anoma-
lous dimension is zero, n « dpxZx = 0. Using Egs. and , we get for the
dimensionless parameters the flow equations

dsa™ = a™ <e + tZAAI#)(fA?) a<">> :
—€
Due to the anisotropic propagator, the integral I (i)(fAQ) is different from the expres-
sions encountered by Uzunov and Wetterich. As in the isotropic case, the flow equations
have two fixed point, the trivial Gaussian fixed point and the Heisenberg fixed point with
ﬁin) # 0. However, as we saw above, the Heisenberg fixed point is not a fixed point of the
full RG flow.

To understand this, we turn to the case of arbitrary v while remaining at «(* = 0. In the
case of static fields and an isotropic kinetic term such models were studied by Aharony [48]
in the context of O(/N) symmetric models. Our critical theory seems to be connected to the
O(6) symmetric model, as for u(® = ( the action only contains combinations of absolute
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5.3. Interpretation

values of the fields. The important difference to this model is the inclusion of the linear
time derivative, i.e. the dynamical exponent z = 2, which spoils the analogy to a classical
0(6) model ind+1 dlmensmns Using the flow equations for the dimensionless parameters,
Egs. ., and D we see that the flow equations for 7 and @™ do not involve
v and therefore remain unchanged, and the flow equation for ¥ reads

2
0 = e + S 10 (7p2) ((aW +27) > - 42ZAAI(7£)(M2) (M2,

2—¢ —€

Note in particular, that the flow equations for @™ and ¥ are substantially different from
those for the static, ‘isotropically propagating’ cubic symmetry breaking model, where
the flow of @™ includes #. In particular, the present RG flow is incompatible with the
Heisenberg fixed point obtained in the case v = 0. This is not surprising, as the sym-
metry of the effective action is different due to both the linear time derivative and the
anisotropic kinetic term. Nevertheless, we find the four fixed points discussed above which
to some extent resemble the behavior of the cubic symmetry breaking model. Note, how-
ever, that the inclusion of quantum fluctuations, i.e. the 7-dependence of the fields, and
the anisotropic dispersion change the RG flow substantially. Nevertheless, there is still a
fixed point which is stable in the (™) — §-plane and for which the mass parameter 7 is the
only relevant perturbation. Thus, we conclude that the phase transition between the QSL
phases discussed by Kos and Punk is indeed a second order phase transition.

The fixed point structure and, in particular, the critical behavior seems to be surprisingly
insensitive to the presence of an anomalous interaction, u(® # 0. Even if it affects the
quantitative results, it does not seem to change the qualitative picture drastically. It might
be interesting to study this property further in future analyses.

To conclude our discussion of the RG flow of the effective action we will briefly relate our
results to the mean-field analysis above. The existence of a second order phase transition
driven by the mass parameter r is a common result of both methods. Therefore, we can
say for sure that the QPT discovered by Kos and Punk [2] is indeed of second order.
Interestingly, the inclusion of complex fields in the RG procedure instead of real mean-
field values does not change this qualitative picture. However, the RG flow itself is clearly
affected by the complex structure. Starting from the RG flow it is possible to determine
critical exponents, however this is left open for further studies and might be analyzed
using more elaborate RG methods.
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Chapter 6

Summary & Outlook

In this thesis, we took an analytical approach to the Heisenberg-Kitaev model on the tri-
angular lattice. The model is known to host different quantum spin liquid ground states
and is a reasonable candidate for their experimental detection. The goal of this thesis was
to understand the quantum phase transition between two of these quantum spin liquid
states in more detail.

In contrast to earlier studies we did not use any numerical methods but relied solely on
analytical tools. We started from a Schwinger boson representation of the spins and per-
formed a Hubbard-Stratonovich transformation to overcome the mean-field approximation
used in earlier studies. We derived an effective theory for the relevant degrees of freedom
by integrating out the Schwinger bosons. The resulting action describes three interacting
bosonic fields dispersing in one particular direction each. Apart from normal interactions
preserving the number of bosons of each species separately, there are also anomalous in-
teractions where bosons of different species are transmuted into each other.

We confirmed the existence of the quantum phase transition by an instability of the Gaus-
sian theory. We analyzed the mean-field behavior of the quartic theory and found an
indication for the quantum phase transition to be of second order. Using the functional
renormalization group, we derived one-loop RG flow equations. In particular, the RG flow
has one critical fixed point, indicating a second order phase transition.

The effective action, and hence its RG flow, resembles some of the features of the O(6)
symmetric model with a cubic symmetry breaking term at mean-field level and to some
extent even beyond. However, the dynamical exponent z = 2 spoils the analogy to a
d + 1-dimensional O(NN) model. Together with the anisotropic dispersion and the anoma-
lous interactions this gives rise to some interesting behavior, like the non-renormalization
property for the inverse propagator and a shift of the usual Heisenberg fixed point due
to an altered symmetry of the action. Nevertheless, the critical theory seems to be sur-
prisingly insensitive to the anomalous interactions in terms of the RG fixed point structure.

The critical theory was derived under the assumption that the system is deep in the spin
liquid regime. Going beyond this approximation, we expect some isotropic contribution
to the normal propagator of the effective theory. In this case, the anomalous propagator
becomes relevant and therefore has to be taken into account. Together with the quasi-
one-dimensional behavior of the bosons deep in the spin liquid regime, this would be an
interesting line of research in future projects. Also the inclusion of higher order terms in
the triplet fields might be interesting with respect to the stability of possible mean-field
solutions.
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Furthermore, the RG analysis of the effective theory could be taken further. In this thesis
we determined the one-loop flow equations. Taking into account higher loop orders may
prove fruitful to see whether the non-renormalization of the propagator remains valid as
expected. Furthermore, we neglected the frequency and momentum dependence of the
vertices altogether. Using modern numerical methods like the multiloop-fRG [51] it might
be interesting to take into account both the full vertex structure and higher loop orders.
Also, the calculation of critical exponents might be of interest in future studies.

From another point of view, realizations of the Heisenberg-Kitaev model on other lattices,
in particular the hexagonal or the Kagomé lattice, could be interesting for future analysis.

We have shown that the combination of an effective action and a RG analysis in the spirit
of the Landau-Ginzburg-Wilson paradigm can improve our understanding of quantum
spin liquids and their phase transitions. The analytical approach used in this thesis can
be generalized to study other quantum phase transitions in systems hosting quantum spin
liquid phases.
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Appendix A

Singlet & Triplet Operator Identities

Let 4, j denote nearest-neighboring sites. Using Schwinger boson operators, the Heisenberg
interaction can be written as

Lo 1
Si-Si=7 D blaolsbighl,o%sbss
a=1,2,3

Lt o gt
= Jblabigbinbis D 0ap05s
a=1.2,3

1
- ib;rabmb;wbjts (2006957 = 0a3045)

1
b. — bl b bl.b

1
AN
= Qbmbjﬁbiﬁ Ja 4 ieTia” 8758

1 1
_ gt gt
= §bmbjﬁbiﬁbja — anj

1
_ gt gt 2
= §biabj,8bi,8bjo¢ - 5-.

Here, we used the constraint in Eq. (3.2)) in the last step. Note that this result holds for
any spin S as long as the Schwinger bosons form a faithful, two-dimensional representation
of SU(2), which is ensured by the constraint.

At the same time, we have

1 T
al‘Lj @ij = 16043 €v5b;‘roz bjﬂ biV bj5

1
= ijabjﬂbiwbjé (0ar0p5 — Oasdpy)
_ Ly oy t ot

=7 (bmbmbjﬁbjﬂ — bmbjﬁbiﬁbja)

Lty
— {Phablsbighja-

= §2

Combining these two results, we get
.. 4. T 2
SZ' . Sj = —2aijaij + S“.

A similar identity can be obtained for the Kitaev terms involving only one spin component,

S;YS;Y = —tijth — agjaij + 52,

This identity can be verified by explicitly calculating the contributions for v = 1,2,3
separately. Again, this identity holds true for all S.
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Appendix B

Gauge Theory of the HK-Model on
the Triangular Lattice

Returning to the Schwinger boson representation of the Heisenberg-Kitaev model given in
Eq. (3.3), one sees that the action has a (local) U(1) gauge symmetry [10] acting on the
Schwinger bosons as

bia(T) = €Pibin (7).

Under this transformation the Hubbard-Stratonovich fields A and T transform as

Aij(1) — /09 Ay ()

T (r) = O (7).
The fact that two mean-field ansdtze which are related by a gauge transformation cannot
be distinguished by any observableﬂ is the foundation of the so-called projective symme-
try group (PSG) which contains all transformations which leave a given mean-field ansatz
invariant. This method was developed by Wen for fermionic [1,{12] and by Wang and
Vishwanath for bosonic mean-field theories [10]. In particular, PSGs allow to analyze the
form of possible mean-field ansitze and are thus a very useful tool to get a first classifi-
cation of possible QSL ground states. However, different QSL states can have the same
PSG as it is the case, for example, for the three phases discussed by Kos and Punk [2]. A
finer classification, which we will not address any further here, uses group cohomology and
allows for a classification of a much broader class of topologically ordered state |[15l52,53].

The U(1) gauge symmetry of the Heisenberg-Kitaev model can be used to restrict the
form of an effective action for the A and T fields significantly, as the effective action only
contains gauge-invariant terms itself. Thus, the effective action for the A and T fields in
real space takes the form
- 2
Sala T = 3 (@014 + o) |13[)
II{ig)

= (jk =y (li T kl) 7y (i
i Z (Cf;:lglATAijT]k(J )AszlZ( 0y C%?FTAijAjkTIZZ( )le( )

closed
loops

2
7

_ - i3) iy (G ey (L) ey (L
e A Ak A A + i TT%(U):'}'WkO T z)) e

! Any observable quantity has to be gauge invariant and therefore cannot distinguish states connected
by gauge transformations.
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where we dropped the time arguments of the fields. A microscopic derivation shows that
the coefficients ¢ /2(87) contain temporal derivatives and that there are no terms including
three A or three T fields. Furthermore, the lattice structure dictates the form of closed
loops.

We want to justify the approximation of the singlet field A by its mean-field value while
neglecting its phase fluctuations. To this end, we show that the phase fluctuations are
gapped and therefore the low energy physics is correctly captured by a mean-field approx-
imation for A. We restrict ourselves to the regime where the T vanish or are negligibly
small and can rewrite the effective action as

S<eff[A§7W = 0] = Z |AU| Z gﬁlAAAijAjkAklAli-
VII(is) tﬂg)ssg

This approximation is admissible close to the quantum phase transition where the fields
T7 vanish below some critical coupling and take some small value above.

The phase fluctuations of the A field give rise to new U(1) gauge fields [9}/14,54]. Con-
sider for a moment an anisotropic lattice where the coupling along bonds in direction
ag is different from the coupling along a; and as. This can as well be seen as a square
lattice with nearest- and next-nearest-neighbor couplings. For this model it is known that
the phase fluctuations give rise to a two-component U(1) gauge field and an additional
Higgs field which gaps out the U(1) gauge fluctuations [54,55]. In the isotropic case, all
directions have to be treated equally, and therefore the U(1) gauge symmetry is replaced
by Ui(1) x Ua(1) x Us(1). However, all the U, (1) gauge groups come with an additional
Higgs field and therefore all gauge fluctuations are gapped, so that we can safely neglect
the phase fluctuations in our derivations of an effective theory for the triplet fields, 7.

Lattice gauge theories of U(1) and Z, gauge fields coupled to a Higgs field and matter
were studied by Fradkin and Shenker [56]. Using their results it can be argued that the
spinon excitations remain unconfined [14].
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Appendix C

Fourth Order Contribution to the
Effective Action

We define the four-point vertex function,

4 J4 " n n n n
F&gvﬁ(ql’ Q2,Q3) = _2]\?5 Z Gé’k)Gé,szrql G((),12+Q3G((),lk+quq3
k

tro [JT(Q)O'T(B)UT(’Y)UT((S)] sgn(a)sgn* (B)sgn(y)sgn*(9)

cos(a(ka — q1,qa)) cos(a(ks + gs3,8)) cos(a(ky — q2,4 + q3,4)) cos(aks),
evaluate the Matsubara summation for vanishing external frequencies and momenta, and
get
I3

- (@) 7(8) ) )] o (N R A (Y e
SA3N 2 >Otr2 [0 o™ WagT Vg sgn(a)sgn*(B)sgn(~y)sgn*(4)

F((jgfyﬁ (07 07 O) =
cos(akq) cos(akg) cos(aky) cos(aks).

Using Pauli matrix identities, we can rewrite this expression as

4
'Y 5(0,0,0)

4
=— 4;\]?’2N sgn(a)sgn*(5)sgn(y)sgn*(4) cos(aky) cos(akg) cos(ak,) cos(aks)
K,k >0

{00075 + 00508y + Say0ps (=1 4 2(0a,2 + 95,2) — 40a,20as)}

J4
= —Tan O 1080y cos®(aka) cos®(aky) + Sasdsy cos® (aka) cos® (akp)
K.k, >0

+0a+085 sgn(a)2sgn*(ﬁ)2 COSQ(akQ) COSz(akJB) (=1+2(0q,2+05,2) — 45a725a5)} .

We evaluate the momentum sum similar to the ones for the Gaussian fluctuations and get

% Z cos?(aky,) cos®(ak,) = L (24 0u) -

16
K,k >0
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C Fourth Order Contribution to the Effective Action

Inserting this into ) (0,0,0), we get

afBvyd
4
Fc(jﬁ)i’yé(()7 0, 0) = _64% ((5015(575 (2 + 5a7) + (5a5(557 (2 + (5a5)
_5a7555 Sgn(a)zsgn*(ﬁ)Q (2 + 5045)
+25ay6ﬁ6 Sgn(a)2sgn*(6)2 (2 + 6aﬁ) (5a,2 + 5[3,2 - 25&,25a,8))
Iy
= eI [2(5043(575 + 2(50[5557 + (5015557575

_26017565 Sgn(a)zsgn*(ﬁ)Q
+400+085 sgn(a)®sgn*(8)? (a2 + 052 — 200,2005)] -

Using this result, we can now write the fourth order contribution as

~(4 J& 1 _ , _,
Va2 — S LN T ()T (a1 + a) T ()T (42 — a3)
64 (NB) q1,92,93 ¥,y

+2)°T M(q)T (g1 + 3)T7 (02)T" (g2 — a3)
v

+3 T (@) T (g1 + a3) T (g2)T" (g2 — q3)

—2) T ()T (g1 + 43)T7(q2)T" (a2 — 43) ¢
ated

or, more compactly,

=4 4u _ , _
Ve X LT @M @ e @) 6 - )
q1,92,93 7,7y’
2u y y
F v 2 LT (@ )T @) T (02 )
q1,92,93 v,y'
n _ _
~(NB)3 > D Ta@)T (n + a3)T7 ()T (a2 — ga),
q1,92,93 Y
where we defined
J4
W= —2_.
6403
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Appendix D

Technical Results for fRG Calcula-

tions

D.1. Expressions Used in fRG Calculations

The second functional derivatives of I'y are given by

0°T'n / (n)
B u\Tk)TP (p+ q — k) + b4 ) 4 0, STV (KT (p+ q — k
5T“(p)5Tﬂ(q) k{ A ( ) (p q 52 A ’Y ( ) (p q )

6°Ta / () a1y ,
A o [ {UITUR)T I (g k) 4+ 0ap Y (uh + 0,6, YT (p+q—k
ST ()67 () k{ TR+ g o L+ o T+ )

5T L g . .
ST (p)oTP(q) —G) p.adap(2m) 5(p—q)+2/k QBZT kYT (k +p — q)

+TP(k)T*(k +p — q))
2l 4 0, 80T (k)T? (k + p — q)}

62FA 1 d
— & — Gt 6as(2m) T (p—q) + 2/ u(™ T (k)T"(k —p+q
5T‘X(p)5Tﬂ(q) Ap,a ﬁ( ) ( ) . A ﬁ Z )

+ T(k)T?(k — p+ q))

w&ﬁwa%mTWMT%k—p+@}'

Using M = Ff) + Rj, we get

_ 01
(Mlr—a)y s = ~0os0) 50— G (] 4 ).

where we used

-1 _ 1
GRp a T GA,p,a - RA:p,Oé
and

0 1
_ d+1
(RA)pvq;a,/g = 003(2m)“ 6 (p — @) RAp.a ( 10 ) )
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The matrix M can be inverted with inverse

- 0 1
(M I‘T:O)p,q;aﬂ = _5aﬂ(27)d+15(p - Q)GR,p,a < 1 0 > .

Thus, we can evaluate the matrix product

0 1
= 05 (2m) T 15(p — q)G%%,p@BARA@a < 1 0 ) . (D.1)

Other expressions which we will need are the second functional derivatives of M:

§2M 0 0 (n) (a)
(), = (0 1) [ et 0t 52 (48 4 vt s

(M~ ‘T:O OnRp M~ ‘T:O)p7q;a,ﬁ

220) 5k + K —p—q) (D.2)
82M 10 (n) (a)
<MWMWWme<OO>[0%%+%MM+4%+%%VW%J
220) 5k + K —p—q) (D.3)

M
STV(R)STY (K') ) . i

{UE\ & (Oar0py + 6apdyy) +2 (ug\a) + ”A(;aff) 5@"/5%’} 22m) 16k — K +p —q)

) (40" (Bar By + bapdorr) +2 (WS + 0380 ) by Gn ] 2027) 4100k — K —p + q)
(D.4)

D.2. Evaluation of Integrals

D.2.1. I\, v #

When deriving the flow equations for the quartic couplings, we have to evaluate the integral

- 2 -1 )
rGr Dy ’YGR -
where v # 4. Using ©(0) = 1/2 and performing the frequency integral via the residue
theorem, we get

[(1), _ —2A/ O(A? — p?) + A25(A2 — p?)
” p (iZapo + 7o + p2 + A2O(A% — p2))2 (—iZApo +ra+ P2+ AZO(A? — p2))

2A/ / Ll !
Ip|<A 277 ZZApo +7A+ p% + A2)2 (—iZApo +7A +p3/ + A2)

—2A3// dpo 5(A% - p?)
2T (iZppo + ra + P2 + LA2)? (—iZApo +ra P+ %A2>
0(A% —p?)

1
= —2A 2 2A3/ 2"
PN Zy (524 92, +2(ra + 42)) P 2 (02 + 0% + 2r + A2)
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D.2. Evaluation of Integrals

Using
3
Z pi = §p27
(0%

we get for v # +/
3 9 o

Py P =) pa—ph =3P’ —ph
(0%

where £ is the unique index distinct from v and /. Thus, we get

@ _ 28 / dpg dpg,1 1

A e BT G A+ 33, )
/dp,e dpg, 1 A25(A2 — p?)

(27T)2 )

2
<2rA + A2 4 5p% + %péJ
where pg | denotes the momentum perpendicular to pg. Rescaling the momenta,

Pp=pp/N, Ps.L=ps /A,

and defining 7y = raA~2 we get for the first integral

1 1

Ia::/ dps dpsL
A2 g (2(

~ 1~2 32 2
A+ 1) + 2P3 + §p/j,J_>

We use elliptic polar coordinates

- ~ 2
Ps=V2pcosg, pPp L= \/;p sin ¢
and rewrite the integral as

) 27 (%(1"‘2(}052 ¢))7 /2 p
= A TS

1 27 (%(1+2C0$2 d)))_l 1
S S / dg / du— .
V3A2(27)2 Jo 0 (2(Fa +1) +u)

_ 3 /2” a6 1
2v/3A2(2m)2(7p + 1) Jo (34 8(Fa + 1) + 4(Fp + 1) cos(2¢))
B 1
A7 (A +1) /9 + 48(7p + 1)(a + 2)
A? 1

AT (rp + A2)/BAT+16(ry + A2)(rp + 2A2)
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For the second integral we use (circular) polar coordinates and get

1

. 5 45 o(1 - 5%
= g | 49 s

N 122 3 )2

(27"A+1+§p%+§p?3,¢)

1 27 0 517/)2

=gy, @)
(27“A+1+% —1—%5111 (gb))

_ L /27r do 1 1
A2(2m)2 Jo 2 (27 + 14 5 + Lsin(¢))?

1 327 (7p + 1)
T 20%(2m)% (3 4 4 (27 + 1) (2Fn + 3))¥2
8 (ra +1)
AT (34427 + 1) (274 + 3))72
8A? (ra + A?)

T (3A% 4 4(2ry 4+ A2) (2ry + 302))%%

where we assumed 7 > —A?/2, an assumption which - similar to the one discussed in the
main text - will be satisfied in our case.

Combining the contributions , we get

3
(1) A 1
IV, =—
R UV (2(7‘/\ + Az)\/3A4 +16(rp + A2)(rp + 2A2)

16 (ra + A?) ) |

(3A% + 4 (2ry + A2) (2rp + 3A2))%/2

Note in particular, that this expression does not depend on the indices ,~’ but only used
the fact, that they are different.

D.2.2. 1Y

In this appendix we evaluate the integral

1) InRApa
VYT -2 -1 '
p GR»p77GR7_p7'Y

Using ©(0) = 1/2 and performing the frequency integral, we get

1) _
() =

A 1 2A3 / §(A? — p?)
7 270 Jipl<a (P2 +7a + AZ)Q Zn Jp

(2p2 + 2rp + A2)*

Rescaling momenta,

ﬁa = pa/A> ﬁoc,J_ = kOc7J_/A>
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and using polar coordinates, we get for the first summand

1 / B B 1
 GYZIRY] dpe dpa, 1 ———
A2(2m)? J5<1 (P2 + 7o +1)°

1 2w 1 )
=—— [ d /d
v, ? a1+ R eos? )

1 1 1
T OA2(2m)27, + 1 /0 e 2(7a + 1) 4 cos(29)

1. =

1 1
CATA2 (Fy + 1)/ (Fa + 1) (7a + 2)
A2 1

A7 (ra + A2)V/(ra + A%)(ra +24%)

and for the second summand we get

1 o §(1—p?)
A?( )2 /dp“ ol G o7, 4102

2m ( 2)
A2(2m)? / dp/ ¢ (1 + 27 + 2p% sin? ¢)2
1

_A(27r)/ ¢7(1—|—21"A+2sm ¢)?
. 1 4 (’r’A + 1)

O 202(27m)% (3 + 47y (7 + 2))%2

1 (A +1)

20T (34 47y (Fa + 2))%?

A2 (ra + A?)

2T (3A4 4 dry (ry + 2A2))72

Id =

Here, we assumed again, that ry/A? > —1/2. Combining these contributions, we get

0 A3 1 N 4 (TA + A2)
U ATZN \ 2(rp + A2) \/(ra + A2) (ra + 2A2)  (3AL + dry (ra + 2A2))%2 )

In particular, this does not depend on the direction +.
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