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Preface

The world of many-body physics, encompassing both classical and quantum systems, is a
breeding ground for novel phases of matter. Recent attention revolves around exotic phases
characterized by fractionalized particles, emergent gauge fields, and long-range entanglement
that hold immense potential for applications in quantum computing, information processing,
and advanced sensing. Spin liquids (SLs) are a prime example, where the local spins exhibit
neither a long-range order nor a complete disorder but rather a unique correlation structure with
long-range entanglement. In the quantum SLs, gauge fields emerge at low energies, potentially
interacting with the (fractional) particle-like excitations. Despite extensive research, numerous
puzzles remain unsolved across quantum and classical SLs (Q/CSLs), such as understanding the
dynamics of different gauge degrees of freedom, their influence on the dynamics of particle-like
excitations, and their unique statistical properties. The present thesis delves into the study of

the QSLs and CSLs in corresponding frustrated systems.

In the first project, I investigated the 2D Kitaev S model via the Density-Matrix Renor-
malization Group (DMRG) study. The Kitaev model, one of the very few exactly solvable
lattice models in 2D, predicts an interplay between Majorana fermions and Z2 gauge fields.
The ground state consists of uniform zero fluxes with gapped or gapless Majorana dispersions
depending on parameters. A magnetic field along the [111] direction disrupts this uniformity,
and the model becomes not exactly solvable. Within DMRG calculations, I identify five phases
with distinct gauge sectors. The phases are uniform zero-flux, 7-flux gas, amorphous 7-flux
crystal, a novel quantum glass, and a ferromagnet. Intriguingly, the origin of this glassiness
arises from the restricted dynamics of excitations such as Majorana-flux or flux-flux pairs

connected by finite-length strings, but not from conventional disorder or conserved quantities.

In the next project, I explore periodic arrangements of w-fluxes in the Kitaev model and
their impact on the low-energy Majorana dispersions. By tuning the 7-flux pair length and the
coupling constants, I observe nearly flat-band Majorana dispersions with gaps and gap-less
linearly dispersing Dirac points and tunable bandwidth and gaps. These gapped bands possess



xii

non-trivial Chern numbers and quantum metrics, meeting the criteria for ideal fractional Chern
insulators. In the presence of interactions, these bands give the fractional Chern insulator phase
for the Majorana fermions. I study the fractional Chern insulator phase with the mean-field
theory involving density-wave orders. I systematically construct a low-energy tight-binding
model via the Wannierization technique to describe the Majorana fermions in the presence of Z,
gauge fields. This model introduces a gauge potential through a superexchange-like interaction.

In the third project, I explore CSLs. CSLs are cooperative paramagnets that have extensive
degeneracy and finite zero-temperature entropy, in contrast to QSLs with zero entropy. Gauge
theories also emerge here, but for different reasons. In recent years, significant interest in
CSLs has been spurred by the emergence of higher-rank gauge theories and fragmentation
properties. Traditionally, CSLs are studied using models like the spin-ice rule or the Luttinger-
Tisza approximation. I developed a group theoretical method based on forming a vector space
representation for spins within a plaquette of the lattice. The key to this method involves the
decomposition of the spin vector into irreducible representations of point-group symmetry.
The on-site unit-length spin constraint and frustration play pivotal roles in the emergence
of CSLs. This method has been verified with the experimentally relevant XXZ model with
Dzyaloshinskii-Moriya (DM) interaction. Among various interesting findings, I observe AFM-
vortex/Anti- AFM-vortex-like structures in the ordered phases, a fragmented phase due to the
coexistence of ordered phase and disordered CSLs. The group theoretical method helps unify
all these phases into a single picture. Notably, the method allows us to quantify the exact ratio
of order to disordered components in the case of classical continuous spins.
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Computed phase diagrams within the MC simulation (also group theory analy-
sis) are shown for (a) for AFM (J = +1) and (b) for the FM (J = —1) couplings.
We highlight spin textures in a randomly chosen four-plaquette setting for
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Biaz) being ordered but BSC) is disordered. (f) FFM phase at (—1,—2.5,0) where

2D irrep E® i ferromagnetically ordered in-plane, but out-of-plane irreps

are disordered. Note that all disordered values take random numbers between

different plaquettes, while we display only four representative plaquettes here.

Simulated x (k) is plotted in the momentum space for the four phases discussed
in Fig. 2. (a) CSL at (J,A,D) = (1,1,0), where red dots are plotted separately
to signify additional strong magnetic Bragg-like peaks that overwhelm the
spectral density of the disordered pattern. (b-c) FFA at (1,4,—1) where the
plots for the ordered S,-J' and disordered S; components are separated in (b)
and (c), respectively. (d) AO at (1,0,—3) showing Bragg peaks similar to S,-J'
components in (b). (e-f) FFM phase at (—1,—2.5,0) with FM ordered S,-l and
disorder Sf are separated in (e) and (f). Panels (a) and (f) host pinch-points
around (7,37) and it;s equivalent points. . . . . . .. ... ... ... ...
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out-of-plane irreps m_ on the right-hand side, among which only the top row
satisfies the local constraint while the others do not. The horizontal arrows
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sites without symbols have |S;| = 1. Similar consideration is used for the E

, the size of the dots is
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Introduction: Spin liquids

In the realm of condensed matter physics, from the microscopic world of atoms and molecules
to the macroscopic scale, many-body physics provides invaluable insights into the complexities
of nature. Studying many-body systems is a cornerstone for understanding collective behaviors
arising from interactions between an Avogadro number of particles. These interacting systems
at zero temperatures exhibit properties and behaviors that cannot be understood with individual
constituents; this is the concept of emergence coined by P.W Anderson [1]. Despite the
simplicity of their individual constituents, many-body systems exhibit remarkably diverse
emergent properties. These range from the intricate phenomena of quantum entanglement at
the microscopic scale to behaviors reminiscent of the physics governing massive black holes
on galaxy scales.

The exotic phases in the quantum many-body systems include simple metals to instances
where the metals defy the single particle picture, termed as 'non-fermi liquids.” In the strong
interaction limit at half-filling, insulators with significant charge gaps show intriguing phenom-
ena, for example, ’spin liquids.” [2] In these instances, the spin degrees of freedom govern the
low-energy physics. One seminal example that catalyzed the exploration of these concepts and
paved the way for modern research topics is the study of Mott insulators. The Mott insulators

initially emerged as the parent state for the high T, superconductor compounds like La;Cuoy



2 Introduction: Spin liquids

[3]. The Hamiltonian that describes these materials is typically the Hubbard model on a square

lattice with strong on-site interaction U:

H=-t Y ¢ cjo+he+Ungny (1.1)
(ij),0=1,1

Here, t is the nearest neighbor hopping strength, c;s is the electron annihilation operator with
spin o, and their corresponding number operator n;; = C;rocio- At half-filling, for U = 0,
the ground state is a simple metal, while for U = oo, the ground state is an ordered anti-
ferromagnet. The double occupancy is restricted at U = 00, leading to a scenario where spins
dominate physics. The half-filled states at finite but large U limit are described by an effective

spin-exchange Heisenberg model [4]:

H=J) S;S;, (1.2)
(i)

where J ~ 4 /U. When frustration, like the next-nearest neighbor hoping in a square lattice,
is present, the ordered state is no longer the ground state. The state is given by a ’spin liquid’
where the spins neither do order nor completely disordered but have a non-trivial correlation

with entanglement.

In this chapter, I aim to elucidate the intricacies of spin liquids in the quantum regime.
Since quantum spin liquids have been in active research for the past few decades, my discussion
will be concise, primarily focusing on theoretical advancements. Additionally, in Chapter 2, I
discuss the classical analogs of spin liquids, also known as cooperative magnets [5], exploring

various theoretical perspectives.

1.1 Quantum Spin Liquids

Quantum spin liquid (QSL) is a non-magnetic phase where spins do not order even at zero
temperature. QSLs naturally occur in low-dimensional systems like in 1D and 2D (also 3D
in a few materials) where quantum fluctuations due to frustration are predominant, making
the spins not ordered. In general, the paramagnetic phase is also not ordered. However, it is a
trivial state, meaning the ground state and the excitations are deterministically unique- where
the spins at different sites are uncorrelated. On the other hand, the QSL state is a superposition
of all possible spin configurations and hence has finite entanglement and correlations with

topologically non-trivial excitations (both abelian and non-abelian). QSLs may look featureless



1.1 Quantum Spin Liquids 3

if we look at individual spins like a paramagnet. However, differences lie in features like
ground-state degeneracy, exotic fractional excitations, and entanglement [6].

Frustration plays a crucial role in realizing QSLs. A simple model showcasing frustration is
the antiferromagnetic Heisenberg spin-1/2 model on a triangular lattice [7]. In any given triangle,
there’s always at least one site that fails to align antiferromagnetically with its neighboring
sites—a phenomenon termed frustration. Consequently, the probable scenario for the ground
state involves superpositioning all possible spin configurations across all sites.

A contemporary definition of QSLs is that it is a phase with long-range entanglement and
emergent excitations with fractional statistics- a topological ordered phase [6, 8]. The gauge
symmetry emerges in QSLs, and the type of emergent gauge theory present in the QSLs is
used for their nomenclature, i.e., for example, a phase with emerging U(1) gauge theoryl is
called U(1)-spin liquid. Wen et al. [9] proposed the concept of topological order for phases
that do not have Landau local order parameters. A topological order is defined by a state
with ground state degeneracy (which is Dz) that depends on the number of quasiparticle types
present in theory (D). For example, D = 2 in Z, spin liquids corresponding to two types of
quasiparticles, which are called e’ and *m’ excitations. This degeneracy leads to an intrinsic
entropy that is independent of the system size and manifests as a universal long wavelength
correction in bipartite-entanglement entropy called the topological entanglement entropy (TEE).
The corresponding details are discussed in the following sections.

The structure of this chapter is as follows. The early mechanisms of QSLs based on
RVB states by Anderson for understanding the phase diagram of high-Tc superconductor
La,CuQy is discussed in Sec. 1.1.1. Sec. 1.1.2 discusses the extension of RVB ideas of QSLs to
effective field theory descriptions using parton mean-field theories and emergent gauge fields
and fractionalization. In Sec. 1.1.4 and Sec. 1.1.3 I summarize existing materials proposed to

exhibit QSLs and their experimental signatures, respectively.

1.1.1 Early mechanisms of Spin Liquids: Resonating Valence Bond the-

ory

RVB theory is one of the early mechanisms of QSLs and was introduced by P.W. Anderson [10]
as a proposal to explain the unconventional superconductivity in copper oxide compounds [11].
The idea of resonating valence bonds (RVB) was originally proposed to describe the quantum
mechanical resonance of covalent bonds in unsaturated benzene molecules. Then, Pauling
generalized this idea to 2D graphite and metals [12]. Later, Anderson applied the RVB concept

to the family of spin-half Mott insulators, particularly in situations where the anticipated long-

1Prec:isely, the invariant gauge group of the projective symmetry group
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range antiferromagnetic order was absent due to frustration [13]. The variational analysis done
in Ref. [13] on a 2D triangular lattice of spin-1/2 Heisenberg antiferromagnet demonstrated that
a state characterized by coherent superposition of spin-singlets formed between nearest neighbor
sites yielded a ground state more favorable than the long-range ordered antiferromagnet. The
stability of the RVB state was attributed to the movement or resonance of singlet pairs. The

RVB trail wavefunction, as commonly depicted, following discussion from Ref. [14], is

N/2
Vrve = Fu Z‘Pijbj'-j |0),
ij

where Py = [ [;(1 —n;yn;y) is the Gutzwiller projection operator restricts the double occupancy
on each lattice site of the Mott insulator, and b;rj = % (CZ-T cj- L Cle c;r.T) creates a singlet pair on
sites i and j. The factor ¢;; characterizes the RVB state, which depends on the lattice and the
kind of spin liquid of interest. On a square lattice, only the nearest neighbor pair has non-zero
contributions.

The Gutzwiller projection operator P; constrains the allowed Hilbert space to single oc-
cupancy at each site. In general, a projection operator on wavefunctions allows correlations
between the constituent particles, even if the particles are non-interacting before the projection.
This is a complex problem to implement analytically. Various Monte Carlo techniques are often
used. The essence of the projection becomes evident in capturing the topological excitations, as
demonstrated in Ref. [15-17] for the RVB states. Subsequently, the topological entanglement
entropy is calculated using the variational Monte Carlo method [18-20] in the triangular lattice.
The U(1) gauge field emerges in the theory on triangular lattice [21, 22], which reduces into
the Z, theory under the relevant spinon pairing. An elaborate discussion on this is presented in
the next section.

Furthermore, the excitations in the system exhibit fractional statistics. One notable excita-
tion is the spinon, a neutral spin-1/2 particle. Creating a pair of spinons involves breaking a
singlet bond. Additionally, a single spinon can move through the lattice by breaking nearby
singlet bonds and rearranging others, leaving behind an unpaired spinon. This movement
results in the formation of a string connecting the two unpaired spinons. [23, 24] The other
gaped excitations, known as visons in Z;-spin liquids, correspond to the creation of fluxes.
When a spinon is braided around a vison, the wavefunction acquires sign change (-1) [25, 26],
leading to Semion statistics. The statistics of these excitations are equivalent to those of the
bosonic fractional quantum hall state, as demonstrated in Ref. [27].

In further developments, the dimer models were introduced [28, 29] to better describe RVB
states and illustrate how the RVB state is a true ground state of a local Hamiltonian. Each

configuration of the dimer coverings is orthogonal to each other, which is not the case in the
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general RVB state, and this made the dimer models easy to tackle. This feature of dimer
models made it possible to create a variational tensor product state for RVB states [30-32].
These RVB-states as variational wavefunctions ansatz, prove to be successful in simulating
topological ordered phases via most of the modern numerical techniques like tensor networks
[33-36]. It remains an active research topic, see for example Ref. [37].

The RVB state and that obtained from an effective theory (to be discussed below), are
equivalent in case if the visons and spinons are gaped in the Z, spin liquid state” [38, 39].
This state is a short-range RVB state [40, 41]. On the other hand, the long-range RVB states
. [44] have spinons with gapless nodal points and small Vison gap [45]. This state is created
by using Gutzwiller projection on d-wave BCS wavefunctions on a square lattice and also on
the other bipartite lattices where the Marshal sign rule plays a significant role [46]. Later, this
construction generalized to non-bipartite lattices. In such scenarios, the RVB states do not
correspond to the ground state obtained from mean-field analysis. Usually, these states are
unstable and are called algebraic spin liquids. A brief summary of the intricacies of algebraic

spin liquids is presented in Sec. 1.2.

1.1.2 Parton Mean Field theory: Emergent Gauge fields, Fractionaliza-

tion

In this section, I discuss the effective field theory approach for studying QSLs. This method
offers a clearer analytical framework than the variational approach. Here, the emergence of
gauge theory as a low-energy description of QSLs and the fractional statistics exhibited by
excitations become transparent.

The key idea behind this formalism, mainly developed by Baskaran [21, 47], Sachdev
[38] and Wen [9], is that spin-1/2 degrees of freedom are decomposed into some fractional
particles with up and down spins, called Partons. The partons can be fermions or bosons.
This increases the Hilbert space dimension. The physical Hilbert space spanning spins is
recovered by imposing a local constraint on the enlarged Hilbert space. * The extra dimensions
of the enlarged Hilbert space do not affect the physical observables. Hence, those extra
degrees of freedom behave like a gauge sector, just like the gauge freedom in Maxwell’s theory.
Surprisingly, these extra gauge degrees of freedom turn out to be low-energy excitations in a

*Which is discussed above in the triangular lattice, or in the square lattice by introducing hopping onto next
nearest neighbor bonds[38], and also Toric code introduced by Kitaev [39])

These RVB states have the singlet dimer coverings covering over the whole lattice with uniform weights
for all configurations [42, 43]. Contrast to the short-range RVB states where the dimer coverings are within the
nearest or next nearest neighbor distances [40, 41], like in the dimer models.

“In the case of global ones, chemical potential-like terms can take care of that constraint.
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few cases (gapped QSLs) and impact the low-energy physics to different ’emerging’ phases (in
gapless QSLs). This enhanced symmetry in the low-energy gives freedom to create different
QSLs satisfying the physical symmetries- this construction is called the Projective Symmetry
Group (PSG) analysis developed by Wen [9]. The discussion on these ideas is presented below

by taking an example for each representation.

1.1.2.1 Schwinger Fermion Mean-field Theory

This theory was developed by Baskaran [21, 47] and later used by Wen [9] for spin liquids.
For this discussion, I mainly follow Refs. [9, 48, 49]. In this approach, the spin is written into
fermionic parton operators f;,, 0 =T, | carries spin-1/2 with no charge. The spin operator S; is
represented as

1
Si = 5fia Oapfip: (13)

with S,~+ =5 + iSly = f;T fiyand S; = Si+ " The partons have SU(2) invariance. By this repre-
sentation, the Hilbert space dimension, which is two at each site for spin-1/2 particles (called
'physical Hilbert space’), increased to 4 (called ’extended Hilbert space’). The Hamiltonian
considered here is the Heisenberg Hamiltonian for a half-filled Mott insulator given in Eq. 1.

The constraints for half-filling at each site are

S fufa=1l ) fafiseap =0, (1.4)

a=T,l o.f

where €gp is the Levi-Civita matrix. The second constraint is redundant from the first one,
annihilating double occupancy. These constraints are difficult to implement exactly because
the Hamiltonian is quartic in these operators; rather, impose these constraints at the mean-field

level on the ground state as

< > fia*f,-a> =1, <Zﬁ(mﬁeaﬁ> =0. (1.5)

a=T, oB

Since these constraints are local, these can be implemented in the Hamiltonian by including
a site-dependent Lagrangian multiplier, af)(i ),l =1,2,3, where a(]; for the first constraint and
a(z), ag corresponds to the imaginary and real parts of the second one. In the zeroth order
approximation, we ignore the time dependence of the af), i.e., its fluctuations. By including the

fluctuations, the constraint in Eq. 1.5 becomes the original constraint, Eq. 1.4. The Heisenberg
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Hamiltonian, eq. 1:
J +
H = 12(251' Si +h.c+ (np —ny)(njr —nj,)),
(ij)
J i
= 7 Z(2ﬁTTfi-}-f]¢ij +h.c+ (njp —n;y )(njp —njy)) (1.6)
(ij)
with Zi,a:m ﬁlfia = 1 and subtracting the constant term Z<ij>7a¢ﬁ:“ RigN B,
g = 7t i + [ ¥ 17
= =5 ) ia'fiafp fis + 5fia fiafip fip)- (17)
(ij).a#B=1,1

Since the above Hamiltonian is quartic in fermionic operators, we decompose the terms into

quadratic fermionic operators by considering the mean field parameters
Mij = =2€ap {fiafjp),  with m;; =1;;,and

% = Sap (fia fig),  with 2= i (1.8)

7;; 1s a singlet pair creation term, and J;; is a single spin hopping term. These mean field
equations are calculated self consistently. Using these terms, the mean-field Hamiltonian is

-3

Hyean = 59 ) Zisfio fia + Mifia figap + H.c = 121" = ] (1.9)
ij

+3 [(a(finfia = 1) + (a0 +iag fiaf:peap + hc]). (1.10)

This Hamiltonian has local SU(2) gauge symmetry which can be seen by defining,
fr X My t
v=1"s], Uj=|"Y =Uj;. (1.11)
f Nij —Xij

Where  is a spinor and U;; act as SU(2) gauge field. As a result, Eq. 1.5 and Eq. 1.9 are

written as

(widw) = o (1.12)

—37 1 Lo
Hpew = —- [zTr(UlEUu)—(%*Uijwj+H~c)}+Zaow,~*r v (1.13)

ij i



8 Introduction: Spin liquids

The first term is from the mean field, corresponds to the gauge fluctuation and the gauge -
matter coupling in a lattice. The second term is from the constraints, implements the Peierls
phase of the emergent gauge fields for the f; in the lattice. The gauge fields in the above
Hamiltonian emerges as follows. This Hamiltonian is invariant under local SU(2) transform
W(): y; = W(i)y; and U;; —» W (i)U; jWT( J). The physical wave function for spins is obtained
from the mean-field answer from the self-consistency method by projecting the mean field state
into a single occupancy constraint at each site. The physical observables do not affect by this
local SU(2) transform. The states may transform but not observables. So, this transformation is
not a symmetry but a redundancy.

A mean-field ansatz is chosen depending on the lattice of interest and internal symmetries,
like time reversal and parity. In addition to these physical symmetries, the ansatz has a local
gauge redundancy or gauge symmetry, SU(2) symmetry here (preciously invariant gauge group
of the projective symmetry group, which will be discussed in the next section). For any
chosen ansatz, the Hamiltonian in Eq. 1.13 is quadratic, and solve the Hamiltonian is solved
self-consisitently for order parameter. Hence, the spectrum and the nature of excitations are
studied efficiently. The excitations include the phase excitations of mean field parameters. The
magnitude fluctuations are generally gaped, in some cases, the phase fluctuations can be gapless
which makes the phase is unstable. But Z, spin liquids in triangular lattices and Kagome
lattices [50] have gapped phase fluctuations and stable. Likewise, the ansatz may break SU(2)
local symmetry into U(1) or Z;. In the case of a square lattice, the phase fluctuations make U(1)
spin liquids unstable. Hence, by introducing the next nearest neighbor hoppings in the model,
the gauge group breaks into subgroup Z, [48, 49], which has massive phase fluctuations. So,
Z, spin liquids can be stable. :

In such stable phases, the gapped spinon excitations (created by breaking a singlet in the
RVB picture) can be integrated out to obtain a low-energy effective field theory in terms of the
order parameter fluctuations- which turns out to a gauge theory. The universal long-wavelength
properties like topological degeneracy, entanglement entropy, and the nature of fractional

statistics can be studied from the resulting gauge theory.

1.1.2.2 Schwinger Boson Mean-field Theory

I will follow the discussions from Refs. [38, 52]. In this approach, the spins are written in terms

of bosonic partons S; = %b* Oq,pbig, with constraint Za bjab,-a = 1. Just like in the above case,

ia
the Hamiltonian is written in terms of these bosonic partons, and then the quartic terms are
decomposed in terms of singlet pair creation/annihilation term (A; ;) and single spinon hopping

5Intruding various terms into unstable U(1) spin liquid phase, stabilizes different phases either ordered or spin
liquids [51].
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term (BAij)
_. gt . _potr
Si'Sj _'Bij Bij . _Aij Aij7
(1.14)

with

~ 1 ¥ ~ 1

Bij=5 Zbiabja and A;; = 5 zgaﬁbiabjﬁa (1.15)

o a.p

where : : denotes the normal ordering in terms of bja operators. The mean-field equations are

Aij = (A3)), Bij = (Bij),

and the constraint is implemented on average: <Za bjab,-a> = 1. This representation has the
U(1) local symmetry not the SU(2) symmetry we obtain for the fermionic case: b;(a ) bja
, and AAij - e_i¢(i)_i¢(j)AAij, B — eiqj(i)_m(j)BAij. So, by exploiting this local U(1) local
symmetry, this physical symmetry can be implemented differently for different mean-field
ansatz, resulting in different spin liquid phases. As discussed in the previous section, the
physical state is constructed by imposing the constraint on the mean-field wave function. The
mean field ansatz may vary between bosonic and fermionic parton constructions for the same
state, but the resultant physical states must remain the same state. As discussed in the fermionic
parton scenario, various ansatz can be formulated to assess state stability further. Depending
on the energetics of the excitations of the resulting state from the ansatz, a low-energy field

theory can be constructed, giving rise to different gauge theories.

1.1.2.3 Projective Symmetry Group

As discussed in the previous sections, the same physical symmetry can be implemented
differently due to the emergence of local symmetry in the mean-field ansatz. The set of all
transformations (including physical symmetries and local symmetries) that keep the mean field
ansatz invariant is called the 'projective symmetry group’ (PSG). In PSG, if the transformations
are completely local without involving physical symmetries, they also form a group called
the ’invariant gauge group.” The different mean-field ansatz, which is related by only IGG
transformations, gives the same physical state. This is used in the literature as a nomenclature
for spin liquids, for example, Z,-spin liquids for IGG=Z, or similarly for U(1) or SU(2) spin
liquids. PSG of any QSLs is the index of mean field ansatz with IGG of the group indicating the

spin liquid type, i.e., with Z, (U, aéfl) for the fermion case discussed in the previous section
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[9]. For example, different mean-field Ansatz have different PSGs even though they all have
the same physical symmetry, giving different spin liquids. So, the PSG provides a way to
implement different symmetry-allowed background flux configurations for the partons. Not
all the PSG ansatz can give stable physical spin liquids [49]. In the absence of any local order
parameters for QSLs, the PSG of QSLs is used to classify the phase. For example, 196 types of
Z, PSGs in the square lattice can give physical Z,-spin liquids, which can be used to identify
them. Similarly, see for triangular [52, 53], and Kagome [54]. In addition to the symmetric
spin liquids, there are spin liquids that do not obey all the symmetries; for example, the Z2 spin
liquid constructed in Ref. [38]. Those can not be classified with PSGs.

1.1.2.4 Topological Order

The concept of "topological order’ is used for the gapped states and can lack the local ordered
parameters as in the Landau paradigm. In addition to QSLs, fractional quantum hall states
are another famous example of topological ordered phases. The definitive signature of the
topological ordered phase is the long-order entanglement and topological degeneracy. Both
depend on the number of distinct quasiparticle types present in the model. The measure of
long-range entanglement is the topological entanglement entropy (TEE) [55], which is the
universal term in the bipartite entanglement entropy. Bipartite entanglement entropy of a pure
state ® is calculated by dividing the system into two subsystems (A, B) with a boundary of
length L in a 2D lattice and by defining the reduced density matrix p for subsystem A or
subsystem B. Entanglement entropy is the von Neumann entropy [ S p = —tr(plog( p))] of the

sub-system density matrix p. For the topological ordered phase, S, is
Sp=aL—-y+..., (1.16)

where o is the non-universal, ultraviolet divergent constant and Y non-negative universal
constant depends on the global entanglement on the boundary 7, Y is system length independent,

so this can be calculated using effective topological field theories. ¥ behaves as

y = log(D), with D= [> d2, (1.17)

where D 2 1 is the total quantum dimension of the medium and d,, is the quantum dimension of
the quasiparticle with charge a. For any abelian quasiparticle, the quantum dimension is 1. D
counts the total number of superselection sectors present: for example, the toric code, which is

®For mixed states, bipartite entanglement entropy is not a good measure.
Some subtitles of the universality of TEE are discussed recently in Ref.[56].
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an abelian Z, gapped spin liquid, has four superselection sectors: vacuum, fermion € = e X m,
and vortices e, m. each having quantum dimensions to be one, which is the case for all abelian
particles. So, ¥ = log(2). For the non-abelian case, the quantum dimension is the dimension of
a fusion vector space spanned by all the distinguishable ways of fusing n types of quasiparticles
into the trivial ones, see Appendix. E of Ref. [57] 8. The total quantum dimension for the
non-abelian phase in the Kitaev honeycomb model (which is also a Z; spin liquid) is 4 (where
each supersection sector: vacuum (represented by 1, d;=1), fermion (represented by €,d, = 1),
and vortex (represented by ¢,ds = v2)). So, the entanglement entropy is the same as in the
abelian case. There is recent interest in calculating multi-partite entanglement entropy of
the states in distinguishing the abelian and non-abelian spin liquids [59]. Since the bipartite
entanglement has the extra non-universal term, which depends on the boundary area, different
procedures were proposed to extract the universal term- known as Kitaev Preskill construction
[55] or the Levin-Wen construction [60]. Here, one divides the system into four sub-regions
and calculates the tripartite mutual information of the regions to extract the TEE. Recently, an
interesting proposal from Feng et al. [61] to calculate TEE from correlation functions of spins.
Also, there are interesting proposals for measuring TEE in experimental settings [62].

Another signature of topological order is the degeneracy of the ground state. This degener-
acy is also equivalent to D = Y a dg , and depends on the genus of the manifold. This can be
seen in short-range RVB states as follows ?. Consider nearest neighbor singlet bonds covered
RVB state on the square lattice with periodic boundary conditions. If we draw a line along the
boundary of one of the holes in the torus (which is along x - or y - directions in the lattice.)
and count the number of singlet bonds crossing the line, which is even always. Then, breaking
a single singlet bond that crosses the line into individual spinons creates an odd number of
singlets crossing the line, where the individual spinons can be paired by moving the spinon
to the other side without crossing the line. By this procedure, the states with even and odd
numbers of singlets are not distinguishable, i.e., degenerate. Likewise, the complete degeneracy
is calculated by the genus number of the manifold.

The above procedure for computing the topological degeneracy of a state utilizes quasipar-
ticle statistics, as detailed in Ref. [63—-65]. This demonstrates the direct connection between
fractional statistics and topological order. This calculation assumes that the state is gaped and
the excitations placed on the ground state do not change the state when they move around,
keeping the state in the ground state manifold. The detailed derivation of the topological degen-
eracy for the torus with genus g = 2, for example, with fractional charges 1/g, is presented in
appendix A.l. In the case of toric code, the exact operators corresponding to these degenerate

8See Preskill notes on ’Quantum Information and Computation’ [58].
This discussion is taken from Ref. [2].
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states are discussed explicitly in Sec. 1.3.3. This degeneracy of the states depends on the
fractional statistics of the quasiparticles, so it also survives in the long-wavelength effective
field theory calculations. This degeneracy is only valid with gapped systems. Whether the
corresponding degeneracy is relevant or not for gap-less quasiparticles where topological order

(called ’quantum order’) is also present is still an open question.

1.1.3 Experimental signatures of QSLs

Note that there are no direct smoking-gun experimental probes that can give the unambiguous
signature of the QSL phase. There exist a few indirect probes, which, with proper analysis, can
indicate the presence of a QSL phase. The discussion below is taken from [66—68]. 10

The foremost criterion for a QSL is the lack of magnetic order down to temperatures well
below the magnetic exchange constant. In this regard, the first step is to estimate the exchange
constant from magnetic susceptibility via the Curie-Weiss temperature fitting. The second
signature is the specific heat measurement. The absence of the typical A — line peak in C, is
another evidence of no order. C,, ~ T is another prediction of spinon in QSL, than phonons
etc. One of the ways to rule out this possibility is to check the excitation spectrum- which is
fractional spin-1/2 excitations with fractional statistics in QSLs. Probing fractional statistics of
the quasiparticles is not an easy task. There are theoretical proposals [71-74] and experimental
verification of fractional statistics using interferometer experiments in fractional quantum
Hall edges [75, 76] which have both abelian and non-abelian but not in the QSL materials.
However, the experiments probing the fractional excitations have successfully identified the
candidate materials. The experiments that are sensitive to magnetic excitations are used, such as
inelastic neutron scattering (INS), thermal conductivity and thermal Hall conductivity, nuclear
magnetic resonance, electron-spin resonance, specific heat, and Raman and terahertz (THz)
spectroscopies, can be utilized to identify the type of fractional excitations and further classify
the QSLs.

Particle-hole continuum of spinons, which are broad. This should be contrasted with the
magnon spectrum for an ordered state [66, 77, 78]. In the case of ordered magnets, the excitation
spectrum has magnons. The magnons dispersion is calculated, had sharp peaks at the ordering
vectors in high-Tc compound La,CuOy [77], confirming the antiferromagnetic nature of high-

""While finishing this thesis, I have come across an interesting proposal by Patrick Lee et al. Ref. [69] to
probe the Meissner effect of emergent gauge fields. The core idea of the proposal is to use Nitrogen-Vacancy
(NV) Centers in the diamond placed from a distance zo from the crystal hosting the U(1) spin liquid to probe
the Meissner effect of spinons, which is the signature of emergent gauge fields. The current fluctuations in the
spinon fermi surface of U(1) spin liquids generate magnetic fluctuations in the NV centers [70]. Extending this
idea further, the relaxation rate of the NV centers falls rapidly during the spinon pairing transition from U(1) spin
liquid to Z,.
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Tc parent compound. On the other hand, there is a continuum observed on top of the sharp outer
background in triangular compound Ba3CoSb,Oq [78], signifying there are excitations present
other than magnons- which are spinon pairs or multi-spinon excitations, see References there
in Ref. [66]. The continuum in the energy spectrum is the indication of disordered structures in
the underlying spins and Fractionalization. Inelastic neutron scattering experiment is used to
probe the these excitation spectrum. Further, measuring thermal conductivity can probe the gap
or gapless nature of QSLs, which is used in Kitaev candidate materials, ¢c—RuClj;.

1.1.4 Experimental survey of QSLs

This section comprises a list of materials that realize QSL phases. [66—68] The main ingredient
for having QSLs is frustration (either by exchange interactions in the lattice or by geometry due
to specific Hamiltonian structure) and quantum fluctuations. Although the quantum fluctuations
are prominent in 1D and a spin-1/2 chain is the 1D analog of QSLs with spinon excitations,
the phase is not a QSL. Because there is no braiding in 1D, and the statistics are not fractional.
The fluctuations in 3D may not be as eminent as in 2D, but 3D materials like pyrochlores
and hyperkagome are still good candidates for QSLs. Spin-1/2 materials are favorable since
spin-1/2 (either from spin or from the effective total angular momentum J) has stronger
quantum fluctuations. But spin-1 [79], spin-3/2 [80] and for spin-S cases [81-83] materials
also show spin liquid phase. Recently, there has been tremendous interest in materials with
multipole- interactions (mainly dipolar-dipolar and octopolar-octopolar exchange interactions)
with J > 1/2, which has a phase called multipolar spin liquids having fractionalization of
higher magnetic multiples, see Ref. [84] and references therein.

Following Ref. [68], the candidate materials having spin or angular momentum 1/2 are
mainly with triangular lattice (such as 2D organic salts, for example x-(ET,)Cu,(CN)3 and
EtMe;Sb[Pd(dmit),],), Kagome lattice (such as herbertsmithite and Zn-Barlowite), and Kitaev

materials with Honeycomb lattice (such as strong-spin-orbit coupled materials, & —RuCl3) )

In addition to the real materials, synthetic materials based on Rydberg atoms are used to
prepare spin liquid phases [85, 86]. The 2D arrangement of neutral atoms with excitations, i.e.,
to a Rydberg state: a two-level system analogous to the qubit, having controlled interactions,

can be used as a programmable quantum simulator [87, 88] and references therein.

"See Sec. 1.3.4 for detailed discussion on Kitaev materials
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1.2 Algebraic spin liquids

As discussed in the previous sections, the spinons in the spin liquids can have a gapped or gap-
less spectrum. For the gapped spectrum, the spin liquids are stable phases. But there are cases
when the spinon spectrum possesses gapless Dirac-like linear dispersion, such as staggered flux
(sF) and 7-flux (wF) phases. These are called the ’Dirac spin liquids’ or ’algebraic spin liquids’
[89]. These states have enhanced stability in non-bipartite lattices compared to bipartite lattices
[45, 51].

Let us consider the F phase, a prototypical example of one of the algebraic spin liquids.

The mean field Hamiltonian is

Hyp=—1Y fige " frq+he, (1.18)
(rr)

where a,, are U(1) gauge fields living on the bonds of the lattice. a,,» are chosen such that
each plaquette gives w—flux state in a lattice. The &F state in different lattices corresponds
to different configurations of fluxes- 0,7 on the lattice; see [51]. To assess the stability of the
phase, a low energy theory is considered, which is quantum electrodynamics in 2+1 dimensions
(QED3) with o = 4-flavors. The four flavors are two spins and the other two valley points in the
Dirac spectrum. Any bilinear operators that produce mass for any of the 4-flavor fermions are
irrelevant and stabilize the phase. However, monopoles (which change the flux by 27) are local
operators that can be written as the polynomial of the fermionic operators. These monopole
operators are trivial under physical symmetries in the bipartite lattices, so they can be included
in the action and make the spin liquid unstable. However, in the case of non-bipartite lattices,
the monopole operators are not trivial, and the spin liquid is stable. One can include different
symmetry-allowed monopole operators in the action that are relevant and drive the phase away
from spin liquids to the particular ordered phase; see Ref. [45, 51, 90] also Ref. [91] for recent
study on SU(8)-Dirac systems. Hence, the algebraic spin liquids are treated as the parent state
for many symmetry-allowed ordered states of the Hamiltonian.

1.3 Kitaev Model: Z,-spin liquids

The Kitaev Honeycomb model [57] is one of the few exactly solvable models in 2D. The
features of QSLs, like fractionalization, emergent gauge fields, and topological excitations,
discussed via mean field analysis in Sec. 1.1.2 are relatively easily understood in this model.
Later, many spin-orbital coupling models depicting the Kitaev model were discussed, called

the 'compass models,” which are also exactly solvable.
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1.3.1 The Model

The Hamiltonian is

Hiitaey = —Jx z o;0; —J, Z o, 0) —J, Z o; 0. (1.19)
(ij) (ij)y (ij),

Here i, j label the sites of a hexagonal lattice, (ij), with a = x,y,z denotes the nearest
neighbor bonds along the o direction, shown in Fig. 1.1. Exchange interactions are different in
each nonequivalent bond, resulting in a geometrical exchange frustration in the model. This
means fixing spin polarisation along one direction, say z-direction for minimizing the zz term,
will not satisfy the xx- and yy- terms in other neighbors. The xx- and yy- terms give quantum
fluctuations to the z-polarised phase and destroy the ordered phase. So, this does not show any
order even at T=0. However, the existence of an extensive number of conserved quantities
makes this model solvable exactly. The conserved quantities are plaquette operators in each
plaquette p, shown in Figure. 1.1, defined as.

Wp _ 61061.2 62051,2 62062,3 63062,3 630634 64?3’4 6264,5 65064,5 65055‘6 66055,6 66066,1 616,1 : (1.20)
where, 0; ; = x,y,z bonds connecting bonds i and j. Using 6" 6" = ic*, the W, operator is a

product of the out-going spin component at each site of 6 sites of the plaquette, defined as
W, = 61 0,03040:C;. (1.21)

Eigenvalues of W), are £1 as sz =1, a Z, operator. These loop operators commute with
Hamiltonian, [Hgitev,W,] = 0, and with each other [W,,W,s] = 0. The exact solution for
Hyitaev for each invariant subspace of different {W;,W,, W3, ..., Wy} with N being the total
number of plaquettes. The spectrum is solved in terms of fractionalized quasiparticles. Kitaev

solved this model by writing the spin at each site in terms of four Majorana fermions [57].

1.3.2 Exact Solution in Majorana Representation

In general, Majorana fermions (c1,c,) do not have any physical significance and can be viewed
as the real and imaginary parts of a complex fermion (a) as

c1 = (aT +ia), Cr = i(a+ —ia).

Notionally, with Hilbert space dimension of Majorana fermion is v2. At each site, one

+
can define four Majoran fermions c, ¢, a=x,y,zwith ¢ =c% hence (cm)2 = 1 and obey the
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Fig. 1.1 A honeycomb lattice with two sublattices denoted by A and B. A unit cell consisting of
V3 3
272
reciprocal lattice vectors are Gy = 2%(%, %1) and G, = 27(0, %) The nearest neighbor

two sublattice sites with basis vectors ny = (v/3,0) and np = ( ) is shown. Corresponding

distance, a, is taken to be a unit. W, corresponds to a loop operator in each plaquette.

usual fermionic anti-commutational relations {c%, P } = 284p. In writing complex fermions
into Majorana fermions, the Hilbert space dimension increases from 2"V t0 4*" with N unit
cells consisting of two spins (two sublattice sites in the Honeycomb unit cell). A representation

of Pauli spin operators 0, 0y, 0, into these Majorana fermions is given by
. X . Z . 2
o =icc, 0 =icc, 0 =icc,
) . 2
In the extended space with a constraint ((5()‘)T =c% (6% =1,
0,0,0; =1

with cc'’c® = 1 '%. There is one more Majorana representation, where spins are represented
by three Majorana fermions, ¢',¢”,and ¢, without any physical constraint. Still, the Hilbert
space dimension has to be chosen properly for exact mapping [93, 94]. This is also studied in
terms of Schwinger fermions discussed in the first section, and it is exactly solvable- which is a
p-wave pairing term of spinons [95, 96]. By denoting ¢ jc);c?c;

condition on states on extended Hilbert space to get physical states

at each site j as D;, impose a

> This model is also exactly solvable by doing a Jordan-Wigner (JW) transformation [92]. JW transformation is
not usually suitable for 2D models because there will be a non-local string of spin operators that lies with the
local fermion operators, making the JW transformation not useful. But in the Kitaev model, the local string gets
canceled out because of the special structure of the Hamiltonian.
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(Dj_l)wj)phys =0.

The above constraint is similar to the constraint of single-site occupancy in the Heisenberg
model. As mentioned before, these constraints are significant and have physical implications.
In general, implementing this constraint in calculations is quite tricky, and the Gutzwiller
projection method of imposing is one among them. Here, the imposition of this constraint is
easy for the ground state, where the constraint is taken care of automatically when working

with the invariant flux subspace. The Hamiltonian will result into

Hiiwey == ) Ja Y _ici(ij),c), (1.22)
a=xy.z - (ij),
where u;jy = ic?c? is the operatior at the link between i and j sites with the bond represented
by a. u(;jy is hermitian and
2

Uiy, = 1-

with eigen values u(;;y = £1 and it commutes with Hamiltonian (1.22), [H,u(;;) ] = 0. Since
u(ij), = —u(ji,» use the convention that i belongs to sublattice A with j corresponding to B
sublattice. The above Hamiltonian has Z, gauge redundancy, where the Hamiltonian is invariant
by transformations: u(;;) — M;ug;j), M wWith ¢; = 1;¢;. Since this invariance is not present in the
parent Hamiltonian in Eq. 1.19, hence is called emergent.” The above Hamiltonian is invariant
under transformation from J, = +1to J, = —1, VY a, in which the sign can be absorbed into the
corresponding uio} without changing the model. The physics of the model is the same for both
ferromagnetic and antiferromagnetic interactions J, which is no longer the case if the external
magnetic field is applied. The u(;;) are interpreted as Z, guage fields on each bond. In terms
of these link operators, the plaquette operators (1.21) become

Wp = —u(12) u(23) 1(34) U(45) U(56), U(61), - (1.23)

This measures the flux passing through the plaquette p. This is similar to Wilson loop
operators in gauge theories. The particle that traverses over the plaquette acquires a phase
corresponding to Aharonov-Bohm-like flux of either O or 7, i.e., gauge invariant Z, vortex
charges +1, respectively. W, = +1 at the plaquette is termed flux-free, and 7— flux in the other
case.

The Hamiltonian (Eq. 1.22) is a simple, non-interacting Majorana fermion coupled with
static Z, gauge fields. For lattice of N unit cells with two spins in each unit cell, all the
eigenstates can be written as a product of 2" dimensional Fock space of ¢; Majorana fermions
(matter sector denoted as M) and 2*V dimensional space of Z, link variables (gauge field

sector 1s denoted with G). The extended Hamiltonian of dimension 4V is the direct product of
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these two subspaces.
lv) = |Mg:G) = [Mg)|G).

This perfect decoupling of the gauge and matter sectors makes them treated independently and,
hence, exactly solvable. This is no longer the case in the presence of perturbations. Coupling
these sectors has important implications, as found in our work [97] shows rich phases like
glass and amorphous crystal phases (See Chapter 3 for details). As Lieb’s theorem dictates, the
gauge sector is flux-free in the low-energy ground state. Hence, the ground state has W, = +1
at each plaquette. This is achieved by fixing the bond operators in each bond uij = +1. Since
the Hamiltonian is invariant under Z,- gauge transformations, fixing the gauge is necessary.
Therefore, u,(-xj = +1,Va, for i(j) € sub-lattice A (B), or otherwise ulqj = —1. This simplifies
the model, Eq. 1.22 into only the matter sector, the free hopping matter Majorana fermions (c)
in the Honeycomb lattice. The spectrum consists of gapped and gapless bands depending on the
parameters, Jo. For Jo 2Jg+ Jy, the bands are gapped. The low-energy gauge field model is
equivalent to the Toric code [39], another toy model introduced by Kitaev. The excitations are
abelian. In the other case, Jo <Jg+J,, there exits gapless linearly dispersive gapless points at
tK = i%(l,O) in the spectrum. This is exactly like the dispersion relation for electrons in

graphene. For Majorana fermions, the Brillouin zone is half of the electron counterpart because
t

¢ =c¢; implies c{f = c_x. So one considers only half of the BZ for the Majorana fermion case.
The energy to create a single 7—flux in a plaquette is finite, called vison gap in the literature,
and it is approximately Evison = 0.15J at J, = J, = J, = J [57]. The visons are always gapped.
That means the visons are frozen and massively heavy particles. The gap to create a pair of
visons in the nearest neighbor plaquettes (Eyison-pair  —0.04, see Appendix. A of Ref. [57]) is
much less than the gap to create a single vison.

The low-energy excitations of the model are matter fermions (c) and visons/T—flux excita-
tions. A single spin-flip is fractionalized into a matter Majorana excitations and a pair of visons.
This Fractionalization differs from the one mentioned in the Sec. 1.1.2. Another characteristic
of spin liquids is the short-range correlations of the spins. In the Kitaev model, the spin-spin
correlations are ultra-short-range [98], meaning the correlations are zero if the spins belong to

sites beyond the nearest neighbors; see Appendix. A.2 for detailed results.

1.3.3 External Perturbations: Small Magnetic field

The exact solvability of the model, Eq. 1.19, is not present once any external magnetic field
is applied. Also, the model for J, = +1 and J, = —1 is no longer equivalent to the applied
magnetic field. Since external perturbations give dynamics to the visons, the matter sector

and gauge section intermix, and the problem becomes non-trivial. In the presence of the time
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reversal breaking term like an applied magnetic field, another interesting aspect of the model
is related to the gapless region. We focus on J; = J, = J, = J region throughout here unless
otherwise mentioned. If the magnetic field is applied along [111], the spins couple to the
external field via Zeeman term. The Hamiltonian is

H = Hyiuey — p_hyO; +hyo] +h.07. (1.24)
i

As mentioned, the plaquette operators are no longer conserved [H,W,] # 0. This Hamiltonian
can be solvable perturbatively exactly in the limit of small magnetic fields, iy, hy,h, << J,
i.e., by preserving in the flux-free sector. So, this approximation is valid for the region where
hy,hy,h; << Eyorex. The leading correction to the Hijeay 1 the third-order interaction between
spins. The first-order term is zero, and the second-order term preserves the time-reversal
symmetry and does not change the physics of the Kitaev model. So, the effective Hamiltonian
is

hyhyh
Hpert = HKitaeV - % Z O-iacjl'} 0-12/7 o # B *7, (125)

where i, j, and k are the three nearest neighbor sites, , 3, v are chosen such that the ending
site spin component points inwards to the middle. Another interesting aspect of the model is
the gap opening in the Majorana dispersion with time-reversal symmetry, i.e., with applied

magnetic field. Using Majorana fermionic representation, the Hamiltonian results into

Hpert = - Z Ja z iciu(ij>acj - iK((Z))u(ij)au(jk)ycick. (126)

a=xyz (ij), i,j,k

In the flux-free sector, the perturbation term introduces the next nearest neighbor hopping
to the matter Majorana fermions. As a result, the gap appears in the band structure, just
like the gap in the Haldane model [99]. These gapped bands have non-zero Chern numbers
and gapless Majorana zero modes at the edge. Since the Majorana fermions have no charge,
neutral particles carry only thermal energy. This is one of the smoking gun signatures used
in experiments [100, 101]. Although experiments [100] presented the thermal Hall signature
for the existence of Majorana fermionic edges, and the results are sample dependent [102],

yielding no conclusions. [103]

Theoretically, the Hamiltonian, Eq. 1.26, and its ground state are equivalent to the p +
ip superconductor. This can be seen by combining Majorana fermions from two nearest
neighbor sites into a complex fermion (called bond fermions [98]). The excitations of the p+ip
superconductor are non-abelian [104]: the fermion, a vortex, and a semion (fermion + vortex).

Here, the semion has one unpaired Majorana bound to it. The created vortex in semion provides
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an edge from the regular vacuum to the bulk of p +ip SC. Consequently, the gap-less Majorana
fermion edge adheres to the vortex [105], so-called Majorana Zero Mode (MZM). In the case
of the Kitaev model, a 7—flux, if created on top of a uniform flux-free ground state, bound with
the unpaired Majorana fermion, forms an MZM. There is an issue: a single 7—flux can not be
created. They are only created in pairs. By flipping the bond operator, uy; ;) , the two plaquettes
common to the bond accommodate the flux pair. The single 7—flux is created by taking one of
the fluxes in the pair to infinity. In the finite system, taking these fluxes far enough distances
is enough. So, each w—flux accommodates one zero mode, resulting in two modes with zero
energy. When the fluxes are brought closer, the two Majorana combine and give one complex
fermion, and the zero modes will be gaped.

Another key ingredient of QSLs is the presence of long-range entanglement measured
using entanglement entropy. As discussed in previous sections, the phase (both Abelian and
non-Abelian phases) also has the entanglement entropy obeying the area law. It has a universal
term, topological entanglement entropy, Siopo = —l0og2 [106]. The topological degeneracy is
very easy to see in the case of Abelian case [107]- which is equivalent to the toric code model
B Consider, for example, a torus; there exist four Z, global operators that are products of
o on two closed strings, denote them by C, C, for along x-string and y-string, and similarly,
two operators from the product of 6" on the same two closed strings, denote them by Dy,D,
' These four operators commute with the Hamiltonian. They have commutation relations
as {Cx,Dy} = 0 and {Cy,D,} = 0, and all remaining operators commute with each other. The
four states labeled by Cy,C, states have differed by different D, D, values and have the same
energy- degenerate. This argument is similar to any genus-g manifold [39]. As mentioned in
the previous sections, this topological degeneracy is global and depends on the manifold.

1.3.4 Material realization- Kitaev Materials

The exchange interactions of the Kitaev model, Eq. 1.19, are peculiar and proposed as a toy
model for realizing exotic excitations with fractional statistics for topological computation.
Jackeli and G. Khaliullin [108] showed that there are few materials whose effective Hamiltonian
has Kitaev exchange interactions in addition to other exchange terms. Transition metal ions
such as Ir, Ru, Os, and Rh have strong spin-orbit coupling exceeding intersite interactions;
the spin and orbitals interlock. When a single hole in the triply degenerate ty, orbitals is
present, the interplay of spin-orbit coupling and tetragonal splitting gives effective spin-1/2

'3The Hamiltonian is Higric code = —J 2 As+) By, where Ay =[], o; ateach vortex, sand B, = [ [, , o;
at each plaquette p.

“These operators are the ones which move fractional excitations e and m in the toric code along the path of
strings. The commutations indicate the statistics of the particles involved.
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isospin to bond-dependent compass models. When the transition metal is combined with
alkali metals into layered compounds A,BO3, the Kitaev model can be realized [109]. One
of the popular and recent materials of interest is in the ruthenium compound, cx—RuCl; [110-
112]. In addition to Kitaev interactions, exchange interactions like Heisenberg and exotic
exchanges like I'— exchanges also appear. The insulating materials have zig-zag spin ordering,
and when applied in-plane magnetic field along the [ 11 — 2] direction, the Kitaev exchange
dominates at the intermediate field strength approximately from 7 Tesla to 11 Tesla, and the
Kitaev spin liquid with Majorana edges is proposed to exist [100]. The Majorana edge modes
can be identified by half quantization of thermal hall conductivity [100]. This proposal has
been under debate, claiming that the intermediate field region shows oscillatory behavior in
in-plane thermal conductivity with no 1/2 quantization in thermal hall conductivity [103].
Other experiments supporting the Majorana edges, [101, 102] and gave a possible explanation
for the oscillations in the thermal conductivity: these are due to multiple phase transitions
implied by considering phonons are not completely oscillations. In addition to that puzzle,
another experiment [113] claimed that the intermediate field region has large zero-temperature
non-linear susceptibilities, and their behavior as a function of temperature does not match any
of the known ordered/disordered phases, such as ferro/anti-ferro magnet or spin glass phase. In
our work [97], we found that the higher non-linear susceptibilities are due to the glassiness of
the excitations present in the Kitaev model. Which is presented in Chapter 3.

More recently, there has been a lot of interest in higher spin generalization of the Kitaev
model [82, 83, 114, 115] with few experimental proposals [80, 82, 116] in materials. Even with
spin-S Kitaev model, theoretically the exact solution exists like in spin-1/2 case by extending
the Majorana fermion representation into general spin-S$ case [117], especially with spin 3/2 in
Crl; [80, 116] and spin-1 in Nil, [114].






Appendices for chapter 1

A.1 Topological Degeneracy

In this section, I discuss the details of the topological degeneracy of the ground state with
topological order. Consider a torus with genus g = 2 as a manifold for example. Denote the
translational operator, T, for traversing fractionally charged quasiparticles, with a charge of

1/q along the x-axis and, similarly, 7, along the y-axis. If Aharonov-Bohm flux quanta are
27i/q

threaded along the x-axis, denoted with F,, the quasiparticle acquires a phase e after its
return to the same position. This is written as
2mifq
T Fr=e FiTx. (A.1)

Similarly, for 7}, and F,. But, quasiparticles traversing along the x-direction do not have any
effect from flux passing through the y-direction, i.e., 7., = F, 7, and the same for 7}, F.. So,
the operators 7g, F; have eigenstates simultaneously, i.e. |z, f,). 7, changes the eigenvalue of
Fy to fxe_zm/q— give g degenerate states which are [fye_zm/q (7}|tx,fy))] Similarly, 7y, F,

give ¢ more of degenerate states: [ fye_zm/ 1 (7} |1y, fy))]. But, all these states are independent

of each other. This we can see by calculating the commutation relations between 7,7,
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and F,, F;. They have non-trivial commutations depending on the statistics of the particles.
Consider exchanging two particles to acquire a phase eie, 0 depending on the statistics of the
quasiparticles, which is ™19 This process creates a linked knot between the worldlines of the
two quasiparticles, denoted as follows:

7;—17;—17;7; _ ezm/q7
7Ty = T, (A2)
Using this relation,
ToTslte £3) = 6™ (Tl £3)).- (A3)

The repeated action of 7 can change eigenvalues of Fy, 7, operators to ( fye_zm/ q,txezm/ 7)-
give g states and using commutation relations J, F, give rise to the same set of g degeneracy
states . As a result, only g-states are independent. This argument can be generalized to g

number of punching holes, giving rise to qg , for genus, g, manifold.

A.2 Ultra short-range spin-spin Correlations in Kitaev Model

This section give the detailed derivation of the ultra-short range spin correlations of the Kitaev
model. Forming complex fermions in terms of Majorana fermions in matter and gauge sector

subspaces as matter fermions (denote f;) and bond fermions (denote x/;;),) respectively

1 .
fi= §(Ci+lci), (A4)
1,4 .a
X(ij)a = E(Ci + le). (A5)

The link variables defined in the main text 1.3 can be related to bond fermions as u(;;) =

icicjf = 2)(<Tij>ax(l~j>a —1 and

%(Tij)axﬁj)alG) =n;j|G) (A.6)

. iiYat 1 . .
with ng;jy, = % In terms of these bond fermions, the spin operators become

]7;7y are equivalent to F, ;. As a result, only one independent magnetic algebra arises in the ground state
manifold



A.2 Ultra short-range spin-spin Correlations in Kitaev Model 25

¢ = (%(ij)a+%<Tij)a),
C? = (%(ij)a‘%{,-j)a), (A7)

of = iCi(X(ij)a"‘X(ij)a)’

o; = ic;(Xij)a = Xijya)-

These bond fermions change the link operators corresponding to that bond. Hence, the
fluxes in the plaquettes adjacent to that bond will change from 1 to -1 or vice versa and denote

these symbolically as

Gia = ici(X(ij)a + Xglj)a) o icin<ij>a7r<ij)a7 (AS)

where 7;jy, will add the fluxes in the plaquettes adjecent to bond (i;),. From these results,
the dynamical spin-spin correlation function in the ground state becomes

Si(1) = (Mg |(G|of (1)} (0)|G) [ M),
iHt . T —iHt\,. ¥ (A9)
= (Ma(GI(™ iei (a2 pp e ) ie (Xt = {13 )) | G) M),

where i and j' fixed by the bond <i j'> and <i' j) respectively. In the Kitaev honeycomb
model, the ground state corresponds to a flux-free case, so consider u(;;), = +1. As a result,

xZij)ax<ij)“|G> = 1 from equ. (A.6) and hence )((Tij)a|G) = (0. Using quantum mechanical
identity for any operators A, B
Be" =" PBif[A,B] = DB, and [D,B] = 0, (A.10)
and [%Zi HaXiijas Xiij)b] = X(ijyaOap- siimplifying equ. (A.9)
S?;’(t) _ (MG|(G|(ethic,-e_i(H_VW)”)l(Xzij')a))(icfx@'f)b)|G>|MG> where V(;jy = =2jcic;,

(A.11)

In the interaction representation, this becomes

(1) = (MG|<G|(ic,-(t)T(e‘”“féc’“)c-f“)df”)(—l)cj(xj',.j,>ax<,-v,~>b)|G>IMG>, (A.12)

with in the ground state: (G|X<Tij,>ax(i:j>b|G) =810, 10ap9ijy = OupO(ij)a)
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1 (1) = (Mg iei()T (¢ hODE 1) 1MG) 8 (A13)

As §(;j)q indicates, the spin correlations are only limited to nearest neighbor distances,

ultra-short range. This is because of the static nature of the fluxes.

A.2.1 Static Spin Correlations

From dynamic spin correlation expression equ. (A.13), static spin correlations become
b .
St (t = 0) = —i(Mg|cic;IMg). (A.14)

These are exact results, and to solve equ. (A.14), use matter fermions as defined in equ.

(Ad),cq;=fit+ f;( and cp; = —i(fi— f:r) The spin correlation function in equ. A.14 become
b . .
Si7 (1 = 0) = =i{Mg | (fi+ £)ilf = F)IMo), (A.15)

operators can be transformed into momentum space as

1 iq.r;
fa= = ¢*"fi
q oN & (A.16)
equ. A.14 becomes

a 1 iq.5; -iq.5;
Si7 (0 =0) = Ml (Y_(fafla+ fafd)e™™ = fafa+ fal-ade " )IMg).  (A1D)
i.q

_Im(S(q))
Re(S(q))’

with simple Bogoliubov transoform solves problem with 6, =

(;;q ) _ (cos(Oq) isin(Gq))( aq )
- isin(6q) cos(6y) aiq ’

Denote )_ Jags) 40 by S(q), with ; are vectors along the bonds denoted with i, &, = (
5

w[S

),

1
2

S

0y = (%, _23) and &, = (0,0). equ. (A.17) gives

1
e N Y cos(26y), (A.18)
q
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Im(S(q))

where cos(26,) = . By converting sum into integral over Brillouin zone and

S(q)
transforming integral in q,q, into q; = q.0, and q, = q.6, with Jacobian g, will give
3
Si7 (r=0) = Lz cos(28,)dqdqq, (A.19)
167~ JBz

values at J, = J, = J, = 1 is 0.47, the points in J’s space at J, = 1,J,=0.1,/,=0.2 - S?jb =
0.098 and J, = 0.1,J, = 0.1,J. = 0.7 — S =0.99 atJ, = 0.1,J, = 0.7,J, = 0.1 - S;7 = 0.069
To see fractionalization, consider the time evolution of a single spin operation on ground state,

"spin-flip", operation using (A.13) and (A.8)
o' = ici(t)T(ezu<ij>“J"f"ci(T)Cj(T)dT)ﬂ(ij)aﬂ(m’a(‘lf|, (A.20)

This shows freely propagating Majorana fermions as a function of time with band perturbing
term, 2u(;)aJqCi(t)c;(t)). This spin flip operation consists of Majorana fermion with 7-flux
pair. Spin flip operation adds fluxes to plaquettes adjacent to a-bond (ij)a. As these fluxes are
static and bond fermions are conserved quantities under time evaluation, the other spin flip
operation in dynamical spin correlations has to remove these fluxes to have a non-zero value.
By this selection rule, the other spin adds 7-fluxes to adjacent site j with having bond a. This
gives spin correlations to be short-ranged.
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Introduction: Classical Spin liquids

Classical spin liquids (CSLs), as the name suggests, is analogous to the case of quantum spin
liquids (QSLs), have no long-range order but have extensive zero temperature entropy, whereas
it is zero in QSLs. As discussed in the previous Chapter, quantum fluctuations are vital in
getting QSLs over the ordered state. The quantum fluctuations can be enhanced by having
lower spin systems, for example, spin-1/2, at low temperatures. However, at high temperatures
(compared to the energy scale associated with quantum fluctuations present in the quantum
model), the quantum fluctuations play no role compared to thermal fluctuations. In such cases,
the physics can be treated in terms of classical spins [1]. So, studying the classical spin models
has direct implications in the high-temperature physics of QSLs, and also, CSL models give
a good starting point in starting to construct QSL states [2—5]. In addition to that, there exist
several materials where the spin physics at low temperature is approximated to classical spin
models [6, 7], for example, Ising models for spin-ice materials [8, 9] and the Ashkin-Teller
model [10], different variants of O(N) models [11] and Heisenberg models [12], Potts Model
[13, 14], Z,—clock models [15, 16] and references therein. In such cases, many interesting
classical spin phases arise, either ordered phases or disordered phases. There are some scenarios

where both the ordered and disordered phases co-exist [17, 18].
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The ’Disorder’ phase exactly means the phase with no long-range order and has a finite but
extensive number of degenerate spin configurations. These phases in classical spin models also
possess some non-trivial structures, like in quantum spin liquids. There are a few similarities
between them, as QSLs have fractional quasi-particles and emergent low-energy gauge fields.
Similarly, CSLs also have fractional excitations and emergent gauge theories [19]. However,
the gauge theories in classical spin liquids are physical and appear out of physical spins but
not like redundancy in the case of QSLs, and the low-energy excitations correspond to the
excitations of the gauge theories. In quantum spin liquids, the emergent gauge field is not
directly related to physical spins; instead, only the fractionalized partons can see the gauge
fields (see Chapter 3)- their implications only arise in measurable quantities like transport
properties. In both cases, the gauge theories govern the low energy physics; even though the
origins are different, the primary roots are due to non-trivial local constraints; see, for instance,
Ref. [20-22].

There are many aspects still open for investigation in the classical spin liquids. This Chapter
briefly overviews classical spin liquids and a few open directions in the field. An essential
part of this is understanding classical spin models beyond the spin-ice rule or Luttinger-Tisza
approximation, which are relevant to the broad range of materials. In general, the models
describing the materials apart from spin-ice pyrochlores do not need to respect spin-ice rules
like the models with the Dzyaloshinskii-Moriya (DM) interaction [23]. This raises the demand
for analytical methods to study these models. We have developed a unified framework in
Ref. [23] to understand the existence of spin liquids and various interesting order, disordered

phases in the classical spin model.

2.1 Spin Ice Models and the Coloumb Phase

Spin ice is a group of materials that resembles water ice [24] with the chemical formula A,B,07
[25, 26], where A3+ are the magnetic rare-earth ions on the sites of pyrochlore lattice and B4+
are non-magnetic ions on an interpenetrating pyrochlore lattice. For example, Ho, Ti,O7 ! [27],
Dy, TiyO7 [28]. The ground state governing these compounds follows an ice rule famously
known as ’2-in-2-out’ configuration [29], as shown in Fig. 2.1, hence the name ’spin ice’.
Since this constraint within the four sites of the pyrochlore lattice can be satisfied by many
configurations, consequently, for the whole lattice. This results in extensive degeneracy of the
ground state. Hence, these materials have zero temperature entropy, also known as the Pauling
entropy. Later, this methodology of constructing models to have ground states that possess

the ice rules or its generalization laid a foundation for more studies in classical spin models

"This is the first material found to have frustrated ferromagnet.
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and then to the general class of CSLs. I am going to jointly refer to them as ’spin ice models.’
These are a class of models that has the Hamiltonian written in terms of constraints, which
are different variants of the simple ’ice rule’ of the pyrochlores. Firstly, I discuss the spin ice
pyrochlore materials and their related physics of emergent electromagnetic theory, monopole
excitations. Further, I present these ideas to the more general class of spin ice models with

more general constraints.

The first spin-ice material, Ho, Ti;O7, is surprisingly a ferromagnet but has strong frustration
due to the combination of ferromagnetic coupling and the easy axis anisotropy [27]. This
material was found to have no ordering down to temperatures well below the Curie-Weiss
temperature and with the large magnetic moment of Ho"™ ions. Hence, this can be treated by
classical spin models. This has an easy axis pointing towards the center from each site of the
tetrahedral lattice with strong easy-axis anisotropy D < 0 (ferromagnetic), which is 50 times
higher than the strength of the exchange interactions J (ferromagnetic). Because of this high
easy-axis anisotropy, the spins point along the easy-axis. The small perturbative exchange
interactions J decide the orientation of the spins, which can be towards or away from the center
of the tetrahedron. The lowest energy turns out to be 2 spins pointing inwards and 2 outwards
in the given tetrahedron. This exactly gives rise to the antiferromagnetic Ising model in terms
of pseudo-spins () taken along the easy-axis [30, 31], which is a nearest neighbor spin-ice
model [29]. The model is,

Hising =J ) 0707, 2.1)
(if)
where site i and j are in the corner-sharing tetrahedral lattice. For ferromagnetic J < 0, the
state is an all-up ferromagnet, which becomes a paramagnet at high temperatures. However,
the scenario 1s different in the antiferromagnetic J > O coupling. And the effective pseudo spin
model Ho,Ti;O7 is indeed anti-ferromagnetic with J > 0 [30, 31]. Here, since the lattice is
corner-sharing, the above Hamiltonian is simplified into up to an additional constant,

Higing=J ) () o7)*+const., 2.2)

p i€p

where p denotes each tetrahedral plaquette. The re-writing of the Hamiltonian implies that the

ground state for J > 0 corresponds to spins satisfying Y . o7 = 0, known as the ice rule. As

i€

mentioned, in a pyrochlore tetrahedral unit cell with four la[t)tice sites, the constraint is satisfied
by having two spins pointing inwards and the other two pointing outwards, as shown in Fig. 2.1.
This corresponds to a state with spins as ’2-in-2-out’ configuration. Many configurations
can satisfy this condition, resulting in a paramagnet with a non-trivial structure that satisfies

this local constraint. This results in a zero-temperature residual entropy. It is also called the
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‘cooperative paramagnet’ because, here, the spins in each of these degenerate states follow a
constraint cooperating with each other.

Later, a seminal work by Siddharthan et al. [32] and Bramwell et al. [33] found that
the dipole-dipole interactions play a significant role in spin ice materials agreeing with the
experimentally measured quantities. This model is also known as the dipolar spin ice model.
The Hamiltonian is,

S-S5 (57 Ry) (ST Ry)

Host==J) 8;'+S;7 4 Dry ) ——=—~ o L@y
I |Rij] |Rij]

i>j

where 5? are Ising spin pointing along the easy axis z; in site i of the corner-sharing tetrahedral
lattice, and the J > 0 is the strength of exchange interactions. The second term in the dipole-
dipole interactions between the spins §,~ and S ; with dipolar strength D = /,Lz / 4nr3n >0, u
is the magnetic moment of the spins, r,,, is the nearest neighbor distance and the R} ; 1s the
distance between the site i and j. Here, the strength of dipolar interaction is 2.5 times less
than the exchange interactions [34]. Numerical and mean-field studies [34—36] showed that
the long-range dipolar interactions of the DSI model screen out and have degenerate states
satisfying the ice rule at temperatures above 0.1K, see Ref. [37] for full phase diagram. In such
cases, the physics described by the spin-ice model [38], Eq. 2.2 with effective Jq¢ = STD + é
[34, 36].

In coarse-graining, the spin-ice state possesses non-trivial features like emergent gauge
theory at low energy with the power-law spin correlations. For the coarse-graining, consider
the pyrochlore lattice sites (denoted by i, j...) residing in the bonds of its medial lattice, which
is a diamond lattice . Denote the diamond lattices by 1,J,.... On the bonds of diamond lattice,
define a bond polarisation #;;, which is +1 if the spin (o;) residing on the bond is aligned from
even (/) to odd (/) diamond lattice sites, see Fig. 2.1. Since the diamond lattice is a bipartite
lattice, this convention gives #;; = —1 for the other case [40]. The 2-in-2-out condition of the
spin-ice ground state gives this bond polarisation to take +1 on two bonds and —1 for the other
two bonds for each site of the diamond lattice. Defining this bond polarization to be the unit
flux, B, residing on the bonds with direction dictated by the sign of polarization. So, the spin

ice constraint will give rise to a *flux-free’ condition for each diamond site, i.e.,
vV-B=0. (2.4)

This results in gauge fields A, and it is defined as B = V X A. The conservation of flux, here, is

a emergent phenomenon in low-energy but not of any fundamental reason because it appears

*The diamond lattice is formed by considering its sites as the pyrochlore centers. It is a bipartite lattice.



2.1 Spin Ice Models and the Coloumb Phase 41

[0o1]
A 010 |ry @

b
100 |

Fig. 2.1 (Top left) The pyrochlore lattice with corner-sharing tetrahedron of spin ice embedded
in a cube. (Top right) The diamond lattice (thick lines) is formed by the centers of the tetrahedral
lattice (thin lines). The spins, site variables on the tetrahedral lattice, become link variables
(arrows) on the bonds of the diamond. (Bottom left) The ground state configuration of spins
with "2-in-2-out’ condition. (Bottom center) shows as link variables on the diamond lattice, the
spins can be thought of as a lattice flux B (brown arrows of the top right figure). (Bottom right)
a set of spins on a green line arranged on a head-to-tail on a loop may be inverted to produce
another ground state configuration. Such a loop has zero net magnetization. The term, which
strength g, produces a liquid ground state, which is a quantum spin liquid as discussed in the
text. The figure is taken from Ref. [39] with permission from the springer nature.

only when the 2-in-2-out condition is enforced. [39] The redefining of the spins in terms of the
emergent fluxes gives a handle over the spin-ice state by taking an analogy with Maxwell’s

theory. The leading order in the action can be written as,

S= g / 4B, 2.5)

where K is the dimensionless parameter, and it is calculated using Monte Carlo simulations [41].
This coarse-grained model helps in calculating the correlation functions of spins to leading

order. The calculation goes as follows, derived from the Ref. [39, 40]. By Fourier transforming
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the above Eq. 2.5, give a gaussian theory (quadratic in B(q)) and the correlation becomes,

(Bi(-a)B;(a)) ~ ). 2.6)

But, there is the conservation law in Eq. 2.4 that restricts this form. Eq. 2.4 in Fourier space
becomes to q - B = 0, leading to the vanishing longitudinal part. That is (§-B)4 = 0, where
g 1s the unit vector. Subtracting the longitudinal part of the correlations which is ~ q’—z] the
correlations in Eq. 2.6 lead to, !

(Bi(-q)B;(q)) ~ %(&—%) - (67 (~q)53 (). 27

. . . . zZ . . . Z
Here, the correlations in B is equivalent to 6~ since B are coarse-grained variables from ¢~.

The above momentum space correlations, measurable in neutron scattering experiments,
have a quadratic singularity at q = 0, known as ’pinch points.” The pinch points, or variants
of the pinch point, are one of the identifiable experimental identities of the spin-ice phase. In
real space, this correlation goes like 1/ r3: dipolar spin correlations. [2, 9, 36, 42, 43] For the
concrete derivation of the correlations, see Ref. [3, 41] and for large-N of O(N) model, see
Ref. [44].

The excitations of the spin-ice state correspond to flipping one of the spins in the given site
in the tetrahedron. As a result, the ice rule is violated to /-in-3-out and 3-in-1-out configuration
of two tetrahedra to which the site belongs, and the flux passing through the two tetrahedra
has non-zero flux. These defective tetrahedra resemble a source or sink of flux B. These can
be separated by arbitrary distances independently but can only be created pairwise. This is
equivalent to the creation of a pair of monopoles. [45] These monopoles can be moved further
by flipping the consecutive string of spins, which costs finite bounded energy but does not
diverge with the length of the string. These are deconfined excitations because separating them
to infinite far distances costs finite energy. Hence, the spin ice state is the deconfined Coloumb
phase of the U(1) gauge theory (Maxwell’s theory)[22, 39]. These defects/excitations from
the spin-ice ground state interact by Coloumb interactions with effective magnetic charges as
found in Ref. [45] with the dumbbell approximation to the previously discussed DSI model,
Eq. 2.3, of pyrochlores. Hence, this phase is also known as the ’Coloumb’ phase.

Using an applied magnetic field, one can tune the density of these monopoles. By tuning
the field, the phase transitions occur from a polarized phase at a high field, having these strings
confined to a low-field phase with the self-repelling strings with non-zero density. This phase

transition is called the ’Kasteleyn transition’- an unusual one. On one side, from the polarised
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phase, it looks like a first-order phase transition without any fluctuations, and on the other side,
it is like a perfect second-order phase transition. [46, 47]

The above interesting features of pyrochlores are due to the spin configurations satisfying
the ice rule present in the ground state. So, irrespective of the origin of the Hamiltonian Eq. 2.2,
suppose, if we consider the Hamiltonian is constructed into that form to satisfy the ’ice rule’

G.Zz

constraint ) .. O;

iep 0 in the ground state. Then, this procedure can be generalized to construct
a class of Hamiltonians. Here, I am referring to them as ’spin-ice’ models. For example, a
classical anti-ferromagnetic Heisenberg model can also be decomposed into a form with a

constraint C,, = Y ., Si = 0 for plaquette p up to some constants. Such as

i€p

Hicisenberg = J Z Si.S; = JZ(CP)2 + constant.
(i) p

The ground state corresponds to the configurations satisfying the constraint C, = 0. Similar
to the spin-ice pyrochlores, this ground state also has extensive degeneracy in case lattice
frustration is present [22]. This recipe of writing different variants of constraints C,, = 0 with
spins components and then constructing a Hamiltonian in terms of C,, to give a ground state
satisfying the constraint C, = 0 produces a low-energy manifold with more generalized gauge
theories. [21] The emergent gauge theories in these models have higher-rank gauge theories,
which are fractonic in nature. [48] In the Luttinger-Tisza approximation discussed in the next
section, the emergence of general gauge theories in these constrained models can be easily
seen.

The finite entropy, also known as the Pauling entropy, of the spin-ice at zero temperature
is the perfect avenue to host quantum spin liquids in three dimensions. The key to getting a
spin liquid is allowing quantum tunneling from one ice configuration to another. That gives
a coherent superposition of all the ice configurations, giving zero entropy and keeping the
algebraic correlations intact. These are known as ’quantum spin ice’(QSI) models [49]. The
resulting spin liquids are also known as *’Coloumb spin liquids.” This idea was proposed by
Moessner and Sondhi in the three-dimensional dimer models [50] and Hermele et al. [3]
and others in water ice [24]. The term that generates these tunneling events is the product of
six spins along the underlying Honeycomb loop of the pyrochlore lattice [3, 50], as shown
in Fig. 2.1. This is known as the ’ring-exchange’ term. This term flips spins residing on
the Honeycomb loop. As a result the flux on the bond changes in time and results in time
dependence for the magnetic fields. The time-dependent magnetic field produces the analogous
electric field from time-dependent gauge fields A like in quantum electrodynamics (QED).

Those are defined as,

A
B =V XA, andE=—O;—t. (2.8)
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Where E is the electric field. The effective low-energy action will be

1

d 2 2
= 8_7T d V(B +CQSIE ), (29)

S
where cqg; 18 the constant equivalent to the speed of light in 3D QED and is extracted by fitting
the low-energy spectrum of the original Hamiltonian with the above coarse-grained model[51].

This theory is the lattice analog of electromagnetism with linearly dispersing ’photon’
excitations. Quantizing this effective coarse-grained theory with appropriate energy scales and
calculating experimentally measurable structure factors due to these photon excitations, see
Ref. [49], give the extra power of q in the spin-spin correlations, ~ qX (Eq. 2.7). As a result,
the sharp pinch in the spin structure factor gets smeared out to less sharp [49].

In recent times, the QSI model has been generalized to breathing pyrochlore lattice, given
the experimental finding of the candidate material BazYb,;Zns0,1 [52-54]. Few theoretical
studies [55-58] proposed that the QSI model in this lattice gives rich emergent gauge theories
different from simple U (1) gauge theory.

If the magnetic field is applied in the pyrochlores along the crystal direction [ 111] projects
onto one easy axis with a strength three times higher in size than the other three. Then, the spin
on that easy axis is pinned along the field. The other three spins are free to fluctuate and form a
2D Kagome lattice. However, in the spin-ice regime of pyrochlores 4, the system can lower
the energy by taking the next best possible configuration satisfying the ice rule for these three
spins in the ground state, which is *2-in-1-out’ (a monopole) or ’1-in-2-out’(an anti-monopole)
depending on the even or odd centers of the triangles in the Kagome lattice. [59, 60] This
state is known as the *’Kagome ice.” This occurs slightly before the high-field ordered state ’,
[61, 62] Since this phase occurs in 2D, the dimensional reduction in resulting gauge theories
has correlations different from those in 3D. The correlations are logarithmic as in Maxwell’s
theory in 2D; see Ref. [62, 63]. Exploring different field directions like applying [001] gives a

platform to access the phase transition from spin-ice to Kagome ice [64].

3Tuning the strength of ring exchange term, one can tune the fine structure constant of the QED (which is
oSt = 6’(2351 [ heqsi, where eqsy and cqgy are fitting parameters of coarse-graning model, analogous to charge and
speed of light in QED). The strength of the ring exchange term is tuned by introducing varying third nearest
neighbor interactions. This gives the ability to tune QED from strong coupling to very weak limits. Because
of this, emergent QED in the spin-ice materials gives the lattice realization of QED. Hence, spin-ice materials
provide a quantum simulator platform for QED with tunable fine structure constants [51].

*Reminder to the reader that the DSI model describes the physics of pyrochlores and specific region of phase
diagram with temperature is governed by the spin-ice Ising model.

SHere, the anti-ferromagnetic ordered state corresponds to ’all-in-all-out’ configurations. So, this phase has
confined monopoles and anti-monopoles. Hence, this is also regarded as a monopole crystal in the low-energy
perspective.
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2.2 Magnetic Fragmentation

Fig. 2.2 (left) 3-in-1-out monopole configuration in a tetrahedron, (middle) respective dumbbell
representation of 3-in-1-out tetrahedron, (right) their Helmholtz decomposition into divergence-
full and divergence-free elements with the size of the arrows indicating their magnitude
discussed in the texts. The figure is taken from Ref. [65] with permission from the Springer
Nature.

This section is derived from the Ref. [65]. As discussed in the previous section, the dipole-
dipole interaction plays a significant role in pyrochlores. At a certain part of the temperature
regime, above 0.1K, the spin ice Ising model governs the low-energy physics. But below that
temperature [66], the quadrupolar and higher-order interactions between the spins start playing
a role and induce finite density of monopoles in the ground state. In that region, the partially
ordered phase is found to have spin-ice Coloumb phase co-existing with an ordered phase with
ordering vector q = (0,0,27/a), and a is the distance between the centers of corner-sharing
tetrahedrons. [37] The structure factor, the Fourier transform of spin-spin correlations, of this
phase shows sharp Bragg-peaks at q along with the usual pinch points corresponding to the
Coloumb phase of the pyrochlore spin ice.

In addition, a similar kind of partially ordered phase is also proposed in a specific region of
the phase diagram in the Kagome Ice, see Ref. [67-70].

Later, Holdsworth et al. [18] proposed a unified concept known as 'magnetic fragmentation’
to study the co-existence of order and disordered phases in spin ices. This is based on the
’Helmholtz decomposition’ of the magnetization present in the model. In the case of the
pyrochlores, the DSI model is approximated to the problem of magnetic charges using the
dumbbell approximation; see Appedix. B. For the Coloumb state, the net magnetization at each

center of the tetrahedron is zero.

2.2.1 Helmholtz Decomposition

In the spin ice state, the ice rule dictates the net magnetization to be zero in each site of the
diamond lattice, which is V - M = 0 satisfying the Gauss’s law. For the monopole excitations,

that becomes V -M = —p,,, where p,, is the magnetic charge. Using Helmholtz decomposition,
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we can estimate how much of the divergence-free of ice rule is broken and estimate the fraction
of ordering to disordering contributions in the magnetization. The decomposition of M is a
follows,

M=M,, + My,

where the M, is the diverse full part (related to the ordered state) and M, is the divergence-
less related to the Coloumb phase. In the Coloumb phase, M,, = 0. For the ordered anti-
ferromagnetic phase, the ground state configuration is all-in-all-out, which is a monopole with
a double charge. That is a divergence-full configuration with M,,, # 0 and M, = 0. When the
finite density of monopoles is present in the model, both M,,,, M, take finite values. The idea
of decomposing the magnetisation into different components of the spins is already discussed
previously in Ref. [71]. In the spin ice case, this breaking of magnetization is not a coarse-
grained phenomenon. The ratios of both contributions are calculated precisely using dumbbell
approximation. As discussed in the appendix B, the microscopic magnetization for site / to site
J in diamond is M;; = +1. So, the decomposed magnetization parts, which are denoted by M,
and M;lj, should satisfy the condition: Mj; + ij = +1 each bond in the diamond lattice. The
orthogonality condition for these parts is ) ., MTJM;IJ = (0. Using these two conditions, the

3-in-1-out monopole is decomposed into [18],
I 1 1 1 1 1 13
[Mu]=(—1,—1,—1,1)=(—5,—5,—5,—5)+<—§,—§,—§,§), (2.10)

where first part is M"' and second one is M?. This decomposition for one tetrahedron is
schematically shown in Fig. 2.2. A similar decomposition procedure is used for the Kagome
ice and different ice models to study the partially ordered phase [18].

It is evident that this decomposition works only for discrete spin cases. The partially ordered
phase also exists in the classical continuous spin models [23], which are dubbed as fragmented
phases. Moreover, the contributions of ordered and disordered parts for the continuous spins
are not known previously. The group theoretical method proposed in our work [23] helps in
calculating precisely these quantities in the fragmented phase and also in all other ordered,

disordered spin liquid phases.

2.3 Luttinger-Tisza Approximation and Classification

As discussed in the above section, the spin-ice models paved a route to construct different CSLs
with different emergent low-energy gauge theories. Most of those CSLs have algebraic spin

correlations. Not all states with extensive degeneracy in the ground state give rise to algebraic
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spin liquids. There exist cases where the state has exponential correlations with non-trivial
topological structures in the classical spin models, as discussed in Ref. [19] for the Heisenberg

spin-ice model on the ruby lattice and Kagome lattice.

Recently, the Luttinger-Tisza approximation, also known as the soft-spin approximation,
has been introduced to study classical spin liquids and construct new and different classical spin
liquids. Recently, this approximation has been used to classify the existing CSLs [72-74]. The
local unit length constraint, |S;| = 1 at each site, is sacrificed in this approximation. Instead,
the constraint is imposed on the total spin of the lattice with N sites, i.e., zlv > :1Si| = 1. This
simplification effectively makes some progress in classifying the CSLs but has its own pitfalls.
The constraint imposed on the whole lattice allows spins to be treated as scalars. This approach

is for the set of Hamiltonians which are quadratic in spins such as
_ 2
H_Jg(|3|q)p. (2.11)

where the sum is over the plaquettes denoted by p and The plaquette spin is SZ’ =) i » NSy,
where 1); are the real coefficients which are all equal for Heisenberg model with spin components
denoted by ., i is for sublattice sites and m index is for the spin component in each sublattice

withing the plaquette p. This quadratic Hamiltonian is transformed using Fourier transformation

as 6 ! .
Sy=g7 ) Se " @.12)
iep
Any generic Hamiltonian, such as,
H = > (S" (=) Tun(a)S" (q), (2.13)
= Y S" (T (q)o(q)T"* (-q)S"(q). (2.14)

The interaction matrix 7 (q) is the Fourier component of the exchange terms with J for all

sublattices sites, which is

Tnn(a) = Y T = 77 (q)T"™ (). (2.15)
i7.j

The eigenvectors are denoted by T'(q)™ and the eigenspectrum by w(q). In the case of the
CSL phase, the eigenspectrum consists of flat bands at energy @ = 0, the lowest energy. The
flat band is the consequence of the extensive degeneracy of the ground state. All the other

®The definition of the Fourier transformation is only feasible under the soft-spin approximation, where spins
are treated as scalars.
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bands are dispersive with dispersions as ®(q) = |T(q) |2. The condition for the ground state
manifold for the Hamiltonian mentioned in eq. 2.13 is §q = 0 (spin ’ice rule’), which results

into, in the Fourier space as
> T (q)Su(q) = 0. (2.16)
m

The conditions for various types of emergent gauge fields in constrained Hamiltonians can be
deduced from the kind of dispersions of flat bands represented by 7'(q). Furthermore, it is
also helpful in the classification of classical spin liquids. Apart from the trivial paramagnet,
the types of spin liquids deduced from the knowledge of flat band physics are algebraic and
fragile spin liquids. The algebraic spin liquids correspond to bands where dispersive bands
touch the flat bands at finite points in the Brillouin zone singularly [73]7 If not, the points
are non-singular. The associated spin liquids are called * fragile.” These are fragile in the
following sense. Suppose the band is gapless with non-singular band touching points or gaped
without any band touching; then, the eigenvectors are non-vanishing at any Brillouin zone
points without any singular points. The non-vanishing eigenvectors make these bands possess
non-zero topological invariant, skyrmion number, from the map of eigenvector from Brillouin
to CPN_l; see [73] for more details.

The characteristics of singular band touching points in the Brillouin zone for algebraic spin
liquids infer the type of gauge theory that emerges. For example, in the case of the Coloumb
phase, the band touching happens at q ~ 0 with leading power in the wave vector T(q) ~ q.
From the constraint condition mentioned above, the constraint gives rise to ¢+ S = 0, which
gives the Gauss law. So, the structure of gapless points directly maps the pinch points or their
analogs in the structure factor. See Refs. [72, 73] for more examples of tensor gauge structures
and higher-rank gauge theories. This approach can also be employed additionally to construct
various classical spin models by developing the model with the required type of dispersions.

2.4 Order by Disorder

So far in this chapter, I discussed that the fluctuations induced by frustration do not allow the
system to have ordered phase in the ground state. In contrast, there are scenarios in which the
quantum or thermal fluctuations may induce order or close to ordered phase. This concept is
known as "order by disorder" introduced by Villain et al. [75] in classical Ising systems.

This key idea of this concept is as follows. [] In classical spin systems, the ground state
possess finite degeneracy, for example, symmetry broken phases like ferromagnetic or anti-
ferromagnetic phases has degenerate states. The modes, called *zero modes’, which take the

7Singular band touching points, say ¢*, are defined as where the eigenvector vanishes, i.e., T(g") = 0.
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system from one state to another degenerate state without any further energy cost. The order
by disorder works to select the subset of degenerate energy states to the more ordered state.
To illustrate this with an example, consider an Heisenberg antiferromagnetic in bcc lattice.
The bcc lattice is a cubit lattice with two sub-lattices. Because of the two sublattices, two
zero modes exist in this case. One is corresponding to Heisenberg rotation of all the spins
together, which is a Goldstone mode. Other is related to out-of-phase rotation of spins between
the spins in the two sublattices. This mode is called *phason’. The introduction of quantum
or thermal fluctuations into this phase, break this phason mode of continuous rotations into
simple Z, Ising symmetry. As a result, the system become more ordered collinear phase, see
Ref.[76]. The more the number of zero modes present in the state, the more the system is prone
to fluctuations. So, the coplanar and nonplanar phases in Kagome and pyrochlores lattices
has more zero modes and has many interesting physics arises, see Ref [77-79]. For the latest
activities related this concept, see Ref. [80, 81] and its quantum analogs, see Ref. [82] and

references therein.

2.5 Material realization

This section summarises the existing classical spin liquid candidate materials. So far, all
the materials possessing CSLs are spin-ice models and related models. One of the foremost
experimentally known materials to have classical spin liquids is the 3D pyrochlores [22, 43].
The pyrochlore materials initially investigated to have spin-ice models are rare earth (R)
titanates R, Ti;O7, R=Ho, Dy. The zero point entropy of the pyrochlores was calculated at first
to confirm the resemblance of the water ice physics in Ho,Ti, O [33], Dy, Ti,O7 [83]. These
dipolar-magnets have surprisingly ferromagnetic frustration with dominating dipolar-dipolar
interactions. Later, simplifying models to study these models are proposed but still have many
puzzles to address; see Ref. [43] for details. Many spin ices are now known based on the
chemical base A;B, X7 being extremely large, including spinels rather than pyrochlores [84].
Recently, the classical spin liquid phase has been found in the Heisenberg Kagome compound
LigFe3(P,07)3(POy), [85], which has spin § = 2.

In addition to these materials known to have classical spin liquids, few cases in this class of
materials had prominent quantum fluctuations. These materials are prime candidates to have
quantum spin ice, including Pr,Zr,07([86], Pr,Hf,O7 [87], Nd,Zr,0O7 [17], and Ce,Zn,07 [88].
Various other materials with triangular [89-91], Kagome [92-94], and square Kagome lattices
[95-97] are found, but the spins need not be classical. But, all these are studied theoretically
with both classical and quantum spins.






Appendices for chapter 2

B.1 Dumbbell Approximation to Dipolar Spin Ice (DSI) Model

The dumbbell approximation to the DSI model goes as follows [45]. The point spin dipoles are
considered as infinitesimally thin magnetic needles along the easy axes connecting the centers
of adjoining tetrahedra, which give a diamond lattice. These needles carry dumbbells of charges
at each end, which touch at the diamond lattice sites, as shown in Fig. 2.2. For each dumbbell
at the ends, there is a positive and a negative charge denoted by +(Q; at site /, reproducing the
magnetic moment of the original point dipole. The spin ice rule is satisfied by taking two ends
with +Qy and two with —Q;. As a result, the ground state has a charge-neutral configuration at
each diamond lattice site. Changing the sign of a single dumbbell produces a monopole pair in
the tetrahedra connecting the dumbbell. By construction, the magnetic moment at each site of
the tetrahedron is given by the magnetic charge M;; = 21 connecting the diamond lattice sites
I and J. In the spin-ice state, for spin-ice configuration has Z?:l M;; =0 (.e. V-M=0inthe
coarse-graining), and for *3-in-1-out” monopole has Z?:I My; = -2.
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Emergent Glassiness in Disorder-free Kitaev

model

The complete phase diagram of the Kitaev model with a magnetic field remains elusive, as
do the experimental results in the candidate material ot-RuCl;. Here, this chapter discusses
the study of the Kitaev model on a one-dimensional ladder setting within the density-matrix
renormalization group (DMRG) method in the presence of a magnetic field at zero temperature.
There are five distinct phases found with increasing magnetic field, which are characterized by
a homogeneous flux phase, the Z, vortex gas, solid and emergent glass phase, and finally, a
spin-polarized phase. The emergent glassiness is confirmed by calculating correlation functions
showing quasi-long range behavior and ground state fidelity, showing a plethora of energetically
accessible orthogonal saddle points corresponding to different flux configurations. This glassy
behavior seems to arise from the slow dynamics of the Z, fluxes, which is a consequence
of the local constraints present in the underlying Hilbert space. This phenomenon can also
be explored in other spin-liquid systems where the corresponding low-energy excitations are
similarly retarded due to constraints.’

"This chapter is a reproduction of our published work on ’Emergent Glassiness in disorder-free Kitaev Model’
with reference PHYSICAL REVIEW B 108, 165118 (2023).
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3.1 Introduction

Quantum magnetism in crystalline solids and the study of spin liquids is experiencing a resur-
gence. It is partly due to a remarkable exactly solvable quantum spin model on a honeycomb
lattice by Kitaev [1], followed by an exciting proposal by Jackeli and Khaliullin [2] of ex-
perimental realization of Kitaev spin liquid in certain real materials. Several potential Kitaev
proximity materials are appearing on the scene [3—11]. New experimental results in possible
Kitaev systems, such as o-RuCl; [12-19], continue to surprise us. Beyond basic sciences,
developments in quantum spin liquids give hope and pave the way for novel qubits, topological
quantum computation, and quantum information science and technology.

The Kitaev model is studied extensively in the presence of the magnetic field in 2D
honeycomb lattice [20-25], in ladder setups [26, 27], and combined with other interactions
[28-30]. There has been a variety of results and proposals, some of which are ubiquitous
while others remain active research topics. There is theoretical evidence of U (1) quantum
spin liquid (QSL) in the intermediate field regime, with gapless excitations whose nature is
still debated (for reviews see [31-34]). Our understanding of the constituent gauge and matter
excitations in the Kitaev model with other interactions [35—42] and external perturbations are
gradually evolving [43—48]. In particular, the behaviour of the gauge fluxes is not explicitly
investigated in the previous numerical studies at finite magnetic fields, and hence their role in
the corresponding phases remained unknown. Moreover, given that the dynamics of the flux
excitations are restricted by the constraints in the underlying theory, interesting features such as
amorphous solid and glass phases can be expected here but remain unexplored in the literature.

The experimental situations similarly remained inconclusive. Experiments have observed
half quantization in the thermal Hall effect [49], and quantum oscillations in in-plane longitudi-
nal thermal conductivity without any observed quantization in the corresponding transverse
conductivity [50] in a-RuClj in the intermediate magnetic field region. Another experiment
has indicated multiple phase transitions in the same field region based on the anomalies in
thermal (both longitudinal and Hall) conductivity [51] Evidence of magnetic excitations [52]
and phonon anomalies [53] are also presented in experiments in the same field region (before
polarized phase appears). More recently, this is roughly the same magnetic field region where
an experiment finds a signature of significantly strong and unusual temperature dependence in
non-linear susceptibilities (), and x3).[54] Generally, a negative divergence in 3 is taken as
the signature of spin-glass. However, in a-RuClj a positive (‘A’-like) divergence in 3, along
with other unusual signals in Y », indicates the possible presence of some glass phase and/or
excitations with slow dynamics, but not a spin glass.

Emergent glassiness in disorder-free many-body systems is seen, sporadically or otherwise,

in many earlier works, although the observed phase was not often associated with glassiness.
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Intuitively, if the ground state is in proximity to a wealth of local minima due to (say frustration-
induced or topological-) degeneracy [55], ‘emergent disorder’ arising from an excessive number
of conserved quantities [56—58], or orthogonal catastrophe near a critical point [59, 60], or
local constraints or local bath, [55, 61, 62] its dynamics are impeded. In modern calculations,
it is also shown that if the Hilbert space is partitioned [63, 64] and/or disentangled [65] into
(local) Hilbert space, then the ergodicity is hampered.

The presence of a glass phase in the Kitaev model is highly probable, thanks to its distinctive
excitation spectrum. When a local spin flip occurs, it induces the non-local excitations of a
pair of Z, fluxes and/or a flux coupled with a Majorana fermion. However, the mobility of
these excitations is limited due to constraints within the underlying Hilbert space. Can these
excitations eventually freeze into a glass phase? Furthermore, what role does the flux density
play in the potential formation of the glass phase? What is the role of the parent spin-liquid
phase in it? In this work, we delve into these questions.

Here, we carry out a DMRG study on the Kitaev model on the 1D ladder at a finite
magnetic field and zero temperature. The problem has previously been studied using the
DMRG, iDMRG, and exact diagonalization methods, with or without the so-called I" interaction
term.[26, 66, 67]. While the phase boundaries with the magnetic field strength are reproduced
below, the identification of the phases, especially the amorphous and glass phases, remained
undisclosed in the previous studies. We find that the phases are described by the flux operator
on each plaquette, while interesting features are also observed in the local operators such as
spin operator per site[67] and flux operator in half of the plaquette. We find a set of interesting
phases with an increasing magnetic field. At low fields, the Z, gauge flux stabilizes in a
spatially homogeneous phase before it tends to crystallize. In the intermediate field region,
we spot a robust glass phase determined by random spatial distributions of the Z, gauge
fluxes, with possible gapless excitations. The emergence of glass physics is corroborated
by the signature results of the correlation functions and quantum Fidelity calculations of
the ground state. The dynamics of the glass phase have not been studied in detail because
they are computationally expensive to simulate using the DMRG method. The glass phase
intervenes in the homogeneous flux phase on one side and a homogeneous polarised phase
at a high field. The candidate mechanism for the intrinsic glass phase is that the dynamics
of low-energy excitations are restricted by constraints within the underlying Hilbert space,
not by the quintessential emergence of conserved charges. As the count of 7-fluxes reaches
the half-filling fraction of the plaquette number, the fluxes acquire a near-freezing behavior.
We also conducted the same DMRG analysis on a 4-leg Honeycomb strip with cylindrical

boundary conditions. The nature of the phases is the same as that of the 1D ladder except for
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Fig. 3.1 A Kitaev ladder setup that we study here. At each site, we have three nearest neighbor
bonds with exchange interactions, J , ., between S respectively, as in a honeycomb analog.
The J, interactions (J3, J4) are kept to be the same as well as different for comparison. a denotes
the lattice constant, while W, T; are flux operators defined in the text.

the quantitative values of phase boundaries. The glassy phase is observed for the range of fields
where the U(1) spin liquid was proposed [20-25].

Our remaining article is organized as follows. We present our DMRG method and results
in the Kitaev ladder at 7 = O as a function of the magnetic field and discuss the emergence of

various phases with emphasis on the intrinsic glass phase.

3.2 Method
We consider the Kitaev model with the magnetic field (h) along the [111]-direction as

H=) JoSiS7=) haSi. (3.1)
(ij)a o

Here J, > 0 are bond dependent exchange couplings, & = x,y,z. This model is set on the

1D Ladder as shown in Fig. 4.1). Each bond has three nearest-neighbor interactions, hence

mimicking the setup proposed by Kitaev on a honeycomb lattice. The coupling along the

z-bond (between the chains) is taken to be staggered, in general, as J, = J3 or J; in alternative

rungs, see Fig. 4.1.

The spin operator S at each site i can be factorized into matter Majorana fermion (c;) and
gauge Majorana fermion (b{) operators. Then the gauge Majorana operators in the nearest
bonds can be combined into a bilinear operator u,qj = ib}" b?, which serves as a Z, gauge field.

With this, we can define a flux operator at a six-bond plaquette p as

W, = S1855:8) S350 = [ [ ui., (3.2)

Iy
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where [, = ij, jk,kl,Im,mn, and ni are nearest neighbor bonds. The chosen spin component at
a given site is the one present in the outward bond (normal to the plaquette). It turns out that
W, at each plaquette commutes with the Hamiltonian at /2 = 0, giving N conserved quantities in
both 2D Honeycomb lattice as well as in the 1D ladder. In addition, in the present 1D ladder
setting, there are two additional local conserved quantities, which are four-bond plaquette

operators as defined by

Tip = S;8;5i8i = =] ui,
IP
By = SiSuSusi=—| [ul. (3.3)

Lp

where [, = ij, jk,kl,li bonds in the 1p-plaquette, and so on. These operators are shown in
Fig. 4.1. Consequently, W, = Ty ,T5, and [Tlp,sz] =0"'. In the ground state, all these
conserved quantities assume W = +1 and T1,/2, = +1, (uniform flux-free phase),2 giving us
an extensive number of conserved quantities. Hence, the many-body Hilbert space is made
of ‘trivial’ product states of gauge sectors and matter sectors [68]. This is a Z, - QSL state
[69]. The phase diagram of the ladder Kitaev model with J, , . has been previously explored
in Ref. [70]. The lines defined by J, — J,, = J3, J, — J, = —J3 for J3 = J4 exhibit gapless phases
characterized by linear dispersions. Furthermore, the J, = 0 line also features gapless excitations
but with quadratic band touching. The rest of the phase diagram has gapped excitations.

We study Eq. 4.1 at 4 # 0 by using the DMRG method for N = 200,300,400 with cylindrical
boundary conditions between the chains and open boundary conditions at the edge. The
randomly initialized Matrix product state (MPS) is variationally tuned to the ground state by
minimizing the expectation value of the matrix product operator of H in Eq. 4.1 (energy) with
bond dimension up to D < 2500 and truncation error, € ~ 10'°. The DMRG algorithm is
implemented using ITensors Library [72]. All the results of the main text are with J, = J,, =
J3 =J4 = 1; see Appendix. C.2 for results of other couplings. The expectation values of any
gauge-invariant operators are calculated by contracting the MPO with DMRG-predicted ground

state MPS.

We repeat some of the calculations on a four-leg 1D lattice with cylindrical boundary
conditions along the armchair direction and open boundary conditions along the zig-zag

direction. This geometry is closer to the 2D Honeycomb lattice; see Appendix. 3.6. The

'"These four-bond plaquette operators do not commute themselves or with the 2D Kitaev Hamiltonian but
commute with the 1D ladder Hamiltonian in Eq. 1 at 2 = 0.

'"Uniform flux free ground state is obtained by fixing the gauge: ul-aj =+1 on o = x,y bonds and on the legs,
u;; = +1(—1) along J3 (J4)-couplings [69-71].
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salient properties that are presented in the main text for the two-ladder are reproduced in the

four-ladder settings.

3.3 Results

150¢

100|
=

50;

0
0.

Fig. 3.2 (a) The spatial average value of the magnetization along the magnetic field direction is
plotted as a function of field strength. (b) Corresponding values of the uniform spin susceptibil-
ity () are plotted here. Three different colors denote the same calculated values but for three
different system sizes N = 400,300,200. The vertical dashed lines mark the phase boundaries,
which are located at & = 0.24,0.28,0.3, and 0.43. (The plots are magnified between 4 = 0.2 -
0.5 values for visualization.)

In gauge theories of the present kind, it is often difficult to find the right order parameter (s),
especially when there are multiple phases that compete and/or coexist. As h — 0, we have a

non-local multi-linear operator, W,,, which acquires a fixed eigenvalue at each site as discussed

above. At h — o0, the local linear (magnetization) operator S? has a uniform average value in
the polarised phase with the easy axis oriented along the field direction /. There is no obvious
way to smoothly interpolate between these two (quasi-) local operators, and a phase transition
between them, if exists, evades the Landau theory and occasionally can be classified within
the deconfined quantum critical paradigm. Non-local string operators arise as dynamics are
introduced in the intermediate magnetic field strength. These string operators bind flux-flux,
matter-matter, and/or flux-matter excitations. It is numerically expensive to evaluate their
expectation values within DMRG. We will, however, occasionally comment on the possible
role of such non-local string operators for the slow dynamics of the glassy phase we obtain
here.

We present the spatial average values of the ground-state expectation value () = zlv > (O,

where O, = S,h, [ = i site index as shown in Fig. 3.2, and O; =W, T, T1,; | = p plaquette
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Fig. 3.3 Computed values of the spatial average of the three flux operators W, T; are plotted as
a function of field strength. The results are shown for a DMRG run on a 400 site lattice. The
vertical dashed lines indicate the same phase boundaries as in Fig. 3.2. The horizontal dashed
line marks the (W) = 0 line.

index, as shown in Fig. 3.3. In both values of M = (S) and (W), we observe concurrence of
kinks or jumps with increasing magnetic field strength 2. We denote these finite-field phases by
L 11, III, IV, and V. We see in Phase I, a uniform flux value at all plaquettes with the average
value decreasing with 4, and hence we dub it the uniform-flux phase, see Fig. 3.4. In Phase II,
local flux (we will call them Z, vortex) values begin to deviate from their finite mean value at a
few plaquettes. This is a result of the appearance of the low density of 7 fluxes in the ground
state. Phase III appears in the region where the number of vortices is nearly half of the number
of lattice sites (half-filling), and Z, vortices tend to crystallize. Phase IV corresponds to the
glass phase with random fluctuations in the Z, vortices around a zero-mean value. Finally,

Phase V corresponds to the uniform polarised phase.

The magnetization grows near-linearly at all field strengths except in the intermediate
M
on
phase boundaries. The divergence in ) is most sharp at 4 = 0.43J, at the phase boundary

region. The uniform spin susceptibility, defined as y = shows divergence features at all

between the glass and the polarized phases, possibly indicating a phase transition caused by the

long-wavelength collective excitations (magnons).
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Fig. 3.4 The computed value of (W),) are shown for each plaquette p for two different fields (a)
h=0.2 (b) h =0.275, which correspond to Phase I and Phase II. (c),(d)) The values of (Tﬁ p)
are shown in the corresponding bottom panel. The 75, > Tj,, at a p corresponds to 77, flux
sitting at the boundaries, and vice versa

3.3.1 Uniform and Crystalline phases of fluxes

The expectation values of flux operators show an intriguing behavior, as shown in Fig. 3.3. Up to
h = 0.24J, we observe a uniform value of (W, ), but (T;,) obtain staggered mean values between
the alternative four-bond plaquettes, as shown in Fig. 4(a) and 4(b), respectively. (The condition
for Ty, > T, versus Ty, < T, at a given plaquette depends on the open boundary condition.)
Moreover, the uniform value of (W,,) < 1 at all plaquettes suggests that the gauge sector of the
ground state can still be approximated to be a product state of local basis, but now the local
states have changed from |+), ath =0to o, |+), + B,|—), for h > 0, where W, |£), = +|+) .
and al% - /35 = (W,), V¥ p. The normalization condition dictates Otg = (1+(W,))/2.

When the Kitaev model is perturbed, in general, one gets complicated multi-body interac-
tions among Majorana Fermions and Z, gauge fluxes. Z, gauge fluxes become dynamic and
acquire finite effective masses[45]. Further, open string operators carrying Majorana fermion
modes (both bf’y “ and ¢;) at their ends also have expectation values in the ground state. The
study of open strings using DMRG at finite fields is cumbersome. Elaborated discussion on
these string objects at finite fields and their role in dynamics is presented in Appendix. 3.7.
There are excitations due to T;, fluxes whose energy scale is < 107%J. But in the uniform
(W,,) phase, we find that (T},) > (T5,) for T}, sitting at the boundaries ({7} ,) < (T»,) for T»,,
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Fig. 3.5 Similar to Fig. 3.4, but here the results are shown at two representative fields of Phase
III (A = 0.2975) and Phase IV (h = 0.365). In the middle panel ((c),(d)), we plot the real part of
the Fourier transformation of (W, ) with wave vector k.

at boundaries). In addition, both the W and T flux pairs are also virtual excitations. These
excitations induce further neighbor hopping to the matter fermions. The density of these
excitations increases as a function of 4, changing the magnitude of the (W). The energy gap
to create flux-pair is < 107°. Similarly for 7—flux pair, it is < 107 (see, Appendix. C.1).
There are long-wavelength collective excitations, in which a,, (i.e., (W,)) varies slowly across
the lattice but with a gap that scales with the system size. Finally, single matter Majorana
excitations appear at higher energy.

A single Z, vortex creation in the uniform flux case at a six-bond plaquette, i.e., changing
W, from +1 to —1 costs energy E ~ 0.24J. Therefore, for h > 0.24J, W), vortex creation is
energetically feasible. In the dilute limit, the vortices start to proliferate in the lattice like a

vortex gas or liquid phase, which is Phase II in our phase diagram.
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Fig. 3.6 We plot the correlation function of the flux operator AW,, with p = 50 for (a) & = 0.295,
and (b) & = 0.365.

With further increase of the field strength, by 2 > 0.28J there is a tendency for the vortices
to crystallize, as shown in Fig. 3.5(a). This is Phase III. Here, W, = +1 plaquettes are nearly
equal in number, giving (W) — 0, which is close to half-filling. In this case, the vortices are
‘frozen’ to the lattice site with alternating plaquettes having opposite W, sites; see Fig. 3.5(a).
This phase is analogous to a density wave order in a correlated fermionic insulator or hard-core
bosonic insulator at half-filling. The vortex lattice formation is evident in the dominant value
of the Fourier component of the flux operators at a single wavevector as shown in Fig. 3.5(c).
Slightly away from the half-filling on both sides, we observe here a few wavevectors and

quasi-long-range correlation functions. which suggests an amorphous behavior.

3.3.2 Emergent Glassiness

An amorphous crystal is a precursor to glassiness and may be at play in the present case as well.
The energy to create a single W), flux in the crystalline phase is ~ 0.05/ (assuming uniform
crystal for this estimation; see Appendix C.1 for more details). Therefore, at & > 0.3/, we enter
into the dense vortex region (Phase IV). The large value of the Z, vortex density is evident in
the (W) < 0 value shown in Fig. 3.3. Because of this high density, any small local fluctuation
tends to impede the ordering of the entire lattice, and hence a glassiness arises.

We calculate the correlations of W), quantifying the fluctuations from its mean, as AW =
(W,W,) — (W, ){(W,), where the expectation value is calculated with respect to the MPS ground
state. The value of the correlation of the fluxes is ~ 10%, and the correlation length extends up
to 20-30 plaquette distance on both sides, as shown in Fig. 3.6(d). Furthermore, this quasi-long
correlation length in the glass phase is larger than its precursor crystalline phase. This is in

contrast to a solid-to-liquid phase transition where the correlation length decreases in a liquid
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phase. This is one aspect of the glassiness that distinguishes phase IV from it being the liquid
phase.

In this phase, the local spin operators exhibit an incommensurate order, as also reported
earlier.[67] Different incommensurate orders in finite lattice give closely lying energy states but
fail to become orthogonal to each other. On the other hand, as we will see below via the Fidelity
calculation, different local minima states are completely orthogonal to each other, suggesting
that the glass state is not governed by the incommensurate local spin but by the flux operators.

Furthermore, we have also checked that the phase has a non-zero central charge, signaling
gapless excitations. Note that this is the approximate range of fields where gapless U (1) QSL
state is proposed in the 2D Honeycomb Kitaev model [20-25]. The convergence of DMRG
minimization in this range of fields is slow compared to time scales for other phases (see the
Fidelity result for the corresponding interpretation).

Referring to the definition of W), in Eq. 3.2, it is easy to associate the fluctuation of (W, )
with the quantum fluctuation of the spins. This sets the present glass physics apart from
the classical glassy phase of frozen spin configurations. Note that apart from single flux
productions, there are also non-local flux pairs that are connected by Wilson operator (Wp)n -
which in the spin operator form takes a string operator. This automatically generates n—point
spin-spin correlations in this system. Definite a n™-order uniform susceptibility x, ~ 0" M /dh",
we have checked that the second and third-order susceptibilities in this region are large and
more chaotic as a function of the magnetic field. Note that in a Gaussian fluctuation theory, the
third and higher-order susceptibilities vanish, as we also find in the other phases. But in Phase
IV, we find significant enhancement of the mean square values of the second and third-order
susceptibilities in the range of O ( 102) to O ( 103).

For the high magnetic fields, Phase V is trivially polarised along the [111] direction. The
fluxes are half of the plaquettes with 7— fluxes resulting in (W,,) = 0 and (77,/2,) = 0 in every
plaquette uniformly.

There is no glassy phase observed for the ferromagnetic couplings, i.e. J, =J, =J3 =J4 =
—1. Here, we find two phases: the uniform flux phase at a small magnetic field region and the
polarised phase with uniform (W,) = 0 (and (T ,/2,) = 0).

3.3.3 Robustness of results with other Lattice Settings

We repeat the DMRG calculation in a 2D lattice strip via the four-leg Honeycomb lattice with
cylindrical boundary conditions; see Appendix. 3.6 for more details. We find four phases
(Fig. 3.8), where phase II and phase III are not distinguishable within the finite system size

calculation. More importantly, the glass phase is reproduced here.
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We also repeat the DMRG calculation in the 1D ladder for J4 = 0 with other parameters
fixed at 1. This creates open boundary conditions between the chains. The result is presented
in Appendix C.2. We find two phases: at & > 0, we immediately find a crystalline phase (phase
IIT) and the uniform polarized phase (phase V). The glass phase is absent here.

3.4 Phase transitions and Fidelity
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Fig. 3.7 I plot the quantum Fidelity (defined in the text) with magnetic field for N = 400 lattice
sites. The vertical dashed lines indicate all five phase transition points, which coincides with
Figs. 3.2 and 3.3.

In the absence of a well-defined local order parameter, characterizing phase boundaries
and phase transitions becomes challenging. In such a scenario, we can study how different
variational ground states are mutually orthogonal as a function of the control parameter. This
information can be obtained by the quantum fidelity analysis.

The quantum Fidelity is defined as F (k) = |{wo (h) |wo (h+ 6h))|, where |y (h)) is the
ground state vector obtained from the DMRG calculation at 4 [73-77]. It is now evident that
if the states |w(h)) and |y (h+ 8h)) are linearly dependent, we have F — 1, and if they are
completely orthogonal, we get F' — 0, and any value between them measures the overlap
between the two wavefunctions.[78] The fidelity F' vanishes in two major scenarios: due to
gapless excitations and emergent glassiness. As the system is tuned to a new configuration,
and if the corresponding state is orthogonal to the preceding one, the fidelity between the two

states vanishes. This phenomenon is known as the orthogonality catastrophe, as proposed
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by Anderson in free Fermion systems. It is an infrared catastrophe that arises from gapless
excitations. However, fidelity can also vanish due to emerging glassiness. In this case, the
system becomes trapped in some metastable local minima whose states are mutually orthogonal
to each other. We discuss below why the glass phase is the origin of the F = 0 value in our case.

As shown in Fig. 3.7, we see that F — 1 in both the uniform phases of flux (Phase I) and
of spin (Phase V), suggesting a unique ground state in these phases. F sharply decreases at
the phase boundary between Phase I and II, implying that the vortex gas phase is separated
from the uniform phase by a phase transition. Within the Phase II region, the Fidelity does not
completely reach 1, suggesting the presence of configurations that partially overlap with the
chosen ground state.

The most exciting feature is obtained in Phase III (amorphous vortex crystal) and Phase IV
(vortex glass) where F = 0. This clearly indicates the presence of a plethora of local minima
whose wavefunctions are orthogonal to the chosen ground states. These local minima are
not degenerate, as in the case of an infrared catastrophe, but lie within the energy fluctuation
scale provided by the magnetic field. Additionally, we repeated the DMRG runs with different
random initial configurations at a fixed value of the magnetic field. In each iteration, the
obtained ground states are orthogonal to each other. We have performed the ED calculations
with system sizes 6, 10, and 14. And found that the results qualitatively agree with the DMRG;
see Appendix 3.8 for the details. These findings strongly suggest that the orthogonality is
unlikely to be driven by gapless excitations and rather points towards the stabilization of a glass
phase.

The fidelity is consistently zero in both Phase III and Phase IV, which aligns with expecta-
tions since an amorphous solid serves as a precursor to a glass phase. In an amorphous solid,
a domain of fluxes has a metastable ground state, while in the glass phase, the domain size
reduces to a single flux. Orthogonal ground states obtained from different DMRG runs for
phase-III have different domain wall structures. Since the flux configurations vary for different
initial conditions in DMRG runs, the size of domains varies from one another. However, the

size of the largest domain scales proportionately with the system size.

3.5 Discussion

A key feature of the QSLs, in general, and the Kitaev model, in particular, is the presence of
constraints on the Hilbert space for low-energy excitations. The emergent matter excitations
typically enjoy an enlarged Hilbert space than the physical Hilbert space of the spin operator
provided by the Hamiltonian. This restriction on the available Hilbert space limits the dynamics

of the excitations on the phase space.
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In this DMRG study, we observed the glassy phase at the intermediate field range on the
1D ladder and then in a 4-leg Honeycomb strip with a cylindrical boundary. Previously, various
numerical studies have suspected intrinsic glassiness or slow dynamics in general as a function
of temperature and applied field. Localization features are observed for a range of different
couplings in the Kitaev ladder model at low field [79], indicating that the localization behavior
is beyond uniform flux approximations at low fields. A non-ergodic phase is also proposed
in the 2D Kitaev model under quench with skew magnetic field [80] and without the field for
anisotropic couplings [81]. Recall that the exact solution of the Kitaev model at the zero field is
a result of NV local conserved quantities (flux operators) in a honeycomb lattice of N plaquettes.
As claimed in Refs. [63, 64], the local conservation constraint leads to the shattering of the full
Hilbert space of dimension 2"V into 2" sectors of equal dimension. Each sector defines a 2N
dimensional Hilbert space of free neutral fermions. This perfect partitioning of Hilbert space

and consequent superselection impairs ergodicity and favors many-body localization.

Any external perturbation that directly couples to the local spins generates excitations of
flux pairs or flux-Majorana bonding. These topologically protected excitations have restricted
dynamics in the lattices and are impervious to annihilation by temperature or local defects
[82]. However, the emergence of a glass phase, specifically a flux glass rather than a spin
glass, necessitates further fine-tuning. In our study, we observe that as the number of fluxes
reaches half-filling, the disorder configurations of these fluxes form local energy minima
with corresponding orthogonal quantum states. These local minima possess slightly different
energies, comparable to the magnetic field’s strength, and do not give rise to a degenerate
manifold. Consequently, an infrared catastrophe does not occur; instead, the system freezes into
one of these local minima configurations. Since the flux operators are products of spin operators
within a plaquette, the flux correlation function corresponds to a many-spin correlation function.
Measuring such a correlation function is currently infeasible using existing experimental
techniques. However, indirect measurements can be achieved through experiments involving
field quenching and non-equilibrium analyses. For instance, femtosecond laser pulses can be
employed to probe the glassiness present in Kitaev spin liquid materials.

Extending these ideas to the RVB state, a few conjectures can be made for future studies.
A local spin flip at a site produces two spinons, which separate away during time evolution.
However, spinons as sources of emergent gauge fields, carry gauge fluxes [83]; sometimes both
electric and magnetic charges, called Dyons [84, 85]. Net gauge fluxes created by the spin
operators are zero, even though the spin operators are gauge invariant. Flux attachment endows
spinons with fractional exchange statistics in 2 dimensions [86]. This is also transparent in
Kalmeyer-Laughlin chiral spin liquid state [87, 88] and later works, where low energy spinon

carries a Vison or Meron (half-Skyrmion) [85] or SU(2) gauge fluxes [89]. The restrictions on
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the spinon dynamics lower its kinetic energy. Whether these spinons can freeze to form a glass

phase in a U(1) spin liquid phase remains to be investigated in future studies.

3.6 Towards 2D: Results on 4 Leg model
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Fig. 3.8 The spatial average values of (W,) as a function of the magnetic field for the four-leg
Honeycomb lattice with system size N = 52 sites. The vertical dashed lines are pointing the
fields of phase transitions identified from the magnetic susceptibility.

To find out the robustness of the phase diagram presented in the main text on a two-leg
DMRG calculation, we repeat the calculation on a four-leg ladder with cylindrical boundary
conditions of system size, N = 52 sites and with bond dimension D < 1000, truncation error,
e~10""" We reproduce four phases as presented in Fig. 3.8. Those four Phases are Phase 1,
Phase III, Phase IV, and Phase V of the 1D ladder results presented in the main text.

The different phase boundaries are identified from the magnetization values with smaller
steps of the magnetic field than seen in previous studies; see, for example, Ref. [20]. The
average expectation of the plaquette operators as a function of the magnetic field is shown in
Fig. 3.8 agreeing with the previous findings [21].

Even though the system size is small and prone to boundary effects along the legs, we
reproduce four phases, as seen in the 1D ladder. Here, the boundary between Phase- II to Phase-
[T is not explicit within the finite size calculations. The low field phase, Phase-I, for fields up to
0.23J, has uniform flux configurations, as shown in Fig. 3.9(a). Then, in Phase III, for a range
of fields 0.23 < h < 0.29, the proliferation of the dynamically generated fluxes into the ordered
configurations is observed, see Fig. 3.9(b). For fields above 0.29, the randomly distributed
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fluxes without any order are observed up to 0.36 in the proposed U(1) spin liquid region. The

flux configurations in the polarised phase are with (W),) = 0 in all the plaquettes uniformly.

(a) (b)
0.393
0.772
0.163
0.095
0.643
0.036

Fig. 3.9 (W,) at (a) h = 0.18 and (b) & = 0.26, the emergence of periodic ordering in flux
configurations is observed at this field. The color bar indicates the strength of the flux in a
given plaquette. The shaded plaquettes are connected for the periodic boundary in the cylinder
geometry.

3.7 Topological Overprotection, Non-local String Operators
and Emergent glassiness at finite temperature in Disor-

der free Kitaev model

In this section, we elaborate on the discussion of the non-local string excitations in the Kitaev
Honeycomb Lattice model and their constrained dynamics. The ground state of the uniform
Kitaev model, a zero Fermion number sector, lies in the zero flux sector, as dictated by Lieb’s
theorem (2D analogue of discussions in Sec. 3.2 of main text). This sector has full translational
invariance, and a graphene-like Dirac cone spectrum of positive energy Fermion excitations
(Majorana fermion) in Bloch states in the Brillouin zone of the honeycomb lattice. Other flux
sectors bring in new physics. The spatial distribution of conserved and static 7-fluxes, selected
randomly from among the o sectors, is typically random. Consequently, one particle wave
function of the positive energy Fermions will be non-Bloch-like and generically Anderson
localized.

We demonstrate that the Kitaev model has features that encourage glassiness at finite
temperatures in the absence of disorder. The notion of Topological overprotection [55] induced
glassiness was introduced by Chamon using 3D toric code quantum spin models. At the heart
of Chamon’s work is the observation that coupling of the constituent spin degree of freedom

at lattice cites to a dissipative Bosonic (model thermal) bath results in the creation of defect
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(anyons) clusters. Because of topological protection, defect annihilation and propagation are
severely constrained. It results in anomalous and slow relaxation - this is the beginning of

glassiness.

To induce dynamics, following Chamon, we couple the constituent spin degrees of freedom
*T (this is

analogous to applying site-dependent magnetic fields in Eq. 4.1. And this discussion also

at lattice sites to Bose oscillators (of some external heat bath) at every site: a;',a

applies in case of homogeneous fields mentioned in the main text).

+
Hspin/bath = ZgaSia (al('x_i'alq )

1,0

Where g, 1s the coupling strength. It was shown [68, 90] that a spin operator at site i, when
acting on the ground state, creates a pair of static 77-flux excitations in two plaquettes that share
a single bond (in ¢-direction) and a dynamical Majorana Fermion. During time evolution, the
Majorana Fermion propagates away from the site i, while the two 7-fluxes remain immobile.
The dynamics of the two fluxes are restricted (topologically protected) in the following sense:
They disappear only when a specific process takes place - when the nearest neighbor spin at a
specific site creates/annihilates a (bath) boson and adds two more 7-fluxes (thereby annihilating
the two m-fluxes that are already present). If a different spin component at the same site i
creates/annihilates a boson, then the 7-flux pair does not get annihilated but reoriented. If a
wrong nearest neighbor spin creates/annihilates a bath Boson, two fluxes split and separate into
two next nearest neighbor 7-fluxes.

Another extended operator arises from the liberated Majorana fermion. In terms of con-
stituent spin operators, the Majorana fermion operator is a product of a string of spin operators.
One end of the string is attached to the plaquette pair, and the other end carries the Majorana
fermion. In other words, the Majorana fermion that has been created by coupling to bath
Boson’s degree of freedom is an extended object (strings). Strings of two Majorana Fermions
can cross and get reconnected but never disappear. This feature of topological protection of
strings is absent in models discussed in Ref. [55].

The above two types of non-local string operators from 7-flux pairs and spin strings attached
to Majorana fermions limit the disappearances of fluxes and discourage the proliferation of
strings. Equilibration processes get slowed down, and glassiness may emerge. Thus, at any
finite temperature, because of the production of 7-flux excitations and strings, glassiness is
induced via coupling to the bath.

From another point of view, the Quantum disentangled liquid [65] character at any finite
temperature is manifest and exact in the Kitaev spin liquid. We have thermally produced

infinitely massive Z; fluxes, in the background of which light Majorana Fermions hop and
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attempt to delocalize. In the thermal ensemble, various superselected sectors with static fluxes
appear and typically support Anderson localized positive energy neutral Fermions [91]. Thus
we have overwhelming members of the thermal ensemble that form a quantum disentangled
liquid with a high susceptibility for glassiness and non-thermalization.

3.8 Exact diagonalization calculations
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Fig. 3.10 (a) E — E| at the magnetic fields: h= 0.1 (Phase-I), 0.26 (Phase-II), 0.29 (Phase-III),
0.36 (Phase-IV) and 0.6 (Phase-V) for system sizes N = 6, 10, and 14 are plotted. E is the
corresponding ground state energy. (b) The gap between the first excited state from the ground
state at the above-mentioned magnetic fields is plotted as a function of system size (V).

We have performed the exact diagonalization (ED) calculations with the system sizes N =
6, 10, and 14. The results are shown in Fig. 3.10, where we have plotted the lowest five energy
levels at five representative field values. A plot of the energy gap between the ground state
and the first excited state is given in Fig. 3.10(b). We find that in Phases II, III, and IV, the
energy gap decreases with increasing system size. The gap decreases much more slowly in the
polarised phase (V), while that in the homogeneous phase (I) is nearly constant. There is a
ground state degeneracy in Phases I and II, as also observed in the DMRG results. Within the

numerically accessible system sizes, the ED results are consistent with our DMRG conclusions.

3.9 Conclusions

Our detailed DMRG study on the 1D Kitaev model with a magnetic field reveals an intriguing
phase diagram with five phases, and among them, we discover a glass phase. All these five

phases are also obtained in the Kitaev-I" model in previous studies[26, 66, 67]. We have found
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an intriguing intrinsic glassiness in a part of their phase diagram when I" = 0. It is likely that
glassiness is present in other regions of the phase diagram which remains to be investigated
in the future. Furthermore, we are able to segregate between the vortex gas, crystal, and glass
phases in the otherwise known U(1) QSL phase, due to the detailed analysis of the vortex
operators as well as the Fidelity calculation. We find evidence of gapless excitations in the
vortex glass phase but not in the gas and crystal phases.

How robust is our phase diagram beyond a two-leg ladder geometry and beyond the
limitations of the DMRG studies? A complete answer to this question is not known in the
community. We have, however, repeated the DMRG calculation on a four-leg ladder geometry
as given in the Appendix. Here, we find four Phases: Phase I, Phase III, Phase IV, and Phase V.
This means the boundary between Phase II (vortex gas) and Phase III (vortex crystal) is not
discernible. However, the vortex glass of present interest is well reproduced.

There are now numerical software available for finite temperature calculation within DMRG
and Tensor network formalism. Future extension of our calculation to finite temperature will
shed light on the possibility of a BK'T-like physics for Z, vortex as well as the stability of the
glass phase to thermal broadening.






Appendices for chapter 3

C.1 Estimation of Gaps

The gap to the excited state with 7— fluxes from uniform flux phase at 42 = 0 is estimated by
Exact Diagonalization. The ED calculations are done with matter Majorana fermions by fixing
the gauge in accordance with uniform flux configuration. The Z, vortex gap for creating a
single W or T 1is, in principle, calculated by keeping two W or T w— fluxes infinitely far apart.
In finite-size calculations, that is approximately the y-axis intercept of the plot: gap versus 1/d,
where d is the distances between the two — fluxes with systems sizes, (2d). The £— flux pair

can be created by changing the bond operator from u? ) = +1 to —1 on z— bond common to

l

the two adjacent plaquettes. Further creating a series ojf adjacent w—fluxes either to the right
or left of already created flux-pair for separating those initially created 7—fluxes accordingly.
The gap to single W vortex is = 0.24 and for W flux-pair, < 107, In case of T plaquettes, it is
<107 for single vortex and < 107 for flux-pair.

The ordered superlattice flux configuration at the finite field strength is approximated to
uniform crystal for estimation of the gap. Further, it is approximated as follows: the high (W, )
value in the plaquette p to +1, the lower one to —1. With this approximated flux configuration,

the estimated gap to the single vortex is calculated following the same approach as for the
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uniform flux case. The gap to a single W vortex is = 0.05 in this approximated uniform

crystallized flux configuration. All the energy values mentioned in this article are per unit cell.

C.2 Phases for Different Couplings
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Fig. C.1 (a) Average of (W,) for N = 400 as a function of magnetic field for the coupling J4 = 0
with J, = J, = J3 = 1. The phase boundary is indicated with a vertical dashed line. (b){W,) as
function of plaquette number, p at field 2 = 0.165.

In the main text, we presented results for J, =J, =J3 =J;, = 1. J4 = 1 imposed a cylindrical
boundary condition perpendicular to the ladder, leaving no bond indices to be open. Now we set
J4 = 0, which gives alternating sites to have open bonds in the matrix product state. The energy
dispersion of matter fermions in the ground state with 4 = 0 is gapless and quadratic. For / > 0,
only two phases are present with a phase boundary at 4 = 0.215, which is distinguished by a
cusp in the magnetization plot (not shown). The average value of the W), operator as a function
of the magnetic field is shown in Fig. C.1(a). The low field phase is a crystalline phase of
{(W,), as shown in Fig. C.1(b). This phase is same as Phase-III for J, = 1 given in the main
text. The high-field phase is a polarized phase with (W,,) = 0 at all the plaquettes. There is no
glass phase observed here.

Two phases with phase boundary around % = 0.25 as a function of the magnetic field are
found with couplings J, = 2,J,, = J3 = J4 = 1, where the ground state dispersion of matter
fermions at & = 0 is gap-less and linear. No structural difference is observed in flux configura-
tions in both phases, with (W) decreasing smoothly with increasing h.
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Fractional Wannier Orbitals and
Tight-Binding Gauge Fields in Kitaev
Honeycomb Superlattices with Flat Majorana
Bands

Fractional excitations offer vast potential for both fundamental physics and quantum technolo-
gies. However, their dynamics under the influence of gauge fields pose a significant challenge
to conventional models. Here, we present a systematic approach for constructing low-energy
lattice models for fractional Wannier orbitals traversing via tight-binding gauge fields. The
method transcends the geometric approach for eliminating high-energy states by systemat-
ically removing these states through virtual hopping, thereby deriving the gauge potential
via a superexchange-like mechanism. We apply this method to investigate the evolution of
low-energy Majorana dispersions across various crystalline phases of the 7-flux in the Kitaev
spin model on a honeycomb lattice. Our study reveals an intriguing phase transition between
two non-trivial topological phases characterized by gapless flat-band (extensive) degeneracy.

Additionally, to analytically model the interaction effects of fractional particles, we introduce
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a gauge-invariant mean-field theory for Majorana flat bands, resulting in correlation-induced
fractional Chern insulators. Our work opens doors for future exploration of U(1), SU(N)

gauge-mediated tight-binding approach to other fractional or entangled Wannier excitations."

4.1 Introduction

The key to harnessing quantum materials for quantum technologies lies in engineering and
controlling emergent excitations that obey unique statistics. [1-7] The sought-after excitations
such as anyons, Majorana-, and para-fermions living on the enlarged (fractionalized/entangled)
states embedded in a physical many-body Hilbert space of electrons or quantum spins. In
the effective field theories for these emergent excitations, the influence of the remaining
system degrees of freedom is incorporated through a geometric term.[8—15]. This couples the
particle-like excitations with the emergent gauge fields to commence exotic statistics that enjoy
constrained, protected, and slow dynamics of various characteristics.[16—19]

Within a lattice, how are the orbital states of fractional particles characterized when
they undergo hopping under tight-binding gauge fields? Standard methods such as maxi-
mally localized Wannier orbitals (MLWOs),[20-22] the perturbation theory,[23-26, 26-29],
renormalized Hamiltonian,[30], rotating-wave approximation, [31, 32], Hubbard-Stratonovich
transformation,[33, 34] produce effective low-energy models for conventional quasiparticles
hopping in a lattice potential. In contrast, entangled or fractional particles traverse a lattice
under a lattice gauge potential. Symmetry arguments and dualities are often employed to
postulate such lattice-gauge theory coupled with particle-like excitations [9, 35-38]. Wegner
realized that the high-temperature disorder phase of the Ising model is dual to a Z, lattice gauge
theory.[39]. Kitaev introduced the first exactly solvable low-energy spin model exhibiting a
spin-liquid ground state, which directly translates to a Z, lattice gauge theory.[40-43] However,
a systematic derivation of an effective Z, gauge field-mediated TB model for the low-energy
states for fractional particles that are embedded in a larger Hilbert space is missing in the
literature.

This work presents a systematic derivation for a TB model describing Wannier Majorana
orbitals traversing a lattice via a Z, gauge potential. The method generalizes to any lattice
U (1) gauge field for anyons, incorporating an additional particle-hole symmetry constraint
specifically tailored for Majorana fermions and Z, gauge fields. Conventional approaches for
quasiparticles utilize projection operators on derived Wannier orbitals to eliminate high-energy

states and subsequently acquire gauge fields through the pullback operation on the manifold.

"This chapter is a reproduction of the preprint on our work titled *Fractional Wannier Orbitals and Tight-Binding
Gauge Fields for Kitaev Honeycomb Superlattices with Flat Majorana Bands’ with reference arXiv:2407.12559.
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We propose an alternative approach, introducing a variational potential within the effective
Hamiltonian. This potential acts as a superexchange-like interaction, mediated by virtual
hopping processes to the eliminated states. Through analysis, we determine the conditions
under which this potential manifests as a gauge potential. Additionally, the method facilitates
the imposition of a flux-preservation constraint, ensuring consistency between the derived

low-energy lattice theory and the parent full model.

The Kitaev spin model on the honeycomb lattice [40] is an exactly solvable model exhibiting
uniform Z, fluxes in the ground state and Z, vortices and Majorana fermions as excitations.
With an applied magnetic field, the Majorana excitations - confined to Z, vortices - can be
proliferated, leading to flux crystallization and an exotic quantum glass phase [19], before
turning into other possible U(1) phases.[44-50]. Alternatively, manipulating the Z, flux
distributions from uniform to staggered in the parameter regime of the flux crystalline phase can
provide a versatile platform for controlling the dispersion relation of the Majorana fermions.[51—
56] The present work focuses on exploring various superlattices of Z, flux pairs and the
corresponding evolution of the Majorana dispersions, with a particular emphasis on cases where
flat bands emerge. We then construct an effective lattice Z, gauge theory for these flat bands to
investigate Majorana Wannier orbitals. The gauge potential is introduced in the Hamiltonian via
a superexchange-like interaction with the eliminated states that act as TB parameters between
Majorana Wannier orbitals. The effective model facilitates the determination of the Chern
number and the criterion for vortexibility through quantum metric. We find an interesting
case where the flat band with extensive degeneracy underlies a novel critical point between
two topologically non-trivial phases. Finally, we introduce a mean-field theory for the gauge-
invariant Majorana density-wave state in the flat bands to obtain an analytically tractable
description of a fractional Chern insulator state.

4.2 The Kitaev model with staggered fluxes

The Kitaev model is a particular lattice model of the spin-1/2 operator S; sitting at the i" site
on a honeycomb lattice and interacting with the nearest neighboring sites with bond-dependent
exchange coupling J. In the Majorana fermion ¢; representations of the spin-1/2 operators,
the model reduces to a model of nearest-neighbor Majorana hoppings mediated by a bond-
dependent Z, gauge field u;; = £1. For a small magnetic field, 4 applied along the [111] -
direction, the lowest-order perturbation term produces a next nearest-neighbor hopping with

the coupling constant K = i /J2 (from the term Z <(ik>>Sl¥ SjSz ).[40, 57-63] The model is
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(a) (b)

Fig. 4.1 Z, flux crystal structure and the supercell formation in the Kitaev model. (a) We show
a2 x 2 supercell of honeycomb lattice containing a 7 - flux (W, = —1) pair (orange plaquette)
separated by two vertical bonds having u;; = —1, while the rest of the plaquettes (white) have

zero flux and bond have u;; = +1. a; = (4av/3,0) and a; = a(V/3,3), where « is the nearest
neighbor distance in the honeycomb lattice. Inset: Three different exchange interactions J
along the three nearest neighbors at each site are highlighted in different colors. (b) The chosen
gauge convention for the u operators in the Kitaev model is shown as u;; = +1 if an arrow
points from site i to j, or —1 otherwise. The same is shown for the next nearest neighbors by
dashed lines where two u operators for the intervening nearest neighbor bonds are multiplied.
For example, the bond from the site, i to k term has u;;u ; is —1. This convention is for the
uniform flux sector, where each plaquette has zero flux.

expressed as

H= iJZuijcicj +iK Z U; jU jkCiCr- 4.1)

(if) ((ik))

The candidacy of the gauge field u;; demands it to be an antisymmetric tensor: u;; = —u;, living
on the bond between the i and j sites. And, the gauge field for the next-nearest neighbor u;y is
a path-ordered product of two subsequent nearest-neighbor gauge fields u;; = u;ju j, where j is
the intermediate site between i and k. This is reflected in the second term in Eq. (4.1). A gauge
choice of u;; is shown in Fig. 4.1(b). A Z; operator, defined on six consecutive links forming a
loop on a plaquette p, is defined as W), = u; ju jxug )ittty W), gives the Z, flux monopole
charge with W, = £1 for zero (7) flux. Another flux operator of importance is defined at the
i site (called a vertex) as X; = u; ju;xu;;, which acts as a Z, electric charge, which introduces

quartic interaction between Majoranas (see Sec. 4.4.4).

The Hamiltonian’s gauge redundancy manifests in gauge-dependent Majorana dispersions.

However, the essential properties of these dispersions, such as the presence of gapless point
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(point degeneracy), flat band (extensive degeneracy), or topological features (band inversions),
are gauge-invariant. The specific location of these gapless or band inversion points depends
on the chosen gauge. In uniform flux configuration with all W, = +1 and a gauge fixing of
all u = +1 gives a graphene-like gapless Dirac node for K = 0. K # 0 breaks the time-reversal
symmetry, opening a band gap at the Dirac cone to topological Chern bands for Majorana
fermions. This topological phase has Majorana zero modes (MZMs) at the boundary. Bound
states of MZM with 7-flux excitations can be created in bulk by thermal energy or vacancies.
MZMs are topologically protected Ising anyons, which can be detected by electrical probes
[64] and by scanning tunneling microscopic techniques [65].

The focus of this work is to study different supercell formations of staggered W, fluxes and
their impact on low-energy Majorana dispersions. [52-56]. Analogous to the U(1) magnetic
monopole, the creation of a Z, monopole W, is topologically protected. A Z, flux pair is
defined by two 7 fluxes separated by d number of plaquettes with u = —1 in the intermediate
links, as shown in Fig 4.1(a). There is gauge redundancy in defining the same supercell, and we
fix the gauge for all considered supercells in the same way, as shown in the figure in Fig. 4.1(b).
This produces a d X d supercell of honeycomb lattice containing 2N = 4d* number of Majorana
sublattices. A Z, flux pair (ZFP) for d > 1 naturally breaks the C4 symmetry of the honeycomb
lattice; however, the alignments of the Z, flux pair along, say, a; or a, primitive lattice vectors,
are gauge equivalent.

We chose a Majorana spinor C; = (¢ ¢ ... czN)T at the 1™ supercell site. Then, the

matrix-valued Hamiltonian in this spinor can be written from Eq. (4.1) as

H=iy ¢ TyCi+i) C TiCy. 4.2)
I {17)

Here, the 7y, is an (anti-symmetric) rank-2 tensor, with each element being a 2N X 2N matrix.
Their explicit forms are given in the Appendix D.1. The basis vectors of the supercell are
a; = 2da(+/3,0), a, = %“(\/5 ,3), where a is the nearest neighbor distance of the honeycomb

primitive unit cell. The corresponding reciprocal vectors are G| = 27” (g, g—; ), G; = 27” (O, %)
a, vector of these supercells is half compared to the C4 symmetric honeycomb lattice; see
Fig. 4.1(a). Hence, the first Brillouin zone has two graphene-like BZs along the G, vector.
The (virtual) Majorana spinor state in the momentum space is C(k) = ﬁ Y Ie_ik'RICI,
where Rjez = ) . I;a; are the lattice sites of the supercell, and correspondingly, k is defined in the
reciprocal space of G . The corresponding Hamiltonian in the momentum space is obtained

from Eq. 4.2: H = \/Lﬁ ZkeBZ+ CT(k)’H(k)C(k), where the matrix-elements of H are given

in Appendix D.1. The physical Majorana fermions ¢; = ciT turn into particle-hole symmetric

virtual Majorana fermions in the k-space ¢ (k) = c(~k), leading to k > 0 being restricted to the
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positive quadrant in the first Brillouin zone (BZ. ). The (anti-unitary) particle-hole symmetry
C relates the Hamiltonian between different BZ quadrants as C’;‘-[(k)C_l = —H" (k). The
final task is to diagonalize the 2N X 2N particle-hole symmetric matrix H (k). We denote the
eigenvector states as |n, +,k) corresponding to the eigenvalues of +E, (k), wheren=1,2,...,N.
In this eigenbasis, the matter fields are the complex fermions (particles and holes), defined by
the creation operators |n, +,K) = }/,11 (k)|0), and related to the virtual Majorans by a unitary
transformation (I') as Vi,i(k) =) oInta(k)eq(k), for Iy (k) € C. The corresponding
results are presented in Sec. 4.4 for several representative d X d supercell configurations.

4.3 Tight-binding Gauge-field model for Majorana orbitals

Our task now is to obtain an effective TB model for a few low-energy eigenstates |n, +,K).
Since |n, +,k) states are for complex fermions, we may treat the corresponding Wannier
orbitals to be of the usual complex fermionic nature. However, owing to the underlying
physics of Majorana Wannier orbitals hopping under lattice Z, gauge field in real space, the
TB model construction becomes non-trivial. In essence, we need to construct “Wannier’ fields
for both Majorana matter fields and the Z, gauge fields while keeping all the symmetries and
flux-preservation constraints intact.

To avoid overloading with many new symbols, for the TB model, we adopt the same set
of symbols, such as H, 7T, ¢, C and others used in the above Sec. 4.2 with the same meanings.
Should confusion arise, we explicitly mention the corresponding definition.

We are interested in modeling the P < N number of low-energy Majorana pair states
|p, +,k) = | p,Kk), where we combine the indices p = (p,+) for p = 1,..., P with eigenvalues
+E, (k). These states are obtained from the full Hilbert space |n = (n, %), k) by the projector
P=Pr+P-=) ,oyUp,+Xp,+1+|p, =) p,—

implicit for simplicity in notation. Q = I — P is the projection outside the low-energy states of

), where k dependence in each term is kept

our interest. |p,k) states are incomplete, so its Fourier transformation to the Wannier orbitals
states would not be useful.

Our aim is to obtain complete, orthogonal states denoted by |p,k) with corresponding
eigenenergies E,(k) = E,(k). One typically defines a complex quantum geometric tensor
from the Q projector and affix it with the |p,k) states to obtain corresponding complete,
orthogonal states (with a quantum metric) |p,Kk).[20, 66-71] Here, we devise an alternative
bottom-up approach to construct a (variational) effective Hamiltonian H.g with eigenstates
|p,Kk), and eigenenergies iEp(k). We introduce a superexchange interaction that produces

tunning tunneling between |p,K) and | p', k) states with intermediate hopping to the Q states,
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(a) (b)
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Fig. 4.2 (a) Schematic plots of the superexchange mechanism of gauge potential H "in the
low-energy spectrum (blue lines) due to virtual hopping to the eliminated high-energy states
(red lines). Note that the virtual hopping potential V is a fitting parameter in the TB model. (b)

The gauge fields in the effective theory in a honeycomb lattice. The sets of first and second
nearest neighbor sites are denoted by R = {REI_)3} and R? = {R§2_)6}. The gauge field for

the second nearest neighbor across diagonally opposite directions must be opposite in sign to

commence odd-parity hopping (superconducting term in Eq. (D.6), i.e., L{R —L{R R
Ry

R =
see Fig. 4.2. We call such a superexchange potential a ‘gauge’ potential, through which we can
define the Z, gauge fields and topology in a lattice.

In what follows, we seek an effective Majorana Hamiltonian of the form Hege = P(H + H ')73,
VK, where H is the full supercell Hamiltonian, and H 'is an unknown superexchange/‘gauge’
potential to be evaluated self-consistently. H : gives off-diagonal terms in Hqg arising from
the transitions between different Majorana states |p = (p, £),K) via intermediate hopping to
the Q states. In what follows, | p,k) acts as Majorana orbital states for Hyg, except they are
incomplete. We denote the corresponding complete Majorana orbital states by|a = (o, +),k)
for o = 1,..., P. In the Majorana basis of |, +,k) & |a, —, k), we denote the matrix elements
of Hei(K) as

(4.3)

A Ar+ih
Hegr(K) :( koA S),

H.c. _AR

where k dependence on R.H.S. is kept implicit. ig(k) = (k) + hT(—k), and A(K) = Ag(Kk) +
iA;(K). The diagonal and off-diagonal P X P matrices of H,¢ are relabelled in terms of /4 and A,
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so that the corresponding Hamiltonian in the complex fermion basis turns into a Bogolyubov-
de-Gennes Hamiltonian with 4 and A being their dispersion and pairing terms.[40, 72] The
block-off-diagonal term (A; +ihg)g o couples different Majoranas |a, +,k) and lo', 7, k),
while the block-diagonal terms +(Ag) ¢ give the dispersion for the same type of Majoranas
|o, +,k) and |0, +,Kk). Hegr follows all the symmetries of the original Hamiltonian; in addition,
the fermion-odd-parity in the pairing term A is also imposed. Explicit expressions of 4 and A in
terms of H and H' are derived in Appendix D.2.

Our next task is to Fourier transform H to real space by converting 4 and A into Z,
gauge-field induced hoppings between Wannier Majorana orbitals in a lattice. We consider a
lattice of NV unit cells at positions R. The Fourier basis states are the Bloch phases at the R"

cell as zg (k) = (R|K) = ¢™®. Then, we define the Majorana orbital states in real space as

|, R) > zr(k)|o.k). (4.4)
\/_ k>0
The physical Majorana operators are defined in real space as |¢t,R) = c¢q r|0) where cq g =

c& r- The corresponding orthogonal Majorana wavefunctions at position r € R unit cell

are called the Bloch states Y k(1) = eik'rumk(r) = (r|o, k), and Wannier states wg g(r) =
(r|ct,R). In the TB orbital case, the real space wavefunctions are fully localized to wg g(r) ~
6(r —R). In the Wannier orbital model wq g is (exponentially) maximally localized at
(r)og = Jgdr rlwa r(r) |?, with its spread Arg; = (r*)¢ — (r)g also contained within the unit
cell (see Appendix D.3). The two particle-hole Majorana pairs may have different Wannier
centers (r)q + # (Ir)q —, generally connected by a string Z, vortex. However, their linear
combination particle-hole complex fermion wavefunctions must be at the same position such
that the U(1) charge is conserved in each unit cell.

It is convenient to represent the R positions in terms of sets of 1st, 2nd, 3rd, and higher
nearest neighbors rather than primitive lattice vectors. For the n™ nearest neighbor with d,,
number of sites, we define a d,,-dimensional vector as Z,, := (zl zdn)T, Vk. We split the
N -dimensional vector of the Bloch phases as Z(k) = Z;(K) ® Z,(k) & .... 23

We now expand the dispersion relations in the Bloch basis Z(k) to obtain the TB hopping
tensor as 7 = Z(k)Heff(k)ZT(k). T is arank-2 tensor with component 7g g’ corresponding to

*We make an approximation that the single-particle dispersion, many-body interaction, and superconducting
order parameters are short-ranged, restricting to a few nearest neighbors only. (This truncation of the Fourier
series to a polynomial of few sites gives a finite width of the single-particle states in both position and momentum
space, and the number of nearest neighbors A to be considered is determined within a numerical procedure by
fitting to the band structure at all k-points. This yields the so-called compact localized orbitals for the flat band in
the Wannierization procedure).

?Note that in our procedure, it is easy to implement the lattice (point-/space-) group symmetry by doing the
invariant rotation on the Bloch phase spinor Z,, (k).
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Majorana hoppings between R, R' €\ sites. (Here, the symbol 7 is redefined for the Wannier
states and not to be confused with those in the supercell in Eq. (4.2).) Each component Ty g is
a 2P X 2P matrix in the 2P-dimensional Majorana basis present at the R, R' sites. We split the
Hamiltonian into hoppings between different neighboring sites as

Her(k) = Y Zy(K)TowZy(k) +hc.. (4.5)

nn'

Tt gives a set of Majorana hopping tensors between the n and n neighbors: 7, = {Tr ' IR €
dn,R' =€ d,}. Due to the translational invariance, only the difference between n and n'is

relevant.

The intra-site hopping gives the onsite energy 7, = iy between 2P-Majoranas with the
particle-hole symmetric constraint Tr(7,,,) = 0.

Now, we consider the first nearest neighbor term Tg g' € 7, 41, Where R -Re dy and
R+R. Using Taylor’s expansion (assuming analyticity), we obtain the hopping tensor as

1 O He
71(,]{’ = lICl lazRaZii’

(4.6)

ZR=zg!=0

KC1 is, in general, orbital dependent (2P X 2P non-singular matrices) as well as bond (i.e., R, R')
dependent. (This expansion holds when H.¢ are polynomials in terms of zg (k), which holds
for most band structures, except for non-compact flat bands [73, 74].) K; absorbs the energy
dimension such that 7g g’ becomes dimensionless, which is now to be defined in terms of
gauge fields. The crux of the gauge theory is that 7g g’ # Tr’ g in general. We separate the

symmetric and anti-symmetric parts as

]
(TRR' +Tr'R), and Uggr' = —E(E,R' —TR'R)- 4.7

NS

OrRR =

Roughly speaking, G and U produce the amplitude and phase variation of the hopping term
in the effective Hamiltonian between unit cells. In the momentum space, these are precisely
what the Fubini-Study metric (G uv) and the curvature (U4,y) terms constitute the symmetric and
anti-symmetric components of the quantum geometric tensor.[67, 68, 75, 76] Their expressions

in terms of the projectors P (k) are as follows

Gun(K) = 3PR){3,P(K). 0, P(K)}, @8)

Uyy(K) = —%P(k)[aup(k),avp(k)], (4.9)



Fractional Wannier Orbitals and Tight-Binding Gauge Fields in Kitaev Honeycomb
98 Superlattices with Flat Majorana Bands

where d, = % with u = 1,2 for k;, spanned along the reciprocal lattice vector G, {} and []

are the anti-commutator and commutator. It is now obvious that I/ acts as parallel transport or
Wilson line, which is Z,-valued in this particular case. In their present forms, G and I/ are not
gauge invariant in both real and momentum space formalism. Then, matter fields are attached
at the two ends to commence gauge invariance. Otherwise, we take a trace over the matrix
components and their product in a loop/plaquette in real/momentum space, giving topological
invariants such as flux (W), Chern number (C) and similar quantum metric invariants as defined
in Sec. 4.4.3

The diagonal term of G tensor is zero as the R = R’ terms are separated into the onsite
energy matrix K. The off-diagonal components Gg g' give the symmetric hopping matrix
element between the orbitals localized at R and R’ sites. Such symmetric hoppings are mediated
by periodic lattice potential (e.g., potential due to nucleus in solid state systems) and depend
on the symmetries of the two orbitals (e.g., it’s present if the two orbitals have the same parity
or absent if the parity of the two orbitals is opposite such as for the s and p orbitals). In our
particular example below, we will seek a fully gauge-field mediated hopping between the two
sites and set G = 0 in the effective theory.

We identify Ug g’ as an anti-symmetric tensor that mediates tunneling between the Majo-
ranas at the R and R’ sites. For the gauge invariance of the theory for Majorana, the gauge
fields must be Z,, which puts the constraints that UIZ{R, =[. So we interpret Ug g’ as the
non-Abelian (2P-dimensional matrix-valued) Z, Wilson line operator, which can be written as
(path-ordered) exponentials of a (non-Abelian) gauge field A.

Next, we consider the second nearest neighbor term Tg g" € 7, 42, Where R'-Re d>
and R # R". Proceeding similarly, we define we define the Z, gauge field as the second

. 2
nearest neighbor as Mé;,,.

sites. So we can smoothly deform the path to pass through a site R’ corresponding to the 1st

All gauge fields U are localized at the link/bond between the two

nearest neighbor to both R and R’ sites, as shown in Fig. 4.2. In other words, we can write
U r" = Ug r' © Ug' g, Where the composition operation o reflects a matrix product for the

tensor components. Therefore, for the n™ nearest neighbor gauge field, we have

Z/{R7R(n) = l_[ UR,R(’”) OZ/{R(W!)’R(V!), (4.10)
R(m) ed,_,
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where R(m) runs over the n — 1 intermediate sites that minimize the distance between the R and

R™ sites. Substituting these considerations in

Her(K) = iKo+iKy ) Ug g Zr(K)zr(K)
{(RRM}eq,

+iKy ) Ugre Zr(K)zge (K) + .. 4.11)
{RR®P}ed,

The above Hamiltonian can be expressed in terms of physical Majorana orbitals ¢ g in real

space up to any number of nearest neighbor hoppings as

N
Hao = iy Ko ) ) (Ugro)g grCarcarron: (4.12)
n=0 (R RM}ed, &, ’

Summation over n corresponds to a different nearest neighbors. The gauge fields Uy g sit
on the link between the R, R(n) sites, and hence, there is no gauge field for the n = 0 term,
while n = 1 term has one gauge field, n = 2 has two gauge fields, and so on. Here, we have
assumed the coupling constants K, to be independent of the orbital and bond-independent and
only depending on the n™ nearest neighbor distance. This is a reasonable assumption as at the

n™ nearest neighbor site, only one type of orbital is placed.

4.3.1 Gauge fixing and topological invariants

An important property of the gauge theory is the gauge constraint, which restricts gauge
redundancy to the physical states. Although the gauge operators Uy g(n) are gauge-dependent,
the flux is a gauge-invariant physical operator. Therefore, the total flux in the supercell must be

preserved in both the effective model and the supercell model.

The total flux in a supercell is defined as Wy = [ | pes Wp, where S is the supercell index
containing S number of original unit cells. The Wy, written in terms of the effective Z, gauge
field, is

Ws=Tr| [] Uggo |. (4.13)
RRMes

In the effective theory, we can define a similar invariant for the symmetric tensor G as Gg =
Tr([Trrwes Frro )-
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Their counterparts in the momentum space are called the quantum metric invariant and the
Chern number as defined to be [67, 68, 75, 76]:

1
G = —5 / Vdet(m)nuydkydk, TrG,,, (k), (4.14)
(2m)= JBz
1
C = 2—/ dkldszrZ/llz(k), (415)
T JBz

where 1,y = @“ -G, isa symmetric tensor that measures the curvature of the torus geometry
and depends on the lattice under consideration. Wy and Gg can describe both local and global
topological properties in real space, depending on the size of the 2-loop S. In contrast, C and G
in the momentum space only capture the global topology on the torus. Do they correspond to
the same topological invariant? Indeed, this is the case. Because the flux crystal in the original
lattice is taken into account in the formation of the supercell, the total flux is uniform among all
the supercells. This is reflected in the effective theory, as well, in that each band corresponds
to uniform flux values Wy = +1, VS, corresponding to Chern numbers C = +1 for the two
respective bands.

Both G,;, (k) and U, (k) can also be calculated directly from the effective Hamiltonian
Hesr(K). The corresponding formulas appear similar by replacing P (k) with Heg(K). For the
Chern number, the formula coincides with the Kubo formula for Hall conductivity, while the
same formula for G has no analog in any previous analysis. We compute them in Sec. (4.4.3) .

We consider /C,, to be the TB hopping parameters related to the gauge potential H "ina
self-consistent way. We consider X, to fit the low-energy band structure of our interest under
an additional constraint of flux preservation. The values of the ', parameters are the same as
those obtained on the Wannier orbital basis, as shown below.

4.3.2 Examples of two Majorana bands in a honeycomb lattice

As an example, appropriate for the Kitaev model of present interest, we consider a honeycomb
lattice with one (P = 1) pair of Majorana bands, see Fig. 4.2(b). Here we have d; = 3 first nearest
neighbors RV _R =R = {%(1,i\/§), (—=1,0)} and d> = 6 second nearest neighbors
R -R=6RY = {+1(3,v3), +1(3,-V3), +(0,-v3)}, and s0 on.

Since only one type of Majorana orbital is positioned at each site, we can split the position
and orbital indices from the gauge field as Uy g = ug g'0. Here ug g = =1, and ug g’ = —ug' r
are the Z, gauge fields for two orbitals positions at R, and R’ sites, and o are the Pauli matrices
in two (a = ) Majorana basis. In this bipartite lattice, the same (different) Majorana orbitals
are positioned at the first (second) nearest neighbor sites. Hence, the first nearest neighbor

gauge field is off-diagonal: Uy g1) = uR7R(1)Gx. The second nearest neighbor is diagonal
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Ug r® = tig RIDUR(D) ) O, where R is the st nearest neighbor that connects R and R
sites in the shortest distance. In all the diagonal terms, a = & orbitals must have opposite gauge

fields for the Hamiltonian to be particle-hole symmetric, and hence, we have ¢° here.

Taking into account the above properties, we have the TB Majorana orbital Hamiltonian

(up to the second nearest neighbors):

Z . X
Hye = Ky Z Z Ca RO, 1Cq R TiK] Z Ug gD Z Ca,RGaalCa,,R(l)
R a== ' oa=t

i

RRed,
. Z
+iK> Z MR,RI(I)MRI(I),RSZ) Z ca7R6aa,ca,7R§_2). (4.16)
RRed, a=t
ug g() = =1 can take any value in a link, provided the total flux in a unit cell is conserved to

the value in the full Hamiltonian. IC; = K;I are set to be orbital-independent coupling constants
for simplicity in notation in this example, however, in the fitting procedure in Sec. 4.4.2 they
are considered orbital dependent. Going to the momentum space, we obtain the diagonal and

off-diagonal terms as

psn (1)
Ar(K) +ihs(K) = Ky Y g g R
RReq,
e
= 1 J
Ar(K) = Ky + iK, z uR7R(1)uR§1),RE2)e ) 4.17)

1
RR ed,

It is interesting to notice here that the imaginary and real parts of the superconducting (complex-
fermion) pairing gaps arise from the first and second nearest neighbor Majorana hoppings,

respectively.

Note that &g, Ag ; are real. We set K; to be real and Ky = 0. This makes A; = 2K Z?zl X
sin (k- SREI) ), hg = —=2K; Z?:l cos(k- 5R§1) ). Ag arises from the second next-nearest neigh-
bor, which gives —2K, ) =135 sin (K - 5R§~2)). This reduces the gauge choices for nearest

R,REZ) = _MR,Rf)’ MR,R§2) = _uR,Rf)’ and uR’Rgz) = _”R7Réz)' This affects
the gauge choices for the nearest neighbors and also the flux-modulation-induced supercell

neighbors to be u

constructions, shown in Fig. 4.1. Both Ag ; are odd under spatial parity and are consistent with
odd-fermion parity for the fermionic odd-parity for complex fermion pairing for the same spin
states. This gives the well-known p + ip pairing state for the corresponding complex fermion
State.
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Fig. 4.3 The dispersions of the Majorana fermions for two representative flux configurations.
(a) The dispersions for the 3 X 3 are shown here along the k— directions as given in the inset.
Here, we set K/J = 0, which shows a gapped dispersion. (b—c) The Majorana dispersions for
4 x 4 supercell are shown for K/J = 0.0 in (b) and K/J = 0.01 in (¢). K/J > 0 opens a band
gap across the zero energy. The adjacent right-hand panel shows the density of states for all
three cases.

4.4 Results

4.4.1 Majorana band structure of the full supercell Hamiltonian

We consider here several representative superlattices of dimension d X d containing a single
Z, flux pair of length d, i.e., the number of u = —1 gauge fields flipped between the two
Z, fluxes, while u = +1 in the rest of the bonds in the supercell. This makes the supercell
Hamiltonian dimension to be 2N = 4d°. A typical superlattice for d = 2 is shown in Fig. 4.1(a).
It turns out the band structure properties are characteristically similar for all 3d X 3d supercells,
which differ from the characteristically similar band structure for other supercells. Therefore,

we present the numerical results for two representative values of d = 3, 4 in Fig. 4.3 by
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diagonalizing the supercell Hamiltonian given in Eq. (4.2). We remind the reader that although
the band dispersion depends on the gauge choice, but different gauge choices give equivalent
dispersion along different momentum directions. Moreover, the salient properties such as
gapless (degeneracy), gap, flat bands, Chern number, and quantum metric indices are gauge
invariant. We show the gauge choice and the orientation of the Z, flux pair for one example
case of d =4 in Fig. 4.4.

Interestingly, we find that only for the d = 3 (and its integer multiples) flux configura-
tion, the Majorana dispersions are gapped even for K = 0, and render nearly flat-band, see
Fig. 4.3(a). The reason for the gapped behavior is the broken sublattice symmetry that protects
the degeneracy at energy E = 0, although the particle-hole symmetry remains intact.

For other flux configurations, the Majorana bands show a gapless feature at energy £ = 0 at
the high-symmetric momenta for K = 0, a representative result of which is shown in Fig. 4.3(b).
The low-energy particle-hole symmetric bands have linear dispersions around the gapless point,
as in graphene, and also show linearly dispersing gap-closing points with high-energy bands.
All these gapless points acquire mass term for K # 0 value, 4.3(c). The gap to the higher energy
bands is larger than that at £ = 0. We denote the gap at E = 0 by A, while the bandwidth of
the corresponding two low-energy bands is denoted by 8. The ratio d /A, called the fitness
ratio, measures the flatness of the low-energy bands, with 6 /A — 0 corresponding to complete
flatness (i.e., all k points are degenerate), while 6 /A — oo corresponds to point degeneracy. K
controls the band gap A(K), while the larger the length (d) of the Z, flux pair, the smaller is &,
and typically & scales allegorically as & ~ 1/ d*.

Increasing d while holding all other parameters constant elevates the sublattice dimension.
In other words, it expands the dimension of the local Hilbert space C;. This, in turn, enhances
the level-repulsion from the eliminated high-energy bands to the target low-energy bands.
This repulsion is captured by the quantum metric G in the wavefunction description or by the
superexchange or gauge potential (H ') within our effective theory, see Fig. 4.3(c).

As K increases, we observe a fascinating topological phase transition, depicted in Figs. 4.5.
Initially, the gap scales as A ~ K for K — 0, before it reaches a maximum around K = 0.06J.
This is an interesting point where the band gap varies minimally with K. With a further increase
of K, A reduces and eventually vanishes entirely around K = 0.175J. Notably, the bandwidth
(0) also vanishes at this critical point, suggesting the formation of a completely flat band where
both bands become degenerate across all k-points. This results in an extensive degeneracy in
the Hamiltonian. it is noteworthy that on either side of this flat band degeneracy, the system
exhibits well-defined Chern bands with C = £1. This observation suggests a unique type of

topological phase transition characterized by the emergence of an extensive band degeneracy,
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Fig. 4.4 (a) The locations of the Wannier centers (magenta color) are shown to be adjacent to
the 7 flux plaquettes for the 4 X 4 supercell. (bottom) (b) The band structures from the original
band structure and the effective Hamiltonian are shown for K/J = 0.01 on 4 X 4 configuration.

which is different from the quintessential Dirac cone degeneracy at other topological phase

transitions; see Sec. 4.4.3.

4.4.2 Effective model and Majorana Wannier centers

We proceed by constructing an effective Hamiltonian H¢ to capture the behavior of the two
low-energy bands (& = 1, and a = £) and the localization of the corresponding Wannier orbitals
|+,R). Here, we focus on the supercell results for the d = 4 case for K # 0, i.e., a gapped
system. The construction of the effective band mirrors the example provided in Sec. 4.3.2,
utilizing the same sets of nearest neighbors, except the G, are different here. We expand
the Hamiltonian up to several nearest neighbors, incorporating the coupling constants, and
the specific values of the TB parameters are given in Appendix D.3.4. The fitting yields a
near-perfect fit of the energy dispersions +E (k) to the original supercell results, see Fig. 4.4(b).
For the fitting procedure, we use the Wannier90 code [77]. A key advantage of using the
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Wannier90 code is its ability to provide the real-space projection of the wy g(r), and their
corresponding spread functions Ary. Due to the non-zero Chern numbers of these flat bands,
identifying their Wannier centers presents a challenge due to global gauge obstruction. In the
effective theory, this gauge obstruction is evaded by choosing uniform flux Wy at all unit cells.
The flux condition deduced in the effective Hamiltonian in Eq. (4.16) gives constraints on the
fitting parameters. This method is discussed in Appendix D.3

As anticipated, the Majorana Wannier orbitals w4 g(r) are localized at the Z, flux sites, as
shown in Fig. 4.4(a). Within the original supercell, these two states were linked by the string
operator that connects the Z, flux pair. However, in the effective theory, w4 gr(r) represents the
two basis states of a unit cell. Since the effective gauge fields reside on the links connecting
lattice sites, there is no gauge field directly coupling the two Majorana orbitals within a
unit cell. Their coupling is not parametrized by the anti-symmetric onsite interaction term

H matrices are defined in the @ = + Wannier orbital basis, as in

iKog = Kyo* + K(')Gy, where ¢
the example case given in Sec. 4.3.2. Here, K captures the onsite energy difference of the two
orbitals, while K(') describes the intra-unit cell coupling between them. The remaining terms in

Eq. (4.16) remain the same.

4.4.3 Chern number and Quantum metric

This work suggests that the Z, flux quantization condition within the supercell leads to similar
properties as in the integer U (1) flux quantization condition in a magnetic Brillouin zone in
the TKNN theory for U(1) quantum Hall insulators.[78] Both mechanisms lead to a finite
Chern number for each Majorana band, a characteristic that persists in both the full supercell
Hamiltonian and the resulting effective theory.

Alternatively, we can interpret this behavior by parametrizing the eliminated states either
as a geometry term in the wave function or as gauge fields within the Hamiltonian. A trivial
topological space would correspond to a product state between the low-energy names and the
eliminated states. Conversely, a non-trivial topology signifies entangled states between them.
In the case of flat band geometry encountered here, a non-trivial topology necessarily arises.

To ensure consistency, we compute the Chern number for both cases. In the supercell case,
we employ the projector P(k) to compute the Chern number (C) using Eq. (4.15). Similarly,

for the effective Hamiltonian, C is obtained using it projector P(k) = |p,k){p,k|, where |p, k)
are the eigenstates of Hg(k). We present the results for the d = 4 case and compare them with
the zero-flux (d = 0) scenario. Our calculations consistently reveal that the K # 0 case exhibits
a Chern number of C = +1 for both d = 0 and d = 4 cases (for the —E (k) band). However, in
the d = 4 supercell, a sharp transition from C = +1 to —1 occurs at the critical point K = 0.175J,

where the band gap (8) closes and reopens. The underlying physics governing the Chern
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Fig. 4.5 (a) Band gap (A), bandwidth (8), and the fitness ratio (6 /A) are plotted as a function
of K (from Eq. (4.2) for the 4 X 4 supercell. (b) Computed values of the quantum metric
invariant (G) and Chern number (C) are plotted as a function of K, and compared with zero-flux
configuration. Two topological phase transitions are located here: at K=0, we have a topological
phase transition from trivial to non-trivial phase with Dirac cone degeneracy, and another one
at K = 0.175J between two non-trivial topologies with a flat-band degeneracy.

number transition obtained from the effective Hamiltonian H.¢(k) is analogous in which the
uniform flux sector changes from W = +1 to Wy = —1. The transition is different from the gap
closing and reopening at a single Dirac point; the involvement of the flat band at this transition
point to a novel topological phase transition.

The influence of flat band physics and the geometry effect introduced by the eliminated
high-energy states are effectively captured by the quantum metric (G(k)) term in Eq. (4.8). The
corresponding invariant (G) is defined in Eq. (4.14) and is plotted in Fig. (4.5)(b) as a function
of K. * As expected, the G value for the zero-flux configuration exhibits no distinguishing

features, reinforcing the notion that G captures a distinct topological invariant arising from

. . NN 1 -1/2
*The symmetric tensor 1),y for the hexagonal lattice becomes 1, = G;.Gy = (_1 /2 1/ )



4.4 Results 107

the projector, separate from the Chern number. In the supercell case, however, G displays an
additional singularity at the gap-closing point of K = 0.175J. Interestingly, both G and the
fitness ratio, 8 /A, exhibit similar behavior. This suggests that the singularity in G is sensitive
to the characteristics of the flat band, particularly the presence of extensive band degeneracy.

It’s important to distinguish between the phase transition properties of interacting and
non-interacting systems. In interacting theories, a second-order phase transition is characterized
by the appearance of gapless collective modes and singular correlation functions. In contrast,
in this non-interacting theory, an extensive degeneracy emerges at the flat bands. Here, the flat
bands exhibit maximal entanglement with the eliminated high-energy bands, and consequently,
we expect this unique phase transition feature to be reflected in the topological entanglement
entropy.[79-82]

A non-zero Chern number C signifies an obstacle in smoothly changing the wavefunction’s
phase (arg(w, r)) throughout the material.[83, 84] In contrast, a non-zero quantum metric G
directly affects how "spread out"( Ar,) the wavefunction is[85, 86]. More generally, G puts
constraints on how different parts of the wavefunction are correlated, and Ar,, is a type of corre-
lation function. In the effective Hamiltonian Hg(Kk), the winding number of the wavefunction
is determined by the complex phase of the off-diagonal term A;(k) + ik (K). Ag(K) acts like a
Dirac mass term, which gives the inverse correlation length of the wavefunction, essentially
defining its spread. At discrete Dirac points, all these terms simultaneously vanish at a single
k—point, while for the degenerate flat bands, they vanish at all k-points. In our effective theory,
Aj g, and hg are assumed to be polynomials of Bloch phases zg (k), which are a set of linearly
independent basis functions. Consequently, a flat band arises when all the coefficients in these

polynomials, i.e., the TB parameters K;, become zero.

4.4.4 Gauge invariant Mean-field theory for Fractional Chern insulator

The interplay between U/ and G creates a promising platform for realizing fractional Chern
insulating states through interactions [87—89]. The current understanding of fractional Chern
insulating state primarily relies on numerical results. [87-98] In this section, we propose a
mean-field theory that predicts the emergence of a fractional Chern number in Majorana bands.

We introduce a mean-field theory to split the Majorana flat bands by forming a density wave
order state. A density wave state effectively folds the BZ into a reduced BZ, with the ordering
vector Q defining the new reciprocal lattice vectors. The original Chern bands transform into
a main band and folded (or shadow) bands within the reduced BZ. These bands share partial
occupation density. This process leads to a fascinating consequence: a single, split Chern band
becomes partially filled with a finite interacting gap separating it from another partially filled
Chern band. [87-89, 99]
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Fig. 4.6 We plot (a) the Berry curvature G(k) and (b) the difference G(k) — U(k) from the
trace condition (ii) in the first Brillouin zone. The plots in each column correspond to different
K values of 0.035, 0.12, and 0.22, from left to right.

Here, we begin by verifying if the bands fulfill the essential criteria for an ideal "vortexable’
band, a prerequisite for realizing a fractional Chern phase. [93, 100-102] Interestingly, the low-
energy Majorana bands in the supercell configurations fulfill those conditions: 1) uniform-in-k
Berry curvature U (k) = Trld,,,, (k) and ii) the trace condition G(k) = % Zu TrGyuu (k) = U(k),
VKk-point. Another quantity that measures how good is a flat band is called the flatness ratio
(8/A), where & is the bandwidth of each flat band, and A is the band gap between the two flat
bands under consideration. When & /A is less, as shown in Fig. 4.5(a) for the 4 X 4 supercell,
the conditions for ideal Chern bands are satisfied more accurately. Fig. 4.6(a) shows U (k) and
Fig. 4.6 (b) gives the difference G(k) — U (k) in ii) at three different K values, 0.035, 0.12, and
0.22 from left to right. 6 /A decreases with increasing K, and U (k) becomes more uniform.
The same is true for the trace condition in (ii), i.e., the difference G(k) — U (k) is much less

with increasing K.

Having established that the Chern Majorana bands in the supercell settings are prone to
fractionalization, we now include an interaction term within the effective Hamiltonian He¢
in Eq. (4.12), or more specifically in Eq. (4.16) for the case of 2 X 2 Honeycomb lattice.
Interestingly, a Z, ‘electric field’ operator introduced below Eq. (4.1) mediates a quartic
Majorana interaction in the honeycomb lattice with three nearest neighbors.[35, 103] The
corresponding operator for the Wannier orbitals, in general, reads as Xg = 1_[ RRM}ed, Z/lR’R(n,
(1)

where it is reminded that R’ is a set of first nearest neighbor sites containing d; elements with
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respect to the R site. XR is a gauge-dependent operator, and it couples to all the Majoranas
sitting at R and R , which then becomes gauge invariant. In the original Kitaev model
with the small magnetic field, it was shown that such a term arises in the same third-order
perturbation term as in Eq. (4.1) and has the same coupling constant of iK. Here, we consider a
general coupling term of ilC'l and write the interaction term on a honeycomb lattice an a = +

particle-hole Majorana pair in a single o = 1 orbital state as

-l
Hiy = =Ky Z RR(‘)”R Rgl)uRRm CaRC ,Rmc ,Rgnc ,Rm (4.18)
Ra,d=+
Consistent with Elitzur’s theorem [104], we can write down two gauge invariant mean-field

order parameters, defined as follows:

IC' 3 IC 3

Q) = TZI: (1)caRc 'R ), and Q) = _T Z (1) (l)C ,R(1)c ,R(l)> (4.19)
Here, the expectation value is self-consistently evaluated within the mean-field ground state.
We have also assumed the order parameters £ 5 to be independent of R (uniform phase), and
hence, it is dropped or from the L.H.S. of the above equation. Both order parameters involve
two Majorana operators, and the gauge field links them so that the order parameter remains

gauge invariant. The resultant mean-field interaction (gauge-invariant) Hamiltonian becomes

(MF) . .
Hp ' = i) iy Up RV CaREy g+ 2Rt )jatd “r( R e R R (4.20)
In the second term in Eq.(4.19) and the first term in Eq. (4.20), we have implemented

(g, o). In the Fourier space, we assume €2, breaks the

UR RIVUR, R;
translational symmetry to a staggered density wave state at a fixed wavevector Q such that
_ iQ-(Ri-RS") _ iQ-(R-RJ)
Q(Q) = ZR R(I)Q e 77, and ©,(Q) = ZR_R(I)Qze 7 /. While the above
]

gauge-invariant mean field theory admits various generalizations, we focus on a simpler case

the relation: MR§1)7R5]) —

here to illustrate the emergence of partially filled Chern bands within this framework.

Adding Hl(nt F) to the effective Hamiltonian H.¢ in Eq. (4.16), we can express the matrix

form of the Hamiltonian in the spinor (c. (k) c_(k) c4(k+Q) c_(k+Q)” for the & = 1 band
as

Hmr(k) = (4.21)

Hesr(k) i(Q) Q(Q) = Q1(Q) 2%(Q)
He  Hen(k+Q) Q5(Q) Qf(Q) )
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The above form of Q(Q) maintains the particle-hole symmetry of the Hamiltonian. The
eigenvectors of the mean-field Hamiltonian in Eq. (4.21) is used in Eq. (4.19) to calculate these
order -parameter self-consistently.

We test out results for a simpler commensurate density wave order for Q = G, /2, and Q =
0.01,9, = 0.015 with K = 0.12. The corresponding energy eigenvalues of Hyr(k) split the
particle-hole symmetric eigenvalues +Ey into four bands with a finite gap between all of them.
The Chern number of each band now corresponds t0 C, = )  crp7 2 a V;a(k)Vna(k)Traulz(k),
where V corresponds to the eigenvectors of Hyg, and Tr, corresponds to the trace operation
with the a = + eigenvector on the Berry curvature given in Eq. (4.9). RBZ corresponds to the
reduced BZ in the density wave state. The obtained values of the Chern number for all four
bands are C = —0.4,—-0.94,0.6, and 0.136.

4.5 Summary and outlook

In summary, our work revealed the following key results. (i) We examined how the Z, flux pairs
with variable length d lead to superlattice formation. These superlattices introduce low-energy
Majorana bands with intriguing topological properties, including Dirac-like excitations or
flat-band degeneracy. (ii) We constructed a novel Z, gauge-mediated tight-binding model for
Majorana Wannier orbitals. This involved introducing a gauge potential in the low-energy
Hamiltonian through a superexchange-like potential arising from virtual hopping to the elim-
inated high-energy energy levels. Conditions are deduced under which the superexchange
potential acts as a TB gauge field for Majorana hoppings within the lattice. Importantly, it
satisfies a flux-presentation constraint that matches the original supercell Hamiltonian. This
method of introducing gauge fields directly in the Hamiltonian offers several advantages over
traditional geometric terms introduced in the wavefunction description. (iii) We analyzed how
the Berry curvature and quantum metric of the effective theory evolve as flat bands form with
increasing nearest-neighbor hopping. Notably, we discovered a novel critical point where the
quantum metric diverges, suggesting a phase transition between C = *1 phases within the same
band. This behavior is a hallmark of flat bands with extensive degeneracy. Since this transition
occurs in the non-interacting theory, we propose that it signifies a state of maximal entangle-
ment between low-energy and high-energy bands. (iv) Finally, we leveraged the existence of
flat bands with a divergent quantum metric to develop a mean-field theory for a gauge-invariant
Majorana density wave order. The resulting split Chern bands enable us to achieve partial
filling with a gapped spectrum relative to other Majorana bands.

The experimental proposals for attaining control over the creation/annihilation of Z, fluxes

are reviewed first. It is shown in Ref. [105] that the local modulation of the exchange in-
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teractions by introducing Dzyaloshinskii-Moriya interactions flips the sign of local bond
interactions. That produces a Z, flux pair. Further desired configurations are obtained by creat-
ing/annihilating the sequence of pairs in neighboring plaquettes. In general, Superconducting
quantum interference device (SQUID) microscopy is helpful in experimentally visualizing

these vortex networks.[106]

This work centers on constructing a gauge-field mediated TB model for fractional particles.
Since fractional/entangled excitations do not exist by themselves, their combinations must pro-
duce electronic states. Alternatively, one can view these fractional particles as residing within a
medium of gauge fields, either confined or deconfined. Our focus is twofold: understanding the
origin of these gauge fields and establishing a systematic framework for their parameterization
within a TB model. The emergence of such gauge fields stems from the projection operation
used to eliminate high-energy states. This operation effectively imposes constraints, leading
to restricted dynamics and correlation functions pertaining to the fractional particles. These
constrained dynamics can give rise to more phenomena such as a distinct type of quantum
glass,[19] or deconfined critically,[ 107, 108] or extensive degeneracy in the formation of flat
bands, leading to novel topological critically in the non-interacting theory as observed here.

Our approach deviates from conventional methods by introducing a gauge potential directly
within the Hamiltonian through a superexchange mechanism. This mechanism gives rise
to gauge-mediated tight-binding (TB) hoppings arising from the anti-symmetric part of the
superexchange potential. Notably, an additional constraint can be readily incorporated to ensure
flux preservation and topology without worrying about the maximal localization of the Wannier
orbitals. The detailed constructions are provided in Sec. 4.3 applies to a general SU (N) gauge
field, U, and its corresponding fractional particle. In this specific work, we have inserted the
Z, valuedness of the U operators towards the end and in the particle-hole symmetry of H.gy,
which ensures real Majorana states in real space. Therefore, it will be rather straightforward to

generalize the TB theory to the SU(N) gauge field coupled to other fractional particles.

Our analysis reveals an interacting critical point within the theory as a function of the second
nearest-neighbor hopping strength (K). At this critical point, the quantum metric diverges, and
the Chern number exhibits a transition between +1 and -1. This signifies a potential singularity
in the entanglement entropy spectrum where the entanglement is maximal between the low-
energy and the eliminated high-energy states. Quantifying this entanglement spectrum in terms

of the gauge-mediated TB parameters remains an intriguing challenge for future investigations.

Finally, leveraging the insights from the effective Hamiltonian, we propose a mean-field
theory for a gauge-invariant Majorana density wave order. In conventional gauge theories, the
mean-field order parameter is subject to an additional constraint arising from the requirement

of gauge invariance. This constraint often presents significant challenges within the geometric



Fractional Wannier Orbitals and Tight-Binding Gauge Fields in Kitaev Honeycomb
112 Superlattices with Flat Majorana Bands

framework, leading to a reliance on numerical methods for studying fractional Chern insulator
states. Our effective Hamiltonian, however, allows us to derive a self-consistent mean-field
theory for Majorana fermions. This method paves the way for future investigations into more
exotic interaction effects within both Z, and SU(N) gauge theories.



Appendices for chapter 4

D.1 Matrix Elements of the Supercell Hamiltonian

Here, we explicitly give the matrix elements of the 2N X 2N matrices H;; as

0 Ju172 Ku172u273 0 0
—Ju172 0 JM273 Ku273u374 0
—Kujpup3  —Juys 0 Juz 4 0
T = ’
0 —Ku273u374 —Ju374 0 0
: : : : . 0
0 0 0 0 0 _JM2N—172N
and
0 0 0 0
Ty = 0 0 0 ... 0
KMZN—I,ZNMZN,I 0 0 ... 0

JMZN.,I KM2N711/£12 0O ... 0

S O O O

Juon—12n

0

(D.2)

(D.1)
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The matrix elements in the momentum space become

0 0 0 ... 0 Kion-1(k) TJion(k)
0 0 0 ... 0 0 Ko on (k)
0 0 0 ..0 0 0
H(K) =iT + : : N : : , (D.3)
0 0 0 ..0 0 0
K1 an-1(k) 0O 0 ..0 0 0

)
o
=)

Tion(k)  Kian(k) 0

where K} oy—1 (k) = iKuzN—l,zNuzN,le_ik'(R' Rov-1), Jian(k) = iJMzN,leik'(R' Rav), Kron(k) =

. —-ik-(R,—R
iKuoy juy g€ (Re=Row),

D.2 Matrix-Elements of the Tight-Binding Model

To ensure the Majorana operators are well defined and the corresponding complex fermion
operators recover the U (1) gauge fields, we transform the Hamiltonian on a complex fermion
basis. For each a¢—orbital, the two Majorana orbitals pair, @ = * constitute a complex fermion

particle-hole pair states at different momenta as
lot,a,k) =+ |ot, =, —K)p + ¢, +,K) . (D.4)

where ¢ + = 0 and ¢y - = /2. |a,+,k)p are the complex fermionic hole and particle
excitation states defined as |, +,k)r = fo k|G) and |a, — k) F = f;k|G) with fo k, and f;’k
corresponding annihilation and creation operators of complex fermions from some grand
canonical ensemble state |G). It is easy to see that the corresponding Majorana and complex
fermion operators are local in real space as |a,a,R) = ei¢a*"|a, —R).+ e_i¢“*“|a, +,R)..
Note that |cr,a, R) are the physical Majorana states in real space, whereas complex fermions
correspond to physical states in both real and momentum spaces. There is an inherent gauge
obstruction between the two Majorana orbitals by a phase difference of ¢ = ¢g + — P —. We
have kept this phase difference to orbital independent, but it can be generalized to be orbital

dependent, which may commence interesting properties.

We construct a 2P dimensional Majorana spinor as |o, +,k) @ |a,—,K) and complex

fermionic particle-hole symmetric Nambu spinor |, +,Kk)r & | @, —, —k) . The transformation
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between them is defined by the unitary operator:

L
S= E( 1 —; )@Ipxp. (DS)

The Majorana Hamiltonian given in the main text is written generally as

Ar A,+ih5> 06

Hor=hs ® Thyr +
eff = 114 ® Loxo (H.c “Ag

where k dependence in all variables is kept implicit. Here hg/4(k) = h(k) + h' (-k), and
A(k) = Ag(Kk) + iA;(k). Then, by transforming this Hamiltonian to the complex fermion basis
gives

(F) _ 1

Hegy' = ZLSILIeff(k)ST = ( (D.7)

hk)  A(Kk)
A'(k) —n"(-k) |

This is a typical Bogoluybov-de-Gennes Hamiltonian in the particle-hole basis, where Ay is a
P X P Hamiltonian for complex-fermions hopping, and A(k) is the P X P matrix consisting of

superconducting pairings of the complex fermions.

The explicit form of the matrix elements of eq. (D.6) can be written as

P
(AR)a'(K) = Y (o, +.K|p,+.K)(p,+k|(H+H)|p +k)(p +klad +k), (DS
p.p'=1
P I I I I
(AI+iHS)a,a’(k) = Z <a7+7k|p7+7k><p7+7k|(H+H )lp 7_7k><p ,—,k|OC 7_7k>,
p.p'=1

(D.9)
Due to particle-hole symmetry, | p, +,k) states give | o, +,k) Majorana orbital, while |p, — k)
states give |, —, k) orbital, respectively. We define (Ux )4, = (@, +,Kk|p, £,k) a P X P overlap
matrix which consists of the probability amplitudes of the particle-hole symmetric eigenstates
of the full Hamiltonian |p, +,K) to the effective Majorana orbital states. Note that U is not
a unitary operator as |p, +,Kk) states are incomplete. We denote the matric elements of H
is (D), (k) = {p, + K|H|p', +.k) = +E,(k)d), /. The matrix elements H' can be written

in second-order perturbation theory with respect to some gauge interaction/superexchange
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potential V that makes the transition from the P to the Q states as
I 1 1 I
(,Haa')pp' = (p,a,k|H |p,a,k)

2 Y VadpaVadg

7,4'€Q

{sgn(a) sgn(d') }_'_ (D.10)

E,—~E, E;-E,

Here g € Q. = 7 — P, states are the particle-hole pairs outside the subspace of our interest.
(Vi)pg = (p,,Kk|V|q, £,Kk) is the tunneling amplitude between the two eigenstates, our fitting
parameters. |p,+,K) are the eigenstates of H and hence are particle-hole symmetric. Inter-
estingly, H' is not particle hole-symmetric in the |p, +,k) as it allows for transition between
the particle-hole symmetric states in Eq. (D.9), but its matrix elements must be particle-hole
symmetric in the | o, +, k) states, by construction. If C is the particle-hole symmetric operator
in the |, +,K) basis, defined as |@,+,k) = C|a, —,Kk), the matrix elements transform as:
CD,(K)C ™' = =D_(k), CH', (kK)C ' = =H__(k), and CH',_(k)C ' = =H", (k). Substi-
tuting them in Eqgs. (D.8),(D.9) we get Ag = U, (Dy +H' 1)UL = —U_(D_ +H'__)U~",
and (A +iHg) =U,H' .U~ =-U_H _,U;", Vk.

D.3 Numerical fitting procedure

D.3.1 Gauge Obstruction and spread function of Wannier Majorana

states

Here, we address the issue of the gauge obstruction for Wannier orbitals of the electrons and
how they transcend into the Wannier orbitals of fractional particles. Fixing a smooth global
gauge for all Wannier orbitals of electrons within a unit cell can be hindered by several factors.

Below, we discuss several such cases and their corresponding remedies.

(a) Topological Insulators: In topological insulators, band inversion between two Wannier
orbitals obstructs a global momentum-space gauge. Here, the Wannier orbitals differ by a
well-defined local gauge connection, reflecting the non-trivial topology. For example, while
a Chern number of 1 requires a band inversion within the Brillouin zone (BZ), its specific
location can be shifted without affecting the overall topology (movable gauge obstruction).
As discussed in [20, 109—115], this can be addressed by defining an appropriate gauge-fixing
matrix.

(b) Gapless Points: If a gapless point arises from a symmetry-protected degeneracy between

two bands, it may not be readily movable (unless it is a gauge theory). [73, 116, 117] This can
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be tackled by expressing the Wannier orbital states as superpositions within the degenerate

manifold and carefully handling the singular point in the expansion coefficient (unitary matrix).

(c) Flat Bands.: Constructing Wannier orbitals becomes challenging for specific flat bands,
particularly when they exhibit degeneracy with another band. In such cases, a complete set
of localized compact Wannier orbitals may not be achievable. Instead, a combination of
compact localized states and extended states might be necessary to form a complete basis
set.[66, 67, 118—124]

(d) Atomically Obstructed Insulators: This recently discovered class of (trivial or fragile)
topological insulators presents a unique challenge. [125-128] Here, each of the multiple
Wannier orbitals must individually possess a sufficiently small spread function (Ar) such that
their combined spread stays confined within a unit cell.

Can the aforementioned challenges be entirely overcome using Wannier orbitals for frac-
tional particles within a gauge theory framework? The fractional particles of interest here
arise from the superposition states of the original complex matter fermions. The fractional
particles exhibit a physical separation in real space due to emergent local gauge fields and/or
topology. Their physical separation is linked by the gauge fields such as W),, X,, and {;;. For
example, in the present case, the two Majorana orbitals are pinned at the two w— flux pairs that
are separated by a distance d. Therefore, in analogy with the atomically obstructed orbitals,
the spread function (Ar) associated with each Majorana Wannier orbital must be less than
d /2 if there exists a finite trivial gap between the two Majorana bands. For the gapless case,
Ar ~ d /2, whereas in a topologically non-trivial case, Ar > d /2 such that the two Majorana
Wannier orbitals overlap within the unit cell, and an intra-unit-cell gauge field between the two

orbitals contains a winding or knot to produce the topological invariant.

The gauge obstruction is incorporated within the eigenstates of the full Hamiltonian |p,k)
before fractionalizing them in the orbital states. This is done as in the standard method outlined
in Ref. [21]. The procedure has two steps. First, we allow a unitary transformation B(k) to the
eigenstates as |p,k) = ) »Bp.p(k)|p,k) - which incorporates the singular gauge that needs to
be added/subtracted from the global gauge. Next, we perform a smooth gauge fixing on the
rotated states |P,K) between the two nearest momenta differ by the grid size of 6k = 27 /L,
where L is the sample length. It turns out the spread function Ar = ) - (rz)f, - (r)% is related to

p
the overall matrix

1
Mp g (kK + k) = o Z > B} 5K, (K)z, (SK)Ty (K + 8K) By i (k + 6K), (D.11)
I pp'

where t; are the positions of the original 2N Majorana sublattices in the full Hamiltonian within

the R supercell. I' is the unitary matrix consisting of the eigenvector of the full Hamiltonian
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defined in Sec. 4.2. R, is the position of the a-sublattice within the supercell, and we sum
over all R in the entire lattice. In the main text, we work with the |p,k) after the gauge fixing,

which we continue to denote by |p,k) for simplicity in notation.

D.3.2 Completeness of the Wannier Majorana states

In the above description, the |, +,k) are defined to be the orthonormal complete Wannier
states for the effective 2P X 2P Hamiltonian, while |p, +,Kk) are the low-energy eigenstates
of our interests of the full Hamiltonian which orthonormal but not complete. Our numerical
procedure follows two steps. First, we construct |, +,K) states iteratively and then use C,, as
fitting parameters to find the corresponding energies +E,(k) subject to the flux conservation
constraint. The procedure followed is the same as [20] and implemented in the Wannier90
package.

We assume |, +,K); as some trial non-orthogogonal complete Wannier states related to
the |p, ,K) states by an overall matrix (Uit))pﬂ(k) = (p, +,Kk|a, £,k);. Note that Uit) are
not the same as the desired overlap matrix U, defined below Eq. (D.9) and we want to find a

relation between them. To orthonormalize | o, +,k); we define their overlap matrix

t i
(S2)aa (k) = Y (U)o, () (UL y ar(6) (p, £ kP £.k) = (UL U)o (D.12)
pr'

Then the orthonormal Wannier states are defined as |o, +,k) = Zar(S;I/z)aa'(k) la', + k).
Then it is easy to show that the overlap matrix is defined as Uy = Ui[)S ;1/ 2, Vk. For the method
to work, i.e., the Wannier orbitals to be smooth in the momentum space, the overall matrix
(1)
Uy

obstructed insulators, or flat bands with singular compact orbitals. For removable singularity,

must be non-singular. This is often not the case for topological insulators, atomically

the procedure works well as described in [66, 73, 109, 111]. Note that we do not need separate
trial functions for the + states as they are related by the particle-hole symmetry C.

D.3.3 Choosing the trial wavefunction

How do we efficiently guess the trial Wannier states |, +,k);? We follow the procedure
outlined in [111] for complex fermions and make necessary modifications. Because we have
the eigenvalues and eigenvectors of the full Hamiltonian H in the supercell, we study first
where our interested eigenvectors are localized in the supercell. This gives hints on the location

of the Wannier centers for the trial states.
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Fig. D.1 We plot the orbital weight of the two lowest energy (p = 1) particle-hole states
Y « Xp.i (k) at different sites i, defined in Eq. D.13. The results are shown for the 4 x 4— flux
configuration. The size of the open circles denotes the orbital weight strength. We notice that
the weight is largest around the 7— fluxes.

The trial functions are considered as follows: following the procedure mentioned in
Ref. [111], we can expect the sites close to the 7—fluxes to be the most probable regions
for Majorana wave functions. We confirm this by plotting the probability amplitude of each
Majorana sublattice of the Full supercell Hamiltonian:

2pi(K) = ) T, qi(K)[. (D.13)

This signifies the occupation probability of the targeted bands for each sublattice index, o for a
k—point. The highest probability indeed coincides at sites close to the 7— fluxes, as shown in

Fig. D.1. Based on this, we construct the trial functions for the o:-Wannier Majorana orbital

2N
o, £, R), = ﬁ&u—mtmw, (D.14)

where t; are the positions of the original Majorana sublattices in the full Hamiltonian within
the R supercell. For example, for the 4 X 4— configuration shown in Fig. D.1, the sublattice
indices for the trial function with (a,+) € {1,9,10}; and (o, —) € {5,16,17,18}. There is no
unique definition for these trial functions. The good choice is the functions that give 10 — 20%
change in the spread function, from the initial spread function to the final spreads after the

minimization procedure. In the k— space, we obtained |, +,k); by the Fourier transformation
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given in Eq. (4.4). With these trial functions, the Wannier centers are shown in Fig. 4.4(a)
for 4 X 4- configurations. In Fig. 4.4(b), we plot the dispersions of Majorana fermions from
Wannierised orbitals, and it fits ED results well with distances, R < |9a; + 9a,|.

D.3.4 Values of tight-binding parameters

The lattice vectors are given below in terms of the Miller indices and R = (0,0). The rest of the

parameters are nearly zero and hence ignored in this table. The 2 X 2 matrices for each tensor
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component are in the two particle-hole Majorana basis of a = +.

TRR
711,11(1):(1,0)
7117R(2)=(071)
71{,R<3)=(1,1)

711,11(4&(1,—1)
TR,R<5)=(2,0)
711,R<6)=(0,2)
711,R<7)=(1,2)
711,R(3) =(1,-2)
711,11(9):(2,—1)
7§,R('°)=(2, 1)
711,11(11):(2,2)
711,11“”:(2,—2)

7iz,R(13)=(2,3)

711,11(14):(2,—3)

f(

,.<
,,(
f<
,.<
f<
,(
i<
,.<
,,(
f<
,.<
f<
,.<
|

0 -0.036

0.036 0 ’

0.000  0.005 _
—-0.023 —0.000 R,-R(1)’
0.028 —0.05 _
—-0.05 -0.028 R,-R®)’
—0.004 0.005 |
—0.008 —0.004 | 'R-RO
0.018 —0.008 | _;
-0.038 —0.018 | 'R-R®’
0.025 —0.002 _
0.012 -0.25 R—-RO)
0.005 0.006 |
~0.029 0.005 | R-RO’
0.003 —0.002 -
0.011 —0.003 | 'R-R™
—-0.011 —0.004 -
—-0.014 0.011 R,—-R®)
—-0.006 0.003 _
—0.026 0.006 R,-R()’
0.001 —0.001 _
0.001 —0.001 R,—R(10)’
—0.017 0.001 _
—0.004 0.017 R,-R(D’
0.003 0.001 _
0.025 —0.003 R,—R(12)
0.00 0.000 \ _

0.002 0.00 | R-RIY
0.003 —0.003 o
—-0.010 —0.003 R-R(4)’
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711,11(15):(1,3)
711,11(16):(1,—3)
711,R(17)=(3,2)
71{,R<18)=(3,—2)
711,R('9)=(3,3)

711,R<”>=(3,—3)

0.000
—-0.004

—-0.002
0.013

0.00 0.000

f(
f(
f(
f(
,.(

0.00
—0.006

0.000
—-0.001

—-0.002
—-0.002

yod) ELA
yosd LA

):TI:,—R(”)’
%.00000 = Tt
0000 | = Tacr
0003 | = Tacw

(D.15)
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Symmetry, Superposition, and Fragmentation

in Classical Spin Models

Classical magnets exhibit exotic ground state properties such as spin liquids and fractional-
ization, promising a manifestation of superposition and projective symmetry construction in
classical theory. While system-specific spin-ice or soft-spin models exist, a formal theory
for general classical magnets remains elusive. Here, we introduce a generic symmetry group
construction built from a vector field in a plaquette of classical spins, demonstrating how
classical spins superpose in irreducible representations (irreps) of the symmetry group. The
corresponding probability amplitudes serve as order parameters and local spins as fragmented
excitations. The formalism offers a many-body vector field representation of diverse ground
states, including spin liquids and fragmented phases described as degenerate ensembles of
irreps. We apply the theory to a frustrated square Kagome lattice, where spin-ice or soft spin
rules are inapt, to describe spin liquids and fragmented phases, all validated through irreps

ensembles and unbiased Monte Carlo simulation. Our generic theory sheds light on previously
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unknown aspects of spin-liquid phases and fragmentation and broadens their applications to

other branches of field theory.1

5.1 Introduction

Classical spin models can potentially capture exotic phenomena like spin liquid [1-6], spin
ice [7-9], and fragmentation [2, 10-13], order by disorder [14—19], prethermal discrete time
crystals[20], and exciting progress lies in designing novel and generic frameworks [6, 21—
29]. While quantum theory allows the ground state of a spin liquid to be a superposition
state, this concept does not have a classical analog. Classically, two main approaches so far
describe the spin liquid phase. The spin-ice model applies to specific spin Hamiltonians that
can be expressed in terms of |S, |2, where S, is the total spin in a cluster, such that the S, =0
configuration describes degenerate ground states.[2, 6, 11, 23, 24] However, this rule doesn’t
hold for models with Dzyaloshinskii-Moriya (DM) interactions. Recently, a Luttinger-Tisza
approximation, also known as the spherical or soft-spin approximation, has been employed to
analyze the degenerate energy state in momentum space in terms of extended states of classical
spin.[23-27] A flat band in this model indicates the degeneracy characteristic of spin liquids.
The drawback of this model is that it relaxes the local |S;| = 1 constraint, imposing it at the
global spin value. Both approaches are suited for specific Hamiltonians and have so far been
applied only to spin-ice models.

Magnetic fragmentation is another exotic phenomenon in the classical spin systems that
draws recent attention.[10-13, 30, 31] In this phase, a local classical field (such as spin or
magnetization) fragments into components with one (or more) components exhibiting order
while others remain disordered or liquid-like. This phenomenon has so far been studied using
Landau’s coarse-grained magnetization fields, with or without local spin constraints. Despite
progress in understanding specific models with ground state degeneracy or fragmentation, a
comprehensive analytical framework, which would ideally encompass all lattice symmetries,
frustration, DM interactions, local spin constraints, and hence do not necessarily follow the
spin-ice rule, remains elusive.

Research on frustrated lattices, like pyrochlore,[6, 32-35] triangular,[36-38] Kagome,[39—
41] and others[4, 15, 18, 42] has been a major focus in exploring spin liquids and related
phenomena. Recently, the square Kagome lattice has sparked excitement due to experimental
hints of spin liquid phases[43—45] and supporting theoretical investigations [46-50]. However,

"This chapter is a reproduction of our published work on ’Symmetry, Superposition and Fragmentation in
Classical Spin Liquids: A General Framework and Applications to Square Kagome Magnets’ with reference
Phys. Rev. B 110, L060401 (2024).
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these materials likely possess a strong DM interaction[43—45] which the spin-ice and soft-spin
models do not incorporate. Additionally, the square Kagome lattice boasts multiple sublattices,
offering a richer platform with potentially larger degenerate manifolds and more fragmentation
possibilities.

Here, we introduce a generic framework for studying ground state degeneracy and frag-
mentation in classical spin systems using a group theory approach. We apply this theory to a
two-dimensional square Kagome lattice. Our approach transcends a prior approach[35, 41],
used primarily for ordered phases, to encompass spin liquids and fragmented phases. We
define a vector space representing the spins within a lattice plaquette, designed to be invariant
under the lattice’s point-group symmetry. The plaquette spin vector can be expressed as a
superposition of the irreducible representations (irreps) of the symmetry group. The expansion
parameters of this superposition vector act as Landau-like order parameters. However, unlike
traditional order parameters, they transform under ‘discrete’ spatial rotations and acquire contin-
uous symmetry through degeneracy and irreps multiplets. Interestingly, these order parameters
serve as spin’s ‘probability amplitudes’ and ‘occupation densities’ to irreps state and energy
levels, respectively. This approach, with its resemblance to quantum concepts, paves the way
for a novel construction of classical spin liquids and fragmentation states.

We apply the theory to a model consisting of XXZ and DM interactions in a 2D square
Kagome lattice. We also employ unbiased classical Monte Carlo (MC) simulation to validate
our group theory approach and reproduce the phase diagram. We find that DM interaction
promotes a uniform or staggered ordering of specific irrep, containing vortex or anti-vortex.
Near the critical boundaries between these ordered phases, we observe the emergence of
classical spin liquid (CSL) states. Within the CSL phase, local spins remain fully disordered if
the ground state consists of a randomly distributed irrep ensemble. Alternatively, the ground
state can scramble ordered and disordered irreps to fragment the local spin vector into coexisting
extended/collective and point-like excitations. Additionally, the spin-spin correlation function
is analyzed in each phase to distinguish between magnetic Bragg peaks for the collective

excitations in the ordered phase and the ‘pinch-point’ excitations in the liquid phases.
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Fig. 5.1 (a) A plaquette of a 2D square-Kagome lattice, belonging to the D4 group, is shown
with sublattices enumerated as i = 0 —7. (b) Among five irreps with different multiplets, we
show a few representative irreps here, while others are shown in SM[51]. Each irrep consists of

either S,~J' (horizontal arrow) or S; (open and filled dots for up and down spins) components,
with the sizes of the arrows or dots dictate their magnitudes.

5.2 Mathematical foundation:

We define a local vector field in a plaquette network p to be invariant under the lattice’s

S, =Ps:. (5.1)

i€Ep

point-group symmetry G:

S;= (878 Sf)T € 0;(3) at the i™ site, and S, € 0,(3n) where n is the number of sublattices
in p. (O;(n), O,(n) distinguish the orthogonal symmetry of the vector at the i-site and p -
plaquette, respectively). Each plaquette, like a conventional unit cell, includes redundant sites
than the primitive unit cell. This is adjusted by introducing a normalization factor in the dual
vector definition to fix the length of S,.[52]

The transformation from the spin space to the irreps space of group G involves an orthogonal
matrix, whose column vectors V, form the orthonormal basis of the irreps representation.

Expressing S, in this irreps space yields

3n
Sp=) mgVe. (5.2)

a=1
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Here mg € R is the coefficient of the expansions. We keep the plaquette index in m and V
implicit for simplicity in notation. Interestingly, m, conforms to Landau’s order parameter as
the coarse-grain average of local fields, except, here, it is invariant under a discrete symmetry
group in a plaquette and is interpreted as the probability amplitude of vector field: my =
VZ; S,.[52] The local spins are defined by a rectangular projection matrix P, as Sie), =
PiepSp = Y o MaPicpVa-

Reformulating the order parameters in terms of the irreps conveniently decouples them in a
symmetry invariant Hamiltonian, albeit the irreps’ multiples can mix among themselves. To
account for the multiplets’ submanifold and emergent symmetry, it is convenient to introduce

an O, (dy) ‘spinor’-like field mg, := mﬁ,}) m(ad“) )" for the o irrep with d,, multiplet. Then,

the eigenmodes are obtained by orthogonal rotation 7, = Lada

mey, Where L, are the
corresponding generators for the angle ¢ . ¢, lives on the Hamiltonian’s parameter space
and assumes fixed values for the energy eigenmodes. The orthonormal basis states ensure
the constraint |$p|2 = SZSP = chloc|m05|2 = nS*, Vp, where |S;| =S, Vi is an additional
hardcore constraint on the classical spins[52]. Not all irreps necessarily adhere to the local
constraint, requiring them to collaborate with others for existence. Such irreps ensembles may
lead to non-analyticity and fragmentation into an order-disorder mixed phase. Additionally,
the collapse of the eigenmodes 71, into its constituent irrep m causes distinct fragmented

excitation.

We have a 3nN-dimensional vector space S = @; S, for a generic N-unit cell lattice,
commencing a 3n/N X 3n/N-matrix valued quadratic-in-spin Hamiltonian (see SM[51] for further
details. Lets call this Direct Sum as constrained direct sum with a prime sign over it. While a
Direct Sum means different sectors are decoupled, but the definition of the constrained sum is
that different sectors are related by the local constraint on the spin shared between the different
plaquettes. This introduces a new type of frustration as well as correlation.). However, thanks to
nearest-neighbor interaction and discrete-translation-invariance of the lattice, the Hamiltonian

can be brought to a block-diagonal form in terms of the plaquette Hamiltonian H ,:
L7
H,= 5817 HpS)p- (5.3)

Here H, is an orthogonal matrix-valued Hamiltonian, analogous to the second quantized
Hamiltonian, whose components consist of all possible interactions between S; and S; for
(ij) € p. However, lattice symmetries restrict the allowed finite components in #,,, which we

now consider for a square kagome lattice.
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5.2.1 Realizations in a square-Kagome lattice

The square-Kagome lattice belongs to the Dihedral (D4) group with n = 8 sublattice spins,
giving a 24-dimensional vector representation. Denoting the group element g € D4 in the
S,—representation by the matrix-valued operators D(g), we impose the symmetry criterion
that under a local symmetry transformation S, — D(g)S,,, the local Hamiltonian H), is invariant
if [D(g),H,] =0, Vp,g. Since local O;(3) and sublattice symmetries are abandoned, the
. . . uv . .
plaquette symmetry allows us to have bond- and spin-dependent interactions J;;  with six
exchange and three DM interactions (see SM for the details), leading to a bond-dependent XYZ-
Heisenberg model with XY-DM interaction. However, imposing bond-independent interactions,
we consider an XXZ model with DM interaction as more appropriate for realistic materials

[43-45], H = Z (), qu“ VS,HS}/. This can, for future convenience, be expressed as:

i1(0,40;) oL oL o
H=J Y (Dfe”( 2y +AS§S§-). (5.4)
(ij).e=t

Here JHV = J&yy +JDgyy, for = x,y, and JE = JA, Oyy is the Kronecker delta and g, is the
Levi-Civita tensor. J is the exchange term, A is the z-axis anisotropy ratio, and JD is the XY
DM interaction strength. By diagonalizing the tensor J*", we define two ‘circularly polarized’
fields: S; = |S,J' |eir®" € 0;(2) =U;(1), where Sf‘ = /5% — (57)? is the coplanar spin magnitude
and O; is the azimuthal angle in the spin space, which interact via a complex (dimensionless)
interaction D* = 1 +itD.

5.2.2 Irreps in square-Kagome lattice

There are five conjugacy classes in this non-Abelian group, giving five irreps: my = Agflza ),
Bgflza ), and one two-dimensional irrep E(d“), where the superscript denotes their multiplicity
(dy) =(2,4,3,3,6), respectively. Representative irreps configurations are shown in Fig. 5.1(b).
We organize these irreps into a coplanar set m| := {A%b), B%b), E@xbry ey i)y and an
out-of-plane/colinear set m| := {Aéc’d), Bgfz), E(e"*y’f"’y)}.

In the coplanar irreps basis Agiléb), Bg?éb), even/odd under C4, the local spins S; are arranged

in a topological texture following ®;c, = Q,,6; + ¥,, where ©; and 6; are the azimuthal angles
in the spin and position manifolds, respectively. ¥, € [0, 7) is the helicity angle, and Q,, €
nl(Sl) = 7 is the topological charge. As shown in Fig. 5.1(b), this leads to (anti-/) vorties

b b) . ) i . . .
for Agaz‘ ), Biaz ) irreps. In fact, each (anti-/) vortex consists of two concentric (anti-/) vortices

in the outer and inner squares, which are not related by symmetry but interact with each

)

. . ,b . . . . .
other by the interaction term D°. Aga consist of concentric vortices with the same/opposite
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Fig. 5.2 Computed phase diagrams within the MC simulation (also group theory analysis) are
shown for (a) for AFM (J = +1) and (b) for the FM (J = —1) couplings. We highlight spin
textures in a randomly chosen four-plaquette setting for representative phases (upper panel) and
respective ensembles of irreps in four plaquettes (lower panel). (c¢) CSL at (J,A,D) = (1,1,0)
showing disordered values of m, from both in-plane and out-of-plane ensambles. (d) AO at

(1,0,-3) with degenerate irreps B( 2 are staggered. (¢) FAA phase at (1,4,—1) where B( 2

being ordered but Bi °) is dlsordered. (f) FFM phase at (—1,-2.5,0) where 2D irrep E(a)
is ferromagnetically ordered in-plane, but out-of-plane irreps are disordered. Note that all
disordered values take random numbers between different plaquettes, while we display only
four representative plaquettes here.

helicities (Y, = 7 /2), while Aga’ ) odd under reflection, have y, = £7. B(

under C4) are similar, except they contain anti-vortices. The out-of-plane Ag ) are colinear

2F irreps (odd

FM/AFM irreps, while Bscz) are colinear AFM irreps. Finally, among the six-fold multiplets of

2D E irreps, ED are coplaner FM/ nematic/AFM order parameters, while ECD are colinear
irreps. Notably, the colinear irreps B( ©) and E©7 violate the local constraints, and hence their

low-energy configurations vitiate any long—range order.

5.2.3 Eigen energies:

The final task is to diagonalize the multiples of the irreps. In our case, the irreps’ multiplets split
as either O, (dy) = 0,(2)®0,(2)® ..., or O,(dy) = 0,(2) ® Z, & ..., in which all 0,(2)
operators have the same generator Ly = i0. ¢ depends only on arg(D") in the eigenstates of

H,,. The resultant diagonal Hamiltonian per plaquette is

n
H,=Y Eyliy|. (5.5)
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Phase Acronym | Irreps {v,} Parameters Color code
Classical Spin Liquid CSL my Um J=1,A>0,D=0 Cyan
Vortex Order VO Aiaz) J=1,A<2D,D >0 Magenta
Anti-vortex Order AO 8" | J=1.A<2D,D<0 | Red

Fragmented AFM-vortex FAV A 32) U BEC) J=1,A>2D,D>0 Black

YUB | J=1,A>2D,D<0 | Black

Fragmented AFM-Anti-vortex FAA B

Fragmented Ferromagnet FFM E@y m| | J=-1,A>2|D|, D Black
Colinear Ferromagnet Order ||-FM Agc) AJ <0, |A| > 2|D| Green
Coplanar Ferromagnet Order 1-FM E@ J=-1,|A| <2|D| Blue

Table 5.1 We tabulate all the phases and the contributing irreps obtained consistently with the
MC simulation and the group theory analysis. The irrep with a bar in the third column reflects
it to be ordered; otherwise, it’s a disorder irrep.

Here |m, |2 serves as ‘occupation density’ to the v energy level E,. Henceforth, we omit
the tilde symbol for simplicity, and all irreps are considered eigenmodes unless mentioned
otherwise. The functional form of E,, in terms of J, D, and A is given in the SM[51]. Constrained
by symmetry, Eyem, depends solely on D", while Eyem, 1s proportional to A %, One or more
irrep (s) can form an ordered phase with a global energy minimum at NE,, if they satisfy
the constraint and frustration; otherwise, they blend with other irreps to form a degenerate
ensemble, giving disorder, liquid, and mixed phases. A zero-temperature phase transition

occurs at the E,, = 0 line.

5.3 Phase diagrams and correlation functions

We solve the Hamiltonian in Eq. (5.4) both numerically using classical MC simulations and
the group theory analysis. The details of the MC simulation are given in the SM[51]. The
corresponding phase diagram is summarized in Table 1 and shown in Fig. 5.2. Note that the
same phase diagram is also reproduced by the lowest energy eigenvalue E\,, and the values of
m,, are obtained from the MC result as shown in the lower panel in Fig. (5.2) agrees with the

group theory result.

(Zb), Ag?ﬁb) are promoted by ¥D, while E(® do not depend on D.

2Speciﬁcally, the (anti-/) vortex irreps B
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Remarkably, we find that all the phases can be understood in terms of an analytical definition

of the many-body ground state vector field as:

I
Sos = B> myw,. (5.6)

P {vp}

The ordered phase harbors a summated state of a fixed irrep v € {v,,} (with my = m, my4 =0,
V p); while the staggered phase features two alternating but fixed irreps v, and v, in neighboring
plaquettes. The CSL state, on the other hand, combines an ensemble of irreps {Vv,,} within each
plaquette p. Within this ensemble, the probability amplitude m,,, may vary randomly, subject
to local constraints, corresponding to the same plaquette energy. The random distribution of

my, differs between plaquettes, resulting in an extensively degenerate ground state.

In addition, we also compare our results with a soft-spin approximation in the Fourier space
[4, 6, 34, 53-55], and the resulting dispersion relation is shown in SM[51]. Given that we have
experimental access to the correlation function of local spins S;¢,,, we report its correlation
function. We project the structure factor x (k) = 1/N'},; (S;-S;)exp{(ik- (r;—r;))} to the

irreps space as

(S;-S;) = vapqu(VZ;PiTPvaq)a (5.7)

VpVq

with r; is the i" spin’s position in p and j € g plaquette.

The phase diagram in Fig. 5.2 reveals a predominance of (uniform or staggered) order
phases in both J < 0 (frustration inactive) and J > O (frustration active) regions. A CSL phase
emerges only at the critical line of D — 0, which turns into distinct mixed/fragmented phases
for 2|D|/A < 1. For D — 0, J > 0, three distinct CSL phases emerge with increasing A in
Fig. 5.2(a) (cyan color). As A — 0, we have an XX model in Eq. (5.4), and the contributing
irreps arise from the degenerate manifold of the coplanar irrep ensemble {mvp} € mj. This
gives a CSL phase of S; € O;(2) spins. The structure factor (k) displays a characteristic
disorder pattern without any magnetic Bragg peak but with a prominent pinch-point around
k = (7, £371). The pinch-point characterizes an algebraic correlation between the topological
charges. At A = 1, the Hamiltonian is subject to a full O;(3) symmetry constraint per site,
resulting in symmetry-allowed access to the entire ensemble {mvp} € mj Um. For example,

{m,} € {mAEaib,c,d),mBgaéb)} are degenerate at E, = —2J and {m,'} € {mBEcz),mE(c,d)} at E, =

—4J, making a larger CSL ensemble degenerate at energy E, = m%,Ev + mi,Ev' = —4J for
m, = v2m, . Consequently, (k) displays pinch-point correlations among both S; and S:.

Finally, as A — oo, the Hamiltonian (last term in Eq. (5.4)) retains a residual local Z, symmetry
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Fig. 5.3 Simulated x (k) is plotted in the momentum space for the four phases discussed in
Fig. 2. (a) CSL at (J,A,D) = (1,1,0), where red dots are plotted separately to signify additional
strong magnetic Bragg-like peaks that overwhelm the spectral density of the disordered pattern.
(b-c) FFA at (1,4, —1) where the plots for the ordered SiJ' and disordered S; components are
separated in (b) and (c), respectively. (d) AO at (1,0,—3) showing Bragg peaks similar to S,-l
components in (b). (e-f) FFM phase at (—1,—2.5,0) with FM ordered S,-l and disorder S; are
separated in (e) and (f). Panels (a) and (f) host pinch-points around (7,37) and it;s equivalent
points.

constraint, and the disorder ground state solely stems from the {mvp} € my| ensemble. x (k)
is contributed solely by S7 with pinch-points at k = (+7,+37). Based on their distinct local
constraints, it is convenient to refer to these phases as O(2), O(3), and Z, CSLs, respectively,

without implying a Landau-type phase boundary between them.

Any finite D steers the CSL phase into either order or fragmented (mixed) phases. Note

%) are degenerate at E,, = 2D +21/D? + (1 + D)?, while the

that vortex irreps Aga’b) and Ag
anti-vortex irreps Bga’b) and Bga’b) are degenerate at E, = —2D +21/D? + (1 — D)?. This makes
all the phases in Fig. 5.2(a),(b) symmetric for D < —D with vortices « ant-vortices. Hence,

we mainly focus on the —D region with anti-vortices for the discussions.

For weak out-of-plane anisotropy A < 2|D|, we have ordered phases of (anti-/) vortices for
¥D, which we call (Anti-/)Vortex Order (AO/VO) phases (red/magenta regions in Fig. 5.2). In
AO phase, the degenerate irreps Bgaz) are mixed in an O(2) order parameter and are staggered
between the neighboring plaquettes with a ¥, = 7 phase shift. The extracted values of the order

parameter m from the MC data confirm the only finite and uniform weight of the Mg () irreps in
12
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the AO phase, as shown in Fig. 5.2(d) (lower panel). Interestingly, the CSL lies at the phase
transition line between the VO and AO phases. The ordering is also evident in x (k) with a
magnetic Bragg peak atk = (7, 7).

However, for strong A > 2|D| (with AFM anisotropy JA > 0 ), the coplanar ordered irreps
become scrambled with disordered out-of-plane irreps: {mvp Fmix € MA /B Umj|, in black region
Fig. 5.2(a). In particular, the outer (anti-/) vortex maintains co-planarity, while the inner (anti-/)

vortex mixes with the m () € m)| irrep. The combination produces a novel AFM-vortex/AFM-

(c
anti-vortex texture Withiilthe inner square where neighboring spins possess opposite easy axes
3 Consequently, S; spin fragments into its S; components become non-interacting and fail to
order or exhibit any significant correlation, while the S} fields exhibit long-range order with
magnetic Bragg peaks in the structure factor, see Figs. 5.3(b,c). We denote these phases as
fragmented AFM-vortex (FAV) and fragmented AFM-Anti-vortex (FAA) for £D regions and
confirm the same the extracted values of m,, from the MC result.

For strong A > 2|D| with FM anisotropy A < 0 and J > 0 naturally select colinear FM order
of the Agc) irrep (green region Fig. 5.2(a)). We denote this phase as || —FM. The same phase
reemerges for A > 0 and J < 0in Fig. 5.2(b).

The interplay between the FM interaction, J = —1, and strong AFM anisotropy A > 2|D|
generates a distinct fragmented phase, see Fig. 5.1(b) (black region). The extracted values of
m from the MC data show that the in-plane FM 2D irrep 71 (x) is ordered while the out-of-plane
AFM irreps € m|| are disordered, see Fig. 5.1(f). These out-of-plane irreps violate the local
constraint, leading to an intriguing fragmented structure in y (k), resulting in an in-plane FM
order in S;, but a pinch-point disorderin S;, see Fig. 5.3(e-f). We dub this a Fargmented FM
(FFM) phase.

Any finite D disfavors this mixed phase, causing a phase transition at D > 2A to in-plane
VO or AO orders for D, as observed in the J = 1 phase diagram. The remaining two phases
are readily identifiable: a uniform coplanar FM (namely, L -FM) order with g (a) irrep at A — 0
(blue region in Fig. 5.2(b)), and an out-of-plane ||-FM order with m Agc) for JA — oo (green
region in Fig. 5.2(b)).

5.4 Conclusions and outlook

Discussions on their excitations and phase transition are merited. The VO/AO order phases
(red and magenta) exhibit novel collective excitations. Gapless collective excitations emerge

from the long-wavelength fluctuation of the helicity angle 7, across the lattice, protected by

This AFM-vortex topology is homotopically distinct from the known AFM skyrmion[56], and has not been
predicted previously



142 Symmetry, Superposition, and Fragmentation in Classical Spin Models

the topology of the irreps space through the charge Q) € Z. These modes, termed helicity
phase modes or phasons, possess novel characteristics. The two concentric vortices per
plaquette are coupled by interaction but not symmetry. Frustration affects only the outer vortex,
resulting in the fragmentation of the excitation spectrum into a collective mode for the ordered
fields and local excitations for the disordered components. The Mermin-Wagner theorem
dictates the instability of ordered states to gapless magnons or phason modes, while disorder
phases tend to order via thermal fluctuations according to the order-by-disorder paradigm
[14, 16—-18]. Moreover, the VO/AO phases for +D consist of different irreps, i.e., distinct
conjugacy classes, that do not couple in the Hamiltonian. Hence, their phase boundary at D = 0
signifies a topological phase transition associated with a spin liquid phase at the critical point,
reminiscence of the deconfined critical point [57]. The CSL critical point can be extended by
applying a magnetic field in the z-direction (see SM[51]). Finally, transitions between ordered
and fragmented phases, or within fragmented phases, offer intriguing avenues for studying

non-Landau-type phase transitions.



Appendices for chapter 5

E.1 Detailed derivation of the Symmetry properties

Here, we provide further details of the relevant mathematical constructions that are used in the
main text. We start with a system of A/ spins. Much like how one starts in the quantum case
with a direct product state basis to construct exotic entangled states, here we can also start with
a many-body 3V -dimensional vector field as a direct sum basis: S = @{VSZ-, where S;—; € O(3).
Then, the most general two-spin interaction Hamiltonian is written as H = S "us , where H is
the 3NV X 3N matrix-valued Hamiltonian. Short-range interaction and (discrete) translational
symmetry drastically simplifies this Hamiltonian, giving a block-diagonal one.

We assume that there exists a (conventional) unit cell with sublattices that are invariant
under a point group symmetry G. The spins sitting at the cell coordinates interact with the spins
from the neighboring cells. This interaction term is translated back to a periodically equivalent
interaction between the spins within the cell. This allows us to define a plaquette containing n
sublattices (counting the sites fully that are shared with the neighboring cells, and hence, the
number of sublattices in a plaquette is larger than that in the primitive cell). In this prescription,

the Hamiltonian H becomes block diagonal into a 3n X 3n plaquette Hamiltonian H,, and the
N=N[n

many-body spin vector field splits as S = & p=1

Sy, where S, the vector field in the plaquette.
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Here, we focus on the square Kagome lattice, which has n = 8 sites in a plaquette, giving
a 24-dimensional reducible representation S, as shown in Fig.1 (a), while the primitive unit
cell has 6 spins Therefore, the ’completeness’ property of the plaquette spin turns out to be
Zgzl Sg S » = 8N, whereas N = 6N is the total number of spin in the lattice of N unit cell. To
deal with this, we introduce a local weight factor 1), in the definition of the dual vector, say,
SZ- = ; Ny, Where T corresponds to the transpose operator. Then, the length of the vector
is defined as SZSpv = S; n,S, = N,0,,. We approximate 1, = 6/8Z in each plaquette. The
Monte Carlo result confirms that the obtained order parameters for phase phases are scaled
with the group theory result by 6/8.

Our first job is to find the irreducible representation of the Dihedral group D4 group in this
vector field representation. The group elements are denoted by Dy = {e,C4, Ci, Ci, c,,0, =
Cs ! 0,Cy4,0,7,0)" = C; lcfy C4}, where C4 is the four-fold rotation, o, are the reflection
with respect to the verticle plane passing through the x,y— axis, or diagonal (xy/yx), as
shown in Fig. 1(a). In this S,-representation, we can split each of the D4 group elements as
successive transformations on how the onsite spin S; € O(3) undergoes an internal spin rotation,
followed by how each component SIHZI_8 of the 8 sublattices reorders in the plaquette vector
S,. Noticeably further, the inner and outer squares of the square kagome lattice are decoupled
from each other in terms of the D4 symmetries and give a trivial transformation between the
two concentric squares of four sublattices. In what follows, if we denote the S p-representation
of the group elements g € D4 as D(g), then it can be decomposed into a direct product of three
symmetries: D(g) = R;(g) ® R1(g) ® Rs(g), where Rg(g) are the 3 X 3 rotational matrices
of the local O;(3) spin, R;(g) are the 4 X 4 rotational matrices of the four sublattices, and
R;(g) is the 2 X 2 transformation between the inner and outer squares.

D(C) = [08Ry(C)+n8R;(C)|®Rs(Ca),

D(C) = rx®z4x4®7zs(c4>

D(C) = [woR7(C)+rneR"(C) |8 Rs(C),

D(o)) = wRL)(o)w@RL)(c) ® Rs(oy),

D(o)) = [weR(a)+5 R, (0) |8 Rs(a),

Do) = 'TOML)(c”)w@R ()] ®Rs(a"),

D@ = |m o R () + fxmz(”(c:‘y)] ® Rs(6"). (E.1)
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Here 7, T, are Pauli matrices defining the internal symmetry D4(g), and

0 00O 0010

(1) 0 00O ) 0 001

R; (Cy) = ,R Cy) = 5
L(4)1000 L(4)0000

0100 0 0 0O

00 0O 0 010

00 0O 0100

Ry (o)) = R (07) = ,
00 0O 1 00O

00 01 0 0 0O

1 000 00 0O

R; (0,) = Ry (0,7 ) = .
L(v) 0000 L(v) 0010
00 0O 0100

Under Cy4, the continuous O;(3) symmetry simply becomes a discrete angle of rotation by 27 /4
with L_ being the angular momentum, while under the mirror, spin is rotated as an axial vector.

This gives
0 -1 0 1 0 0 0 -1 0
Rs(Ca)=|1 0 0|, Rs(c))={0 -1 0|, Rg(c)’)=|—-1 0 0 [(E2)
0 0 1 0 0 -1 0 0 -1

and Rs(C3) = (Rs(Ca))?, Rs(C3) = (Rs(Ca))’, Rs(0)) = Rs(Ca) ™ Rg( 0y )Rs(Cy), and
Rs(0)") = Rs(Ca) ™' R0 )Rs(Ca).

E.1.1 Symmetry of the Hamiltonian

The generic plaquette Hamiltonian is expressed in the main text as H, = %SZ”H »Sp, where
H, is the 24 X 24 symmetric matrix containing all possible nearest neighbor interactions. The
symmetry constraints make many terms vanish or be identical to other terms. Under a symmetry,
the vector field transforms to 81'7 =D(g)S, Vg € Dy, and if the Hamiltonian to H, is invariant,
then the Hamiltonian matrix transforms as DT(g)H »D(g) =Hp Yp.

Under these conditions, we find that the interaction terms among the four triangles are
related to each other by symmetry, while those within a triangle are independent of each other;
see Fig. 1 (a). Consider the one independent triangle at sites i = {0, 1,2} in Fig. 1 (a), and we
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Dy dy E 2Cy 205 G 2GC
A, 2 1 1 1T 1 1
A, 4 1 1 1 1 -1
B, 3 1 -1 1 1 -1
B, 3 1 -1 -1 1 1
E 6 2 0 0 =2 0
S, 24 0 2 0 -2

Table E.1 Character table of the group D,4. The last row corresponds to the characters of the
reducible representation S, for each class. N;C; notion is used in the first row. Ny is the
number of elements in each conjugacy class, Cy.

obtain three distinct 3 X 3 matrices between sites i and j :

J)CX ny 0 Jxx _Dyx O
(Hp)o =D P 0 |,(Hp)=|-DY 7 0|, and
0o o0 J¥ 0 0o J“
J“ pv 0
(Hy)0=|-D J” o0 | (E.3)
0 0 J%

J““,J'““.and

Therefore, we have nine independent parameters: three exchange interactions
three DM interactions D™, D**, and D™. Due to in-plane inversion symmetry, no in-plane DM
interaction is allowed. We take a simpler XXZ + DM interaction model in which JHH = JHH ,
J' =P =J%|A=J,and D” = -D"" = D™ = JD. This gives us three independent parameters,
among which the global energy scaling by J is removed, except its sign * is considered in the

main text.

E.1.2 Irreducible spin configurations

Finally, we find the irreducible representation of the S, vector. There are five classes in the
group D, denoted by E = {e},Cys = {C4,C3},C> = {C3},C> = {6, 6)°},C) = {0,06)}. The
character table for this symmetry group is given in Table E.1.

We have five irreps, which we denote by m,, for & = 1 —5. Then the vector representation of
the irreps is a direct sum of the irreps M = @a dgmg with dg, giving the number of times the
Q-th irrep appears in the sum. d,, is calculated from orthogonality relation with the characters:
Amg (C), Xm(Cy) of the 24-dimensional representations mg, (Cy ), M(Cy) respectively, for each
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conjugacy class Cy, where k runs over the five conjugacy classes:
1 _
do = Egzvkxmawk)m(ck) (E4)

where h = 8 is the order of the group D4, and N, is the number of elements in C; conjugacy
class. The values of d, are given in the second column in Table E.1.

The final task in this section is to find the basis functions V, of each irrep. We denote
the basis vectors as | V4 ), where & = 1 for one-dimensional irreps, and u = 1,2 (which are
relabelled as x,y in Fig. E.1) for the two—(’iimensional irrep E. The basis vectors follow a
relation : D(g)|Vy) = Zu'(Ua(g))uu’Wg ), Vg. (Ux(g))yy are the u X pu-matrix for the
p-dimensional irrep o defined for the group element g. For the one-dimensional irreps A »
and By 5, Uy(g) simply gives the character of the group, and then | Vi) are the simultaneous
eigenvectors of the group elements with the character being the eigenvalue. They can be
solved easily and the corresponding basis functions for the one-dimensional irreps are shown

in Fig. E.1(a-d). For the two-dimensional E irrep, the orthogonal condition of the basis vector

simplifies the above equation to (Uq(g))uu' = (Vh |D(g)|Vg’). We solve this matrix for
the E irrep for each group elements, which comes out to be Ug(e) = Irx, Ue(Cy4) = —i7,
Ue(C3) = ~Toxa. Ue(C2) = iy, Ug(0y) = ©.. Ug(0?) = —tau,, Ug(0,”) = 1., Ug(0)") = - 1.
T, are the 2 X 2 Pauli matrices.

We have the multiplets as d, = 2,4, 3,3 for the four one-dimensional irreps Aj, A;, By, Bo,
giving 12 basis vectors, while the two-dimensional irrep with multiplicity dg = 6 gives another
12 basis vectors, as shown in Fig. E.1(e). Among them, sixteen are in-plane, defined in the
set m , and eight are out-of-plane, defined in the set m, in the main text. Among them, six

out-of-plane irreps do not satisfy the local constraint of § = 1 per site.

E.1.3 XXZ and DM interactions

z:;l MgV, we obtain a Hamiltonian that
is block diagonal between the irreps but contains cross-terms along the multiplicity within an

irrep. So we define a d,-dimensional spinor field for each irrep as my, := (msxl) m(ad“) ) e

In the plaquette Hamiltonian, after substituting S, = )

O, (dy), in which the plaquette Hamiltonian splits as

5
Hy= Y mgHomg, (E.5)

a=1

where we have suppressed the plaquette index on the right-hand side. H is a dy X d, matrix.

The O, (dy) symmetry of each irrep breaks into O,,(2) and Z, symmetry as follows.
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Fig. E.1 We plot all the irreps’ basis functions. The verticle dashed line demarcates the out-
of-plane irreps m, on the right-hand side, among which only the top row satisfies the local
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constraint while the others do not. The horizontal arrows dive the spin direction for S ,J' , while

the filled and open dots correspond to S;. The size of the dots corresponds to |S;|. For A(C d),

the size of the dots is adjusted for |S7| = 1, while for Bs,z)’ sites with symbols give |S5| = V2,

while sites without symbols have |S;| = 1. Similar consideration is used for the E irreps that do
not meet the local constraint.

For o = 1, the A; irrep with d; = 2 multiplets follows an O, (2) symmetry.

For o = 2, the A, irrep with d, = 4, we have an emergent O,(2) x O,(2) symmetry among
the multiplets, giving Ha, = H AP ®H Aled). This is obvious because Aga’b) consists of
2 2

(c,d)

coplanar spins while A, are the two out-of-plane spins.

For both o = 3,d, the B , irreps with d3 4 = 3, we have an emergent O,,(2) X Z, symmetry

with Hp, , = HB(ab) ® ’HB<C) Here, the B( 12 b) multiplets are coplanar spins forming O(2)

symmetry, while Bg 2) consists of out-of-plane spins that do not obey local constraints.
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For o = 5, the two-dimensional E irrep with ds = 6, each component of each multiplicity

gives emergent O,,(2) rotation as Hg = Hgan) ® Heea) ® Heen.

All the O,(2) invariant 2 X 2 Hamiltonian matrices for all irreps have this general form

(Haix' = €<(xk )Go + Sézk )Gz + l(kk )Gxa (E.6)

where k,k' = 1,2 € (a,b) or (c,d) or (e,f), and Sl&i = [&g () + eék )]/2 and &g

energy for the I multiplet of the a-irrep, and Aékk) is the ‘hopping energy’ between the k

(k) ; is the onsite

and k' multiples. The onsite energies of the two vortices with different helicities are € A =
1

eAga) =2v2+2(v/2-1)D, eA(b) =€ AL = —2+/2-2(+/2+1)D, while the energy cost to change
the helicity angle is A AlsD) = l AR = —4D. The same for the two anti-vortices are: 8B§a) =
nga) = —2v2+2(v/2+1)D, Sng) = Sng) =2v2-2(v2-1)D, AB(la.b) = lBga,b) = —4D. The
out-of-plane irreps with parallel and anti-parallel spins and spin-flip energies between them
as € (c) =0A, € (d) —2A, A (c ¢ = 4A. The two irreps with only inner and out-square out-
of-plane spins have the on51te energy: EB(L) = EB(L) = —4A. Each two-dimensional irreps is
degenerate. The in-plane FM E irreps have the energies €g(a) = 0, Eg(v) = —2, and their hopping
energy €g(ab) = 4. The in-plane AFM E irreps have the energies €g(c) = 4D —2, €g) = —4D -2,
and €g(ca) = —4. The two out-of-plane E irreps that do not mix have the energies &) = 22,
EEb) = —2v/2. All energies are multiplied with J.

The explicit form of Hamiltonian in terms of the matrix elements in the basis of the irrep

order parameter is

Hp = Z Z(Ha)k,k'mgxk)mg() + Z(H k'mE (Ek) + Z (HE)k’k(mi;)z'

o=A12,B12 kK k' a=Bjk=c
E.7)

where k, K =a,b for all irreps, and in addition, we have k, K =c,d for A, and k,k' =c,d, and
k,k' =e.f for E.

Then, for all O,(2) order parameters, diagonalize the corresponding 2 X 2 H,, matrices by

the orthogonal transformation:

- (k) (e (o) (k)
( (k)) = [Gocos%’ — (0}, sin P, }( (k))
mg,
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where ¢§f"k ) is a fixed angle of rotation that diagonalizes the corresponding irrep multiplets.

Eventually, we obtain a fully diagonal Hamiltonian as

- 12
Hy= )  Eylmy|” (E.8)
v=(a,k=1,dy)

We have abandoned the & and k symbols for the irreps and multiplicity and combined them
into a single symbol v which runs from 1 to 3n in the eigenmodes, for simplicity. Here
E, =€, +1/(eg)?+ A for each O »(2) multipltes of a-irreps. Their explicit forms are

EV=172 = —2D%2 D2+(1+D)27 fOI'(X:Ath)?

Ey_34 = Ey-i2, for o = Aga,b),

Ey=sg = 2A(1£V5), for o = Agc,d),

Ey—78 = 2D* 2\/D2 +2(1-D)2, for o = Bia’b),

Ey-9 = —4A, for a = BEC),

Ey-10-12 = Ey=7-9 for of = Bga,b,c)7
Eyoi314 = 2%2V5, for o = E®),
Eyoisie = —2+2V1+4D2, for o = E©9,
Ey-1718 = +2V2A for o = E©. E9)

All the energies are defined with respect to J. The values of the angle ¢ are:

_ 1 -1 D _ _ 1 11
¢A§a’b) § tan (m) , (PAga’b) = (PAEa,b), (PA(lc,d) = —§ tan (E) s

LD T
(I)Bga,b) 2tan (ﬁ(l—D))’ (pBga,) 2tan (ﬁ(l—D))

1 /1 1 41
(PE(a,b) = —itan E y (PE(c,d) :ztan ﬁ . (ElO)

E.2 Details of Classical Monte Carlo

In the classical Monte Carlo calculation, the final temperature is achieved by annealing from
the high temperature at each step with 8 X 10° Monte Carlo steps. The expectation values of the
observables are calculated by taking the average over the last 7 X 10° configurations of a total

8 x 10° Monte Carlo steps with system size N = 6L° considering periodic boundary conditions,
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with L number of unit cells. All the static structure factor averages are performed over system
size, L = 20 at temperature 107 The position vectors of each sublattice (denoted with indices

0,1, ... in Fig. 1(a) of main text) are taken as considering the origin at the center of the square,

-1 -1 1 -1 11 -1 1 -1 1
80:(777)’61:(177)’52=<Z’Z)785:(?’2)754=<0,7),65=(§,0)
(E.11)

E.3 Structure Factor Plots

In this section, we list the real space spin configurations of all the phases and their respective
structure factors. As defined in the main text, the different structure factors are

2(k) = 1/N) (S:-S;)exp{(ik- (r;=T)))}
i,j

X (k) = 1N (SiST )exp{(ik- (r;—1)))}
i,j

(k) = 1/N) (SiS5)exp{(ik- (r;—r;))} (E.12)
i,j
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Fig. E.2 The real spin configurations (left panel) and the corresponding structure factor (middle
panel) are plotted for various phases for the AFM coupling J = +1. The ensemble of order
parameters, which are mentioned in the main text, for each phase is presented in the right
panel. (a) Order phase (red region in the phase diagram) with staggered anti-vortices between
the neighboring sites, showing Bragg-like peaks at a finite but preferential wavevector. (b)
Mixed or fragmented phase where the inner anti-vortices turn into an AFM-anti-vortex with
opposite S; components, while S; = 0 for the outer anti-vortex. The S; values, however, take
random values and show disorder features in the corresponding structure factor without any
pinch-point correlation. This is expected as the inner vortices become decoupled from each
other, lacking any significant correlation between them. (c) A CSL phase (close to the Z, CSL
phase) showing larger spectral weight the S; correlation function with pinch-points. (d) The
mixed or fragmented phase for D < 0 is similar to the mixed phase for D > 0, except here,
vortices replace the anti-vortices. (e) Orderd phase for D<0, similar to the D > 0 case in (a),
with vortices replacing anti-vortices. (f) A collinear out-of-plane FM phase arising in the limit
of strong our-of-plane anisotropy term A — —o0.
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Fig. E.3 Similar to Fig. S2, but for the FM interaction J = —1. All three phases shown here are
the fragmented phases at different values of D and A, showing pinch-point in the S; correlation
function, but FM ordering in the in-plane component.
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E.4 Soft-spin Approximation

In this section, we analyze the Hamiltonian in Eq. 5.4 with ’soft spin’ approximation i.e. spin
length constraint (IS,‘I2 = 1) 1s softened from exact value of 1 per site to the global value of
va S; |2 = NS. Because of the global constraint, we have a uniform (fixed) chemical potential
(Lagrangian multiplier) in the theory. Then, following Ref. [26], we have diagonalized the
Hamiltonian in the Fourier space of the spin. There, a spin vector is defined per unit cell, not in
the plaquette, which means we have six sublattices as S,-=(S)(§, Sﬁ, 6, S)f, Sg). We Fourier
transform the spin vector as S(q) = %\] Y l.S,-e_iq'r", where r = an; + bn, with integers a, b and
unit vectors ny = (1,0),m, = (0, 1). The Hamiltonian is then diagonal in the momentum space

as

H=) S(q) H(q)S(q), (E.13)
q

where H(q) is a 18 X 18 matrix. We can now diagonalize the H(q) matrix, which gives the
energy eigenvalues E,, (q). The lowest energy state is the ground state, and then we plot a few
low-energy excited states in Fig. E.4.

We note that the analysis on the Fourier basis leads to a violation of the local constraint
and hence, inconsistency is expected between the real-space model and the Fourier space one,
especially in the spin liquid phase. In the CSL phase, we find an extremely flat band as the
lowest energy state, suggesting extensive degeneracy as expected here. We see the flat band in
all the mixed phases as well. In addition, the spectrum is gapless in both phases, with gapless
points present at (7, +7), (7, +31), and (+37,) +37), as shown in Fig. E.4. The band
degeneracy, denoted with d in the spectrum at each region is different: d=4(2) for A< 1(> 1),
d=6 at A = 1 in the CSL phase where D=0; and d=2 for mixed phases both for J = +1 and
-1. Hence, there is no simple positive sum of the constrainer rule here; the direct matching of
singular/non-singular bands to emergent gauge fields/fragility is not possible.

As discussed rigorously in the main text, the spin liquids (cyon(/black) colored phase for
J=+1(/-1)) phase has pinch points belonging to the algebraic class of CSLs with ’emergent’
low-energy gauge field excitations. The mixed (black-colored phase for J=+1) phase has no
pinch points and, hence, belongs to the fragile class of CSLs. All the other ordered phase
regions have dispersive bands.
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Fig. E.4 Energy dispersion of the Hamiltonian H(q) at four with re)spective degeneracy of flat
bands d, for (a) A=1.0,D = 0.0 (CSL), (b) A =4.0,D = 1.0 (Mixed phase) for J = +1 and (c)
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Fig. E.5 Phase diagram at D=0, as a function of h and A. For A < 1, the phase is a mixed phase
and spin liquid for another case. The mixed phase here is unstable for any finite value of D; the
phase becomes ordered in and out-of-plane for non-zero D value.

The external magnetic field is applied along the z-axis to the Hamiltonian, now written as

Hyag = Hxxz-pm—h'y_Si. (E.14)
i



156 Appendix

The phase diagram as a function of 4 and A is presented in Fig. E.5 for D = 0. A mixed phase
of disordered in-plane spins with ordered out-of-plane components is observed at D = 0 for
A < 1 with increasing h. The in-plane disordered spins exhibit a coexisting Bragg-like leak
at (0,47), and pinch points at (+7,+37). The ordering along the z components is FM type.
This phase is unstable for any finite value of D. A finite value of D gives an ordered phase
depending on the sign of the D value, where the in-plane spins form an ordered supercell
structure, and the out-of-plane spins are ferromagnetically ordered. As A > 1, the spins become
disordered both in in-plane and out-of-plane components. This phase also has pinch-points in
the correlation function, indicating power-law correlations. This phase survives at finite values
of D. Therefore, we conclude that, by applying the external magnetic field, the spin liquid
phase can be stabilized in these materials.
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Summary

The interplay between the interaction, lattice frustration, and quantum statistics in many-body
systems are one of the main topics of interest in condensed matter physics. Both from the
fundamental point of view in understanding the richness of existing materials in nature to the
realization of a variety of new phases having diverse properties like fractionalization, emergent
gauge fields, and entanglement. One of the phases that this thesis mainly focused on is spin
liquids. Spin liquids have been actively studied for the last few decades, mainly with possible
applications in quantum computing and quantum information processing. Yes many open
questions await detailed theoretical investigations. In this thesis, I addressed several issues in
the quantum regime, including the intricate relationship between gauge and matter degrees
of freedom, the characteristics of gauge excitations under non-perturbative regimes, and their

influence on the properties of matter sectors. The thesis is summarised below.

In Chapter 1, I have briefly summarised the existing methodologies for studying quantum
spin liquids (QSLs) and their experimental signatures and realizations. One of the well-known
approaches to studying QSLs is via the variational wavefunctions, such as resonating valence
bond (RVB) states. The RVB states are effective in treating the QSLs numerically. Another
approach is an analytical one using Parton representations of spins. Further, the resulting

Hamiltonian is analyzed using mean-field theory to study effective low-energy physics. Parton
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mean field analysis is effective in understanding the emergence of gauge theories at low energy
and fractional statistics of quasi-particles. The states from Parton mean field theory may not
always be the same as that of the RVB states. The subtle comparisons and similarities between
these two approaches are also pointed out. For the gaped ground states, both descriptions give
rise to the same states. Z, spin liquids are very well-studied examples to have a gaped spectrum.
In this regard, the Kitaev 2D Honeycomb model is proposed to have Z, spin liquids in the
ground state. It is one of the exactly solvable 2D models demonstrating all the subtitles of
Parton theory. The ground state of the Kitaev model has excitations with both abelian and
non-abelian statistics in different parameter regimes. The existence of topologically non-trivial
quasi-particles with non-abelian statistics in this model and later in the various other models
has opened a surge in activities related to spin liquids aimed at potential applications in fault-
tolerant topological computing. Even though the model lacked any initial physical motivations,
Jackeli-Khaliullin later proposed the possible realization of the Kitaev model in real strong
spin-orbit materials. This proposal sparked a field of research of its own. The experimental
evidence for the existence of the Kitaev physics in these candidate materials, for example, in
o — RuCls, is still open for debate. From the theoretical perspective, the ground state gauge
sector of the model with other external perturbations is one of the primary interests and has not
been studied previously. I have investigated this problem for the externally applied magnetic

field along [111], which is discussed in Chapter Three in detail.

Chapter 2 introduces the classical spin liquids (CSLs). The topic of spin liquids in classical
spin systems is relatively new compared to its quantum case. CSLs are cooperative paramagnetic
states with non-zero entropy at zero temperature, having power-law correlations. These are
discussed or started mainly from spin-ice pyrochlore materials. Starting with similarities
or dissimilarities of CSLs with QSLs, I have tried to summarise briefly the aspects like the
existence of power-law correlations, emergence gauge theories, and the low energy monopole
excitations in pyrochlore spin ice models. Interestingly, the quantum spin-ice models possess
low-energy photon excitations (from emergent Quantum electrodynamic theory at low energy)
when tunneling events between the degenerate states of classical spin-ice configurations are
considered. Hence, the classical spin ice materials are not only significant on their own but
also a source of interest in generating quantum spin liquids. Later, the key ideas of spin-ice
models are generalized further to construct models with more generalized higher-rank theories.
One more approach to studying the CSLs is the Luttinger-Tisza (LT) approximation. In this
approximation, the local unit-length constraint for classical spins is sacrificed to impose the
same on the whole lattice. In the simple approximation, the spins are treated as scalars, and
the low-energy is studied within the Fourier basis. This approximation provides a platform to

make progress in classifying and constructing other new CSLs. One of the key problems in
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CSLs is whether they exist in generic classical spin models that do not respect spin-ice rules or
not. If yes, then how to study them? I have provided an answer to this question in the work

with a unified group theoretical framework to treat them in generic classical spin models.

Chapter Three aims to address the ramifications of the coupling of gauge and matter sectors
in the Kitaev model, especially in the case of strong coupling beyond the perturbative limit. In
the pure Kitaev model, there is no term in the Hamiltonian that couples to gauge and matter
sectors. The perfect decoupling of these sectors is the main simplification in solving the model
exactly. But that is no longer the case with other terms. I have used the external magnetic
field along [111], which couples both the sectors where the field strength tunes the coupling.
This Hamiltonian is studied using the density matrix renormalization group (DMRG) method.
DMRG is performed with different lattice settings, such as a 1D ladder and a finite-width
cylindrical honeycomb strip with different system sizes. Since the plaquette operators, a product
of spin operators, calculate the flux passing through the plaquette. The expectation values
and correlation function of the plaquette operators in the ground state directly measure the
ground state gauge sector at a given field strength ! For the 1d ladder setting, with all the
exchange couplings equal and anti-ferro, I found five distinct phases as a function of magnetic
field strength. Each phase is classified/identified with the structure of flux operators in all the
plaquettes of the lattice. The five phases are uniform-flux, vortex gas, amorphous phase, and
glassy phases, and finally, the polarised phase. The uniform phase, as the name suggests, has
uniform flux configurations throughout the lattice followed by the uniform configuration at
zero field case. This phase persists up to a field value equal to the single flux gap. As the
field increases, fluxes begin to emerge in the state, manifesting as ripples against a uniform
background. So, this phase is called the vortex gas phase because of the dilute gas of 7-fluxes.
The corresponding flux configurations are amorphous in nature for the amorphous vortex phase
and random in the glass phase. The glassy nature of both these phases is primarily characterized
by an extensive number of local minima in the energy landscape. This is identified through the
fidelity of the ground state and confirmed through exact diagonalization (ED) calculations. In
the amorphous vortex phase, states stemming from each local minima, which are orthogonal to
each other, correspond to states with different positions of domain walls. In the glassy phase,
these states represent varying random configurations. The origin of the glassy phase, here, is
mainly due to restricted dynamics of excitations present in the model due to constraints. The
excitations in the Kitaev model are fluxes and matter Majorana fermions. These are not freely
movable. They always move in pairs. The pairs are connected by strings forming flux-flux or

flux-majorana excitation at their end. The constrained dynamics are also present in the generic

"In the strong coupling limit, understanding the behavior of the gauge sector doesn’t necessarily equate to
solving the physics of the matter sector.
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spin liquids where the spinon excitations also move in pairs. So, the QSLs are prone to show
slow dynamics. This further reiterates the need for probing techniques to diagnose the time
dynamics in these models. Such techniques, like tensor network methods, are often numerically
expensive, and only very few analytical methods are available due to the complexity of the

problem.

In Chapter 4, two main aspects are addressed: i) constructing the low-energy tight-binding
models for the fractional Majorana fermions present in the Kitaev model in the presence
of various background gauge fields. Furthermore, this includes the construction of Wannier
orbitals for Majorana fermions. ii) studying the flat-band physics for Majorana fermions and the
realization of the *fractional Chern insulator’ (FCI) phase for Majorana fermions. The FCI phase
is analyzed using gauge-invariant mean-field theory. As I discussed in Chapter 3, various gauge
sectors appear in the ground state as a function of magnetic fields. Crystallization of 7— fluxes
is one such interesting configuration. These crystallized fluxes/vortices provide a perfect avenue
to modify the properties of the iterating Majorana fermions. Likewise, in other examples, like
in type-II superconductors, the periodic arrangement of vortices also modifies the properties
of other excitations, such as Bogoliubov quasi-particles. In the case of the Kitaev model, I
have considered various periodic 7— flux configurations, denoted by d X d, where d is the
distance between the two w—fluxes, and studied the modified Majorana fermions dispersions.
This chapter provides a formal method to develop the low-energy tight-binding model for the
Majorana fermions and the fractional particles in general, keeping the flux constraint intact
in the effective model. Since the effective low-energy bands are not complete by themselves,
a formal methodology is needed to make them complete. This is done by implementing
self-consistent super-exchange-like potential, which allows virtual hoppings to higher energy
bands and then projecting them back to the effective energy bands. This, in general, results in
further neighbor hopppings in the effective model. This generic method is applied to modified
Majorana bands in the Kitaev model. The unit cell in each case has 27 flux with Majorana
fermions. The self-consistent procedure can be implemented by the Wannierization algorithm,
but the Majorana particle-hole symmetry must be imposed throughout. The Wannier orbitals
for Majorana fermions are constructed and further used to fit the band structure with hoppings
up to 9- neighbors. This method, in general, can be used for general anyons with any “exotic’
statistics, at least abelian statistics. Interestingly, the Majorana Wannier orbitals are located
near Z,— fluxes and resemble the Majorana zero modes at the low energies.

Further, these effective models for Majorana fermions are used to study other interesting
flat-band physics for Majorana fermions. The bands for various configurations are nearly flat
with gap and gapless points. The bandwidth of these bands can be tuned by changing the d

value or by tuning the next-nearest neighbor hopping strength, K. These bands are topologically
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non-trivial with a non-zero Chern number. Varying K value, the Chern number changes via
topological phase transition where the bands become completely degenerate, which results in
singularity in the quantum metric. Also, these bands possess non-trivial quantum metric values
higher in magnitude than the flux-free case. Interestingly, these bands satisfy the criteria to be
’ideal’ Chern insulators when the band flatness ratio is low. Hence, these flat bands incorporate
the FCI phase in the presence of interactions. This phase is studied with gauge-invariant
mean-field analysis. The mean-field method promises to be more general and is useful in
getting an analytical handle on the FCI phase, where they are studied as of now numerically.

Chapter 5 discusses the group theoretical analysis for studying the CSLs in generic classical
spin models, which do not respect spin ice rules or LT approximation, which is generally the
scenario for models that are relevant experimentally. This analysis is used to study the generic
spin models by constructing the vector space from the spins in the plaquette. Then, the general
vector is decomposed into different irreducible representations (irreps) of the point group
symmetry of the underlying lattice. This is utilized to study one of the symmetrically allowed
Hamiltonian on the square-Kagome lattice, which is the XXZ Hamiltonian (with anisotropy A)
with Dzyaloshinskii—-Moriya interaction (denoted by D). The group theoretical calculations are
further validated and endorsed with unbiased Monte-Carlo calculations. The exciting outcomes
of the phase diagram as a function of (A, D) for both anti-ferro and ferro exchange interactions
are the appearance of topologically non-trivial AFM-vortex and AFM-non-vortex excitations
in the ordered phases. In addition, the mixed fragmented phases appear where the ordered
and disordered phases coexist. Furthermore, a disordered CSL phase exists with algebraic
correlations showing pinch points in the structure factor along the D = 0 line. This CSL phase
becomes unstable for any finite value of D, but it can be stabilized using the applied magnetic
field. In the general context of CSLs, the key results include that this analysis provides a unified
understanding of the CSLs, fragmented phases, and various other ordered phases where the
degenerate ensemble of irreps with varying weights of each irrep respecting the local spin
length constraint. The degenerate ground state manifold for CSLs and fragmented phases
comes from the degeneracy of irreps, which is not as direct as the spin-ice models. The weight
factors of order and disordered components in the fragmented phase for the classical continuous
spin case are calculated for the first time. The phase transitions between the fragmented phases
and fragmented to ordered phases promise to be non-Landau-type transitions in classical spin

models.

This work paves the way for delving into CSLs in the experimentally relevant classical
spin models, extending beyond traditional ice-rule models. Highlighting the existence of

numerous experimentally relevant spin models encourages the exploration of broader theoretical
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frameworks, offering the potential for deeper insights into their behavior and applications in
classical spin materials.

I hope this thesis inspires additional investigations into the diverse physics involved in
different gauge sectors in QSLs. As of now, there is no precise handle over gauge degrees of
freedom either experimentally or analytically. But there is certainly a potential chance that
these will change, given the overwhelming activities in simulating the phases with emergent
low-energy gauge theories in synthetic platforms like neutral Rydberg atoms or also with
non-equilibrium techniques. One of the central questions of recent interest is the stability
or the nature of the spin liquids (or any of the entangled phases) under open environmental
settings and their relevance in practical applications. Also, non-equilibrium settings can induce

interesting new characteristics to these phases, which the equilibrium counterpart may not offer.
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