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Zusammenfassung

Nach der tiefgreifenden Integration von PCs in den Alltag, sowie der Ausbreitung
des Internets in den letzten Jahrzehnten, hat die Entwicklung und weite Verbre-
itung portabler Geräte wie Smartphones, Tablet-PCs und Smartwatches die Be-
deutung digitaler Informationen für das Leben der Menschen weiter verstärkt. Die
Geschwindigkeit dieser Entwicklung und der damit verbundene Bedarf an digitaler
Speicherkapazität wird sich voraussichtlich in den nächsten Jahren weiter erhöhen
[1].

Neben dem Anspruch die Kosten zu senken, müssen sich hierbei neue Speicher-
technologien besonders hinsichtlich der Geschwindigkeit des Schreib-und Lesevor-
gangs, sowie der Dichte der Bits - der kleinsten Einheit -, verbessern. Momentan
wird die Dichte in herkömmlichen magnetischen Speichern durch die Größe mag-
netischer Domänen, deren Magnetisierung in verschiedenen Richtungen orientiert
ist, bestimmt. Die Schreibgeschwindigkeit entspricht der benötigten Zeit die Rich-
tung der Magnetisierung in diesen Domänen mit Hilfe von externen magnetischen
Feldern zu verändern und liegt momentan im Nanosekundenbereich. Selbstver-
ständlich müssen zuerst die grundlegenden physikalischen Effekte, die potenziell
die Entwicklung kleinerer und schnellerer Speicher ermöglichen, verstanden und
untersucht werden. In dieser Arbeit werden Prozesse untersucht, die eine ther-
mische Kontrolle der magnetischen Eigenschaften von Strukturen im Nanometer-
bereich ermöglichen.

Ein solcher Vorgang, der möglicherweise zum Schalten der Magnetisierungsrich-
tung im Femtosekundenbereich führen könnte, ist das sogenannte opto-mechanische
Schalten [2, 3, 4, 5, 6]. Dieses konnte bisher nur in magnetischen Systemen mit
mindestens zwei Untergittern, wie Ferrimagneten, bei denen die magnetischen Mo-
mente zwischen den Untergittern antiferromagnetisch koppeln, gefunden werden.
Die physikalischen Größen, welche im Wesentlichen die mögliche Umschaltzeit be-
stimmen, sind die Frequenz sowie die Dämpfung der Resonanzmoden der magne-
tischen Materialien, die beide hoch sein müssen, um schnelles Schalten zu erreichen.
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In Kapitel 4 dieser Arbeit sind die erzielten Ergebnisse für die Temperaturab-
hängigkeit der Frequenzen und Dämpfungen dieser Moden präsentiert. Mittels
Computersimulationen als auch analytisch konnten hierbei sehr gute Übereinstim-
mungen der Temperaturabhängigkeit sowohl der Frequenz als auch der Dämpfung
zwischen den beiden Untersuchungsmethoden, sowie mit experimentellen Mes-
sungen [7, 8], erzielt werden. Außerdem konnte in diesem Zusammenhang die
Bedeutung temperaturabhängiger Dämpfungsparameter in Rahmen der neu für
Ferrimagnete hergeleiteten Landau-Lifshitz-Bloch-Gleichung [9, 10] gezeigt wer-
den. Die wichtigsten Ergebnisse in diesem Zusammenhang sind zusammen mit
U. Atxitia und O. Chubykalo-Fesenko vom Institut für Materialwissenenschaften
in Madrid in [11] veröffentlicht worden.

Ein weiteres vielversprechendes Forschungsgebiet für die Entwicklung neuer Spei-
chertechnologien ist das Gebiet der Spin-Kaloritronik, wo es um die Kombination
aus dem Transport von Spin, Ladung, Entropie und Energy in magnetischen Sys-
temen geht. D. Hinzke und U. Nowak haben 2011 in diesem Zusammenhang
zum ersten Mal den Effekt der Domänenwandbewegung in Temperaturgradienten
theoretisch vorhergesagt [12]. Im fünften Kapitel dieser Arbeit wird dieser Ef-
fekt, welcher in der Zwischenzeit auch experimentell gefunden werden konnte [13],
detailiert behandelt. Basierend auf dem thermodynamischen Argument der Max-
imierung der Entropie der Domänenwand mit steigenden Temperaturen, konnte
eine analytische Formel für die Geschwindigkeit der Wand in Abhängigkeit der
Stärke des Temperaturgradienten hergeleitet werden. Desweiteren wird demon-
striert, dass dieser thermodynamische Effekt im Vergleich zu einer mikroskopis-
chen Theorie für die Domänenwandbewegung [14, 15, 13, 16] dominiert. Durch
die Berechnung eines Feldäquivalens, sowie der Diskussion des Einflusses von De-
fekten, wird die Theorie außerdem durch experimentelle Untersuchungen bestätigt.
Einige der hier diskutierten Ergebnisse sind in [17] veröffentlicht worden.

Außerdem sehr wichtig für die Weiterentwicklung magnetischer Bauelemente ist
das Verständnis der Erzeugung bestimmter Domänenkonfigurationen. Im sechsten
Kapitel dieser Arbeit geht es um die thermische Kontrolle dieser Domänenkonfi-
gurationen für dünne magnetische Filme mit einer starken Anisotropie. In Über-
einstimmung mit experimentellen Messungen konnte hierbei gezeigt werden, dass
sich durch den Laser-Beschuss eines dünnen Filmes, sowie der darauffolgenden De-
magnetisierung (durch ein abklingendes Wechselfeld), gewünschte Domänenkon-
figurationen, wie zum Beispiel Streifenmuster, erzeugen lassen. Die physikali-
schen Effekte, die dieses ermöglichen, konnten hierbei als irreversible Anisotropie-

6



änderung, sowie einer erhöhten Pinningwahrscheinlichkeit magnetischer Domänen
an Defekten bei thermischer Demagnetisierung im Vergleich zum Demagnetisieren
mit abklingenden Wechselfeldern, identifiziert werden. Im Rahmen einer Zusam-
menarbeit mit der Gruppe von J. Boneberg innerhalb des Konstanzer SFBs ’Con-
trolled Nanosystems’ sind einige der Ergebnisse in [18] veröffentlicht worden.
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1 Introduction

1.1 Motivation

After the deep integration of personal computers in peoples working as well as
private lives in the last decades, the recent development of portable devices as
smart-phones, tablets or smart-watches has boosted the role of digital information
to our lives even further. The speed of the development of this so-called infor-
mation technology era and thereby the connected total demand of data storage is
expected to increase even further in the next years. In 2014 Seagate has published
a study forecasting that the so-called zettabyte (1021 bytes) era in the sense of
the total internet traffic per year is already reached this year (2016) [1]. In the
same study the authors have also warned, that the world could get out of storage
capacity during the next years, if the possibility to store the digital data is not
significantly improved.

Besides the challenge of further decreasing costs per byte, newly developed stor-
age devices are also facing two additional requirements, which are increasing the
storage density as well as their writing and reading speeds. In current magnetic
memory devices, the density is determined by the size of magnetic domains, which
are either set up or down. The speed corresponds to the magnetization rever-
sal time, which is approximately one nanosecond in current disk drives, where
an external magnetic field pulse is applied in order to reverse the magnetization.
Logically, in order to satisfy the requirement for faster and smaller devices firstly
the general physical effects potentially enabling such a development need to be
understood.

One example of such an effect potentially allowing for an ultra-fast magnetiza-
tion switching time in the femto-second regime is called opto-magnetic writing. It
was discovered via different mechanisms: by using circularly polarized laser pulses
[2, 3, 4, 5, 6], pure thermal excitation [19, 20], or THz radiation [21]. The theoret-
ical explanation of these findings as well as of the underling effect of an ultra-fast
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1 Introduction

demagnetization is still under a strong debate with explanations ranging from the
creating of a transient ferromagnetic state in ferrimagnets [22, 23], to the gener-
ation of a so-called super-diffusive transport between different layers of magnetic
materials [24]. Since switching with laser pulses seems to be solely possible for ma-
terials with at least two sub-lattices as ferrimagnets with a rare-earth component
as in GdFeCo or TbCo, deeper theoretical investigations of such materials are of
high interest.

The parameters that basically define the possible switching time are the fre-
quency and the effective damping parameter of the resonance modes of the sam-
ples, which both need to be high in order to enable a fast magnetization reversal.
In chapter 4 analytical as well as numerical results based on spin model simulations
of these values are presented. The analytical solution represents an improvement
of former analytical results by avoiding certain approximations. Furthermore the
solution is in good agreement with experimental results for ferrimagnetic GdFeCo
[7] as well as CoGd [8]. Additionally the importance and validity of the recently
derived two sub-lattice version of the Landau-Lifshitz-Bloch equation for finite
temperature micromagnetics is demonstrated. These results were published within
a collaboration with U. Atxitia and O. Chubykalo-Fesenko from the institute of
material science in Madrid in [11].

a) b)

Figure 1.1: a) Sketch of the Spin Seebeck effect, the generation of a spin accumu-
lation due to a temperature gradient (Figure from [25]) and the two
possible kinds of spin currents, which are spin polarized charge currents
and chargeless magnons. (Figure from [26])

Another research field, which calls for an exploitation in magnetic devices is the
field of spin caloritronics. It is focused on the combination of transport phenomena
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1.1 Motivation

involving spin, charge, entropy and energy in magnetic systems [27]. One recently
found phenomenon is the so-called spin Seebeck effect (SSE). It describes the oc-
currence of spin currents or spin accumulation induced by temperature gradients,
which was discovered first in metallic ferromagnets [25] and later on also in dilute
magnetic semiconductors [28] and even in insulators [29]. In the latter case the
existence of the SSE can only be explained by pure magnonic spin currents not
resting on any charge transport.

The two possible types of spin currents, which are spin polarized charge cur-
rents and chargeless magnonic currents are illustrated in Figure 1.1. How these
magnons, being thermally induced excitations of the magnetic system with well
defined wave-spectra, accumulate and propagate in a temperature gradient is dis-
cussed in dependence of the damping coefficient in [30] and in dependence of the
thickness of the insulating material in [31].

In Ref. [12] D. Hinzke and U. Nowak have demonstrated the existence of ther-
mally driven domain wall (DW) motion in a temperature gradient for the first
time by using computer simulations. They have described two different mecha-
nisms leading to the observed movement of the domain wall towards the hotter
part. One from a microscopic point of view resting on the diffusive motion of
magnons from the hot end of a nanowire towards the colder end [30] and one from
a thermodynamic point of view and the increase of the entropy of the wall for
higher temperatures. Recently, the effect of a moving domain wall in the direction
of the hotter part in a thermal gradient was also observed experimentally in the
magnetic insulator YIG using magneto-optical Kerr effect microscopy [13].

Chapter 5 deals with a detailed investigation of this effect from the thermody-
namic point of view. Here, the analytically derived result for the velocity of the
domain wall, being in good agreement with corresponding numerical simulations,
is compared to solutions based on the microscopic explanation [14, 15, 13, 16]. It
is demonstrated, that the entropy driven DW-motion exceeds the one caused by
the magnons. These results are published in [17].

This effect could potentially be used in a new innovative approach called race-
track memory proposed by S. Parking from IBM [32]. The operating principle of
the race-track memory is illustrated in Figure 1.2. A spin polarized electrical cur-
rent is used in order to move a magnetic domain stripe pattern in the direction of
the applied current. The information in which direction the domains are oriented
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1 Introduction

Figure 1.2: Schematic illustration of the race-track-memory. A spin polarized elec-
trical current is used in order to move a magnetic domain stripe pattern
in the direction of the applied current. (Figure from IBM)

can be read out at a fixed position. Thus differently to conventional magnetic
devices, there is no mechanical moving reading and writing head necessary, which
leads potentially to less energy consuming as well as faster read in and read out
processes. The underling physical effect leading to the movement of the magnetic
domains in the direction of the current is the so-called spin-transfer torque. Since
as discussed in chapter 5 domain walls can also be moved by thermal gradients,
these could potentially replace the electrical current for future race-track-memory
devices.

Also essential for the further development of magnetic devices is an easy and
reliable fabrication process of demanded domain configurations. Currently these
structures are usually fabricated by lithographic techniques like electron beam
lithography, which include the use of a photo-resist, the serial development of the
resist by the electron beam, the removal of the developed resist and an etching
process e.g. by ions. In contrast the so-called direct laser interference patterning
(DLIP) applied by the group of J. Boneberg from Konstanz allows the processing
of mm2 of material with a single laser shot. The technique also adaptable to dif-
ferent materials ranging from metals to polymers [33, 34, 35, 36, 37, 38, 39, 40, 41]
in the context of a collaborating project within the SFB 767 "Controlled Nanosys-
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1.2 Overview of the thesis

tems" was applied on Co/Pd multilayer thin films, which show a perpendicular
magnetic anisotropy.

It could be demonstrated, that by using the DLIP technique as well as a demag-
netization routine using an damped AC-magnetic field, a controlled fabrication of
desired domain configuration as for instance stripe patterns is possible. The phys-
ical effects enabling the control of the domain structure are pinning and depin-
ning effects within different demagnetization techniques as well as an irreversible
anisotropy change in the samples. In chapter 6 these effects are discussed based on
numerical simulations and compared to the corresponding experimental finding.
These results are published in the joint publication [18]. Furthermore, in chapter
6, the control of magnetic domain structures via thermal gradients is discussed.
This can be understood as a combination of the dynamics of domain walls in ther-
mal gradients presented in chapter 5 and the thermal control of magnetic domain
structures as discussed prior in chapter 6.

1.2 Overview of the thesis

The focus of this thesis is on the thermal control of magnetic nanostructures. In
chapter 2 the fundamental physical background started with the extended Heisen-
berg model, used to describe magnetically ordered systems on an atomistic scale, is
introduced. Furthermore the theory of micromagnetism describing those systems
from a more macroscopic point of view is described and used for a short intro-
duction of different magnetic structures as domain configurations and domain wall
profiles.

Chapter 3 deals with the numerical methods applied for this work. Here the
equations of motion namely the Landau-Lifshitz-Gilbert equation applied for atom-
istic spin model simulations as well as the Landau-Lifshitz-Bloch equation ap-
plied for micromagnetic simulations are introduced in their stochastic version. In
this context also the approach of the so-called multi-scale-modeling as well as the
Heun method used in order to solve the stochastic differential equations and the
Fast-Fourier-Transformation concept applied to reduce the computational cost of
dipole-dipole interactions are discussed.

Based on these physical and numerical fundamentals the chapters 4, 5, and 6
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deal individually with the obtained results of three different general mechanism for
the thermal control of magnetic nanostructures. Specifically the thermal control
of ferrimagnetic resonance modes is discussed in chapter 4, thermally induced
domain wall dynamics in chapter 5 and the thermal control of magnetic domain
configurations in thin films in chapter 6. The thesis is closed with a summary and
outlook.
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2 Physical background

In this chapter the underlying physical models for this thesis are introduced. For
the benefit of the reader the whole chapter is a repetition with an individual fo-
cus of the already existing introductions in various books [42, 43, 44] as well as
PhD [45, 46, 47, 48, 49, 50], diploma or master -theses [51, 52, 53, 54] including
my own diploma thesis [55]. It should be seen as short introduction just to the
most relevant underlying fundamentals for this thesis without any pretension of
completeness.

Starting with three types of magnetically ordered systems in the absence of
an external field (ferro- antiferro- and ferrimagnetism), the extended Heisenberg
model describing these systems is discussed. In the next part the micromagnetism
based on the continuum theory describing the transition between atomistic and
macroscopic treatment is presented. Based on this theory the roles of the different
energy contributions to the resulting magnetic domain configuration are discussed
qualitatively. Finally the different profiles of domain walls, being the transition
region between magnetic domains, are introduced.

2.1 Magnetic order and Heisenberg model

Besides the induced magnetization in paramagnets and diamagnets (parallel and
anti-parallel) with respect to an applied external magnetic field, some materials
show a spontaneous magnetic order even without the existence of an external
magnetic field. While in ferromagnets as Iron or Nickel a parallel ordering of the
magnetic moments is observed, antiferromagnets as for instance MnO consist of
two sublattices with the same strength of the total magnetization, which are or-
dered anti-parallel to each other. Ferrimagnets, found for instance in compositions
of rare-earth atoms and transition metals as FeGd, consist of at least two different
ferromagnetic sub-lattices, which are coupled anti-ferromagnetically to each other.
While the spontaneous magnetization at zero temperature in antiferromagnets is
equal to zero, ferrimagnets as well as ferromagnets show a spontaneous magne-
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2 Physical background

(a) (b) (c)

Figure 2.1: Schematic illustration of the ground state at T = 0K for (a) ferromag-
nets, (b) antiferromagnets and (c) ferrimagnets. Here, the red and blue
arrows represent the magnetic moments, the green arrow the resulting
magnetization. (Figure shown in [55])

tization. The ground state at zero temperature of the three different magnetic
systems is illustrated in Figure 2.1.

With increasing temperatures thermal fluctuations become more pronounced,
so that the total spontaneous magnetization decreases. The critical points, where
the fluctuations destroy the magnetic order, are called Curie temperature TC in
the case of ferromagnets and ferrimagnets and Nèel-temperature TN in the case
of antiferromagnets. Within the so-called mean-field-approximation (MFA) [56],
based on the assumption that each magnetic spin interacts with the exchange field
generated by the thermal average of its surrounding spins, the temperature de-
pendence of the spontaneous magnetization can be solved analytically. Note that
due to the neglected correlations of magnetization fluctuations, those analytical
results available also for the micromagnetic exchange stiffness A as well as the
perpendicular and parallel susceptibilities χ, represent only a rough approxima-
tion especially close to TC. Hence, for a proper description numerical modeling as
described in the next chapter needs to be done. Above the critical points TC and
TN the systems loose the spontaneous ordering and become paramagnetic.

The resulting temperature dependence of the spontaneous (equilibrium) mag-
netizations for the three magnetic systems is illustrated in Figure 2.2. Here, the
plotted lines correspond to numerical obtained data from spin model simulations
as discussed in chapter 4. However these curves can be discussed approximately
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2.1 Magnetic order and Heisenberg model
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Figure 2.2: Schematic illustration of the temperature dependent spontaneous mag-
netizationM(T ) for (a) ferromagnets, (b) antiferromagnets and (c) fer-
rimagnets. While at antiferromagnets the sub-lattice magnetizations
always cancel each other, ferromagnetic as well as ferrimagnetic ma-
terials show a spontaneous total magnetization below the Curie tem-
perature TC. Additionally in ferrimagnets the direction of the total
magnetization changes at the magnetic compensation point TM, where
the sub-lattices magnetizations are equal. (Figure shown similar in
[55])

based on the mean field approximation. Then, in the case of a ferromagnet ((a))
the magnetization decays approximately with M(T ) ∝ (TC − T )

1
2 . In antifer-

romagnets ((b)) each sub-lattice depends on temperature as a ferromagnet, but
both sub-lattice magnetizations cancel out each other at any temperature. Be-
sides TC, ferrimagnets may show two more characteristic temperatures defining
their magnetic behavior ((c)). At the magnetization compensation point TM the
sub-lattice magnetizations cancel each other, so that the total magnetization be-
comes equal to zero. This point can exist in ferrimagnets if the sub-lattice with
the higher zero temperature magnetization has a weaker ferromagnetic coupling,
so that here the ordering decays faster upon heating than in the other sub-lattice.
Additionally, if both sub-lattices have different gyromagnetic ratios there is a an-
gular momentum compensation point TA, where the angular momentum M(T )/γ

of both sub-lattices is equal. Note that due to the anti-ferromagnetic coupling, the
two ferromagnetic sub-lattices have the same critical temperature. In this work
ferromagnetic (chapter 5 and 6) as well as ferrimagnetic (chapter 4) systems are
studied.

25



2 Physical background

Exchange Interaction

The introduced spontaneous magnetic ordering below critical temperatures is caused
by the quantum mechanical so-called exchange interaction. Following the Pauli
principle, the total wave function of fermions is always antisymmetric with respect
to particle exchange. As the total wave function is given by the product of the
spin wave function χ and the position wave function φ

ψ(r1, r2, ..rn) = φ(r1, r2, ..rn)·χ(r1, r2, ..rn), (2.1)

e.g. a symmetric spin wave function χ coincides always with an antisymmetric
position wave function φ. The exchange energy is now given by the energy gap
between the symmetric and the antisymmetric position wave function.

Heisenberg model

Within the classical Heisenberg-model the strength of the described energy gap
between symmetric and antisymmetric position wave functions is represented by
the exchange constant J . Here, a positive exchange constant J > 0 leads to the
parallel alignment of the magnetic moments as observed in ferromagnets, while J <
0 leads to an anti-parallel alignment as in antiferromagnets. The corresponding
Hamiltonian reads

Hex = −J
∑
〈ij〉

Si · Sj , (2.2)

where the classical vectors Si = µi/µi represent the three-dimensional magnetic
moments of unit length with µi = |µi|. In the following they will just be called
"spins".

Since the overlap of the wave functions usually decays rapidly with increasing
distance, most magnetic systems are well-described by considering only the near-
est or next nearest neighbour interactions. In order to include the two different
ferromagnetic couplings within the sub-lattices as well as the anti-ferromagnetic
coupling between the sub-lattices, in the case of a ferrimagnet at least nearest as
well as next nearest neighbour interactions need to be considered.

Caused for instance by the interaction of the spins to an external magnetic field
or different sources of anisotropy, in order to investigate realistic magnetic systems,
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2.1 Magnetic order and Heisenberg model

the Heisenberg model needs to be extended by additional terms. Some of these
needed for the current work are presented in the following.

Magneto-Crystalline Anisotropy

In realistic crystal structures the overlap of wave functions representing the ex-
change interaction is not necessarily isotropic in space. In the simplest case of an
uni-axial anisotropy, the corresponding Hamiltonian reads

Han = −dz

∑
i

S2
z,i . (2.3)

Here the z-axis is the easy axis and the anisotropy constant dz defines the strength.
Note that also other directions of the anisotropy as for instance bi-axial anisotropies
can be taken into account in a similar way.

Another antisymmetric contribution caused by the quantum mechanical spin-
orbit coupling is the so-called Dzyloshinski-Moriya interaction (DMI) [57, 58, 59,
60]. Here, the calculation of the direction and the strength are more complicated,
since the DMI depends on at least three relative positions of atoms. It requires
a break of the inversion symmetry caused for instance by a non-magnetic atom
at the surface of the sample, which is positioned anti-symmetrically between the
magnetic spins. This effect then leads to a canting of the magnetic moments and
can be responsible for the creation of chiral magnetic structures as spin-spirals or
Skyrmions.

Another source for an anisotropy can be the so-called magnetostriction effect,
which leads to a change in the dimensions of the magnetized crystal. Anyhow,
due to the weakness of this effect as well as the non-existence of the DMI for the
systems studied in this work, besides the shape anisotropy only magneto-crystalline
anisotropies are taken into account for this work.

Dipole-Dipole Interaction

The already mentioned shape anisotropy is based on the dipole-dipole-interaction
favoring an anti-parallel-alignment of the spins. Here, the corresponding Hamilto-
nian reads

Hdip = −w
2

∑
i 6=j

3(Si · ei,j)(ei,j · Sj)− Si · Sj
r3
i,j

, (2.4)
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where the strength of the dipole-dipole interactions is represented by
w = µ0µ

2
i /4πa

3, with the vacuum permeability µ0 = 4π · 10−7 Tm/A and the
lattice constant a. ri,j is a space vector pointing from Si to Sj and ei,j is the
corresponding unit vector. Due to the weakness on short ranges on the one hand
but the much longer range on the other hand in comparison to the exchange in-
teraction, for bigger magnetic systems as thin films in the micrometer regime, it
leads to the building of magnetic domains.

Since furthermore, the strength and the direction of this interaction strongly
depends on the shape of the magnetic body it is also called magnetic shape
anisotropy. Here, in general one can say that the dipole-dipole interaction favors
an alignment of the spins parallel to the longest axis. Anyhow for most atomistic
simulations based on the Landau-Lifshitz-Gilbert equation this interaction is not
taken into account due to its small impact on small scales especially for cubic sys-
tems on the one hand and the very high computational effort on the other hand.
For the simulations of thin magnetic films as discussed later on in chapter 6, this
interaction becomes essential and the computation costs have been minimized by
using a Fast-Fourier-Transformation method (see chapter 3.3.2).

Zeeman Interaction

The interaction of the spins with an external magnetic field, leading to a parallel
alignment to the applied field as in paramagnets, is described with the following
Zeeman term,

HZ = −µsH0 ·
∑
i

Si . (2.5)

Here, the external magnetic field is denoted by H0. Note that H0 having the unit
Tesla is usually called magnetic flux density B0. But for the sake of consistency
with the notations within the equations of motion as introduced in the next chap-
ter, H0 is used throughout the whole thesis.

Consequently the total energy of a system described by the extended classical
Heisenberg model is given by the sum of all the introduced Hamiltonians

H = Hex +Han +HZ +Hdip . (2.6)
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2.2 Micromagnetism and magnetic domains

Since each spin is striving to minimise its energy, the detailed configuration of
magnetic systems is determined by the competition of the different interactions.
The extended Heisenberg model with its Hamiltonian is used in order to calculate
an effective field entering into the Landau-Lifshitz-Gilbert equation of motion as
introduced in chapter 3.

2.2 Micromagnetism and magnetic domains

Ferromagnetic samples are often divided into areas with different orientation of
the magnetization, which was already found by Weiss in 1906 [61]. The transition
region between these magnetic domains (also called Weiss areas), where the ori-
entation of the magnetization changes, is called domain wall.

The theory describing the formation of magnetic domains and their equilibrium
state is based on the so-called micromagnetism. Here, the magnetization is as-
sumed to be continuous in space. Within this theory the system is observed from
a more macroscopic point of view in comparison to the classical Heisenberg model,
where the magnetization is approximated as magnetic moments localised on fixed
lattice positions. Therefore the notion "micromagnetism" originally proposed by
W. F. Brown [62], is misleading and the alternative name continuum theory better
suiting.

Starting from the introduced discrete Heisenberg model, the continuum theory
consists basically of two replacements [47, 49, 50]: Firstly the magnetic moments
are interpreted as reduced magnetizations given by Si(r) = M(r)/Ms, where M(r)

is the continuous magnetization function and Ms the saturation magnetization
Ms = |M(0)| respectively. Secondly the sum over discrete values is replaced by
the volume integration via

∑
i

→ a−3
∫
V

dV , where a represents the lattice constant.

By assuming a small angle φi,j between the neighboring spins, the exchange
energy in this notation can be derived as

Eex = −J
∑
<i,j>

cosφi,j ≈ −
J

2

∑
i

∑
ri,j

((ri,j · ∇)S)2 = A

∫
V

dV (∇S)2. (2.7)

Here ri,j represents the distance vector between 2 spins and A represents the
micromagnetic exchange stiffness, which is connected to the atomistic coupling
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transformation material parameter unit
Ms = µi/a

3 Ms saturation magnetization [A/m]

K = d/a3 K anisotropy constant [J/m3]

A = J/2a A exchange stiffness [J/m]

Table 2.1: Transition between the material parameters used for the atomistic
Heisenberg model and the continuous theory for a cubic lattice with
the lattice constant a [50, 49].

constant by A = cJ/2a. c is a lattice structure dependent parameter that is equal
to 1 for a cubic lattice. The corresponding energy contributions by an external
magnetic field as well as due to the anisotropic exchange can be derived in a similar
way, which in the case of a uni-axial-anisotropy leads to

EK = −Kz

∫
V

dV S2
z . (2.8)

Here, as in the introduced discrete Heisenberg model, the easy axis lies along the
z-direction, and the micromagnetic anisotropy parameter Kz is connected to the
corresponding atomistic anisotropy constant by Kz = dz/a

3. The Zeeman en-
ergy describing the interaction to an external magnetic field in the micromagnetic
picture is given by

EZ = −Ms

∫
V

dVH0 · S, (2.9)

with the saturation magnetization defined by Ms = µi/a
3. The transformation

between the material parameters of the atomistic Heisenberg model to those valid
in the micromagnetism are summarized in table 2.1.

The magnetic shape anisotropy term caused by the dipole-dipole interaction has
been derived from magneto-static considerations [42] and is given by

Ed = −1

2

∫
V

dVM ·Hd. (2.10)

Note that due to the occurrence outside the sample, the integration here is not
limited to the sample size. Hd is called stray magnetic field outside the sample
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2.2 Micromagnetism and magnetic domains

and demagnetization field inside the sample. Since otherwise, the dipole-dipole in-
teractions cancel out each other, the stray or demagnetization field only occurs for
finite system sizes and especially, when the magnetization has components normal
to the surface of the sample. The effect of the stray magnetic field to the magnetic
structure is illustrated in Figure 2.3.

Figure 2.3: Schematic illustration of the minimization of the stray field with in-
creasing numbers of domains (a)-c)). In the case of closed magnetiza-
tion loops, where at the surfaces the magnetization is aligned parallel to
the surface the stray field becomes zero (d)-e)). (Taken from: [48, 63])

In the case of stripe domains the stray field is minimized by the generation of
more domains (a,b,c) or ideally completely destroyed if the magnetization loop
around the surfaces is closed (d,e) as for instance in the so-called Landau struc-
ture (d).

Analytically the stray-field can just be calculated in the case of uniformly mag-
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netized rotational ellipsoids. With Hd again in Tesla, it is given by

Hd = −µ0NM, (2.11)

with the so-called demagnetization tensor N and Nx + Ny + Nz = 1. In table
2.2 the demagnetization factors for some geometries of ferromagnetic samples are
shown.

geometrical form Nx Ny Nz

sphere 1/3 1/3 1/3
thin film in (x-y)-level 0 0 1

ellipsoid ‖ ez 1/2 1/2 0

Table 2.2: Demagnetization factors for chosen geometrical forms of a ferromagnetic
body [48].

As already mentioned, due to the different strength of the demagnetization
factors in different directions as for instance in ellipsoids or thin films, this contri-
bution is also called magnetic shape-anisotropy.

The magnetic domain configuration can now be calculated by minimizing the
resulting total internal energy Etot = Eex + EK + EZ + Ed via Browns equations.
The first one reads

M×Heff = 0, (2.12)

where the effective field is given by Heff = ∂Etot

∂M
. It describes a precessional move-

ment of the magnetization around an effective field and is equivalent to the un-
damped Landau-Lifshitz equation as introduced later on in chapter 3.1.1 within
the continuum theory. The second one of Browns equations considers the stray or
demagnetization field and it’s striving to minimize the magnetization components
perpendicular to the surface. It reads

M× ∂nM = 0, (2.13)

with the derivative in surface direction ∂n.

It is only possible to find exact analytical solutions for few simple examples as
for instance head to head domain walls. Such calculations not shown here, can
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2.2 Micromagnetism and magnetic domains

be found in several books as for instance [42, 43, 44]. In this context of an in-
troduction, the discussion focuses qualitatively on the influences of the different
energy contributions to the resulting magnetic domain configuration. In the case
of no applied external magnetic field and with an out-of plane anisotropy, it are
the exchange and anisotropy energy, often summarized as domain wall energy,
and the stray field energy which compete. Minimizing the resulting total energy,
one can for instance show that the average domain size of thin films decreases
with increasing thickness. This effect can be understood via the long range of the
dipole-dipole interaction, striving to maximize the number of domains, on costs of
the short ranged domain wall energy.

Whether the magnetization is oriented in-plane or out-of-plane can be discussed
with the help of the so-called quality factor Q, which is defined as relation between
anisotropy and stray-field energy. With the energy densities and a phenomenolog-
ical expression of the total anisotropy Kt = 2Ks/t + Kv [64, 65], where Ks is the
surface anisotropy in the unit J/m2, t the thickness of the layer, and Kv the bulk
anisotropy constant in the unit J/m3, it can be written as Q = 2Kt/µ0M

2
s [44].

For Q factors above 1, the magnetization is oriented out-of-plane, with increasing
average domain sizes for bigger Q factors, while for Q ≤ 1, the magnetization is
switched in plane. Here, one can for instance calculate the critical thickness of the
layer where the magnetization switches from out of plane to in-plane.

a) b)

Figure 2.4: Schematic illustration of the Bloch a) and Neel domain wall b) profiles.
While a Bloch wall is oriented out of the plane of the magnetization
direction of the neighboring domains, the magnetization remains in the
same plane as the magnetization of the neighboring domains in Nèel
walls. (Taken from: [48, 63])
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It is also the relation between anisotropy and stray-field energy, which deter-
mines, whether the domain wall is oriented out of the plane defined by the easy
axis and the direction of the wall, which is the case in so-called Bloch-walls. The
other possibility is, that during the transition the magnetization remains in that
same plane as in so-called Nèel walls. Both domain wall types are illustrated in
Figure 2.4.

While in Bloch walls the anisotropic contribution dominates, so that the result-
ing demagnetization field induced by the orientation of the magnetization perpen-
dicular to the surface can be neglected, in the case of Nèel walls, the stray-field
energy causes an avoiding of these surface charges. Minimizing the sum of ex-
change energy favoring wide domain walls and the anisotropy energy favoring thin
walls, for Bloch domain walls, the domain wall width or also called exchange length
can be calculated to δB =

√
A/K.

Besides the already mentioned types of domain walls, in thin magnetic nanowires
additionally the so-called transverse and vortex domain wall profiles can be found.
While in a transverse domain wall, the magnetization in the center of the wall is
oriented transverse with respect to the magnetization of the domains, in a vortex
wall the magnetization curls around the walls center.

Figure 2.5: Schematic illustration the transverse a), vortex b) and asymmetric
transverse c) domain wall profiles found in head to head domain walls
in thin magnetic nanowires. [48, 54]

Solely for a very small region of the thickness against width phase-diagram an
asymmetric transverse wall can be created. These three introduced profiles for a
head to head domain wall in a thin magnetic nanowire are illustrated in Figure
2.5. Note that in principle thicker nanowires for constant widths tend to build
vortex walls, but the details of the magnetic texture are also material specific.

In order to enable numerical investigations of the magnetization dynamics of
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2.2 Micromagnetism and magnetic domains

larger and/or for longer timescales, the discussed transition from an microscopic
to a continuum treatment is essential. The underling equation of motion for these
simulations (as applied for the work described in chapters 5 and 6) is the Landau-
Lifshitz-Bloch equation, which is introduced in the chapter 3.

If the temperature dependence of the energy contributions is taken into ac-
count, it is the total Landau free energy F , which needs to be minimized to obtain
magnetic domain configurations. In chapter 5 the derivation of the temperature
depended profile of a transverse domain wall based on this free energy as derived
by Garanin [66] based on the mean-field-approximation, is presented. In chapter
6 a more detailed discussion about magnetic domain configurations and especially
their thermal control is presented.
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3 Concept of multi-scale
modeling

This chapter deals with the underlying numerical methods based on the so-called
multi-scale-approach. The basic idea is illustrated in Figure 3.1. The material
specific parameters as magnetic moment or exchange coupling constant as intro-
duced in the classical Heisenberg model are calculated via ab-initio methods and
enter then into atomistic spin model simulations based on the stochastic Landau-
Lifshitz-Gilbert equation (LLG).

one−grain LLB
multi−grain LLBatomic spins LLG

Sj iS Sj

Sj

Sj

 calculations
ab-initio

Figure 3.1: Schematic illustration of the multi-scale modeling approach. (Taken
from [46])

Since these simulations are limited in the sense of the possible system sizes
and time scales as next step in the multi-scale-approach a transformation to a
micromagnetic description is needed. Here, the temperature dependence of the
micromagnetic values as equilibrium magnetization or exchange stiffness are ob-
tained with the help of the atomistic spin model simulations. The corresponding
equation of motion, which describes the dynamics of the system correctly even at
elevated temperature is the so-called Landau-Lifshitz-Bloch-equation (LLB). As
next step, the resulting single grain macro-spins representing the thermally aver-
aged spin polarization of a cell with atomistic magnetic moments, are coupled with
each other in order to be able to model realistic systems including their domain
structure.
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3 Concept of multi-scale modeling

The chapter starts with introducing the underling equations of motion namely
the Landau-Lifshitz Gilbert (LLG) equation as well as the Landau-Lifshitz-Bloch
equation (LLB) in their stochastic versions. Furthermore the multi-scale modeling
of the ferromagnetic FePt as developed prior in the group of U. Nowak as well as
its generalization to other ferromagnets are discussed.

In the last part of this chapter the numerical Heun method used in order to solve
the stochastic differential equations as well as the Fast-Fourier-Transformation
concept used in order to reduce the computational cost of dipole dipole interactions
are shorty discussed.

3.1 Equations of motion

This introduction of the underling equations of motion for the atomistic as well as
the micromagnetic point of view basically follows the descriptions in [45, 46, 47,
48, 49, 50, 55].

3.1.1 Landau-Liftshitz-Gilbert equation

The equation of motion for a magnetic system can be derived starting with the
quantum-mechanical Heisenberg equation

i~
d

dt
〈S〉 (t) =

〈[
S, Ĥ (S, t)

]〉
. (3.1)

It describes the dynamics of the expectation value of the spin operator S in the case
of ∂S/∂t = 0. H represents the full Hamiltonian including all energy contributions.
As next step the usual commutation relations for angular momentum operators
are applied in order to achieve the corresponding equation of motion for the mean
value of the spin

〈[
S, Ĥ

]〉
= −i~

〈
S × ∂Ĥ

∂S

〉
. (3.2)

If one now considers the classical limit with ~→ 0 and uses the Ehrenfest theorem
for s = 〈S〉 as well as for H =

〈
Ĥ
〉
, one ends up with
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3.1 Equations of motion

ds (t)

dt
= −s (t)× ∂H (s (t) , t)

∂s (t)
. (3.3)

Here, the proportional factor γ between spin s and magnetic moment µ via µ =

−γs is called gyromagnetic ratio. γ is particle dependent and in the case of
electrons given by γ =gµB/~, with the Landé factor g and the Bohr magneton
µB = e~/2me. The equation of motion for the normalized magnetic moment
Si = µi/µi, with µi = |µi| or also called spin can now be found by inserting the
effective field Hi,eff = −∂H/∂Si into Eq. 3.3

∂Si
∂t

= − γ
µi
Si ×Hi,eff . (3.4)

This equation describing a precessional movement of the spin around an effective
field is called undamped Landau-Lifshitz equation.

In order to consider the experimentally obtained relaxation movement caused
by dissipation effects, Landau and Liftshitz introduced an additional damping
term in 1935 [67]. This phenomenologically introduced damping term causes the
magnetic moments to relax into the direction of the effective field. With the
damping constant αLL the resulting so-called Landau-Lifshitz equation (LL) then
reads

∂Si
∂t

= − γ
µi
Si ×Hi,eff −

αLL

µi
Si × (Si ×Hi,eff) . (3.5)

The described dynamics of a magnetic moment in the effective field is illustrated
in Figure 3.2. In order to avoid the unphysical behavior of the Landau-Lifshitz
equation in the limit of high damping (αLL → ∞), Gilbert proposed a different
damping term in 1955 [68]. The resulting so-called Gilbert-equation with the
dimensionless damping constant α reads

∂Si
∂t

= − γ
µi
Si ×Hi,eff + αSi ×

∂Si
∂t

. (3.6)

In order to achieve a better comparison the Gilbert equation can be transformed
into a similar form as the Landau-Lifshitz equation, which is called Landau-
Lifshitz-Gilbert equation (LLG) then. It reads

∂Si
∂t

= − γ

(1 + α2)µi
Si ×Hi,eff −

γα

(1 + α2)µi
Si × (Si ×Hi,eff) . (3.7)
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Si

Hi,eff

Figure 3.2: Schematic illustration of
the damped precession
motion of one magnetic
spin in an effective field
described by the Landau-
Liftshitz-equation. The
blue arrow corresponds to
the first term in Eq.3.5
while the green arrow cor-
responds to the second
one describing the relax-
ation. (Picture shown in
[55])

By comparing Eq 3.5 with Eq. 3.7, one finds, that the different approaches for the
damping term lead also to different precession terms. While the precession and
damping terms are independent in the Landau-Liftshitz equation, the precession
term has an additional prefactor 1/(1 +α2) in the LLG. In the limit of very small
damping constants (α2 → 0) this prefactor can be neglected, so that both equa-
tions of motion are equivalent to each other with the resulting transition for the
damping parameters αLL = γα.

In the high damping limit the LL predicts a very fast motion for (αLL → ∞),
while the Gilbert equation causes the magnetic moments to move very slow for
(α→∞). The physical origin of the damping effect and thus the correct form for
the equation of motion is still an open question and therefore a topic of current
research.

Stochastic Landau-Liftshitz-Gilbert equation

Note that the equations of motion discussed so far are solely valid at zero-temperature.
In order to consider the thermal effects at elevated temperatures Brown proposed
to add an additional fluctuations term to the effective field [62]. The total effective
field H̃i,eff entering into the LLG-equation is then given by the superposition of
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3.1 Equations of motion

the effective field defined by the Hamiltonian and a thermal noise

H̃i,eff = −∂H
∂Si

+ ξi (t, T ) . (3.8)

Here ξi is a vector field in which the fluctuations are assumed to be uncorre-
lated in time and space. Such so-called white-noise fluctuations have the following
properties

〈ξi (t)〉 = 0 (3.9)〈
ξνi (t) ξκj (t′)

〉
= 2

αµi
γ
kBTδi,jδν,κδ (t− t′) , (3.10)

with the Boltzmann constant kB and the Cartesian coordinates ν and κ. i and j
denote the locations of the spins in the lattice, and the temperature T belongs to
the heat bath surrounding the spin system. Due to the fluctuation-dissipation rule
α determining the coupling between the magnetic moments and the heat bath is
the same damping constant as introduced previously for the LLG equation.

Because of the high computational effort atomistic spin model simulations are
highly limited in system sizes and time scales. In the group of U. Nowak with
the usage of dipole-dipole interactions, system sizes up to 107 spins with times
in the 100 ps regime are studied. In order to investigate realistic sample sizes
and times in conventional micromagnetic simulations, the LLG equation is often
generalized to a micromagnetic approach with the introduced replacements of the
discrete magnetic moment to a continuous reduced magnetization m(r) and the
corresponding micromagnetic energy contributions (see introduction in chapter 2).
Anyhow, mainly due to the conservation of the length of the magnetization vector,
these approaches are only reasonable at low and constant temperatures.

3.1.2 Landau-Liftshitz-Bloch equation

In order to overcome the restriction to low and constant temperatures of the
conventional micromagnetic simulations, D. A. Garanin has derived the so-called
Landau-Lifshitz-Bloch-equation (LLB) [66]. It allows longitudinal fluctuations of
the magnetization in space and time and all relevant magnetic material parameters
as exchange stiffness A, parallel and perpendicular susceptibilities χ, and equilib-
rium magnetization me become functions of temperature that are well-defined in
terms of their microscopic degrees of freedom.
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3 Concept of multi-scale modeling

The derivation, which is not presented here, is based on the stochastic LL-
equation and by solving the Fokker-Planck equation with the help of the mean-field
approximation. In the case of a ferromagnet it reads

ṁ = −γ [m×Heff ] + γα‖
(m ·Heff)m

m2
− γα⊥

[[m×m]×Heff ]

m2
, (3.11)

where m represents the thermally averaged reduced spin polarisation: m = 〈Si〉.
As pointed out in the last chapter, m is equal to one at zero temperature and in
equilibrium and decays with increasing temperatures until the critical point TC is
reached.

Additionally to the already described precession and transverse damping term
(first and third one in Eq. 3.11) in the LLB-equation there is a third term de-
scribing a longitudinal relaxation. It takes the change of the length of the spin
polarisationm at elevated temperatures into account, which are caused by the fluc-
tuations of the atomistic spins. In the case of the Landau-Liftshitz-Bloch equation
the damping parameters α‖ and α⊥ are temperature dependent values, which are
connected to the atomistic damping parameter αLL of the LL-approach by

T ≤ TC : α‖ =
2

3

T

TC

αLL and : α⊥ = αLL

(
1− 1

3

T

TC

)
(3.12)

T ≥ TC : α‖ = α⊥ =
2

3

T

TC

αLL. (3.13)

Note that since m(0) is equal to one and α‖(0) = 0, in the zero temperature
case the LLB-equation is equivalent to the micromagnetic LL-equation.

This equality at T = 0 between the LL-equation and LLB-equation is also true
for the effective fields. In the case of the LLB-equation they are calculated via the
free energy density f = F/V , which becomes equal to the internal energy density
in that case. To be more precise it is

Heff = − 1

Ms

δf

δm
. (3.14)

The corresponding Landau free energy for a ferromagnetic macro grain with the
z-axis as easy axis reads
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F = F0 +

∫
dV {−BM +

MsA

M2
e42

(5M)2 (3.15)

+
1

2χ⊥
(M2

x +My)
2 +

1

8M2
e χ‖

(M2 −M2
e )}.

Here F0 represents the equilibrium free energy without consideration of aniso-
tropy and external field and43 is the volume of the investigated grain. As already
mentioned, all material parameters become temperature dependent, where M rep-
resents the magnetization and Me = Ms〈Si〉 the equilibrium magnetization. The
directions parallel and perpendicular in the susceptibilities χ‖ and χ⊥ are defined
with respect to the easy axis.

In the discrete form as applied for micromagnetic simulations from Eqs. 3.14
and 3.15 the undisturbed effective field can be written as

Heff = H0 + HA + Hex +


1

2χ̃‖

(
1− m2

m2
e

)
m, T ≤ Tc

− 1
χ̃‖

(
1 + 3Tcm2

5(T−Tc)

)
m, T ≥ Tc.

(3.16)

Here H0 represents again the external magnetic field. The contribution caused by
a magneto-crystalline anisotropy in z-direction can be written with the reduced
perpendicular susceptibility χ̃⊥ = χ⊥/Ms and reads

HA = −mxex +myey
χ̃⊥

. (3.17)

In order to be able to investigate whole magnetic systems with their domain
configuration, these so far discussed single macro-spins need to be coupled with
each other. With consideration of nearest neighbour interaction between two mi-
cromagnetic spin polarisations mi and mj, the resulting exchange contribution to
the effective field is given by

Hi
ex = − 2A

M0
sm

2
e∆

2

∑
<i,j>

(mj −mi). (3.18)

Note that in order to investigate domain walls and whole domain configurations
correctly, the cell size of a macro spin needs to be smaller than the domain wall
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3 Concept of multi-scale modeling

width. Thus, even with the usage of the multi-spin micro-magnetic model, one is
still limited to much smaller system sizes and shorter timescales in comparison to
experimental setups as for instance introduced in chapter 6.4. For the example of
thin films of Co/Pd as discussed in chapter 6, there the improvement in terms of
the volume of the sample, which can be investigated within the same simulation
time is a factor of 4096. Here, the lattice constant of Co of 0.25 nm [43], as well
as a cell size ∆ = (4nm)3 applied in the simulations based on the LLB equation
was used. The last term of Eq. 3.16 is responsible for the longitudinal relaxation
and thus determines the length of the macro-spin, which decreases with increasing
temperature.

The additional thermal effects caused by fluctuations of the magnetization in
the case of the LLB equation are included a bit different in comparison to the
stochastic LLG equation. This is done, since the original version by Garanin and
Chubykalo-Fesenko [69] turned out to fail in reproducing the high temperature
limit to a Boltzmann-distribution correctly. The stochastic version of the LLB
equation then reads [70]

ṁi = −γmi ×Hi
eff +

γα||
m2
i

(
mi ·Hi

eff

)
mi

− γα⊥
m2
i

mi ×
(
mi × (Hi

eff + ζ i⊥)
)

+ ζ i‖, (3.19)

where the additive fields ζ⊥ and ζ‖ representing the thermal fluctuations have again
the properties of a white noise.

However in general the temperature dependence of the material dependent input
parameters first have to be derived in order to be able to use the Landau-Liftshitz-
Bloch equation for numerical investigations. As already pointed out, in the case
of a ferromagnet some of the temperature functions as the parallel and perpendic-
ular damping parameters α‖(T ) and α⊥(T ) could already be derived analytically
within the mean-field approximation (See Eq. 3.12 and Eq. 3.13). Note that there
are also analytical solutions based on the MFA for the temperature dependence of
the other values equilibrium magnetization me, exchange stiffness A as well as the
susceptibilities χ available.

Anyhow, since those approximations are not very precise especially close to TC,
it is useful to obtain these function from atomistic simulations. In the next sub-
chapter 3.3 the results obtained via spin model simulations for the case of the
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3.1 Equations of motion

ferromagnet FePt [46] are discussed.

For the case of a ferrimagnet, the derivation of the LLB equation itself as well as
the temperature dependence of the input parameters is more complicated. In the
simplest approach, the ferrimagnetic system is approximated as one effective sub-
lattice. Here, the general forms of the equation of motion as well as the effective
field remain the same as in ferromagnets, but with more complex temperature de-
pended input parameters. In chapter 4 the temperature dependent effective input
parameters equilibrium magnetization me(T ), as well as the parallel and perpen-
dicular susceptibilities χ‖(T ) and χ⊥(T ), needed for this one-sublattice approach
and obtained via atomistic spin model simulations, are presented.

In his PhD-thesis U. Atxitia has derived a two-sublattice version of the LLB
equation within the mean-field-approximation for the ordered as well as disor-
dered case [10]. For the case of an ordered ferrimagnetic, each fixed position of a
lattice has two macro-spins mν = 〈Sνi 〉 representing the two sub-lattices ν = T,R.
In general both terms related to the transverse and the longitudinal motion can
be decoupled from each other. Since for this work (see chapter 4.4.2) the longi-
tudinal one, relevant only on the timescale of 100 fs – 1 ps, does not play a role,
the following focuses on the transverse motion only. Then, for the coupled LLB
equations (see Eq. 3.11 for comparison), one finds

ṁν = γν [mν ×Heff,ν ]− γναν⊥
[mν × [mν ×Heff,ν ]]

m2
ν

.

(3.20)

Here, as for a ferromagnet, the coupling is taken into account via the effective
field Heff,ν acting on each spin of the sublattices. For the ferrimagnetic system,
three different values for the ferromagnetic inter-sublattice exchange A0,ν , as well
as for the anti-ferromagnetic intra-sublattice exchange A0,νκ need to be taken into
account in the effective fields acting on each macrospin of the sublattices.

Within the mean-field-approximation one can calculate the effective exchange
constant Ã0,ν acting on each spin of the sub-lattices. These values are not con-
stant anymore but become functions of both sub-lattices magnetizations mν

e . The
effective exchange constants for both sub-lattices become temperature dependent
with
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3 Concept of multi-scale modeling

Ã0,ν '
A0,νm

ν
e − A0,νκm

κ
e

mν
e

. (3.21)

In the high temperature limit, they are connected to the transverse damping con-
stants as αν⊥ = ανLL(1 − kBT

Ã0,ν
), which become different for the two sub-lattices as

well. Therefore in that limit a similar form of the temperature dependence of
the transverse damping similar as for the ferromagnet (see Eq. 3.12) can be de-
rived. Later-on in chapter 4, these results are used in order to demonstrate the
need of temperature dependent damping parameters, when numerical results of
the temperature dependence of the effective damping parameter of ferrimagnetic
resonance modes are compared with analytical solutions.

3.2 Model of FePt and the generalization to
other ferromagnets

a) b)

Figure 3.3: L10 phase crystal a) and the simplified localized spin-model for FePt.
(Taken from [46])

The model for the ferromagnet FePt discussed in the following has been devel-
oped prior in the group of U. Nowak and are therefore already published in various
papers as [71, 72, 73]. Here, the material parameters entering into the atomistic
spin model simulations originate from ab-initio calculations based on the local
spin density functional theory [74]. It has been demonstrated that, while the Fe
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3.2 Model of FePt and the generalization to other ferromagnets

magnetic moments are highly localized, the induced magnetic moments by the Pt
are delocalized. This finding from the ab-initio calculations is used in order to
develop a simplified localized spin-model within the classical Heisenberg approach
with effective values for the atomistic material parameters as magnetic moment,
exchange and anisotropy. The resulting simplified spin model is illustrated to-
gether with the more realistic L10 phase crystal in Figure 3.3.

As next step the stochastic LLG equation for the achieved spin model is solved
numerically in order to obtain the temperature dependence of the micromag-
netic values as needed for the LLB-equation. Here a FePt grain with the size
of 6.15× 6.12× 9.25nm3 is considered. For the equilibrium magnetization me the
system was heated and relaxed into the equilibrium state. Then the numerical
values are fitted to a polynomial function with the critical mean-field exponent
β = 1/2. The resulting curve for me(T ) is plotted in Figure 3.4 a). Note that
the deviations between numerical results and the fit are solely close to TC and
originate from finite size effects.

a) b)

Figure 3.4: Numerical results of the temperature dependence of the equilibrium
magnetizationmz a) as well as the exchange stiffness A of FePt. (Taken
from [46])

The evaluation of the temperature dependence of the exchange stiffness is more
complicated. It is obtained by firstly calculating the domain wall width δ as well
as the free energy of the DW ∆F , which corresponds to the difference of a system
with and without domain wall. Details on the calculations not presented here, can
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3 Concept of multi-scale modeling

be found in [46, 71]. Finally one ends up with

A(T ) =
δ(T )

4
√
π

∆F, (3.22)

which is used in order to fit to a function implying a linear scaling at TC. The
resulting curve of A(T ) is shown in Figure 3.4 b). Again, the deviation between
numerical points and the fit close to TC are caused by the finite size of the inves-
tigated system.

The reduced parallel as well as perpendicular susceptibilities χ̃‖ = ∂m‖/∂B‖
and χ̃⊥ = ∂m⊥/∂B⊥ are calculated via

χ̃‖ =
µsN

kBT

(
〈S2

z 〉 − 〈Sz〉2
)

and χ̃⊥ =
µsN

kBT

(
〈S2

x〉+ 〈S2
y〉 − 〈Sx〉2 − 〈Sy〉2

)
. (3.23)

Here, the easy axis is assumed to be in z-direction and N represents the total num-
ber of spins. The resulting temperature dependence as well as the corresponding
fitting functions are shown in Figure 3.5 a).

a) b)

Figure 3.5: Numerical results of the temperature dependence of the parallel and
perpendicular susceptibilities a), as well as the temperature depen-
dence of the micromagnetic anisotropy constant in comparison to the
corresponding mean-field-solution b). (Taken from: [46])

Within the mean-field-approximation the strength of the micromagnetic anisotropy
constant K is connected to the perpendicular susceptibility by

K(T ) ≈ M2
s me(T )2

2χ⊥
. (3.24)
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3.2 Model of FePt and the generalization to other ferromagnets

As shown in Figure 3.5 b) this relation is in very good agreement with K(T ) in
the low temperature regime and only disagrees close to TC. Here the function
K(T ) has been obtained from the atomistic spin model simulations similar to the
exchange stiffness via the free energy and width of a domain wall.

Note that the multi-spin LLB approach has been successfully validated in sev-
eral tests [46] and is in the meantime well established in the context of ultra-fast
spin dynamics [75, 76], spin torque [77, 78], vortex core reversal [79] and spin
caloritronics [12].
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Figure 3.6: Normalized temperature dependence of the material parameters used
as input to the LLB equation. (Figure published in [17])

Even though details (e.g. the exponents κ and ε describing A(T ) ∝ mκ
e and

K(T ) ∝ mε
e) do depend on structural and material details [80], the functional

forms are rather general for any ferromagnetic system. Therefore it is reasonable
to rescale these functions to match the material properties of any other ferromag-
netic system. Here, the temperature dependence of the exchange stiffness A(T )

scales with its zero temperature value A0 and the parallel susceptibility with the
saturation magnetization Ms. Since usually it is the zero temperature value of the
anisotropy, which can be found for any ferromagnetic system, for the rescaling of
the perpendicular susceptibility, the relation χ̃⊥(0) = M2

s /(2K0) is used. Thus,
under the assumption of the equal general forms of the temperature dependence,
one can rescale the input parameters for FePT to any other ferromagnetic system
by the choice of the Curie temperature, the saturation magnetization, as well as
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3 Concept of multi-scale modeling

zero temperature values of the exchange stiffness and anisotropy constant.

For the work presented in this thesis, these input functions have been rescaled to
a Co/Pd-multilayer system. The resulting temperature dependencies of all reduced
input functions are summarized in Figure 3.6. Note that within the atomistic spin
model the temperature functions of the exchange stiffness and the equilibrium
magnetization are approximately connected via A(T ) ∝ me(T )5/3 and thereby
differ from the expected relation of the MFA, which predicts A(T ) ∝ me(T )2.
Later-on, the strong decay of the exchange stiffness with increasing temperatures
will play a main role for the understanding of thermally induced domain wall
dynamics.

3.3 Numerical methods

3.3.1 Numerical solution with Heun’s Method

This chapter dealing with the solution of stochastic differential equations via
Langevin-dynamics follows my former description in [55] and the citations there.
In order to keep the discussion short and easy, it is limited to the numerical solution
of the x-component. For both approaches based either on the stochastic atomistic
LLG-equation or the stochastic LLB-equation, first the equation of motion has to
be transformed in the form of a Langevin equation

∂x

∂t
= fi + giξi. (3.25)

Here fxi represents the temperature independent part of the stochastic differential
equation and gxi ξxi the noise term. x is the investigated variable and represents the
spin Sxi in the case of the Landau-Liftshitz-Gilbert equation and the spin polari-
sation mi

x for the Landau-Liftshitz-Bloch equation. The following description is
for the Landau-Liftshitz-Gilbert-equation but can be applied similarly also to the
stochastic LLB. It follows

Ṡxi = fxi
(
Si (tn) ,Hi,eff (tn) , tn

)
+ gxi

(
Si (tn) , tn

)
ξxi (tn) . (3.26)

Now the time is substituted in n equidistant time intervals, with the distance
∆t so that tn = n∆t and Sn = S(tn). Using Euler’s method, known as easiest
numerical method in order to solve such fist order stochastic differential equations,
the solution of Sn+1 is approximated as:
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Sxi (tn+1) = Sxi (tn) + fxi
(
Si (tn) ,Hi,eff (tn) , tn

)
∆t

+ gxi
(
Si (tn) , tn

)
ξ̃xi (tn) . (3.27)

Hence the integral in this method is replaced by a rectangle. Here ξ̃xi are random
numbers, which are uncorrelated in time and space with〈

ξ̃xi (t)
〉

= 0 , (3.28)〈
ξ̃xi (tn) ξ̃yj (tm)

〉
= Ω∆tδn,mδi,jδx,y . (3.29)

Note that those random numbers follow a Gaussian distribution

p
(
ξ̃
)
∝ exp

(
− ξ̃2/

(
2σ2
) )
, (3.30)

where the variance is given by: σ2 = Ω∆t.

Using Heun’s method, the solution generated via Euler’s approach is taken as
predictor and corrected in a second step. Here the time development of the spin
Si is calculated by:

Sxi (tn+1) = Sxi (tn) +
1

2
fxi
(
Si (tn) ,Hi,eff (tn) , tn

)
∆t

+
1

2
fxi

(
S̃i (tn+1) , H̃i,eff (tn+1) , tn+1

)
∆t

+
1

2

(
gxi
(
Si (tn) , tn

)
+ gxi

(
S̃i (tn+1) , tn+1

))
ξ̃xi (tn) . (3.31)

Hence, the integral in this approach is approximated as trapeze. While the usage
of Euler’s method leads to the so-called Ito integral [81], stochastic differential
equations solved via Heun’s method converge to the Stratanovich integral [82]. As
it could be shown, that the correct physical solution of the stochastic LLG as well
as LLB equation is given by Stratonivtsch’s approach, in this work Heun’s method
is used.

Note that in both approaches the error per time step is proportional to: ∆t3/2

and in order to ensure the stability of Heun’s method ∆t has to be much smaller
than the precession time of the spin: τpre = 2π (1 + α2) /γB.

The Gauss distributed random numbers x2i have been generated with the help
of two uniformly distributed random numbers zi and zi+1 [0, 1] and the usage of
the formula: x2i = σ

√
−2 ln(1− zi)cos(2πσµzi+1). Details of the random number

generator algorithm can be found in [83].
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3.3.2 Fast-Fourier-Transformation method

As already introduced in chapter 2, in contrary to the isotropic as well as anisotropic
exchange interactions, the dipole-dipole interactions have an infinite range. Thus,
the computational cost for their contribution to the effective fields in principle
become the dominant part with increasing numbers of spins. This is due to the
fact, that for the summation of N-particles N2 numbers of numerical operations
are needed.

With the help of the so-called Fast-Fourier-Transformation-method (FFT), this
number can be decreased to N log(N) operations. Following [49, 50], with ν, κ

representing the Cartesian coordinates, the contribution of the dipole-dipole inter-
action to the effective field (see Eq. 2.4 in chapter 2.1), can be rewritten to

Hν
i,eff = w

∑
κ,j

wνκi,jS
κ
j . (3.32)

Here, wνκi,j are elements of N matrices, which are solely defined by the lattice
structure and constant. The summation can now be solved via the usage of the
convolution theorem. With the Fourier-transformations of the lattice related ele-
ments w̃νκκ as well as of the Spins S̃κk , it follows

H̃ν
i,eff = w

∑
κ

w̃νκκ S̃
κ
k . (3.33)

Here H̃ν
i,eff represents the Fourier-transformation of the effective field contribu-

tion. Since the lattice structure remains unchanged during the simulations, w̃νκκ is
only calculated once at the beginning of the simulation, so that for each time step
solely the Fourier-transformation of the Spins S̃κk is calculated. The effective field
contribution is then re-Fourier-transformed back into space coordinates.

Note that the convolution theorem can solely be applied, if the system is periodic
in space, and if the system size is the same as the one involving all interactions.
In order to be able to investigate systems with open boundary conditions, the so-
called zero-padding method, can be applied. Here, the total system is doubled in
all directions and filled with zero-spins. With for example 7000 spins the simulation
time in that case can be decreased to 1% of the conventional needed one [49].
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4 Temperature dependence of
equilibrium properties and
resonance modes of a
ferrimagnet

This chapter deals with the influence of the temperature on the equilibrium prop-
erties as well as the resonance modes of a ferrimagnetic system. After a short
introduction, showing experimentally observed results for the temperature depen-
dence of the frequencies and effective damping parameters of a ferrimagnet [7], the
spin model applied for the atomistic simulations is introduced. Then the numerical
findings for the temperature dependence of the equilibrium magnetization as well
as of the parallel and perpendicular susceptibilities of the system are presented.

The next part of this chapter deals with analytical as well as numerical in-
vestigations of the temperature dependence of the frequencies as well as effective
damping parameter of the resonance modes. Here, the invalidity of some common
approximate solutions at the compensation points is recalled and the influence of
the strength of a magneto-crystalline anisotropy on the properties of the resonance
modes enabling an understanding of the experimental findings is discussed. Addi-
tionally it is demonstrated, that the assumption of a temperature independent sub-
lattice damping parameter does not hold in the high temperature regime close to
TC and one needs new temperature dependent damping parameters. Part of these
results are published in the joint publication with U. Atxitia and O. Chubykalo-
Fesenko from the institute of material science in Madrid [11]. The chapter is closed
with a summary.
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4 Ferrimagnet at elevated temperatures

4.1 Introduction

As already pointed out in chapter 1, in order to enable ultra-fast magnetization re-
versal for the development of future magnetic devices, both frequency and effective
damping of the resonance modes of the samples need to be high. The temperature
dependence of these resonance modes was investigated experimentally for amor-
phous, ferrimagnetic GdFeCo by Stanciu et al. [7] and for amorphous, ferrimag-
netic CoGd by Binder et al. [8]. In both experiments it was shown that both, the
frequency as well as the effective damping parameter of the ferromagnetic mode,
increase significantly approaching the angular momentum compensation point TA.
The experimental findings of GdFeCo [7] are shown in Figure 4.1. Besides the
partial agreement with the analytical prediction for the frequency of the ferromag-
netic mode, the experimental findings also feature some disagreement with earlier
theories [84, 85, 86, 87, 88].

The common approximate solution by Wangsness [85] predicts the frequency to
go to zero at the magnetization compensation point TM, while in the experiment
its value remains finite, not even with a minimum (see Figure 4.1 a) ). For the
experimentally observed effective damping parameter the disagreement to earlier
theories [84] is even more pronounced. Unlike the theoretical predictions in the
experiment the effective damping is observed to increase significantly approaching
the Curie temperature TC, so that the line in Figure 4.1 represents just a fit to the
experimental results not being supported by earlier theoretical predictions.

Later-on in this chapter a more general analytical solution based on the Landau-
Lifshitz-Bloch equation of motion for the temperature dependence of the frequency
and effective damping parameters of both modes is presented and compared to
numerical findings from atomistic spin-model simulations. It is shown that the as-
sumption of a temperature independent sub-lattice damping parameter, confirmed
experimentally for a wide range of temperatures [89] far below from TC, does not
hold in the high temperature regime close to TC and one needs new temperature
dependent damping parameters. Additionally, the invalidity of some common ap-
proximate solutions at the compensation points is recalled and the influence of the
strength of a magneto-crystalline anisotropy on the properties of the resonance
modes enabling an understanding of the experimental findings discussed.
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Figure 4.1: Experimentally observed temperature dependence of the frequency
a) and effective damping parameter b) of amorphous, ferrimagnetic
GdFeCo. The experimental findings feature some disagreement with
earlier theories especially of the frequency of the ferromagnetic mode
close to the angular momentum compensation point TA as well as of
the effective damping in the the whole temperature range.(Figure taken
from [7])

4.2 Spin model for a ferrimagnet

The numerical results are based on a spin model where classical spins Sν,κ =

µν,κ/µν,κ on two different sub-lattices are considered. Here, ν, κ = T,R with
κ 6= ν represents either the rare-earth(R) or transition metal(T) sub-lattice, and
µν is the atomic magnetic moment with µR/µT = 2. The position of the spins,
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4 Ferrimagnet at elevated temperatures

Figure 4.2: Schematic illustration of
the ferrimagnetic spin
model. Two different
types of classical spins
are localised on fixed
positions on cubic lat-
tice. Here nearest neigh-
bors always belong to the
respectively other sub-
lattice. (Figure shown in
[55])

that are localized regularly on the two inter-twinned sub-lattices of a simple cubic
lattice, is chosen such that nearest neighbors always belong to the respectively
other sub-lattice. The arrangement of the spins on the cubic lattice is illustrated
in Figure 4.2.

The contribution to the Hamiltonian from one single spin is

Hi
ν = −1

2

∑
j∈nnn

JνS
i
νS

j
ν −

1

2

∑
j∈nn

Jν,κS
i
νS

j
κ (4.1)

−dzν(Sz,iν )2 − µνH0S
i
ν .

Here, the first sum represents the ferromagnetic coupling between spins in the same
sub-lattice (next-nearest neighbor (nnn) interaction), while the second sum rep-
resents the anti-ferromagnetic interaction between spins in different sub-lattices
(nearest neighbor (nn)). Besides the exchange interaction with reduced values
JR/JT = 0.2 and JR,T/JT = −0.1 also a magneto-crystalline anisotropy in z-
direction with the anisotropy constant dzν as well as the Zeeman-energy from an
external magnetic field H0 is considered.

Note that in contrary to the spin model presented here, realistic ferrimagnets
are often amorphous and the sub-lattices distributed randomly. Additionally the
relative compositions of both types of elements may vary. If one considered ran-
domly distributed spins in the atomistic simulations, one had to average over all
possible distributions, leading to fluctuations in the output variables. Hence the
main advantage of the presented model with two regular sub-lattices, is given by
the lower computational effort and the avoiding of additional noise beside the ther-

56



4.3 Equilibrium properties

mal fluctuations.

The numerical results for the spins are then generated by solving the stochastic
Landau-Lifshitz Gilbert equation via Heun’s method (see chapter 3), where for the
gyromagnetic ratios the relation γR/γT = 0.75 is used.

4.3 Equilibrium properties

Here, the temperature dependence of the equilibrium properties saturation mag-
netization as well as of the susceptibilities is discussed. Similar to the introduced
multi-scale approach of the ferromagnetic FePt (see chapter 3.3) these values are
needed as input parameter for an LLB-approach for ferrimagnets, where the whole
ferrimagnet is assumed to follow the dynamics of an effective one sub-lattice sys-
tem.

4.3.1 Spontaneous magnetization

The sub-lattice equilibrium magnetizations are calculated as spatial and time av-
erage of the (easy axis) z-component of the magnetic moments

M e
ν =

µν
Nνa3

·
〈 Nν∑

i=1

Sz,iν

〉
, (4.2)

with ν = R,T and Nν defining the number of unit cells with the volume a3 in the
system. Here the time average for a system of N = NR +NT = 483 spins has been
calculated for 2000 time steps.

In Figure 4.3 the numerical results for the sub-lattice magnetizations as well
as the total magnetization Mtot = MR + MT are shown together with the cor-
responding fit-functions for the magnetizations of the sub-lattices. Note that as
applied also for the ferromagnetic FePt (see chapter 3) the fits exclude values close
to and above TC in order to avoid finite size effects caused by the restricted size
of the system. As fit-function a polynomial with the mean-field critical exponent
β = 1/2 is used for both sub-lattices

MT,R(T ) = a

(
TC − T
TC

)1/2

+ b

(
TC − T
TC

)
+ c

(
TC − T
TC

)2

+ . . . . (4.3)
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Figure 4.3: Temperature dependence of the equilibrium magnetization of the sub-
lattices. At the magnetization compensation point, TM, the sub-lattice
magnetizations cancel each other, while at the angular momentum
compensation point, TA, the angular momenta of both sub-lattices are
equal. Above the critical point TC the system is paramagnetic. (Figure
published in [11])

Here, the Curie Temperature TC has been identified as inflexion point of the mag-
netization and checked in the results of the perpendicular susceptibility, which
diverges at TC .

The strength of the spontaneous magnetization is basically determined by a
combination of the strength of the coupling constants, the temperature of the
system as well as the sub-lattice saturation magnetizationsMs = µi/a

3. Due to the
inter sub-lattice anti-ferromagnetic coupling, the two sub-lattices have the same
critical temperature. In addition to this Curie-temperature, ferrimagnets may have
two other characteristic temperatures relevant for their magnetic behavior. At the
magnetization compensation point TM the sub-lattice magnetizations cancel each
other, so that the total magnetization M e

total = M e
R + M e

T is zero. This point
can exist in ferrimagnets where the sub-lattice with the larger zero temperature
magnetization has a weaker ferromagnetic coupling, so that the magnetization
decays faster compared to the other sub-lattice. Additionally, if both sub-lattices
have different gyromagnetic ratios there is an angular momentum compensation
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point TA, where the angular momenta of both sub-lattices are equal, M e
T/γT =

M e
R/γR.

4.3.2 Parallel and perpendicular susceptibilities

Usually, the susceptibility is defined as response of the magnetization to a change of
an external magnetic field. Similar to the described procedure for FePt it can also
be calculated with the help of the fluctuations of the magnetization (see chapter 3
for more details). Thus, one has to differentiate between the perpendicular and the
parallel susceptibility in respect to the easy-axis and apply the following formulas
with the z-axis chosen as easy axis

χ‖ =
N · µi
kBT

·
(
〈m2

z〉 − 〈mz〉2
)

(4.4)

and

χ⊥ =
N · µi
2kBT

·
(
〈m2

y〉 − 〈my〉2 + 〈m2
x〉 − 〈mx〉2

)
. (4.5)

Here mx,y,z represent again the components of the reduced total magnetization
m = M/M e

T.

Figure 4.4 shows the numerical results for χ⊥ and χ‖ for two different strengths
of the anisotropy. Besides the fact, that as for the case of a ferromagnet, the
parallel susceptibilities diverge at the critical temperature, additionally one ob-
tains a maximum close to the magnetization compensation point TM as well as a
minimum for small temperatures. Here, the minimum can be interpreted solely as
numerical artifact, caused by the finite size of the system, since as for ferromagnets
the parallel susceptibility is expected to start at zero for 0 K. The maximum of χ‖
on the other hand is not exactly at the magnetization compensation temperature
but slightly below it. The maximum appears at the critical temperature of the
rare-earth sub-lattice without consideration of intra-sub-lattice coupling, which for
the given set of material parameters is very close to the compensation point.

For the perpendicular susceptibility one obtains a minimum at the magnetization
compensation point, whose strength decreases with increasing anisotropy. For a
very high anisotropy this minimum vanishes completely and as for ferromagnets
χ⊥ remains basically on a constant level until it decays at TC.
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Figure 4.4: Numerical results of the parallel and perpendicular susceptibilities for
two different strengths of a magneto crystalline anisotropy. Addition-
ally to the behaviour of a ferromagnet, one obtains a maximum of χ‖
at the critical temperature of the rare-earth sub-lattice as well as a
minimum of χ⊥ at the compensation temperature TM. (Figures shown
in [55])

4.4 Ferrimagnetic resonance modes

In general ferrimagnetic materials with two-sub-lattices show two characteristic
damped precession motions of the total magnetization around an external field
H0. As they can be excited experimentally by oscillating magnetic fields, they
are called resonance modes. For one mode both sub-lattices stay approximately
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4.4 Ferrimagnetic resonance modes

anti-parallel to each other. The dynamics related to this mode can be described as
an effective ferromagnetic system and is called ferromagnetic mode (FMM). The
other normal mode is caused by the anti-ferromagnetic coupling between the two
sub-lattices. In this so-called exchange mode (EXM), the sub-lattices are tilted
with a characteristic angle [84]. The characteristic motion of both modes is shown
schematically in Fig. 4.5.

(a)

MT

MR

H0

(b)

MT

MR

H0

Figure 4.5: Schematic illustration of the two resonance modes in ferrimagnets.
For the ferromagnetic mode (a), the sub-lattices remain nearly anti-
parallel, while the sub-lattices are tilted with a characteristic angle for
the exchange mode (b). (Figure published in [11])

4.4.1 Mode excitation and fitting

In general, both modes excite themselves automatically because of the thermal
fluctuations of the system. But in order to minimize the simulation time and to
ensure an ideal damped precession motion, one needs to excite the modes artifi-
cially in the simulations. Here, the excitation of either ferromagnetic or exchange
mode is done separately, by first loading a multi-spin configuration from equilib-
rium calculations for that temperature (Fig. 4.3) and then tilting the spin system
with respect to an external magnetic field H0. While the ferromagnetic mode
is always excited by tilting the total system by 30◦ with respect to the external
magnetic field, for the exchange mode the angles between each sub-lattice and the
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4 Ferrimagnet at elevated temperatures

external magnetic field are varied separately, since the characteristic angle between
the sub-lattices (Fig. 4.5) is temperature dependent [84].

In this work the external magnetic field is always parallel to the z-axis. Therefore
the time development of the x- and y- component of the magnetization for both
modes follow a damped precession motion with,

Mx,y(t) ∝ exp(−bt) · cos(ωt+ φ), (4.6)

where b represents the damping rate, ω is the frequency and φ corresponds to a
phase shift. Since the direction of the total magnetization Mtot(T ) = MTM(T ) +

MRE(T ) is changing at the magnetic compensation point, in order to avoid a
switching of the system, the external magnetic field H0 has to change its sign, too.
This switching causes a gap in the solution of the frequencies and damping rates
at TM, which is shown later-on in Figure 4.7, where the numerical results for the
non-anisotropic case are compared to corresponding analytical results.

The different frequencies and damping rates for either ferromagnetic or exchange
mode have been obtained by fitting directly to the resulting time development of
the x- and y- component of the magnetization. Alternatively, these parameters
can also be obtained from a Fourier transformation of the time dependent magne-
tization data, which enables one to investigate both modes at the same time.

However the Fourier transformation also had some disadvantages leading to
problems to obtain the damping rates properly. First of all, at some temperature
the frequencies of both modes are so close, that the Fourier transformation showed
two overlapping peaks. The fitted damping rate parameter, corresponding to the
width of a Lorentzian function therefore was very imprecise. Secondly, one needs
a high number of precession cycles to be able to generate a significant Fourier
transformation. But as at some temperatures the damping is so high, that the
exited modes relax completely after very few precessions, one has to consider the
self excited precessions, too. As those self-exited modes do not follow an ideal
damped precession, and additionally energy is transferred between both modes,
the resulting Fourier transformation is shifted in both directions. Therefore the
frequencies corresponding to the maximum of the Lorentzians, stayed unchanged,
while the width corresponding to the damping rates lead to wrong results.

Thus the more elaborate procedure with exciting both modes separately turned
out to be much more accurate in the simulations. The advantage of this method
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4.4 Ferrimagnetic resonance modes

in comparison to the Fourier transformation is the ability to stop the simulations,
when the first excited precession has relaxed. The resulting fits therefore lead to
much better damping parameters. The challenge of this method is to find the right
angles, the sub-lattices have to be tilted with respect to H0, in order to excite only
one of the two modes. Note that in the case of the ferromagnetic mode, this is
trivial, because even if there is a small discrepancy when the frequencies of both
modes are similar, mostly the sub-lattices are perfectly aligned anti-parallel to
each other. The right angles between the sub-lattices for the exchange mode have
been found by trial and error.

The time development of the magnetization for the ferromagnetic mode for dif-
ferent temperatures below the magnetization compensation point is plotted in Fig-
ure 4.6 a). One obtains, that in the temperature area below TM, the frequency of
the ferromagnetic mode decays with increasing temperature. A typical time devel-
opment at low temperatures, where both modes are excited is shown in Figure 4.6
b). Here the sub-lattices were tilted separately with 30◦ and −15◦ with respect
to the external magnetic field axis. In this case with T = 0.5kBT/JTM ≈ 1/2TM

the exchange mode has a much higher frequency, and relaxes much faster than the
ferromagnetic mode.

4.4.2 Analytical calculation of the transverse relaxation

Earlier analytical calculations of the normal modes have been based on two cou-
pled non-thermal equations of motion for the macroscopic magnetizations of the
sub-lattices using certain approximations [84, 85, 86, 87, 88]. What follows goes
beyond these restrictions, first avoiding approximations within the Landau-Lifshitz
equation and in the next section including thermal effects via the Landau-Lifshitz-
Bloch equation, where the use of the LLB equation will only affect the temperature
dependence of the damping. The description follows the publication [11].

Within the Landau-Lifshitz equation

Considering in a two-sub-lattice micromagnetic LL equation only inter-sub-lattice
exchange, the Zeeman energy as well as a magneto-crystalline anisotropy the ef-
fective fields of both sub-lattices are given by Heff

ν = H0 + Hex
ν + Han

ν . With
the magnetic field and the magneto-crystalline anisotropy set parallel to the z-
axis the effective field contributions become H0 = H0ez, Hex

ν = −AMκ and
Han
ν = ±2Dz

νM
e,z
ν ez. Here, A represents the inter-lattice micromagnetic exchange

63



4 Ferrimagnet at elevated temperatures

T = 0 .8kBT/ J TM
T = 0 .5kBT/ J TM
T = 0 .2kBT/ J TM

time tγTM J TM /µ TM

m
ag

n
et
iz
at
io
n
M

x,
to
t(
T
)/
M

TM
(0
)

40003500300025002000150010005000

0.4

0.3

0.2

0.1

0

-0.1

-0.2

-0.3

-0.4

total
TM-sublattice
RE-sublattice

time t γTM J TM /µ TM

m
ag

n
et
iz
at
io
n
M

x
(T

)/
M

TM
(0
)

10008006004002000

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

Figure 4.6: Temperature dependence of the x-component of the magnetization for
the ferromagnetic mode a) as well as of a case below TM, where both
modes have been excited at the same time by tilting the sub-lattices
separately with 30◦ and −15◦ with respect to the external magnetic
field axis b). (Picture shown in [55])

stiffness and Dz
ν is the micromagnetic anisotropy constant. By comparing these

expressions with the corresponding effective fields Hi
ν = −1/µν · ∂Hi

ν/∂S
i
ν for the

spin model (Eq. (4.1)), one finds the following relations between atomistic and
micromagnetic parameters, A = ηJR-T/µTµR and Dz

ν = dzν/µ
2
ν , with ν, κ = T,R
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4.4 Ferrimagnetic resonance modes

and κ 6= ν as well as η representing the number of nearest neighbors. In what fol-
lows the saturation magnetization Ms is replaced by the temperature dependent
equilibrium magnetization M e(T ) and unit vectors nν = Mν/M

e
ν are used.

The equations of motion for the two sub-lattices read

ṅν
γν

= − (nν ×H′ν)− αν [nν × (nν ×H′ν)] (4.7)

+ AM e
κ{(nν × nκ) + ανAM

e
κ[nν × (nν × nκ)]},

where M e
κ represents the equilibrium magnetization of the respective other sub-

lattice, H′ν = H0 +Han
ν , γν the atomistic gyromagnetic ratio, and αν the damping

constants.

Close to the equilibrium, with nT = nT(nxT, n
y
T, 1) and nR = nR(nxR, n

y
R,−1), one

can consider ∂tnzT(R) = 0, M z
ν ≈M e

ν , and neglect second order terms leading to

ṅxν
γν

= (−nyν ∓ ανnxν)(H0 ± 2Dz
νM

e
ν)

− AM e
κ

(
αν(n

x
ν + nxκ)∓ (nyν + nyκ)

)
(4.8)

and

ṅyν
γν

= (nxν ∓ ανnyν)(H0 ± 2Dz
νM

e
ν)

± AM e
κ

(
(nxν + nxκ)− αν(nyν + nyκ)

)
. (4.9)

Here, the upper algebraic sign is for the transition metal(T), while the lower one
is for the rare-earth(R). By transforming into the variables of the rotating system
n+
ν = nxν + inyν and n−ν − = nxν − inyν and assuming an exponential solution n±ν =

n0±
ν exp(iω̃t), one obtains(

± ω̃ − γT(H0 + 2Dz
TM

e
T + AM e

R)(1± iαT)
)
n±T

− γTAM
e
R(1± iαT)n±R = 0(

± ω̃ − γR(H0 − 2Dz
RM

e
R − AM e

T)(1∓ iαR)
)
n±R

+ γRAM
e
T(1∓ iαR)n±T = 0 (4.10)

By setting the determinant of the matrix of coefficients equal to zero. one obtains
the quadratic equation ω2 + pω̃ + q = 0, where the parameters p and q are given
by
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p = γR(−H0 + AM e
T + 2Dz

RM
e
R)(1 + iαR) (4.11)

+ γT(−H0 − AM e
R − 2Dz

TM
e
T)(1− αT)

and:

q = γRγT(1 + αT)(1− αR)[H2
0 −H0AM

e
T +H0AM

e
R (4.12)

− 2Dz
R(H0M

e
R + AM2

R) + 2DT(H0M
e
T − AM2

T)− 4Dz
TD

z
RM

e
TM

e
R]

The solution for the frequencies corresponds to the real part of the two independent
solutions for the ferromagnetic and exchange mode respectively, and the damping
rate is given by the imaginary part. The effective damping parameter is then given
by the ratio of damping rate to frequency [84]. Note that the effective damping is
the same for both modes, if the sub-lattice damping parameters αν are assumed
to be equal.

Based on this approach several approximated solutions for the frequencies and
effective damping parameter have been derived in the past. However, the most
common solutions for the frequencies by Wangsness [86] for the ferromagnetic
mode,

ωFMM =
γTγR(M e

T −M e
R)

(γRM e
T − γTM e

R)
H0, (4.13)

and by Kaplan and Kittel [87] for the exchange mode,

ωEXM = A(γTM
e
R − γRM e

T). (4.14)

make use of two main approximations: firstly, they neglect the influence of damping
and anisotropy completely, and secondly, they include the assumptions AM e

ν � H0

which fails close to the Curie temperature TC, A(M e
T − M e

R) � H0 which fails
close to the magnetization compensation point TM, and A(γTM

e
R − γRM e

T) � H0

which fails close to the angular momentum compensation point. Thus, these ap-
proximations predict am erroneous behavior at and close to these characteristic
temperatures. Similar approximations in calculation of the effective damping pa-
rameter [84] and the solution for the frequency of the finite-anisotropy case by
Walker [88] fail here correspondingly. Note that also the solution of the effective
damping parameter [84]

αeff =
M e

RγTαR + γRαTM
e
T

M e
RγT −M e

TγR
(4.15)
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predicts a divergence at TA and therefore zero switching time. As shown in the
following, in the full analytical solution neither the frequencies nor the effective
damping parameters diverge at TA. Instead, only characteristic maxima at or close
to the angular momentum compensation point are found.

Within the Landau-Lifshitz-Bloch equation

As already discussed in chapter 3.1.2, following the derivation of the Landau-
Lifshitz-Bloch (LLB) equation for ferromagnets [66], U. Atxitia has obtained the
corresponding version for a two component system during his PhD-studies in the
group of O. Chubykalo-Fesenko. Details of the derivation referring to a disordered
ferrimagnet can be found in [9, 10]. In the limit of dominant transverse damping
and for an ordered ferrimagnet, he has obtained the temperature dependence of
the transverse damping parameter of the two sub-lattices as αν⊥ = ανLL(1 − kBT

Ã0,ν
).

Here, Ã0,ν represent the effective exchange constants Ã0,ν acting on each spin of
the sub-lattices.

Ã0,ν '
A0,νm

ν
e − A0,νκm

κ
e

mν
e

. (4.16)

Again the ferromagnetic inter-sublattice exchange constants are represented by
A0,ν , the anti-ferromagnetic intra-sublattice exchange by A0,νκ and the sub-lattice
equilibrium magnetizations are given by mν

e .

As next step, one needs to consider the fact, that the LLB-equation differs in its
form from the LL-equation due to the presence of them2

ν - term in the denominator
in the transverse damping term. Note that this difference is discussed for the
ferromagnetic case in Refs. [90] and [91]. If one further uses nν = mν/mν one
finds the following temperature dependent values of the damping parameters

α̃T
⊥(T ) =

αT

me,T(T )

(
1− mT

e (T )kBT

A0,TmT
e (T )− A0,T,RmR

e (T )

)
, (4.17)

and

α̃R
⊥(T ) =

αR

me,R(T )

(
1− mR

e (T )kBT

A0,RmR
e (T )− A0,R,TmT

e (T )

)
. (4.18)

These now replace the corresponding constants in Eq. (4.10), which leads to an
increase of the effective damping parameters for both modes at high temperatures,
which agrees with the numerical findings. It is that combination of equations that
will be called analytical solution in the following.
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4.4.3 Comparison between numerical and analytical findings

As already mentioned, since in the simulations for the zero-anisotropy case the
external magnetic field H0 = 0.02JT/µT is constantly switched on, this magnetic
field will have to change its sign at the magnetization compensation point TM in
order to avoid a switching of the whole system. This change leads to the discon-
tinuity of the analytical solutions (Eq. (4.10)) shown in Fig. 4.7 at TM. For the
frequencies (Fig. 4.7a) as well as the effective damping (Fig. 4.7b) one obtains a
very good agreement between analytical and numerical solutions of both modes
and for the whole temperature range.

The value of the frequency of the ferromagnetic mode first tends to zero be-
low the magnetization compensation point TM, where it starts to increase to its
maximum above the angular momentum compensation point TA. After decreasing
with higher temperatures the value of the frequency of the FMM converges to a
constant level. For the exchange mode the effect of changing the relative direction
of the external field is stronger, since in comparison to the approximated solution
[87] (Eq. (4.14)) the value of the EXM frequency is constantly shifted proportional
to the strength of H0. Above the angular momentum compensation point TA the
values of the frequencies of both modes reach the same value, where the FMM has
its maximum and the EXM reaches a local minimum.

Note that there is an increase of the effective damping parameter at high tem-
peratures being much stronger for the exchange mode. Interestingly, without con-
sidering the temperature dependence of the sub-lattice damping parameters (Eq.
(4.17) and Eq. (4.18)) in the analytical solution (Eq. (4.10)) and assuming simply
the microscopic damping constant α = 0.01 to describe the relaxation dynamics
of the sub-lattice magnetizations, the effective damping parameters αeff for both
modes are equal. This solution, plotted as dashed line in Fig. 4.7b, does not co-
incide with our numerical data. Only considering the temperature dependence
of the sub-lattice damping parameters, the effective damping parameters αeff of
both modes become different and describe the increase for both modes at high
temperatures correctly (Fig. 4.7b). Note also, that the influence of the temper-
ature dependence for α̃T

⊥(T ) and α̃R
⊥(T ) is negligible for small temperatures, but

becomes very important with increasing temperatures.

For the finite-anisotropy case (Fig. 4.8) the following values for the atomistic
damping parameter, external field and anisotropy constant are used: α = 0.001,
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Figure 4.7: Temperature dependence of a), frequencies and b) effective damping
parameters αeff in the zero anisotropy case . Numerically obtained
data points are compared with analytical solutions. The switching of
the external magnetic field H0 leads to a gap in the solutions at the
magnetization compensation point TM. (Published in [11])

H0 = 0.01, JT/µT, and dz = 0.01JT. Here, a smaller atomistic damping compared
to the previous simulations is applied, since the consideration of an anisotropy leads
to an increase of the discrepancy between simulated and ideal damped modes, so
that more cycles had to be fitted in order to obtain good results. With anisotropy,
consequently the resulting anisotropy field compensates the external field and
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Figure 4.8: Temperature dependence of a) the frequencies and b) the effective
damping parameters αeff in the finite anisotropy case. Numerically
obtained data points are compared with analytical solutions. (Pub-
lished in [11])

avoids switching at the magnetization compensation point TM in the simulations.
Therefore the direction of H0 is not switched in this case. For higher tempera-
tures, however, due to thermal excitation as well as the decaying anisotropy field,
the system starts switching anyway. Therefore the effective damping parameters
could not be obtained for the high temperature range.

70



4.4 Ferrimagnetic resonance modes

For the frequencies (Fig. 4.8a) the consideration of a uni-axial anisotropy leads
to the fact that the minimum at the magnetization compensation point vanishes.
Again, above the angular momentum compensation temperature TA one obtains a
maximum for the FMM frequency and a minimum for the EXM frequency. Note
that the shift of this characteristic point from TA to higher values is proportional
to the strength of the external magnetic field as well as the anisotropy.

Regarding the effective damping parameters (Fig. 4.8b) a finite anisotropy leads
to a less pronounced maximum at TA. Once again the dashed line in Fig. 4.8b
corresponds to the analytical solution without consideration of the temperature
dependence of the sub-lattice damping, leading to the equality of the effective
damping parameters of both modes not showing the increase of αeff for higher
temperatures. Besides the good agreement between numerical and analytical re-
sults when the temperature dependence of the sub-lattice damping is taken into
account one now also obtains a good agreement with the experimental findings
by Stanciu et. al [7]. Thus it is possible to reproduce these experimental findings
qualitatively by considering a uni-axial, magneto-crystalline anisotropy as well as
temperature dependent sub-lattice damping parameters as derived with the frame-
work of the LLB equation. The combination of these findings clearly demonstrate
the failure of the analytical solutions based on the LL and LLG equations of
motion[84, 85, 86, 87, 88] for high temperatures.

In Fig. 4.9 the analytical solutions (Eqs. (4.10), (4.17) and (4.18)) of the
frequencies of both modes as well as the effective damping parameter for the
FMM are shown for different strengths of the uni-axial anisotropy. Here, with
H0 = 0.01JT/µT and α = 0.01, the external field was not switched the external
field at TM. Due to the temperature dependence of the anisotropy field in the high
temperature regime, the influence of the strength of the anisotropy constant dz be-
comes smaller with increasing temperatures. This effect leads to the convergence
of all sets of curves for different anisotropies with increasing temperatures up to
TC, where the anisotropy fields vanish and the different curves join. Furthermore,
one finds that the frequencies of both modes increase with increasing anisotropy.
This effect is much stronger for the ferromagnetic mode. Additionally, the max-
imum of the frequency of the FMM as well as the minimum of the frequency of
EXM are shifted from the the angular momentum compensation point TA towards
higher temperatures with increasing anisotropy. For the effective damping param-
eter with increasing anisotropy a decrease and a washing out of the maximum close
to TA is obtained.
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4 Ferrimagnet at elevated temperatures

4.5 Conclusions

In the first part of this chapter, the temperature dependence of the equilibrium
magnetization as well as the parallel and perpendicular susceptibilities obtained
via numerical spin model simulations based on the stochastic Landau-Lifshitz-
Gilbert equation of motion have been presented. These numerical results of the
equilibrium properties are essential for the future development of a one sub-lattice
approach for the Landau-Lifshitz-Bloch equation of ferrimagnetic materials.

Furthermore, a detailed investigation of the dynamics of ferrimagnets was per-
formed by means of computer simulations as well as analytically. Formulas were
derived for the frequencies and effective damping parameters of both, the ferro-
magnetic as well as the exchange mode. It was shown, that a correct calculation
does not predict any divergence neither of the effective damping parameters nor
the frequencies close to the angular momentum compensation point, but only a
finite maximum. Nevertheless do both, frequencies as well as effective damping
parameters strongly depend on temperature, with that explaining large variations
of relaxation times in ferrimagnets, especially in opto-magnetic experiments with
pronounced heating effects.

Similar to the experimental results (see Fig. 3 in Ref. [7]) and unlike predictions
based on the macroscopic, two-sub-lattice Landau-Lifshitz-Gilbert equation[84, 85,
86, 87, 88] an increase of the effective damping at temperature approaching the
Curie temperature is obtained. This stresses the importance and validity of the
recently derived two sub-lattice version of the Landau-Lifshitz-Bloch equation for
finite temperature micromagnetics.
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Figure 4.9: Temperature dependence of a) the ferromagnetic mode frequency, b)
the exchange mode frequency, and c) the effective damping parameter
αeff in the finite anisotropy case of the FMM-mode for different strength
of the magneto crystalline anisotropy. Analytical results as explained
in the text. (Published in [11])
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5 Role of entropy for thermally
induced domain wall motion

This chapter deals with the dynamics of magnetic domain walls in thermal gradi-
ents. At the beginning, a short overview of the state of the art of experimental
and theoretical publications about thermally induced domain wall (DW) motion
is given. In the next sub-chapter the external control of domain wall dynamics
by applying magnetic fields or spin currents is discussed. These findings will be
compared to the results for the thermally driven domain wall motion later on.
In the following the analytical derivation of the transverse domain wall profile is
shown. In this context, the numerical model including the material parameters
and a comparison to the analytical derived domain wall width is presented.

Furthermore the temperature dependence of the thermodynamic potentials, free
and internal energy as well as entropy, is used for a general thermodynamic argu-
mentation of an entropic torque forcing the domain wall towards the hotter area
in a temperature gradient. Finally, the numerical and analytical results of the ve-
locity of the domain wall in dependence of the strength of the thermal gradient are
shown. It is demonstrated, that the main role of pushing the wall in the direction
of the hotter part is played by the decrease of the exchange stiffness with increasing
temperatures. The presentation also includes a comparison to field and current
driven dynamics and a discussion about the effect of changing temperatures during
the movement of the domain wall along a wire. Additionally a comparison of these
findings to results in other publications (experimental and theoretical) is shown.
The last sub-chapter deals with the influence of defects to the thermally induced
domain wall motion. Some of the results are published in [17]. The chapter is
closed with a summary.
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5 Thermally induced domain wall motion

5.1 Introduction

5.1.1 State of the art

In Ref. [12] D. Hinzke and U. Nowak demonstrated the existence of thermally
driven DW motion in a temperature gradient for the first time. Using computer
simulations based either on the stochastic LLG equation of motion or on the LLB
equation of motion two different explanations for the domain wall propagation to
the hotter part of the wire are presented. The microscopic explanation for domain
wall motion in temperature gradients rests on the net diffusive motion of magnons
from the hot end of a nanowire towards the colder end [30] and the transfer of
angular momentum pushing the wall in the direction opposite to the magnonic
spin current (see Figure 5.1).

magnonic spin current

domain wall motion

space coordinate x

m
ag
ne
ti
za
ti
on

cooler hotter

Figure 5.1: Microscopic explanation for DWmotion in temperature gradients. Due
to a net diffusive motion of magnons from the hot end of a nanowire,
and the transfer of angular momentum when passing the wall, the
total angular momentum conversation causes the pushing of the wall
towards the hotter end (Figure from [12]).

Note that in this magnonic argumentation the direction and the velocity of the
wall movement depend on the reflectivity of the magnons at the wall, so that in
principle even a movement towards the colder region is possible. In the case of
domain walls in antiferromagnets no net movement has been forecasted due to the
vanishing magnonic spin currents because of the two compensating sublattices [92].
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Differently to the magnonic argumentation in a thermodynamic picture the do-
main wall in ferromagnets, antiferromagnets or ferrimagnets or even more general
the magnetic texture is always pushed towards the hotter area. This thermo-
dynamic argumentation already presented in [12] and further developed in [17]
is discussed in detail in chapter 5.2, where the temperature dependence of the
thermodynamic potentials internal and free energy and entropy as well as the
resulting entropic torque are described. However, based on the microscopic argu-
mentation resting on magnonic spin transfer torque approximated velocities have
been achieved [14, 15, 13, 16] . In chapter 5.6.4 it is demonstrated, that the en-
tropy driven DW-motion exceeds the one caused by the magnons.

Experimentally due to pinning effects (see discussion in chapter 5.7) the real-
ization of a direct domain wall motion is very difficult. After it could already be
shown, that the strength of the depinning field is decreased in a temperature gra-
dient [93], just recently the thermally driven domain wall motion in the magnetic
insulator YIG using magneto-optical Kerr effect microscopy was observed directly
[13].

Later on, several reasons why in contrary to other setups this specific experiment
has been successful are discussed. Specifically, in chapter 5.6.1 the strength of the
temperature gradient in the sense of the impact to the domain wall velocity is
compared to an external magnetic field. Additionally, in chapter 5.7 the advantage
of using a sample with wide domain walls as well as thick films in the sense of
the depinning probability is demonstrated. Finally in the outlook of this thesis,
the advantage of domain walls in ferrimagnets instead of ferromagnets for the
depinning probability as well as the expected velocity is discussed.

5.1.2 Domain wall motion driven by external magnetic fields

Started with the theoretical work by Landau and Lifshitz in 1935 the topic of field
driven domain wall motion has lead to many theoretical and experimental publica-
tions. While in [67] the DW-velocity for small fields and zero temperature has been
calculated, predicting a linear dependence of the velocity of the DW on the field, in
1974 Schryer and Walker [94] have theoretically predicted a critical strength of the
field, where the DW-movement starts to be accompanied by precession. This crit-
ical value, where the DW velocity drops down has been named Walker-breakdown.

In the meantime many experiments [95, 96, 97, 98] in principal have confirmed

77



5 Thermally induced domain wall motion

these theoretical predictions [67, 94, 99], but have also raised the importance of
pinning effects to the domain wall motion [100, 101, 45, 102]. The strength of
the depinning field needed in order to initialize the movement depends highly on
the involved material and geometry (for 2 µm thick YIG-films it is ≈ 120 Oersted
[101], while 60 Oersted are found for a ring structure of 27 nm thick NiFe-films
[100]). Since for possible future devices this critical depinning field needs to be
controllable, it is also of high interest, how by changing the geometry for instance
by cutting edges, it is possible to reach values, which are strongly above the nat-
ural pinning strength induced by impurities of the sample [100].

Concerning this unavoidable natural pinning, experimental measurements us-
ing Permalloy rings [45] show a strong decay of the depinning field with increasing
thickness, which is also in agreement with earlier measurements in FeNi-wires [102].
As shown in chapter 5.7 this experimental results agrees well with the numerical
findings about the average domain wall displacement under the influence of ran-
domly distributed defects.

5.1.3 Domain wall motion driven by spin-currents

Another possibility to drive domain walls is by spin currents. In the sense of its
impact to the equation of motion, the so-called adiabatic and non-adiabatic spin-
transfer-torque consider the influence of the current to the magnetization vector.
Here, the adiabatic one tends into the direction of the current in the form of an
effective field, whereas the non adiabatic one drives the magnetization perpendic-
ular to both current and magnetization opposite to the direction of the Gilbert
damping.

The effect of a spin-polarized current to a ferromagnet and the resulting torques
are illustrated in Figure 5.2. It is shown, that the interaction between the spin-
polarized current and the magnetization causes a change in the spin direction
of the outgoing electron compared with the incident electron. The difference in
spin polarization causes torques on the ferromagnet. A torque in the plane of
the incident and outgoing electron spin directions (a spin-transfer torque or non-
adiabatic one) and a torque perpendicular to that plane, called the adiabatic or
field-like torque [103]. These torques are considered by adding the following terms
into the Landau-Lifshitz-Gilbert equation of motion (see Eq. 3.7 in chapter 3.1.1)

−[(u · ∇)Si] + βSi × [(u · ∇)Si]. (5.1)
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5.1 Introduction

Figure 5.2: The interaction between the spin-polarized current and the magneti-
zation causes a change in the spin direction of the outgoing electron
compared with the incident electron. The difference in spin polariza-
tion causes torques on the ferromagnet, both a torque in the plane
of the incident and outgoing electron spin directions (a spin-transfer
torque or non-adiabatic one) and a torque perpendicular to that plane,
called the adiabatic or field-like torque. (Taken from [103])

With j being the spin current density, µB the Bohr magneton, je the electrical
current density, as well as e and P 0 representing the charge of electron as well
as the spin polarization of the electrical current, u is the effective spin current
u = j/Ms = µBjeP

0/eMs in the unit of a velocity. β is called non-adiabaticity
factor.

The idea to use this effect in order to drive domain walls has firstly been proposed
by Luc Berger in 1984 [104], and in the meantime has inspired to many theoretical
[105, 106, 107] as well as experimental publications [108, 109, 110, 111, 112]. One
contribution to the theoretical part has been done by Christine Schieback [77],
who in her PhD-thesis [49] has calculated the resulting DW velocity as well as the
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5 Thermally induced domain wall motion

corresponding Walker threshold in the case of elevated temperatures based on the
LLB-equation. For the velocity of the domain wall, she has obtained analytically
[77, 49]

v =
βme

α⊥
ux ±

meδWγ

4χ̃⊥

√
(
(ux

uW

)2 − 1, (5.2)

where ux is the current in x-direction and δW the domain wall width at the Walker-
threshold. At this point the corresponding critical current strength uW is given
by

uW =
γme

χ̃⊥
δW

α⊥
|α⊥ − βme|

. (5.3)

Later-on in chapter 5.6.2, the result for the velocity (Eq. 5.2) is used as compar-
ison to the thermally induced domain wall dynamics to obtain an effective current
induced by a temperature gradient in the sense of the impact to the velocity below
the Walker breakdown.

5.1.4 Transverse domain wall profile

Analytical derivation

Before discussing the effect of temperature gradients on the dynamics of domain
walls and the analytical derivation of the resulting velocities, it is useful to firstly
show the derivation of the applied transverse domain wall profile (See sketch of
the domain wall in the system in Figure 5.3 b) ). The derivation basically follows
[49].

The free energy of a ferromagnet in polar coordinates (see Figure 5.3 a) ) is
given by

F

Ms

=

∫
dV

m2A

m2
eMs

[
1

m2

(
∂m

∂z

)2

+

(
∂θ

∂z

)2

+ sin2(θ)

(
∂φ

∂z

)2
]

(5.4)

+

∫
dV

1

8m2
eχ̃‖

(m2 −m2
e)2 +

m2 sin2(θ)

2χ̃⊥

(
k cos2(φ) + sin2(φ)

)
.

Here again (see chapter 3.1.2) the first term represents the exchange energy, the
second term is the contribution due to the longitudinal relaxation and the last
term considers the anisotropic energy, where a bi-axial factor k between 0 and 1
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Figure 5.3: a) Used polar coordinates ~em, ~eφ and ~eθ relative to a Cartesian axis
system. b) Sketch of the domain wall in the system. In order to sketch
the profile as applied in this work the system in b) is rotated by 90◦ in
comparison to a).

is assumed. It makes the z-axis the easy axis, the y-axis the intermediate axis
and the x-axis the hard axis of the system. Note that the limit k = 1 represents
the uni-axial anisotropy and k = 0 a planar anisotropy with the xy-level as easy
plane. Comparing the factor k to the relation between anisotropy constants of the
intermediate to the easy axis as used in an atomistic spin-model Dy/Dz in the
sense of its impact to the dynamics (LLG or LLB- equations of motion) it is

k = (1−Dy/Dz). (5.5)

As next step, following the Euler-Lagrange principle in order to calculate the
energetic minimum, one needs to calculate the variation of the free energy density
f̃ = F

MsV
and set equal to zero

δf̃

δ(φ, θ)
=

∂f̃

∂(φ, θ)
− d

dz

∂f̃

∂(φ′, θ′)
= 0. (5.6)

At this point, the temperature is assumed to be constant over space and time,
so that all contributions with ∂/∂z as well as ∂f̃/∂m are equal to zero. When
additionally assuming the domain wall profile to be contained in a plane it is
∂φ/∂z = 0, and one obtains

δf̃

δφ
=
m2 sin2(θ)

2χ̃⊥
(1− k) sin(2φ) = 0, (5.7)
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with the solutions φ=0 and φ = π, as well as

δf̃

δθ
= −2m2A

m2
eMs

(
∂2θ

∂2z

)
+
m2 sin(2θ)

2χ̃⊥

(
k cos2(φ) + sin2(φ)

)
= 0. (5.8)

Now the temperature dependent domain wall width is defined as

δ =

√
2χ̃⊥A

Msm2
e

(
k cos2(φ) + sin2(φ)

) , (5.9)

which by using K = Msm
2
e/2χ̃⊥ in the static limit reduces to the more common

form δ =
√
A/Kk. Out of Eq. 5.8 the following relation remains

∂θ

∂z
=

sin(θ)

δ
. (5.10)

With the limits θ = 0 for z = −∞ and θ = π for z =∞ it follows

cos θ = − tanh(
z

δ
) = mz. (5.11)

Using the condition: m2
x + m2

y + m2
z = m2

e the following transverse domain wall
profile is obtained

m(z) = me

[
− tanh(

z

δ
)~ez +

cosφ

cosh( z
δ
)
~ey +

sinφ

cosh( z
δ
)
~ex

]
. (5.12)

Note that the condition above is only valid for circular domain walls. As dis-
cussed in Refs. [113, 114, 71], with increasing temperatures the deviation of circular
to elliptical domain wall profiles increases until shortly below TC the domain wall
becomes even linear. Anyhow, since this assumption holds for most temperatures,
it is not only used at that point but also for the analytical derivation of the domain
wall velocity as discussed in chapter 5.4.

In the next part the numerical model and the applied material properties are
introduced. In this context the numerical results for the domain wall widths
for different temperatures as well as anisotropy factors k are compared to the
corresponding analytical results.
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Figure 5.4: Comparison between numerical (dots) and analytical (Eq. 5.9) results
(lines) for the domain wall width a) for different values of the relative
anisotropy factor k, b) for different temperatures. One finds a good
agreement between numerical and analytical results for all values, con-
firming the right usage of the material parameters and temperature
dependent scaling functions in the simulation and also the validity of
Eq. 5.9.

Numerical modeling and comparison to analytics

For the numerical work a nanowire with a size of 8 nm × 8 nm × 512 nm dis-
cretized with a cell size of (1 nm)3 and fixed anti-parallel boundary conditions
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forcing a DW into the system is modeled. Using the non-stochastic version of the
Landau-Lifshitz-Bloch equation without dipole-dipole-interaction, the material pa-
rameters are chosen to fit to a Co/Pd multilayers system withMs = 8.2×105 A/m,
K0 = 6 × 105 J/m3, and A(0) = 2.3 × 10−11 J/m [115, 116]. The domain wall is
initialized in the center of the wire. The corresponding profile is not shown at this
point, since it is plotted later-on in Figure 5.7 in chapter 5.3.

In Figure 5.4 the analytical result for the domain wall width (Eq. 5.9) for dif-
ferent values of the relative anisotropy reduction factor k as well as for different
temperatures is compared to the corresponding numerical results which have been
obtained by fitting to the y-component of the transverse domain profile (Eq. 5.12).
Here, an increase of the domain wall width with increasing temperatures and easily
following Eq. 5.9 a reduction with increasing values of k is found. One obtains a
good agreement between numerical and analytical results for all values, confirm-
ing the right usage of the material parameters and temperature depended scaling
functions in the simulation and also the validity of Eq. 5.9.

5.2 Thermodynamic potentials of a domain wall
and entropic torque

In this sub-chapter the general thermodynamic argumentation of domain wall
dynamics in thermal gradients is explained from a thermodynamic point of view.
At finite temperature T a DW is a thermodynamic object where the free energy
∆F (T ) is the thermodynamic potential that is minimized. The free energy of the
DW can be expressed as difference between the free energy of a magnetic system
with domain wall and the free energy of the same system without it [71].

It is connected to the internal energy ∆U of the wall and its entropy ∆S via
∆F = ∆U − T∆S. The temperature dependence of the different thermodynamic
potentials are illustrated in Fig. 5.5 for a DW in a high anisotropic material. The
calculation is from Ref. [71] for an atomistic spin model for FePt. However, the
general features of the free energy of the DW do not depend on the material
under investigation. While the internal energy ∆U increases, the free energy of
the DW is a monotonically decaying function of temperature. This is due to the
fact that the entropy of the DW increases with temperature due to the increasing
spin disorder following the thermal excitation. Note that the maximum of ∆S and
∆U is slightly below the Curie temperature TC, where the DW becomes linear.
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Figure 5.5: Temperature dependence of different thermodynamic potentials of a
DW in a high anisotropic material [71]. The increase of the entropy
∆S leads to a monotonically decaying free energy ∆F (T ) as function of
temperature. To minimize its free energy the DW must move towards
regions with higher temperatures. (Figure published in [17])

The increase of the entropy ∆S(T ) of the wall and the decrease of the free en-
ergy ∆F (T ) with temperature alone must lead to DW motion in a temperature
gradient, as long as the temperature gradient is sufficiently small so that equilib-
rium thermodynamics can be applied. To minimize its free energy the DW must
move towards regions with higher temperatures. The main role minimizing the
free energy and thereby pushing the DW into the hotter region is played by the
strong decay of the exchange stiffness (see Figures 3.4 and 3.6). In equilibrium the
effective exchange field acting on one central spin in the DW is zero. Assuming
that the system is now heated from one side, the magnetization vector as well as
the exchange strength on the hotter side shrink. This gives rise to an effective ex-
change field acting on that central spin to the colder side. This so-called entropic
torque existing for all spins along the domain wall drives it to the hotter part of
the wire. Figure 5.6 is a schematic illustration of this effect.

In chapter 5.4 an analytical calculation of the DW motion based on these ther-
modynamic arguments namely the minimization of the free energy within the
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temperature

exchange

Figure 5.6: Schematic sketch of domain wall motion in a temperature gradient:
The increasing temperature from left to right causes shrinking mag-
netization vectors (indicated as arrows) as well as a lower exchange
stiffness on the right hand side. Therefore the central spin of the wall
(highlighted with a red circle) has a stronger exchange interaction with
the left (colder) side than to the right (hotter) one. The resulting ef-
fective exchange to the left therefore shifts the magnetization vector
of that central spin to be oriented parallel to the spins on the left side
of the wall. Since this entropic torque contribution takes place equiv-
alently to all spins along the domain wall, it is pushed to the hotter
part.

framework of the LLB equation is presented. In order to verify the analytical ap-
proach for the velocity of the DW as well as the Walker threshold, in chapter 5.3
also the corresponding numerical simulations are shown. Interestingly, the above
argument does not rest on the existence of magnonic spin currents with angular
momentum transfer so that it should apply more general, e.g., to antiferromagnets
or ferrimagnets at the compensation point as well.

5.3 Numerical procedure based on the
Landau-Lifshitz-Bloch equation

As already described in chapter 5.1.4 for the numerical work a nanowire matching
the Co/Pd multilayer system with the size of 8 nm × 8 nm × 512 nm discretized
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Figure 5.7: DW motion in a thermal gradient: a) Temperature gradient, b) snap-
shots of the DW profile at different times. Along the long axis (z) a
constant temperature gradient is applied such that at the initial posi-
tion of the transverse DW at the center of the wire the temperature is
always 300 K. (Figure published in [17])

with a cell size of (1 nm)3 has been modeled. Along the long axis (z) a constant
temperature gradient is applied such that at the initial position of the transverse
DW at the center of the wire the temperature is always 300 K (see Figure 5.7).
As argued before (see Figures 5.5 and 5.6), in a temperature gradient the DW
moves towards increasing temperatures. Fig. 5.7 also shows that though the gen-
eral shape of the wall remains constant, its amplitude decreases due to the fact
that the equilibrium magnetization itself is temperature dependent.

For lower temperature gradients after an acceleration phase the DW is restricted
to a constant plane. Note that this acceleration phase is an indication of inertia
[45, 117] and connected to the mass of a domain wall in a ferromagnet [45, 118] and
does not occur in antiferromagnets. Figure 5.8 shows the resulting domain wall
displacement for two different strength of the temperature gradient with α = 0.05

87



5 Thermally induced domain wall motion

and k = 0.9. For a low temperature gradient the displacement increases nearly
linearly (plotted in red), while for larger thermal gradients the motion of the DW
is accompanied by precession (plotted in blue). Here, the wall motion is above the
Walker-breakdown already introduced for DW motion by applied fields or spin-
polarized currents (see chapters 5.1.2 and 5.1.3).
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Figure 5.8: DW displacement for two different strength of the temperature gradi-
ent. For a low temperature gradient the displacement increases nearly
linearly, while above the Walker-threshold the movement is accompa-
nied by precession.

The velocity is then obtained by assuming a linear behaviour of the movement
v = ∆x/t, which due to the temperature dependence of the velocity (see discussion
in chapter 5.5) is only a good approach for short distances. Note that close to the
Walker-breakdown it turned out to be complicated to obtain the correct velocity
since firstly, DWs starting at 300 K just below the Walker threshold start to precess
later-on at higher temperatures (see Figure 5.11) and secondly, because just above
the breakdown the wall precesses with very low frequency, so that in the limited
range of the wire the precession does not reach its initial state.

88



5.4 Analytical derivation of the domain wall velocity

5.4 Analytical derivation of the domain wall
velocity

In the following, an analytical calculation of the DW velocity as well as the Walker
threshold within the framework of the LLB equation is presented. Here for sim-
plification the model is treated in the one-dimensional limit.
Using polar coordinates (see Figure 5.3 a)) the three coupled equations of motion
for m, φ as well as θ in the LLB-approach are given by [49]

dm

dt
= −γα‖

δf̃

δm
, (5.13)

m sin(θ)
dφ

dt
= γ

δf̃

δθ
− γα⊥
m sin(θ)

δf̃

δφ
, (5.14)

m
dθ

dt
= − γ

sin(θ)

δf̃

δφ
− γα⊥

m

δf̃

δθ
. (5.15)

Here f̃ represents again the reduced free energy density f̃ = F
MsV

, which is re-
lated to the effective field by H i

eff = δf̃i/δmi. The same free energy as in the
calculation of the domain wall profile (see Eq. 5.16) is used, only extended by
a Zeeman-contribution caused by an external field. This is done for a straight
forward comparison between field and temperature gradient driven DW-dynamics
later-on. It follows

f̃ =
m2A

m2
eMs

[
1

m2

(
∂m

∂z

)2

+

(
∂θ

∂z

)2

+ sin2(θ)

(
∂φ

∂z

)2
]

(5.16)

+
1

8m2
eχ̃‖

(m2 −m2
e)2 −mHz cos(θ) +

m2 sin2(θ)

2χ̃⊥

(
k cos2(φ) + sin2(φ)

)
.

Since the domain wall moves by rotation of the magnetic moments, for the calcu-
lation of the position of the center of the DW one can solely consider the angular
contributions of the LLB equation. Therefore, as next step only the variations of
the reduced free energy density for φ and θ need to be calculated

δf̃

δ(φ, θ)
=

∂f̃

∂(φ, θ)
− d

dz

∂f̃

∂(φ′, θ′)
. (5.17)

This time and in contrast to the calculation for the DW profile (see chapter 5.1.4),
a linear temperature gradient along the z-axis of the wire is assumed. This leads to
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5 Thermally induced domain wall motion

nonzero contributions of the spacial derivatives d/dz. When assuming the domain
wall profile to be contained in a plane it is ∂φ/∂z = 0 and one obtains

δf̃

δφ
=

m2 sin2(θ)

2χ̃⊥
(1− k) sin(2φ) (5.18)

and

δf̃

δθ
= − 2

m2
eMs

[
m2∂A

∂z

∂θ

∂z
+ 2mA

∂m

∂z

∂θ

∂z
+ Am2∂

2θ

∂2z
− 2m2A

me

∂me

∂z

∂θ

∂z

]
+
m2 sin(2θ)

2χ̃⊥

(
k cos2(φ) + sin2(φ)

)
+mHz sin(θ). (5.19)

Note that the occurrence of derivatives d /dz of material parameters is solely
caused by the first term of the reduced free energy density (Eq. 5.16) due to the
appearance of the derivatives φ′ and θ′. Therefore the final result can only depend
on the temperature derivatives of those quantities being in the prefactor of the
first term in Eq. 5.16, which are A(T ), m(T ) and me(T ) but not for instance χ(T )

and α(T ). This is a general result also applicable to 2D-systems or other types of
domain walls.

As next step it is assumed, that the shape of the domain wall is not changing
during the movement, so that the general temperature dependent equations of
the transverse domain wall profile as calculated in chapter 5.1.4 remain valid.
Explicitly Eq. 5.8 and Eq. 5.9 are used in order simplify Eq. 5.19 to

δf̃

δθ
= − 2

m2
eMs

[
m2∂A

∂z

∂θ

∂z
+ 2mA

∂m

∂z

∂θ

∂z
− 2m2A

me

∂me

∂z

∂θ

∂z

]
+mHz sin(θ).

Inserting these results for δf̃
δθ

and δf̃
δφ

now into the remaining equations of motion
(Eq. 5.14 and Eq. 5.15) leads to

dθ

dt
=

γα⊥
m2

[
2 sin(θ)

δm2
eMs

(
m2∂A

∂z
+ 2mA

∂m

∂z
− 2m2A

me

∂me

∂z

)
−mHz sin(θ)

]
−γm sin(θ)(1− k) sin(2φ)

2χ̃⊥
(5.20)

and

φ̇ = γ

[
Hz −

2m

Msm2
eδ

(∂A
∂z

+
2A

m

∂m

∂z
− 2A

me

∂me

∂z

)
− α⊥(1− k) sin(2φ)

2χ̃⊥

]
. (5.21)
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5.4 Analytical derivation of the domain wall velocity

Transforming to the velocity of the domain wall vD = − δ
sin(θ)

∂θ
∂t

leads to

vD = −γα⊥
m2

[
2

m2
eMs

(
m2∂A

∂z
+ 2mA

∂m

∂z
− 2m2A

me

∂me

∂z

)
− δmHz

]
−γmδ

2χ̃⊥
(1− k) sin(2φ). (5.22)

Now Eq. 5.21 needs to be inserted into Eq. 5.22, which leads to

vD = − 2γm2

Msm2
eα⊥

(
1 +

α2
⊥

m2
e

)(∂A
∂z

+
2A

m

∂m

∂z
− 2A

me

∂me

∂z

)
+
γδme

α⊥
Hz

(
1 +

α2
⊥

m2
e

)
−δme

α⊥
φ̇. (5.23)

Since analytically the longitudinal relaxation is always much faster than the trans-
verse one, as next step m(z) = me(z) is assumed. This assumption leads to the
cancellation of all terms containing ∂m

∂z
and ∂me

∂z
. The resulting deviations between

numerical and analytical model caused by this assumption are discussed later-on
in chapter 5.6.4.

Hence, neglecting dynamic deviations of the local magnetization m(z) from its
equilibrium valueme(z), one finally ends up with the following equations of motion
for the out of plane angle

φ̇ = γ

[
Hz −

2

Msmeδ

∂A

∂z
− α⊥(1− k) sin(2φ)

2χ̃⊥

]
(5.24)

and for the velocity of the DW

vD =
γ

α⊥Ms

(
1 +

α2
⊥

m2
e

)(
δMsmeHz − 2

∂A

∂z

)
− δme

α⊥
φ̇. (5.25)

From these main results one can see directly, that the contribution to the domain
wall motion caused by a thermal gradient has the same form as an external field
with an effective fields equivalent

Htherm = − 2

δmeMs

∂A

∂T

∂T

∂z
. (5.26)

This means, that in order to consider the effect of thermal gradients into the equa-
tion of motion one has to add an additional field in the form of Eq. 5.31 into the
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5 Thermally induced domain wall motion

Landau-Lifshitz-Bloch equation.

Before discussing this comparison in more detail in chapter 5.6.1, the following
focuses on solely thermally driven DWs without external fields. The corresponding
Walker threshold Ãw = ∂Aw/∂z for that case is calculated by assuming φ̇ = 0,
φ = π/4, and Hz = 0 in Eq. 5.24. The Walker threshold is then given by

Ãw = −meMsα⊥δw(1− k)

4χ̃⊥
, (5.27)

with the corresponding domain wall width δw = δ(φ = π/4).

〈φ̇〉 is calculated by integrating Eq. 5.24 over the period of the wall precession
under the assumption of an φ- independent DW-with δw. It follows

〈φ̇〉 =
2π

τ
=
α⊥γ(1− k)

2χ̃⊥

√(
∂A/∂z

Ãw

)2

− 1, (5.28)

so that for the average velocity of the DW, one obtains

vD = − 2γ

Msα⊥

∂A

∂z

(
1 +

α2
⊥

m2
e

)
− γδwme(1− k)

2χ̃⊥

√(
∂A/∂z

Ãw

)2

− 1, (5.29)

where the second term representing δme

α⊥
φ̇ occurs only above the Walker threshold.

In Fig. 5.9 the resulting DW velocities versus strength of the temperature gra-
dient are plotted for different damping constants and anisotropy ratios k. Here,
Eq. 5.29 is compared to the corresponding numerical simulations. In general one
obtains a good agreement in all cases including the correct calculation of the
Walker breakdown. The fact that the numerical results are slightly higher below
and smaller above the Walker breakdown as compared to the analytical ones is due
to an additional driving force caused by m(z) 6= me(z) which has been neglected
in the analytical model.

5.5 Influence of the temperature variation during
the movement

Due to the temperature dependence of χ̃⊥, α⊥, me, δ as well Ãw in Eq. 5.29 the
velocity of the DW does not remain constant during the movement along the tem-
perature gradient. To be more specific, mainly caused by the increase of dA/dT
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Figure 5.9: Comparison between analytical (solid lines) and numerical results
(data points) for the velocities of the DW for different damping con-
stants and anisotropy ratios k. One obtains a good agreement for all
values including the right calculation of the Walker breakdown. (Fig-
ure published in [17])

with increasing temperature, the velocity of the DW is monotonically increasing
below the Walker-breakdown and decreasing above it. Since on the other hand the
Walker-breakdown itself is decreasing with temperature, at a certain temperature
along the wire the moving wall always starts to precess.

This effect of the temperature variation along the nanowire is illustrated in Fig-
ure 5.10, where the displacement of the DW is plotted over time (α = 0.05, k = 0.8

and dT/dz = 0.3 [K/nm]). After the monotonic and approximately linear increase
of the displacement, in that case at a around 470 K, the domain wall starts to
precess and thereby decreases its velocity. Note that for the comparison between
numerical and analytical results as shown in Figure 5.9, as input to the temper-
ature dependent quantities in the analytical solution, the temperature at half of
the covered distance is used.

The validity of this linearization of the velocity for small temperature differ-
ences and without passing the Walker-breakdown is shown in Figure 5.11, where
the temperature dependence of the DW-velocity (α = 0.02, k = 0.8) for different
strengths of the thermal gradient is plotted together with the maximal possible
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Figure 5.10: Domain wall displacement (α = 0.05, k = 0.8 and dT/dz = 0.3

[K/nm]) for different times. After the monotonic and approximately
linear increase of the displacement, at 470 K the domain wall starts
to precess and thereby decreases its velocity.

velocity. This maximal velocity is reached directly at the Walker-breakdown and
can therefore be obtained by including the Walker-breakdown (Eq.5.27) into the
linear part of the velocity (Eq.5.22)

vDmax =
γmeδw(1− k)

2χ̃⊥

(
1 +

α2
⊥

m2
e

)
. (5.30)

For the realistic assumption of low damping, α2 � 1, the maximum DW velocity
(Eq. 5.30) remains proportional to the difference between hard and intermediate
axis (1−k) but becomes independent of the damping α as well as of the derivative
the exchange stiffness ∂A

∂T
. At which temperature the DW reaches this maximal

velocity is again determined by the same quantities, which also determine the do-
main wall velocity, hence mainly the damping as well as ∂A

∂z
, so that for instance

the larger the gradient is, the lower the characteristic threshold temperature be-
comes (see Figure 5.11). Note that the critical region in Figure 5.11 is avoided
since close to TC the wall becomes linear and the approximations made in the
analytical model are no longer valid.
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Figure 5.11: Temperature dependence of the DW-velocities for different strengths
of the thermal gradient and of the maximum DW velocity at the
Walker-breakdown. While the velocity below the Walker breakdown
is monotonically increasing, the maximal velocity decreases with in-
creasing temperatures, so that a certain point along the wire the mov-
ing wall always starts to precess. (Figure published in [17])

5.6 Discussion of the results

5.6.1 Comparison to external field driven domain wall
motion

As already pointed out in chapter 5.4, the temperature gradient creates an effective
field Htherm that acts similar on the DW as an applied magnetic field, where the
effective field equivalent in Tesla is given by

Htherm[T] = − 2

δmeMs

∂A

∂T

∂T

∂z
. (5.31)

In order to consider the effect of thermal gradients into the equation of motion
one therefore solely needs to add an additional field in the form of Eq. 5.31 into
the Landau-Lifshitz-Bloch equation. Later on in chapter 5.6.3 this expression for
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the effective field equivalent is used in order to calculate the field equivalent of an
experimentally observed strength of the thermal gradient in YIG needed in order
to depinn the wall [13]. This field equivalent is then compared to the correspond-
ing experimentally observed depinning field for the same samples [101].

Concerning the case with an external magnetic field and without a temperature
gradient (Hz > 0 and dT/dz = 0) for the velocity of the DW, from Eq. 5.25 one
finds

vD =
γ

α⊥

(
1 +

α2
⊥

m2
e

)(
δmeHz

)
− δme

α⊥
φ̇. (5.32)

Note that in the low-temperature limit T → 0 and below the Walker-breakdown
this result agrees with Eq. 28 of the original evaluation by Landau and Lifshitz
[67]. Due to the formal equivalence of field and temperature gradient driven DW-
dynamics in Eq. 5.25 both contributions simply add up for the expected velocities.
Thus combining thermal gradients with external fields leads to higher velocities,
but no change of the maximum DW velocity at the Walker breakdown, since that
is independent of the strength of the field or thermal gradient (see Eq. 5.30 in
chapter 5.5).

5.6.2 Comparison to spin current driven domain wall motion

Another interesting analogy of the thermally driven DW motion is to the one
caused by a spin polarized electrical current [77] (see chapter 5.1.3). Comparing
the resulting formulas for the velocity of the wall below the Walker breakdown
(Eq. 5.2 to Eq.5.32) one can define the effective spin current equivalent

βuz =
βµBjeP

0

eMs

= − 2γ

Msme

(
1 +

α2
⊥

m2
e

)
∂A

∂T

∂T

∂z
. (5.33)

Here, β, µB, je, e and P 0 represent again the non-adiabaticity factor, the Bohr
magneton, the electrical current density, the charge of electron as well as the spin
polarization of the electrical current.

Due to the anti-damping like or non-adiabatic contribution to the magnetization
dynamics caused by a current (see Figure 5.2 and Eq. 5.1 in chapter 5.1.3), this
expression for the effective spin current is just valid in the sense of the impact to
the velocity below the Walker breakdown.
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5.6.3 Comparison to experimental results

Using a spatial-temporally resolved polar magneto-optical Kerr effect microscopy,
in [13] thermally induced propagation of DWs in 2µm thick YIG films could be
demonstrated experimentally. Here, the temperature gradients up to 22 K/mm

were generated by a Peltier Cooler. Figure 5.12 shows the resulting velocity of
the DW versus the strength of the thermal gradient. The authors obtain firstly a
threshold strength of the temperature gradient of 5 K/mm needed in order to get
the DWs moving, and secondly a linear dependence between the velocity and the
strength of the gradient for stronger values of the gradient.

Figure 5.12: Experimental results for the domain wall velocity versus strength of
the temperature gradient for DWs in 2µm thick YIG films. The
authors obtain a threshold strength of the temperature gradient
of 5 K/mm, and a linear dependence between the velocity and the
strength of the gradient for stronger values of the gradient. (Figure
taken from [13])

In what follows, Eq. 5.29 is used in order to estimate the effective field equiv-
alent in Oersted, which corresponds to the measured depinning strength of the
temperature gradient of 5 K/mm. Here the information for the used YIG sam-
ples for the saturation magnetization Ms = 8.4 × 104 A/m, the zero-temperature
exchange stiffness A(0) = 2.2 × 10−12 J/m, the Curie-temperature TC = 1000 K
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5 Thermally induced domain wall motion

as well as the domain wall width at room temperature of δ = 60 nm from [13] as
well as the relative permeability of µr = 32 from [119, 120] is used. Additionally,
a linear dependence of the exchange stiffness dA/dT ≈ A0/TC (see Figures 3.4
and 3.6 in chapter 3.3) as well as an equilibrium magnetization of me = 0.86 is
assumed. It follows

Htherm = − 2

µ0µrδmeMs

A0

TC

∂T

∂z
= 126 Oe. (5.34)

In [101] scientists from the same group, that also published the described mea-
surements of thermally driven domain wall motion have observed the strength of
the depinning field for the same YIG samples. The measured value 121 ± 7 Oe
is in excellent agreement with the estimated one of 126 Oersted, confirming the
validity of our analytical solution. Since this estimated value for the effective field
equivalent is strongly above the additional external field of 2 Oersted, which is ad-
ditionally applied in the direction of the temperature gradient, it can be confirmed
that the DW is mainly driven by the temperature gradient.

Concerning the resulting velocities of the domain wall, with the usage of the
measured damping constant of α = 0.075, determined via ferromagnetic resonance
measurements [13], the theoretical prediction is two orders of magnitude higher
than the experimentally measured one. This discrepancy can be caused by several
additional effects in the experiment not fully considered in the theoretical model.
Such effects potentially highly decreasing the resulting velocities can be caused
for instance by scattering processes involving magnons and phonons. But most
probably the discrepancy is caused by the impurities of the sample, so that the
experimentally obtained domain wall movement is still in the so-called creeping
area, where a strong decrease of the domain wall velocity is expected [121].

Hence, one can state, that the analytical result for the DW propagation is on the
one hand confirmed by the strength of the critical threshold temperature gradient
in the experiment but on the other hand, due to the neglecting of impurities, as
well as magnons and phonons solely an upper limit for the resulting DW-velocity
in experiments.

5.6.4 Comparison to other theoretical calculations

In the analytical derivation in chapter 5.4 after Eq. 5.23, it has been argued, that
since the longitudinal relaxation is always much faster than the transverse one, one

98



5.6 Discussion of the results

can assume the equality of local and equilibrium magnetization m(z) = me(z). As
already argued in chapter 5.1.4, the deviation from a perfectly circular domain wall
profile towards an elliptical one increases with increasing temperatures. Moreover
in a thermal gradient there are more magnons accumulated on the hotter part of
a nanowire [30]. This effect leads to an additional deviation of the local magne-
tization from its equilibrium value with increasing temperatures. Furthermore it
triggers an additional contribution to the domain wall motion towards the hotter
part of the wire caused by the diffusive motion of the magnons to the colder part
and the transfer of angular momentum while passing the wall.

Even if in the Landau-Lifshitz-Bloch approach the magnon spectrum and here
especially those spin waves with short wavelength λ < ∆ are not fully considered
(here also the choice of the size of a cell plays a role), the deviation between local
and equilibrium magnetization in the numerical simulations leads to an additional
contribution to the velocity in comparison to the analytical calculation. Without
considering the decreasing exchange stiffness along the wire, one still obtains a
movement of the DW to the hotter part independently of the temperature depen-
dence of the anisotropy.

In comparison to the driving force by the change of the exchange stiffness ∂A
∂z
, this

contribution turned indeed out to be much smaller in the simulations. Recently,
numerical simulations based on the stochastic Landau-Lifshitz-Gilbert equation
for a similar system (a ferromagnetic domain wall in a thermal gradient) have
been performed by Severin Selzer in his Master thesis in the group of U. Nowak
[122]. Since these results fully considering the magnonic contribution are in good
agreement with the analytical solution for the domain wall velocity (Eq. 5.29),
they validate the minor role of the magnonic torque in comparison to the entropic
one.

Before being able to compare the strength of the effect based on the presented
thermodynamic argument with the one calculated from a microscopic point of
view, one needs to give a simpler analytical estimation of DW velocities that can
be expected below the Walker breakdown. It is reasonable to linearize the tem-
perature dependence of the exchange stiffness (see Figures 3.4 and 3.6 in chapter
3.3) as dA

dT
≈ A(0)/Tc and approximate α2 � 1 for low damping to obtain

vD = − 2γ

Ms

1

α⊥

A(0)

TC

∂T

∂z
. (5.35)
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In Refs. [13, 16] the DW velocity in this regime has been calculated by assuming
angular momentum transfer from the magnonic spin current only. Including the
assumption α = β made by the authors, Eq. 1 in Ref. [13] can be written as

ṽD =
γkB

αMs6π2λm

∂T

∂z
. (5.36)

Here, λm represents the wave length of the thermally excited magnons where Jiang
and co-workers assume λ ≈ 6 nm. Comparing Eq. 5.35 with Eq. 5.36 one finds,
that both results agree in the proportionality of the DW velocity to vD ∝ ∂T

∂z
γ

Msα
.

Concerning the prefactors in Eq. 5.35, one can assume a cubic structure with
A(0) = J/2a where a is the lattice constant and J the nearest-neighbor exchange
constant and use the mean-field approximation for TC = 2J/kB. By doing so the
relation vD/ṽD = 3π2λ

2a
� 1 is obtained. Hence, the presented entropic torque

drives the DW much more than the magnonic effect discussed in Refs. [13, 16].
As example with the used YIG-material parameters [13, 16] and a gradient of
20 K/mm one gets a DW velocity of 24.6 mm/s as compared to 1.3 mm/s.

Based on a different approach the authors in Ref. [123] also discuss the effect
of the maximization of entropy for the DW motion in temperature gradients. In
contrast to Eq. 10, in Ref.[123] there is no analytical estimation of the DW-velocity
without computational effort possible. Using the same values for YIG and ∂T/∂z
as discussed above, the authors in Ref. [123] obtain a DW-velocity of 7.0 mm/s.

Note that theoretical descriptions of the effect of the domain wall motion in
thermal gradients are still an active area of research (for instance [124, 125, 126,
127]). In [124] the authors derive a solution for the domain wall velocity, which
combines both (entropic and magnonic) contributions to each other. This very
recent work is in agreement with the argumentation of the dominant role of the
entropic torque and an additional correction term caused by the magnonic spin
currents.
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5.7 Influence of defects on the thermally driven domain wall motion

5.7 Influence of defects on the thermally driven
domain wall motion

5.7.1 Numerical results of the covered distance of the
domain wall

In order to investigate the effect of defects on the thermally driven domain wall mo-
tion, a certain percentage of randomly distributed defects has been implemented
to the modeling. The defects are considered as being empty cells without magnetic
material. Since pinning is a local effect highly dependent on the exact distribution
of the defects, in the simulations described in the following, the random number,
which determines the position of the defects in the lattice, is varied.
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Figure 5.13: Domain wall displacement with 5 % defects for different random
numbers (different colors) in comparison to the displacement with-
out defects. In the case of a high temperature gradient a) (dT/dz =

0.8 K/nm) the domain wall moves to different maximal positions. The
average velocity during the movement remains equal to the case with-
out defects.

In Figure 5.13 the displacement of a domain wall in a temperature gradient of
0.8 K/nm applied again along the z-axis for 5 different distributions of local po-
sitions of the defects is plotted (red lines) together with the corresponding DW
displacement for a same system without defects (black line). In that case a defect-
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concentration (dc) of 5 %, a number of macro-spins in the x, y-level of Nx,y = 82,
as well as a damping constant of α = 0.1 and a relative anisotropy factor k = 0.9

is applied.

One obtains, that the domain wall for all cases with defects stops to move at
a certain point with a different maximal covered distance for different positions
of the defects. In one case, starting from its initial position in the center of the
wire, the wall is even slightly moving in the opposite direction with respect to the
applied gradient. As well as the already discussed general argument for the move-
ment of a DW towards the hotter part of the wire this behavior can be explained
again with the local change of the exchange stiffness.

Since defects are cells with zero exchange, in some neighboring layers in the
direction of the applied thermal gradient it can happen, that the average exchange
stiffness is increasing even if the temperature is getting higher. In which layer
this case occurs is determined by the random positions of the defects, so that
the wall moves to different maximal positions for different random numbers. The
case, where the wall is even moving backwards from the center of the wire, thus
can be understood with more defects in the opposite direction as the temperature
gradient, leading locally (here in the center of the wire) to a positive gradient
dA/dz > 0, so that the wall is forced to the minus z-direction.

Hence the position along the wire, where the domain wall stops moving, is given
by the first local position along the z-axis, where the exchange increase due to
defects and the effect of the temperature increase are canceling each other, so that
the resulting gradient of the exchange stiffness becomes equal to zero, dA/dz = 0.

For the case of a moving wall in the positive z-direction there is always a nega-
tive gradient of dA/dz < 0, which can locally be increased as well as decreased by
the defects. Since in average this increase of dA/dz is equal to the decrease, the
resulting average velocity still remains equal to the case with no defects (see also
Figure 5.13 ). Logically, if the gradient is weaker /or the defect concentrations
are getting higher, the probability of locally reaching regions, where the resulting
gradient of the exchange stiffness dA/dz is below zero or equal to zero is increasing.

Therefore, as shown in Figure 5.14 for the case of the same system as shown
in Figure 5.13 just with a much lower temperature gradient (dT/dz = 0.2 K/nm)
the net movement of the wall to the positive z-direction is highly decreasing and
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Figure 5.14: Domain wall displacement with 5 % defects for different defect distri-
butions (different colors) in comparison to the displacement without
defects. For a much smaller gradient (dT/dz = 0.2K/nm) the proba-
bility of moving back or just a short distance is much higher.

in the small statistics of just 5 different random positions of the defects even not
detectable. Nevertheless, if there is any gradient applied, the average covered dis-
tance should still be positive, since without a temperature gradient there would
still be a diffusive movement of the DW, but the average for many local positions
of the defects then would be zero.

For a more quantitative analysis of the described behaviour, for the results dis-
cussed in the following, the average maximal displacement of a DW 〈∆x〉 in a
thermal gradient and with defects was investigated. Here, one value corresponds
to the averaged value over 20 simulations with different random positions of the
defects. In Figure 5.15 the resulting average maximal domain wall displacement
in dependence of the strength of the temperature gradient (α = 0.05, 0.1, k = 0.9,
dc = 0.05 and Nx,y = 82), for different total numbers of spins in the x, y-level
(α = 0.1, k = 0.9, dc = 0.05 and dT/dz = 0.4 K/nm) and for different defect-
concentrations (α = 0.1, k = 0.9, dT/dz = 0.4 K/nm and Nx,y = 82) is shown.
The error-bars in Figure 5.15 correspond to the average error. As shown by the
fitting function, all three curves show approximately an exponential behavior, lead-
ing to much higher average displacements with increasing total number of spins,
with an increase of the gradient as well as with decreasing defect-concentrations.
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Figure 5.15: Average maximal domain wall displacement with defects for different
strengths of the temperature gradient a), different numbers of total
Spins in the wall area b), as well as for different defect-concentration .
We have averaged over 20 simulations with different random positions
of the defects for each run. The error-bars correspond to the average
error. We obtain an exponential behavior in all cases.
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5.7 Influence of defects on the thermally driven domain wall motion

In the case of different strengths of the temperature gradient as shown in Figure
5.15 a), differently to the resulting domain wall velocity, no significant dependence
of the average domain wall displacement on the damping constant was obtained.
This finding confirms the argumentation of the main role of the temperature de-
pendence of the exchange stiffness. Furthermore, in this case and following the
argumentation above in principle the average domain wall displacement should be
proportional to exp(dA/dz) instead of solely to the strength of the thermal gradi-
ent. Anyhow, since for small temperatures a linearization of dA/dT is a reasonable
approximation, it is also nearly proportional to exp(dT/dz).

5.7.2 Analytical model for the average covered distance of
the domain wall

In order to understand and prove the numerically found exponential behavior of
the average maximal domain wall displacement in respect to the strength of the
temperature gradient, to 1/defect-concentration and to the total number of spins
in the area of the domain wall, a very simplified analytical model can be applied.

First of all, it is assumed, that if the wall stops, the total exchange reduction
due to the increasing temperature needs to be smaller or equal to the reduction of
exchange caused by a higher number of defects at the colder part of the domain
wall. With N = Nx,y · δ∆ being the total number of spins, it follows

dA/dT · dT/dz ·N δ ≤ (N c
d −Nh

d ) · A, (5.37)

where N c
d is the number of defects in the colder half of the DW and Nh

d in the
hotter one. As next step one can assume, that the total number of defects given by
the product of total spins and the defect-concentration dc in the area of the domain
wall, remains constant for all cases with its average value: Nd = N · dc = const.
Following Eq. 5.37 and using the criteria Nh

d = Nd −N c
d in order to stop the wall,

the number of defects needs to be

N c
d ≥

NdA+ dA/dT · dT/dz ·N δ

2A
. (5.38)

Now the probability p(Nd, N
c
d) to fulfill this criteria can be calculated, if one

assumes both sides (hot and cold) to be equally properly. It is then given by

p(Nd, N
c
d) =

Nd∑
i=Nc

d

(
Nd

N c
d

)
0.5Nd . (5.39)

105



5 Thermally induced domain wall motion

numerical:dc=0.05, 0.4 [K/nm]
analyt.:dc=0.02, 0.5 [K/nm]

total number of Spins in DW-area (Nx,y · δ
∆)

m
ax
im

al
di
sp
la
ce
m
en
t
〈∆

x
m
〉[

nm
]

300025002000150010005000

1000

100

10

1

a)

numerical:N=400, 0.4 [K/nm]
analyt.:N=2880, 0.5 [K/nm]

1/defectconcentration

m
ax
im

al
di
sp
la
ce
m
en
t
〈∆

x
m
〉[

nm
]

100908070605040302010

10000

1000

100

10

1

b)

numerical:N=400, dc=0.05
analyt.:N=2880, dc=0.05

temperature gradient [K/nm]

m
ax
im

al
di
sp
la
ce
m
en
t
〈∆

x
m
〉[

nm
]

10.90.80.70.60.50.40.30.20.1

1000

100

10

1

c)

Figure 5.16: Average maximal domain wall displacement with defects for different
a) numbers of total Spins in the domain wall area N , b) to 1/defect-
concentration, and c) strengths of the temperature gradient. Numer-
ically as well as with our simplified analytical model one obtains an
exponential behavior in all cases.
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5.7 Influence of defects on the thermally driven domain wall motion

Now it is assumed, that after each step in the direction of the higher tempera-
ture the defects are distributed once again with the average value Nd. Then the
probability that the wall is moving ∆x-steps should be equal to 50% in order to
calculate the average position of the wall xp.

(1− p)〈∆x〉 = 0.5⇔ 〈∆x〉 =
ln(0.5)

ln(1− p) . (5.40)

As next step, 〈∆x〉 is calculated for different values of the total number of spins
N , strengths of the temperature gradient dT/dz, as well as for different defect-
concentrations dc. By fitting to the resulting values of the average position of the
wall, the following relation is obtained

〈∆x〉 ∝ a exp(bdT/dz) · c exp(dN) · e exp(f/dc), (5.41)

where a, b, c, d, e and f are fitting constants. This exponential behaviour to
the strength of the gradient, the total number of spins as well as to 1/defect-
concentration is in agreement with the results obtained from the numerical sim-
ulations. As shown in Figure 5.16 it is solely a qualitative agreement between
the numerical and analytical behavior, where the calculated average maximal dis-
placement of the domain wall within the analytical model is much smaller.

Note that in a realistic system, when applying the temperature gradient, the
domain walls are already pinning in local defects. Therefore differently to the
numerical results as plotted in Figure 5.13 one should never detect cases of a wall
moving in the opposite direction of the gradient. Nevertheless, also the probability
to move a pinned wall should be proportional to the calculated averaged maximal
covered distance xp, since the argument that the resulting gradient of the exchange
stiffness needs to be negative dA/dz < 0 is equivalent.

Since in most cases for a practical use or experimental prove of thermally driven
domain wall motion, the strength of the gradient is limited to a certain value and
the defect-concentration a material parameter which is not easily reducible, the
total number of spins N should be increased in order get a higher probability to
detect a moving domain wall. This can be done by just increasing the thickness
of the layer or the softness of the domain wall by choosing materials with high
domain wall width δ =

√
A
K

as for instance YIG or Permalloy.

This theoretical finding is in agreement with the fact, that in contrast to the
experimental setup with Co/Pd (see next chapters) with a film thickness of 16 nm
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5 Thermally induced domain wall motion

and a domain wall width about 8 nm in [13] the authors have successfully used a
very thick film (2µm) of YIG with a domain wall width about 60 nm. Additionally
K. Wang (author in [13]) explained in a private communication, that the walls are
moving better, if they are soft. Furthermore experimental measurement using
Permalloy rings [45] show a strong decay of the depinning field with increasing
thickness, which is also in agreement with earlier measurements in FeNi-wires [102]
and again agrees well with the theoretical findings.

5.8 Summary

To summarize, a theory for DW motion in a temperature gradient was presented,
which considers thermodynamic principles, mainly the maximization of entropy.
The main role pushing the DW into the hotter area of the nanowire hereby is
played by the temperature dependence of the exchange stiffness (see sketch of the
resulting entropic torque in Figure 5.6). The analytical calculation is supported
by corresponding numerical simulations based on the non-stochastic version of the
LLB-equation. Except for a small deviation mainly caused by the analytical as-
sumption of the equivalence between the local and the corresponding equilibrium
magnetizationm(z) = me(z), one obtains a good agreement between the analytical
and numerical findings for all values including the right calculation of the Walker
breakdown (see Figure 5.9).

Concerning the effect of the temperature variation during the movement, it was
shown that, mainly caused by the increase of dA/dT with increasing temperature,
the velocity of the DW is monotonically increasing below the Walker-breakdown
and decreasing above it. Since on the other hand the Walker-breakdown itself is
decreasing with temperature, at a certain temperature along wire the moving wall
always starts to precess.

Furthermore, the effective field equivalent of an experimental observed critical
strength of the thermal gradient needed to depinn the walls in YIG samples [13]
was calculated and compared to the measured strength of the depinning field for
the same samples. It was demonstrated, that both values are in good agreement
with each other, which confirmed the validity of the theory of the entropic torque
also experimentally. Moreover, by comparing the analytical result for the DW with
the one presented in [13, 16], it was shown that the effect of the entropic torques
exceeds the one from angular momentum transfer induced by the magnonic cur-
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5.8 Summary

rent.

Additionally, by considering impurities in the samples into the modeling by in-
cluding randomly distributed holes (cells with no exchange and magnetization),
the influence of the defect-concentration, the strength of the temperature gradient
as well as the number of atoms in the area of the domain wall to the average do-
main wall displacement was investigated. Qualitatively supported by the results
of a simple analytical model, one hereby finds an exponential increase of the av-
erage domain wall displacement, which should be proportional to the depinning
probability, to the strength of the temperature gradient as well as the number of
spins in the area of the domain wall as well as to 1/defect-concentration.

In the outlook the generality of the presented argument also for other magnetic
textures in temperature gradients is discussed. In this context, also first results
about the difference between the dynamics of domain walls in thermal gradients
in ferromagnets and ferrimagnets are shown.
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6 Thermally controlling the
magnetic domain configuration
of thin films with perpendicular
anisotropy

In this chapter the modification of magnetic domain structures of thin magnetic
films of high anisotropic materials via temperature variations as well as by thermal
gradients is discussed. Starting with a short general introduction to stationary do-
main states, the AC-field-demagnetization technique used in order to numerically
generate the stabilized states and the determination method to qualitatively dis-
cuss average domain widths are described. Then the influence of defects on the
average domain width is discussed, firstly in general and then within the different
applied demagnetization techniques (besides the AC-demagnetization technique
also by thermal demagnetization and by letting a paramagnetic state relax). In
the next part of this chapter experimental results performed in the group of J.
Boneberg from Konstanz are explained and compared to our numerical findings.
In this context also the used experimental methods are shortly introduced. These
findings are published in the joint publication [18].

In the second part of the chapter the modification of the domain structures
by temperature gradients is discussed. It can be understood as a combination
of the thermally driven domain wall motion as discussed in chapter 5 and the
thermal control of magnetic domain structures as discussed at the beginning of
this chapter. First measurements have indicated a stabilized modification of a
meander like domain structure towards a radial orientation of the domains upon
Gaussian like distributed laser shots. These findings, performed again by the group
of J. Boneberg have motivated to the theoretical investigations about the influence
of the strength of the gradient to the modified domain configuration as well as the
conditions, whether these modified domain structures remain stable. The chapter
is closed with a summary.
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Figure 6.1: Stationary domain configurations for a thin film of Co/Pd with two dif-
ferent strength of the perpendicular anisotropy (a) K0 = 6× 105 J/m3

and b) 4× 105 J/m3). Following the argument of a decreasing quality-
factor Q, by reducing the zero temperature value of the anisotropy
constant K0, the domains in the stabilized meander structure are get-
ting smaller.

6.1 Introduction

6.1.1 Stationary magnetic domain configurations

In what follows, a high anisotropic material is modeled, matching again the mate-
rial properties of a Co/Pd multilayer system with Ms = 1.05 × 106 A/m, A(0) =

2.3× 10−11 J/m and K0 = 6× 105 J/m3 [115, 116]. For the numerical simulations,
the stochastic version of the LLB equation including dipole-dipole interactions is
solved. Note that in order to investigate domain walls and whole domain configu-
rations correctly, the cell size of a macro spin needs to be smaller than the domain
wall width. Thus, even with the usage of the multi-spin micro-magnetic model,
one is still limited to much smaller system sizes and shorter timescales in com-
parison to experimental setups as for instance discussed later on in chapter 6.4.
For the simulations discussed in the following a thin film with the maximal size of
1024 nm × 1024 nm × 24 nm discretized with a cell size of (4 nm)3 is used.

As already mentioned in chapter 2, in general the domain configuration of a thin
magnetic film is generated by the competition between short ranged exchange and
anisotropic interaction to the long ranged dipole-dipole interaction. Therefore the
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Figure 6.2: Stabilized domain configurations for a thin film of Co/Pd with two
different thicknesses. Following the argument of a decreasing quality-
factor Q, due to a stronger dipole-dipole energy, with increasing thick-
ness the domains in the stabilized meander structure are getting
smaller.

resulting average domain size highly depends on the shape of the sample such as
geometry, thickness, and width as well as on the strength of temperature depen-
dent material parameters as magnetization, exchange and anisotropy.

For films with perpendicular crystalline anisotropy the relation between total
anisotropy and dipole-dipole energy can be defined as quality factor Q (see chapter
2), where Q < 1 leads to an in-plane magnetization, whereas Q > 1 results in an
out-of plane magnetization. Additionally in the case of Q > 1, the bigger the
Q-factor, the bigger the resulting domains in the stabilized states are. This is
illustrated by the comparison between Figure 6.1 a) and b), where in b), the
anisotropy factor is reduced from K0 = 6× 105 J/m3 to 4× 105 J/m3 resulting in
smaller domains. Very similar to other high anisotropic materials as FePt [128] the
domains in the resulting stationary state are building up a meander like structure.

General discussions about magnetic domain configurations including analytical
estimations about the transition between meander structures and stripe patterns
can be found for instance in [44] and [129]. For this work the argumentation is
focused on the Q-factor, which is also valid for different geometries or sample sizes.
For instance thinner films decrease the total dipole-dipole energy of the system,
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6 Thermally controlling the magnetic domain configuration

which leads to bigger values of the Q-factor, so that smaller average domains are
generated. As an example this is illustrated in Figure 6.2, where the stabilized
domain configuration for two different thicknesses is plotted. One obtains, that
while the 8 nm thick film already leads to a stripe domain configuration, the
domain configuration for a 24 nm thick film consists of much smaller domains in
the meander structure as compared to a 16 nm thick film as shown in Figure 6.1 a).

Focusing on the domain nucleation process for a system with defects, in the
following the average domain width is discussed in a more qualitative way. As
numerical procedure to generate stabilized domain configurations three different
methods, besides the AC-field-demagnetization and by slowly cooling down from
the paramagnetic phase (thermal demagnetization) as test also by initializing the
system disordered as a paramagnet at room temperature and then letting the
system relax, have been applied. Without consideration of defects, all these pro-
cedures have lead to equivalent magnetic domain states. As will be discussed in
chapter 6.3, this equivalence of the states generated by the different demagnetiza-
tion techniques is not achieved anymore if there are defects included.

6.1.2 AC-field-demagnetization

In this section, the creation of stationary domain configurations in the simu-
lations with the help of decaying alternating external fields (the so-called AC-
demagnetization) is presented. In Figure 6.3 the time development of the applied
external magnetic field in the out of plane direction is plotted together with the re-
sulting equilibrium out of plane magnetization. For the external field the following
time development was assumed

Hz = H0
z cos(ωt) exp(−λt), (6.1)

where in this case a starting value of H0
z = −3T a frequency of ω = 50 GHz and a

decay rate of λ = 5 · 1010 Hz was used.

As shown in Figure 6.3 b) at the beginning, the net magnetization always follows
the external field, which leads to a switching of the magnetization direction with
the applied frequency ω. After some cycles, where the whole domain structure has
been uniformly magnetized in the direction of the external field, due to the fact
that the relation between dipole-dipole interaction to the sum of Zeeman, exchange
and anisotropic interaction is increasing, small domains in the opposite direction of
the field are building up. This effect leading to smaller absolute values of the total
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Figure 6.3: Time development of the strength of the a) perpendicular external
magnetic field and b) the resulting out-of-plane equilibrium magneti-
zation. The net magnetization starts to follow the field leading to a
switching of the magnetization direction with the applied frequency ω.
For lower values of the external field, the Zeeman interaction is not
dominant anymore and a stabilized domain configuration is reached.

equilibrium magnetization (see Figure 6.3 b) ) is increased until the Zeeman energy
becomes negligible and a stabilized domain configuration, once again caused by
the equality of dipole-dipole to exchange and anisotropic interaction, is reached.
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Figure 6.4: Two examples to illustrate the applied determination method to cal-
culate average domain widths. Along a grid of lines parallel to the
long-axes of the sample, the number of domain walls is counted. The
average domain width is then calculated via Eq. 6.2.

6.2 Determination method of average domain
widths

In order to quantify domain sizes as they result from simulations, the average do-
main width DW as characteristic quantity is introduced. It is obtained from the
spin-configurations from the numerical simulations as described in the following.
Along a grid of lines which are chosen to be parallel to the long axes of the thin
magnetic film, the number of domain walls given by a sign change of the out-of
plane magnetization is counted. As illustrated for the example of a quadratic sur-
face in Figure 6.4, in that case these lines build a raster parallel to the x-axis as
well as to the y-axis. Contrary to the illustration, where there are just 5 lines for
each direction shown, in fact the number of domain walls for each new magnetic
cell perpendicular to the raster line is counted.

Hence, for a quadratic film surface with 256×256×4 macro-spins as for instance
shown in Figure 6.4 b), one starts with adding up the out-of plane magnetization
values for the 4 layers in z-direction, counts the number of domain walls NDW for
256 lines parallel to the x-axis, calculate the average value 〈Nx

DW〉 and then does
the same for 256 lines parallel to the y-axis. The average domain width DW is then
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6.2 Determination method of average domain widths

given by the average width in x- and y-direction divided by the average number
of domain walls (〈Nx

DW〉+ 〈Ny
DW〉)/2 added with one. Note that the one originates

from the fact, that N domains are always separated by N − 1 domain walls.

DW =
(widthx + widthy)/2

(〈Nx
DW〉+ 〈Ny

DW〉)/2 + 1
. (6.2)

Hence, for the example of the simple case as illustrated in Figure 6.4 a) one
counts two domain walls in x-direction and one in y-direction. The resulting aver-
age domain width is then calculated as average width (widthx +widthy)/2) divided
by 2.5. Note that in realistic and more complex domain structures (see the mean-
der like structure in Figure 6.4 b) as example) the relation between the width of
the domain and its size is not straight forward. Thus the results discussed in the
following focus on the more significant value of the domain width and can not be
transferred one to one to domain sizes.
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Figure 6.5: Time development of the average domain width for two systems with
different strength of the uni-axial anisotropy. Using the AC-field de-
magnetization techniques the domain nucleation process starts at lower
values of the external field for the case of the lower anisotropic constant
and then relaxes to smaller average domain widths.

In Figure 6.5 the time development of the average domain width for two systems
with different strength of the uni-axial anisotropy as discussed in Figure 6.1 is
plotted. Using the AC-field demagnetization techniques one finds, that the domain
nucleation process starts at lower values of the external field for the case of the
lower anisotropic constant and then relaxes to smaller average domain widths.
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6 Thermally controlling the magnetic domain configuration

The fact, that at very short times the average domain width in Figure 6.5 starts
at very high values is a numerical artifact. It is caused by the fact, that the
nucleation process always starts with just one or very few domain island, so that
the calculated value of the average domain width becomes very high. Once the
whole system starts to build domains, the calculated value becomes meaningful.

6.3 Influence of defects

Besides the shape and material properties of the thin film, in realistic systems
the influence of local defects, pinning magnetic domains or domain walls in local
energetic minima, can play a crucial role for the resulting magnetic configuration.
As already discussed in chapter 5.7 for the case of thermally driven domain wall
motion, in the numerical simulations defects can be included via randomly dis-
tributed zero spins (cells without magnetization and exchange). Including defects
to thin magnetic films with strong out-of-plane anisotropy therefore influences the
equilibrium properties of the system by locally decreasing the exchange as well as
anisotropy energy and by globally decreasing the dipole field contribution.
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Figure 6.6: Average domain width over time for systems with different defect-
concentrations generated by relaxing from an disordered state at room
temperature. The higher the defect-concentration, the more proba-
ble pinning of the small domains at local defects becomes, leading to
smaller average domain widths.
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This equilibrium argument, leading to smaller domains with increasing defect-
concentrations, is negligibly small in the simulations in comparison to pinning ef-
fects occurring during the nucleation process. Here, the small domains, which are
building up during the different demagnetization techniques may remain pinned
at the local defects, so that a stabilized state with much smaller domains in com-
parison to the equilibrium one is generated. Logically by increasing the defect-
concentration (dc), this pinning probability is increased, leading to much smaller
average domain widths in the stabilized state. This fact is shown in Figure 6.6,
where the time development of the average domain width is plotted for different
defect-concentrations. In this case the states are numerically generated by initial-
izing a paramagnet at room temperature. In general one obtains firstly, that with
decreasing defect-concentrations, it takes longer for the system to reach a stabi-
lized configuration, and secondly, that this stabilized configurations are achieved
with much bigger domains.

Another interesting finding is, that the resulting stabilized domain configura-
tion with defects does not just depend on the defect-concentration, but also on
the demagnetization techniques. Note that this theoretical investigation has been
motivated by the experimental findings as described later on in chapter 6.4, where
after thermal demagnetization much smaller domains in comparison to those gen-
erated by AC-field-demagnetization have been found.

6.3.1 Using the AC-demagnetization technique

Specifically when using the AC-demagnetization technique, one finds that the more
often the direction of the magnetization is switched, the higher becomes the proba-
bility for the domains to overcome pinning sites, so that in average bigger domains
are created.

This effect is shown in Figure 6.7, where the time development of the average
domain width with 10% defects and a frequency of ω = 50 GHz of the applied
field is plotted for different decay rates of the field (see Eq. 6.1 in chapter 6.1.2)
together with the corresponding simulation with letting an disordered state relax.
It can be observed firstly, that the lower the decay rate, the bigger the average
domains become and secondly, that these domains are much bigger in comparison
to those generated by letting a paramagnet system relax.

Note that when using higher frequencies than the applied 50 GHz, the direction
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Figure 6.7: Time development of the average domain width generated via AC-
field-demagnetization with 10% defects and a frequency of ω = 50GHz

for different decay rates in comparison to the corresponding simulation
with letting an paramagnetic state relax. The lower the decay rate, the
more often switches the direction of the magnetization, which increases
the probability to overcome pinning sites, so that bigger domains are
created.

of the magnetization does not switch anymore. Therefore differently to possi-
ble experimental setups, in the simulations one is limited to a certain number of
switches, maximal realized here with a frequency of ω = 50 GHz and a decay rate
of λ = 5 · 1010 Hz. Nevertheless, the observed trend of more switches leading to
bigger average domain widths, should also hold for even much more switches. Un-
limited switches would then lead to a stabilized domain configuration without any
pinning effects.

Hence, to conclude, within the AC-demagnetization and unlimited switches one
can reverse a pinned domain configuration as created for instance by thermal
demagnetization or in the simulations by letting an disordered state relax (see red
curve in Figure 6.7) back into its initial state.

6.3.2 Using thermal demagnetization

Another method used in the simulations in order to reach stabilized domain con-
figurations is by cooling down the sample from the paramagnetic phase to below
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6.3 Influence of defects

the Curie point. Here the following temporal profile of the temperature of the
sample was used

T (t) = 300 K + ∆Tmax exp(−(t− t0)2/τ 2), (6.3)

where ∆Tmax is the maximal temperature increase, t0 the time shift of the maximal
temperature and τ the decay rate. Figure 6.8 shows the resulting thermal profile
for ∆Tmax = 1100 K, t0 = 100 ps and τ = 100 ps.
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Figure 6.8: Applied temporal temperature profile for the thermal demagnetization
(Eq. 6.3).

Using t0 = 0 as well as ∆Tmax = 1100 K in Figure 6.9, the time development of
the average domain width with 10% defects is plotted for different decay rates τ .
Within this technique one obtains firstly, that the resulting stabilized domain con-
figuration is not modified by changing the temperature decay time and secondly,
that the achieved domain widths are distinctively smaller than those generated
by the AC-demagnetization techniques (both techniques were applied for a defect
concentration of 10 %). Here, the observed width corresponds to the highest pin-
ning probability which is also achieved by letting an disordered state relax. Note
that this effect is also observed in experiments as described in the following section
and has already been found experimentally as side effect in the field of all-optical
switching [4, 5, 6].
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Figure 6.9: Time development of the average domain width with 10% defects gen-
erated via thermal demagnetization for different decay times. The
achieved domain widths are distinctively smaller than those generated
by the AC-demagnetization technique and are independent on the de-
cay time.

6.4 Controlling the magnetic structure by direct
laser interference patterning

Tailoring magnetic properties on a nanometer length scale is a necessary ingredient
for most spintronic devices (e.g. magnetic random access memories or sensors). In
experiments performed in the group of J. Boneberg in Konstanz a novel technol-
ogy based on direct laser interference patterning (DLIP) is used in order to control
the domain structure of Co/Pd multilayer thin films. This technology, which by
changing the wavelength and the intensity of the laser, can be adapted to different
materials ranging from metals to polymers [33, 34, 35, 36, 37, 38, 39, 40, 41], has
the main advantage, in comparison to lithographic techniques like electron beam
lithography, in a fast and less elaborate realization of new magnetic structures up
to mm2 areas of material with just a single laser shot.

As will be discussed in the next sub-chapters, the physical effects enabling the
control of the domain structure are the already discussed pinning and depinning
effects within the different demagnetization techniques as well as an irreversible
anisotropy change in the samples. Before discussing the results in detail it follows
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6.4 Controlling the magnetic structure by direct laser interference patterning

Figure 6.10: Schematic experimental two beam interference setup. The inset shows
the calculated intensity distribution. (Taken from [18])

a short introduction to the experimental methods used for this work, which basi-
cally follows the descriptions in the joint publication [18].

6.4.1 Experimental methods

Direct laser interference patterning

Direct laser interference patterning is based on the interference of multiple beams,
allowing the creation of an intensity and thus a temperature pattern on a surface
[41, 36, 130]. This pattern depends on the number of interfering beams and their
respective incident angles, their polarization and their intensities. The resulting
maximum temperature depends additionally on the reflectivity, the absorption,
the heat conductivity of the sample and the laser pulse length.

For the studies discussed here, two interfering beams leading to an intensity
pattern given by a cos2-distribution are used. The period d of the pattern can be
varied by the incident angle θ normal to the surface, where d = λ/(2 sin θ) with
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6 Thermally controlling the magnetic domain configuration

Figure 6.11: Multilayer structure of the Co/Pd thin film with a strong perpendic-
ular anisotropy as well as the AC-demagnetized domain distribution.
(Taken from [18])

the wavelength of the laser pulse λ. In this setup the first harmonic of an injection
seeded Nd:YAG-laser pulse (λ = 532 nm) with a pulse width of 12 ns is used.
The achievable periodicities in the experiment are between 300 nm and 300 µm.
Figure 6.10 shows the experimental setup which consists of a 50:50 beam splitter,
two mirrors and a combination of a λ/2-wave plate with a Glan-Taylor polarizer in
order to adjust the laser power continuously. The insets show a calculated intensity
distribution, which is a convolution of the nearly Gaussian intensity distribution
of the laser pulse (diameter 8 mm) and the cos2-distribution resulting from the
two beam interference.

Sample preparation

The used Co/Pd films were prepared by the collaborating group of M. Albrecht
from the university of Augsburg by sputter deposition onto Si(100) substrates
with a native oxide layer. The Ar pressure was adjusted to 3.5 × 10−3 mbar

for all depositions, while the base pressure of the deposition chamber was 1 ×
10−8 mbar. During the depositions the thickness was monitored using a quartz
micro balance. Here, multilayer systems consisting of [Co(0.28 nm)/Pd(0.9 nm]10

with 3 nm Ta and Pd seed layers and a 1.1 nm thick capping layer to prevent
oxidation is studied. The detailed multilayer structure of the Co/Pd thin film
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6.4 Controlling the magnetic structure by direct laser interference patterning

with a strong perpendicular anisotropy is shown in Figure 6.11 together with the
resulting AC-demagnetized domain configuration.

6.4.2 Experimental results for the modification of domain
configurations

In order to investigate the effects using laser interference patterning on [Co/Pd]
multilayers, it is useful to start with a large patterning period as the effects are
laterally stretched. Therefore in what follows, starting with the AC-demagnetized
configuration (Figure 6.11) a single interference shot with a period of 55 µm has
been used. Note that while the topography is probed by an atomic force micro-
scope (AFM), the magnetic structure is scanned between 30 and 60 nm above the
sample with the help of a magnetic force microscope (MFM).

Figure 6.12 shows the resulting topography and magnetic structure after the
laser shot. Most of the sample surface is unchanged and only in the center of the
intensity maximum the topography shows variations of around a hundred nanome-
ter (see Figure 6.12 a)). The resulting surface structure in region III arises from
a combination of dewetting of the metal film and substrate damage. In contrast
to the topographic changes, the magnetic structure shows three different regions
which can be clearly distinguished. In region I the domain size remains unchanged
in the AC-demagnetized state. Towards higher intensities, and thus higher tem-
peratures, an abrupt change in domain size can be observed (region II). At even
higher temperatures a second transition sets in with no detectable out-of-plane
magnetic contrast anymore.

The corresponding temperature shown above the MFM picture of the magnetic
structure has been distinguished by firstly assuming, that the transition from re-
gion II to region III is connected to the typical melting temperature of Co/Pd
multilayers Tm = 1531 K [131] and then supposing that the temperature of a
metal thin film increases in first order linearly with the absorbed intensity. This
leads to a threshold temperature between regions I and II of around 771 K± 9 K,
which agrees very well with the Curie temperature as obtained from magnetiza-
tion measurements using a SQUID magnetometer and then fitting towards higher
temperatures, which lead to 750 K.

The lower part of Figure 6.12 shows the corresponding topography and magnetic
structure after the sample has been AC-demagnetized again. By comparing both
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6 Thermally controlling the magnetic domain configuration

Figure 6.12: Different regions for the surface (left column) as well as for the mag-
netic structure (right column) using an interference period of 55 µm.
The insets show a relative height information as well as the calculated
temperature distribution.(Taken from [18])

magnetic structures (before and after demagnetizing again) with each other, one
obtains, that while the change of region III has been irreversible, except for the
transition region between regions II and III the small domains in region II could
be reversed back to the initial size.
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6.4 Controlling the magnetic structure by direct laser interference patterning

6.4.3 Comparison between experimental and theoretical
results

In order to understand and interpret these experimental findings, numerical sim-
ulations based again on the stochastic LLB-equation have been performed. Due
to the limitation in the spacial and temporal range in the simulations these focus
firstly only on a single hot line of the laser pattern and secondly only on the sta-
bility conditions of the domain structure after the cooling.

As stabilized starting configuration for 300 K the meander like domain pat-
tern which has already been shown in Figure 6.1 a) is used. Starting with this
configuration, the laser heating with its subsequent cooling process for different
defect-concentrations was considered by assuming the following spatial and tem-
poral temperature profile,

T (x, t) = 300 K + ∆Tmax exp(−(t− t0)2/τ 2) exp(−(x− xc)
2/x2

T), (6.4)

where the maximal temperature increase as well as the temporal and spatial maxi-
mum shift and the characteristic decay constants have been set to ∆Tmax = 1100 K,
t0 = 100 ps, τ = 100 ps, xc = 512 nm and xT = 200 nm (see Figures 6.8 and 6.13).
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Figure 6.13: Applied spatial temperature profile (Eq. 6.4).

The resulting domain configurations for different times are shown in Figure 6.14.
For the case without any defects, as plotted in the first row, in the central area
the maximal temperature has exceeded the Curie temperature and directly after
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6 Thermally controlling the magnetic domain configuration

cooling down from the paramagnetic to the ferromagnetic phase (0.25 ns) very
small domains are building up. The size of these domains increases then with time
until approximately after 10 ns a state equivalent to the starting configuration is
reached again.
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Figure 6.14: Theoretical results for the time development of the magnetic
configuration of one hot line for different defect concentrations
(0 %, 10 %, 20 %).(Published in [18])

By included defects in the system, this domain growth is stopped after a certain
time, since the smaller domains remain pinned at local energetic minima. With in-
creasing defect concentrations this pinning effect becomes more pronounced, lead-
ing to a faster stabilization of domain configurations with much smaller domain
sizes (see Figure 6.6 and the discussion in chapter 6.3). This tendency of more
defects leading to smaller stabilized domains in the central area of the film where
Tmax was above TC is shown in the right column of Figure 6.14, corresponding to
the domain configuration after 10 ns.

This theoretical result agrees very well with the experimental findings as plot-
ted in Figure 6.12, where the abrupt transition between small domains in the area
where the temperature has reached the Curie point (region II) and much bigger
domains in the area of lower laser intensity (region I) is nicely obtained.
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6.4 Controlling the magnetic structure by direct laser interference patterning

Another effect taking place during the thermal demagnetization of the sample
is the decrease of anisotropy. It has already been demonstrated experimentally
that a controlled modification of the multilayer interfaces with a laser beam leads
to a change in anisotropy [132], since the magnetic properties of Co/Pd multilayers
depend on the interfaces of the separate layers [133, 134, 135]. Within the modeling
this effect has been investigated by assuming a reduction of the anisotropy con-
stant following the laser pulse. Here, the following spacial profile for the relative
reduction of the anisotropy constant was assumed

K̃(x) = 1−K(x)/K0 = 1− K̃max exp(−(x− xc)
2/x2

K), (6.5)

where xc = 512 nm as well as xK = 200 nm are used for the maximum shift to the
center and the relaxation constant (see Figure 6.15).
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Figure 6.15: Applied spatial anisotropy constant reduction (Eq. 6.5).

In order to separate both effects, this time no defects have been included into
the system. The corresponding results for the time development of the magnetic
structure with different strength of the maximal anisotropy reduction K̃max = 0.5

and K̃max = 0.65 are shown in Figure 6.16. The findings can be understood
again with the quality factor Q describing the relation between total anisotropic
to dipole-dipole energy. By reducing the anisotropy in the center to 50% of its
original value, the magnetization still remains oriented out-of-plane (Q > 1) but
a stabilized configuration with smaller domains in the center is reached. For even
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Figure 6.16: Theoretical results for the time development of the magnetic
configuration of one hot spot for several anisotropy reductions
(50 %, 65 %).(Published in [18])

higher reductions of the anisotropy the quality factor Q becomes smaller than 1
leading to a switching from the out-of-plane to the in-plane direction in this area.

Compared to the experimental results shown in Figure 6.12 a combination of
these two effects can be expected. Figure 6.17 shows the time development of
the magnetic domain configuration of a system with 20 percent defects as well as
an anisotropy change (∆Tmax = 1100 K, t0 = 100 ps, τ = 100 ps, xc = 512 nm,
xT = 360 nm, K̃max = 0.65 and xK = 100 nm). One finds, that the irreversible

time 0 ns 0.25 ns 0.5 ns 1.0 ns 10 ns

Figure 6.17: Theoretical results for the time development of the magnetic config-
uration of one hot spot for a combination of a reduced anisotropy
(65 %) and included defects (20 %).(Published in [18])

change of the anisotropy corresponds to the out-of-plane region III of Figure 6.12,
whereas the small domains in region II are mainly caused by the reversible pinning
effect.
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6.4 Controlling the magnetic structure by direct laser interference patterning

In the experiment after AC-demagnetizing the sample shows a narrow region
with a changed domain size at the transition between region II and III, whereas
most of the previous small domains are restored in the original state (see Figure
6.12). The transition between region II and III can also be explained by the
irreversible anisotropy change in the sample, where contrary to region III the
quality factor Q has remained above 1 leading to smaller out-of-plane domains
(see second row in Figure 6.16). Thus, the sample after AC-demagnetizing again
consists mainly of stripes with the original domains and stripes with no out-of-
plane magnetization. This model holds also for the smaller periods, which is shown
in Figure 6.18 for samples which were illuminated with interference periods of 1 µm

and 650 nm and subsequently AC-demagnetized.

Figure 6.18: MFM images of illuminated and AC-demagnetized Co/Pd thin films
with periods of 1 µm and 650 nm, respectively. (Taken from [18])

The difference between the two patterning periods is the orientation of the do-
main walls respectively to the direction of the nanowires. Note that by illuminat-
ing several individual interference shots, it is possible to even further reduce the
line width of the stripe pattern or to create more complex magnetic structures as
squares.
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6 Thermally controlling the magnetic domain configuration

6.5 Dynamics of domains in thin magnetic films
induced by thermal gradients

6.5.1 Experimental results of a modification towards radial
orientated domains

Using the same general setup as already introduced in the previous chapter (see
chapter 6.4.1 for more details) with a multilayer system of Co/Pd and a Nd:YAG-
laser pulse (λ = 532 nm) with a pulse width of 12 ns, this time the direct laser
interference technique is used in order to generate a pattern with Gaussian like
temperature profiles. As starting configuration the same probes prepared by the
group of M. Albrecht from the university of Augsburg building a meander like
structure as already shown in Figure 6.11 in chapter 6.4.1 are used.

First measurements have indicated a change of the domain structure towards a
radial orientation of the domains in the direction of the temperature peak. This
effect is shown in Figure 6.19, where the magnetic structure observed after the
laser shot and displayed with the help of a magnetic force microscope (MFM) is
shown for an area of 10 µm x 10 µm together with one zoom of one of the areas
around one hot-spot (maximal laser intensity). Additionally with the help of an
atomic force microscope (AFM) measurement after the shot, dependent on the
maximal temperature an irreversible structure change of the film could be found.
Note that in Figure 6.19 the area of the highest laser intensity and thereby the
maximal achieved temperatures is highlighted inside the green ring.

Unfortunate due to a high defect-concentration in the samples (see discussion
in chapter 5.7 about the influence of defects to the domain wall motion and in
chapter 6.3 about the role of impurities to the reversible structure changes) this
effect could not be confirmed in additional conclusive measurements. Nevertheless
it has motivated to the theoretical investigations under which conditions such
radial domain structures can be generated.

6.5.2 Theoretical findings with a Gaussian temperature
profile

Modeling a thin film with a size of 1024 nm x 1024 nm x 16 nm and discretized
with a cell size of (4nm)3, due to the high computational effort, the following
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6.5 Dynamics of domains in thin magnetic films induced by thermal gradients

Figure 6.19: Experimental measurement performed by the group of J. Boneberg.
Using the direct laser interference technique in order generate a pat-
tern with Gaussian temperature profiles, a stabilized modification of
the domain structure towards a radial orientation is obtained via
a magnetic force microscope (MFM). The atomic force microscope
(AFM) shows a structure change in the area of the highest laser inten-
sity. This area is highlighted inside the green ring. (Picture provided
by M. Stärk from the group of J. Boneberg)

discussion focuses solely on one hot-spot. In order to investigate the influence of
the laser shot firstly in general, a constant thermal gradient in time with a spatial
Gaussian temperature profile is applied. Thus it is

T (r) = ∆T (r) + 300 K = 300 K + ∆Tmax exp(−(r − rc)
2/τ 2

r ), (6.6)

where ∆Tmax is the maximal temperature increase achieved at the central po-
sition of the film rc, r =

√
x2 + y2 is the distance to that central point and τr

is the spacial decay coefficient. In Figure 6.20 this spatial temperature profile is
shown for the case of a maximal temperature of T (rc) = 1400 K and a spatial
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Figure 6.20: Gaussian with a maximal temperature of T (rc) = 1400 K and a spatial
decay coefficient of τr = 300 nm as spatial profile for the temperature
induced by a laser pulse.

decay coefficient of τr = 300 nm.

Starting with a meander like domain structure being generated numerically by
alternating decaying external fields (see Figure 6.1 a) in chapter 6.1) the dynamics
of the domains in this thermal profile with τr = 300 nm is investigated for three
different strength of the thermal gradient with the maximal temperatures T (rc) of
800 K, 1100 K and 1400 K. Note that the starting configuration as shown in the
left column of Figure 6.21 corresponds to the same simulation as used for Figure
6.1 in chapter 6.1, but after less simulation time. Nevertheless, the fact that with
time this structure is also slightly modified towards a better equilibrium state is
neglect-able in the following discussion, since the influence of the applied gradient
is dominant.
Figure 6.21 shows the corresponding time development of the domain patterns

up to 10 ns for the different strengths of the thermal gradient. Being in agreement
with the general argumentation in chapter 5 about the movement of domain walls
towards hotter regions, one observes, that just those domains are influenced by
the thermal gradient, where the domain walls are oriented perpendicular to the
direction of the gradient. Since this part of the domains is then moved into the
direction of the gradient, a radial orientation of the domains is achieved (see right
column in Figure 6.21 after 10 ns). Obviously, this movement is getting faster with
increasing strength of the gradient, so that a stabilized configuration is achieved
last in the case of the weakest gradient.
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Figure 6.21: Theoretical results for the time development of the magnetic config-
uration in a temperature gradient with a Gaussian profile for three
different maximal temperatures. Starting with a meander like struc-
ture, the domain configuration is modified towards a radial orientation
of the domains.

Note that due to the additional considered force mainly caused by the dipole-
dipole interaction the velocity of the domains is smaller in comparison to the case
of a free domain wall as discussed in chapter 5. Additionally this competition
between the force generated by the thermal gradient and the one caused by the
dipole-dipole interaction leading back to the initial stabilized state, is responsible
for the fact, that the stronger the strength of the gradient is, the more ideal the
radial structure becomes. This effect can be seen best in the right column of
Figure 6.21 mainly in the upper left part of the domain configuration, where after
10 ns both forces compensate each other so that no modification can be observed
anymore.

6.5.3 Influence of the laser pulse-width to the stability of
the modification

In the following the investigations about the conditions, whether the achieved ra-
dial orientation of the domains remains stable, even when the thermal gradient
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vanishes, are presented. The simulations start with the stabilized radial orienta-
tion of the domains as found after 10 ns for the case of a Gaussian like spacial
temperature profile with a maximal temperature of T (rc) = 1400 K and a spatial
decay coefficient of τr = 300 nm as shown in the right column of the first row in
Figure 6.21. Then as next step the temperature is assumed to decay with the same
Gaussian temporal decay as already assumed for the investigations in the previous
chapter (see Figure 6.8 in chapter 6.4.3). Thus it is

T (r, t) = 300 K + ∆T (r) exp(−(t− t0)2/τ 2), (6.7)

with ∆T (r) = T (r) − 300 K following Eq. 6.4, a maximal temperature increase
of ∆Tmax = ∆T (rc, t0) = 1100 K and the temporal decay time τ , which has been
varied.

Figure 6.22 shows the resulting time development (left to right) of the domain
configuration for four different temporal decay coefficients τ (0.5 ns, 1 ns, 3 ns
and 6 ns). For a better comparison, this time the domain configuration is plot-
ted for different maximal temperatures T (rc) achieved after different times instead
of different times. Assuming even smaller temporal decay times makes no sense
here, since then the domain configuration would not have been modified towards
a radial orientation in the first place. Note that this is true if one considers the
temperature increase as well as decrease within the Gaussian temporal profile with
the same τ , as can be assumed for a laser induced temperature variation.

Focusing on the two lowest rows of the second column in Figure 6.22 (τ = 0.5 ns
and τ = 1 ns) one obtains, that after cooling down from the paramagnetic phase
small domains are building up, which is in agreement with the earlier discussed
findings in chapter 6.3.2. Due to the strong exchange interaction to the already ex-
isting ferromagnetic domains, these small domains are building up bigger domains
much faster in comparison to a whole demagnetized film as discussed in chapter
6.3.2. To be more specific, they are extending the already existing domains. In the
case of the two slower decay times (τ = 3 ns and τ = 6 ns) as plotted in the first
two rows, this domain growth is even faster than the increase of the ferromagnetic
area caused by the decay of the thermal gradient. Therefore in that cases no small
domains can be obtained at all.

Whether the domain configuration is then modified towards a stabilized radial
orientation of the domains seems to be a random process just determined how
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Figure 6.22: Influence of the temporal decay coefficient of the temperature gradi-
ent for a Gaussian as spatial profile with a maximal temperature of
T (rc) =1400 K. Due to the strong exchange interaction to the sur-
rounding ferromagnetic domains, the rebuilding of the domains after
cooling down from the paramagnetic phase is increased, so that these
already existing domains grow, if the decay is slow enough (for τ = 6

ns and τ = 3 ns). Whether the domain configuration is modified
towards a stabilized radial orientation of the domains seems to be a
random process just determined how these domains are building up
in the center and independent of the decay coefficient.

these domains are building up in the center and independent of the decay coeffi-
cient. This can be seen in the right column of Figure 6.22, where a change towards
a radial orientation is obtained in the case of the fastest and slowest decay times
(0.5 ns and 6 ns), while a switching back to a state similar to the initial one for
τ =3 ns or a creation of a different domain structure in the case of τ = 1 ns is
obtained.
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Note that in order to give a more accurate statement about the switching prob-
ability towards the radial domain orientation, in principal many more simulations
providing statistical information would need to be done. However, in this work
due the high computational effort, this could not be performed. Nevertheless one
can state, that this random switching process as described above should be more
probable the slower the temporal decay of the laser pulse is, since then the already
radial oriented domains are growing deeper into the central area.

6.5.4 Influence of defects in the area of the highest laser
intensity
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Figure 6.23: Time development of the stabilized radial oriented domain configura-
tion with a decreasing temperature gradient for two temporal decay
coefficients τ if the structure change in the area of the highest laser
intensity is taken into account. The domains are pinned at the defect
area and the slower the decay time, the more ideal the radial structure
remains.

In the next step, the experimentally obtained structure change in the area of the
highest laser intensity is considered (see atomic force microscope picture in Figure
6.19). Therefore in the numerical simulations it is assumed, that the structure is
destroyed everywhere the maximal temperature has reached more than 1200 K.
As already applied prior in this work these defects are taken into account in the
simulations, by setting the length of the magnetic spins to zero in this area.
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As shown in Figure 6.23 for the two cases of temporal decay coefficients τ = 0.5

ns and τ = 6 ns, the defects lead to a pinning of the domains at the defect area,
so that the slower the decay time and therefore the deeper the domain growth
already is, the more ideal the radial structure becomes.

Hence one can state, that the modification of the magnetic domains structure
towards a radial orientation of the domains is just stable for all cases if a defect-
area as also found in the corresponding experiments is taken into account. Here,
the slower the temporal decay time of the laser-pulse is, the more ideal the radial
structure becomes.

6.6 Conclusions

Performing computer simulations for a thin film of Co/Pd based on the stochas-
tic LLB-equation, it was shown, that within the two demagnetization techniques
AC-field and thermal, different average domain widths in the stabilized states are
generated (see Figures 6.7 and 6.9 in chapter 6.3). This effect, which was quan-
titatively investigated by a newly developed determination method (chapter 6.2),
is based on different probabilities for small domain islands within the nucleation
process to overcome pinning sites generated via impurities of the samples. In ex-
periments performed by M. Stärk of the collaborating group of J. Boneberg from
Konstanz, this effect can be used in order to reversible alter the domain configu-
ration by exceeding the Curie temperature (shown as region in Figure 6.12) .

Another effect taking place during these experiments based on direct laser inter-
ference patterning is the irreversible reduction of the out-of-plane magnetization in
the region of the highest laser intensity and the creation of smaller average domains
close to it (region in Figure 6.12). This effect can be well explained within the
modeling as well by a assuming a spatial decrease of the anisotropy constant. Here
following the argumentation of a reduction of the Q-factor, this leads to smaller
average domains for a small anisotropy reduction (for Q>1) and even a switching
of the magnetization in-plane where the out-of plane anisotropy energy becomes
smaller than the total dipole dipole energy (Q<1) (see Figure 6.16).

Combing these two effects in the simulations the experimental findings could
be understood and reproduced very well (see comparison between theoretical and
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experimental findings in Figures 6.17 and 6.12). This concept allows the fabrica-
tion of various domain patterns as for instance singe stripes (see Figure 6.18) by
the application of single nanosecond interference laser pulse, which might become
very useful for the usage in novel spintronic devices.

Furthermore, it was demonstrated, that the domain configuration is modified
towards a radial orientation of the domains in the direction of the center of a tem-
perature pulse with a Gaussian profile. This modification remained just stabilized
for all cases if a defect-area is taken into account. Here, the slower the temporal
decay time of the laser-pulse was, the more ideal the radial structure became.
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7.1 Main Conclusions

In this thesis theoretical results of the thermal control of magnetic nanostruc-
tures are presented. The analytical and numerical results are based either on the
atomistic Landau-Lifshitz-Gilbert equation and the underlying extended Heisen-
berg model, or the Landau-Lifshitz-Bloch equation and the underlying theory of
micromagnetism. The physical and numerical fundamentals are introduced in the
chapters 2 and 3.

In chapter 4 analytical calculations of the temperature dependence of the fre-
quencies and effective damping parameters of ferrimagnetic resonance modes are
compared to corresponding numerical results. Similar to experimental results [7]
and unlike earlier predictions based on common approximations in connection with
the macroscopic, two-sub-lattice Landau-Lifshitz-Gilbert equation [84, 85, 86, 87,
88] it is shown, that a correct calculation does not predict any divergence neither
of the effective damping parameters nor the frequencies close to the angular mo-
mentum compensation point, but only a finite maximum. Furthermore an increase
of the effective damping at a temperature approaching the Curie temperature is
obtained. This stresses the importance and validity of the recently derived two
sub-lattice version of the Landau-Lifshitz-Bloch equation [9, 10] for finite temper-
ature micromagnetics.

In chapter 5 a theory for the domain wall motion in a temperature gradient
caused by the thermodynamic principle of the maximization of entropy is pre-
sented. By deriving an analytical solution for the domain wall velocity it is demon-
strated that the main role for pushing the domain wall into the hotter area of the
nanowire is played by the temperature dependence of the exchange stiffness (see
sketch of the resulting entropic torque in Figure 5.6). The analytical solution be-
ing supported by corresponding numerical simulations is furthermore compared to
recent experimental results [13] . Here the fact that the calculated effective field
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equivalent of an experimental observed depinning strength of the thermal gradi-
ent is in good agreement with the also experimentally observed depinning field
[101] confirms the validity of the theory of the entropic torque also experimentally.
Moreover by comparing the analytical result for the velocity of the DW with the
one presented in [13, 16], it is shown that the effect of the entropic torques exceeds
the one from angular momentum transfer induced by the magnonic current.

In chapter 6 it is shown that within the two demagnetization techniques AC-field
and thermal, different average domain widths in the stabilized states are generated.
Another effect taking place during experiments based on direct laser interference
patterning is the irreversible reduction of the out-of-plane magnetization in the
region of the highest laser intensity and the creation of smaller average domains
close to it. This effect can be well explained within the modeling as well, by a
assuming a spatial decrease of the anisotropy constant. Combing these two effects
in the simulations the experimental findings can be understood and reproduced
very well. This concept allows the fabrication of various domain patterns as for
instance singe stripes by the application of a single nanosecond interference laser
pulse, which might become very useful for the usage in novel spintronic devices.
Furthermore it is demonstrated that the domain configuration is modified towards
a radial orientation of the domains in the direction of the center of a temperature
pulse with a Gaussian profile. This modification remains just stable for all cases if
a defect-area is taken into account. Here the slower the temporal decay coefficient
of the laser-pulse is, the more ideal the radial structure becomes.

7.2 Suggestions for future work

The argument of the maximization of the entropy as discussed in chapter 5 is rather
general and not restricted to transverse domain walls in ferromagnets. Therefore
one can expect similar entropic torques also to act on other magnetic textures as,
e.g. skyrmions [136, 137] or vortex walls and domain walls in other materials
like antiferromagnets [138, 139], where the magnonic spin currents are expected
to vanish because of the two compensating sub-lattices [92].

The dynamics of DWs in antiferromagnets is already investigated in the group of
U. Nowak. Means of numerical simulations based on the stochastic LLG equation
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have in principle confirmed the validity of the analytical result for the DW veloc-
ity below the Walker breakdown [122]. Caused by the assumption of anti-parallel
sublattices, just the algebraic sign of the exchange in the analytical solution of the
domain wall velocity was changed. Since these first results show no inertia be-
havior as well as no Walker-breakdown, using DWs in antiferromagnets instead of
in ferromagnets might be the more promising option for future spintronic devices,
which needs to be further explored.

Additionally, also based on spin model simulations with consideration of the
Dzyaloshinsky-Moriya-interaction [57, 58, 59, 60], the dynamics of chiral magnetic
structures as spin-spirals and skyrmions in thermal gradients is investigated in
the group of U. Nowak. Even if the dynamics in the case of skyrmions become
more complicated, also these results confirm the movement of the magnetic texture
towards higher temperatures with similar velocities as for DWs in ferromagnets.
Since skyrmions in general are much less sensitive to pinning effects, also their
usage for future spin-tronic devices is very promising.

Dynamics of ferrimagnetic domain walls

In the following the effect of using DWs in ferrimagnets instead of in ferromagnets
is discussed in terms of the expected velocities as well as depinning probabilities.
To do so, one can apply the mean field solution of the temperature dependence of
the exchange stiffness given by A(T ) ∝ J1m1(T )2 + J2m2(T )2 + J1,2m1(T )m2(T ).
Furthermore the exchange constants Ji as well as the temperature dependence of
the equilibrium magnetizations mi(T ) of the sub-lattices for a ferrimagnet with a
compensation point as introduced in chapter 4, are used.

The resulting temperature dependence of the exchange stiffness A(T ), as well
as the derivative of the exchange stiffness ∂A/∂T are plotted in Figure 7.1 in
comparison to the ferromagnetic case. Here the fit-function of the temperature
dependence of the exchange stiffness in the ferromagnetic case A(T ) is the same
as introduced in chapter 3.3 (see Figures 3.4 and 3.6).

As main result one obtains a higher value of ∂A/∂T below a certain temperature
above the magnetization compensation point Tm (here at ≈ 0.5TC) and above a
smaller one in comparison to the ferromagnetic case. As the maximum of χ‖ for
the same system (see chapter 4.3.2) the maximum of ∂A/∂T is not exactly at the
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Figure 7.1: Temperature dependence of the normalized exchange stiffness A(T ),
as well as the derivative ∂A/∂T of a ferrimagnet in comparison to a
ferromagnet.

magnetization compensation temperature but slightly below it. The maximum
appears at the critical temperature of the rare-earth sub-lattice without consider-
ation of intra-sub-lattice coupling, which for the given set of material parameters
is very close to the compensation point.

If one now recalls that firstly the velocity of the domain wall below the Walker-
breakdown is proportional to ∂A/∂T (chapter 5.4) and secondly, that the average
domain wall displacement with consideration of defects is proportional to the ex-
ponential of ∂A/∂T (chapter 5.7), the following statements can be made. The
domain wall propagation in ferrimagnets depends much stronger on the tempera-
ture in comparison to the ferromagnetic case. Here a much higher velocity around
the compensation temperature and a lower one for high temperatures (T = 0.5TC)
is expected. Note that for a more qualitative discussion of the velocity being
proportional to 1/damping, also the temperature dependence of the damping as
discussed in chapter 4 needs to be considered.

In order to systematically study the DW-motion in ferrimagnets, means of nu-
merical simulations starting with the stochastic version of the LLG-equation, for
instance using the introduced spin model with a compensation point Tm (see chap-
ter 4) and the consideration of a bi-axial anisotropy need to done. These numerical
results can than be used in order to compare to analytical or numerical solutions
based for instance on the one sublattice LLB-model for ferrimagnets, which then
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could be further improved.

Since the average domain wall displacement in the case of defects and thereby
also the depinning probability is firstly independent on the damping and secondly
proportional to exp(∂A/∂T ) (see chapter 5.7) one can conclude, that using do-
main walls in ferrimagnets below the compensation temperature is very promising
in order to increase the chances to experimentally detect a moving domain wall.
Via the usage of the direct laser interference patterning technique (see the intro-
duction in chapter 6.4) as applied by the group of J. Boneberg from Konstanz
much bigger temperature gradients than achieved by Peltier elements can be cre-
ated. As discussed in chapter 6.5, nevertheless the created effective field has not
been strong enough to systematically detect a domain wall motion for the case
of thin films of ferromagnetic Co/Pd. First measurements with thin films of the
ferrimagnet FeTb have indicated a movement of the DWs below the magnetization
compensation temperature and no movement above it. This findings, which will
be further explored, in general verify the theoretical predictions.
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