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Kurzfassung

Das Ziel dieser Arbeit war die Entwicklung eines wissenschaftlichen Co-
des, der in der Lage ist realitdtsnahe Systeme zu simulieren, und diesen auf
einen, nicht gut verstandenen, experimentellen Effekt anzuwenden. Dieser
experimentell bekannte Effekt ist die nicht intuitive NMR, Signalverbreite-
rung in ,spin-ladder-compounds® bei niedrigen Temperaturen, wenn diese
mit nicht magnetischen Fremdatomen versetzt werden. Insbesondere wurde
Zn dotiertes SrCusOg untersucht.

Zu diesem Zweck wurde im Zuge dieser Arbeit ein Quantum Monte Carlo
(QMC) Code, im Rahmen der Stochastischen Reihenentwicklung (Stochastic
Series Expansion - SSE), geschrieben. Der Code ist eine Weiterentwicklung
eines friither entwickelnten Programmes,[1] in welchem nur einfache Spinsys-
teme ohne duflerem Magnetfeld simuliert werden konnten. Das fiir diese Stu-
die entwickelte Programm ist in der Lage komplexe Systeme zu simulieren.
Dazu gehoren Systeme, die {iber orthogonale Kopplungen hinaus gehen, Sys-
teme mit Lochern, als auch Systeme mit externem Magnetfeld. Zusétzlich
wurde eine Effizienzsteigerung beziiglich Rechenzeit durch optimieren des
Codes, sowie Parallelisation, die eine Ausfithrung des Programmes auf ei-
nem Grid-System ermoglicht, erreicht.

Dieser hier entwickelte Code, angewandt auf das vorher genannte experimen-
tell boabachtete Phdnomen, fiihrt zu der Schlussfolgerung, dass eine Kopp-
lung in Stapel-Richtung (stacking direction) nétig ist, um die experimentelle
Verbreiterung zu erreichen. Die hier simulierte Linienbreite benotigt, im Ge-
gensatz zu frithere Studien zu ungestapelten Systemen, keine unphysikalisch
groflen Korrelationsldngen.

Zusétzlich fiihrte die Analyse des Einflusses der Fremdatomkonfiguration
auf das NMR Spektrum auf eine Simulationsprozedur, die es ermdoglicht,
eine grofle Anzahl an solchen Konfigurationen, basierend auf einigen weni-
gen QMC Rechnungen, zu simulieren. Diese Methode ist sehr effizient in
der Rechenzeit und erméglicht somit in zukiinftigen Arbeiten aufwendigere
Untersuchungen in dotierten Spinsystemen.

Die Resultate dieser Dissertation wurden veréffentlicht.[2]



Abstract

The aim of this study was to develop a scientific code capable of simulating
systems close to reality and to apply it to simulate and study experimental
findings. This experimentally observed effect is the counter intuitive low
temperature broadening of the NMR spectra of spin ladder compounds that
are doped with a tiny amount (x<0.0025) of non magnetic impurities, in
particularly Zn doped SrCusOs3.

For this purpose, the code written in this work is a Quantum Monte Carlo
(QMC) code in the framework of the Stochastic Series Expansion (SSE)
based on earlier investigations,[1] in which a very simple simple program
was developed to simulate spin lattice systems without an external mag-
netic field. The further developed program used in this study is capable
to simulate more complex systems, such as models beyond simple orthog-
onal couplings, systems with holes, and systems in an external magnetic
field. Additionally, enhancements in computation time were achieved by
code optimization as well as parallelization to allow the execution on a grid
computing system. The theory as well as the algorithm behind this method
is described in this work.

Applying the developed code to the mentioned experimentally observed ef-
fect leads to the conclusion that a coupling in the stacking direction is nec-
essary to describe the desired broadening. Our simulation of the broadening
effect does not require physically unlikely large correlation lengths, which
have been applied in former studies.

Further, studying the influence of different impurity configurations on the
NMR spectrum resulted in the development of a framework to simulate a
large amount of impurity configurations based on a few QMC simulations
only. This method proved to be very efficient in computation time and thus
allows more intense studies of such systems for future works.

The results of this thesis have been published.[2]
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Introduction

This thesis presents the work of the author performed during his time as
a PhD student within the Wissenschaftskolleg Computational Material Sci-
ence of the Austrian Science Fonds (FWF') at the institute for applied physics
at Vienna University of Technology.

The thesis is divided in three parts, to guide the reader from the beginning of
the development of a code until its application on an experimentally observed
effect. The first part provides the reader with the necessary background.
There, the Monte Carlo (MC) method and statistic tools are explained in
general. Furthermore, the framework of the Stochastic Series Expansion
(SSE) is introduced and the required equations for the final Quantum Monte
Carlo (QMC) code are derived. For better understanding of the algorithm,
the reader will also be introduced into a graphical representation of the
model used in this work.

The second part explains the algorithm itself. The two different operator
updates are explained, as well as the parallelization of the program. In the
end test calculations for simple systems are compared to analytically exact
results to demonstrate the quality of the algorithm.

The third part presents a study in which the code is applied to the low tem-
perature broadening effect of NMR spectra in spin ladder compounds upon
doping with small amount of non magnetic impurities. After presenting the
results and conclusions, obtained with the QMC code, a new procedure is
introduced that allows to simulate NMR, spectra closer to reality. Since this
new method relies only on a few QMC calculations it is very efficient in
calculation time, allowing for more detailed investigations of such impurity

doped spin ladder systems.

iv



Part 1

Theory



Chapter 1

Monte Carlo Method

In this chapter a short overview about the Monte Carlo method is presented.
The basic algorithm is explained using the famous problem of calculating
. Further, the reader is introduced in the Metropolis algorithm, which is
demonstrated on a two particle Ising model. Additionally basic information
about random number generators (RNGs) as well as statistical tools are

presented.

1.1 The Beginning of the Monte Carlo Method

The Monte Carlo Method was developed in the late 40s in Los Alamos
to solve the problem of neutron diffusion in fissionable material by Ulam,
von Neumann and Metropolis. After the development of computers, and
thus the ability to quickly calculate the same process over and over again,
the idea came up to generate random starting points and velocities for the
Neutrons and calculate their trajectories. Using statistical analysis on those
simulated trajectories should lead to results comparable to experimentally
observed distributions. As almost everything developed in Los Alamos had
to be top secret that time, a code name for this method was needed. Since
this method works with random starting values, similar to card games in
casinos, the name ”"Monte Carlo” was chosen. [3]

This method is not limited to the original use only. It is a rather general
method that can have many applications as stated in the abstract of an

article of Metropolis and Ulam. [4]



Since its development, the Monte Carlo method has found its use for many
different applications and has proven to be a very powerful computational

tool, not restricted to science only.

1.2 Basic Algorithm

The basic algorithm[4] can be summarised as following;:

1. Define the configuration space and determine how configurations are

being sampled.
2. Generate a configuration
3. Calculate the desired observables
4. Save the data

5. Repeat step 2-4 until a chosen number of configurations has been sam-
pled.

6. Use statistics to analyse the data.

1.3 Example: Calculating PI

A good example to demonstrate the algorithm is the calculation of w. It
can be explained in a very descriptive way without the use of computer
generated random numbers. Imagine a square with the length of the sides
of 1. Draw the quarter of a circle with the radius 1 in it. Then throw,
without aiming, darts towards that square. It is assumed that the darts
hit that square randomly and uniformly. Then, the ratio between the darts
that ended up within the quarter of the circle and the total amount that hit

the square is equal to the ratio of the areas of the 2 figures. Using simple



algebra leads to an expression to evaluate .

Asquare =a’=1
7"271' ™
4 T4
Neircle _ Acircle z
Ntotal Asquare 4
Ncircle

T 1.1
Ntoml ( )

Acircle =

-7 =4

Applying this model on the basic algorithm (see Sec. 1.2) leads to following

procedure:

1. Define the configuration space and determine how configurations are

being sampled:

The configuration space consists out of two states, namely a dart being
either under the circle curve or not. The probability distribution on
how those two states are sampled is determined by the geometry of
the system.

2. Generate a configuration:

Throw darts without aiming until Ny, darts are within the square.

3. Calculate the desired observables:

Count the number of darts under the circle curve and use Equ. 1.1 to

calculate Pi and remove the darts.

4. Save the data

Save the just obtained m; (label it with the current data number 7).

5. Repeat step 2-4 until a chosen number of configurations has been sam-
pled:

Repeat steps 2-4 until enough data points (7;) have been sampled. The

amount of data points to sample is generally chosen before process.

6. Use statistics to analyse the data:

Calculate average and the standard deviation out of the data set ;.

This process can simply be transferred into a computer code by replacing

the darts with randomly drawn numbers (Fig. 1.1).

4
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Figure 1.1: Calculation of 7. Random dots are drawn over the square. The
ratio of the number of dots under the circle curve and the total amount of
dots provides an estimate for m

1.4 Random Number Generators (RNGs)

To generate random numbers so called pseudo-random-number-generators
are used. Pseudo because they are actually created as a sequence of deter-
ministic numbers. Important for the quality of a RNG is that the sequence
of numbers is well distributed and the periodicity of the sequence is as long
as possible. Fig.1.2 and Fig. 1.3 illustrate these two properties, that could
easily be overlooked in short simulations.

While the standard RNGs of most compilers, with the periodicity of 23! —1,
are sufficient enough for fast calculations, better RNGs such as the Mersenne
- Twister[5] are recommended for higher precision. However, for more com-
plex systems, standard RNGs can also lead to reliable results. Especially for
Markov processes, in which each configuration can lead to a large number of

new configurations, because then it is very unlikely have exactly the same



configuration at the restart of the number sequence. Instead of doing one

Bad RNG Good RNG

% 1 5

X

Figure 1.2: Illustration of a good and a bad random number generators.
For 100 random points (top row) the bad RNG looks as random as the good
RNG. However, for 10000 random points (bottom row), the difference is
obvious.

run with lots of steps it is recommend to split up the sweeps into several
runs. There are two reasons for doing this. The first reason is to neglect
runs that end up in unlikely but possible configurations. The second reason
is to neglect the limitation of the RNGs. That limitation comes from the
periodicity of RNGs. Also to avoid runs starting with the same seed it is a
good idea to generate some kind of list containing random numbers at first,
from which a seed is drawn every time a new run starts. That way one will
start each run with a different seed for the RNG, which results in different
starting values for the simulation. That way unlikely paths of a simulation,

that can happen in one run, will average out by other runs.
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Figure 1.3: Simulated random walk after 1.000 (top left), 10.000 (top right),
100.000 (bottom left), and 10000000 steps. The periodicity of the used ran-
dom number generator was limited to 400.000 to illustrate repeating patters
for simulations longer than that. For easier recognition of the repeating

pattern a color code was used (bottom right). Each color is representing a
full cycle of the RNG.



1.5 Metropolis Algorithm

While in principle the basic algorithm works for all applicable systems, it
can be rather ineffective for systems with larger configuration space. Imag-
ine for example a canonical ensemble with many possible configurations,
but only a few of them have reasonable large statistical weights. The ba-
sic algorithm would randomly generate configurations, which then would be
weighted according to their Boltzmann factor. Thus a lot of configurations
will be sampled that hardly contribute to the expectation values, which ren-
ders the simulation rather ineffective. To improve the algorithm, Metropolis
enhanced it by sampling in a Markov chain rather than randomly generating
configurations.[6] A Markov chain is a sequence of configurations. The next
generated configuration depends only on the current state and the related
transition-probabilities. [7]

Within this algorithm the current configuration will only be altered by a
small change. The energy of the newly obtained system is compared with
the old one. According to statistical weights and a random number check
it is determined whether the new configuration is accepted or rejected. En-
ergetically better configurations will always be accepted. This is repeated
until a certain number of samples have been generated.

An important feature of this method is that configurations are sampled
according to their statistical weight. Configurations with a small statistical
weight will hardly be accepted, even tough they are still possible, to remain
the completeness of the ensemble. This importance sampling reduces the
amount of configurations needed for a reliable result, which speeds up the
simulation overall. Additionally, the statistical weight does not need to be
considered anymore for the expectation values of the observables, which
simplifies the statistical analysis.

It needs to be mentioned that this algorithm needs a temperature (also called
equilibrium) phase. The reason is that the simulation starts at a randomly
generated configuration. This includes also less probable states, which can
falsify the statistics.

This enhanced algorithm is named after his developer, Metropolis, and thus

called Metropolis algorithm.



1.6 Example: Ising model for two spins

This example is used to illustrates the process of the Metropolis algorithm

and to demonstrate the possible accuracy achieved with such a method.

1.6.1 Model Description

The Ising model[8] was developed by Ernst Ising to describe spin systems.
It is a simplification of the Heisenberg model,[9] which will be discussed
later on. For more detailed information about these models we refer to
“Magnetism in the Solid State”.[10]

In the Ising model, spins reside on a lattice and can have the values +1 or
-1. Only two particle exchange (between spin i and spin j) are considered,
with J; ; as coupling constant. The Hamiltonian, and thus also the total

energy operator, is given as

H=>7;S8; . (1.2)

1<j
In general one can consider also a Zeeman term, which takes the influence
of an external magnetic field into account, which is omitted here. In Equ.
1.2 a spin S; interacts with any other spin S;. The J; ; vary according to
the interaction partners S; and S;. For illustration purposes, the model is
reduced to its most simple form. For that purpose a system consisting out

of two spins only is considered. Then the Hamiltonian reduces to
H =755 . (1.3)

Since only one coupling is left, the indices in J;; can be neglected. Note
that the coupling constant J classifies the system. For J > 0 the energy
is lower with anti-parallel aligned spins, referring to an anti-ferromagnetic
system. For J < 0 the energy is lower when the spins face the same direction,

referring to a ferromagnetic system.

1.6.2 Weight and Partition Functions

The weight-function is important, since the configurations are sampled ac-

cording it. Every system state « inheres a total energy E(«). The statistical



weight of each state is then given by the Boltzmann distribution
W(a) = e PE@ (1.4)

Here 3 is the inverse temperature kB%T. Summing up the weights of all states

results in the partition function

Z =Y e PFl) (1.5)
The expectation value of an observable f(«) is then given by
1 — «@
(fy= 2 fla)e P (1.6)

1.6.3 Transition Probability

The simplified system used here consists only out of two spins. Each of
them can only have the values +1 and -1, which results in 4 possible states
(D L, | LD | 1)), To sample this system with a Metropolis
algorithm, one spin is updated/flipped and the weight functions before the
update (initial state) and after the update (final state) are compared. The
ratio between them (using Equ. 1.4)

W
Wf — ¢ BEf—Ei) (1.7)

7

determines the acceptance rate of the spin flip, which corresponds to the
transition-probability. Note that for systems with more than one update
possibility, one has to consider also the detailed balance.[6] In Equ. 1.7
P, exceeds the value of one, if the final state is energetically favourable.
Since a probability larger than 1 has no meaning, one limits P;_,; to one
leading to

Py ¢ = min(e PE—E) 1) (1.8)

This means that a new state with a larger statistical weight than the initial
one, is always accepted. On the other hand, energetically less favourable

states are still accepted with the probability P;_, ;.

10



1.6.4 Algorithm

The algorithm follows in principle the general Monte Carlo algorithm, except

that the sampling depends on the current state:

1. Generate a random starting configuration out of | 1, 1), | 1,1, | |, 1),
|1 L.

2. Choose a spin and calculate its probability to flip according equation
(1.8).

3. Draw a random number r € [0;1]. If » < P;_, ¢ then flip the spin, else
not. [6]

4. Extract and save the desired data and repeat point 2-4 until the pre-

determined number of data points has been sampled.

5. Use statistics to calculate expectation values and errors.

1.6.5 Analytical Solution of y

To demonstrate the quality of the algorithm the calculated susceptibility
will be compared to the exact analytical solution. According to [11] x is
given by

X = BI(M?) = (M)?) (1.9)

11



with M as the magnetisation. Using Equ. (1.6) and Equ. (1.9) allows to

derive y for a ferromagnetic system as following:

v _0-65J+2-e_5‘]_2 e B/
M) = eBl feBS  TeBJ 4 e—BJ
U2 — 02. e +22. 7P/ B e8I
M) = ePl + e BJ — Tef e B
2
) = BUM?) = (M)?)
—BJ —BJ
B e B e 9
0 = 5[4eﬁJ T8 (265J+6_ﬁJ) ]
e—BJ o287

0 = 45[66‘] +eBl (eBT + e‘ﬁJ)2]
e P (eP + ePT) — 7287
o =48] ( (B + 66?])2
1+4e 287y ¢ 287
OO =48] (BT + e=B7T)2

1
00 = 454 cosh?(3.J)

1 1
kT cosh2(kB%T)

OO (1.10)

Here (| M|) was used instead of (M), because with the absence of an external
magnetic field the states | 1,1) and | |, |) are equal.

1.6.6 Results - Demonstration of Accuracy

To demonstrate the potential of the Monte Carlo method, the susceptibility
obtained with the Metropolis algorithm (see Sec. 1.6.4) is compared to
the analytical solution(see Sec. 1.6.5). Fig. 1.4 shows the susceptibilities
obtained by those two different approaches for comparison. For simplicity
the constants kp and J have been set to 1. The quality of the numerical
(orange crosses) results when compared with the analytical (solid black line)
solution is obvious.

For more detailed information on the Ising model and the applied statistical

mechanics we refer to [11].

1.7 Statistics

In this section basic statistics used in Monte Carlo simulations is introduced.

12
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for the susceptibility x.

1.7.1 Averages and Expectation Values

When using importance sampling, such as the Metropolis algorithm, the
statistical weights are already considered when the system states are gen-
erated. Thus, one can simply average over all the data points (also called
measurements) the same way as experimental data are processed. There-
fore Monte Carlo simulations are also referred as “simulated experiments”.

Averages and variances can be calculated with basic statistics.

N
_ 1 A
A= N El A; mean value of observable A (1.11)
1 N
2 N2 . .
o° = N E (A; — A)* variance of the population (1.12)

I
—

(2

1
2 (A; — A)? variance of the sample (1.13)

n —

»

I
—
=

Il
—

7

It needs to be mentioned that for a Markov process, the errors obtained from

Equ. 1.13 are underestimating the actual error. The reason is that the next

13



generated configuration is achieved by changing the original configuration
only by a small amount. In other words, the newly updated configurations
are correlated with the initial one and it takes a few update steps to achieve

uncorrelated states.

1.7.2 Binning

To obtain the correct errors, “Binning” is used to get rid of the autocor-
relation in the sampled data points. The principle is rather simple. Two
neighbouring data points are grouped up into a “bin”. The average value of
both, forms a new data set. This process can be repeated for the new data
point generation. Depending on the generation (k) of the generated data

set, the bins consist out of 2¥ original (k = 0) data points (see Fig. 1.5. The

ESESENE AR SR AN

e S S

x DG R K e
X" X" k=2

1 2

Figure 1.5: Illustration of the binning process

signification of this method is to generate uncorrelated data points and thus
obtain a realistic value of the error. The arithmetic average of the data set

remains unaffected as is proven in Equ. 1.15.

2k (j+1)
Bj = 3 A (1.14)
i=2k(j—-1)+1
N N k(s
- 1 ok 2k ok 1 2F(5+1) 1 N B
2k j=1 Jj=1 i=2k(j—1)+1 1=1

A; are the initial data points of generation £ = 0. B; are the data points of
generation k. While the expectation value remains unchanged, the variance,
and thus the error, increases. This is a direct consequence of Equ. 1.13

when the number of data points is reduced. However, once the data points

14



are not correlated anymore, the variance reaches a plateau. This plateau
corresponds to the actual error of the sampled data. Fig. 1.6 shows a typical
evolution of the standard deviation of the sample, depending on the data

point generation k. The red square is the beginning of the plateau, and thus

15 I I I I I I I I I I I I I

I // 4 \\

o [107]

12+ .

0O 1. 2 3 4 5 6 7 8 9 10 11 12
N

Figure 1.6: Evolution of the standard deviation of the sample during a
binning procedure.

corresponds to the actual standard deviation of the sample. Note that the
fluctuations after the plateau are caused by a too low amount of data points

at higher generations k.

15



Chapter 2

Stochastic Series Expansion -

Classical Approach

While the stochastic series expansion was developed for quantum mechanical
systems, here the principle is explained first on classical mechanics. This

allows to focus on its quintessence without overloaded equations.

2.1 Principle

The Stochastic Series Expansion (SEE) is a generalization of the Handscomb
method[12, 13] developed by Sandvik and Kurkijéarvi.[14] In quantum me-
chanics, instead of trying to solve the trace over the Boltzmann factor ana-
lytically, the system is decomposed into diagonal matrix elements that are
easily solvable. Those matrix elements are then sampled in form of operator
strings (see Chap. 3).

The principle would also work for classical mechanics, if a system would not

be solvable analytically. For the next steps, following equations are used:

W(a) = e PE@ statistical weight (2.1)
Z = ZW(Oz) partition function (2.2)
(f)= %Z fla)yW(a) expectation value of f (2.3)
(2.4)

(3 is the inverse temperature kBLT. « is a system state. All possible a build
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up the configuration space of the system. Assuming the exponential term
in Equ. 2.1 cannot be resolved analytically, a series expansion needs to be

performed. The resulting partition function is shown in Equ. 2.5.

Z=2W Ze_BE EZ:: ZZOWan (2.5)

n appearing from the power series extends the configuration space by one

dimension and a new weight-function is defined

g (=E(x)"

n!

W(a,n) = (2.6)

For E(a) < 0 Equ. 2.6 becomes negative. Since a negative statistical weight,
and thus a negative probability of a state, is physically impossible, the zero
point has to be shifted accordingly (E(a) = E(a) —¢, VE(a) < €) resulting
in

B"(e — E(o))"

n!

W(a,n) = (2.7)

Equ. 2.7 is the governing equation in SSE and used to sample the states
consisting of « and n. So far n ranges from 0 until oo and a truncation is
needed (see Chap. 3)

2.2 Number n and the System Energy

A feature from the new dimension n is that it can be used to calculate the

system’s energy directly. For that purpose we use the shifted Hamiltonian
H(a)=H=¢—FE=¢—E(a) . (2.8)

The positive definite statistical weight (Equ. 2.7) then becomes

W(a,n) = p
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The following equations derive the expectation value of H in terms of n:

(H) = - Z H(a % (2.10)
n n+1
(HY = Z g Hla (2.11)
n4+1 ,8"+1H( )n+1
(H) =~ Z S (2.12)
m ﬁmH B H ()™
= Z . (2.13)
with m=n+1
(HY = 52 2 ()') (2.14)
IBTL o n
(H) = /322 n(),) (2.15)
with m renamed to n
1
(H) = 5z ZnnW(oz,n) (2.16)
(H) = @ (2.17)

(2.18)

It is shown that expectation value of H is proportional to the expectation
value of n. This means that keeping track of n is sufficient to obtain the
system’s energy. From H = ¢ — F follows E = ¢ — H. Thus the expectation

value of E is given by

<E>=e—<H>=e—% (2.19)
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Chapter 3

Quantum Monte Carlo -

Stochastic Series Expansion

In this chapter, the principle of SSE is applied on the quantum mechanical
formalism (QMC-SSE). Here, the basic equations, the configurations space,
the truncation of the series, the “sign problem”, and the here used transition
probabilities are discussed. The theory presented here was developed by

Sandvik, Kurkijarvi, and Syljuasen.[14-17]

3.1 Basic Equations

In quantum mechanics statistical weight, partition function, expectation

value of an observable A, and the trace are defined as following:

W (a) = (ale |a) (3.1)
Z = Tr(e M) (3.2)

(A = %TT(AE_BH ) (3.3)
Tr(0) = > XalOlay (3.4)

«

Here H is the Hamiltonian of the system. The trace sums over all quantum

mechanical states a. Analogue to Equ. 2.5 the configuration space can be
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extended by one dimension by performing a series expansion.

W(a,n) = ol (~ )" (35
= > W(a,n) (3.6)

<m=%2A@W@m (3.7)

A

To make use of the above equations, (—H)™ needs to be rewritten in a non

power law form. For that purpose, the Ansatz from Equ. 3.8 is used.

H=-) Hy (3.8)
a,b

The Hamiltonian is decomposed into a sum of single bond operators. b
is the bond index (also bond-number) and a the operator type. While the
operator types are essential for the algorithm later, here no further definition
is needed. Using Equ. 3.8 in (—H)" and calculating the bracket leads to
Equ. 3.9.

()" = (3 Han)" =
a,b

(H171 —I-Hl,g +H173 +"'+Hx,n)n =
E[{L,l +n X ﬁﬁ;l X ﬁl,g-i-n X ﬁﬁ;l X]f[173+"' —I—ﬁgn (3.9)

Here x represents the number of operator types. Equ. 3.9 consists of terms
of single bond operators multiplied with each other in all combinations.
This rather cumbersome formalism can be rewritten in a simple form, by
introducing “operator strings”. An operator string is a product of single

bond operators with taking their order into account (Hy(yy p(1y x ﬁa(2)7b(2) X
. X ]fla(n),b(n)). With the help of such operator strings Equ. 3.9 becomes

2 T Hawow) (3.10)

{a,b} p=1
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The sum is over all possible operator strings {a, b} of length n. The partition

function (Equ. 3.2) can now be written as

Z = Z % Z (a H ﬁa(p)vb(p)|o‘> =

an ' f{abt  p=1

)3 %<O‘|Hﬁa(p)vb(p)|a> : (3.11)

aa,b} p=1

Equ. 3.11 sums over the new configuration space of «, {a,b}, with a newly
defined weight factor (Equ. 3.12).

W (o (a,0) = 2ol [ Hugagolo) (3.12)
el

3.2 Truncation of the Series

The sum in Equ. 3.11 is over all possible operator strings {a, b}. The lengths
of these operator strings corresponds to n from the series expansion and thus
range from 0 to co. For utilization in an algorithm, two more modifications
on the configuration space have to be made. First of all, a truncation M e N
of the series is performed. How to choose M without changing the statistics
will be explained in Sec. 6.5. The second modification expands all operator
strings with a length of n < M to strings with a unified length of M. For
that purpose, M — n unit operators (151070) are added to each string. Note,
that now n corresponds to the number of non unit operators in a string and
not to the length anymore. Sine the order within an operator string matters,
there are
M|

| = m (3.13)

possibilities for this extension. Because we transformed a {a,b,} configura-

tion into [ statistically equally distributed configurations we have to divide

our former statistical weight by the factor [ and obtain Equ. 3.14.

" (M —n)n! L

Wi a,b)) = SR ) T i 010
ol
"M —n)

Wi fa.b}) = O 0 T iy o) (3.14)

p=1
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Equ. 3.14 is the base equation used to sample over the configuration space
in the algorithm. For mathematical simplifications when deriving transition
rates it will be necessary to calculate the eigenvalues of the single bond oper-
ators independently. This is achieved by adding identity operators between

the single bond operators.

(a H Hep) w2 = <ol Hary p1) Z /Yo | Ho2) 02 2 "] ...
p=1 of %

o Hamyp02) 2 10! [ Hogary pian o) (3.15)

Since the Eigenvalues of the single bond operators only differ from zero at

a certain state o Equ. 3.15 is equivalent to

ol [ [ Hawy syl = alHagy e )Xo | Ha) payab X b - .
p=1

o Hoygoy ) [0 X0y 1 [ Hoany sy (3.16)

The indices from oz;, in Equ. 3.16 only refer to the position in the oper-
ator string and not the state itself. Particularly, aJ’D = aJ’D 41 for diagonal

A~

Heypi1)p(p+1) and aj, # o, 4 for off-diagonal ga(p+1),b(p+l)'

3.3 Sign Problem

As already discussed in Chapter 2, it is necessary to shift the zero point of
the Hamiltonian to assure a non negative statistical weight. While this works
well for classical mechanics, it cannot be done for all quantum mechanical
systems. The problem is caused by the off-diagonal elements <a1|ﬁa,b|a2>
with a1 # g, because the zero-point shift only effects diagonal elements.
To ensure a positive statistical weight some system requirements need to be
fulfilled. First of all, systems with positive off-diagonal elements don’t need
any restrictions. For Heisenberg systems this is valid for the ferromagnetic

case.
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For systems with negative off-diagonal elements a closer look at the term

3.17 reveals the required system limitations.

M A
al [ | Hapley (3.17)
p=1

Since in quantum mechanics the trace is used for the statistics, the state
« is identical in the bra and the ket. However, applying the single bond
operators of the operator string sequentially on the ket (or the bra) changes
the intermediate system state through off-diagonal operators. To achieve
a non zero value of the term 3.17, only operator strings are allowed that,
once applied completely on a state, result in the initial state (Ja) as an
eigenvector of {a,b,}). Further, to ensure a positive value of term 3.17, odd
numbers of off-diagonal operators with a negative eigenvalue are forbidden.
For example, closed anti-ferromagnetic Heisenberg chains with odd length
are forbidden. Such resulting geometrical figures (triangles, pentagons, hep-

tagons, ...) have to be avoided in any model structure.

3.4 Acceptance Rate

With the statistical weight of the configurations (Equ. 3.14) known one can

calculate the acceptance rate, which in general is given by Equ. 3.18.

W(B)Pselect(B - A)
W(A)Pselect(A - B))

Paceept(A — B) = (3.18)
Psetect(B — A) and Pygect(A — B) are the probabilities to transform state
A into B and vice versa and are necessary to meet detailed balance.[6]

While in general transitions from every state into another are possible, the
algorithm uses only certain possible transitions with a change of a single
operator only. The following two subsections discuss the transitions used in

the algorithm.

3.4.1 Diagonal Update Acceptance Rate

The diagonal update considers only transitions between diagonal operators.
Strictly speaking only transitions between a unit operator ﬁo,o and a di-

agonal (non-unit) operator ﬁl,b- This corresponds to a change in the non
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unit operator number n by 1. Inserting the statistical weight (Equ. 3.14)
into Equ. 3.18 and capping the acceptance rate at 1 leads to the Metropolis
acceptance rates 3.19 and 3.20.

Paccept(n —>n+ 1) = mzn( <Oé|ﬁ17b|0é>, 1) (319)

(M —mn)
(M —n+1)

BBCalf oy " (320

Paccept(n - n— 1) = mm(
Here the number B is used to fulfill the detailed balance. While in the
algorithm there is only one way to replace a non unit operator by an unit
operator, there are B possibilities to replace a unit operator with a non unit

operator (see Sec. 6.3).

3.4.2 Off-Diagonal Transitions

For this section a small outlook on vertices and the algorithm is provided to
understand the upcoming transition rates. Since the system was decomposed
into single bond operators, it is sufficient to focus on the spins affected by
the current operator (|oay = [S7,S7)). The bra-ket notation can then be

represented by a vertex (see Equ. 3.21).

A w1
ALY = Ay (3.21)
HONERRC

A vertex consists out of a single bond operator and the spin states before
(top row) and after (bottom row) the operator was acting on them. The 4
corners of a vertex are also called vertex-legs and are labelled 1 (top left),
2 (top right), 3 (bottom left), and 4 (bottom right). Another order of the
labels is possible, but consistency is required over all vertices. During an
off-diagonal update step (see Sec. 6.4), the algorithm reaches a vertex in one
of those legs (= entrance leg) and, after changing the operator due statisti-
cal selection, exits the vertex in any of the 4 legs (=exit leg). This update
process used in the “operator loop update”[15, 18], was later enhanced by
“Directed loops”.[16, 17] There a method was developed to shift the transi-
tion probabilities towards more probable states without violate the overall

statistics. The advantage of directed loops is the reduction of “bouncing”
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(entrance and exit legs are the same and the operator remains unchanged)
effects, which slow down the simulation.
To calculate the transition weights for the off-diagonal updates one has to

solve the general direct loop equations[17]

a1 aip aiz ayg\ (1 441
az1 azz @z Gz (|1 Wo . (3.22)
az1 azgz asz azs || 1 W3
a41 Q42 Q43 Q44 1 Wy

a;; are the transition weights and W; the total statistical weights of the
possible vertices after the update. The transition probabilities are defined
as

S a; j
P(i = j) = pij = 33 (3.23)

Since vertices of the type (1,7 |ﬁa7b| l, 1) are not allowed one of the W is

equal to 0 and Equ. 10 reduces to a 3x3 matrix resulting in

a1l aiz2 a13 1 %78}
ag ag ag || 1= |W; : (3.24)
as] asz as3 1 W3

Further, exchanging entrance and exit legs, results in statistically equal ver-
tices, so that a;; = aj;. The equation system now consists out of 3 equations
with 6 variables (See Equ. 3.25).

ajx az aiz) (1 Wi
aiz ag ag || 1= | W, . (3.25)
a1z ag3 asz/ \1l W3

Because of this over-determination, 3 of the a;; can be chosen freely. To
sample with a minimum of bounces, the diagonal elements a;; are set as
small as possible. Three different cases can occur and the matrix elements

a;; have to be adjusted accordingly.
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Case A - One of the weights W, equals zero

This case occurs when one of the 3 vertices involved consists out of a sin-
gle bond operator, which expectation value equals zero. This corresponds
usually to the diagonal operator with the most negative eigenvalue.

Because one W,; = 0, the matrix in Equ. 3.25 is reduced by one dimension.
The diagonal elements a;; are simply set to zero and the resulting directed

loop equations reduce to

L0 e
a2 0 1 W2

The transition probabilities (Equ. 3.23) result in

Wl
=—=1 3.27
P12 W, ( a)
[/[/2
= <=1 3.27b
P =y ( )

Thus, for such an update, the system propagates to the only possible state,

without the need to draw a random number.

Case B - W; + W; > W, for all permutations of i, j, k

The probably most general case is W; + W; > W}, for all permutations
of 4,7, k, which, for example, appears in a Heisenberg model with a small
external magnetic field. In that case the diagonal elements a;; are set to

zero. The resulting direct loop equations then reduce to

0 a2 ai) (1 Wi
a19 0 ass 1]= W2 . (3.28)
a3 a3 0 1 W3
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The resulting transition probabilities are then given by Equations 3.29.

P12 = %i_wg (3.29a)
P13 = %11_% (3.29b)
P23 = %32_”/1 (3.29¢)
P21 = %TW?’ (3.29d)
P31 = W (3.29)
P32 = %‘2_% (3.291)

In the algorithm, one has to draw a random number between 0 and 1 and

chose the propagation according to Equations 3.29.

Case C - W; + W; < W, for one of the permutations of i, j, k

The case W; + W; < W}, occurs when one state is much more probable than
the other two together. In a Heisenberg systems this is achieved by using a
strong external magnetic field.

Here the diagonal elements a;; cannot be set to zero, because then one of
the transition probabilities would be negative (see Equations 3.29). The
solution is to keep the diagonal matrix element a;i of the state with the
maximum weight non zero, and instead forbid the the transition between
the two lower probable states. For the following equations, W is assumed

to be the largest weight. Then the directed loop equations are

a1 a2 a3 (1 Wi
a19 0 0 1]= Wg . (3.30)
a3 0 0 1 W3
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The resulting transition probabilities are then given by Equations 3.31.

P11 = W= gﬁ —Ws (3.31a)
P12 = % (3.31b)
P13 = % (3.31c)
P21 = % =1 (3.31d)
P31 = % =1 (3.31e)

Only if the algorithm enters the vertex in the most probable state, a random
number needs to be drawn. In that case a bounce is possible as well as an
update to one of the less probable states. On the other hand, when entering
the vertex in a less probable state the system always propagates to the most

probable one.
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Chapter 4
Graphical Representation

This chapter introduces the reader to the graphical representation, which is
later used to explain the different update processes used in the algorithm.
For that purpose an operator string is visualized and its representation is
reduced to its most simplified form. Additionally, vertices and the “linked

vertex list” are discussed.

4.1 Graphical Representation of Operator Strings

Operator strings can be visually illustrated for better demonstration of how
the algorithm samples over the configuration space.[15, 16] As shown in Equ.
3.16, such a string consists of sequentially ordered single bond operators,
separated by intermediate spin states. Since this work is focused on the
z-components of spin-1/2 particles, only two possible spin states, namely
spin up (full blue circle) and spin down (full red curcle), occur. Further, the
single bond operators are divided into diagonal (empty black boxes, a=1)
and off-diagonal (full black boxes, a=2) operators. Unit operators ﬁo,o are
represented by an empty space between two intermediate states. Note, that
the outer most states « are identical (trace).

Fig. 4.1 shows an operating string for an open spin chain consisting out of
5 spins. The string has a length of M = 8 and inheres 3 diagonal and 2
off-diagonal operators (n=5). The numbers 1 to 5 at the top of the coloured
dots label the different spins on the lattice. Since only next neighbour
interaction is allowed, only four different bonds (spin 1 - spin 2, spin 2 - spin

3, spin 3 - spin 4, spin 4 - spin 5) exist. The top and bottom rows of the
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Spin 1 2 3 4 5 p a b

Figure 4.1: Complete Operatorstring at a defined state |ay = | 1, 1,1, T, 1)

coloured dots represent the spin state |a) = | |, |,7,l,T). The intermediate

!/
p

states ozl'n represents the current single bond operator at this position. Empty

spin states correspond to the o/, in Equ. 3.16. The space between two spin
spaces refer to an unit operator 151070 (a=0). Empty black boxes represent
diagonal operators(a=1), while full black boxes correspond to off-diagonal
operators (a=2). The three columns on the right refer to the position (p)
in the operator string, the operator type (a) and, the bond (b) the current
operator is acting on.

When propagating the system from the top towards the bottom, the effects
of the different operators become clear. While the diagonal operators do not
change the spin state, the off-diagonal ones flip both spins belonging to the
corresponding bond. This difference is used in the algorithm to sample the
configurations space in two different update steps. Once the whole operator
string acted on the initial spin state «, the system returns to exactly this
initiate state again, which needs to be considered in the update steps as well.

It needs to be mentioned that cutting the operator string at any position and
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reattaching the two pieces in different order, leads to a new operator string
with equal statistical weight. This can be used to calculate the averages of
local spins.

In Fig. 4.1 all intermediate spin values are drawn, but the amount of spin
flips is rather small. Since those spin flips only occur due off-diagonal oper-
ators, it is sufficient to draw only the operators with their four spin states.

The resulting representation is demonstrated in 4.2. The operators with

Spin 1 2 3 4 5 p a b
e o o o o
| | 1 0 0
e o
.| 2 1 3
e o o
| (| 3 1 4
e o o o
[ 4 2 2
e o o
- 5 1 1
e o
| 6 0 0
e o
[ 7 2 2
e o
| | 8 0 0

Figure 4.2: Simplified graphical Interpretation of an operator string
their 4 spin states form “vertices”, which are connected by vertical lines.
This simplified illustration covers all the important information, so that the

columns p, a, and b are not needed in future plots. Also this representation

is a great tool to discuss and plan the algorithm.
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4.2 Vertices and Linked Vertex List

A vertex consists of a single bond operator, an entrance, and an exit leg. The
possible combinations are limited by the system. The weights of the different
vertices are given by the transition probabilities in Sec. 3.4.2 in Chap. 3.
In other words, vertices describe the update process at the local single bond
operator,when initiating the the update on the spin at the entrance leg. In
Fig. 4.3 the possible sets of vertices for the Heisenberg system are shown.
These vertices are used in the “loop algorithm”[18] to perform off-diagonal

updates (see Sec. 6.4).

\l, [ ] U.\ [ ] Y L] [ ]
.D. .D. D. L ]
= O = L-"T

N

Figure 4.3: Vertices in a Heisenberg system.

Linked Vertex List

In the loop algorithm a walker is propagating between and along the vertices.
The linked vertex list is a map, sending the walker to the next vertically
connected vertex. It is constructed by defining a 4 x M vertex leg space and
connecting each leg with its vertically closest leg. Due to periodic boundary
conditions within an operator string, a vertex can even be connected with
itself. Once the map is complete (all legs are connected with another one),

the list is used to generate a loop (see Sec. 6.4).
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Chapter 5

Heisenberg Model

This chapter introduces the reader to the Heisenberg model. After a general
description, the effective Hamiltonian used in the QMC-SSE simulations is

explained.

5.1 General Model

The Heisenberg model[9] is a lattice model developed to describe spin-spin
interactions. In contrast to the Ising model[8] the spins are treated three
dimensionally. In the classical limiting case that the spins completely align
with the z-axis, the Ising and Heisenberg model are equivalent. The quantum
mechanical Heisenberg Hamiltonian without an external magnetic field is
given as

H=> 7,85 . (5.1)

i<j

with the spin operators S’i, Sj and the coupling constant J; ;. Performing

the dot product of the spin operators results in

H =) J;(S757 + 8YSY + 8578%) . (5.2)

Introducing the ladder operators

St =87 4i8v | ST =87 _5¥ (5.3)
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allows to rewrite Equ. 5.2 as

. . 1 -~ 4 .
H=>7;(55 + 5(S.+S.— +5788) (5.4)

To complete the model an external magnetic field term is added to Equ.

5.4. The final resulting Hamiltonian is given by Equ.

. A NN .
H=>7,;(55 + 5(ks*jks*j +8787) = Heaping Y| S7 (5.5)
i<j i
H., is an external magnetic field. Often in computer simulations the exter-
nal field and the constants in the magnetic term are combined with a scaling
factor into a simple hS’f In this work the full magnetic term is used, since

it eases the comparison to experimental parameters.

5.2 Effective Hamiltonian for QMC-SSE

In computer simulations relative parameters are usually preferred over ab-
solute ones. For simplicity constants are usually assumed with a value of 1.

The resulting Hamiltonian then reads

H=Y"T;(5:5% +

i<j

(S5 + 5785 =Y hsp (5.6)
i

where the J; ; € (0,1) are defined as fractions between the actual coupling
constant and the largest appearing coupling constant. The bars are used here
to distinguish between the absolute numbers. This simplification works well
for model calculations, but also makes the conversion to SI units harder. For
this conversion reason, the Hamiltonian used in this work does not use the
complete simplification. Which Hamiltonian is used exactly is demonstrated
by the following derivation. It also aids to understand the origin of some
parameter ratios and their dimensions.

The Boltzmann factor in terms of kg7 is written as

- H

e PH — ¢ FpT | (5.7)

For the next steps the following notation is used. J’;; are the coupling

constants in units of Joule and J’

az Tefers to the largest occurring coupling
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constant. This newly defined coupling is introduced into the Boltzmann
factor (Equ. 5.8).

J! - 7
“maz f ~ Jmaz
__H _ Jmaz kg ,T
e BT =¢ kT = e Imax (58)

Using the notation J; ; = kl—; results in coupling constants .J; ; in units of

Kelvin and in a Boltzmann factor without a kg (Equ. 5.9).

A
i J;rzlja,x
[ kpT — e Jmazx (59)

The Hamiltonian used for sampling is now represented by the original Hamil-
tonian divided by J/,

! e and thus is dimensionless (see Equ. 5.10).

H Ji,,j fzdz L +q— —q+ 1 Gz
T ; Jrlna:c{Si Si + 5578 +5757)}) - T equgZi: 57 (5.10)

Note that the units of the coupling constants in Equ. 5.10 are Joule. To
avoid rather small numbers, usually Kelvin are used. To this end Equ. 5.10

is multiplied by z—g and reads

= —2 Sy {8787+ (Sjsj—+5;5j+)

max ma:c

he9 2,57
(5.11)

. . .. . J! .
Using again the earlier introduced notation J; ; = kl—;; results in Equ. 5.12.

kJ’

max

Jij Az Az + + Hey ,UB z
= — ’ z Q% — 12
kB Jmam ; Jmam {SZ Sj (S S +S S )} mam kB ZZ] S 5

Equ. 5.12 is the “effective” Hamiltonian used in this work. The actual
spin-spin interactions are governed by the ratios of the coupling constants
and the actual units do not matter, even tough now given in Kelvin. The
magnetic field term has its external field H,, still in Tesla, and by forming
the ratio ’,i—g the former uncomfortable (in SI units) constants are reduced
to the constant value of 0.671713..., which is a very manageable size for an
algorithm. The advantage compared to the usually simplified Hamiltonian

(Equ. 5.6) is that external field and temperature are given in Tesla and
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Kelvin. However, for comparison between these differently written Hamil-

tonians following relations are valid:

— 1 H
H=— 5.13
kB Jmam ( )

J. .

Ji; =L 5.14
7 Jmam ( )

= Hew p
h = — 5.15
Jma:c kBg ( )

5.3 Diagonal and Off-Diagonal Operators

As explained in Chap. 3, in QMC-SSE the Hamiltonian is decomposed into
single bond operators. Further it is required to distinguish between diagonal
and off-diagonal terms. By looking at Equ. 5.12 and by taking also the unit

operator into account, the model consists out of three different operator

types:

Hoo = ). [axal (5.16a)
2 ) bz Qz Hey pp Oz Gz

Hl,b = m i(b)24(b) — mgg(fli(b)si(b) + Aj(b)Sj(b)) (5.16b)
g + o— - ot

The change in notation (J;; — Jp, Si — Sip), and Sj — Sj)) illustrates
that the sampling is performed over bonds (b) and not single spins. While
for the spin-spin interactions this “bond-sampling” is just a change in nota-
tion, it causes a problem with the magnetic field term, because the magnetic
energy is located on the spins and not on the bonds. To avoid an overcount-
ing of the magnetic energy, the magnetic field term needs to be distributed
over all bonds connecting a spin. Therefore the two factors A;;) and Ajq)
are added to Equ. 5.16b. Their values are simply defined as Ai(b)NLbi’ with
Nb; the number of bonds of the spin 7.

5.4 Notation for Spin Ladder Systems

While Equ. 5.12 is generally valid, it is practical for lattice models to rename

the coupling constants J; ; according to their coupling “direction”. The
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labels are a choice of the user. Usually simple numbering (J1,J2,J3,..,Jn
for N different coupling directions), labels according to the axis (Jg,Jy,J>),
specific names (Jr, Jg... for Leg and Rung directions of a ladder system),
or any combination of those is used. Since in this work the QMC-SSE code
is applied on spin ladder systems (see part III), we use the notation .Jr,

(leg-direction), Jr (rung-direction), and Js (stacking direction).
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Part 11

Algorithm
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Chapter 6

Algorithm

This chapter provides the reader insight on the algorithm[14-19] used in
this work. Flow charts for different routines as well as the truncation M is

discussed. Further a short overview about parallelisation is provided.

6.1 Overview

Figure 6.1 demonstrates the flow chart of the QMC-SSE algorithm, which

can be in summarized as:

1. Initialization of system parameters such as lattice geometry and cou-
pling constants. Also the zero point shift for ensuring positive weights

is processed here.

2. A sweep is performed, consisting out of one diagonal and one off-

diagonal update step. Here also desired data are extracted.

3. Check if the truncation M is large enough. If not, increase it and reset
the collected data.

4. If the pre-set number of sweeps has been reached, the simulation ends.

Else continue again with point 2.
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Figure 6.1: Overview-flowchart of the QMC-SSE algorithm
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6.2 Initialization

Before starting the actual simulation, the system parameters need to be
loaded into the code. It is important to put a lot of effort into this stage. A
well designed grid for the algorithm as well as pre-calculating the later used
transition probabilities can reduce the computation time by a large amount.

Some points to keep in mind:

e Geometry

The algorithm samples over a lattice of bonds. Thus the actual ge-
ometry is not important, as long as the correct bonds are considered.
The spin lattice is then reduced to an one dimensional lattice (chain),

and the bonds connect the associated spins with each other.

e Statistical weights and the zero point shift

In principle the zero point shift to ensure positive statistical weights
can be chosen freely, as long as it is large enough. However, the best
performance is achieved by shifting the single bond operators by their
most negative diagonal eigenvalue. This results in a zero weight for
that state which reduces the possible choices for the walker and speeds

up the sampling.

¢ External magnetic field

An external magnetic field interacts with the spins. However, the
sampling occurs over bonds and the external field terms need to be
distributed along these bonds. Adding the field term of both spins to
the bond leads, except for a 2 spin system, to a double counting of
those terms. To avoid that, the field terms are equally distributed on

all bonds connected with that current spin.

e Number of sweeps

The number of sweeps needs to be chosen according to the other system
parameters and the desired system data. For example, one data point
of the total magnetization corresponds to one sweep. On the other
hand, the local magnetic moments can additionally be averaged over
the different intermediate spin states, and thus require less sweeps for

a reliable result.
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Once the grid for the algorithm has been set up an allowed random initial

configuration is being generated and passed towards the sampling routine.

6.3 Diagonal Update

[Start Subroutine}

A

Operatortype

Ch d
osi ?fgn om @ @

Draw a random
Draw a random Number x;
Number x; Calculate probability
Calculate probability P to remove
P to add a non the operator
unit operator

No |

Change the Change the
operator operator
|

[ End Subroutine ]4—

Figure 6.2: Flowchart - diagonal update

In Fig. 6.2 shows the flowchart for the diagonal update routine, which works

in detail as following:

e It samples sequentially over all operator string positions p =1... M
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e At every p the current operator type is being determined. The three
types are the unit operators (a=0), diagonal operators (a=1), and
off diagonal operators (a=2). As the name suggests, only diagonal
operator changes are allowed. In particularly, only transfers from an
unit operator ﬁog to a diagonal operator H 1,b(p) and vice versa are
performed. This corresponds to a change in the non-unit operator

number n without affecting spin states at any position in the grid.

e Depending on the current operator type at position p the algorithm

follows one of the following three branches:

1. Type 0: A random bond is chosen. The transition probability
to add a non unit operator at this bond is calculated according
to equation 3.19. A random number is drawn and if it is smaller
than the transition probability a new non unit operator is added

to the configuration at the chosen bond.

2. Type 1: A diagonal operator is at the current position in the op-
erator string. The transition probability of removing the operator
is being calculated according equation 3.20. A random number is
drawn and the change is accepted if the number is smaller than

the transition probability.

3. Type 2: There is an off diagonal operator at the current position
of the operator string. Since the diagonal update only considers
changes of diagonal operators the algorithm proceeds without

taking any action.
e The loop continues until p = M
Summarized the diagonal update has 3 major properties:

e Only changes from diagonal non unit operators to unit operators and

vice versa are performed.
e The diagonal update changes the non unit operator number n.

e The total spin configuration and thus the current spin state remains

unchanged.
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6.3.1 Example

Fig. 6.3 shows the start of a diagonal update step. The green arrow indicates
the current position in the operator string. Empty solid boxes represent di-

agonal operators H 1,b(p) @nd filled boxes off-diagonal operators H. 2,b(p)- After
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Figure 6.3: Diagonal update

the process starts, each position is checked for a possible operator update,
which is indicated by the green arrow moving downwards. Fig. 6.4 shows
the system after the first four operator string positions have been updated.

The first two rows remained unchanged. This indicates that neither the

tt b bt
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‘I:I' ¢ iDi
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Figure 6.4: Diagonal update

adding of a diagonal operator in the first row, nor the removal of the opera-
tor in the second row were accepted. However, the removal of the operator
at position three was accepted. Once all positions have been checked for a
possible update the diagonal update step ends. During the complete update
process (from Fig. 6.3 to Fig. 6.5) two operators were removed (actually

replaced by an unit operator) and one was added resulting in a reduction of
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Figure 6.5: Diagonal update

the non unit operator number n by one. Note that off-diagonal operators

and spins remain unchanged at this stage of the algorithm.
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6.4 Off-Diagonal Update

In the beginning of algorithms simulating vertex models local updates were
used for off-diagonal updates. This was rather inefficient and cluster updates
in form of loops were being developed [18, 19]. In the loop algorithm a walker
is generated that moves through the current configuration and performs
changes to operators and spins along its way until it reaches its starting

point again. Fig. 6.6 shows the flowchart for the off-diagonal update.

[Start Subroutine}
Y

Yes

Chose a random
leg of a non
unit operator.
save the startpoint
and perform 1 update
to the operator

v

Perform an update
according to
statistical weights

counter=counter+1

[ End Subroutine }4—

Figure 6.6: Flowchart for the off-diagonal update
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In detail this part of the update procedure works as follows:
e Create the linked vertex list.

e Choose a random starting point for the walker by randomly selecting

a leg at one of the existent non unit operators.

e Perform an operator change according to the equations in Sec. 3.4.2.
An operator change consists of a flip of the spin at the entrance leg, the
change of the operator according to statistical weights and an update

of the current position of the loop to its corresponding exit leg.

e Move the walker to its linked vertex point according to the linked

vertex list and flip all spins along its way.

e Perform such operator updates over and over again until the walker

reaches its starting point again and thus closes the loop.

e Count the number of loops generated during one update step. If this
number reaches the set number of loops for each update step (IV; in
the flow chart) the off-diagonal update step is complete. The number
of loops is determined due the equilibrium phase so that the average

amount of operator updates is about 2 x M.[16, 17]

There are three major properties of the off-diagonal update that complement

the features of the diagonal one:

e Non unit operators are transformed into other (allowed) non unit op-

erators.

e The non unit operator number n remains unchanged, because only

non unit operators are transformed into each other.

e Spins can flip and thus the different spin states can be sampled.
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Example

Fig. 6.7 shows the start of a loop in the off-diagonal update step. The start-

i
i

= = =P o= = e =P = oo o= =

cesececececsecsaeee

e daddddn dndndndndndn

. %
<n <n <o < <o <n <m <n <n <n < <$m
Cemeccamaa e aaae
= = Eb b =b b =D b Eb BB =D b
Cemececamaa e aaae

Figure 6.7: Off-diagonal update

ing point (green ball) was drawn randomly under any leg of any operator
contained in the complete operator string. Then an operator update is per-
formed, by drawing a random number and checking it against the equations
from Sec. 3.4.2. After the exit leg has been determined, the operator is
changed accordingly and the walker moves to the connected vertex accord-
ing to the linked vertex list. All spins passed by the walker are flipped. The

resulting intermediate state is demonstrated in Fig. 6.8. The yellow line
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Figure 6.8: Off-diagonal update

represents the path of the walker. Note that the first operator was trans-
formed from a diagonal (empty box) into an off-diagonal (filled box) one.

This process is repeated until the next operator is reached (Fig. 6.9).
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Figure 6.9: Off-diagonal update

As before, the diagonal operator is transformed into an off-diagonal one.
But also updates from a diagonal into another diagonal operator are possi-
ble, which can be seen through the next operator update. Comparing Fig.
6.9 with Fig. 6.10 might lead to the wrong assumption that the third oper-
ator passed, remains unchanged. True is, that the operator type (diagonal)
remains the same. However, the spin state on its right side gets altered,

and thus the eigenvalue of the operator is different after the update. After
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Figure 6.10: Off-diagonal update

the third operator update, the walker reaches its starting point again and
thus closes the loop (Closed yellow track in Fig. 6.10). Then a new loop
starts, except the set amount of loops has been reached. In that case a
measurement (data extraction) is performed and the next diagonal update

step starts.
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6.5 Truncation M

6.5.1 A Good Estimate for M

The choice of M is important. If M is too small then not all possible states
will be sampled, which falsifies the statistics. On the other hand, the runtime
increases with increasing M. Thus it is recommended to choose M is as
small as possible, but at the same time sufficiently large to remain correct
statistics. Fig. 6.11 shows three histograms of n obtained by using three

different cutoffs M. The remaining system parameters were identical. The

5 10 15 20 25
non unit operator number - n

Figure 6.11: Distribution of the non unit operator number n for three dif-
ferent cut-offs M = 15 (black), M = 50 (red), and M = 150 (blue).

histogram with M = 15 (black) indicates that not all possible states are
covered, because the distribution is cut at n = 15, before it can reach the
zero line again. The curves with M = 50 (red) and M = 150 (blue) are
shifted along the x-axis to be able to distinguish them, because they are
actually overlapping. This clearly demonstrates the existence of a truncation
M in, from which on all M > M., lead to the statistically correct result.
Considering, that the statistics is governed by the non unit operators, one
can truncate with M = n,,4z, with n,,4, as the largest occurring non unit
operator number during the simulation. According to [16] based on [14] and
[12, 13] one can show that (n) = SN|Ep| with N, as the number of bonds
and |Ep| = —(Hp) as the internal energy per bond. This internal energy
per bond also includes the shift of the energy. Thus, the larger the energy

shift the more non unit operators are needed to describe the system, which
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is another good argument to keep the energy shift as small as possible. The
width of the distribution for n is approximately \/@ From this a good
guess for n,,4, can be made and the truncation can be set to M = a X Nypqz-
a is a security factor to assure M > Npq: With a value in the range of
(1.2,1.5).

6.5.2 Self Update of M

Even tough M can be guessed quite well, it is recommended to implement a
self adjustment of M in the algorithm, if the current n,,q, gets too close to
the current M.[14] Once the update process for M is triggered, the subrou-

tine shown in the flow chart in Fig. 6.5.2 is performed.

[ Start Subroutine }

M=M+n__/A

Insert M-M'
Unit-operators
In the end.

End Subroutine

Figure 6.12: Flowchart of the 'update M’ subroutine

In detail the procedure works as following:

e Save the current M in M’

e Increase M by a factor of ™2ez. A is a constant chosen by the user

and usually between 2-5 to achieve M = a X Ny, with a in (1.2, 1.5).

e Fill the current operator string with M — M’ unit operators, by ap-
pending them in the end.
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e Since the statistical weights change with M, the collected data is reset

and the “measurements” start from zero again.

With that algorithm M will be determined automatically, even with a small
starting value of M. An example of the self-adjustment of M is shown in
Fig. 6.13.

60
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Figure 6.13: Development of the truncation M during the equilibrium phase
for 100 steps

Here M starts with a value of 10 and gets progressively increased until its
value does not change anymore. Note that A in the adjustment process
needs to be chosen wisely. A large factor A leads to small increments of
M. On first sight, this looks desirable, since smaller M need less calculation
time. However, small steps obviously lead to more updates of M and thus
also increase computation time. A balanced value of A is suggested to be 3
or 4.[14]
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6.5.3 Equilibrium Phase

The QMC-SSE simulations start with a random spin state «, but the op-
erator string is only filled with unit operators. Thus, before taking mea-
surements, one has to be sure the system reaches its equilibrium. For that
purpose, before extracting any data, a certain amount of update steps has
to be performed, which is called the “equilibrium phase”. While for single
node calculations the length of this phase does not matter so much, it has a
strong impact of the overall runtime when running parallel on a CPU clus-
ter (see Sec. 6.6.3). To determine a good length for the equilibrium phase,
calculations of a spin system has been performed for different equilibrium
phase lengths. It turns out, that in combination with the self adjustment
of the truncation M, even a very short equilibrium phase can be enough

(see Fig. 6.5.3). In Fig. 6.5.3 the equilibrium phase is plotted in respect to

ZOCK) I I I
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900+ . .

40

O ..--0000'7...
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Monte Carlo Steps

Figure 6.14: Development of n during the equilibrium phase with an equi-
librium step number of 10

the amount of Monte Carlo steps. The length of the equilibrium phase was
chosen to be 10 MC steps only. But the self adjustment of the truncation
M kept restarting the equilibrium phase and thus a total of 43 MC was
performed. After 30 MC steps a plateau is reached, indicating that equi-

librium is achieved. For confirmation also simulations with 100 and 1000
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MC steps as equilibrium phase have been performed and compared to the
results shown in Fig. 6.5.3. In Fig. 6.5.3 the development during these three
different equilibrium phases is shown. The filled black circles correspond to
the plot from Fig. 6.5.3. The red squares refer to a simulation with a 100
MC step long equilibrium phase and the blue triangles to a simulation with

1000 MC steps. The agreement between the three simulations is obvious

and thus a long equilibrium phase can be avoided.

2000} .
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Figure 6.15: Comparison of the different chosen length of equilibrium steps

6.6 Parallelization

Clusters of CPUs or GPUs are standard these days in scientific calculations.
Obviously a larger amount of CPUs working on the same problem should
lead to a reduction in the calculation time. However, the increase in cal-
culation power does not reduce the runtime linearly as will be shown later.
During this PhD work two standards for parallelization were applied on
the QMC-SSE code, namely OpenMP [20] and OpenMPI [21]. Despite the
similarity of their names, these two standards work completely differently.

There is plenty of literature available,[20, 21] so it is sufficient to give a brief

overview only.
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6.6.1 OpenMP

OpenMP [20] stands for “Open Multi Processoring”. The important prop-

erties are:

e Threads are invoked due the master thread

One master thread proceeds along the main algorithm. Once it reaches
a loop that can be distributed easily among other threads, it invokes
sub-threads.

e Easy to parallelize

OpenMP is easy to parallelize, because the main algorithm does not
differ much from a single processor code. Especially for MC simula-
tions this is an advantage, since the MC steps can be separated without

any problem.

e Threads Share Memory

As long as someone does not want to perform cross printed circuit
board (PCB) calculations, this also is an advantage for MC simula-
tions, because the running counters are shared. However, for simula-
tion runs that are supposed to use a few hundred CPUs, OpenMPI is

recommended.

6.6.2 OpenMPI

[21] OpenMPI stands for “Open Message Passing Interface”. Since the pro-
gram developed during this work is supposed to run on a grid engine with
hundreds of CPUs, OpenMPI was favoured over OpenMP. The important
features of OpenMPI are:

e Threads are invoked simultaneously as independent threads
at the start

There is no master thread anymore. However, a “rank” gets assigned
to every thread. With the help of these ranks certain tasks in the
algorithm can be limited to certain threads only.

e Communication between the threads over an interface (MPT)

This is the main feature of MPI. Instead of having a single thread
multiplying itself for splitting up the work on different CPUs, each
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thread works independently. Variables are not shared anymore, but
are transferred over the messaging interface if necessary. Once has
to be very careful with timing the messaging processes right. If the
threads are communicating too often, it even can lead to a slow down

of the overall simulation.

e Memory is not shared

As a result of having many independent threads, their memory is not
shared. This allows for cross PBC parallelization and thus in principle

simulations on an unlimited amount of nodes.

Note that a difficulty for MC appears in OpenMPI, when a fixed number of
update steps is used, since there is no shared memory for a shared counter
anymore. During this work it turned out that letting the threads communi-
cate after a certain time instead of a certain amount of MC steps increases
the overall speed gain. Further the desired amount of measurements should
only be a lower limit for the code and the final measurement number needs

to be used for the statistics in the end.

6.6.3 Runtime Scaling

Simulations with identical parameters have been performed for different
amount of nodes. The parallelization simply spreads the amount of measure-
ments over the different nodes (advantage of MC simulations). Since every
simulation needs first an equilibrium phase, the best theoretical scaling is
given by Equ. 6.1.

t
thodes = tequ + Jn\mfeasure (6.1)
nodes

thodes corresponds to the real time needed for completing the simulation on
Nyodes nodes. teq, refers to the time spent in the equilibrium phase, which
every thread has to perform. t,,cqsure 1S the total time needed to complete
all measurement steps, which are distributed over the different nodes. From
Equ. 6.1 the condition for achieving a good runtime performance is obvi-
ous. As long as teqy << t}’VLeaM the runtime scales almost directly with

nodes

the number of nodes. On the other hand, if t.q, = t]”\}m% the simula-
tion will actually waste a lot of computation time just with the equilibrium
phase. Fortunately the equilibrium is reached quickly (see Sec. 6.5.3) and

thus, especially for long calculations of large systems, almost scales with the
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number of nodes used. Fig. 6.16 demonstrates the good performance in
runtime scaling by plotting the relative runtime (t,04es/t1) versus the node
number. The red squares correspond to the QMC simulations. The black

dotted line represents Equ. 6.1. For reference also the physical maximum
of 1/ Npoges (blue dashed line) is plotted.
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Figure 6.16: Relative runtime against number of nodes.
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Chapter 7

Testing the Code

To test the accuracy of the code, simulations of small spin systems have been
performed and compared to results obtained to a MATLAB|[22] code using
the Suzuki-Trotter expansion.[23] This expansion gives analytically correct
results, but is limited to very small systems (Ngpins < 12). All in this
chapter presented results are performed with periodic boundary conditions
in x direction and an external field of H¢,/J = 0.1(except Fig. 7.1). Further
only one coupling constant J was used for all spin-spin interactions.

The actual testing was performed on more system parameters than the ones

listed here, but a selection for space reasons had to be made.

7.1 Spin Chains

Calculations for anti-ferromagnetic spin chains containing N=4 and N=8
spins have been performed. From these calculations the the energy per spin
((E)/N) (Fig. 7.1) as well as the susceptibility x (Fig. 7.1) have been

extracted and compared to the ST expansion.
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Figure 7.1: (E)/N versus the inverse temperature 5 for AF spins chains
containing 4 (red) and 8 (blue) spins. Squares: QMC results. Dotted lines:
Suzuki-Trotter expansion.
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Figure 7.2: (x)/N versus the inverse temperature 3 for AF spins chains
containing 4 (red) and 8 (blue) spins. Squares: QMC results. Dotted lines:
Suzuki-Trotter expansion.
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The QMC-SSE results are in very good agreement to the ST expansion.
Only at higher temperatures (small 3) there is a small divergence for the
4 spin chain, best visible through the susceptibility. The reason is that the
energy, and thus also (n), is that small, that there are not enough non unit
operators entered to sample correctly. In that case it is suggested to add
a flip chance of 0.5 to every spin not constrained to any operator in the
current state.[24]

To demonstrate that the code also works for different external magnetic
fields, additional simulations for H.,/J = 0.5 and H.,/J = 1.0 have been
performed (Fig. 7.1).
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Figure 7.3: (E)/N versus the inverse temperature 5 for AF spins chains
with Hey/J = 0.1 (red), Hep/J = 0.5 (green), and H.,/J = 1.0 (black).
Squares: QMC results. Dotted lines: Suzuki-Trotter expansion.
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7.2 Spin Ladders

Simulations have been performed for spin ladder systems containing 4 x 2
and 6 x 2 spins under the same system parameters as for the spin chains
before. The results are again in perfect agreement (see Fig. 7.2 and Fig.
7.2).
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Figure 7.4: (E)/N versus the inverse temperature § for AF spins ladders
containing 4 x 2 (red) and 6 x 2 (blue) spins. Squares: QMC results. Dotted
lines: Suzuki-Trotter expansion.

Also simulations for ferromagnetic systems have been performed. They also
are in perfect agreement with the ST expansion and thus it is sufficient to
show only one ferromagnetic plot (Fig. 7.2).

After proving the reliability of the code, it finally can be applied to study

experimentally observed effects.
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Figure 7.5: (x)/N versus the inverse temperature 3 for AF spins chains
containing 4 x 2 (red) and 6 x 2 (blue) spins. Squares: QMC results. Dotted
lines: Suzuki-Trotter expansion.
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Figure 7.6: (E)/N versus the inverse temperature /5 for a ferromagnetic
spin ladder containing 6 x 2 spins. Squares: QMC results. Dotted lines:
Suzuki-Trotter expansion.
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Part 111

Application - Broadening of
the NMR spectra
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Chapter 8

Background

8.1 Introduction

SrCuy03 is a spin—% Heisenberg spin-ladder compound that has been stud-
ied intensly both experimentally and theoretically. The crystallographically
determined structure[25, 26] consists of planar Cu-O trellis lattices[27] with
intercalated Sr ions. These trellis lattices contain the spin ladders which are
almost perfectly decoupled due to frustration. It is agreed, that the unpaired
electron of the Cu?" ion carries a spin-1/2 and the spin dynamics arises from
the Cu-O-Cu interaction via super-exchange over the oxygen ions. The hy-
perfine interaction couples the magnetic moments of the spins to the nuclear
magnetic moments of the Cu ions and in turn influences the local magnetic
resonance field. Upon doping with small amounts of non-magnetic impuri-
ties e.g. Zn, which occupy Cu sites, a broadening of the Cu NMR-spectrum
with decreasing temperature is observed.[28, 29] It is known that an impurity
in a single spin ladder causes an exponentially decaying staggered effective
local magnetic moment profile around this impurity.[30-38] However, fitting
the NMR spectra on the basis of this exponential behaviour requires much
larger correlation lengths as compared with theoretical studies of single spin
ladders.[39, 40] For a reasonable fit for a spin chain with an impurity concen-
tration of x = 0.0025 a correlation length of about &, ~ 100 is required.[28]
Using a spin-ladder model with a concentration of x = 0.001 — 0.003 &, is
estimated to be ~ 20 - 50.[29] An exponential decaying cloud model[41, 42]
for inter-ladder coupling in one layer (~exp(-(&; /s +&,/1y)) and for stacked
ladder systems (~exp(-(&;/rz +&y/ry +&./72)) works well for impurity con-
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centrations around x = 0.02, but fails to explain the broadening at very small
dilutions (z < 0.005). In the present work we perform QMC simulations for
single and stacked spin-ladders within the parameter range suggested in the
report by Johnston at al.[43]. We find that a coupling to adjacent stacked
spin ladders is required to describe the experimentally found low tempera-
ture NMR line broadening down to very small impurity concentrations which

is consistent with a study on the chain material SroCuOs3.[44]

8.2 Experiment

In his experimental investigation Fujiwara et al. [28] reports about NMR
studies on undoped and doped SrCusOs. The results are shown in Fig.
8.1. For a doping of = 0.0025 a massive broadening of the Cu NMR
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Figure 8.1: Experimental data taken from Fujiwara et al.[28] The left panel
shows the effect of the NMR line-width broadening in doped SrCusOg for
all spin transitions, while the right panel zooms on the %°Cu central peak.

spectrum at low temperature is observed while in the undoped specimen
this effect is almost absent. On the first sight an increasing line-width
for decreasing temperature is counterintuitive, which implies that the ob-
served broadening must be due to the temperature dependence of the long
range order along and between the spin ladders. Similar experiments have
been performed by Ohsugi et al. [29] for SrCusO3 and for other spin lad-
der systems YBag(Cuy_;Zn;)30644,[45, 46] YBag(Cuy_Zn,)40s, [47] and
Bi(Cuj_;Zn;)oPOg .[48]
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Figure 8.2: SrCusOg structure, blue small balls: O, red middlesized balls:
Cu, green larger balls: Sr.  —  Made with Blender[/9]

8.3 Structure and Model

The crystallographically determined structure of SrCuyO3[26, 507 | (Fig.
8.2) consists of planar Cu-O trellis lattices with intercalated Sr ions. The
unpaired spin—% of the Cu ions couple anti-ferromagnetically via superex-
change over the intermediate oxygen ions and build the spin ladders. This
corresponds to a Heisenberg model with effective coupling constants J7, (cou-
pling in leg direction) and Jg (coupling in rung direction). The anisotropy
of these coupling constants is due differences in the electronic structure of
the the oxygen ions residing either on a ladder legs or a ladder rung.[51]
Fig. 8.3 illustrates the structure of the Cu-O trellis lattice and its con-
taining spin ladders (orange bars). The triangle structure (green triangles)
causes a frustration, which effectively leads to an almost perfect decoupling
of neighbouring ladders. Thus SrCusOs3 is known to be a model spin lad-
der compound. However, other couplings between spins are still possible
such as interladder coupling in stacking direction, ferromagnetic diagonal
terms within the ladders or ring exchange. A very intensive study on the
geometry and the coupling constants was performed by Johnston et al.[43]
by fitting the possible models to the experimental susceptibility obtained
by Azuma at al.[52]. The most intense study of parameters had been per-
formed for a single ladder and further parameter sets have been studied as
a small perturbation of it. Also LDA+U calculations have been performed
and the parameters agree within 5% of the fitted ones. To investigate the
low temperature broadening caused by impurities it is sufficient to focus on

single ladders and stacked ladder systems without diagonal coupling or ring
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Figure 8.3: Trellis lattice formed by copper and oxygen in SrCuyO3. Orange
bars mark the spin ladders. The trellis structure causes a frustration be-
tween neighbouring ladders in plane(green triangles) effectively decoupling
the ladders almost perfectly. —  Made with Blender[/9]

exchange, which will be discussed in Sec. 11. The model structure, its nota-

e | 5 | 5

1905(5) | 0.488(3) -

1970(150) | 0.48(3) -

1882 | 0.471(1) -
1894(8) 0.5 | 0.009(4)
1920(70) 0.5 0.01(1)

Figure 8.4: Simplified model of SrCusO3 with relevant notations. In the
table one can see the model parameters obtained by Johnston at al.

tions and the used parameters that are used in this work can be seen in Fig.
8.4. There Jy, is the exchange constant along the leg direction (x-axis), Jg
along the rungs (y-axis) and Js in stacking direction (normal to the Cu-O
planes, z-axis). Non magnetic impurities miss an unsaturated spin—% and
thus can be described as vacancies on the spin—% grid (small green ball in
Fig. 8.4). S§ is the spin on the same rung as the impurity. Further 57 for a
single ladder and Sz ik for a stacked ladder system refer to a spin at lattice

site ¢ in x-direction , j in y-direction, and k in z-direction. For systems
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containing a single impurity only the the origin is chosen so that S§ ;=55

for single ladders and S§ (=S for stacked ladder systems.

8.4 Rung-picture

To describe the impact of an impurity in a spin ladder one considers the
case of Jr » Jp, (or vanishing Jy) which leads to the so called rung-picture,

in which the rungs are seen as independent from each other (Fig. 8.5). The

”HF“’"ﬁh ¢ — e w | Js

g O :‘a H—‘—é-—m— o

Figure 8.5: Rung-picture in a 2 leg system. All spins are paired up into
singlets.

spins of each rung form a singlet separated by a spin-gap of energy Jp/2
from the triplet state that prevents the system from responding to a small
external magnetic field. Adding an additional ladder leg leaves each rung
with an unsaturated spin (Fig. 8.5) and the system can respond even to
small external fields. This is the reason why a spin gap can be observed in

even leg spin ladders, but not in odd leg spin ladders.[53] By introducing an

Figure 8.6: Rung-picture in a 3 leg system. In every run one spin remains
unpaired.

impurity in an even leg spin ladder one rung remains with an odd number
of spins by breaking one singlet up. This leaves a spin-1/2 free (Fig. 8.7)

to respond to an external magnetic field (free spin). It turns out that this
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mechanism also holds for J;, > Jr with the difference that the sufficiently
large coupling in leg direction causes an effective local magnetic moment

profile around the impurity.

¢ ¢\ ot o8 Fon e Jy
Edd Sod o Fof Egd Eod Eof T o

Figure 8.7: Rung-picture in a 2 leg system with 1 impurity represented by a
vacancies on the lattice. Because of the impurity one singlet is broken and
the ’free’ spin will respond to even small external fields.

8.5 Different Representations of a Magnetic Mo-

ment Profile

For a better understanding of the upcoming chapters the different represen-
tations of spin profiles used in this work are explained in this section. The
reason is that different features of the system can be illustrated better for
different representations. All plots shown in this section used the same re-
sult taken from one QMC calculation and show the local effective magnetic
moment profile (S7 ;) versus lattice site. Here i is the lattice coordinate in
leg direction and j in rung direction. The data used was taken from a single
ladder system with one impurty located at ¢ = 100 and j = 1. For a better
imagination of a magnetic moment profile Fig. 8.8 shows a 3D plot. The
red ball illustrates the non magnetic impurity. The green mesh is the local
magnetic moment profile. The shape of the gaussian peaks only support
the visualization and give no information about a spatial distribution. The
tips of the peaks however, correspond to the actual values. The staggered
magnetic moment profile can clearly can be seen. Fig. 8.9 shows the same
data in two dimensional plots. The left panel is an exact projection of the
ladder on the x-z plane. The ladder leg containing the impurity (j=1) is
represented by the green squares while the leg with S§ (j=0) is illustrated

by the blue triangles. Here the x-axis corresponds exactly to the lattice co-
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Figure 8.8: 3D Plot of a spin ladder with 1 impurity (red ball). The local
effective magnetic moments of the spins (blue) are represented by the tips of
the peaks in the green mesh. The shape was chosen for visibility only, but

the relative height to each other is correct. —  Made with Blender[}9]
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Figure 8.9: Top pannel, bottom pannel.... larger!

ordinate ¢. The right panel plots both ladder legs consecutively. Note that
the x-axis does not correspond to the lattice coordinate ¢ anymore. Lattice
sites 1-200 correspond to ladder one and lattice sites 201-399 to ladder 2 (the
impurity as a vacancy is not being plotted and thus reduces the lattice sites
by one). These type of plots are well suited to get an idea about the NMR
spectrum of a system since the magnetic resonance field profile has basically
the same shape (see Sec. 8.6). On the other hand these representations are
not the best choice when one wants to compare different profiles or find the
best parameters for a fit. For that purpose it is better to use absolute values

of the magnetic moment profile as is shown in Fig. 8.10. There the left
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Figure 8.10: Fill out, change left panel for absolute values + consecutively
ladders + top pannel, bottom pannel

panel shows the same plot as the right panel of Fig. 8.9, but with absolute
values. This is especially useful when looking at the differences in profiles
that can be caused by slightly changing one of the system parameters. In
the right panel of Fig. 8.10 a logarithmic plot with overlaying ladder legs is
used. The logarithmic scale can be used to analyse properties of the system,
like the exponentially decaying nature of the magnetic moment profile as
well as fitting parameters even at very small values of the effective magnetic

moments (see Sec. 11).

8.6 From a Spin Profile to the NMR Spectrum

To achieve the NMR spectrum in experiments a scan of either the exter-
nal magnetic field Hy or the radio frequency prp is performed. Once the
resonance condition (Equ. 8.1) is fulfilled a part of the radiation is being
absorbed, which can be measured in a change of intensity behind the sample
resulting in the NMR absorption spectrum. Since the absorption intensity
obviously depends on the amount of nuclei resonating, the NMR spectrum

corresponds to the histogram of resonating nuclei.

VRF H
—— = H,

- (8.1)

In Equ. 8.1 v is the nuclear gyro-magnetic ratio of the probed nuclei. For
a system without an impurity the resulting NMR spectrum is a sharp peak
with a natural line-width. However, for non vanishing effective moments of
the spins the hyperfine coupling between spins and nuclei shifts the local

magnetic field at the nuclei, which needs to be taken into account when
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applying Equ. 8.1. The resulting resonance condition[54] including the

hyperfine coupling then becomes

”;‘;NF = Ho(i) + Aprpupg(S7(Ho(i)) . (8:2)
where A g is the hyperfine coupling (for Cu A gp=-12T /) and (S?(Ho(i)))
is the effective local magnetic moment in z-direction of a spin at site ¢ with
an external field Ho(i). This 'recursive’ relation between (S?(Hy(i))) and
the external field Hy(i) causes a problem for theoretical studies using inten-
sive calculations. While in principle a scan over the magnetic field range can
also be performed in QMC calculations, this procedure would be too cumber-
some in practice. However, if the magnetic field dependence of (S?(H(7)))
is known only one calculation at a single resonance field H,.y is needed to
obtain the whole resonance field spectrum. For small values of (15 Ho)/(kp

T) this can be achieved simply by assuming a linear response to an external

field 7 (i
(S @) = (S (Hrep) R (53)

which leads (using Equ. 8.2) to the analytic solution

. VRF 1
Hy (i) = - . (8.4)
YN 1+ AHFMB97<SiIEIIj£;f)>

For large % the linear approximation is not valid anymore and a hy-

perbolic tangent relation is used (see Sec. 10.3). The resulting resonance

condition
tanh(uBHO(i))
VRF . kT
—— = Ho(i) + Agrppupg{S; (Hyef))y————2—— 8.5
A — () S 69

needs to be solved numerically. However, the linear approximation is still
useful since it yields a good initial value for the numerical solving procedure.
The histogram of the resulting resonance field profile Hy(i) corresponds to
the NMR spectrum. To simulate the natural line-width the histogram is
smoothened with a gaussian of 0.2T FWHM (Full Width Half Maximum).
Fig. 8.11 describes the evolution from an effective magnetic moment profile
to its NMR spectrum. The labels on the left y-axis are in units of up and

were scaled to fit to their corresponding magnetic field values in Tesla (labels
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Figure 8.11: Transforming the resonance field profile Hy(i) to a histogram
which results into the NMR absorption spectrum. Single ladder system
(k=1).

on the right y-axis). This plot provides a good insight on how an effective

magnetic moment profile influences the NMR spectra.

8.7 Spin Profile and the NMR Broadening

Before starting with calculations it is worthwhile to discuss the influence of
the magnetic moment profile on the NMR spectrum and the requirements
to achieve a broadening effect. For that purpose it is suggested to compare
the example magnetic moment profile in Fig. 8.11 with its NMR spectrum.
While effective magnetic moments of zero build up the main NMR peek
non zero moments are spread out on the spectrum in a large range around
the main peak. A broadening of the main NMR peak can be achieved
by two mechanisms. First of all by reducing the number of spins with an
effective magnetic moment of zero. This would simply reduce the height of
the main NMR peak resulting in a small increase of the FWHM. Secondly,
but more important, is to increase the occupation number of spins with
effective magnetic moments in the vicinity of the zero line. Not only this
would decrease the height of the main peak by reducing the number of zero
moments, but also it increases the height of the NMR line along its slope.
This obviously can lead to a strong increase in the FWHM. In other words
for a strong broadening effect one has to find a system in which an impurity
can influence a lot of spins at once, but only very weakly. This raises some

problems for the analysis with QMC as explained in Sec. 9.3.
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Chapter 9

Direct QMC Approach

This chapter demonstrates the results of analysing the broadening effect by
calculating the NMR spectra directly from QMC results. For that purpose
QMC calculations with 1 impurity on a single ladder and on a stacked ladder
system within the parameter range given by Johnston at al.[43] have been
performed at different temperatures. This direct approach serves well to
study the basic properties of single and stacked ladder systems containing
an impurity. However, for a more exact description of a real system a better

method is needed as discussed in Sec. 9.3.

9.1 Single Ladder with 1 Impurity

To determine whether the influence of an impurity on a spin ladder sys-
tem has a strong temperature dependence QMC calculations of a single
ladder containing 1 impurity are performed at T/J;=0.02083(= 40K) and
T/J=0.175(= 334K). The ratio of the system parameters Jr/J=0.488 as
the best fit for SrCusO3 is taken from literature.[43] The system size is 200 x 2
with periodic boundary conditions along the ladder. Substituting 1 impurity
for 1 spin leads to an impurity concentration of 0.25% comparable to the
experiment of Fujiwara et al.[28] Also the magnetic field H,.¢/J,=0.0037 is
chosen according to experiment. The results of these calculations are plot-
ted in Fig. 9.1. At room temperature (right panel) the effective magnetic
moment profile consists mainly out of stochastic noise around the zero line.
In contrast to that the appearance of magnetic order at low temperature
(left panel) is clearly visible. However, the FWHM of the according NMR
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Figure 9.1: Temperature effect of an impurity on a single ladder. Left panel
40 K. Right panel 334 K. JR/JL=0.488 which corresponds to the best fit
given by Johnston at al.

spectrum is hardly increased compared to the natural line-width. To cover
a larger range of the parameter space and its possible effects on the NMR
spectrum a scan of Ji/Jr between 0.4 and 0.6 is performed. In Fig. 9.2 the
resulting profiles for different Jr/J; as well as the corresponding FWHM
of the NMR spectra are plotted. Even tough the system parameter ratio
Jr/Jr, varies quite strongly, the differences in the effective magnetic mo-
ment profiles are rather small. The FWHM (inset of Fig. 9.2) shows a small
increase for smaller Jgr/Jr, (because of an increase of the correlation length
&:). However, the increase of about 10% is not comparable at all to the
experimental increase of about 400-500%. The conclusion of these results
is that the large experimental broadening effect cannot be explained on the
basis of a single ladder model together with physically reasonable system

parameters.

9.2 Stacked Ladder System with 1 Impurity

Calculations with systems consisting out of 6 stacked ladders (100x2x6 with
periodic boundary conditions in leg and stacking direction) are performed.
As for single ladders the system contains one impurity only, which corre-
sponds to a concentration of z = 0.083%. Note that the impurity concen-
tration is now only % compared to the calculations of single ladders. A scan
of system parameters within the recommended ranges (Jr/J=0.5, J3/JL,
between 0.001 and 0.02) has been performed. The results are plotted in Fig.
9.3. While for small J3/.Jy, the stacked ladder system behaves effectively like

a single ladder system, the influence on neighbouring ladders increases with
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Figure 9.2: Absolute values of the effective local magnetic moments induced
by a single impurity (0.25%) for a single ladder for different Jg/Jr. System
size is 200 x 2 spins with periodic boundary conditions. 7'/Jr = 0.02083
(comparable to an experimental value of 40K) and H,.s/J; = 0.01. Spin
distributions for both legs are given, the impurity is located in leg 1. In the
inset the FWHM is plotted versus Jg/Jr.

larger J3/Jr. This influence has a strong impact on the FWHM as can be
seen in the inset of Fig. 9.3. Even tough the impurity concentration is only
one third compared to the single ladder calculations, a strong broadening
effect is clearly visibly at larger J3/Jr. The cause of this is the unexpected
shape the effective local magnetic moment profile on neighbouring ladders.

Instead of following a simple exponential decay

T z

~e e & (91)

the profile gets more and more smeared out the further the ladder is away
from the impurity (see Fig. 9.4). This results in a large amount of non zero
effective magnetic moments close to the zero line, which is the requirement
of of the desired broadening effect as was discussed in Sec. 8.7. While
these results look very promising already they are not representative for
real systems yet, because the calculations were limited to systems containing
one impurity only. With periodic boundary conditions this corresponds to

systems with equally distributed impurities. To simulate a more realistic
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Figure 9.3: Absolute values of the local magnetic moments induced by 1
impurity (0.083%) in a single ladder for different Js/.J;, with Jg/J; = 0.5.
System size was 100 x 2 x 6 spins with periodic boundary conditions in
leg and z direction. T/Jr = 0.0208 (2 40K) and H,.¢/Jr = 0.01. Due
symmetry reasons only 3 ladders need to be plotted. In the inset the FWHM
is plotted as a function of J3/Jr, the increase is easily visible.

system one has to average over many different impurity configurations, which
leads to a necessity of a large amount of QMC calculations. Additionally it
turns out that the stochastic noise enhances artificially the broadening of the
NMR spectra (See Sec. 9.3), which calls for longer QMC runs. Even tough
the direct investigation of impurity effects on the NMR, spectra with QMC
calculation is possible, it is not worth the large amount of computational
power required. A more efficient approach will use QMC calculations to
study the properties of single impurities and use these results to generate

magnetic moment profiles due an analytical model (see Chapters 10 and 11).

9.3 The Bottleneck of QMC in the Direct Ap-

proach

Using QMC calculations directly to obtain NMR spectra contains two flaws.
First of all the stochastic noise artificially enhances the broadening effect of

the NMR central peak. The reason for this lies in the responsibility of ef-
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Figure 9.4: Stacked ladders legs are plotted on top of each other to demon-
strate the non exponential behaviour found on neighbouring ladders. The
blue line represents the ladder containing the impurity, the red line the next
neighbouring ladder and the green line the next next neighbouring ladder

fective moments close to the zero line on an increase the FWHM. One has
to distinguish which non zero effective moments are caused by the impurity
and which ones are caused by the stochastic noise only. Fig. 9.5 demon-

strates the influence of the stochastic noise on the FWHM. The left panel
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Figure 9.5: Left panel: Effective local magnetic moment profiles for 10k
(blue up-triangles) and 500k (red down-triangles) QMC steps. Right panel:
Illustration of the influence of stochastic noise on the NMR spectrum for 10k
(blue dashed line) and 500k (red solid line) QMC steps. The inset shows
the FWHM plotted versus QMC steps

of Fig. 9.5 shows the effective magnetic moment profiles for a short (blue
up-triangles) and a long (red down-triangles) QMC calculation of the same
system. Their corresponding NMR spectra are shown in the right panel of
Fig. 9.5 (blue dashed for the short and red solid of the long QMC calcula-
tion). It is clearly visible that the short calculation broadens the FWHM.

To prevent obtaining wrong data one needs to reduce the stochastic noise
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until its influence on the NMR spectrum vanishes, which is achieved by in-
creasing the QMC steps accordingly (inset of the right panel in Fig. 9.5).We
want to emphasise the strong demand for long QMC runs and point ot that
short runs cannot be used even for an estimate. While for a single QMC
calculation a long run time is not that much of an issue, it leads to a prob-
lem when many QMC calculations are needed. This leads to the second and
more important problem of the direct approach. While calculations with
single impurities have only one possible NMR, spectrum, this is not valid for
systems with more than one impurity. In the latter systems different im-
purity configurations lead to different effective moment profiles and thus to

different NMR, spectra, which is demonstrated in Fig. 9.6. Thus to achieve a
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Figure 9.6: Ilustration of the influence of impurity configuration. The Solid
blue line represents a system with equally distributed impurities while the
red dashed line correspond to a system with impurities close to each other.
Left panel: Effective magnetic moment profiles. Right panel: Corresponding
NMR spectra.

NMR spectrum comparable to a real system, one has to average over many
different impurity configurations. For the direct QMC approach this means
one calculation for each configuration. Taking the earlier discussed necessity
of long QMC runs into account leads to a tremendous increase of calcula-
tion time. This “bottleneck” renders a study with the direct approach to be
uneconomic and thus calls for a different more effective method of studying

impurity effects on NMR spectra (see Chapter 10 and 11).
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Chapter 10

Basic Properties of
Impurities in Spin Ladder

Systems

Even tough the “direct” approach resulted in some promising insights the
uneconomically large amount of calculation time needed for simulating sys-
tems closer to reality render this method rather ineffective for further anal-
ysis. A better approach is to use QMC calculations to analyse the impact
impurities have on spin ladder systems with the aim to reproduce effec-
tive magnetic moment profiles analytically. This chapter focuses on the first
part of the just mentioned approach namely the detailed analysis of effective

magnetic moment profiles caused by a low amount of impurities.

10.1 Magnetic Moment Profile induced by a Sin-
gle Impurity

It is known that an impurity in a single spin ladder causes an exponen-
tially decaying staggered effective local magnetic moment profile around this
impurity.[30-38] This exponential decay is governed by the same correlation
length &, (in leg direction) as for an undoped system. &, itself depends
on the system parameters Jr, Jg, the temperature T/J; and the impu-
rity concentration. However, it turns out that for the broadening regime
T/Jp < 0.05 2100K and for a very low impurity concentration the cor-

relation length &, remains almost constant.[39, 40]. To demonstrate the
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exponential decay the effective magnetic moment profile is plotted in Fig.

10.1 on a logarithmic scale for two temperatures. The two temperatures are
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Figure 10.1: Magnetization of a single ladder for Jr/J, = 0.5, H/Jr, = 0.01
with a single impurity at two different temperatures. Upper curve (red/blue)
T/Jr = 0.02 (2 40K), lower curve (black/green) T'/Jr, = 0.05 (= 100K).
The different colours refer to magnetic moments located at the undoped
ladder leg (red and black) and for the doped ladder leg (blue and green).
For the two temperatures considered the correlation length remains almost
constant (lower inset). The upper inset shows the change of the correlation
length for different values Jr/Jr. &(Jr/JL) becomes 5.9, 7.45, and 9.75 for
Jr/Jr = 0.6, 0.5, and 0.4, respectively.

chosen to be both below T/Jz < 0.05 2100K to illustrate the consistency of
&, in this temperature regime. The lower inset plots &, versus T/J taken
from Greven et al.[39] The inset in the top right shows different resulting
profiles for different ratios of Jp/J1, as a result of the changing correlation
length &,. Note that with increasing &, and thus increasing expansion of the

magnetic moment profiles the maximum at S§ decreases.
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10.2 Impurity compared to a Free Spin in a Mag-
netic Field

The reasoning for comparing the effective magnetic moment profile is based
on the rung picture (see Sec. 8.4. There an impurity breaks a singlet up
and leaves a free spin that can responds even to small external fields. For
Jr/Jr — 0 a ladder system corresponds to the rung-picture and thus the
spin S§ on the same rung as the impurity becomes a completely free spin.
Because of this congruency of rung picture and spin ladder in the limit
Jr/Jr — 0 it is reasonable to search for a correlation between the behaviour
of a free spin in an external field and the effective local magnetic moment

profile caused by an impurity. For a free spin the Heisenberg Hamiltonian

N N
H=)7;;(8:S; + 5 (5787 +87580)) - > uBgHewS] (10.1)
i#] i

reduces to the magnetic term only and the expectation value <S}me> de-
pending on the external field He, and temperature T can be calculated
analytically resulting in

(Sree) = %tanh % . (10.2)
Note that this equation only depends on the ratio of the external field H,,
and the temperature T'. This also holds for the scaled values used in QMC
calculations h — H,,/Jr, and t — T'/Jr,, because J, cancels itself in He, /T.
QMC calculations for different ladder systems are performed for different
H,/T and are compared to their corresponding value of Equ. 10.2. A
selection of these results are printed in Tab. 10.1. It turns out that for
low temperature and systems with a single impurity only the expectation
value of a free spin is almost perfectly preserved in the sum of all spin
expectation values independent of the system parameters J;, Jg and Js.
The large deviations at small % call for a more detailed temperature scan.
The results for 3 impurities (last cell in Tab. 10.1) indicate an interaction
between impurities, which also makes a study of the spacial distribution of

impurities necessary.
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Nimp system e (%o | SXS) PXEH

<Sz7‘ee>

[ e | [ ]
1 %:0.4 0.48 0.1558 | 0.1567 | 1.0074
%:0.5 0.1 0.0335 | 0.2563 | 7.6423
0.5 0.1619 | 0.1623 | 1.0024
2.0 0.4362 | 0.4361 | 0.9997
‘}—1;:0.6 0.48 0.1558 | 0.1579 | 1.0132

[ e [ [ ]

1 §—§:o.5, =001 | 048 | 0.1558 | 0.1574 | 1.0097

3 0.1838 | 0.0614 | 0.1891 | 3.0798
0.1580 | 2.5723
0.1847 | 3.0074
0.0628 | 1.0219

Table 10.1: Free spin in a magnetic field compared to the total magnetization
of different systems at different system parameters. N, is the number of
impurities. In the last part (Njpy, = 3) different impurity configurations
were simulated.
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10.3 Temperature Behaviour of the Total Magne-

tization

For a detailed temperature analysis QMC calculations are performed for a
200x2 ladder system in the temperature range 0.005<T/J; <=0.1. The
used system parameters are Jp/J;=0.5 and Href/JL:O.Ol. To distinguish
between an impurity effect and an intrinsic spin ladder property the tem-
perature scan is performed for a system containing only a single impurity as
well as for an undoped system. From these QMC results the total magneti-

zation is extracted and plotted versus T/Jr (Fig. 10.2). Two temperature
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Figure 10.2: a) Total magnetizations versus T/Jp, for a system with (blue
up-triangles) and without (black circles) an impurity. System parameters:
200 x 2 ladder with periodic boundary conditions in x direction, Jg/Jp =
0.5, Hyep/Jr = 0.005 . To observe the effect caused by the impurity only, the
difference between the undoped and doped systems is shown (green down-
triangles). The red dashed line describes the analytical solution for a free
spin in a magnetic field. In the insets distributions of effective local magnetic
moments at b) T/Jp = 0.005 and ¢) T/Jr, = 0.09 are plotted.

dependent effects with direct impact on the NMR spectrum can be identi-
fied. First of all by looking on the undoped system (blue up triangles) the

total magnetization raises once the temperature is large enough. Because of
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the systems symmetry and thus the equality of all the spins this can only
be interpreted as a collective response to an external field according to the
susceptibility measured experimentally.[52] Applied to the NMR spectrum
this leads to a shift of the main peak towards higher external fields, but the
shape of the peak is conserved, which is actually experimentally observed for
the undoped system (see the right panel of Fig. 8.1). This is valid also for
the doped system (filled black circles), however due the broadening effect at
lower temperatures this shift is not that obvious anymore. The second effect
with a direct impact on the NMR spectrum is the change of the effective
local magnetic moments in the vicinity of the impurity. This effect is rather
localized and thus does not cause a shift of the NMR peak, but the local
magnetic moment profile appearing (Fig. 10.2 insets b and ¢) changes the
shape of the NMR signal and thus the FWHM. The total magnetization dis-
tributed on the ladder due to doping with a single impurity matches exactly
the total magnetization a single free spin would yield. This is demonstrated
in Fig. 10.2 by plotting the difference in total magnetization (green down tri-
angles) of the doped and undoped system next to the free spin solution (red
dashed line), which shows a perfect agreement. For SrCusOg these two ef-
fects occur in neighbouring slightly overlapping temperature regimes, which
explains the NMR peak shift towards lower Hy before, upon further lower-
ing of the temperature, the broadening sets in. With this plot the results
for one impurity of table 10.1 are well explainable. Once the temperature
is sufficiently small the collective excitation vanishes and the system follows
the tanh behaviour (ratios 1.0 in table 10.1). For larger temperatures the
collective excitation raises the total magnetization further, independently of
the impurity, which leads to a factor greater than 1 (ratio of 7.6423 in table
10.1). The in this section obtained results for a single spin ladder also hold
for stacked ladder systems. For validation this is demonstrated in Fig. 10.3
by plotting the effective magnetic moment profiles of a stacked ladder sys-
tem (200x2x8) for two different temperatures. Black dots show the results
of a QMC calculation at T/J;=0.1752334K and green dots a QMC calcu-
lation at T/J;=0.02083240K. Because of the overlaying plot, both effects
are visible. For low T/Jr, (green dots) a magnetic moment profile is formed
symmetrically around the zero line. For high T/J; (black dots) the collec-
tive response to the external field slightly shifts the almost flat magnetic

moment profile above the zero line.
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Figure 10.3: Effective local magnetic moment profiles for a 200 x 2 x 8
stacked ladder system with periodic boundary conditions in x and z direc-
tions for two different temperatures. System parameters used are Jg/J =
0.4, J3/Jr, = 0.02 and H,.f/Jr, = 0.01. Green dots (T/J;=0.01) show the
raise of effective local magnetic moments around the impurity while black
dots (T/J=0.111) show the collective response to an external field.

10.4 Temperature Behaviour of the Effective Lo-

cal Magnetic Moments

While the total magnetization induced by an impurity does not depend on
the exchange integrals J;, Jgr, and Js, the expansion of the “spin cloud”
forming around its impurity does. For larger Jgr/Jr and thus smaller cor-
relation length &, (for stacked ladders smaller &, for larger ratios of Jr/J3)
the spin cloud becomes more localized and vice versa. While in general the
correlation length depends on temperature and dilution[39, 40] it remains
nearly constant in the temperature regime where the broadening effect is
observed and in the limit of low impurity concentrations. Thus, not only
the total magnetization of the whole system, but also the effective local
magnetic moments show a hyperbolic tangent behaviour. One can obtain
an analytical description of the effective local magnetic moments (see Equ.
10.3) by introducing a fit pre-factor A(§)=A(Jr/Jr) and taking the expo-
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Figure 10.4: Effective local magnetic moments of the spins opposite of the
impurtiy (S§), at a distance of 10 lattice sites (i=10) and 20 lattice sites
(i=20) versus T/Jr,. The dashed lines correspond to a free spin in a magnetic
field times a proportionality factor. System parameters: 200 x 2 ladder with
periodic boundary conditions in x direction, Jgr/Jr = 0.5, Href/JL = 0.005

nentially decaying nature of the staggered magnetic moment profile into
account.

(2T =A@ e S ann (20 (103)

The pre-factor A(¢) is determined by scaling down the solution of the free
spin (Equ. 10.2) to fit (S§), which is obtained through a QMC calculation
at a chosen T/Jr. Fig. 10.4 shows a comparison between (Equ. 10.3)
and QMC results for three different lattice sites. A(£) has been extracted
from one QMC simulation at S§ and T/J; = 0.005. In the broadening
temperature regime (£ ~ const.) the analytical descriptions (dashed lines)
fit perfectly to the QMC calculations. This also holds for stacked ladders
if the correct magnetic moment profile is applied (see Sec. 11). In the
inset of Fig. 10.4 the pre-factor A(Jg/Jr) is plotted versus Jr/Jr. The
smaller Jr/Jr, (and thus larger £;) the smaller is also the maximum of the
spin profile (S§). This is a result of the spacial distribution of the impurity
induced spin cloud, which gets less localized at larger correlation lengths.

It has to be mentioned that for systems in which £ shows a pronounced
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temperature dependence the description given in Equ. 10.3 is only valid for
¢ — &(T') and thus A(§) — A(&(T')). Then QMC simulations are needed for

every temperature step.

10.5 Magnetic Field Dependence

To investigate the magnetic field dependence of a magnetic moment pro-
file QMC calculations of a ladder with a single impurity for different mag-
netic fields H/J; and fixed temperature are performed. Fig. 10.5 com-
pares the QMC results (blue triangles) for the total magnetic moment of
the ladder to the free spin solution Equ. 10.2 (red dashed line). For small
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Figure 10.5: Total magnetization versus H/Jp for a system with a single
impurity (blue up-triangles). System parameters: 300 x 2 ladder with pe-
riodic boundary conditions in x direction, Jg/Jr, = 0.5, Tref/JL = 0.02083.
The red dashed line corresponds to the solution of a free spin in a magnetic
field. The inset compares Equ. 10.3 with the QMC results for <Sf70>.

fields (H/Jz < 0.07) the QMC results match the free spin solution perfectly.
Above H/J; = 0.07 (corresponding to an applied magnetic field of about
200 Tesla) the magnetization starts to rise significantly, which indicates that
the applied magnetic field is large enough to break up the singlets, thus pro-

ducing an additional magnetization. However, in our simulations magnetic
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fields never exceed H/Jr, = 0.01 so that Equ. 10.3 is valid in the magnetic
field range. The inset shows the QMC results for the local spins (blue up-
triangles) opposite of the impurity (i=0) and at distant sites i=10 and i=20

in comparison to the solution given by Equ. 10.3 (red dashed line).

10.6 Multiple Impurities

10.6.1 Well Separated Impurities
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Figure 10.6: Demonstration of how well superimposing magnetic moment
profiles of single impurities can describe the profile caused by two impurities.
Red squares: QMC results of a single ladder system containing two impuri-
ties with a distance of 30 lattice sites. Blue diamonds: Assembled magnetic
moment profile obtained by superimposing two single impurity profiles with
a distance of 30 lattice sites.

The existence of more than 1 impurity can have an impact on the total mag-
netization of the system (see table 10.1 bottom row). Since impurities induce
a rather localized effective magnetic moment profile around themselves an
assumption can be made right away. Obviously impurities separated suf-
ficiently from each other (larger than the expansions of their induced spin
clouds) can be seen as independent and thus the total magnetization they
induce will result in the free spin solution times the impurity number, which
is validated in the bottom row of table 10.1 for the values of ~3.0. The

interaction of closer impurities needs more analysis. In first order approxi-
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mation the resulting effective magnetic moment profile caused by impurities
with overlapping induced spin clouds can be described by a superposition of
two independent magnetic moment profiles, which is demonstrated in Fig.
10.6. There the magnetic moment profile for a single ladder containing two
impurities is compared to a profile created by superposing two single im-
purity profiles using the same impurity distance. However, to understand
the reduction of the total magnetization in the bottom row of table 10.1 the

concept of “sublattices” needs to be introduced.

10.6.2 Sublattices

A sublattice consists out of all lattice positions that prefer the same spin ori-
entation. Thus all spins on a sublattice form a ferromagnetic lattice. For our
anti-ferromagnetic model this applies to every second lattice site resulting in

two sublattices illustrated in Fig. 10.7 Applying this picture on overlapping

Figure 10.7: Hlustration of the two different ferromagnetic sublattices (blue
up arrows, red down arrows) that combined build up the anti-ferromagnetic
spin system. —  Made with Blender[49]

spin clouds leads to two cases. First there is the case when impurities are an
even amount of lattice site apart (from now on will be referred as “same sub-
lattice”). In this case only magnetic moments with the same sign interact,

which on first sight does not change the total magnetization. The other case
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describes impurities with an odd number of lattice sites apart. In this case
all interacting spins have opposite sign resulting in a weakening of both spin
clouds. This explains the at first sight surprising values of the bottom row of
Table 10.1. The value of about 2.57 corresponds to two slightly overlapping
spin clouds based on different sublattices. For the value of about 1.02 two
impurities are close enough to completely annihilate each others spin cloud

leaving only the magnetic moment profile of the third impurity.

10.6.3 Close Impurity Interaction

While for far and medium-close impurities the picture of superimposed spin
clouds works well it is not valid anymore once the impurities reside within
each others spin cloud. In this case the two different S§ are close enough
to directly “feel” and thus interact with each other. This interaction can be
approximated by a two particle Heisenberg system with a distance dependent

effective coupling (see Equ. 10.4).

H=Ji(d)S8 Jepp(d)=Cxe & | (10.4)

where the constant C'is a fit parameter. The correlation length i, is taken
from a QMC calculation. This approximation holds well as long as the dis-
tance is sufficiently large for the ladder to behave 1-dimensional. In Fig. 10.8
(S§) for different models is plotted versus the impurity distance for different
system parameters Jr/Jr. The black bars represent the directly obtained
QMC results. The red down triangles correspond to the 2 particle Heisen-
berg system with an effective coupling with C fitted to the QMC results.
The difference between those two data sets is caused by a too small impurity
distance so that the ladder does not effectively behave like a 1-dimensional
system anymore. The blue dotted line results from superimposing two single
impurity profiles and shows are large deviation compared to the directly ob-
tained QMC data. Also calculations with stacked ladder systems have been
performed and lead to the same result with the addition that impurities on
different ladders can always be described by a simple superposition. The
reason for this seems to be the extremely weak coupling in stacking direc-
tion. In summary, the effective magnetic moment profile caused by more
than one impurity can be described by a superimposition of single impurity

profiles as long as impurities do not reside on the same ladder within each
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Figure 10.8: (S§) for different models plotted versus the impurity distance
for different system parameters Jr/Jr. The three models are direct QMC
calcultion (black bars), two particle Heisenberg system with effective cou-
pling J.¢s (red down triangles) and a superposition of single impurity profiles
(blue dotted line).

others spin cloud.

10.7 System Parameters and &,

Johnston at al. [43] performed the parameter scan for stacked ladder system
at a fixed ratio Jr/Jr=0.5. However, small changes of the correlation length
&, can already influence the FWHM of the NMR spectra. To investigate if
small perturbations of Jr/Jr=0.5 could lead to an enhanced or weakened
FWHM a scan of &, in the parameter range Jr/Jr = 0.4 — 0.6 has been
performed for a single ladder. It turns out that within this parameter range
& changes linearly with the inverse of this ratio, namely Jr,/Jg, shown in
Fig. 10.9.

92



11

10+ |

Figure 10.9: &, vs Jp/Jgr

Further calculations for different J3/Jp, have been performed to analyse the
influence of J3/J;, on the correlation length &,. In Fig. 10.10 J3/Jr scans
for two different ratios of Jr,/Jg are plotted. &, increases for about 10% if
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Figure 10.10: &, vs J3/J for two different values of Jr/Jg.

a single ladder system system (J3/J;=0) is compared to a stacked ladder
system coupled with J3/J7,=0.02. Thus a larger coupling in stacking direc-
tion does not only increase the number of lattice sites affected by influencing
additional ladders, but also flattens the magnetic moment profile on the im-

purity inhering ladder, leading to an enhancement of the FWHM.
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Since small adjustments in Jg/Jz and J3/Jr influence &, and thus the
FWHM of the NMR spectra sufficiently large a detailed analysis of the
system parameters Jr, Jr, and J3 could lead to an overall improved result.
However, this work focuses on the qualitative description of the low tem-
perature broadening effect only. Improved quantitative results due system

parameter adjustment could be a motivation for future works.
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Chapter 11

Analytical Fit using QMC
Results

This chapter explains how the obtained effective local magnetic moment
profiles from QMC simulations can be described analytically. The resulting
analytical profiles are not influenced by a stochastic noise and thus do not
artificially enhance the temperature dependent broadening effect. In addi-
tion to that many profiles resulting from different impurity configurations
can be generated quickly. The whole procedure from obtaining the param-
eters for the analytical fit from a small amount of QMC simulations until

generating realistic NMR, spectra is explained at the end of this chapter.

11.1 Single Ladders

For single ladders, the effective local magnetic moment profile induced by an
impurity can be almost perfectly described with a staggered exponentially
(with &) decaying function which was already described in earlier (Equ.
10.3) as

o (Hrepy _ _qyli+il,—itL ppHyey
(Sl 0 = Al&)(=1)" e & 5 tanh(=77)

This equation only uses two parameters, namely &, and A({;). & can be

extracted directly from a QMC calculation. A(&,) can be obtained by solving
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equation Equ. 10.3 at i,j = 0 for A(§;), which results in

(5§
Al,) = — 200 11.1
&) tanhteres ( )

1

2 kT
(S§) is the expectation value of the spin opposite of the impurity and can
be directly taken from a QMC simulation. In Fig. 11.1 an effective mag-
netic moment profile is compared with Equ. 10.3 to illustrate the quality
of this analytical description. The only deviations are within the first few
lattice sites around the impurity, which only have an impact on the edges
of the NMR spectrum (see sec. 8.6). Since the broadening effect is caused
by effective magnetic moments with a small deviation from zero only, this

analytic description renders to be a valid tool for the purpose of this work.
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Figure 11.1: Comparison between the analytical description and the QMC
result.

11.2 Same Function for Both Ladder Legs?

Fig. 11.1 demonstrates that the absolute values of both ladder legs follow
the same function once a certain distance from the impurity is reached. For
better understanding Fig. 11.2 uses a color code to illustrate the interac-
tion between the two legs. On the left side of the two plotted ladders are
two different fixed values represented by the blue and yellow balls. Because
of correlations along and between the ladder legs the two former different

values effectively average into a uniform one represented by the dark green
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Figure 11.2: Illustration of why and how two legs can be described with the
same function. The different thickness in the orange bonds represents the
different coupling strength of the ladders.

balls the further away from the initial fixed values. Furthermore the stronger
the legs are correlated the less lattice sites are necessary to achieve equality
as illustrated in Fig. 11.2. This picture can very well be applied to a spin
ladder. The different initial fixed values (blue and yellow) can be seen as the
different effective local magnetic moments at the rung containing the impu-
rity. The next few lattice sites towards the right correspond to the spins in
the close vicinity of an impurity. The mixing there was not sufficient enough
yet to average the difference out, which explains the deviations in Fig. 11.1
in the close vicinity of the impurity. However, with increasing distance the
difference of the legs becomes smaller until the effective moments on the
two different legs converge onto the same curve corresponding to Equ. 10.3.
Since the coupling in rung direction (Jr/Jr ~ 0.5) is strong only a few latice

sites are needed to achieve the equality of the legs.

11.3 Stacked Ladder Systems

In Sec. 9.2 was shown that for stacked ladders the profile is more and more
smeared out the larger the distance in stacking direction is (Fig. 9.3), which
cannot be described by a simple exponential cloud. Applying again the color
picture from the last section (Sec. 11.2) helps to understand why. (I) while
for a single ladder only two rows of lattice sites are mixing far more lattice
sites are involved in stacked stacked systems. (II) the coupling in stack-
ing direction is rather small. The large difference of the coupling constants
within the ladders and in stacking direction (Jg,Jz »J3) can be interpreted
as a stronger correlation within a ladder than in stacking direction. Thus

for the impurity inhering ladder the magnetic moment profile looks similar
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to the one of a single ladder. The next neighbouring ladder does not see the
impurity only, but the whole ladder profile of the former ladder. Then, with
the stronger correlation within that neighbouring ladder, the profile will be
smeared out more. This is repeating for every further neighbouring ladder.
Fig. 11.3 illustrates the mixing for a stacked system by starting with a fixed
bottom row containing balls of different colors, which represents the impu-
rity inhering ladder. Every color value of a ball on a neighbouring ladder
is achieved by averaging (with distance weighting) over five balls sitting on
the former ladder. That way the strong initial color profile (bottom row)
gets more and more smeared out there further away from the initial row,

similar as was shown earlier in Fig. 9.3.

..............
. . - .

Figure 11.3: Tllustration of a stacked ladder system due color mixing. The
bottom row has its values fixed while every other ball corresponds to the
average of the closest five balls from the row below.

The comparison with color mixing gives a nice explanation for the flatten-
ing of the profiles in stacking direction, but one has also to be sure that
the influence of periodic boundary conditions in stacking direction can be
excluded. For that purpose QMC calculations have been performed using
the parameters from Johnston et al. [43]. In Fig. 11.4 the absolute effec-
tive magnetic moments [(S§ )| are plotted for different J3/J;, in stacking
direction derived from QMC calculations for 8 stacked ladders. Please note
that for stacked ladders the position of the spins depend also on a stacking
index k so that 57, — Si ;& With increasing J3 the deviation from a simple
exponential decay increases. This effect is shown in the inset of Fig. 11.4
where |[(Sp )| is compared with a hyperbolic cosine for Jz/J;, = 0.02. At

distant ladders the deviation from the hyperbolic cosine behaviour increases.
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Figure 11.4: |{Sp,0 )| for a stacked ladder system (k=0,1,2,...,7) with peri-
odic boundary conditions. Jg/Jr = 0.5, Hyer/J, = 0.01, T'/Jr, = 0.02083
and (from bottom to top) Js/Jr = 0.01,0.015,0.02,0.025,0.03. The inset

compares the QMC results for Js/Jr = 0.02 with a hyperbolic cosine to
demonstrate the non exponential behaviour.

It thus becomes obvious that a simple exponential cloud model cannot be
used to describe the complete profile caused by an impurity in a stacked
ladder system.

To describe now spin ladders other than the impurity inhering one, an ansatz
comparable to the color model is used. For the leg with j=0 and k=1 (one
ladder above the impurity inhering one) the expectation value of the spin
<S§071> can be calculated by considering the influence of all spins on the
ladder leg 57, which describes the magnetic moment profile sufficiently
well. For the next neighbouring ladder with k=2, the profile is calculated
by considering only the influence of 57 ;. This procedure is repeated until
the end of the stack is reached. The strength of the coupling between all
the ladders can be modelled by a single ladder-independent coupling factor
K, taken from the QMC results. Equ. 11.2 describes the spin profiles on the
leg with j=0 for ladders with £ > 1 to be

Ly
z -L L [1|+1/ gz i
(Siopr =€ = Z (=D S 0 p-1e & (11.2)
L

I=—Lg
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where L, is the length of the ladders. Exploiting the profile symmetry
for the stacked ladders around the ladder consisting the impurity and the
antisymmetry of the ladder legs the profile on the legs with j=1 is simply

given as
i1y = —(Sion (11.3)
and

(S3j-k> = CSijp2 (11.4)

for K = 1. To determine k, one applies Equs. 10.3, 11.1, and 11.2 for
H=H,.s and T=T,.s and obtains

Ly

PN l
(Sgon) = ~(Spye = [1+2) & (11.5)
=1

with (5§ 1), (S5) and &, taken from the QMC simulation.

11.4 Profile of Multiple Impurities

Is the effective local magnetic moment profile caused by a single impurity
calculated one can easily generate magnetic moment profiles for multiple
impurities. To do so one simply has to superimpose the single impurity
local effective moment profiles with respect to the impurtiy positions. To
demonstrate how well this analytical model works two different profiles for
different impurity configurations have been compared to their respective
QMC profiles and plotted in Fig. 11.5. The QMC results (solid blue lines)
are almost perfectly covered by the analytically generated profiles (solid
red lines / open circles). Note that this fit only uses three parameters
taken from a single QMC simulation, namely (S§), &;, and k.. Since the
magnetic moment profiles can now be described analytically the problem of
the stochastic noise is solved. However, the stochastic noise is still existent in
the QMC simulation from which (S§), &, and k, are obtained and therefore
the statistical errors of those parameters need to be considered.

It has to be mentioned that even tough this method works well for most
impurity configurations, it is not exact for close impurities residing on the
same ladder (see next section). The impact of this deviation is not strong

as long as the impurity concentration is sufficiently small enough. Further
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Figure 11.5: Illustration of the great quality of the analytical fit for two
different impurity configurations.

the speed advantage of needing only a single QMC simulation outweighs
the handicap in accuracy for qualitative analysis. However, for calculations
that rely on accuracy a correction is needed that is obtained by performing

additional QMC simulations as is shown in the next section.

11.5 Correction for Close Impurities

As discussed in Sec. 10.6.3 already, close impurities on the same spin
ladder interact in a way so that simple superimposing of single impurity

spin clouds is not valid anymore. However, it turns out that it is suffi-
H’ref

Tres )) from Equ. 10.3 by a distance dependent

cient enough to replace (S§(
<S§(H”f ,dist))armp obtained by performing a distance scan of 2 impurities

T’ref
with QMC simulations. Note that <S§(I;Tejf ,dist))armp is not directly taken

from the QMC simulation, since the QMC result contains already the su-

perimposed value from the close-by impurity. To convert the QMC values

Hpe . . H,. . ..
((SE( Tre; ,dist)yomce) into (SE( Tre; , dist)Yarmyp the superposition has to be

taken out resulting in

H, .
Hre . <S§( T::f 5 dZSt)>QMC'
(S5 (5L, dist) armp = - (11.6)
ref 1+(—1)|2\+\J\e €
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Along with replacing A(&,) by the proper term Equ. 10.3 then becomes

H -
rel | dist)yormp(—1)e &
Tref

1 tanh(fE7)

2tanh(%§§;%)

(875> = (Si (11.7)
Equ. 11.7 describes effectively a magnetic moment profile caused by a sin-
gle impurity on a single spin ladder, but already includes the enhancement
caused by interaction of close impurities. To generate profiles for multi-
ple impurities one simply has to superimpose the single magnetic moment
profiles resulting from Equ. 11.7. In Fig. 11.6 the quality of the adjusted
analytical description is demonstrated. There magnetic moment profiles for
a distance of 13 lattice sites (different sublattices) and a distance of 14 lat-
tice sites (same sublattices) are plotted for QMC results (black and green
triangles with error bars) and compared to Equ. 11.7 (solid blue lines).

Since no enhancement of a magnetic moment profile for impurities at dif-
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Figure 11.6: Magnetic moment profiles caused by close impurities on the
same ladder leg. Full lines: fit according to Equ.11.7, symbols: QMC results.
Upper curve: impurities are located at positions 123 and 137 at the same
sublattice. Lower curve: impurities are located at positions 123 and 136
at different sublattices. QMC simulation for Jr/Jr, = 0.5, H/J; = 0.01,
T/Jr, = 0.02083.

ferent ladders has been observed the same procedure explained in Sec. 11.3
can be used to generate the magnetic moment profile at neighbouring lad-

ders. To demonstrate the improved accuracy obtained by the just adjusted

102



analytical function Fig. 11.7 compares a QMC profile (black line) with the

analytical description with (blue line) and without (red line) correction. For
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Figure 11.7: QMC results (black line) compared to its analytical fit with
(blue line) and without (red line) correction for close impurities residing on
the same ladder.

large impurity concentrations one needs to perform configuration analysis
also for more than just 2 impurities on the same ladder. But since this
work is primarily focused on small impurity concentrations x < 0.0025 it
is sufficient to restrict our simulation to these pairs of impurities, since due
to combinatoric reasons already three close impurities would occur with a
probability of less than 0.6%.

11.6 Complete Procedure to simulate NMR Spec-

tra closer to Reality

With the analytical description being complete following procedure needs

to be applied to simulate NMR spectra closer to reality.

1. Perform a single QMC calculation for the desired system containing a
single impurity only. Temperature and external field should be chosen
according to produce a significant effective local magnetic moment
profile for further data analysis (e.g. T/J;=0.02, H/J;=0.01).

2. Extract (S§), &, and k. from the QMC results.

3. Optional for higher accuracy and/or higher impurity concentration:

) H
Perform a distance scan of (S§(F=
Te

Jf ,dist))armp. For larger impurity

concentrations even 3 ore more impurities need to be considered.
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4. Calculate the effective local magnetic moment profile around a single
impurity using Equ. 11.7 for the central ladder and Equ. 11.2 for

neighbouring ladders (by taking the systems symmetry into account).

5. Generate a random impurity configuration with the desired concen-

tration.

6. Optional for higher accuracy and/or higher impurity concentration:
Determine if impurities reside on the same ladder and if so their dis-

tance dist.

7. For every impurity the corresponding effective local magnetic moment

profile is superimposed on the whole system.
8. Calculate the resonance field profile according to to Equ. 8.5.

9. Repeat points 5 and 8 until a desired number of configurations is

achieved.

10. The final NMR spectrum then corresponds to the histogram (smeared
with a gaussian simulating the natural linewidth) of all generated res-

onance profiles.

With this procedure it is possible to reduce the calculation time tremen-
dously compared to a direct QMC approach. While a single QMC simu-
lation might take already a few hours the analytical model provides a way
to generate and simulate thousands of impurity configurations within a few
minutes. Further with this model the temperature behaviour of the mag-
netic moment profile is known for regions with almost constant correlation
length. Thus the effectiveness in CPU time is increased significantly, con-
sidering that only a small amount of QMC simulations (One single impurity
simulation + the optional 80 simulations for the distance scan of two close
impurities for Jr/J;=0.5) is needed in the beginning to built up the ana-
lytical model compared to thousands of core hours for thousands of QMC
simulations.

It needs to be mentioned that this model focuses on the broadening effect
only. The shift of NMR peak from smaller to larger temperatures caused by
a collective excitation of all the spins is not being considered. However, to
calculate the shift of the resonance field peak one simply has to perform a

temperature scan with QMC simulations of a system without an impurity.

104



Chapter 12

Results and Discussion

The results presented in this chapter are obtained by following the proce-
dure derived within this work (see Sec. 11.6). All results are assumed to
have constant correlation length &, and constant inter ladder coupling fac-
tor k,. As was shown earlier (see Sec. 10.3) this assumption is valid for
the temperature range in which the low temperature broadening effect oc-
curs and for higher temperatures the effective local magnetic moment profile
vanishes anyway. Further only close impurity interactions (see Sec. 10.6.3)
of not more than two impurities are considered, which is sufficient for sys-
tems doped with a tiny amount (x<0.0025) of impurities. Additionally only
stacked ladder systems are investigated since single ladders alone cannot

lead to the desired broadening effect.

12.1 Results within the 1-0 Range of Johnston at

al.

The first calculations are performed within a 1-o range of parameters sug-
gested by Johnston at al.[43] Further to generate NMR spectra compara-
ble to the experiment of Fujuwara et al.[28] an impurity concentration of
x=0.0025 is used along with temperatures of ~40 K and ~330 K. In Fig.
12.1 the resulting calculated NMR spectra at 40K and room temperature as
well as the experimental spectrum at 40K are plotted. As expected at room
temperature (~330 K, dashed blue line) no broadening effect is observed.
The results at room temperature are also fairly independent of the stacking

coupling constant J3/Jr. This is in agreement with the first investigations
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Figure 12.1: NMR Spectra for T = 40K, J; = 1905K and Jr/J;, = 0.5
with J3/Jr = 0.01 (red/dot-dashed line) and J3/J;, = 0.02 (solid orange
line). To see the temperature effect of the NMR broadening references lines
at room temperature for doped (blue/dashed line) and undoped (thin solid
line) systems have been added.

in Sec. 10.3 and confirms the validity of the analytical model at high tem-
peratures even tough the correlation lengths is assumed to be constant with
the fixed value taken from ~ 40K. The reason is that the impurity induced
magnetic moment profile at high temperatures simply has too small values
to have a notable influence on the NMR spectrum. On the other hand the
cooled systems (~40 K, green dot-dashed line for J3/J;,=0.01, solid orange
line for J3/J;,=0.02) show the desired broadening effect even tough not as
large as in experiment (red dot-double-dashed line). Note that in Johnston
et al . [43] the ratio Jr/Jr, was kept constant at 0.5 for stacked systems and
the best fit to the susceptibility was made for a single ladder. Thus an ad-
justment for Jg/Jp, is reasonable and can lead to a larger correlation length
and thus to a stronger broadening effect. However, this work is focused
mainly on the influence of a stacked coupling constant and only suggests a

further analysis of Jr/J, in SrCusOg3 for future investigations.
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12.2 Results within the 2-0 Range of Johnston et

al.

QMC simulations with a coupling constant in stacking direction at the bor-
der of the 2-0 range of Johnston et al.[43], namely J3/J;=0.03, are per-
formed. The other system parameters remain un changed (see Sec. 12.1).
In Fig. 12.2 the resulting NMR spectrum (solid red line) is compared to
the experiment. The result looks very promising as the FWHM of the simu-

Figure 12.2: NMR Spectra for T = 40K, J;, = 1905K and Jg/J;, = 0.5 with
J3/Jr = 0.01 (red/dot-dot-dashed line) and J3/Jr = 0.03 (solid red line)
compared to experiment (black dashed line). To see the temperature effect
of the NMR broadening reference lines at 336K for doped (blue dot-dashed
line) and undoped (green dotted line) systems are shown.

lated NMR spectrum even exceeds the experimental one. However, it needs
to be mentioned that for increasing J3/J;, the haldane gap decreases until
vanishing completely between 0.04<J3/J; <0.05. The change in the gap
has an influence on other system properties. To keep the haldane gap at a
constant value one has to adjust the main coupling constant J;, accordingly.
Further different combinations of Jr/Jr, and J3/Jr, or even a ring exchange
within the ladders could be considered to obtain a similar broadening effect

but with less impact on the haldene gap. Again, this work focuses on the
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qualitative description of the low temperature broadening effect consider-
ing stacked ladder systems and leaves more detailed investigations on the

different parameter sets for future studies.

12.2.1 Comparison to the Experiment of Fijuwara at al.

So far only NMR spectra at two different temperatures, namely at 40K and
336K, have been calculated. To compare the temperature dependence over
the whole temperature range used in experiment simulations at different
temperatures with different combinations of Jr/J; and J3/J; at different
temperatures have been performed. The resulting FWHM are demonstrated
in Fig. 12.3.
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Figure 12.3: FWHM of the °Cu central peak vs temperature for a stacked
ladder system with J; = 1920K, Jg/Jr, = 0.5, and varying inter ladder cou-
pling J3/Jr: 0.0 (black diamonds), 0.01 (red down-triangles), 0.02 (green
up-triangles) and 0.03 (blue squares) . To show the influence of the rung cou-
pling we perform a calculation for Jr/J, = 0.4 and J3/Jy, = 0.02 (crosses).
The individual correlation lengths for each curve are extracted from a QMC
calculation around 7'/Jr, = 0.02083 (=40K) and assumed to be independent
of temperature. Experimental values are given by red open circles. The
inset shows an expanded temperature range.
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The different parameters used for this plot are Jg/J;,=0.5 with J3/J7=0.0
(black diamonds), J3/J1,=0.01 (red down triangles), J3/J;=0.02 (green up
triangles), J3/J,=0.03 (blue squares). Additionally simulations with Jr/J;,=0.4
and J3/J1=0.02 (black crosses) have been performed. J is kept fixed at
1920K. The red circles correspond to the measured FWHM taken from the
experiment of Fujiwara et al.[28] The temperature range of the main graph
is between 19K and 105K. The inset shows the extended temperature range
up to 384K. The shape of the temperature dependent FWHM curve for the
parameter set Jp/J=0.5 with J3/J7=0.03 (blue symbols) is in good agree-
ment with experiment. At higher temperature (T/J >0.1) there is quite a
strong deviation tough considering that there should be almost no impurity
influenced effective local magnetic moment profile. The reason for this de-
viation is the natural linewidth used in the simulations. Fujiwara et al. [28]
mentioned a natural linewidth of 0.02 Tesla at low temperatures (4.2K),
but for room temperature a linewidth of 0.01 Tesla. In this work only a
natural linewidth of 0.02 Tesla was used, since the most interesting temper-
ature range is below T /J;,=0.05, which explains the larger FWHM at higher
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Figure 12.4: 5°Cu left peak NMR Spectra for J= 1920K Jr/Jr, = 0.5 and
J3/Jr, = 0.03 with different temperatures compared with experiment (filled
circles) with a concentration of x=0.0025 and vgp = 83.55M H .

temperatures compared to experiment. Also the curve for Jp/J;=0.4 with
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J3/J1,=0.02 (black crosses) shows qualitatively a similar behaviour, which
shows that more detailed investigation for an improved parameter set would
be reasonable for future studies.

While the FWHM is the primary indicator for the low temperature broaden-
ing effect, the shape of the NMR spectra is important as well. For this pur-
pose NMR spectra at different temperatures taken from experiment are com-
pared to the simulated NMR spectra for the parameter set with Jr/J;=0.5
with J3/J1=0.03 (see Fig. 12.4). As can be observed the simulated NMR
spectra are in good agreement with the experimental ones. At lower temper-
atures the simulated ones are a bit wider, but the shape is comparable. The
difference at higher temperatures results again from the differing natural
linewidth.

12.2.2 Comparison to the Experiment of Ohsugi at al.

The results with the system parameters Jp/J;=0.5 and J3/J;,=0.03 pre-
sented in Sec. 12.2.1 are promising. However, so far the simulations have
been compared only to one experiment with an impurity concentration of
x=0.0025. To test the simulated spectra also on experiments performed by
Ohsugi et al.[29] simulations are performed according to the experimental
impurity concentrations. Note that in the simulations the parameters used
for the analytical description are the same as for Sec. 12.2.1. Only the
impurity concentration and the resonance condition parameters (vrpp and
external field Hy for the main peak) have been adjusted according to exper-
iment. The different impurity concentrations can be simulated by adjusting
the size of the system box and the number of impurities.

In Fig. 12.5 simulated spectra are compared to experimental ones of a sys-
tem with an impurity concentration of x=0.001. Again the simulated NMR
spectra describe the experimental ones qualitatively very well. The asym-
metry in the experimental NMR spectra below 40K is caused by an overlap
with a %3Cu transition that has its main peak around 10.05 Tesla. But
the agreement on the unperturbed left side is noticeable. Results for quite
large impurity concentrations, namely x=0.01 and x=0.02, are plotted in Fig
12.6. Also for these large impurity concentrations the qualitative behaviour
is described fairly well by the simulated NMR spectra. However, at lower
temperatures the simulated broadening effect appears to become larger com-

pared to experiment. This is not a surprise considering that the analytical
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Figure 12.5: %°Cu left peak NMR Spectra for Jp= 1920K Jg/Jp = 0.5
and J3/Jp = 0.03 with different temperatures compared with experiment
(filled circles) with a concentration of x=0.001 and vrr = 125.1M Hz. The
asymmetric experimental profiles below 40K are caused by an overlap of a
63Cu transition with it’s main peak around 10.05 Tesla.

model used for the simulations only considers up to two close impurities
residing on a the same ladder (see Sec. 11.5). While for small impurity con-
centrations (x<0.0025) this approximation works well, for larger impurity
concentrations an additional configuration scan with more close impurities
residing on the same ladder is required for more accurate results. The pro-
cedure should be comparable to a cluster algorithm in which the different

impurity configurations correspond to different clusters.
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Figure 12.6: 5°Cu left peak NMR Spectra for J= 1920K Jr/Jr, = 0.5 and
J3/Jr, = 0.03 with different temperatures compared with experiment (filled
circles) with a concentration of x=0.01. The inset shows the same system

with an impurity concentration of x=0.02.
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Part 1V

Conclusion
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Conclusion

This work describes the complete process of developing a Quantum Monte
Carlo (QMC) code in the framework of the Stochastic Series Expansion
(SSE) towards its application on realistic systems. The analysed experi-
mentally observed effect is the low temperature broadening of the Cu NMR
line in the spin ladder compound SrCusO3 when doped with a small amount
(x<0.0025) of non magnetic impurities.

Here it is shown that the broadening effect can be reproduced by modelling
the system with coupled stacked spin ladders without the need of physically
unlikely large correlation lengths. This was required in former studies using
non stacked systems. Further a framework was developed that allows to
simulate NMR spectra of realistic materials for a certain temperature range
with a small amount of QMC simulations.

This strong reduction in computation time can help future studies to in-
vestigate NMR, spectra of spin ladder compounds using even more complex
parameter sets as well as finding improved parameter sets to model real

systems better.
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