Quantum-critical properties of random
transverse-field Ising models extracted by
quantum Monte Carlo methods

Master’s Thesis in Physics

Presented by
Calvin Christoph Kramer
30.11.2022

Institute for Theoretical Physics 1
Friedrich-Alexander-Universitéit Erlangen-Niirnberg

g ¢
Zz
<
m
2
(7,)
~
"4

4
.

Supervisor: Prof. Dr. Kai Phillip Schmidt






Abstract: The transverse-field Ising model with quenched disorder is studied in
one and two dimensions at zero temperature by stochastic series expansion quan-
tum Monte Carlo simulations. Using a sample-replication method we are able to
determine distributions of pseudo-critical points, from which critical shift and width
exponents vy, are extracted by finite-size scaling. The scaling of the averaged mag-
netisation at the critical point is used further to determine the order-parameter crit-
ical exponent 5. In one-dimensional systems our results agree well with literature.
In two dimensions our results for v/, are also in agreement with strong disorder
renormalisation group studies, although not with high accuracy. The dynamical
scaling in the Griffiths phase is investigated by measuring the local susceptibility in
the disordered phase and the critical exponent 2z’ is extracted.

Kurzzusammenfassung: Das Ising-Modell im transversalen Feld mit statischer
Unordnung wird in ein und zwei Dimensionen bei Temperatur 7' = 0 mit der
Stochastic Series Expansion Quanten Monte Carlo Methode untersucht. Mithilfe
von Verteilungen von pseudokritischen Punkten werden kritische Exponenten v/,
fiir den Mittelwert und die Breite der Verteilung durch Finite-Size-Scaling extrahiert.
Auferdem wird das Verhalten der gemittelten Magnetisierung am Punkt des Phasen-
iibergangs zur Bestimmung des kritischen Exponenten [ des Ordnungsparameters
verwendet. In eindimensionalen Systemen stimmen unsere Ergebnisse gut mit der
Literatur iiberein. In zweidimensionalen Systemen sind unsere Ergebnisse fiir v,
wenn auch mit weniger Genauigkeit, ebenfalls konsistent mit anderen Arbeiten,
die Strong Disorder Renormalisation Group Methoden verwendet haben. Um das
dynamische Verhalten in der Griffiths-Phase zu untersuchen, wird die lokale Suszep-
tibilitdt in der ungeordneten Phase bestimmt und der kritischen Exponent 2’ ex-
trahiert.
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1 Introduction

To a certain extent, a perfect lattice structure is a good model for solids and brings
advantages such as translational symmetry that make a mathematical description
easier. In fact, modern solid-state physics is built on a periodic, uniform lattice struc-
ture. A disorder-free lattice serves as a model for many groundbreaking theorems
describing solids. These include fundamental concepts such as Bloch’s theorems
or the work of Debye, Brillouin and others on the description of electronic band
structures and lattice vibrations in solids [1]. In real materials, however, there are
almost always disturbances, impurities, and irregularities that are either so small
that they do not affect the physical properties or have to be actively addressed in
the evaluation of the results. Concerning the latter case, disorder can often be a
problem that makes the observation of interesting emergent phenomena difficult or
destroys them altogether. For example, disorder can suppress the formation of new
states of matter due to absent symmetries, or features that are actually sharp can
only be seen rounded or smeared |2].

However, disorder does not always have to be a disadvantage that one tries to
keep as low as possible, but can also be an opportunity to create new physics. A
well known example can be found in the physics of semiconductors. Here dopant
atoms are inserted into an almost perfect lattice structure by purpose to create local
bound states with energies in between the energy gap of the semiconductor giving
rise to a wide range of applications [1]. In 1977 the Nobel prize was awarded to
P. W. Anderson for investigating the electronic properties of disordered systems. It
was shown that in certain random lattices no diffusion takes place, but electrons are
bound locally [3]. These disorder-induced localised particles can, for example, lead
to a metal-insulator transition in weakly interacting many-electron systems [4]. In
addition to the study of localisations in electronic systems and dynamical properties
[5, 6] in disordered systems, the influence of disorder on phase transitions was also
investigated [7-11|. It has been shown that disorder in some systems influences the
universality class and can even change the order of the phase transition [12].

There are many different ways how disorder enters a system and how it can be de-
scribed mathematically. This work focuses on quenched disorder, i.e., static disorder
that does not change in the typical time scales of an experiment. In a theoretical
model, impurities or vacancies can be described, for example, by a diluted model in
which random grid points are taken out from the system [12]. Dislocations in the
lattice structure can be described by introducing randomness in the strengths of the
interactions between particles.



In this thesis the random transverse-field Ising model in one and two dimensions
is simulated using the stochastic series expansion Monte Carlo method [13] and
the critical behaviour at the phase transition is investigated. The disorder is intro-
duced into the system by random bond and field strengths. The motivation of this
work is to show that it is possible to simulate this type of random systems with
our method. If the method turns out to be suitable, it can be applied analogously
to a wide range of other models, e.g., geometrically frustrated systems, in the future.

This thesis is structured as follows: In Sec. 2, a brief introduction to phase transi-
tions will be given. In particular, the critical behaviour at continuous quantum phase
transitions, which are investigated in this thesis, will be discussed. The difference
between quantum phase transitions in clean and disordered systems is elaborated
on in Sec. 3. In Sec. 4, the quantum Monte Carlo method is described, which we use
to simulate the finite temperature properties of the random transverse-field Ising
model. It will also be explained how we can investigate zero temperature physics
with a finite temperature simulation and which observables are measured. A brief
description of the general procedure for inferring the critical behaviour of the infi-
nite system by studying finite systems is given in Sec. 5. Then, connected to Sec. 3
different regimes of finite-size scaling behaviour of quantum systems with disorder
and procedures to analyse them are presented. Finally, Sec. 6 contains the results
for critical points and exponents of the random transverse-field Ising model in one
and two dimensions. In Sec. 7, the thesis is summarised and an outlook is given.



2 Introduction to phase
transitions

Phase transitions describe the abrupt transformation of a substance’s state into
another state, the properties of which clearly differ from the first state. Phase
transitions are not only of great interest in statistical physics, but are fascinating
phenomena that are also studied in, e.g., biology and chemistry. In the following
chapter, phase transitions and their classification will be introduced by simple exam-
ples. The focus is on continuous phase transitions at zero temperature, also called
continuous quantum phase transitions, and their critical behaviour. This chapter is
based on the explanations in Refs. [14] and [12].

The best-known phase transitions in everyday life are the transitions from liquid
water to steam and ice. Consider, for example, the melting of ice: Here, the contin-
uous change in temperature caused by the addition of heat causes an abrupt change
in the properties of the material. At the phase transition itself, a latent heat of
fusion is required so that the solid ice changes into the liquid state. Transitions like
this, where both phases coexist at the transition point, are called first-order phase
transitions.

There are also phase transitions, where phases do not coexist and there is no latent
heat. These are called second-order phase transitions, or continuous phase transi-
tions. Both phases approach the same state driven by strong fluctuations at the
point of the phase transition. The point of the phase transition, also called criti-
cal point, is dominated by the singular behaviour of physical quantities. A typical
example of this would be the transition from a ferromagnet to a paramagnet by
increasing the temperature, which causes the magnetic moments to fluctuate more
and more until the absolute magnetisation vanishes at the critical point and the
state becomes paramagnetic.

Landau theory provides a good framework to understand the mechanism behind
continuous phase transitions: Here, the phases are distinguished by their underlying
symmetry. The phase transition occurs at the point at which this symmetry is spon-
taneously broken. If we take up the example of the ferromagnet, it can be viewed
in the simplest model as a composition of many freely alignable magnetic moments
(spins). In the ferromagnetic phase, these point in the same direction leading to a
finite macroscopic magnetisation in this direction, so that the state of the system
is not invariant under rotation symmetry. In the paramagnetic phase the rotated
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state looks the same macroscopically. In order to be able to quantify this symmetry
breaking, an order parameter is defined that is linked to the broken symmetry. The
order parameter is always zero in the symmetric, disordered phase and non-zero in
the symmetry-broken, ordered phase. In our example, the total magnetisation of
the ferromagnet would be a suitable order parameter.

2.1 Continuous quantum phase transitions

In addition to the classical or thermal phase transitions, which have just been de-
scribed as examples, it is also possible to have phase transitions at vanishing tem-
perature T'. Transitions between two different quantum states at 7" = 0 are called
quantum phase transitions. Such phenomena are driven by an external parameter
such as a magnetic field h [12]. The reason for the continuous phase transition are
no longer thermal but quantum fluctuations. Quantum fluctuations arise whens two
or more terms in the Hamiltonian do not commute and therefore compete with each
other. At the point of the phase transition, the symmetry of the Hamiltonian is
spontaneously broken in the ground state and the properties of the system’s ground
state change [14].
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Figure 2.1: Illustration of the phase diagram as a function of temperature T and a
control parameter h of a system with a line of thermal phase transitions
and quantum-critical point.

Although quantum phase transitions are initially only defined at zero temperature,
they still have an impact on the physics at finite temperatures. Starting from the
quantum-critical point, a quantum-critical region is formed for 7' > 0 (see Fig. 2.1)
[12]. Since it is not possible to cool a system down to zero temperature, the formation
of the quantum-critical region is the only reason quantum phase transitions can be
studied experimentally. Thus, the study of quantum phase transitions is not only
interesting from a purely conceptual point, but also has a benefit for experiments
and applications.
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2.2 Critical exponents

Early on, experiments showed that a separate type of phase forms at the critical
point. Since the second derivative of the free energy is not analytic at this point, this
phase has the property that some observables, such as the correlation length, are
singular [12]. The behaviour of these quantities near the critical point is described
by power laws with critical exponents. The correlation length £ behaves as

§~ ™, (2.1)

where v is the corresponding critical exponent and r the control parameter defined
as the reduced field strength

(2.2)

The correlation time &, - the typical time scale of dynamics in the system - diverges
as

&~ |r|™* (2.3)

at the critical point. Intuitively, the singular behaviour of correlation length and
time means that close to a second order phase transition the system is correlated
over large distances and any relaxation processes run very slowly. One also speaks
of critical slowing down. z is the dynamical critical exponent connecting correlation
length and correlation time close to the critical point

€~ g (2.4)

In some systems with disorder, this relationship is no longer valid, which will be
discussed in Sec. 3.2 and Sec. 5.1. The correlation time is directly connected to the
typical energy scale

A~ rP (2.5)

which is in gapped systems usually associated with the energy gap between ground
state and first excited state. The critical exponent [ is related to the order parameter
of the phase transition. In the case of a magnetic system this could correspond to
the absolute magnetisation |m|, which vanishes as

Im| ~ |r|7? r<0 (2.6)

at the critical field value h.. Phase transitions are characterised by their set of critical
exponents. Phase transitions in different systems are considered to be equivalent if
they have the same critical exponents. The equivalence classes are called universality
classes, which often contain potentially very different microscopic models. This is the
case because the non-analytic properties of the phase transition do not depend on the
microscopic details but are determined by basic properties such as the symmetries
and the dimension of the system [14].



3 Phase transitions in disordered
quantum systems

The influence of disorder on phase transitions has been studied for many decades.
It turned out that randomness is able to change the order of a phase transition,
change its universality class, or even make the transition disappear completely [12].
Since this thesis deals with the influence of disorder on continuous quantum phase
transitions, the focus in this chapter lies on how disorder influences the behaviour
of correlations and observables at the point of phase transition and in the vicinity
of a continuous quantum phase transition. In Sec. 3.1 first the Harris criterion is
introduced, which provides information about the stability of the critical point of a
continuous phase transition with respect to the presence of disorder, followed by a
description of the Griffiths phase in the vicinity of the critical point in Sec. 3.2. Both
sections follow the explanations of T. Vojta’s review on "Phases and phase transi-
tions in disordered quantum systems" [12]. Then, the actual model we investigated
in this work, the random transverse-field Ising model, is introduced in Sec. 3.3 and
analytic results for the model in one dimension are presented.

3.1 The Harris criterion

In 1974, A. Harris [9] established a criterion for the stability of critical points with
respect to disorder. It can be applied to both classical phase transitions driven by
temperature and quantum phase transitions, e.g., driven by a transverse magnetic
field h. The criterion is initially limited to short-range interactions, but can be
generalised for long-range interactions [15]. The idea is the following: The infinite
disordered system is divided into subsystems Q4 with size £¢, where £ is the corre-
lation length and d is the dimension of the system. Now, one can imagine that each
subsystem 7 has a different pseudo-critical point h.(7). The further one is away from
the critical point, the smaller the correlation length and therefore the subsystems
are. Due to finite-size effects, the finite-size critical point h.(i) is also farther away
from the critical point h. of the infinite system. Since in smaller systems the dis-
order is less averaged out, also the variation of the critical points Ah, is increased.
The distribution of critical points of the subsystems can be described by the cen-
tral limit theorem since we average over many independent random variables h.(7).
When approaching the point of phase transition the variation decays as

Ahe(E(h) ~ € (3.1)
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We further know that the correlation length scales as
&~ lh—h ™ (3.2)

in the vicinity of the critical point (see Sec. 2.2). We can now distinguish two cases:
In the first case, when

. Ah,

the Harris criterion is fulfilled. This means that at the phase transition, when the
correlation length and thus the system size of the subsystems diverges, the variations
Ah, in the subsystems become less and less important and the system looks less and
less disordered. The system is stable at the critical point against the disorder and the
universality class remains the same [12]. In systems that fulfil the Harris criterion,
one also speaks of self-averaging, since observables in the infinite system no longer
depend on the exact configuration of the disorder, but have the same value for every
realisation of an infinite system [12]. In the second case, when

Ah,
hli_gllcm_—%—)oo = dvr<2, (3.4)
the Harris criterion is not fulfilled. This means that at the critical point there are
still variations in the distribution of pseudo-critical points and the critical point is
not stable with respect to disorder. In this case, the property of self-averaging of
observables is not fulfilled either [12|. In general, the phase transition will change
its universality class [16].

The Harris criterion is interesting for us because it predicts which problems we could
expect when simulating disordered quantum systems. The random transverse-field
Ising model (see Sec. 3.3) in one and two dimensions that we want to simulate does
not fulfil the Harris criterion, which means that, on the one hand, we expect mod-
ified critical exponents compared to the clean system and, on the other hand, the
systems will not be self-averaging. This influences our simulation in such a way that,
even for large finite systems, we still have to average over many disorder realisations
in order to get good mean values.

3.2 Rare regions and Griffiths singularities

In disordered systems, singular behaviour is not restricted to the critical point but
can also appear in its vicinity. These phenomena are known as Griffiths singularities
[7, 8]. They are caused by so-called rare regions. Rare regions are finite areas that
show a very unusual disorder configuration, e.g., when a finite cluster is completely
separated from the rest of the lattice in a diluted system or when all bonds in
a region have an extreme value in a random bond strength model. Rare regions
display their own critical behaviour, which does not occur at the same point as the
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disordered

Figure 3.1: Visualisation of rare regions in the disordered (left) and ordered (right)
phase.

global phase transition due to their individual properties and finite-size effects. The
area in which they occur is called the Griffiths phase. They can be found both in
the disordered and ordered phase. In the disordered phase, rare regions are given
by strongly correlated regions that are ordered even if the macroscopic state of the
system is disordered (see Fig. 3.1 on the left). The probability of finding a rare
region of size Lg is exponentially small

P(Lp) ~ e ", (3.5)

where o depends on the kind of disorder and the dimension d of the system [17].
In the ordered phase, the rare regions also consist of strongly-correlated, ordered
regions. In this case, however, they are separated from the macroscopic ordered state
by another disordered region such that they are not connected to the macroscopic
ordered state (see Fig. 3.1 on the right) and can therefore fluctuate independently.
The probability of finding rare regions of a certain size in the ordered phase is smaller
than in the disordered phase due to the additional disordered phase in between [17].
For d > 1, the probability is given by

P(Lg) ~ oLk (3.6)

Although the number of rare regions is exponentially suppressed, their contribution
to observables is still O(1). The reason for this is that the energy gap A in the finite
regions is exponentially small and the relaxation time of the states 75 is therefore
exponentially large [17]

A ~ e 7R TR~ "t (3.7)

If one tries to measure the contribution of the Griffiths singularities close to the phase
transition, it is striking that in classical systems there is hardly any contribution
to be found in observables such as magnetisation or susceptibility [12]. In the case
of quantum phase transitions, on the other hand, the influence can be far greater.
Furthermore, due to the larger number of rare regions in the disordered phase, the
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contribution of the Griffiths singularities is greater in the disordered phase than in
the ordered phase.

To obtain averaged quantities, we have to calculate a large number of disorder con-
figurations. Some of them will also look very atypical, especially for small system
sizes. From the discussion about rare regions in infinite systems we can learn that
these few rare configurations are important for the correct calculation of our mean
values of observables and therefore should not be neglected. Furthermore, very small
energy gaps A in the systems mean that we have to go to very low temperatures
in the finite temperature Monte Carlo simulations to simulate the ground state (see
Sec. 4.5. Moreover, we can detect the influence of the Griffiths singularities on
dynamical scaling directly in the paramagnetic phase (see Sec. 6.3).

3.3 Random transverse-field Ising model

Transverse-field Ising model

The Hamiltonian of the transverse-field Ising model (TFIM) [18, 19] is given by an
Ising term connecting spin-1/2 degrees of freedom located at neighbouring lattice
sites ¢ and j in z-direction and a magnetic field term in z-direction acting on each
individual spin-1/2 degree of freedom

H=-J) ojoj— hZJf : (3.8)
(6,5) i

Looking at the model in the z-basis, the ¢* operators of the Ising term preferably
align two neighbouring spins ¢ and j in the same direction for J > 0 and in opposite
direction for J < 0. The field term is flipping spins with o® operators. Since ¢* and
0” do not commute, the TFIM is a quantum model.

In the low-field limit h = 0 for ferromagnetic couplings J > 0, the ground state
is either the state where all spins are pointing up or where all spins are pointing
down. In the antiferromagnetic case J < 0 for bipartite lattices, i.e., lattices where
every closed loop on the lattice consists of an even number of bonds, the situa-
tion is similar. The two degenerate ground states are | 11 ...) and | M) ...).
For non-bipartite lattices, e.g., the two-dimensional triangular lattice, the situation
is different: Since it is not possible that all neighbouring spins are energetically
favourable aligned, the ground state is highly degenerate due to geometric frustra-
tion. In the ground state of the high-field limit h = oo all spins are aligned in the
direction of the field. Excitations can be created by flipping spins to the opposite
direction.

For antiferromagnetic bipartite and ferromagnetic lattices, the ordered phase (h <
J) and the disordered phase (h > J) can be distinguished from each other by a
Zy-symmetry. For h < h., the ground state’s symmetry is spontaneously broken.
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The phase transition is known to be within the (d+ 1)D-Ising universality class [14],
where d is the dimension of the system. In the case of non-bipartite lattices and
antiferromagnetic interactions, the situation is more difficult and strongly depends
on the lattice structure [20-23|. A finite transverse field h leads to the degeneracy
at h = 0 being broken up. In the case of the triangular lattice, the system tran-
sitions into a clock ordered phase, one speaks of order by disorder [20-22] (here
disorder denotes the quantum fluctuations induced by the transverse field, not ran-
domness). For higher fields h there is a phase transition from the ordered phase to
the polarised high-field phase with universality class 3DXY [21]. In the case of the
frustrated Kagome lattice, the system goes directly into the polarised phase, which
is called disorder by disorder [23].

Random transverse-field Ising model

In the random transverse-field Ising model (RTFIM)
H=-Y Joio; = > ho! (3.9)
(i.7) g

the bond strengths J;; and field strengths h; are not equal for every bond, but are
drawn from probability distributions (see Fig. 3.2)

Jij € P(X) h; € P'(X) . (3.10)

Therefore, some major things change compared to the clean system. First of all,
there is no translational symmetry, such that the problem can not be simplified by
performing a Fourier transformation. In addition, especially for finite systems, the
value of observables is not only affected by finite-size effects, but also by the specific

disorder configuration {J;;, h;} on the lattice.

= :I>-:>
e m e e
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Figure 3.2: Visualisation of the RTFIM in one dimension with disorder in bond
and field strengths (left) and in two dimension on the square lattice
with disorder in the bond strengths only. The strength of the bonds
Ji; (connections between spins) and fields h; (arrows above spins) is
indicated by their colour.
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Analogous to the clean system, a distinction must be made between ferromagnetic
and antiferromagnetic systems. In the case of ferromagnetic systems, the phase
diagram looks qualitatively very similar to that of the clean system. For small fields
(hi) < (Ji;) (with moderate disorder) the system is in an ordered ground state. For
large fields, the system then transitions to the polarised phase. A suitable order
parameter to describe the symmetry breaking is the squared magnetisation

2 1 z i
m _m<za> . (3.11)

However, as soon as the Harris criterion is not fulfilled, the criticality of the phase
transition will change. The same behaviour as for the ferromagnetic systems is ex-
pected for antiferromagnetic systems on bipartite lattices. On non-bipartite lattices
it is unknown how the disorder affects the frustrated ground state and the resulting
phases. This could be the focus of future projects. In this thesis only ferromagnetic
systems are addressed. The simplest system is the one-dimensional RTFIM, which
will be discussed in the following subsection.

3.3.1 Analytic results for the chain

For the random transverse-field Ising chain (RTFIC) the position of the critical
point for any finite disorder realisation can be calculated analytically up to a small
contribution of a neglected boundary term. This calculation was first carried out by
Pfeuty in 1979 [10] using a Jordan Wigner transformation and will be presented in
this section. The Hamiltonian of the RTFIC with N spins simplifies to

N N
H=-Y ho!+Y Joioh, . (3.12)
i=1 i=1

with periodic boundary conditions
afv/jl = af/z : (3.13)

In a first step, the coordinate system is rotated in the zz-plane (6% — —o* and
0% — o%) such that

N N
H=> hoi+) Jiolol, . (3.14)
=1 =1

In the next step, the Pauli matrices are expressed by creation and annihilation
operators fulfilling hardcore-bosonic properties

o7 =1—2blb; o = bl 4+ b; (3.15)
[bf, b;] = 65 [bi, b;] = [b],0f] =0 . (3.16)

11
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The Hamiltonian can then be written as

N N
H=-%"h (25}@- - 1) +3 (bjbjﬂ +bibiy + h.c.) . (3.17)
i=1 =1

Using a Jordan Wigner transformation, the bosonic operators can be mapped to
fermionic operators. This method, followed by a Fourier transformation, is also
used analogously to solve the clean transverse-field Ising chain exactly [24]. The
transformation is given by

i—1
bl = exp (—i?TZCLCk> cl (3.18)
k=1
i—1
b; = exp (iﬂ'ZC;LCk> ci (3.19)
k=1

The fermionic creation and annihilation operators cZT,ci satisfy anti-commutation
relations

{c!,¢;} =6, {cie;} = {c], cj} =0 (3.20)

and are inserted into the Hamiltonian. The field term remains unchanged in its
form since the particle-counting operator in the fermionic picture is equal to the
particle-counting operator in the hardcore-bosonic picture

n; = blTbi = cjci ) (3.21)

Making use of the identity exp(+i27n) = 1 with n € IN, one finds

N N-1
H=-— Z hi (202@ — 1) — Z J; [cjcjﬂ exp (—imn;) + ¢l e; 1 exp (imny)
i=1 i=1

+ ¢icivq exp (imn;) + CiCzT‘H exp (—iﬂni)]

N-1 N-1
—Jn [cjv exp (—iw Z nk> CJ{ + cjv exp (—iw Z nk> 1

k=1 k=1

N-1 N-1
+ ey exp <i7r Z nk> ¢1 + ¢y exp (iﬂ' Z nk) c{] , (3.22)

k=1 k=1

where the periodic boundary needs special treatment. The phase factors exp (£inn;)
can be evaluated in the following way: If an operator ¢; is in front of the phase
factor, there has to be a fermionic quasi-particle at position ¢ because otherwise the
state is destroyed. Therefore, the phase factor is equal to exp (+ir-1) = —1. In

12
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the case of an operator czT being in front of the phase factor, the opposite is true:
exp (£ir - 0) = 1. Similar arguments for the boundary term lead to

N
H=->"h (2061—1>
i=1 i—
N N
—Jy [ck exp <—iﬂ' Z nk> CJ{ + cj\, exp (—177 Z nk> c

k=1 k=1

N N
— cy exp (iﬂ' Z nk> c1 — CN exp <i7r an> ci] ) (3.23)

k=1 k=1

N—

1
i
J |: CiCiv C iCit1 — CiCip1 — GGy
1

The phase factors in the boundary term can be permuted with the creation and
annihilation operators taking care of the anti-commutation relations. The missing
terms ~ Jy in the second sum can be added from the boundary term

N N
— Z h; (20301- — 1> — Z J; [c}czﬂ + i — cicig — cicjﬂl
i=1 i=1
N
ch1 + CN01 —cnep — chI] (exp (iWan> + 1) ) (3.24)

k=1

— Jy

At this point, the boundary term is neglected. Since it does only contain a small
local contribution, this term should vanish for sufficiently large system sizes. The
remaining Hamiltonian can be brought into a quadratic form

1 1
H' = —SH =3 clye; + 5 ( ! Bycl + h. c> , (3.25)
ij
with the matrices A and B
hi J1/2 JN/Q
J1/2
A= oo 0 (3.26)
. JN71/2
IN/2 In-1/2 hy
0 N2 —In/2
,Jl/z
B - 0 . (3.27)
0
.. JNfl/Q
JN/Q —JN—1/2 0

13
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Using a linear ansatz for the eigenfunctions of the Hamiltonian
M = ngici + hic!] (3.28)

we can rewrite the Hamiltonian as

H =" Aenfmy (3:29)
k

satisfying
[k, H'] = Mg - (3.30)

We can now plug in the former definition of the Hamiltonian from Eq. 3.25 into
Eq. 3.30 to obtain a relation between g, h and the matrices A and B. Comparing
the coefficients in front of the operators ¢; and ¢! leads to the relations

Aygri = ngjAji — By and  Aghy; = ngiji — hijAji (3.31)
j J

J

Introducing linear combinations of the coefficients ¢p; = gr; + hi; and VY, = Gri — i,
Eq. 3.31 can be decoupled to

¢p(A—B)(A+B)=Aor  (A+B)(A—B) = Ajy . (3.32)
The solution of this secular equation is given by
det (A+ B)(A—B) —Aj1) =0. (3.33)

Since we are interested in the critical point, we search for the point where the
excitation energy A, is equal to zero. Actually, one would expect that the energy
gap A does not close completely at the pseudo-critical point of a finite system but
remains finite (see Sec. 5). In this calculation, this is a remnant of the neglected

boundary term. We can evaluate the determinant for A, = 0 using a Laplace
expansion of (A — B) = (A+ B)T

hl JN
Ji
N 0 N N
det (A — B) = det o =[[n-1]7% (334
JIn-1 hy

This gives us the relation

=11 (3.35)
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3.3. RANDOM TRANSVERSE-FIELD ISING MODEL

between the strengths of the Ising bonds .J; and the field strengths h; at the critical
point. In the case with no disorder in the field strengths h, the equation can be used
to determine the sample-dependent critical point A, only by knowing the J; used in
the given configuration

N YN
he = (H JZ-) . (3.36)

In the thermodynamic limit, the contribution of the neglected boundary term should
vanish and therefore

lim h, — he . (3.37)
N—o00
Eq. 3.36 is important because it allows us to test our numerical methods for de-
termining the pseudo-critical point of a disorder configuration. As can be seen in
Sec. 6.1, we can even see the influence of the boundary term, which becomes smaller
and smaller with increasing system sizes.
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4 Stochastic series expansion
quantum Monte Carlo

In this chapter we first review the basic concept of Monte Carlo integration methods
and then introduce the Stochastic Series Expansion in the second part, which is the
quantum Monte Carlo method used to simulate the RTFIM in this thesis.

4.1 Introduction to Monte Carlo methods

Monte Carlo integration is an efficient way to calculate high-dimensional integrals.
As the name suggests, randomness is used for this purpose. In contrast to conven-
tional integration methods, where a fixed grid of points in space is used to determine
the value of the integral, Monte Carlo methods use random points in configuration
space [25]. This has a decisive advantage: Suppose you want to calculate the value
of an integral of the form

I:/Qf(f)df, (41)

where €) is an arbitrary configuration space of dimension d. For M random points
Z; with corresponding value f(Z;), the estimator for the value of the integral

(1) = 37 21 (@) (4.2)

can be assumed to be a Gaussian function according to the central limit theorem.
The estimator’s standard deviation

2_]‘ 2 2
0t = — (1) (1)) (43)

scales with 1/m. Thus, the error of the estimator scales independently of the dimen-
sion d with 1/va7. In contrast, the accuracy of conventional methods for numerical
integration always scales with the dimension of the configuration space and therefore
performs very poorly for high-dimensional integrals [25].

An application where this property of the Monte Carlo method is important is
the calculation of expectation values of observables O in statistical physics

(0) /Q O ) P(F, ) di dy, (4.4)
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4.1. INTRODUCTION TO MONTE CARLO METHODS

where P(Z,p) is the Boltzmann distribution. In three-dimensional space with N
particles in the system located at position ¥ with momentum p, the configuration
space has dimension d = 6N [26]. With typically large numbers of particles, the
advantage of Monte Carlo methods over conventional sampling methods increases
drastically.

Markov chain Monte Carlo

The motivation for the following method is that often a non-normalised probabil-
ity distribution p is known and samples and expectation values are supposed to be
drawn from it. In the general case, it is not possible to calculate the normalisation
constant and thus get the desired normalised distribution p. Another problem is that
direct sampling of arbitrary probability distributions is often not feasible. Markov
chains can be used to generate random samples of a configuration space distributed
according to an arbitrary probability distribution. The following explanations on
Markov chain Monte Carlo and the Metropolis Hastings algorithm are based on Ref.
[27].

Markov processes are stochastic processes without memory. This means that the
probability for performing a move to the next state only depends on the current
state and not any previous states. The probability to go from state z to 2’ in
(finite) Markov chains is given by the transition element

T(z'|z) = P(x — 2') with T(2'|z) >0, ZT(Z‘/|ZE) =1Vx. (4.5)

The chain starts with an initial probability distribution p(® which is updated in each
step. The probability distribution at step k

p® ) = p" (@) (') (4.6)

only depends on the probability distribution of the previous step. A probability
distribution is called a stationary distribution 7 if it satisfies the global balance
condition

n(@) =Y w(x) T(2'|x) . (4.7)
x

The goal is to choose the transition element 7" such that 7 corresponds to the desired
distribution p. A way to ensure the existence of an stationary distribution is to fulfil
the condition of irreducibility. This means that every state can be reached from
every other state. Moreover the expected return time, i.e. the mean time until
a state returns to the same state, should be finite [27|. In addition, we want the
distribution m = p to which the Markov chain converges to be unique. To fulfil
this, the process has to be aperiodic, i.e., the state should not return to the same
state at regular intervals. In contrast to other importance or rejection sampling
procedures, the advantage of Markov chain sampling is that it performs very well
even in high-dimensional configuration spaces [27].
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4.2. STOCHASTIC SERIES EXPANSION

Metropolis Hastings algorithm

The Metropolis Hastings algorithm is a Markov chain algorithm that satisfies the
condition of detailed balance

px) T'(2'|z) = p(a) T(z]2') , (4.8)

which implies global balance. Based on this condition, the following steps can be
derived in order to draw from the desired distribution p using a known, normalized
probability distribution ¢(z’|x) and the known distribution p ~ p:

1. Propose move to z’ with probability ¢(2/|z*~1).

pa’) q(a* V) )

" p(et) gl tD)

2. Accept move with probability @ = min (1

3. If accepted, set ) = 2’. Otherwise set z*) = z(+=1.

The beginning of the sampling is biased since the initial distribution might not be in
a dominant part of the configuration space. To circumvent artefacts of this "burn-in"
in the results of the sampling, often the first samples are thrown away. Furthermore
the efficiency is highly dependent on the choice of the proposal distribution q.

4.2 Stochastic series expansion

The stochastic series expansion (SSE) approach is a quantum Monte Carlo method
based on a high-temperature expansion of the partition function to simulate finite
spin systems. It has been developed by A. Sandvik [13, 28] and is a generalisation
of Handscomb’s method [29]. In contrast to Handscomb’s method it is applicable to
a wide range of models. The following description of the method is limited to the
application to the RTFIM. More general descriptions and implementation details
can be found in Refs. |26, 30-32].

Before we turn to the actual quantum Monte Carlo algorithm, we must first rewrite
the Hamiltonian into a suitable form. The Hamiltonian of the RTFIM with N sites

N
H = —ZJZ]O'ZZO']Z—Z}LZO';: y (49)
(i) i
consists of an Ising term that is diagonal in the z-basis

{la)} = {lo7, .o} (4.10)

and a field term that flips spins in the z-basis and is therefore not diagonal. It can
be decomposed into elementary operators

Hop=1 Hip=hi (o] +07) (4.11)
Hm‘ = hz Hi,j = |J2]’ — Jij O'izO';7 (412)
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4.2. STOCHASTIC SERIES EXPANSION

with 4,7 € {1, ..., N}, which are chosen such that their amplitudes are non-negative
regarding the chosen z-basis. Furthermore, it fulfils the non-branching rule

HalB) ~ 1) abefo,...,N} (4.13)

for all |5), |y) € {|a)}, which basically means that no superpositions of states are
allowed to arise when acting with H,; on basis states. The Hamiltonian can then
be written as the sum of these operators

N N
> ) Hij+c, (4.14)

i=1 j=0

where Hyq is introduced for implementation reasons only and is not part of the
original Hamiltonian.

The first step of the SSE approach is the expansion of the partition function in
powers of SH. The trace over the operators is executed in the orthogonal basis
{|a)}. The decomposed Hamiltonian from Eq. 4.14 is inserted into the partition
function

Z =Tr(e =Y Z a| H" |a) (4.15)
{la)} n=0
B 00 Bn N N n
=33 2l (D> i) o) (4.16)
{lay} n=0 i=1 j=0

Using the binomial expansion of the power of the decomposed Hamiltonian the
result is a sum of products of elementary operators with length n. These products
of operators with length n are called sequences S, in the following. Instead of
summing over all combinations of operators, it is now summed over all possible
sequences S,, where each element of a sequence at position [ corresponds to an
index pair [i(l), j(1)] that can be associated with an operator H; ;). The partition
function can then be written as

Z= ZZZB alHH 30 ) - (4.17)

It turns out that sequences longer than L ~ SN contribute only exponentially little
to the sum [26, 30]. It is advantageous for computer simulations if all sequences are
of the same finite length, which is why the fixed length scheme is introduced. All
sequences are truncated at a certain sufficiently long length L, which is determined
iteratively during the simulation (see Sec. 4.5) such that there is no truncation error.
Trivial operators Hy o are added to sequences smaller than L so that all have the same
length. The number of non-trivial operators in the sequence is denoted by ng, in the
following. Since the L —ng, inserted trivial operators can be at any position in the
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4.2. STOCHASTIC SERIES EXPANSION

sequence, equivalent configurations occur more than once in the partition function
if we sum over all possible sequences with length L including trivial operators. To
preserve the weights of the original configuration-space elements we have to divide
by a combinatorical factor to compensate overcounting:

" ng (L —ng,! L
sl ) o) TT gy o) (118)

s

{la)} SL L =1

Having a closer look at the matrix elements, inserting 1 = >~ |a®)(a®| between
the single operators, leads to a chain of matrix elements

L
(af TT Hiwsa o) = (@) Hiwy ey [ D) (@] o) (@] Higy jay o)
- (4.19)
with the periodic boundary condition resulting from the trace
@) = oDy = |a) . (4.20)

At this point, the need for the non-branching property becomes apparent. With
this extra dimension of propagation, often called imaginary time, the configuration
space we sample with Monte Carlo integration becomes

Q= {le)} x {5} . (4.21)

A single configuration of {2 can be visualized as shown in Fig. 4.1. The partition
function can now be defined as a sum of weights of the states in the configuration
space €

Z =Y ww) (4.22)

we
L

(L —ng )
w(B,w) = ML—,RSL) (o T] Hiww e - (4.23)
’ =1

This is a good starting point for an efficient simulation since it suffices to only
successively act with operators on one or two spins to calculate the weights of a
configuration. Furthermore, one only has to save the initial state of the system |«),
since any other intermediate state in imaginary-time direction

K
™) = HHi(l),j(l)|a> (4.24)

=1

can simply be reconstructed from the sequence of operators.
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Figure 4.1: Visualization of a typical sequence with length L = 10 in a N = 4 fer-
romagnetic spin system. Filled circles correspond to the spin-up state,
unfilled circles to the spin-down state. Constant operators H;,; are rep-
resented by thin lines, field operators H;, by thick lines. If an Ising
operator H; ; acts on two spins, they are connected by a large line.

4.3 Update of configurations

In order to sample the configuration space of a system, we first need the information
about the lattice structure of the system, i.e. bondfiles, that tell us, which spins
are connected via bonds in the lattice structure, and the temperature T ~ 1/g
at which we want to simulate the system. The simulation starts with an initial
configuration Q° that is constantly updated. During these updates, the operators
in the sequence are iteratively exchanged and both the propagated states and the
initial states can change [13]. This changes the weight w(5,w) and the value of
observables measured during the updates. Details concerning the measurement of
observables can be found in Sec. 4.4. An important condition for the updates is that
the new configuration after the update does not have zero weight [30]. This happens,
for example, when the periodic boundary conditions are not fulfilled in imaginary
time or the amplitude of an operator acting on the propagated state is zero. A
full update, also called Monte Carlo sweep, is given by successively performing a
diagonal update and an off-diagonal update. In Sec. 4.3.1, the diagonal update,
which is based on the Metropolis-Hastings algorithm and changes only the weight
w(fB,w), is presented. Moreover, we introduce an efficient way to draw random
numbers. Off-diagonal updates are presented in Sec. 4.3.2, which keep w(f,w) the
same, but change the state |«a).
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4.3. UPDATE OF CONFIGURATIONS

4.3.1 Diagonal update

In the diagonal update, operators are replaced that are diagonal in the z-basis. In
the case of the transverse-field Ising model, these are the constant operators H,;,
Ising operators H; ; and trivial operators Hjy. Diagonal operators can not change
the state |a) of the system, but can change the weight of the configuration if a
trivial operator is replaced by a non-trivial one and vice versa. During the diagonal

O

Oo-O OI0

e
©c e o0 O,
O ® 0 0"

\KA

O
Q
O
O

» O 9.,
o & 0 0"

Figure 4.2: Insertion of operators during the diagonal update in a ferromagnetic spin
system. Constant operators may be inserted at any position (top). Ising
operators can only be inserted if both spins they act on have the same
state (middle) and not if they have different states (bottom).

update, the sequence is successively traversed and at each position k of the sequence
a trivial operator is exchanged by a non-trivial operator with a certain acceptance
probability and vice versa.

The probability of an operator being inserted is determined using the Metropolis-
Hastings algorithm described in Sec. 4.1. First, the normalised proposal probability
of replacing a trivial operator by a non-trivial operator is chosen by the eigenvalues
of the respective operators

M;;

q(Hop — H; ;) = (4.25)
’ Zz hi+2zz‘;ﬁjuij|
2|J;:| or 0 | £ j
Mijz{ [ or iz (4.26)
h; L=

For the case ¢ # j one must be aware, that the eigenvalue of H; ; can also be zero.
This must be checked in the algorithm before inserting the operator. In this case,
the operator is not inserted since otherwise the weight of the entire configuration
would be zero. The opposite operation of exchanging a non-trivial operator by a
trivial operator is proposed with probability one

q(H;j = Hop) =1. (4.27)
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4.3. UPDATE OF CONFIGURATIONS

The probability distribution p(f,ng, ) we want to sample is given by the weights of
the configuration space w(f,w) defined in Eq. 4.22. The ratio of probabilities can
be written as

p(ﬂanSL + 1) _ w(67w(nSL + 1)) _ g
ﬁ(/87nSL) w(ﬁ7w<n5L>> L_nSL
where M;; is the eigenvalue of the inserted operator. According to the Metropolis

Hastings algorithm, the acceptance probability for inserting a non-trivial operator
is given by

: p(B,ns, +1)q(Hi, —>Hoo))
a(Hopg — H; ;) =min | 1, — : ’ 4.29
(Hog ) ( p(B,ns,) q(Hoo — H; ;) (4.29)
. B Zz hi+2zfi¢j |Jij|
= 1, ——— - M,;;- 4.30
min ( T —ns, j M (4.30)
. ﬁ(Zi hi+22i7éj“]ij‘>
=min | 1, (4.31)
L — ns;,

The acceptance probability for the opposite operation is analogously given by

. p(B,ns, —1)q(Hoo — Hij)>
a(H;; — Hyp) =min | 1, —— ’ ’ 4.32
(Hig 00) < p(B,ns,) q(H; 5 — Hop) (4.32)
— min | 1 L=ns, +1 (4.33)

’ B (Zz hi +2 Zi;ﬁj |Jij’>

Note, that both of these probabilities do not depend on M;;. Therefore, compared
to the usual procedure in the Metropolis Hastings algorithm introduced in Sec. 4.1,
steps 1 and 2 can be swapped. The algorithm can first decide whether an operator is
to be exchanged using Eq. 4.31 or Eq. 4.33 by just drawing one random number and
then which operator is to be used and whether the condition H;;|a) # 0 is satisfied.

Walker method of aliases

An important part of the algorithm is to draw ¢, j according to their weight M,;,
i.e., to decide which operator is inserted because, in the case of the RTFIM, each
operator can be inserted with a different probability ¢(Hypo — H; ;). A method to
draw random numbers from any discrete probability distribution in constant time
is the Walker method of aliases [33].

To initialise the algorithm, the probabilities ¢; are first divided into three groups.
Probabilities greater than the mean probability ¢, probabilities less than ¢, and
probabilities exactly equal to ¢ [34]. Then, the probabilities are sorted into con-
tainers C; and probabilities are redistributed until all containers are filled equally
with at most two contributions from different samples [34] (see Fig. 4.3). It has to
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Figure 4.3: Initialisation of the Walker method: Probabilities ¢; (coloured bars) are
iteratively split up and assigned to containers C; of equal size with con-
tributions of one or two probabilities.

be saved which sample ¢ a container C; contains and their respective share. This
initialisation needs at most as many steps as the number of ¢;, but only has to
be done once at the beginning of the simulation. To generate a sample from the
distribution, only one int and one double random number need to be drawn from
a uniform distribution. The first random number determines which container Cj
is chosen, the second random number which of the two samples in the container is
selected.

4.3.2 Off-diagonal update

In contrast to the diagonal update, the off-diagonal update does not change the
weight of the configuration. Instead, the state of the system is updated by replacing
constant operators H,; with field operators H;, and vice versa. This means that,
among the other propagated states, also the initial state |a) might change, which
might affect the value of observables like the magnetisation. In this section two
different updates are described, the local off-diagonal update, which only exchanges
operators within the imaginary time of one single spin, and the quantum cluster
update, which flips connected clusters of spins extending in both real space and
imaginary-time dimension of the configuration.

Local off-diagonal update

In the local off-diagonal update, field operators are pairwise converted within the
imaginary-time dimension of one spin, either from a constant operator H;; into a
field operator H;( or the other way around. For this purpose, isolated local clusters,
that are delimited by two field operators and have no Ising operator in between,
are identified when going through the sequence and all spins in the local cluster are
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Figure 4.4: Construction of local isolated spin clusters represented by different
colours. All spins of a local cluster are flipped with probability p = 1/2
during the local off-diagonal update.

flipped with probability p = 1/2 (see Fig. 4.4). This does not change the weight of
the configuration, but the propagated states \a(k)>. In particular, the initial state
can also change if the cluster crosses the periodic boundary of imaginary time (see
Fig. 4.4). Since this update only works locally, this update alone is not able to
efficiently sample the configuration space close to the critical point. For this reason,
only the cluster update described below was used for the simulations carried out in
this work.

Quantum cluster update

The quantum cluster update differs from the local update in that the clusters are
not limited to a single spin, but can expand in the dimension of real space by Ising
operators, which connect the imaginary-time lines of two spins (see Fig. 4.5). As
with the local off-diagonal update, the clusters are delimited by field and constant
operators. For the cluster update, a doubly-linked vertex list is created during
the diagonal update. It contains the information which operators are connected
with each other, i.e., which operators are before and after an operator in imaginary
time direction for every site. In the cluster update, all operators are visited with
the help of this list and the clusters are constructed from it. Then, all spins of a
cluster are flipped with probability p = 1/2 by replacing the constant operators at
the cluster boundaries with field operators and vice versa. Detailed descriptions and
implementation details can be found in Refs. [26, 30-32].
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Figure 4.5: Construction of connected spin clusters represented by different colours.
All spins of a cluster are then flipped with probability p = /2 during the
quantum cluster update.

4.4 Calculation of observables

During each full update, observables are measured and in the end averaged over all
Monte Carlo sweeps. Since some observables not only measure the initial state |a)
but also imaginary-time correlations and thus need access to all [a(®)) | observables
are measured during the diagonal update, since the whole sequence has to be tra-
versed anyway.

First, an expression for the average energy, i.e., the ground-state energy, can be
derived. The definition of the average energy can be expanded similar to the par-
tition function [30]. Shifting n — n — 1 we recover the partition function with an
additional factor —/g:

E = (H)= 2Tt (He ™) (4.54
= LS ES i o) (4.35)
=0 )
AN GBS e
-7l _5{2&;}< | H" |a) (4:36)
_ %; _% : (‘nﬁl)” {Z>} (a| H™ |a) . (4.37)
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4.4. CALCULATION OF OBSERVABLES

If we now apply the fixed-length scheme as described above, the ground-state energy
in the SSE representation is given by the averaged number of non-trivial operators
in the sequence divided by the inverse temperature

<nSL>’LU(ﬁ,UJ)
E = —— 7 .

where (...)u(3.) denotes the average over configurations sampled according to the
weights w(f,w) (see Eq. 4.22).

In general, any observables can be written as

((’)}z%Tr((’)e‘ﬂH _ Zzzﬁ. a|OHH,(1)] ) (4.39)

Z (a0 s

in the SSE formalism. If the observable is diagonal in the chosen basis, one can
further simplify the expression to

(0) = (O sy — % S O(a)w(B,w) - (4.40)

wef

The statistics can be improved by using the fact that every rotated sequence is also
a valid configuration [35]. The improved estimator of the observable O" does not
only measure the state |a), but also every propagated state |a®) for k € {1,L — 1}
in between:

L—

(O = Zw B,w) 1 O(a®) . (4.41)

wEQ k:

In the ferromagnetic RTFIM, the order parameter is given by the squared magneti-
sation

m? = %(i af) , (4.42)

=1

where N is the number of particles in the system. The expectation value of the
squared magnetisation in the SSE representation

~

-1 N

) tsar = 5 S w(Bw)p D05 (o) ) (a3

we 0 i=1

e
I

is measured during the diagonal update by detecting field operators H; in the se-
quence, which change the propagated state. This means that the entire state of
the system is not needed to be measured in each step k of the sequence, but the
magnetisation can be constructed from the position of the field operators after the
update.
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The order parameter susceptibility is defined as the response function to an external
magnetic field

B
X = N/o (m(7)m(0))dr (4.44)

integrated over imaginary time. This integral can be expanded and expressed in
terms of the SSE representation [30, 31| to

Z m2 + ( > mk> ]> (4.45)
w(Bw)

x=N
<nSL (ns, +1) k=0

with
mi = (a®|m|a®) . (4.46)

The imaginary-time integrated correlation function
B
Gy = [ (o r)o3(Oar (447
0

nsL—l nSL—l nsL—l
> 0540 k+< > 0§k> < > 0k>]> (4.48)
= w(ﬁ?"u)

5
ns, (ns, +1)

with
ofy = (aP]o7|a®) (4.49)

has a very similar form to the susceptibility. Both susceptibility and correlation
functions are calculated during the diagonal update analogous to the magnetisation.
In the case of the correlation function we have to restrict ourselves to the correlation
function between one site ¢ = 1 and all other sites j since calculating all correlations
would slow down the simulation [31]. For the special case i = j, the imaginary-time
integrated correlation function is equivalent to the local susceptibility

B
Noeal — / (07 (1)o7 (0))dr (4.50)
= —6 n nSLila 2
B <nSL(nSL +1 ot ( Z ) ] >w(ﬁ,w) | o

This quantity is especially interesting since the distribution of the local susceptibility
is connected to the distribution of typical energies and therefore gives us access to
dynamical scaling (see Sec. 6.3).
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4.5 Convergence to zero temperature

The aim of this work is to investigate continuous quantum phase transitions. How-
ever, quantum phase transitions are only defined at temperature 7" = 0 (see Sec. 2.1).
In addition, continuous phase transitions only occur in the thermodynamic limit [14].
At first glance, this does not seem to fit well with the method described so far, which
is only defined for finite systems and finite temperatures.

The key to solving this problem is to have a closer look at the behaviour of fi-
nite systems. In finite systems, in contrast to infinite systems, the energy gap A at
the point of the phase transition does not close completely (see Sec. 5), but remains
finite

A(h=he, L) ~ L% . (4.52)

In order to simulate the ground state, we only have to cool the system down so much
that the remaining thermal fluctuations are very small compared to the energy gap
to the first excited state.

Before the system at temperature T is simulated and observables can be measured,
the system must first thermalise to the desired temperature 7' = 1/5. With decreas-
ing temperature, the probability of inserting non-trivial operators in the sequence
increases (see Eq. 4.31 and 4.33) and therefore also the fixed length L has to be
increased in order to capture all relevant contributions of the configuration space.
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Figure 4.6: Visualisation of the beta-doubling method. In each step, beta is doubled
and the system is twice thermalised (green) and twice observables are
measured (blue). During the last step with the desired 8 = Sy, more
measurements are performed to obtain increased accuracy.

\\ Monte Carlo sweeps>

For this purpose, during the thermalisation process after every Monte Carlo sweep,
it is checked whether the length L ~ SN of the sequence is sufficient. If the condition
L > ¢:ng, with ¢ > 1 (e.g. ¢ = 1.25) is not fulfilled, trivial operators are added to the
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4.5. CONVERGENCE TO ZERO TEMPERATURE

sequence until it is fulfilled again. This is carried out until the length of the sequence
no longer changes. However, for very small temperatures it can take a long time
for the system to thermalise. In addition, we do not know at the beginning what
temperature is necessary to simulate the ground state of the system. Introducing
the beta-doubling method, A. Sandvik [36] has given a way to tackle both of these
problems. Here, we use an adapted version of this method.

1.0

0 2 4 6 8 10
log2(B)

Figure 4.7: Averaged magnetisation curves of the RTFIC with different system size
L for different inverse temperatures 3.

Instead of starting the simulation at the desired temperature, the simulation begins
in the first step at § = 1 and the [ is doubled in each step. In every step the
system is first thermalised before observables are measured. After that, the system
is thermalised again and observables are measured a second time in this step to
compare with the first measurement. If the two measurements do not coincide
within statistical errors, the system was at least in the first step not equilibrated
yet. Since L ~ 3, the sequence of the system at half the temperature is expected to
have a sequence twice as long. To shorten the thermalisation time in the next step,
the doubled sequence

S3Y =15, 5] (4.53)

consisting of two copies of the previous sequence is used as initial sequence for
the next beta step. Then the steps are repeated until the desired temperature
is reached (see Fig. 4.6). At the lowest temperature, more Monte Carlo sweeps
are taken in the measurements to get more accurate mean values, since these are
the only measurements we use for further evaluation. Nevertheless, we need the
intermediate measurements to check if we are converged to the ground state. In order
to check this, the squared magnetisation was measured in each step and divided by
the magnetisation from the last step with minimal temperature. If the system has
been cooled down enough, this ratio converges to 1 as a function of 3 (see Fig. 4.7).
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5 Finite-size scaling

In this thesis we want to investigate the critical behaviour of continuous quantum
phase transitions. However, a sharp continuous phase transition with singularities
only takes place in infinitely extended systems. Especially with disorder, it is very
difficult to study a system in the thermodynamic limit. With the Quantum Monte
Carlo method described in Sec. 4, we can only simulate finite systems. So how can
we draw conclusions about an infinite system from the observables we measure in
finite systems? The framework to solve this problem is called finite-size scaling. In
the following, general finite-size scaling will be discussed, in particular how critical
exponents can be extracted from different observables. Then, in Sec. 5.1, the spe-
cial features of finite-size scaling in disordered quantum systems will be discussed,
whereby we structurally follow the explanations in the appendix of Ref. [17]. Finally,
the concrete method is presented with which we try to extract the critical point and
correlation length exponents from our data.
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0.5 'o.. e [ =256

L=512
0.4+
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0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04
h

Figure 5.1: Magnetisation curves of the clean transverse-field Ising chain for different
system sizes calculated with SSE quantum Monte Carlo. The sharp
phase transition is rounded and shifted due to finite-size effects. Since
the magnetisation does not diverge at the critical point, the shifting of
the critical point is hardy visible with the eye.

Finite systems differ from infinite systems at the phase transition in that the critical
point is shifted and the transition is no longer sharp but rounded [37] (see Fig. 5.1).
According to the scaling hypothesis [38], thermodynamic quantities in the vicinity
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5.1. FINITE-SIZE SCALING IN DISORDERED QUANTUM SYSTEMS

of a phase transition behave like generalised homogeneous functions. The crucial
point is that the scaling behaviour of observables with system size is related to the
scaling of singular observables at the critical point of the infinite system. In other
words, the critical exponents can be inferred from the behaviour of observables with
the system size. In the quantum case, an observable O is expected to scale as

O(r,L) = L™/ fo(rL") | (5.1)

where w is the critical exponent of the observable with respect to the order parameter
and fo a scaling function [39]. In particular, the scaling function for the order
parameter in ferromagnetic Ising models, the squared magnetisation, is given by

m2(r, L) = L™V > (rLY") | (5.2)

There are several techniques to extract the critical point and critical exponents from
magnetisation curves. A frequently used method is a data collapse, where Eq. 5.2
is fitted to the magnetisation curves m?(r, L) of systems with different system sizes.
From the best fit parameters, the critical point and exponents can be determined.
After rescaling with the fit parameters found, the magnetisation curves should col-
lapse to one curve, i.e., f,,2. For the models investigated in this work, the application
of a data collapse was not successful, probably because corrections to finite-size scal-
ing (see e.g. Ref. [40]) are too large in this case. Instead, using the doubling method
introduced in Sec. 5.2, the scaling of the distribution of pseudo-critical points, a
quantity that is unique in disordered systems, is investigated. Moreover, we study
the scaling behaviour of the magnetisation directly at the critical point.

5.1 Finite-size scaling in disordered quantum
systems

The difference in finite systems with disorder is that observables must be averaged
over many disorder realisations, i.e., not the scaling of a single value or curve but
the scaling of distribution of values and curves must be considered. Often, the
scaling of the distribution of the pseudo-critical points is investigated [41-44|. The
finite-size critical point of a certain disorder realisation can be determined, e.g., by
the maximum of a divergent variable such as the susceptibility or by the doubling
method described in Sec. 5.2. Doing this for many disorder realisation, distributions
of pseudo-critical points are obtained. The shift of the mean and the width of
the distribution of pseudo-critical points then scale with exponents v/, with the
system size. But not every system with disorder behaves the same. A criterion
for the stability of the critical point, the Harris criterion, was already discussed in
Sec. 3.1. According to Refs. [17, 42|, we can further subdivide the scaling behaviour
into three groups.
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5.1. FINITE-SIZE SCALING IN DISORDERED QUANTUM SYSTEMS

Irrelevant disorder

As the name suggests, disorder is irrelevant for scaling in these systems. Systems
falling into this group have a clean critical exponent v, that satisfies the Harris
criterion. The scaling is analogous to the clean system without disorder described
in the introduction to this chapter. For the scaling of the distribution of pseudo-
critical points this means that the shift of the mean scales as ~ L~'/*s with the
clean exponent vy = v, the width of the distribution according to the central limit
theorem ~ L~=%? [42].

Conventional random scaling

If the Harris criterion is not met (v. < 2/d), disorder is relevant. In the conventional
case, which occurs in many systems such as diluted magnets or spin glasses [42],
the universality class is changed. Using some assumptions, it can be shown that
the exponent of the disordered system v again satisfies the Harris criterion [16].
However, this statement is based on finite-size arguments and a finite-size correlation
length £pg. In general, it is not clear whether this definition agrees with that of the
intrinsic correlation length £ in the infinite system [16, 45]. The conventional case is
characterised by the fact that densities still look homogeneous on large scales [17]. In
renormalisation group language one says that the system has constant, non-vanishing
strength of disorder under renormalisation. The typical energies scale similar to the
clean system with A ~ L™*. Regarding the distribution of the pseudo-critical points,
both, the shift of the mean and the width of the distribution, scale with the disorder
exponent v = v, = 1.

Infinite random scaling

In addition to conventional scaling, there is the extreme case that the strength of
the disorder becomes infinitely large under renormalisation. One speaks of the in-
finite disorder fixed point, where the disorder dominates over all quantum, thermal
and statistical fluctuations [42, 46]. Examples of such systems include the RTFIM
in one and two dimensions examined in this work. Here, the system does not look
homogeneous even on large scales [17]. The reason for the strong disorder are the
rare regions discussed in Sec. 3.2 having a large contribution to observables. As a
result, a distinction must be made between average quantities dominated by rare
regions and typical quantities. For the RTFIC, D. S. Fisher was able to show exactly
using renormalisation group techniques that the average correlation length diverges
with an exponent v,, = 2, whereas the typical correlation length diverges with an
exponent 14y, = 1 at the phase transition [11]. Also the shift of the mean and the
width of the distribution of pseudo-critical points does not have to scale with the
same exponent, e.g., in the case of the RTFIC it scales with v; = 1 and v,, = 2 (see

[42] and Sec. 6.1.1).
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5.2. SCALING OF PSEUDO-CRITICAL POINTS: DOUBLING METHOD

The dynamical scaling behaves very peculiar. In contrast to conventional scaling,
there is an exponential relationship between the typical energy scales and length
scales

|log A| ~ &Y — A ~exp (cL¥) . (5.3)

This is called activated scaling [11]. In particular, the activated scaling is a problem
for our numerical simulation. As described in Sec. 4.5, we have to cool down our
systems until the thermal energy is too small to generate excitations. Since the
energy gap closes exponentially instead of polynomial with the system size, we have
to cool down the system much more for larger system sizes, which has a negative
effect on the performance of the simulation.

5.2 Scaling of pseudo-critical points: Doubling
method

To study the scaling of the distribution of pseudo-critical points Py, (L), it is impor-
tant to precisely locate the pseudo-critical point of the finite systems. Only then,
the mean and the width of the distribution can be determined for each system size
with high accuracy. The exponents v/, can be obtained by fitting

(he(L)pyoy = he + A- L7 (P (L) = B-L"  (5.4)

to the data, where A and B are non-universal amplitudes and A, is the critical point
of the infinite system. Usually, physical quantities that diverge at the critical point,
like the susceptibility, are used to define a sample-dependent critical point. How-

= | f e =
« e e e ) =

Figure 5.2: Visualisation of the simple system and doubled system of the RTFIC
with bond disorder. The strength of the bonds J;; is indicated by their
colour. The doubled system consists of two times the simple system
glued together at the boundaries.

ever, the following sample-replication method turned out to deliver more precise
estimates for a sample-dependent critical point. According to the doubling method
[41], we calculate the magnetisation m?(h, L) of a certain system and also the mag-
netisation m?(h,2L) of the doubled system, where we glue two copies of the first
system together (see Fig. 5.2). Then the ratio of these magnetisations

m?2(h, L)

T )= o)

(5.5)
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5.2. SCALING OF PSEUDO-CRITICAL POINTS: DOUBLING METHOD

is investigated. In the case h = 0, the magnetisation of both the simple and the
doubled system converges to one

(e A 20 ) = 00 1 (DD 0) T ) (5.6)
= S S sl ) (5.7)

1’7.7
1
=5 di=1. (5.8)
i’j

In the case h — oo, the behaviour of the magnetisations can be shown analogous by
rotating the coordinate system in the xz-plane (6 — —o* and ¢* — o*) such that

(e ] = e () 5.9
= 5l (X e + Yo ) ) (5.10)
i i#]
n(E2) -1 618
i i#]

Therefore, the behaviour of the ratio r(«, L) is given by

lim r(h,L) — or =1/2 (5.12)

h—o0 ’ 1/L ’
far in the disordered phase. We can now define the pseudo-critical point of a dis-
order realisation i as the values h.(i), where the ratio r(h, L) drops from 1 to 1/2 .
Doing this for many disorder realisations, we can calculate the mean and the width
of the distribution of pseudo-critical points for different system sizes L. In Fig. 5.3,
the typical behaviour of the ratio r(h, L) is depicted for a few disorder realisations
of the RTFIC with L = 120 spins. In the inset of Fig. 5.3 , a typical distribution of
pseudo-critical points is depicted.

Since the decay is not sharp in small systems, it is not always easy to precisely
determine the pseudo-critical point h.(i) of a disorder realisation i. After trying
different methods, fitting a function

1 1
h)=— 1
10 =3 (e mry )
similar to a sigmoid function turned out to be the best. Other methods like interpo-
lating between the data points to determine r(h = h.(i), L) = 0.75 were also used.
In general, the method used to determine the pseudo-critical point seems to affect
the value h, of the infinite system more than the exponents v, .

(5.13)
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Figure 5.3: The ratio of magnetisations r for a few disorder realisations of the RTFIC
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with 120 spins and the corresponding doubled system calculated with the
SSE quantum Monte Carlo method is shown. The pseudo-critical point is
defined at the point where the ratio drops from 1 to 0.5. The distribution
of pseudo-critical points (generated from more disorder realisations) is
shown in the inset.



6 Results

In this chapter, the results for the critical behaviour of the RTFIM at T" = 0 are
presented. In Sec. 6.1, the scaling of the distribution of pseudo-critical points is
examined using the doubling method described in Sec. 5.2. Critical points h. and
critical exponents vy, are presented in one and two dimensions for different types
of disorder. In Sec. 6.2 the averaged magnetisation at the critical point is considered
to extract the order parameter critical exponent S. Finally, the dynamical scaling

is examined using the behaviour of the local susceptibility in the Griffiths phase in
Sec. 6.3.

Verification of the quantum Monte Carlo code

The code should first be verified using an exact method, since not only major errors
can occur in the implementation, which lead to obviously wrong results, but also
subtle errors can occur. Subtle errors in the code can lead to at first glance physical-
looking results that are nevertheless wrong.

0.8 — QMC
e ED
0.7 4
0.6 1
~L 0.5
S
0.4
0.3

0.2

Figure 6.1: Magnetisation curves calculated for four disorder realisations of the
RTFIC (J;; € [0.5,1.5]) with 20 spins calculated with exact diagonal-
isation (ED) and SSE quantum Monte Carlo.

In order to rule out any errors in the implementation of the SSE quantum Monte
Carlo method, the results of the code were compared to results from exact diagonal-
isation. In particular, this test was performed with disordered systems, since some
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6.1. SCALING OF THE DISTRIBUTION OF PSEUDO-CRITICAL POINTS

parts of the code differ from the implementation of clean systems. For the exact
diagonalisation, the python package QuSpin [47] was used. With both methods,
magnetisation curves were calculated for the same disorder configurations of the
RTFIC (see Fig. 6.1), which agree very well.

6.1 Scaling of the distribution of pseudo-critical
points

In this section, the scaling of the distribution of pseudo-critical points for one- and
two-dimensional systems will be investigated. For this, we use the doubling method
introduced in Sec. 5.2. The critical exponents and critical points are to be compared
with already known results from literature [10, 11, 42, 44, 48|. In addition, it should
be discussed which types of disorder are more suitable for the simulation with the
quantum Monte Carlo method.

Verification of the method

The doubling method should also be compared with an exact method. For the
chain we have the possibility to compare with the expression for the pseudo-critical
point derived in Sec. 3.3.1 [10]. In two dimensions we do not have this possibility.
However, we assume that once the method has been verified for one-dimensional
systems it can also be applied to two-dimensional systems.

L = 50 spins L =150 spins
[ ] [}
0.98 1 A )
1.0257 ¢ ° o o e t J
° e
1.0001 . “1 0.961 .® $
: R s s
0.975 1 . . e 0.94. $ . 8
< 0.950- . ° . &Y sl :
o ® L] [ Y [ ]
[ J [ J
092512 ° . . 0.92 - ’
[ J
0.900 - - . 8
e Doubling method (QMC data) 0.90 - e Doubling method (QMC data)
0.8751 ® Exact equation ' e Exact equation
samples samples

Figure 6.2: Position of the pseudo-critical point extracted via the doubling method
using quantum Monte Carlo data compared to pseudo-critical point de-
termined using Eq. 3.36. The deviation between the points is decreasing
with increasing system size.

In Fig. 6.2 the pseudo-critical points of 20 disorder realisations of the RTFIC are
plotted, once calculated with SSE and the doubling method and once using Eq. 3.36
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6.1. SCALING OF THE DISTRIBUTION OF PSEUDO-CRITICAL POINTS

from the bond strengths of the disorder realisations. One can see that the pseudo-
critical points of the different methods are correlated and very close to each other.
A systematic shift between the points can be seen, which becomes smaller as the
system size increases. The reason for this could be the boundary term neglected in
the exact calculation for the value of the pseudo-critical point. This is consistent
with the assumption that the contribution from the boundary term is negligible for
very large systems. However, it cannot be ruled out that determining the pseudo-
critical point using Eq. 5.13 also leads to an error that disappears in the limit of
large systems.

6.1.1 Results for the one-dimensional RTFIM

The one-dimensional model, i.e. the RTFIC, is the simplest realisation of the RTFIM
and also the one best studied in literature [10, 11, 42, 49, 50|. Therefore it is a good
starting point for our method, since we can easily compare our results. On the one
hand, we can use Eq. 3.36 [10] to calculate distributions of critical exponents for
very large systems with little computational effort and thus make good predictions
for the critical point of the infinite system h.. On the other hand, D. S. Fisher was
able to use renormalisation group techniques to show that the average and typical
correlation length of the chain diverges with v,, = 2 and 14, = 1 and that the order
parameter exponent is given by 8 = 1(3 — /5) [11].

— fit: vs = 1.0360, h, = 0.9527 — fit: v, = 2.0463
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Figure 6.3: Scaling of mean and width of the distribution of pseudo-critical points
using SSE data. The investigated system is the RTFIC with bond dis-
order J,‘j S [05, 15]

Regarding the distribution of pseudo-critical points, F. Igloi et al. showed that the
mean and width of the distribution scale with exponents v, = 1 and 1, = 2 [42]| and
connected those to the exponents of average and typical correlations. However, it is
unclear whether these exponents can be related in general.
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In this work, the chain was simulated for three different types of disorder:

e Bond strengths J;; drawn from a unitary distribution [0.5,1.5] and no disorder
in h; = h (see Fig. 6.3)

e Bond strengths J;; drawn from a unitary distribution |0,1] and no disorder in
hi = h (see Fig. 6.4)

e Bond strengths J;; drawn from a unitary distribution [0,1] and field strengths
h; drawn from a distribution [0, k] (see Fig. 6.5)

For the first two types of disorder, the bond strengths were kept constant during
the simulation and the system was simulated for different values of h. In the case of
disorder in the bond and field strengths, a configuration of {J;;, h;} was drawn from
[0,1] at the beginning of each simulation of a disorder realisation. To change the
ratio (J;;)/(h;), the h; were rescaled with h. The three types of disorder were chosen
such that they can be compared well with literature [42], but also to investigate how
different types of disorder behave. The disorder seems to be more "extreme" if the
bonds are chosen to be in [0, 1] instead of [0.5,1.5], as this allows J;; ~ 0 to occur,
which could split up the system. Disorder in the field strengths further increases
the strength of the disorder.

— fit: vs = 1.0674, h = 0.3603 — fit: v, = 2.0942

0.44
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(hc)Pf,(
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Figure 6.4: Scaling of mean and width of the distribution of pseudo-critical points
using SSE data. The investigated system is the RTFIC with bond dis-
order Jij S [O, 1]

In Fig. 6.3 and Fig. 6.4 one can see that the exponents vy, agree well with the

results of [42] despite some statistical inaccuracy. Moreover, the position of the
critical points agrees quite well with the estimates one gets using Eq. 3.36
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— fit: vs = 1.2556, h, = 0.8944 1 — fit: v, = 1.5778

Figure 6.5: Scaling of mean and width of the distribution of pseudo-critical points
using SSE data. The investigated system is the RTFIC with bond dis-
order J;; € [0,1] and field disorder h; € [0, A].
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Figure 6.6: Scaling the width of the distribution of pseudo-critical points for the
RTFIC with bond disorder J;; € [0,1] and field disorder h; € [0, h]. Here

Eq. 3.35 was used to determine the distribution of pseudo-critical points.

In contrast, the exponents for the case of disorder in bonds and field strengths still
deviate from the expected results, especially with regard to the width of the dis-
tribution (see Fig. 6.5). Reason for this is probably that we calculated too small
system sizes in this simulation. The problem with "stronger" disorder seems to be
that the activated scaling (see Eq. 5.3) becomes more important. This results in
exponentially small energy gaps with increasing system sizes such that we have to
go to very low temperatures even with comparably small systems. This makes it
difficult to simulate large systems with enough disorder realisations and thus to ob-
tain data points with good statistics in a reasonable amount of computing time.
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To check this assumption, we used Eq. 3.35 and determined the distribution of
pseudo-critical points for disorder in J and h. The scaling of the width of the distri-
bution can be seen in Fig. 6.6 on the left for small system sizes comparable to those
from the SSE simulation. Here the exponent deviates strongly from the expected
exponent v,, = 2 as well. In contrast, the exponent is close to the expected value
for larger systems in Fig. 6.6 on the right. However, it cannot be ruled out that the
neglected boundary term also influences the comparison.

6.1.2 Results for the two-dimensional RTFIM

In two dimensions, the RTFIM on the square lattice was considered. Less is known
here in contrast to the chain. There are no exact results for the comparison of crit-
ical points and exponents, but a work by I. A. Kovacs et al., who found exponents
Vs = Uy &~ 1.24 for the distribution of pseudo-critical points using strong disor-
der renormalisation group techniques [44]. C. Monthus et al. found similar results
v =~ 1.3 using the same technique [48].

In our simulation, two different types of disorder were simulated:

e Bond strengths J;; drawn from a unitary distribution [0.5,1.5] and no disorder
in h; = h (see Fig. 6.7)

e Bond strengths J;; drawn from a unitary distribution [0,1] and field strengths
h; drawn from a distribution [0, k] (see Fig. 6.8)

The latter type of disorder was also investigated in [44], so we can compare with their
results. In Fig. 6.7 and Fig. 6.8 one can see that it is quite difficult to determine the
shift exponent v, from our data because the statistical fluctuations are very large.

/ 0.12- —— fit: v, = 1.0263
3.05 1 . ®
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gy
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—— fit: vs = 3.1759, h, = 3.1213
3.011 fit with fixed vs = 1.24: h. = 3.0716
5 10 15 5 10 15
L L

Figure 6.7: Scaling of mean and width of the distribution of pseudo-critical points
using SSE data. The investigated system is the RTFIM on the square
lattice with bond disorder .J;; € [0.5, 1.5].
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On the other hand, a fit with fixed vy = 1.24 is nevertheless consistent with the data
points. For the width exponents, the data points look more converged, but we can
not reproduce v, = 1.24 with sufficient accuracy.
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Figure 6.8: Scaling of mean and width of the distribution of pseudo-critical points
using SSE data. The investigated system is the RTFIM on the square
lattice with bond disorder J;; € [0,1] and field disorder h; € [0, h.

In Ref. [44], a finite-size dependency of the exponents was considered. In the case
where there is only disorder in the bond strengths, the exponents v/, converge to
1.24 with increasing system size L from below. In the case where there is disor-
der in bond and field strengths, it converges from above [44|. This is in agreement
with our results for the exponents v, in Fig. 6.7 and Fig. 6.8. We further analysed
this L-dependency of the exponent due to the corrections to finite-size scaling. In
Fig. 6.9, the data point of the smallest system size was removed in each step and the
exponents were determined for the remaining system sizes in each step. One can see
that both exponents become smaller and tend to converge towards 1.24 although
the error bars are quite large, especially in the case of v,. This is where the advan-
tage of stronger disorder becomes apparent. While the convergence to the correct
exponents in Fig. 6.9 can be seen well, it could not be proven for the model with
only disorder in the bond strengths within the available system sizes. This is also
in agreement with Ref. [44], where they showed that the convergence for the model
with only disorder in the bond strengths appeared at significantly larger system sizes.

Comparing the obtained value of the critical point of the infinite system h. from
Fig. 6.8 with the value h. ~ 5.37 of Ref. [44], a big difference is noticeable that is
too large to be due to statistical inaccuracies. Renormalisation group techniques,
as applied to the RTFIM in Refs. [44, 48|, archive very precise results for universal
quantities like critical exponents, but do not necessarily predict the "true" sample
dependent critical point [51], since microscopic details are lost in the renormalisation
process [52|. The best estimate for the critical point from our data can be archived by
a fit in which the known critical exponent v, = 1.24 is fixed (see Fig. 6.8). We obtain
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Figure 6.9: In each step the data point of the smallest system size is removed and
fits for the remaining data points are performed. One can see, that the
exponents vy, are L dependent and tend to converge to the expected
value vy, ~ 1.24 [44]. The investigated system is the RTFIM on the
square lattice with bond disorder J;; € [0, 1] and field disorder h; € [0, A.

h. ~ 6.30, which is probably closer to the "true" critical point since the quantum
Monte Carlo method, unlike the strong disorder renormalisation group technique
[53], also captures the microscopic details that are relevant for the position of the
critical point.

6.2 Scaling of the magnetisation at the critical
point

According to Eq. 5.2, the averaged, squared magnetisation at the critical point
(r = 0) is expected to scale like

(m?(r =0,L)) ~ L%/ (6.2)

For the chain, we can determine the critical point h. to high accuracy. For the
square lattice, we use the critical points obtained from the doubling method. In
both cases, the averaged magnetisation at the critical point (m?(h = h,, L)) was
plotted logarithmically against the system size L, so that the exponent 2/3/v,, can
be read off via a linear fit. In addition, a second quantity is examined to extract
only the average correlation length exponent v,, by expanding the scaling function
close to the critical point

(m*(r=90)) L=28/vay f(§LM7av)
1= (m2(r =0)) 1= L2/ £(0) (6.3)
o J0) + Flsmed L 1O,
— 1 0) L . (6.4)
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The behaviour of both quantities can be seen in Fig. 6.10 for the chain and in
Fig. 6.12 for the square lattice.

In the case of the chain with disorder in bond and field strengths, the analyti-
cally known exponent § = %(3 —/5) &~ 0.382 [11] roughly agrees with our results.
Deviations in both cases may be due to corrections to finite-size scaling and too few
disorder realisations. We can actively try to take these corrections into account.
To do this, the data points log (m?(h.)) are multiplied with log(L) and a quadratic
function was fitted to the data instead of a linear function. Therefore we have one
more degree of freedom to take corrections into account. In Fig. 6.11, one can see
that the exponents agree much better with the literature values § ~ 0.382 and
Vay = 2 using the quadratic fit.
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Figure 6.10: Scaling of the average magnetisation of the RTFIC at the critical point
for two different types of disorder in order to extract the exponents (5
and v,,.

For the square lattice, we can compare our results with Ref. [44], according to which
26 /vay &= 1.964. Unfortunately, our results do not match this value. Also the
correlation length exponent v,, = 1.24 [44] can not be reproduced with sufficient
accuracy. This is probably due to several reasons. On the one hand, as with the
doubling method, the system sizes are too small, so that corrections to finite-size
scaling influence the exponents. In order to effectively include these in a fit, however,
the data points still fluctuate too much. Also the method that was used for the
linear chain to take corrections into account does not improve the results. Probably
the correction do not have the same form in the two-dimensional system. On the
other hand, in contrast to the chain, we cannot determine the critical point to high
accuracy. Scaling away from the critical point will massively influence the exponents.
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Figure 6.11: Scaling of the average magnetisation of the RTFIC at the critical point
for two different types of disorder in order to extract the exponents
and v,,. Here, the data points are multiplied with log L and a quadratic
fit is performed instead to take corrections to finite-size scaling into

account.
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Figure 6.12: Scaling of the average magnetisation of the RTFIM on the square lattice
at the critical point for two different types of disorder in order to extract
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6.3. DYNAMICAL SCALING IN THE GRIFFITHS PHASE

6.3 Dynamical scaling in the Griffiths phase

In the following section, dynamical scaling in the paramagnetic Griffiths phase will
be investigated. As described in Sec. 3.2, rare regions dominate the observables and
properties in this phase. From the distribution of the linear size Lgr of the rare
regions (see Eq. 3.5) and the relation between energy gap A and Ly (see Eq. 3.7),
the distribution of the energy gaps in the limit of small A can be determined

dL @ —0g [e%
P(A) ~ P(Lg(A)) - d—AR =8t = v AT = AT (6.5)

where «/o was identified with d/z’. Analogous to the critical exponent z introduced
in Sec. 2.2, 2’ also relates typical energies and typical lengths, but this time for rare
regions in the Griffiths phase. d is the dimension of the system. This quantity can
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Figure 6.13: Distribution of the local susceptibility calculated using SSE data for
different values of h. The investigated system is the RTFIC with bond
disorder J;; € [0, 1] and field disorder h; € [0, 1].

be connected to the local susceptibility defined in Eq. 4.50

g
Xlocal = /0 <O,lz(7_)0,lz(0)> (66)

B
_ /0 007 e 177 0) (6.7)
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By inserting 1 = >~ _, [n)(n|, where |n) denotes a many body state of the system,
we end up with

B
Ve = [ SO0z 7 )l 0) (6.5)

0 n#0

B
=3 [ B o) ol 6.9)

n#0
nt0 n — 440 0
0lo7|n)|?
_ Z |%|Ui|72! (1 _ e—ﬁ(En_EO)) . (611)
n#0 "

For sufficiently large 8 the local susceptibility we measure is therefore proportional
to 1/A

! ! (6.12)
Xlocal En _ Eo A .
and the tail of the distribution of the local susceptibility scales as
dA —d/z
P(oea) = P(A (ttocat)) 7= ~ Xigar (6.13)

During our simulation of the RTFIM in one and two dimensions we also calculated
Xlocal for each spin on the respective lattice. In order to extract the exponent d/z’,
the logarithm of the distribution of ... Was plotted against the logarithm of xiocal
(see Fig. 6.13). One can see that the logarithm of the distribution for large values of
Xlocal Shows a linear behaviour. This range corresponds to very small energy scales
or large relaxation times, i.e., the range dominated by rare regions, where Eq. 6.13
is valid. Especially in the case h =~ h. one can see, that the linear behaviour is
disturbed. This is probably due to the fact that 3 < oo. For observables close
to the critical point, A is very small and thus the additional term in Eq. 6.11 may
contribute. To determine d/z’, linear curves are fitted to the tails of the distribution.
Since

d
1Og [P(log Xlocal)] ~ _; 10g Xlocal (614)

d/z" is determined from the slope. The behaviour of d/z" with the field strength h
is plotted in Fig. 6.14 for a one- and a two-dimensional system with linear system
size L = 16 each. For both the one-dimensional and the two-dimensional model,
we see that the exponent 2’ diverges close to the point of the phase transition and
approaches a constant value for large fields h. This is in good agreement with
previous works that have demonstrated the same behaviour [49, 54]. The reason
for this behaviour is that in the Griffiths phase conventional scaling § ~ £7% is
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Figure 6.14: Exponent 2z’ in the Griffiths phase extracted from the distribution of
the local susceptibility for the RTFIM in one (left) and two (right)
dimensions, both with linear system size L = 16. In both cases, the
type of disorder is J;; € [0,1] and h; € [0, h].

expected, while at the critical point activated scaling (z = oo) is expected (see
Sec. 5.1) [17]. It is noticeable that the point h(1/z" = 0) deviates from the critical
point h.. If the simulations are carried out for different system sizes L, one can see
that h(1/2' = 0, L) is also influenced by finite-size effects. The finite-size pseudo-
critical points, which can be determined by h(1/z" = 0, L), do not generally agree
with those determined by the doubling method.
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7 Conclusion and Outlook

In this work, the critical behaviour at the phase transition of the random transverse-
field Ising model was investigated in one and two dimensions. For this purpose, the
ground state of the RTFIM was simulated using stochastic series expansion Monte
Carlo [13]. Using the beta doubling method [36], observables at 7" = 0 could be
extracted for finite systems.

To investigate the scaling behaviour, different techniques were applied. First, a
sample replication technique [41] was used to determine the pseudo-critical point of
individual disorder realisations. From the scaling behaviour of the distribution of
pseudo-critical points, the exponents v/, and the critical point h. were extracted.
In one dimension, the results agree very well with the analytical values for A, [10] and
the critical exponents of Ref. [42]. One can see that due to corrections to finite-size
scaling, the convergence to the true exponents depends on how exactly the disorder
is chosen in the model. In two dimensions it is more difficult to determine expo-
nents and critical points with sufficient precession, since the simulation becomes
more time-consuming for the same linear system sizes and thus fewer disorder reali-
sations can be determined in the same time. We see that in the range of the system
sizes we simulated, the exponents have not yet converged to their true values. How-
ever, we observe consistent behaviour of the L-dependent critical exponents and a
convergence towards the exponents v/, = 1.24 determined by Ref. [44]. The critical
point h. deviates strongly from those determined by strong disorder renormalisation
group techniques [44, 48]. This is probably not only due to statistical inaccuracies
but also due to the fact that our estimates for the critical points are not biased in
contrast to the renormalisation group method.

To determine the order parameter critical exponent 3, the averaged magnetisation
at the critical point was considered. In one dimension, the exponent we determine
agrees well with the exact value 8 = 1(3 — V5) [11]. Again, the result is strongly
dependent on the type of disorder we consider and corrections to finite-size scaling
have a great impact. In two dimensions, it was not possible to reproduce the re-
sults for B from Ref. [44]. The reason for this is probably that we have too many
inaccuracies and corrections due to too small system sizes and too few disorder re-
alisations, but also that we do not know the exact position of the critical point in
the two-dimensional model.
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Finally, the behaviour of the distribution of the local susceptibility in the disor-
dered Griffiths phase was examined. This quantity is related to the distribution of
typical energies and has an algebraic tail that decays with d/z’. The behaviour of
the critical exponent 2z’ with the field strength h was investigated and shows the
expected behaviour in one and two dimensions [49, 54|. At the point of the phase
transition, 2’ diverges according to activated scaling. For large h the dynamical
exponent z’ has a constant value.

It turned out, that the activated scaling of disordered quantum systems worsens
the performance of the quantum Monte Carlo method, because we have to simulate
at lower temperatures compared to the clean system. Although our results are still
influenced by statistical uncertainties, we showed in this work that SSE quantum
Monte Carlo is a suitable method to simulate the RTFIM and to obtain unbiased
results for critical exponents and critical points.

For future projects, it would be interesting to investigate whether we can improve
our methods to generate as many disorder realisations as possible and to determine
pseudo-critical points with higher precision. One idea would be to use quasi-random
sequences instead of pseudo-random numbers in order to converge faster towards
mean values. If it is possible to further optimise the simulations for the square lat-
tice, it would be interesting to investigate the interplay of disorder and frustration
with systems such as the antiferromagnetic triangular or Kagome lattice.
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