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Energy transport in the medium of interacting two-level systems

This thesis investigates a medium of disordered two-level systems with dipo-
lar interaction. This investigation is relevant to the dynamics of nuclear spins
1/2 in solids and to the dynamics of low temperature glasses. Our main tool
is a hybrid quantum classical simulation, which enables us to study the time
evolution of three-dimensional systems consisting of up to 1000 two-level
systems.

The results indicate, that the dynamics of the full system is delocalized up
to very large disorders. We derive an estimate for the time scale of energy
transport. When the disorder is larger than a certain value, this time scale
becomes proportional to the disorder.

Energietransport in wechselwirkenden Zwei-Level Systemen

Die vorliegende Arbeit untersucht das Verhalten ungeordneter Zwei-Niveau
Systeme mit dipolarer Wechselwirkung. Das zugrundeliegende Modell be-
schreibt sowohl die Dynamik fiir Kernspins in Festkorpern, als auch die Dy-
namik von Gléasern bei tiefen Temperaturen. Wir studieren dieses Modell
mithilfe einer Computersimulation, die quantenmechanischen Berechnungen
auf Systeme mit wenigen Teilchen eingrenzt. Durch diese Vereinfachung ist
es moglich, die Zeitevolution von dreidimensionalen Systemen mit insgesamt
1000 Zwei-Niveau Systemen zu simulieren.

Die Ergebnisse zeigen eine Delokalisierung des Systems bis zu einem grofien
Unordnungsgrad. Mithilfe der Verteilung von Wechselwirkungen schéatzen
wir die Zeitskala des Energietransports ab. Wir zeigen, dass ab einem gewis-
sen Unordnungsgrad diese Zeitskala proportional zur Unordnung des Sys-
tems wird.
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Chapter 1

Introduction

In this thesis, we investigate energy transport at atomic scale in a medium
of disordered quantum two-level systems (TLS). These investigations are,
in particular, relevant to the dynamics of nuclear spins measured by the
technique of nuclear magnetic resonance (NMR). They are also relevant to
the dynamics of low temperature glasses.

We consider the simplest case of a many-particle system: a system of spin
1/2 particles. We assume dipolar interaction between TLS, which is com-
mon in the fields of NMR and low temperature glasses.

Interaction between particles leads to fluctuation of the energy of individual
particles. This process is depicted in Figure 1.1. It leads to the transport
of energy. Energy conservation requires that the energy differences of two
particles match each other.

Energy transport in the medium of disordered TLS can be suppressed be-
cause of the phenomenon of many-body localization. Our goal is to in-
vestigate, whether this suppression happens, and, if not, to determine the
characteristic timescale for the onset of energy transport. The main tool to
examine these properties is a computer simulation.

An exact numerical treatment of a quantum system is limited to about
30 particles, since the dimension of the Hilbert space grows exponentially
with the number of particles. In contrast, a classical simulation allows to
investigate larger systems. But by ignoring quantum effects, it automatically
neglects the quantum localization phenomenon, which may play the crucial
role in the energy transport. Therefore, we introduce a hybrid quantum
classical approach for the simulation of the system. The dynamics of these
systems can be explained using the notion of resonant pairs [9], which emerge
from quantum treatment of spin pairs. We identify resonant spin pairs
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Figure 1.1: This figure depicts transport of energy between two particles,
whose energy levels are indicated as black lines. The energy of particle
1 is raised, whereas the energy of particle 2 is lowered. Thus, energy is
transported from 2 to 1.

and simulate the dynamics quantum mechanically, while the rest of the
simulation is implemented classically.

1.1 Localization

The properties of a quantum particle are determined by its wave function
¥ (x,t). The probability to find the particle with coordinates z at time ¢ is

p(a,t) = [(z, 1), (L.1)

A delocalized wave function spreads over the entire space. Therefore, the

probability to find the particle around any position x tends to zero for an

infinite system: tlim p(x;,t) = 0. In contrast, if a wave function 1 is lo-
—00

calized, the probability p(z,t) remains significant for a compact range of

coordinates x. Localized wave functions typically decay exponentially far
from their localization region.

Let us consider a wave function ¢, which is localized at initial time ¢t = O.
Its time evolution is determined by the Schrodinger Equation
o
h — =H 1.2
il =y (1.2)
which includes the Hamiltonian H of the system. By Equation (1.2), H
determines the dynamic properties of the quantum system of interest.

We phrase the general agenda of localization vs. delocalization investigations
as three separate questions:
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Figure 1.2: Depiction of the setup of Anderson model. Energy levels of
different positions are distributed randomly, therefore the energy difference
AF between adjacent levels varies as well. Hopping between adjacent sites
is indicated by red arrows.

o If 1) is localized at time ¢t = 0, will it stay localized in the limit ¢ — co?

e If not, how much time does it take for a particle to drift by distance d
away from its initial position?

e How does this time depend on the properties of the system?

In this work, we address these questions not for the drift of a particle, but
energy transport. We focus on the dependence of the delocalization time
scale on the disorder of the system.

1.1.1 Anderson localization

In 1958, P.W. Anderson investigated the behaviour of one particle, whose
wave function ¢ is initially localized in a disordered potential on a lattice [4].
The situation is parametrized by energy levels FE; of different lattice sites
and hopping terms J;;, which describe the transition of the particle from
one site to another. Figure 1.2 depicts this situation for a one dimensional
lattice. Its main feature is the disorder of on-site energy levels. The disorder
in the Anderson model is controlled by a parameter W, defining the uniform
probability distribution of energy levels in the interval [-1/2,W/2]. This
affects the diffusion of the wave function: If the energy difference of two
levels is small, the probability for a transition from one level to another is
large. This probability depends on the hopping J;; between different sites
as well.



The hopping is assumed to be sufficiently short range: J;; decreases for
rij — oo faster than ri_jd, where d is the dimension of the system and 7;;
denotes the distance of the two sites ¢ and j. The transport properties of
the system are determined using a perturbation in different hopping orders,
where the first order is defined as the direct transition between two sites.

As the main result, no diffusion occurs for systems with disorder values W
larger than a certain critical value W,. This critical value is equal to zero for
one and two dimensional systems [2,13,16]. Hence, an arbitrarily small dis-
order causes the breakdown of diffusion transport for short range interaction
and small dimensions d < 2. This effect is denoted as Anderson localization
of a single particle wave function.

Anderson evaluated the critical value W, to be of the order of the near-
est neighbour interaction for three dimensions. Recent results indicate
W, = 16.530 for a system with nearest neighbour interaction of strength
1 [22].

Experimentally, localization has been reported for light waves [24], mi-
crowaves [12], sound waves [27], electron gases [3] and 1D matter waves [6].

Anderson localization can be viewed as the result of interference between
multiple scattering of particles by disorder [15]. The interference increases
the probability of time reversible paths and thus, the net resistivity of the
system.
Jii ~ 7"1-;3 as the marginal case for the localization-delocalization
transition in three-dimensional systems

Beside of the study of systems with short range hopping, Anderson investi-
gated the properties of his model with dipolar-type hopping J;; ~ rif’ [4].
Two results for these systems were determined:

e There is no critical value W, as for systems with short range hopping.
Single particle states are always delocalized.

e Nonetheless, diffusion is logarithmically slow.

He supported this claim using the notion of pairs with resonant levels. A
pair of sites is labeled as resonant, if their energy difference is smaller than
the hopping J;; coupling the sites:

|Ei — Ej’ < Jij. (1.3)

Pairs that satisfy condition (1.3) have a large transition amplitude, which

leads to particle transport. For J;; ~ rij?’, the mean number of resonant
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partners of every lattice site depends on the logarithm of the distance R of
the site as
NRP ~ log(R) . (1.4)

For an infinite size of the system, each particle finds at least one resonant
partner. This leads to delocalization, independent of the disorder W. But
then, the resulting diffusion is logarithmically slow. As a result, for large
enough disorder, this diffusion may never happen on experimental time
scales.

If we assume a faster decaying hopping r—3~%, the dependence in Equation
(1.4) is altered to Nrp ~ ri_jo‘. Hence, the value of Nrp is bounded for
rij — 00. The value of the upper bound depends on the disorder of the
system as 1/W. For large disorder W, these systems have only few resonant
pairs and are localized.

In contrast, for slower decaying hopping =37, Nrp increases proportion-
ally to %, which is much faster than logarithmically. As a result, delocal-
ization and the resulting diffusion become efficient.

In summary, the hopping law J;; ~ rijg leads to a borderline behaviour
with respect to the localization-delocalization transition in one particle sys-

tems [4,9].

1.1.2 Lifshitz Model

So far, we examined systems that possess a disorder in on-site energies, but
we assumed no disorder of the hopping elements between system sites.

In 1964, .M. Lifshitz considered a system of potential wells, which were lo-
cated randomly in three-dimensional space. The potential wells have iden-
tical binding energies, but the hopping elements depend on the random
distances r;; between wells as

Jij ~e 7" (1.5)

The inverse of the parameter - is a measure for the range of the hopping. An-
other important parameter is the concentration n of potential wells. Lifshitz
derived, that delocalized states exist for ’ynil/ 3 ~ 1, whereas the system is
localized for yn~'/3 >> 1. Numerical simulations indicate that delocalized
states appear at yn~1/3 ~ 3 [11].



1.1.3 Many-body localization

Many-body localization (MBL) is a phenomenon, that may possibly exist in
systems of interacting particles with disorder. These systems would exhibit
single-particle localization in the absence of interactions between particles.
However, interactions between particles tend to destroy localization [7]. Nu-
merical simulations of one dimensional spin chains with disorder produce
results consistent with possible MBL [14,17]. These studies use a full diag-
onalization procedure to calculate many-body eigenstates and study their
properties. Therefore, they are limited to systems consisting of about 30
particles.

Another approach is the application of the renormalization group technique
to such systems [26]. It was also reported to support the existence of MBL.

Closest to the scope of the present thesis was the investigation of MBL in a
medium of dipolar coupled two-level systems (TLSs) by Burin and Kagan [9].
Their investigation was focused on the properties of low temperature glasses.

Burin and Kagan (BK) studied the dynamics of the system by examining
the properties of resonant TLSs. Their results indicate, that there exists a
critical distance between TLSs with corresponding critical coupling .J,, when
resonantly coupled TLSs form a "resonant cluster”. The formation of the
resonant cluster then leads to the onset of energy transport (i.e. breakdown
of MBL).

The idea, that interaction between resonant pairs is leading to dynamics
in the system, is the basic principle for our approach to simulate the time
evolution in a spin system. In this work, we extract a value for J, from our
numerical simulations. Thereby, the order of magnitude estimates of Burin
and Kagan are substituted by explicit numbers. In addition, we identify a
mechanism for resonant cluster, which is different from that of BK.

Generally, the phenomenon of many-body localization is not completely un-
derstood at present.

1.2 Experimental context
In this section, we introduce two experimental settings, namely:
1. Nuclear magnetic resonance (NMR) in solids and

2. Low temperature glasses.

Both settings involve disordered TLSs with dipolar interactions.



1.2.1 Nuclear spins in solids

In order to obtain a specific Hamiltonian for our model, the next section
introduces the basic principles of nuclear magnetic resonance (NMR). Here,
spin 1/2 particles assume the role of TLSs and are described by spin oper-
ators S¢.

One spin in magnetic field

We assume a strong magnetic field H = Hyé. along the z-axis. This field
couples to the spin operator S* via the magnetic moment

u = vhS~? (1.6)

as
H = —yhHy 7, (1.7)

where 7 is the gyromagnetic ratio. In most molecules, this field is influ-
enced by screening of electrons and therefore differs for different positions in
the molecule. Moreover, the gyromagnetic ratio varies slightly for different
atoms. Both effects are combined to a variation AH; of the static field.
Using this notion, we obtain the full magnetic field acting on the particle as

—

H = (Hy + AH;)e.. The fluctuations AH; are called chemical shifts.

The static field Hy generates a precession of the magnetic moment [ around
the z-axis. In order to obtain a constant magnetic moment, we define a
new reference frame, which rotates around the z-axis with frequency 0=
—~Hpé,. This frame is called Larmor rotating reference frame and leads to
a correction of the magnetic field:

H—H+=. (1.8)

2|2

As a result, Equation (1.7) transforms to
Q z z
Truncated magnetic-dipolar interaction

Dipolar interaction contributes the term

Sk ity 3 (i rig) (pg o meg)
Hdipole = Z Z 3 - 5 (1.10)
i=1j=1 U ij

to the Hamiltonian H [25]. Here, N denotes the number of particles in the
system and r;; the distance between two particles. In the Larmor rotating
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frame, we express the magnetic moments p by spin operators (equation
(1.6)), and expand all products in Equation (1.10). This yields

ik
Hdipole = 3 (A+B+C+D+E+F), (1.11)
ij
where
A = (1—300329) Sfo
1 2 — _
B = —7(1-3cos?0) (878 +575])
C = —Ssinfcosh e (i85 + 5757)
== 2SID COS (U e i Ji i §
3 . 10 —Qz ZQ—
D = —§Sln900896 (SZ. Sj +SiSj)
FE = —zsin29 e*ZiGS;“S;“
F = —Zsm%e?ies;s;.

Whereas term A is completely diagonal, the off diagonal term B simulta-
neously flips one spin up and one spin down. The admixture related to all
remaining terms is very small [25]. Hence, these terms can be neglected and
we obtain a simplified Hamiltonian of the form

H=—> yhAH 57+ J; <sfs; - i (sjs; + SjS;)) . (1.12)
7 i,j

where we used Equation (1.9) to obtain local fields. The simplified inter-
action is referred to as truncated dipole interaction. The prefactors were
combined to a new variable J;; as
212 (1 — 3 cos?(6;;
y— ( - (6)) (1.13)
T

Equations (1.12) and (1.13) define the Hamiltonian of our model.

1.2.2 Low temperature glasses

Now, we introduce a second experimental setup, which is related to the
model of this thesis: The setup of low temperature glasses. One interesting
property of glasses at low temperatures is their specific heat, which is nearly
proportional to the temperature [29]. This contradicts Debye theory, which
predicts a T2 dependence of the specific heat. In order to explain this dis-
crepancy, microscopic structures of glasses were examined.
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In the medium of glasses, tunneling of atoms between two nearby positions
can be described by double-well potentials. Typically, the energy splitting
of the lowest two eigenstates is much smaller than the splitting to the next
available eigenstate. Therefore, such a double well can be approximated well
by a TLS. The TLSs influence the mean path of phonons, which results in a
linear specific heat [5,20] and thereby explains the deviation from the T pre-
diction of Debye Theory. Small deviations from the linear dependence [29]
can be explained by taking into account the interaction of TLS [28].

The same is true for dephasing in dielectric glasses at ultra low tempera-
tures: Whereas the tunneling model predicts 7, Vo3 [5], experiments in
the range of uK indicate a 7; ' ~ T behaviour in dielectric glasses [23]. This
characteristics is explained by taking into account a dipolar interaction of
TLS, which is mediated via strain fields [10]. These interactions induce de-
localized collective excitations in the system. An important concept of this
calculation is the idea of resonant pairs.

Recent research investigates higher orders of interaction. For example,
Bodea and Wiirger examined the influence of resonant triples of TLS [§],
whereas Polishchuk and Burin regarded the effect of nuclear quadrupole in-
teraction on the thermal conductivity [21].

In general, low temperatures lead to a higher population of lower energy
states. However, TLS with large energy splittings (compared to the temper-
ature) are isolated from the dynamics [10]. By neglecting these particles,
the setup of low temperature glasses can be mapped onto the infinite tem-
perature setup of NMR.

The glassy properties of examined systems generate a random distribution
of these two level systems in three-dimensional space. The distribution of
energy splittings is uniform in the range of interest. We adopted these
characteristics of low temperature glasses for the model of our simulation.

1.3 Organization of the thesis

In Chapter 2, the Hamiltonian of the problem is introduced and the frame-
work of the simulation is described. One central aspect is the notion of
resonant spin pairs, which is widely-used in this field [8,9]. We discuss the
realization of this notion and examine its implementation. Additionally, we
compare analytical and numerical distributions of variables characterizing
resonant spin pairs. Thereby, in particular, we can assess the influence of
the finite-size effects on our simulation and control the accuracy of the al-
gorithms used.

12



In Chapter 3, we present a simulation that restricts full quantum calcula-
tions on the behaviour of spin pairs. We use the concept of resonant pairs to
determine a time evolution of the full system. The time evolution is inves-
tigated by examining correlations in the system. We obtain the functional
form of these correlations and focus on their dependence on the disorder.
We find, that part of the system is isolated from the dynamics. We examine
the properties of this isolated region in detail.

In the algorithm of Chapter 3, interaction of resonant pairs leads to violation
of energy conservation. We address the question, whether these processes
should be suppressed by a detailed study of four spin systems. As a result of
this examination, a modified condition for resonant pairs is derived, which
is described in Chapter 4.

Since this modification complicates the algorithm, a direct time evolution
is not possible anymore. Instead, we investigate the formation of resonant
cluster, which are formed by the interaction of spin pairs. Results of the
time evolution indicate, that such a cluster can transport energy and lead
to spin diffusion. The properties of such a cluster are important for the
dynamics of the spin system. We found, that pairs with large interaction
are excluded from this dynamics. From this fact we predict a lower bound
for the time scale of energy transport, which is the main result of Chapter 4.

The last chapter collects and discusses the results of this thesis. Further-
more, we present an outlook.

In order to justify these results, it is necessary to discuss the implementation
of the model. Along with technical derivations, we moved this discussion to
the appendix, which is a vital part of this thesis. In addition, the appendix
contains a detailed study of small spin systems, namely, systems consisting
of two, four and six spins.

13



Chapter 2

Disordered two-level systems
with dipolar interaction

The theoretical setting of this thesis is identical to the one described in Sec-
tion 1.2.1 for solid-state NMR. It also shares features with the TLS model
for low-temperature glasses, namely: two level structure of the primary mi-
croscopic objects, disordered energy splitting between the two levels and r—3
type interaction between the primary objects.

Throughout the thesis, we always use a system with an interaction prefactor
ug = 1 and a density of spins pspins = 1. All units are normalized with
respect to these two constants. Therefore, units are omitted in the further
course of the thesis.

2.1 Theoretical model

We consider a spin system of N spins 1/2, that interact via a version of
dipolar interaction occurring in solid-state NMR (see Section 1.2.1). We
obtain its Hamiltonian as

N
z zZ Q2 1 + Q- + Q-
H=—S hsi+3 J; <Sisj—4(si ST+ S S)) (2.1)
i=1 irj
where S = S% +iSY and

ug (1 — 3cos? (6;))

Jij = ; (2:2)
where 7;; is the distance between spin 7 and spin j, and
cos(;) = 22— (2.3)
Tij

14



with z-coordinates z; and z;. The parameter 6;; is defined as the angle be-
tween rj; and the z-axis.

We choose the on-site fields h; from a uniform distribution [0, ]. The ratio
u% defines the on-site variation of energy compared to the typical interaction
between spins, which are separated by a distance r;; = 1. The variable ¢
refers to the disorder value of the system.

Our simulation investigates the dynamics of a spin system consisting of 1000
spins confined to a cubic box of size 10 x 10 x 10 with periodic boundaries.
The positions of the spins are chosen randomly within the box, where we
define a minimum distance of r,;, = 0.05 between spins. This cutoff value
corresponds to an interaction of 8000, which is much larger than the typical
interaction between spins. The probability p, to find a spin with distance
r < rmin to a given spin, can be estimated as p = %“ . (0.05)3 ~5-107%

The introduction of i, is based on the structure of glasses and the NMR
setup: In glasses, the minimum radius corresponds to the distance between
two adjacent atoms. For the NMR setup, it arises from the smallest distance
of two nuclei.

The results of this thesis indicate, that spin pairs with a large interaction
do not influence the dynamics of the system. Hence, the actual value of
the minimum radius is not important, if it is considerably smaller than the
average nearest neighbour interaction.

2.2 Resonant pairs

According to Eq. (2.1), the Hamiltonian of a spin pair reads as
1
Hiz = —h1ST — haS5 + Ji2 <Sf55 2 (S5 + S;Sf)> : (2.4)

A detailed analysis of this system is presented in Appendix A.3. Since the
only non-vanishing coupling of H;2 connects states | 1) and ||1), we truncate
the full basis to the product basis

B={I1),[11)} . (2.5)

The two basis states of B are denoted as 1 and 3. We obtain the matrix
representation of the Hamiltonian as

1 ([ —hig— +J12 —1J1 >
Uy = — 2 z , 2.6
279 ( — 110 —h1s — 3J12 (2:6)

15



Decomposition of the eigenstates of a two-level system

valyp)
1.0f
A =1
j=2
1 L L L L 1 L L L L L L L L 1 L L L L 1 X
-2 -1 ] 1 2

Figure 2.1: Plot of the projection (v1]¢);) of eigenvector v; on the product

states ¢ from Equation (2.5) in dependence of x = 72

where his = h1 — hg is called on-site field of the pair. Further, we introduce

the dimensionless variable 3
12

= -,

J12

which describes the ratio of on-site field and interaction. First, we consider
very small and very large absolute values of x:

(2.7)

1. |z] > 1. In this case, the matrix of Equation (2.6) is dominated
by its diagonal elements. Spin pairs of the this type behave as two
independent spins. Their eigenstates v; and vy, are nearly equal to
the product states ¢; € {|1}),| {1)}, and we obtain the projection
(viltj) of v; on 1y as (vi]1;) =~ ;5. This implies, that the probability
for a transition |1]) <> ||T) is small.

2. |z| < 1. Here, the off-diagonal elements dominate Ho.

Two-spin systems, which satisfy |z| < 1, possess eigenstates close to

wo= =1+ 1)
1
v

Their projection (v;|1;) is about 1/4/2 for any i and j. Therefore, the prob-
ability for a transition |1]) <> |{1) is large. Spin pairs of this type are called
resonant pairs.

(1) = [41)) -

Vo =

The two cases |x| > 1 and |z| < 1 are connected by the regime x =~ 1.
Figure 2.1 shows a continuous dependence of the projection (v;|t;) on the
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value of z.

In order to obtain a simple model, we approximate this continuous change
by a sharp condition: Spin pairs satisfying || < 1 are identified as resonant
pairs, whereas pairs with |z| > 1 are treated as two independent spins.
This condition is called resonance condition and is also used elsewhere [4,9].
Further in this thesis, we compute the resonance condition as

|hia| < |J1z2]. (2.8)

Introduction of the resonance range S;;

We can transform the resonance condition (2.8) to
512 = ‘Jlg‘ — ’h12| > O, (2.9)

where we introduced a new variable S12, which we call the ”resonance range”.
If S12 > 0 holds, the spin pair (1,2) is resonant. Otherwise, it is non-
resonant.

The absolute value of S;; is a measure for the stability of a pair state with
respect to a change of its parameter. If |S;;| is small, a small modification
of the local field h;; can lead to a change of its identity from resonant to
non-resonant or vice versa.

2.2.1 First estimates of the number of resonant pairs

We estimate the number of resonant pairs by calculating the probability
p(R), that an arbitrary spin has a resonant partner within distance r < R:

R
p(R) =27 / 2J(€7“79) de r2drsin(h)d6 . (2.10)

We insert the dipole interaction J(r,6) given by Equation (2.2) and obtain

47 uo 2 R
R) = 1o , 2.11
p(R) = T g () 2.11)
where the factor of % arises from the 6 dependence of J. For isotropic
dipole interaction, this factor is 2 and p(R) is calculated as [§]
8mug R
p(R) = 0 log () (2.12)

In both cases, the probability to find a resonant partner is proportional to
log(R) and to e 1.
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This implies, that in a system with infinite size every spin finds a resonant
partner. However, for practical purposes, the probability p(R) can be small
due to large disorder € and the weak dependence on the finite size R.

In this case, a large value of € results in a small number of resonant pairs,
which leads to little dynamics of the system. In contrast, for small values of
€, many resonant pairs exist and we expect large dynamics.

2.2.2 Resonant pair as a composite two-level system

Spins, which belong to a resonant pair, are not in one of the basis states
| 1) or | 1), but in a superposition of both states. While this is true for
every spin pair, the prefactors of the superposition for non-resonant pairs
are typically close to d;;. This is not the case for resonant pairs. Therefore,
we study resonant pairs in their eigenbasis

1) = ¢TIt =T [i)
[4) = T[T+ T,

where the coefficients

1
1 hio\ 2
ot = NG (1 + ;) : (2.13)

are determined in Appendix A.3. Here, denoting the eigenstates as |{}) and
|{}) substitutes the previous notation of eigenvectors v; and vy. The energy
splitting H is defined as the difference of the eigenvalues A1 o:

H= (1)~ (W W =X~ do= s\ fahl+ 7. (214

We interpret a resonant pair as a composite two level system with energy
H and describe its interaction with other spins using pair operators I*. In
the following, these operators are shortly introduced.

In Appendix A.1, we formally define the basis of the spin pair. This basis
is used in Appendix A.2 to derive the matrix representation of the pair
operators I. We obtain I as 2 X 2 matrices in terms of the Pauli matrices

Oq as )
I* = S 0a. (2.15)

This reproduces the expected behaviour of the operators I:

Pty =511 and T4y =~ 4). (216)

This configuration is equivalent to the notion of a spin with spin operators
S. Hence, we identify a resonant pair as a two level system with basis states
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{|M),]4)} and operators I*. The Hamiltonian written in pair operators I
is obtained as
H=_HI, (2.17)

where the energy H was defined in Equation (2.14).

In contrast, non-resonant pairs are treated as two independent spins and are

therefore studied in the product basis {|1)), |}1)}.

Change of the resonance state

As a result of a change of the full local fields h;j, the resonance state of a
pair can change from non-resonant to resonant or vice versa.

First, we consider the case, that a non-resonant spin pair is modified such,
that it becomes a resonant pair. In this case, we change the basis from the
product basis to the eigenbasis of the pair. We obtain two possible states for
the resonant pair: |f}) and |{}). In order to select the new state from these
two possibilities, we calculate the projections of the initial product state
onto both eigenstates. These yield the probabilities for the transitions to
|1 and |{}). Based on these probabilities, we choose the new state randomly

from {[1), [4)}-

Similar to this procedure, we choose the state of a non-resonant pair, which
previously was resonant, from the product states |1J) and |]1). The proba-
bilities for the transition into each state are given by the projections of the
former eigenstate onto both product states.

All projections and the resulting probabilities are determined in Appendix
A.3.7.

In order to introduce a time scale, we delay both transformations by the
time T
0
tg=— = — 2.18
d 4 oH ( )

which originates from the time evolution of the resonant pair (Appendix
A.3.3) and is called delay time. Since t; depends on the splitting H of the
spin pair, different pairs typically have different delay times.

2.2.3 A spin in resonance with several other spins

Since we have a system consisting of many spins, a certain spin can be in
resonance with several spins at once. We call this situation a conflict. The
situation is resolved by comparing time scales of the evolution of all possible
resonant pairs involving this spin. As a result of this argumentation, we
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confirm the resonant pair with the largest interaction and discard all other
resonant pairs involving the same spin. In the following, we justify this pro-
cedure.

As derived in Appendix A.3.3, the time evolved wave function ¢ (t) of a prod-
uct state 1(0) oscillates between 1y and v; with period T ~ H~! ~ %m If
the interaction Jis of a resonant pair is large, the period of its oscillation is
short.

Let us now consider the situation of a spin ¢, which is in resonance with
different spins j and k. The oscillation of their time evolutions acts on
different time scales. For the spins of the "slow” pair, spin 7 is not in its
original state anymore, instead it is in an eigenstate of the ”fast” pair. On
the contrary, the fast pair does not feel a similar effect, since it interacts
on a much shorter time scale. Therefore, the interaction with the shorter
period suppresses the resonance of the pair with the longer period.

This argumentation is not valid if both interactions are equal. However, the
probability for a conflict with equivalent interactions is small in the case
of a spin system with random positions and large disorder. In the case of
small disorder, the results of our simulation are certainly influenced by this
approximation.

2.2.4 Influence of interactions on the resonance condition

In the previous subsections, we discussed the case of resonant spins. If that
is not the case, we neglect the off diagonal terms of the Hamiltonian in
Equation (2.6). Beside of the on-site field hi2, the interaction due to the
term Jyo S7S55 remains. This interaction is called J* interaction and affects
the on-site field h;. By factoring out the operator S7 in Equation (2.6), we
obtain its prefactor as —h} = —hj + J1255. Hence, the on-site field h; of the
first spin is shifted by the interaction J1255 to a new level b} = hy — J1255.
In order to discriminate between h and b/, we call A’ the full local field. The
shift J1255 is named J# contribution of spin 2 on spin 1.

For a system consisting of N spins, we combine all J* contributions on a
particular spin ¢ to the J# field

fi==> JyS; (2.19)
i

of spin 4, which emerges from the prefactors of all product operators S? S;’.
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Equation (2.19) takes into account all J# fields, which originate from spin-
spin interaction. This modifies the resonance condition (2.8) to

|hij + fiz| < 1 Jij]- (2.20)

The term f;; = f; — fj is named J* field of the pair. The two contributions
hij and f;; to the full local field are different: The distribution of h;; is
uniform with width e, whereas the distribution of f;; is Lorenzian (Section
2.5.2). The J* field is generated by interaction between spins and does not
depend on e. We analyze its distribution and its effect on the number of
resonant pairs in Section 2.5.2.

The resonance condition (2.20) of the spin pair consisting of spins i and j
includes the J* contribution of spin ¢ on j, too. However, in the two-spin
Hamiltonian from Equation (2.6), the term S*S* is constant and therefore
does influence neither the behaviour of the pair nor its resonance condition.
Hence, we exclude the contribution of term JiijSj from the J# field. This
is achieved by introducing a correction x, which cancels the contribution of
JijS7S3 in condition (2.20). The explicit value of « is determined in Ap-
pendix A.3.8.

As a result of this correction, we obtain the final version of the resonance
condition as
|hi]’ + fij + K| < |Jij|. (2.21)

2.3 Interaction of a spin with a resonant spin pair

After studying the spin-spin interaction, we now examine the interaction of
a resonant pair and a spin.

Let us consider a system consisting of three spins. Two spins, labeled as 1
and 2, form a resonant pair, whereas the third spin does not belong to a
resonant pair. We use the pair operators I{* to describe the resonant pair,
where o = z,y, 2. The third spin is represented by operators S§, whereas
the interaction between spin and pair is represented by products of these
operators.

The transformation of #H, given by Eq. (2.1), to the new form is described
in Section A.2. We obtain

H=—hyS;— HI} + B., I} S5 + By IV S, (2.22)

where the energy splitting H of the pair is defined in Equation (2.14). Since
the truncated dipole Hamiltonian H does not allow an uneven number of
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spins to flip at once, only two coupling terms remain. We use Equation
(A.16) to calculate their prefactors as

h12 Jsp

B,, = 2.2
= (2.23)
J12 Jsp
B., = . 2.24
> I, (2:24)
Here,
Jsp = Ji3 — Jog (2.25)

represents the spin-pair interaction. Using the general notions from the
previous subsection, the contribution of the resonant pair of spin ¢ and j to
the JZ field of spin k is obtained as

F = B gy (2.26)
where 16 5 has one of the values +1/2.

Now, we combine (2.26) with the spin-spin field of Eq. (2.19) to obtain the
full expression for the J# field of spin i as

fi _ fispin—spin + fipair—spin - Z Jij S; o Z Bszl)I(z]{;,[) \ (227)
i (k1)

which substitutes f; in the resonance condition (2.21).

In contrast to the term B** I7 53, the term B** I{ S induces a coupling
of both eigenstates of the resonant pair. In the algorithm of Chapter 3, we
neglect this term for the simplicity of the model and keep only the diagonal
coupling B*? as a contribution to the J* field of the single spin.

The routine of Chapter 4 already includes the spin-pair interaction as part
of the coupling terms of interacting pairs and neglects explicit interaction of
pairs and spins completely.

2.3.1 Influence of the resonance state on J* fields

Equations (2.19) and (2.26) determine different J* contributions for reso-
nant and non-resonant pairs on a third spin. Therefore, a modification of
the resonance state of spin pair (4, j) induces a change of the field it imposes
on other spins. We derive this change in the following subsection.

Let us consider the J* field of the pair (i,j) on spin r # 1,5 for both
resonance states. They are defined in Eq. (2.19) and (2.26) as

Jnonres = J(i,j),r (228)

Ji j),r hz
fres = (G:9), —_ (229)

\/ h?j + %JEJ
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where Ji; ;) , = Jir — Jjr is the spin-pair interaction of Equation (2.25), ex-
pressed in general notions. The field fyonres denotes the field, if pair (4, j) is
non-resonant, and fies describes the field, if (¢, j) is resonant. The difference
fron-res — fres depends on the ratio of the pair parameter h;; and J;; and is
large for h;; < Jjj.

There are two ways to change the field of a spin:
1. Identification of a resonant pair. The field f changes by fres — foffres-
2. Destruction of a resonant pair. The field f changes by — fres + foff-res-

In both cases, the change of field is proportional to J; jy,. Since Ji; ),
strongly depends on the distances of the spins belonging to the pair to the
remote spin (J ~ r~3), the change of field is strong only in the direct vicinity
of the modified pair. Nonetheless, the interplay between the identification
of resonant pairs and J? fields leads to a dynamics in the full spin system,
if the value of the disorder ¢ is small enough (Chapter 3).

2.4 Investigation of the interaction of pairs

Finally, we consider the interaction of two resonant pairs.

First, we rewrite the Hamiltonian H of two interacting spin pairs, where
we use operators I{* to describe the first pair consisting of spins (1,2), and
operators I§' to describe the second pair consisting of spins (3,4). Similar
to the approach of the previous subsection, the Hamiltonian # is obtained
as

H=—H I} —Hy G+ A, B+ Ay I I+ Ay, TP I3 + Ay TP IE, (2.30)

where H; are the energy splittings of the pair defined in Equation (2.14).
Using Eq. (A.16), the prefactors of the couplings in Equation (2.30) are
calculated as

_ M2hsa Jpp

Ay = 2.31
T, i, (2.31)
J12 h3a Jpp
Ape = 0 2.32
2 Hy Hy (2.32)
hia Js4 Jpp
Azac = a7 1 2.
2 Hy Ho (2.33)
J12 J34 Jpp
Az = — 55, 2.34
1H, H, (2.34)
where
Jpp = (J13 — J23) — (J14 — Jog) . (2.35)

23



Configurations for different values of Jy,

(b) ()

Figure 2.2: Three constellations of two spin pairs. The pair-pair interaction
Jpp vanishes for configurations (a) and (b). For configuration (c), Jp, is
large compared to internal interactions.

If the pairs are separated by a large distance, Jp, is small compared to the
internal couplings Ji5 and J34. In this case, the interaction between the two
pairs is negligible. The same is true for a symmetric constellation of the
two pairs, as indicated in pictures (a) and (b) of Figure 2.2. On the other
hand, if two spins of different pairs are close together (compared to all other
distances), the value of .J,, is large. This situation is depicted in plot (c) of
Figure 2.2.

Similar to the last subsection, the algorithm of Chapter 3 neglects all terms
but the J# interaction A,, I7 I5 for simplicity.

In contrast, the algorithm of Chapter 4 takes into account all couplings of
the pair-pair Hamiltonian of Equation (2.30). Adding the off diagonal terms
significantly affects the resonance condition (2.21).

2.5 Preliminary investigations of the model

In this section, we determine an expression for the number of resonant pairs
by determining probability distributions of pair interactions J;;, local fields
hi; and J* fields, which appear in the resonance condition (2.21). To achieve
this, we use transformation rules for density functions, which are stated in
Appendix A.6.

In the following, we compare the distribution of the isotropic interaction

uo

J = (2.36)

r3

to the distribution of the anisotropic interaction from Equation (2.2).
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2.5.1 Distribution of the pair interaction J

In order to obtain the distribution of interactions, first, we determine the
distribution of the distance r of two spins. For small distances r < 5, this
distribution is independent of the finite size. The uniform distribution of
the spin coordinates yields

pr(r) ~ 1. (2.37)

For r > 5, the probability density function p,(r) deviates from Equation
(2.37). In Appendix A.7, a full analytic expression is derived for p,(r) con-
sidering the finite size effect.

The density function is normalized using the condition [ p,(r)dr = 1. We
introduce a cutoff .« to approximate the finite size effect and obtain

p’/‘(r) = 7’33 r? for r € [07 rmax]~ (238)

max
Tmax corresponds to a minimum interaction
Uo
Jmin = - (2.39)

max

which is used to normalize the probability distribution of the interaction
J. By Equation (2.39), the parameter Jy;, is connected to the size of the
System.

Using Equation (A.90), ps(J) is derived from Equations (2.36), (2.38) as

dr
dJ

Jmin
— Jmin (2.40)

ps(J) = pr(r) =z

Note, that the integral of p;(J) is already normalized to 1.

In the further course of this work, we often examine J~! instead of J. In
contrast to ps(.J) , the probability distribution p;-1(J~!) for J~! is con-
stant, which simplifies the analysis of coupling distributions in Chapter 4.

The distribution of J~! is derived as

dJ

m = Jmin » (2.41)

P (T = ps() \

where J=1 € [0, J21 ] and JoL = (Joim) "

max max

Figure 2.3 shows the distribution of J~! obtained from the numerical simu-
lation. Pairs satisfying J~! < 125 are not influenced by the finite size effect
and their coupling distribution obeys Equation (2.41). We fit the numerical
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Histogram of J~* for isotropic interaction
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Figure 2.3: Histogram of the values J~! obtained from all spin pairs of
10 different spin systems with isotropic J = r~2 interaction between spins.
Numerical results are presented by blue dots and the fit from eq. (2.41) by

a red line. In summary, 5 - 105 pairs were examined.

data in Fig. 2.3 by a constant distribution and obtain Jy,j; = 0.0042, which
corresponds to a cutoff value of ry.x = 6.2. The minimum distance rmin
corresponds to a small values J~! = 1.25- 10~ and does not influence the
distribution significantly.

Now, we compare the distribution of the inverse isotropic interaction of Eq.
(2.36) to the inverse anisotropic dipole interaction of Eq. (2.2). Figure 2.4
shows a plot of both distributions. Since the isotropic interaction is always
positive, whereas the anisotropic interaction can be negative, we use the
absolute value to compare both interactions. From fitting numerical data,
we obtain Jpyi, = 0.0032 for the anisotropic interaction (inset of Figure 2.4).

In summary, the statistics of p;(J) using anisotropic interaction J has two
differences compared to the distribution emerging from isotropic 3 inter-
action. First, the cos(f) dependence decreases the average magnitude of
interaction by a factor of 0.77. Second, since the anisotropic interaction can
be arbitrarily small due to the dependence on @, the values of J~! have no
upper limit. As a result of these two effects, the number of pairs, for which
the distribution of J~! is constant, is smaller for anisotropic interaction.
This fraction is 52% for isotropic interaction and 20% for anisotropic inter-
action.

On the other hand, both interactions can be approximated well by pj(J) ~
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Histogram of |72 for isotropic and anisotropic interaction
N
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Figure 2.4: Histogram of the absolute values |J~!| for isotropic 7~ interac-
tion from Equation (2.36) (yellow dots) and anisotropic dipole interaction
from Equation (2.2) (blue dots) between spins. In summary, 5 - 10 pairs
were examined. The inset shows the cutoff approximation for anisotropic
interaction (blue dots) with ps(J) = const. (red line).

J~2 with a cutoff at Jui,. The value of this parameter differs for both
interactions. The ratio of the two values is used as a correction to compare
analytical estimates taking into account isotropic interaction to numerical
results using the anisotropic interaction.

2.5.2 Distribution of the local fields h;; and the J* fields f;

The distribution of local pair fields h;; is derived from the uniform distri-
bution of local spin fields h; € [0,&]. Since we never use the distribution of
local spin fields explicitly, we denote the distribution of local pair fields as
pn(hij). This distribution is determined as

1
pn(hij) = 9(5 — |hijl), (2.42)
which is valid for h;; € [—¢,¢].
As a next step, we consider the distribution of J# fields between spins. Here,

we need both the distribution of J# fields f; on spins and the distribution of
J? fields fi; = fi — f; on pairs. We denote the first by ps(f;), whereas the
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Histogram of J? field f;
pr(f;)
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Figure 2.5: Plot of the distribution of J# fields f; (main plot). Numerical
data is presented as blue dots (both inset and main plot). The inset shows
the distribution of the variable f;; = f; — f;.

pair fields are represented by the distribution function py, g, (fij)-

Anderson derived [1], that the distribution p(f;) has the shape of a Loren-

zian function a

b+ f

As presented in Figure 2.5, this fits well with numerical data of our simula-
tion. We obtain ¢ = 0.8 and b = 6.37. The minimum radius r,;, corresponds
to f; = 4000 and does not influence the probability distribution p; signifi-
cantly.

py(fi) = (2.43)

As a next step, we use this distribution to determine the distribution of
fij- The convolution of the Lorenzian from Equation (2.43) with itself gives

another Lorenzian
27a? 1

pfi_fj(f’ij) = W : m

This result is confirmed by numerical data for f;; (see inset of Figure 2.5).

(2.44)

Finally, we determine the distribution pys of full local fields h;j as another
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convolution of py,_ . (Eq. (2.44)) and p;, (Eq. (2.42)). We obtain

0.8
pp(x) = = [2 log (25 + x2) —log (254 (e + |x|)2)
— log (25 + (¢ — |x|)2) — 0.8z arctan(0.2 - |z|)
+ 0.4 (e — |z|)arctan(0.2 - (¢ — |z|)) + 0.4 (¢ + |z|) arctan(0.2 - (¢ + |z]))| ,

where € denotes the value of the energy disorder and x the value of h;j. In
Figure 2.6, the distribution py|(z) of the absolute value |hj;| is compared
with numerical data of the simulation for a disorder ¢ = 50. Additionally,
the figure takes into account two approximations based on Equation (2.42),
namely: The direct implementation of Equation (2.42) using ¢ = 50 (red
line), and an implementation of Equation (2.42) using a fitted value of the
disorder € ~ 58 (green line). The first approximation is equivalent to ne-
glecting the presence of J# fields and using the probability distribution py,
of the on-site fields h;;.

The deviation ey of the fitted disorder from the disorder of the system is
presented in the inset of Figure 2.6.

From Figure 2.6, we deduce the following statements:
First, the function py,|(z) is in a perfect agreement with numerical data.

Second, both approximations work well for 0 < h;j < g, but not for small
or large values of the full local field hfij.

At large values hgj ~ ¢, the distribution Phi, has a tail, which pp has not.
This tail is not influenced by the disorder value, but originates from the
presence of J? fields. Hence, even for a system with zero disorder in energy,
there is a certain probability, that a spin has a large value of the full local
field hgj. This effect is important for the analysis in Chapter 4.

The deviation of the distributions py, and py, for small values h;-j influences
the number of resonant pairs (see Figure 2.7). Hence, we expect, that the
number of resonant pairs decreases significantly, when we substitute p, by

DPh!-

2.5.3 Obtaining the number of resonant pairs

In the following, we derive the number of resonant pairs without the consid-
eration of J* fields. First, we use the probability distributions p;, and py to
derive the probability distribution of the resonance range S;; in Appendix
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Histogram of the absolute value of full local fields h';
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Figure 2.6: Histogram of the full local fields h;j for all spin pairs of a spin
system where e = 50 (blue dots) including spin-spin fields. We used 100
different starting configurations, which result in 5- 107 examined spin pairs.
The histogram was normalized to compare it to the analytical expression
(red for € = 50 and green for € = 58.2652, which corresponds to 5 = 8.2652)
for pp(hi;) from Equation (2.42). The inset shows the deviation e; of the
fitted disorder value from the disorder of the system.

A.3.5. In Appendix A.3.6, this probability distribution yields the probability

J2~ 2Jmin g
Prp = B2 1 2.45
= g 2 (5, (2.4

that a pair is resonant. Equation (2.45) agrees with the widely-used formula
(2.12) (see Appendix A.3.6).

We convert this result to the average number of resonant pairs Ngp via
1
Nrp = 5 Npairs - Prp, (2.46)
where we obtain the factor % from excluding pairs of state | 1) or | ]l ).
As described in Section 2.2, the simulation does not allow a spin to partic-
ipate in more than one resonant pair at the same time. This effect is not

included in Equation (2.46). In order to compare the results of the simu-
lation with Equation (2.46), we introduce the variable Nrc. Nprc denotes
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the number of resonance conditions, that are evaluated as true. By using
different initial configurations, we obtain a distribution of Nrc values with
mean pro. Such a distribution is presented in the inset of Figure C.1 of Ap-
pendix C. Additionally, this figure shows a perfect agreement of analytical
prediction and numerical results for the dependence of the average number
of resonant pairs purc on €. This confirms the cutoff approximation done of
the finite size effect.

Whereas the last paragraph determined the number of resonant pairs with-
out J” fields, we now use a routine including spin-spin fields and the anisotropic
dipole interaction. We present the results in Figure 2.7. It shows a good
agreement of data from the simulation and the number of resonant pair with
J# fields, which was determined using the convolution of pys and py. The
figure indicates, that the effect of J* fields is important for small disorder
values, whereas for large disorder the fits with and without J? fields coincide.

We conclude, that Equation (2.12), which is widely used in literature, does
not give accurate results for a system with J* fields between spins.
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Number of resonant conditions with J fields
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Figure 2.7: The main plot shows the dependence of the average number
ure of resonant conditions on the disorder e using dipole interaction and
spin-spin fields. For each disorder value, 1000 different initial configurations
of the spin system were examined. The mean values urc of the resulting
distributions of Ngr¢ are indicated by blue dots, the standard derivation by
an error bar. The distribution of Ngc for € = 100 is presented as inset. The
green curve represents the analytical prediction (Eq. (2.46)) neglecting J*
fields, and the red curve uses the density function ph/(h;j) of the full local
fields.
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Chapter 3

Time evolution

In this chapter, we describe and implement an algorithm imitating the time
evolution of disordered TLSs with dipolar interactions. The algorithm sim-
ulates the time evolution rather crudely: namely it focuses only on creation
and destruction of resonant spin pairs. A more accurate dynamical simu-
lation is impractical even classically, because the problem involves multiple
time scales. We still expect that this simulation captures the essential as-
pects of the energy transport in the system.

3.1 Conceptual description of the time evolution
algorithm

As discussed in Section 2.3.1, the resonance state of a pair influences the
field, which it imposes on other spins. On the other hand, the resonance
condition (2.21) of this pair, and thus its resonance state, depends on the
JZ# field itself. These two relations make it possible to obtain a crude time
evolution of the system, which is generated by the interplay of fields and the
resonance state of pairs of the spin system.

This mechanism is implemented as follows: First, the time axis is discretized
using time steps, where the i** time step describes the time evolution from
t; to tiy1 =1; + At.

In each time step, we consecutively apply the following two intermediate
steps on each spin pair:

1. The algorithm checks, whether the resonance condition (2.21) is sat-
isfied and identifies, if the resonance state of the pair changed.

2. If it changed, the routine recalculates the J* contribution of the pair
on other spins. This recalculation is delayed by the delay time t4,
which is determined individually for this pair from Eq. (2.18).
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All pairs are organized in a list, which is sequenced in descending order with
respect to the absolute value of the pair interaction. We present a detailed
description of the algorithm in Appendix B.2.

The recalculation of J? contributions changes the resonance condition of all
spin pairs. Therefore, the next time step can produce a different distribution
of resonant pairs in the system, which again causes a modification of the J~?
fields. By performing many time steps, the system evolves and the simula-
tion monitors properties of spins and pairs. Since a spin pair can flip from
state | 1)) to | J1) by undergoing two consecutive changes of its resonance
state, the polarization S* of individual spins changes in the course of the
time evolution.

3.2 Results

The evolution of the full system depends strongly on the value of the disor-
der €. If € is large, the number of resonant pairs is small and likewise are
thes change of J? fields after identifying all pairs.

On the other hand, a system with small disorder value £ does incorporate
a large number of resonant pairs. Then, each time step results in a large
change of fields and this greatly changes the distribution of resonant pairs
for the next time step.

If we increase the disorder from very small to large values, we expect a
transition from a system with fast dynamics to a system with slow dynamics.

3.2.1 Correlation function of interest

In order to investigate and to quantize the dynamics of the system, we
examine the decay of the correlation of the system at time t to its initial
configuration. This correlation is described by the correlation function

NSpms

C'spins Z Sz SZ > (31)

where S7(t) is the z projection of spin ¢ at time ¢ and the bracket () denotes
the average over many initial conditions. The prefactor 4 normalizes the
correlation function to a maximum value of

NSplns

splns =4 Z NSpins .
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In contrast, for a completely uncorrelated system, half of the spins have the
same polarization as in the initial configuration, which results in C(t) = 0.

Equation (3.1) includes all spins, which are not part of a resonant pair.
Since the wave function of a resonant pair is defined in the diagonal basis
¥ e {|M), )}, the calculation of the correlation function for spins belonging
to a resonant pair differs from Equation (3.1).

We use the Heisenberg representation to pass the time dependence from the
wave function to the operators as

(W(0)1S:=(0)S= (D] (t)) = (Y (0)|e™S.e M08, [1(0)) = M=) (3.2)

where \; are the eigenvalues of the resonant pair. We define the initial time
t =ty at the time of the identification of the resonant pair and reduce the
result of Eq. (3.2) to its real part. Since a pair substitutes two spins in
Equation (3.1), we include a factor of 2 and obtain

Cpair(t) = 2cos (H(i7j)(t — to)) (3.3)
as the contribution of the resonant pairs (7, j) to the total correlation func-
tion C(t) = Cspins + Cpairs~
We are interested in the following properties of the function C(t):

e Does C(t) decay to 0 for long times or does it saturate at some level
c>07

e How fast does C(t) change and what is its functional dependence on
t?

e How does the function C(t) depend on disorder?

In the following, we address these questions.

3.2.2 Summary of main results

For a large range of disorder and long times, the value of C(¢) decreases to
a finite saturation value of 5% of its maximum. This indicates, that about
95% of the system is delocalized, even though much less spins belong to a
resonant pair at the same time. Therefore, the delocalization is caused by
the interaction between pairs and the resulting fluctuation of the distribu-
tion of resonant pairs.

We found, that long time behaviour of the correlation function C(t) can be
described by a stretched exponential function

F(t) = (1000 — ¢) - e~ 4 ¢, (3.4)
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which fits many relaxation processes in disordered media [19]. The param-
eter b, ¢ and d depend smoothly on the value of disorder €. Of particular
interest is the behaviour of the finite saturation value, represented by the
offset parameter c.

This offset is a measure for the number of spins, that do not take part in
the dynamics of the system. We denote these spins as isolated spins. In the
range 0 < € < 150, the value of ¢, and thus the number of isolated spins,
is independent of the disorder. Hence, there is always a part of the system,
that is localized with respect to spin diffusion and energy transport. The
isolation of the spins is not caused by a large value of the local field h;, but
by a large value of the JZ field imposed on the spins. This claim is discussed
in Section 3.2.4 and explains the independence of the number of isolated
spins on the value of disorder ¢.

Additionally, pairs with large interactions are isolated from the dynamics as
well. We denote these pairs as isolated pairs.

If we add the number of isolated spins and the number of spins, that are
part of an isolated resonant pair, we obtain a large fraction of the spin
system. The remaining spins are involved in resonant pairs, which change
their resonance due to the fluctuation of fields. We denote these pairs as
fluctuating pairs. These spins are responsible for the long time decay of the
correlation function. We analyze the properties of fluctuating pairs in detail.

3.2.3 General shape of the correlation function

In this subsection, we examine the time dependence of C(t), which was de-
fined in 3.2.1. A plot of C(t) is presented in Figure 3.1. The fast decrease
of C(t) at small times is caused by resonant pairs with large interactions.
Their contribution to C(t) is described by a cosine function (Equation (3.3)),
which has a different period for each pair. After a short time of the order of
these periods, the sum of all these contributions averages to 0.

We resolve this effect in Figure 3.4, which shows C(t) for three different
time scales: t € [0,2], t € [0,50] and ¢ € [0,500]. From this resolution, we
estimate the delay times of strong resonant pairs as 0.01...1.

After the initial jump, we use the stretched exponential from Equation (3.4)
as a fit for the long time behaviour of C(t). Figure 3.1 shows a linear plot
of C(t) and f(t) for ¢ = 0, where the fit is indicated as a green line. A
logarithmic and a double-logarithmic plot of C(t) for e = 0, 30,90, 150 is
presented in Figure 3.5. More linear plots for medium (¢ < 2000) and large
times (¢ € [0,50000]) are shown in Figure C.3 in Appendix C.
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Figure 3.1: Linear plots of the correlation function C(t) for disorder € = 0.
We present one plot for times ¢ € [0,2000] and one plot for ¢ € [0,50000],
thereby we averaged over about 35 different initial configurations of spins.
The blue dots indicate the data obtained from the simulation whereas the
green line is a stretched exponential function as defined in (3.4). Similar
plots for disorder € = 10, 80, 150 are presented in Figure C.3 in the appendix.
We resolve the initial behaviour in Figure 3.4.

The fit (3.4) does not agree with C(t) for short times ¢ < 200 (Figure 3.1).
On this time scale, the dynamics of the system is still dominated by the
initial identification of resonant pairs. For longer times ¢ > 200, the fit
works very well.

Dependence of the shape of C(t) on the disorder

Figure 3.2 shows the correlation function for several different disorder values
€ < 200. In this range, C(t) decreases to about 5% of its initial value.

If we increase the disorder beyond ¢ = 200, the saturation value increases
significantly (Figure 3.3). This effect is investigated using the parameter c
from Equation (3.4), which describes the finite saturation level. Figure 3.6
shows a plot of ¢ over the disorder value e. We see a clear separation of
three different phases:

e ¢~ 50 for e < 150.
e a crossover region for e € [150, 700].
e ¢~ 950 for e > 700.

The third region (¢ > 700) features a small number of resonant pairs. Hence,
there is a small probability for a significant change in the J* field of spins
and we obtain only a small fluctuation of the distribution of resonant pairs
in the system. As a result, nearly all spins of the system are frozen in their

37



Correlation function for small disorder
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Figure 3.2: Plot of the correlation function C(t) for long times and small
disorder € < 200. We averaged over about 35 different initial configurations
of spins.

initial state and the system is localized.

In this regime, the finite size of the system is very important. For larger
sizes, there are more resonant partners available for every spin. As shown
in the introduction, the probability of finding a resonant partner increases
as log(R), where R is a measure for the size of the system. We expect that
the marginal e values of the transitions depend on the probability of finding
a resonant partner and therefore scale with log(R). For large systems, we
expect this localized phase to appear at very large disorder, which might be
out of an experimentally achievable range.

The crossover regime features some dynamics in the system, but depending
on the value of ¢, only a fraction of the system participates in this dynamics.
This regime corresponds to the localization-delocalization transition of the
system.

Last, we consider the regime of small disorder € < 150. Here, the correlation
function decreases to a small value. This indicates, that a large part of the
system is delocalized. Note, that for the marginal case ¢ = 150, only 20%
of all spins are part of a resonant pair at the same time step. However, the
fluctuation of the distribution of these pairs involves about 95% of all spins
and thereby causes a decrease of C(t) to 5%. We discuss the properties of
these pairs further in Subsection 3.2.4.
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Figure 3.3: Plot of the correlation function C(t) for long times and large
disorder € > 200. We averaged over about 35 different initial configurations
of spins.

In contrast to our expectation, the correlation function C'(¢) does not drop
to zero, but remains at a level of ¢ = 50 even for long times (figure 3.2).
This finite level is independent of the disorder . Both claims are supported
additionally by Figure 3.5.

We discuss the finite saturation in more detail in Subsection 3.2.4. In con-
trast to the behaviour of the saturation value, the general shape of C(t),
or more specific the parameter b and d, always depend on the value of dis-
order €. The dependence of b and d on the disorder € is shown in Figure
3.6. These dependencies change the decay of C(t) in opposite ways: For
increasing value of e, d increases and leads to a faster decay, whereas the
value of b decreases and therefore slows the decay.

We also chose another approach to investigate the speed of the decay: We
fix the time ¢ to a constant value t. and plot the value of the correlation
function C(t.) as a function of €. A plot for several choices of t. can be seen
in Figure 3.7. For large values of t., the dependence of C(t.) on ¢ is similar
to the dependence of the offset parameter ¢ in Figure 3.6, namely, C(t.) is
independent of ¢ for small disorder values. On the contrary, C(t.) depends
strongly on ¢ for small values of ¢.. The latter effect is explained by the
fact, that the magnitude of the initial jump is proportional to the number of
initially identified resonant pairs. As derived in Section 2.5.3, this number
depends on ¢ as 1/e.
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Correlation function at different time scales
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Figure 3.4: Plot of the correlation function C(t) for several disorder values
and three different time scales: t € [0,2] (a), t € [0,50] (b) and ¢ € [0, 500]
(¢). In order to resolve small times, we decreased the time increment to

At = 0.02 for plot (a). The remaining two plots were generated using the
standard time increment At = 0.5.
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Figure 3.5: Collection of logarithmic plots of the correlation function C(t)
for disorder values € = 0, 30,90, 150 and a time increment At = 0.5 for long
times. We averaged over about 35 different initial configurations of spins.

The blue dots indicate the data obtained from the simulation whereas the

green line is a stretched exponential function as defined in (3.4). A similar
collection for large disorder value can be found in Figure C.4 in the appendix.
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Figure 3.6: Plot of the parameter of the fit f(t) = (1000 — ¢) - e~®D? 4 ¢
over the value of disorder . We used At = 0.5 and averaged over 35 initial

configurations.
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C(t) at selected times t,
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Figure 3.7: Mean number of fluctuating pairs at ¢ = 50000 for varying
disorder value €.

For further analysis of the decay rate, we examined the half time ¢ /5, which
is defined as the time the correlation function C(t) needs, to drop to half
of its initial value C(tp). We define the initial time as to = 10, to exclude
the initial drop caused by the identification of strong pairs. Additionally,
we subtract the value of the offset ¢ for both values. Hence, the half time
t1/2 is defined by the equation

Clty)s) — e == (C(10) —¢) . (3.5)

N

Figure 3.8 compares t; /5 with the time scale 1/b from fit (3.4). In this figure,
we observe a smooth increase of ¢, ;5 and 1/b for ¢ € [20,150]. For ¢ € [0, 20],
the half time ¢ /5 has a minimum at £ ~ 10 and increases for smaller disorder
values. The time scale 1/b has no minimum, but changes its slope.

Investigation of small disorder values

As a final part of this subsection, we investigate the decay of C(t) for small
disorder values. Figure 3.8 indicates a maximum for the decay rate around
e ~ 10. We resolve this behaviour in Figure 3.9. The half time ¢/, has a
minimum in ¢ € [10,15]. Figures C.5 and C.6 in Appendix C show plots of
the correlation function C(t) for these disorder values. The initial behaviour
(t < 10000) differs, but then it is not possible to discriminate between
functions with different disorder values.
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Half time t1/, of the decay of C(t) and fitting parameter 1/b
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Figure 3.8: Half time for varying disorder value .

3.2.4 Further investigations

In the last section, we examined the decay of the correlation function. We
found, that the decay has a finite saturation level in the range ¢ € [0, 150].
Next, we discuss implications of this finite saturation level. Then, we ex-
amine the existence time of resonant pairs to explain the decay of C(t) for
long times.

Isolated spins

The finite saturation of C'(t) corresponds to the existence of a small part of
the spin system, which is not affected by the dynamics. Figures C.11 and
C.10 in Appendix C investigate the number of spins, that are never part of a
resonant pair. We call these spins isolated spins and denote their number as
Nisolated- Figure C.11 shows the time dependence of Nigolated, Whereas Figure
C.10 examines the value of Niglatea at the longest available time ¢ = 50000
in dependence of disorder. The last plot shows the same characteristics as
Figure 3.6. However, the saturation level ¢ of C(t) is considerably larger
than the number of isolated spins Nigolated-

We believe, that next to fully isolated spins, there is a set of nearly isolated
spins. While these spins can become part of a resonant pair, these pairs are
separated by a long distance and therefore have a long delay time. Typi-
cally, pairs of this kind are destroyed long before their delay time is reached.
As a result, the flipping probability for nearly isolated spins is very small
and they keep their correlation to the initial configuration. Figure C.12 in
Appendix C investigates this statement by examining all spins, that did not
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Half time t1/, of the decay of C(t) and fitting parameter 1/b
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Figure 3.9: Half time for varying disorder value e.

flip at ¢ = 50000. It shows a histogram of the number of time steps, which
these pairs have been part of a resonant pair. Next to fully isolated spins,
there are many spins which flipped only a small number of times.

The most important property of the finite saturation value is its indepen-
dence of disorder. Figures C.11 and C.6 indicate, that the long time dy-
namics of the system is independent of € for a large range of disorder values.
In the following, we investigate the distribution of JZ fields to explain this
effect.

The J~ fields imposed on spins are distributed as a Lorenzian function with
a maximum value at f = 0 and a width of 2.5 (see Figure 2.5). As a result,
there exist some spins ¢ with very large J* field f;. This leads to a large value
of the full local field h = h; + f;. For small disorder values, the contribution
of the on-site field h; to the full local field h; can be neglected. Therefore,
the number of isolated spins is independent of disorder for a certain range
of small disorder values.

In order to test this explanation, we examine the value of the field for spins
which remain isolated from the dynamics for long times (¢ = 50000). The
histogram of fields for these spins is presented in Figure 3.10. As one can see,
this distribution differs much from the original Lorenzian (figure 2.5) and
has maxima around f = 4+100. This indicates, that isolated spins typically
have very large J* fields.

Since the J* field is generated by interaction between spins and pairs, a large
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Figure 3.10: Histogram of field values for spins that are isolated from the
dynamics of the system (¢ = 0). The distribution is very different from
the histogram of f for all spins (figure 2.5). We obtained the histogram by
simulating 77 different initial configurations with ¢ = 0 for ¢ = 50000. The
averaged correlation function C(t) for these parameter is shown in Figure
C.5 in Appendix C.

J# field on one spin is related with a nearby spin that has a large J* contri-
bution to this spin. If the two spins do not have the same S* polarization,
they form a resonant pair with large interaction. Otherwise, the strong field
suppresses the probability for both spins to find a resonant partner. These
spins remain isolated and form a non-resonant isolated pair.

We conclude, that even for zero disorder, a part of the spin system remains
isolated. The size of this isolated region does not depend on the disorder
for ¢ < 150. From ¢ ~ 150, the number of isolated spins grows for increas-
ing value of €. At about € ~ 700, only few spins (< 5%) take part in the
dynamics.

We are aware that the absolute and relative size of the isolated region de-
pends on the size of the system. However, since pairs with a small interaction
and small local field have very long delay times and typically are destroyed
before they lead to dynamics, we believe that the dependence of this effect
on the finite size is weak.
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Figure 3.11: Histogram of the relative existence time tg/t for long times
t = 5000 and ¢ = 10, At = 0.5. The plot is logarithmic to show all regimes.
We averaged over 100 different initial configurations.

Analysis of the existence time of resonant pairs

In order to explain the decay of C(t) for long times, we investigate the dis-
tribution of existence times of resonant pairs.

We define the existence time tg of a resonant pair as the time difference
between the current time ¢, and the latest time ¢;, where this pair was iden-
tified as a resonant pair: tg = t — t;. Figure 3.11 examines the existence
times of all resonant pairs, that exist at a time ¢ = 5000. There are two
maxima, thus two main accumulations of resonant pairs:

First, pairs with very long existence times tg &~ t. These pairs were identi-
fied during the first time steps of the simulation and typically have a large
interaction. Since these pairs do not change their resonance identity, they
do not contribute to the long time dynamics of the system.

Second, pairs with small existence times. We present these pairs in a his-
togram of absolute values of tg in Figure 3.11 (appendix). These pairs are
crucial for the dynamics of the system, since their changing resonance state
leads to a fluctuation of fields. We call these pairs fluctuating pairs.

In Figure 3.12, we compare the magnitude of both groups. An interesting
fact can be extracted from this figure for ¢ > 400: Even though that the
total number of resonant pairs is still noticeable (= 50), almost all of these
pairs belong have long existence times and do not contribute to the dynam-
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Figure 3.12: Number of resonant pairs with long existence times compared
to the number of pairs with short existence times. The time increment was
chosen as At = 0.5 and the value of disorder ¢ is varied (x-axis).

ics. This explains the increase of the number of isolated spins around this
disorder value.

Fluctuating pairs

In the following, we further examine the properties of fluctuating pairs.
They form a network of pairs, whose resonance states and therefore JZ fields
fluctuate. This network is essential for dynamics in the system. In order
to obtain the number Ng, of fluctuating pairs, we determine the number
of pairs, whose resonance state changed from resonant to non-resonant in a
time interval At = 1. Figures 3.13 and 3.14 plot the dependence of Nyt
on the time t. We observe the following properties of Ngyct:

e After an initial fast decrease, Nyt decreases very slow.
e Njguct depends strongly on disorder for € > 20.
e For smaller disorder values, the value of Ngu.t does not depend on €.

In order to examine this dependence, we plot the mean number of fluctuat-
ing pairs at large time ¢ = 5000 in Figure 3.15. We expect, that the value
of Npyet influences two properties of the spin system:

First, it influences the number of isolated spins that do not participate in

the dynamics. This corresponds to the saturation value of the correlation
function C(t).
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Figure 3.13: Plot of the number of fluctuating pairs over time ¢ for a time
increment of At = 0.5 and several different disorder values.
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Figure 3.14: Plot of the number of fluctuating pairs over time ¢ for small
disorder values.
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Figure 3.15: Mean number of fluctuating pairs at ¢ = 5000 for varying
disorder value €.

And second, it influences the decay rate of C(t), which is related to the
speed of spin diffusion.

From previous analysis we know, that the saturation value of C'(¢) is constant
for small disorder value € < 150. For larger disorder values, the number of
fluctuating pairs becomes so small, that the dynamics of the system is not
sufficient to decrease C(t) to a finite saturation value of 5%. We conclude,
that for large networks (Ngyuct > 1), the size of the resonant network does
not influence the number of isolated spins. If the number of fluctuating pairs
decreases below a certain marginal value N = 1, the number of isolated
spins increases for decreasing value of Ngyct.

We investigated the speed of the decay in the end of subsection 3.2.3. Figure
3.9 indicates, that the decay rate has a maximum around € ~ 10. As shown
in Figure C.14 of Appendix C, the same behaviour is found for Npgyu. In
the following, we explain this maximum by an analysis of the distribution
of delay times of fluctuating pairs.

Figure 3.17 shows a histogram of delay times for resonant pairs. In this
figure, we discriminate between the set of all resonant pairs and the set of
fluctuating pairs. The latter shows a sharp decrease for t; < 0.2. Since the
delay time t4 of a pair is related to its interaction J by tq ~ J~!, this result
indicates, that pairs with large coupling constants do not contribute to the
resonant network.
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Figure 3.16: Mean value of the delay time in dependence of the disorder
value €.
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This effects leads to a decrease of the number of fluctuating pairs for de-
creasing disorder. However, the increasing number of resonant pairs affects
this number in the opposite way. We believe, that both effects balance each
other for € =~ 10. For larger disorder values, the influence of the number of
resonant pairs dominates and the number of fluctuating pairs decreases for
increasing disorder. For smaller disorder values, the opposite is the case and
the number of fluctuating pairs increases for increasing disorder value e.

3.3 Validity of model

After the presentation of the results, in this section we discuss the validity
of the time evolution algorithm. We focus on the situation, that a pair with
small interaction controls the resonance of a pair with large interaction. We
expect, that the prospect of changing the identification of the pair with large
interaction blocks the change of the resonance state of the pair with small
interaction. Therefore, this setup is called blocking.

3.3.1 Blocking

Let us consider two interacting spin pairs, which we call “strong” and “weak”
pair. These names arise from the assumption, that the absolute value of the
interaction Ji of the strong pair is considerably larger than the absolute
value of the interaction Jy of the weak pair: |Ji]| > |J2|. Initially, we as-
sume that pair 1 is resonant and pair 2 is not.

By a change in the environment of the weak pair, it becomes a resonant pair.
Because of a large coupling of the two pairs, the resonance condition of the
strong pair is altered such, that it is not resonant any more. In this case, the
weak pair 2 controls the resonance of the strong pair 1. As a effect of this
progress, the energy of the full system is changed by a value of the order of
J1. Therefore, tiny energy changes are allowed to have big impacts on the
energy of the system. This raises the question, if such processes should be
suppressed.

We address this question in two steps: First, we determine a time evolution
of the total energy of the system. This is done in the next subsection.
Second, we investigate the interaction between pairs with respect to the
question, if the prospect of changing the identity of other pairs influences
the resonance condition. This analysis is done in Chapter 4.

3.3.2 Energy conservation

In the course of the time evolution, the distribution of resonant pairs changes.
Since a resonant pair in its eigenstate differs in energy from the same pair
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Time evolution of the total energy of the spin system
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Figure 3.18: Total energy as defined in Equation (B.8) for one initial con-
figuration with e = 0 and At = 0.5.

in a product state, we expect a fluctuation of the total energy present in the
System.

In Appendix B.2.5, we determine the contribution of isolated spins and res-
onant pairs to the energy of the system separately. As a result, we obtain
Equation (B.8) to calculate the full energy E. Figure 3.18 shows an example
of the time evolution of E for ¢ = 0. The energy fluctuates in the range of
4200, but there is no long time drift to positive or negative values.

Nonetheless, there remains the question, if the implementation of a time
evolution as described in this chapter resembles the real behaviour of a spin
system. Our main concern is the following: The underlying mechanism of
the evolution is the situation, in which a resonant pair destroys or creates
other resonant pairs by the means of J# fields. In this case, the total energy
in our simulation is not conserved as shown above.
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Chapter 4

Creation of a resonant
cluster

In this Chapter, we introduce a proper way to identify the resonance condi-
tion in the case of Section 3.3, where a weak pair affects the resonance con-
dition of a strong pair. This leads to a modified resonance condition, which
conserves energy through the joint dynamics of strong and weak pairs. This,
in turn, becomes a part of a new mechanism for the formation of resonantly
coupled spin cluster capable of transporting energy across the system. The
cluster is formed when a typical strong pair becomes coupled to more than
one weak pair and vice versa. We believe that such a coupling becomes the
leading mechanism of the energy transport.

The modification of the resonance condition increases the complexity, and
thus the computational calculation time requirement, of the algorithm sig-
nificantly. Hence, it is not possible to obtain a time evolution of the spin
system. Instead, we focus on the formation of the resonant cluster through
the mechanism indicated above.

4.1 Interaction between “weak” and “strong” pairs

First, we consider a system of two spin pairs and neglect the influence of
other spins and pairs. We denote the first pair as (1, 2) and the second pair as
(3,4). We assume, that the first pair has a stronger coupling: |Ji2| > |J34]-
As introduced in Section 3.3, the two pairs are addressed as strong and weak
pair. The Hamiltonian H of the two pair system was derived in Equation
(2.30).

Of special interest are resonant transitions of this system. To determine

these transitions, we diagonalize H and identify avoided eigenvalue cross-
ings. As an adjustable parameter, we choose the on-site field h34 of the
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Eigenvalues A; with and without pair-pair interaction

Figure 4.1: Avoided level crossing for J3y = 1, Jis = 10, hio = 5 and
two values of Jy,: J,, = 5 (green, solid) and J,, = 0 (blue, dashed). For
Jpp = 0, we obtain an avoided level crossing at hgs = 0. For J,, = 5,
avoided crossings are seen for hgy = £h(1) and hgy = £h?), where (V) ~ 3
and h? ~ 8.

weak pair. A plot of the eigenvalues A; in dependence of hg4 is shown in
Figure 4.1.

First, we examine the case, that both pairs are decoupled (J,, = 0). This
is represented by the blue dashed curves in Figure 4.1. For this situation
we obtain an avoided level crossing at h34 = 0, which represents the only
possible resonant transition of the weak pair for this set of parameter. This
transition is equivalent to the classical resonant condition from Section 2.2:

|hsa| < Jaa, (4.1)

which also predicts resonance at hsy = 0. The width of the transition, and
thus the transition amplitude, is controlled by the value of J34. This agrees
with the analysis of the avoided crossing: The distance d of eigenvalues at
the avoided crossing is d = %J34, which corresponds to the off-diagonal ma-
trix element 154 in of H in Equation (2.6).

Next, we examine the case of two coupled spin pairs. An example of such
a system is shown by the green solid lines in Figure 4.1. Here, we obtain
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Eigenvalues A; for (h12,J12,J34.Jpp)=(1.5,1.75,1.1,2.3)

Figure 4.2: Comparison of the full eigenvalues (blue solid line) with the
eigenvalues of the truncated Hamiltonian Hy (red dashed line). They differ
for small values of hgy, especially at hgy ~ (M. For this reason we use the
approximation hsy = —Ho for the calculation of w® and obtain the green
solid line.

four values of hg4, where the four-spin system has a transition between two
eigenstates. The values of hs4, where a transition occurs, are labeled as
+h(M) and £h3). We call AV and k) shifts, since the resonance condition
is shifted from 0 to one of these values. The transition amplitude of all tran-
sitions (given by the vertical width of the avoided level crossing) is smaller
compared to the decoupled case J,, = 0.

Hence, instead of the resonance condition (4.1), we obtain four modified
resonance conditions of the form

|haq £+ h] < [J0], (4.2)

where i = 1,2 and J@ < J34.

4.1.1 Modified resonance condition for a weak pair interact-
ing with a strong pair

In the following, we derive expressions for the parameter h(®) and J@ which
determine the modified resonance condition (4.2). We describe this scheme
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in detail in Section A.4.1 in the appendix.

It is not possible to do a direct analytical diagonalization of the general
pair-pair Hamiltonian from Equation (2.30). In order to solve this problem,
we introduce a small parameter, namely, the weak pair interaction Js4. We
assume

J34 € hgy ~ h1g ~ Jig ~ Jpp. (4.3)

Using this assumption, the Hamiltonian H is separated into two parts H =
Ho + AH, which are of different order in Js4. This approximation works
well for hgq > J34. Therefore, we approximate the eigenvalues

1 1
)\1,2 = :FZ’UJ_+§H2

1 1
N34 = :FZUJ+—§H2

of Ho by straight lines, which we obtain in the limit hsqy > Js4. This
condition yields Hs = hs4, and we obtain

we = \JAH} + T2, F Ahiady, (4.4)

Figure 4.2 compares the Eigenvalues of the full Hamiltonian H with the
eigenvalues of Hg and its linear approximation. The approximated eigen-
values have no avoided but a normal crossing and we obtain the shifts h(!)
and h? as

1

D = 1(w+—w_) (4.5)
1

he = 2w T w-), (4.6)

with w. from Equation (4.4). The transition amplitudes J) are determined
as
T = (vi|H]v;) , (4.7)

where v; are the eigenvectors, which are involved in the respective avoided
eigenvalue crossing. Appendix A.4.1 derives an analytical expression for J(®).
This result is given in Equations (A.59) to (A.64). Since these expressions
have a factor %J34 each, introduce a new variable ;@ as

, a1
J@O = 50 . ZJM’ (4.8)
where () € [0,1] does not depend on J34. Numerical results show, that the

equation
(j(1)>2 + (j(2)>2 —1 (4.9)
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holds.
Hence, the value of j() leads to a decrease of the transition amplitude of
the modified resonance condition (4.2). This compensates the fact, that we

have four possible transitions instead of one.

Using the expressions from Equations (A.59) to (A.64), we determine () as

J3 hig h2 2J2 h I h
) < ngllj{gsél + ;};}2 34 2;;?1 ;122 (2H1(w+ + w,) + 4}[12 + qu,))
j g

2v/wi w_ (wy +2Hy + A,.) (w— +2H; — A,,)

(4.10)
and

(Jgp hi2 h§4
1(2) _ 2 H, H23

272 h Jon b
+ S = s (2Hn (wy —wo) + 4HT — w+w,))

2v/wyw_ (wi +2Hy + Az.) (w— —2Hy — A,)

9

(4.11)
where we use the on-site field hgs of the respective transition: hsy = h(®.

We approximate Equation (4.5) for large and small values of J,,, in Appendix
A.4.2. Moreover, we examine the case of a weak pair, that controls the
resonance condition of a strong pair, in Appendix A.4.3.

4.1.2 “Weak” pair coupled to more than one strong pair

In the last subsection, we investigated the presence of resonant transitions
for a system of two pairs. We found, that there exist four transitions, which
lead to a new resonance condition

‘ W 1
|haa £ D] < @ . 1 3l (4.12)
of the weak pair.

This procedure can be generalized to an arbitrary number of strong pairs
acting on the same weak pair (3,4). For each strong pair s, we obtain
energy shifts hgi) and transition amplitudes jgi) as discussed in Section 4.1:
The shifts are calculated using Equation (4.5) and the transition amplitudes

are obtained from Equation (4.10) and Equation (4.11).

For each strong pair, we obtain four possible transitions. Hence, n strong
pairs lead to 4™ possible transitions of the weak pair. We add the respective
shifts hgi) for different s to determine the value of hs4, at which the resonant
transition occurs. The transition amplitude is suppressed by each involved
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strong pair by jgi) € [0,1]. In order to obtain the full transition amplitude,

we multiply all values of jgl). The resulting condition

hgy — Z ihgl) < |J3q - H]él) (4.13)

+,s,i Sy

is called advanced resonance condition. We test this formula for a system
consisting of three pairs in Appendix A.5.

If one of the conditions (4.13) holds true, there exists a many particle state,
such that every combination of the weak and a strong pair is in resonance
at once. In this case, the weak pair is resonant and it is coupled to every
strong pair. If no condition (4.13) is satisfied, the weak pair is not resonant.
Furthermore, the weak pair is not coupled to any strong pair.

The notion of weak and strong pairs is relative to the interactions of the two
pairs involved. A pair 1 with interaction J; adopts the role of a weak pair
in the interaction with a pair 2, if J; < Jo holds. The same pair is regarded
as strong pair in the interaction with a third pair 3, when Jy > J3. In this
situation, the second pair can be linked to both first and third pair. These
links represent interactions of four spin systems and can be the source of
spin diffusion. In contrast to the concept of resonant pairs, links do not
create closed groups of four spins, but can connect many spin pairs at once.

Moreover, a strong pair can be coupled to several weak pairs. We treat the
interaction of the strong pair with each of its weak pairs separately.

4.2 Forming “resonant cluster” by the links be-
tween spin pairs

In the last section, we derived the advanced resonance condition (4.13),
which determines the resonance of a weak pair coupled to several strong
pairs. In the following, we describe, how this condition is used to identify
interacting spin pairs.

4.2.1 Defining links

In the following, we consider a spin pair (4, j) with interaction J;; and look
for pairs (k, (), that interact strongly with this pair. We refer to the analysis
of Section 3.3, where a weak pair controls the resonance of a strong pair.
Hence, we require

S5 < 1Tkl - (4.14)
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Since we vary both pairs under all possible spin pairs, we obtain each com-
bination of two pairs exactly once.

The following concept arises from the notion of fluctuating pairs, which was
discussed in Section 3.2.4, and the discussion of the blocking of pairs from
Section 3.3.

We define, that the pair (k,[) interacts strongly with the pair (7, j), if a flip
of the second pair would change the resonance state of the original pair.
This condition reads as

| Tl > 1551, (4.15)

where the resonance range S;; = J;; — hyj was introduced in Equation (2.9)
and the pair-pair interaction in Equation (2.35). Additionally, we require,
that the pair-pair interaction is at least of the same order as the internal
interaction J;; of the pair:

’Jpp‘ > 0.5 ‘JU‘ , (4.16)

where the factor 0.5 was chosen from Figure 2.1. This condition ensures,
that the eigenvector decomposition of the pair is changed by a sufficient
amount. Otherwise, pairs with a small absolute value of S;; would be cou-
pled to any other pair.

Pairs, that satisfy conditions (4.14) to (4.16), are called potential weak pairs
of the spin pair (i, 7). Let us consider one of these potential weak pairs, label
it as (k,!), and neglect all other pairs for simplicity. As discussed in Section
4.1, the two pair system consisting of (i,5) and (k,1) is in resonance, if one
of the advanced resonance conditions (4.12) of the weak pair (k,[) holds. In
this case, we put a link between pairs (i,j) and (k,l). This link connects
the four spins 1, j, k, [.

In general, a given pair can be considered as "weak” for several different
”strong” pairs. In this case, we use the generalized advanced resonance con-
dition of Equation (4.13) for the weak pair. If one of these conditions is
satisfied, we link the weak pair to all its strong partners.

As a next step, we translate the concept of links between pairs into an
algorithm. A vital aspect of this routine is the use of the list of spin pairs
(4,7), which is ordered with respect to their internal interactions J;;. We
start at the top of the list and execute two main steps:

e First, we determine the resonance of the pair (7, j). If (¢, j) is potential
weak pair of one or many other pairs, we use the advanced resonance
condition (4.13). Else, the routine uses the classical condition (2.21).
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Figure 4.3: Histogram of the number of cluster of one of the three categories:
Independent spins (Nyg, top left histogram), Independent resonant pairs
(N1Rrp, top right) and medium cluster (Nys¢, bottom left). Additionally we
present a histogram of the sizes of medium clusters (bottom right). We used
936 different initial configuration of spins with a disorder of € = 10.

e Second, we identify all potential weak pairs of the pair (7,7). Since
these pairs have a smaller interaction, their resonance condition was
not yet examined.

The order of the list ensures, that all potential strong pairs of (i, j) already
identified (7, j) as potential weak pair. One complete examination of the list
of spin pairs investigates each pair-pair combination exactly once.

As for the algorithm of Chapter 3, we allow only one resonant partner for
every spin. This was discussed in Section 2.2. This condition extends to the
concept of the advanced resonant condition.

A complete and detailed description of the linking algorithm can be found
in Appendix B.3. There, the search for potential weak pairs is separated
into to subroutines: First, we identify all spins s, that would modify the
resonance condition of a strong pair. Then, we consider all pairs, which
include spin s, and check the conditions (4.14) to (4.16).
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4.2.2 Preliminary investigation of resonant cluster

As the algorithm puts links between spin pairs, resonant cluster evolve. We
define a cluster as a set of spins, where each spin is connected to all other
elements of of the same cluster via arbitrary many other spins (that are also
part of the same cluster). After we analyzed all spin pairs, we obtain four
different types of cluster:

1. Independent spins, which form cluster of size 1. These spins are not
linked to any other spin and not part of a resonant pair.

2. Independent resonant pairs, which form cluster of size 2. Here, spins
are part of a resonant pair, but this pair is not linked to any other
pair.

3. The largest cluster. This is the cluster with largest size. The results
indicate, that there is always one cluster, which is considerably larger
than all other cluster.

4. Medium cluster. All cluster, that are not part of one of the first three
categories, are denoted as a medium cluster. The word 'medium’ refers
to the medium size of these cluster.

Figure 4.3 presents histograms of the number of clusters of each of the cat-
egories. As one can see, both the number and the size of medium cluster
are very small (which is true for all disorder values). Hence, these cluster
are not important for the dynamics of the system and are neglected in the
following analysis.

Both, the mean number Nigp of independent resonant pairs, and the size
Nyper, of the largest cluster, depend on the value of the disorder €. We
present a plot of this dependence in Figure 4.4.

At disorder values around e ~ 1000, no resonant cluster forms (except of a
few resonant pairs). If we decrease the disorder value, the size of the maxi-
mum cluster increases. The number of independent resonant pairs increases
as well, but much slower. However, at a value of ¢ ~ 20, the maximum
cluster size has a maximum and drops if we further decrease the disorder.
We can explain this effect only partly by the sharp rise of the number of
independent resonant pairs. Figure 4.4 shows the number of spins that are
part of independent resonant pairs or the maximum cluster as green dots.
We see, that this curve has a maximum at € =~ 20 as well. The number of
spins participating in a medium cluster is about constant and its mean is
always smaller than 10.

This result agrees with the results of Section 3.2.4, which obtains the same
marginal value € = 20.
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Cluster size for different cluster types
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Figure 4.4: Mean numbers of the maximum cluster size uyicr, and the num-
ber of independent resonant pairs unxrp. Additionally we show the number
of all spins, that are either part of of an independent resonant pair or of the
maximum cluster.

4.2.3 Using the inverse participation ratio to detect and char-
acterize the formation of a resonant cluster

We calculate the inverse participation ratio I as

1
I=— > NG, (4.17)

Spins

where N ; denotes the size of cluster i. If a spin is not connected to any
other spin, it is regarded as a cluster of size 1.

A system consisting of Ngpins = 1000 spins without any connections has an
IPR value I = 0.001. If we increase the number of connections, the cluster
size grows and the value of I increases. If all spins are connected, we obtain
I = 1. Since N; appears as a square in Equation (4.17), a single large
cluster increases the value of I more than many small clusters.

As an example, let us consider a system, which consists entirely of resonant

pairs without links. In this case, we obtain I = 0.002, which is hardly
larger than the minimum IPR value of 0.001. On the other hand, a system
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IPR for a single initial configuration
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Figure 4.5: In figure (a), we present the IPR function defined in (4.17) for
e = 40. As described in the main text, we fit a line for J=! € [0.004,0.3 -
max = 0.09] and obtain the red line as a fit. The intersection of this line
with the x-axis is labeled as J ;llt Figure (b) shows a histogram of the values
of Jc_rilt obtained from & = 40 and 703 different initial configurations. The
Gaussian fit (red dashed line) has a standard deviation of s = 2.6.

consisting of 900 independent spins and one cluster of size 100 would already
lead to I = 0.01. As a result, the value of I is mainly determined by the
size of the largest cluster:

N2
I= N21 > Nii~ NQMd ~ NZy (4.18)
Spins Spins

In order to investigate the composition of different cluster, the algorithm
monitors the value of I, while it works through the list of spin pairs to de-
termine their resonance state (see Section B.1). Since this list is ordered
with respect to the pair interactions J, we obtain I as function of the inter-
action.

Since the probability density function scales as J~2, the mean number of
pairs is not constant for any range of interactions. This complicates the
analysis of the IPR as function of the interaction. In order to solve this
problem, we transform the interaction J to its inverse J~! and determine I
as function of J~!'. As shown in Section 2.5.1, the probability distribution
for J~! is constant in the interval [0, 62.5].

A plot of the IPR function in dependence of J~! for one initial configuration
of spins and disorder € = 40 can be found in the left plot of Figure 4.5. A
main feature of this plot is the flat region up to a certain value J ! = J(;llt
We obtain this value by fitting a straight line in the range defined by I >
0.004 and I < 0.3 - I;nax, where I, denotes the maximum IPR value. The
right plot in Figure 4.5 shows a histogram of the critical points J_1 for 703

crit
different initial configurations and ¢ = 40.
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Figure 4.6: In these six plots we present the averaged IPR function defined
in (4.17) for the three disorder values ¢ = 20,40,80. For each disorder
value we show a small scale (J~! € [0,100], left column) and a larger scale
(J=! € ]0,500], right column). The two fits represent a straight line fitted
at Ji_pl (red line) and a square root function (green line). Each plot was
obtained by averaging over about 700 initial configurations.

4.2.4 Averaging over initial configurations

The evolution of the spin system depends on the actual positions and on the
local fields h; of spins. Therefore, we average the IPR function over about
700 different initial configurations to balance this dependence. This leads
to a smooth plot of the IPR, as presented in Figure 4.6. In this figure, we
present IPR plots for different disorder values. We identify four different
ranges for the IPR as a function of J~!:

e For very small values of J~!, the plot of the averaged function is
relatively flat. This is due to the initial flat behaviour of the individual
IPR function (see Figure 4.5).
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e At a certain value J; ! of J~1, the averaged IPR starts to increase
significantly. Thereby, the second derivative of I is positive, but de-
creases. Since the value of J, C;llt varies for different initial configurations
(right plot of Figure 4.5), there is no clear cutoff point for the average
IPR function, but a region where it slopes up slowly compared to the

behaviour for larger J 1.
e At a value Jigl, the function has an inflection point.

e For large values of J~!, the IPR function is nearly flat again. It
approaches a final inverse participation ratio.

To understand this behaviour, we use the distribution of J~! from Figure
2.4. The density function of J~! is constant up to J~! = 62.5. For larger
values, it decreases due to finite size effects. This explains the negative
second derivative for J~! > 62.5 and the slow approach to some final value
of IPR. However, for small values J~! < 62.5, the routine exhibits no finite
size effects.

4.3 Results for the inverse participation ratio

As a next step, we compare the IPR plots for different disorder values in
Figure 4.6.

e The final value of the IPR does not change much for € = 20, 40. This is
due to the fact, that the size of the maximum cluster is nearly constant

in this range (figure 4.4). For € > 40, the size decreases faster, as does
the value of IPR.

e The width of initial flat range increases, if we increase the disorder.
Both, the onset J; 1 of the rise of I and the inflection point Ji;1 in-
crease. Both values were introduced in the last subsection.

e The initial slope of the IPR changes with disorder.

Whereas the first and last point can be explained qualitatively with the dif-
ferent sizes of the maximum cluster, the extended range of the flat region
and its dependence on € was not expected by us. To investigate this be-
haviour, we used three different fitting routines to obtain values for J;! and
I

The first fit is a straight line fitted to the inflection point Ji;)l of the averaged
IPR function. The second fit is a square root function fitted to the averaged
IPR function. Since both fits use the already averaged IPR function, it is
difficult to obtain error estimates. For that reason, we introduced a third fit,
which fits a straight line to every individual IPR plot (no averaging). This
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Mean values for J.;,
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Figure 4.7: The plot shows mean values of Jc_rilt for large disorder. For each
point, we calculated a histogram of J;ilt as shown in the right plot of Figure
4.5 and obtained mean p and standard deviation o. This determines a point
as i £+ 0. Each point was obtained using a histogram with about 700 initial

configurations.

fit is represented by a red line in the left plot of Figure 4.5. The resulting
values of Jc_mlt are approximated well by a Gaussian distribution with clear
maximum value p, which is indicated as a red dashed line in the right plot

of Figure 4.5.

Figure 4.7 shows the dependence of i on the disorder, where the error bar
is given by the width of the Gaussian distribution. Both, the mean and the
width, increase for increasing disorder value €. The main reason for the lat-
ter behaviour is the fitting routine: We fit in the range of a minimum value
of 0.004 and a fraction of the maximum IPR value. This fraction is 0.3 for
€ < 100 and 0.4 for 100 < € < 200. For growing disorder values, the max-
imum IPR decreases fast and we obtain a smaller fitting range. Therefore,
there exists a larger variation of fits and the standard deviation increases.
However, the error is always considerably smaller than the mean value.

We optimized this routine by fitting a line to a larger range of IPR values,
but the standard deviation did not change. We deduce, that for larger
disorder, the dependence on initial configuration of spins is larger than for
smaller disorder values.
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Dependence of J;* on the disorder €

J:
s 1
2 :
o . !
30 o ; .
. d
—
&
' L
20k — o avg line fit
< )
¥ & avg sart fit
2o """ H H o
1O}Q;gmmn" e single line fits

0 50 100 150

Figure 4.8: The plot estimates J;! for different disorder values €. We used
the three different fitting routines described in the text. Each point was
obtained using a histogram with about 700 initial configurations. The green
line f(x) =0.166 x + 7.215 is a fit of the average of all three routines.

4.3.1 Investigation of the marginal value J;!

In the last passage we mentioned three routines that estimate the value of
J;1 for a fixed disorder value &:

First, the individual line approximation, which was introduced in the last
subsection.

Second, the average line approximation. This routine determines the inflec-
tion point of the averaged IPR function and fits a tangent to this point. The
intersection of this tangent with the x-axis gives the value for J;!.

Third, the average square root approximation. This routine fits a;z? 4+ asx+
ag to the inverse of the averaged IPR function. In this way we obtain J; !
as the coefficient agz of the fit.

We denote these routines as individual line routine (ind line), average line
routine (avg line) and average square root routine (avg sqrt).

To deduce the dependence of J; ! on ¢, we use all three routines and compare

the results. Figure 4.8 shows that the routines agree in the range ¢ €
[0,200] and indicate an increase of J; ! for increasing . We obtain linear
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Dependence of the slopeson €
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Figure 4.9: Dependence of the slope s from Equation (4.19) on disorder e.

approximations

findline = 0.159e+7.24
favg line = 0.176¢+6.93
favg sqrt == 0164 g + 747 .

of J; ! for the three different fitting routines introduced in the last para-
graph. In Figure 4.8, we indicate the average of all three fits f(e) =
0.166 £+7.215 as a solid green line. We observe that the fit approximates the
data well for 20 < e < 180. For smaller disorder ¢ < 20, the function J; !
has a minimum and increases as we decrease €. This behaviour is related
to the decrease of the maximum cluster size for small disorder. Since we
interpreted the latter effect as an artifact of the restriction of one resonant
pair for each spin, the validity of the minimum of J;! at small disorder
remains at least questionable. However, the linear dependence of .J; ! for
20 < € < 180 is not affected by this consideration.

Slope at takeoff point J; !

Next to the position of the marginal value J; !, we now examine the slope
of the average square root fit at J;!. We determine the slope s as

SR S (4.19)

\/a% + 8a1a3 '

Figure 4.9 shows a plot of the slope dependent on €. We experience a similar
behaviour as for J; !: For ¢ > 20, s decreases fast as € grows.
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Distribution of inverse coupling J* for different cluster types
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Figure 4.10: Distribution of inverse couplings J~! for disorder ¢ = 5. Note,
that the probability density function p;—1(J~!) is constant.

The slope is an estimate for the speed of the growth of the largest cluster.
Similar to the results of Section 3.2.4, the size of the resonant network
exhibits a maximum at about £ &~ 10. In order to explain this behaviour, we
investigate the distribution of coupling constants of the maximum cluster.

4.4 Further investigations
4.4.1 Distribution of spin pairs
In the last subsection, we classified the following types of spin pairs:
1. Pairs which belong to the maximum cluster.
2. Pairs which belong to a medium sized cluster.
3. Isolated resonant pairs.
4. Non-resonant pairs.

We found, that the number of pairs, which belong to a medium sized clus-
ter, is very small. Therefore, we neglect these pairs in the following analysis.
Figure 4.10 shows the magnitude of the remaining types as a function of J 1.

For large interactions J > 1, most spin pairs belong to the group of isolated

strong pairs and do not contribute to the largest cluster. In order to in-
vestigate this effect, we examine the distribution of J~! for linked pairs of
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Distribution of J*for the maximum cluster
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Figure 4.11: Distribution of inverse coupling constants J ! in the maximum
cluster for € = 5.

the largest cluster in Figure 4.11. For large inverse interactions, the number
of resonant pairs decreases and so does the number of spin pairs contribut-
ing to the maximum cluster. This behaviour reverses for J~! < 0.5: The
number of spin pairs increases with increasing inverse coupling constant and
can be approximated by a straight line for J~' < 0.2. The straight line is
independent of the disorder value .

These results indicate, that pairs with large interactions have small prob-
abilities of interacting with other pairs. In order to explain this fact, we
examine the spin-pair interaction Jy, = Ji — J; of a spin pair (4,7) and a
spin [. It depends on the interaction J;; of the pair. In the next subsection,
we calculate this dependence analytically and deduce the probability for a
link in dependence of the coupling constant J;; of a pair.

4.4.2 Spin-pair interaction in dependence of the interaction
of the strong pair

Let us consider three spins 1, 2 and 3, where spins 1 and 2 form a resonant
pair and are separated by a distance d = r;; (see Figure 4.12). This distance
is related to the pair interaction, which is denoted by J,, by J; = d~3. The
spin-pair interaction depends on the distances r; as
P
T Th

If we rotate the third spin [ around the line that connects spins ¢ and j, the
distances r; and rj do not change. Therefore, the problem of calculating
Jsp has a radial symmetry around the z-axis, which we define by the line
connecting spins i and j. The origin of the coordinate system is located in
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Configurations for small and large value of Jg,

©) 12>

3

Figure 4.12: Two constellations of a three spin setup. Plot (a) shows a setup
with a large distance d = r1o and therefore small interaction Jio = Js. In
contrast, plot (b) depicts the situation for large J; and small distance d.
The difference of distances r13 and 793 is larger for the left setup, which
results in a larger value of the spin-pair interaction J,.

the middle of the two spins.

If we fix a value of Jy, at J, g‘ed, all positions of the remote spin j that repro-
duce this value for a given pair (i, j) are located on the surface of sphere-like
bodies around spins ¢ and j. Figure 4.13 depicts a slice of these equipoten-
tial areas for y = 0 and different values of Jgy,.

The interior of these bodies represents all possible positions of the third spin,
where Jg, > Jsﬁzfed holds. Their volume V is proportional to the probability
P, that a given spin pair finds a third spin such that Js, exceeds a certain
value J?;‘ed:

v

fixed\ __
PJSP>J§;))(ed (d, Jsp ) - %ull , (420)

where the third spin is sampled in a cube with volume Vg,;; = 1000.

As a next step, we determine the dependence of P; Jsﬁl))(ed(d, J?;(ed) on the

distance d and thus on the interaction J, = d=3 of the spin pair. Figure 4.14
shows the dependence of P;_ sixea on Js for different values of Jg;(ed in a
double-logarithmic plot. The straight line indicates a power law dependence
for Py sixea ~ JO25,

sp

In Appendix A.8, we use geometric arguments to derive the probability
density function pjgp,(Jsp) analytically. We obtain

P (Jsp) = 0.015 Js;)7/4 gy

which is equivalent to the power law dependence of Py~ Jfixed and agrees
with numerical data (Figure C.20 in Appendix C).
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Equipotential line for d = 0.5
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Figure 4.13: Plot of lines with a fixed value of Jy,. The two spins of the
spin pair are fixed on the positions z = +0.25.

Probability for a third spin to satisfy Jg, > Job*
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Figure 4.14: Plot of Py jixea from Equation (4.20) over the interaction J
of the spin pair. Data sets distinguish in the choice of ngfe‘i.
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PLink for different
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Figure 4.15: Probability pri. for a link between two pairs in dependence
of the interaction of the strong pair for different disorder values €. The
numerical integration has a large error for first point of £ = 20 (blue).

4.4.3 Probability of a link in dependence of the interaction
of the strong pair

Now, we estimate the probability pink, that a given pair with interaction
Js links to another pair. The derivation of this function is presented in
Appendix B.3. Figure 4.15 shows the dependence of pj, on the interaction
Js. It indicates, that pairs with large interaction (Js > 1) are less likely to
produce a link between spin pairs. This behaviour explains the distribution
of inverse couplings J~! in Figure 4.11. Moreover, Figure 4.15 indicates,
that pjink is independent of the disorder value €.

4.5 Spins on a simple cubic lattice

In the last section, we investigated a system with random placement of spins.
In this section, we will shortly introduce a lattice simulation and compare
the results of this simulation with the results from random placement.

Implementation

We kept the number of spins and the size of the box constant. Hence, we ob-
tain a simple cubic lattice, where the nearest-neighbour distance is 1. After
we set the coordinates of spins, we sample their on-site fields by a uniform
distribution in [0,¢]. The spins are aligned in x-y and z direction, which is
important for the § dependence of the interaction.
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Comparison of lattice and rand. pos. for Jg ! (ind line routine)
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Figure 4.16: The plot shows mean values of J; ! for the average square root
and individual line routine. The latter determines J; ! from the distribu-
tion of Jc_rilt, we obtain an error by using the standard deviation o of this
distribution. This determines a point as p + . Each point was obtained
using about 500 initial configurations.

In contrary to random placement of spins, the parameter range for the in-
teraction J;; of spins on a lattice is not continuous anymore. The same is
true for values of J~!. This property destroys the smoothness of the IPR
function, which affects the routines to determine the value of J;!. Since it
is difficult to compute the inflection point automatically, the errors of the
average line routine increase. Therefore we restrict the analysis of J; ! on
the other two algorithms: The individual line routine and the average square
root routine.

IPR results

Figure C.21 in Appendix C shows a collection of average plots as well as an
individual IPR plot for spins on a lattice. In comparison to Figures 4.5 and
4.6, the shape of the function did not change much.

Analogous to the last section, we determine the takeoff point J; ! and inves-
tigate its dependence on the disorder . The results are shown in Figure 4.16
together with the previous results for random placement of spins. The char-
acteristics of the function are the same as for random placement of spins,
namely:
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There is a flat region for small disorder £ < 30.

For € > 30 value J; ! increases. In contrary to J; ! for random place-
ment of spins, a line is not a good approximation to J;!(¢).

The errors of the individual line routine increase for increasing value
of € (see Figure C.21 in Appendix C).

Both functions J; !(¢) agree for large disorder (¢ > 90).

The disagreement for small and medium disorder values is interesting and
indicates a different composition of the resonant cluster for lattice and ran-
dom positions. We can interpret the value of J; ! as the time scale of the
dynamics of the system. Figure 4.16 shows, that the values of J; ! differ
by a factor of two for small disorder values ¢ < 40. Hence, we expect a
significant difference in the time scale of the dynamics in the two setups.
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Chapter 5

Summary and discussion

5.1 Summary of results

The previous chapters described a hybrid quantum classical simulation,
which allows us to study a medium of TLS with dipolar interaction and
energy disorder. We investigated the dynamics as function of disorder and
deduced a time scale for the energy transport.

Chapter 3 and 4 present two routines, which investigate the dynamics of the
spin system. Both rely on the concept of resonant pairs, but differ in their
treatment of pair-pair interaction.

The routine of Chapter 3 generates a time evolution of the system. This
evolution is studied by an analysis of correlations. Up to large disorder val-
ues, the correlations decay to 5% of their initial value. This indicates, that
the system is delocalized. Even though a transition to the localized regime
appears at large disorder values, we presume, that this transition is strongly
influenced by the finite size of the system and is irrelevant for experimental
setups. However, this remains to be proven by experiments or by an inves-
tigation of larger systems.

In the delocalized regime, even for systems with no disorder of their on-site
fields, some spins remain isolated from the dynamics. Figures 3.2 and 3.6
indicate, that the number of isolated spins is independent of the disorder.
This effect is caused by interactions originating from S57S¥ terms of the
Hamiltonian.

Moreover, we studied the decay rate of the correlations. For disorder values
larger than a marginal value ¢ = 20, the rate decreases significantly for in-
creasing disorder. For smaller disorder values, this intuitive relation is not
satisfied: Figure 3.9 indicates a maximum for the decay rate around ¢ ~ 10.
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In contrast to the algorithm of Chapter 3, the algorithm of Chapter 4 in-
cludes the full interaction of two spin pairs. Investigation of this interaction
leads to a modification of the resonance condition. For this complicated
system, a calculation of the time evolution is not possible. Instead, we de-
termine cluster of connected spins. We believe that these cluster are essential
for energy transport.

The analysis of these clusters indicates, that pairs with large couplings alone
do not suffice to form large connected clusters, which lead to considerable
energy transport in the system. Only by adding spin pairs with smaller in-
teraction, such a cluster evolves. The marginal interaction J; !, which leads
to a formation of a large cluster, corresponds to the time scale of energy
transport. Similar to the examination of the decay rate, we observe two
regimes for the dependence of the time scale on &, namely: A linear depen-
dence of the time scale for disorders larger than the marginal value ¢ = 20
(Figure 4.8), and, for smaller values, a dependence which is dominated by
a minimum around € ~ 10. However, the treatment of conflicts is question-
able for these disorder values and one might be skeptical, if this effect can
be verified experimentally.

In order to analyze this effect further, we examine the distribution of pair
couplings of the main cluster (Figure 4.11). It indicates, that pairs with
couplings J > 2 are not part of the main cluster, but form isolated clusters
of size 2. We show, that this effect can be explained by the dependence of
the spin-pair coupling on the internal pair coupling.

In addition to the system with random positions, we studied a system with
spins on a simple cubic lattice. Figure 4.16 compares the dependence of
the time scale of energy transport for a cubic lattice and random positions.
We see, that both values agree for large disorder value € > 90. For smaller
disorder, the time scale is shorter for the lattice. This result indicates, that
for small energy disorder, the dynamics on lattices is considerably faster
than the dynamics in systems with random positions of TLS. This result,
and the explicit dependence of the time scale on the disorder of Figure 4.16,
could be studied experimentally.

5.1.1 Outlook

As a possible next step to improve results, we would study the influence
of the two main approximations of the model on the results, namely: The
finite size effect and the restriction, that each spin can only be part of one
resonant pair.
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The finite size influences especially the localization-delocalization transition
for large disorder values and the explicit percentage of isolated spins.

The restriction to one resonant pair is problematic for small disorder values.
We assume, that this approximation causes the anomalous behaviour below
the marginal value € = 20. Therefore, it would be interesting to modify the
algorithm such, that it allows multiple resonances for every spin. However,
this would change the model significantly.

79



Appendix A

Derivations

A.1 Selection of a basis

The basis states are aligned parallel to the quantization axis. We use the
standard convention of denoting the 1-spin basis as {| 1),| } )}. For N spins,

(N) by taking the Kronecker product ® of the

we obtain the basis vector e,

(1)

1-spin basis states e;,”’ as
eZ(N) = 61(11) ® eg) ®-® egjlv). (A1)

In the next sections, we often regard two spin systems. We can obtain the
first basis vector | 11 ) by using Equation (A.1) as

1
i =1neliti=(o)e(o )= (A2)
0
In this way, the full basis is determined as

As discussed in Section A.3, we truncate this basis to

E={1), N}, (A.4)

which is equivalent to identifying the states {(0,1,0,0), (0,0, 1,0)} with the
two-dimensional standard basis {(1,0), (0,1)}. Because of its origin from the
Kronecker product ®, we denote E as product basis of the two spin system.
In contrast, the eigenbasis of the two spin system is labeled as diagonal basis.
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A.2 Operators of N-spin systems

In this section, we consider operators of a resonant two level system, which
consists of an arbitrary number of spins. We obtain their matrix represen-
tation using the basis of Appendix A.1.

For a system consisting of only one spin, the matrix representation of the
spin operators I is obtained as

I* = —0,, (A.5)

where o, denotes the Pauli matrices

()= (L) e (3h) s

and the unity matrix og. For a system consisting of N spins, the operator
I of spin 4 is defined by the Kronecker product of Pauli matrices:

1
If‘:JO®...®UO®§JQ®00®...®00, (A.7)

where o, appears on the i-th place of this product. Of special interest is
the system consisting of two spins. As an example, we derive the operator
I of the first spin as

10 0 0
1 01 0 0

z _ = _ =
H=50a@00=5 45 1
00 0 —1

As discussed in Section A.1, we obtain the product states of a spin pair as
| 1)) = (0,1,0,0) and |]1) = (0,0,1,0). Since we reduce the basis to these
two states, the vectors are transformed to (1,0) and (0,1) and I becomes:

. 171 0
Il_2<0 —1)'

Similar to this calculation, we obtain the pair operators I1 2 in a system
consisting of four spins, and thus two pairs, as

10 0 0 010 0
s _ Lfo1 oo o p_ll 1000
! 2100 -1 0o |t 210001
00 0 -1 0010
1 0 0 0 0010
o Lo -10 0 e L0001
2 210 0 1 0 |22l 1000
0 0 0 —1 0100
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Obtaining Prefactors of the Hamiltonian

The next paragraph introduces properties of the trace of o,. The two rela-
tions tro, = 0 for a = z, ¥, z, and

3

0a0g = 5&500 +1 Z €aBy0~y (A8)
=1

can be proven by direct calculation using the matrix representation from
above. Note that the trace is independent of the choice of basis. From
(A.8), we deduce tr (c,03) as

tr (0ao8) = 2003 - (A.9)

Additionally, we use the following two properties of the Kronecker product
®:
(A® B) (C® D) =AC ® BD (A.10)

and
tr(A® B) =trA-trB. (A.11)

Equation (A.11) yields the trace of a single operator I}’ as
«a 1 1 (N-1)
tr Iy =tr O'0®...®§0'a®...®0'0 :§traa-2 =0, (A.12)

where N is the number of spins. For the trace of the mixed product I 10‘[25 ,
we obtain

tr(IfIQB) = %tr((aa@@oo)(ao@a/s))

1 1
= ZtF(Uan ® opog) = Ztraatraﬁ =0,

whereas the product of two operators of the same entity is transformed to

tr (171

N N

tr ((oq ® 09) (0 ® 00))

1
tr (oq08 ® 0gog) = 1 tr (oqop) trog = dap -

For more than 2 spins, we can use Equation (A.10) to reduce tr (I,?I lﬁ ) to

the previous case. In this way we add a factor tr oy = 2 for each spin and

obtain:
tr (Iglf) = 2N25, 55 (A.13)
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This equation determines the trace of arbitrary product operators. In the
following, we use Equation (A.13) to formulate a procedure, that deter-
mines the prefactors of an arbitrary operator in a given Hamiltonian H. We
assume, that this Hamiltonian has the form

H=>> Nialf, (A.14)

where )\; o are scalar prefactors and I{* operators as described above. In the
following, we consider the equation

tr[(H-a1) 1] =o0. (A.15)
Using Relations (A.12) to (A.13), we transform Equation (A.15) to

tr[(H—A)-1] = 0

& 3 Nate (1)) + 3 Meatr (101]) + Ovs = Ve (101]) = 0
o 7 & Oep—A) = 0.

Hence, the Equation (A.15) holds true if and only if A is the correct prefactor
of the operator 1 5 in H. Now, we again consider Equation (A.15):

tw[H-AD-1] = 0
Str(H-I)=Atr(I-I) = 0
o) tr (H - 1)

By combining both derivations, we obtain

o tr(H 1)

Akg = — (A.16)

This equation is independent of the basis of the matrix representations. We
exploit this to obtain the prefactor of a given pair operator I: First, we
determine the matrix representation of H in terms of spin operators. Then,
we change the basis from the product basis to the diagonal basis of the
pair. Finally, we determine the prefactors by using Equation (A.16) for the
resulting representation for H. Note, that both, the matrix representation
of the operator I and the representation of H, are written in terms of the
diagonal basis of the respective pair.

A.3 Properties of a two-spin system

In this section, we investigate a system of two interacting spins. We use the
results of this section in many parts of the thesis.
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A.3.1 Hamiltonian and Basis

We use the truncated dipole Hamiltonian H from Equation (2.1). Reduced
to two spins, H is determined as

1
H = —hyS7 — hoSE + Jia <st5 G s;sl)) o (Aam)

Each spin has basis states | 1) and | | ). We obtain the full basis By, for
the two-spin system as

The matrix elements of H written in Bg, are calculated as
—hy — he + 3J5, 0 0 0
S 0 hi + ho + 3J5, 0 0
-2 0 0 —hy + hg — 375, — 21
0 0 —2J12 hi — he — 3J%

Only the coupling between states |1]) and |]1) does not vanish. Therefore,
truncate the basis B to

B={I14), 1M} (A.19)

The basis B is called product basis of the spin pair. Using B, the matrix
representation of H is obtained as

1 ([ —hiy— 2J12 —3J12 >
Hpy = 2 7} 7
b= < 21 —hi2 — $J12

where hi1o = hq — ho is the local field of the spin pair.

A.3.2 Diagonalization

We diagonalize H via
H=U'DU, (A.20)

using the change-of-basis matrix



Since U is unitary, we determine its inverse U ! by transposing U:

1 ct —c
-1 _ T _
ve=t= \/i(c‘ ct > (4.29)

The diagonal matrix D in (A.20) consists of the two eigenvalues Aj 2 of H.

We obtain )\172 as
1,2 :l:2 12 ]JIQ :l:QZia 1&'21

where H = y/h%, + 1 J2, is denoted as energy of the spin pair (1, 2).

The eigenvectors of the two-spin system are denoted as | f}) and | {). We
often refer to the basis E = {|1),|{)} as diagonal basis of the spin pair.

Using U, the eigenvectors are calculated as
g g

1) = It —c [ it) (A.25)
[4) = It + i) (A.26)

A.3.3 Time evolution

We determine the time evolution of a wave function v as
Y(t,z) = e M (0, ). (A.27)
By using the decomposition H = U D U from Equation (A.20), we obtain
Y(t,z) =U' e P U 4(0,z), (A.28)
where D consists of the eigenvalues \; = i%H .

If we decompose the initial wave function (0, z) in terms of the eigenstates
of the two spin system as

Y(0,2) =c1 [f) +c2 [U), (A.29)
the time evolved wave function (¢, z) is determined as
Y(t,x) = c1 e M) 4 g e |)) . (A.30)
The probability to measure (¢, x) in eigenstate |{}) is constant:

[ [t a)? = el (A.31)
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but the probability to measure 1 (t,x) in its initial state ¥ (0,z) typically
oscillates in time:

|((0,2) [ (t, 2))* = [ex|* + leal* + 2|erP[ea* cos (A = A2) £) . (A.32)
We simplify this equation using |c1]? + |c2|? =1 and w = A} — A\g = H to
| (0,2) [ (t,2))* = 1 = 2ler Pleaf® (1 — cos (wt)) (A.33)

and finally obtain
. w
[@(0,2) [0t )P =1 = 4ler Pleasin? (St) - (A.34)

If the initial state is one of the product states, the wave function (¢, z)
oscillates between these states. We determine the period T of the oscillation
from Equation (A.33) as

2
T = ﬁ” —2nH . (A.35)

The value of the delay time of Eq. (2.18) is defined as one quarter of this
period.

Finally, we determine the probability, that transition between the two prod-
uct states occurs at time 1, as

172

_1aJ
Pswitch = 5 3 (1 —cos (Ht)) , (A.36)

where we used ¢; = ¢t and ¢y = ¢, as well as Equation (A.22).

A.3.4 Resonance condition

In many parts of the thesis, we refer to resonant pair. The notion of a
resonant pair is motivated by the consideration of two different cases for the
parameter Jio and his of a spin pair.

e If Jio is small in comparison to hj2, the matrix H is similar to a
diagonal matrix and the eigenstates are close to the original basis E.

e If the opposite is true, the eigenstates are close to a mixed basis E' =

{5 () + 141 ), 5 (1) = 14h)}

In the latter case, we denote the spin pair as resonant pair’, in the first case
as 'non-resonant pair’. This motivates the condition

|h1 — ha| < [J12], (A.37)

which determines the resonance state of a pair.

86



A.3.5 Derivation of the probability distribution of the reso-
nance range S;;

We can transform the resonance condition (A.37) to
S12 = |J12| — [h12| > 0, (A.38)

where Spy is called resonance range. Its probability distribution pg(S) is
derived from Equation (2.9) and (A.94) as

ps(S) = /J () par(d — S) UL (A.39)

min

where pag(z) > 0 for 0 < x < e. As a next step, we determine the domain
of integration D. It is suitable to do a distinction of cases for S:

1. S > Juyin where D =[S, e + 5],
2. S < Jmin and S + & > Jpin where D = [Jinin, S + €], and
3. S+ & > Jnin where D is empty.

We will calculate psr for each case separately. First, we consider D =
[S,e+ S]:

Then, D = [Jmin, S + 5]:
e+S
py(s) = / ps(J) pan(J — 8) dJ
Jmin

_ 2Jmin E+S—1—ln e+ S
B 62 Jmin Jmin .

As a final result, we obtain

:S € (—OO, Jmin - 5]

min Jmln

—In(5£5)) 2 S € [Jmin, 0)

2Jmin ( £
g2 \S
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A.3.6 Derivation of resonance probability without J* fields

We use the probability distribution of the resonance range S;; from the last
subsection to derive a formula for the probability of a random pair to be
resonant. Here, we neglect the presence of J? fields. We will first calculate
the probability Prp that a pair is non-resonant, namely

0 0
P = / psr(S) dS = / pA(S) dS
—0oQ

']min —€

0
2Jmin €+S €+S
B 52 / |:Jmin _1_1n< Jmin >:| ds

2 2rnin
_ o Tmn 2 1n< : )

g2 €

The probability that a spin pair is resonant evaluates to

J2- 2Jmin 3
PRle_Pﬁ: ;n21n_+_ - IH<J> (A40)

Next, we compare Prp to the widely-used formula (2.12) [8,10], which de-
scribes the probability prp for a spin to find a resonant partner in a sphere
with radius R. Since Prp represents the resonance probability for a given
pair, we multiply it by the number of spins in this sphere:

47

u
p/RP = PSpins * ?Rg - Prp & 87TpSpins ?0 log( (A'41)

_R_,
(uo/e)1/37
neglecting the term proportional in £~2 and using Jn = #3 from Equation
(2.39). The derivation of (2.39) is only valid, if J < €. Therefore, we can

estimate the minimum distance, for which this equation holds, by the equa-
tion J = e. This yields Rmin = (u/e)/3.

Substituting Rmin for (up/)Y/? in Equation (A.41) gives

R
Rmin

Ug
p;{P ~ 87T,OSpins ? log( ), (A42)
which reproduces Equation (2.12).

A.3.7 Transition probabilities for resonant pairs

As discussed in Section 2.2.2, the state of a spin pair is projected on states
of a different basis if its resonance is changed. In the following subsection
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we explain this projection and derive the probabilities for all possible transi-
tions. First, we use the example of an non-resonant pair becoming resonant.

We consider an non-resonant spin pair (i,7) which has initial state ¢y =
| 14). By a change of fields, its resonant condition is modified such that
\hgj\ < J;j holds. Hence, at the next time step, the pair (i, j) is identified as
a resonant pair and after I; time steps (delay time) its new state is chosen
from {| 1), |{})}. We use the decomposition |t|) = ¢t|f}) + ¢ |{}) and obtain
a probability p_ = |¢7|? for the transition | 1/) — |{}) and a probability
pr = |c¢t|? for the transition | 1)) — | {}). The coefficients ¢* of these
projections are determined in Equation (2.13). In summary, the transition
probabilities are determined as

Py =1 = PUr— 4 =P+
Py -4 = Pt =) =P
where
pe= et = (142 (A.43)
5 ) .

We obtain similar probabilities for the transitions from resonant to product

states:
1 hij
P>t =P =P+ =5 | L+ 57 (A.44)

and likewise for the transitions ( — 1), (I — 1)), (I = I1).

If h;; < J;; holds, the probabilities p_ and py are equal: p; =p_ = % This
case corresponds to a resonant pair. Else, ff h;; > J;;, we obtain p; = 1 and
p— = 0 (in this case pair states and product states are exactly the same).

This case corresponds to a non-resonant pair.

A.3.8 Correction of a spin pair (i, j) due to S75%

This subsection is related to the calculation of J# fields. This concept is
discussed in Section 2.2.

In the following, we consider a spin pair (7, j) consisting of spins ¢ and j and
examine the effect of the product operator SZ-ZSJZ» on the resonance condition
of (i,7). Since the respective fields f; and f; include the fields of all spins
of the spin system, they include the field of their respective pair partner as
well:

fi = fi—JyS;
fi = 1= Ji55
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where we put the fields of all other spins and pairs to the variable f/. The
resonance condition (2.20) contains the difference of fields f; — f;. Since a
pair is always in one of the asymmetric states |1]) or ||1), we obtain

fi—=fi=f—-f—ol (A.45)
where o € {1} depends on the state of the spin pair. On the other hand,
in the Hamiltonian of a two spin problem this term appears as a constant
—iJij and does not contribute to the resonance of i, j (see Appendix A.3).
Therefore, we neglect it for the resonance condition by introducing a cor-
rection k as

R = O'Jij, (A46)
where o = —1 for the state |[1]) and o =1 for |]1).

A.4 Investigation of a system consisting of four
spins

In this section, we present a detailed study of the two-pair system. This
system was introduced in Section 4.1.

A.4.1 Derivation of shifts and transition amplitudes

In the following, we derive equations for the shifts h(Y) and their coupling
elements J®. Since the eigenvalues are symmetric in hay, it suffices to cal-
culate the two positive values of h(?). We will denote the smaller value h(!)
as first shift, and the larger value h() as second shift.

We will first separate the Hamiltonian H into two parts H = Ho + dH.
Then we will find the value of h34, where two eigenvalues A; and A; of Hg
cross: A\; = A;j. Next we will calculate the normalized eigenvectors v; and v,
(related to A; and ;) for this specific value of h3s and obtain the coupling
as (v;|H|vj).

We consider the same two pair setup as in the Section 4.1. Additionally, we
require that the approximation
J3g4 € hgy ~ hig ~ Jig ~ Jpp (A.47)

holds. As discussed in Section 4.1, this approximation is good for h3y < J34,
which implies

h34 [ HQ . (A48)
From the definitions of A,;, A.., Azz, Ase in Equation (2.34), we deduce
J34 J34
A g 084 A~ 234
TT pp h347 zx pp h34
Ay~ Ty 1, Age ~ Ty 1.
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We use these approximations to separate the pair-pair Hamiltonian H (Equa-
tion (2.30)) as H = Ho + 6H, where

Mo = —H\I7 — Hylf + AT TG + Ay IV TG (A.49)

and
OH = A IT 15 + Ag IV 15 . (A.50)

Note, that éH has no diagonal elements.

The eigenvalues of H are calculated as

1 1
Moo= VAL AL+ AL+ D Hy

1 1
Ny = VH A2+ A2+ Sy

1 1
A3 = _Z\/(4Hl — AZZ)Z +A%Z — §H2

1 1
N = Z\/(4Hl — A2+ A2, — 3

The two square roots will appear more often and will be denoted as w and
w:

wy = /(2H + A..)2 + A2, (A.51)
w_ = /(2H; — A,.)2 + A2_. (A.52)

In order to obtain the two avoided crossings, we vary the value of h3qy ~ Ho.
A plot of the behaviour of A; can be found in Figure 4.2.

The first shift is obtained from \; = A3:
1 1
aY = (s —w). (A.53)

Analogous, the second shift is defined by Ay = A4 and results in

1
P = (s +ws). (A.54)
Condition (A.48) yields
) — i(““ —w_) (A.55)
and 1
h?) = 1(w+ +w_). (A.56)
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Next, we derive the coupling amplitudes as (v;|H|v;). First, we obtain the

eigenvectors of Hg as

0
Azz + 2];Il + wy
0
Az

Azz - 2H1 —w_
0
Az
0

0
Azz + 2];Il — W4
0
Az

A, —2H +w_
0
Az
0

J(A57)

(A.58)

As a next step, we normalize v1,v3,v4. We derive (v;|v;) using the definitions

(A.51) and (A.52) of wy and w_ as

(vi|v1) = 2w (wy +2H1 + A,2)
(v3lvs) = 2w_ (w— +2H; — A,.)
(vglvg) = 2w_ (w- —2H1 + A,,) .

Hence, the coupling elements are determined as

SO _ (v1|dH|vs) _zw
V{vifor) - /(usog) N
and
J® _ (v1|dH|vy) . AS)
Vifor) - /(o) N@

(A.59)

(A.60)

Using the definitions of the pair operators from Equation (2.34), Z @) ig

obtained as
2 J5p haa _ a2

POy L
4 2H, H3 H, 2H, Hy
and
2
7(2) 2Jpphsa Jpp hao

4 \ 2H H3 H 2 H, H,

The normalization factors N are calculated as

N =2/ wy w_ (wy +2H, + A,,) (w_ +2H, — A.,)

and

N® = 2\/w+ w_ (wy +2H + A,,) (w— —2H, + A,,).

(2H: (wy +w_) + 4H} + wiw_)

(A.61)

(2H: (wy —w_) + 4H} — wiw_)

(A.62)

(A.63)

(A.64)

Note, that the expressions w_ and wy still depend on operators A and
therefore on the basic parameter h;; and J;;. The Equations (A.59) to (A.64)
enable us to calculate the shift and the coupling elements of all transitions

analytically.
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A.4.2 Approximation for large and small value of J,,

For a better physical intuition, we derive an approximation of Equations
(A.59) to (A.64) for large values of Jp,. First, we will approximate the
shifts h(Y and then their respective coupling amplitudes J®.

For large value of J,, we see that

J, h34 1
A2, + A2 =22 2 D2+ b2, A.65
22 T A%, H, H 4 i2 T hio pp > ( )
where we use H; = —y/h?, + 0.25J%,. Taylor expansion of wy gives
2A,, Hy 242, H?

wy = (A%, 4+A4%2)+
2A,, H 242 H?

T R

pp pp

Jpp £

We approximate the shifts as

1 A..H h 1
1 zz 411 34 -2
A = Z(wy —w_) = T hio 0~ 5o + O(J,,) (A.66)
and 1 1
he = 70—t ws) = S dp + O( ) (A.67)

For small .Jp,, our basic assumption of J34 < Jp), is violated and we can-
not deduct approximations from the expressions of h() and J@ from above.
However, for the special case of J,, = 0 the full diagonalization of H is
trivial since all pair operators vanish. The first transition becomes the un-
perturbed resonant transition of the second pair at A1) = 0 with a coupling
element J) = iJ34, whereas the second transition has a vanishing transi-

tion element J2) = 0 at hsy = \/H12 — 0.25J§4.

A.4.3 Case of blocking

As described in Section 3.3, the situation, that a pair with weak interaction
affects the resonance condition of a pair with strong interaction, is of special
interest. In the following, we derive approximations for h(® and J® and
interpret their physical meaning. In order for this configuration to occur,
we require

1
hlg ~ §Jpp . (A68)

If this condition holds, the first pair is resonant for one state of the second
pair, and not resonant for the other. Additionally, we assume that the pair-
pair coupling J,,, is larger than the internal interactions Ji2 and J34. Thus,
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Eigenvalues for a two-pair system with blocking

Figure A.1: Eigenvalues A; for hip = 42, Ji2 = 10, Jp, = 80 and J34 = 1.
There are two avoided crossings around hszq =~ 40.

Hl =~ h12 holds.

Figure A.1 shows one example of a setup with condition (A.68). We obtain
two transitions at about hgy ~ hi2. Equation (4.4) and H; = hqo yields

wy R 2h19 + Jpp = 4hi2 (A.69)
and . J
_ R = PP . A.
w 5 J12 H, J12 (A.70)
We substitute these approximations into Equation (4.5) and obtain
h = Z(UJ_A'_ + 'U)_) = h12 + ZJlQ . (A?l)

In the limit hip = %Jpp, the two transitions occur at his £ %Jlg. Otherwise
the shifts differ. Note that the resonance condition hio — %Jpp < Ji2 confines
the deviation of hi from %Jpp to about Jia.

Next, we allow deviations of his from %Jpp of the order of Jy5 (see Figure
C.17). In this range, the value of j(*) can be approximated by

1
ot = \}i (1 + Ej) 0 (A.72)

which were already observed in diagonalization the strong pair (section
A.3.2). We see that the variables j and ¢ agree fairly well in Figure C.18.
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The parameter ¢t represent the transition elements of the first pair from
product to diagonal states:

= (MLIH[ M)
= (1LIH|V).

Hence, the value of j is connected to the transition element of the first pair.

The transitions occur for hzy &~ +hio, where the sign is determined by the
state of the strong pair. This result agrees roughly with the algorithm of
Chapter 3, where the J* field of pair (1,2) shift the resonance condition
of pair (3,4) by A** =~ %Jpp = hy13. However, instead of one resonance
condition with transition element iJ34, we now obtain two conditions with

oy 1
reduced transition element mJM'

A.5 System of three pairs

In the following, we consider a system consisting of six spins, which are dis-
tributed on three pairs p; = (1,2), po = (3,4) and p3s = (5,6). We assume
that p; and ps are strong pairs of the weak pair ps and neglect the coupling
between the strong pairs p; and ps. This setup is depicted in Figure A.2.

If one of the parameter Jos, J45 vanishes, we obtain the standard situation
of one weak and one strong pair. Now, we assign numbers to all parameter
and determine the avoided level crossings of this system. We compare the
shifts and transition amplitudes with the predictions we made earlier. As a
parameter set, we chose:

hio = 40, Jig = 20, hsg = 60, Js6 = 30, J34 = 2, Jog = 80, Jus = 120.
We obtain 2 - h;; = Jy,, for both combination of pairs. From Section 4.1, we
obtain the shifts k(") for one strong/weak pair combination as:
1
h = h;; £ ZJ,-j , (A.73)

where h;j;, J;; are the parameter of the strong pair. We obtain these shifts in
our six spin system by setting .J,,, = 0 for the other strong pair. For Ja3 = 0,
we obtain Figure A.3 and obtain the shifts of the two pair problem (p2, p3)
as

3 = 525 (A.74)

hY = 67.5. (A.75)
Similar, we obtain the shifts

A = 35 (A.76)

M = 45, (A.77)
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Setup of two strong pairs interacting with a weak pair

P1 P2 Ps
3
®
1 4
Ji2 Jay Jse
>
J23 Jas
2 5
[ ]
4

Figure A.2: Setup for a 6 spin system. Coupling is allowed in pairs p1, p2, p3
and between the pairs p; and po, and po and ps.

of the two pair problem (p1,p2) from Jy5 = 0.

As a next step, we measure the distances d between the levels to determine
the transition elements. We obtain

dY = 075 (A.78)
d? = 065 (A.79)
d® = 0.75 (A.80)
d® = 0.65. (A.81)
From d =2J and J = iJ34j we deduce
1 .
d=--2-2-j (A.82)

4

which implies j = d. This gives the transition amplitude prefactors 4
directly as

M= 075 (A.83)
i? = 065 (A.84)
i® = 075 (A.85)
i@ = 0.65. (A.86)



Avoided eigencrossings for Jo3 =0
A

30}

50 55 60 65 70

has

Figure A.3: Avoided level crossing of the eigenvalues \; for a six spin system.
Since Jog = 0, only ps and ps are coupled and we obtain the shifts and
transition amplitudes from the two pair problem. The shifts are at h®) =
52.5 and h(Y) = 67.5. For each shift value we see two transitions.

Now, we turn our attention to the fully interacting 6 spin system. A plot of
the eigenvalues can be found in Figure A.4, where one group of four crossings
is plotted in A.5. We see four groups of avoided crossings. We obtain the
eight positive shifts h* to b as

Wt = 75

R = 175
¢ = 225
rP = 325
nP = 875
R = 975
G = 102.5
pf = 112.5.

In Section 4.2.1, we predicted, that each shift h® of the 3-pair problem is a
combination of the shifts A" obtained from the 2-pair interaction:

Va 3i,j: h*=h L pl) (A.87)
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Avoided eigencrossings for a coupled six spin system

i

Figure A.4: Avoided level crossing of the eigenvalues \; for a six spin system
with interactions Joz = 80 and Jy5 = 120. This implies, that the weak pair
p2 = (3,4) is coupled to the strong pair p; = (1,2) and the strong pair

p3 = (56).

Indeed we find
A = p® _p®
B = p® _p@
e = p@ _p@
B = p@ _p@
e = p® 4 pl
' = p®) 43

B4 4 pM

R = pW 4 p3),

=
@Q
I

As a next step, we obtain the transition amplitude factors j¢ from the
distances d* between the levels. We obtain

A=dt = 05

B =dP = 055
¢ =d° = 045
P=d”? = 05
jE=df = 055
jF=d" = 05
i9=d% = 05
jH=a? = 045
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Avoided eigencrossings for a coupled six spin system (zoom)

701

60

50r

401

80 90 100 110 120

Figure A.5: We used the same setup as for Figure A.4, but chose the axis
such, that we zoom into one group of four avoided crossings.

We expect from Equation (A.87), that
jr =739, (A.88)

where we determine i, j from identifying h* in Equation (A.87). This yields

74 = j® .3 =049
i = 0 .50 =056
3¢ = j®W. 5@ =042
P = j(4) .j(l) — 0.49
£ = j® .50 =056
o= j® .5 =049
¢ = jW. ;W =049
= jW. 53 =042

The predictions (A.87) and (A.88) agree fairly well with the values directly
obtained from the simulation of the full three-pair system.

A.6 Techniques of Probability Theory

In Chapter 2.5, we derive probability distributions using properties of prob-
ability density functions. Hence, we shortly introduce density functions and
describe some of their properties. The definitions and derivations can be
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found in the book of Papoulis on Probability Theory [18].

A density function is defined such, that the integral over a certain range [
gives the probability P(z € I) to measure x € I:

Pzel)= /Ipw(a:)dat (A.89)

A probability density function is strictly positive and its integral over the
full space is 1. As a representative for many interesting features, we discuss
a transformation from z to y = y(z). In one dimension, p,(x) transforms as

dx

i (A.90)

py(y) = pz(z)

where we have to substitute y(z) on the right side of the equation to obtain
py(y) as a function of y. In n dimensions, the derivative % is substituted
by the Jacobian

dys . dyn
dxq dx,
J(&) = : :
dyn .. dyn
dxq dzy,
and we obtain
py (i) = pa(Z) | T (@)]. (A.91)

Following the lines of Papoulis, this equation determines the convolution of
several different density functions to one combined density function [18]. As
a standard example, we consider the sum y = z1 + z2 of two independent
random variables x; and zg with arbitrary density functions p,, (x1) and

Pz, (1‘2)

In this case, the Jacobian of the transformation

Yy = I1
Y2 = T1+x2
evaluates to
|1 0]
s@i=|y 5|1

By using Equation (A.91), the combined probability distribution is found to
be

() = Doy (Y1)P2o (Y2 — 11)- (A.92)

In the specific example y = x1 + x2, we obtain

Pzi4as (.%1 + 'T2) = pyz(yQ) = /pg(ﬂ)dyl = /pocl (xl)pxz(yZ - $1)d£€1,
(A.93)
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Figure A.6: Calculation of p,(r) for the three different ranges r < 5 (left
plot), 5 < r < 52 (medium plot) and 5v2 < r < 5v/3 (right plot).
Only the part of the red sphere, that is inside the cube, contributes to the
distribution function p,(r).

integrating over the full range of x1 = y;. The density function for x; — xo
can be derived similarly using the transformation y; = z1 and y9 = 1 — xo:

Da1—20 (L1 — T2) = Pyo (Y2) = /le(xl)pxz (y2 + 1)dzy. (A.94)

The technique of convoluting two density functions are used to proceed from
density functions of basic variables to more complex ones.

A.7 Distribution for r with finite size effect
Section 2.5.1 derived the density function p,(r) without finite size effect as
pr(r) ~ 17, (A.95)

In the following paragraph, the distribution function p,(r) is calculated in-
cluding the finite size of the cube. We use the fact, that the probability to
measure a specific value of r is proportional to the surface of a sphere with
radius 7.

The finite size of the system is represented by a cube of length [. Only the
part of the surface of the sphere, which is inside of this cube, does contribute
to the probability density function p,(r). Figure A.6 visualizes this setup
for three different values of . We calculate the function p,(r) differently for
these values of r, where we discriminate between three ranges:

1. re0,1/2],
2. r€[l/2,v/21/2], and
3. r e [V21/2,v/31/2].

101



Density function p,(r) for a finite box with | = 10
pr(r)

0.30}
0.25
0.20}
0.15
0.10f
0.05F

Figure A.7: Plot of p,(r) for a finite box with length [ = 10. The critical
points are at r =5, r = 5v/2 = 7.07 and r = 5v/3 = 8.66.

For larger values of r, the complete surface of the sphere is on the outside
of the cube. Hence, the probability for these values is 0.

In the first interval, the full surface is on the inside of the cube. In this
case, the finite size does not influence the probability density function and
we obtain p,(r) from Equation (A.95) as p&l)(r) = 4nr2.

For p7(n2) (r), the part of the surface, which is not inside the cube, can be

described as four spherical caps (see Figure A.6). One spherical cap has the
surface Scqp = 27mrh, where h is the height of the cap. Hence, h = r — /2.
The full surface inside the cube becomes

p7(n2)(7’) = SSthT‘e(Ta l) = 471'7“2 —6 Scap = 6mlr — 871’7“2. (A.96)

The third function p£3) (r) can be obtained by integrating over this area:

1/2 1/2

l
() (r) = 2472 / / dzd
Py (r r xdy
") 2(v/2% + 4% + (1/2)2)?

V(22— (1/2)% \/r2 (/22—

(A.97)
The composite function is normalized and then presented in Figure A.7. It
agrees with numerical results of the simulation. This derivation shows as an
example, how the finite size of the box influences the statistics of the spin
System.
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A.8 Analytical derivation of the density function
Prsp(Jsp)

We obtain a probability density function for Jg, from Equation (4.20) as

dV (Jsp)

J.,) = 0.001 ,
szp( P) ngp

(A.98)

where V' is the volume of a sphere-like body around the strong pair. In order
to derive an expression for p;,, we investigate the functional dependence of
V on Js; and Jg;‘e‘i. The equation

fixed
A (A.99)

defines the surface of V. We define the z-axis as the line connecting spins ¢
and j and choose the origin in the middle. Thereby we find

ra = \(z—d/2)? + a2 +y? (A.100)
rii = V(z+d/2)? + 22+ 42 (A.101)

The simplification z = y = 0 leads to the cubic equation
(z+d)P -2 =Ty 22 (2 +d)> (A.102)

Its solutions define the two intersections z; and z, of V' with the z-axis:

d d 6.9282 5
= ——+—,/-0.1 = Al
2y 2+2\/0ﬁ+ \/5+3 (A.103)
d

= A.104
A 0.062 + 0.0032782+/2 — 0.013,/Z + 2 (A.104)

where z = d3 - Jop = ‘]j” denotes the ratio of spin-pair interaction and inter-

s

nal pair interaction. Figure A.8 shows an example of z,. and z; for d = 0.5
and Jg, = 10.

We estimate V' as a sphere with radius Z’J“TZT and obtain the volume of both
bodies as
4 3 3
Vienz) =2 am- (Zl ; Z?") 177 (Zl ; "’") (A.105)

where we fit ¢ = 2.11 from numerical data (Figure C.20 in Appendix C).
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lllustration of z, and z, ford = 0.5

Figure A.8: Definition of the variables z, and z; from Equation (A.104).
The choice d = 0.5 and J, = 5 results in 2z, = 0.554 and 2 = 0.246 ~ d/2.
The second spin of the pair is situated at z = —0.25.

As a next step, we assume Jy > Jg,. The assumption J; > J,, leads to
x < 1 and results in z; ~ d/2. Likewise, z, can be approximated as

d d |5 693 d d'/
ZT——§ 5 g-FWN —54-1.31 m (A.106)
where x = d3 - J5,. Equations (A.105) and (A.106) give
3 d'/* ’ 3/4 7-1/4
V(Js Jip) =221 (21 + )" =221 | 131 S | =504 T g
(A.107)

where we used J, = d—3.

Now, we return to the calculation of the probability density function p,, (Jsp)-
By using its definition via V', we obtain an approximation for p;,,(Jsp) hold-
ing for J; > 1 as

dV (Jsp)

Jsp) = 0.001 | ———==
p-]sp( p) ' dJsp

=0.015 J,//* g4 (A.108)

A.9 Derivation of the probability pink

This section derives the probability pink of a spin pair, to form a link to an
arbitrary other pair.

The algorithm determines a link in two steps: First, it examines a strong
pair sp; with interaction J; and on-site field hs;. Thereby it finds all spins,
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that change the resonance of pair sp; (important parameter is the spin-pair
interaction Jy,). Then, it investigates if spin pairs sps with interaction J,
consisting of one of these spins satisfy the following conditions:

Jo < J (A.109)
ho < Ju (A.110)
|hs — Js| < Jsp (A.111)
Jop > c-Js (A.112)

The probability, that both the first and the second condition are satisfied,
is represented by the variable pyeax. The third condition refers to the prob-
ability pstrong and the fourth to p.. We chose ¢ = 0.5.

By multiplying all these probabilities, we obtain the expression

PLink = /pJSp<1'7 Js, €) (1') Pweak (T, JSag)pC(wv Js)pstrong<x7 JSaE) dz

(A.113)
for the linking probability pjink. In the following part we determine each
probability separately.

Derivation of pweak
First, we determine the number of weak pairs N, that satisfy the condition
Js > Jy (A.114)

for a selected strong pair and a selected spin. We integrate over the dis-

tribution of J,, and use py(J) = szi“ from Section 2.5.1 to determine the

probability for one arbitrary weak pair as

Js
. Jomi Joni
single Mgy =(1- 2220, A1l
A ( Js) (A115)

min

Now we transform the single probability (one selected weak pair) to the
probability for one selected spin. This spin has 248 possible partners on
average. This number results from two arguments: First, the possible part-
ner has to have the opposite spin polarization. Second, we need a another
correction of a factor of 2 because we double count each pair. Finally, we
exclude the spins of the strong pair and the single spin from the number of
possible partners.

As a result, we obtain the average number of

N =248 <1 - J;““) (A.116)

S
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weak pairs with interaction J,, < Js.

Now, we derive the probability pweak, that one of these pairs satisfies its reso-
nant condition. We estimate this probability by using the classical condition
|hij‘ < Jij and obtain
Jo J?
=2— - = A117
PRC - ( )
for a weak pair with interaction J,,. The resulting probability pywear follows

as
Pweak = 1 — (1 —pre)™ ~ 1 — e VPre, (A.118)

where N = 248 - (1 — Jy—;“)

Derivation of p.

The variable p. represents the probability, that .J,, > c¢- Js holds. Both
variables are not free and we obtain

Pc = e(Jpp —C- Js) , (A].].g)

where ©(x) denotes the Heaviside step function. In the simulation, we use
c=0.5.

Derivation of psirong
The probability pstrong describes the likelihood, that condition
|he — Js| < Jsp (A.120)

is satisfied for a given strong pair and given variable Jgy,.

First, we calculate pstrong for Js > J. In order to satisfy condition (A.120),
we require that Js — Jg, < hs < Js — Jgp holds. Since Jg and Jy), are fixed,
we obtain pgrong by integrating over the remaining variable hg as

J3+Jsp Js+<]sp
2 4,
Pstrons = / () dh = / (e~ h) dh= =57 (e~ J,) , (A121)
Js_Jsp Js_Jsp

where we used pj(h) from Equation 2.42. Similar, we obtain psirong for
Js > J as

J5+Jsp
1 1
Pstrong = / ph(h) dh = ? (E(Js + Jsp) — §(J5 + Jsp)2> . (A122)

106



Appendix B

Algorithms

B.1 Classical resonant pair routine

First, the simulation constructs a list of all spin pairs (i, j) where i < j and
7,7 =1...1000. In total, that gives the number of 499500 pairs. For every
pair, we calculate its energy splitting h;; and its interaction J;; as

hz‘j = hi — hj
Uuo (1 — 3COS2 91']‘)

3
T

Jij =

where we obtain the distance 7;; of the spins ¢ and j using periodic bound-

aries:
res o= [ 2 2 5 2

Ti; = min(|xi_xj|v|$i_xj+xmax|7|xi_xj_$max|)
yij = min(|y; — y;l; [¥i — Y5 + Ymax); [¥i — ¥j — Ymax|)
Zij = min(|zi_Zj|’|2i_zj+zmax|a|zi_zj_Zmax|)

with the coordinates x;, y;, z; of spin i. We determine the dependence on 6;;
as
COS(Qij) = zij/rij (B'l)

As a next step, the routine defines a list SPs of pairs, where each spin pair
has the parameter (3, j, hij, J;;). Finally, we sort SPs with respect to the
absolute value of the pair interactions J;;, where the pair with largest inter-
action J;; is the first element of SPs.

We start identifying resonant pairs by labeling every spin pair as non-
resonant. Then, we check the resonance condition

|hij| < Ji (B.2)
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initialize | | calculate check resonance condition
spin system spin-spin fields

T | select pair k compare 7 to
k —1 |get resonance r |hig + fi — fi] < Ji
@ start new time step: changedv
QI I increiz}se k W@amt?
no no
End project on project on
n o eigenstates | | product states
recalculate fields o l - J'
for marked pairs mark pair for
recalculation of fields
yesL I>1,+1;7 | PN ey
for marked pairs | yes P " did not change

Figure B.1: Flowchart of the evolution algorithm. The light gray rectangle
marks the forloop over the time steps I, the dark gray rectangle the subrou-
tine that checks the resonance condition of pair k. The resonance r can be
either true or false, dependent whether pair k& = (4, j) is labeled a resonant
pair or not. Initially, all pairs are labeled as non-resonant.

for every element of SPs. We start at the top of the list and proceed down-
wards. If (B.2) is evaluated true, the simulation determines if one of the two
participating spins is already part of another resonant pair. If that is the
case, we have a conflict, since one spin is part of at least two resonant pairs.
Assume that the second pair has index ko in SPs, whereas the original pair
has index ki. Since the pair with index ko is already labeled resonant, it
was checked earlier in the list and we deduce k1 > ko. By construction of
the list it follows that the interaction J; of the original pair is smaller than
the interaction Jy of the second pair.

Due to the argumentation from Section 2.2.3, we keep the second pair as
resonant and treat the original pair as non-resonant. After the execution of
the routine we checked every spin pair whether it is resonant or not. The
results of this basic algorithm can be found in Section 2.5.3.
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B.2 Time evolution

B.2.1 Initialization

First, the spin system is initialized and fields are calculated and assigned to
every spin. We assume that there are no resonant pairs present at initial
time t = 0.

After the initialization is complete, the algorithm starts the time evolution
by executing the first time step. Each time step describes the time evolution
from t, to t,+1 = t, + At and consists of two main steps:

1. identification of resonant pairs.
2. check of the delay time of pairs and recalculation of fields.

where each step is examines spin pairs individually.

B.2.2 Identification of resonant pairs

Central to this procedure is a list of all spin pairs (4,7), which is ordered
with respect to their interaction J;; (starting with the largest value). The
routine examines spin pairs individually by going from the top to the bottom
of this list. First it checks the resonance condition (2.21). If this condition
is evaluated true, the pair is labeled as a resonant pair and all pairs that
share a spin with this pair are excluded from the search for resonant pairs
in this time step. By this we avoid conflicts (see subsection B.1).

B.2.3 Recalculation of fields

As discussed in the outline of the algorithm, the routine delays the projection
on new states and the recalculation of the field by a number of time steps

L= 2] =m(@ B An7Y, (B.3)

where |z] denotes the floor function of x and rounds = down to an integer
value.

After the search for resonant pairs, the routine starts again at the top of
the list of all spin pairs (4, j) ordered by their interaction .J;;. There are two
kinds of spin pairs at this point:

e Pairs, for which the basis of their wave functions and their resonance
agree. These are non-resonant pairs in product basis or resonant pairs
in eigenstate basis.
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e Pairs, for which the basis of their wave function and their resonance
do not agree. These pairs wait for the projection into their natural
basis.

As an example, pairs that changed their resonance in the last search for
resonant pairs are of the second kind. For all these pairs, we check if

I>1I,+1, (B.4)

holds true. Here, I, identifies the time step number where the last change
of the resonance state of this pair happened. The number I; represents the
delay time t4 and was defined in (B.3).

If Equation (B.4) holds true, the wave function of the pair is projected to
the new basis using the probabilities from Equation (A.43) to (A.44). Oth-
erwise nothing happens.

After the projection of v, the algorithm adjusts the field the pair imposes on
other spins as discussed in Section 2.3.1. If I; = 0, this adjustment happens
in the same time step as the identification as a resonant or non-resonant
pair. Else, there is a chance, that a spin pair does change its resonance
again before its wave function is projected to its natural basis. In this case,
we separate between the two possible transitions:

In the first case, an non-resonant pair is identified as resonant at time step
I; and again as non-resonant at time step Is. Since I > I» — I1, the pair
has not yet changed to the diagonal basis. Nonetheless, the pair is close to
resonance for some time t = Iy - At — Iy - At = t1 — to and we expect a
non-vanishing probability pswitcn to switch states from |1]) to |]1) or vice
versa.

We calculate this probability by evolving the pair-wave function % in time
from t; = I - At to to = Iy - At. Then we determine the projection of 1
at time to on the product states. These projections define the probabilities
to remain in the original product state or to flip both spins to produce the
second product state. We obtain the probability pswitcn to switch states in
Section A.3.3 as

Pswitch = 75 1 75 SII < (t1 — to)) . (B.5)

hi; + 1755 2
The algorithm switches the product state using the probability pewitch. AS
a result, we obtain an non-resonant pair in its natural basis (product states).

In the second case, a resonant pair is identified as non-resonant at time step
I; and again as resonant at time step I, where we assume that I; > Iob — 1
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holds. Therefore, the pair has not yet switched to product states. This
transition generally happens much faster than in the previous case. Hence,
the algorithm keeps the original pair state for the wave function v and we
obtain a resonant pair in natural basis (eigenstates).

B.2.4 Selection of the time increment At

In order to relate the time ¢ to a number of time steps I, we use a time in-
crement At: t = I-At. The following passage motivates the choice At = 0.5.

In order to extend the simulation to long times, we have two possibilities:

First, we can increase the number of time steps N. The value of N is
bounded by the computational power (at this point we want to thank the
BWogrid for support). We can handle a maximum of N = 10°.

Second, we can increase the time increment At. On the other hand, the
time evolution is depicted properly only, if the time increment At is smaller
than the typical delay time t4 of fluctuating pairs. This bounds At from
below. The distribution of different delay times is presented in Figure C.2
(appendix). We are interested in the pairs, that are formed and destroyed
and therefore lead to dynamics in the spin system. The distribution of these
pairs decreases fast for t; < 0.5. Hence, we choose At = 0.5. Figure C.7
(appendix) shows agreement of the correlation function C(t) for different
time increments At = 0.02,0.1,0.5.

B.2.5 Calculation of the energy of the system

We determine the energy of the system in two steps: First, we obtain the
energy of all resonant pairs as

where the field f(; ;) was defined in Section 2.2 and & is obtained from Equa-
tion (A.46) in Section 2.2.

Secondly, we calculate the energy contribution of all spins, which do not
belong to a resonant pair, as

By = (hy, + %) S (B.7)

Equations (B.6) and (B.7) yield the total energy as

NSpins NPairs
E= )Y Ei+ ), Enm): (B.8)
i=1 (n.m)
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B.3 Link simulation

The algorithm is divided into three sub functions:

1. The flagall function. For each spin pair, this function determines, if
the pair is resonant. Then, it calls other functions to link this pair to
other pairs. It is similar to the routine described in Section 2.2 about
resonant pairs.

2. The flagPair function. For a selected pair, which is regarded as strong
pair, this function identifies potential weak pairs.

3. The CheckARC function. For a selected pair, which is regarded as
weak pair, this function checks the advanced resonant condition (4.13).
If this condition is evaluated true, it puts links between pairs.

From the initialization process, we obtain the list SPs of all pairs, which
is ordered with respect to the absolute values of the pair interaction. To
accelerate the simulation, we neglect pairs where h;; > J;;. This is done,
by labeling a pair satisfying

‘hij‘ — ’JZ]’ —10<0 (B.g)

as active. If inequality (B.9) is evaluated false, the spin pair is labeled inac-
tive and does not take part in the flagall routine. Furthermore, we denote
pairs with equal spin state such as | 1) as inactive. The number of active
pairs depends on the value of €.

As presented in Section 4.2.1, a link always connects two pairs. The pair
having the smaller interaction is treated as weak pair, whereas the other
pair is denoted as strong pair. A pair can adopt the role of a strong pair for
one link, and be the weak pair for other links. We use a two step routine,
which is included in the flagall function, to find links.

For a selected pair pg with index k in SPs, we first determine its resonance
state (see later paragraph on the checkARC function). Then, we search for
potential weak pairs p;. Details of this search are given in the following
subsections. The resonance condition of these weak pairs was not checked
yet, since they have a smaller interaction than p; and therefore an index
larger than k. As a result of this search, we obtain a list of potential weak
pairs (k) which belongs to pair py and contains all pairs p;. The function
flagPair checks every weak pair of l,,(k) on further criteria. If it confirms
a potential link, we save this fact on the weak pairs as well. Then, we add
k to a list of potential strong pairs I5(1) of every confirmed potential weak
pair [ € I, (k).
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At the start of the flagall function, both lists I4(I) and 1,,(l) are empty for
all I. By going down the list of spin pairs SPs, we fill both lists. If we
examine a pair pi, we already found all potential weak pairs of every pair
with an interaction larger than .J,, . Therefore, at this point, the list 5(k)
of potential strong pairs for py is complete. If I4(k) is still empty, py has
no links to stronger pairs and we use the routine from B.1 to check the
resonance condition of pi. Else, we use the ARC (advanced resonance con-
dition) described in Section 4.1 to determine the resonant state of pg. This
is done by the CheckARC routine. If this routine evaluates py as resonant,
all potential strong pairs of p; are linked to the pair py.

B.3.1 The flagall function

The routine is presented as a flowchart in Figure B.2. The search for poten-
tial weak pairs of pair py with index k and spins (4, j) involves the following
steps

1. Check if py is active.

2. Search for spins s, that can destroy or create the resonance of p; by
a spin flip. The interaction Jg, = J;s — Jjs of s and py enters the
modified resonance condition (2.21) as

1
|hij:l:§<]sp’ < |<]ij|7 (B.lO)

where the fields of all other spins and pairs enter h;;. The sign + is
determined by the z polarization of spin s. In order to change the
resonant state of py, Js, must be larger than the previous difference
of energy and pair interaction h;; — J;;. To test this condition, we use
the security range S;; = h;; — J;;. If

Jsp > :ESZ']' (B.ll)

holds, a spin flip would change the pairs resonance identity. If p, was
originally resonant, S;; is negative. Then the sign in (B.11) is —. If
P, was non-resonant, then S;; > 0 and the sign in (B.11) is +.

3. Check if
Jsp > 0.5 ‘Jz‘j‘ (B.12)

holds. The previous condition (B.11) can be true if both Jy, and S;;
are small compared to J;;. But then the eigenstates and therefore the
dynamics of p; would not change much by flipping spin s. By requiring
(B.12) we ensure that the eigenstates of p; change noticeable. For
further explanation, see Section 2.2 and especially Figure 2.1.
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Start of End of

flagAll flagAll

E—=1. No. yes | check classic
Pairs | condition (2.21)

W

select yes
spin pair pyg

A~

ls(k) empty?

check ARC:

no

no "l call checkARC

increase k.
k= Npairs v yes

P : no
/ Pg 1s not resonant ‘;
) yes
Search for

i <0

weak pairs : no |are s or j part
(\+ Pk 1S resonant }4— o6
/ of a res. pair?

yes

select s part of | no |  calculate | Jsp > |Si| | Yes | call flagPair

spin s res pair? TJep = Jsi = Jsj | | Jop > 0.5J357 | for (s, (i,7))
es
no IR . -
increase s k¢
yes 4 s = Nspins s=1... NSpins

Figure B.2: Flowchart of the flagAll routine. The shaded rectangles indicate
the two different for-loops of the routine. The search for weak pairs is
described in Section B.3.

4. Check if s is part of a resonant pair and ensure that s # i, j.

To accelerate the simulation, we do not calculate J,, anew but create tables
including all possible Jg, during the initialization.

As a result of the search for potential weak pairs we obtain a list Sy of spins
s, which satisfy all conditions from above. For every element s of Sj, the
routine calls flagPair.

B.3.2 The flagPair function

The input parameter of this function are a spin s and a pair p; consisting of
spins (i, 7). It selects pairs p; = (s, t), which include spin s, and determines
if pp is a strong pair of p;. If this is true, the routine adds the pair pj
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Start of | select | select st L0

Pai | spin ¢ I o= (st 1 )
flagPair Spin = (s,t) Ty > Ju
Jpp > |Sij]

no
End of | Yes ~— add k
¢ t = Ngp; <—‘ i ¢
flagPair Spins increase t to 15(1)

Figure B.3: Flowchart of the flagPair routine. The shaded rectangle indi-
cates the for-loop over all spins ¢ as a possible partner for spins s. Both spins
create the pair p; = (s,t). If the conditions described in B.3 are satisfied,
the routine adds the pair py to the list I5(1) of strong pairs of p;.

to the list [5(l) of p;. This list I5(]) is needed to formulate the advanced
resonance condition of spin pair p;. If this condition is evaluated positive, a
link between py and p; is established. Before the routine adds & to I5(1), it
checks whether p; satisfies the following conditions:

1. s,t # 1,7 and p; is active.

2. Jij > Js. This condition ensures that the selected pair p; is a weak
pair of py.

3. Jpp > |Si;| where S;; = h;j — Jij is the security range of pj, and
Iop = [(Jis = Jit) — (Jjs — Jjt)| (B.13)

is the pair-pair interaction of py and p;. From the second condition of
the flagAll routine we already now, that a spin flip of s would change
the resonance of p,. However, due to symmetry of the spins s and ¢,
the pair-pair interaction Jpair-pair can be much smaller than the spin-
pair interaction Jgpin-pair- We test (B.13) to ensure that a transition
|1t) — | }1) of the weak pair p; would change the resonance of pair

Dk-

If all conditions are satisfied, the pair p; is a potential strong pair of p;.
Hence, the index k is added to the list l5(I). In order to establish the link
between pp and p;, the advanced resonance condition of pair p; has to be
satisfied. This check occurs, when the flagAll routine arrives at the pair
index [ and checks the resonance condition of p; (see Figure B.2).
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Figure B.4: Flowchart of a subroutine of CheckARC. This routine determines
the shifts A, b2 and the transition amplitudes jV), j) for a strong pair
(1,2) and a weak pair (3,4).

B.3.3 The checkARC function

The checkARC routine determines, whether one of the advanced resonance
conditions (4.13) of a pair py = (4, 7) is true or false. It returns the security
range S;; of this pair. Thereby, it analyzes the list of potential strong pairs
ls(k), which was created using the functions flagAll and flagPair. More de-
tails on the derivation of the advanced resonance condition can be found in
Section 4.1. A sketch of the algorithm is presented in Figure B.5.

First, the algorithm deletes all pairs pgy from the list I5(k), that are not
resonant but include a spin part of another resonant pair. Next, the algo-
rithm calculates for each remaining pair p; of I;(k) the values h;j;, for which
the 4-spin-system has a resonant transition. These values are denoted as
shifts A9, Additionally to two shift values, the routine determines respec-
tive transition amplitudes j (1), The calculation of A, K2, 7 @, ] 2) is done
using a distinct subroutine, which is presented in Figure B.4. The derivation
of these calculations can be found in Section 4.1.

For clarity we repeat Equation (4.13):

hgy — Z :Ehgl) < J34 - H]él) (B.14)

+,s,i Sy

where the parameter s sums over all potential strong pairs in the list I5(k)
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and 7 has values £1. We can rewrite (B.14) as

N N
has — Y ( ihg&) <Ja- [] ( jgls)) (B.15)
1 1

is=11 \s= is=+1 \s=

and introduce a vector p = (is)(,—;._ ), Which consists of all values is €
{-2,-1,2,2}. Each component ps has four possible values to represent the
four different values of +h(). Therefore, we obtain 4+ distinct vectors p.
We substitute the inner product and sum in (B.15) by the variables

N
E(p) = b (B.16)
s=1
and N
c(p) = [T % (B.17)
s=1
We obtain
has— S E@)| < [ul - ] o). (B.18)
P P

In order to obtain the rewritten advanced resonance condition (B.18), the
algorithm checkARC calculates FE(p) and c(p) for every possible value of p.
Since the size of p and the number of conditions (B.18) grows exponentially
as 2Ms | the duration of the simulation strongly depends on the values for
N,. If a weak pair has 10 or more potential strong pairs, we take only the
nine strong pairs with largest coupling strength into account.

After the routine set up all conditions (B.18), it checks whether they are
true or false. If all conditions are evaluated false, the weak pair pg is not
resonant and is not linked to any of the potential strong pairs. If at least
one condition is evaluated true, all potential strong pairs of the list I5(k)
are linked to the weak pair p, and py is labeled as a resonant pair. The
resonance of the potential strong pairs does not change during the progress.
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end Sz]

Sij = —rnlin <|Sf]|> —

’pk not resonant ‘

T sij_mlax(\sgjy)<’h Tao
ij
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(v, w) = (Is(k)),
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is at least
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obtain 2V
conditions ((B.18))

h o yes

calculate E(p)
¢(p) from (B.16)-(B.17)

Figure B.5: Flowchart of CheckARC. This routine determines the advanced
resonance conditions (B.18) for a weak pair py and links py to every potential
strong pair of I5(k) if (B.18) is evaluated true.
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Appendix C

Additional figures

Mean number of resonant pairs without ) fields

Hrc
: Number of pairs for e = 100
1500 - —
1000 -
500 -
1 I I I | 1 1 1 1 | I I I 1 | 1 1 I I | €
0 50 100 150 200

Figure C.1: The main plot shows the dependence of the averaged number
of resonant conditions pirc on the disorder e using isotropic 2 interaction
without J? fields. For each disorder value, 1000 different initial configura-
tions of the spin system were examined. The mean values pro of the result-
ing distributions of Ngc are indicated by blue dots, the standard derivation
by an error bar. The distribution of Ngc for € = 100 is presented as inset.
The red curve represents the fit from Equation (2.46).
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C.1 Time Evolution

Histogram (log) of delay times ty

P
b Histogram (loglog) of delay times ty
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Figure C.2: Histogram of the delay times for disorder € = 0. The main plot
shows a logarithmic plot of short times t; < 10, the inset shows a log-log
plot of long times ¢4 € [0,200]. Blue dots show the distribution of ¢4 for all
resonant pairs present in the system and yellow dots mark the distribution
of deleted pairs. Only the second kind of pairs leads to a fluctuation of fields
and therefore contributes to the dynamics in the system.
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Figure C.3: Linear plots of the correlation function C(t) for disorder ¢ =
0,10, 80, 150. We present one plot for times ¢ € [0,2000] and one plot for ¢ €
[0, 50000], thereby we averaged over about 35 different initial configurations
of spins. The blue dots indicate the data obtained from the simulation
whereas the green line is a stretched exponential function as defined in (3.4).
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Figure C.4: Collection of logarithmic plots of the correlation function C(t)
for disorder values ¢ = 200,250, 300,500 and a time increment At = 0.5
for long times. We averaged over about 35 different initial configurations of
spins. The blue dots indicate the data obtained from the simulation whereas
the green line is a stretched exponential function as defined in (3.4).
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Correlation function for At = 0.5 for large disorder € =0
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Figure C.5: Plot of the correlation function C(t) for about 70 different initial
configurations and time increments At = 0.5.
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Figure C.6: Plot of the correlation function C'(¢) for about 70 different initial
configurations and time increments At = 0.5.
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Correlation function for different time increments
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Figure C.7: Plot of the correlation function C(t) for ¢ = 70 and different
time increments At.
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Figure C.8: Mean number of spin flips per time step for a system with
disorder ¢ = 70 and for different time increments At.
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Mean number of spinflips per timestep At = 0.5
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Figure C.9: Number of spin flips per time step.

Number of isolated spins for small disorder
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Figure C.10
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: Number of isolated spins over time ¢ for small disorder ¢ < 100.
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Number of isolated spins at t = 50000 for small disorder
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Figure C.11: Number of isolated spins at time ¢ = 50000 over time ¢ for
varying disorder ¢.

Further investigation of isolated spins
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Figure C.12: This histogram examines spins, that did not flip up to a time
t = 5000 for ¢ = 10 and At = 0.5. On the x-axis, the Figure presents
the number of times, these spins have been part of a resonant pair. For
x = 0, we obtain fully isolated spins (spins, that never have been part of a
resonant pair). Even though these spins form a clear maximum, they are
only responsible for ca. 20% of all non-flipped spins (= 100). The left inset
shows the correlation function C'(¢) for this data set, whereas the right inset
shows the number of fully isolated spins over time ¢.
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Histogram of existence time tg of resonant pairs
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Figure C.13: Histogram of the absolute existence time tg for ¢ = 10, At =
0.5. We averaged over 100 different initial configurations.
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Figure C.14: Mean number of fluctuating pairs at ¢ = 50000 for small
disorder value €.
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Solution for C(t)=Const OVer disorder
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Figure C.15: Solution of the Equation C(t) = Ceopst for Ceonst = 100 and
Creonst = 200. The difference is shown in Figure C.16.
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Figure C.16: Difference of the two curves from Figure C.15.
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C.2 Cluster formation

Transition amplitudes ) for both transitions
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Figure C.17: Transition amplitudes for a system with variable hi2 and Jyo =
10, Jpp = 80 and J34 = 1. The transition between the two eigenstates at
has = hY) is represented by the red, the transition at hss = h(? by the blue
curve. The two curves cross at his = 40 = % where J = %ijgzl =~ 0.175.
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Comparison of the transition prefactors j® with ¢
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Figure C.18: Comparison of the transition prefactors j® for hgy = A1) (red
line) and hzq = h? (blue line) from Figure C.17 with the functions ¢*(z)
(dots) from Equation (2.13), where z = 42
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Figure C.19: The left plot shows the density function p,,(z) for fixed strong
pair interaction Js. In the right plot we fix  at 1 and vary the interaction
Js of the strong pair.
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Probability for a third spin to satisfy Jg, > J5
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Figure C.20: Comparison of the analytical expression V = 0.7 - (2 + 2,)3
(red dashed line) with numerical data (blue dots) for Jixd = 0.01,0.5,0.1.
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Ind. IPR for € = 50 Critical inverse J value (line)
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Figure C.21: The bottom six plots (second to fourth row) represent the
averaged IPR function defined in (4.17) for the three disorder values ¢ =
20,40,80. For each disorder value we show a small scale (J—! € [0,100],
left column) and a larger scale (J~! € [0,500], right column). The two fits
represent a straight line fitted at J@'_pl (red line) and a square root function
(green line). Each plot was obtained by averaging over about 500 initial
configurations.In the top left plot we present the IPR function for a lattice
for ¢ = 40. The top right pot shows a histogram of the values of Jc_nlt
obtained from ¢ = 40 and 462 different initial configurations. The Gaussian
fit (red dashed line) has a standard deviation of s = 2.5.
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