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Abstract

Spin glass is a magnetic state characterized by several intriguing fea-
tures such as disorder, frustration, and aging. The term ”spin glass”
is derived from the disorder of atomic positions in ordinary window
glass, whereas, in spin glasses, it is the magnetic moments that are dis-
ordered. Building on previous investigations of the phase transitions
in the low-temperature region of neodymium, this study explores the
potential existence of a spin glass phase in the low and intermedi-
ate temperature regions. The Uppsala atomistic spin dynamics (Up-
pASD) simulations were employed to produce phase diagrams and
autocorrelation functions. Additionally, the input parameters of the
UppASD software were examined to identify a configuration that min-
imizes computational time while maintaining accuracy. The autocor-
relation functions are compared to the Edwards-Anderson model of a
spin glass, as well as ferromagnetic and anti-ferromagnetic systems.
Our UppASD simulations revealed glassy features in neodymium be-
low 3.5 K and anti-ferromagnetic behavior at higher temperatures,
which proved challenging to characterize.



Sammanfattning

Spinnglas &r ett magnetiskt tillstdnd som kannetecknas av flera in-
tressanta egenskaper; oordning, frustration och aldrande. Namnet
spinnglas kommer fran oordningen i atomstrukturen som man finner
i fonsterglas, medan det i spinnglas ar de magnetiska momenten som
ar oordnade. Denna rapport bygger pa ett tidigare arbete som un-
dersokte hur fasdiagramet ser ut for neodym vid laga temperaturer.
I denna rapport undersoktes det om det finns spinnglas-tillstand i
neodym vid temperaturer mellan 0 och 20 K. Detta genomfordes
genom att neodym simulerades med hjalp av berdkningskoden Up-
psala Atomic Spin Dynamics (UppASD) for att producera fasdiagram
och autokorrelationsfunktioner. En del av arbetet omfattade &ven
att undersoka UppASD-mjukvaran for att hitta en konfiguration som
minimerar kortiden men samtidigt ger tillrackligt noggranna resul-
tat. Autokorrelationsfunktionerna jamfordes med Edwards-Anderson-
modellen for ett spinnglas, samt med ferromagnetiska och anti-ferrom-
agnetiska tillstand. UppASD-simulationerna visade pa glasiga egen-
skaper vid temperaturer under 3.5 K. Vid hogre temperaturer visade
simulationerna pa ett anti-ferromagnetiskt tillstand, som ocksa var
svart att karakterisera.
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1 Introduction

Spin glass is a magnetic state, and materials exhibiting spin glass behav-
ior typically have unremarkable basic material properties. They are neither
good conductors nor particularly good insulators [1]. However, spin glasses
possess several interesting properties: a lack of long-range order, aging and
frustration. In spin glasses, the magnetic moments form random and un-
related patterns, completely opposite to the ordered arrangements found in
typical magnets. Additionally, the magnetic state of a spin glass depends on
its history, a property known as aging. Despite decades of research, there is
no consensus on when spin glass behavior emerges [2]. Analyzing and un-
derstanding spin glasses require sophisticated methods due to their complex
nature.

From a physicist’s perspective the problem arising from spin glasses is not
only a computational difficulty, it represents a gap in the understanding in
solid state physics. It was not until the twentieth century the question about
why crystalline solids were rigid could be answered with a deeper understand-
ing. Another related issue is that of window glass, even without a crystalline
structure and the fact that the atoms’ positions seem to be random, it still
appears rigid. This issue does not have an answer at the deeper level of
understanding. This analogue between crystals and window glasses explains
the structural discrepancy between the magnetic moments in ferromagnets
and those in spin glasses. Ferromagnetism arises from having the magnetic
moments aligned in the same direction and appearing in a periodic fashion,
in spin glasses the structure of the magnetic moments seem to be disordered
considering the alignment of the moments [1].

When computing the physical properties such as energy and heat capacity
of the element neodymium. A way to cut down the computational time is
to use stochastic methods to simulate various properties, the most common
method to use is Monte Carlo simulations. The computational time is re-
duced since there is no need to account for all possible states, instead only
a small fraction of the states have to be accounted for and this still gives
promising results for the physical properties [3]. In this report we will be
using the Uppsala atomistic spin dynamics (UppASD) [4] such as Monte
Carlo and Landau-Lifshitz-Gilbert simulations for neodymium, from which
the heat capacity can be estimated. The heat capacity will be used in or-
der to construct phase diagrams, in hopes of finding a spin glass phase at
low temperatures. Furthermore, the aim is also to do a parameter test to
investigate if there are parameters in the software that could be altered, by



decreasing the computational time, while still describing the proper physics
of the model.



2 Theory

2.1 The Heisenberg Hamiltonian

When studying magnetic properties in a material, one has to model the
interactions of each atom correctly. A model that takes the most important
interactions into account is the parameterized Hamiltonian.

H == Hiex + Hma + Hdd + %ext (1)

The first term contains information about the interatomic exchange interac-
tion. The second term refers to the magnetocrystalline anisotropy. The term
Haq contains information about the dipolar interactions. Lastly, the term
Heqt is the Zeeman term, and explains the interaction with a external mag-
netic field [5]. The Hamiltonian that will be considered in this report is the
first one containing information about the interatomic exchange interaction.
The other terms are outside the scope of this report and will be excluded.
The first Hamiltonian is expressed as:

Hico = —% > Jiymg-my, (2)
i#]
where 7, j are indices for the corresponding atoms, J; ; is the strength of the
exchange interaction between atoms ¢ and j and m; is the classical atomic
moment [5]. This Hamiltonian can be used to model a spin glass, by varying
the exchange interactions in J; ;, and this will be explained further in Section
2.3.

2.2 Atomic Spin Dynamics

The equation that governs the motion of the atomic moments is the Landau-
Lifshitz-Gilbert equation:

d:lnl = —yrIn; X (Bl + Bfl) — yLimi X [mi X (Bl + Bfl)], (3)
t m;

where mj; is the magnetic moment at position ¢ in the lattice. B;j is the
effective magnetic field and Bf is the fluctuating stochastic magnetic field, it
describes the how the effects of temperature affect atomic spin dynamics. g,
describes the renormalized gyromagnetic ratio and a is a damping constant.
The two terms in the equation describes different motions, the first is the
precessional motion and the second is the damping motion. An important



feature of atomic spin dynamics is to be able to express B; in a convenient
way. The magnetic field may be expressed as:

OH
Bi - _8mi7 (4)

where # is the Hamiltonian in Equation (1) [6].

2.3 Magnetic Structure

The sign of the exchange interaction in Equation (2) gives us information
about the magnetic structure of the system. If .J;; > 0 it corresponds to a
magnetic state where all the spins are completely aligned, which is the case
in ferromagnetism. The spins are aligned since it is the most energetically
optimized configuration. For J; ; < 0 one obtains a magnetic state which is
anti-aligned, in other words a anti-ferromagnetic state [7]. Unlike the ferro-
magnetic state where the most energetically configuration is to be aligned, in
an anti-ferromagnetic material the most optimal configuration is to be anti-
aligned [8]. In the case of J; ; ~ 0 it means that the exchange between atoms
are either weak or non-interactive, this case is called paramagnetic and it is
characterized by the magnetic moments being randomly aligned.

The magnetic structure of spin glasses is characterized by two features,
quenched disorder and frustration. Quenched disorder occurs when the ex-
change energy J;; is random and takes both negative and positive values,
this in turn creates a state where the restrictions caused by the exchange
interaction J; ; on the ferromagnetic and anti-ferromagnetic bonds can not
be satisfied. This inability to satisfy the conditions is called frustration [9].
One can also describe a spin glass by using the Hamiltonian in Equation (2)
by allowing the sign of the exchange J; ; to vary but the mean value of the
exchange is zero [10].

2.4 Heat capacity and phase transitions

By differentiating the internal energy with respect to temperature while keep-
ing the volume constant gives the heat capacity at constant volume Cy [8].

(),

Plots of the heat capacity over temperature give indications of where there
are phase transitions. They are revealed by sudden peaks or discontinuities



in the graph. An example of this can be seen in Figure 1, displaying the
phase transitions of water.
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Figure 1 — A phase diagram of water, undergoing phase transitions from solid
to liquid followed by liquid to gas. The figure is from Wikipedia [11].

Statistical mechanics gives information about certain properties that classical
thermodynamics does not explain. One interesting property is fluctuations
in the system. The average squared deviation of each instantaneous energy
measurement from the mean value U = (E) is

(E—(E))) = (B*) —(B)". (6)

By considering the fluctuations in energy the following equation can be de-
rived using relations from statistical mechanics:

Cv

1

where kp is the Boltzmann constant and f = = [3]. However, a review of
statistical mechanics will not be given in this report as it is not necessary to
understand the results. Although, a complete derivation using the relations
from statistical mechanics of this quantity can be found at [3, 12].

(E%) — (B)*



2.5 Crystal Structure

When using the UppASD code to model the element and to run the simula-
tions, one has to specify the lattice type and where the atoms are located.
This is a central part to run the simulations, a short review into crystal
structures will be given.

When describing the crystal structure of an element, the mathematical de-
scription of a lattice is often used. A lattice is set of periodically spaced
points that can be reached by a set of vectors. And in three dimensions a
lattice can be defined as all the points that can be reached by the vector

R = mad, + kdj + laz,

where m, k and [ are integers [13]. Only integer steps along the lattice is
allowed.

The notion of a basis (not to be confused with a basis of vectors) is used to
introduce atoms to the crystal structure, see Figure 2. A basis is essentially
what you put on the lattice points, and is described mathematically by a set
of vectors [13].

e e + O = O O
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Figure 2 — Schematic picture of a lattice with a basis forming a crystal.
Illustrator: Elsa Fastrup

The element to be studied in this report is neodymium. Its crystal structure
is a double hexagonal close-packed (DHCP), it is a hexagonal close-packed
(HCP) structure that is stacked twice. The HCP structure can be expressed
with a matrix [14].



_V3 0
5 0
0 1.633

Who

Rhcp =a

N[ D=

e}

Where a is the lattice constant. The atoms are placed at p; = (0,0,0), 5y =
(3,%,3) [14]. The DHCP is constructed by extending the z-direction by a
factor of 2, see Figure 3 for the visual representation of the structure. The

following matrix expresses the DHCP crystal.

L _v3
- B % \/32
Rdhcp =a 5 5 0
0 0 3.266

The position of the atoms vary from the HCP structure, where they are now
located at p; = (0,0,0), p> = (0,0,1.61284), p5 = (0, —0.57735, —0.80642), py =
(0,0.57735,0.80642) [4].
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Figure 3 — Crystal structure of a DHCP crystal. Illustrator: Elsa Fastrup

2.6 Monte Carlo Simulations

The fundamental concept of Monte Carlo simulations is to simulate the
random thermal fluctuations of the system as it transitions between states
throughout an experiment. In a Monte Carlo calculation one directly sim-
ulates the process of a system passing through different states, where the
probability of it being in any state p at time ¢ is equal to the weight w,,(t)
that the state would have in an actual system. This is done by choosing the

10



rates at which the system can transition from one state to another, this is
typically expressed as the following: R(y — v). The advantage of this type
of simulation is that it doesn’t require information about the whole system
to gain insights into its physical properties [3].

Metropolis method: When considering a lattice where the spins may take
more than the usual m; = +1, not just flipping the spins up or down but
allowing them to point in a new direction, the metropolis method is a solid
choice. A new random spin direction is chosen and the change in energy is
calculated. If this change is allowed depends on the change in energy when
going from one state to another, by comparing it with a random number
generated on the interval [0, 1] [12]. This is called the acceptance ratio when
going from a state p to v and is expressed in the following equations

e PE~E) if B, —E,>0

1 otherwise.

Alp —v) = { (8)
So if the transition to a new state has an energy that is lower or equal
to the present one, the state gets accepted. However, if the energy is higher
than the present state it depends on the probability given in Equation (8) [3].

Heatbath method: Unlike the Metropolis method where the new state
would be accepted or not depending on the change in energy, the heatbath
method allows the spins to come in contact with the ”"heatbath” and this de-
termines the new configuration. One randomly chooses a new spin direction
and compare a random number rn on [0,1] with the Boltzmann probability
for the new state. If the new state has energy E’, then if rn < exp (—E'/kgT)
the new state is accepted [12].

2.7 Autocorrelation functions

As mentioned earlier spin glasses are characterized by several interesting
features, and one of them is disorder. But there are microscopic regions of
the material that will be correlated, even if the material as a whole can be
seen as disordered. With the use of correlation functions these correlations
can be measured [12]. The correlation function of interest for this report is
the time-displaced autocorrelation

O+t te) = (mi(te + 1) - my(t)) 9)

where t,, is the waiting time and m; is the magnetic moment at position i.
This autocorrelation function gives information about the systems relaxation

11



time [6]. The autocorrelation function calculates the correlation between two
spins after a waiting time t,,, and compares it to the correlation at time t.
This can give information about the magnetic structure of the element, if it
is ferromagnetic, anti-ferromagnetic or a spin glass. Since the ferromagnetic
spins are all aligned in the same direction they will have a high correlation,
but in spin glasses the spins are disordered and will require longer time to
find an equilibrium state. Additionally in spin glasses the autocorrelation
function is not a function of time difference only, as it would be in equilib-
rium system, where the autocorrelation function would not depend on the
waiting time C(t + t,,,t,,) = C(t), this is the property called aging [15].

A qualitative way of analyzing the autocorrelation function is by comparing
it to the Edward-Anderson model for a spin glass as well as simulations
for a ferromagnetic and anti-ferromagnetic system, see Figure 4. In Figure
4a a spin glass is modeled. Where the autocorrelation functions for the
various waiting times all tend to go to zero over a finite period of time, no
matter the choice of waiting time ¢,,. However, in the ferromagnetic and anti-
ferromagnetic system, a equilibrium state is reached, where the correlation
approaches a finite value.

12
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Figure 4 — Autocorrelation functions for a Edward-Anderson spin glass, fer-
romagnetic and anti-ferromagnetic system, figures are from Kamber et al.
Permission to use these figures was granted by Anders Bergman. [2].
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3 Method

The material neodymium were examined using the UppASD software [4] to
evaluate its phase transitions in the region 0 - 20 K, and investigate if they
resemble a spin glass phase. Firstly, phase diagrams were created in Python
with the calculations from the software for a visual representation of where
the phase transitions occur. Then the areas around the phase transitions
were investigated with the use of autocorrelation functions as mentioned in
Section 2.7.

The input file ”inpsd.dat” has many parameters that specify the type of
system to simulate. The following parameters: cutoffs (amount of exchange
interactions), change in temperature and system size have been varied with
the aim of lowering the computational time while still remaining accurate.

3.1 Input parameters

The UppASD code relies on a set of user-defined input files to accurately
model the material. The primary input file ”"inpsd” takes parameters like
temperature, crystal structure, size of the system, method for solving ODE’s
and the corresponding time steps. In this report the time between steps is
t = 1075 and the crystal structure used is that of the DHCP as described
in Section 2.5. However, the function of the input file is also to determine
the nature of the simulation, this includes different type of Monte Carlo sim-
ulations, such as the Metropolis or Heatbath method aswell as atomistic spin
dynamics simulations (ASD). The input file dictates the nature of the out-
put files, such as energy and heat capacity. The input file "inpsd” requires
additional files that dictate certain aspects of the system. The "momfile”
contains information about how the magnetic moments are aligned at the
start of the simulation. For simulations concerning cutoffs and system size
the moments were in a ferromagnetic state from the start, whereas the au-
tocorrelation functions started from a random state. The ”posfile” explains
the choice of a basis onto the lattice. And finally, the ”jfile” includes infor-
mation about the exchange energy discussed in Equation (2). An example
of a ”inpsd” file can be found in Appendix B.
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3.2 Cutoffs of the exchange interaction range

The exchange interactions have to be accounted for in multiple unit cells, so
the information in the ”jfile” were divided into 5 different files, numbered
from 1 to 5, and named ”cutoff 17, ”cutoff 2”7 and finally ”cutoff 5”. Where
the first file contains the minimum information about the exchange interac-
tions, and each following file will contain more and more information. So
"cutoff 5”7 contains the maximum information about the atoms interactions.
Simulations were run for all the cutoffs, and each simulation were run over a
series of temperatures ranging from 0.1 K to 20.0 K, increasing the tempera-
ture by 0.1 K each step, these were then plotted and compared to the ” cutoff
5” file. The purpose of this was to investigate whether ”cutoff 5” is necessary
or if a lower cutoff is sufficient when running these type of simulations.

3.3 Variation of the system size parameter

The size of the system were varied, the size of the system describes how
many unit cells there are in each direction. The smallest size of the system
20x20x5 corresponds to having 20 unit cells in the x and y direction and 5 in
the z direction. Systems of size 40x40x10 and 48x48x24 were also simulated.
Simulations of system were run from 0.1 K to 20 K with an increase in tem-
perature of 0.1 K. Furthermore, phase diagrams were produced for the three
different systems to be able to compare their results.

3.4 Simulation of the autocorrelation functions

To run simulations using the autocorrelation functions not much was changed
in the input file. Two additional lines of instructions were given in the input
to the software. Firstly, the command ”do_autocorr Y” informs the soft-
ware to run the autocorrelation function simulation. The other command is
"acfile. /twfile” that informs the autocorrelation what waiting times to use,
which are located in the ”twfile”. The simulations were run over a time pe-
riod of 50 ps. These simulations used cutoff 5 and were run on two different
systems, 32x32x32 and 48x48x24.

The method to analyze the results was by visual comparison with three
reference systems. In the supplementary material of Kamber et al. [2] figures
of an Edward-Anderson model of a spin glass, an ferromagnetic systems and
an anti-ferromagnetic system were simulated for a 32x32x32 system at a
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temperature of 1 K. These figures were used as a reference point to be able
to identify which temperatures display glassy behavior.

16



4 Results

The results from this report can be divided into two parts, the first is a pa-
rameter test to check what configurations are necessary to obtain sufficiently
accurate results. The second part of the report investigates the phase dia-
gram of the material neodymium and in particular the phase transition at
around 5 K. This is done through the usage of the autocorrelation function
as described in Section 2.7. All the simulations were run using the UppASD
software [4] and then plotted using Python, see Appendix C for the phase
diagram code and Appendix A for the autocorrelation code.

4.1 Phase diagrams for the different cutoffs

The exchange interactions were divided into multiple parts as mentioned
previously, and tested to see if a lower cutoff than 5 could be used to obtain
similar results as cutoff 5, as can be seen in Figure 5a. In Figure 5b cutoff
3 has been excluded to better be able to visualise the area where the phase
transitions occur. The UppASD software provides energy for the different
temperatures and in Figures 6a and 6b the heat capacity has been calculated
with Equation 5. Plots using energy were also made to ensure that the phase
transitions at temperatures 5 K and 11 K in Figures 5a, 5b matched with
the ones using energy to display the phase transitions, as shown in Figure
7. Where a sudden shift in energy indicate that there could be a phase
transition. The temperatures where the shifts in energy are most prominent
are around 5 K and 11 K.

17



Phase diagram
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Figure 5 — On the left, phase diagram for all the cutoffs, and on the right
cutoff 3 is excluded, both systems are of size 20x20x5 and AT = 0.1K.
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Figure 7 — Phase diagram of energy against temperature for cut-
offs 1-5.
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4.2 Phase diagrams for the different system sizes

The results from Section 4.1 indicated that cutoff 5 were necessary to obtain
accurate results. However, instead of varying the cutoffs, the system size is
now of interest. In Figure 8 phase diagrams of various system sizes is shown.
All of the systems indicate phase transitions at around 5 K and 11 K, which
is in line with the results from Section 4.1. All the system sizes show quite
accurately the phase transitions at the interesting temperatures, in the next
section the system 48x48x24 will be used for the simulations, and it will be
compared to a reference system of size 32x32x32.

Phase diagram, AT=0.1 Phase diagram, AT =0.05
161 —— Cutoff 5, 20x20x5 16 1 —— 20x20x5
Cutoff 5, 40x40x10 40x40x10
— 14 —— Cutoff 5, 48x48x24 —_ —— 48x48x24
¥4 hv4
14 4
O 12 4 o
= =<
:‘ 10 4 :‘ -
© ©
[«F] (]
< 89 <
O O
=6y &= 10
Q (8]
<] (]
Q. 4 o
»n 0
s
2]
0:0 2:5 5.‘0 7.‘5 1010 12‘5 15‘1) 1715 20“0 3.‘5 4:0 4:5 5.‘0 5.‘5 6:0 6:5
Temperature [K] Temperature [K]
(a) Phase diagram for temperatures (b) Phase diagram for temperatures
0.1-20 K with AT = 0.1K 3.5 K - 6.5K with AT = 0.06K

Figure 8 — Phase diagrams with system size: 20x20x5, 40x40x10 and
48x48x24.

4.3 Autocorrelation functions for different tempera-
tures

A temperature sweep from 0.1 - 10 K were run for the autocorrelation func-
tions with AT = 0.5 for the region 0.1 - 3.5 K and 5.5 - 10 K but the region
of interest 3.5 - 5.5 K were run with AT = 0.1. Plots depicting these sim-
ulations can be seen in Figures 9 and 10. In Section 2.7 the visual features
of a spin glass were discussed, where the autocorrelation functions will tend
to zero for all waiting times. For ferromagnetic and anti-ferromagnetic they
tend to approach a finite value, different from zero. In Figure 10 the auto-
correlation function seem to be going toward a finite value. This behavior is
common in ferromagnetic and anti-ferromagnetic systems. In Figure 9 the
behavior of the autocorrelation functions seem to approach zero, which is the
case of the spin glass state.
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Figure 9 — Autocorrelation functions using UppASD program, for various

temperatures and system sizes.
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Figure 10 — Autocorrelation functions using UppASD program, for various
temperatures and system sizes.
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5 Discussion

5.1 Cutoffs

Cutoffs 1 and 2 fail to indicate that there are two phase transitions in the
region 0-20 K, and the exact position of the phase transitions is quite difficult
to extract from Figure 5. Cutoff 3 display both the phase transitions that
cutoff 5 does, around 5 K and 11 K but it also displays a massive peak
around 1.35 K which cutoff 5 does not. This is most likely due to the fact
that when splitting the cutoff files certain properties may not have been
accurately represented. Cutoff 4 also display both phase transitions, but
the temperature differs by at least 1 K. However, while cutoff 5 does not
represent the real situation, it offers the most accurate representation of the
exchange interactions. Even more advanced representations of the exchange
interactions could display phase transitions that are not made visible by
cutoff 5. This lead to the conclusion that cutoff 5 should be used for the rest
of the simulations as no other cutoff could replicate the results accurately
enough.

5.2 System size

As displayed in Figure 8, the phase diagram of various system sizes were
shown. They all indicated to a phase transition at around temperatures of
5 K and 11 K. However, since a larger system size correlates better with the
actual system, the new system of choice were 48x48x24. The massive peak
at 5 K, see Figure 8a, for the 48x48x24 system were examined by analyzing
the autocorrelation functions around that temperature. But no conclusive
results were found to explain this huge peak in the phase diagram.

If the main point is to find where the phase transitions occur then the use
of a larger system may be excessive. Since all the systems displayed both
phase transitions quite accurately, and reducing the system size significantly
reduces the simulation time.
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5.3 Autocorrelation functions

From Section 4.3, simulations of the autocorrelation function for systems
32x32x32 and 48x48x24 were shown. And in Section 2.7 the method to an-
alyze the results is discussed, by comparing them to the Edward-Anderson
model for a spin glass as well as simulations for a ferromagnetic and anti-
ferromagnetic system, shown in Figure 4. Considering the temperatures
below 3.5 K, they display the glassy behavior as can be seen in Figure 9.
Furthermore, the region above 3.5 K, namely 3.5 - 10 K doesn’t seem to be
displaying these features. They tend to look more like anti-ferromagnetic
systems. However, it is difficult to draw a conclusive line as to where the
glass behaviors emerges and where it appears more like an anti-ferromagnetic
system, since the main method of analysis for the autocorrelation functions
is by visual comparison. In Figure 9 the autocorrelation functions seem to be
going toward zero even for the larger waiting times, this further corroborates
the statement that the functions in Figure 9 display glassy behavior.

A way to enhance the analysis is by fitting a function for the last couple of
values of the autocorrelation function to see how fast they would approach
zero. This could lead to having a better framework to decide when spin glass
behavior arises in this model.

5.4 FEthical considerations

The simulations were run using the NSC (National Supercomputer Centre)
and could be executed in parallel on multiple CPUs, significantly reducing
computational time. Despite this, the total simulation time reached 108070
CPU hours, which is remarkably high. Supercomputers generally perform
much more efficiently than ordinary computers, but this efficiency comes
with immense power and energy usage. It is imperative to consider the en-
vironmental implications of such computational endeavors and balance them
against the scientific insights gained. Hence, there is a necessity to minimize
the computational workload required for these simulations, but also simula-
tions in general.

Transparency and accountability are fundamental principles in research, en-
suring that methodologies, assumptions, and findings are openly accessible
and subject to scrutiny. In line with these principles, the UppASD software
used in this study is an open-source tool, with tutorials and code setup in-
structions freely available online at https://github.com/UppASD/UppASD.
This transparency facilitates reproducibility and fosters trust within the sci-
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entific community by enabling researchers to openly review and verify the
computational methods employed. However, the UppASD software is usable
on most computers, but if more precise or larger computations is needed,
supercomputers is almost a must. But, access to supercomputers is limited,
and they are mainly used by research groups and companies, making the
accessibility to run these type of simulations quite restricted.

5.5 Outlook

The reference graphs in Figure 4 were not simulated by me; due to time
constraints, the simulations by Kamber et al. [2] were used. For a more rep-
resentative comparison with the systems used in my results, autocorrelation
functions for spin glass, ferromagnetic, and anti-ferromagnetic systems could
be simulated using the same configurations as in this project.

Extending the simulation time for the autocorrelation functions could be
valuable for further studies of phase transitions in neodymium. The sim-
ulation time for the autocorrelation function in this report was ¢ = 50 ps.
Simulating the systems for a longer period could offer a better understand-
ing of how the system relaxes and help clarify when the glassy behavior arises.

Another interesting feature for future research could involve investigating the
autocorrelation functions not as a function of time, but rather as a function
of spatial correlation within the lattice. By examining how the autocorrela-
tion functions vary across different positions in the lattice, it may be possible
to identify spatial regions that exhibit ordered or disordered behavior. This
approach has the potential to shed light on the underlying mechanisms driv-
ing the observed glassy features and explain the role of neighboring areas
in generating frustration behavior. By analyzing the correlations between
neighboring regions and regions displaying glassy features, valuable insights
into the spatial dynamics of the system could be gained, providing a deeper
understanding of the complex behavior of spin glass and related materials.
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6 Conclusion

This project investigated the parameters of the UppASD software and ex-
plored the 0.1 - 20 K region using phase diagrams and autocorrelation func-
tions to examine the phase transition around 5 K. The results indicate that
largest range of the exchange interactions (cutoff 5) were necessary. All sys-
tem sizes showed promising results, but the 48x48x24 system were chosen as
it best approximates the real system due to its larger size. The autocorrela-
tion function for temperatures between 0 and 10 K was examined in depth.
The results indicate glassy behavior below 3.5 K and an antiferromagnetic
state in the region from 3.5 to 10 K.

The total simulation time reached 108070 CPU hours, necessitating the use
of supercomputers. These supercomputers operate at high efficiency but con-
sume significant power, which can strain the environment if used excessively.
Therefore, it is important to weigh the environmental impact against the
scientific value. Given the detailed understanding of phase transitions and
material behavior obtained from these simulations, it can be argued that the
insights gained justify the computational resources used.

To enhance the analysis, the spin glass, ferromagnetic, and antiferromag-
netic phases could be simulated using the same input configuration as in this
report. Additionally, applying a linear fit to the autocorrelation functions
could improve the analysis by determining how quickly they tend to zero.
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Appendix

A Autocorrelation function code

import os
import numpy as np
import matplotlib.pyplot as plt

def f(folder_path,T,size):
# Specify the filename
file_name = ’autocorr.dhcpNdO1l.out’

# Combine folder path and file name to get the full file path
file_path = os.path.join(folder_path, file_name)

# Temperature
temperature = f£’{T} K’

autocorr_nozero = []

for j in range(1,15):
ac = np.loadtxt(file_path, usecols = j)
ac_nozero = aclac != 0.0]
autocorr_nozero.append (ac_nozero)

plt.figure(figsize=(8, 6))
tw_list = [2,4,11,28,69,169,411,1000,2429,5903,14345,
34855,84690,205779,499999]
for i, ac in enumerate(autocorr_nozero, start=1):
tw = np.linspace(100, 500000, len(ac))
plt.semilogx ((twx10**-16)/(10%*-12), ac ,label=f’$t_w
{round ((10**-16*tw_list[i-1])/(10%*-12),5)}$ ps’)

plt.title(f’T = {temperature}, System = {size}’, fontsize = 17)
plt.xlabel(’Time (ps)’, fontsize = 17)

plt.ylabel (°$C(t+t_w, t_w)$’, fontsize = 17)

plt.legend ()

plt.show()

# 32x32x32

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
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\\autocorr\\autocorr32\\T3.1’
f(folder_path,3.1,’32x32x32’)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr32_3,5_5,5\\T3.5"
f(folder_path,3.5,°32x32x327)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr32_3,5_5,5\\T4.0°
f(folder_path,4.0,’32x32x32°)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr32_3,5_5,5\\T4.5’
f(folder_path,4.5,’32x32x327)

# 48x48x24

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr48_0,1_3,5\\T3.1°
f(folder_path,3.1,°48x48x24’)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr48_3,5-5,5\\T3.5°
f(folder_path,3.5,’48x48x24°)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr48_3,5-5,5\\T4.0’
f(folder_path,4.0,’48x48x24°)

folder_path = ’C:\\Users\\student19\\Kandidatarbete\\runs
\\autocorr\\autocorr48_3,5-5,5\\T4.5"’
f(folder_path,4.5,°48x48x24’)

B Input files

This is an example of how an input file can look like. This particular input
file simulates the 48x48x24 system and also runs the autocorrelation function
simulation.

simid dhcpNdO1

ncell 48 48 24

BC P P P Boundary conditions (O=vacuum
, P=periodic)

cell 0.500000000000000 -0.866025403784439 0.000000000000000

0.500000000000000  0.866025403784439 0.000000000000000
0.000000000000000  0.000000000000000 3.225675934279231
Sym 0 Symmetry of lattice (0 for no, 1 for cubic,
2 for 2d cubic, 3 for hexagonal)
do_prnstruct 2
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posfile ./posfile.cartesian
momfile ./momfile

exchange ./jfile.cutb
#anisotropy ./kfile

maptype 2

#

SDEalgh 5 SDE solver: 1=midpoint, 2=heun, 3=heun3, 4=Heun_proper, 5=Depondt
Initmag 1 Initial config of moments (l=random, 2=cone, 3=spec., 4=file)

#irestartfile ./start.cool_s00.0

ip_mode N
ip_mcanneal 1
50000 TEMPO0O1

mode S

Temp TEMP0OO1 K Temperature of the system
hfield 0.00000  0.00000  0.00000 Static H field

nstep 500000 Number of time-steps
damping 0.5

do_avrg Y Measure averages

avrg_step 100
ene_step 100

do_tottraj N Measure moments
do_proj_avrg N
tottraj_step 1000

ntraj 0
1 100 8
gpu_mode O

map_multiple T

do_sc N

do_sc_proj N

gpoints F

gfile ./qgpoints.gamma
#qfile ./qpoints.hex
sc_sep 100

plotenergy 1
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do_reduce Y

gm_svec 1 0 O
gm_nvec 0 0 1

do_stiffness N
alat 3.6579e-10
eta_min 14
eta_max 22

do_autocorr Y
acfile ./twfile

C Phase diagram code

import json

import os

import numpy as np

import matplotlib.pyplot as plt
import subprocess

from cutoffs import *

specific_heat_list_c3 = []
temperature_list_c3 = []
energy_list_c3 = []

def f(E,T):
kb = 1.38064852e-23 / 2.179872325e-21
E_fix = E / kb
dT = np.gradient(T)
dE = np.gradient(E_fix)
Cv = dE/dT
return Cv

# Loop through the folders

for i in range(l, 201):
temperature = i / 10.0
folder_name = f"T{temperature:.1f}"
folder_path
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# Check if the folder exists
if os.path.exists(folder_path):

# Check if the JSON file exists
json_file_path = os.path.join(folder_path, "cumulants.dhcpNdO1l.json")
if os.path.exists(json_file_path):
# Read the JSON file
with open(json_file_path) as json_file:
data = json.load(json_file)
specific_heat = data.get("specific_heat")
temperature = data.get("temperature")
energy = data.get("energy")
if specific_heat is not None:
specific_heat_list_c3.append(specific_heat)
temperature_list_c3.append(temperature)
energy_list_c3.append(energy)
else:
print ("Specific Heat not found in JSON file.")
else:
print (f"JSON file not found in folder: {folder_namel}")
# else:
# print (f"Folder not found: {folder_name}")

cv_c3 = np.array(specific_heat_list_c3)
t_c3 = np.array(temperature_list_c3)
e_c3 = np.array(energy_list_c3)

# All these systems are 20x20x5

plt.figure()

plt.title(’Phase Diagram for cutoffs’, fontsize = 17)
plt.xlabel (’Temperature [K]’, fontsize = 17)
plt.ylabel(’Specific heat [J/kg K]’, fontsize = 17)
plt.plot(t,cv_cl, label = ’Cutoff 17)
plt.plot(t,cv_c2, label = ’Cutoff 27)

#plt.plot(t, cv_c3_new, label = ’Cutoff 3_new’)
plt.plot(t, cv_c3, label = ’Cutoff 3’)
plt.plot(t,cv_c4, label = ’Cutoff 4’)
plt.plot(t,cv_c5, label = ’Cutoff 57’)

plt.legend()

plt.show()

33



plt.figure()

plt.title(’Phase Diagram for cutoffs (Cutoff 3 excluded)’, fontsize = 17)
plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’Specific heat [J/kg K]’, fontsize = 17)
plt.plot(t,cv_cl, label = ’Cutoff 1°)
plt.plot(t,cv_c2, label = ’Cutoff 27)

# plt.plot(t, cv_c3_new, label = ’Cutoff 3_new’)

# plt.plot(t, cv_c3, label = ’Cutoff 3’)
plt.plot(t,cv_c4, label = ’Cutoff 4’)
plt.plot(t,cv_cb5, label = ’Cutoff 57)

plt.legend()

plt.show()

plt.figure()

plt.title(’Phase Diagram for cutoffs 1-5’, fontsize = 17)
plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’$\partial U/\partial T$ [J/(kg K)]’, fontsize = 17)
plt.plot(t,f(e_cl,t), label ’Cutoff 1°)
plt.plot(t,f(e_c2,t), label ’Cutoff 27)

# plt.plot(t, f(cv_c3_new,t), label = ’Cutoff 3_new’)
plt.plot(t, f(e_c3,t), label = ’Cutoff 3’)
plt.plot(t,f(e_c4,t), label = ’Cutoff 4’)
plt.plot(t,f(e_c5,t), label = ’Cutoff 5’)
plt.ticklabel_format(style=’sci’, axis=’y’, scilimits=(0,1))
plt.legend ()

plt.show()

plt.figure()

plt.title(’Phase Diagram (dE/dT) for cutoffs 1,2,4 and 5°, fontsize = 17)
plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’$\partial U/\partial T$ [J/(kg K)]1’, fontsize = 17)
plt.plot(t,f(e_cl,t), label ’Cutoff 1)

plt.plot(t,f(e_c2,t), label ’Cutoff 27)

# plt.plot(t, f(cv_c3_new,t), label = ’Cutoff 3_new’)

# plt.plot(t, f(e_c3,t), label = ’Cutoff 3’)
plt.plot(t,f(e_c4,t), label = ’Cutoff 47)

plt.plot(t,f(e_cb5,t), label = ’Cutoff 5’)

# plt.ticklabel_format(style=’sci’, axis=’y’, scilimits=(0,1))
plt.legend()

plt.show()

plt.figure()
plt.title(’Phase Diagram (dE/dT) for cutoffs 1-5 in logarithmic scale’)
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plt.xlabel (’Temperature [K]’)

plt.ylabel(’$\partial U/\partial T$ [J/(kg K)1’)
plt.semilogy(t,f(e_cl,t), label = ’Cutoff 1’)
plt.semilogy(t,f(e_c2,t), label = ’Cutoff 2’)

# plt.plot(t, f(cv_c3_new,t), label = ’Cutoff 3_new’)
plt.semilogy(t, f(e_c3,t), label = ’Cutoff 3’)
plt.semilogy(t,f(e_c4,t), label = ’Cutoff 4’)
plt.semilogy(t,f(e_c5,t), label = ’Cutoff 5°)
plt.legend()

plt.show()

plt.title(’Phase Diagram (Energy)’)
plt.xlabel (’Temperature [K]’)
plt.ylabel (’Energy [J]’)
plt.plot(t,e_cl, label = ’Cutoff 1°)
plt.plot(t,e_c2, label = ’Cutoff 2’)
# plt.plot(t, f(cv_c3_new,t), label = ’Cutoff 3_new’)
plt.plot(t, e_c3, label = ’Cutoff 3’)
plt.plot(t,e_c4, label = ’Cutoff 4’)
plt.plot(t,e_c5, label = ’Cutoff 57)
plt.legend()

plt.show()

plt.figure()

plt.title(’Phase Diagram of various system size’, fontsize = 17)
plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’Specific heat [J/kg K]’, fontsize = 17)
plt.plot(t,cv_c5, label = ’Cutoff 5 20x20x5’)
plt.plot(t,cv_sys2, label = ’Cutoff 5, 40x40x10’)
plt.plot(t,cv_sys3, label = ’Cutoff 5, 60x60x15’)

plt.legend()

plt.show()

# Kor 48x48x24
# Autocorrelation
# AC -

#New params
plt.figure()
plt.title(’Phase Diagram for various systems, $\Delta T = 0.1$’, fontsize = 17)

plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’Specific heat [J/kg K]’, fontsize = 17)
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plt.plot(t,cv_20, label = ’Cutoff 5, 20x20x5’)
plt.plot(t,cv_40, label = ’Cutoff 5, 40x40x10’)
plt.plot(t_48,cv_48, label = ’Cutoff 5, 48x48x247)
plt.legend()

plt.show()

# plt.figure()

# plt.title(’Phase Diagram for different system size’)
# plt.xlabel(’Temperature [K]’)

# plt.ylabel(’Specific heat [J/kg K1)

# plt.plot(t,cv_20, label = ’Cutoff 5, 20x20x5’)

# plt.plot(t,cv_40, label = ’Cutoff 5, 40x40x10’)

# plt.plot(t_48,cv_48, label = ’Cutoff 5, 48x48x24°)

# plt.plot(t_20_close, cv_20_close, label = ’20x20x5’)
# plt.plot(t_40_close, cv_40_close, label = ’40x40x10’)
# plt.plot(t_48_close, cv_48_close, label = ’48x48x247)
# plt.legend()

# plt.show()

plt.title(’Phase diagram for various systems, $\Delta T = 0.05$%’, fontsize
plt.xlabel(’Temperature [K]’, fontsize = 17)
plt.ylabel(’Specific heat [J/kg K]’, fontsize = 17)
plt.plot(t_20_close,cv_20_close, label = ’20x20x5°’)
plt.plot(t_40_close,cv_40_close, label = ’40x40x10’)
plt.plot(t_48_close,cv_48_close, label = ’48x48x24’)
plt.legend()

plt.show()
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