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Abstract

Nonzero temperatures and emergent disorder in spin liquids

OLIVER COLIN MALLINSON HART

At absolute zero temperature, spin liquids are known to exhibit a fascinating array of phenomena
including topological order, emergent gauge fields, and the existence of exotic quasiparticles with
fractional statistics. Meanwhile, at temperatures that are high compared to all characteristic inter-
action energy scales in the system, they often behave as trivial, uncorrelated paramagnets. This
thesis aims to better understand the behaviour of spin liquids at temperatures that are intermediate,
lying between these two extremes. At such intermediate temperatures, a finite density of defects
are thermally excited, which inherit the peculiar properties of the proximate, zero temperature spin
liquid state. Although the two limits are in most cases continuously connected via a crossover,
these exotic defects have the potential to drastically alter the properties of the system. In spite
of half a century of progress since the original ideas of Pauling and Anderson, quantum spin
liquids have evaded unambiguous experimental detection. Therefore any precursor diagnostics in
this temperature regime would be greatly beneficial before attempting to reach challengingly low

temperatures where the effect of thermally excited defects is altogether negligible.

The thesis begins by considering the evolution of quantum mechanical entanglement with
temperature in the toric code, utilising concepts borrowed from the field of quantum information
theory. This highlights the importance of an intermediate temperature regime in which the ground
state manifold does not have well-developed quantum coherence, but excitations out of the ground
state sector are exponentially suppressed with temperature by their gap. The focus then moves to
understanding how high-energy quasiparticles in the toric code propagate through a background of
incoherent, thermally-generated gauge field excitations within this intermediate temperature regime.
Analytical progress is made by making use of a mapping to the Bethe lattice, allowing predictions
to be made about the experimentally measurable finite temperature dynamical structure factor. I
then look at the propagation of quasiparticles in a different context: Classical spin ice. When spin

ice is subjected to rapid cooling, the density of excitations (monopoles) form long-lived metastable
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plateaux as a result of the formation of noncontractible pairs. I develop a thorough understanding of
the origin of these plateaux by formulating the problem in terms of reaction—diffusion processes and
performing large-scale simulations, which both suggest that the long-range nature of the interactions
between monopoles is the linchpin of the plateaux. Finally, I consider the nonequilibrium dynamics
of quantum spin liquids in closed systems at finite energy density. In this context, the emergent
(self-generated) nature of the disorder plays a crucial role, allowing the system to generically exist
in a superposition of different disorder realisations. I show that this property gives rise to power law
decay of the dynamical structure factor and unbounded logarithmic growth of entanglement in time,

just as for many-body localised systems, despite the existence of a mapping to free fermions.
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Introduction

The development of quantum mechanics in the early years of the 20" century created a paradigm
shift in the way that we describe the world around us. In a system described by classical physics,
it is possible, at least in principle, to specify simultaneously the positions and momenta of all
constituent particles with arbitrarily high precision. The quantum mechanical description of the
same system is profoundly different; the positions and momenta fundamentally cannot be specified
with absolute precision, and must, instead, be described probabilistically. The system as a whole is
characterised by its wave function, which encodes the probability distributions for the outcomes of
all measurements that could be performed on the system. In addition to its important philosophical
implications, the description of a physical system in terms of a probabilistic wave function gives

rise to a plethora of intriguing and often counter-intuitive phenomena.

The evolution of the system’s wave function in time is governed by Schrédinger’s equation,
which formally resembles a wave equation. This means that a particle described within quantum
mechanics exhibits phenomena that were previously associated with classical waves, such as water
or sound waves, the most prominent of which is arguably interference. For instance, Young’s
famous double slit experiment, in which waves are permitted to pass through two thin slits separated
by a distance comparable to the wavelength, leads to a similar interference pattern whether the
experiment is performed using water waves or single electrons [1] (at vastly different length and
time scales). In the context of condensed matter, interference is responsible for the celebrated
Aharonov—Bohm effect, and Anderson localisation, both of which will feature prominently in this

thesis.

Another surprising prediction of quantum mechanics is the notion of entanglement, which
has no classical analogue. As Schrodinger put it in his 1935 paper discussing entanglement, “I
would not call that one but rather the characteristic trait of quantum mechanics” [2]. Quantum
entanglement corresponds to a unique type of interdependency amongst a system’s constituents,
whereby a subsystem and its complement cannot be described independently from one another.
Consequently, it is possible for the state of one subsystem to depend upon the measurement

outcome of its complementary subsystem. As quantified by Bell’s theorem [3], this special type

—15-
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of correlation is stronger than any correlations that could be produced classically. In the field of
quantum information, entanglement is now considered as a resource (“as real as energy” [4]) with
utility in performing nonclassical tasks such as quantum cryptography and teleportation.

The above phenomena are contingent on the system being described by a pure state or wave
function, which is appropriate when the system is isolated from any environmental influence.
However, this is only ever an approximation, and some coupling to the environment is assuredly
inevitable. When the environment is included quantum mechanically, the combined system plus
environment should be described by a pure state. Even if the system and its environment are
initially prepared in a separable (i.e., unentangled) state, entanglement between them will be
generated irreversibly, establishing an arrow of time, however weak the coupling. The system
and its surroundings are therefore generically entangled with one another. If the system and
its surroundings have mutually equilibrated, then the reduced state of the system alone will be
described by an impure, or mixed, quantum state (density matrix) corresponding to one of the
standard ensembles from statistical mechanics, with the system inheriting the temperature of the
environment®. As the temperature of the system’s surroundings is increased, the so-called purity of
the density matrix is reduced, and the system becomes increasingly classical in nature as its various
degrees of freedom become progressively incoherent.

In this thesis, we are primarily interested in the impact of nonzero temperatures on spin liquids —
both classical and quantum — and related models. Spin liquids are an example of systems that do not
develop conventional order as they are cooled down, arising naturally in the context of frustrated
magnetism. Typically, the fundamental constituents in such systems are spinful degrees of freedom
that interact antiferromagnetically on lattices that frustrate these interactions, i.e., the way that the
spins are arranged in space prevents all local energies from being satisfied simultaneously, resulting
in a macroscopically large number of equally favourable states at low energies. Canonical examples
of such frustrated lattices are the triangular and kagome lattices in two dimensions, or the pyrochlore
lattice in three dimensions. The large number of low-energy states means that, at low temperatures,
the system is neither completely disordered like a gas, nor does it possess long-range order like a
solid; instead, a spin liquid is interposed between the two, with partially developed order at low
temperatures. As a result, classical spin liquids exhibit a host of intriguing collective phenomena,
such as a macroscopic residual ground state entropy at low temperatures, emergent gauge fields,
and fractionalised excitations that in some cases interact via an emergent long-ranged Coulomb
interaction.

A quantum spin liquid may be obtained from a classical spin liquid by adding extra ‘transverse’
(noncommuting) terms to the system’s Hamiltonian. In this way, the transverse terms select particu-

lar superpositions of the classical spin configurations from the macroscopically degenerate space

*This assumes that the system is connected to a heat bath containing many more degrees of freedom than the
system alone, such that the effect of the system on the state of the bath is negligible.

—16 -
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of ground states. These superpositions can have vastly different properties from the underlying
classical spin configurations, including emergent lattice gauge theory descriptions and “topological
order”, wherein the ground state(s) exhibits long-ranged entanglement and the system’s fraction-
alised quasiparticles can obey statistics intermediate between bosonic and fermionic, amongst other
phenomena.

The motivation for the introduction of nonzero temperatures in these systems is often introduced
as being entirely practical; as we have argued, the presence of nonzero temperature is generally
unavoidable in experiment, and it is therefore pertinent to ask what features survive at finite
temperature. However, as we will see, this viewpoint is perhaps too pessimistic. Due to energy
exchange with the environment, nonzero temperature implies a finite density of defects will be
excited within the system. In quantum spin liquids, although the spin liquid “phase” is only strictly
defined at zero temperature (often they are continuously connected, via a crossover, to the infinite
temperature paramagnet™), the thermally excited defects inherit exotic properties from the proximate
spin liquid state. These exotic defects have the ability to drastically alter the properties of the system
— thermodynamic, spectroscopic, transport or otherwise — in a qualitative and distinctive manner, that
should be accessible in the relevant experiments. This falls under the general paradigm of treating
defects and disorder (in this case induced by thermal fluctuations) as a potential probe of exotic
behaviour, as opposed to being a hindrance. As part of the quest to obtain reliable experimental
signatures of quantum spin liquid behaviour, any precursor diagnostics at intermediate temperatures
would be greatly beneficial before attempting to reach challengingly low temperatures where the
effects of defects can be altogether neglected. In this thesis, we explore some of the consequences

of these thermally excited defects on a case-by-case basis in a variety of settings.

1.1 Thesis outline

In the remainder of this chapter, we will introduce the core concepts that underpin many of the main
results presented in this thesis. Specifically, we begin by introducing entanglement in the setting of
condensed matter systems, and its generalisation to mixed quantum states. We then explain how
an open quantum system reaches thermal equilibrium when connected to a large heat bath, with a
focus on the relevant time scales. In this context, we also introduce the eigenstate thermalisation
hypothesis (ETH) in order to explain how the predictions of statistical mechanics emerge in a closed,
strongly interacting quantum system. In Sec. 1.4, we introduce some of the prototypical models of
spin liquids, both classical and quantum, using them to outline the central phenomenology. Finally,
we introduce localisation phenomena in Sec. 1.5, which play an important role in finite temperature

states possessing a finite density of defects, beginning with Anderson localisation in free fermion

*One notable exception to this statement is the toric code in three spatial dimensions [5], which exhibits a
continuous, topological phase transition at 7 > 0 [6].

—17 -
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systems (and non-interacting spin chains that map to free fermions). Its generalisation to interacting
systems, many-body localisation, which provides a robust mechanism for violating the ETH, is then
discussed in Sec. 1.5.2. We close this chapter with a brief overview of how localisation phenomena
can arise, at least over some appreciable time scale, in systems possessing translational invariance
through the mechanism of disorder-free localisation.

In Chapter 2, we study the evolution of entanglement with temperature in a particular (exactly
solvable) Z, spin liquid, the toric code. We present the first exact calculation of the entanglement
negativity — a measure of mixed state entanglement that is notoriously difficult to calculate in a
many-body setting — at finite temperature in a two-dimensional lattice system. We show that the
entanglement content of the system exhibits the phenomenon of ‘sudden death’: above a critical
temperature the entanglement vanishes discontinuously, signalling that the system’s correlations
can be entirely reproduced by a classical system at and above this temperature. This sudden death
temperature depends on the length of the boundary between the two subsystems under consideration.
These features are summarised by constructing an entanglement phase diagram for the system.

In Chapter 3, we focus on models where quantum spin liquid behaviour is facilitated by pertur-
bative ring-exchange processes. In such models there exists a natural separation of energy scales
between the different species of quasiparticle excitation. This permits an intermediate temperature
regime in which the ground state manifold does not have well-developed quantum coherence, but
excitations out of the ground state sector are exponentially suppressed with temperature by their gap.
Via the mechanism of disorder-free localisation, the system generates its own disorder and maps
onto a tight-binding model subject to a fluctuating emergent Z, gauge field; a direct consequence of
the anyonic statistics of the excitations. Using the approximation of self-retracing paths, we are
able to study analytically how the high-energy quasiparticles propagate through the background of
incoherent gauge field excitations, which manifests in experimentally-measurable quantities such as
the finite-temperature dynamical structure factor.

In Chapter 4, we shift gear and look instead at some of the intriguing phenomena that can happen
at finite temperature in classical spin liquids. Specifically, we look at thermal quenches in the
context of classical spin ice. Classical spin ice hosts excitations known as magnetic monopoles that
are born out of the underlying spins. These excitations behave in many respects as emergent particles
that interact via an effective long-ranged Coulomb interaction. The monopoles do however differ
from free particles in that they are able to form noncontractible pairs — a pair of oppositely-charged
monopoles separated by a spin whose reversal does not lead to their annihilation. Such pairs of
monopoles are metastable, requiring energy to separate the constituent quasiparticles and annihilate
them elsewhere on the lattice. At low temperatures, and in the absence of stray monopoles, these
noncontractible pairs are long-lived and hence it is favourable to treat them as a distinct species
of quasiparticle. Phrasing the problem in terms of reaction-diffusion processes, we are able to

understand more quantitatively the origin of the metastable plateaux in monopole density that

— 18—
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develop after cooling classical spin ice rapidly. We find that the long-range nature of the interactions
between monopoles is fundamental in driving the formation of the plateaux, which is confirmed by
employing large-scale Monte Carlo simulations.

Chapter 5 is again concerned with the behaviour of systems where quantum coherence plays a
significant role. We look in particular at a one-dimensional spin ladder known as the compass model,
relevant to the description of transition metal oxides, which hosts an extensive number of local, Z,
valued conserved quantities. As in Chapter 3, these conservation laws allow the system to generate
its own quenched disorder through the mechanism of disorder-free localisation. Consequently,
the system is Anderson localised in a typical symmetry sector at finite energy density above the
ground state, and behaves in many respects as though it were subjected to quenched disorder.
However, certain quantities are acutely sensitive to the emergent character of the disorder, and
will be our primary focus. We show that starting from generic initial states, entanglement grows
logarithmically; in addition, equilibrium dynamical correlation functions decay with an exponent
that varies continuously with temperature and model parameters. These features are commonly
attributed to the phenomenon of many-body localisation. We elucidate how such features arise from
a common origin — the self-generated nature of the disorder — and how single particle localisation

can give rise to the same phenomenology as many-body localisation.

— 19—
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1.2 Quantum mechanical entanglement

In a classical closed many-body system of interacting particles, the positions and momenta of all
particles can be specified simultaneously with arbitrary precision. This implies that if the system is
partitioned into multiple, disjoint subsystems, the positions and momenta in one subsystem can be
specified independently from the other complementary subsystems. The same is not necessarily
true in isolated quantum mechanical systems, which permit a new type of interdependency between

the constituent degrees of freedom known as quantum mechanical entanglement.

An isolated quantum mechanical system is described by a pure state | W), which specifies the
probability distribution of outcomes of all measurements that can in principle be made on the
system. When the system is partitioned into two disjoint subsystems, the probability distributions
pertaining to the two individual subsystems are not necessarily independent from one another in the
statistical sense. The system is quantum mechanically entangled if the two probability distributions
are interconnected, i.e., if the probability distribution of measurement outcomes for the second

subsystem depends on the outcome of the measurement performed on the first subsystem.

This feature is most crisply illustrated in a minimal system composed of two spin-1/2 degrees
of freedom, each considered as its own subsystem. One famous example of a maximally entangled
state of the two spins is one of the four Bell states

1

|®F) = ﬁ(ml ® 1)+ 1) ® 1)), (1.2.1)

where [1) (“spin up”) and || ) (“spin down”) are eigenstates of 6% with eigenvalues +1 and —1,
respectively. If spin one is measured first, one will observe the measurement outcomes “up” and
“down” with equal probability. If spin two is measured immediately after the first, the outcome of
the second measurement will always be equal to the outcome of the first measurement (i.e., with
unit probability). This behaviour is to be contrasted with the separable state

1

) = ﬁ(|T)1 D)+ 1)), (1.2.2)

which possesses no quantum mechanical entanglement. Now, if spin one is measured first, one
again observes the measurement outcomes “up” and “down” with equal probability. However, the
measurement of the second spin will also lead to measurement outcomes “up” and “down’ with

equal probability, irrespective of the outcome of the first measurement.

—20-—
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1.2.1 Entanglement and the Schmidt decomposition

More generally, in a system S = A; U A,, astate |{) € H4, ® Ha, is known as separable (i.e.,

not entangled) if it can be written as a product state over the tensor product Hilbert space

¥) = 1#) ® 1x)2 » (1.2.3)

where |¢), € Ha, and |y), € Ha, [7]. Physically, this property of |{r) means that any measure-
ments made on the composite system A; U A, separates into the product of the expectation values
on the two subsystems individually: (/f ® é) = (ff XL (1® é), and measurements on one

subsystem do not affect the quantum state that describes the other subsystem.

An entangled state is one that cannot be written in the form (1.2.3), i.e., one cannot attribute
a single quantum mechanical state to each of the two subsystems [7]. For entangled states, the
outcomes of measurements made on the composite system are correlated so that (ff ® é) #
(ff ®1) (1 ® l§) The entanglement properties of a given state |y) can be examined using its
Schmidt (singular value) decomposition [8] into states { [;),} and { |{/;),} on subsystems A; and

Aj, respectively

) =Y VPi i), ® [¥i), - (1.2.4)

The real, positive coefficients ,/p; are known as the Schmidt coefficients. Normalisation of the state
|y) implies that ), p; = 1. The decomposition is unique up to “rotations” within any degenerate
subspaces that the Schmidt spectrum may contain [7]. Separability corresponds to the case that
exactly one of the Schmidt coefficients is nonzero, in which case we reobtain (1.2.3). Conversely,

for a maximally entangled state, all Schmidt coefficients are equal.

The reduced density matrices of subsystems A; and A, are found by tracing out the degrees of

freedom belonging to the complementary subsystem. One may show from (1.2.4) that

pay =Tra, p=Y_ pil¥i)y (Wil (1.2.5)
Pa, = Tra, p = Zpi [Vi)y (Wil - (1.2.6)

The two reduced density matrices have the same spectrum { p; }. When the state |y) is separable,
the reduced density matrices p4, and p4, are pure, Tr ,6311_ = 1. A natural measure of the separability

of |) is the von Neumann entropy of the reduced state p4, [8, 9]
SW) = —Te{paInpay =~ pilnpi. (1.2.7)
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A pure state has S(y) = 0, while a maximally entangled state has S(¢¥) = In D, where D =
min(D4, D;) and D; = dim H,4,. Supposing that both A; and A, both contain N spin-1/2 degrees
of freedom, a maximally entangled state has S(y) = N In2.

1.2.2 [Entanglement in condensed matter systems

Up to this point, the discussion has been completely general, and applies to any pure quantum
state. However, in the context of condensed matter, we are often interested in the low temperature
properties of a given physical system. We are therefore seldom concerned with the behaviour of
arbitrary pure states; rather, the ground state(s) of the system’s Hamiltonian typically take centre
stage. Such Hamiltonians are often local, and this locality is reflected in the behaviour of the
entanglement entropy content of the ground state. Focusing on one spatial dimension, for systems
with a finite correlation length (i.e., excluding, for now, critical systems) the ground state obeys the

so-called area law
S(€) o £471 = const. , (1.2.8)

independent of £*, the volume (i.e., length for d = 1) of the subregion under consideration. This
result was first observed by Calabrese and Cardy in Ref. [10], and later proven by Hastings [11]. In
1D critical systems, the area law is replaced by a logarithmic increase of the entanglement entropy

with subsystem size

S =Slogt v . (1.2.9)
3 a

where c is the central charge, which characterises the universality class of the conformal field theory
that describes the critical point, and a is an ultraviolet (i.e., lattice scale) cutoff. The dots corresponds
to nonuniversal corrections. In higher dimensions, d > 1, the situation is more intricate, and we
have fewer exact techniques at our disposal to study such systems rigorously. For the ground states
of gapped systems comprised of free fermions or free bosons, one can show that the entanglement
entropy satisfies an area law [12], whilst for free fermions possessing a well-defined Fermi surface,
the area law is weakly violated by means of a logarithmic enhancement, S(£) ~ £4~'1In£ [13].
The entanglement entropy is also of fundamental practical importance for characterising the
feasibility of simulating one dimensional systems numerically. This stems from a link between
low-entanglement, area law ground states and so-called matrix product states (MPS) [14-16],
wherein the wave function coefficients are compactly and efficiently parametrised in terms of a
product of finite-dimensional matrices. It is possible to show that a one dimensional quantum state
can be efficiently represented by an MPS if it satisfies an area law [12]. This result underlies the

success of the density matrix renormalisation group (DMRG) [17], and other tensor network based

*This result is only independent of subsystem size as long as the size of both subsystems significantly exceeds the
correlation length. The value of the constant is set approximately by the correlation length &, with S ~ log €.
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techniques, in one spatial dimension.

1.2.3 Mixed state entanglement

At finite temperature (as we will discuss later), or when considering partitions of the system into
more than two disjoint components, it becomes necessary to describe the system using a mixed
state p. For example, in the case of a tripartition of the system S = A; U A, U A3, the subsystems
Aq and A, are described by the (in general) mixed state py, = Tr3 |{) (|, if the system as a whole
is described by the pure state |y). Separability over the two subsystems A; and A, is then defined

in the following way: a mixed state p is separable if it can be written in the form [8]
p= pib ®p. (12.10)
i

The weights p; are real, positive and normalised ) ; p; = 1, i.e., they represent probabilities. The
two subsystems A; and A, are no longer uncorrelated, but the correlations are “classical” in nature,

in the sense that expectation values of factorisable operators A ® B assume the form

(A® B) =" pi(A); (B), . (1.2.11)

where (/f) ;= Tr[f)fl)fi], and similarly for (]E?)Z Such states satisfy Bell’s inequality [18, 19], and
can easily be created using only local operations and classical communication [8]. Analogously to
the case of pure states, an entangled mixed state is defined in the negative sense as any state that

cannot be written in the form (1.2.10).
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1.3 Temperature in quantum mechanical systems

1.3.1 Relaxation and thermalisation in open quantum systems

In any realistic experimental setting, a quantum system is never truly isolated from its surroundings
(which we will interchangeably refer to as its environment). This nonzero coupling between a
system and its environment will generically lead to decoherence and the creation or decay of
excitations in the system (dissipation). If the system and the environment are coupled only weakly,
then the state of the system can remain approximately pure for a long time (we will quantify
how long this time scale can be later). Eventually, however weak the coupling, the system and
the environment will asymptotically become entangled and the state of the system will become
mixed. For sufficiently weak system—environment couplings, the asymptotic, steady-state density
matrix is diagonal in the eigenbasis of the system [20]. If the environment is in equilibrium at
temperature T = B~! (kg = h = 1 throughout this thesis), and certain ergodicity requirements are
satisfied [21-23], then the steady-state density matrix corresponds to the canonical ensemble from
statistical mechanics, p o e B ﬁs, where I:IS is the system Hamiltonian®.

Suppose that we are interested in the properties of a system S described by the Hamiltonian H,
which is weakly coupled to a reservoir B with Hamiltonian Hy. The Hamiltonian of the combined
system is of the general form

H = Hs + Hy + H;, (1.3.1)

where Hj describes the system—reservoir interaction. In the Schrodinger picture, the time evolution
of the combined system’s density matrix p(z) is determined by the Liouville—~von Neumann equation

dp) _ o
o= = —ilA.p(0)). (132)

In general, we would like to know how the state of the system S evolves in time. This is quantified
by its reduced density matrix ps(z) = Trg p(t), obtained by tracing out the environment from the
full density matrix 6(¢). An initially uncorrelated state of the total system, p(0) = p5(0) ® pg(0),

will then evolve in time according to the dynamical map V; [24]
ps(t) = Vips(0) = Tr {U(0)[5(0) ® pu(O)]T ()} . (133)

where U () is the time evolution operator in the Schrodinger picture. Assuming weak coupling

between the system and the environment of the form H = D Ay ® By, and further assuming that

*In general, in the presence of stronger system—environment interactions, the system’s steady state — if such a state
exists — will depend nontrivially on the interaction and bath Hamiltonians. Hereafter, we will consider only the case in
which the system and its environment are coupled weakly.
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memory effects in the bath can be neglected (the Markov approximation), it is possible to obtain
a microscopic expression for (1.3.3), leading to the so-called quantum master equation (see, e.g.,

Refs. [7, 23, 24], which inspired this discussion, for a complete derivation)

do - . A A )
Q;S,(l) =20 ¢ () (Aa(w)és(t)A,Tg(w’) = Al(w’)Ag(w)@s(t)) +He (1.3.4)
w,0’ a,B

where 0s(t) = e! HsHH) 5o (1) i (HsTHp)! ig the system’s reduced density matrix in the interaction

picture. The coefficients I'yg (w) are related to the Fourier transform of the bath correlation functions

Top(w) = /Ooodreiwf(é;(z)éﬂ(z — )y s (1.3.5)

while the operators /fa (w) are related to the Fourier decomposition of /fa (t), where the time

dependence is again in the interaction picture:

Aa(t) = et Ape 5t = N9 S™ ) (m| Ag n) (n] = Y e Au(w). (13.6)
w w

€En—€m=w

The states |m) and |n) in the above expression are eigenstates of Hg with eigenvalues €,, and ¢,,
respectively. If one additionally applies the rotating wave approximation®, then equation (1.3.4)
can be written as a dynamical map',

dilst(t) — —i[I‘AIL, Os] + Z Z Yep (@) (z‘iﬂ (a))@sz‘fl(a)) — % {/fl(a))/fﬂ (), @s}) . (1.3.7)

® a,p

where the so-called Lamb-shift Hamiltonian

H =YY" Syp@)Al(0)Ap(w). (1.3.8)

© a,p

leads to a renormalisation of the system energy levels due to interactions with the environment, and
Fop(w) = %)/alg (@) + iSap(w), such that (Sep) Yp is (anti-) Hermitian. If the bath is in a Gibbs
state pg = e~ PHs / Zg, where the partition function Zg ensures normalisation of pg, then it can be

*This approximation is nor generically satisfied in condensed matter systems. In order for the rotating wave
approximation to provide an accurate description of the dynamics (over coarse-grained time scales) the system
should have a discrete spectrum, and the relaxation time scale of the system S, denoted 7., should satisfy 7, >
| —w’| 7! [23, 24]. One can however derive an analogous master equation in the so-called singular coupling limit [23],
in which the rotating wave approximation is not necessary.

TA dynamical map must satisfy the conditions of complete positivity, convex linearity and trace preservation [24].
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shown that for any initial state the system will relax towards the Gibbs ensemble

ps(t) =% Zise—ﬂﬁs, (1.3.9)
as long as certain ergodicity requirements™ are satisfied [21-23]. The (positive) eigenvalues y, ()
of the Hermitian matrix y,g(w) have dimensions of inverse time (if the operators B, are chosen
to be dimensionless), and can be interpreted as decoherence rates, which dictate how quickly the
system approaches its stationary state given by (1.3.9).

We have therefore shown that a quantum system weakly coupled to a large heat bath, under a
number of assumptions, relaxes towards the Gibbs state (or canonical ensemble) pg o< e b Hs in
accordance with the principle of maximum entropy, where the system inherits the temperature 7" of
the heat bath.

1.3.2 Thermalisation of closed quantum systems

In the above, we have shown that thermalisation occurs under rather general conditions if the system
of interest is connected to an external reservoir. However, we have implicitly assumed that the heat
bath is itself prepared in a (mixed) thermal Gibbs state pg oc e Ay Tn order to describe how the
bath reaches thermal equilibrium, we are led to consider the apparent paradox of thermalisation in
closed quantum systems, and the recent drive to understand it (see, e.g., Refs. [25-29] for reviews).
That is, understanding the mechanism by which an isolated quantum system is able to reach an
equilibrium state, determined by only a small number of parameters such as temperature, chemical
potential, etc., irrespective of the (pure) state in which the system was prepared. This statement
appears to be at odds with the unitarity of quantum mechanics, since the unitary time evolution of
the wave function does not “remove” any of the information about the system’s initial conditions.
In the following, we will explain the resolution of this apparent paradox with a powerful conjecture
about the properties of individual eigenstates known as the eigenstate thermalisation hypothesis
(ETH) [30-32]. Conversely, systems that do not obey the ETH retain memory of their initial
conditions. Localisation, which we will introduce later in Sec. 1.5, appears to be the only robust
way in which a system is able to evade thermalisation’.

In order to discuss the thermalisation of a closed quantum system, it is necessary to introduce the

concept of a quantum quench. The system is initially prepared in some state |y (0)), which is often

*Specifically, the operators A must connect all of the energy levels of the system Hamiltonian. This condition
is ensured if there exist no operators acting on S that simultaneously commute with all the /fa and [:Is [21, 22]. If
the converse is true and such an operator does exist, then the Hilbert space of the system can be partitioned into
disconnected sectors.

TIntegrable systems, which possess an extensive number of conserved quantities, and undergo relaxation towards a
so-called generalised Gibbs ensemble [33-35], are excluded from this statement as their integrability is not preserved
upon addition of generic perturbations to the Hamiltonian.
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the ground state of some preparation Hamiltonian H,. For times ¢ > 0, the state |¥(0)) is evolved
under unitary dynamics with respect to a different Hamiltonian H,ie., V(1)) = e~iH! | (0)). If
the state |1 (0)) is not an eigenstate of H, then its dynamics will be nontrivial. Expanding the initial
state in the eigenbasis { |¥,)} of H, | (0)) = Do (¥ (0)) |W,) = ), cn |Wy), the long-time

average of any observable 0, defined by O = lim; oo % I Ot dt O(t), may be written as

(0) = lcal”Onn (1.3.10)

where Oy, are the matrix elements of the operator O in the eigenbasis of H, and the spectrum is
assumed to be free of any degeneracy. The off-diagonal matrix elements oscillate in time and, hence,
are removed by the time average. The time-averaged expectation value (1.3.10) can alternatively
be viewed as an average with respect to a density matrix known as the “diagonal ensemble”,
(0) =Tr [Oﬁdiag], where Paiag = O, [€n|?|Wn) (Wn| [33, 36, 37]. Evidently, the state pisg, Which
describes the time-average of a completely generic observable, depends explicitly on the system’s
initial conditions, and is therefore incompatible with the notion that the system’s density matrix
should relax towards the appropriate equilibrium ensemble from statistical mechanics. Instead,
as was realised in 1929 by von Neumann [38], one should focus not on the equilibration of the
state of the system as a whole, but on the behaviour of a suitable set of “physical” observables that
are accessible in experiment. Equivalence between the diagonal ensemble and the prediction of
statistical mechanics is then established if the (time-averaged) expectation values in the two cases
coincide for this privileged set of physical observables®. Operators such as the projector |¥,,) (¥,
whose expectation value never relaxes, are disregarded on the basis that such operators are typically
non-local, and, hence, eminently unphysical®.

In the 1990s, Srednicki introduced a generalisation of the random matrix theory prediction for
the matrix elements of local operators in a series of pioneering papers [30-32]. The ansatz is known

as the eigenstate thermalisation hypothesis, which takes the form [32]
Omn = O(E)8yn + >V fo(E. ) Ryn (1.3.11)

where £ = (E,, + E,)/2 is the mean energy of the two eigenstates m and n, and ® = E,, —
E, is their energy difference. The first term, which describes the behaviour of the diagonal
matrix elements, consists of a smooth function O(E) of the average energy. The second piece
determines the decay of off-diagonal matrix elements. Specifically, S(E) = Y, ES(E — E,) is

the thermodynamic entropy, fo(E, w) is a smooth function of £ and w, and the R,,, are random

*One also requires that the temporal fluctuations of the observable should vanish in the thermodynamic limit.
TMany-body localised systems, in which the I-bits (emergent conserved quantities that may be constructed from
projectors onto eigenstates [39]) are local, are an exception to this intuition.

27 —



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

numbers with vanishing mean and unit variance. The characteristic scale of the entropy is set by the
mean level spacing § at energy E, i.e., § ~ Ee~5. Since the level spacing is typically exponentially
small in the volume of the system, this implies, in turn, that the off-diagonal elements of O are

exponentially small in the system’s volume with respect to the diagonal elements.

Using the ETH anstaz (1.3.11), we can now calculate the time-averaged expectation value of

any “physical” observable

(0) = lcal?Onn ~ O(E) (13.12)

where we have neglected terms proportional to the second derivative of O(FE) that arise due to
finite energy fluctuations in the initial state (which are often subextensive in volume for local
Hamiltonians [28, 36]). Remarkably, the smooth nature of the function O(FE) ensures that the
result (1.3.12) is independent of the initial conditions, encoded by the ¢,, as long as they are only
nonzero over a sufficiently narrow energy window. This means that the time-averaged expectation
value agrees with the prediction of statistical mechanics for sufficiently well-behaved initial states.
Moreover, the exponential decay of the off-diagonal matrix elements with volume means that
equilibration to the value O(E) can occur on time scales much shorter than the inverse level
spacing [28]. Equilibration to the value O(FE) is not just established in the time-averaged sense;
instead, (é(t)) relaxes to its equilibrium value and then remains nearby thereafter (save for quantum
revivals in systems of finite size). In fact, the temporal fluctuations of (é(t)) about its average

value can be shown to be exponentially suppressed in the volume of the system

1 /[ . _
05 = lim — [ d7[(0)*]=(0)> = ) lemllcal?| Omal® < m§x|0mn|2 ~eSE) | (13.13)

t—oo f
0 m#n

since the entropy is an extensive quantity. In contrast, the time-averaged quantum fluctuations of 0

also decay with the size of the system, but algebraically in the volume [28].

The eigenstate thermalisation hypothesis addresses the apparent paradox of thermalisation in
closed quantum systems in a particularly simple and elegant manner. Thermalisation under the
dynamics of an ergodic Hamiltonian is encoded in the structure of the individual eigenstates, with
each and every eigenstate being thermal. All of the information about the initial state of the system
is never erased by the unitary time evolution, but (typically) becomes accessible only through highly
nonlocal, unphysical operators. The ETH prediction for the matrix elements of physical observables
has been verified numerically in a number of low-dimensional quantum systems including 2D
hard-core bosons [36], interacting spin chains [40], the two dimensional transverse field Ising

model [41], and many others (see, e.g., the references contained within Ref. [28]).

Recently, there has been a significant amount of interest in systems that (weakly) violate the

ETH through the mechanism of quantum many body scarring (for a recent review see Ref. [42]).
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In such systems, there exist a small number (typically measure zero) of mid-spectrum area law
entangled states, which are decoupled from the rest of the spectrum. Since these atypical states are
so few in number compared to the complementary thermal eigenstates, one might imagine that they
are irrelevant to the equilibration properties of the models in question. However, in some cases such
as the so-called PXP model [43], these atypical, area law entangled states have an anomalously large
overlap with translationally invariant, experimentally accessible initial states. Indeed, the interest
in weak ergodicity breaking was triggered by a surprising experiment in 2018 on a Rydberg-atom
quantum simulator, which unveiled persistent, periodic revivals for some initial states [44]. In this
way, systems possessing many body scars violate the ETH in the weak sense, since a typical infinite
temperature state will still thermalise. During my PhD I have contributed to this field, showing that
quantum many-body scarring can occur in certain random and periodic comb-like structures that

host interacting fermionic degrees of freedom [45].
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1.4 A brief introduction to spin liquids

In the following, we will discuss some of the defining features of spin liquids, both classical and
quantum, by introducing some of the prototypical theoretical models, each of which has played a

unique role in aiding our understanding of these fascinating phases of matter.

1.4.1 Kitaev’s toric code model

We will begin with arguably the simplest model of a gapped, Z, quantum spin liquid: Kitaev’s toric
code [46]. Despite appearing highly artificial at first sight, the toric code Hamiltonian appears as
a natural limiting case of Kitaev’s honeycomb model [47] (introduced later in Sec. 1.4.5), which
contains only nearest-neighbour interactions between spin degrees of freedom, and is approximately
realised in certain iridates [48, 49] and other compounds with strong spin orbit coupling (see,
e.g., Refs. [50, 51] for reviews). Recently, it was also realised that the toric code Hamiltonian
emerges perturbatively through the mechanism of combinatorial gauge symmetry [52] in some
nearest-neighbour spin models, allowing Z, spin liquids to be embedded and studied on quantum
annealers [53]. Notwithstanding its simplicity, the toric code exhibits many of the striking phenom-
ena associated with quantum spin liquids in general, and therefore offers a natural setting in which

to explore their consequences.

Hamiltonian

The toric code model is conventionally defined on a 2D square lattice composed of N sites with
periodic boundary conditions (i.e., on a torus). Spin-% degrees of freedom are located on each of

the 2N bonds of the lattice and interact via the Hamiltonian

Hic=—Jo Y As—Jn) By=—JS—JnP, (1.4.1)
s p

where the labels s and p denote the “stars” (sites) and “plaquettes” of the lattice (see Fig. 1.1),
respectively, and A, = [Lies 67, ép = []ic » 67 [46]. Je, Jm > 0 are the two coupling constants
of the model. The subscripts e and m derive from a correspondence with Z, lattice gauge theory,

Z

explored at the end of this section. As usual, 6; = (67, 6l.y ,6;) denote the Pauli matrices, which

describe the spin on bond i .

Ground states and topological degeneracy

All operators As, ép in the Hamiltonian commute and so can be diagonalised simultaneously. The

property ff? =1= é; implies that the operators Ay and l§p have eigenvalues *1, and the states
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Figure 1.1: Left: Illustration of the “star” and “plaquette” operators, Ay and B,, respectively, that appear in
the toric code Hamiltonian (1.4.1). Right: Two possible noncontractible loops Ly, ,, and two
open strings generating electric (e) and magnetic (/1) defects at their ends. Recall that periodic
boundary conditions are imposed. Electric (magnetic) defects inhabit the stars (plaquettes) of the
square lattice, and cost an energy 2J, (2J;,), so that each open string costs 4J, (4J,).

for which all Ay, l§p have eigenvalue +1 are the ground states. On a torus, the model has four
ground states belonging to different “topological sectors,” which are classified according to the
eigenvalues of non-local (system-spanning) operators. Such operators can be defined for instance as
f‘,ff Yy = [1ie Ch 67 [54], where Ly, , are two noncontractible loops on the dual lattice that span the
torus in the horizontal (%) and vertical (v) directions, respectively (see Fig. 1.1). It is not possible
to distinguish between the four different topological sectors using any local operators. Similarly,
no local operator can lead to a transition between the various ground states, which makes the toric
code desirable from the perspective of encoding quantum information [46]. When the model is
defined on a surface of genus g (g = 1 for the torus), the topological degeneracy is generalised to
4% [55]. This dependence of the degeneracy on the fopology of the underlying lattice is one of the
many characteristic features of topologically ordered phases.

In order to write down an explicit expression for the ground state(s) of the model (1.4.1), it is
convenient to introduce the group G generated by products of star operators Ay*. The ground state
of the model is then given by

1
Vo) = ——7 D ¢l0) . (1.4.2)
917 g<g
The state |0) is an eigenstate of ®; 6 belonging to the appropriate topological sector (i.e., it is also
an eigenstate of the operators f‘}f,v), and |G| = 2¥~1. The state (1.4.2) is trivially an eigenstate of
all ép since all group elements commute with B,, [ﬁ ,g] =0,Vg e G, and ép |0) = |0). That

*The group elements g € G must be defined modulo the identity for the inverse elements g~ ! to be unique, since
[1, As = 1. Thatis, g = [], As* =[], A% with o5 = 0, 1. One must choose one of the two equivalent tilings of
the Ag operators for the mapping between g and {os} to be one-to-one.
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Figure 1.2: Schematic depiction of how every string £’ with the same endpoints is generated when acting
with a given string £ of operators on the ground state.

(1.4.2) is an eigenstate of all Ay, follows from the fact that A, € G, giving ffsg = g’, using the
group properties of G. Since the ground state corresponds to a sum over all group elements, we can
relabel the mute index g’ — g to give A, |Yo) = |¥o), as required. Hence, the state (1.4.2) is an
eigenstate of the Hamiltonian with energy Eg = —N(J, + Jin).

Consider the expression for a given group element g € G, given as a product of star operators
over some (possibly disconnected) region R: g = [[,cx Aj,. Since all internal spins are flipped
twice, the action of the group element g on the reference state |0) is to flip the spins on the boundary
of R, denoted dR, so that we may write g = ]_[iG IR 61?‘ . Therefore, when expressed in the 61-1 tensor
product basis, as in (1.4.2), one observes that the ground state corresponds to an equal-weight
superposition of closed loops of flipped spins. Note that it would be completely equivalent to

formulate the ground state (1.4.2) in terms of the 6;° tensor product basis.

Fractionalisation and deconfinement of excitations

The toric code hosts two types of elementary excitations known as electric charges and magnetic
vortices. These excitations are generated by open strings of Pauli matrices, Se) = [1;er 67 with
o = z, x, respectively [55] (see Fig. 1.1). S “(¢) flips the eigenvalues of the two stars (plaquettes) at
the ends of the path £, which lives on the direct (dual) lattice, costing an energy 4J, (4J,,). When
periodic boundary conditions are imposed, it is not possible to change the eigenvalue of just one
star or plaquette operator as a result of the condition [ [ Ay = ]—[p l§p = 1. Physically, flipping a
spin changes the eigenvalue of the two adjacent stars (plaquettes)™.

Note that only the endpoints of the string matter; the choice of path £ is immaterial. Acting on
the ground state (1.4.2) with, say, S *(€), one obtains

S*() |yo) =

80810 = i T8 @10 (143)

1/2
912 2= v

where the second summation is over all possible paths £’ with the same endpoints as the original

*This and the inability to change the eigenvalue of just one star/plaquette are in fact two separate statements. With
open boundary conditions, it is not possible to locally create an unpaired excitation in the bulk, but the boundary can act
as a source/sink of unpaired excitations.
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path £. This result is shown schematically in Fig. 1.2. Since the energy of a pair of defects is
independent of their separation, the defects are deconfined, which is another characteristic feature
of quantum spin liquids [51, 56].

At nonzero temperature 7 = 1/, there is a finite probability of exciting defects given by the

Boltzmann distribution P(E) o e #E. The exact density of species X = e, m is

28Uy (1 + e—ZﬂJX)N—l _ (1 _ e—ZBJX)N—l
(1 + e—Zﬂjx)N _|_ (1 _ e—ZﬂJ)()N

ox = e (1.4.4)
In the limit of large N, the constraint that defects must be created in pairs becomes immaterial and
the density is given approximately by the Fermi-Dirac distribution ng(2Jx) = (e2#/* 4+ 1)1, for

each species independently X = e, m.

Mutually semionic statistics

The excitations introduced in Sec. 1.4.1 obey mutually semionic statistics. This feature of topologi-
cally ordered phases is arguably the most important, and will play a prominent role in Chapter 3.
As shown in Fig. 1.3, when one species encircles a quasiparticle of the opposite species, the wave
function picks up a phase of . Figure 1.3b differs from 1.3a by a closed loop of 6;* operators.

When this loop contains an electric charge,

|¥p) = (1_[ 6—zx> [Va) = (1—[ /is) |Va) = —[Va) - (1.4.5)

i€0R SER

Since this operation can be interpreted as two successive particle exchanges, one may attribute
a phase ¢ = /2 to exchanging electric charges and magnetic vortices [57]. In this way, the
excitations are mutually semionic, but individually bosonic in the sense that interchanging two

particles of the same species does not result in sign change of the wave function.

Entanglement entropy and stability

So far, we have seen that gapped Z, quantum spin liquids (which by definition possess topological
order) host deconfined excitations satisfying mutually semionic statistics, and admit a topological
ground state degeneracy on a torus™. These interrelated features are also intimately connected to the
entanglement properties of the ground state(s). As shown previously, the ground states of the toric
code are an equal weight superposition of loops in either the o or o;* tensor product basis. The
ground state entanglement, as measured by the von Neumann entanglement entropy S, takes the

form of an area law with a subleading correction: S ~ soL — y, where s is a constant, and L is the

*In fact the mutually semionic statistics of the two quasiparticle species, e and m, can be shown to imply a
topological degeneracy [57, 58].

—-33



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

T 0T A
—@® { 4 @ L @ —@® @ @ —
® ® [ ® ® ® ® ® ® [ ® [ J
e e e e
e —e—e— © e e —e—eo— e
o ® ® ® ® [ ] [ J o ® [ ® ®
—@® { @ @ @— —@® L @ —
| SR A5 U AR A S SR A S
(a) Two nonintersecting strings of ¢;* and o} (b) Two intersecting strings: the magnetic vortex
Pauli matrices. encircles the electric charge.

Figure 1.3: When a magnetic vortex encircles an electric charge, as in (b), the wavefunction picks up a phase
of ¢! = —1 relative to configuration (a).

length of the (smooth [59, 60]) boundary separating two regions of the lattice (which are in direct
contact). The universal correction term y = In 2 is only nonzero in a system possessing topological
order®, and thus can be used to identify topologically ordered phases of matter [51, 56].

The QSL phase of the toric code is robust to all sufficiently weak perturbations [63]. However,
for sufficiently large perturbations, e.g., the application of a large magnetic field [64—67], the
system undergoes a phase transition into a phase in which the excitations are confined. In the
presence of a very large magnetic field 4, say along z, the ground state is approximately the product
state |07 = 1). Separating two charges in this state by flipping a string of spins costs an energy
proportional to their separation and the strength of the field (each spin flip costs ~ 2k), implying
confinement of the pair [56]. The confinement transition that occurs at some critical value of the
applied field will be discussed in further detail in Sec. 1.4.2 in the context of Wegner’s Ising gauge
theory.

Mapping to Z, lattice gauge theory

The mapping to (Ising) lattice gauge theory (LGT) language can be formulated as follows [56].
The 61.1 operator, which lives on the link ab, is written in terms of a vector potential 61? = ei"i“”,
which has eigenvalues A,; = 0, 7. Similarly, the 6;° operators are written in terms of electric
fields Egp, canonically conjugate to vector potential Agp, as o) = ei™Ear In this way, eidab acts
as a raising operator for the corresponding electric field, which assumes the values E,;; = 0, 1.

The field variables are defined to be antisymmetric with respect to site indices, ffab = —/fba and

*Note that there are other mechanisms that also give rise to subleading corrections to S, such as corner contributions.
Indeed, an intricate subtraction scheme is in general necessary to isolate y on a lattice [61, 62].

—34 —



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

Eab = —Eba. With these definitions in place, the Hamiltonian (1.4.1) can be written in the form

A=-7Y by, Zcos(v x A) . (1.4.6)
s P p

The “lattice divergence,” (V - E )s» and “lattice curl,” (V x ff) p» are given by the expressions

(V-E)y= Y Ey. and (VxA),=) Appii. (1.4.7)

s’ €(ss’) bep

where the curl is evaluated in the clockwise direction. We identify (V - E )s with the charge on site s,
and (V x /f) » with the magnetic flux through the plaquette p, by analogy with Maxwell’s equations.
The ground states are free of both electric charge and magnetic flux. The ground state sector for the
electric charges is selected by the Gauss law constraint (V - E )s |¥) = 0. This mapping justifies the
terminology “electric charges” and “magnetic vortices” used earlier in this section. The Hamiltonian

is invariant under the unitary transformation

Oltxsh] = e 2 0B = T 4x (14.8)
N

generated by Gauss’ law, where x; = 0, 1, under which the 6 operators transform according to

6—SZS/ — ol Ass _y pilAsy+(ts—xs)l (1.4.9)

A

Evidently, the operators A, transform like a gauge potential under a discrete gauge transformation,
i.e., the analogue of A — A + Vy in classical electromagnetism. Note that the toric code exhibits
a duality between its electric charges and magnetic vortices, and the above arguments could have

equivalently been formulated with the roles of the electric field and vector potential swapped.

1.4.2 Ising Z, lattice gauge theory

Here we consider a close relative of the toric code studied in the previous section: Wegner’s Z,
Ising lattice gauge theory [68], one of the simplest models that exhibits a phase transition between
confining and topological (deconfined) phases. The Hamiltonian consists of the same term acting

on the “stars” and a perturbing transverse magnetic field [68, 69]:
Hy, =—J) A;—h) 67 (1.4.10)
s i
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Figure 1.4: Schematic illustration of the confinement—deconfinement transition that occurs in the Z, lattice
gauge theory. When the magnetic field / is strong, the defects (violating the Gauss law constraint)
are confined; the energy per unit length of separating the defects (the string tension), o, is finite.
This gives rise to finite confinement length scale £. Near the critical point, the string tension
vanishes as 0 ~ (J — J.)?", while the confinement length diverges, £ ~ (J — J.)™". Since
the transition belongs to the classical 3D Ising universality class, the critical exponents are well
known, and v >~ 0.63 [71, 72].

The A, operators are no longer conserved quantities, but the operators B, = [1ic » 67 are; they

commute with each other, [ép, ép/] = 0, and with the Hamiltonian, [ﬁzz, ép] = 0. The conserved

A

operators Gp = l§p generate a local (Z,) gauge transformation satisfying é; ! = G,. The action of

the Gp on the spins is [similarly to Eq. (1.4.9)]

>

% — GGy = Ot g (1.4.11)

where we have indexed the spins using the sites of the dual lattice (G4« lies on the link that bisects
the line joining the centres of plaquettes g and k). That is, ép anticommutes with 6;k if the support
of the two operators overlaps. The gauge-invariant states satisfy a Gauss law constraint of the form
Gp |W) = |W) for all plaquettes p. If the Hilbert space upon which (1.4.10) acts is restricted to such
gauge-invariant states then we obtain the Ising gauge theory [68-70] (i.e., Gauss’ law is understood
to be imposed on the states implicitly). It is then possible to introduce new gauge-invariant operators
(Pauli matrices) 7' and 7Z living on the sites of the lattice

2= Ay, 6%, =1rt¥, (1.4.12)

ss’ s
in terms of which the Hamiltonian (1.4.10) becomes a two dimensional transverse field Ising model
Hy, =—hY 5 —J ) %%, (1.4.13)
(s,8') s

Note that the duality relies on the implicit Gauss law constraint: When the transformation is written
in the form 77 = []; er(s) 67, the path y(s) is only immaterial in the gauge-invariant subspace
B, |¥) = |¥).
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The two dimensional Ising model (1.4.13) (whose Hilbert space is no longer restricted by a
Gauss law constraint) exhibits two phases. For 4 > J, the Ising model is in its ferromagnetic

phase™ and (77

¥) > 0. In the original 67 degrees of freedom, setting J = 0, the ground state is

]—[j |0jZ = 1) (which is explicitly gauge invariant). Excitations above this ground state correspond
to flipping spins in the 61.1 basis, with each spin flip costing an energy 24. Gauss’ law enforces that
these flipped spins must form closed loops on the lattice (since any endpoints would violate the
constraint). This phase is confining in the sense that the energy required to separate two violations
of the Gauss law constraint (i.e., plaquettes with B, = —1) grows linearly with their separation
relative to the ground state with no violations.

In the opposite limit, J > h, the Ising model is in its paramagnetic phase. If we were to ignore
the Gauss law constraint, the ground state of the model would be [ j |oj?‘ = 1), which is clearly
not gauge invariant. To obtain the gauge invariant ground state in this perturbative limit, one can
project into the physical Hilbert space using the projection operator P = ]_[p %(]1 + Gp), which
symmetrises over different gauge transformations’. Performing this projection leads us directly to
the ground state of Kitaev’s toric code model from the previous section, i.e., an equal-amplitude
superposition of all possible closed loops of flipped spins generated by the ép. At the fine-tuned
point & = 0, it costs strictly zero energy to separate two defects that violate the Gauss law constraint.
For finite (but still sufficiently small) %, the defects interact via a screened potential of the form
V(€) ~ e /% where £ is the separation of the defects [73], and the strength of the interaction and
the screening length & depend on 4 and J. Deconfinement generally means that it costs a finite
amount of energy to separate the defects by an infinite distance. At the critical value of i1/ J, the
system undergoes a confinement—deconfinement phase transition; as the critical point is approached
from the confining side, the string tension vanishes, and the corresponding confinement length

diverges as shown schematically in Fig. 1.4.

1.4.3 Classical spin ice

Having introduced some of the central phenomenology relating to quantum spin liquids in the
context of gapped Z, theories, we now turn to looking at a robust mechanism that can produce spin
liquid behaviour, both classical and quantum, in experiment. Namely, in the following, we will
demonstrate how classical Ising frustration can give rise to classical spin liquid behaviour at low
temperatures in dipolar spin ice. This discussion will set the stage for the introduction of quantum

spin ice, where off-diagonal terms induce quantum fluctuations within the classical ground state

*Note that the ‘physical’ magnetic field acting on the 67 degrees of freedom maps onto the nearest-neighbour
coupling in the dual Ising model.
TWith periodic boundary conditions, ]_[p G, = 1, i.e., there are only 2V ~! independent gauge transformations.

This allows the projector P to be written in the form P = %SA' 1+ Hp G p) = S, where $ symmetrises over independent
gauge transformations.
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Figure 1.5: Arrangement of oxygen ions O~ (white circles) and protons Ht (smaller blue circles) satisfying
the Bernal Fowler ice rules.

manifold, thereby generating a U(1) quantum spin liquid.

Water ice

One of the hallmarks of frustrated magnetic systems is a ground state degeneracy that is expo-
nentially large in the volume of the system. An important experimental consequence thereof is
an extensive residual entropy as temperature is lowered to zero*. Historically, however, the first
system that was shown in experiment to have a nonzero residual entropy was not a frustrated magnet.
Instead, in the work of W. Giauque and collaborators [74, 75], it was shown that the much more
familiar water ice (spin ice’s namesake) possesses such a residual entropy. In 1935, the origin of this
result was explained quantitatively by Linus Pauling [76], who gave a simple counting argument for
the residual entropy value that had been observed in experiment.

In the hexagonal phase of water ice, the O>~ ions form a tetrahedral structure, while the protons,
HT, are located on the O—O bonds. The stability of the H,O molecular structure leads to the
so-called Bernal and Fowler ice rules [77], which describe where the protons should be placed

within this tetrahedral structure of O®~ ions:
1. There should exist one proton per O—O bond,

2. In two of four bonds that emanate from each O~ ion, the proton should be “close”, and in

the remaining two it should be “far” from the Oxygen ion.

The second of these rules derives from the fact that the O—O bond length in hexagonal water ice
significantly exceeds the short, covalent O—H bond in an H,O molecule. A minimal structure
that satisfies the above ice rules is shown in Fig. 1.5. Pauling argued in Ref. [76] that there are
(;) = 6 ways of locally arranging the protons around each O~ ion. However, each tetrahedron is
not independent from its neighbours. If we consider a system that comprises N O>~ ions, then the

structure contains Np = 2N O-O bonds. If the matching constraint (that each bond must contain

*The residual entropy appears experimentally when the system is cooled gradually to low temperatures. Ordering
at low temperatures is generally expected, but the relaxation time scales at such low temperatures can be astronomically
large, rendering the release of the residual entropy inaccessible.
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Figure 1.6: One cubic unit cell of the pyrochlore lattice. In spin ice, Ising spins live at the centres of the
black spheres, between two corner-sharing tetrahedra, and are constrained to point along the
local (111) direction (i.e., “in” or “out” of a given tetrahedron). The centres of the tetrahedra
form a diamond lattice, which consists of two sublattices; “upwards” facing tetrahedra live on
one sublattice, while “downwards” facing tetrahedra inhabit the complementary sublattice. The
thin solid lines denote the conventional cubic unit cell.

one proton) is imposed on average, then one obtains W = 6~ (1/2)N» = (3/2)" configurations of
the protons that are compatible with the Bernal Fowler ice rules. This value leads to a residual
entropy S = kgIn W = 0.806 cal/ deg /mol, which is in close agreement with the experiments of

Giauque [74] and more accurate analytical estimates that treat the constraints more carefully [78].

Spin ice

Spin ice compounds are part of the pyrochlore oxide family, which take the general form A, B,O7.
In such compounds, A is a rare-earth element such as Dy, Ho, while B is a non-magnetic ion such
as Ti, Sn, Mo, Mn, etc. The ions 43T and B*" live on two interpenetrating pyrochlore sublattices.
The corner-sharing tetrahedra that make up the pyrochlore lattice are shown in Fig. 1.6. The
two canonical spin ice materials Dy, Ti,O7 and Ho,Ti,O7 are electronic insulators [79], and their
magnetic ions Dy>* and Ho>" have total angular momentum J = 15/2 and J = 8, respectively.
Strong crystal field effects in these materials lead to a ground state doublet that is separated from
the first excited state by a gap of order 300 K. Within the ground state doublet, the total angular
momentum J is constrained to point along the local (111) direction, either “into” or “out” of the
tetrahedra. In most cases™ it is appropriate to project the full Hamiltonian into the ground space

of the crystal field Hamiltonian (i.e., the ground state doublet on each site), and we are left with a

*The projection is appropriate as long as other energy scales in the problem do not become comparable to the
crystal field splitting. Specifically, one requires temperatures 7 < 10 K and magnetic fields B < 20T [80].
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(a) two in two out (b) three out one in (¢) all out

Figure 1.7: Symmetry-inequivalent configurations of the tetrahedra that make up the pyrochlore lattice. The
two-in-two-out configuration in (a) does not host a charge, and corresponds to the ground state
of an isolated tetrahedron. The configuration in (b) is an excited state that hosts a single charge
(a monopole), @ = 1, while in the configuration in (c) the tetrahedron hosts a double charge,

0 =2.

model of effective, classical Ising spins 0; = —1, 41 living on the sites of the pyrochlore lattice:

€ —3(e; -1y;)(rij - €)

(rij/rnn)3 iOj . (1.4.14)

e.
Hpg1 = — Z J,-j(e,- . ej)a,-aj + D Z !

(i,J) i<j

The vectors e; point along the local (111) directions. The first term corresponds to the exchange
interaction, and the second to long-ranged dipole—dipole interactions between the magnetic moments.

Note that the sign of the effective interaction between the Ising spins o; is reversed, since e; - ¢; < 0
fori # j.

Nearest neighbour spin ice

Nearest neighbour spin ice corresponds to the first term only in the Hamiltonian (1.4.14) (i.e.,
neglecting the dipolar contribution to the energy). Using the fact that e; - €; = —1/3, we obtain

Hyx = Jr ) _ 0i0; . (1.4.15)

{i,J)
where J.i = J/3*. The model (1.4.15) with antiferromagnetic J.¢ > 0 on the pyrochlore lattice
was first studied in the work of Anderson [82] in 1956 on cation ordering and antiferromagnetism
in spinels. To find the ground state of the nearest neighbour spin ice Hamiltonian, we will begin by
locally minimising the energy on a single tetrahedron. For an isolated tetrahedron, there are 2* = 16
possible spin configurations, which may be classified, as in Fig. 1.7, according to the number

of spins pointing “out” of the tetrahedron, and the number of spins pointing “in”. Specifically,

*In dipolar spin ice, the exchange interaction is antiferromagnetic. However, once the nearest neighbour contribution
from the dipolar interaction is included, the sign of the effective nearest neighbour interaction between vector spins is
made ferromagnetic. The J > 0 in this expression encompasses both the exchange interaction and the short-ranged
contribution from the dipolar interaction. In real materials, Jeg =~ % + %, where D > 0 prevails over J < 0 in
making Jeg > 0 [81].
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Figure 1.8: Pinch point structure in the static (equal time) structure factor (o (—q)o (q)) of classical spin ice
in the long-wavelength limit. The structure factor is plotted in the [hh k] plane using the results
of Ref. [83].

tetrahedra can be two-in-two-out (x6), three-in-one-out (x4), all out (x1), plus their spin-reversed
counterparts. These different configurations of Ising spins can be conveniently parametrised by
the “charge” on tetrahedron a as Q, = :I:% Y icq 0i- The sign depends on the sublattice that the
tetrahedron belongs to, and ensures that, for example, a three-out-one-in tetrahedron (known as
a magnetic monopole) will always obey Q, = 1, irrespective of which sublattice it resides on.
Similarly, a two-in-two-out tetrahedron will always be charge neutral, O, = 0. We may then note

that the nearest neighbour Hamiltonian can be written solely in terms of the tetrahedral charges as
Hyx = 2Jer ), Qg = Neerr. (1.4.16)
a

from which we deduce that Hyy is both locally and globally minimised by O, = 0 on every
tetrahedron. Although this constraint is trivial in the charge language, it is nontrivial when imposed
on the underlying Ising spin degrees of freedom. Indeed, O, = 0 is equivalent to requiring that
all tetrahedra satisfy the two-in-two-out constraint. The equivalence with water ice is now clear:
If in water ice we associate an Ising variable that labels whether the proton is in the “near” or the
“far” position, then the Bernal and Fowler ice rules are equivalent to the two-in-two-out constraint in
spin ice. The nearest neighbour Ising Hamiltonian (1.4.16) therefore gives rise to a finite zero point
entropy given approximately by the Pauling [76] result So/ kg Ns >~ (1/2)1og(3/2).

Writing the monopole-free constraint in terms of the original vector spin degrees of freedom,

S; = o;e;, we find that the two-in-two-out constraint is equivalent to Y .__S; = 0 on each

i€a
tetrahedron a. This constraint on the vector spins can be viewed as a lattice regularisation of the

divergence: > ... S; = (V -S), = 0. Therefore, upon coarse graining, the spin vector field S(r),

i€a
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which is proportional to the physical magnetisation, satisfies the solenoidal constraint V - S = 0,
analogous to the Maxwell equation V - B = 0 for the magnetic field in classical electromagnetism.
The divergence-free condition can be satisfied by introducing an emergent gauge field A(r), such
that S(r) = V x A(r). Endowing the continuum theory with a Gaussian weight functional™,
P[A(r)] o exp(—% [dr(V x A)z) [83], leads to a Maxwell-like action, with dipolar correlations
between spins ,

(01 (1) (0)) o 218 10 r_sr % (1.4.17)
In reciprocal space, these correlations give rise to pinch point singularities (as depicted in Fig. 1.8),
which have been observed in neutron scattering experiments on spin ice compounds [85, 86], and
constitute compelling experimental evidence for the existence of emergent gauge fields and the

associated Gauss law constraint.

Including the dipolar interaction

Although many of the properties of spin ice, such as the extensive zero temperature entropy and
the lack of any finite temperature phase transition, are explained by the simple nearest neighbour
model (1.4.16), the full Hamiltonian includes also the long-ranged dipolar interaction, whose
magnitude is comparable to the exchange interaction. By virtue of projective equivalence [87], the
dipolar interactions can be accounted for effectively by a long-range, pairwise interaction between

the tetrahedral charges Q,,

r

H. = 2JeffZ lel + Eumn Z Qa be ’ (1418)
2 a

a<b

where r,p = |rg — rp|/ 1S the distance between the centres of the tetrahedra @ and b in units of
the distance between neighbouring tetrahedra, and E,, is the Coulomb energy of two adjacent unit
charges. Such a description can also be justified by writing each dipole as the sum of two fictitious
monopoles [88], in which case (1.4.18) is known as the dumbbell model. The first term accounts
for both the exchange interaction and a short-ranged contribution from the dipolar term. The
latter accounts for the long-ranged nature of the dipole interaction. Projective equivalence ensures
that (1.4.18) is quantitatively accurate up to quadrupolar corrections. When E,, is nonzero, the
ground state(s) are determined by a competition between an ordered arrangement of charges on the
diamond lattice and the charge vacuum. For E,, sufficiently small, the self-energy cost of the charges
prevails, and the Q, = 0 configurations remain exact ground states of the approximate (1.4.18).
The monopole description (1.4.18) provides an excellent approximation to both the equilibrium

behaviour [89, 90] and dynamics [91, 92] of classical spin ice. However, one area where the

*Entropically, the system favours spin configurations that form lots of short loops, which upon coarse graining map
to small values of S(r) [83, 84].
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dumbbell model (at least in theory) falls short is the absence of a low temperature phase transition.
Equation (1.4.18) predicts that the nearest-neighbour spin ice ground states, characterised by
0. = 0, are exactly degenerate. Reinstating the full dipolar interaction splits the degeneracy of
such states, which leads to a first order phase transition at low temperatures [93, 94] (approximately
180 mK for Dy, Ti,O7 [80]), selecting a particular ordered spin state from the ground state manifold.
In order to observe such a transition numerically (using the Monte Carlo methods introduced later
in Sec. 4.2), one must implement loop updates [94], allowing the system to efficiently pass between
states that satisfy the ice rules at low temperatures. However, the dynamics of classical spin ice,
both in and out of equilibrium, is described quantitatively by “single spin flip” dynamics [84]. The
equilibration time scale under such dynamics diverges exponentially at low temperatures [91, 92],

rendering the ordering transition experimentally inaccessible in practice [95-97].

1.4.4 Quantum spin ice and U(1) lattice gauge theory

The canonical model of quantum spin ice consists of the nearest-neighbour classical spin ice
Hamiltonian and transverse (exchange) terms, which induce quantum fluctuations. Specifically, one

typically considers a local XXZ model on the pyrochlore lattice [98]:

Hosi = Je ) 8785 —Ju ) (787 +578)) . (1.4.19)
) i)

where the transverse term o J is assumed small, |/, | < J;. As discussed in the previous section,
if we neglect the transverse terms entirely, the ground states of the model are S‘f tensor product

states that satisfy the ice rules, with ) _,., S7 = 0 on each tetrahedron 7. Turning on the transverse

i€t
terms perturbatively, one may then use degenerate perturbation theory to study how the extensive
degeneracy of the ground state sector is split. The degeneracy is first split at third order™ in J,

where ring exchange processes give rise to the effective Hamiltonian [100]

Hyjng o< =% J2 Z S ShaSitsSiaSi S + He. (1.4.20)
Z he{QO}

which acts on the Hilbert space spanned by the ground states of classical spin ice. Equivalently,
we can view this from the perspective of a Gauss law constraint that selects the physical Hilbert
space: Y ., §f |W) = 0. The Gauss law constraint acts as the generator of infinitesimal gauge
transformations of the form e’ 2+ o (Lier 57 ), i.e., rotations about the local z axis of all spins
belonging to each tetrahedron. The Hilbert space corresponding to the ground state sector is then

spanned by gauge invariant states, which satisfy e’ 2 (Zier 57) W) = |¥).

* At second order in J, creation and annihilation of virtual, constraint-violating defects leads to a constant shift in
all energy levels [99].
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To write the ring exchange Hamiltonian (1.4.20) in terms of a U(1) lattice gauge theory, the
spin degrees of freedom can be written in terms of canonically conjugate rotor variables, 71; and qgi,
where §lZ =n; — % and S'ii act as raising/lowering operators S'ii = otidi [99]. The hard constraint
n; = 0,1 can be implemented at the level of the Hamiltonian by ensuring that the system incurs
a finite cost if the constraint is violated. In the rotor variables, the ring exchange Hamiltonian

becomes

.U R R R . R . .
H = 5 Z (G —3)?— 3] — K Z cos (¢h,1 — Pn2+ Pnz — bna + s — ¢h,6) ;
(rr’) he{O}
(1.421)

where the vector indices r label the sites of the diamond lattice (i.e., the centres of the tetrahedra).
States with n,v # 0,1 are penalised by an energy cost « U; only in the limit U/K — oo
is the hard constraint n; = 0, 1 enforced exactly. The introduction of (directed) link variables
by = (A — %) and d,v = :I:dSrr/ (where the sign is positive for r belonging to the A sublattice,
which we take to be composed of “upwards” facing tetrahedra) makes the correspondence with

compact U(1) lattice gauge theory explicit*

H = %Zéfr/ —K ) cos (E a) , (1.4.22)

(rr’) he{O} rr’'€h

with the lattice curl (V x @), = »_,c; drr. The canonically conjugate variables d,, and é,, play
the role of the vector and electric potentials, respectively. Violations of Gauss’ law correspond
to electric charges, and in the ground state sector (V - é), = > éw = 0. Ind = 3 spatial
dimensions, the unfrustrated analogue of (1.4.22) exhibits two phases [101]; for U/K < 1 the
theory exhibits a deconfined phase, while in the opposite limit the theory is confining. In the
deconfined phase’, the compact nature of the gauge theory is not important, the cosine can be
expanded to quadratic order, and one arrives at the familiar Maxwell Hamiltonian of (noncompact)

U(1) quantum electrodynamics (QED)

o Ue., K .
H== >k + > Y (Vxay. (1.4.23)
(rr’) he{O}

By analogy with QED, the Hamiltonian (1.4.23) exhibits gapless, linearly dispersing degrees of
freedom at low energies: the photon. Gauge invariance implies that the photon has two polarisations,

both of which are transverse to its momentum. Electric charges (otherwise known as spinons),

*In the limit U/ K — oo, the Hamiltonian enforces half-integer values of the electric field, ey = :t%. The gauge
theory is therefore referred to as frustrated [99] or odd [73, 98], in contrast to unfrustrated gauge theories in which the
strong coupling limit U/ K — oo enforces the trivial vacuum e,y = 0.

TMonte Carlo simulations suggest that, in the frustrated/odd gauge theory, the deconfined phase survives all the
way to U/K — oo [102, 103].
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Figure 1.9: Left: Illustration of the anisotropic interactions and the conserved plaquette operator Wp in

the Kitaev model. Along the blue (green, red) bonds, the spins interact via interactions 6}’ 6;’

with y = x (y, z). Right: Phase diagram of the Kitaev model in the plane Jx + J, + J; =1
(perpendicular to [111]).

which correspond to violations of the Gauss law constraint, (V - ), = 0, have an energy gap of
order J,, and interact via an emergent Coulomb interaction [99, 104], mediated by the photon. In
addition to the energetically costly spinons and the gapless “photon”, the noncompact nature of the
U(1) gauge theory permits quantised magnetic charge. These magnetic charges (otherwise known
as visons) are constructed from states belonging to the spin ice manifold, and possess a finite gap set
by J7/J2 [99], intermediate between the energies of the photon and the spinon excitations. Pairs

of vison excitations also interact via a long-ranged 1/r Coulomb potential.

1.4.5 Kitaev’s honeycomb model

In the last twenty years, two exactly solvable models stand out as being particularly influential in
aiding our understanding of quantum spin liquids and their associated phenomena, both of which
are due to Kitaev. The first is the toric code [46], introduced in Sec. 1.4.1, which illustrates the
pertinent physics associated with topological order in gapped Z, QSLs. The second is Kitaev’s
honeycomb model [47], which, as we will present here, possesses the trinity of exact solvability,
experimental relevance, and a rich phase diagram that displays a variety of gapped and gapless
quantum spin liquid ground states.

The Kitaev Hamiltonian is exactly solvable on any tricoordinated lattice [50], but in the following
we will restrict out attention to the two dimensional honeycomb lattice (see Fig. 1.9), which was the

subject of Kitaev’s seminal work in 2006 [47]. The Hamiltonian is then

Auer =— 3y Y J7676] (1.4.24)

Y=%.5.2 (jk)y
where the spin-1/2 degrees of freedom 6}’ live on the sites of the honeycomb lattice, and y labels the
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bond direction. The nearest-neighbour interaction between the spins is highly anisotropic, with a
bond-direction-dependent easy axis™ (the defining feature of so-called compass models [111]). This
anisotropy, which is at the core of the model’s highly unusual properties, arises in some transition
metal compounds due to strong spin-orbit coupling (for reviews of candidate spin liquid compounds,
including Kitaev materials that possess such anisotropy, see, e.g., [50, 51, 56, 112—116]). In the
vicinity of the isotropic point J* = J” = JZ, the ground state of the Hamiltonian is a gapless spin
liquid. Conversely, when one of the coupling constants is made significantly larger than the other
two, the lowest order effective Hamiltonian is precisely that of the toric code [47], and the system
is correspondingly gapped, as shown in the phase diagram in Fig. 1.9. The Hamiltonian (1.4.24)

possesses an extensive number of conserved quantities, I/f/p, one for each plaquette p, defined by

2 _ AVAY _ AXAVAZAXAVAZ
W,= [] 676! =676)6565626¢. (1.4.25)

(iaj>)/ep

where the numerical subscripts index the spins belonging to the plaquette p in an anti-clockwise
direction, as shown in Fig. 1.9. Since I/f/pz = 1, the eigenvalues of the plaquette operator must be
+1. Although the number of such operators is extensive, specifying the eigenvalue of each plaquette
operator does not uniquely determine the spins. Indeed, there are two spins per plaquette, but only
one constraint, and hence there remain an extensive number of degrees of freedom unspecified.

In Kitaev’s original exact solution of the model, the spins are represented (with some redundancy)
as Majorana fermions. Specifically, one introduces four Majorana operators per site, &;‘ (a =

X, y,z) and ¢;, allowing the spins to be represented as [47, 57]
qu =ia%; . (1.4.26)

The spins satisfy the canonical angular momentum commutation relations as long as ax aY azc ;= 1.

Therefore the physical subspace is obtained via the application of the projection operator P =

1+4+a Ax Ay Zc on each site j. In the Majorana language, the bond operators become oyay =
2 J- i guag p
—(a! a i¢;¢;. Further defining i;; = ia; @i g ”(”1) , and A = 2J7@Dg, . the Hamiltonian
- g j
reduces to )
A 1 A A
Hxitwev = 1 Z Aj jcicj . (1.4.27)

Since the bilinear i;; commute with one another and with I:IKitaev, they can be replaced by their
eigenvalues, +1, in Eq. (1.4.27). The problem (in the enlarged Hilbert space) is hence reduced to
Majorana fermions hopping through a Z, gauge field, as specified by the eigenvalues of the ;.

*In more realistic Hamiltonians, it is common to include some residual isotropic Heisenberg interactions between
nearest neighbours (the Kitaev-Heisenberg model [105]), and/or symmetric off-diagonal exchange interactions, in
which case the Hamiltonian is known as the JKT [106—-108]/K-T" [109, 110] model.
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Figure 1.10: Left: The honeycomb lattice can alternatively be viewed as a “brick wall” lattice in which
the spins are arranged on the sites of a square lattice. Rows of spins are connected in the
vertical direction on either odd or even sites depending on the parity of the row. Right: The
Kitaev honeycomb model with one row of hexagons and periodic boundary conditions can,
equivalently, be viewed as a model that resides on a square lattice two-leg ladder with a unit
cell of length two.

Choosing u;; = %1 is equivalent to “gauge fixing” [50], while projection into the physical subspace
ISJ |W) = |W¥) (analogous to Gauss’ law in conventional electromagnetism) may be considered as
symmetrisation over different gauges. Fortunately, a theorem due to Lieb [117] can be used to prove
that, from the exponentially large number of flux sectors, the one containing the ground state of
the model is the one that contains no Z, flux, i.e., W, = 1 for all plaquettes p. After gauge fixing,
the Hamiltonian (1.4.27) in the flux free sector can be written using u;; = 1 (—1) if i belongs to
the A (B) sublattice. The fermionic Hamiltonian can then be explicitly diagonalised to obtain the
dispersion relation €, = 2[J*e*™ 4 JYeikm 4 JZ| [withn;, = (£+/3/2,3/2)], which, in the
gapless phase, hosts two zero-energy Dirac points [47, 57].

Once again we observe that the system harbours an emergent gauge field. Here, outside of
the ground state sector, the Z, valued gauge field acts as a static source of 7 flux (i.e., half of the
flux quantum) for the Majorana fermions. That is, when a fermion encircles an odd number of
hexagonal plaquettes with W, = —1, it acquires an Aharonov—Bohm phase of ¢™ = —1. The
other defining features of quantum spin liquids introduced previously are also present in the Kitaev
model. For instance, it follows from (1.4.26) that spins fractionalise into a pair of nearest neighbour,
static r fluxes and a Majorana fermion [118]. Moreover, in both the gapped and gapless phases, the
ground state exhibits long-range entanglement, generating a subleading, topological contribution to
the entanglement entropy [119], and the ground state degeneracy depends on the topology of the
manifold on which the model resides [120-122].

From honeycomb to ladders

The Kitaev Hamiltonian (1.4.24) can alternatively be defined on a two-leg spin ladder [67, 123, 124].
We will introduce this model briefly here, since it possesses a number of key conceptual similarities
with compass model that we will present later in Chapter 5. The conclusions that we draw in

Chapter 5 can then be applied mutatis mutandis to the Kitaev ladder model. The honeycomb
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lattice can equivalently be viewed as “brick wall” lattice, as shown in Fig. 1.10. The spins are then
labelled according to their column (j) and row ({) indices, and the Kitaev Hamiltonian (1.4.24)
becomes [123]

Y ] _ AX AX Ay Ay AZ AZ
HKltaev —_ Z (JxO']’er_'_l’g + Jyaj—l,eaj,e + Jzorj’eo}’z_i_l) (1.4.28)
Jj+{=even

Putting the Kiatev Hamiltonian on a single “row of bricks” (with periodic boundary conditions)
leads to the ladder generalisation of the Kitaev model, which is shown schematically in Fig. 1.10.

Following Ref. [123], the spins in (1.4.28) can then be fermionised via a Jordan—Wigner transfor-
o

mation along the rows of the lattice to complex fermionic operators d; ¢, d I defined explicitly by
the relations
Gfy=alexplinm Y A +im Y Augl - (1.4.29)

i,k<t i<j

Unlike Kitaev’s original solution, this fermionic representation involves no redundancy, i.e., there is
no Gauss law constraint that selects physical (gauge invariant) states from an enlarged Hilbert space.
In addition, this mapping offers additional utility in that it may be used to define a string order
parameter, which becomes local within a dual description, allowing the phase transition between
the gapped and gapless phases to be characterised within Landau’s theory of continuous phase
transitions [123, 125]. The complex fermions (d, a") can then be transformed to Majorana fermions
(c, d ) with the convention [123]

AT A oo
a,+a; if j + £ = even,
P / (1.4.30)
i@, —az) if j+£=odd,

Qs

coat A o
R i(a,,—aj) if j + 4 = even,

e = =0 it (1.4.31)
aly+aj  if j 4+ €= odd.

These transformations lead to a representation in which the conserved quantities of the Kitaev

Hamiltonian are explicit®

Hxiaey = 1 Z (Jxéj,féj—i-l,l — JyCi—14Cje + Jz(idj,zdj,e+1)5j,eéj,£+1) : (1.4.32)
j+{=even

*Note that periodic boundary conditions are imposed in the row index £ such that £ + 1 is understood to mean
£ 4+ 1 mod 2.
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Specifically, the operators 7y = i d i d i t+1 (of which there are L) commute with the Hamiltonian
and one another. Hence, they correspond to good quantum numbers, 1;¢ = =1, and the Hamiltonian
can be block diagonalised using a basis in which the 7, are simultaneously diagonalised. The
conserved quantities are analogous to the Z, fluxes Wp in the honeycomb model [see Eq. (1.4.25)].
While the ground state is given by a configuration of conserved quantities that are translationally
invariant with respect to the unit cell [67, 117, 123, 124], within a typical block, the dynamics is that
of Majorana fermions in the presence of a binary random field, &=J,. To describe the behaviour of
the fermions in the presence of such emergent randomness, we are led to consider the phenomenon

of Anderson localisation.
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1.5 Localisation phenomena

1.5.1 Anderson localisation

Anderson localisation is a surprising and inherently quantum mechanical phenomenon that arises in
random media owing to the wavelike nature of particles at microscopic scales. To illustrate some of
the main counter-intuitive implications, imagine a single particle of mass m in one spatial dimension

subjected to the Hamiltonian

pz
H=—+V(x), (1.5.1)
2m

where V(x) is a random potential (the details of which will remain unspecified for now). If we
first think classically, there are two relevant regimes. First, if the kinetic energy of the particle
significantly exceeds the typical fluctuations of the potential, the particle is free to move above the
potential landscape essentially unimpeded. On the other hand, if the kinetic energy of the particle is
small compared to the typical fluctuations of the potential, it will remain stuck and oscillate back
and forth, i.e., classically localised, within some region of space set by energy conservation.
When treating the problem quantum mechanically, it is well known that a change in the potential
leads to reflection and transmission of the wave function. The relative magnitude of reflection
and transmission depends on the height of the barrier, but some probability will be transmitted
through the barrier, even when the barrier’s height exceeds the kinetic energy of the particle, i.e.,
quantum tunnelling. Naively one may therefore expect that if each ‘bump’ in the potential leads
to reflection and transmission, the probability density should be governed by a random walk and
therefore exhibit diffusive propagation characterised by (x?) ~ ¢. This intuition turns out to be
incorrect, at least in spatial dimensions d < 2, or in the presence of sufficiently strong disorder.
In Anderson’s seminal work [126], it was shown that — contrary to the heuristic arguments above
— the role of interference between the various incident and reflected waves cannot be disregarded
and causes the particle to remain stuck in the vicinity of its initial position. At long times, if all
eigenstates are localised, the average dynamics of the particle ceases, (x2) ~ const., and the wave

function of the particle (asymptotically) decays exponentially in space

[y (r)* ~ GXP(—%') : (15.2)

where the position r is measured with respect to the initial position of the particle. The length
scale £ that controls the exponential decay is the localisation length. Since interference lies at the
heart of localisation phenomena, localisation effects are also relevant in other disordered systems
described by (classical) wave equations. For instance, Anderson localisation can occur in the

random scattering of light [127, 128], matter waves [129, 130], and even sound waves [131]. In
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Figure 1.11: Left: Schematic depiction of the density of states and mobility edges in the three-dimensional
Anderson model. The states in the centre of the band, with energies |E| < E., are extended,
while those in the band edges, |E| > E., are localised. Centre: In the vicinity of £, we plot
the localisation length £ and the conductivity o resolved by energy. On the metallic side of the
transition, | E| < E., the conductivity vanishes as o (E) ~ (E — E.)®, while on the insulating
side, |E| > E., the localisation length diverges as £(E) ~ (E, — E)™". Right: Mobility
edges as a function of disorder for the simple cubic lattice, inspired by Ref. [132]. As disorder
is increased from zero, the mobility edges initially move outwards, before they eventually
turn around and move towards the centre of the band. Above a critical disorder strength, W,
denoted by the white circle, all eigenstates become exponentially localised.

the following, we will discuss some of the most common characterisations of localisation that

complement the intuitive “absence of diffusion” definition given above.

If the particle is initially located on a single lattice site, an alternative but related notion of
localisation is to think about the probability that the particle returns to its initial position (the return
probability). If the initial state has nonzero overlap with localised states then some fraction of
the initial particle density will not diffuse away from its initial position. Introducing the Green’s

function

G, r'0) = ) Y (0)Pa(r)e el (1.5.3)

where ¥, (r) = (r|a) are the eigenfunctions of the system in real space, the return probability is

given by |Goo(2)|?. One can then show that for sufficiently large times [133]
~ 2 _ 4
lim [Goo (1) = ) 1(0ler)[*. (1.5.4)
o

If the right hand side does not vanish, then some fraction of the probability will remain stuck in
the vicinity of the origin, defined by the particle’s initial position. This expression also leads us to
another important quantity when considering localised systems: the (inverse) participation ratio
(IPR). The IPR also allows for the definition of so-called multifractal states, which are extended
but non-ergodic. Such multifractal states, which are characterised by rare peaks and algebraic tails,

occur in a variety of contexts, perhaps most notably at the Anderson and quantum Hall plateau
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¥ (x) log [/ (x)]

Figure 1.12: Left: Typical mid-spectrum state from the one-dimensional Anderson model on a lattice. The

state is localised over a region of size ~ . Right: The logarithm of the same mid-spectrum
state, highlighting the state’s exponential tails.

transitions [134—137] and in hierarchical structures [138, 139]. The IPR is defined as
N
IPRY = (i) >, (1.5.5)
i=1

where we have assumed the normalisation IPRY = 1. One common way to distinguish between
extended and localised states is to look at the fourth power (¢ = 2) of the wave function. In the
case of perfect extended Bloch waves, IPRS = 1/N. For random extended states, the prefactor
is modified, but one generally expects the o« N ™! scaling to hold [133]. On the contrary, for
perfectly localised states, the wave functions are Kronecker delta functions ¥* = 5[’:"‘, and the
summation gives IPRS = 1. Generalising to exponentially localised states with appreciable support
over a region ~ &, the IPR does not scale with the volume of the system and assumes the value
IPRS ~ & —4_ Thence, in the thermodynamic limit, whether IPR, vanishes or not indicates whether
the system possess localised or extended states at the energy being examined. More generally, for
a system of volume V, ﬁq ~ V™% where the overline corresponds to disorder averaging. The

moments {7, } are commonly written in terms of the so-called multifractal exponents {D, }
T = Dylqg—1). (1.5.6)

Localised systems have D, = 0, extended systems have D, = 1, while for multifractal states D,

depends nontrivially on the power ¢.

One dimensional systems

After the original work of Anderson [126], it was conjectured in the early 1960s that in one
dimensional systems, all single particle wave functions are exponentially localised in the presence
of spatially uncorrelated disorder, irrespective of its strength [140]. This conjecture was later given
a more mathematically rigorous footing by Goldshtein and collaborators [141]. In 1979, the “gang
of four”, E. Abrahams, P. W. Anderson, D. C. Liccardello, and T. V. Ramakrishnan, published their
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one parameter scaling theory of Anderson localisation [142], which we will soon discuss. Although
the approach is not rigorous, it has played a significant role in the field. In particular, it was the first
time that the role of dimensionality was elucidated, establishing that the critical dimension for the
existence of transport is d = 2, providing further evidence that all states in d = 1 are localised.
In one dimensional and quasi-one dimensional systems, the localisation length can also be
defined through the Lyapunov exponents of products of random matrices. This definition is
particularly convenient for the purposes of numerical calculations. Consider, for example, a strictly

one-dimensional tight binding model

L—-1 L
H gnderson = —t Z (CJ;C,/H_I + C;+lcn) + Z Vnclcn s (1.5.7)
n=1 n=1

where we impose open boundary conditions. When the chain is clean, P(V,) = §(V,, — V), the
solutions are standing waves satisfying IPR, o« L~!. Neglecting finite size effects, a particle
initially localised on a single site will spread ballistically from its initial position such that the return
probability |Goo(7)|? o t~1. For random V,,, drawn from a nontrivial probability distribution, the

wave function at energy E satisfies the discrete Schrodinger equation

_Z[Wn+l(E) - Wn—l(E)] + Van(E) = El/fn(E) . (1.5.8)

Setting ¢ = 1 for notational simplicity, the Schrodinger equation may be cast as a recursion relation

wn-i-l _ Vn_E —1 Wn ' (159)
Wn 1 0 1,”n—l

The matrix that appears in the above equation is known as the ‘transfer matrix’ and will be denoted
T, (E). The recursion relation (1.5.9) can then be iterated to find the wave function on a given site

(given the appropriate boundary conditions, ¥; (E) and ¥ (E), at the end of the chain)

(‘{’Zl) =T, Ty ToT, (z:)) . (1.5.10)

For almost any choice of boundary conditions, the state ¥, (E) will diverge as v, ~ "/¢. Equiva-

lently, we may write the following expression for the localisation length
1 .1
§ (E) = lim —log||TLTp—y -+ T2Th]| > 0. (1.5.11)
L—oo L

Oseledec’s theorem [143, 144] ensures that the limiting matrix I' = limz . (QL Q;E)l/ L) exists,

where O = ]—[,f=1 T,. The eigenvalues of I' correspond to the Lyapunov exponents of Q. The
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smallest of these exponents corresponds to the largest length scale, and hence can be identified as
the inverse localisation length™*. It is worth stressing here that the localisation length & corresponds
to the asymptotic decay of ¥, (x). This decay need not apply all the way up to maximal value
of the wave function, and the “bulk” of the wave function may, in principle, have drastically
different properties from its “tails”. It should also be noted that (1.5.11) essentially corresponds to
(In |¢]?), the average value of the logarithm of the transmission coefficient ||? associated with the
transmission of probability from one end of the chain to the other. It may be shown that In |7]? is
approximately normally distributed” and therefore self-averaging, implying that the distribution
of |t|? is approximately log-normal [147]. Conversely, the fat tails of the log normal distribution
give rise to peculiar averaging properties for functions of |¢|?; whilst the localisation length is

self-averaging, the conductance and resistance discussed later on are not.

The above discussion shows that in one dimension, any amount of spatially uncorrelated disorder
will eventually lead to localisation. In the limit of weak disorder W <« ¢, perturbation theory* gives
the Thouless expression [145, 149] for the energy-dependent Lyapunov exponent

W2

Y(E) = Gk B for E*<41%. (1.5.12)

This expression contains two important features: the band centre, £ = 0, is the least strongly

! is maximal), and for small disorder the localisation length scales as § ~ W 2,

localised (§ = y~
Conversely, for very strong disorder, the localisation length can be shown to vanish like §7! ~

In % — 1 [150], although more accurate expressions exist [148].

Diagonal versus off-diagonal disorder

“Off diagonal” disorder corresponds to disorder in the hopping amplitudes, rather than in the on-
site energies, and can lead to some important differences with respect to conventional Anderson
localisation. We will discuss here some of the important differences that arise in one dimension.

The one-dimensional tight binding model with pure off-diagonal disorder is

H==Y tins (cj;cn+1 + c;ch) . (1.5.13)
n

*While the discussion thus far has been restricted to strictly one dimensional systems, which possess just one
Lyapunov exponent for each energy, analogous arguments apply to quasi-one-dimensional systems, whose transfer
matrix has multiple Lyapunov exponents [145].

TTechnically, one must account for the fact that the transmittance is upper bounded by unity, which gives rise to a
truncated log-normal distribution [135, 146].

fAn anomaly in the centre of the band leads to a breakdown of second order perturbation theory. The correct
coefficient is consistent with y(0) = W?2/105¢2, as observed numerically [145, 148].
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Figure 1.13: A comparison of diagonal (left) versus off-diagonal (right) disorder in a one dimensional
Anderson model. The localisation length is always maximal at the centre of the band, E = 0.
However, in the case of off-diagonal disorder, the localisation length diverges with system size
at the centre of the band, £(0) ~ ~/L. The curves are calculated using the transfer matrix
technique in a system of size L = 2 x 10°. For the diagonal case, the on-site potentials are
drawn from a rectangular distribution between [—W, W] with W/t = 6. In the off-diagonal
case the hopping parameters are drawn from the same rectangular distribution.

In transfer matrix form, the discrete Schrédinger equation corresponding to (1.5.13) is

Vatr) _ (—E/tint1r ~tn—in/tan+ Vn _ (1.5.14)
Wn 1 0 Wn—l

In the centre of the band, £ = 0, the matrix simplifies substantially, and one finds that

_tn— n tnn 0
1/ nnt1 ) . (1.5.15)

Tn Tn—l =
0 _tn—Z,n—l/tn—l,n

Therefore, V2, = (—1)"(tam—2.2m—1/t2m—1,2m) - +* (fo.1/t12). The first hint that systems with
purely off-diagonal disorder can behave in a drastically different manner to the case of conventional,
diagonal disorder is to consider the case of binary hopping with random signs: 7, ,4+1 = €’ mhony
with k, a random integer. In this special case, the state in the centre of the band (if it exists) is truly
extended with a randomly fluctuating sign. Similarly, (ii) when the chain is dimerised (the Dyson
I model), t2,—1,2n = t2n—1,2n—1, the state at the centre of the band (if it exists) is extended [151].
Since the system possesses chiral symmetry, states with energies £ £ are paired. This means that

only chains with odd L can host a zero mode.

More generally, in the presence of continuously distributed hopping amplitudes, one obtains
a divergence of both the density of states, p(E) ~ |E(In® E)| [152], and the localisation length,
E(E) ~ |In E?|[153, 154], in the vicinity of E = 0. Indeed these two quantities are related through
the Herbert-Jones-Thouless formulae [155, 156] for one dimensional systems. Although these for-
mulae appear to suggest that there should exist a delocalised state at the centre of the band (indeed, it

was believed for some time that this was the case [148]), we must remember that the thermodynamic
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limit L — oo has been taken implicitly. In fact, the state in the centre of the band is localised (the
transmittance vanishes for sufficiently long systems), but not in the manner described previously.
The average that would normally define the localisation length, M/ L, vanishes, implying
that one must look instead at the fluctuations (which in most cases provide a subleading correction).
It can be shown that the fluctuations grow with system size as ~ ~/L, giving a localisation length
£(0) ~ ~/L [148, 157]. Consequently, the transmittance behaves as (In |¢t|?) ~ —+/L [147]. In
Fig. 1.13, we plot the localisation length of a one dimensional Anderson model in the presence of
diagonal and off-diagonal disorder, which illustrate the anomalous behaviour of £(E) at the centre
of the band.

The scaling hypothesis

In the one dimensional systems we have been considering above, the conductivity is equal to [147,
158]

e?L 1

h e2L/E 1"

where we have temporarily reinstated e and ~. When we speak of the conductivity o, we are

o= (1.5.16)

referring to its geometric average or, equivalently, its typical value. For sufficiently small L < &,
the weak localisation regime, Eq. (1.5.16) corresponds to Ohm’s law: o =~ oy is approximately
independent of L and the resistance grows linearly with the length of the system. However, for
larger lengths L 2 &, multiple scattering events become important. In the strongly localised
regime, £ < L, the wavelike nature of the particles becomes apparent and the resistance grows
exponentially with the length of the sample™.

The fundamental assumption that underlies the scaling approach is that there is a single parameter
that characterises entirely the localisation properties of the system for each dimensionality d. This
parameter is the dimensionless DC conductance [149, 159]

h o as ’

g:e—zaL

(1.5.17)

where 01472 is the conductance per unit cell. Once this parameter has been identified, the f8-

function, which is assumed to be exclusively a function of g,

ding
dInL

= B(g), (1.5.18)

encapsulates the localisation properties. If S(g) is positive, then the conductance increases with

L to a finite value. Conversely, if 8(g) is negative, then the conductance “flows” to zero: the

*Here, and in the remainder of this section, we are neglecting any environmental coupling, which will generically
lead to a finite coherence time.
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B(g)

/ Ing

Figure 1.14: Schematic renormalisation group flow diagram for the (dimensionless) conductance, g, f(g) =
dIng/d In L. For spatial dimensions d = 1, 2 the system is always localised; the conductivity
flows to zero with system size as g ~ e L/§ Ind = 3, there exists a critical conductance gc
above which the system flows towards an L-independent conductivity.

eigenstates of the system are localised. For sufficiently weak disorder, it is reasonable to assume
that the system is essentially metallic, i.e., Ohm’s law holds and, consequently, g ~ L4972, giving
B(g) >~ d — 2. On the other hand, when disorder is very strong, the conductance should decay
exponentially with L, giving 8(g) ~ In g. The qualitative behaviour of the S-function is shown
in 1.14, where we have plotted a monotonic function that smoothly interpolates between the two
limits. For d < 2, B(g) < 0 and the system always flows towards localisation. For d = 3, there
exists a critical value of the conductance, above which the system is metallic. As we have discussed
previously, a finite conductivity does not preclude the existence of localised states, one merely
requires that there exists a finite density of extended states for the system to exhibit transport (see
Fig. 1.11).
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1.5.2 Many-body localisation

The question of whether the phenomenon of Anderson (i.e., single particle) localisation survives the
addition of interactions between the constituent degrees of freedom is an old question, prompted
by the seminal work of Anderson [126] and coauthors [160]. As discussed in the previous section,
one of the defining features of an Anderson insulator is the absence of transport; particles remain
exponentially localised in the vicinity of their initial positions. Put alternatively, the state of the
system at asymptotically long times is not featureless, but bears some semblance of the system’s
initial state. This behaviour is at odds with the notion of thermalisation introduced in Sec. 1.3.2,
whereby the asymptotic behaviour of a small subsystem is described by a thermal density matrix
that depends only on a small number of global conserved quantities [25]. Only recently has the
extension to interacting systems been answered definitively: In one dimensional systems subject to
strong, quenched randomness, the existence of many-body localisation (MBL) can be proven under
minimal assumptions [161]. Just like the Anderson insulator, the MBL phase is characterised by
the absence of transport [162—166] and evades thermalisation [167-169], retaining some memory
of its initial conditions, which can be probed using local observables. Many body localisation is
however much more generic than Anderson localisation; the MBL phase can truly be considered
a phase of matter, surviving the addition of generic (albeit sufficiently small) perturbations. In
the following, we will describe some of the salient features of the MBL phase, starting with the

emergent conserved quantities known as 1-bits that allow MBL systems to evade thermalisation.

Local integrals of motion: 1-bits

The canonical model of many body localisation is the spin-1/2 XXZ model in the presence of

uncorrelated disorder in the magnetic field in the z direction:

L—-1 L
Hyxz = J Y (SFS7, + 87850+ V Z SESE + ) hiSE. (1.5.19)

i=1

where S‘l"‘ = %619‘ are spin-1/2 degrees of freedom, and /; is the magnetic field on site i, which
is conventionally assumed to be uniformly distributed on the interval [—W, W], independently
of its neighbours. Upon performing a standard Jordan—Wigner transformation, the spin Hamilto-
nian (1.5.19) is mapped onto a number-conserving fermionic Hamiltonian with nearest neighbour

interactions

- -1 L
A J % At A . . .
Hyx; = 5 E (ci Ciy1 + H.c.) +V Z(ni — (i —3) + ;hi(ni -1, (1.5.20)

i=1 i=1
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with n; = cAj ¢; the number of fermions on site i. The anisotropy V' maps onto the strength of the
nearest neighbour interactions in the fermionic language, while the random magnetic field maps to
a random chemical potential. The conservation of fermion number derives from the conservation of
the magnetisation in the z direction, ) ; Siz, in the spin language.

In the special case V' = 0, the Hamiltonian (1.5.20) (the fermionised XY model) exhibits
Anderson localisation of the single-particle wave functions, as explained in Sec. 1.5.1. Alternatively,
we can look at the limit J = 0, where the Hamiltonian is trivially diagonalised by eigenstates of
the 71; operators, i.e., local tensor product states |{o7}) in the spin language. As J is increased
from zero, different |{o°}) states hybridise to form eigenstates of (1.5.19). As long as J remains
sufficiently small, so that the system remains in the fully many-body localised regime, it is possible

to write the Hamiltonian in the form [27, 170]

Hxxz = Zhi%f + Z Ji T Tt + Z Jijk Tt T+ (1.5.21)
i ij

i,j,k

where we have ignored a constant energy shift. The L spin-1/2 operators 77 commute with one

another, [77 = 0, are conserved quantities, [%l-z, H ] = 0, and, crucially, are related to the

T
physical spins jai by a quasi-local transformation [170-172]. The operators 7/ are known as 1-bits,
and the Hamiltonian (1.5.21) is able to describe intuitively much of the phenomenology that defines
the MBL phase. Formally, the expansion in (1.5.21) is always possible (even in the thermalising
phase, for example) [39], but the utility of the I-bit representation stems from the quasi-local nature
of the transformation between the physical spins and the 1-bits. In the thermal phase, the conserved
quantities are highly nonlocal, and any physical observable will not have appreciable overlap with
them [see however the discussion about quantum many body scars at the end of Sec. 1.3.2, which

provide a (fragile) counterexample]. Specifically, the 1-bits can be written as [173]
=6ty Y. fersl + ... (1.5.22)
Jj.k a,Be{x,y,z}

where the coefficients that define the transformation decay exponentially with the distance from site
i,l1.e., flajﬂ PR e~ max(li=jLli=kD/¢ The length scale £ may be thought of as a generalisation of the
single-particle localisation length [170]. The interactions between the 1-bits in (1.5.21) (which are
generically absent for Anderson localised systems, which by definition map to free fermions) also

decay exponentially in space [170]
Jij ~ Joe liIVE (1.5.23)

with similar relations holding for multi-1-bit interactions. Note that the dephasing length scale é

and the length scale & controlling the decay of coefficients in the transformation between physical-

—59 —



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

0.6
B
0.4
&
0.21 Anderson

0. . . . ;
?0’2 10! 10* 107 100
Jt

Figure 1.15: Schematic depiction of the growth of the von Neumann entanglement entropy after a quench
from a low-entanglement state in the XXZ model (1.5.19). In both cases, there is some initial
dynamics that rapidly entangles degrees of freedom separated by ~ £. In the Anderson localised
system, there is no further entanglement growth and the asymptotic state of the system is area
law entangled, S(co) o const. Conversely, in the MBL case, after a certain time (set by the
strength of the interactions V') there is an onset of logarithmic entanglement growth. Eventually,
the logarithmic growth is truncated by the finite size of the system, and the asymptotic state of
the system is volume law entangled, S(oco) o L.

and I-bits in (1.5.22) are not necessarily equivalent. Indeed, the two length scales are expected to

become increasingly disparate as the MBL transition is approached [174].

Entanglement growth

One characteristic that is able to distinguish between an Anderson insulator and an MBL system
is the growth of entanglement following a quench [170, 171, 175-178]. In order to define the
entanglement, as we discussed in Sec. 1.2, we must first partition our system into (at least) two
distinct subsystems, A and B. In order to observe the slow dephasing generated by nonzero
interactions, one must partition the system in such a way that the ‘bulk’ of A and the ‘bulk’ of B
are spatially separated™. A particularly convenient choice is to split the system into two equal (and
contiguous) halves. The system is then initialised in a low-entanglement (e.g., product) state that
is not an eigenstate of the Hamiltonian. The subsequent time evolution leads to the generation of
entanglement between the two subsystems.

In both Anderson localised and MBL systems, there is some initial dynamics that entangles
degrees of freedom separated by ~ &, the single particle localisation length or the support of the I-
bits, respectively. In an Anderson localised system, there is no further dynamics of the entanglement,
and one observes a plateau that scales with the length of the boundary separating the two subsystems,

L4~ = const in one dimension. However, in an MBL system, the presence of interactions J;;

*More precisely, the spatial separation of the two subsystems A and B must be large with respect to the length
scale £. Similarly, by ‘bulk’ we mean the lattice sites that are situated at distances much greater than & from the cut(s)
between A and B.
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between the 1-bits in Eq. (1.5.22) leads to entanglement between spins that are separated by
distances greater than § . Specifically, the interaction energy scale J;; & Joe~li=il/ £ between two
distant spins at sites i and j, with |i — j| = £, sets a timescale t(£) = J, 'e*/ £ over which
entanglement is able to build up between the two spins [178]. Therefore, there exists a logarithmic
light cone, £(t) ~ é log(Jot), inside of which the physical spins are able to become appreciably
entangled. Consequently, one observes a logarithmic-in-time growth of the entanglement entropy
S(t) ~ § log(Jot) [170, 171, 175-178]. Eventually, this logarithmic growth is cut off by system
size L, implying volume law scaling at long times. The asymptotic value of the entanglement
entropy in the plateau is however typically significantly smaller than would be expected in a typical
mid-spectrum state of an ergodic system [173, 178] (i.e., the Page value [179] for random pure
states). The difference in behaviour between Anderson and many-body localised systems is shown

schematically in Fig. 1.15.

1.5.3 Disorder-free localisation

One of the hallmarks of (many-body) localised phases of matter is the absence of transport. As
we have noted previously in Sec. 1.5.1, localisation (both single particle and many-body) is most
prevalent in low-dimensional systems, and occurs in the presence of sufficiently strong quenched
disorder provided by external potentials or fields. Whether the presence of quenched disorder is not
just sufficient but a necessary prerequisite for the absence of thermalisation has been a long-standing
question. An alternative mechanism by which an isolated, translationally invariant quantum system
fails to reach local equilibrium starting from generic initial conditions has been dubbed disorder
free localisation [180, 181]. In such systems, there exist an extensive number of local conserved
quantities (or, more generally, approximately conserved quantities). These conserved quantities, at
least within a typical sector, act as an emergent localising potential for the remaining degrees of
freedom.

Historically, one of the first models where it was argued that localisation may be induced
by interactions alone was put forward by Kagan and Maksimov [182] to describe *He defects
in solid “He. More recently, as part of the broader drive to better understand the thermalisation
of closed quantum systems and its absence in many-body localised systems, a number of works
have investigated whether localisation can occur in translationally invariant systems [183—190]. A
common theme amongst these proposals is the existence of two distinct species of particle, with
one much “heavier” than the other™ (named heavy-light mixtures). Their larger effective mass

endows the heavier particles with slow dynamics, and hence they may intuitively be treated within

*In tight binding models, the larger effective mass of the heavy species of particle manifests as a much smaller
tunneling amplitude than the light species. A limiting case is the Falicov—Kimbal model, in which one species has no
dynamics [191].
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a Born—Oppenheimer-like approximation. If the two species interact with one another, the heavy
particles can act as a qausi-static disordered background, which localises the light species. A similar
phenomenon occurs in (unconstrained [192]) lattice gauge theories [193—199], where static, local
conserved charges assume the role of the heavy particles.

It appears that the absence of thermalisation in such translationally invariant systems only
persists asymptotically in fine tuned limits where the heavy particles remain precisely static. In the
presence of generic perturbations that break the conservation laws (making the heavy particles, in
principle, mobile), one expects eventual thermalisation [186, 200]. However, if the perturbations
are sufficiently small, memory of the system’s initial conditions can persist over a wide range of

intermediate time scales, a phenomenon dubbed guasi-MBL [190].
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Entanglement negativity in the toric

code

2.1 Motivation

With the modern surge of interest in harvesting the capabilities of quantum mechanical systems to
develop new technologies, it has become ever so important to quantify and characterise quantum
correlations in physical systems. While this remains a tall order in real systems, substantial
progress has been made in recent years at the theoretical level. Several measures of quantum
correlations (including, but not limited to, “entanglement”) have been proposed and studied (see,
e.g., Refs. [8, 201, 202] for reviews). One of the most successful is the von Neumann entanglement
entropy. Similarly to other measures, the entanglement entropy works remarkably well when a
system is prepared in a pure state—namely, when the density matrix is a projector onto a single
quantum mechanical state. However, it becomes less descriptive once we deal with mixed states, as
is the case for systems at finite temperature. Under these circumstances, the von Neumann entropy
becomes dominated by classical correlations [203] and it is difficult to distil quantum from classical

contributions.

A promising way to address this issue has come of late from a newly introduced measure
of entanglement, the so-called logarithmic entanglement negativity £ [204, 205] and variants
thereof [206, 207]. The negativity uses Peres’ positive partial transpose criterion [208] to de-
tect the separability of a system’s density matrix, and as such it is a proper measure of purely
quantum correlations—although it is in general only a necessary but not sufficient condition for
separability [206, 209].

Unfortunately, calculating £ in many-body quantum systems is notoriously difficult and analytic
results are few. At zero temperature, the negativity has been evaluated for a limited number of
sufficiently simple lattice models in one [210-212] and two [213, 214] dimensions, suggesting
universality at quantum critical points and unveiling leading area law behaviour respectively. That

the negativity is fully universal and scale invariant at quantum critical points has subsequently

—63 -



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

been proven rigorously using conformal field theory (CFT) [215, 216]. When temperature is
raised from zero, one expects that thermal mixing of eigenstates (“thermal fluctuations™) will
lead to a reduction in the entanglement. This intuition has been verified for a large number of
two-spin systems™, initially using the concurrence [217-228] (for a review, see Ref. [201]) and more
recently using the negativity [229-231]. Generically, there exists a well-defined temperature 7,
dubbed the “sudden death temperature,” above which the negativity vanishes identically. Beyond
two-spin systems, in particular considering the entanglement between two blocks of spins, far
less is known. At quantum critical points, CFT results have been extended into the regime of
finite temperature [232, 233], while on the numerical side a linked cluster expansion has been
employed, alongside exact diagonalisation, to study the negativity at finite temperature in one- and
two-dimensional bipartite spin systems [203]. Even though the negativity does not capture all
quantum correlations, sudden death is nevertheless an intriguing phenomenon that requires further
investigation. Further results in d > 1 systems, and in particular exact expressions for the negativity
at finite temperature, would be highly beneficial to gain a better understanding about the fate of
quantum correlations and the origin of the sudden death behaviour.

The goal of this chapter is to present the first exact calculation of the negativity in a 2D
lattice system in thermal equilibrium at finite temperature. We choose to work with the toric code
model [46] whose exact solubility has allowed the negativity at 7 = 0 [213, 214] and the von
Neumann entropy at finite temperature [234] to be calculated exactly. We consider the entanglement
between two subsystems that share a boundary of finite length, which allows us to discern the fate
of the zero-temperature area law, and how the sudden death temperature 7, depends on boundary
length.

2.2 Mixed state separability

2.2.1 PPT criterion

In general, there does not exist a readily computable measure of entanglement whose vanishing
is both a necessary and sufficient condition for separability as defined in (1.2.10). Instead, we
must rely on approximate tests such as the Peres positive partial transpose (PPT) criterion [208],
which is only a necessary condition for separability (equivalently, it is only a sufficient condition
for entanglement).

Suppose that we would like to test the separability between two disjoint subsystems A, A,

of a composite system S. We allow for the possibility that A; and A, may not necessarily cover

*In fact, these studies show that entanglement is nor always a monotonic function of temperature. Particularly
in the presence of a large magnetic field, it is possible for entanglement, as measured by the concurrence, to initially
increase with increasing temperature before eventually vanishing at 7, see e.g. Refs. [217, 218].
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the whole of S by introducing the complementary subsystem B (which could be the empty set),
such that S = A; U A, U B. Measurements on subsystem A = A; U A, are described by the — in
general mixed — reduced density matrix p4 = Trp 0. Given an (arbitrary) orthonormal basis for the
tensor product Hilbert space of subsystem A4, |Vi¢;) = |¥i) ® |¢j) € Ha, @ Ha,, we define the

operation of partial transposition over subsystem A, in terms of matrix elements as [205, 208]

(Wi |2 |Wdt) = (WidnlpalVad;) - 2.2.1)

Given a separable density matrix 0y, its partial transpose is given by

T
=Y i@ (p7) . (2.2.2)

1

where T refers to full transposition. Since (ﬁfz))T is also a valid density matrix, it follows that ,6;2
is also a separable state, which therefore implies that all of its eigenvalues are nonnegative. Hence,

a state whose partial transpose ,6};2 has negative eigenvalues must be entangled.

2.2.2 The entanglement negativity

Given a tripartite system S = A; U A, U B, the logarithmic negativity is defined in terms of the

reduced state p4 = Trp p as

E=Mn|pz,. (2.2.3)
where 75 denotes partial transposition over the A, subsystem and ||-|; = Tr|-| is the trace

norm [205]. The logarithmic negativity quantifies the entanglement between the subsystems A; and
A,. One can verify that it is symmetric in 4; <> A, as a good measure of entanglement must be, so
that we can equally compute the transpose over the A; subsystem: H ,6;1 H L

Supposing that the partially transposed density ,6;2 has eigenvalues A;, the trace norm is

equivalent to H ,6? ”1 = ). |Ai|, which may alternatively be written as

Paly =D A—=D Ai=1+2>|n]. (2.2.4)

Ai>0 Ai<0 A;i<0

It is in this way that the logarithmic negativity quantifies the number of negative eigenvalues A;.
If all eigenvalues are positive then H ,652 H , = 1, and consequently & = 0, while the existence of
any negative eigenvalues implies a nonzero negativity £ > 0. Hence, the logarithmic negativity
quantifies PPT entanglement.

Since the PPT criterion is only a sufficient condition for the presence of entanglement, there

exist states which are entangled but nevertheless give a vanishing negativity. However, the negativity
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has operational meaning in that it represents an upper bound on the distillable entanglement present
in a given state [8, 235]. As a result, any entanglement may be present in a state with vanishing

negativity £ = 0 cannot be distilled, and is therefore referred to as bound [235].

2.2.3 The replica method

In order to evaluate the negativity analytically, we employ the replica method, introduced by the
authors of Ref. [215] in the context of conformally invariant field theories. The method has since
been used to calculate the negativity in a wide variety of models [213, 215, 216, 233, 236, 237, 237].

If we denote the eigenvalues of the partially transposed density matrix ,652 by A;, then

Tr(552)" = Y al™ + D Al ™, (2.2.5)
A;>0 A; <0

Tr(552)" = D Al ™ = Y il™, (2.2.6)
A;>0 A; <0

where n. (n,) is an even (odd) positive integer. In order to obtain the sum of the absolute values of
the A;, i.e., the trace norm, the replica method consists of following the even series and taking the
analytic continuation n, — 1
£ = lim InTr (52%)™. 2.2.7
Jim In'Tr (5,7) 2:2.7)

If one were to follow instead the odd n series, one would simply obtain the sum of the eigenvalues
YA =Tr ,652 = Tr p4 = 1. This property can often serve as a useful check of expressions for
Tr (,652)" The second equality follows because partial transposition leaves the diagonal elements

of the operator (in real space) unchanged.

2.3 Calculations

We consider a system of 2N spins in thermodynamic equilibrium with a thermal reservoir at
temperature 7 = 1/f (the Boltzmann constant kg = 1 throughout). The system is therefore
described by the canonical density matrix p = e ## /Z, where H is the toric code Hamiltonian

introduced in Sec. 1.4.1

A

Hic=—Jo Y As—Jn ) By=—J.S—JnP, (2.3.1)
s )

and Z = Tre PH is the partition function (to ensure proper normalisation, Tr p = 1). The density

matrix can be written in terms of its matrix elements with respect to complete bases { |o)} and { |y)}
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as

L 'y
p=— 2 (e ly) o) (vl (23.2)

@y
Following the work in Refs. [213, 234, 238-240], we always choose to work with the tensor
product basis of eigenstates of the operator ®;6;. The operators ép = []c » 6/ are diagonal in
this basis: P |a) = M(«) |«), where one can interpret the eigenvalue M («) of P = Zp B, asa
“plaquette magnetisation” equal to the sum of all local magnetisations M, = («|B,|«a). We then
introduce the group G generated by products of star operators Ay, introduced in Sec. 1.4.1 in the
construction of the toric code’s ground state(s). Only states that differ by the action of a group
element g € G give nonvanishing matrix elements in (2.3.2), which allows us to write |y) = g |«).

Hence [213, 234, 238-240],

1 ) )
=22 MO (e gla) fo) (ol g (2.3.3)

x geg

Following similar considerations, the partition function Z can be written as
= (cosh BJ)V[1 + (tanh BJ)N] - Y " P ImM@ (2.3.4)
o
=Z0-Zm. (2.3.5)

Notice that the system as a whole is symmetric upon exchanging star and plaquette operators, and
Jo < Jp. Therefore, it would be completely equivalent to choose the tensor product basis of the
operator ®;0;, and so we must have Z.(8J) «x Z,,(BJ).

To evaluate the matrix elements in (2.3.3), it is helpful to expand the exponential in terms of its

constituent star operators. Remembering that S = Do Ay and that /ff =1,

75 = [T [cosh(BJe) + sinh(BI) A, | (2.3.6)
N
and we thus obtain 1
oBleS Z nr(8)8 . (2.3.7)
geg

Here we introduced for convenience of notation the weighting factor for each group element

—Ken(g) —K[N-n(g)]
e +e
, (2.3.8)

nr(g) = [ o KN

where K, = —Intanh 8J, and n(g) is the number of star operators /fs that appear in the de-
composition of the group element g. Note that n7(g) is invariant under n(g) — N — n(g), and
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therefore the ambiguity in the definition of the group elements of G modulo the identity is immate-
rial [213, 234, 238-240]. Making use of (2.3.7), we arrive at the following compact expression for

the density matrix of the composite system

1
p=—=2_ 2 MO nr(g) ) (el g (2:3.9)

o geg

If we are interested only in a subsystem A of the total system .S, then we should trace out the
complementary subsystem B to form the reduced density matrix p4 = Trp p. To achieve this, we

decompose |o) = |oy) ® |ap)and g = g4 ® g5,

.1 .
P4 = —— ZZGBJ'"M( nr(g) (wslgnlan) loa) (el ga. (2.3.10)

M a geg

Now, the matrix element equals unity if g acts trivially on the B subsystem, and zero otherwise. The
resulting constraint on g is implemented by restricting the summation to group elements belonging
to the subgroup {g € G | gp =g} =G4 C G.

Finally, we recall that A is further partitioned into two subsystems (A = A; U A,), and that we
want to take the partial transpose over one of them (say, A,). This is effected by splitting up the

states |oq) = |a4,) ® |4,), and similarly for the group elements g4 = g4, ® g4,

1
Pt =2 D LM Onr(g) (o) (ay €4) ® (8 loeas) (ews)) - 23.11)

M« geGy

2.3.1 Star plaquette pair

Up to this point, the manipulations have been completely general. Let us begin by considering the
smallest possible subsystem, the star plaquette pair (SPP), depicted in Fig. 2.1. This allows us to
gain some intuition about the behaviour of the negativity at nonzero temperatures without any of
the complications introduced by considering more elaborate partition schemes. The fact that it is
not possible to consider smaller subsystems is a direct consequence of the four-body interactions in
the system’s Hamiltonian (1.4.1). The SPP system offers a number of technical advantages. Firstly,
the negativity is both a necessary and sufficient condition for separability®. This allows us to study
the entanglement properties of the system exactly. Also, the SPP is symmetric under interchange of
stars with plaquettes, implying that the negativity must be symmetric under interchange of J, < J,,,.
Finally, one can diagonalise the partially transposed density matrix explicitly without having to

resort to the replica trick.

*Details of this result are given in our paper Ref. [241]. The result holds because the negativity is both a necessary
and sufficient condition for entanglement when the Hilbert space H = C? @ C? [242].
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B

A

Figure 2.1: Illustration of the star plaquette pair (SPP) subsystem, the smallest subsystem that exhibits a
nonvanishing negativity.

For the SPP subsystem, Eq. (2.3.11) simplifies substantially since there exists only one star
operator that acts simultaneously on A and A,. Therefore, the group G 4 contains only one nontrivial
element: the boundary star operator Ay. The spins belonging to subsystem B in (2.3.11) can then be
“integrated out” by introducing the factors £7(Mj) =}, . eBImM5@) 7 and by splitting the total
plaquette magnetisation into a boundary component My = Zpea (Bp), the sum of all boundary
plaquettes straddling the A-A, boundary, and its complement, so that M (a) = Mj(as) + Mj(a).
Note that the boundary magnetisation depends only on spins contained within subsystem A, while
M3 depends on all spins. With the introduction of the §7 factors, the partially transposed density

matrix becomes

AT .
pat = Y I ML (Mynr(g) (lea,) (@a,| €4,) ® (84, loas) () . (23.12)
a4 gEGy
Decomposing the one nontrivial group element into components that act separately on subsystems

A; and A,, /fs = /ﬁl) ® ff§2), Eq. (2.3.12) can be written as

bz = 3 P er (My) ((foa) sl + e lera, ® APs,) (AP, ® gyl ), 2313)

alq

where 7, = r)(/fs), i.e., n(g) = 11in (2.3.8). Relabelling the states « in the second term, the density

matrix may be written more compactly as

paz = D P M CDer (M) o) (eual + mee™ /M@0 Er(— M) [oa) (oal As. (23.14)

a4

Each state |o4) of the subsystem A is coupled only to itself and its counterpart with the spinsi € s

flipped. The expression (2.3.14) implies that ,6;2 can be written as a block diagonal matrix with
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respect to the eigenstates of ®;e40;, with the 2 x 2 matrices

E:I: n E:F
ot = i emm (2.3.15)

along the diagonal (note that these are not density matrices). For convenience, we introduced
the shorthand EZ to represent &7 (Mj)ef/mMo evaluated with boundary magnetisation My = +1.
Since the number of spin configurations oy with My = +1 equals the number with My = —1, there
exist an equal number of p; and p_ blocks along the diagonal of /352. Therefore the normalisation

condition Tr 1> = 1 gives E; + 8 = 2", where Ny = 6 equals the number of spins i € A.

After calculating the eigenvalues of p., invoking the symmetry £(J,, J,;) = E(Jp, J.) allows
us to conjecture that 2} — B, = 2'=Nap,.. This implies that 2% = (1 £ 1,,)/24, which leads

to the final result for the negativity of the SPP subsystem
“ ™ =1 4+ J max(me + Nm + Neltm — 1,0), (23.16)

plotted in Fig. 2.4. By construction, this expression is symmetric under interchange of J, <> J,,.
This expression can also be derived without resorting to symmetry using the techniques described
in Sec. 2.3.2.

The result (2.3.16) allows for the following physical interpretation. When temperature is finite,
but small in comparison to J,, the densities of both species are exponentially suppressed. The
bath is unable to provide sufficient thermal energy to excite either species of defect with any
significant probability. As a result, the negativity remains essentially undegraded from its zero
temperature value, £(T) >~ £(0), over this temperature range. Namely, a density of order one
defect per site of the least energetically costly defects is required to start affecting the quantum
correlations between A; and A,. Above the temperature threshold 7" ~ J,, electric charge defects
proliferate in the system and the negativity correspondingly decays like £ ~ J./T. This decay is
cut off at a temperature 7, ~ J,, (up to logarithmic factors discussed below), where the negativity
exhibits sudden death. This temperature corresponds to the excitation of an O(1) density of the
most energetically costly defects. The precise expression for the sudden death temperature is found

by solving 1, + N + Nefm = 1, which, in the thermodynamic limit N — oo, reduces to
1
np2J)np(2Jm) = 3" (2.3.17)

We have introduced the density of holes n,(2Jx) = 1 — ng(2Jx), i.e., the density of nondefective
stars (plaquettes) for X = e (m). At T, the geometric mean of the hole densities must equal 1/+/2.

When the coupling constants are well separated, we can obtain an approximate explicit expression
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B

Np 1 2 3

Figure 2.2: Illustration of the noncontractible “strip” partition considered when calculating the dependence
of the negativity on the length of the A;-A, boundary.

for the sudden death temperature

2/ 2/ for J>1 (2.3.18)
c= T~ —— or , .
wW(J) InJ
where where J = J,,,/J, and W(x) is the product-log function. Using the duality J, <> J,,, we

can also use (2.3.18) to deduce that 7, vanishes logarithmically as J, — 0.

2.3.2 Extended boundary

The results for the SPP are simple and intuitive, but do not address the question of how the negativity,
and in particular the sudden death temperature 7,, depend on the length of the A;-A4, boundary.
We devote this section to answering this question.

We focus on the partition scheme depicted in Fig. 2.2, i.e., a “strip” that spans the torus in one
direction. This is the simplest choice of subsystem that allows one to study the effect of increasing
the length of the A;-A, boundary. One can imagine constructing the strip partition by tiling
neighbouring SPP subsystems. Choosing a noncontractible subsystem makes the calculation simpler
than for a contractible strip by eliminating its endpoints, and therefore the associated boundary
effects. In the interests of brevity, we will only present the results for the noncontractible strip, but
it can be shown that the results for the contractible strip are both qualitatively and quantitatively
similar in the limit of large boundaries. The one substantial difference between considering a
noncontractible versus a contractible subsystem is the presence of subleading corrections to the
zero-temperature area law in the former case, i.e., £(0) o« Ny — 1, which indicates the presence of

topological order [213].
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The replica calculation begins by taking the trace of the nth power of (2.3.11):

T = Y Y (Heﬂ’mM(wmgw)

moy,...an g1,..., gn€fa \U=1
(alAl |g1A1 |a2A1) (a(n_l)Al |g(n—1)A1 |anA1> (anAl |gnA1 |a1A1)

(14518245 |0245) =+ {QX(n—1)4518nas |00 ay) (Onaslg14s]14,) -
(2.3.19)

It is helpful to notice that the subgroup G4 can in general be decomposed as G4 = G4,G4,G4,4,-
The subgroups G4, are defined as G4, = {g € Ga | g5, = I;} with Ay = A, and vice
versa, while G4, 4, = G4/(G4,G4,) is the quotient group. Any element g € G4 can therefore be
uniquely decomposed into the product of three group elements: one that acts exclusively on Ay,
one exclusively on A,, and one that acts simultaneously (and exclusively) on A; and A,. Namely,
g =880, withg € G4,, 8 € Ga,,and 0 € G4, 4, [213].

Using this decomposition, we make the following relabelling of the states |og), for all k > 1:

k
o) = (]_[ ge) (]_[ §‘e) k) = o) - (2.3.20)
£=2

Note that this redefinition does not affect the plaquette magnetisation, since the group elements
g € G4, and g € Gy, flip only closed loops of spins on the dual lattice. This removes all dependence

on g, and g, from the matrix elements, and we obtain a more compact expression:

Tr (542)" _Z" > Z > 0|ngg£|0

mgq,..., Uy &1, n 2 015,00 =
1 glégA;? gIG’QA’g ebAlAz
n
(l_[ P ImM@Onr(80200) (@alba, ® 9(€+1)Az|04(€+1)A)) . (232D
(=1
where 6,4, = 6, and similarly «,+; = «;. Notice that the matrix elements in Eq. (2.3.21)

impose constraints on which terms g, and g; in the summation give a nonvanishing contribution.
Furthermore, they implicitly impose the constraint [ [, 6y = L. This is because, given o (say),
it takes only n — 1 of the n matrix elements to uniquely determine all other oy; the final matrix
element then evaluates to (o1 |] [, 6¢|a1), which indeed is nonvanishing only if the aforementioned

constraint is satisfied.

The strip partition scheme (Fig. 2.2) offers various simplifications. Both 4; and A, span
the torus in one direction and share one edge. The subsystem A = A; U A, consists only of

boundary stars ({ffs | s € 0}) and boundary plaquettes ({ép | p € d}) which act simultaneously (and
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T-spins lim,
—_— R

n copies n copies

Figure 2.3: A graphical map of the replica approach. Taking the trace of the nth power of ,6;2 creates n
copies of the system. Introducing classical spin variables t that live on each boundary star maps
the system onto n one-dimensional Ising chains. In the limit # — 1, we arrive at the final result,
which is related to the partition function of a single one-dimensional, classical Ising chain.

exclusively) on both the 4A; and A, subsystems. We therefore deduce that the groups G4, and G4,
become trivial ({1}), removing the summations over group elements g; and g,. In addition, A4 is
symmetric under interchange of stars and plaquettes so, as for the SPP system, the final result must
obey the symmetry E(J,, Jn) = E(Um, Je).

The magnetisation can be decomposed into a boundary component Mj, equal to the sum of
the magnetisations of all boundary plaquettes straddling A; and A,, and its complement: M («) =
Mj(aq) + Mj(«). Similarly to the SPP, tracing over subsystem B is then entirely contained within

1

a factor é7(a4) = 7- 2, #7"M5@, whose explicit calculation is left until later. After making

these simplifications, (2.3.21) becomes

() = Y Y (0] ] Geloyefn e Mot
=1

U1 A% A O1,...,0,
egAl Ay

[ [ &r(@eanr(60) (@ealbea, ® Ournaslagina) . (2.3.22)
=1

In order to apply the replica trick, we must make all dependence of the expression (2.3.22) on n
explicit, which will allow us to take the limit n — 1. This approach is depicted schematically in
Fig. 2.3. To this end, we introduce the classical variables as(e) that take the value O (1) if the star
Ay is present (not present) in the decomposition of the boundary group element 6;. Therefore, by
definition, we have the relationship

6, =[] 45" (2.3.23)

N
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This implies that the boundary matrix element in (2.3.22) can be written as

O[T 6cl0) = (O [ A" 10) = []5 (Z o® mod 2) : (2.3.24)
=1 =1

s€d s€d

The second equality holds because the matrix element equals unity if and only if an even number of
Ay act on each star. It is more convenient to work with the following representation of the Kronecker
delta

1
1 .
5 (y mod?2) = 2 E e, (2.3.25)
n=0

The benefit of introducing this alternative representation becomes evident when we take the product

over boundary stars s € 9

1 . ©

— 17T Z Zs sOs

(0||K| 6:10) = 537> {E }:e ¢ s ns0y” (2.3.26)
Ms

At the expense of introducing a further Ny variables {u;}, we have been able to write the con-
straint (2.3.24) in a form that is separable into a product over the different replicas (similar in spirit to
a Hubbard-Stratonovich transformation). In order to represent the weighting factor nr(6¢) in terms
of the new variables, we need an expression for the number of stars present in the decomposition
of the boundary group element 6,. This has a particularly simple representation in terms of os(e)

variables: n(6y) = ), as(e), which allows us to write n7(6;) explicitly as

1 ,
(0 = e Y eKeWNE ) (23.27)

ZCOSh(Nfe) Jo=%1

where we recall that K, = —Intanh 8J,.

To evaluate the £7 weighting factor for the magnetic vortex configurations, it is more convenient
to work with configurations of the plaquette magnetisations M, the eigenvalues of l§p in the state
«, rather than the physical spin configurations. This is possible because &7 (aty) = &7 (o) if all
boundary plaquette magnetisations {M,, | p € 0} of a4 and o/, are the same. The magnetisations
can then be treated as Ising spins that live at the centres of the plaquettes p, subject to the constraint
]_[p M, = 1, which follows from the operator relation ]_[p ép = 1. Hence, the only effect of the
boundary magnetisation configuration on the bulk magnetisation is an even-odd effect: if an even
(odd) number of boundary plaquette magnetisations are negative, there must be a compensating even
(odd) number of negative plaquette magnetisations in the bulk. This is an artefact of the periodic

boundary conditions, which are the source of the constraint [ | » M, =1.

Summing over bulk magnetisation configurations {M¢5}, keeping the boundary configuration
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{Mpes} fixed, we arrive at

oy _ L cosh(BI)Y Y 4 (T, ey My) sinh(BJ)"
s7(Ma) = 333, cosh(BJn)Y + sinh(BJ,)" '

(2.3.28)

In accordance with the arguments made earlier, only the sign of [ |

pey Mp enters into the expression

for &7. In the thermodynamic limit, the even-odd effect is removed and one obtains the simplified
result 1
§r(Mp) = 535~ sech(BJn)™". (2.3.29)

Since each boundary star is adjacent to two boundary plaquettes, the parity of the number of

negative Mpej (i.e., the sign of [ [ .5 M) is conserved between replicas so that [ [, 7 (Mj(ay)) =

pEd
£7(Mp(cr1)). This simplification is only possible for the noncontractible strip partition, since open

ends allow for a parity change between adjacent replicas.

The final step in the conversion to classical spin variables is to find the boundary plaque-

tte magnetisation for each replica, My = »_ M,. Given a4, say, then all agyq for £ > 1

€d
are uniquely determined by (2.3.22). Introduzmg Ising spins fs(e) = 20s(£) —1 € {—1,1}, the
recursion relation between boundary magnetisations M, s = p € 0, of adjacent replicas is
M (og) = Mg(og—1)7s 2 S(ﬁ)lrs(g l)rs(frll) Alternatively, iterating this recursion relation down to
the magnetisation of the spin configuration o,

M(ag) = M(e)tP e« 09 (2.3.30)

The notation M is interpreted as the magnetisation of the plaquette with the same index as the star
s, as depicted in Fig. 2.2. Periodic boundary conditions are imposed on the 7-spins in real space
(i.e., 71 = Tn,+1, separately for each replica £). The description in terms of classical spin variables

is now complete and we are in a position to substitute back into (2.3.22). Relabelling «; — o, we

obtain
T OE) = 35 o (T 2 M)
2% [2cosh(~5<) ]
SO Y e STk o
{Ms}s=dl {JZ}Z_I t=1 {0’5('[)}‘?=1
where h(e) JoK, +imps and y; = —pJ,, M. Notice that we have performed a relabelling

of the physical spin configurations o4, for each classical spin configuration {rs )} such that
M r(l) s(-ll-)l — M [the parity is conserved by this transformation since [ [ Mj r(l) S(BI =[], M,

thus leaving £7.(Mj) unchanged]. This puts all replicas on an equal footing, making the trace
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separable into a product over replicas. The problem has therefore been reduced to evaluating the

classical partition function

- 170
Z(yd sk k) = Y e Tehilrmmatihfen)] (23.32)
{zs==%1}

of a 1D Ising model that lives on the boundary between the regions A; and A,, with reduced
couplings {y,} in a complex reduced magnetic field {/,}. Note that because the magnetic field is

complex, the partition function is not necessarily positive. Using the expression

n—1 m
m=0

n
lim (”)xmy”—m = |x + |, (2.3.33)
having followed the even n series, one can then evaluate the sum over configurations {J;}

Y Jlex¥ ke z(ake) = |e2VKeZ(K,) + eV Z(=K,)|. (23.34)

{J£}2=1 =1

where we have suppressed the dependence of the partition function Z on {y,} and {u} to simplify

the notation.

At this stage we take the thermodynamic limit N — oo. The partition function Z(—K,)
is suppressed by a factor e=VX¢_ and the even-odd effect is removed from the weighting factor
&r. Absorbing &7 into the partition function as an energy shift and trading the sum over spin

configurations o4 for one over magnetisations { M}, we obtain

1

16511 = 5wy 2= 2 1ZCnsdtuah. (2.3.35)
3o {shn?,
where we have redefined
Ny
Z = exp {— Z [)/sfsfs+1 + ihs(ts + Ty+1 +2) + lncosh,BJm] . (2.3.36)
{ts} s=1

The sums over configurations {y;} = y and {45} = u can be physically interpreted as performing a
disorder average over the reduced couplings and the reduced magnetic field, respectively. Therefore,
we arrive at the following final expression for the negativity of the strip partition scheme in the

thermodynamic limit
EWUe, Im) = In(|Z(y, W) (2.3.37)

where the angled brackets refer to a disorder average over y and p. In the limit 7 — 0, this
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Figure 2.4: Negativity for a contractible strip partition, as discussed in the text, with boundary length N 5) pet
and J, = Jy,. As the boundary between A; and A, is made longer, £ develops an increasing
number of discontinuities (at temperatures 7;) in its first derivative whose effect is to “smooth”
the function £(7') and push 7, to higher temperatures. In the background is plotted the “density
of discontinuities” ), 6(T —T;) for N ; PN — 7. The vertical lines indicate the positions of T for
the SPP and for an infinite boundary. The zoomed inset shows the negativity for N 5) P =11,2,3,
highlighting the rapidly increasing number of discontinuities.

expression reduces to £(0) = (Ny — 1) In 2, in agreement with the results of Ref. [213, 214]. The
result is plotted as a function of temperature in Fig. 2.4. The expression (2.3.34) has been shown to
agree precisely with exact diagonalisation results. As temperature is increased from zero, similarly
to the SPP, the negativity remains undegraded, £(7") >~ £(0), until the density of thermally excited
electric defects becomes of O(1). It then vanishes identically above some temperature 7, discussed
in more depth below. The SPP and extended cases however differ in that the latter exhibits a large
number of discontinuities. These discontinuities correspond to the (Lee-Yang [243, 244]) zeros of
the complex partition functions in (2.3.35), whose effect is to “smooth out” £(7"), and to push 7 to
higher temperatures. The number of discontinuities grows rapidly (exponentially for Ny > 1) with
increasing boundary length, e.g., 1,19,78, ... for Ng = 2,3,4,...and J, = J,,.

One can show that performing the disorder average without taking the absolute value first
results in (Z) = 1. Therefore, if all disorder realisations produce a positive partition function,
then (|Z|) = (Z), and the negativity vanishes identically & = 0. This is the case at infinite
temperature where Z(y, u) — 1 for all disorder realisations. If at least one disorder realisation
becomes negative, then the average satisfies (|Z|) > 1, and consequently the negativity becomes
nonvanishing £ > 0. For each disorder realisation, there exists some temperature, which we will
refer to as T, above which Z(y, ) > 0. The sudden death temperature 7, corresponds to the
maximum of the temperatures T over all disorder realisations.

The disorder realisation that maximises 7, corresponds to a special ordered configuration of

the parameters y, . In particular, we find that y;, = BJ,, and uy = 1, V s give rise to the partition
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function with the largest zero. Because the resulting Ising chain is translationally invariant, one can
use a transfer matrix approach to calculate the partition function analytically. The partition function

is written as a trace over a product of transfer matrices T

Ny
Z(y, 1) = Tr[l_[ T(} . (2.3.38)

{=1

Because the couplings and magnetic field are spatially homogeneous, all transfer matrices are

identical, Ty = T, V £, which can be chosen™ to assume the symmetric form

—y—h/2 4
_ _npa e e
T=e < o7 e"’”‘/z) . (2.3.39)

In order to find the sudden death temperature, we must solve the equation Z = 0. This equation
has multiple solutions as the partition function oscillates with temperature. The highest of these
temperatures corresponds to the sudden death temperature 7., above which the negativity vanishes

identically. Substituting 7 = K, + i, the matrix T has eigenvalues

Ay = %e_y [er — 1 +ieKe(detr — eKe — e=Ke — 2)] : (2.3.40)

In terms of these eigenvalues, the condition for sudden death becomes

AN AN = 0. (2.3.41)
Rearranging this expression,
)L+ No 1 + IX No
— = =—1. 2.3.42
() =) @342
This equation admits the following solutions for x, which are parameterised by the odd integer m
mm
x=tan| — ] . (2.3.43)
2N,

The solutions of this equation that occur at temperatures lower than the sudden death temperature
correspond to the locations of further discontinuities in the derivative of £(7T'). Using the expressions

for the eigenvalues (2.3.40), the explicit form of x in terms of the coupling constants J, and J,,, is

x = \/€4ﬁ(Je+Jm) _ e4ﬂ-]m — 343-]8 . (2344)

*There is some freedom in how one writes the linear term, Zi h;t;, which corresponds to the fictitious magnetic
field. The most symmetric choice is to write this term as ) _; (h; 7; + hi+17i+1)/2, as we have done in (2.3.36).
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The integer m which gives rise to the largest (real) temperature solution corresponds to the smallest

positive x. Therefore, the condition for sudden death may be written explicitly as
WBUetdm) _ g4Bdm _ g4Be — an2 [ 2 ) (2.3.45)
2Ny

The expression obeys the symmetry J, <> J,, as it must.

In a similar manner to the SPP, the sudden death criterion may be written in terms of the defect

densities as

ng(2J)ne(2m) _ Cosz( il ) _ (2.3.46)

[1 = 2np)][1 = 2152 )] 2N,
The geometric mean of the defect densities of the two species, each weighted by coth(f8Jx ), must
equal a constant. In the limit of large boundaries, and when the two coupling constants are well

separated, we find that
4J 4J

.= m ~ T for J>1, (2.3.47)
where J = J,,/J.. We see that, in the limit of large boundaries, the sudden death temperature
remains finite. Moreover, 7, for the extended strip partition is approximately twice that of the SPP,
as given by (2.3.18). We deduce that multi-particle entanglement is more robust to the effects of
thermal fluctuations, but is still killed by an O(1) density of defects.

The corresponding results for the contractible (“open”) strip partition are found using the

effective partition function

Ny—1 Ny
Z= Zexp —VNy; TNy — Z VsTsTs+1 — Z [ihs(fs + 41 +2) + lnCOShﬂJm] .
{zs} s=1 s=1

(2.3.48)
This Hamiltonian embodies the fact that the plaquette p = s = Nj at the end of the boundary is
adjacent to only one star. As required, (2.3.48) reduces to the SPP result of Sec. 2.3.1 in the special
case Ny = 1.

2.4 Discussion

The main results of this chapter can be summarised by the complete entanglement “phase diagram”
for the two-dimensional toric code, which is presented in Fig. 2.5. At sufficiently low temperatures,
T < J, (recall that, without loss of generality, J, < J,), the density of defects in the system is
exponentially suppressed, and the negativity remains undegraded from its zero temperature value.
As temperature is increased, we eventually reach T,, ~ J,,, corresponding to the excitation of the

higher-energy magnetic vortices, which lead to the sudden death of entanglement between adjacent
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Figure 2.5: The complete entanglement “phase diagram” for the toric code. In the blue region, i.e., T < Typp,
all subsystems are entangled with one another (as long as the boundary contains at least one star).
In the orange region, Ty, < T < Too, Whether or not two subsystems are entangled depends on
their size; the smallest subsystems become separable, while macroscopic regions of the lattice
remain entangled. Finally, in the white region, T > T, all subsystems exhibit a vanishing
negativity, indicative of separability, irrespective of their size.

stars and plaquettes in the lattice. Just above this temperature, SPP subsystems become separable,
while subsystems composed of multiple stars and plaquettes remain entangled. When temperature
is increased further still, larger subsystems also begin to become separable until, finally, for all

temperatures 7 > T, =~ 27Ty,,, all subsystems, irrespective of their size, are separable.

spp>

The interpretation of the sudden death temperature for subsystems larger than the SPP is less
clear-cut, as a vanishing negativity is only a necessary condition for separability. It represents a
lower bound for the temperature above which all entanglement vanishes, including any quantum
correlations not picked up by the negativity. Any entanglement that may be present in the system
above T, is, however, not able to be distilled, and as a result is often referred to as bound entan-
glement [245]. We would welcome the introduction of an entanglement monotone that is both
necessary and sufficient for separability, but expect on physical grounds that our conclusions would
remain unchanged up to O(1) factors.

When one of the two coupling constants in the model is infinite, J,, — oo, the formation
of magnetic vortices is rendered energetically impossible for any finite temperature. Conversely,
electric charges are present in the system. This hard constraint means that the subspace of ther-
mally accessible states is substantially smaller than the full Hilbert space, and the calculation is

significantly simplified. The hard-constrained model has a substantially simpler expression for the

1 N:
per) _ Cosh [5(V — No) K] |:ZCosh (ﬁ)] " (2.4.1)
cosh (%NKe) 2

negativity
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In this limit, the negativity does not exhibit any discontinuities. Taking the thermodynamic limit
N — oo while keeping the length of the boundary N finite, the expression (2.4.1) simplifies
further, and its extensivity in the number of boundary stars becomes apparent. Introducing the

number of non-defective stars ny, = 1 — ng(2J,), we find that the negativity becomes
E(T) = NyIn(2ny) . (2.4.2)

In the thermodynamic limit, the hard-constrained model satisfies an exact area law for all temper-
atures. Numerical results in the regime J,, < oo for (2.3.35) show that the area law behaviour is
present more generally.

The 1/T decay of the negativity above 7" ~ J, that was observed for the SPP subsystem is no
longer cut off at high temperatures. Sending J,, — oo prevents the thermal excitation of magnetic
defects, thereby locking in the zero temperature magnetic loop structure. As a result, thermal
fluctuations are never sufficient to completely rid the system of all quantum entanglement, which
suffers only a slow — power law — demise. This provides a potentially physical example of how a
hard constraint applied to a system with a macroscopically degenerate projected manifold can result
in thermally robust entanglement. This is likely to be the case for instance in other spin liquids and

frustrated magnetic systems in general, when projected down to their low-energy states.
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Dynamics of spinons at finite

temperature

3.1 Motivation

In the previous chapter, we saw how an O(1) density of thermally excited defects was required to
start disrupting the entanglement between two subsystems in direct contact in the toric code. Here,
we are interested in the impact of the thermally excited defects on the system’s dynamics, where the

nontrivial statistical angle between the two species of quasiparticle plays an important role.

Experimentally, quantum spin liquid (QSL) candidate materials (for a review, see Refs. [51, 246])
exhibit broad continua in inelastic neutron scattering, indicative of fractionalisation of the emergent
quasiparticles (spinons) [247-249]. Although suggestive, such diffuse features are not specific
to QSLs, and it 1s desirable to have more concrete experimental signatures of QSL behaviour.
In the following, we will focus on gapped QSLs possessing topological order, characterised by,
e.g., subleading corrections to the ground state entanglement entropy [61, 62], and a ground state
degeneracy that depends on the genus of the space on which the system resides [250]. While
concrete and unambiguous experimental evidence for these unusual ground state properties remains
in general unavailable, the exchange statistics of the quasiparticles and their fractional quantum
numbers arguably offer some of the most promising routes to unique and experimentally accessible
signatures of topological order. We take the stance that, rather than being a hindrance, finite
temperature behaviour can in fact offer a number of signatures of fractionalisation and anyonic
statistics, and thence of quantum spin liquid behaviour [251-255].

Specifically, we are interested in understanding the role of fractional statistics on the interplay
between quasiparticle excitations, in the intermediate temperature range where one species of
quasiparticle (visons) is thermally excited and acts as a stochastic background for another species
(spinons), which are conversely sparse and hop coherently across the lattice. This is indeed a
situation relevant to several realistic Hamiltonians for quantum spin liquids, where there is a large

separation between the energy costs of different species of quasiparticle (one can think for example
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of quantum spin ice [98], Kitaev materials [50] and valence bond systems [256]). This temperature
regime is analogous to the hard constrained limit J,, — oo from the previous chapter, in which
magnetic defects are forbidden and the zero temperature magnetic loop structure remains unbroken,

while electric charges are excited with a nonzero density.

In this chapter, we derive an effective Hamiltonian for the energetically costly spinons, wherein
the visons enter as pointlike sources of magnetic flux, a direct consequence of their mutually
semionic statistics. Within a typical vison sector, the effective Hamiltonian therefore maps onto a
random flux model, where temperature controls the effective strength of the disorder. The central
result of this chapter is an analytical solution within the self-retracing path approximation, in which
the effect of the visons is to constrain the worldlines of the spinons to live on a Bethe lattice.
Specifically, we derive analytical expressions for the spinon density profile as a function of space
and time, which capture the short-time ballistic propagation, the crossover to quantum diffusive

behaviour and the non-Gaussian nature of the density profile.

3.2 Hopping Hamiltonian and perturbation theory

In the following, we will consider the behaviour of the Z, lattice gauge theory Hamiltonian

introduced in Sec. 1.4.2

Hy,=—-J) A;s—h) 67, (3.2.1)
K i

0. The

where s label the sites of the square lattice, while i indexes the bonds, and A s = ]_[i s 0;

model may however also be defined on other two-dimensional lattices, and we will later discuss
the case where the spins live instead on a kagome lattice (see Appendix A). However, in contrast
to Sec. 1.4.2, the Hilbert space upon which (3.2.1) acts is now the full tensor product space
H = [C?]®N over all spins, rather than restricting the physical Hilbert space with a Gauss law
constraint. That is, the states [{o;"}) and [ | jep 6].2 |{o;}) are regarded as physically distinct states
(as opposed to being equivalent once projected into the gauge-invariant subspace). Correspondingly,
we consider all charge sectors of the theory. When the magnetic field is weak, & < J, we may treat
it as a perturbation. In the limiting case where the magnetic field is absent, 7 = 0, the Hamiltonian
is classical in the sense that all terms mutually commute, [ff 5 /fs/] = 0. This classical Hamiltonian
can then be diagonalised by tensor product states in the 6;* basis, |{o;'}). Each level is however
macroscopically degenerate, and so one can equally choose superpositions of such product states,
including the eigenstates of the toric code Hamiltonian with well-defined electric and magnetic

charges. Up to a constant, the classical Hamiltonian may be written
Hy, =2J0, (3.2.2)
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where Q =) Q s = % > (11— Ay) counts the total number of defective stars. Each defective star

therefore costs an energy 2J .

Aside: A note on naming conventions and the Gauss law constraint. Suppose that we have a lattice
gauge theory in which the Gauss law constraint Q s |¥) = 0 selects the physical Hilbert space. The operators
O, are mutually commuting, [Qs, O,] = 0, and are conserved [H, Q5] = 0 under dynamics generated by
H . Violations of the Gauss law constraint, i.e., Q s |¥) = p|W¥) # 0 are then referred to as electric charges,
by analogy with quantum electrodynamics, where electric charges correspond to violations of the familiar
solenoidal constraint on the electric field V - E = 0.

In our effective Hamiltonian, we are interested in the limit where magnetic field 4 is perturbatively small,
h <« J, since the model is in its deconfined phase. In the strict limit J — oo, the term —J ) Oy can be
regarded as a hard constraint which enforces that the physically permissible (finite energy) states |W) in the
Hilbert space satisfy Q s |¥) = 0. If J is instead large but finite, then states satisfying Q s¥)=p|¥)#0
are permitted, but energetically costly. We refer to violations of this constraint as electric charges or spinons.
Note that this terminology is the opposite of that used in Sec. 1.4.2, where violations of the constraint
ép |¥) = |W) were referred to as electric charges.

Our choice of terminology comes from the parallels between our Hamiltonian and quantum spin ice.
There, as shown in Sec. 1.4.4, the large classical spin ice term in the Hamiltonian selects the ground state
sector, which is spanned by the states that contain no monopoles, i.e., Qt |W) = O for each tetrahedron ¢. The
effective Hamiltonian within the degenerate ground state manifold can then be described using an emergent
compact U(1) lattice gauge theory. Violations of the Gauss law constraint (the “electric charges”) are now the
monopoles of classical spin ice, which are also commonly referred to as spinons. Therefore, in both cases,
we will consistently refer to violations of the large, macroscopically degenerate, classical Hamiltonian as
spinons. Similarly, we will refer to excitations within the ground state sector (i.e., the spinon vacuum) as

visons. The gapless photon has no analogue in gapped Z, lattice gauge theories.

A

Recall that the operators B, = [[;., 67, where p labels the plaquettes, are exact conserved

ie
quantities for the Hamiltonian (3.2.1), [%p, 1:122] = 0. It is therefore convenient to work with a
basis of states that diagonalise the BZ, operators. Defective plaquettes satisfy ép |¥) = —|W), and
will be referred to as visons (see the note above regarding our choice of naming conventions). In
this basis, the Hamiltonian becomes block diagonal, which allows us to treat each sector containing
a distinct configuration of visons separately. Their status as conserved quantities ensures that vison
configurations remain precisely static under time evolution generated by (3.2.1), i.e., they behave as
quasiparticles with infinite mass. Unlike the toric code Hamiltonian, the A, operators are however
not good quantum numbers, [ff s I:IZ2] # 0. Instead, a nonzero magnetic field endows the spinons

with dynamics.

To make this picture more quantitative, the magnetic field term in (3.2.1) can alternatively be
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written in terms of operators T, that modify a given configuration of spinons
Az, =270 —h [fo v T+ f_z] . (3.2.3)

Specifically, the operators T, increment the number of spinons by n, i.e., [Q, YA”n] = nT,. If
we are working with periodic boundary conditions, then spinons can only be created in pairs
since [ [, A s = 1. In the presence of open boundary conditions, this condition is relaxed, since
the boundary can become a source or sink for single spinons, but this does not modify the bulk
Hamiltonian (3.2.3), where spinons are locally created or removed in pairs. These operators can be

written out explicitly in terms of the spins as

. 1 s 1 » 1 ~ o ] .
To = (Z) [5(11 = 49655 (1 = Ag) + S (1 + 455, (1 + As/)] (3.24)
R 1 N .
=Y S = A5, (1 + Ay) (3.2.5)
{ss')
N 1 ~ 1 n
To=)" S+ 465,51 = Ag), (3.2.6)

(ss7)

where 6, corresponds to the spin on the bond between adjacent sites s and s” (65, is not a directed
variable in the sense that 65, = 67,), and we have used {Asﬁszs,} = {/fs/, 055} = 0. The
action of these operators on eigenstates of the toric code is shown schematically in Fig. 3.1. Tj
conserves the number of spinons, hopping the quasiparticle to each of the four adjacent sites that
are unoccupied. Meanwhile, Ty, creates (destroys) two spinons residing on adjacent sites, if both
sites are unoccupied (occupied). We are now in a position to construct effective Hamiltonians that

conserve the number of spinons up to a particular order in the magnetic field.

3.2.1 Perturbation theory and effective Hamiltonians

In order to construct spinon-conserving effective Hamiltonians, we make use of a Schrieffer—Wolff

transformation [257, 258], parametrised in terms of a Hermitian operator S =St
~ & A L& ~ A A 1 - PN
H =¢SHe S = H+[iS, H] + 5[z'S, (S, H])+... (3.2.7)

While the bare Hamiltonian A does not conserve the number of spinons, we are able to construct
the operator S to be of the form S = Zk S &) where S® is chosen such that H’ conserves the
number of spinon quasiparticles up to order (4/J)*. The benefit of proceeding in this manner
is that the number of basis states that are connected by H’ does not proliferate with successive

applications of the Hamiltonian. Equivalently, since the number of quasiparticles is conserved,

— 86 —



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

we can work in a restricted subspace spanned by states with equal quasiparticle number. This
process of eliminating terms that violate spinon number conservation order by order is equivalent to
performing standard (degenerate) Rayleigh—Schrodinger perturbation theory in the magnetic field.
Since the two Hamiltonians A’ and H are related via a unitary transformation, they are spectrally
equivalent. Meanwhile, the eigenstates |y ) of H are related to those of H' by |Yx) =e”* $ [V7)-
—i$

The operator e™*> can be thought of as “dressing” the eigenstates |/, ) of the number-conserving

Hamiltonian. For example, at first order in the magnetic field,

iS=iSW =" (T, -T.,). (3.2.8)
Since YA",,T = f"_n, the operator iS is anti-Hermitian, as it must be. We therefore observe that eiS
dresses the eigenstates of H' with quasiparticle pairs. Substituting this expression into the BCH
expansion (3.2.7), we deduce that [i S™", Hy,] = h(T, + T_,), which by construction cancels the

first order terms in A that do not conserve particle number. This allows us to deduce the second

order contribution to the transformed Hamiltonian
A o « 2 . .
H’:2JQ—hT0+E[T2,T_2]+... (3.2.9)

The term o< & describes hopping of the spinons to adjacent lattice sites. The second term o h?
encapsulates two processes: virtual creation and annihilation of spinon pairs, and next-nearest
neighbour hopping of spinons. This process can, in principle, be carried out to arbitrarily high
orders in the magnetic field 4. Methods such as perturbative continuous unitary transformations
(pCUT) can be used to efficiently carry out such high order expansions [259-261]. Indeed, this
method has been used to calculate the quasiparticle gap and dispersion in the toric code perturbed
by a uniform field, from which one can infer the boundaries of the deconfined phase [65, 66]. In
this thesis we will not go beyond fourth order in the magnetic field, as the effective Hamiltonian at
this order already contains the relevant physics. For concreteness, at third order in the applied field,

2 3

A’ =200 =iy + 35110 Tl = o (1B (B Tl 4+ (Fa (B, )+ 3210)

3.2.2 Spinon vacuum

The spinon vacuum (spanned by the classical ground states that contain strictly zero spinons) is a
special case since there are no spinons that the operator Ty can hop, i.e., all states | V) belonging
to the spinon vacuum satisfy To |¥) = 0. The first contribution therefore comes at second order,

where the term 7,75 leads to the creation and annihilation of neighbouring spinon pairs. Such a
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Figure 3.1: The action of the number-conserving operator To on an isolated spinon. The operator To hops
the spinon to each of the adjacent four sites. This process is only possible if the adjacent sites
are unoccupied.

term however does not distinguish between different vison configurations, shifting all states with
the same vison configuration identically. In the effective Hamiltonian, this leads to a trivial energy
offset. The first order at which the macroscopic degeneracy of the spinon vacuum is lifted is at
fourth order in the magnetic field due to “ring exchange” processes. Extending Eq. (3.2.9) to fourth

order, the effective Hamiltonian within the spinon vacuum is
7(0) _
HY = —JZA e J3 ZB + const. , (3.2.11)

where the constant energy offset arises from the virtual creation and annihilation of spinon pairs.
We recognise (3.2.11) as the toric code Hamiltonian from Chapter 2. Higher order corrections to
the above Hamiltonian do not change the eigenstates of the effective Hamiltonian, |{B,}), but will
modify their energies, with short-ranged interactions between the ép operators being generated at
8th order and above in the magnetic field.

3.2.3 Effective Hamiltonian for an isolated spinon

In order to derive an effective Hamiltonian for the spinons, we make a “gauge choice” by fixing the
string S (i) associated with a spinon residing on site . We imagine taking the other end of the string
to infinity, which may end on a defect or the boundary of the system, for example. In the absence
of boundaries or defects, the other end of the string must correspond to another quasiparticle. The
string S (yi) =11 (ss")Eps 6%, depends on the path y;, which terminates on site i. Having made this
choice, we can calculate the matrix elements of the effective Hamiltonian (3.2.9). For neighbouring

sites s and s’

toy = —h ({Bp}. 5| 6%, [{Bp}.5) = —h ({B,p}| S(rs)65,S(vs) [{By}) - (3.2.12)

Now, the product S (ys')0 SS,S (ys) forms a closed loop Csy/, whose boundary is given by ys U Yy
and the bond connecting s and s’. The product of spins on the loop can be extended to the product

A

of B, operators on the interior of the region bounded by Cyy': [liec,, 67 = per,, B,, where
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0R;y = C,y. Therefore Eq. (3.2.12) reduces to

tiw =—h [] B». (3.2.13)

DPER;y

Clearly the hopping amplitudes depend explicitly on the choice of the string operators (equivalently,
the paths y;). Note that choosing a different string S (y/) does not change the state, only its phase,
since | ({Bp}| .Sq(y,-)ASA'()/{) [{B,}) |*> = 1. Moving the spinon around a plaquette p in a closed loop,
we find that

[] tsw =h*B,. (3.2.14)

(ss’)ep

independent of the choice of string. This result follows from the fact that SA'()/i)2 = 1. Therefore
the visons act as sources of emergent magnetic flux for the spinons; a consequence of their mutually
semionic statistics. The eigenvalues B, may be written in the form B, = e'%»  with ¢p €10, 1}, ie.,
the visons act as point-like sources of flux, with a magnitude equal to half the flux quantum. Since
only gauge-invariant quantities are accessible in experiment, the choice of string y; is essentially

immaterial.

Therefore, at first order in the magnetic field, the effective Hamiltonian in a typical vison sector

corresponds to a tight-binding model with “disorder” in the hopping amplitudes

Ha=—h) (Bje%'l}s/ + H.c.) , (3.2.15)

(ss7)

where the Peierls phases ¢,y are determined by the location of the visons, and the operators I;S ,
bA;r represent hardcore bosons. In principle, this process can be extended to arbitrary order in the
magnetic field. A particularly convenient gauge choice when using open boundary conditions is one
in which all vertical bonds have ¢s; = 0, while in the horizontal direction the hopping amplitudes

change sign whenever a 7 flux is encountered.

The motion of spinons in our model is therefore equivalent to a quantum particle propagating
through a background of randomly-placed, static* Z, fluxes. We also briefly consider for comparison
the generic cases of other values of the threaded fluxes, 277/n, n = 3,4, ..., and, in particular, the
limiting case of the so-called continuous flux model in which the fluxes ¢ threading the plaquettes
are drawn from the uniform distribution over ¢ € [0,27). Analogously to the random Z, flux
model, the model with random 277 /n fluxes arises from a Z,, lattice gauge theory in a similar finite

temperature regime where the flux excitations are thermally populated whilst the elementary charge

*Introducing a nonzero projection of the magnetic field onto the x axis, iy, gives rise to vison dynamics on a
timescale h;l. However, provided that &, < h, over the intermediate timescales of interest to the motion of the
spinons, h~! « h!, the visons may be treated as static and our results apply.
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excitations remain coherent. Likewise, the continuous flux model describes the motion of a charged
particle through an incoherent U(1) gauge field.

At this point, we take a step back and look at what we have accomplished by performing the
Schrieffer—Wolff transformation. The number of bare spinons is not conserved by 1:122, but it is
possible to transform into a basis in which spinon quasiparticles are conserved up to a particular
order in the small parameter /#/J. In the spinon vacuum sector, the effective Hamiltonian has
the same eigenstates as the toric code (to all orders in perturbation theory), while in the first
excited sector, containing a single spinon, the model reduces to a tight binding model of bosonic
spinons hopping in an emergent magnetic field. The visons act as sources of 7 flux for the spinons,
just as the plaquette operators Wp acted as sources of 7 flux for the Majorana fermions in the
honeycomb model in Sec. 1.4.5. One should however keep in mind that (3.2.15) is obtained within
perturbation theory, and its eigenstates are related to those of the original Hamiltonian I—AIZ2 by the
unitary dressing operator ¢S [given to lowest order in Eq. (3.2.8)], which decorates the states with
quasiparticle pairs.

Since the lattice is bipartite, the first order effective Hamiltonian exhibits a chiral symmetry.
That is, if we refer to the two sublattices as A and B, then A is connected only to B and vice versa.
Further, the hopping amplitudes can be chosen to be entirely real; a consequence of time reversal

symmetry. This implies that the Hamiltonian may be written (after a suitable ordering of basis

H= (T) Has . (3.2.16)
HT, 0

These features place the Hamiltonian (3.2.15) in a different universality class to “conventional”

states) as

Anderson localisation in two dimensions, falling instead under the heading of bipartite random
hopping models [262-264]. As discussed in Sec. 1.5.1, the pure off-diagonal nature of the disorder
leads to a strongly divergent density of states near zero energy. It must be remembered however that
the chiral symmetry is not an exact symmetry, neither of the bare Hamiltonian, nor of full effective
Hamiltonian. Already at second order in the magnetic field the A sublattice is connected to itself,
and similarly for B. Although the chiral symmetry is not exact, it is approximate for sufficiently
small magnetic fields and will dominate the behaviour of the system over some time scale (the effect
of chiral symmetry breaking terms modify substantially the low-energy properties of the system

over some small energy window around £ = 0, which manifest at correspondingly long times).

3.2.4 Finite temperature

At zero temperature, the ground state of the system is determined by the lowest energy state in the

spinon vacuum sector, i.e., the ground state of (3.2.11). As temperature is raised from zero, there
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are a number of different regimes to consider. First, at temperatures

h4
T —=<hgJ, (3.2.17)

J3
both spinons and visons are exponentially suppressed in temperature by their gaps, and the equi-
librium behaviour of the system is not qualitatively distinct from zero temperature. If a spinon is
artificially injected into the system, then the effective Hamiltonian corresponds to a clean (flux free)
tight binding model*. As temperature is raised further,

h4
—~TKhkJ, (3.2.18)

J3
visons are excited with a finite density, and the coherence of the spinon vacuum is partially degraded.
The finite vison density manifests in the effective Hamiltonian of an isolated spinon as off-diagonal
disorder, i.e., disorder in hopping amplitudes. As temperature is raised further still

h4
—<<T<KhgJ, (3.2.19)

J3
the density of visons n,, >~ 1/2, and the quantum coherence of the spinon vacuum is now completely
disrupted. The density matrix of the system within this temperature regime may be approximated

by an incoherent mixture of all states belonging to the spinon vacuum

p=D UBN({B = Y lorHileS). (3.2.20)

{Bp} {Gix}ZAs=l

The density matrix now behaves as a projector into the spinon vacuum and subjects spinons to
disordered flux configurations drawn from an infinite temperature distribution. Since 7' < J, the

equilibrium density of spinon quasiparticles is still exponentially suppressed’.

*As we will show later, the limits of zero temperature and infinite time do not commute. The behaviour is not
qualitatively distinct from zero temperature up to a time scale set by the characteristic separation of visons, 7 < ny!.

TWe refer to the eigenstates of the effective Hamiltonian H' as spinon quasiparticles. The number of bare spinons
is set not only by the ratio of 7/ .J, but also by &/ J, since even the ground state contains a finite density of bare spinons
set by O(h?/J?).
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3.3 Lattice walks

3.3.1 Single-particle Green’s function

One quantity of interest is the single-spinon™ on-site Green’s function for the effective Hamilto-
nian (3.2.15), defined by

Gii(1) = ((b:(1)b] (0))) , (3.3.1)

where the double angled brackets ((---)) refer to both the quantum expectation value and thermal
averaging, which manifests as an average over vison (flux) configurations. The on-site Green’s
function gives us access to the finite-temperature single-particle density of states p(w) for spinons.
The form of G;; (w) within the self-retracing path approximation is well known in the context of
the 7-J, model [265-268]. We include its derivation using the method of generating functions for
the sake of completeness. Our methodology may then be generalised to determine the off-diagonal
elements of the Green’s function, G;;(¢), with i # j. These quantities are not on their own gauge
invariant and must be multiplied by the phases corresponding to a given lattice path connecting sites
i and j in order to construct a gauge invariant quantity [269].

Formally expanding e~iH governing the time evolution in (3.3.1) as a power series in time,
we are able to convert the problem into a summation over discrete lattice paths y, where the particle

moves one lattice spacing per step. Integrating out the vison configurations, we arrive at

Gty = 3 @11 ~ Ay [E3(T)
W)= =5 ) e (33.2)
£=0 T yel'(®)
_ o k) 4, /82(T)
_; - |F(€)|<e >yem), (3.3.3)

where I'(£) is the set of all paths of length £ that begin and end at the site i, and 4, = Zp Ap(y)
is the “area” enclosed by y: each plaquette p contributes an area 4,(y) = [1 — (=1)*»®)]/2 if it
is encircled a total of w,(y) times by the path y. In the continuous flux model, a given plaquette
contributes only if w,(y) = 0. In the second line, we have written the £th term as an average over

all random walks that return to their starting point after £ steps.

The length scale £(T') appearing in the exponential,

1
—Intanh[58h*/(16J3)]’

EX(T) = (3.3.4)

*On account of their fractionalised nature, spinons are created in pairs. The single-particle properties are relevant if
treating the two spinons as independent.
TOne may alternatively calculate G;; (w) as a power series in 1/ using similar methods, as in Ref. [265].

—92_



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

(a) (b)

() H__ —l: |__T—+ o \/\% N

Figure 3.2: Mapping from the square lattice, (a), to the Bethe lattice with coordination number z = 4, (b),
used for the calculation of the spinon density profile. Each site on the square lattice is mapped
onto multiple sites on the Bethe lattice, as indicated by the coloured circles. An example of
a perfectly self-retracing round trip (r — s — r) on the square lattice is shown in (c). The
nonreversing base path connecting r and s is represented by the thick black line, while the self-
retracing excursions that decorate the base path on the outward (return) trip are shown as thick
blue (red) lines. Such a walk encloses precisely zero area and contributes to the high-temperature
expansion of the transition probability Py_.s(2).

/

corresponds approximately to the average distance between visons, ~ ny 2, in the dilute-vison

—108h%/16J3

limit, where n, ~ e . Note that § — 0T for high temperatures, corresponding to the

vison-dense limit, n,, — 1/2. At any nonzero temperature, paths that enclose a large area with
respect to £2 are exponentially suppressed*, a manifestation of the Aharonov—Bohm effect. Recall
that the zero-temperature (1, = 0) dynamics of the spinon is equivalent to a free quantum particle

at all times 7. The limits of infinite time and zero temperature therefore do not commute.

Aside: Ordinary versus exponential. Given an ordinary generating function
)= fax", (3.3.5)
n
we would like to be able to derive the corresponding exponential generating function, defined by the expression

Fo) =Y fasr (33.6)

This can be accomplished most neatly using complex contour integration with the formula

x" 1 e*?
Fiabr R (3.3.7)

*This may be viewed as an analogue of the high-temperature area law for loop correlation functions
([ Tgec 0% (£)) ~exp(—A) in lattice gauge theory [270].
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where the contour C encircles the origin. In fact, the contour cannot be chosen arbitrarily since f(x) may
have a finite radius of convergence. Substituting (3.3.7) into the expression for the exponential generating

function, we observe that
1 e*% 1 e*% 1
f — d _— d_— — . 3.3.8
) =5 Zn f”/c Son 2m‘/c “ f(z) (3:38)

We therefore deduce that C must be chosen such that 1/z lies within the radius of convergence. Equation

(3.3.8) provides us with a relationship between the ordinary and exponential generating functions.

From the ordinary generating function g(x;a) = ), gnmx"a™ for walks y € I'(£), where
the generating variables x and a are associated with path length n and area enclosed m, respectively,
one can observe that G;; (¢) is equal to the corresponding exponential generating function g(x;a) =
> nm Enmx"a™ /n! via

Gii(t) = 3(iht;e” "%, (3.3.9)

The effect of changing temperature is to alter the relative weight of the different lattice walks,
classified according to the area that they enclose. At zero temperature, all paths of a given length
contribute with equal weight, while at infinite temperature only those paths that enclose precisely
zero area contribute. We expect that the latter result describes the limiting behaviour for high
temperatures, T > h*/J3.

3.3.2 Density evolution

Motivated by the study of finite temperature dynamical spin—spin correlators, we would like to
quantify the propagation of a pair of spinons after being created locally on adjacent sites. As a first
approximation, we solve the single-particle problem, which we are able to treat analytically. In
particular, we calculate (i) the site-resolved density profile for short times, 2t = O(1), accessible for
instance in ultracold atomic experiments, and (ii) the asymptotic moments of the density distribution,
(r?*(1)), which characterise the behaviour of the spinon profile over a large range of intermediate
time scales.

The (gauge invariant) probability for the spinon to move from site 0 to site s in a time ¢ in the

presence of a given vison (flux) configuration {¢,} is given by
Pi(ip}it) = (189} 1bo )b (Db, (1) ()] {8}) (33.10)
A A 2
= | (i} lbse M b3ligy}) | - (33.11)

In a similar manner to G;;(¢), we are able to write the transition probability Ps(¢) in terms of

summation over outward (y) and return (') lattice paths. After integrating over the possible flux
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configurations {¢,} with the appropriate Boltzmann weight, the probability reads

Pi)= ) () 0 > e (3.3.12)
£,0/=0 yels(0)
y'els (&)

where I's(€) is the set of all paths of length £ that connect the sites 0 and s, and A, is the area
enclosed by the closed path y U y’. Knowledge of Pg(z) for all sites s gives us complete information

about the density distribution p(r, ¢) as a function of time.

3.3.3 Interpretation

We have shown that in both instances the problem of determining single-spinon motion in a sea of
thermally excited visons may be mapped onto the combinatorial problem of enumerating discrete
lattice walks. At precisely zero temperature, the system is free of vison excitations, & = oo, and
all paths of a given length contribute with equal weight*. In this limit, the effective Hamiltonian
is simply a two-dimensional tight-binding model with nearest neighbour hopping, and the spinon
propagates ballistically. Conversely, at temperatures which are high with respect to the energy cost
for vison creation, T > h*/J 3, the hopping amplitudes are maximally disordered, and only walks
that enclose exactly “zero area” (as defined previously) contribute. (Note that the notion of zero
enclosed area trivially extends to the case of fluxes of magnitude 2w m/n, with m,n € N, threading
the plaquettes.) We focus primarily on this high-temperature limit in order to contrast with the
known behaviour at 7" = 0.

Exact enumeration of all such zero-area paths on a generic lattice with coordination number z is
a very tall order. To tackle this problem, we discuss a limit where the problem becomes analytically
tractable. Namely, we consider perfectly self-retracing paths [265], which necessarily satisfy
A, = 0. As we shall see, this is a particularly relevant subset of walks the smaller the threaded
fluxes are, and particularly for the continuous U(1) flux case. For comparison, in Sec. 3.6, we also
solve numerically for the time evolution generated by effective Hamiltonians of the form (3.2.15)
using a high order Suzuki—Trotter decomposition [271]. We will also discuss the lower temperature

regime 7' < h*/J3 in the context of these simulations.

3.4 Self-retracing paths: Generating functions

A perfectly self-retracing path corresponds to a lattice walk with no closed cycles in which every

link on the ‘outwards’ path is retraced in the opposite direction on the ‘return’ path. More precisely,

*Since the limits of infinite time and zero temperature do not commute. We are here referring to taking T — 0
before t — oo.
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hiﬁ +H fegt

Summn
@ ) ©

Figure 3.3: Three examples of closed lattice walks, y, which begin and end on the black circle. A perfectly
self-retracing path — the only type of path included in the Bethe lattice mapping — is shown
in (a). In (b) and (c) the walk includes closed cycles, which have the potential to be non-self-
retracing. In general, a walk y contributes to the lattice path expansion at high temperatures
if (exp(i Z(ij>€y ®ij))¢;;3 = 1. In the case of m-fluxes threading the plaquettes, a walk
in which the loop (b) is traversed an even number of times in the same direction leads to a
nonzero contribution, (ez"""ﬁ)z2 = 1. Such a path with winding number w = 2n (n € Zg)
is not self-retracing, and so is not captured by the Bethe lattice mapping. For continuous
fluxes, however, such non-self-retracing paths of the form (b) with nonzero winding number
w = 2n are not present in the lattice path expansion after averaging over flux configurations,
since (62”i¢)U(1) = (. Paths that self-intersect multiple times, as in (c), can be traversed in
multiple ways in the reverse direction, only one of which is self-retracing. All other paths
are not accounted for by the Bethe lattice mapping, whereas they do however contribute to
the continuous flux case. For these reasons, we expect the Bethe lattice mapping to better
approximate the continuous flux model where a significantly larger fraction of permitted lattice
walks are correctly enumerated.

there is a one-to-one mapping between self-retracing paths on a lattice, £, with coordination
number z, and closed walks on a Bethe lattice, BB,, with branching ratio z — 1, as shown for the

case z = 4 in Fig. 3.2.

Fractal lattices in general are a useful tool for obtaining exact solutions, and have recently been
used in a similar context to calculate the spectrum of itinerant excitations in quantum spin ice
at zero temperature [272, 273], where gauge field effects lead to a configuration space which is
well-approximated by the Husimi cactus graph. Examples of perfectly self-retracing walks, and
classes of walks which are not captured by the self-retracing path approximation are shown in
Fig. 3.3. The latter are analogous in spirit to the Trugman path [274] in the context of single hole
propagation in the 7-J model. Since the paths that are not accounted for only become relevant at
long times, one may expect that this approximation works well for the dynamics of the system at

the intermediate timescales of interest, at least for the continuous flux model.

In this section we will derive the generating functions for walks on a Bethe lattice with branching
ratio z — 1, which are necessary to describe analytically the form of the density profile in the limit

of high temperature (high flux density).
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3.4.1 Closed walks

We first consider the ordinary generating function TO(Z) (x)=>, t,(,z)x” for closed walks on a Bethe

lattice B, with branching ratio z — 1, where, by definition, t,SZ) 1s the number of closed walks that

begin and end at the same site, which may be used to define the root node (or origin) of the Bethe
lattice. This generating function is directly related to the single-particle density of states. Note
that the lack of closed cycles implies that all closed walks on B, are necessarily self-retracing, and

further permits the following decomposition of the generating function
TP (x) = 1+ 22T 2 () TP (x) (3.4.1)

where Tk(Z) (x) is the generating function for walks beginning and ending at a depth of k on the lattice

(always remaining at a depth > k). This is because any (self-retracing) path can be decomposed as
(1) the trivial walk,

(i1) (a) hopping to one of the z nearest neighbours,
(b) performing a self-retracing walk that begins and ends at depth k = 1,
(c) hopping back to the origin,
(d) performing a self-retracing walk that begins and ends at the origin.

A similar argument can be made for all subsequent depths with k > 1, such that the generating

functions decompose as
I, (x) + (2 = Dx" T ()T, (x). (3.4.2)

One can therefore express the original generating function TO(Z) , for paths beginning and ending at

the origin, as an infinite continued fraction

Ty (x) = : (34.3)
0 : 4.

2
1 —

X

(z — Dx?
1_(z—1)x2
1—

The self-similar nature of B, implies that Tk(Z) (x) = Tk(i_)l (x) for k > 1 (on an infinite lattice), and

the continued fraction can be written in closed form (choosing the sign in front of the square root
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Figure 3.4: Example of a path from r to s on the Bethe lattice B4, which maps to a nonreversing walk of
length £ on the square lattice. For any given two sites on the square lattice, there are multiple
nonreversing walks that connect the two sites, enumerated by the generating function Cs(x).

such that T®(x) — 1 as x — 0)

2(z—1)
2—2+2/1—4(z—Dx?’

T (x) = (3.4.4)

consistent with, e.g., the results of Ref. [275]. For z = 4 (corresponding to the square lattice at high

temperatures), this expression evaluates to

3

T®(x) = = 14 4x% +28x* + ... (3.4.5)
0 () 1+ 21— 12x2
= o+ (4o—)x? + (16—e— + 120——)x* 4 ... (3.4.6)

where the diagrams denote the types of self-retracing walk that contribute at each order.

3.4.2 Open walks

We now generalise this result to include open walks. Consider a walk that begins at site  and ends
at site s on B,, where r and s are separated by a total of £ bonds on the Bethe lattice. We denote
the corresponding generating function as 7,s(x) [by symmetry, T,5(x) = Ts,(x)]. We will for
convenience draw the Bethe lattice as in Fig. 3.4, the links between r and s (inclusive) forming a
backbone, and refer to s as being to the right of 7, such that s = r + £. The walk from r — s may
then be decomposed in the following way:
(i) (a) hopping to one of the z — 1 nearest neighbours of r not equal to r + 1,
(b) performing a self-retracing walk that begins and ends at depth k = 1,
(c) hopping back to r,

(d) performing a walk from r to s.
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(i1) (a) hopping to the ‘right’ of r to site r + 1,

(b) performing a walk from r 4 1 to s.

The walk from r + 1 to s is then decomposed in a similar fashion. Therefore, in terms of the

individual generating functions,

TO(x) = (z = DX2RP () T2 (x) + xT2, (%), (3.4.7)
) (ii)

where R@ (x) is the generating function for self-retracing walks that begin and end at a depth of
k > 1. The labels (i) and (ii) refer to the corresponding steps in the above physical decomposition.

From our previous analysis of TO(Z)(x), we know that

_1-/1—-4@E—Da?
(z — 1)x2 2(z — 1)x? ’

(z — Dx?

1—".

R(Z)(x) — (3.4.8)

where again the sign of the square root is chosen to give R‘?(x) — 1 in the limit x — 0. The

recursion relation (3.4.7) can then be solved to find an expression for Tr(sz)(x) in closed form:
¢
TP () = [xRO)| TP ). (3.4.9)

The function Ts(sz)(x) which terminates the recurrence relation is simply To(z)(x) derived in the
previous section, i.e., enumerating the number of perfectly self-retracing paths that begin and end at

the same point on the Bethe lattice. We therefore arrive at the final result:

12
1—/1—4(z—1)x2 2(z—1)
T@ () = 3.4.10
rs (%) ( 2(z—1x ) 2—2+4 241 —4(z - 1)x2 ( :
= S(Z)(x)e T(Z)(x) . (3.4.11)

By virtue of the symmetry of the Bethe lattice, T,(f)(x) depends only on the length £ of the path
separating the sites r and s, not on the specific choice of path.

3.4.3 Constrained closed walks

We now further generalise to the case of closed, self-retracing walks on the original lattice £, on

which the spinon hops in real space. In order to calculate Ps(¢), we are required to enumerate the
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number of perfectly self-retracing paths that visit the sites 0 — s — 0. Any such path can be

decomposed as follows:
(i) a nonreversing base path connecting 0 and s on £,
(i1) self-retracing excursions which decorate the base path.

The base path must be common to both outward (0 — s) and return (s — 0) paths, while the
self-retracing excursions can differ between the two paths. In this way, the return path completely
“erases” the outwards path, and the path is overall perfectly self-retracing, therefore enclosing
precisely zero area. The base paths must be nonreversing, since immediate reversal of the base path
corresponds to a self-retracing excursion, which would lead to double counting of such a path. An
example of a self-retracing round trip between two sites is shown in Fig. 3.2.

The connection between the Bethe lattice and the original lattice comes from the number of
base paths that the particle may take to get between the origin and the site s. Suppose that we know
the generating function for the number of nonreversing paths that connect the origin (0), and some

other site s on the original lattice L,, which we denote by
o0
Co(x) =Y cxt. (3.4.12)
£=0

The generating function for fully self-retracing paths that connect 0 — s — 0 can then be
constructed in the following way from the three elementary generating functions S @ (x), T® (x)
and C;(x), defined in (3.4.11) and (3.4.12). We will henceforth drop the explicit dependence
of these generating functions on the coordination number z for notational convenience. Using
generating variables x and y to count the number of steps taken on the outwards and return trips,

respectively,
Po(x, ) =D ¢S TM)SOT(y) = TET1)Cs [SX)SW)] (3.4.13)
£=0

i.e., for each base path, and at each step, a self-retracing excursion may take place, enumerated by
the functions S(x) and 7T'(x). As required, the generating function Pg(x, y) is symmetric under

exchange of forwards and backwards walks (i.e., x <> y).

3.4.4 Nonreversing walks

Equation (3.4.13) shows that the number of nonreversing base paths on the original lattice, enumer-
ated by C(x), is a crucial ingredient in determining the transition probability Ps(¢). Our final task

therefore is to determine explicitly the generating function C,(x) (for an arbitrary site s), a general
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method for which is presented here. We will introduce the strategy for the square lattice, with the
generalisation to the triangular and honeycomb lattices (relating to the quasiparticle excitations on

the kagome lattice) deferred to Appendix A.

Since the nonreversing constraint only depends on the previous step in the lattice walk, it may
be enforced using z X z matrices [276]. Let us introduce the generating variables x, § and € which
count the length of the walk, and the number of steps taken in the direction of the (for the square
lattice, orthonormal) lattice vectors e; and e,, respectively. At each step, there are four possible
directions that the particle may choose from: §, €, ¢! and §~!. However, for all but the initial step
of the walk, the direction which immediately reverses the previous step is forbidden. This may be

enforced using the matrix

§ ¢ e 0
§ ¢ 0 &1

N=x|oo o] (3.4.14)
0 ¢ ¢! §71

and the initial condition Ny = x diag(8, €, ¢!, 571). The row index corresponds to the previous
step, and the column index to the current step. At each step, the length of the path is advanced by
one, and matrix multiplication ensures that all possible combinations of steps are accounted for. The
zero entries enforce the nonreversing constraint—any path that immediately reverses its direction
is given a coefficient of zero. The initial matrix Ny imposes that the initial step is unconstrained.
Thence the elements of the matrix NoN ¢~! give the paths of length £ that are consistent with the
nonreversing constraint. The full generating function A/ (x; 8, €) for nonreversing paths is therefore
given by the sum over all matrix elements and all possible path lengths £ (including also the trivial

walk of zero length):

N ag=1+3Y [NONZ_I]__ =14+ ) [No(L: = N)7'],. . (3.4.15)
i,j

L. 2
i,j £=1

where 1, is the z x z identity matrix. Evaluating the inverse of the matrix 1, — N, we arrive at
the following explicit expression for the generating function for nonreversing walks on the square

lattice
1 —x2

1+3x2—x@+81+e+el)’

consistent with Ref. [276]. This generating function and its counterparts for the other two-

N(x;8,¢€) = (3.4.16)

dimensional lattices considered in Appendix A represent a central object in this work since they
give access to the family of generating functions C,(x) for all sites s, and hence contain complete

information about the spinon density profile after a quench in the magnetic field strength.
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Noting that
N(x:8.e) =) 5e2C(x). (3.4.17)

SEL,

the function Cy(x), with s = ), s;€;, may be extracted from A/ by singling out the terms in (3.4.17)
proportional to §%' €2, This may be accomplished using the transformation

Tdo [T d o o
Cs(x) = / — / —¢N(x; e'? o' in10-ing (3.4.18)
g 2 J_p 27
Substituting in for the generating function A/ (x; 8, €), we arrive at the following simplified expres-

_(1=x*) [T T cos(s10) cos(s,0)

t —cosf —cos¢

sion

where we have defined r = (1 + 3x2)/2x. This integral may be evaluated by exploiting an

equivalence with the Green’s function of two dimensional tight-binding models with Hamiltonian
H . Consider ) (k|

Gw) =) ———, 3.4.20

(w) ; o E® (3.4.20)

which satisfies (w — H)G = 1. The states |k) are eigenstates of H with energies FE (k). Taking

matrix elements of G (w) with respect to sites |1), |m),

1

Glwil.m) = (G (w)m) = — || 0,, LLi dki cosfi (1 = m:)}

w — E(K)

(3.4.21)

Hence, when H corresponds to a two-dimensional tight-binding model on the square lattice with
E(k) = cosk, + cosk,, we observe the equivalence of (3.4.19) and (3.4.21) up to prefactors,

making the identifications (kq,k») <> (0,¢), w <> t and 5; <> [; — m;.

As shown in, e.g., Refs. [147, 277], the Green’s function G(w; 0, 0), which is related to the
spinon return probability Py (), is given exactly by

G(w;0,0) = %K (%) , (3.4.22)

where K is the complete elliptic integral of the first kind. This result gives rise to the generating

2 (1—x? 4x
Colx) = = K . 3.4.23
o) == (1+3x2) (1+3x2) (34.23)

The Green’s functions for general sites 1, m (and therefore Cs for a general site s) can also be

function

obtained explicitly using the recursion relations presented in Refs. [147, 277]. This procedure is

used later in Sec. 3.5.3 to construct the spatially-resolved spinon density profile.
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3.5 Analytical results

Now that we have presented all of the preliminary results, we focus on understanding the high-
temperature limits of the physical quantities introduced in Sec. 3.3 that may be inferred from the

generating functions for self-retracing walks.

3.5.1 Single spinon density of states

As noted in Sec. 3.3.1, the single-spinon Green’s function G;;(¢) may at high temperatures be
expressed in terms of the exponential generating function 7@ (x) corresponding to closed walks on
the Bethe lattice B, which, by construction, enclose zero area. The exponential generating function
can be constructed from the ordinary generating function 7 (x) derived in Sec. 3.4.1 using the

transformation [see the note on page 93]

7@ (x) =y§ dw e re (l) . (3.5.1)
C

2wi w w

The contour C can be shrunk around the branch cut in (1/w)7 @ (1/w) that lies along the real axis
between —24/7 — 1 < Re(w) < 2+/z — 1 *, which gives rise to the expression

Waldy oz 4z — 1) —u?
G,-(f)(t)=/ d i 2VAE 2 D) Zu? (35.2)

—2Z=1 2T 72 —u?

or, equivalently, to the Brinkman and Rice [265] density of states

z 4z —1)—w?/h?
f 24z —Th
p@) = 2mh 2—w?/h? orlel <2vz —1h. (3.5.3)

0 otherwise ,

for single particle excitations.

In the case of the square lattice, for example, this result predicts that the support of p(®) is
narrowed by 13% from |w| < 4h at zero temperature to |w| < 2+/3h at “infinite temperature”,
and that p(w) vanishes like [2+/3h F w|'/? at the positive/negative band edge as opposed to a
step-like singularity typical for massive, free quantum particles in two dimensions. The Bethe
lattice mapping does not account for the Lifshitz tails, nor any singular behaviour near @ = 0 that
has been predicted theoretically [262, 278, 279] and observed numerically [280] in similar models.
These differences arise from the neglect of loop diagrams as shown in Fig. 3.3—when a lattice path

includes a closed loop, there are two ways in which the loop can be traversed, whereas the Bethe

*The function T'(w™')/w does not exhibit a pole at w = 0.
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Figure 3.5: Two spinon density of states. The Bethe lattice result corresponds to the autoconvolution of
the Brinkman—Rice result (3.5.3), shown in the inset, while the numerical results are calculated
using exact diagonalisation (ED) of the effective tight binding Hamiltonian on a system of size
L = 13 containing two hardcore bosons, satisfying open boundary conditions, averaged over 35
realisations of disorder.

lattice approximation leads to a coefficient of one. Nevertheless, the mapping does capture many
of the salient features of the high-temperature density of states over the full spinon bandwidth, as
shown in Fig. 3.5. For example, one may use (3.5.3) to understand the behaviour of the density of

states with increasing temperature for Majorana fermions in the Kitaev honeycomb model [281].

3.5.2 Single spinon Green’s function

Analogous to the on-site Green’s function, the generating function 7;; (x) is related (fori # j) to
the off-diagonal matrix elements of the Green’s function G;; = ((l;i (t)l;} (0))) at high temperature.
As noted previously, such a quantity is not on its own gauge invariant and must be multiplied by the

phases corresponding to a given lattice path y connecting the sites 7 and j, i.e.,
Gt |y) = <<e" Samer basy, (r)iSJT(O)» . (3.5.4)

Converting to the corresponding exponential generating function using (3.5.1), the contour can
again be shrunk around the branch cut on the real axis between —24/7 — 1 < Re(w) < 2+/z — 1

and we arrive at the expression

7 q . il o;
Gt 1) =l = D2 [ SR e Gss)
J o 27 (z —2)cos¢p —izsing

where £ is the length of the path y from i to j*.

*Note that the independence of G;; (¢ | y) on the precise choice of path y, other than its length £, is a consequence
of the self-retracing path approximation.

— 104 -



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

We note that this quantity also equals the projection of the wave function | (¢)) of a particle
initially localised at the origin of the Bethe lattice B, onto a site at depth £, i.e., Y¢(¢) = (€| (¢)),
at zero temperature (where the time evolution is generated by a nearest neighbour tight-binding

Hamiltonian).

3.5.3 Spinon density profile

We now turn to our main result: characterising the density profile of a spinon initially localised
at the origin of the original lattice. The transition probability Ps(z) can be constructed from the
generating function Ps(x, y) in (3.4.13) via conversion to the corresponding exponential generating

function using complex contour integration:

d d iht(w;—w3) 1 1
Py(t) = # Wi CWa € P (— —) : (3.5.6)

2mwi 2mwi wiWwso wl’ woy

over sufficiently large circles in both the w, and w, complex planes, for example. The moments
of the probability distribution Pg(¢) can then be constructed using the generating functions 7'(x),
S(x) and Cs(x) from Sec. 3.4:

dw; dw, e 0r—w2) (] 1 1 1
(rz"(t)):# D1t T(—)7(—)Rul|S(—)s(—)|. @57
2wi 2wl wiwsy W Wy wi wop

where we have defined the function

Raok(x) = ) dist(0.5)* Cy(x) | (3.5.8)

SEL,

with dist(0,5) = ,/sZ + s, on the square lattice. Using the relationship (3.4.17) between the
generating function for nonreversing walks, AV'(x;§, €), and Cs(x), we deduce that the function

Rk may be expressed in terms of appropriate derivatives of \:

Rae(x) = Y (52 +52) (v (3.5.9)

SEL,

= {[68: + €0’ Nis.of | (3.5.10)

§=e=1

which we will write symbolically as Rox = [VZ*A](x; 1, 1). The expression (3.5.9) and hence (3.5.10)
must be generalised to include cross-terms between ¢ and € if the two basis vectors e; are not
orthonormal, as is the case for the triangular and honeycomb lattices (see Appendix A for further
details).

—-105 -



OLIVER HART NONZERO TEMPERATURES AND EMERGENT DISORDER...

0.10
0.08

= S WE
ORI = "

0.02
5 ul) “ 0.00

0.06
0.05

© e " - e

0.02

p(r,t)

t B U(1) Z | (001
0.00

Figure 3.6: At short times, the transition probabilities Pg(¢) exhibit coherent oscillatory behaviour. We
plot the spinon density profile at times (a) 7t = 0.9 and (b) ht = 1.8, which correspond
approximately to a minimum and a maximum of the return probability Py(¢), as predicted
by (3.5.6), respectively. From left to right, the profiles correspond to the Bethe lattice analytical
result, the continuous flux model, and the 7-flux model, labelled 5, U(1), and Zj, respectively.
The Bethe lattice mapping provides an essentially exact description of the full density profile for
the continuous flux model, and a very good approximation to the -flux model, at times on the
order of the hopping timescale. Notably, discrepancies first become manifest in the 7 -flux model
at the origin due to the stronger localisation. The numerical data for the Z, and U(1) cases are
averaged over 25 000 infinite temperature flux configurations.

Short-time dynamics

At sufficiently short times, ht < dist(0, s), the transition probabilities Ps(¢) exhibit complex
oscillatory behaviour arising from the interference of lattice walks of varying lengths, and one must

use the full expression (3.5.6) in order to accurately capture the density profile in this regime.

Take for example the return probability Py(7) obtained using the generating function Cy(x)
in (3.4.23). The probability decays with time asymptotically as Py(z) ~ 1/¢, suggesting that the
spinon asymptotically exhibits diffusive behaviour, which we study in more detail in the next
section. However, there also exist superimposed, subleading oscillations due to interference effects
that decay as cos (4\/§t) /2, which may be revealed by applying the method of stationary phase
to (3.5.6).

In Fig. 3.6 we plot the spinon density profile predicted by (3.5.6) at it = 0.9 and ht = 1.8
[corresponding approximately to extrema of the return probability Py(t), i.e., ht ~ nx/(4~/3),
for integer n], making use of the family of generating functions {C,(x)}, and we compare it with
numerical simulations of the disordered tight-binding model (3.2.15) for the case of (i) w-fluxes,
and (ii) continuous fluxes, ¢ € [0, 27r). We observe almost perfect agreement between the analytical
results and the numerics at the shortest of the two times, whereas the quantitative agreement survives

at the later time for the continuous flux model only.
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Asymptotic second moment

We now focus on the asymptotic behaviour of the density profile, once the transient, oscillatory
behaviour of the distribution has subsided. Let us restrict our attention briefly to the second moment
of the density distribution, (r?(z)). For the case of the square lattice, evaluating the derivatives in

(3.5.10), one arrives at
4x(1 + x)

R = T 30—

(3.5.11)

Crucially, the function R, (x) has a second order pole at x = (z — 1)~!. This feature is shared by
the other lattices considered in Appendix A, and dominates the long-time behaviour of the root
mean square (RMS) displacement. In particular, a second order pole in the function R, gives rise
to a linear, i.e., diffusive, 7-dependence of (r?(r)) ~ 2D,ht, for sufficiently large times. The
full time-dependence of (r?(¢)) described by (3.5.7) corresponds to a crossover from ballistic to
diffusive behaviour at a time 4t ~ 1 (the characteristic time taken for the spinon to hop one lattice
spacing). This is because for sufficiently short times the particle has not moved far enough to enclose
any flux, and so interference effects do not play a significant role. The linear time dependence at

long times is a direct consequence of the result

oitw _HF(0) + £(0) 1 it£(0), (3.5.12)

Res f(w) 2

if the function f(w) is analytic at w = 0. Note that in fact there exists a line of poles along the real
axis in (3.5.7) since S(u +i0")S(u —i0") = (z — 1) foru € R and |u| < 2+/z — 1. Expanding
the integrand for general z about this singular line, we must integrate over the relevant residues
between —2+4/zZ — 1 < u < 24/z — I (where the integrand is singular), which defines the function

24/z2—-1 4 1= 2
F(2) = (z—l)/ qu D
—24z-1 t—u

_ z-2\* [z+2vz—1

(3.5.13)

Comparing the large-f asymptotic expansion of Eq. (3.5.7) with the expected late time behaviour of
(r2(t)) ~ 2Dht, one therefore obtains the following exact expression for the diffusion constant on

a lattice with coordination number z

1 2
2D, = —F(z) lim (1 - L) R (w). (35.15)
27 w—(z—1)~1 z—1
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Lattice Coordination number, Z D,

Triangular 6 2.72968
Square 4 2.73383
Honeycomb 3 3.20977

Table 3.1: Values of the diffusion constants D, obtained by the Bethe lattice mapping corresponding to the
long-time behaviour (h¢ >> 1) of spinons propagating in the high temperature limit (7 > h*/J3).

Using the expression for R, in (3.5.11), we finally deduce that

Dy = % [2«6— 1n(2 n ﬁ)] ~ 2.73383, (3.5.16)

for the square lattice. This expression gives the exact value of the diffusion constant observed
in, e.g., Ref. [282], which was previously obtained only numerically. The values of the diffusion
constant for the triangular and honeycomb lattices are given in Tab. 3.1.

In fact, the following expression for D, is valid for all three lattices

2 _ 2 Ve
D- < [wz—l—z(zzz) 1n<Z’Jr2 < 1)} (3.5.17)

(d2) ~ dn(z—2) Y

normalised by the arithmetic mean of the squared distances, (d?), corresponding to the possible
moves at each step™. A plot of this function in Fig. 3.7 shows that D, exhibits a minimum at
Z ~ 4.833—this is due to the competition between (i) reduced destructive interference at low
coordination numbers (vanishing destructive interference as z — 2T, since there are no loops for
Z = 2), and (i1) a greater number of paths between any two points on the lattice for large z, the
effect of which dominates at large z. This result shows that it is a fortuitous coincidence that the
square and triangular lattices exhibit such similar diffusion constants.

We stress that (3.5.17) corresponds to guantum diffusion, which results from the complex
interference pattern produced by the multitude of lattice walks, and is faster than the corresponding
classical diffusion’ (random walk), Dy = z/2, for coordination number z < 5. For z > 5,
interference effects dominate, leading to slower propagation. The difference between classical and
quantum diffusion is further reflected in the non-Gaussian nature of the asymptotic density profile.
The calculations presented in this section can be extended to calculate arbitrary moments of the

spinon density profile, as shown in Appendix B, from which one can demonstrate explicitly that

*This normalisation allows us to apply Eq. (3.5.17) to lattices such as the double triangular lattice (z = 8), which
include steps of different lengths.

TWe compare our quantum diffusive behaviour with the classical random walk in which the particle hops to one
of its neighbours in a time (z/4)~!. The operators b; (¢) and the classical probabilites then obey the same equations of
motion (the latter in imaginary time). This normalisation is consistent with that used in Ref. [282].
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Figure 3.7: A plot of the diffusion constant D, against the coordination number z from (3.5.17), having set
the nearest neighbour distance between lattice sites equal to unity. The corresponding classical
diffusion constant Dgl = z/2 is also shown for comparison. The markers denote the values of
D for some common lattices: the honeycomb, square, triangular, and double triangular lattices,
from left to right.

higher order cumulants do not vanish.

3.6 Numerical results

The Bethe lattice result is compared to Trotterised time evolution [271] generated by the single-
particle Hamiltonian (3.2.15) on a 1999 x 1999 square lattice. The method of Trotterised time
evolution was chosen for its ability to simulate system sizes significantly larger than those accessible
to exact diagonalisation. The results, which are shown in Fig. 3.8, are averaged over infinite
temperature disorder realisations, both for random discrete fluxes (27r/n, forn = 2,3, 4), as well
as for the continuous random flux model, where the flux threading each plaquette is chosen from a
uniform distribution ¢ € [0, 277). We see that, over numerically accessible, intermediate timescales,
the Bethe lattice result provides an excellent quantitative description of the density profile for the
continuous flux model, and qualitative agreement with the Z, model. The results for discrete fluxes
with n > 2 can be seen to rapidly converge to the continuous flux result. Note that the case n = 2,
corresponding to Z, fluxes, is special, being the only case in which the effective tight-binding
Hamiltonian exhibits time reversal symmetry (i.e., H = H™).

In the m-flux model, encircling a flux an even number of times gives rise to constructive
interference. The difference in behaviour between this model and the continuum case means that
the loop diagrams depicted in Fig. 3.3b, which are missed by the Bethe lattice, play an important
role. These diagrams lead to an increased weight near the origin, which results in a reduced RMS

displacement. These observations are consistent with the idea that all single-particle eigenstates of
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Figure 3.8: (a) Comparison of Bethe lattice result for the mean square deviation, (r?(z)) >~ 2D,ht, with
numerics for (i) the discrete flux model with fluxes 277 /n, for n = 2,3, 4, and (ii) the continuous
random flux model. Time evolution is performed using a high order Suzuki—Trotter decomposi-
tion on a square lattice with 1999 x 1999 sites and averaged over 128 random flux configurations
at infinite temperature. All models exhibit the same ballistic behaviour for sufficiently short
times. The lines 42 and 2Dt are shown in light grey as a guide to the eye to indicate the
ballistic and diffusive regimes. The 7-flux model shows the most pronounced deviation from
the Bethe lattice approximation at longer times as a result of being most strongly localised. The
density profile at it = 40 for the Bethe lattice is compared with the continuous and x-flux
models in (b) and (c), respectively. The profiles p(x) are averaged over 10° flux configurations
on a lattice of size 249 x 249 sites. The error bars are in all cases too small to be visible.

the effective disordered tight-binding model are localised, but with a diverging localisation length

near £ = 0 arising from the presence of purely off-diagonal disorder in the Hamiltonian.

The subdiffusive form of the second moment observed in the numerics may be explained in
the following way: a wave packet composed of states in the vicinity of energy E will diffuse
with diffusion constant D(E) up to (approximately) their localisation length A(E) [283], at which
point such states give rise to a fixed, time-independent contribution to (r?(r)) ~ A(E)?. As time
progresses, a reduced fraction of states have not yet reached their localisation length and are still
diffusing, explaining the negative curvature observed in Fig. 3.8. The Bethe lattice result can
therefore be thought of as giving the behaviour of (r?(z)) before any of the states have reached
their localisation length. Since the localisation length of the continuous flux model increases
exponentially with energy away from the band edge [280], we observe very close agreement up to
ht = 10° with the Bethe lattice result. The difference in behaviour between the continuous and
m-flux models may be attributed to the fact that the latter is more strongly localised [284], implying
a smaller fraction of diffusing states at any given time, and hence a more pronounced departure

from the pure diffusion predicted by the Bethe lattice.
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Figure 3.9: Comparison of the mean square displacement (r?(¢)) of a spinon initially localised at the
origin for various temperatures. Over the simulated timescales, the dominant effect of reducing
temperature is to shift the crossover from ballistic to (sub-) diffusive behaviour to larger times,
namely at a time it ~ £2 indicated by the circular markers as a guide to the eye. In the Z, case,
£ is set by the distance between visons. In the U(1) case, £2 is given by the area whose enclosed
flux has an O(1) variance, which we regularise at large temperatures using Sé‘ =1+ 4,82A%.
Time evolution is performed using a high order Suzuki—Trotter decomposition on a 1999 x 1999
square lattice, and the data are averaged over 128 disorder realisations for each temperature. The
statistical error in the data is smaller than the line width.

3.6.1 Finite temperature

In the case of discrete 7-fluxes with a gap A, ~h*/J 3, at intermediate temperatures or, equivalently,

~ e80/2T | the crossover from ballistic to subdiffusive behavior

finite vison separation & ~ p~'/2
is shifted to later times. We expect that the particle should propagate ballistically until it has
encountered a sufficient number of visons so as to impede its motion: (ht)?/£2 ~ ht. Hence,
for ht < £2 we expect to see free-particle behaviour, and for it > £2 we expect to observe
approximately the infinite temperature (sub-) diffusive behaviour (with a renormalised diffusion
constant). The crossover between the two regimes is therefore set by the time taken to diffuse to the

nearest vison. This behaviour is indeed seen in Fig. 3.9.

In the continuous flux model, one may attribute an energy cost E(¢) = —A, cos ¢ to threading
a given plaquette with a flux ¢. At sufficiently low temperatures, fA, > 1, the corresponding
probability density p(¢) o« e PE@ is approximately Gaussian, and the relevant length scale
£ becomes £2(T) = 2/T [cf. Eq. (3.3.4)]. This characteristic area is defined via the relation
(¢! Liaprey aB) = ¢=4r/ 8, and may be understood as the area such that typical fluctuations of
the enclosed flux have a magnitude that is O(1). As in the discrete flux case, the effect of finite

temperature is to shift the crossover from ballistic to (sub-)diffusive behaviour to a time it ~ & Cz’ as
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shown in Fig. 3.9.

3.7 Conclusions

In this chapter, we studied the effects of nontrivial mutual statistics on the propagation of quasiparti-
cles in gapped topological systems at finite temperature. Specifically, we considered a temperature
regime where one species of quasiparticle is thermally excited and provides a static (a la Born—
Oppenheimer) stochastic background for the other species, which are sparse and hop coherently
across the lattice. This is a regime of experimental interest in topological quantum spin liquids,
where a large separation of energy scales between different species of quasiparticle arises naturally
in many realistic model Hamiltonians.

We used a combination of numerical and analytical approaches to investigate toric-code-inspired
toy models, where the excitations (dubbed spinons and visons) have anyonic mutual statistics. The
effect of nonzero temperature in our model is to populate a finite density of static visons. Due
to the mutual statistics of the quasiparticles, visons act as Aharonov—Bohm half flux quanta for
the spinons. Within perturbation theory, our model permits an effective description in which the
spinons evolve in time according to a two-dimensional tight-binding Hamiltonian in the presence
of randomly placed fluxes. Changing temperature alters the density of the fluxes, which, in turn,
changes the strength of off-diagonal disorder in the tight-binding Hamiltonian. We also considered
models in which the flux threading each plaquette is a multiple of 1/3 or 1/4 of the flux quantum,
and the case in which the flux is distributed continuously.

Various time-dependent observables for lattice systems, including the spinon density profile
in our effective tight-binding description, may be computed by counting discrete lattice paths. In
order to make analytical progress, we considered the self-retracing path approximation. Such
paths are expected to dominate at intermediate times due to interference effects by virtue of the
Aharonov—Bohm effect. To this end, we map the self-retracing paths to walks on an auxiliary Bethe
lattice and enumerate such walks exactly. This gives us access to analytical expressions for the
spinon density profile as a function of space and time.

For sufficiently short times, namely on the order of the hopping timescale, t, the density
exhibits oscillatory behaviour due to coherent interference effects. On these timescales, the self-
retracing path approximation is essentially exact and our results are almost indistinguishable
from numerical simulations. At times much greater than the hopping timescale, 1 > 7, the self-
retracing path approximation predicts asymptotic quantum diffusive behaviour of the spinon, i.e.,
(r?(t)) ~ 2Dt /1. We obtained an exact expression for the corresponding diffusion constant D,
which depends on the coordination number of the underlying lattice. The function D, exhibits a

minimum at z >~ 5, where the effects of (i) reduced destructive interference at low coordination
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numbers, and (ii) an increasing number of paths connecting any two sites at larger coordination
numbers, balance one another. The higher moments of the density distribution in the large-time limit
exhibit non-Gaussian behaviour, which highlights the difference between quantum and classical
diffusion.

Comparison with numerical simulations reveals excellent agreement with the continuous flux
model up to O(10%) hopping times, while for the 7-flux model discrepancies become apparent at
much shorter times. This difference is understood as arising from the distinct localisation properties
of the two models. When considering (r?(¢)), states with a given energy will diffuse with some
characteristic diffusion constant until the corresponding localisation length is reached. The m-flux
model is more strongly localised and so at any given time a larger fraction of states have reached
their localisation length, and give rise thereafter to a time-independent contribution to (r?(z)).

The results that we have presented provide us with a quantitative understanding of the crossover
from ballistic to quantum (sub-) diffusive motion of spinons through a sea of thermally-excited
visons, which is a direct consequence of their nontrivial mutual statistics. More generally, our
work represents a step forward in understanding the dynamics of quantum spin liquids at finite
temperature, which is essential to interpret both the relevant experiments and numerical data. Our
results demonstrate another way in which the mutual semionic statistics of spinons and visons
manifests itself in the dynamical properties of spinons; this paves the way for the possible study
of such dynamics as an experimentally viable diagnostic tool for anyonic statistics in many-body
systems that exhibit topological order.

We expect that our results may be relevant to several interlaced but distinct contexts of many-
body physics. On the condensed matter physics front, while realistic Hamiltonians require including
further effects, such as possible interactions between quasiparticles and correlations in the spin
background, it is nonetheless tempting to point at the recent experimental advances in the study of
Kitaev-model-like candidate materials at finite temperature as a possible context where the physics
discussed in our work may be relevant and observable [285]. However, to make such connections,
some modification of our present framework is necessary in that the spinon dispersion in the Kitaev
model [46] is massless and relativistic, as opposed to the massive and non-relativistic dispersion
considered in the present work.

In the context of quantum information and quantum computing, the recent proposal that the
toric code and similar Z, spin liquid Hamiltonians may be realised using quantum annealers [286],
indeed in the limit explored in our work of a large star constraint and a perturbative transverse field,
promises to provide further avenues to benchmark and explore the type of phenomena that we have
uncovered, in a convenient and highly tunable setting.

Seen from the ultracold atomic physics perspective, our results also describe quantitatively the
motion of holes in real space in the large-U, large-S limit of the Hubbard model [265, 282, 287, 288].
As the hole moves throughout the spin environment, it permutes the spins. This “interaction” with
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the spin environment leads to dissipationless decoherence [289, 290]—the propagation of the hole
is significantly slowed despite there being no transfer of energy between the hole and the spins.
Owing to recent developments in quantum gas microscopy [291-296], our analytical expressions
for the site-resolved density profile may thus be probed directly in ultracold atomic experiments.
Our calculation extends the self-retracing path approximation used in Ref. [287], showing that it in
fact holds to much larger times and distances.

Our work also points at a couple of potentially interesting future directions. Extending the
analysis in the present work to string-net models [297] may offer access to richer varieties of
topological order and anyonic statistics, and an opportunity to classify more generally the resulting
dynamics. Perhaps more interesting is the spinons’ back action on the visons, which we have so
far neglected. In a similar spirit to Ref. [282], it is plausible that the quantum coherent hopping of
spinons may lead to nontrivial correlations in the positions of the visons, which may have other
important implications at finite temperature, indicative of quantum spin liquid behaviour. Indeed,
in Ref. [298], I showed how spinons can become localised on temperature-dependent patches of
expelled visons, in a manner analogous to the Nagaoka effect [282, 299, 300], with significant

consequences for the thermodynamic and transport properties of the system.
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Thermal quenches in classical spin ice

4.1 Motivation

In previous chapters, we have focused on models of quantum spin liquids, where nonzero tempera-
tures lead to the thermal excitation of point-like quasiparticles with exotic properties. These defects
were shown to drastically alter the properties of the models in question with respect to their zero
temperature behaviour, both in equilibrium and dynamically. Here, we change tack and address the
nonequilibrium dynamics of classical spin ice materials [301]. The nonequilibrium behaviour of
these systems is particularly rich and exciting and they can exhibit remarkably long relaxation and
response time scales at low temperatures. While a number of attempts have been made to model
and understand the origin of the dynamical behaviour in spin ice materials, the complete picture
arguably remains beyond our grasp.

In this chapter, we make progress by investigating the specific setting of thermal quenches in
classical spin ice [302], where these systems have been shown to enter long-lived metastable states
in which the monopole excitations form so-called noncontractible pairs* (see Fig. 4.3). While the
nature of these states is well understood, the dynamical mechanisms underpinning their formation
remain hitherto unexplored and are the subject of this work. Using a combination of numerical
simulations and analytical mean field theory, we are able to provide a complete understanding of
the phenomenon. We find that the emergence of the plateau is rooted in two key ingredients: (i)
the long-range nature of the Coulomb interaction between the monopoles; and (i) the fact that low
temperature thermal quenches in spin ice can give rise to a non-hydrodynamic regime that increases
the decay rate of the free monopole density in the system. The latter feature is notably reminiscent
of jamming and some instances of glassiness. A change in the short-time dynamics of the system
allows it to enter a metastable state, which would have been otherwise avoided and whose lifetime
can easily become exceptionally long at (experimentally relevant) low temperatures.

Our results further demonstrate that the plateau reduces to a finite size effect when considering a

* A noncontractible pair corresponds to a pair of oppositely charged monopoles residing on adjacent tetrahedra
which are unable to annihilate by flipping the intervening spin.
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model with solely finite-range interactions between monopoles. Hence, the experimental observation
of a metastable plateau corresponding to a finite density of noncontractible pairs in spin ice is
direct evidence of the long-range nature of the interactions between the monopoles. This adds
one important experimental avenue to study these interactions, whose range has thus far been
probed only via the field-dependence of unbinding of monopole pairs [303], and indirectly via the

appearance of a liquid-gas phase diagram [88].

Our findings are particularly timely thanks to the recent experimental claim that a state rich in
noncontractible pairs can be generated in classical spin ice materials Dy,Ti,O; and Ho,Ti,O7 [303]

using a so-called avalanche quench protocol [304].

The chapter is structured as follows. We begin by providing a broad introduction to Monte Carlo
methods, how they may be used to describe quantitatively the dynamics of classical spin ice, and how
continuous time Monte Carlo algorithms provide access to long times at low temperatures when the
the system’s dynamics slow down. We then review the background on thermal quenches in classical
spin ice and summarise the main results obtained in this chapter in Sec. 4.3. We provide an overview
of the models we consider in Sec. 4.4, and present our Monte Carlo results in Sec. 4.5, including
a finite size scaling analysis of the density of noncontractible pairs in the metastable plateau.
Section 4.6 is devoted to the use of mean field population dynamics to understand the differences
in behaviour between the various models and types of interaction. We draw our conclusions and

highlight the relevance of our results to experiments in Sec. 4.7.

4.2 Monte Carlo methods

Suppose that we are interested in describing the (for now) equilibrium properties of a classical
system with Hamiltonian /. In a non-driven setting, the Hamiltonian simply assigns an energy
to each state of the system. Let us assume that our system is described by a discrete set of states,
labelled by the index ., with energies E£,,. The dynamics of the system as it makes transitions

between the various energy levels is described by the master equation

dw,
dt

= [wo (R —wu ()R] (4.2.1)

where w,,(?) is the probability that the system occupies the state x at time ¢ [305, 306]. The real and
non-negative quantities R, _,, describe the rates at which the system makes transitions between the
different discrete states. Normalisation of the probability distribution implies that > L W) =1
at all times. When the system is in equilibrium, the left hand side of (4.2.1) vanishes, and the

probability distribution w), is stationary in time. For a system in contact with a thermal reservoir at
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temperature 7 = B!, the stationary distribution is the Boltzmann distribution*

Jim w,, (1) = %exp(—,BEM), 4.2.2)

where Z = ) M e PEu is the partition function. The equilibrium expectation value of some quantity
A, denoted (A), is equal to

(4) = % > AuePEe (4.2.3)
"

where the quantity A assumes the value A, in the state n. Physically, the expectation value can
be interpreted either as (i) an ensemble average over many statistically independent copies of the
system, or (ii) a time average of A(¢) in a single copy of the system (as one would have in an
experimental setting). The equivalence of these two interpretations only holds when the time average
is taken over a sufficiently long period of time so as to sample many “independent” configurations
of the system. If, conversely, the time average is taken over a period of time that is too short,
the system may not have explored a representative sample of the states that are available at the
temperature of the system [305].

The above recipe, provided to us by statistical mechanics, tells us how to compute the average
value of an observable A in thermodynamic equilibrium. However, the total number of states that
the system may occupy is typically intractably large. Take, for example, the particularly simple
example of a d-dimensional classical Ising model. The spin on each lattice site may point up or
down, implying that the total number of states scales as D = 2L%ina system with linear dimension
L. In a three dimensional system with just L = 3 this number is already D = 134217 728. In the
numerical evaluation of expressions like (4.2.3), it is therefore numerically infeasible to perform
the summation by exact enumeration of all states for all but the smallest system sizes. Instead, we
would like to approximate (A) by taking a finite number of states, say M < D, from a uniform

probability distribution over w. In this case,

M —BE
D o=y Ape"re

Z(jyzl e PEue

?
(A) ~ (4.2.4)
However, this approximation is, in general, rather insufficient to capture the behaviour of the system.
This becomes particularly apparent at low temperature (large 8), where only the lowest energy states
are sampled. Such states correspond to an exponentially small region of state space, and so the
uniform sampling in (4.2.4) correspondingly requires an exponentially large M in order to sample

the atypical, low energy states. If, instead, we are able to sample directly from the Boltzmann

*Indeed, it is possible to show that the quantum master equation from Sec. 1.3.1 maps onto an equation of the same
form as (4.2.1), where the probabilities w,, correspond to the diagonal elements of the system’s density matrix in the
eigenbasis of the system’s Hamiltonian [23].
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distribution (4.2.2), the expectation value reduces to

1 M
(4) ~ o+ ; Ay, . (4.2.5)

This expression corresponds to a particular example of importance sampling. Unlike Eq. (4.2.4), a
prohibitively large number of states M are no longer required since we are most likely to pick the

states in which the system spends most of its time at a given temperature.

In order to sample directly from the Boltzmann distribution, we make use of Markov processes.
A Markov process consists of a set of time independent transition probabilities P, from state
to states v. These probabilities depend only on the current state of the system, not on its history
(the system has no memory of the states that it has passed through to get to the state ). In order to
reproduce the Boltzmann distribution, the Markov process must be ergodic. This means that no
state of the system should be inaccessible. Equivalently, the system will eventually visit every state,
given sufficient time (although, in practice, this time may be astronomically large). Conservation of
probability requires that the rate of transitions out of the state ;. must equal the rate of transitions

back into it:
Pu=Y_ PvPosp. (4.2.6)
v

However, this condition alone is insufficient to guarantee that the Boltzmann distribution will
be the only equilibrium state for the Markov process. To mitigate the possibility of obtaining
limit cycles, one applies a more stringent constraint on the dynamics than merely conservation
of probability. This condition is known as detailed balance, which requires that the transition
probabilities satisfy [305-307]

Pulu—sv = poPosy . “4.2.7)

Although the above condition is now sufficient to reach equilibrium, it is not strictly necessary,
and in some cases equilibrium can be reached more rapidly by violating detailed balance (see, e.g.,
Refs. [308, 309] and references therein). Often, one further decomposes the transition probability as
P,y = gu—-vA; -y, Into a selection probability, g,—, < 1, and an acceptance ratio, A,—, < 1.
As long as ergodicity is satisfied, the transition probabilities can be chosen in any way that one

desires, while the acceptance ratios then ensure that detailed balance is satisfied

e BEL—Ey) _ Py _ Svou Avop . (4.2.8)

P,u—w Su—v Au—)u

Expectation values of the form (4.2.3) may then be evaluated by following the time evolution of
the Markov process and (once it has reached equilibrium) taking “measurements” separated by

appropriate time intervals.
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As well as being an indispensable numerical tool for calculating the properties of systems in
thermal equilibrium, the Monte Carlo methods described above can also be used to simulate the
finite temperature dynamics of classical systems. Indeed, in order to sample from the Boltzmann
distribution, we have constructed a discrete-time version of the master equation (4.2.1) with the
same stationary distribution. If the proposed updates, specified by the g,,—.,, are in some sense local,
then the evolution of the Markov process can provide a good description of the true equilibrium
dynamics of the system (once one finds an appropriate way of converting between real time and
Monte Carlo time). This is the case in spin ice, whose dynamics is well approximated at low
temperatures (77 < 5K) by incoherent spin reversals [92], which is mimicked in Monte Carlo
simulations by single spin flip dynamics.

Nonlocal cluster updates, whilst beneficial in the context of speeding up the approach to
equilibrium, are not appropriate for describing the real-time evolution of classical spin systems. In
the setting of the two-dimensional Ising model, for example, the critical slowing down [310] that
occurs in the vicinity of the critical point, which cluster updates (e.g., the Wolff algorithm [311])
are able to efficiently bypass, is a physical divergence of the time scale relevant to the system’s

dynamics.

4.2.1 Single spin flip dynamics

In classical spin ice, the relevant degrees of freedom are classical Ising spins S; € {—1, +1}, as
explained in Sec. 1.4.3. In a single spin flip update, there are N; possible spin flips, and the selection
probability g,,—., = N; !, independent of the initial state y and the final states v. Detailed balance

is encoded in the acceptance ratio, A,,—.,. The Metropolis algorithm corresponds to the choice

e PEED fE,—E, >0
Apsy = 4.2.9)
1 otherwise.

That is, we always accept the move if it lowers the energy of the system, and if the move increases
the energy of the system by £, = E, — E,, > 0, then the move is accepted with probability
e PEw . One Monte Carlo sweep of the system equals N, independent single spin flip updates.
The prescription for converting between real time and Monte Carlo time is determined by AC
susceptibility measurements [312], which suggest that one Monte Carlo sweep corresponds to

approximately 1 ms.

4.2.2 Waiting time Monte Carlo

The dynamics of classical systems at low temperatures, especially those that exhibit glassy behaviour,

can become very slow. In our simulations, slow dynamics arises in part due to the formation of
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metastable noncontractible pairs of monopoles. This manifests as an acceptance rate that becomes
undesirably low from a practical point of view. As an extreme example, consider an Ising model
Higng = —J ) i) S;S; at a temperature 7 < J in its ferromagnetic ground state. On a lattice
with coordination number z, a spin flip costs an energy 2zJ > T, and thence the acceptance ratio

A0—>1 = e—zﬂzl

<« 1, where the subscripts correspond to the number of flipped spins relative to
fully magnetised background. One therefore has to reject an exponentially large number of proposed
updates in order to change the state of the system. For a three-dimensional cubic Ising model
with T/J = 2, AyY,, ~ 163000. Whilst this slowing down is eminently physical, it presents a
challenge to the numerical simulation of such systems.

One way to circumvent this “problem” is to use a rejectionless algorithm. In the above example,
rather than attempting O(10°) spin flips, we can simply perform the spin flip, and update the “time”
of the simulation by the length of time it would have taken were we to use the Metropolis algorithm.
This is the idea behind the waiting time method [313, 314] (and, more generally, continuous time
Monte Carlo algorithms [315]).

Here we summarise the necessary details of the waiting time method, as outlined in Ref. [313].
In the waiting time method, for each spin S; there exists an associated time variable #;, which equals
the time at which the spin would flip, given its instantaneous local field. The global time is denoted

t¢. The flipping times are initially drawn from an exponential distribution
1 _t./-L—.
P(t;)) = —e 717, (4.2.10)
T

with mean 7; = max(1,e#%/), where A; equals the energy required to flip the spin S;. Once the

system has been initialised, one repeats the following steps:
1. flip the spin S; whose flipping time ¢; is the smallest: ; = min; ¢;,
2. update the global time of the simulation according to f; = ¢;,

3. generate new waiting times §; for the flipped spin and those that interact with it, and update

their flipping times #; — #, + §;.

The above algorithm satisfies detailed balance, and also exhibits a dynamical equivalence with
the Metropolis algorithm. In the waiting time algorithm, the probability that the system makes a
transition from state u to v, which differ by a single spin flip at site j, is equivalent to the probability
that ¢; is the smallest of all {#;}. Therefore,

e~ i ti/Ti() B TJ'_I(M)

pi(p) = /O dt; 1_[ /, dii [hnw — X'

k#j

(4.2.11)
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For the Metropolis algorithm, the probability that the system transitions from state p to state v,

given that a spin flip has occurred, is

Py

pi(p) = 5 (4.2.12)

VFEL Py

Since Py, = min(1,e PE=E)/Ng = 71 () /N; for i # v, we observe that (4.2.11) and
(4.2.12) are equivalent. The quantities p;(u) and P, differ in the exclusion (inclusion) of P,,_,,,

in the denominator. The average time taken for a spin flip in the waiting time method is

<miint,-> - (Z f,.—l(u))_l . 4.2.13)

This result is to be contrasted with the survival probability with Metropolis dynamics after a time ¢

(that is,  sweeps of the system, or n = ¢ N; single spin flip updates)

P, =eMioefumi (4.2.14)

The characteristic time scale of the exponential decay is

1 1
Nolog Py~ Ny Yoysy Puso

() = — , (4.2.15)
where the second equality is approximate, and holds when Z# u Pu—sv < 1. That is, the two
timescales (4.2.13) and (4.2.15) coincide when the system remains “stuck”, and t(u) > N S_l.
One disadvantage of the waiting time method is the requirement to know the waiting time for
all states that are connected to the current state of the system at any given time. However, this
increase in computational complexity is outweighed by the aforementioned benefits at sufficiently
low temperatures. When the interactions between the constituent spins are strictly short ranged, the
number of waiting times that need to generated in the third step does not scale with system size, and

the computational complexity per step is significantly reduced.

4.3 Background and summary of results

Dipolar spin ice systems have been predicted to exhibit dynamically-arrested, monopole-rich,
metastable states following appropriate thermal and field quenches [302, 316]. Reference [302]
recognised that at the heart of the dynamical arrest lies the formation of so-called noncontractible
pairs: a monopole and an antimonopole sitting next to one another, separated by a spin whose

reversal does not lead to their annihilation. As a result, the two defects become bound to one another
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Figure 4.1: Schematic depiction of a noncontractible monopole—antimonopole pair, responsible for the
metastable plateau in monopole density observed following a thermal quench to low temperatures
in classical spin ice. The activated decay of the pair requires separating its members up to third-
neighbour distance, as shown in the central figure, costing an energy A (in isolation) due to their
mutual Coulombic attraction. The pair is then able to annihilate elsewhere on the lattice, as
shown for example in the rightmost figure.

and are unable to move throughout the lattice without separating—a process that costs Coulomb
energy due to the mutual attraction between the two opposite charges™. This activation energy
barrier explains why a noncontractible pair per se is metastable.

In general, two decay channels are available to noncontractible pairs. Firstly, they can separate
and annihilate somewhere else on the lattice at the cost of paying an activation energy barrier; the
smallest barrier associated with such activated decay processes requires separating the pair up to
third-neighbour distance, as shown in Fig. 4.1. Alternatively, pairs can undergo monopole-assisted
decay: When the pair is hit by a stray (free) monopole, this causes the annihilation of the oppositely
charged member of the pair, thus freeing up its partner [302], as in Fig. 4.2. This second process
does not incur an energy barrier and does not change the density of free monopoles.

In equilibrium, a useful quasiparticle description for spin ice is in terms of deconfined mag-
netic charges [88]. Conversely, the long (intrinsic) lifetime of noncontractible pairs justifies their
introduction as an effectively distinct “species” of quasiparticle when studying classical spin ice
in the strongly nonequilibrium setting of thermal and field quenches, as demonstrated already in
Refs. [302, 316].

The mere existence of noncontractible pairs in the system however does not warrant the appear-
ance of a macroscopic metastable state. Indeed, when free monopoles are abundant, non-activated
(fast) monopole-assisted decay is the leading relaxation channel with respect to thermally-activated
(slow) decay of noncontractible pairs, and one does not expect any metastable plateau to appear. It

is only when the system undergoes a “population inversion” (in contrast to thermodynamic equilib-

*Noncontractible pairs cannot move from the site upon which they form without separating to third neighbour
distance. Otherwise, movement of the pair would require motion of a monopole along a blocked direction. Indeed, the
caterpillar-like motion of separating and rejoining, trailing one another, is prevented by the intervening spin being a
blocked direction for the trailing monopole.
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Figure 4.2: Schematic depiction of monopole-assisted decay of a noncontractible pair. A free monopole
annihilates with the oppositely charged member of the stationary noncontractible pair, thereby
freeing up its partner. All moves shown lower the energy of the system and hence monopole-
assisted decay is the dominant decay avenue for noncontractible pairs with respect to thermally
activated decay when free monopoles are abundant in the system.

rium), where noncontractible pairs become the dominant species with respect to free monopoles, that
the activation energy barrier to decay can induce a long-lived metastable plateau at low temperatures.
This is indeed what one observes in numerical simulations of dipolar spin ice, following appropriate

thermal quenches [302].

The aforementioned population inversion is key to the metastable plateau. Its origin however
was not investigated in Ref. [302] and is the subject of the present work. We find that it ultimately
rests on the long-range tail of the Coulomb interaction between monopoles. This can be qualitatively
understood as being due to the energetic bias in the motion of monopoles in the far field. Monopole—
antimonopole collision events are subject to a Coulombic charge—charge attraction (o<r~2), whereas
collisions between a free monopole and a noncontractible pair are subject to weaker charge—dipole
interactions (ocr~3). This leads to a bias that increases the likelihood of free monopoles annihilating
(or forming new noncontractible pairs) over their chance of annihilating existing noncontractible
pairs via monopole-assisted decay. Further, since the final temperature in the thermal quenches
is much less than all other energy scales in the problem, the system enters a non-hydrodynamic
regime where the monopoles move at terminal velocity in the direction of the local force acting
on them. This allows the system to violate the law of formal kinetics [317] and to exhibit a decay
of the free monopole density faster than inverse time. The combination of the long-range bias and
‘terminal velocity’ motion of free charges leads to a rapid decay of the free monopole density in the
system, leaving behind an excess of noncontractible pairs. This is ultimately the linchpin of the
finite-density metastable plateau observed in numerical simulations.

This behaviour is most remarkable. By altering the dynamics of what is ultimately a transient
regime, spin ice is able to enter a metastable state whose lifetime for experimentally relevant
temperatures and system sizes may well exceed any realistically accessible timescales (of order one

year in Fig. 4.3 when expressed in physical units).

We verify this scenario through extensive numerical Monte Carlo simulations of thermal

quenches in spin ice systems with nearest-neighbour spin—spin interactions and long-range Ewald-
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summed magnetic Coulomb interactions between defective tetrahedra [92]. Upon truncating the
Coulomb interactions to finite range, the long-range bias is removed. We find that the finite-density
metastable plateau correspondingly disappears in the thermodynamic limit. These findings are
corroborated (in Sec. 4.5.2) by directly simulating mutually interacting magnetic charges hopping
on a diamond lattice (with no Dirac strings), for which we observe qualitatively similar behaviour.

To supplement the numerics, we provide an analytical understanding of both the value of the
plateau in the thermodynamic limit and its finite size scaling using mean field population dynamics,
treating the system as a Coulomb liquid of magnetic charges. We show how the ratio of the rate of
monopole-assisted decay to the rate of charge—charge annihilation underpins both the finite size
scaling exponent in the case of truncated interactions, and the density at which the plateau occurs in

the long-range case.

4.4 Models

In this work, we contrast the effect of truncating the Coulomb interactions between monopoles in
spin ice with the same truncation in a system of magnetic charges hopping on a diamond lattice.
The latter model is defined without reference to any underlying spin configuration, i.e., without
Dirac strings connecting opposite charges, which allows us further clarity in ascertaining their role

in thermal quenches and the formation of the metastable plateau.

4.4.1 Classical spin ice

As discussed in Sec. 1.4.3, at sufficiently low temperatures, classical spin ice (CSI) is well described
by effective Ising spins S; = S;e;, with S; € {—1, +1}, which live on the sites of the pyrochlore
lattice. These spin degrees of freedom interact through the dipolar spin ice Hamiltonian

J e -e; 3(er)(er)
Hd({Sl}):_ZSlS]+DZ[ l 13— L 5] Y SiSj,
3 @ LIl |
where, in the first line, we used the fact that e; - e; = —1/3 for any nearest neighbour pair of sites,

(ij).

For the majority of this work, we use the effective Hamiltonian (1.4.18) in which the exchange
and dipolar interactions between the spins are retained only at nearest-neighbour level, and farther
range couplings are accounted for effectively by a pairwise Coulomb interaction V({Q,}) between

tetrahedral charges Q,,

H({Si}) = Jer Y SiSj+ Emn Y (44.1)

(ij) a<b

Qa Qb
ab ,

r
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where 7, j index the sites of the pyrochlore lattice, @, b index the tetrahedra and r,p = |r,—1p|/ i is
the distance between the centres of tetrahedra a and b in units of the distance between neighbouring
tetrahedra. The charge on tetrahedron a is O, = £ ) _,., Si/2, where the sign depends on the
sublattice that @ belongs to. The charges Q, therefore assume the values Q, € {0, £1, 2}, where
Q, = %1 are dubbed monopoles and Q, = +2 double monopoles. We use the convention that
a positive charge corresponds to a majority of spins pointing out of a given tetrahedron. Two
equally charged monopoles on neighbouring sites have a Coulomb energy E,, (in an infinite
system). Throughout the chapter we use an effective exchange coupling J.z = 1.463 K" and
nearest-neighbour Coulomb energy E,, = \/m D = 3.06 K, appropriate for the classical
spin ice compound Dy, Ti,O;. Such an effective description (4.4.1) is quantitatively accurate, up
to quadrupolar corrections, by virtue of projective equivalence [87] (and this is indeed the case
also in thermal quenches, as illustrated in Fig. 4.5). With these parameters, the macroscopically
degenerate ground state manifold corresponds to the charge vacuum, Q, = 0, Va, i.e., a 2in-2 out
configuration of spins on each tetrahedron.

We note that the nearest-neighbour exchange interaction between spins can be viewed as a

chemical potential of size 2J.¢ for the monopoles (namely, the charges Q, = £1):

Jar Y SiS; =20 Y O — NoJegr. (4.4.2)
(i) a

This interpretation however no longer holds straightforwardly in the presence of double monopoles.
To test the role of the long-range tail of the Coulomb interaction in the appearance of the
population inversion, we also consider a similar model where the interactions V({Q,}) between

monopoles are truncated at nearest-neighbour distance:

Hi({S:}) = Jer D _SiSi+ A 0aQs. (4.4.3)

(ij) (ab)

This model will be referred to as classical spin ice with truncated interactions. Such a nearest-
neighbour interaction between monopoles allows for the formation of noncontractible pairs without
inducing any long-range energetic bias in the motion of the monopoles.

Separating an isolated pair of nearest-neighbour monopoles with charge Q9 = =1 in this
model costs an energy A. To preserve the behaviour of the system (primarily its ground state), the
truncation of the interactions must be done with care. We choose the value of A such that the energy

barrier to separating a noncontractible pair around a hexagonal plaquette (as depicted in Fig. 4.1) is

*This value of the effective exchange coupling was obtained using the chemical potential & = —8.92 K in Ref. [81].
In particular, we use u = —4Jer — Epy to define Jeg, i.€., (minus) the energy required to create a pair of oppositely
charged monopoles and separate them to infinity. The dynamics of the system is however not particularly sensitive to
the precise value of Jeg, as long as the ground state remains unchanged.
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equal in the cases of truncated (4.4.3) and long-ranged (4.4.1) interactions™:

/3
A= FE, (1 — H) ~ 1.46K. (4.4.4)

Such a choice preserves the charge vacuum ground state, and since the energy barrier for the
activated decay of noncontractible pairs is equal for both types of interaction, the demise of a
possible metastable plateau will occur at similar times in the two cases.

The difference between the single spin flip dynamics of the two Hamiltonians, H, and H,,
therefore rests solely in the long-range energetic bias in the motion of monopoles across the system.
In a finite system containing L cubic unit cells, the total number of spins is Ny = 16L3, and the
number of tetrahedra is N; = 8L>. In our simulations, we use periodic boundary conditions and
we deal with long-ranged interactions (dipolar as well as Coulomb) using the method of Ewald
summation [318, 319].

We note that there also exists a long-range Coulomb interaction between monopoles of entropic
origin [320]. As we are unable to alter the range of the entropic interactions, we introduce in the
following section a family of charge models that live on the diamond lattice in which the charges are
not born out of underlying spin configurations. This will allow us to observe that the role of entropic
interactions in thermal quenches is in fact negligible and hence they will not be discussed further in
our work. This is shown most directly by the good quantitative agreement between the classical

spin ice and charge model simulations, and the mean field analytics, for truncated interactions.

4.4.2 Charges on diamond lattice

To identify the role of the spin configuration underlying each monopole configuration, we also
consider two further effective models of charges Q, hopping on a diamond lattice, thereby removing
any entropic effects and blocked directions associated with the spins (in particular, by removing
the underlying spin network, there are no Dirac strings associated with the magnetic charges in
the following models). We restrict our simulations to the relevant charge values Q, € {0, £1, £2}
only. These charge models (CM) also allow for a more direct comparison with our analytical mean
field modelling (see Sec. 4.6), which largely neglects the aforementioned complications associated
with the spinful description of the system dynamics.

In the case of long-range interactions between the charges, we use the Hamiltonian

0.0
HCCM({ Qa}) = 2Jeff2a: Qi + Enn Z Yab : ’ (445)

a<b

*This energy barrier is equal to the Coulomb energy required to separate the pair to third neighbour distance, r3y,
ie, A = En(1 —runm/rm).
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subject to the hard constraint that each site may not be occupied by more than two charges. This

model will be referred to as the long-range interacting charge model.

The Hamiltonian (4.4.5) must be further supplemented by rules which govern the dynamics of
the charges. Namely, in order to take into account the effect of noncontractible pairs, when two
opposite (single) charges come into nearest-neighbour contact, there exists some finite probability,
Pne, Of forming a noncontractible pair. If a noncontractible pair is formed, it is then not possible for
the charges to annihilate along their common bond. At finite temperature, their activated decay can

be accounted for by associating an energy barrier A with this process.

The probability p,. can be estimated by counting the number of spin configurations compatible
with two oppositely charged monopoles on adjacent tetrahedra, and taking the fraction thereof that
corresponds to a noncontractible pair. Considering the minimal cluster of two tetrahedra only (7
spins in total), one finds that the relevant fraction is p,. = 1/10 [302]. Extending the calculation
to larger clusters does not lead to significant variation in this value; for example, considering
a full hexagon of tetrahedra involving the two monopoles gives p,. = 41/406. Further, small

perturbations in p,. do not appreciably modify the dynamics of the system.

For the case of truncated interactions between the tetrahedral charges, the Hamiltonian becomes

HM{Qah) =21 ) 02+ A 0a0s. (4.4.6)

(ab)

referred to as the charge model with truncated interactions. The model is again subjected to the
same constraints on charge values and dynamics. The difference between the two charge models,

H™ and HM, lies only in the long-range energetic bias associated with the Coulomb interaction.

4.5 Monte Carlo Simulations

4.5.1 Classical spin ice

Long-range Coulomb interactions

In Fig. 4.3 we show the monopole density evolution following a thermal quench, as in Ref. [302],
simulated using the modified Monte Carlo code, corresponding to (4.4.1), instead of the conventional
dipolar Monte Carlo (for a direct comparison, see Fig. 4.5). We use single spin flip dynamics and
the waiting time method [313, 314] introduced in Sec. 4.2.2 to access long simulation times at low
temperatures. The system is initially prepared in the paramagnetic phase at infinite temperature,

then at ¢t = 0 the temperature is set to its target value, 7" < Je¢, and we start measuring various
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Figure 4.3: Left: Monte Carlo simulations of a thermal quench in spin ice subject to Ewald-summed
Coulomb interactions between monopoles [Hamiltonian (4.4.1), system size L = 22, i.e.,
170368 spins] from infinite temperature down to 7" = 0.06 K. The curves show the evolution
of the averaged total density of monopoles p; (blue), the free monopole density pr (red), the
density of monopoles forming noncontractible pairs 7 (green) and the double charge density pg
(orange). Right: Total density of monopoles, p;, after analogous quenches to final temperatures
T = 0.05-0.07 K for a system of size L = 8§, i.e., 8192 spins. Inset: the same curves plotted
after rescaling the time axis by a factor exp(A/T), where A ~ 1.46 K is the Coulomb energy
barrier incurred by separating two monopoles around a hexagonal plaquette. In both panels, the
densities are averaged over 4096 histories.

monopole densities as a function of time*. These densities are then averaged over many histories
with different random initial conditions sampled from the infinite temperature ensemble. We find
good agreement with the dynamical arrest observed in Ref. [302]: Rather than rapidly equilibrating
to a monopole-sparse state, we observe instead the emergence of a metastable plateau in the
monopole density due to noncontractible monopole—antimonopole pairs.

Specifically, we measure the total monopole density (monopoles per tetrahedron) in the system,
P, counting all-in and all-out tetrahedra as doubly occupied sites; the fraction of such doubly
occupied sites, pg; the density of monopoles forming noncontractible pairs, 7n; and the ‘free’
monopole density” ps = p, — 7, i.e., the density of monopoles that do not form noncontractible
pairs. A noncontractible pair is defined as a pair of adjacent, oppositely-charged monopoles for
which the reversal of the intervening spin shared by the two tetrahedra does not lead to annihilation
of the pair.

In isolation, the barrier to activated decay of a noncontractible pair is A ~ 1.46K. In the
presence of a finite density 7 of other noncontractible pairs, the distribution of energy barriers is

broadened around a mean value of A due to dipole—dipole interactions between the pairs. Given

*In Dy, Ti,O7 these initial conditions are experimentally relevant to initial temperatures 7 >> 1 K, and the quench
in temperature should occur over timescales less than ~ 1 ms, the characteristic single spin flip timescale [312].

TNote that there are many possible definitions of the “free’ monopole density due to ambiguities that arise in
defining pairs of monopoles in the monopole-dense (short-time) limit. However, all definitions agree once the typical
separation of monopoles is greater than ryy,.
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Figure 4.4: Left: Monte Carlo simulations of a thermal quench in spin ice where the interactions between
monopoles are truncated to nearest-neighbour distance [Hamiltonian (4.4.3), system size L = 16,
i.e., 65536 spins] from infinite temperature down to 7" = 0.06 K. The metastable plateau due
to noncontractible pairs of monopoles remains present, but occurs at lower densities and at
later times than in the case of long-range interactions (cf. Fig. 4.3). Right: The total density of
monopoles, p;, after analogous quenches from infinite temperature down to final temperatures
T = 0.05-0.075K for a system of size L = 16, i.e., 65536 spins. Inset: the same curves
plotted after rescaling the time axis by a factor exp(A /T, showing an excellent collapse of the
long-time decay. In both panels time is expressed in units of Monte Carlo steps per site, and the
densities are averaged over 4096 histories.

that the Coulombic approximation to the monopole—monopole interaction neglects quadrupolar
corrections, we expect the distribution of such energy barriers to be more sharply peaked than
in the dipolar case. This is indeed confirmed by the excellent collapse of the long-time decay
of the total monopole density for various temperatures upon rescaling the time axis by a factor
exp(A/T), as illustrated in the right panel of Fig. 4.3 (see also Fig. 4.5, where the dipolar case

shows a correspondingly broader decay of the metastable plateau).

Truncated interactions

In Fig. 4.4 we plot the various monopole densities for an identical thermal quench for the case
of truncated interactions between monopoles in classical spin ice [i.e., Eq. (4.4.3)]. A metastable
plateau remains present in the dynamics of the system, and once again the behaviour of the
monopole densities tells us that it is clearly due to noncontractible pairs. The plateau however
occurs at substantially lower densities and the onset occurs at later times when compared with the
corresponding long-range interacting system, Eq. (4.4.1), in Fig. 4.3.

The decay of the monopole density at long times collapses for a range of temperatures upon
rescaling the time axis by a Boltzmann factor exp(A / T'), as illustrated in the right panel of Fig. 4.4,
confirming that the thermally activated decay of noncontractible pairs is again responsible for the
eventual demise of the plateau at a time 7, ~ exp(A/T). Once a given pair has separated, the

two constituent monopoles may find each other and annihilate by performing a random walk, the
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Figure 4.5: Comparison of noncontractible pair densities 7(¢) for the three types of interaction for a thermal
quench from infinite temperature down to 7" = 0.06 K (system size L = 16, i.e., 65 536 spins)
in classical spin ice. Time is expressed in units of Monte Carlo steps per site, and the densities
are averaged over 4096 histories. The markers labelled a, b, ¢, and d identify the boundaries
between the four dynamical regimes discussed in the main text. At (a), nearly all doubly
occupied sites have been removed from the system. Points (b) and (¢) mark the onset of the
metastable plateau for the cases of long-range and truncated interactions, respectively. At (d),
the noncontractible pairs decay via thermal activation.

shortest of which is around a single hexagonal plaquette. Since the noncontractible pairs do not

interact beyond a fixed, finite separation, the energy barriers are §-distributed about A.

Comparison and finite size scaling

In Fig. 4.5 we plot the noncontractible pair density as a function of time, 7(z), for all three types
of interaction introduced in Sec. 4.4.1 for classical spin ice: Ewald-summed dipolar interactions
between spins, Ewald-summed Coulomb interactions between monopoles, and truncated (nearest-
neighbour) interactions between monopoles.

In each of the three cases, the time evolution of 7(¢) can be decomposed into four dynamical

regimes. The crossovers between these regimes are identified by the markers (a)—(d) in Fig. 4.5.

1. At times before (a), the large exchange energy cost associated with double occupancy of a
tetrahedron (8J.¢) and the ability of such configurations to decay spontaneously ensures that
doubly occupied sites are removed rapidly during this regime (exponentially fast in time, see
Appendix D for further details).

2. Between (a)—(b) and (a)—(c) the differences between the three interaction types become
manifest. In all cases we observe a much slower decay of the noncontractible pair density
once the double monopoles have been removed from the system. However, the rate of decay
and the timescales over which this decay occurs are vastly different for the truncated [(a)—

(c)] versus long-range interacting [(a)—(b)] models. In the Coulomb and dipolar cases, the
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Figure 4.6: Finite size scaling of the plateau in noncontractible monopole density 71, (L) for long-range
Coulomb and truncated (nearest-neighbour) interactions between monopoles, and long-range
dipolar interactions between spins in classical spin ice. The data are averaged over at least
4096 histories. The lines are fits to the scaling ansatz 1,(L) — np(c0) ~ L™, while the
symbols represent the Monte Carlo data. The corresponding error bars are smaller than the
width of the fit lines. In the truncated case (system sizes L = 6-100 inclusive), the data are
consistent with a plateau that vanishes in the thermodynamic limit. This is verified using a
log—log plot of the plateau density against system size L in the inset. Conversely, the long-range
Coulomb (L = 3-22 inclusive) and dipolar (L = 3-18 inclusive) cases appear to exhibit a
nonvanishing noncontractible pair density in the metastable plateau in the thermodynamic limit:
Np(00) = 4.7(9) x 1073 and 7, (00) = 4.1(5) x 1073, respectively.

long-range nature of the interactions leads to an energetic bias which favours monopole—
antimonopole (charge—charge) annihilation over monopole-assisted decay of noncontractible
pairs (charge—dipole). This means that (i) the free monopoles in the system vanish more
quickly, and, correspondingly, (ii) noncontractible pairs are removed more slowly than in the
case of truncated interactions. Since the plateau forms when there are no free monopoles left
in the system, point (i) gives rise to the earlier onset of the plateau, while point (i1) implies

that the plateau forms at a higher density.

3. The metastable plateau occurs between (b)—(d) and (c)—(d). This regime, in which the system
contains essentially only noncontractible pairs, spans many orders of magnitude in time at the

low final quench temperatures considered in this chapter.

4. At times after (d), noncontractible pairs are able to decay via thermal activation, leading to

the demise of the metastable plateau. This occurs at a time t,. ~ exp(A/T).

By construction, the decay of the plateau occurs at similar times for the models with truncated and
long-range Coulomb interactions between monopoles. The difference in the decay times between
the Coulomb and dipolar models is due to the larger variance in energy barriers for activated

decay of the pairs in the latter. Indeed, one may model the decay of the plateau by assuming a
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Gaussian distribution of energy barriers, P (€), with mean A and width o. The activated decay of
the noncontractible pair density 7(¢) is then approximated as 1(¢) = [ de P(e)e™* /%) where the
decay time t(€) o e/T_The values o7 ~ 0.1 K [302], 0. ~ 0.03K and o, ~ 0, lead to the best fit
of the Monte Carlo data (not shown).

Notice that, in systems of finite size, the appearance of a noncontractible plateau in the averaged
monopole density is, in fact, unavoidable. On the one hand, the probability that all free monopoles
annihilate before all noncontractible pairs have decayed is finite; and, if this happens, the only
decay process left for the noncontractible pairs is activated decay. On the other hand, even when
the last two monopoles in the system are free, there exists a finite probability of forming a new
noncontractible pair, rather than annihilation, when the two monopoles come into nearest-neighbour
contact. The latter process places a hard, nonzero lower bound on the density of the noncontractible
plateau of O(1/L?), which is purely a finite size effect.

In order to understand the origin of the plateau and the difference in behaviour between the
truncated and long-range interacting models, we ought therefore to look at the finite size scaling
behaviour of the plateau density. Figure 4.6 shows the noncontractible monopole density in
the plateau, n,(L), for systems of different sizes (parameterised by the linear system size L)
and the same final quench temperature 77 = 0.06 K. We perform a fit to the scaling ansatz
Np(L) — np(0c0) ~ L™, to extract the exponent v, the value of the plateau in the thermodynamic
limit, 7,(c0), and the constant of proportionality. The form of this scaling ansatz is justified
later in Sec. 4.6, where we show that a power law decay of the free monopole density with time
implies power law scaling of the metastable plateau density with system size. Hence, the scaling
ansatz only applies once any transient (non-power law) behaviour of ps(¢) at short times has
subsided. For dipolar interactions between spins, it is not numerically feasible to access system
sizes sufficiently large to observe an asymptotic power law decay regime of the free monopole
density. We nevertheless provide a fit to the data in this case, but it should be noted that the resulting
parameters are subject to some degree of systematic error. In the case of Coulomb interactions
between the monopoles, such asymptotic power law decay of pr(¢) is observed in systems of size
L > 14 (i.e., 43 904 spins), and correspondingly only these data are included in the scaling analysis.

The inset of Fig. 4.6 demonstrates that the metastable plateau in the truncated case is indeed a
finite size effect: The number of noncontractible pairs in the plateau increases subextensively with
the size of the system, v ~ 2.46, and the density 7,(c0) is consistent with a vanishing value in
the thermodynamic limit. By contrast, in the case of long-range interactions, the number of non-
contractible pairs in the plateau scales extensively with system size, with subleading, subextensive
contributions. Hence, the density of the plateau in the long-range case tends asymptotically towards
a finite value, also shown in Fig. 4.6. The subextensive corrections give rise to the L-dependence of
the plateau density. The finite size scaling exponent in this case is v = 0.9(3).

We shall summarise these results and attempt to understand the origin of the different behaviours
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Figure 4.7: Left: Monte Carlo simulations of charges hopping on the diamond lattice subject to long-range
Coulomb interactions [Hamiltonian (4.4.5), system size L = 22, i.e., 170 368 spins] from infinite
temperature down to zero temperature. The analytic solution to the mean field equations for
the charge densities is shown in the inset for comparison. Right: Monte Carlo simulations of
charges hopping on the diamond lattice subject to truncated (nearest-neighbour) interactions
[Hamiltonian (4.4.6), system size L = 16, i.e., 65536 spins] from infinite temperature down
to zero temperature. The analytic solution, (4.6.6), to the mean field equations for the charge
densities is shown in the inset for comparison. The dashed lines indicate the threshold density
corresponding to the disappearance of free charges in a system of finite size, px = 1/N¢. In
both panels time is expressed in units of Monte Carlo steps per site, and the data are averaged
over 4096 histories.

and exponents by modelling the time evolution of the system using mean field population dynamics
in Sec. 4.6.

4.5.2 Charges on diamond lattice

Long-range Coulomb interactions

Moving to the charge description, characterised by the long-range charge model Hamiltonian (4.4.5),
HM({Q,}), we obtain the results shown in Fig. 4.7 for a thermal quench down to zero temperature.
As long as the final quench temperature satisfies 7 < E,,/L?, the dominant effect of changing
temperature is to modify the long-time activated decay of the plateau. We therefore focus on the
limit of zero temperature for simplicity.

The initial distribution of the charges is set using an infinite temperature distribution of spins
on the bonds of the diamond lattice, i.e., using the same initial conditions as in Sec. 4.5.1. After
initialisation of the system, all reference to an underlying spin configuration is removed, and the time
evolution is determined by the dynamical rules laid out in Sec. 4.4.2. The most significant difference
therefore between the charge model and spin ice systems is the blocked directions imposed by the
spins in the latter. As in the case of the spinful simulations, we measure the various monopole

densities as functions of time after the thermal quench and average over histories.
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In this case, we observe a plateau that occurs at finite density and which persists indefinitely
since the noncontractible pairs cannot undergo activated decay at zero temperature. However,
contrasting Figs. 4.3 and 4.7, there are some quantitative differences between the dynamics of the
charge and the spin models. In particular, the decay of free monopoles occurs much more quickly
in the charge model given the same type of interactions. This implies that the onset of the plateau

occurs significantly earlier in time than the corresponding model in CSI (cf. Fig. 4.3).

Truncated interactions

As shown in the right panel of Fig. 4.7, in the case of truncated interactions between charges,
Eq. (4.4.6), we again observe a plateau that occurs at later times and at lower densities than in the
long-range interacting charge model (Fig. 4.7). The free charge density decays approximately as 1/¢
in the long-time limit, i.e., after the double charges have been removed from the system, while the
noncontractible pair density also decays as a power law in time, but with a smaller exponent. The
power law decay of these quantities is cut off when the free monopoles drop below O(1/L?) density,
as indicated by the dashed line in Fig. 4.7. The noncontractible pairs that remain in the system can
only further decay by thermal activation and the noncontractible plateau is thus established when

the free monopole density crosses this threshold.

Comparison and finite size scaling

The finite size scaling of the plateau in the case of charges hopping on the diamond lattice, con-
trasting the behaviour of Egs. (4.4.5) and (4.4.6), is presented in Fig. 4.8. We again observe that the
long-range interacting case tends towards a finite plateau density in the thermodynamic limit, while
the plateau is merely a finite size effect in the case of truncated interactions between the charges,

ie, limy o0 1p(L) = 0 with v >~ 2.28.

These findings corroborate the conclusions of Sec. 4.5.1 pertaining to classical spin ice. In
particular, that the plateau is not a finite size effect in the case of long-range Coulomb interactions
between charges. Since the subleading corrections decay more quickly in the charge description,

v = 1.8(4), we are able to make this claim on even stronger terms.

The fact that the finite size scaling of the plateau, i.e., the exponent v, differs significantly
between the spinful and charge descriptions for the long-range case, while it is very similar between
the spinful and charge descriptions for truncated interactions, is a puzzle that we shall attempt to
understand in Section 4.6. Indeed, we will see that one can achieve a great deal of analytical insight

into the observed behaviour by means of appropriate mean field modelling.
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Figure 4.8: Finite size scaling of the noncontractible plateau density 1, (L) for the case of charges hopping
on the diamond lattice subject to long-range Coulomb and truncated interactions. The data are
averaged over at least 4096 histories. The lines are fits to the scaling ansatz 1, (L) — 1n,(c0) ~
L™, while the symbols represent the Monte Carlo data. The corresponding error bars are
smaller than the width of the fit lines. As in CSI, the case of truncated interactions (L = 6-72
inclusive) is consistent with a vanishing plateau density in the thermodynamic limit, verified
by the log-log plot of plateau density against linear system size in the inset. Conversely, the
long-range Coulomb case (L = 4-22 inclusive) exhibits a nonvanishing plateau density in the
thermodynamic limit: 7,(c0) = 6.24(2) x 1073.

4.6 Summary and mean field modelling

From our simulations we see that the behaviour of the four models in question is visibly similar.
The key differences are: (i) the finite size scaling of the plateau is consistent with a finite versus a
vanishing value in the thermodynamic limit in the case of long-range versus truncated interactions,
respectively, both in CSI and the CM; moreover, in the case of long-range interactions, (ii) the decay
of pr(t) is notably faster, and the variation with system size L is stronger (i.e., v is significantly
larger), in the charge simulations than in the spin ice simulations.

Regarding the discrepancy in the decay of the free monopole density, highlighted in point (ii)
above, the most significant difference between the dynamics of the two models in the regime where
monopoles are sparse is the existence of blocked directions in classical spin ice™. That is, for a given
(isolated) free monopole, there always exists one of four directions (corresponding to the minority
spin) along which the monopole cannot hop, as shown schematically in Fig. 4.9. Assuming that the
direction of the local Coulomb field is distributed randomly over the unit sphere, the fraction of
charges which are unable to lower their energy due to blocking is Q25 /47, where 2 is the solid

angle for which there is a positive projection onto exactly one of the local basis vectors {e;}. This

*One may also wonder whether the differences in the short-time dynamics affect significantly the asymptotic decay
of the free monopole density. This has been ruled out by changing between the dynamics generated by long-range
classical spin ice and the long-range charge model at some later time, say t = 10 MC steps (data not shown).
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Figure 4.9: Schematic depiction of a blocked direction for a free monopole. The isolated monopole is unable
to move along the bond containing the minority spin (shown in red), since its reversal would
lead to the creation of a double charge on the central tetrahedron. Blocked directions have a
significant quantitative impact on the dynamics of monopoles subject to long-range interactions
by instantaneously pinning some finite fraction of free monopoles. The local magnetic field B
determines which direction(s) lower the energy of the system; if this direction is unique and
coincides with the blocked direction (as in the figure), then the monopole is pinned and cannot
move along any direction without overcoming a finite energy barrier.

leads to a probability

Q2 3
_ e 2 [f _ arctan ﬁ] ~ 4.4%. (4.6.1)
4 2w L3

Pb
for a given free monopole to be pinned (at zero temperature) due to blocking. In addition, even
when the monopole is not pinned, the available phase space for motion is reduced by blocking.
Notice that (4.6.1) underestimates the effect of pinning, because at the lattice scale the direction
of the Coulomb interaction is correlated with the bond directions, which violates the assumption
of uniformity over the unit sphere. Hence, we conclude that a finite fraction of monopoles, lower-
bounded by (4.6.1), are instantaneously™ pinned in the spinful description due to the interplay of
interactions and blocked directions. It is then reasonable to expect that the free monopole density
decays more slowly in the presence of such pinned charges. While this is an interesting aspect
of stochastic processes in spin ice that warrants further investigation (maybe by including some
effective disorder in the relevant equations governing the dynamics of the charges), it is beyond the
scope of the present work. We shall nonetheless see below that this effect plays a key quantitative

role in the difference between long-range CSI and CM results.

The scaling fits to the Monte Carlo data 1,(L) — n,(cc) ~ L™ give the values summarised

in Tab. 4.1. In the following, we show how one can understand this behaviour qualitatively and

*Since the spatial distribution of monopoles changes with each Monte Carlo step, the effect of pinning is transient—
those monopoles which are pinned at one time may later become unpinned depending on the distribution of free
monopoles. Estimating the relevant timescale is generally difficult, but one may expect that changing the angle of the
local force acting on a given monopole requires a rearrangement of the spatial distribution of free monopoles on the
order of their typical separation, which takes a characteristic time ~ p~!/3.
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Model Interactions Plateau value, Scaling exponent,
11p(00) v
CSI truncated 0 2.46(1)
long-range 4.7(9) x 1073 0.9(3)
M truncated 0 2.28(2)
long-range 6.24(2) x 1073 1.8(4)

Table 4.1: Summary of finite size scaling results for both systems and both types of interaction between the
tetrahedral charges. The scaling ansatz 1, (L) — n,(c0) ~ L™ was used to obtain the values
shown in the table.

sometimes even quantitatively using mean field population dynamics of reaction diffusion processes.
This allows us to model the time evolution of the monopole/charge densities and to obtain estimates

of the finite size scaling exponents to compare with our numerical results.

4.6.1 Short-time dynamics

If we want to describe the simulations in terms of reaction-diffusion processes between (effective)
particles, we ought to consider in principle five different species in addition to the charge vacuum:
positive and negative single and double charges, and noncontractible pairs. The noncontractible
pairs are immobile, pinned to the bond on which they form, and can undergo the activated and
monopole-assisted decay processes discussed previously. Single charges are able to move freely
throughout the lattice (neglecting the effects of spin blocking/pinning). The double charges can
either decay spontaneously into two single charges of the same sign, if adjacent to an empty site,
or they can be hit by a single charge of the opposite sign and decrease their charge by one, thus
producing a single (mobile) charge. Finally, two adjacent double charges of opposite sign can
decay to form a noncontractible pair by flipping the intervening spin. All decay processes involving
double charges reduce the energy of the system, and thence are able to occur spontaneously, even at
zero temperature.

The rate of decay of double monopoles does depend on the free monopole density; however it is
easy to convince oneself that the ‘phase space’ for decay (either spontaneous or monopole-assisted)
is always larger than that for processes which preserve the number of double charges, and it becomes
progressively more so as the free monopoles decay in time. Their evolution thus rapidly decouples

—7t/2’ as

from the other species and becomes exponentially fast in time: asymptotically p;(¢) o e
argued in Appendix D, which appears to fit well all simulations.

The single charges that are produced in the decay of double charges merely become a known
time-dependent source term in the corresponding equation governing their density; as we see from

the simulations, this contribution becomes irrelevantly small for # = 1. When looking at the total or
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Figure 4.10: Schematic illustration of the processes that enter the reaction—diffusion equations. From top
to bottom: (i) oppositely charged free monopoles may annihilate to give the vacuum, (ii) two
oppositely charged free monopoles may combine to form a noncontractible pair, and (iii) a free
monopole and a noncontractible pair can undergo monopole-assisted decay.

free monopole/charge densities, the double charges contribute towards the ‘hump’ observed at short
times, before the onset of the asymptotic power-law behaviour. It can be shown that the double
charge contribution indeed does not affect the asymptotic scaling behaviour we are interested in
understanding, affecting only the density of the noncontractible plateau.

For these reasons, in the following, we shall ignore the double charges altogether and focus on
the three remaining species of particle: positively and negatively charged free monopoles living on
the sites of a diamond lattice, with densities p,(?) (charge ¢ = %); and immobile noncontractible
pairs living on the bonds, with density n(¢). The equations determining their dynamics are presented

and analysed in the following sections.

4.6.2 Truncated interactions

The mean field equations (i.e., neglecting spatial fluctuations) describing the time evolution of the

monopole densities in the case of truncated interactions between monopoles are (for ¢ = =)

dpg
e — Koo, 4.6.2
T PP ( )
dn R
5 = 5 P+ o+ Kpip-. (4.6.3)

The three processes that contribute towards these coupled equations are shown schematically in
Fig. 4.10. Equation (4.6.2) describes the annihilation of oppositely charged free monopoles, which
occurs with rate /C. The first term in Eq. (4.6.3), with rate R, describes the monopole-assisted decay
of noncontractible pairs—a free monopole annihilates the member of a noncontractible pair with
the opposite sign. Such a process removes two monopoles previously forming a noncontractible

pair, but preserves the number of free monopoles in the system, and therefore does not appear
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in (4.6.2). Finally, the second term in (4.6.3) describes the probabilistic formation of noncontractible
pairs when two oppositely charged monopoles come into nearest-neighbour contact. As we want
to understand the origin and scaling behaviour of the noncontractible pair plateau, we are not
interested in the very long-time behaviour of the system. We have therefore disregarded the terms
corresponding to the activated decay of the noncontractible pairs. Equivalently, (4.6.2) and (4.6.3)
describe the zero-temperature dynamics of the system.

Charge neutrality ensures that p4(¢) = p—(t) for all times, allowing us to solve (4.6.2) for the
time evolution of the free monopole densities p,(¢):

Py

—_ 4.6.4
1+ Kpdt ( )

pq(t) =
where pg = p4(0). This solution may then be substituted into (4.6.3) describing the noncontractible

monopole density ()
dn
dt

which can also be solved exactly to give

+ Rpg ()0 = K'pg (1) . (4.6.5)

n(t) (4.6.6)

_ (K'/K)p) N Ky K)pd 1
T RIE=DA K00 | T RIK—1 | (U + Kpdn)RIE

Evidently, the long-time behaviour of the noncontractible monopole density 7(¢) depends
crucially on the ratio of rate constants R//IC. If R//C < 1, then the second term in (4.6.6) dominates
at long times and the noncontractible pairs decay more slowly than the free monopoles, as is
observed in the numerics, illustrated in particular in Fig. 4.4 (this is also consistent with the analytic
estimates of R/K that we present below).

In the thermodynamic limit, these equations predict that there is no plateau in the noncontractible
pair density since both p, () and () may become arbitrarily small. However, in a system of finite
size containing 8L> tetrahedra, the decay of p,(¢) is cut off when the free monopole density
reaches O(1/L3): p,(t«) ~ L73, i.e., at a time ¢, ~ L3 corresponding to the removal of all free
monopoles in a finite system. If the noncontractible pair density decays more slowly, as is the case
for R/K < 1, there is still a finite density of noncontractible pairs present in the system at 7, and
they can further decay only via thermal activation. The value of this density scales as n(fx) ~ RIK
for sufficiently large ¢, > (K /02)_1 , allowing us to deduce the leading order term in the dependence

of the noncontractible plateau on system size:
n(te) ~ L3R, (4.6.7)

and therefore extract the exponent v = 3R /K.
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We can estimate the ratio R /K from the microscopic details of our system as the product of

two contributions,
R . NR K N 31

20 Ne o 42

The first factor in (4.6.8), Nz /Ni, comes from the fact that a free monopole has 4 adjacent free

(4.6.8)

legs along which another free monopole may approach, while a noncontractible pair has only 3
(one of the four total legs being blocked by the other member of the pair)*. Therefore the factor
3/4 encodes the relative sizes of the basins of attraction in the two cases. The second factor i/ tr
derives from the ratio of timescales—in the case where two free monopoles are approaching one
another, both are mobile, while in the case of a free monopole approaching a noncontractible pair,
the noncontractible pair is pinned and only the free monopole is mobile. This leads to a factor
of 2 difference in the (random walk) timescales for the two processes. The factor of 1/2 on the
left hand side of (4.6.8) originates from the definition of R in (4.6.3). We therefore estimate that

R/K ~ 3/4, and correspondingly the noncontractible plateau scales approximately as
n(t) = 1p(L) ~ L%, (4.6.9)

in the case of truncated interactions between charges.

This estimate can be improved upon by examining larger clusters. Indeed, including next-nearest
neighbours in the cluster, the presence of blocked directions leads to a small correction to the finite
size scaling exponent in the case of CSI, as shown in Appendix C, while it remains unchanged for
the CM:

Vesp 2—(7) ~243, vem =~ % =2.725. (4.6.10)
These approximate exponents are consistent with the values v = 2.46(1) and v = 2.28(2) obtained
from the Monte Carlo data in Figs. 4.6 and 4.8, respectively. Note that the absolute values of R
and /C differ substantially between CSI and the CM due to the presence of blocked directions in the
former, but their ratio remains essentially the same.

We are now able to understand why the spinful and charge descriptions exhibit quantitatively
similar behaviour. In both cases, the charges exhibit diffusive motion (until they become nearest
neighbours, at which point they deterministically annihilate). The numerical results suggest that the
annealed (random) blocked directions do not significantly affect the diffusive motion of the charges,
and therefore do not alter the form of the decay of the free monopole density. This is because the
motion of monopoles across the system (i.e., beyond nearest-neighbour separation) is not subject
to any energetic bias controlling the direction of their motion. Hence, the insertion of blocked

directions at random has little effect on the purely random motion of charges when averaged over

*We note that in the spinful description, the rate constant K includes the formation of noncontractible pairs in
addition to annihilation events, and so blocked directions do not alter this argument to leading order.
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histories—no monopoles are instantaneously pinned due to blocking. This is also evidence of the
fact that entropic interactions in CSI due to the underlying spins do not play a significant role in
the evolution of the monopole density following a thermal quench. The free monopole density
decays as 1/¢ in both CSI and the CM with truncated interactions, and we consequently obtain a
vanishing plateau in the thermodynamic limit. Further, the value of v is set by the ratio of the rates
of monopole-assisted decay to free monopole annihilation, which is common to both descriptions,
up to small corrections which result from the impact of blocked directions on the microscopic

annihilation process.

4.6.3 Long-range Coulomb interactions

In Sec. 4.6.2 we were able to develop a rather complete understanding of the case of truncated
interactions, which largely hinged on the 1/¢ scaling of the free monopole density. We would now
like to study how the behaviour changes in the presence of long-range interactions. One could
naively try to introduce them at the level of the reaction diffusion equations; however, this is known
to recover the law of formal kinetics at long times, i.e., 1/¢ behaviour of pr (), which leads to
the same conclusion of a vanishing plateau value in the thermodynamic limit. This is however in
contradiction with the observation that ps(¢) decays faster than 1/¢ in our Monte Carlo simulations
of long-range interacting systems (and with the observation of a finite value for the metastable

plateau).

As is often the case, the devil lies in the details. In order to observe a long-lived metastable
plateau, we need to quench to very low temperatures, 7 << J.g. In a discrete system with long-range
interactions and finite lattice spacing, the hydrodynamic description of Refs. [317] and [321] does
not always apply to the Monte Carlo time evolution of our simulations. Take for example the
limiting case of a quench to zero temperature. The quasiparticles move only downwards or across
in energy, 6E < 0, and they move at ‘terminal velocity’ (i.e., one lattice spacing per unit time)
irrespective of the strength of the force acting upon them. On the contrary, the hydrodynamic
description applies when the Monte Carlo process is a (lightly) biased random walk, [6E| < T,
and the equations of motion approximately take the familiar overdamped form where the velocity
of the particles is proportional to the force acting on them. This is how our simulations violate the
law of formal kinetics (at intermediate times) and achieve a decay of free monopole density which

is faster than 1/¢ at the low temperatures studied in this chapter.

Modelling the strictly-biased motion at terminal velocity is a tall order. However, at mean field
level, one can put forward the following approximate argument: the free monopole density decays
with a time constant given by the time taken to travel at terminal velocity to the next free monopole,

/d

some characteristic distance p~'/¢ away, namely 7, ~ p~'/¢, where d is the dimensionality of the
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system. Then we have
dp P d
— X —— = p(t) ~1/t%. (4.6.11)
dr Ty
This behaviour is in very good agreement with the pr(¢) decay observed in the CM with long-range
interactions if one neglects the formation of noncontractible pairs. We shall delay the discussion of

the CSI case to later in this section.

In the absence of long-range interactions, there are no forces beyond a fixed finite separation
between monopoles and they perform an unbiased random walk, even at zero temperature. It then
takes a characteristic time, p~!, corresponding to the time taken for a monopole to explore its
characteristic volume in three dimensions, to come in contact and annihilate with another monopole.
In this case, 1, should be replaced by t,,, ~ p~! and one recovers the 1/ scaling obtained more

rigorously in Sec. 4.6.2.

In order to express all these considerations more formally, and to take into account explicitly the
noncontractible pair density 7(¢), which has been ignored thus far, it is convenient to introduce the

following phenomenological reaction diffusion equations

d
L = —Klps (-] P2, (4.6.12)
dn R K’ dpg
- ) — — 4 4.6.13
” 5 (P o)== ( )
with the parameter 8 < 1 (with B = 1 corresponding to the truncated case, and 8 = 1/3

corresponding to the terminal velocity argument given above, neglecting the effect of nonzero 7n)*.

Using charge neutrality p4(t) = p—(), the first of these equations gives rise to a free monopole

density

Py

(1 + BKopgt)/F

pg(1) = (4.6.14)

where we have defined for convenience Koy = lC(,og)ﬂ ~1. The parameter 8 sets the asymptotic rate
of decay of the free monopole density in the system: p,(¢) ~ t~/B  This decay is faster than the
truncated case (p; ~ 1/t) when B < 1. Defining

O(r) :/0 dt’ pg (1)) (4.6.15)
b lr_ 0\(B—1)/B
- it [1 (1 + BKoplt) } : (4.6.16)

*We have defined § in this way in order to make the formulae that follow neater and more compact.
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the solution for the noncontractible monopole density may be written as

t
n(t) = e ROO [770 + / dz/eR@<”>/c’[p+(t')p_(ﬂ)]<1+ﬂ>/2] . (4.6.17)
0

It is possible to obtain an analytic expression for 7(¢) by expressing the integral in (4.6.17) in terms
of the incomplete Gamma function. Since, for 8 < 1, ®(¢) tends towards a constant at large times,
the solution for 7n(¢) exhibits a plateau at finite density, n(f) — 70, as t — oo. The density at

which this plateau occurs is

ak’ aR™ aR
Moo = e~ ¥R/Ko no + p;)?eaR/ICo [K_O] % (Oé, IC_O)} , (4.6.18)

where « = 1/(1 — B), and y (s, x) is the lower incomplete gamma function. Hence, the value of the
plateau is exponentially sensitive to the ratio of rate constants R /Ky, and vanishes as § — 1~ (i.e.,

o — 00).

At sufficiently large times,

aR
() = Moo [1 + K—(ﬁlcop‘;t)‘ﬂ‘““’] : (4.6.19)
0

The finite size scaling of the noncontractible plateau then follows from the fact that the free
monopole decay is cut off at a time ., defined by p,(¢+) ~ L™>. As before, ¢, equals the time at
which free monopoles are completely removed from a system of finite size. This gives t, ~ L3

and correspondingly the finite size scaling of the plateau satisfies
N(ts) = Noo ~ 1,1 7PP ~ L30P) (4.6.20)

The scaling exponent of the plateau, v, can therefore be directly related to the exponent 8 which

quantifies the asymptotic rate of decay of the free monopole density,
v =3(1-p). (4.6.21)

This relationship is consistent with the discrepancy between the finite size scaling exponents in the
long-range interacting CSI and CM cases: The rapid decay of the free monopole density permitted
by the lack of blocked directions in the CM case implies a larger 8~! and, hence, a larger v. Indeed,
numerically fitting the exponent of the asymptotic free monopole decay, we obtain 7! ~ 1.4 and
B~! ~ 2.3 corresponding, through (4.6.21), to scaling exponents v ~ 0.86 and v =~ 1.7 for the
cases of long-range CSI and the CM, respectively. These values are in reasonable agreement with

those obtained from the numerical finite size scaling analysis: v = 0.9(3) and v = 1.8(4).
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Notice that the mean field equations (4.6.12) and (4.6.13) can only be expected to hold at
asymptotically long times for zero-temperature quenches. For any finite 7, as the monopoles become
sparser, the forces between them become weaker and eventually one reaches the hydrodynamic
regime, |[§E| <« T, discussed earlier, and a 1/¢ decay of ps(¢) ensues. The typical Coulomb

1/d

interaction felt by a given monopole through the separation p(z)~"/¢ is (in d = 3 for concreteness)

(Ec(t)) ~ —Emp(t)'. (4.6.22)

The corresponding change in Coulomb energy when moving a free monopole to an adjacent site

then scales as
(SEc(t)) ~ Emp(t)*'? . (4.6.23)

Assuming p(t) ~ 1/t the time threshold (§E.(¢)) ~ T corresponding to the crossover to 1/¢
decay of pr can then be estimated to scale with temperature as 7 ~ (E,,/ T)3F/2* The crossover
can be observed in our Monte Carlo simulations at sufficiently high temperatures; however it is
barely visible within the accessible system sizes and the corresponding plots are not very informative,
and we refrain from showing them here. From (4.6.13), we deduce that the noncontractible plateau
therefore begins to decay at times ¢ 2> f7. The rate of decay however vanishes as temperature is
lowered, i.e., Inn ~ —T"/21nt. The zero-temperature limit therefore does not commute with the
limit of infinite time. If the latter is taken first, the plateau decays to a vanishing thermodynamic
value at large times. If the former is taken first, then a finite plateau survives. Since the timescale for
activated decay of the plateau scales exponentially with temperature, while 77 scales algebraically
[at least for a power law decay of pr(¢)], it will be the case that 17 < exp(A/T) at the low but
nonzero quench temperatures that we considered in this chapter. For systems of finite size, the
relevant question then becomes whether 77 is larger or smaller than the time 7, that it takes for the
free monopole density to become less than O(1/L3).

We finally note that even at zero temperature the mean field equations will eventually break
down at a time corresponding to single charge densities p, at which free charges become so dilute
that the bias for free charge—charge annihilation over monopole-assisted decay is removed. We
term such a time 74, which may be obtained by comparing (§ E.(¢)) with the typical energy due to
charge—dipole interactions with the noncontractible pairs present in the metastable plateau regime.
Once this bias disappears, monopole-assisted decay may once again become favourable and the
plateau is able to gradually decay.

The phenomenological model that we have presented illustrates in a simple manner the mecha-

*Taking the terminal velocity limit, § = 1/3, and using the parameters for Dy, Ti,O7, the thermal crossover occurs
attr ~ 0.1s. This allows the system to enter a metastable state dominated by noncontractible pairs, which then live for
a time set by thermal activation, /T ~ 1 year. The crossover to the hydrodynamic regime for ¢ > t7 occurs only for
sufficiently large system sizes (namely, if the system can access sufficiently low monopole densities), which correspond
to samples of linear dimension much larger than 10 nm
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nisms at play, but we note that the precise functional form or even the asymptotic power law decay
of the free monopole density implied by the model are not a requirement in order to observe a
noncontractible plateau in the thermodynamic limit. Indeed, at the mean field level, any decay of
pr (t) faster than 1/¢ will give rise to a plateau in the density of monopoles forming noncontractible
pairs. Even if pr(¢) does exhibit a crossover to 1/¢ behaviour at long times, the plateau will still be
present in the thermodynamic limit, but will only exist for a finite period of time before it starts to

decay.

4.7 Conclusions

Using a combination of Monte Carlo simulations and detailed mean field modelling, we investigated
the origin of the metastable plateau that is observed in thermal quenches to low temperatures
in classical spin ice [302]. Our results show that it is a consequence of the long-range nature
of the Coulomb-like interactions between monopoles, combined with the system entering a non-
hydrodynamic regime which is controlled by nonuniversal lattice physics. The claim that such a
plateau may have been observed in recent experiments [303] therefore provides further compelling
evidence for the long-range nature of the interactions between the emergent monopoles in these
systems.

In particular, we have shown that when the interactions between the monopoles are truncated to
finite range, the plateau reduces to a finite size effect. This is because the free monopoles in the
system perform independent random walks (when their density is sufficiently low) leading to a 1/¢
decay of their density with time . Although this is sufficient to create the “population inversion”
(in which noncontractible pairs become the dominant species in the total monopole density), the
slow decay of free monopoles implies that monopole-assisted decay remains effective and continues
to remove noncontractible pairs from the plateau indefinitely. On the contrary, in the presence
of long-range Coulomb interactions between monopoles, there exists an energetic bias in their
motion across the system. At sufficiently low temperatures, which are relevant for the formation of
a thermodynamic noncontractible plateau, the system enters a non-hydrodynamic regime in which
the monopoles move at terminal velocity in the direction of the local force acting on them. This
combination of long-range interactions and non-hydrodynamic behaviour leads to a rapid decay of
the free monopole density, faster than 1/¢ and violating the law of formal kinetics. The decay of
free monopoles is then sufficiently rapid to stop the monopole-assisted decay of noncontractible
pairs at long times, and therefore one observes a plateau of finite density in the thermodynamic
limit.

In this chapter we studied the case of sudden quenches to the target temperature. Spin ice

systems and materials are well-known to exhibit long relaxation timescales at low temperatures
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and a relevant and interesting question would be to investigate how much of the phenomenology
observed in the present work survives in the case of ramps, where the temperature is lowered
continuously to its target value, a question that is indeed of experimental importance. It would be
particularly interesting to see if there is a threshold in the ramp speed beyond which the behaviour
changes qualitatively. We note however that such studies, which are beyond the scope of the present
work, will likely require accessing significantly lower monopole densities and therefore simulating
larger system sizes, possibly beyond the current numerical capability.

Our numerical results are in quantitatively good agreement with analytics from mean field
modelling. This may come as a surprise if one thinks that fluctuations in the charge density ought
to bring about corrections that are not captured by mean field theory. However, emergent charges
in spin ice systems are subject to a hard-core, hyperuniform constraint in their spatial distribution:
The charges are born out of the underlying spins and one can easily verify that the maximal net
charge that can be accumulated in a volume £3 scales as £? (as opposed to free charge systems,
where the latter can scale as £3). As a result, long-wavelength fluctuations are suppressed, and one
can expect mean field calculations to be in fact rather accurate in describing spin ice behaviour. We
note that the charge model introduced in this chapter is not in general subject to the same constraint.
However, we impose the same initial conditions as in the spin ice system, which are therefore
hyperuniform. The good agreement with mean field theory suggests that this seeding is sufficient to
maintain hyperuniformity throughout the time evolution following the quench (at least within the
system sizes and time scales accessible in our simulations).

Given the importance of including exchange interactions between spins beyond nearest-neighbour
separation in describing the equilibrium (and out-of-equilibrium) properties of spin ice [322-325],
it is pertinent to ask what the effect of such farther-ranged interactions might be on the thermal
quenches discussed in the present work. Consider the inclusion of second- and third-neighbour
interactions J, and J3. The latter is subdivided into J3, and J35.In the special case J, = —3J3,
and J3, = 0, these interactions can be summed to give exactly the truncated (nearest-neighbour)
interactions between charges: & J, > (ab) 0,0y (in addition to a shift of J.¢). The inclusion of
such farther-ranged interactions hence modifies the short-distance physics of monopoles and leads,
for example, to a modification of the barrier to activated decay of noncontractible pairs. When the
interactions do not satisfy this condition, we expect nonetheless that the behaviour of the system
will remain qualitatively similar provided that the long-range bias for monopole motion across the
system is active during the transient (terminal velocity) regime in which the plateau is established.

Direct observation of the behaviour studied in this work requires experimental probes that
measure the monopole density in spin ice materials. One could envisage using the width of the pinch
points in the neutron scattering structure factor [85, 320] (with a caveat on the contribution from
nearest-neighbour pairs, such as the noncontractible pairs, as discussed in Ref. [326]). Alternatively,

small quenches in the magnetic field, and a measurement of the magnetisation M () that ensues,
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give access to the time evolution of the free monopole density, since dM/dt o py [327]. Further
experimental probes of monopole density in spin ice would be very much welcome in this respect.

The potential departure of long-range interacting lattice systems from a hydrodynamic de-
scription, and thence from the law of formal kinetics, is somewhat expected: At sufficiently low
temperatures, the change in energy incurred by a microscopic discrete update in the system becomes
larger than the thermal energy. However, one generally expects this phenomenon to affect only the
short-time dynamics, and that at long times the universal hydrodynamic behaviour is recovered.
Thermal quenches in spin ice demonstrate that, while this expectation must ultimately be satis-
fied, the altered nonuniversal, transient dynamics during times # < 1 s can induce very long-lived
metastable states that change the behaviour of the system over a large range of ‘intermediate’ times
spanning many orders of magnitude (easily growing to be of the order of 1year or longer for
experimentally relevant parameters and temperatures).

This phenomenon may play a role in other aspects of the behaviour of spin ice models and
materials at low temperature (for example, a departure from hydrodynamic behaviour could be a
contributing factor to the deviation from the so-called ‘quasiparticle kinetics’ in Ref. [303]). It may

also be relevant to other long-range interacting natural and artificial lattice systems of interest.
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Logarithmic growth of entanglement

in a two-leg ladder

5.1 Motivation

A key theme in Chapter 3 was the emergent disorder, generated by the thermal excitation of visons,
that arose in the effective description of spinons. There, our interest was in the dynamics of spinons
propagating through a thermally excited but static vison background. In this chapter, we study the
behaviour of a related family of quasi-one-dimensional models that host an extensive number of
Z, valued conserved charges, analogous to the visons. In contrast to Chapter 3, we are primarily
interested in the case that the system is well isolated from its environment. In this context, the
notion of temperature — inherently an equilibrium concept — is replaced by finite energy density,
and a pure state takes the place of the canonical density matrix. This allows the system to coexist in
different vison configurations simultaneously, since a generic low entanglement pure state typically
has a finite projection onto (exponentially) many vison sectors. In the following, we will explore

the impact of the visons on the nonequilibrium dynamics of the quasi-1D models.

The far-from-equilibrium dynamics of isolated many-body quantum systems has been a very
active topic of research in multiple fields of contemporary physics, ranging from decoherence in
quantum information theory to the black hole information paradox [25, 328, 329]. A central topic
in this field has been the phenomenon of “many-body localisation” (MBL), by which an isolated
quantum system fails to reach a local equilibrium state starting from generic initial conditions [27,
174, 330, 331]. In systems subject to strong quenched randomness, the existence of MBL can be
proven under minimal assumptions [161]. Whether MBL can happen in systems with (discrete)
translation invariance is a relatively subtle question [185, 190, 332-335]: in fully generic systems
of this kind, it seems likely that strict MBL (i.e., a regime where a system never approaches
equilibrium) is impossible [186, 200], at least in the conventional thermodynamic limit [336].
However, in many specific (albeit fine-tuned) models, disorder-free localisation can be established;

near these fine-tuned limits, one expects the phenomenon to persist to long times, though perhaps
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not asymptotically [193—-199, 337].

Experimental studies of MBL have hitherto been conducted mostly on cold-atom systems and
other forms of synthetic quantum matter [187, 338—343] (apart from a few studies on disordered
semiconductors and superconductors [344-347], and a very recent study on phonons [348]). The
key condition for disorder-free localisation—namely the presence of local conserved charges that
generate intrinsic randomness at finite temperature—can also be satisfied in strongly correlated
electronic systems. However, studies of disorder-free localisation in this setting have so far focused
on somewhat fine-tuned models that are of limited experimental relevance, and on operators that are

diagonal in the conserved charges.

Here we study specific spin ladder models that are relevant to the description of transition
metal oxides [349], with an emphasis on quantities that can be measured in experiment, such as
the dynamical structure factor. The models under consideration may be mapped to free fermions
coupled to emergent disorder provided by local Z, conserved charges. In contrast to previous studies,
we are primarily interested in the behaviour of operators or quantities that modify the emergent
disorder realisation. Such sector-changing operators are unique to systems in which the disorder
is emergent, and thus the phenomenology that we consider goes beyond that of systems where
the disorder is quenched. Specifically, we explore the growth of entanglement and the dynamical
response of these models by relating them to Loschmidt echoes in free-fermion systems [197].
These free-fermion methods give us access to much larger system sizes than are usual in the
study of MBL. The main result of this chapter is that both the entanglement dynamics and the
experimentally relevant response properties of these models follow the predictions for generic
many-body localisation: entanglement grows logarithmically in time [170, 171, 175-178] and
certain dynamical correlation functions decay with anomalous power laws [350-354]. Given that
the model is essentially noninteracting, this behaviour is surprising. Beyond being experimentally
relevant in the study of strongly correlated materials [349], our models afford us a level of analytical
understanding that allows us to elucidate why disorder-free single particle localisation due to

emergent randomness can give rise to the same phenomenology as MBL.

We focus our attention on the square lattice compass model [111, 349, 355], which may be
viewed as a quasi-one-dimensional analogue of the Kitaev honeycomb model [47] introduced in
Sec. 1.4.5. This model is dual to the plaquette Ising model [356, 357], which has been explored
as a prototypical model with “fracton”-like excitations, i.e., excitations whose motion is confined
to reduced dimensions [358]. The relation between fractons and disorder-free MBL also remains

largely unexplored in the literature (but see Ref. [359]).
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Figure 5.1: Schematic depiction of the model and its mapping to a disordered transverse field Ising model.
A Kramers—Wannier duality of the compass model (5.2.1) along the rungs isolates the conserved
charges ¢ ql Z 1, ,Zz i Within each charge sector {g; } the Hamiltonian of the 7} spins H (g })
corresponds to an Ising model with nearest neighbour coupling J; ;+1 = I't 4+ I'2qiqi+1.
The compass model (5.2.1) is also dual to the plaquette-Ising model (5.2.3) via a standard
Kramers-Wannier transformation.

5.2 Models and mappings

We begin by introducing the compass model on a two-leg ladder [349], as illustrated in Fig. 5.1:

cornpass = AZXI jXZJ Z ZF ZajZa j+15 (521)

j=1a=1

where ()20,, s Zaj ;) are the usual Pauli matricesonlega = 1,2andrung j = 1,..., L. Introducing
the operators g; = Zl,j Zz,j on each rung, [H, qg;] = 0 since the operators g; and fl,jfz,j
share either zero or two sites. This leads to an extensive number of conserved charges {g;},
one for each rung of the ladder; since (¢% ; )?> = 1, the conserved c-numbers are ¢; = +1. The
conserved charges ¢  are analogous to the Z, gauge field in the Kitaev model [47] and its ladder
generalisations [123, 124], introduced in Secs. 1.4.5 and 1.4.5, respectively. The presence of such
local conserved charges is the hallmark of disorder-free localisation [193-199, 337].

We may then perform a 2-site version of the Kramers—Wannier duality along the rungs of
the ladder to dual spin-1/2 degrees of freedom 7); and ¢;: )21 j)gz,j — ﬁ;‘, Zlyj — ﬁjz, and

Z ]ZZ i qz In this language, the Hamiltonian (5.2.1) becomes

L—-1
Hing = AZ — > (D1 + T2G54%,,) 7303y, - (5.2.2)
j=1

There are three further equivalences to keep in mind. First, the transverse field Ising model

(TFIM) (5.2.2) can be transformed, via a standard (leg-direction) Kramers—Wannier duality, to one
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in which the transverse field and interaction terms are interchanged. Second, either Ising model
can be mapped to free fermions via a Jordan—Wigner transformation. Third, one can undo the

(rung-direction) Kramers—Wannier duality to arrive at a plaquette-Ising model with the Hamiltonian

oo AZ AZ AZ 4 _ AX
Hnp=—-A E 07 ;05 ;07,4102 j+1 E Fa%,j . (5.2.3)
J Jo

Note that the spins live on the sites of the square lattice here, not on the links as in the Z, lattice
gauge theory in previous chapters. Instead, it is analogous to the Xu—Moore model [360, 361]
introduced in the context of p + i p superconducting arrays [360—362] (which, incidentally, also
appears in a dual description of the toric code in a transverse magnetic field [66]). For a discussion of
boundary effects, see Appendix E. In this chapter we will treat the disorder-free spin models (5.2.1),
(5.2.3) as fundamental (for the purpose of identifying local physical observables). The full set of
equivalent models is captured by Fig. 5.1.

5.2.1 Exact solution

Working with tensor product states of the form |{g;}) ® |®), the Hamiltonian (5.2.2) becomes block
diagonal. Within each block, the Hamiltonian is equivalent to a standard transverse field Ising model,
where the transverse magnetic field A is uniform, while the nearest neighbour interactions take
two values J; € {J4, J_}, with J. = I'; & I',, depending on the configuration of the conserved
charges {qlz} After performing a standard Jordan—Wigner transformation, the Hamiltonian (5.2.2)

may be written in terms of fermionic degrees of freedom

L1 L
B = =Y i (&féian + &fas + &l + émér) = Db (1- 2@}5,.) . (524
i=1 i=1
We have written the Hamiltonian in its most general form, allowing for the possibility of disorder
in the magnetic fields {/;} and the nearest neighbour couplings {J;} simultaneously, since the
same analysis may then be applied directly to the Kramers—Wannier dual model (5.2.3) in which
the magnetic field and exchange terms are interchanged. The Hamiltonian may equivalently be
written in the Majorana basis, which will prove to be particularly convenient when calculating
nonequilibrium quantities. One defines 2L Hermitian Majorana operators a; = &;r in place of the L
complex fermions:

Goj = 1] —¢)). o1 =¢] +¢;. (5.2.5)
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With the chosen normalisation, one finds that {d;,d;} = 2§;; (i.e., a7 = 1). In this basis, the

Hamiltonian is written as

L—1 L 2L—1
Hren = ZiJj&Zj&2j+l + Zihdej—I&Zj = Z NP (5.2.6)

j=1 j=1 k=1
where, after the second equality, we have defined J,; = J; and J>;—1 = h;. Finally, we can
write (5.2.6) in terms of a real, skew-symmetric matrix W = —W7 by antisymmetrising the matrix

Jij = Jibi,j—1, where Hipy = 73, mWmndy. Such real skew symmetric matrices can be

block-diagonalised in terms of an orthogonal matrix Q € O(2L)

(0 €1 \
—€; O

W =030, with X = 0 e , (5.2.7)
—€, 0

\ )

where €, > 0, a particular instance of the Schur decomposition [363]. The eigenvalues of the

matrix X are pure imaginary, =+i¢€,. This block diagonal representation allows the Hamiltonian to

be written in the canonical form

. L L

A l A A At A

H = 5 Zeann—len = Zen ()/;,r)/n - %) ) (5.2.3)
n=1 n=1

where the complex fermions y,, which diagonalise the Hamiltonian, are related to the Majorana op-

erators 15,, via relations analogous to Eq. (5.2.5). One may alternatively diagonalise the Hamiltonian

without reference to the Majorana basis by means of a Bogoliubov transformation, as described in

Appendix F.

5.2.2 Anderson localisation

The spectrum of Hamiltonian (5.2.2) can then straightforwardly be constructed for any sector of
the conserved charges {g;} using the methods described in the previous section. For random {g; }
(e.g., in high-temperature states), the dynamics is that of Majorana fermions with random binary
hopping. The Hamiltonian (5.2.2) has an eigenstate phase transition [364—-366] in a given sector of
{q;} when

(log [Ty + T2 qgj+1]) = log |A[, (5.2.9)
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Figure 5.2: Left: Phase diagram of the two leg compass ladder at infinite temperature. The boundaries
between the two phases, paramagnet (PM, blue) and spin glass (SG, orange), occur at |I‘12 —F22| =
AZ. This condition coincides with the vanishing of the zero-energy Lyapunov exponent, y(0).
The blue dotted lines, I'y = £I'; indicate where the localisation length vanishes, and the black
dashed line indicates the parameter range that we focus on. Right: Single particle localisation
length, &.(F), as a function of energy E along the black dashed line on the phase diagram.
The system has a vanishing localisation length for equal couplings on the two legs of the ladder
I'y = I',, where the chain is split into multiple disconnected sections. The localisation length was
determined using standard transfer matrix techniques [145] for a ladder of length L = 2 x 10°.

where the average is over space. At infinite temperature this transition point is at |F12 — F22| =
AZ?. Tt separates a random paramagnet with localised excitations—for which the order parameter
autocorrelation function, (777 (¢)7%(0)) = (Z 1. (I)Z 1. (0)), vanishes—from a “spin glass” phase,
in which it does not. Note that at the special value I'y = I', the system is always paramagnetic,
according to the criterion above. This follows because bonds for which ¢;¢g;+; = —1 are cut, and a
finite segment of a system cannot undergo a phase transition. See Fig. 5.2 for the complete phase
diagram. The phase transition separating these two dynamical phases is in the infinite-randomness
universality class; at the transition point, the system is marginally localised with a localisation
length that diverges as the single particle energy vanishes £ — 0 [367].

The single-particle localisation properties can be analysed more thoroughly throughout the

entire spectrum using the system’s transfer matrix

I (—E/A —J,-/A) <—E/J,~ —A/J,-) (52.10
1 0 1 0
2 7. .
_ (E /AT — Ji/A  EJJ; ) | (52.11)
—E/J; —A/J;

where the energy E parametrises the eigenvalues of the single particle Hamiltonian, defined by
writing (5.2.6) in terms of complex fermions. The corresponding energy-dependent localisation

length is shown in shown in Fig. 5.2, calculated using the transfer matrix methods described in
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Sec. 1.5.1. Since the transfer matrix becomes diagonal at zero energy, the corresponding Lyapunov
exponent y(0) may easily be evaluated analytically using the central limit theorem. One finds that
y(0) = [In|J,/A

, which evaluates to

FZ _ FZ
y(0) = %abslnM

- (5.2.12)

As alluded to previously, y(0) vanishes at the phase boundaries® defined by ‘I‘lz — I’zz‘ = A2, as
shown in Fig. 5.2.

As one lowers the temperature, the c}f become increasingly likely to align with their neighbours,
so the localisation length grows. At zero temperature, there is no randomness, and the system
undergoes a ground-state phase transition that is in the Ising universality class. However, the system

is localised at any finite energy density above the ground state.

5.3 Entanglement growth

Since the model (5.2.2) has free-fermion dynamics in any fixed sector, one can deduce that a general
low-entanglement (e.g., product) initial state that is an eigenstate of all the qu will quickly saturate
to area law entanglement—at least away from the critical point for that sector. If we start instead
from a superposition of éf eigenstates, the entanglement exhibits unbounded slow logarithmic
growth that is characteristic of MBL systems. This is the first main result of this chapter, and in
what follows we explain intuitively why this happens, and then explain how one can exploit the
free-fermion character of the dynamics in each sector to efficiently compute the entanglement for
relatively large systems.

One can imagine “integrating out” the free fermions to arrive at an effective classical spin model
with Hamiltonian I:Ieff(qu). This Hamiltonian has diagonal interactions that decay exponentially in
space with the characteristic fermionic localisation length. Starting from an initial superposition,
these interactions will cause slow dephasing, and thence slow entanglement growth, exactly as in
Refs. [170, 171, 178]. One can illustrate this by considering a minimal example involving a 2 x 2
ladder. The Hamiltonian is I-AItOy = —(T; + Fﬁf@;)(@f@z + é;r(?;r +He) =AY (1 - 26;6]-).
Considering for simplicity the sector with odd fermion parity (i.e., one fermion), the eigenstates
have energies +(I"; + ['2q142). Thus, if the initial state is a superposition of different éjz states, it
will dephase on a time scale ~ 1/T',". The dephasing rate between pairs of § ; falls off exponentially

with distance, so at time ¢ each ¢g; is entangled with ~ & log(¢ /&) others [178].

*As discussed in Sec. 1.5.1, in a system of finite size, one must look instead at the fluctuations, and it can be shown
that the localisation length diverges as ~ /L.

TDephasing occurs on a different time scale in the even parity sector where the eigenstates have energies
£V(T1 + q192T2)% + 4A2,
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Figure 5.3: Schematic illustration of the relation between different disorder configurations in the calculation
of the second Rényi entropy S». The colours correspond to different disorder realisations of the
charges {g; } in the A and B subsystems. There are four replicas of the system corresponding
to two forwards (left to right) and two backwards (right to left) time evolutions. Adjacent
forwards and backwards time evolutions share the same disorder configuration of either the A or
B subsystem, depending on their parity, as represented by boxes of the same colour.

We now consider, more generally, an initial product state of the compass spins |W) = Z 1, V) =

X 2,; W), V j. It can be written in terms of the Ising spins as

=10 s 3 ). 53.1)

q;==%1

where ﬁjz |®) = |P),V j. As aresult, the product state (5.3.1) has an equal-weight projection onto
every charge sector.

We bipartition the system leg-wise, into two ladders 4 and B, each of length L4 = Lg = L/2.
Since the reduced density matrix p4(¢) describes all correlations within the subsystem A, we are

able to decompose it in terms of Pauli strings:

. 1 . L L
pat) = o ) e [p(t) I1 nf-”} i (53.2)
o3 J€A J€EA
where u; = 0,1,2,3, 7? is the identity and ﬁ}’2’3 = 7", The form of the Jordan-Wigner

transformation maps the Hilbert space of the first L4 spins onto the first L4 (Majorana) fermions
and thus the density matrix of the spins and of the fermions is the same [368]. Further, the
transformation that maps 7 to compass spins does not mix the 4 and B subsystems and hence the
reduced density matrices of the 7§ and compass spins are unitarily equivalent.

We find that in terms of the 7-spins

~ 1 A A A A A A
Tepi =0 2. T [TrB Ulqi. %) PoUT (g5 . qF) Trp U(qé“,qf)Pq>UT(qf‘,qf)],
{q1}:.{q2} 533
(5.3.3)

where Py = |®) (] is the projector onto the initial state of the 7-spins, and U(g™*, ¢®) is the time
evolution operator with a disorder configuration specified by {g} = {g4} U {g®}. The exponentiated
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Figure 5.4: Entanglement entropy S»(¢) after beginning in the translationally-invariant initial state (5.3.1)
for a cut through the legs of the ladder that splits the system into two equal halves. Left panel:
After some initial transient dynamics, S () grows logarithmically in time, until it eventually
saturates due to finite size. The saturation value is consistent with volume-law growth, as shown
in the inset. Systems of size L < 12 (N < 24 spins) are calculated using exact diagonalisation,
while larger system sizes are evaluated using random sampling of Eq. (5.3.3). All curves are
calculated using parameters I', = A = 1, and I’y = 1/2. Right panel: Scaling collapse of the
data for a fixed system size L = 22 for various values of I'1, shown prior to rescaling in the
inset, confirming the scaling S»(¢) ~ & log(¢ /&) that one may obtain within perturbation theory.

Rényi entropy e ~52®) o Tr 03 may be regarded as a disorder average over two independent charge
configurations {g; } and {g,}. The expression includes two forwards time evolutions U (g4, ¢%), and
two backwards time evolutions U T(g4, q®), each containing a different Hamiltonian. However, the
trace enforces that the disorder configurations appearing in these Hamiltonians are not independent.
For the entropy Sy (¢) with (integer) > 2 there exist 2« replicas of the system with different
disorder configurations correlated in the manner shown schematically in Fig. 5.3.

The expression (5.3.3) is evaluated numerically for « = 2 using the free-fermion techniques
described in the aside below. and plotted in Fig. 5.4 for ', = A = 1,and I'y = 1/2 (with an average
localisation length § ~ 5.32). After some initial transient dynamics, the growth of the entanglement
entropy is seen to be logarithmic in time for sufficiently large systems, S, (¢) ~ & log(¢ /), before
finite size effects become relevant and the entropy saturates™. As shown in the inset, the late-time
behaviour of S, is volume law: S, (0c0) o L.

We emphasize that the logarithmic entanglement growth is a consequence of the mixing between
different g-sectors in the Ising model; in a fixed g-sector, the dynamics is described by an Ising

model with binary disorder, for which entanglement growth saturates (away from the critical point).

*We focus for simplicity on the second Rényi entropy, S» (), but we expect the von Neumann entanglement entropy
to exhibit similar logarithmic growth.
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Aside: Free fermion techniques In free fermion systems that do not conserve particle number, only its
parity, the method of Gaussian density matrix composition [368] provides a convenient way of calculating
the system’s properties, both in and out of equilibrium. We make extensive use of the composition rule when
calculating the entanglement entropy [Eq. (5.3.3)] and the dynamical structure factor [Eq. (5.4.1)], and will
briefly review the necessary details here.

Gaussian density matrix composition. Given two normalised fermionic density matrices p1, pp of the

form

A 1 Lop o

0i = Eexp Za Wial , (5.3.4)
where the matrices W, = —WiT are skew-symmetric (not necessarily Hermitian), and a is a vector of

Majorana operators. As shown in Ref. [368], the product pq 05 is also a Gaussian density matrix. The matrix
Wi, that defines this state can be shown to satisfy e"12 = ¢W1¢W2 ysing the Baker—Campbell-Hausdorff
(BCH) identity. However, the correlations implied by states of the form (5.3.4) are completely determined by

the corresponding correlation matrix
Tym = Trlanpam] — Snm - (5.3.5)

The correlation matrix I'' should not be confused with the parameters I'y and I'; that appear in the Hamiltonian.
It can then be shown that, for density matrices specified by correlation matrices I'y and I'», p[I';] and p[I'2],

respectively, their product satisfies the following composition rule
PIL1]p[2] = {1, T2}p['1 x 2], (5.3.6)
where {I'y, 2} = Tr p[I"'1]p[I'2], and 'y x 'z is the correlation matrix of the composite density matrix. As

shown in Ref. [368] the composition “x” of correlation matrices is defined as

1
r Ih=1-1-I'p))———1-1I). 5.3.7
1 x Iy ( 2)ﬂ+E1]P2( 1) ( )
The normalisation factor {I';, '} appearing in (5.3.6) may be written in terms of the spectrum of the product

matrix I'; ', (whose eigenvalues are doubly degenerate)

1 + Vj
T2y = ] 5 (5.3.8)
v; €Spec(I'1T2)/2

1
= o7 Vet [L + Tl (5.3.9)

where the product is over half of the doubly degenerate spectrum. The unspecified sign in terms of the square

root of the determinant may be resolved by writing the result in terms of Pfaffians. In particular, we find that
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the normalisation factor may be written explicitly as

P +T,) 1
2LPEITY (2L

(I, Iy} = Pf(I") PRI 4+ Ty) . (5.3.10)

We now turn to expressing projectors Po = |®) (D], appearing in a number of expressions throughout
this chapter, as a Gaussian density matrix. If the state |®) has a well-defined number of Jordan—Wigner

fermions on each site in real space, then the relevant projector is

L
@) (@ = [T 2. (53.11)
j=1

where f’j(o) =1- cA}rcAj and }3]-(1) = é;éj project onto states with n; = 0, 1 fermions on site j, respectively.

Now, each of these projectors may be written as a Gaussian density matrix. In particular,
A ~
1—acle, = Mm% (5.3.12)
where ﬁj(o) is recovered in the limit « — 17. Conversely, for the orthogonal projector

~F o
—lecj ln(1+oz)cj

o' (1 +adle) =a , (5.3.13)

where now Isj(l) is recovered in the limit @ — co. We now proceed by writing the density matrix in terms of

Majorana fermions @, using the relationship

AF o 1 A .
éle, = S (1t id2j1d2)). (5.3.14)

A 1 4 4 . . .
Therefore, writing p = %e & Lmn @mWmnln he skew-symmetric matrix W decomposes into 2 x 2 blocks

In(1 F @) (az—; ) (_Oi ;) (a”‘l) . (5.3.15)

dasy

along the diagonal:

Taking the matrix hyperbolic tangent to obtain the correlation matrix, I' = tanh(WW/2), we arrive at

; 1
I, 0 i tanh [ % In(1 F o) ] (5.3.16)
—itanh [1 In(1 F )] 0
o Fi\*"
l
I = = [+0,]®Y 5.3.17
(:I:l 0 ) [ Uy] ’ ( )

where in the second line we have taken the appropriate limit for «. Here o, corresponds to the second Pauli
matrix. Hence, time-dependent expressions involving the projector onto the initial state Po may be computed

using the composition rule (5.3.6) and the correlation matrix (5.3.17).
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Green’s function approach. When the required expectation value can be written as a product of time-
evolved Majorana operators, as in Eq. (5.4.2), we can use the ‘Pfaffian trick’ to map the desired correlator
onto a single Pfaffian. In particular, given an ordered list of (linear combinations of) Majorana operators

(ﬁl , (]32, e (]32,,1, the expectation value of this list with respect to a Gaussian state P is given by
(D12 -+~ bam|®) = PI(G), (5.3.18)

where the antisymmetric matrix G is defined by G;; = (®|q3i <;A5j |®) fori < j. Applied to a time-ordered

product of Majorana operators, we arrive at
(@[T a1(1)az(12) -+ - aam (t2m)|®) = PF(G). (5.3.19)
where G;; = (®|Ta;(t;)a;(t;)|®P) fori < j. Fort > 0,
Gij = Ti[ai(1a; (0) | @) (P[] (53.20)

Writing the time evolution of the Majoranas in terms of the unitary matrix U(¢), a(¢) = U(t)a(0), the Green’s

functions may be written as Q; = [U(#)(1 + I')];;, where I" is the correlation matrix of the initial state .

5.4 Dynamical structure factor

Logarithmic entanglement growth, while central to the phenomenology of MBL systems, is not
realistically measurable in most experiments. In what follows we consider an observable that is
straightforward to measure in solid-state experiments, which we argue also exhibits signatures of
MBL that are related to the logarithmic growth. Let us consider the dynamical structure factor
in the basis of the compass spins fla, j» where S =X , Z.In particular, we are interested in the
time dependence of (ﬁla,,— (t)f]:g’ j (O)), where the angled brackets correspond to a finite temperature
average with respect to the canonical ensemble [although analogous results are obtained using the
translationally invariant initial state (5.3.1)]. The trace over charge configurations {g; } implies that
each (ﬁjl‘ operator that projects out of a given sector must appear an even number of times for the
expectation value to be nonvanishing. As a consequence, the mixed elements XZ and ZX must
vanish identically.

In the high-temperature limit, the nonzero components of the structure factor may be written as

(X1i(1)X1,;(0)) SijTr[e"ﬁ“q})fe—iﬁf" ({q};—qf”] : (5.4.1)

(Z1:(t)Z1,;(0)) 51’1Tr[eiﬁ({q})’e‘iﬁz‘z({q})’] : (5.4.2)
where the overline corresponds to an infinite-temperature average over the various charge sectors,
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H! = 7" Hi", and H({g}: —q;) denotes that the sign of the spin ¢; on site i, has been flipped
with respect to the configuration {g}*. In both cases the forwards and backwards Hamiltonians
differ by some local perturbation in the real space spin basis, and may be evaluated efficiently using

free-fermion techniques.

Despite the apparent similarity between the two expressions, the behaviour of the two com-
ponents is markedly different. The reason for this difference is the absence (presence) of sector
changing operators é]x in the ZZ (XX) correlator. The ZZ correlator, being diagonal in the conserved
charges, maps directly onto the order parameter correlator of the Ising Hamiltonian in Eq. (5.2.2),
(717 ()75 (0)), for which only the autocorrelation function i = j is nonzero at infinite tempera-
ture [369, 370]. In the presence of emergent randomness, the behaviour of this correlator can be
understood in the excited-state real-space renormalization-group (RSRG-X) framework [365]. In
the paramagnetic phase, this correlator decays to zero, while in the ferromagnet it saturates to
a nonzero value. (In a finite system, the correlator eventually vanishes, but on a time scale that
diverges with system size.) This plateau is shown in Fig. 5.5. The ZZ correlator is therefore not
sensitive to the emergent nature of the disorder, and behaves identically to a TFIM in the presence
of quenched disorder. That such behaviour can occur in translationally invariant models is worthy

of note, but has been observed before in a variety of contexts (see, e.g., Refs. [124, 193—-199, 337]).

Conversely, the XX correlator involves both flipping Ising spins and changing g-sector. Since the
forwards and backwards time evolutions involve different disorder realisations, the XX component is
aware of the emergent character of the disorder. The XX correlator therefore exhibits phenomenology
beyond that of conventional disordered systems, and by extension beyond that of operators that
are diagonal in the local conserved charges (distinguishing our results from, e.g., Ref. [124]).
The differing forwards and backwards time evolutions imply that Eq. (5.4.1) is analogous to a
Loschmidt echo after a local quench. Treating the difference between the forwards and backwards

time evolutions as a perturbation ~ €(77_, 77 + 7777, ;) [371], we find that, in a typical g sector,

L —c&
(10 %05 0)) ~ T cos(er [yl o7 + vl ) ~ (g’) | (5.43)
n=1

where the matrices ¢ and ¢7 diagonalise the fermionic Hamiltonian®, and ¢ > 0 is an O(1)
number. This correlation function is essentially the exponentiated entanglement, and represents the
second main result of the chapter. We see in Fig. 5.5 that this power law decay is indeed seen in the

numerics, with an exponent that is consistent with Eq. (5.4.3) (away from the critical point).

*The combined effect of commuting 77 and g7 through the Hamiltonian is to change J+ = I'y £ ', — —Jx on
bondsi andi — 1.
TSpeciﬁcally, the Majorana operators that diagonalise the fermionic Hamiltonian, H = ’5 > €nran—1Aan, are

related to the real-space Majoranas via the transformations d»; = Y, ¥/ A2, and G2;—1 = D, ¢ A2n—1.
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Figure 5.5: Time dependence of the diagonal elements of the infinite-temperature dynamical structure factor
in the compass spins, )fa,j and Zaﬁj, for L = 48 (N = 96 spins), and I' = A = 1. (a) The
XX correlator exhibits a decay consistent with Eq. (5.4.3): Power law ~ ¢V, with an exponent
proportional to the localisation length £, as shown in panel (b). Conversely, the ZZ correlator
(c) is diagonal in the conserved charges {c}f}, and hence maps directly onto the corresponding
spin correlation function of the disordered TFIM (5.2.2). The inset shows the divergence of the
time scale over which the plateau decays with system size in the ferromagnetic phase (shown for
L = 8,16,24,32,40).

5.5 Exponentially weak dephasing

In order to connect the decay of the XX component of the structure factor and the logarithmic growth
of the second Rényi entropy, we can frame the latter in the language of exponentially weak dephasing,
as in Eq. (5.4.3). The following arguments elucidate the correspondence between the two quantities,
and provide a justification for the universal S,(¢) ~ £ log(¢/§) scaling observed in the numerics
(Fig. 5.4). We begin by expanding the time evolution operators appearing in Eq. (5.3.3) in their
eigenbases. Since the eigenstates within a typical sector at infinite temperature are exponentially
localised (away from the critical point), we make the assumption that the eigenstates factorise over
the two regions A and B, i.e., a given eigenstate |«) of the composite system may be written as
o) = |oa) ® |ag). In particular, we imagine cutting the bond between the central sites of the
ladder, and take the eigenstates of each half separately. We will then reintroduce the coupling
between the two halves perturbatively. The approximation of factorising the eigenstates in this way
clearly breaks down at the boundary, but holds in the bulk at distances significantly greater than
the localisation length £. It is the bulk contribution that gives rise to the logarithmic growth, and

so we are not concerned with such boundary effects, which only appreciably affect the short-time
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dynamics. Explicitly, each time evolution operator is written in the form

U(qa.qp) ~ Y e Faras@en) g4} @ |ap) (4| ® (ap] - (5.5.1)

4,0

Note that although we have assumed the eigenstates remain unchanged upon recoupling the two
halves back together, we have not assumed that the same is true of the energies. In what follows
we will omit the tensor product symbols for brevity. Substituting this ansatz into (5.3.3), and

performing the appropriate traces over the A and B subsystems, we arrive at the expression

A2 —iE11(aa,BB)t+iE21 (ya,BB)t—iE22(ya,68)t+iE12(0a,68)t
Trpy >~ 7L E E E e
{q1}.492} a.B .8

(@al (Bs| Polya) |1Bs) (val (88| Polaa) 185) . (5.5.2)

where ay, y4 label the eigenstates of the A subsystem in the presence of disorder configurations
qf‘ and qé‘l, and Bg, 8p label the eigenstates of the B subsystem for configurations ¢ and ¢2,
respectively. The notation Egp, is shorthand for the energy E, 1 e i.e., in the presence of disorder
configuration specified by {g4} U {q,f }. Since the initial state dependence of Eq. (5.5.2) is very
weak, it is reasonable to assume that the projectors onto the initial state behave as a random matrices
in the eigenbases. This allows each of the matrix elements above to be replaced by 1/2% (this step
can equivalently be viewed as averaging over initial states). In this way, the above expression can

be written purely in terms of the eigenenergies in a manifestly positive way

A~ s 2 Y | e |~ ilEuGeu fr) — Enua k)| . 559

{qi'}.4q5'} @4-v4 |{qB} BB

We are now able to add back the connecting bond between the two halves of the system to see
how the energies of the system as a whole are affected. Within second order perturbation theory,
controlled by the parameter € < 1, one arrives at the following expression for the energy of the

connected system

Eaw({o:}) = ED({o:}) + € Zhabol +e Y oo+ .. (5.5.4)
i#j
where the classical Ising variables 0; = 1, —1 parametrise the occupation numbers n; of the

eigenstates, 0; = 2n; — 1. The local fields h; , and the interactions J‘Z7 can be written explicitly in
terms of the wave functions ¥ and ¢} and the single particle energies, as shown in Appendix G.

While the index i runs over the single particle energy levels, we are effectively able to treat
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it as a spatial index since the eigenstates are localised. Crucially, the first order terms cancel,
and the interactions typically decay with the characteristic fermionic localisation length, JZ} ~
e2li=Jl/& /£2 (if the two Ising spins are situated on opposite sides of the cut). Substituting this
expression into (5.5.3), we find that (up to a time-dependent phase)

2L1/2 Zexp { —i[E11(ag, BB) — Ezl(yA,,BB)]t} x 1_[ cos |:262t Z (Jljliai B J2jliti>i| ’
Bs

JjEB i€A
(5.5.5)
where {0;} and {r;} parametrise the occupation numbers of the states a4 and y4, respectively.

The correspondence with the XX component of the dynamical structure factor (5.4.3) is now
clear. For a given set of occupation numbers {o;} and {t;}, the summation typically behaves
as > iy (Jljliai - szlir,-) ~ e 28 /g, and thence Trp3 = e =520 ~ (1/£)7¢, justifying the
statement that (5.4.3) is essentially the exponentiated entanglement. Taking the logarithm, we arrive
at the scaling behaviour S,(¢) ~ &log(¢z/&) observed in the right panel of Fig. 5.4. While the
arguments presented here have been formulated perturbatively, exponentially weak dephasing will
take place more generally as long as the effective two-body interactions decay exponentially. That

is, the higher order interaction terms between the eigenstate occupation numbers of the form

o0
D D K010k 01,05 (5.5.6)
n=1i,j{k}

which give rise to an effective two body interaction of the form

T o) = Ty + Y Y K 0k, 0, (5.5.7)
n=1 {k}

should decay with separation as Jl-‘;-ff ~ e7li=Jl/§ /€2 These expressions are analogous to those that
arise in the I-bit description of the MBL phase [27, 170].

5.6 Discussion

The central result of this chapter is that quasi-1D compass and plaquette Ising models, which arise
naturally in various experimental settings [349], exhibit a form of single particle disorder-free
localisation that bears many of the distinctive features of MBL. In particular, we have shown
that the emergent character of the disorder — which permits superpositions of different disorder
realisations, and operators that modify the disorder configuration — can lead to the unbounded
logarithmic growth of entanglement and anomalous power-law decay of correlation functions in

spite of the noninteracting nature of the Hamiltonian. This considerably broadens the scope of
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candidate materials for studying the dynamical signatures of MBL.

We established our results in a model that was solvable using free-fermion techniques; remark-
ably, the slow growth of entanglement, despite being inherently an interaction effect, is present in
these free-fermion models because (as we explained here) integrating out the fermions gives rise
to diagonal interactions and thus exponentially slow dephasing between distinct configurations of
conserved variables. (Related phenomena had previously been found in out-of-time-order correla-
tors [197, 372].) As we argued, this slow dephasing also manifests itself in more experimentally
accessible variables, such as the XX component of the dynamical structure factor. Note that, while
logarithmic growth of entanglement is also seen in some other models with divergent localisation
lengths [373] or strong zero modes [372], the compass model in its paramagnetic phase exhibits
neither of these features. Given the close parallels between the entanglement growth here and the
physics of Loschmidt echoes for free fermions, the present model raises the prospect of deriving
exact expressions for the asymptotics of entanglement and correlation functions, via solving a
Riemann—Hilbert problem [374]; this is an interesting topic for future work.

A natural question our results raise is what happens for ladders with more than two legs. These
systems still have one local conserved charge per rung (i.e., the product of X operators along the
rung), which can generate emergent disorder, as in the two-leg case. They are in general strongly
interacting and do not admit free-fermion solutions, and are thus beyond the scope of this work. For
parameters where these models have an MBL phase, their phenomenology should resemble that
studied here. However, such generic interacting models will also exhibit a delocalised thermal phase.
How sector-changing operators like the XX correlator behave at the many-body delocalisation

transition remains an open question worthy of future consideration.
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Conclusions and outlook

6.1 Summary

In this thesis, we have explored the interplay between nonzero temperatures and some of the
characteristic emergent phenomena that occur in spin liquids.

In Chapter 2, we studied the evolution of the entanglement content in thermal states — as quanti-
fied by the logarithmic negativity — for the toric code by means of exact calculations. Intuitively, as
temperature is increased, thermal fluctuations diminish the entanglement content of the system’s
state as the correlations become progressively classical. However, this does not occur in a smooth
manner; above a certain temperature, the negativity vanishes abruptly, a phenomenon known as
sudden death. Above this temperature, the vanishing negativity indicates that the correlations in
the system can be reproduced classically. The simplicity of the toric code’s spectrum allows for
a transparent physical interpretation of this result: An O(1) density of the lower energy defects
(visons) is required to degrade the zero-temperature entanglement between two subsystems in
contact with one another. However, one type of excitation alone is not sufficient to eliminate all
quantum correlations, and an O(1) density of the higher energy defects (spinons) is required to
cause sudden death. Consequently, if the spinons are forbidden by way of a hard energetic constraint,
locking in the zero temperature loop structure, quantum correlations survive up to arbitrarily high
temperatures, manifesting as a slow, algebraic decay of the negativity.

In Chapter 3, we studied the effects of nontrivial mutual statistics on the propagation of
quasiparticles in gapped spin liquids at finite temperature. We studied an unconstrained Z, lattice
gauge theory in the presence of a weak perpendicular magnetic field, where ring exchange leads
to the emergence of the toric code Hamiltonian, and thence topological order, in the ground state
sector. However, at intermediate temperatures that are comparable to the vison gap, the quantum
coherence of the ground state manifold is disrupted, and the thermal state of the system corresponds
to an incoherent, statistical mixture of classical ground states containing unbroken electric loops.
The magnetic field also causes the spinons to acquire a nontrivial dispersion. We showed how the

spinons’ dynamics may be understood in terms of a tight binding model wherein the visons act
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as sources of emergent 7 flux. In spite of the (discrete) translational invariance of the underlying
Hamiltonian, nonzero temperatures give rise to an incoherent disorder average over the emergent
Z, gauge field. Combining the approximation of self-retracing paths with numerical simulations,
we were able to characterise the transport properties of spinons, showing that the system exhibits a

crossover from ballistic to (sub-)diffusive behaviour at the time taken to diffuse to the nearest vison.

In Chapter 4, we looked at the nonequilibrium dynamics of monopoles in classical spin ice. The
system is brought out of equilibrium using a thermal quench, where the temperature is suddenly
lowered from its initial value, much larger than the monopole gap, to a value comparable to or
lower than the gap. When brought out of equilibrium in this way, spin ice exhibits metastable states
in its dynamics, which manifest as plateaux in the density of monopoles. We established that the
existence of metastable plateaux in spin ice is not guaranteed; instead, its origin is dynamical in
nature. Introducing noncontractible pairs as a species of quasiparticle, we formulated the emergence
of the plateaux in terms of reaction—diffusion processes. Within mean field theory, we demonstrated
that a plateau emerges if free monopoles are removed from the system sufficiently quickly to leave
behind a profusion of noncontractible pairs. This condition is not satisfied when the interactions
between the monopoles are truncated at some finite distance, in which case the plateau reduces
to a finite size effect. When the monopoles interact via a long-ranged Coulomb interaction, as is
expected in dipolar spin ice, the free monopoles are energetically drawn towards one another at

terminal velocity, and the plateau persists in the thermodynamic limit.

We showed in Chapter 3 that the presence of an extensive number of conserved quantities can
give rise to an emergent disorder average at nonzero temperature. In Chapter 5 we scrutinised
the emergent character of the disorder in an analogous quasi-one-dimensional model that hosts
Z, valued conserved charges coupled to fermionic degrees of freedom. When the disorder is
self-generated, a generic local operator will not only act on the fermions, but will also modify the
configuration of conserved charges. Additionally, different conserved charge arrangements can be
superposed. We showed that, starting from a generic low-entanglement initial state, entanglement
grows logarithmically in time, just as for many body localised systems, despite the system mapping
to free fermions within each charge sector. The origin of this logarithmic growth was shown
to arise from exponentially weak dephasing between different configurations of the conserved
charges, which inherit an effective, exponentially decaying interaction from the localised fermionic
degrees of freedom. Exponentially weak dephasing also plays a prominent role in the system’s
high temperature correlation functions, where it gives rise to power law decay with a continuously

varying exponent.
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6.2 Outlook and future directions

One of the defining traits of spin liquids is the exotic behaviour of their excitations, which inherit
their properties from the proximate 7" = 0 spin liquid state. As we have shown, and as it is well
known in the literature, it is often beneficial to think about these excitations as free quasiparticles
hopping on a lattice (although this lattice is sometimes unrelated to the real space lattice [273]). This
is certainly the case in Kitaev’s honeycomb model (see Sec. 1.4.5) and within the unconstrained
lattice gauge theory from Chapter 3, where the mapping can be established exactly or within
perturbation theory, respectively. This mapping renders the problem amenable to analytical and
numerical approaches, and many of the thermodynamic, spectroscopic, and transport properties
can be explained within linear response theory. However, in other lattice models — notably in spin
ice — the excitations are inextricably linked to the spin background from which they emerge, and as
a result their behaviour can be significantly more complex. Our results in Chapter 4 are a case in
point, since the spin background allows for the formation of noncontractible pairs of excitations,
wherein the two oppositely charged constituents are separated by a spin whose reversal does not
lead to annihilation of the pair. Similar considerations apply in the context of quantum spin ice,
where the spin background leads to blocked directions® and a bimodal distribution of hopping time
scales [375]. In this case, the free particle description assumes the form of a hopping problem
in configuration space [376], which may be approximated by a random regular graph. However,
the real space system sizes that one can access with this method are limited, and in general an
efficient description of quasiparticle motion in quantum spin ice remains an open question. A more
complete theoretical description would allow us to better understand recent thermal conductivity
measurements performed on quantum spin ice candidate materials [377].

Another striking conclusion of Chapter 4 is the importance of the short-time, nonuniversal
dynamics. Indeed, we showed that, when subjected to thermal quenches, the behaviour of spin ice
at long times and low temperature is determined not by hydrodynamics, but by its initial dynamics,
where ultraviolet physics is important. At short times, performing a microscopic discrete update,
such as a spin flip, can produce a change in energy comparable to or greater than temperature. One
generally expects that this behaviour will manifest as a short, transient contribution to the dynamics,
followed by the onset of universal behaviour. However, we showed that the initial, nonuniversal
dynamics allows the system to enter a metastable state that persists for many orders of magnitude in
time. This result highlights the necessity of including ultraviolet physics if we are to provide an
accurate description of experiments, both numerical and in the laboratory.

Over the last few decades, we have witnessed a vast improvement in experimental capabilities,

allowing us to probe electronic systems at ultrafast time scales with unprecedented spatial resolution

*In the presence of blocked directions alone, the motion of monopoles is quantum diffusive, and the Bethe lattice
mapping in Chapter 3 may be used to obtain the diffusion constant.
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(see, for instance, Refs. [378-381]). In addition, there has been a proliferation of experimental
platforms (so-called quantum simulators) possessing a high degree of control over their constituent
degrees of freedom, which are protected to a large degree from environmental influence, leading
to long coherence times. Experimental platforms including ultracold atoms [382—-386], trapped
ions [387-389], Rydberg atoms [390], superconducting qubits [391, 392], and others [393, 394],
have profoundly altered the relationship between theory and experiment, allowing us to follow the
real time dynamics of quantum many body systems with single lattice site resolution.

The implications of these recent advances for the field of spin liquids are twofold. Firstly, these
new quantum simulators provide an alternative avenue to study the behaviour of quantum spin
liquids with an unprecedented level of control (and allowing access to nonlocal observables, which
remain invisible to local experimental probes). Very recently, there have been a number of attempts
to realise topological spin liquids using superconducting circuits [395], Rydberg atoms [396], and
quantum annealers [53], following earlier attempts on significantly smaller systems [397-405]. The
finite coherences times and high spatial resolution of these platforms further motivates the need to
focus on characterising and quantifying the behaviour of many body systems on short time scales
and over short distances. Secondly, the development of new experimental techniques allows for
condensed matter systems to be probed in novel ways. For example, one very promising endeavour
1s to use two-dimensional coherent spectroscopy (2DCS) [380, 406—408] to identify new signatures
of spin liquid behaviour from a system’s nonlinear response properties [407, 409—411]. In contrast
to linear response, 2DCS is able to distinguish between a continuum of sharp modes and broadening
due to a finite lifetime, thereby offering a unique fingerprint of fractionalisation [407]. Whilst the
seed work has been completed, there is still much to be learnt, in particular regarding the effects of
including interactions, disorder, and nonzero temperature (see however Refs. [411-413]).

We are particularly excited about the possibility of observing our results in the commercially
available D-Wave quantum annealers [414, 415], which are based on an array of superconducting
qubits. These machines realise a transverse field Ising model of the form I:ITFIM = Zi’ j Jij 61." 6]?‘ +
h)_; 67*. To make contact with the results in Chapter 3, we need to obtain a four-spin interaction of
the form A, = []

this can be achieved by means of combinatorial gauge symmetry, as shown in Ref. [52]. When the

;es 07 from the two-body spin interactions that are present in Hrpu. Fortunately,
transverse magnetic field is weak, the emergent vison gap is suppressed by factors of /2/J, and since
the machines operate at nonzero temperature (of order 10 mK [414]), the experiments are performed
in approximately the temperature regime studied in Chapter 3, wherein the visons (spinons) behave
incoherently (coherently). The short time behaviour of the spinon density profile will be particularly
important here, not least in relation to the finite decoherence time, but also to distinguish between

classical and quantum diffusion, which at sufficiently long times give rise to similar behaviour.

*The couplings J;; are local and can only couple spins that are connected by an edge on the so-called Chimera
graph on the D-Wave 2000Q machines [416].
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An additional question that arises in this context is the role of dephasing and dissipation. In this
thesis, the role of environmental coupling is present only in the system’s initial conditions. The
system is assumed to be weakly coupled to a thermal heat bath such that the initial state of the
system corresponds to one of the standard equilibrium ensembles from statistical mechanics. Time
evolution thereafter is generated by the system Hamiltonian alone. However, in order to describe
quantitatively the aforementioned experiments on quantum annealers, it will be necessary to treat
the problem within the framework of open quantum systems. This is another context in which
the spin background from which the quasiparticles emerge plays an important role: The trail of
flipped spin left behind as a quasiparticle moves influences its dephasing rate. This question was
partially addressed in one dimension in Ref. [417], but its extension to higher dimensions remains
unresolved.

In this thesis, we have looked at a number of phenomena that arise at finite temperature in
(quantum) spin liquids. A unifying theme amongst the different chapters is the presence of a finite
density of thermally excited quasiparticles, inheriting their properties from the 77 = 0 spin liquid
state, which have a dramatic impact on the behaviour of the system with respect to zero temperature.
We have highlighted that understanding this behaviour is important not only from a practical point

of view, but also as a means to uncover new fingerprints of quantum spin liquid behaviour.
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Diffusion on other lattices

A.1 Toric code on the kagome lattice

In this appendix we calculate explicitly the generating functions for nonreversing walks on the
triangular and honeycomb lattices. Both lattices appear naturally in the context of frustrated
magnetism. However, as a concrete example, consider the toric code defined on the kagome lattice,

as in Fig. A.1:
H =—AAZAO—ABZEA, (A.1.1)
o) A

where A = [Lico 67 B, = [1;cn 67, corresponding to the hexagonal (O) and triangular (A, both
‘up’ and ‘down’) plaquettes of the lattice, respectively. A4(g) > 0 are the two coupling constants
of the model. The operators are all mutually commuting, [/fo, B »] = 0, since each hexagonal

plaquette shares an even number of spins with any overlapping triangular plaquette.

As in the case of the square lattice, the cases A4 < Ap (Ap < A4) can be generated pertur-
batively in the ground state sector by applying a small magnetic field in the x (z) direction to a
system with A4(py = 0. We will use the terminology that the lower-energy excitations, generated
perturbatively via ring exchange, correspond to the visons. If the visons reside on the triangular
plaquettes, then the spinons, which live on the hexagonal plaquettes, hop on a triangular lattice.
Conversely, in the opposite limiting case, if the visons live on the hexagonal plaquettes, then the

spinons hop on a hexagonal lattice.

A.2 Triangular lattice

For the triangular lattice the coordination number z = 6 and there are thus six possible moves

at each step, enumerated by the generating variables § and €: 8, €, €71, §7!, 67! and §e¢~!. The
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Figure A.1: A kagome lattice of spins, depicted by the white circles, and the corresponding plaquette
operators, /fo and B, which comprise the toric code Hamiltonian (A.1.1). The centres of the
hexagonal plaquettes, /io, form a triangular lattice, while the centres of the triangular plaquettes,
By, form a hexagonal lattice.

matrix which governs transitions between these various allowed moves between adjacent sites is

(e § 6 0 &' &)
€ § €185 e 0 €§7!
Nox|€d B e a0 (A2.1)
0§ €16 et 61 e
€ 0 €18 et §71 87!
\e § 0 ¢! §71! 65_1)

where the zeros enforce the nonreversing constraint imposed on the lattice walk. The initial condition

No = xdiag(e,c?,6_18,6_1,8_1,68_1), (A2.2)

represents the unconstrained first step. Using the general expression (3.4.15) presented in the main

text, the generating function for nonreversing walks is therefore

1 —x2

;8,€) = .
N(x:8.€) l—x(e+e1+86§+614+€671 + e 1) + 5x2

(A.2.3)

The expression for R,(x) presented in the main text in (3.5.10) must be generalised to allow for
the two basis vectors to be non-orthonormal, i.e., when e; - e; = a28,-j +a?(1 — Jij) cos 0, the

expression for R, becomes

Ra(x) = a® {[(895)> + 2cos 0 (895) (€de) + (€de)*] N} . (A.2.4)

§=e=1
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By symmetry, §d5 and €d. commute when acting on N (x; 8, €). Evaluating the appropriate deriva-
tives of N'(x; 8, €) we arrive at
4x(1 + x)

Ro(x) = 15021 —2) (2 —cosB). (A.2.5)

This leads to the final expression for the diffusion constant

Dg = % |:3\/§—21n (3 + ﬁ)} (A.2.6)

3-45
— 2.72968 . .. (A.2.7)

A.3 Honeycomb lattice

The case of the honeycomb lattice (z = 3) is complicated slightly by its two-sublattice structure.
We proceed by constructing two generating functions N, and Ny, corresponding to walks that
begin and end on the same sublattice, and walks that begin and end on complementary sublattices,
respectively. Beginning with \,,, we divide each walk into segments of length two. Taking into
account the nonreversing constraint, there are six possible transitions for each length-two segment:
8,e,e 1,871, €87  and Se!, corresponding to moves on the underlying triangular (Bravais) lattice.
At each step following the initial one, two of these moves are disallowed by the nonreversing

constraint leading to the transition matrix

(e 6 0 0 &1 &)
e § €16 ¢t 0 0
L0 0 €18 et 571 57!
N =x , (A.3.1)
e § €15 ¢! 0 0
0 0 €18 e 61 57!
\e 6 0 0 5 &5
with the initial condition
Ny = x*diag(e,8,e7'8,e71,871,e87"). (A.3.2)
These matrices lead to the generating function
x2(e+e '+ 8+81+e8 1+ 8e!) —6x2
Naa(x:68,€) =1 + ( ) (A.3.3)

l—x2(e+e ' +8+81+e8 1 +8e 1 —1)+4x*’
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For the generating function N, we write a walk from a — b as (i) the first step takes the walker
from the a to the b sublattice, and (ii) the walker then performs a walk amongst sites belonging to

the b sublattice only. This walk is implemented using the matrix

(

e § 0 €l o0 65_1\
e § 0 €€l 0 €5t
0 8§ €18 1 §71 0
N = x? € oc , (A3.4)
0 8§ €186 ¢ 61 0
e 0 €15 0 &1 57!
\6 0 €1 0o 6§71 68_1)
and the initial condition
N() = XN1 + X€_1N2 + X8_1N3 y (A35)

which represents the three possible moves in the unconstrained first step, where N; = e;; ® ey;,
and e, (u = 1,...,6) are the orthonormal basis vectors with respect to which (A.3.4) is expressed.

These matrices lead to

x(1=x)A+81+eh
I—x2(e+e P +8+81+eb 1 +8e—1)+4dx*

Nap(x:8,€) = (A.3.6)

The full generating function is then given by N' = N, + N,». However, in order to calculate
R, one should in principle account for the fact that the b sublattice is translated by one lattice
constant with respect to the a sublattice. This detail is only relevant for short times, and hence does
not need to be taken into account for the calculation of the diffusion constant, which depends only

on the asymptotic behaviour of (r?(r)).

Combining all of the above results gives us the generating function R, (x):

Ra(x) =

2a? {
(1 —4x2)* (1 — x?)
4x?(1 4 2x%) + x(1 + 7x* 4 4x*) — cos 0 [2x*(1 + 2x7) + 6x7 ] } , (A3.7)

where a = +/3 and 6 = 7/3. Inserting these values simplifies the expression to

6x (1 + 2x2)

R = T2 = 1 21)

(A.3.8)
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Hence, we arrive at the expression

3 34242
Dy=—|122—In | ——= || =3.20977.... A3.9
> 2n|: V2 n(s—zﬁﬂ (A3
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Higher order moments

Here we evaluate arbitrary moments of the density distribution in order to give a better characterisa-
tion of the spinon density profile from Chapter 3. We specialise to the case of the square lattice (i.e.,
z = 4) for convenience. The function R, (x) in general has a pole of order k + 1 at x = (z —1)7!.
This implies that, in the long-time limit, the 2kth moment behaves as ~ ¥, consistent with the
diffusive behaviour exhibited by the second moment. This is because, analogous to Eq. (3.5.12) in

the main text, at long times

Res 7 ()¢

1
w0 wktl k—!(l'l)kf(()) +..., (B.1)

if f(w) is analytic at w = 0. The dots correspond to lower powers of #, which contribute to the

transient oscillatory behaviour at short times.

We start by considering the expression for Rk (x) derived in the main text in Eq. (3.5.10)

Rok(x) = [VF*N](x; 1, 1) (B.2)
k
= [Z (]Z) (535)”(686)2("—“)/\/} (x:1.1). (B.3)
£=0
One can show that the term (§95)2(€d¢)>*~Y N gives rise to a contribution
k x*(1 + x)
(8)[2£]![2(k_£)]!(1—3x)k+1(1—x)k +... (B.4)

to the highest order pole ~ (1 — 3x)™%~1. The dots correspond to poles of lower order that give rise

to lower powers of time. Performing the summation over £, we obtain

k

2
> (’Z) [20)1[2(k — O)]! = 4% (k1)?. (B.5)

£=0
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Hence, sufficiently close to the pole at x = 1/3, the function R,; behaves as

22+k F(k-l— 1)2

Rok(x) ~ 3 (1 —3x)ktl”

(B.6)

where I'(x) is the Gamma function. The final ingredient therefore is the integral over residues,

which generalises the expression (3.5.13)

w
N[+
bl

24/3 2\ k£
/ w27 ke D

s 16—u? r(&5)* "2+ 14)” '

in terms of the Gauss hypergeometric function , F;(a, b, c; z). Combining the multiplicity of the

N
N[+
bl

highest order pole and the integral over residues, we arrive at the final exact expression for the 2kth

moment of the density distribution in the long-time limit, for fixed k:

_ o @) 2HIH TR+ DG (13 ®8)
Mok = 1M (ht)k  — Jr F(#) 21 2_’_%]{,4 . .

These moments have been checked against numerics (data not shown). As required, the special case
k = 1 simply reduces to 2D, derived in the main text. The density distribution is, however, not
Gaussian, as evidenced by nonzero higher order cumulants. This is not an artefact of the Bethe
lattice mapping, and indeed is reflected in our numerical simulations, as seen in Fig. 3.8. This
feature further distinguishes the interference-driven quantum diffusion from its classical counterpart.

One can similarly compute the moments of the marginal distribution p(ry;¢) = [ dryp(r;?).

One must in this case replace R, (x) by the function

Rok(x) = [(835)* N](x; 1, 1) . (B.9)

A similar calculation of the residues and multiplicities (now simplified by the removal of cross

terms between the generating variables § and €) gives

. (@) 3FPHITk + DR (
Uy = lim = F
t

3.0 1.3
= 2’ R B.10
S0 (h)F T 2T T+ HIEE) * '\ 24 1k 4) (10

As one would expect, u5 = D;. The first two of these exact moments were used to construct the

analytical estimate of the marginal density profile in Fig. 3.8.
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Corrections to finite size scaling

exponent

Here we show how the finite size scaling exponent v, which determines the finite size scaling
behaviour of the plateau in classical spin ice with truncated interactions between the monopoles
(Section 4.6.2), n,(L) ~ L™V, is affected by the inclusion of blocked directions.

As shown in Sec. 4.6, the expression for the exponent v is given in terms of the ratio of the
rate of monopole-assisted decay, R, to the rate of monopole—antimonopole collision events,
(during which the two monopoles either annihilate or form a new noncontractible pair); specifically,
v = 3R/K. In order to estimate the ratio R /X microscopically, we consider a symmetrical cluster
consisting of a central tetrahedron, and its first and second neighbouring tetrahedra (considering
only the first nearest neighbours reproduces R/K = 3/4, i.e., blocked directions have no effect at
this level). For concreteness, suppose that the central tetrahedron hosts a single, positively charged
monopole. This positively charged monopole is either (1) isolated, corresponding to the calculation
of the rate constant /C, or (2) one half of a noncontractible pair, with its negatively charged partner
sitting on one of the first nearest-neighbour tetrahedra, corresponding to the calculation of R.
Assuming that there is an equal probability of finding the negatively charged monopole on any of
the second-neighbour sites, we then deduce that the ratio of rates equals

E = Lie , (C.1)
K P
where P, (n = 1,2) is the probability that a negatively charged monopole situated at second-
neighbour distance is able to reach the positively charged monopole at the central site and annihilate

(for n = 2) or either annihilate or form a new noncontractible pair (for n = 1).
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Figure C.1: Fraction f of spin configurations in which the positively and negatively charged monopoles are
able to annihilate (or form a new noncontractible pair), for different configurations of spins on
the central tetrahedron (which hosts the positively charged monopole).

The probabilities P, may then be computed by enumerating the possible spin configurations:

1 1 6 37 111
! Ni;f’ 4[X7+5] 140 ©2)
N
1 1 6 9
Pr=—Y fi=-[3x=-+40|== .
v= ) ) 4[x7+] o (C.3)

where N = 12 is the number of second neighbours, and f; is the fraction of paths starting on site i
that can reach the central tetrahedron. In both expressions, the factor 6/7 corresponds to the fraction
of paths that are not blocked when the negatively charged monopole is approaching a vertex on
the central tetrahedron that hosts a majority spin (Fig. C.1a). Conversely, 3/5 of the paths are not
blocked when approaching the minority spin (Fig. C.1b), unless the first-neighbour site is occupied
by the negatively charged member of a noncontractible pair (Fig. C.1c), in which case the fraction
is zero. Using these probabilities, we obtain the ratio of rates

R 30

=737 (C4)

Finally, the finite size scaling exponent is therefore v = 90/37.
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Double charge contribution

In this appendix we show that the presence of double monopoles does not significantly alter the
conclusions of our mean field modelling in Sec. 4.6 of the main text. In particular, we show by
explicitly solving the mean field equations governing the density of monopoles subject to truncated
interactions in the presence of double charges that, although the value of the plateau (in a finite
system) is altered, the finite size scaling exponent v remains unchanged. We argue that this feature
is true more generally—further modifications of the mean field equations may change the short-time
dynamics of the free monopole density, but leave its asymptotic decay (x 1/¢) unchanged. This
implies that the exponents derived in Sec. 4.6 are in some sense universal, while the precise value
of the plateau is not (by universal we mean that the exponents are independent of how precisely the
system is prepared, and are robust to the addition of terms in the mean field equations that lead to

modifications of the short-time dynamics).

In addition to the species considered in Sec. 4.6, we introduce two new densities, d,(¢) (where
q = %), which equal the fraction of sites that host a charge Q = +2, respectively. Notice that a
double charge can always decay by reacting with any of its neighbouring tetrahedra (be them empty,
occupied by a single or by a double charge), with the only exception being when it neighbours
a single charge of the same sign, in which case flipping the intervening spin merely swaps the
single and double charge without annihilating either of them. In principle the time evolution of
the double charges depends therefore on the evolution of the single monopole density. Indeed, the
average number of bonds surrounding an isolated double charge 2¢ along which it is able to decay
is 4(1 — p,) at the mean field level, i.e., assuming that each site is independent. The asymptotic
decay of the double monopole density is however determined by neighbouring double charges of
opposite sign since the number of bonds along which the pair may decay is 7/2 — 3(p, + pz)/2 per
site. Therefore, for all but the shortest times where the effect of nonzero p,; cannot be neglected,
we expect the double charge density to decouple from the other monopole densities and to decay
exponentially with a rate constant Ky >~ 7/2, i.e.,

dd,

= — . D.1
dr ’Cddq ( )
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Figure D.1: Decay of the various monopole densities for a thermal quench from infinite temperature down
to T = 0.06 K in spin ice (system size L = 20, i.e., 128 000 spins). The double charge density
04 (t) is consistent with exponential decay in time with rate constant ; = 7/2. At very short
times, ¢ < 1, the effect of a nonzero free monopole density cannot be neglected, and the rate of
double charge decay is reduced due to obstructed decay channels.

Adding the two equations for ¢ = =+, we obtain pg () = pge_’cd !

. This expectation is indeed
confirmed by our Monte Carlo simulations of CSI, where we observe asymptotic exponential decay
of the total double charge density p; () = d+(¢) + d—(t) with time (see Fig. D.1), consistent with

the prediction Ky = 7/2.

The equation governing the free charge density p, must also be modified to include the effect of
double monopole decay:
dpg

o - —Kprp— +2K,d,(1). (D.2)

The rate constant K, corresponds to the spontaneous decay channel into adjacent empty sites only,
implying that K/, < Ky. Hence, the effect of including a nonzero density of double charges on
the free monopole density is to add an exponentially decaying source term that corresponds to the
production of free monopoles when double charges decay spontaneously. If we took into account
spatial fluctuations, then we would also need to include a term o (d,p; — dzp,4) in this equation,
but at the mean field level, charge neutrality of the single and double charges separately implies
perfect cancellation of such a term. That is, when a single free charge ¢ meets a double charge 24,
a free charge ¢ is removed and a free charge g is created. However, the rate at which this process
occurs is identical for ¢ = +. Substituting the exponential decay of p; (¢) into this equation, we

must solve the nonlinear equation

d
@ TKPa=Kapge ™" (D.3)

for p4(#), in which we have made use of charge neutrality, p4 (#) = p—(¢). This equation has the
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exact solution
Ka Ki(y)—cli(y)

2K Ko(y) + clo(y)

pe(t) =y (D.4)
where we have written, for convenience of notation, y(r) = 2,/KK/,p4 /K3e"a? /2 The constant
¢ is determined by the initial conditions p,4(0) = pg, and 7, (x) and K, (x) are modified Bessel

functions of the first and second kind, respectively.

Finally, the expression for 7(¢) must also be modified for direct comparison with our numerical
results. When two double charges (of opposite sign) are adjacent to one another, the bond nec-
essarily hosts one contractible pair and one noncontractible pair. The number of adjacent doubly
occupied sites is simply proportional to p;(¢) at long times, and the corresponding contribution
to 7(¢) contributes towards the kink in the noncontractible pair density observed in our numerical
simulations at the characteristic decay time ¢ ~ lC;l of the double charges. At later times, the
equation for 7(¢) remains unchanged™

dn 1

—=—-R I+ K pyp_. D.5
” 3 (o+ + p-In+ K'psp (D.5)

The form of the solution is
3 ,C/ t , "
77(1) —e RO(1) |:77(0) _ E/ dr eR@(t)pq(t/)] ’ (D.6)
0

where we recall that ©(¢) = fot dt’ p,(¢'). Hence, the asymptotic behaviour of 1(¢) is directly
determined by the asymptotic behaviour of p,(¢). In order to derive this behaviour, we require the

expansions of 7, (x) and K, (x) for small values of the argument x [418]:

Ip(x) =1+ 0(x?), (D.7)
Li(x) = %x + 0(x?), (D.8)
Ko(x) = —In %x + O(x*1Inx), (D.9)
Ki(x) = % + %xlnx + 0(x), (D.10)

*Including terms that correspond to the decay of neighbouring double charges into free monopoles gives rise to an
exponentially decaying contribution to 7(¢).
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where y >~ 0.5772 is the Euler—Mascheroni constant. These expansions allow us to deduce that

@y 1/y+(»/2)Iny + O(y)
2K In2—1Ine?y + ¢ + O(y?Iny)

pq(t) = (D.11)

1 _
== +0(7), (D.12)

independent of the initial conditions and independent of the initial rapid decay of double monopoles.
The subleading term o 1/ depends on the short-time dynamics through log y, and through c.
Correspondingly, for sufficiently large times,

n(t) o« (D.13)

The constant of proportionality is slightly renormalised in the presence of double charges since the
asymptotic expansion of the second term in (D.6) depends on fooo dt e®®p,, which in turn depends
on the full time-dependence of p,(7), including its short-time dynamics. However, the exponent
v is insensitive to such details [being determined by the exponents of the leading terms in (D.12)
and (D.13)], and the scaling arguments presented in the main text remain robust to the addition of
doubly occupied sites. That is, the precise value of the plateau is sensitive to the addition of double
monopoles into the model, but the finite size scaling exponent v = 3R /K remains unchanged.

Similarly, when the charges are subject to mutual Coulombic interactions, if the leading term in
the asymptotic expansion of p,(f) remains proportional to t=P7", then the leading, time-independent
term in O (¢) = const. 4+ O (t~1=B)/B) will be sensitive to the presence of double charges. Therefore,
since this term contributes to the value of the plateau in the thermodynamic limit, 7o, from (4.6.18)
will be modified slightly in the presence of doubly occupied sites. However, the subleading
contribution (~ ¢t ~(1=#)/#) which determines the finite size scaling exponent v, will again be robust
to the addition of doubly occupied sites, and the relation v = 3(1 — 8), which relates the asymptotic
decay of p, to the finite size scaling behaviour, also remains unchanged.

More generally, adding further terms to our mean field equations (which depend on higher
powers of the various densities) will indeed modify the short-time dynamics of p,(¢). The precise
density at which the plateau occurs in a system of finite size in the case of truncated interactions, and
the value of the plateau in the thermodynamic limit in the case of long-range interactions depend —
through (D.6) — on the full history of p,(¢), and therefore will be modified. However, the asymptotic
behaviour of p,(?), which directly determines the finite size scaling exponent v for both types of

interaction, is insensitive to such details.
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Compass model dualities

In this appendix we describe in further detail the dualities that the compass Hamiltonian, studied in
Chapter 5, possesses. As exploited in the main text, the original compass model can be transformed
into a bond-disordered transverse field Ising model through the transformation (a two site version

of the standard Kramers—Wannier duality)

Q¢ =Z1;225 7=71; (E.1)
Q¥ =Xo; 7 =X1;X2; (E.2)
Q) =Z1;Y2; 7 =Y1,;X2;. (E.3)

The new spin-1/2 degrees of freedom 7; and §; commute with one another and individually satisfy
the canonical angular momentum commutation relations. In these new variables, the compass

Hamiltonian [i.e., Eq. (5.2.1) in the main text] becomes

L—1
H == (T + 12455, )R, — AZ . (E.4)
j=1

In this language, the local operators qu are conserved quantities. Interchanging 1 <> 2 in the
mapping (E.1)—(E.3) swaps the role of I'; and I'; in (E.4).
Alternatively, one can perform a Kramers—Wannier duality along the two legs of the ladder of

the form Zo,]Za,H — 0¥ andX j—> 6%

. w.j—104 ;- This transformation gives rise to a square

plaquette Ising model in the presence of a transverse ﬁeld.

=-A) []éf Z 6" (E.5)

p ie€p

— ~AZ AZ AZ ~Z
B AZULJ'UZ,J'UI,]+102J+1 § L0y ;s (E.6)
J

where the index i labels all the spins on both legs. The second line in the equation above uses a

different labelling scheme where j indexes the rungs of the ladder, and o« = 1, 2 identifies the legs,
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Figure E.1: Comparison of entanglement entropy for both the square plaquette (Hp) and compass (ﬁcompass)
models. The two models are dual to one another via the Kramers—Wannier transformation, up to
boundary effects. This leads to an O(L?) discrepancy between the two models, but does not
affect the slow, logarithmic-in-time growth discussed in the main text. The curves are computed
using exact diagonalisation. Taking advantage of all symmetries of the models allows us to
reach 2L = 24 spins. Parameters [, = A =1, '} = 1/2.

which are subjected to effective magnetic fields I'; and I',, respectively. The conserved quantities
are still products of two neighbouring spins belonging to the same rung: %f = 6{“, j 6{ ;» dual
to plaquette operators in the original compass model, G747, = Z1,;Z2,;Z1,j+12Z2,j+1. If we
then perform a further Kramers—Wannier transformation along the rungs, we arrive at the Ising
model, which is leg-KW dual to (E.4), i.e., where the disorder is now in the on-site magnetic field.

Explicitly, implementing the transformation

L =6765 Tt =65 (E.7)
S* =6F ¥ =676F (E.8)
SY =676 1Y =667, (E.9)
we arrive at the field-disordered TFIM Hamiltonian
H=-A Z S/ZS/ZH - Z(Fl T Fﬁf)SAf’ (E.10)
J J

If open boundary conditions are imposed on the compass spins, then this translates into fixed
boundary conditions for the ¢ spin variables (and, in turn, the S and % spins). The full KW

transformation may be written as

6% = ZaiZaiw1 (<L), 65 =ZarL E.11)
62; =[] Xas Vi. (E.12)
J<i
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which translates into the following Hamiltonian including boundary effects:

L L—-1
H=-AY 8% S (1 +Lt)S), (E.13)
j=1 j=1

where S’g = 1. The global Z, symmetry of the original Ising Hamiltonian, ]_[].L:1 77, maps onto the
conserved boundary spin S} in the dual description.

To summarise, the compass ladder is leg Kramers—Wannier dual to the square plaquette model.
If open boundary conditions are imposed on the former, they manifest as fixed boundary conditions
in the latter. One may equivalently impose open boundary conditions on the plaquette Ising model,
leading to fixed boundary conditions imposed on the compass model. By virtue of the the local
duality between these models, the bulk (volume-law) contribution to the entanglement entropy is
equal in the two cases, and therefore we expect to see identical unbounded logarithmic growth
of entanglement in both models, up to O(L°) differences due to the boundary effects discussed
above. This expectation is borne out in the numerics, as one may observe in Fig. E.1. The curves
are calculated using exact diagonalisation, taking advantage of the full Z, x ZL symmetry of the
models. This allowed us to fully diagonalise systems of size up to and including 2L = 24 spins

(with Hilbert space dimension ~ 1.68 x 107).
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Bogoliubov solution to TFIM

One may also diagonalise the 1D transverse field Ising Hamiltonian encountered in Chapter 5
without reference to the Majorana basis by making use of a Bogoliubov transformation. We describe

this process here. Bogoliubov fermions 9, are introduced via

L L
Ci = Z (uni);n + Uni);r-r) ’ é\zT = Z (um);,j + Uni),)n) : (E.1)
n=1

n=1

Since the Bogoliubov single particle Hamiltonian is real and symmetric, the matrices u,; and v,;
may be chosen to be real. It is convenient to further introduce the quantities ¢,,; = u,; + v,; and
Yni = Upni — Up;. In order to satisfy the canonical fermionic commutation relations, the matrices
must be orthogonal, ¢, ¥ € O(L). Explicitly,

bhubnj = 8ij = V] Vs . (F.2)

where repeated indices are summed over. We then proceed by writing the fermionised transverse

field Ising Hamiltonian [Eq. (5.2.4) in the main text] in the form
- 1
H = Z é;rAij@j + 5 (éjBUCA‘j — CA‘,'Bijéj) , (E.3)
i,j=1

where A is real and symmetric, A = AT while B is real and skew-symmetric, B = —BT . In terms

of the matrices A and B, the single particle Hamiltonian takes a particularly convenient form

s (s %))

The real symmetric matrix appearing in (F.4) defines the single particle Hamiltonian A,; € S2F(R).

The matrix % is unitarily (and hence spectrally) equivalent to its negative, which means that its
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(0 ]l)h<0 ﬂ)z—h. (E5)
1 0 1 0

Once the single particle Hamiltonian has been diagonalised, and the single particle energies €,

found, the Hamiltonian can be brought into the canonical form H = > . €n ()7,;r Vn — %), as in

eigenvalues come in pairs *¢,

Eq. (5.2.8) in the main text. In practice, one can make use of the symmetry (F.5) to diagonalise a

smaller L x L matrix:

™M=

[(A— B)(A+ B)l;; ¢nj = €26bni , (F.6)
1

-
Il

M=

[(A+ BY(A—B)l;; Ynj = €x¥ni - (E.7)

=1

~
Il

Finally, it is useful for the calculation of Lyapunov exponents to rewrite the single particle Hamilto-
nian by reordering the operators such that ¢; and 5j appear next to one another. The single particle

Hamiltonian then becomes the banded matrix

2h1T3 —J1S
—JIST 2h2‘[3 —J2S
h = . (E.8)
—JzST 2]’13‘[3

where 73 is the third Pauli matrix, and S = (_11 _11 ) One again, we can make use of an expedient
unitary transformation, which in this case brings the Hamiltonian into tridiagonal form. Specifically,

we perform the local unitary transformation

v= (1] (F.9)
VS R | '

on each site, U = @jL=1 U;, which leads to the following tridiagonal matrix:

(0 hy \

/’ll 0 —Jz
h=2 —J 0 hy ) (F.10)
h, 0 °

-192 -



Dephasing perturbation theory

Here we present the second order perturbation theory expressions for the effective interactions
between eigenstate occupation numbers, which were used to explain the logarithmic growth of
entanglement observed in Chapter 5. The perturbation theory is most easily performed in the S;
language, which are the Ising spins rung Kramers—Wannier dual to the plaquette Ising model (5.2.3)
(introduced in further detail in Appendix E). In this basis, the perturbation takes the form H ~
eﬁf S’f 1 where the bond between sites i and i + 1 corresponds to the centre of the chain. In the
Majorana language this perturbation may be written as H =i €d;d;+1. Alternatively, H’ can be
written in terms of the eigenbasis of the unperturbed system, H = % >k ekizk_l;\zk, where the

two halves are independent
H =ie Z Wki(pp,i—i-lizkin—l , (G.1)
k,p
or, in terms of the corresponding Bogoliubov fermions,
' =Y Yritpir1 Gk — 7)) Gp + 91 . (G.2)
k.p

Perturbation theory can now be applied using the basis |{n}) of unperturbed eigenstates. We are

not concerned with the first order contribution, since it does not contribute to the logarithmic growth.
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At second order, each of the four terms in it give rise to a contribution

pipfs @y ——— I (Vpidki+1 — Viidpi+ 1) Viidpi+1(1 —ni)(1 —np) (G.3)
k#p P
PPpt €Y ———(Vpidri+1 — ViiBpit1) Viibp.ir1Mkmp (G.4)
kip +ex + €p
At A +1
Vljyp : 62 Z +€k _ (Wp 1¢k i+1 1 Wk z¢p z+1)¢k z¢p z+1(1 - np)nk (G-S)
7R 1— G.6
VEYp - €’ —|—E (sz(pkz—i—l + wkld)pz—i-l)wkz(pp,z—i-lnp( ng) . (G.6)
JZ2

The above terms can then be combined to arrive at the energy of a state specified by occupation

numbers, ny = 0, 1, of the Bogoliubov fermions

E({ng}) = Eo(mi}) + €Ex(m}) + € Y [Fepbueny + Grpbngi—n,] - (G
k#p

where the functions Fy, and Gk, may be read off from above. Alternatively, the energy can be
written in terms of Ising variables {0y} defined by ox = 2nj; — 1, which allows second order

contribution to be written as

1 1
> [Fenbun, + Gipbuiin, ] = 5 D (Fip + Gip) + 5 D (Fep = Gip)ow, . (G:8)
k#p k#p k#p

The spin-independent term can be absorbed into Ey, and the interaction Ji, between the Ising spins
can be defined without loss of generality as the symmetric part of %(Fk » — Gip). The exponential
decay of the interactions follows directly from the localised nature of the wave functions ¥, ; and
¢p.i- Specifically, the (normalised) wave functions typically behave as v/, ; ~ e li-ml/E) \/E (and
similarly for ¢, ;, although it should be noted that the two are not independent from one another),
where 1, is the centre of localisation of the pth eigenstate. Therefore, the interactions behave
qualitatively as

;2‘3_2' rel/E=2li-rpl/E _ Size—zvk s (G.9)

if i s situated between the two eigenfunctions, rx < i < rp.

Jip ~
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