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Abstract

As first observed by Meiklejohn and Bean [Mei56] and described as a unidirectional anisotropy,
the exchange bias is a well-known interface effect between antiferromagnetic and ferromag-
netic thin films. Initiated by field cooling [Mei56], sputter deposition [Ber99], or light-ion
bombardment [Eng05] the effect appears as a shift of the hysteresis loop and increased co-
ercive fields [Nog99]. Experimental studies on freestanding and embedded geometries in the
micrometer range show an asymmetric magnetic reversal in hysteresis measurements [Akh22]
and a dependence of the exchange bias effect on the geometry sizes. Micromagnetic simula-
tions in Mumax3 [Van14,Cle16] are presented for investigating the magnetic reversal processes
in exchange biased thin film systems with a polycrystalline uncompensated antiferromagnetic
interface. Full film simulations are presented and compared to existing Stoner-Wohlfarth simu-
lations [Har12], showing the general validity of the model presented here. Applied to different
freestanding and embedded geometries like stripes, squares, and discs in the micrometer range,
reproduction of the observed reversal processes and size dependencies are achieved, by ex-
tending the model to incorporate effects of the geometry edges. Further, the influence of ion
bombardment is incorporated in the simulations for embedded geometries. The model is finally
used to predict the magnetic behavior of embedded squares and discs.

i





Contents

1 Introduction 1

2 Theoretical background 3

2.1 Magnetic moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1 Spin-orbit interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Zeeman interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Magnetic interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Dipole-Dipole interaction . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Direct exchange interaction . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Dia-, Para- and Ferromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.1 Diamagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.2 Paramagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.3 Ferromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.4 Antiferromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Magnetic anisotropies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.1 Magneto-crystalline anisotropy . . . . . . . . . . . . . . . . . . . . . 14
2.4.2 Shape anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.3 Zeeman interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.4 Surface anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.5 Futher anisotropies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Domains and magnetic reversal processes . . . . . . . . . . . . . . . . . . . . 18
2.5.1 Domain walls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5.2 Magnetization reversal . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 Exchange bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.6.1 General properties of exchange bias . . . . . . . . . . . . . . . . . . . 22

2.7 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.7.1 Stoner-Wohlfarth model . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.7.2 Micromagnetic formulation . . . . . . . . . . . . . . . . . . . . . . . 27

3 Experimental background 31

3.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1.1 Sputtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.2 Field cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

iii



Contents

3.1.3 Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.4 Ion bombardment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Characterization Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.1 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.2 Vector Vibrating Sample Magnetometry . . . . . . . . . . . . . . . . . 37
3.2.3 Kerr microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Modeling exchange bias 43

4.1 The model of Meiklejohn-Bean . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.1.1 Realistic Meiklejohn and Bean model . . . . . . . . . . . . . . . . . . 44
4.1.2 Further approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Polycrystalline models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3 Polycrystalline model of Harres . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.4 Micromagnetic model of De Clercq . . . . . . . . . . . . . . . . . . . . . . . 48

5 Results 51

5.1 Full film simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.1.1 Number of pinned grains . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1.2 Ferro- and antiferromagnetic layer thickness . . . . . . . . . . . . . . 56
5.1.3 Angular distribution of anisotropies . . . . . . . . . . . . . . . . . . . 58

5.2 Freestanding micro stripes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2.1 Increased number of pinned grains . . . . . . . . . . . . . . . . . . . . 61
5.2.2 Decreased MS

FM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.3 Embedded micro stripes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.4 Freestanding squares and discs . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.5 Embedded squares and discs . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Summary and Outlook 83

7 Appendix 87

7.1 Lithography process parameters . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2 Mumax3 Code for a full film simulation . . . . . . . . . . . . . . . . . . . . . 87
7.3 Mumax3 Code for a stripe with reduced saturation magnetization . . . . . . . . 92

List of important abbreviations 99

Danksagung 101

8 Bibliography 103

iv
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1 Introduction

The exchange bias (EB) effect is a well-known interface effect between ferromagnetic (FM)
and antiferromagnetic (AFM) interfaces, originating from the exchange interaction between
the FM and AFM moments on the interfaces between them. Macroscopically the effect can
be observed in a horizontal shift of the hysteresis loop and increased coercive fields [Nog99].
This unidirectional anisotropy is mediated by an exchange interaction between FM interface
spins and AFM spins with a fixed direction and is only present if the effect has been initial-
ized by field cooling (FC) [Mei56], in the sputter deposition process [Ber99], or by light-ion
bombardment (IB) [Eng05]. The EB effect is of great technological importance. For instance,
in magnetic hard disk drives the read heads are based on the giant magnetic resistance ef-
fect [Fer08] and utilize the EB effect [Rad08]. Further than that, the effect is used in up-to-date
development of magnetic random access memory [Rad08]. Besides the usage in information
technology, the effect is used in magnetic pattering of surfaces to design stray field landscapes
for lab-on-the-chip devices [Ehr15, Gau16]. Over time many different theoretical models have
developed [Mei56, Mau87, Kiw01, Rad08, Har12, Mü16, Mer22a], but non of which were able
to reproduce all experimental observations.
In the group, exchange biased patterned geometries with lateral dimensions in the micrometer
scale have been fabricated and the magnetic reversal processes were investigated [Akh22]. The
geometries are stripes, squares, or discs created by lithography in a periodic pattern. Most of the
geometries are topographically arising from the substrate surface, but also embedded geome-
tries, created by IB, were characterized. The EB effect was initialized with a magnetic field in
the sputter deposition process and increased by FC. When investigating the samples, interesting
magnetization reversal and nucleation behaviors were observed by Kerr microscopy depending
on the hysteresis branch. On the decreasing field branch (DFB) the nucleation is more pro-
nounced in the stripe’s centers for instance. On the increasing field branch (IFB) the nucleation
takes place on the edges. This is called asymmetric nucleation in this work. Connected to that,
a higher nucleation density could be observed on the IFB. Further, the EB effect depends on the
geometry size. For instance, the EB field increases with decreasing stripe width. The goal of
this work is to investigate this behavior within micromagnetic simulations, which provide the
possibility to incorporated the effects of the direct exchange interaction and stray fields resulting
from limited geometry sizes [Abe19] and are therefore well suited to simulate the geometries.
Compared to a classical Stoner-Wohlfarth approach, the FM magnetization is not simulated
with just a single vector, rather than a complete three-dimensional vector field, allowing, for
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1 Introduction

instance, to investigate nucleation in detail. Micromagnetic simulations have therefore proven
to be a suitable tool to simulate FM materials and geometries [Lel18]. Further, simulations are
an important tool to investigate the observed effects form a theoretical point-of-view and allow
to anticipate experimental results before the samples are elaborately fabricated. For the sim-
ulations presented here, MuMax3 was used, which is a finite-difference-based micromagnetic
simulation program, that uses the GPU to accelerate the computation [Van14]. An already ex-
isting model by De Clercq [Cle16] will be extended and the experimentally observed properties
will be reproduced. The extensions are further compared and validated with the experimental
results.
This work is structured in the following way: A theoretical background will be presented in
Chap. 2. By explaining basic magnetic interactions, the different types of magnetism will
be introduced. Followed by the important magnetic anisotropies, the foundation for the ex-
change bias will be built. The chapter ends with a detailed overview of the exchange bias effect
and general modeling approaches of magnetism. In Chap. 3 an overview of the experimental
methods connected to this work will be presented. First, the fabrication and preparation of the
samples will be explained. Secondly, the three used characterization methods are presented.
These are the atomic force microscope, the vibrating sample magnetometry, and the Kerr mi-
croscopy. In Chap. 4 more details on the different modeling approaches of the exchange bias
effect in thin film systems will be given. Furthermore, the basis of the used model by De Clercq
will be explained. In Chap. 5 the results will be presented. By simulating full film systems
and performing parameter studies, the usability of the model will be investigated. Afterward,
the different geometries will be simulated in Sec. 5.2. The model will thereby be extended
with an so-called edge region, that builds the basis for all simulations done. The observed
nucleation asymmetry in the freestanding stripes can be simulated in two different ways. By
increasing the pinning ratio (Sec. 5.2.1) or by a reduced saturation magnetization (Sec. 5.2.2).
For both approaches, an experimental study, as a test for plausibility, was performed and will
be presented. The freestanding stripes are followed by embedded stripes in Sec. 5.3. Here, the
influence of the IB was simulated. In the end, simulations for freestanding squares and discs
will be presented in Sec. 5.4 and, finally, embedded squares and discs will be simulated. Since
there are no experimental results for these geometries so far, the results are an outlook for future
experiments.
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2 Theoretical background

First of all, a theoretical overview of magnetism will introduce the underlying physics. Starting
with magnetism on an atomic scale, the magnetic moment resulting from the electron’s motion
and intrinsic spins will be explained. By describing interactions between different magnetic mo-
ments, magnetism on a macroscopic scale will be introduced. After discussing non-collective
and collective magnetism, the preferred orientation of magnetic moments, called anisotropy will
be described. By this, also energy considerations will be made, resulting in further effects like
magnetic domains and reversal processes. Special focus will put further on the exchange bias
effect present in the investigated samples. In the end, the important model of Stoner-Wohlfarth
and the micromagnetic formulation will be presented, building the basis for the modeling de-
scribed in later chapters.

2.1 Magnetic moment

The basis of the magnetism of solids is the magnetic moment µ⃗ of a single atom, representing
the strength of a magnetic dipole created by the motion of the electron around the nucleus
[Kas05].
In the point of view of classical physics, the electron is moving on a circular path around the
nucleus. The electron’s motion on this path, surrounding an area A⃗ = A⃗n, forms a current I,
which leads to the definition of the magnetic moment [Kas05, Mes15]

µ⃗ = IA⃗. (2.1)

Given the angular momentum l⃗ = meωr2⃗n, with electron mass me, frequency ω , radius r of the
path around the nucleus and the current I = −eω/(2π), with electron charge e, the magnetic
moment is given by [Kas05]

µ⃗l =− e
2me

l⃗. (2.2)

Since the angular momentum of the electron l⃗ is a quantum mechanical property, its magnitude
is discretized by the angular orbital quantum number l and l⃗2 = l(l + 1)h̄2, with the reduced
plank constant h̄ = h/(2π). This results in the definition of the Bohr magnetron

µ⃗B =
eh̄

2me
, (2.3)

3



2 Theoretical background

which represents the smallest magnetic moment of an electron for l = 0 [Kas05]. Besides the
electron, the nucleus has a magnetic moment following the same idea. But because the nucleus
is much heavier than the electron and the magnetic moments is inversely proportional to the
mass, the magnetic moment is neglectable [Kas05].
Incorporating relativistic effects, represented by the Dirac equation, it can be shown that the
electron owns a purely quantum mechanical internal magnetic moment, known as the spin
[Sak17]. The spin s⃗ is an additional magnetic moment, which is also present if there is no
angular moment in the atom and has been observed in the Stern-Gerlach experiment [Ger22].
Analogously to the angular momentum, the spin is given by the spin quantum number s = ±1

2

for electrons and s⃗2 = s(s+1)h̄2, leading to the spin moment

µ⃗s =−ge
e

2me
s⃗, (2.4)

with gyromagnetic ratio ge = 2.002, representing the ratio between the magnetic moment and
the angular momentum [Kas05,Mes15]. This means that the magnetic moment is approximately
two times higher than expected in the classical case. The two different magnetic moments lead
to the later discussed forms of magnetism in solids.
The total magnetic moment is given by the sum of both moments

µ⃗j = µ⃗l + µ⃗s =−µB(⃗l +ge⃗s) =−gj
e

2me
j⃗. (2.5)

Thereby the spin s⃗ and the orbital angular momentum l⃗ is coupling to the total angular momen-
tum j⃗ [Kas05]. The Lande - factor gj is given by

gj = 1+
j( j+1)+ s(s+1)− l(l −1)

2 j( j+1)
. (2.6)

2.1.1 Spin-orbit interaction

The coupling of the orbital magnetic moment µ⃗l and the spin magnetic moment µ⃗s is the result
of the spin-orbit interaction. Thereby, the electron observes a magnetic field created by the
nucleus and its motion around the electron, which is interacting with the electron’s spin. The
resulting energy of this interaction is given by

Els =
e

2m2
ec2

1
r

dV
dr

l⃗ · s⃗, (2.7)

with r representing the electron’s distance from the nucleus and V the Coulomb potential of the
nucleus [Kas05]. The gradient of V is increasing with increasing mass, leading to two extreme
cases: For heavy atoms, the orbital and spin moments of the electrons couple to individual
total angular moments j⃗i. These moments then couple via the j j-coupling, resulting in the total
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2.1 Magnetic moment

angular moment
J⃗ = ∑

i
j⃗i. (2.8)

For light atoms, the electron spins couple to a total spin S⃗ and the orbital angular momentum
couple to a total orbit angular moment L⃗ following

L⃗ = ∑
i

l⃗i and S⃗ = ∑
i

s⃗i (2.9)

first, which leads to the total angular moment

J⃗ = L⃗+ S⃗. (2.10)

A consequence of the spin-orbit coupling is the Hund’s law [Kas05,Hun25]. The Pauli principle
forbids electrons with the same set of quantum numbers to occupy the same state. Since elec-
trons have two possible spin quantum numbers ±1/2, only two electrons with opposite spins
are allowed per state. Hund’s law dictates how orbitals of an atom are filled with electrons,
assuming the ground state to have the lowest energy. The energy contributions are the Coulomb
energy, the exchange energy (see Chap. 2.2.2) and the spin-orbit coupling. All in all, there are
three rules [Kas05]:

• As the total spin S⃗ is maximized, the spins have a larger distance to each other, fulfilling
the Pauli principle and reducing the Coulomb energy.

• The total orbit angular momentum L⃗ is maximized, for a given total spin S⃗. A larger L⃗

implies larger distances between electrons and consequently a reduced Coulomb energy.

• The total angular momentum J⃗ is minimized for less than half filled shells and maximized
for more than half filled shells, minimizing the spin-orbit coupling energy.

2.1.2 Zeeman interaction

For a given total angular momentum J, the corresponding energy is 2J + 1 degenerated. Im-
plying that all states associated with a total angular momentum J have the same energy. When
applying an external magnetic field B, this degeneracy is broken and split into 2J +1 different
states. Each of these states is characterized by their secondary total angular quantum number
mJ and its projection Jz = mJh̄ of the total angular moment along the field [Kas05, Mes15].
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2 Theoretical background

2.2 Magnetic interactions

So far, only interactions within one atom have been considered. For magnetism, the interactions
between different atoms play an important role, leading to an ordering of the magnetic moments
and to a macroscopic magnetic state of the solid. This collective ordering is distinguished in
ferro-, antiferro- and ferrimagnetism. Before the macroscopic effects are introduced, the dipole-
dipole interaction and the direct exchange interaction will be discussed.

2.2.1 Dipole-Dipole interaction

The magnetic moment of one atom µi is creating a magnetic field

B⃗(⃗r) = µ0

(
3(µ⃗i · r⃗)⃗r

r5 − µ⃗i

r3

)
, (2.11)

with the magnetic permeability of the vacuum µ0, and the distance to the magnetic moment
r [Kas05]. This magnetic field interacts with a second magnetic moment µ⃗j resulting in an
energy term

E (⃗r) =−µ⃗j · B⃗(⃗r) = µ0

(
µ⃗i · µ⃗j

r3 −
3(µ⃗i · r⃗)(µ⃗j · r⃗)

r5

)
, (2.12)

with distance r between both magnetic moments [Kas05]. The energy of the dipole-dipole in-
teraction is minimized, if the magnetic moments are oriented parallel to each other, leading
theoretically to a collective behavior of the moments. In reference [Kas05] an estimation of a
typical energy contribution is given. Given two ions with r = 3nm and µ = µB the dipole-dipole
interaction energy is in the order of 10−6 eV or a corresponding temperature in the sub-Kelvin
regime of 0,01K. This indicates that the collective effects leading to, for instance, ferromag-
netism, are not based solely on the dipole-dipole interaction. Nonetheless, the dipole-dipole
interaction is present over long distances and lead to shape anisotropy and domain formation,
as will be shown later.

2.2.2 Direct exchange interaction

As has been discussed so far, electrons and their intrinsic spin are responsible for magnetism.
Because electrons have a half-integer spin, they behave like fermions. This leads to the antisym-
metry of the total many-particle wave function [Kas05, Sak17]. Separating the wave function
into a space function and a spin function, two possible cases emerge, for which the product of
both results in an antisymmetric wave function. First, the space function can be symmetric, and
the spin function can be antisymmetric. Second, the space function can be antisymmetric, and
the spin function can be symmetric [Kas05, Sak17].
When considering a two-electron system, the wave function Φ(r⃗1σ1, r⃗2σ2) is defined by the
product of a space wave function Ψ(r⃗1, r⃗2) and spin wave function χ(σ1,σ2), with electron
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2.2 Magnetic interactions

coordinates r⃗i and spins σi. The indistinguishability now implies [Kas05]:

Ψ(r⃗1, r⃗2) = (−1)l
Ψ(r⃗2, r⃗1). (2.13)

For even l the space function is symmetric, and the spin function has to be antisymmetric
resulting in the singlet state [Kas05]:

χ =
1√
2
(|↑↓⟩− |↓↑⟩) (2.14)

For odd l the space function is antisymmetric, and the spin function has to be symmetric result-
ing in the triplet states [Kas05]:

χ = |↑↑⟩ (2.15)

χ =
1√
2
(|↑↓⟩+ |↓↑⟩) (2.16)

χ = |↓↓⟩ (2.17)

In Fig. 2.1 the space wave function and the orientation of the spins are visualized, indicating
that the parallel alignment of the spins goes along with an increased average distance between
the electrons. This is known as the Pauli-exclusion principle and results in the exchange hole.
For an antiparallel orientation, the electron can reduce its distance. Nevertheless, the Coulomb
repulsion limits the distance, even though the Pauli-exclusion principle is not affected, which is
known as the correlation hole. Overall, this exchange interaction results in ferro- or antiferro-
magnetic states depending on the different energy contributions as discussed now [Kas05].
Since the singlet and the triplet states have different energies, a so called exchange-energy

Eex = Es −Et (2.18)

can be defined with singlet energy Es and triplet energy Et. Furthermore, the interaction between
two neighboring spins σi can be described in the Heisenberg model using the exchange energy
following

Hex =−(Es −Et)
1
h̄2 σ⃗1 · σ⃗2 =−2Jex

1
h̄2 σ⃗1 · σ⃗2, (2.19)

with Jex = (Es −Et)/2. This exchange interaction is the main reason for collective magnetism.
Depending on the sign of Jex the spins will align parallel or antiparallel, resulting in ferro-
magnetism (Jex > 0) or antiferromagnetism (Jex < 0) [Kas05]. Jex is called the exchange con-
stant [Sak17].
For a solid, the Heisenberg model can be used as an approximation for the spin interaction.

7



2 Theoretical background

r r

a) b)

ΨA ΨS

r r

|ΨA|2 |ΨS|2

Figure 2.1: Schematic of an antisymmetric (a) and symmetric (b) space wavefunction and the
corresponding probability distribution. The Pauli-exclusion principle permits the
electrons to be close to each other if there spin is pointing in the same direction.
Adapted from [Kas05].

Given n spins, the Heisenberg model reads

Hex =−2
1
h̄2

n

∑
i,j(i<j)

Jex,ijσ⃗i · σ⃗j, (2.20)

with i < j preventing double counting of spins. Typically, only next neighbor spin-spin interac-
tion is considered by defining Jex,ij = 0 for non-neighboring spins i and j.
Furthermore, Jex,ij depends on the distance between the spins i and j. This is a result of the
Pauli-exclusion principle as discussed before. For small atom distances, the Coulomb energy
between the cores is minimized if the electrons are located between them. Following the exclu-
sion principle, the electron spins need to align antiparallel, resulting in a negative Jex. For larger
atomic distances, the electrons also prefer larger distances because of the Coulomb repulsion.
At the same time, the parallel orientation of the spins is now preferred since the exclusion prin-
ciple is not violated. In the end, this leads to a parallel orientation of all spins. The overall trend
is summarized in the Berthe-Slater curve, as shown in Fig. 2.2 [Kas05].
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Hex

r

Ni-Ni

Co-CoFe-Ni

Mn-Ni

Fe-Mn

Figure 2.2: Bethe-Slater curve with some materials as reference points. For small atomic dis-
tances, the Heisenberg exchange energy Hex becomes negative, leading to an an-
tiparallel alignment of neighboring spins. For larger distances, Hex becomes pos-
itive, leading to ferromagnetism, and for even larger distances, Hex stays positive
but is small compared to thermal fluctuations and leads therefore to paramagnetism.
Adapted from [Kas05].

2.3 Dia-, Para- and Ferromagnetism

As discussed in the last chapter, the exchange interaction is the main reason for collective mag-
netism. In the following section different types of magnetism will be explained.
So far, single magnetic moments have been classified, and their interactions among themselves.
Typically, if a solid is inserted into an external field with field strength H⃗, magnetic moments
will be created and or aligned to the field. The resulting total magnetic moment per volume
element is then called magnetization M⃗ [Kas05, Mes15]. The sum of H⃗ and M⃗ is the magnetic
field B⃗ given by

B⃗ = µ0(H⃗ + M⃗). (2.21)

In case of a linear dependence between H⃗ and M⃗ the magnetic susceptibility χ is defined via

M⃗ = χH⃗. (2.22)

Examples for constant χ are dia- and paramagnetism, while the collective behavior of ferro- and
antiferro magnetism cannot simple described by a constant χ [Kas05,Mes15]. In the following,
the different types will be discussed.

2.3.1 Diamagnetism

Within an external field, the orbital moments of the electrons begin to precess around the mag-
netic field. The frequency is given by the Larmor frequency ωL, and depend on the field strength

9



2 Theoretical background

B, electron charge e and its mass me [Kas05] as

ωL =
eB

2me
. (2.23)

This precession leads to a change in the circular current around the nucleus by

∆I =−Ze
ωL

2π
=− Ze2

4πme
B (2.24)

and, as can be seen by equation (2.1), to a change of the magnetic moment

∆µ =
Ze2

4me
B
〈
ρ

2〉 , (2.25)

where
〈
ρ2〉 = 〈

x2〉+ 〈
y2〉 is the average orbital radius around the field axis [Kas05]. It can

furthermore be shown that the susceptibility is given by

χL =−µ0N0Ze2

6me

〈
r2〉 . (2.26)

This susceptibility is called Langevin susceptibility and is typically much smaller than the sus-
ceptibility of paramagnetic materials and therefore only relevant if L = 0 and S = 0 [Kas05].
Since χL is negative, the resulting magnetization is always opposed to the inducing external
field, following Lenz’s law [Mes15].
Besides a precession of the angular momentum of the bond electrons, a small diamagnetic ef-
fect of the quasi-free electrons in the conduction band is observable. This is known as Pauli
diamagnetism and the susceptibility is given by one-third of the susceptibility of the paramag-
netic Pauli magnetism [Kas05], which will be discussed next.

2.3.2 Paramagnetism

Besides diamagnetism, paramagnetism can be observed if permanent magnetic moments are
present, which align in an external field due to Zeeman interaction. Permanent magnetic mo-
ments are present if there is an odd number of electrons in the atom, if the inner shells of atoms
and ions in solids are only partly filled, or if the material is a metal.
As discussed in Sec. 2.2.1, magnetic moments align in an external magnetic field to minimize
the Zeeman energy

EZeeman =−µ⃗ · B⃗ext =−µBext cosΘ. (2.27)

Besides the zeeman energy, thermal fluctuation have to be considered. The fluctuations can
be described by the Boltzmann distribution. Under the assumption that the free energy is mini-
mized, the number of magnetic moments pointing into the solid angle element dΩsinΘdΘdΦ is
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2.3 Dia-, Para- and Ferromagnetism

proportional to exp(−EZeeman/kBT ), with Boltzmann constant kB and temperature T [Kas05].
In thermal equilibrium the macroscopic magnetization of N magnetic moments is given by an
average distribution ⟨cosΘ⟩ leading to

M = NµB ⟨cosΘ⟩ . (2.28)

For small temperatures and/or strong fields all magnetic moments point into the same direction
adding up to

M⃗ = NgJµBJ⃗, (2.29)

with total angular momentum J and Lande - factor gJ. Using the Boltzmann distribution it can
be shown that M⃗ is proportional to the external field

M⃗ = χB⃗, (2.30)

with the paramagnetic susceptibility χ , given by the temperature T and a material depended on
constant C, called the Curie constant, as

χ =
C
T
. (2.31)

For paramagnetic materials, the exchange interaction between neighboring spins is only weakly
present. At room temperature, the thermal fluctuations prevent the magnetic moments from
aligning, since the typical exchange energy is below the potential energy of the fluctuations. In
Fig. 2.3 a schematic of a paramagnet at room temperature is drawn, showing the non-ordered
state. If the exchange interaction is dominating thermal fluctuations, an ordered magnetic state
can establish [Kas05].

Paramagnetic state Ferromagnetic state Antiferromagnetic state

Figure 2.3: Schematic of different magnetic states. The paramagnetic state is showing a non-
ordered orientation of the magnetic moments. While in the ferromagnetic state, all
moments are aligned parallel. For the antiferromagnetic state, neighboring moments
are aligned antiparallel.

2.3.3 Ferromagnetism

For materials with a strong exchange interaction, like iron, nickel, and cobalt, the magnetic
spins align parallel as long as the temperature is below a certain value, known as the Curie-
temperature TC (see Fig. 2.3). In this case, even at vanishing external field a non-vanishing
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2 Theoretical background

magnetization can be present. These materials are called ferromagnetic (FM). Besides that, the
magnetization depends also on the history of the sample [Kas05].
The interaction between the magnetic moments can be interpreted as a molecular field. Given
an atom i with spin S⃗i the exchange energy with its n nearest neighbors is given by

E i
ex =−2Jex

1
h̄2 S⃗i ∑

n
S⃗j. (2.32)

Using the thermal average
〈

S⃗j

〉
for the neighboring atomic spins, the energy changes to

E i
ex =−2nJex

1
h̄2 S⃗i

〈
S⃗j

〉
. (2.33)

Using Equ. 2.28 for the magnetization

M⃗ =−N0gµB
1
h̄

〈
S⃗j

〉
(2.34)

the exchange energy is

E i
ex =−

(
−gµB

1
h̄

S⃗i

)
2nJex

N0g2µ2
B

M⃗. (2.35)

Interpreting −gµB
1
h̄ S⃗i as an magnetic dipole in an field B⃗ex, the field can be calculated as

B⃗ex =
2nJex

N0g2µ2
B

M⃗ = λexµ0M⃗. (2.36)

This field is called molecular field and is representing the internal field created by the magneti-
zation of the sample. The factor λex is called molecular field constant [Kas05].
The molecular field is responsible for the collective ordering of the magnetic moments in FM
materials. When applying an external field B⃗, the molecular field needs to be considered result-
ing in an effective field

B⃗eff = B⃗+ B⃗ex. (2.37)

Since the effective field depends on the magnetization of the sample, there is no simple con-
nection between magnetization and field like in the case of dia- or paramagnetism. The sus-
ceptibility itself depends not only on the temperature T , but also on the external field B⃗ and the
magnetization M⃗ [Kas05].
To visualize this, a typical hysteresis loop is shown in Fig. 2.4 and can be obtained by mea-
suring the magnetization of the sample in an external field from positive to negative saturation
and back to positive saturation. If the sample as never been magnetized in a field and has no
magnetization on its own, the curve starts in the center. With increasing field, the magnetiza-
tion approaches its saturation MS (light blue curve), where all spins are aligned parallel. When
reducing the field, the magnetization will not follow the same path again. Instead, the sample

12



2.3 Dia-, Para- and Ferromagnetism

tends to keep its magnetization even at zero external field (remnant magnetization MR). The
exchange interaction between the spins is keeping them aligned. Further reducing the field, the
magnetization will decrease and vanish at HC,l. Finally, the magnetization will reach negative
saturation in further decreased fields. When increasing the fields again, the process is mirrored.
The fields HC,l and HC,r are called coercive field and represent the width of the loop [Mes15].

M

MS
MR

H
HC,l HC,r

Figure 2.4: Schematic of a typical hysteresis loop of a magnetic material. In light blue, the ini-
tial magnetization curve is indicated. In blue, the actual hysteresis loop is sketched
and reaches from positive to negative saturation MS. At zero field, the remnant
magnetization MR can be found. The width of the hysteresis loop is given by the
coercive fields HC,l and HC,r.

The change in the magnetization is known as magnetization reversal. The processes involved
will be explained in detail in Sec. 2.5.2. In short, the magnetization reversal can take place
by coherent rotation, nucleation, movement of domain walls and by spin flips [Kas05]. The
processes can also be characterized by the hysteresis curve. Coherent rotation is characterized
by a slowly changing magnetization, typical for hard axis (see 2.4). Along easy axis mostly
spin flop, nucleation and domain wall motion can be observed, characterized by abrupt changes
in the magnetization [Kas05].
As already said, the shape of the hysteresis loop strongly depends on the direction of the exter-
nal field. The reason are magnetic anisotropies, as will be explained in the next chapter. But
before that, antiferromagnetism will be explained as a result of negative exchange interaction
constants.

2.3.4 Antiferromagnetism

As indicated in the Bethe-Slater curve (see Fig. 2.2) negative exchange coupling constants
are possible, leading to antiferromagnetic (AFM) materials. Negative coupling constants are a
consequence of the Pauli-exclusion principle, since closely neighboring electrons need to have
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2 Theoretical background

opposite spin directions. In AFM materials neighboring spins therefore possess an antiparallel
alignment (see Fig. 2.3). Averaged over a macroscopic volume, the magnetization is vanishing.
Analogously to FM materials, above a critical temperature, the AFM ordering is destroyed, and
paramagnetic behavior is present. This temperature is called Nèel temperature TN [Kas05]. In
this work, the AFM spin structure is thought of as uncompensated, like it is shown in Fig. 2.3,
meaning that the spins align layer-wise.

2.4 Magnetic anisotropies

So far, the orientation of the macroscopic magnetization is not further defined. When investi-
gating magnetic materials, often a preferred orientation of the magnetization is observable. For
instance, the magnetization of a thin FM wire tends to point along the wire due to the minimiza-
tion of the stray field [Fra00]. The preferred orientation is called easy direction or easy axis.
Along the easy axis or direction, the free energy is minimized in respect to the angle between
magnetization and axis. Opposed to that, the hard direction or axis is maximizing the free en-
ergy. For the easy axis, smaller fields are sufficient to saturate the magnetization compared to
the hard axis for a given system. In Fig. 2.5 typical hysteresis loops along the easy and the hard
axes are plotted. The easy axis hysteresis shows a steep change in magnetization from positive
to negative saturation and vise versa. The magnetization along the hard axis is changing way
more linearly with the field. Knowing that the energy necessary for the change of the magneti-
zation is given by the area above the hysteresis, the anisotropy energy ∆Eanis can be calculated
by

∆Eanis = µ0

∫ Ms

0
Hhard(M)dM−µ0

∫ Ms

0
Heasy(M)dM (2.38)

The origin of easy and hard axes are magnetic anisotropies [Kas05]. The interplay of all
anisotropies result in an energy landscape in respect to the angle between magnetization and
total anisotropy. In the following, the most important anisotropies for this thesis are introduced.

2.4.1 Magneto-crystalline anisotropy

The preferred alignment of the spins to the crystal’s lattice is called magneto-crystalline anisotropy.
The origin is the spin-orbit interaction between the electron’s spins and the angular moments of
the orbits [Kas05]. The electron spins on its own are interacting through exchange interaction,
which is isotropic, meaning that the exchange energy is independent of the spin’s orientation as
long as the spins are parallel. But the spin-orbit interaction is coupling the spins to the angular
moments. The angular moments therefore also rotate if the spin’s orientation is changed by an

14



2.4 Magnetic anisotropies

M M

H H

a) b)

Figure 2.5: Illustration of hysteresis loops along the easy axis (a) and the hard axis (b). The
easy axis hysteresis shows a steep reversal with a large coercive field. The hard axis
hysteresis instead shows a gradual reversal with a small coercive field.

external field. In some materials, i.g. transition metals, the orientation of the angular moments
is not isotropic and connected to an angular dependence. That means that also the spin orienta-
tion is angular dependent [Kas05].
In order to describe the anisotropy phenomenologically, a power series expansion is used. A
coordinate system (α1,α2,α3) is defined using the direction of the magnetization (θ ,φ ) in cubic
coordinates and is given by

α1 = sinθ cosφ (2.39)

α2 = sinθ sinφ (2.40)

α3 = cosθ (2.41)

The anisotropy energy is then given by a power series with expansion coefficients K0,K1,K2 etc..
The coefficients themselves have no direct physical interpretation, rather than being the result
of a mathematical description. In principle, the symmetry properties of the lattice have to be
reflected in the anisotropy [Kas05]. This typically reduces the amount of necessary coefficients
strongly. For a cubic crystalline lattice for instance, the energy density is given by

εcryst = Ecryst/V = K0 +K1(α
2
1 α

2
2 +α

2
2 α

2
3 +α

2
3 α

2
2 )+K2α

2
1 α

2
2 α

2
3 , (2.42)

with sample volume V [Kas05]. The equation above can be further simplified for specific
cases. For instance, if a thin film system with in-plane magnetization and easy axis for φ = 0 is
considered, the crystalline anisotropy is given by

Ecryst/V = K0 +K sin2(2φ), (2.43)
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with K = K1/4 [Kas05]. In this work, the thin film systems have been prepared by sputtering.
Sputtering typically leads to a polycrystalline grain structure, where each grain possess a ran-
dom anisotropy orientation. Averaging over the hole sample, leads to a vanishing anisotropy.
Nonetheless, the grains themselves can in principal possess an anisotropy [Get08], which can
be considered in the theoretical calculations. Besides that, the used ferromagnet NiFe has no
crystalline anisotropy even as single crystalline phase [Yin06].

2.4.2 Shape anisotropy

Of special importance for thin film systems and magnetic structures in the micrometer range is
the shape anisotropy. Those systems have a small volume, but at the same time the dipole field
generated by the magnetic moments is only decreasing with distance r−3. That means that for
a small system volume, the dipole moments on the surface are of important role for the dipole
field, which is interacting with the magnetic moments inside the system. The dipole moments
on the surface act like surface charges generating an internal homogeneous field, the demagne-
tization field H⃗demag, and a stray field H⃗stray outside the sample [Kas05].
The demagnetization field created by the magnetization M⃗ of the sample is given for a homo-
geneous magnetization by

H⃗stray =−N̂M⃗, (2.44)

where N̂ is the demagnetization tensor, depending on the sample’s geometry [Kas05]. The
energy within the demagnetization field is given by

EShape =−1
2

µ0

∫
Sample volume

M⃗ · H⃗straydV (2.45)

Alternatively the energy can be calculated by the stray field H⃗S and the total volume R3:

EShape =
1
2

µ0

∫
R3

H⃗2
SdV. (2.46)

It can be seen here, that the energy in the stray field minimizes if the stray field is minimized.
For an infinite thin magnetic layer the shape anisotropy tends to align the magnetic moments
parallel to the surface, leading to a vanishing stray field [Kas05]. Mathematically, the shape
anisotropy energy density is given by

ε
thin f ilm
Shape =−1

2
µ0M2

s sin2
Θ, (2.47)

with saturation magnetization Ms and polar angle Θ [Kas05].
Reducing the lateral size of the film to a stripe with a width in the micrometer range, then
the magnetization will point along the stripe. Further reducing the size to a square leads to
a nonhomogeneous magnetization and therefore domain wall formation, as will be discussed
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later. Furthermore, the calculation of the stray field becomes complex since the calculation of
the demagnetization field is not possible analytically anymore. As will be discussed later the
stray field is calculated numerically in the simulations enabling to simulate basically arbitrary
geometries [Lel18].

2.4.3 Zeeman interaction

In an external field H⃗ all magnetic moments tend to align in that field, as can be seen by Equ.
2.12. In weak fields, other anisotropies are dominating, and the magnetic moments are not
aligned with the field, when the field points away from the easy axis. This results in an energy
increase given by

EZeeman =−µ0

∫
V

M⃗ · H⃗d⃗r, (2.48)

with sample volume V and its magnetization M⃗ [Kas05].

2.4.4 Surface anisotropy

Besides the reduction of the stray field, a contradicting observation can be made for thin films.
On surfaces the translation symmetry is broken and an additional surface anisotropy can be
observed. For decreasing film thicknesses, the surface contribution become increasingly impor-
tant. The surface anisotropy with constant kS is pointing perpendicular to the surface. Energet-
ically, this leads to additional energy term

Ethin f ilm
Surface = kS sin2

Θ. (2.49)

For kS < 0, an in-plane orientation of the moments is preferred. But for kS > 0 an out-of plane
orientation is preferred and contradicting the shape anisotropy, which is preferring an in-plane
magnetization [Kas05].
An effective anisotropy constant Keff can be defined combining volume effects with anisotropy
KVol and surface effects with KSurf given by

Keff = KVol +
2KSurf

t
, (2.50)

with layer thickness t. The factor 2 is taking the two surfaces of the layer into account. It can
be seen, that for a critical thickness tcrit the easy axis is switching from an in-plane orientation
to an out-of-plane orientation, if KSurf > 0. [Kas05].
In this work, only systems with an in-plane easy axis and magnetization are considered. There-
fore, the surface anisotropy can be neglected in the simulations.
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2.4.5 Futher anisotropies

A further anisotropy can be induced by the sputtering process itself. Therefore, an in-plane
magnetic field needs to be applied while the layers are sputtered. The orientation of the field is
then setting the uniaxial anisotropy [Mer20].
Typically, after sputtering the film possess a polycrystalline structure. Each grain has its own
anisotropy direction, since the orientation of the lattice is undefined. Averaged over the hole
layer, the total anisotropy is vanishing leading to no magnetocrystalline anisotropy. By apply-
ing a magnetic field in the sputtering process, the lattice orientation is aligning on the external
field and therefor resulting in an uniaxial anisotropy along the field [Mer20].
In the simulations, the FM layer is considered crystalline for simplicity. The vanishing or only
small magnetocrystalline anisotropy is then modeled with an anisotropy constant K1 only hav-
ing values below 2000J/m3.

2.5 Domains and magnetic reversal processes

As discussed in the last chapter, magnetic moments align themselves in order to minimize the
total free energy. A uniform magnetization is leading to large stray fields on the boundaries of
the sample. Therefore, usually a non-uniform magnetization is energetically preferred [Kas05].
In Fig. 2.6 the stray fields are visualized. As it can be seen, the magnetization is split into
regions of opposing magnetization. Regions of uniform magnetization are called domains. Dif-
ferent domains are separated by domain walls, where the magnetization is changing. Since the
magnetization is changing in the domain walls, neighboring spins are non-parallel to each other
and rotated away from their easy axis. Therefore, domain wall formation is energetically unfa-
vorable. All in all, a equlibrium between stray field energy and domain wall energy is reached
to minimize the total energy [Kas05].

a) b)

Figure 2.6: Simplified visualization of stray fields resulting from a uniform magnetization (a)
and a two-domain state (b). A uniform magnetization leads to larger stray fields on
the sample boundaries, while multiple domains reduce the stray field. Between the
domains, domain walls are formed. Adapted from [Kas05].
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2.5 Domains and magnetic reversal processes

2.5.1 Domain walls

Forming domains lead to a reduction of stray fields. Naively, one would expect that as many
domains as needed to completely avoid stray fields would built up. However, domain wall
formation requires energy, leading to an equilibrium state between domain wall energy and
stray field energy [Kas05, Sto06].
First, the exchange interaction between neighboring spins is increasing with the enclosed angle
between the spins. A complete 180 degree angle results in an exchange energy of

E1
ex ≈

π2

a2 JexS2, (2.51)

with lattice constant a, exchange coupling Jex and spin moment S [Sto06]. A 180 degree rotation
along N spins results in a reduced energy of

EN
ex ≈

π2

a2N
JexS2. (2.52)

Given the wall width w = N ·a, the exchange energy reads

Ew
ex =

π2

wa
JexS2. (2.53)

Second, if there is an anisotropy K1 present, it takes energy to rotate spins away from there easy
axis. For a domain wall with length w the anisotropy energy is given by

Ew
ani = K1w. (2.54)

The total domain wall energy reads

Ew
tot = Ew

ex +Ew
ani =

π2

wa
JexS2 +K1w. (2.55)

The minimum of Ew
tot is defining the wall width and is calculated by

w =

√
S2π2

a
·
√

Jex

K1
(2.56)

Materials with a small anisotropy possess larger domain walls than materials with a high anisotropy
[Kas05, Sto06].
Domain walls can be further characterized by the spins rotation. The rotation can take place
by in-plane rotation or by out-of-plane rotation. In-plane rotation leads to Néel walls, while a
wall with out-of-plane rotation is called Bloch wall [Kas05]. In Fig. 2.7 the two wall types
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are visualized. Depending on the geometry of the sample, one of the two types is energetically

a)

b)

Easy axis

Figure 2.7: Visualization of Nèel (a) and Bloch walls (b). In Nèel wall type domain walls,
the spins rotate in-plane. In Bloch walls, the spins rotate out-of-plane. Adapted
from [Kas05].

preferred. In bulk materials, Bloch type walls are preferred, but for thin layers, Bloch walls lead
to large stray fields, since the rotated spins obey an out-of-plane component. Therefore, in thin
layers Nèel type domain walls are energetically preferred [Kas05].

2.5.2 Magnetization reversal

The magnetic reversal within a hysteresis loop can take place via different effects. Fast magnetic
changes along the easy axis take place via nucleation. Along the hard axis, coherent rotation
is responsible for gradually changing magnetization. Another magnetization reversal process is
domain wall motion [Kas05].

Nucleation

Nucleation refers to the flipping of single magnetic spin. These spins are then seeds for further
spin flips, building a magnetic domain droplet of increasing size. The process typically takes
place all over the sample and different droplets are combining as they increase their size. In the
hysteresis loop this can be seen by fast magnetization changes and is typical for remagnetization
along the easy axis.

Coherent rotation

Coherent rotation states that the magnetization stays uniform during the reversal, but the di-
rection is rotating until the magnetization points along the external field. This process is often
encountered when the external field points along the hard axis. In the hysteresis loop, this
reversal process can be determined by the gradual change of the magnetization [Kas05].
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Domain wall creation and motion

Domain wall creation and motion is connected to nucleation. After the creation of a domain
droplet, the droplet is growing and remagnetizing a part of the sample. The created domain wall
is moving across the sample until it is fully magnetized.

2.6 Exchange bias

The exchange bias (EB) effect is a well known interface effect between FM and AFM interfaces
and is originating from the interaction between the interface FM and AFM moments [Rad08].
The effect has been first observed by W. H. Meiklejohn and C. P. Bean in 1956 [Mei56]. They
measured hysteresis curves of fine cobalt particles. Interestingly the curve was shifted horizon-
tally and possessed higher coercive fields if the particles have been cooled from above their Nèel
temperature TN in an external field to 77 Kelvin. The process is called field cooling (FC) and will
be explained below. They described this shift as an unidirectional anisotropy with anisotropy
constant Kx. Macroscopically this anisotropy shifts the external field into the anisotropy direc-
tion. In general the effect appears on interfaces between FM and AFM materials [Rad08]. In
the experiment of W. H. Meiklejohn and C. P. Bean, the surfaces of the cobalt particles were
oxided and since cobaltoxid is an AFM the effect could be observed after FC.
EB systems are characterized by their EB field of strength HEB and their coercive field HC. Both
can be determined in a hysteresis measurement by the fields HC,1 and HC,2 as indicated in Fig.
2.8. The EB field given by

HEB =
HC,1 +HC,2

2
(2.57)

and the coercive field is given by

HC =
HC,1 −HC,2

2
. (2.58)

Phenomenologically, the effect can be understood by a coupling between uncompensated and
fixed AFM moments, which possess a small net magnetization, and the FM interface spins. The
effect is established, for instance, by the FC process (see Fig. 2.8). After the fabrication of the
EB system, the AFM moments are typically randomly oriented, leading to a vanishing EB field.
By using FC, the AFM moments are oriented into one direction, resulting in a unidirectional
EB effect. In the FC process, the system is first heated above the Néel temperature TN of the
AFM. At that temperature the AFM is in a paramagnetic state. At the same time, an external
field is applied to saturate the FM spins into the field direction. By cooling through the Néel
temperature, the AFM moments align to the interface spins of the FM. Thereby, a unidirectional
anisotropy is created. Besides the EB field also an increase in the coercive fields can be observed
compared to the unbiased system.
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Figure 2.8: a) Two hysteresis loops are shown. In grey, a hysteresis loop of an unbiased system
is sketched, while in blue an EB is present. The loop is characterized by the EB field
HEB and the coercive fields HC,1 and HC,2. b) Visualization of the FC process.

2.6.1 General properties of exchange bias

Before a closer look on the simulations is taken, an overview about general properties of EB
systems will be given. Since this work is focusing on thin film systems, the influence of the layer
thickness will be discussed first. Followed by the so-called training effects and the asymmetry
of the hysteresis loop. Those three effects are of special interest here, because they are also
reproduced and supported by the simulation presented later. Besides that, EB systems show
dependencies on experiential conditions like the temperature and the fabrication process of the
system itself. Here, the influence of the sputter parameters will be presented shortly.

Layer thickness dependencies

Experimentally, a dependence of the EB on the layer thicknesses both of the FM and the AFM
can be observed. The EB field HEB typically shows a 1/tF dependence, where tF is the layer
thickness of the FM [Rad08]. For a Co/CoO system even at low thicknesses down to 2nm this
dependence could be observed experimentally [RES03]. Experimental deviations with other
materials at that thickness are explained by discontinuous layers. Also for thick layer with
some hundred nm thickness deviation could be observed. Here, it is assumed that domain wall
formation leads to the observed deviations [Rad08].
The layer thickness of the AFM layer shows a more complicated dependence. Below a crit-
ical thickness the EB is vanishing. For CoFe/IrMg systems, the critical thickness is at about
tAFM,crit = 5nm [Mer22b]. For increasing thicknesses, the EB strength is rapidly increasing to
a maximum. Even thicker layers result in a plateau of the EB strength [Nog99, Mer22b]. The
vanishing of the EB for thin layers below the critical thickness can be understood by a depinning
of the AFM moments. For strong coupling, meaning KAFMtAFM ≤ JI, AFM moments follow the

22



2.6 Exchange bias

FM and do not establish an EB [Nog99]. Thereby is KAFM the anisotropy of the AFM and JI

the exchange coupling constant between the AFM and the FM. In Sec. 5.1.2 simulation result
investigating this dependence will be presented.

Training effects

The decrease of the EB strength HEB over sequential hysteresis cycles is referred to training
effects. In the coercive field HC the decrease is also present. Here, two types of training effects
can be distinguished. First, type I when |HC,1| is decreasing and |HC,2| is increasing and second,
type II when |HC,1| and |HC,2| are decreasing [Zha02]. A simple empirical law for HEB(n),
where n is the cycle number, states for n > 1

HEB(n) = H inf
EB +

k√
n
, (2.59)

with k being an experimental constant and H inf
EB being the limit of the EB strength for n → inf.

This expression is in good agreement with experiments for n > 1. Training effects for n > 1
are called thermal training effects. In general, irreversible changes in the AFM domain are
suspected to be responsible for the effect. The thermal training effect depends further on the
temperature, since higher temperatures lead to faster reductions [Rad08]. The reduction of the
EB strength in the very first cycle (n = 1) is independent on the temperature and is therefore
called athermal training effect. Besides the empirical expression given in Equ. (2.59), recursive
expression are able to capture the decrease in the first cycle as well. Binek [Bin04] found a
possible recursive expression to be

HEB(n−1)−HEB(n) =−Γ(HEB(n)−H inf
EB)

3 (2.60)

with physikal parameter Γ.
Simulation on the basis of the Stoner-Wohlfarth model as well as micromagnetic simulation
have been performed in the past to investigate possible sources of training effects [Rad08,
Cle17]. To summarize their results, one can state that rotations of AFM moments lead to a
reduction of the EB. Because the rotated moments do not recover even in saturation, the num-
ber of rotated moments increase with increasing hysteresis cycles [Rad08]. These results have
also been supported by experimental results based of example on Kerr microscopy [Rad08].
In [Cle16] a micromagnetic model is presented that also builds up the foundation of the simu-
lations presented here. The model is assuming a polycrystalline AFM structure and has been
used to simulate athermal training effects, indicating irreversible rotations of some AFM grains.
Their results will be used as reference for the simulations performed in this work.
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Asymmetry of hysteresis loop

In some experimental studies, an asymmetry in the hysteresis loop could be observed [Rad08].
Asymmetry means that the shape of the descending and the increasing hysteresis branch have
a different shape. The origin of the asymmetry can be separated into two different groups.
First, asymmetry due to an angle between the external field and the EB direction, which is an
intrinsic property of EB systems. Second, asymmetry even in parallel field directions, but with
instabilities in the AFM layer connected to the training effect. A short overview about both
cases will be given. Further information can be found in [Rad08].
Characteristic for the first type of asymmetry is the fact, that the asymmetry occurs only if there
is a small angle between the external field and the EB direction. In the hysteresis, the asymmetry
leads to different shapes of the hysteresis branches. For instance, a more extended decreasing
branch can be observed, due to a so-called exchange spring [Kim05]. Or, the decreasing field
branch (DFB) is much sharper or steeper than the increasing one [McC03]. Especially in the
perpendicular magnetization, the asymmetry can be clearly seen and characterized [Cam05].
In [Cam05] the different heights of the peaks in the perpendicular magnetization are used to
quantify the asymmetry of the hysteresis loop:

ξ =
Mperp,1 −Mperp,2

MS
, (2.61)

with peaks Mperp,1 and Mperp,2 of the perpendicular magnetization and saturation magnetization
MS and will be applied to the simulation results in later chapters. The degree of asymmetry
depends thereby also on the angle between external field and FC direction [Cam05, Til08]
Besides that, different magnetization reversal processes in the different hysteresis branches
could be observed. In [Fit00] coherent rotation was observed on the DFB, while on the in-
creasing field branch (IFB), domain wall nucleation and motion was observed. Opposed to that,
in [McC03] the opposite is the case and domain wall motion on the DFB and coherent rotation
on the IFB could be observed.

Further dependencies

To end this section, a few further properties are given, which are not investigated in this work.
The magnitude of the EB field depends on the temperature at which the experiment is carried
out [Rad08]. At low temperatures, a stronger EB field can be observed. While for increasing
temperature the EB effect is decreasing and for temperature above the blocking temperature
even vanishing. The reason can be found in the AFM layer and its increasing instability with
increasing temperature [Rad08]. The simulations performed here are assuming a temperature
of 0K.
Even though the EB effect is mostly an interface effect, the bulk of the AFM also plays a cer-
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tain role. In [Bas14] it has been shown that the creation of defects in the AFM bulk influences
the EB strength, indicating that not only interface moments need to be considered in the un-
derstanding of the EB effect. In the simulations presented here, only interface moments are
considered, neglecting the influence of the bulk AFM. This simplification is connected to the
fact, that it is not possible to correctly simulate an AFM on an atomistic level with micromag-
netic simulations [Cle16, Cle17].
Of important role is further the fabrication of the system. First, strong differences in the used
fabrication technique can be found, as it can be seen in Tab. I in [Rad08]. Second, the used
parameters in the fabrication process also play an significant role. For instance, the grain size
distribution of the polycrystalline AFM after sputtering depends on the parameters in the sputter
process and influence the EB field significantly. [Mer20, Mer22a, Mer22b].

2.7 Modeling

The aim of this thesis is the modeling of magnetization reversal processes in exchanged bias
thin film geometries. Before a detailed description of the model is given, a general overview
over two different modeling approaches will be given. First, there is the simple model of Stoner
and Wohfarth [Sto47, Sto91]. By assuming a uniformly magnetized ferromagnet a simple de-
scription of the different energy contribution can be found. Unfortunately, the assumption of an
uniformly magnetized ferromagnet is in many cases of a magnetization reversal not realistic, as
other magnetization reversal process, like nucleation or domain wall motion, are neglected. The
second approach is known as the micromagnetic formulation. Here, the magnetization is de-
scribed by a continuous vector field. The formulation is way more mathematically involving, but
allows to investigate nucleation and size effects of the geometry, e.g. shape anisotropy [Abe19].
Since size effects are of important role and also nucleation needs to be investigated, the model
used here will be the micromagnetic formulation.

2.7.1 Stoner-Wohlfarth model

Stoner and Wohlfarth [Sto47, Sto91] are assuming that the magnetization of the ferromagnet is
given by a vector M⃗F of constant length MF. This allows to neglect the exchange interaction
between the magnetic moment. All moments are aligned parallel, resulting in a uniform mag-
netization. Since MF is constant, only coherent rotation can change M⃗. As already discussed,
the magnetization is governed by the minimization of the free energy. In the basic model, the
magnetization is interacting with an external field H⃗ via Zeeman interaction and only an uniax-
ial anisotropy KF is present. In Fig. 2.9 the different components are visualized.
For an infinitely extended thin film with in-plane magnetization, layer thickness tF, saturation
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Figure 2.9: a) Visualization of the Stoner-Wohlfarth model with a given reference frame. Fur-
ther, the magnetization M⃗F, anisotropy KF and the external field Hext are shown.
Each component possesses an angle βF, γF, and φ with the reference frame. Adapted
from [Mer22a]. b) An example energy landscape for different external fields is
shown. Depending on the field strength (decreasing from blue to purple), the global
minimum and the possible local minimum are separated by an energy barrier. The
magnetization (blue dot) is flipping if the energy barrier is vanishing (purple curve).

magnetization MS
F and uniaxial anisotropy KF, the area energy density ε is given by

ε(βF) =−µ0HMS
FtF cos(βF −φ)+KFtF sin2(βF − γF). (2.62)

The first term is giving the zeeman interaction between H⃗ and M⃗F (see 2.4.3) and the second
term describes the uniaxial anisotropy (see 2.4.1). The angles are defined in Fig. 2.9 and
describe the orientation in a chosen reference frame. The magnetization direction is obtained
by minimizing ε in dependence of βF [Mer22a].
In Fig. 2.9 the energy landscapes for different external fields (decreasing from blue to purple)
are illustrated. For strong external fields, the Zeeman energy is dominating and only one energy
minimum is possible (blue and purple curve). In this case, the magnetization is parallel to the
external field. For a decreasing field strength, a second local minimum can be found (red, orange
and green curve). This local minimum describes the antiparallel orientation and corresponds
to the other hysteresis branch. As the external field is further reduced, the global minimum
becomes a local minimum and the local minimum becomes the global minimum (red curve),
both separated by an energy barrier. This energy barrier keeps the magnetization in its own
minimum. As soon as this energy barrier is vanishing, the magnetization rotates to align with
the field (purple curve) [Mer22a]. Increasing the field again, the process is reversed, but the
magnetization is following the other energy minimum, leading to a hysteresis loop.
The number of possible orientations can also be found by the Stoner-Wohlfarth asteroid. The
external field is split into a parallel component H∥ and a perpendicular component H⊥ to the
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easy axis of the sample [Rad08]. The asteroid then yields(
H∥
A

)2/3

+

(
H⊥
A

)2/3

= 1, with A =
2KF

µ0MS
F
. (2.63)

In Fig. 2.10 the asteroid is visualized. Depending on the external field (blue arrow) there are
one or two possible magnetizations. If the external field vector lays within the asteroid, then
there are two possible magnetization directions and the actual directions depend on the history
as described above. For field vectors ending outside of the asteroid, only one magnetization
direction is possible [Rad08].

H⊥ H⊥

H∥ H∥H H

M
M M

a) b)

Figure 2.10: Visualization of the Stoner-Wohlfarth asteroid. a) Only a weak external field in
present and two possible magnetization directions are indicated. One for the local
minimum and one for the global minimum in the energy landscape. b) A strong
field is present. Energetically, only one global minimum is present. Adapted from
[Rad08].

2.7.2 Micromagnetic formulation

In the model of Stoner-Wohlfarth the magnetization is described by a single vector. The fer-
romagnet is assumed to be uniformly magnetized, and remagnetization only takes place by
coherent rotation. In micromagnetics the magnetization is described by a continuous vector
field M⃗. At each point in space the vector field is of equal length to the saturation magnetiza-
tion meaning |M⃗(⃗r)| = MS ∀⃗r ∈ V , where V is the investigated volume. For simplification, a
normalized vector field m⃗ = M⃗/MS with |m⃗(⃗r)|= 1 ∀⃗r ∈V is defined and called magnetization.
Within the formulation of micromagnetics lays the possibility to include more effects, like FM
exchange interaction. At the same time, working with classical expectation values makes mi-
cromagnetism a semiclassical theory [Abe19, Lel18].
In order to compute the magnetization M⃗ correctly, all energy contributes need to be considered.
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From the total energy an effective field can be calculated, which in then used in the Landau–
Lifshitz–Gilbert equation to calculate the time derivative of m⃗ [Van14]. In the following, the
required energy terms are presented.

Exchange energy

The exchange interaction describes the interaction between two neighboring spins. As already
discussed, the energy density in the Heisenberg picture is given by

εex = Jex,ijS⃗i · S⃗j, (2.64)

for two neighboring spins S⃗i and S⃗j. In the micromagnetic formulation the interaction reads

εex = Aex(∇m⃗)2, (2.65)

with exchange stiffness Aex and is the result of the continuum limit of micromagnetism [Abe19,
Lel18]. In order to calculate the total exchange energy, the energy density needs to be integrated
over the simulation volume V . In total, the exchange energy reads

Eex(m⃗) = Aex

∫
V
(∇m⃗)2d⃗r. (2.66)

Zeeman energy

The Zeeman energy is the result of the interaction between the external field H⃗ and the magne-
tization M⃗ of the sample. The total zeeman energy is given by [Abe19, Lel18]

EZ(m⃗) =−µ0

∫
V

M⃗ · H⃗d⃗r. (2.67)

Magnetostatic energy

The magnetostatic energy is the energy resulting from the magnetization with the field created
by the magnetization itself. It is given by [Abe19, Lel18]

Edemag(m⃗) =−µ0

2

∫
V

M⃗ · H⃗demagd⃗r, (2.68)

with demagnetizing field H⃗demag. The demagnetization field is given by

H⃗demag(m⃗) =
MS

4π

∫
V

3
(m⃗ · r⃗)⃗r

r5 − m⃗
r3 d⃗r. (2.69)

As already discussed, the magnetostatic energy results from dipole-dipole interaction and is
weak compared to the exchange interaction, but is acting on much larger distances. The results
are the formation of domains. The big advantage of micromagnetic simulations is therefore
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the possibility to simulate domain formation. Nonetheless, the calculation of the magnetostatic
energy is computationally involving and results in much longer computation times compared to
the Stoner-Wohlfarth model.

Crystalline anisotropy energy

The last important energy contribution results from the crystalline anisotropy. As discussed
before, in some materials exists an easy axis, originating from the interaction between the mag-
netic moments and the atomic lattice. From symmetry considerations it is known that the energy
Eani is uniaxil, meaning

Eani(m⃗) = Eani(−m⃗). (2.70)

For the simple case of a single easy axis in e⃗u direction, a phenomenological energy expression
is given by

Eani(m⃗) =
∫

V
Ku,1(m⃗ · e⃗u)

2 +Ku,2(m⃗ · e⃗u)
4 +O(m⃗6)d⃗r, (2.71)

with anisotropy constants Ku,1 and Ku,2 [Abe19]. Because of symmetry reasons only even pow-
ers need to be considered. In many cases the first two or even only the first order needs to
be taken into account for precise results. The energy expression given above is typical for
hexagonal or tetragonal crystal structures. For materials with a body-centered structure, a phe-
nomenological energy expression is given by

Eani(m⃗) =
∫

V
Kc,1(m2

1m2
2 +m2

2m2
3 +m2

1m2
3)+Kc,2m2

1m2
2m2

3d⃗r, (2.72)

with cubic anisotropy constants Kc,1 and Kc,2 [Abe19].

Static energy minimization

The listed energy contributions are the only ones that are considered in this work. Besides them,
for example antisymmetric exchange energy or interlayer-exchange energy can be included
[Abe19]. All energy contributions are then summed up to a total energy

E(m⃗) = Eex(m⃗)+EZ(m⃗)+Edemag(m⃗)+Eani(m⃗) (2.73)

representing the total energy in dependence of the magnetization m⃗. In order to calculate the
static magnetization, E(m⃗) needs to be minimized. In [Abe19] and [Lel18] a detailed deviation
of the necessary minimization condition is given. To summarize, an effective field H⃗eff can be
calculated by the functional derivative of the total energy E:

H⃗eff =
−1

µ0MS

δE
δ m⃗

. (2.74)

29



2 Theoretical background

The effective field is then used in the equation of motion of m⃗, given by

˙⃗m =−m⃗× (m⃗× H⃗eff). (2.75)

The energy is minimized if m⃗ is a constant in time. Following [Abe19] this is the case if and
only if

m⃗× H⃗eff = 0, (2.76)

which is the final condition to find the energy minimum. In this work, only static energy min-
imization will be used, since we are only interested in static problems like the calculation of
hysteresis loops.

Dynamic micromagnetics

For the seek of completeness also dynamic micromagnetics are briefly introduced. The equation
used for dynamic simulations is called Landau-Lifshitz-Gilbert (LLG) equation [Lan35]. The
effective field H⃗eff is again used to calculate the time derivative of m⃗:

˙⃗m =− γ

1+α2

[
m⃗× H⃗eff +αm⃗× (m⃗× H⃗eff)

]
. (2.77)

Here, γ is the gyromagnetic ratio of the electron and α is an phenomenological damping con-
stant. The first term m⃗× H⃗eff describes the precession of the magnetic moments around the field
H⃗eff. The second term describes the alignment in the field [Van14]. The damping constant is a
phenomenological constant, introduced by Landau and Lifshitz [Lan35] and can be determined
experimentally [Pap18] or calculated theoretically [Bar13]. For permalloy, it is α = 0.01 for
instance [Van14]. Setting a high damping parameter α = 1 and neglecting the precession term,
the LLG equation simplifies to the static minimization problem given in Equ. 2.75 [Van14].
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This chapter aims to give an overview of the sample preparation and characterization methods
used in connection with this work. The goal of the work was to simulate the experimental obser-
vations in magnetic reversal processes of different exchange bias (EB) geometries, like stripes,
squares, and discs. To understand certain simulation approaches, background knowledge of the
sample preparation and the magnetic characterization is required. Besides that, atomic force
microscopy and vibrating sample magnetometry (VSM) were used to manifest simulation re-
sults experimentally.

3.1 Sample preparation

The samples used in this work are thin film multilayer systems. In Fig. 3.1 a schematic of the
samples is given. The samples consist of four layers fabricated by sputtering. First, a buffer
layer of 5nm Cu is deposited. The EB system consists of a 30nm Ir17Mn83 layer acting as the
antiferromagnetic (AFM) layer, followed by 10nm of a ferromagnetic (FM) Ni81Fe19 layer. To
protect the system from oxidation, an Al top layer of 3nm is deposited.
The investigated sample geometries can also be seen in Fig. 3.1. In summary, there are three

different geometries: stripes, squares, and discs. The spacing between the geometries is equal

Si (100)

Cu (5 nm)

Ni81Fe19 (10 nm)

Ir17Mn83 (30 nm)

Al (3 nm)

a)

b)

c)

Figure 3.1: a) Sketch of the layer system. On top of a silicon substrate and a buffer layer,
the actual EB system consisting of IrMn and NiFe is sputtered, followed by a top
layer of Al. b) Visualization of the freestanding stripes, squares, and discs. c)
Visualization of the embedded geometries. The bombarded area is shown in light
blue, while the actual geometries are given in blue.
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to their width. Besides that, the three geometries can be separated into freestanding geometries
and embedded geometries. The freestanding geometries have been sputtered with a lithographic
resist pattern on top of the silicon substrate, which is removed in a subsequent lift-off process,
leading to freestanding topographic stripes. The embedded stripes are fabricated by ion bom-
bardment (IB). After the deposition, a mask is lithographically put on top of the system to
protect the stripe’s area, defined by the resist pattern. The uncovered and therefore unprotected
areas are bombarded with an ion dose high enough to destroy the EB effect. By this, within the
layer system the embedded stripes are created and a flat surface is obtained. The other geome-
tries are fabricated in a similar way, but electron beam lithography has been used instead.

3.1.1 Sputtering

Sputtering describes the process by which a thin layer of a target material is deposited on a
substrate, by using a plasma to evaporate the target material. A basic schematic of the working
principle can be found in Fig. 3.2. The used technique is called high-frequency sputtering.
Here, a Leybold Heraeus Z400 was used. Between an anode - the target - and a cathode -
the sample - a high-frequency voltage with a frequency of f = 13.56MHz is applied. The
voltage in the sputtering process is usually between 500V and 1500V [Huc18]. In Tab. 3.1
the used voltages can be found. The working gas, in case of this work Argon, is ionized by
the electric field, resulting in ions and electrons that are accelerated in the field, but only the
light electrons reach the electrodes at first. Since the target is grounded via a capacitor, an
effective DC-voltage is created by the impinging electrons that accelerates the Ar+ towards the
target. When the ions hit the target, their kinetic energy is transferred and target material is
released [Huc18]. The released material impinges on the sample and a layer is growing over
time. By changing the voltage, the kinetic energy of impinging ions is changed, and thereby the
number of released atoms and clusters. For the samples the growth rates are below 10nm per
minute. The base pressure in the process chamber is in the order of 10−6 mbar and an Argon
gas flow of 140sccm at a working pressure of 8 ·10−6 mbar is set. The polycrystalline structure
of the deposited material strongly depends on the target material, the applied voltage, and the
sample temperature [Mer22a]. Additionally, a magnetic field of Bsputter = 40mT can be applied
in-plane in relation to the sample leading to a defined uniaxial anisotropy of the material system.
In table 3.1 the layer thicknesses and sputter rates can be found.
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Figure 3.2: Schematic sketch of the sputtering process. Ions of the ionized working gas are
accelerated and release atoms of the target material, which are then deposited on the
sample. Adapted from [Mü16].

Table 3.1: Overview of the layer system and the sputter parameters for each layer.
material thickness in nm sputter rate in nm/min DC voltage in V

Cu 5 6.21 600
Ir17Mn83 30 5.45 750
Ni81Fe19 10 3.88 600

Al 3 3.05 400

3.1.2 Field cooling

An important step in the preparation process is the initialization of the EB effect by field cooling
(FC). After deposition, non or only a weak EB effect can be measured. The initialization is done
by the so-called FC process, which establishes the unidirectional EB effect [Mei56]. In the field
cooling (FC) process, the sample is heated to a temperature between the Nèel temperature TN

of the AFM IrMn and the higher Curie-temperature TC of the FM NiFe. Thereby, the AFM
occupies a paramagnetic state. In the presence of an external field, the sample is cooled down
slowly. Since the ferromagnet is saturated in the homogeneous external field, the AFM interface
moments align to the FM interface moments and freeze out when cooling down through the Nèel
temperature [Mer22a]. In our case, a field of HFC = 115kA/m for tFC = 60min at a temperature
of TFC = 300◦C was applied.
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3.1.3 Lithography

To fabricate the described geometries, optical lithography was used for structuring the patterned
systems. In the case of the freestanding geometries, the lithography process was performed
before sputtering, while the embedded geometries are sputtered first, and the lithography is
used to protect the geometries from the IB as a shadow mask.
In general, by this process, a light-sensitive photoresist is spread homogeneously on the silicon
wafer by spin coating. After cleaning the silicon wafer with acetone, isopropyl, the sample is
dried in the hard-baking step. Next, a primer and the photoresist is placed on the sample and
spread homogenously in a spin coater to form a thin layer. To harden the resist, the sample
is heated in the soft-baking step. Afterward, a photomask, containing the desired pattern, is
placed on top of the resist by a mask aligner and radiated by UV-light. The patterning of the
photomask is thereby transferred to the photoresist. Those areas, which are radiated by UV-
light, are modified by a photochemical reaction [Huc18]. Depending on the photoresist type,
the radiated parts of the resist have an increased or decreased solubility. By using an alkaline
developer, the parts with higher solubility are removed in the development process [Huc18].
After fabrication the remaining non-soluble parts are removed by immersing the resist in a
strong, heated solvent. In Fig. 3.3 the two different processes are visualized. Since this thesis
is focusing on the modeling of the systems, the precise parameters are not of interest here, but
can be found in Appendix 7.1.

Photo resist

Wafer

Mask Positive resist

Negative resist

Figure 3.3: Simplified schematic showing the basic principal of optical lithography. A wafer
is prepared with a photoresist. A photomask is protecting certain areas from being
irradiated. Depending on the resist, a positive or negative image of the mask is
created. Adapted from [Huc18].

With this technique the fabrication of structures with sizes of typically 1µm is possible [Maa08].
The size is limited by the optical resolution limit, due to the diffraction of the UV-light [Maa08].
Alternatively, electron beam lithography (EBL) [Pea81] allows the creation of structures in the
nm range [Tse03], by using a scanning electron beam to irradiate the photoresist instead of a
mask and UV-light.

3.1.4 Ion bombardment

Ion bombardment (IB) of EB thin film systems is a powerful tool to initialize [Eng05], increase,
weaken, or even invert [Ehr06, Mü18] the EB in a controlled manner. In combination with
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lithography IB allows magnetic pattering in the micrometer range [Sch14], which can also be
used as a possible lab-on-the-chip realization [Gau16].
In our home-built system, He+ ions with a kinetic energy of about 10keV are impinging on the
sample surface, leading to two contradicting effects. First of all, hyperthermal heating allows
grains in the AFM (see Chapter 4.2) to rotate from a local energy minimum into a global energy
minimum given by an external field by overcoming an energy barrier. By this, the EB effect is
increased or decreased depending on the direction of the external magnetic field [Ehr06]. The
second effect accounts for the interfacial mixing of FM and AFM material on the interfaces
or defect creation. This intermixing and the increased defect density lead to a decrease of the
EB effect independently on the external field [Ehr06]. Of important roles are the ion dose and
the direction of the external field. For low ion doses, the EB can be increased by aligning the
external field in the EB direction. For increasing doses, the intermixing effect has a growing
influence, reducing the EB independently of the external field.

In this work, the keV-He+ IB was used to create the embedded geometries. Those areas of
the thin film system representing the actual geometries were covered with a photoresist by UV-
lithography to protect them from the bombardment. The unprotected area was bombarded with
2 · 1016 ions/cm2 in order to fully destroy the EB in those regions without an applied external
magnetic field. In Fig. 3.4 a schematic of the used ion beam gun can be seen. In a Penning ion
source, He+ ions are created and afterwards accelerated towards the sample by an electric field.
The beam is focused by electrostatic lenses and formed by an aperture. The aperture is used to
make sure that the beam has a quasi-constant ion intensity across the beam. The ion beam is

Ion source

Aperture

Lenses

Sample with photo resist

z

yx

Figure 3.4: Simplified schematic of the used ion beam gun (ISA) adapted from [Gau17]. The
ion source is followed by electrostatic lenses, which focus the ion beam (yellow)
onto an aperture. The ion beam is then irradiating the sample. The sample itself is
prepared with a photoresist, as described in Chap. 3.1.3.
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scanned across the sample, whereby the movement in the x-direction is continuous and discrete
in the y-direction [Gau17]. The ion dose D is then given by the ion current I, the speed of the
aperture v, and the sample’s x- and y-dimensions b and d as

D =
I

e · v ·b
, (3.1)

with electron charge e [Gau17]. Next to the sample, magnets can be placed allowing to have a
magnetic field applied in the bombardment process.

3.2 Characterization Methods

The characterization of the samples was mainly done by three different techniques. The sam-
ple’s surface and grain structure was investigated by atomic force microscopy. Saturation mag-
netization was measured by vibrating sample magnetometry (VSM) and the magnetization of
the sample’s surface, while measuring the hysteresis loop, was performed by Kerr microscopy.
Each technique and the measurement’s procedure will be explained briefly.

3.2.1 Atomic Force Microscopy

Atomic force microscopy is a technique to investigate the sample’s surface topography of the
sample by probing it with a tip. In close proximity to the surface, the tip is interacting with
local attractive and repulsive forces. The deflection of the cantilever holding the tip is measured
and thereby information about the interacting between tip and surface is gained. The cantilever
is positioned by piezoelectronics. By scanning with the tip laterally across a defined area, a
three-dimensional topography is measured. The deflection of the cantilever is measured by the
reflection of a laser beam pointed on the cantilever and reflected to a four-element segmented
photodiode. Important properties are the geometry, size, and condition of the tip and its precise
positioning [Hol15, Huc18, Mer22a].
The tip’s interaction with the surface can be approximated by the Lennard-Jones Potential

V (r) =
Cr

r12 +
Ca

r6 , (3.2)

giving the potential energy in dependence of the distance r between tip and surface. The con-
stants Cr and Ca are material parameters for the repulsive and attractive forces [Mes15]. In
Fig. 3.5 the potential is shown. Near contact, the repulsive forces dominate, while for larger
distances the attractive forces predominate. Attractive force are the result of van-der-Walls-
forces, while Pauli exclusion principle leads to a repulsive force near the surface. Both forces
can be used for three different measuring modes [Mer22a]. The repulsive forces are used in
the so-called contact mode. In contact mode, the tip is touching the surface of the sample.
When scanning across the surface, the tip is following the surface topography and the cantilever
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r

V (r)

Attractive force

Repulsive force

Piezo

Laser

Feedback loop

a) b)

Figure 3.5: a) Visualization of the Lennard-Jones potential. Larger distances r between tip
and surface result in attractive forces, while smaller r lead to repulsive forces. b)
Schematic setup of an atomic force microscope can be seen. The deflection of the
tip is measured by a reflected laser beam. A Feedback loop is then correcting the tip
position by a piezo electronic. Adapted from [Mer22a].

is defected. Opposed to the contact mode, the non-contact mode is using the attractive force.
Thereby, the tip in not in contact with the surface. In order to get topographical information of
the surface, the tip is oscillating near the resonance frequency of the cantilever. Changes in the
attractive forces lead to changes in the resonance frequency, the phase difference and amplitude
of the oscillation. By adjusting the frequency to keep the amplitude constant, topological in-
formation of the surface is gained. A mixture of both modes is the intermittent mode. In this
mode, the tip is oscillating, but the amplitude is high enough to touch the surface. In contact
mode, the resolution is the highest of all three modes, but the tip wear is the highest, since the
tip is touching the surface while moving. In the non-contact mode the tip is not touching the
surface and the tip’ lifetime is maximized, but also the resolution is reduced. The intermittent
mode is therefore a compromise between both mods and their advantages [Mer22a].
Atomic force microscopy was used to investigate the grain structure on the IrMn layer. Samples
were prepared without the two top layers, only consisting of 5nm Cu and 30nm IrMn, allowing
to access the AFM layer physically. The question under consideration was whether there is a
difference measurable between edge and middle part of the geometries in terms of grain size
distribution. Further details are given in Chap. 5.2.1.

3.2.2 Vector Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) is a technique to measure the magnetization and its
direction of a sample. In this work, vector vibrating sample magnetometry (VVSM) is used to
measure the saturation magnetization of the freestanding stripe geometries, and to investigate
the influence of the stripe width on the saturation magnetization.
The working principle can be seen in Fig. 3.6. Two electromagnets are generating a homo-
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geneous magnetic field. In the middle of the magnetic field, the sample is placed on a sample
holder. The sample holder itself is vibrating in the z-direction. The vibration of the sample leads
to an induction current in the nearby located pickup coils, which is proportional to the magnetic
moment of the sample [Fra21]. The voltage in the coils is given by

V = m ·A · f ·S, (3.3)

with magnetic moment m, amplitude of the vibration A, frequency f and sensitivity S [Fra21].
The sensitivity S is determined by calibration with a probe of known magnetization at a given
external field. An extension to the normal VSM is the VVSM, which has a rotatable sample
holder and a further coil perpendicular to the sample [Fra21]. Thereby, the angular dependence
of the magnetization can be measured as well. Measuring m∥ and m⊥ the magnetic moment is
given by

m =
√

m2
∥+m2

⊥. (3.4)

For this work, a VVSM by MicroSense, for each direction (x and y) four pickup coils are
used. This setup is known as the four-coil configuration by Mallinson [Mal66]. If the coils
are appropriately balanced, a zero signal is produced in the absence of the sample. The coil
size is a balance between sensitivity and size to minimize the influence of inhomogeneous field
components. The sample is placed horizontally and in-plane to the external magnetic field
(in-plane configuration). The x-coils are measuring the signal along the external field (m∥),
while the y-coils are measuring the signal perpendicular to the field (m⊥). When rotating the
sample and only considering the x-coil’s signal, an angular depended hysteresis loop can be
measured, revealing information about the easy- and hard-axis for instance. By changing the
sample holder, the sample can be placed out-of-plane to the field, resulting in an out-of-plane
signal [Fra21].

The external field can be varied by the electromagnets, resulting in the possibility to measure
m(Hext) in dependence of the external field Hext. By measuring m(Hext) for strong enough
field from positive to negative saturation, a hysteresis loop can be measured and the saturation
magnetization MS determined. The magnetization M is the magnetic moment per volume V

[Mes15]. Since only the magnetic moments can be measured directly, the magnetization needs
to be determined by

M =
m
V
.

Here, it is assumed that the magnetization is uniform over the hole sample. This is the case in
saturation, when all magnetic moments point into the same direction, what allows measuring
the saturation magnetization by

MS =
m(Hext,saturation)

V
.
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Figure 3.6: Schematic showing the basic setup of a VVSM. Within the homogeneous magnetic
field (blue) of two electromagnets, the sample (black) is positioned. The sample
holder is vibrating and can be rotated around the z-axis. In the x- and y-plane, four
pickup coils each are sketched in orange. Adapted from [Fra21].

The saturation magnetization is determined only for the freestanding stripe geometries. With
a light microscope, the width w of the stripes and the spacing d between the stripes has been
determined. The resulting magnetic volume is given by

V = w · l · tF
b

w+d
, (3.5)

where l is the length of the stripes and tF the thickness of the FM material. The term b/(w+d)

represents the number stripes across the sample dimension b perpendicular to the stripes.

3.2.3 Kerr microscopy

In this work, Kerr microscopy is used to investigate the magnetization reversal processes in the
geometries. This means, that the magentization reversal processes can be visualized by means
of optical instruments. The underlying effect is the Kerr effect, which will be explained first.
Light can be described as an electromagnetic wave and characterized by its polarization. The di-
rection of the electric field vector E⃗ is thereby the polarization direction. Linear polarized light,
for instance, is characterized by the fact that E⃗ lays in a plane along its propagation, meaning
its direction is constant. If the direction of E⃗ is rotating with a constant angular velocity, then it
is called left or right circular polarized light, depending on the rotation’s direction.
When linear polarized light is reflected from a magnetized material, two distinct effects are oc-
curring. First, a rotation of the polarization of the reflected part, which is called Kerr effect.
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ϕ ϕ ϕ

∆ΘK ∆ΘK ∆I
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Figure 3.7: Sketch of the three Kerr effects for p-polarized light. The black arrows indicate the
incident and the outgoing light polarization. In gray the reference polarization is
visualized. In the polar (a) and the longitudinal (b) configurations, a Kerr rotation
∆ΘK can be observed. In the transversal configuration (c), only a change in the
intensity ∆I is detectable. The magnetization of the sample is indicted by the white
and gray area and the corresponding direction given by the violet arrows. Adapted
from [Fra21].

And second, a rotation of the polarization of the transmitted part, which is called Faraday ef-
fect. The change in the polarization can be understood by describing linear polarized light as a
superposition of left and right circular polarized light. Depending on the magnetization, the two
circular polarized light parts exhibit different absorption and reflection coefficients. Thereby,
the ratio of the two left and right circular polarized components is changing, leading to a change
of the polarization of the superposed linear light [Fra21]. Mathematically the effect results in
a dependence of the dielectric displacement field D⃗ on the magnetization m⃗, which is in first
order given by

D⃗ = ε(E⃗ + iQVm⃗× E⃗), (3.6)

with permittivity ε , Voigt Constant QV and electric field E⃗ [Fra21]. It can be seen, that the
imaginary part of D⃗ depends linearly on the magnetization m⃗. This dependence of D⃗ on m⃗

results in a change of the polarization. Since the Kerr effect is used by the microscope and
the Faraday effect is only parasitic effect here, only this effect will be explained in further
detail. More general information can be found in [Fra21] and [Hub98]. The Kerr effect can
be described by the Kerr rotation ΘK and the Kerr ellipticity ξK resulting in the complex Kerr
angle

Θ
c
K = ΘK + iξK. (3.7)

For the Kerr effect, three basic effects can be separated by referencing the magnetization direc-
tion relative to the plane of incidence of the light (see Fig. 3.7). Furthermore, the polarization
of the light can be in-plane (p-geometry) or out-of-plane (s-geometry) relative to the plane of
incidence. Following Equ. 3.6 only perpendicular components of m⃗ and E⃗ lead to a rotation. If
only parallel components are present, no effect can be observed. Therefore, the following ef-
fects can be observed [Fra21]: In the polar configuration, the magnetization points out-of-plane.
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In both cases of the p- and s-geometry, the parallel component of the electric field leads to a Kerr
rotation. The maximum effect can be observed by normal incidence of the light. The strength
of the Kerr effect in the polar configuration is the highest of the three configuration [Fra21].
In the longitudinal configuration, the magnetization points parallel to the surface of the sam-
ple and in-plane to the plane of incidence. In the s-geometry again the parallel component of
the electric field leads to a rotation of the polarization. In the s-geometry, the perpendicular
component leads to a rotation instead. For the longitudinal Kerr effect, gracing incidence is
preferred. The effect amplitude is about one order of magnitude weaker compared to the polar
configuration [Fra21].
The last configuration is the transversal configuration. Here, the magnetization points parallel to
the surface of the sample but out-of-plane to the plane of incidence. Only in the p-geometry, an
effect is visible by a change in the intensity of the light instead of a rotation. For the transversal
configuration, a normal incidence of the light leads to a maximum effect. Again, the effect am-
plitude is one order of magnitude weaker compared to the longitudinal configuration, meaning
that the transversal Kerr effect is the weakest of the three [Fra21].
As already discussed, the dielectric displacement field D⃗ dependence linearly on the magnetiza-
tion m⃗. An opposed magnetization leads to inverted rotation, by this, the relative strength and the
direction of magnetization can be determined by a simple polarizer and analyzer setup [Fra21].
For the Kerr images a commercial wide-field Kerr microscope by Evico Magnetics is used. A
camera is imaging a grayscale image of the sample. Besides the surface topology, each pixel
is a representation of the surface magnetization. By changing an external field, for a hysteresis
measurement for instance, the camera is capturing the change in the magnetization. An LED
light source is used to irradiate the sample homogeneously with polarized light after applying
the polarizer. The reflected beam is imaged after the analyzer through a 50x objective by a
digital camera. The camera allows to laterally resolve the magnetization of the sample surface.
Furthermore, the sample holder is surrounded by electromagnets, which can be used to apply
an in-plane magnetic field. By varying the external field, a hysteresis loop can be measured and
the magnetic reversal processes can be detected by the camera at the same time.
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4 Modeling exchange bias

The following chapter aims to give an overview of possible ways to simulate the exchange bias
(EB). First, a simple approach within the model of Stoner-Wohlfarth will be given. Extending
on that, more advanced models capable of modeling more properties of real EB systems will be
presented. Afterward, the model used in this work will be presented.

4.1 The model of Meiklejohn-Bean

In 1956 Meiklejohn and Bean observed the EB effect by hysteresis measurements of fine cobalt
particles [Mei56]. They interpreted the shift of the hysteresis loop by an additional unidirec-
tional anisotropy. This unidirectional anisotropy should result from the interaction between the
ferromagnetic (FM) moments and the uncompensated antiferromagnetic (AFM) moments on
the atomically smooth interface. For modeling the EB they further assumed that the FM is in
a single domain state and rotating coherently. The AFM magnetization is assumed to be fixed
and also in a single domain state [Rad08]. In Fig 4.1 the additional AFM magnetization M⃗AFM

has been added to the simple Stoner-Wohlfarth picture.
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y
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KF
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Hext
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y
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KF

KAFM

MAFM

Hext

βF βAFMγFφ βF βAFM
γF

γA
FMφ

a) b)

Figure 4.1: Extensions to the Stoner-Wohlfath model given in Chap. 2.7.1. a) The magne-
tization of the AFM MAFM and its angle βAFM is added in the Meiklejohn and
Bean model. b) Extension of the realistic Meiklejohn and Bean model by the AFM
anisotropy KAFM and its angle γAFM.

Using the Heisenberg model for describing the interaction of the ferromagnetic spins S⃗F,i and
the antiferromagnetic spins S⃗AFM,j, coupled by an exchange interaction JF/AFMi,j, the interaction
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is given by

∑
i,j

JF/AFMi,jS⃗F,i · S⃗AFM,j = ∑
i,j

JF/AFMi,j

∣∣∣⃗SF,i

∣∣∣ ∣∣∣⃗SAFM,j

∣∣∣cos(βF −βAFM) (4.1)

Here it is assumed, that the FM and the AFM is always uniformly magnetized. The angles
βF and βAF are defined in Fig. 4.1. Further assuming that the interaction is given by a single
exchange coupling constant JEB and an interface area A, the equation can be simplified to

∑
i,j

JF/AFMi,j

∣∣∣⃗SF,i

∣∣∣ ∣∣∣⃗SAFM,j

∣∣∣cos(βF −βAFM) = JEBAcos(βF −βAFM) (4.2)

giving the exchange energy for a given interface area. This additional energy contribution is
then used in the Stoner-Wohlfarth model (see 2.7.1) resulting in

E(βF)/A = µ0HMS
FtF cos(βF −φ)+KFt2

F sin(βF − γF)− JEB cos(βF −βAFM). (4.3)

Assuming for simplicity that the external field H⃗ is pointing along φ = 0 and that the FM easy
axis and AFM magnetization are pointing along φ = 0, meaning γF = MAFM = φ = 0, then the
equation is simplifying to Minimizing the energy density E(βF)/A for βF, the strength of the
EB field is given by [Rad08]

HEB =− JEB

µ0tFMS
F

(4.4)

and the strength of the coercive field by

HC =
2KF

µ0MS
F
. (4.5)

First of all, the results indicate that the hysteresis loop is shifted by HEB as a result of the ex-
change interaction between the FM and the AFM. Furthermore, the dependence on the FM layer
thickness is correctly captured. Nonetheless, the analytic result is orders of magnitude too high
compared to experimental observations. The coercive field is also independent of the exchange
interaction, which is not in accordance with the experimental observations of an increase in the
coercive field [Rad08].

4.1.1 Realistic Meiklejohn and Bean model

A first extension to the simple Meiklejohn and Bean model is the realistic Meiklejohn and Bean
model, by which the AFM magnetization can rotate as well. The rotation is given by an angle
βAFM of the AFM magnetization and an anisotropy KAFM analogously to the FM layer. Equ.
4.3 is extended by a further energy contribution KAFMt2

AFM sin(βAFM − γAFM), due to the angle
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4.1 The model of Meiklejohn-Bean

between the AFM magnetization and its anisotropy. All in all, the energy reads:

E(βF)/A = µ0HMS
FtF cos(βF −φ)

+KFt2
F sin(βF − γF)+KAFMt2

AFM sin(βAFM − γAFM)

− JEBAcos(βF −βAFM).

(4.6)

The anisotropy KAFM is of important role, since it has an influence on the EB strength HEB

and the coercive field HC. In order to quantify different cases the R factor can be introduced
by [Rad08]

R =
KAFMtAFM

JEB
. (4.7)

R describes the ratio between the anisotropy energy density of the AFM and the exchange cou-
pling energy density. Depending on the value of R, the AFM magnetization rotates reversible,
irreversible or isn’t rotating at all. Further details can be found in [Rad08].

4.1.2 Further approaches

To account for the lower experimentally observed EB field, different models were introduced in
the past, some of which will be introduced in the following. Néel [Kiw01] introduced a model
where a partial domain wall can form in the AFM while remagnetization. The domain wall
is thereby parallel to the interface and the AFM is still rigid, meaning that the AFM order is
preserved. The creation of the partial domain wall costs energy that reduces the observed EB
field. Noteworthy, his model predicts correctly a necessary minimum AFM thickness [Rad08].
A step further goes the model of Mauri [Mau87] by removing the assumption of the rigid AFM,
allowing a formation of the partial domain wall even in the bulk of the AFM. The formation of
the domain wall can be thought of as a spring. The energy of the domain wall is given by its
angle α and an exchange stiffness of the AFM AAFM following −2

√
AAFMKAFM(1− cos(α)).

The formation of the domain wall is thereby reducing the total energy and also the observed
EB strength. The model was further extended by Kim and Stamps [Kim00, Kim01b, Kim01a,
Kim05].
The assumption of perfectly flat uncompensated interfaces is discarded by Malozemoff and his
Random Field model [Mal87]. Those imperfections, e.g., layer roughness, lead to variations in
the EB field and are modeled by a random field. As a result, the AFM breaks into domains with
perpendicular domain walls. This model allows an understanding of the discrepancy between
experimental results and models that assume a fully uncompensated AFM layer. Here, the AFM
is compensated, but the imperfections create uncompensated spins at the interface, which lead
to the EB shift. In [Rad08] the model has been compared to experimental results for a CoO/Co
system. The results indicate a good agreement between experiment and theory.
Besides imperfections on the interface, the Domain State model by Usadel et al. [Rad08] as-
sumes disorder even in the bulk by magnetic dilution. This magnetic dilution leads to magnetic
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frustration and to domain formation in the AFM. Those domains have a small net magnetization
because of statistical imbalances between two AFM sublattices. A strength of this model is the
description of the EB effect in presence of nonmagnetic impurities in the AFM bulk and the
dependence of the EB strength on temperature and AFM layer thickness [Rad08].
Another approach was done by Radu et al. [Rad08] in their Spin Glass model. Three assump-
tions are made in their model. First, there is a frustrated spin-glass-like interface between the
FM and the AFM layer. Uncompensated frozen spins are responsible for the EB effect, and
rotatable AFM spins with low anisotropy are responsible for an increase of the coercive fields.
They further define a transition region from a purely FM layer to a purely AFM layer. In this
transition region, the AFM anisotropy continuously increases towards the AFM layer. Spins
close to the FM layer are therefore rotatable, and spins close to the AFM layer are frozen. Radu
et al. were able to reproduce the azimuthal dependence of HEB and HC on the external field, the
dependence of HEB on the AFM layer thickness, and training effects [Rad08].

4.2 Polycrystalline models

The previously discussed models do not take into account the polycrystalline nature of the
sputtered layers. The first approach to polycrystalline structures was done by Fulcomer and
Charap [Ful72]. They described the AFM layer as consisting of small particles that only interact
with the FM layer. The interaction takes place by uncompensated spins that are exchange
coupled to the FM layer. Since the grains possess different sizes and shapes, they also assumed
a distribution of anisotropies and coupling strengths. Further, they introduced a thermal stability
for each particle depending on their properties, the external field frequency, and the temperature.
Depending on the repose of the grains by magnetization reversal of the FM layer, three types of
grains are defined. Particles that instantly follow the FM layer, because their coupling is much
stronger than the anisotropy for every given temperature. Particles with a larger anisotropy to
coupling strength ratio are superparamagnetic and follow the FM layer within the measurement
time. With even higher anisotropies particles become blocked, meaning that they keep their
orientation even in opposite saturation of the FM layer all over the measurement time. By this
blocking, the particles contribute to the EB shift, while the superparamagnetic and unblocked
particles contribute to an increase of the coercive field. Since the boundaries of the grain types
also depend on the temperature, the model is able to capture a range of effects connected to
measurement temperatures, like the decrease in the EB shift for increasing temperature or the
peak of HC at the blocking temperature. Many other models are based on the general idea of
Fulcomer and Charap [OG10].
The idea of different grain type has been extended by Soeya et al. [Soe96] to four distinct types
of grains. This separation is based on the idea that AFM grains possess two orientations for
which the energy is minimized [Ehr05, Ehr06]. Both minimums, a local (antiparallel to the
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field) and a global one (parallel to the field), are separated by an energy barrier given by

∆E = E1 −E2

(
1− E2

4E1

)
, (4.8)

with E1 = KAFMVgrain and E2 = JEBAgrain. Both given by the grain volume Vgrain and interface
area Agrain. Due to thermal fluctuations, grains can relax from the local to the global one or
vice versa into the local one with relaxation time τ . The grain types are now defined by their
relaxation time compared to the experiment time. Type I grains possess a small energy barrier
resulting in a random occupation of the minimums, independent of the external field. These
grains are called superparamagnetic. Type II grains can relax into the global minimum within
the measurement time. In a hysteresis measurement, those grains follow the FM layer and there-
fore contribute to the increased coercive field. Type III grains do not relax into the minimum,
because the energy barrier is too high. But type III grains can be aligned at high temperatures,
e.g., in the field cooling (FC) process. Type III grains, therefore, contribute to the EB shift.
Type IV grains do not relax into the global minimum even in the FC process and are therefore
randomly oriented and do not contribute to the macroscopic EB effect [Mer20].
On the basis of the above given separation, a time-depended Stoner-Wohlfarth approach was
introduced by Müglich et al. in [Mü16] and recently improved by Merkel et al. in [Mer20].

4.3 Polycrystalline model of Harres

The basis for the micromagnetic simulations is the model of Harres et al. [Har12]. Here, a
polycrystalline AFM layer with a granular interface is assumed. Each grain possess a small net
magnetization due to uncompensated spins and is exchanged coupled to the FM layer. The AFM
grains are characterized by their behavior when the FM layer is changing its magnetization.
Grains can either be stable, meaning that they keep their orientation, or unstable, e.g., following
the FM layer by remagnetization. By this classification, an understanding of the EB shift and
increase of the coercive field HC compared to unbiased systems is possible.
The energy contribution of each grain is given by

KAFM,ivi sin(βAFM,i − γAFM,i)− JEB,iai cos(βF −βAFM,i), (4.9)

where i stands for the ith grain possessing its own anisotropy KAFM,i, orientation βAFM,i, volume
vi, interface area ai and exchange coupling constant JEB,i. Following the Stoner-Wohlfrath
model all energy contributions need be summed up. In summary the energy reads

E(βF) = µ0HMS
FV cos(βF −φ)+KFV sin(βF − γF)

+∑
i

KAFM,ivi sin(βAFM,i − γAFM,i)− JEB,iai cos(βF −βAFM,i)
(4.10)
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with total volume V of the FM layer. The first line is the energy given by the Zeeman energy and
the anisotropy energy for the FM layer, and the second line sums up all energy contributions
of the grains. A possible Zeeman energy of the AFM grains is thereby neglected. Again, in
general, four types of grains can be separated:

• Superparamagnetic grains with no stable magnetization.

• Grains that have a stable magnetization but rotate directly the FM layer, called rotatable
or unstable grains.

• Grains that are fixed in direction by the FC direction, called pinned or stable grains.

• Grains that are fixed but independently of the FC direction.

The superparameganetic and unset grains are neglected in their model by assuming that they
average out over the sample volume. Following that assumption, only two types of grains are
considered. The stable grains are pointing in the EB direction and contribute therefore to the EB
shift. The unstable grains follow the FM layer and contribute to the increase of HC. Simulation
results indicate that the EB field is increasing with an increasing number of set grains, while
the coercive field is decreasing. With this model, Harres et al. were also able to reproduce the
experimental results of a sputtered Co/IrMn system and training effects could be captured. As
a last important remark, it is worth noticing that a grain is not classified set or rotatable just by
their anisotropy, rather than by the ratio between anisotropy and exchange coupling strength.
Large grains with high anisotropy can also be rotatable if the coupling to the FM is strong
enough.

4.4 Micromagnetic model of De Clercq

All the discussed models so far are based on the ideas of Stoner and Wohlfarth. The remagne-
tization takes place only by coherent rotation. Furthermore, the effects occurring due to stray
fields are neglected since only full film systems are simulated. To simulate the nucleation pro-
cesses, micromagnetic simulation can be used. The concrete basis for the used model here is
the model of De Clercq [Cle17] for uncompensated interfaces.
The simulation tool used is Mumax3 [Van14], which is a micromagnetic simulation program,
that is using the finite difference method to solve the Landau-Lifschitz-Gilbert (LLG) equation
with appropriate discretization. In the context of micromagnetic simulations, layers are meant
to be layer of the discretized volume rather than layers in the multi-layer thin film system. Here,
only the FM and FM/AFM interface is simulated, neglecting all other layers of the system. Fur-
ther information regarding Mumax3 and GPU optimization can be found in [Van14, Lel18].
The idea of De Clercq is to simulate the AFM interface as a pseudo-AFM layer, by using
a FM layer for the uncompensated spins and neglecting the bulk of the AFM. The layer is
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given effective parameters, e.g., realistic anisotropy, as it would be an AFM. For simplicity, the
pseudo-AFM layer is simply called AFM layer, even though it actually is a FM layer. The layer
is then exchanged coupled to the lowest FM layer. To gain realistic exchange coupling energies
a scaling factor can be set between the AFM and the lowest FM layer. Energies in Mumax3
generally depend on the cell volume, rather than on the interface area. Therefore, the interface
exchange energy needs to be converted into a volume energy by the scaling factor.
The exchange energy density between two neighboring cells with magnetization m⃗1 and m⃗2 and
saturation magnetizations M1 and M2 is given by

ε =−1
2

M1m⃗1 · B⃗exch,1. (4.11)

The exchange field Bexch,1 is given by

B⃗exch,1 = 2Sα

(
m⃗1 − m⃗2

∆2

)
with α =

2
M1
A1

+ M2
A2

. (4.12)

Thereby, is ∆ the distance between the cells and A1 and A2 the exchange stiffness. Further is S

the scaling factor mentioned above. Which is given by

S =
JICz

α(M1 +M2)
, (4.13)

with Cz, the height of the cell. In the case of FM/AFM interfaces are M1 = MS
FM, M2 = MS

AFM,
A1 = AFM and A2 = AAFM the saturation magnetization and exchange stiffness of the FM and
AFM layers.
In order to get the correct interface energy density JI, the exchange stiffness at the interface
AI = JICz/2 needs to be symmetrical for the FM and AFM cells. This is realized by setting
MS

AFM = MS
FM. This first seems unrealistic, but since the magneto static energy is neglected in

AFM cells, the assumption has no further influence on the simulation results. Furthermore, the
effective field is only changing its absolute value and not its direction. This leads to a scaling
in time, but since only static energy minimization is performed, the same energy minimum will
be found.
The AFM layer is split into grains via Voronoi Tessellation [Lel18]. Each grain receives ran-
domly a region number within a defined interval. In total 256 regions can be defined. A region
is then further characterized by a set of material parameters. By this, different material param-
eters can be given to grains, making them rotatable or fixed like in the model of Harres et al..
In other words, a region is a representation of a certain volume in the simulation with defined
properties.

In [Cle16] and [Cle17] the model has been used to simulate training effects in Co/CoO sys-
tems. The system was discretized in 2,5nm x 2,5nm x 3nm cells with a total simulation size
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Figure 4.2: Simulated hysteresis loop for a FM Co layer. Shown are the average magnetizations
in the x (red) and the y (blue) directions in the dependence on the external field Bext
in the x-direction for the first and second hysteresis cycles. Taken from [Cle17].

of 512 x 512 x 11 cells, where the lowest layer is used for the AFM layer. To simulate a full
film system, periodic boundary conditions (x = 10, y = 10, z = 0) were used. The volume
was further split into grains of 12nm size with Voronoi Tessellation. For the FM layer a sat-
uration magnetization of MS

FM = 1400kA/m, an exchange stiffness of AFM = 30pJ/m, and an
anisotropy of KFM = 2.0 ·104 J/m3 with an angular distribution of 10° around the easy axis were
set. For the AFM layer, the grains were split into two categories. 30% of the grains are fixed
and 70% are rotatable. The ratio is rather arbitrary since, as they argued, experiments show
that pinned grain densities can range from a few percent [Ohl03] to 80% [Wu10]. The pinned
grains possess a high anisotropy of KAFM,pin = 2.7 ·107 J/m3 and the rotatable grains possess an
anisotropy of KAFM,pin = 2.0 · 106 J/m3. The smaller anisotropy allows those grains to follow
the FM magnetization. The exchange stiffness for the AFM grains was set to AAFM = 4.0pJ/m.
Last, the exchange coupling constants for the interfaces were set to AI,pin = 6.9 ·10−12 J/m and
AI,rot = 1.1 · 10−11 J/m for the pinned and rotatable grains. A simulated hysteresis loop can be
seen in Fig. 4.2 for two consecutive hysteresis cycles. The first hysteresis loop possess an EB
field of BEB = 35mT and a coercive field of BC = 42mT. The second loop possess a reduced
EB field of BEB = 22mT and a reduced coercive field of BC = 29mT. By this, it can be seen
that the athermal training effect could be reproduced. The thermal training effect could not be
reproduced, since the simulations were performed at 0K [Cle16, Cle17]. The results of their
model are a reference for the simulations presented in the next chapter.
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In the last chapter, an overview of different models was given. Especially the model of De
Clareq will be the basis for most of the simulations here. Using their results as a fundament,
further full film simulations will be presented. Besides the pinning ratio, the ferromagnetic
(FM) and antiferromagnetic (AFM) layer thicknesses, the angular distribution of anisotropies
will be revisited. Afterward, simulations for the different geometries will be presented. The
simulations will be compared to experimental results provided by Sapida Akhundzada in the
scope of a PhD thesis. The experimental observations delivered suggestions for development
and modification steps of the model. In agreement with the experimental results, the theoreti-
cal model will deliver information about the physical background and origins of the observed
phenomena. The validated theoretical model will further be used to simulate magnetic sample
geometries and predict their magnetic behaviour well in advance of the experimental realiza-
tion. Thereby, an edge region will be defined, allowing to incorporate edge effects, e.g. effects
of the lithographical process or the ion bombardment (IB) in the case of the embedded geome-
tries. Why this was necessary will also be explained by unfolding the steps taken to build the
model. Besides that, simulations of embedded squares and discs will be presented, which have
not been investigated experimentally so far.
The presented simulations, aim to reproduce a Ni81Fe19(FM)/Ir17Mn83(AFM) exchange bias
(EB) system. The NiFe layer has a thickness of 10nm in the experiment. In the simula-
tions, the FM layer is 9nm thick, due to the fixed cell size of 3nm. Typical parameters
for a Ni80Fe20(FM) layer are an exchange stiffness of AFM = 13 · 10−12 J/m and a saturation
magnetization of MS

FM = 796kA/m [Hei08]. Even though this is a slightly different compo-
sition, it will be used as a reference. Using both parameters, an exchange length [Abo13] of
lex =

√
2AFM/µ0MS

FM ≈ 5,7nm can be calculated. This justifies a cell size of 5nm x 5nm
x 3nm, as it is used in all simulations presented here. As mentioned in Chap. 3.1.1, after
sputtering a polycrystalline structure is obtained, leading to a vanishing crystalline anisotropy.
Nonetheless, a small uniaxial anisotropy can be present due to the applied magnetic field in the
sputtering process. This is taken into account with a small anisotropy of K1 = 1000J/m2.
For the AFM an exchange coupling of AAFM = 1.1 · 10−11 J/m has been chosen for both the
pinned and rotatable grains. To pin the set grains, an anisotropy of KAFM,pin = 2.7 · 108 J/m2

was used. This value has been taken from [Cle17] and could have been chosen way smaller, but
as long as the grains are pinned, the value is rather arbitrary. The interface exchange coupling
constant was set to JI,pin = 1.8 ·10−4 J/m. In Mumax3 the exchange energy is a volume energy.
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Figure 5.1: Visualization of the basic model used here. The FM layer (blue) consists of three
layers. The AFM layer is split into rotatable (yellow) or pinned (orange) grains.
Further the exchange stiffnesses Ai, the interface coupling constant JI and the cell
dimensions C are indicated. The exchange coupling between the grains is deacti-
vated.

To get the correct interface energy, it needs to be mapped from a 2D surface to a 3D volume.
This is achieved by setting a scaling factor S, as explained in Chap. 4.4.
Given a cell height of Cz = 3nm, the grains stay pinned since KAFM,pinCz ≫ JI,pin. For the
rotatable grains, a value of KAFM,rot = 4000J/m2 has been set. Further, the interface exchange
coupling constant for the rotatable grains was set to JI,rot = 0.4 · 10−4 J/m. This results in a
rotatability of the grains, since KAFM,rotCz < JI,rot. The described system with the introduced
parameters is visualized in Fig. 5.1. The exact ratio between pinned and rotatable grains de-
pends on the respective simulation and will be mentioned each time. The AFM was split into
grains by Voronoi-Tesselation [Cle17] represented by the regions 0 - 199 in MuMax3. To re-
alize a pinning ratio of x percent, simply the first 2x region received the parameters for pinned
grains, while the rest were set to the rotatable grains. All AFM grains possess no demagnetiza-
tion field and do not interact with each other. Further, no interaction with the external field is
assumed. For receiving a hysteresis curve, a ’for loop’ was defined starting at a field strength
of Bmax = 50mT and stepping in ∆B = 0.5mT field steps down to Bmin =−50mT and up again.

x

y mz = 0.5

mz = 0

mz =−0.5a) b)

Figure 5.2: a) Representation of the in-plane field direction and the corresponding color is given.
A magnetic field pointing in positive x-direction is given by a red color for instance.
b) The effect of a out-of-plane component for the color brightness is shown. A
positive out-of-plane component leads to lighter colors, while a negative component
leads to darker colors.
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Each step, the system was relaxed by the ’Relax()’ function. To avoid artifacts, the field and the
easy axis are slightly canted by an angle of 3◦ to each other, as it is also done in other micromag-
netic simulations [PZL20]. At each field step, the magnetization of the AFM and FM top layer
was saved as an image and a 3D matrix. In the images, the magnetization direction is indicated
by a color. In Fig. 5.2 a circle is given, showing which color represents which magnetization
direction. Besides that, the brightness represents the out-of-plane component. A positive z-
component leads to a lighter color and a darker color indicates a negative z-component.

5.1 Full film simulations

Full film simulations were performed to investigate the basic capabilities of the model described
above. As already said, the model is based on the model used in [Cle16] and [Cle17], but
the material parameters have been changed as described above. Periodic boundary conditions
(PBC) have been set to x = 10, y= 10, and z= 0 to avoid edge effects. At the same time, the cell
size was set to 5nm x 5nm x 3nm, still matching the required size below the exchange length
lex ≈ 5.7nm. The simulation volume is given by the cell size multiplied by the discretization
of 512 x 512 x 4 cells. The bottom layer is the AFM layer, modeled as described in Chap. 4.4
and representing the interface moments. All anisotropies are aligned parallel to the field axis.
In Fig. 5.3 a simulated hysteresis is shown. In this simulation the pinning ratio was at 30%,
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Figure 5.3: a) Hysteresis loops gained by a full film simulation for a pinning ratio of 30%.
Shown are the parallel and perpendicular magnetization M in dependence on the
external field Bext b) The corresponding magnetization of the FM and AFM layer is
given in positive and negative saturation. In negative saturation the pinning of the
pinned grains is clearly visible in the AFM layer.
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meaning that 30% of the grains were pinned and the remaining 70% were rotatable grains. In
Appendix 7.2 an example code for the full film simulations is given. The resulting hysteresis
shows an EB field of µ0HEB = 8.0mT and a coercive field of µ0HC = 4.5mT. Both values are
close to experimentally observed values of 6mT and 2mT (see. Fig. 5.10), indicating that the
chosen parameters are acceptable. Nonetheless, the coercive field is overestimated by a factor
of 2. Besides that, the AFM layer at different field strength can be seen in Fig. 5.3. In positive
saturation of the FM layer, the rotatable and pinned AFM grains point into the same direction.
In negative saturation, the rotated AFM grains are clearly visible, since they are magnetized
in the negative direction, while the pinned AFM grains keep their initial orientation. All in
all, the model replicates a realistic hysteresis loop. The steep hysteresis branches indicate,
that the remagnetization takes place by spin-flip. This can also be seen in the images of the
magnetization. The rotatable and pinned grains behave as expected, meaning that they follow
the FM layer or stay pinned respectively. In the following, parameter variations are done and
investigated in detail to gain more insights of the EB system’s behavior.

5.1.1 Number of pinned grains

In [Har12], the ratio between pinned and rotatable grains was varied in their extended Stoner-
Wohlfarth model. With an increasing number of pinned grains the EB field was increasing,
while the coercive field was decreasing. Similar simulations have been performed with micro-
magnetic simulations and the introduced MuMax3 model. The ratio between pinned and rotat-
able grains was varied between 0% and 100% in 10% steps. The resulting values for µ0HEB and
µ0HC are plotted in Fig. 5.4. The linear trend is clearly visible. The EB field linearly depends
on the amount of pinned grains. In case of no pinned grains, the EB field is vanishing, as ex-
pected. The maximum field of µ0HEB = 25.5mT is realized when all grains are pinned. It can
be concluded that the pinned grains are responsible for the EB effect. With the model of Meikle-
john and Bean, one would expect an EB field of µ0HEB,MB =−pJI,pin/(MS

FMtF), with a pinning
ratio p. For p = 1 and the simulation parameters (JI,pin = 1.4 · 10−4 J/m, MS

FM = 796kA/m,
and tF = 9nm), the theoretical result reads µ0HEB,MB = 25,06mT, and is therefore perfectly
matched. Keeping in mind that the experimental results were closely matched, the used inter-
face coupling constant and the chosen pinning ratio of 30% seem acceptable. Opposed to that,
the coercive field is decreasing with increasing number of pinned grains. Starting at 5.6mT the
field is decreasing to 2.0mT when all grains are pinned. Here, it can be noticed that the often
observed increase in the coercive field in EB systems is connected to the rotatable grains. Using
again the model of Meiklejohn and Bean, a coercive field of µ0HC,MB = 2KF/MS

FM = 2.5mT
for full pinning would be expected and is nearly matched by the simulations. Here it was as-
sumed, that the applied magnetic field in the sputtering process, leads to a small anisotropy
of KF = 1000J/m3. Summarizing the results, it can be concluded, that the influence of the
pinned and rotatable grains is correctly modeled. The observed influence of the pinned and
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Figure 5.4: In blue the EB field and in violet the coercive field for simulated pinning ratios from
0% to 100% are plotted. The EB is linearly increasing, while the coercive field is
decreasing with increasing pinning ratio.

rotatable grains by Harres et al. [Har12] could be reproduced. When taking a look at the per-
pendicular magnetization an asymmetry can be observed (see Fig. 5.3). This asymmetry can
be characterized by ξ = mperp,1−mperp,2, with peaks of the perpendicular magnetization mperp,1

and mperp,2 [Cam05] and is also depending on the pinning ratio (Fig. 5.5). With an increasing
number of pinned grains, the asymmetry is first increasing and then decreasing again. This
observation strengthens the fact that the asymmetry cannot be observed in non-EB systems and
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Figure 5.5: Plot of the asymmetry ξ = mperp,1 −mperp,2 given by the peaks in the perpendicular
magnetization mperp,i, simulated with an angle of 7◦ between EB field and external
field. With increasing number of pinned grains, the asymmetry is increasing until it
reaches a maximum and decreases afterwards.
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therefore is connected to the EB effect. To be more precise, for no pinned grains, the asymmetry
is vanishing. A maximum can be observed at 40% of ξ = 0.12. Afterwards the asymmetry is
decreasing to ξ = 0 again.
As it has been described in Sec. 2.6.1, the asymmetry is only present if there is a angle between
EB direction and the direction of the external field. Interestingly the position of the maximum
of ξ depends on this angle. Simulations at different angles between the EB field and the external
field have been performed showing that the maximum shifts towards lower pinning ratios with
increasing angles. For a small angle of 3◦, the maximum is reached at a pinning ratio of 70%,
for 5◦ at 60%, for 7◦ at 40% and for a angle of 10◦ already at 30%. In [Cam05] simulations
based on the Stoner-Wohlfarth model showed, that there is a critical angle αC under which a
asymmetry is observable. An increasing EB strength leads to a decreasing critical angle. This
explains why the peak is moving towards smaller pinning ratios with increasing angle.

5.1.2 Ferro- and antiferromagnetic layer thickness

Interesting properties are the influence of the FM and AFM layer thicknesses. For investigating
the influence of the FM layer thickness, the model has been slightly changed. Simple changing
the cell size is not sufficient, since the AFM layer thickness would be changed. Therefore, the
cell height was set to 1nm and the FM thickness was changed by changing the number of layers.
To keep the parameters for the AFM untouched, the interface was simulated by three AFM
layers, resulting again in a total height of 3nm for the interface. The FM thickness was varied
between 3nm and 9nm or three to nine layers. All other parameters were kept unchanged.
In Fig. 5.6 the resulting EB and coercive fields are plotted. The EB field clearly shows the
expected 1/tF dependence, while the coercive field is also slightly decreasing. The reason for
the decrease is unclear. Taking a look at the magnetization of the FM, it can be seen that the
FM layer is more rigid, meaning the spins stay more aligned with each other. The effect is only
weakly present but could be a possible reason. In [Mer22b] experiments for different FM layer
thicknesses showed, that the coercive field is increasing like the exchange field with decreasing
FM layer thicknesses. This behavior could not be reproduced in the simulations.
For the AFM layer, the approach is different. Since only the interface is simulated, the thickness
cannot be simple reduced or increased. Theoretically one would expect a steep decrease of the
EB field below a critical thickness. Following [Mer22a] and [Mer22b], this is connected to a
change in the pinning ratio. Below the critical thickness, grains do not possess enough volume
to be pinned and therefore the pinning ratio is decreasing in favor of increasing the number of
rotatable grains. To simulate this behavior, the anisotropy of the pinned grains is multiplied by
the thickness. Resulting in an effective anisotropy

Keff = KAFM,pin · tAFM/tAFM,ref, (5.1)
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Figure 5.6: Plot of the simulated EB (blue) and coercive (violet) fields against the FM layer
thickness at three AFM layers of 1nm each. The EB field shows the expected 1/tFM
thickness dependence.
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Figure 5.7: Plot of the simulated EB (blue) and coercive (violet) fields against the AFM layer
thickness at a FM thickness of 9nm. Below a critical thickness the EB field is
vanishing. At the same time the coercive field is increasing. Above the critical
thickness the coercive field is decreasing and the EB effect is occurring.

with reference thickness tAFM,ref. By choosing KAFM,pin = 100000J/m2 and tAFM,ref = 10nm,
the steep decrease could be simulated, as can be seen in Fig. 5.7. Besides that, also the peak in
the coercive field could be observed. The determined critical thickness is tAFM,crit = 4nm. At
tAFM,crit, Keff · tAFM,crit is 1.5 ·10−4 J/m. At the same time, the coupling is JI,pin = 1.8 ·10−4 J/m.
For lower thicknesses, the grains are rotatable, while for larger thicknesses the grains are pinned.
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5.1.3 Angular distribution of anisotropies

So far, all anisotropies were perfectly aligned with the easy axis. A further question is the in-
fluence of the angular distribution of the grain’s anisotropies. In the following simulations, two
angles for the pinned grains αpin and the rotatable grains αrot have been defined. Within the
limits of these angles, the anisotropy axes of the grains are randomly distributed. To be more
precise, when initializing the grains, the anisotropy axis is defined. The angle between this axis
and the x-axis is smaller than αrot or αpin but randomly chosen. The pinning ratio was 30%.
Foremost, αrot was varied from 0◦ to 180◦ in 10◦ steps, while keeping αpin constant at 0◦,10◦

and 20◦. The results for µ0HEB and µ0HC can be seen in Fig 5.8. The EB field stays constant
for all αrot at about 6mT. The coercive field is decreasing with increasing angular distribution
until reaching a plateau at about 3mT. The decrease is about the same for all distributions.
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Figure 5.8: Shown is the simulated EB field (blue) and coercive field (violet) in dependence of
αrot for αpin = 0◦ (solid line, square), 10◦ (dashed line, pentagon) and 20◦ (dotted
line, hexagon).

Second,αpin was varied from 0◦ to 180◦ in 10◦ steps, while keeping αrot constant at 0◦,90◦ and
180◦. The results for µ0HEB and µ0HC can be seen in Fig. 5.9. This time, a strong dependence
of the EB field can be seen. The wider the anisotropies are distributed, the weaker the EB effect.
This corresponds to the importance of the field cooling (FC) process. After sputtering without
applied field no EB effect can be observed. This is represented by a wide distribution of the
grain’s orientations. The FC process aligns the grains along the field axis reducing the angular
distribution and thereby creating the EB effect.
Opposed that, no dependence of the coercive field on αpin can be observed, even though a small
peak around 80◦ can be seen. Nonetheless, the coercive field is larger for αrot = 0◦ compared
to αrot = 90◦ and αrot = 180◦.
It can summarized, that the angular distribution of the rotatable grains does not influence the
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Figure 5.9: Shown is the simulated EB field (blue) and coercive field (violet) in dependence of
αpin for αrot = 0◦ (solid line,square), 90◦ (dashed line, pentagon) and 180◦ (dotted
line, hexagon).

EB field. The coercive fields are decreasing but only slightly with increasing angular distribu-
tion. The angular distribution of the pinned grains has a much larger influence and indicates
that the pinned grains need to be aligned properly to show an EB effect, as it has been done
experimentally for instance with FC.

5.2 Freestanding micro stripes

The main goal of this work is to understand the remagnetization behavior during magnetiza-
tion reversal of freestanding EB micro stripes (see Fig. 5.10), as investigated experimentally
by Sapida Akhundzada. In Fig. 5.10 the experimentally observed EB fields and coercive fields
are plotted against the stripe width. Interestingly, the EB field is increasing with decreasing
stripes width. In the modeling approaches so far this behavior has not been observed. Besides
that, two different remagnetization behaviors for the hysteresis branches can be observed. On
the decreasing field branch (DFB) nucleation takes place first on the center of the stripes. On
the increasing field branch (IFB) nucleation takes place first on the edges of the stripes. In
the following, this remagnetization behavior is simply called asymmetric. Several different ap-
proaches were attempted for reproducing the EB dependence and this remagnetization behavior.

First of all, a simple model was tried out, by simulating the EB effect by an additional field.
Only the FM layer of the stripe was modeled with the parameters given above, neglecting the
AFM layer. The stripe was simulated as a cuboid with dimensions smaller than the simulation
volume. By this, the stray fields were also taken into account. The stripes were simulated with
a width between 50nm and 5µm. The EB field was included with an additional field (custom
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Figure 5.10: Experimental results for the freestanding EB mirco stripes obtained by Kerr mi-
croscopy. a) The dependence of HEB and HC on the stripe width is plotted. Espe-
cially the 1µm stripes show a much stronger EB effect. b) The remagnetization
behavior for the 5µm stripes can be seen. On the DFB the nucleation starts in
the middle of the stripes (white area), while in the IFB the nucleation starts on the
edges (black area). Taken from [Akh22].

field). As expected the resulting EB field was constant and equal to the implemented custom
field. The coercive field showed the expected inverse proportionality to the stripe width. Fur-
thermore, the nucleation took place as expected, meaning nucleation first in the middle on both
field branches. In summary, the experimentally observed effects cannot be explained by a con-
stant EB field and changes in the stray field due to the width of the stripes.
Next up the model used for the full film simulations has been used to simulate the stripes, by
limiting the dimensions in the y-direction between 500 and 2500nm. In Fig. 5.11 the EB field
and coercive field in dependence on the stripe width are plotted. As one can see, the EB field of
about 6mT is basically independent of the stripe width, maybe slightly decreasing with decreas-
ing stripe width. The coercive field is increasing with decreasing stripe width due to increasing
shape anisotropy. Starting at 6mT for the 2.5µm stripes, the coercive field is increasing to
12.5mT at the 750nm stripes. Besides that, the remagnetization behavior is not captured cor-
rectly within the simulations. The magnetic reversal is always starting in the middle of the
stripes and not on the edges on the IFB as seen experimentally.
Since the above mentioned approaches did not show the desired behavior, the model was further
changed. On the DFB the nucleation is retarded at the edges, while on the IFB the remagne-
tization begins at the edges, indicating different magnetic properties in the edges compared to
the center of the stripes. This behavior can be understood by an increased exchange coupling
between the AFM and the FM layer in a certain region on the edges. With decreasing stripe
width, the relative influence of this region will increase, if one assumes that the size of this
region is constant. With this assumption, both observations can be explained. The increase in
the EB field due to the increasing influence of the edge region with decreasing stripe width and
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Figure 5.11: Shown is the simulated EB field (blue) and coercive field (violet) in dependence on
the stripe width. The EB field is nearly constant around 6mT, while the coercive
field is increasing with decreasing stripe width from 6mT to 12mT.

the nucleation asymmetry due to the stronger EB effect. A possible reason for such a region
could be the lithographical process leading to structural changes. In the following two different
modeling approaches are presented and also experimentally investigated for plausibility.
The model introduced in Chap. 5.1 has to be extended. On each side of the geometry an edge
region of 200nm has been defined. In MuMax3 this was realized by assigning the first 100 re-
gions to the edge region and the other 100 regions to the center part of the AFM interface layer.
By this, all parameters could be varied in the edges independently of the center part. The FM
layer was split into two regions in the same manner. Since the FM layer is not split into grains,
only two region numbers were necessary. In Fig. 5.12 the extended model is sketched. In total
two different parameters could be determined leading to the observed behavior. First, the num-
ber of pinned grains could be higher on the edges. Second, the saturation magnetization MS

FM

could be reduced. In the following, the two cases are investigated more closely. In Appendix
7.3 an example code for a stripe simulation with reduced MS

FM in the edges is given.

5.2.1 Increased number of pinned grains

As shown in Sec. 5.1.1, the EB strength is increasing with an increasing number of pinned
grains. When increasing the number of pinned grains in the edge region, the nucleation should
show the desired asymmetry, and the EB strength should increase with decreasing stripe width.
First of all, the remagnetization behavior was investigated. Therefore, the pinning in the edge
region was varied from 10% to 90% in 10% steps for a 1.5µm stripe. In Fig. 5.13 the nucleation
of the DFB and IFB are shown for the pinning ratios of 10%, 30%, 60%, and 70%. In the middle
region, the pinning ratio was kept at 30%. For a pinning ratio of 60%, the asymmetry starts to
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Figure 5.12: Schematic top view of the extended model for the stripes. The geometry is limited
in the y-direction and an edge region of 200nm has been defined with the possibil-
ity to define different material parameters. Besides that the layer structure and the
number of cells is indicated.

occur, For a pinning ratio of 70% and higher, asymmetry is clearly visible. Below 60% the
asymmetry is not present. This indicates that for the model presented here, the pinning ratio
needs to be at least 60% in the edge region.
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Figure 5.13: Remagnetization in the DFB and IFB for different pinning ratios in the edges.
With pinning ratios of 10% and 30% the desired nucleation in the IFB can not
be observed. At 60% the nucleation starts first in the edges and is even more
pronounced at a pinning of 70%.
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Figure 5.14: Simulated EB field (blue) and coercive field (violet) in dependence on the stripe
width with increased number of pinned grains in the edge region.

This approach has then been used for simulations of different stripe widths ranging from 500nm
to 2500nm, simulated with a pinning ratio of 60% pinned grains in the edges and 30% pinned
grains in the middle. In Fig. 5.14 the resulting EB fields and coercive fields are plotted. The
coercive fields show the expected inverse proportionality with the stripe width. The coercive
field starts at 6mT for the 2.5µm stripe and increases to 17mT for the 0.5µm stripe. The EB
field is also increasing with decreasing stripe width. For stripe widths above 1µm, the EB field
stays at about 6 to 7mT and increases to 10mT at 0.5µm. This strong increase could also be
observed experimentally as already shown in Fig. 5.10.
So far the influence of a higher pinning ratio in the edge region has been investigated. An
open question is, whether this is a realistic assumption. In [Mer22a] and [Mer22b] it is shown,
that the pinning of a grain is connected to the volume of a grain. A change in the grain size
distribution on the edges of a stripe could then result in a higher number of pinned grains. In
the following, a experimental study will be presented, investigating the grain size distribution
for the edge and middle region of a 5µm stripe. Assuming a columnar grain structure, the
interface area of a grain is proportional to its volume and it is therefore sufficient to determine
the interface area of a grain to get the grain’s volume.
A sample of 5µm stripes consisting only of the 5nm Cu buffer layer and a 30nm Ir17Mn83

layer has been fabricated. With an atomic force microscope the surface topology has been
measured and further investigated by the watershed algorithm in Gwyddion [Gwy22] to extract
the grain size distribution. Atomic force microscope images were measured on the left and
right edges and in the middle of the stripes. Each measurement was repeated five times on
different spots, which results in 15 measurements in total, to get a better distribution. The used
atomic force microscope was a commercial Nanosurf FlexAFM. The contact mode was used

63



5 Results

with a Nanosensors PPP-CONTR tip. The image size was set to 1024 x 1014 Px and a total
area of 500nm x 500nm was scanned, resulting in an ideal resolution of about 0.5nm x 0.5nm.
In Fig. 5.15 a) the raw data of the ’middle’ measurement is shown. Compared to [Mer22a]
the grain structure cannot clearly be seen. Within the time of the work, a comparable grain
image could not be reproduced as shown in [Mer22a], even by using the same parameters the
sputtering process and measurement parameters. Nonetheless, the results will be presented.
The raw data needs to be further optimized before the watershed algorithm can be applied, as
described in [Mer22a]. After applying a Gaussian filter [Gwy22], a sharpening [Gwy22] (both
with a filter size of 2.5nm) was performed. In Fig. 5.15 b) the result can be seen. Afterward,
the watershed algorithm was applied and segmentation was performed. Since the filter size
of the Gaussian and sharpening filter was set to 2.5nm, the minimum grain area is given by
A = πr2

min = 19.63nm2, as described in [Mer22a]. With the given resolution, this results in
A ≈ 82Px2. Further, for the watershed algorithm, the minimum droplet size was set to 10% and
a step number of five. For the segmentation, a step amount of 50 was set with a droplet size
of 10%. The parameters were chosen according to [Mer22a], to be able to compare the results.
The final step is the application of an inversion mask. Gwyddion also allows to directly extract
the grain radius distribution. In Fig. 5.16 the resulting distributions for the left, right and middle
regions are plotted. As can be seen, the determined radius distribution is quiet noise. To make
a statement on whether the distribution is different for the three cases, a lognormal function of
type

p(r) =
C√

2πσr
exp

(
−(lnr−µ)2

2σ2

)
, (5.2)

with proportionality factor C, standard deviation σ and expected value µ , has been fitted onto
the three distributions using the ’curvefit’ function in the scipy package [Sci23] and python
[Pyt23]. In Tab. 5.1 the determined parameters are given. For the left edge, a peak grains radius
of (5.63± 0.19)nm, for the right side, a peak radius of (5.70± 0.08)nm, and for the middle
region, a peak radius of (5.39±0.09)nm was determined. Comparing the three, indeed a small

a) Raw data b) Gaussian filter c) Sharpening d) Grain separation

Figure 5.15: Method to extract the grain radius distribution. a) The raw data gained by atomic
force microscopy is shown. After applying a Gaussian filter (b) and a sharpening
(c), the watershed algorithm was applied to extract a mask for the grains (d).
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5.2 Freestanding micro stripes

difference is present. Taking into account that the grains are not perfect cylinders and that this
measurement technique is only imaging the surface topology and not directly the magnetic AFM
grains, a clear statement cannot be made here. All in all the simulations indicate that higher
pinning in the edge region can be a possible explanation for the remagnetization behavior and
the increase of the EB field with decreasing stripe width. The measured grain radius distribution
indicates a small change in the grain radius within the measurement results. Nonetheless, the
difference is rather small and it is not clear if this small difference actually leads to a change in
the pinning ratio.

Table 5.1: Determined parameters C, µ and σ for the lognormal function.
Region C in a. u. σ in nm−1 µ in nm
right 473±24 0.531±0.023 1.984±0.026
mid 393±20 0.582±0.025 2.022±0.029
left 467±23 0.589±0.023 2.054±0.026
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Figure 5.16: Plot of the counted grains against their radius for the right edge (purple), middle
region (cyan) and left edge (blue). Furthermore, lognormal functions as given in
Equ. (5.2) are fitted.
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5.2.2 Decreased MS
FM

The second approach results in a decreased saturation magnetization in the edge regions. As
explained earlier, the EB field is given by

HEB =− JEB

MStF
, (5.3)

when considering the simple Meiklejohn and Beam model. A reduction of the saturation mag-
netization leads to an increase of the EB field, since HEB ∝ 1/MS. A reduced saturation mag-
netization in the edge region should therefore lead to the observed asymmetric nucleation and
the increasing EB effect with decreasing stripe width. First, the influence of the saturation mag-
netization on the remagnetization behavior was investigated. For the 1.5µm stripe, simulations
were performed with reduced MS,edge ranging from only 10% to 90% of the theoretical value
of MNiFe

S = 798kA/m. The pinning was kept at 30% in both regions. All other parameters are
the same as in the simulations before. The most important results are summarized in Fig. 5.17.
For all investigated MS,edge, magnetic remagnetization started in the middle for the DFB. On the
IFB, remagnetization normally takes place also in the middle of the stripes, but with decreasing
MS,edge, remagnetization starts increasingly on the edges, as it is desired for the experiments.
At only 60% the asymmetry is strongly visible. For the simulations, this reduction will be used.

60% 70% 80% 90%

DFB

IFB

y

x
z

Bext

Figure 5.17: Remagnetization in the DFB and IFB for different reduced saturation magnetiza-
tions MS,edge from 60% to 90% of MS in the edges.

After showing that a reduced MS,edge leads to the expected remagnetization, the idea will be ap-
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5.2 Freestanding micro stripes

plied to different stripe widths. With MS,edge = 0.6MS,middle stripes were simulated from 0.5µm
to 2.5µm. In Fig. 5.18 the resulting coercive and EB fields are plotted against the stripe width.
With decreasing stripe width, both fields are increasing. The coercive fields reach from 6.4mT
at 2.5µm to 19.5mT at 0.5µm. In the EB field only a small increase is visible for stripe widths
between 1.0µm and 2.5µm , but below 1.0µm the EB field is strongly increasing up to 10.7mT
for the 0.5µm stripe. The resulting fields are comparable to the experimental results given in
Fig. 5.10. This indicates the appropriateness of the chosen parameters.
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Figure 5.18: Simulated EB field (blue) and coercive field (violet) in dependence on the stripe
width with decreased saturation magnetization in the edge region.

To experimentally investigate the possible reduction of the saturation magnetization, stripes of
different widths have been fabricated. For each sample, the magnetic moment was measured in
a VVSM. By knowing the sample volume, layer thickness, and the stripe width, the magnetic
volume can be determined and the saturation magnetization normalized to the magnetic volume
can be calculated. By assuming a constant edge region of reduced MS, the calculated MS should
increase with increasing stripe width. In the following, the measurement procedure and the
results are layed down in detail.
By optical lithography, freestanding stripes with a width of 1,2,5, and 10µm have been fab-
ricated as explained in Chap. 3.1.3. The sample size was determined by a light microscope,
resulting in sample dimensions given in Tab. 5.2. The samples were then investigated further
in a VVSM. Hysteresis loops were measured, delivering results for the magnetic moments in
saturation along the easy axis. To find the easy axis the loops were measured for different angles
between 0◦ and 360◦ in 3◦ steps. The results for the easy axis magnetic moments are also given
in Tab. 5.2. Besides the sample dimension and its magnetic moment in saturation, the magnetic
volume needs to be known in order to determine the saturation magnetization. With an atomic
force microscope, the stripe’s widths and the spacings between the stripes were measured. The
non-contact mode was used. The image size was chosen to be big enough to cover at least
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two stripes and one spacing between them. The resolution was about 20nm (5nm for the 1µm
stripes), resulting in a precise determination of the widths. For each sample, five spots were
measured. By extracting a line profile in Gwyddion and fitting a step function, the width could
be determined. The resulting widths were average and the error was further estimated by the
sum of the maximum deviation of the measured widths from the average, the resolution of the
atomic force microscope, and the fitting error. The results are listed in Tab. 5.2. Typically the
stripe width is larger than expected by the lithographic mask, being a result form the different
process steps in the lithography. Extending on that, the ratio between the magnetic and non-
magnetic material could be determined and multiplied by the sample dimensions, resulting in an
approximation of the magnetic volume. Dividing the determined magnetic moment in satura-
tion with the magnetic volume leads to the saturation magnetization for each sample. The final
results are listed in Tab. 5.3. When taking a look at the determined saturation magnetization,
one can notice that it is increasing with increasing stripe width. If one assumes an edge region
of constant size for all stripes, then one can conclude that the edge region possess a reduced
saturation magnetization.
All in all it can be stated that the idea of an edge region with reduced saturation magnetization
is in agreement with the experimental results described above. Simulations show the expected
nucleation asymmetry and the increasing EB effect with decreasing stripe width.

Table 5.2: Measurement results for the sample area, stripe width, spacing and the portion of the
magnetic volume.

Sample Sample area Stripe width Spacing Magnetic volume in %
1µm (15.2±0.2)mm2 1.79±0.16µm 0.21±0.08µm 90±19
2µm (17.6±0.2)mm2 2.61±0.14µm 1.34±0.12µm 66±8
5µm (21.4±0.3)mm2 6.51±0.13µm 3.33±0.15µm 66±3

10µm (13.3±0.2)mm2 11.7±0.3µm 8.7±0.3µm 57±3

Table 5.3: Determined values for the magnetic moment in saturation and the corresponding sat-
uration magnetization.

Sample magnetic moment Saturation magnetization
1µm (4.89±0.04) ·10−2 emu (360±80)kA/m
2µm (5.44±0.04) ·10−2 emu (465±65)kA/m
5µm (7.08±0.08) ·10−2 emu (500±37)kA/m

10µm (4.36±0.05) ·10−2 emu (571±45)kA/m
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5.3 Embedded micro stripes

5.3 Embedded micro stripes

Besides the freestanding stripes, embedded stripes have been investigated. As explained in
Chap. 3.1.4, the embedded stripes were fabricated by IB at a dose of 2 · 1016 ions/cm2. The
stripes have a width of 1,2,5 and 10µm, with a spacing equal to their width. In Fig. 5.19 a
measured hysteresis loop for the 5µm embedded stripes is plotted. The loop show a double
hysteresis structure, where the upper part corresponds to the magnetization reversal in the bom-
barded areas. In those areas is the EB effect destroyed and the coercive field is strongly reduced
to about 2mT. The lower part of the hysteresis corresponds to the non-bombarded areas. Here,
the EB is still present. When comparing the different widths, it can be noticed that the coer-
cive field of the bombarded area is independent of the stripe’s width. For the non-bombarded
areas, the coercive field is increasing with decreasing stripe width from 6mT to 10mT. The
EB strength is decreasing with decreasing stripe width from 7mT to 5mT. This is the first
difference to the freestanding stripes, where the EB field was increasing with decreasing stripe
width. The second difference can be found in the remagnetization behavior. In Fig. 5.20 the
remagnetization behavior across a hysteresis loop is shown. First of all, the bombarded area is
flipping, while the stripes keep their magnetization. On the DFB the nucleation in stripes then
starts again in the middle, like in the freestanding ones. But on the IFB the nucleation also starts
in the middle of the stripes. Further, the magnetic reversal of the remaining non-bombarded area
is starting on the already nucleated stripes and quickly flips the complete bombarded area.
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Figure 5.19: a) Experimentally measured hysteresis loops with Kerr microscopy for the 5µm
embedded stripes. The observed double hysteresis structure corresponds to the
remagnetization in the bombarded and non-bombarded areas. b) The determined
values for the EB and coercive field are plotted against the stripe width. The bom-
barded area (dash line) process much smaller coercive fields and a vanishing EB
effect.
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a)

b)

c)

d)
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m =−1

Figure 5.20: Remagnetization behavior observed in the Kerr microscope by Sapida Akhundzada
on 5µm embdded stripes. In the DFB, first, all the bombarded areas are remagne-
tizing (a, black area) followed by nucleation in the middle of the actual stripes (b).
On the IFB again the stripes nucleate first in the middle (b, white), followed by the
bombarded area (d).

To model the observed behavior correctly, again, the model has been modified. The basic prin-
ciple is the same as in the simulations before. The simulation volume and its discretization
stay unchanged. The model considers two different regions. One for the bombarded area and
another one for the non-bombarded area, or the actual stripe. The actual stripe is centered in
the simulation volume and is only limited in its y-dimension. All material parameters are kept
similar to the full-film simulation or like in the middle region of the freestanding stripes. The
AFM layer is split into grains, which are either pinned or rotatable and interact with the lowest
FM layer, still with a pinning ratio of 30%. The rest of the volume is filled with the same layer
system, but with modified material parameters to simulate the IB, which is destroying the EB ef-
fect [Huc18, Mü18]. This is incorporated by setting the interface exchange interaction between
the AFM and FM layers to zero, meaning that the AFM and FM layers are not interacting with
each other. Furthermore, a reduction of the saturation magnetization can be observed [Mü16].
Therefore, the saturation magnetization is reduced to 30% in the bombarded area, which was
chosen to match the experimental observations. Lastly, the exchange stiffness was reduced to
50% to simulate material mixing and defect creation [Lel14]. In Fig. 5.21 the changed model
is sketched.
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Figure 5.21: Sketch representing the model (top view) for the embedded EB stripes. The actual
stripe is centered in the middle of the simulation volume and modeled exactly
like in the full-film simulation. The width ranges from 0.5µm to 1.5µm. The
rest of the simulation volume is filled with the same layer system, but with reduced
exchange stiffness Aex and saturation magnetization MS. Besides that, the interface
interaction is deactivated between the FM and AFM layers.

Simulations were then performed for stripe width ranging from 0.5µm to 1.5µm. In Fig. 5.22
a) a hysteresis for the 1.2µm stripe is plotted. The expected double hysteresis structure is clearly
visible. The upper part corresponds to the bombarded area and the lower part corresponds to
the non-bombarded area. The bombarded area possess a nearly vanishing EB field of 0.6mT
and a small coercive field of 2.3mT. The actual stripe has an EB field of 6.6mT and a coercive
field of 12mT. All values close to experimentally observed values, validate the appropriate-
ness of the chosen material parameters. In Fig. 5.22 the remaining results for the other stripe
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Figure 5.22: a) Simulated hysteresis loop for a 1.2µm embedded EB stripe. b) The resulting
EB and coercive fields of the bombarded and non-bombarded areas for the different
stripe widths are plotted.
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widths are plotted. Similar to the experiments, the coercive field of the non-bombarded area
is increasing with decreasing stripe width, generally being larger than in the experiments, even
though the stripes are smaller in the simulations. The EB field is more or less constant around
8mT and is therefore 2mT larger than experimentally observed. The bombarded area shows
a nearly vanishing EB field for all stripes, as expected experimentally. The slight EB effect is
connected to the interaction between the bombarded and non-bombarded FM layers and their
exchange stiffness. The coercive fields of the bombarded area are at about 2.5mT and match
the experimental observations very well.
Finally, the resulting remagnetization behavior will be investigated. In Fig. 5.23 images of the
FM magnetization on the DFB and on the IFB for a 1.5µm stripe are given, showing the most
important states. Unfortunately, the nucleation is not that clearly visible in the non-bombarded
area, but a trend can be identified. At −3.5mT the bombarded area is remagnetizing by an
instant spin-flip and at −12mT the non-bombarded area starts to nucleate in the middle. On the
IFB the non-bombarded area starts to nucleate in the middle at −2mT as well and is followed
by a spin-flip or fast rotation of the bombarded area at −0.5mT. The remagnetization behavior
observed in the experiments could therefore be reproduced by the simulations.

It can be summarized, that the model presented here is capable of modeling embedded EB mi-
cro stripes that are fabricated by IB. The calculated fields are close to experimentally observed
values and also the trends could be captured. Besides that, the magnetic reversal also takes

100mT −3.5mT −12mT

−100mT −0.5mT−2mTy

x
z

Bext

Figure 5.23: Simulated images of the FM magnetization at different external magnetic field
strengths Bext. The expected remagnetization behavior can be seen.
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place like in the experiments.

5.4 Freestanding squares and discs

Besides the freestanding stripes, other geometries have been investigated experimentally. A
closer look will now be taken towards freestanding squares and discs. The main difference
between those geometries and the stripes is a further spacial limiting in the x-direction. As ex-
plained in Sec. 3.1, the geometries have been fabricated by sputtering and a lithography process.
Instead of a lithography mask, electron beam lithography was used (see Chap. 3.1.3 or [Gau17]
for more details). Of special interest is the modeling of the hysteresis loop and the nucleation.
In Fig. 5.24 and 5.25 hysteresis loops and Kerr images of the nucleation processes can be seen
for geometries of 1µm and 10µm size.
First, a closer look at the squares will be taken. The 10µm squares possess a much larger EB
field compared to the 1µm ones. While the 1µm squares have an EB field of 0.6mT, the EB
field for the 10µm squares reaches 5.0mT. The experimental results presented here are not
final, meaning that the FC parameters might be not optimal. Considering this, the EB effect
of the 1µm squares might be increased in further experiments. Taking a look at the coercive
fields, it can be noticed that the coercive field in the 1µm squares is slightly larger, reaching
2.9mT compared to 2.3mT in the 10µm squares. Taking a look at the nucleation processes,
differences compared to the stripes can be seen. On the DFB, nucleation starts on the edges of
the squares parallel to the field direction. On the IFB, the nucleation starts in the middle. This
is the complete opposite as seen in the stripes.
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Figure 5.24: Plot of the measured hysteresis of the 1 and 10µm square geometries (a) and Kerr
images of the nucleation process for the DFB and IFB (b). The field direction is
indicated by the arrow on the right side.

When taking a look at the discs, one can notice a clear difference between the 10µm and 1µm
again. Not only is the EB field much smaller, but the shape of the hysteresis loop is also differ-
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ent. The hysteresis loop for the 10µm discs is similar to the squares, with an EB field of 4.5mT
and a coercive field of 2.3mT. The hysteresis loop of the 1µm discs possesses a small EB field
of 0.3mT in the opposite direction and a coercive field of 1.8mT. Besides changes in the two
fields, the shape is different. The structure shows a slight double hysteresis. Again, it needs to
be emphasized that the FC parameters might not be optimal for the geometries. Taking a look
at the nucleation, the overall process is the same as for the squares. On the DFB, the nucleation
starts on the edges, while on the IFB the trend is not that clearly visible. Some of the discs start
to nucleate on the edges and some nucleate first in the middle. An explicit statement can not be
made.
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Figure 5.25: Plot of the measured hysteresis of the 1 and 10µm disc geometries (a) and Kerr
images of the nucleation process for the DFB and IFB (b). The field direction is
indicated by the arrow on the right side.
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Figure 5.26: Schematic visualizing the simulation approach for the squares and discs (top view).
The total simulation size is again 2.56µm x 2.56µm, while the geometries have
a total size of 0.5µm to 2.5µm. For both geometries the edge region has been
defined with a size of 200nm.
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The simulation approach is still the same as in the case of the freestanding stripes, meaning
that the layer system and all material parameters are in general the same. This time, a further
spatial limiting in the x-direction was defined and the edge region of 200nm was defined in the
x-direction as well. In Fig. 5.26 the changes in the model are visualized for the squares and
discs. Since the remagnetization behavior is different compared to the freestanding stripes, dif-
ferent parameters need to be chosen. Since the nucleation is opposed to the freestanding stripes,
the idea of a stronger EB in the edges is discarded and replaced by a smaller EB effect in the
edges. The smaller EB effect was simulated by a reduced pinning ratio in the edge region. In the
middle region, the pinning was kept at 30%, while in the edge region, the pinning was reduced
to only 5%. In Fig. 5.27 a simulated hysteresis loop for a 2µm square is plotted. The EB field
can be determined to 5.8mT with a coercive field of 4.0mT and is thereby comparable with
the experimental result of 5.0mT for the 10µm squares. The coercive field is larger than the
experimental values for both the 10µm squares and the 1µm stripes. Besides that, the simulated
hysteresis loop is rounder that the experimental one, indicating slower remagnetization. In Fig.
5.27 the remagnetization process is shown. Unfortunately, the observed nucleation could not be
reproduced. On both field branches, the remagnetizations starts on the edges perpendicular to
the field. Afterward, a domain wall motion across the square can be observed, moving towards
the middle. The edges parallel to the field remagnetize at last. On the IFB, the situation is the
same as on the DFB but follows experimental observations.
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Figure 5.27: a) Simulated hysteresis loop for the 2µm square. b) Images of the magnetization
at different field strength are shown.

Next, a look is taken at the discs. The simulation is nearly the same as in the case of the
squares, but instead of a cuboid a cylinder has been used for the geometries. In Fig. 5.28 the
obtained hysteresis loop and images of the remagnetization for a simulated 2µm disc are given.
Compared to the squares the EB field is stronger, reaching 6.2mT, and the coercive field is
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weaker with 3.2mT. Besides that, the hysteresis loop is much sharper. Experimentally there
was no significant difference in the loops for the 10µm squares and discs. The difference in the
simulation might be reasoned by the different geometries and how they are discretized. In the
finite-difference method, all cells have the same size. For the discs, this leads to rough surfaces,
since the curve is modeled by cells of 5nm size. Opposed to that, the surface of the squares is
perfectly flat. This roughness is destabilizing the surface spins in the discs, leading to smaller
coercive fields and a sharper hysteresis loops. Taking a look on the remagnetization process,
one can see a difference to the square. On the DFB, nucleation starts to occur on the top edge
and a domain wall motion across the disc can be observed. On the IFB, remagnetization starts
again on the top but also on the bottom edge. Since the remagnetization takes place within one
simulation step, no further details are accessible, giving insights into the further remagnetiza-
tion process.
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Figure 5.28: a) Simulated hysteresis loop for the 2µm disc. b) Images of the magnetization at
different field strength are shown.

An open question is the dependence of the EB field and the coerceive field on the geometry size.
Simulations were performed for geometry sizes of 0.5µm to 2.5µm. In Fig. 5.29 the resulting
EB fields (blue) and coercive fields (violet) for the squares (solid line) and the discs (dashed
line) are plotted. As has been the case for the 2µm geometries, the coercive field of the discs
is always smaller than for the corresponding square. The EB fields do not show a clear trend, a
small decrease with decreasing size might be visible for the squares.
In summary, further geometrical structures like squares and discs have been simulated. The
experimentally observed squares and discs were modeled again with an edge region possessing
different parameters. Especially the simulated hysteresis for the squares matches the experimen-
tally observed one. The simulated discs show much smaller coercive fields and the hysteresis
loop is not fitting the experimentally observed one. Unfortunately, the remagnetization process
could not be modeled in detail. On the DFB, the remagnetization is not showing the same
nucleation as in the experiments. Here, it needs to be kept in mind, that the experimentally
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Figure 5.29: Simulated dependency of the EB field (blue) and coercive field (violet) for the
freestanding squares (solid line) and discs (dashed line) on their size.

investigated structures were larger then the simulated ones. The Kerr images show 10µm ge-
ometries, while the simulation was limited to 2.5µm. The optical resolution limit of the Kerr
microscope is further limiting the comparability. Changes to the model might improve the sim-
ulation results. Nonetheless, simulations for other sizes were performed and can be compared
to experiments in the future.

5.5 Embedded squares and discs

In this final section, simulations of embedded squares and discs will be presented. Until now,
no experimental results are present. The simulation results are therefore a possible forecast
for future experiments. In Sec. 5.3 the embedded stripes have been simulated, showing great
agreement with the experimental results and the simulation will therefore be adapted to embed-
ded squares and discs following the same idea. The layer system and all material parameters
are completely the same, only the geometries are different. For the squares, a cuboid with
quadratic floor space and for the discs, a cylinder was used, representing the non-bombarded.
The bombarded area, given by the rest of the simulation volume, is again modeled with a re-
duced saturation magnetization [Huc18], reduced exchange stiffness [Lel14], and vanishing
exchange interaction between the FM and AFM layers [Mü18]. In Fig. 5.30 the changes are
visualized.

In Fig. 5.31 simulation results for a 2µm embedded squares are visualized. In a) the cor-
responding hysteresis loop can be seen. Again, a double hysteresis structure can be identified
and as it can be seen in b) the upper part of the hysteresis accounts for the remagnetization of
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Figure 5.30: Schematic visualizing the simulation approach for the embedded squares and discs.
The total simulation size is again 2.56µm x 2.56µm, while the geometries have a
total size of 0.5µm to 2.5µm. The bombarded area filling the rest of the simulation
area.

the bombarded area. On the DFB, the bombarded area nucleates first of all on the left and the
right side of the squares. Afterward, the rest of the bombarded area and the actual square is
nucleating, starting on the edges perpendicular to the field and moving towards the center. This
is visible in the gradually decreasing hysteresis branch. Finally, the center rest of the square is
quickly flipping, resulting in a negative saturation and a fast decrease of the remaining hystere-
sis branch. On the IFB, the squares are nucleating at first, again starting on the edges, followed
by a flip of the hole square and the bombarded area perpendicular to the field. The bombarded
part parallel to the field nucleates at last.
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Figure 5.31: a) The obtained hysteresis loop for the 2µm embedded square, showing the ex-
pected double hysteresis structure. b) The corresponding magnetization of the FM
layer.
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In positive and negative saturation artifacts on the left and right side can be seen. These are
the result of the different saturation magnetizations, leading to a interface energy between bom-
barded and non-bombarded areas. The resulting EB field of the square reads 8.5mT. The
coercive field is given by 8.5mT as well. Compared to the other experiments the coercive field
seems to be overestimated, but the EB field doesn’t seem to be unrealistic.
In Fig. 5.32 further results for the EB field and the coercive fields of the embedded squares
are given. For the squares below 0.75µm and above 2µm the bombarded and non-bombarded
parts of the hysteresis could not be separated, so they are left out here. The EB field for the
bombarded area is vanishing for all stripes and the coercive field of the bombarded area is also
close to zero. For the non-bombarded area, the coercive field is increasing for decreasing square
size at first to 10.5mT for the 1.25µm square, but it then decreasing to 8.5mT again. The EB
fields are decreasing with decreasing square size from 8.5mT to 4mT for the smallest square.
Overall, the results are comparable with the embedded stripes.
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Figure 5.32: Simulated EB (blue) and coercive (violet) fields of the bombarded (dashed) and
non-bombarded (solid) areas for the different disc sizes.

The same approach was done to simulate the embedded discs. Instead of a cuboid a cylinder
was used. All other parameters are kept unchanged. In Fig. 5.33 the results for a simulated
2µm disc are given. In a) the obtained hysteresis can be seen. Again, a double hysteresis struc-
ture can be identified. As for the embedded stripes and squares, the upper part corresponds
to the bombarded area, while the lower part corresponds to the non-bombarded area. For the
bombarded area, the EB field and the coercive field are nearly vanishing, possessing only about
1mT. The actual disc is possessing an EB field of 5.5mT and a coercive field of 5.5mT as
well. Compared to the square, both fields are smaller and the hysteresis is much steeper. Since
this was also the case for the freestanding geometries, one can assume, that this is connected
to the geometry and finite-difference method, as explained before. Taking a look at the nucle-
ation, the overall remagnetization is the same as for the embedded square. On the DFB, the
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Figure 5.33: a) The obtained hysteresis loop for the 2µm embedded disc, showing the expected
double hysteresis structure. b) The corresponding magnetization of the FM layer.

bombarded area parallel to the field is nucleating first. Followed by a domain movement across
the remaining bombarded area. At −8mT the magnetization is flipping, resulting in negative
saturation. This fast reversal can also be seen in the steep hysteresis. On the IFB, the magnetic
reversal of the discs is again characterized by a fast flip at −2.5mT, just after a starting rotation
appeared at −3mT . In Fig. 5.34 results for the other disc sizes are given. The EB field
and coercive field of the bombarded area are nearly vanishing for all sizes and are in the range
between 0 and 2mT. The EB field of the disc itself is also quite constant at about 6mT and
only decreases to 4mT for the 0.75µm disc. For the coercive fields, the tend cannot be seen,
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Figure 5.34: Simulated EB (blue) and coercive (violet) fields of the bombarded (dashed) and
non-bombarded (solid) areas for the different disc sizes.
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5.5 Embedded squares and discs

since it increases first to 7mT for the 1.75µm disc and decreases to 5mT for the 1.25µm disc.
Overall a decreasing coercive field with decreasing stripe width can be expected experimentally.

In this chapter simulations of embedded EB squares and discs have been presented. The ge-
ometries possessed sizes of 0.5µm to 2.5µm. For all geometries, hysteresis loops were simu-
lated and the magnetic reversal process was investigated. Like in the case of the embedded EB
stripes, a double hysteresis structure was obtained. Except for the 0.5,0.75,2.25 and 2.5µm
geometries, where this double hysteresis structure was not visible due to the limiting simulation
volume. Besides that, trends in the EB and coercive fields were identified in dependence on the
geometry size. The simulations presented can be compared with experiments, which will be
performed in the future.

81





6 Summary and Outlook

In this work, micromagnetic simulations were used to investigate exchange-biased thin film pat-
terned micro geometries. Experimental results of NiFe(10nm)/IrMn(30nm) thin film systems
acted as a reference in terms of hysteresis loop properties and nucleation behavior within the
magnetic reversal process. The systems were produced by sputtering, lithographical processes,
and/or ion bombardment, resulting in freestanding and embedded stripes, cubes, and discs, with
sizes in the micrometer range between 1 and 10µm. To model the experimental systems and
reproduce the results, an existing model by De Clercq [Cle16] has been extended. For the
simulations, MuMax3 was used, which is a finite-difference-based micromagnetic simulation
program, that uses the GPU to accelerate the computation [Van14]. Furthermore, experiments
were performed to investigate certain simulation approaches for reasonability.
In principle, the model is only simulating the interface of the antiferromagnetic (AFM) layer.
The interface itself is simulated by a polycrystalline model, consisting of grains that are pinned
or rotatable. The pinned grains establish the exchange bias (EB) effect, while the rotatable
grains increase the coercive field. This idea is based on the assumptions of Fulcomer and
Charap [Ful72] and Harres et al. [Har12]. The total simulation volume was about 2.5µm x
2.5µm x 12nm, allowing the simulation of geometries in the micrometer range. The volume
is discretized in cubes of 5nm x 5nm x 3nm. Thereby, the top three layers are used for the
ferromagnetic (FM) layer and one more layer for the AFM interface.
In the first part of this work, the model by De Clercq [Cle16] was applied to full film simulations
and our Ni81Fe19/Ir17Mn83 thin film system. Using appropriate material parameters, a realistic
hysteresis loop could be produced. For the full film simulations, parameter studies were carried
out. By changing the number of pinned grains, the EB strength could be varied. Thereby, the
expected linear dependence was observed. Further, the coercive field was decreasing with an
increasing pinning ratio. The results of Harres et al. [Har12] could therefore be reproduced.
Extending on that, an asymmetry was observed, which dependence on the pinning ratio and the
angle between EB field and the external field, following the results of Camarero et al. [Cam05].
The dependence of the EB and coercive field on the FM and AFM layer thicknesses were also
simulated and showed the expected behavior. Only the dependence of the coercive field on
the FM layer thickness could not be reproduced. Lastly, the angular dependence of the grain’s
anisotropies was investigated, showing a strong dependence of the EB field on the angular dis-
tribution of the pinned grain’s anisotropy.
The model for the full film simulations was further used in the simulations for the patterned ge-
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6 Summary and Outlook

ometries. First of all, the freestanding micro stripes were simulated. By just limiting the width
of the full film to get a stripe, the desired nucleation behavior was not reached. On the decreas-
ing field branch (DFB), the nucleation should start in the middle, while on the increasing field
branch (IFB) the nucleation should start on the edges of the stripes. Besides that, experimental
results indicate an increasing EB effect with decreasing stripe width. The general requirement
to match the experimental results is an increased EB effect in an edge region on the left and the
right side of the stripes. Two possible cases were found to induce such a nucleation behavior.
An increased pinning ratio in the edges and a reduced saturation magnetization. By defining
an edge region of 200nm on each side, the two different properties could be included in the
simulation. In both cases, the experimental results could be reproduced. Doubling the pin-
ning ratio in the edges lead to the desired nucleation behavior and EB increase. Alternatively,
the saturation magnetization can be reduced to 60%, leading again to the desired results. The
two different approaches were further investigated experimentally, to test them for plausibility.
An increased pinning ratio could be explained by a structural change in the edges of the AFM
layer. An atomic force microscope was used to investigate the polycrystalline surface structure
of a 5µm stripe pattern consisting only of the IrMn layer at 15 different spots. By determin-
ing the grain radius distribution and fitting a lognormal function, the most probable radius was
determined. Here, no clear difference was observable. Opposed to that, VVSM measurements
indeed showed a decreasing saturation magnetization with decreasing stripe width if normalized
to the magnetic volume. Indicating that a reduced saturation magnetization in the edges can be
assumed.
Next, the embedded micro stripes were simulated. By ion bombardment (IB), the EB effect
was destroyed between the stripes. To reproduce the experimental observation, the simulation
approach was changed. The edge region was neglected, and the layer system was extended to
the full simulation volume. To incorporate the effects of the IB in the bombarded areas, the sat-
uration magnetization and exchange stiffness were reduced and the interface exchange coupling
between the AFM and FM layer was neglected. By this, the experimentally observed double
hysteresis loop could be reproduced with realistic properties. Further, the dependencies of the
EB and coercive fields on the stripe width could be reproduced in good agreement with the
experiments. Especially, the nucleation behavior could be reproduced in very good agreement.
On the DFB, the bombarded areas nucleate first, followed by a magnetic reversal in the stripe
center. On the IFB, first, the stripe’s center is nucleating, followed by the bombarded area start-
ing at the stripe’s edge. All in all, the embedded stripes could be modeled in great detail.
After simulating the stripes, freestanding squares and discs were modeled following the same
idea. To simulate the squares, a further spatial limiting was set, and the edge region was in-
cluded. Experimentally, the nucleation is different compared to the stripes. On the DFB, the
remagnetization starts in the edges parallel to the field, while on the IFB the nucleation starts
in the center of the squares. This behavior was tried to be incorporated by reducing the pin-
ning ratio in the edge region. Unfortunately, the nucleation process could not be reproduced.
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Even though, the obtained hysteresis loops are realistic, showing a more curved shape. The
discs were modeled by cylinders. Here, a strong change in the hysteresis loop was observed.
While experimentally there was no significant difference to the squares, the simulated loops
were much steeper and possessed smaller coercive fields. The reason is most probably located
in the finite-difference method used for the discretization and the limited capability to simulate
curved geometries. Using a finite-element-based solution should increase the simulation qual-
ity.
Finally, embedded squares and discs were modeled. Since there exist no experimental results
for those geometries, the results are an outlook for future experiments. The model is only
slightly changed from the embedded stripes by changing the stripes to squares or discs. Again,
a double hysteresis loop can be observed. In terms of magnetization reversal, the bombarded
areas nucleate first on the DFB, and on the IFB, the non-bombarded areas nucleate first. The
embedded squares themselves nucleate like the freestanding ones, while the embedded discs
are nucleating much faster by a spin-flip, which can also be seen by the steep hysteresis. The
limits of the finite-difference method need to be considered as well.
In future simulations, other geometries might be investigated, allowing to anticipate experimen-
tal results before the fabrication of those systems. Further, simulations of stray field landscapes
above a patterned EB system, like presented in [Ehr15, Gau16, Huh22], are possible and first
results are under investigation. Also, more complex effects like spin-spirals in multi-layered
EB systems should be achievable in future simulations. The presented results are therefore an
important basis for upcoming simulations. With increasing computation power and memory
capacity, larger geometries in the range of dozen micrometers could be simulated. Here, it
needs to be kept in mind that the computation time and memory consumption linearly scales
with the number of cells [Lel18], making larger cell numbers accessible in the future. Besides
increasing the simulation volume, the cell size could be reduced, resulting in the possibility
to simulate material with a smaller exchange lengths lex [Abo13], meaning materials with a
smaller exchange stiffness Aex or higher saturation magnetization MS. A challenging task is the
simulation of out-of-plane magnetized systems, like thin Co layers. So far, attempts to simulate
those systems were not successful. Challenging is here the fact, that an out-of-plane magneti-
zation leads to large stray fields above the sample. Those stray fields are then only simulated
correctly, if the simulation volume is large enough in the z-direction, extending heavily the com-
putational effort and memory needs. Besides that, further experiments with multiple FM/AFM
interfaces in combination with IB are done. Simulations incorporating different ion doses and
layer thicknesses could bring insides into the magnetic behavior of such systems, and even give
the opportunity to easily investigate each layer’s behavior separately.
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7 Appendix

7.1 Lithography process parameters

Table 7.1: Process parameters used for the UV-lithography
positive photoresist negative photoresist

hard-baking 10 min @ 120◦C 10 min @ 120◦C
Ti-Prime 4000 rpm 40 s 4000 rpm 40 s

spin-coating AZ 1505 2000 rpm 30 s AZnLoF 2070 (4:3) 6000 rpm 40 s
soft-baking 5 min @ 90◦C 5 min @ 100◦C

UV exposure in MA4 5.5 s 14.5 s
post exposure bake 1 min @ 110◦C

development 15 s in KOH 30 s in AZ 826 MIF
water rinsing 30 s 30 s

7.2 Mumax3 Code for a full film simulation

/ / S e t c e l l s i z e i n x , y , z
Cx := 5 . 0 e −9
Cy := 5 . 0 e −9
Cz := 3 . 0 e −9

/ / S e t number o f c e l l s i n x , y , z
num FM layers := 3 / / 9nm FM l a y e r
Nx := 512
Ny := 512
Nz := 1 + num FM layers

/ / De f in e geomet ry ( f u l l f i l m )
s e t g r i d s i z e ( Nx , Ny , Nz )
s e t c e l l s i z e ( Cx , Cy , Cz )
se tgeom ( c ubo id ( Nx*Cx , Ny*Cy , Nz*Cz ) )
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/ / P e r i o d i c boundary c o n d i t i o n
setPBC ( 1 0 , 10 , 0 )

/ / 2 0 0 Regions f o r AFM g r a i n s
maxRegion := 200
f o r i := 0 ; i < maxRegion ; i ++ {

DefRegion ( i , Layer ( 0 ) )
}

/ / FM m a t e r i a l p a r a m e t e r s
A FM := 13e −12
M FM := 796 e3
K FM := 1000

/ / FM r e g i o n 201 t o 200 + num FM layers
f o r i := 201 ; i < 201+ num FM layers ; i ++ {

Aex . s e t R e g i o n ( i , A FM)
Msat . s e t R e g i o n ( i , M FM)
DefRegion ( i , Layer ( i −200 ) ) / / 1 t o num FM layers
m. s e t R e g i o n ( i , un i fo rm ( 0 . 1 , 0 , 0 ) )
Ku1 . Se tReg ion ( i , K FM)
AnisU . Se tReg ion ( i , v e c t o r ( 1 , 0 . 1 , 0 ) )

}

/ / De f in e g r a i n s
g r a i n S i z e := 10e −9
randomSeed := 1234567
e x t m a k e 3 d g r a i n s ( g r a i n S i z e , 0 , maxRegion , l a y e r ( 0 ) , randomSeed )

/ /AFM p a r a m e t e r s
t AFM := Cz
M AFM := M FM
A A rot := 1 . 1 e −11
A A pin := 1 . 1 e −11
K AFM pin := 2 . 7 e8
K AFM rot := 4000
n u m b e r o f p i n := 60 / /30% pi nne d
a n g l e p i n n e d := 0 . 0 / / a n g l e o f p in ne d a n i s o t r o p y
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7.2 Mumax3 Code for a full film simulation

a n g l e r o t := 0 . 0 / / a n g l e o f r o t a n i s o t r o p y

a n g l e := 0 . 0
a x i s 1 := v e c t o r ( 1 , 0 , 0 )

/ / F i r s t n u m b e r o f p i n r e g i o n s f o r p in ne d g r a i n s
f o r i := 0 ; i < n u m b e r o f p i n ; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
f r o z e n s p i n s . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A A pin )
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e p i n n e d * p i / 180 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
K := K AFM pin
Ku1 . Se tReg ion ( i , K)

}

/ / Res t f o r r o t a t a b l e g r a i n s
f o r i := n u m b e r o f p i n ; i < maxRegion ; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A A ro t )
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e r o t * p i / 180 .0 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
K := K AFM rot
Ku1 . Se tReg ion ( i , K)

}

/ / FM/AFM exchange c o u p l i n g
J I p i n := 1 . 8 e −4
J I r o t := 0 . 4 e −4
a l p h a H p i n := (2 / M FM) * (1 / ( 1 / A FM + 1 / A A pin ) )
f o r i := 0 ; i < n u m b e r o f p i n ; i ++ {

f o r j := 201 ; j < 202 ; j ++ {
e x t S c a l e E x c h a n g e ( i , j ,
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J I p i n *Cz / ( 2 *M FM* a l p h a H p i n ) )
}

}
a l p h a H r o t := (2 / M FM) * (1 / ( 1 / A FM + 1 / A A rot ) )
f o r i := n u m b e r o f p i n ; i < maxRegion ; i ++ {

f o r j := 201 ; j < 202 ; j ++ {
e x t S c a l e E x c h a n g e ( i , j ,

J I r o t *Cz / ( 2 *M FM* a l p h a H r o t ) )
}

}
f o r i := 0 ; i < maxRegion ; i ++ {

f o r j := 0 ; j < i ; j ++ {
e x t S c a l e E x c h a n g e ( i , j , 0 )

}
}

/ / Run h y s t e r e s i s l oop and save m a g n e t i z a t i o n
B app := 0 . 0
TableAddVar ( B app , ” B app ” , ”T ” )
TableAdd (m. Region (200 + num FM layers ) )
TableAdd ( CropLayer (m, 0 ) )
B ex t . s e t r e g i o n ( 2 0 1 , v e c t o r ( 1 , 0 , 0 ) )
B ex t . s e t r e g i o n ( 2 0 2 , v e c t o r ( 1 , 0 , 0 ) )
B ex t . s e t r e g i o n ( 2 0 3 , v e c t o r ( 1 , 0 , 0 ) )
r e l a x ( )
f o r i := 100 ; i > −101; i −− {

B app = i * 1e −3
B ex t . s e t r e g i o n ( 2 0 1 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
B ex t . s e t r e g i o n ( 2 0 2 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
B ex t . s e t r e g i o n ( 2 0 3 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
t a b l e s a v e ( )
min imize ( )

}
f o r i := −100; i < 101 ; i ++ {

B app = i * 1e −3
B ex t . s e t r e g i o n ( 2 0 1 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,
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7.2 Mumax3 Code for a full film simulation

B app * s i n ( 3 . 1 * p i / 1 8 0 ) , 0 ) )
B ex t . s e t r e g i o n ( 2 0 2 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 1 * p i / 1 8 0 ) , 0 ) )
B ex t . s e t r e g i o n ( 2 0 3 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 1 * p i / 1 8 0 ) , 0 ) )
t a b l e s a v e ( )
min imize ( )

}
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7.3 Mumax3 Code for a stripe with reduced saturation

magnetization

/ / S e t c e l l s i z e i n x , y , z
Cx := 5 . 0 e −9
Cy := 5 . 0 e −9
Cz := 3 . 0 e −9

/ / S e t number o f c e l l s i n x , y , z
num FM layers := 3 / / 9nm FM l a y e r
Nx := 512
Ny := 512
Nz := 1 + num FM layers

/ / De f in e geomet ry ( f u l l f i l m )
s e t g r i d s i z e ( Nx , Ny , Nz )
s e t c e l l s i z e ( Cx , Cy , Cz )
se tgeom ( c ubo id ( Nx*Cx , Ny*Cy , Nz*Cz ) )

/ / P e r i o d i c boundary c o n d i t i o n
setPBC ( 1 0 , 0 , 0 )

/ / S t r i p e s i z e
wid th := 2000 e −9
s i d e s := 200 e −9
mid := wid th − 2* s i d e s
base := cu bo id ( Nx*Cx , width , Nz*Cz )
se tgeom ( base )

/ / F i r s t 200 r e g i o n s f o r AFM l a y e r
f o r i := 1 ; i < 201 ; i ++ {

DefRegion ( i , Layer ( 0 ) )
}
/ / Region 205 and 206 f o r FM l a y e r
f o r i := 1 ; i < 4 ; i ++ {

DefRegion ( 2 0 5 , Layer ( i ) ) / / mid
DefRegion ( 2 0 6 , Layer ( i ) ) / / egde
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7.3 Mumax3 Code for a stripe with reduced saturation magnetization

}

/ / FM m a t e r i a l p a r a m e t e r s
A FM := 13e −12
M FM := 796 e3
K FM := 1000

/ Mid of s t r i p e
Aex . s e t R e g i o n ( 2 0 5 , A FM)
Msat . s e t R e g i o n ( 2 0 5 , M FM)
m. s e t R e g i o n ( 2 0 5 , un i fo rm ( 0 . 1 , 0 , 0 ) )
Ku1 . Se tReg ion ( 2 0 5 , K FM)
AnisU . Se tReg ion ( 2 0 5 , v e c t o r ( 1 , 0 , 0 ) )
DefRegion ( 2 0 5 , c ub o id ( Nx*Cx , mid , 3*Cz ) . t r a n s l ( 0 , 0 , 0 . 5 * Cz ) )

/ / S t r i p e edge
A FM edge := A FM
Aex . s e t R e g i o n ( 2 0 6 , A FM edge )
Msat . s e t R e g i o n ( 2 0 6 , 0 . 5 *M FM)
m. s e t R e g i o n ( 2 0 6 , un i fo rm ( 0 . 1 , 0 , 0 ) )
Ku1 . Se tReg ion ( 2 0 6 , K FM)
AnisU . Se tReg ion ( 2 0 6 , v e c t o r ( 1 , 0 , 0 ) )
DefRegion ( 2 0 6 , c ub o id ( Nx*Cx , s i d e s , 3*Cz ) . t r a n s l (
0 , ( mid /2+ s i d e s / 2 ) , 0 . 5 * Cz ) )
DefRegion ( 2 0 6 , c ub o id ( Nx*Cx , s i d e s , 3*Cz ) . t r a n s l (
0 , −( mid /2+ s i d e s / 2 ) , 0 . 5 * Cz ) )

/ /AFM m a t e r i a l p a r a m e t e r s
t AFM := Cz
M AFM := M FM
A AFM := 1 . 1 e −11
K AFM pin := 2 . 7 e8
K AFM rot := 4000
p inned mid := 25
p i n n e d e d g e := 25
randomSeed := 23876427627
a n g l e p i n n e d := 0 . 0
a n g l e r o t := 0 . 0
a n g l e := 0 . 0
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a x i s 1 := v e c t o r ( 1 , 0 , 0 )

/ / P inned edge (0 t o p i n n e d e d g e )
f o r i := 1 ; i < p i n n e d e d g e +1; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
f r o z e n s p i n s . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A AFM)
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e p i n n e d * p i / 180 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
Ku1 . Se tReg ion ( i , K AFM pin )

}

/ / R o t a t a b l e edge ( p i n n e d e d g e t o 100)
f o r i := p i n n e d e d g e + 1 ; i < 101 ; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A AFM)
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e r o t * p i / 180 .0 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
Ku1 . Se tReg ion ( i , K AFM rot )

}

/ / P inned mid (101 t o p inned mid +101)
f o r i := 101 ; i < p inned mid +101; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
f r o z e n s p i n s . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A AFM)
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e p i n n e d * p i / 180 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
Ku1 . Se tReg ion ( i , K AFM pin )

}
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7.3 Mumax3 Code for a stripe with reduced saturation magnetization

/ / R o t a t a b l e mid ( p inned mid +101 t o 200)
f o r i := p inned mid + 101 ; i < 201 ; i ++ {

NoDemagSpins . Se tReg ion ( i , 1 )
Aex . s e t R e g i o n ( i , A AFM)
Msat . s e t R e g i o n ( i , M AFM)
a n g l e = a n g l e r o t * p i / 180 .0 * randNorm ( )
a x i s 1 = v e c t o r ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 )
an isU . Se tReg ion ( i , a x i s 1 )
m. s e t R e g i o n ( i , un i fo rm ( cos ( a n g l e ) , s i n ( a n g l e ) , 0 ) )
Ku1 . Se tReg ion ( i , K AFM rot )

}

/ / FM/AFm c o u p l i n g i n edges and mid

J I I m i d d l e := 0 . 4 e −4
J I I e d g e := 0 . 4 e −4
J I I I m i d d l e := 1 . 8 e −4
J I I I e d g e := 1 . 8 e −4

a l p h a H p i n := (2 / M FM) * (1 / ( 1 / A FM + 1 /A AFM ) )

f o r i := 1 ; i < p i n n e d e d g e ; i ++ {
e x t S c a l e E x c h a n g e ( i , 205 ,

J I I I e d g e *Cz / ( 2 *M FM* a l p h a H p i n ) )
e x t S c a l e E x c h a n g e ( i , 206 ,

J I I I e d g e *Cz / ( 2 *M FM* a l p h a H p i n ) )
}
f o r i := p i n n e d e d g e ; i < 101 ; i ++ {

e x t S c a l e E x c h a n g e ( i , 205 ,
J I I e d g e *Cz / ( 2 *M FM* a l p h a H p i n ) )

e x t S c a l e E x c h a n g e ( i , 206 ,
J I I e d g e *Cz / ( 2 *M FM* a l p h a H p i n ) )

}
f o r i := 101 ; i < 101+ p inned mid ; i ++ {

e x t S c a l e E x c h a n g e ( i , 205 ,
J I I I m i d d l e *Cz / ( 2 *M FM* a l p h a H p i n ) )

e x t S c a l e E x c h a n g e ( i , 206 ,
J I I I m i d d l e *Cz / ( 2 *M FM* a l p h a H p i n ) )

}
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f o r i := 101 + p inned mid ; i < 201 ; i ++ {
e x t S c a l e E x c h a n g e ( i , 205 ,

J I I m i d d l e *Cz / ( 2 *M FM* a l p h a H p i n ) )
e x t S c a l e E x c h a n g e ( i , 206 ,

J I I m i d d l e *Cz / ( 2 *M FM* a l p h a H p i n ) )
}
f o r i := 0 ; i < 201 ; i ++ {

f o r j := 0 ; j < i ; j ++ {
e x t S c a l e E x c h a n g e ( i , j , 0 )

}
}

/ / G r a i n s f o r AFM
g r a i n s i z e m i d := 10e −9
g r a i n s i z e e d g e := 10e −9

e x t m a k e 3 d g r a i n s ( g r a i n s i z e m i d , 101 , 99 ,
cu bo id ( Nx*Cx , mid , 1*Cz )
. t r a n s l ( 0 , 0 , −1.5* Cz ) , 2434533)
e x t m a k e 3 d g r a i n s ( g r a i n s i z e e d g e , 1 , 99 ,
cu bo id ( Nx*Cx , s i d e s , 1*Cz )
. t r a n s l ( 0 , ( mid /2+ s i d e s / 2 ) , −1.5* Cz ) , 2434533)
e x t m a k e 3 d g r a i n s ( g r a i n s i z e e d g e , 1 , 99 ,
cu bo id ( Nx*Cx , s i d e s , 1*Cz )
. t r a n s l ( 0 , −( mid /2+ s i d e s / 2 ) , −1.5* Cz ) , 523863482)

/ / Run h y s t e r e s i s l oop and save m a g n e t i z a t i o n
B app := 0 . 0
TableAddVar ( B app , ” B app ” , ”T ” )
TableAdd ( CropLayer (m, 3 ) )
TableAdd ( CropLayer (m, 0 ) )
B ex t . s e t r e g i o n ( 2 0 5 , v e c t o r ( 0 . 1 , 0 , 0 ) )
B ex t . s e t r e g i o n ( 2 0 6 , v e c t o r ( 0 . 1 , 0 , 0 ) )
r e l a x ( )
B ex t = v e c t o r ( 0 , 0 , 0 )
f o r i := 100 ; i > −101; i −− {

B app = i * 0 . 5 e −3
B ex t . s e t r e g i o n ( 2 0 5 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
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7.3 Mumax3 Code for a stripe with reduced saturation magnetization

B ex t . s e t r e g i o n ( 2 0 6 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,
B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )

t a b l e s a v e ( )
min imize ( )
s n a p s h o t ( CropLayer (m, 0 ) )
s n a p s h o t ( CropLayer (m, 3 ) )

}
f o r i := −100; i < 101 ; i ++ {

B app = i * 0 . 5 e −3
B ex t . s e t r e g i o n ( 2 0 5 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
B ex t . s e t r e g i o n ( 2 0 6 , v e c t o r ( B app * cos ( 3 . 0 * p i / 1 8 0 ) ,

B app * s i n ( 3 . 0 * p i / 1 8 0 ) , 0 ) )
t a b l e s a v e ( )
min imize ( )
s n a p s h o t ( CropLayer (m, 0 ) )
s n a p s h o t ( CropLayer (m, 3 ) )

}
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List of important abbreviations

(AFM) antiferromagnet(ic)

(DFB) decreasing field branch

(EB) exchnage bias(ed)

(FC) field cooling

(FM) ferromagnet(ic)

(IB) ion bombardment

(IFB) increasing field branch

(VSM) vibrating sample magnetometry

(VVSM) vector vibrating sample magnetometry
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G. and Dupré, L. and Van Waeyenberge, B. A numerical approach to incorporate

intrinsic material defects in micromagnetic simulations. Journal of Applied Physics,
115(17), 17D102 (2014). URL https://aip.scitation.org/doi/10.1063/1.

4854956.

106

https://link.springer.com/article/10.1007/BF01328319
https://link.springer.com/article/10.1007/BF01328319
https://link.aps.org/doi/10.1103/PhysRevB.61.8888
https://link.aps.org/doi/10.1103/PhysRevB.61.8888
https://aip.scitation.org/doi/10.1063/1.1413731
https://aip.scitation.org/doi/10.1063/1.1413731
https://aip.scitation.org/doi/10.1063/1.1357867
https://aip.scitation.org/doi/10.1063/1.1357867
https://link.aps.org/doi/10.1103/PhysRevB.71.094405
https://link.aps.org/doi/10.1103/PhysRevB.71.094405
https://www.sciencedirect.com/science/article/pii/S0304885301004218
https://www.sciencedirect.com/science/article/pii/S0304885301004218
https://aip.scitation.org/doi/10.1063/1.4854956
https://aip.scitation.org/doi/10.1063/1.4854956


[Lel18] Leliaert, J. Fast micromagnetic simulations on GPU — recent advances made with

mumax3. Journal of Physics D: Applied Physics, 51(123002) (2018). URL https:

//iopscience.iop.org/article/10.1088/1361-6463/aaab1c.
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[Mü18] Müglich, N. D. and Merkel, M. and Gaul, A. and Meyl, M. and Götz, G. and
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[McC03] McCord, J. and Schäfer, R. and Mattheis, R. and Barholz, K.-U. Kerr observations

of asymmetric magnetization reversal processes in CoFe/IrMn bilayer systems. Jour-
nal of Applied Physics, 93(9), 5491 (2003). URL https://aip.scitation.org/

doi/10.1063/1.1562732.

[Mei56] Meiklejohn, W. H. and Bean, C. P. New Magnetic Anisotropy. Physical Review, 102,
1413 (1956). URL https://link.aps.org/doi/10.1103/PhysRev.102.1413.

[Mer20] Merkel, M. and Huhnstock, R. and Reginka, M. and Holzinger, D. and Vogel, M. and
Ehresmann, A. and Zehner, J. and Leistner, K. Interrelation between polycrystalline

structure and time-dependent magnetic anisotropies in exchange-biased bilayers.
Physical Review B, 51(123002) (2020). URL https://journals.aps.org/prb/

abstract/10.1103/PhysRevB.102.144421.

107

https://iopscience.iop.org/article/10.1088/1361-6463/aaab1c
https://iopscience.iop.org/article/10.1088/1361-6463/aaab1c
https://iopscience.iop.org/article/10.1088/1367-2630/aabcb3
https://dx.doi.org/10.1088/0022-3727/42/1/015106
https://dx.doi.org/10.1088/0022-3727/42/1/015106
https://aip.scitation.org/doi/10.1063/1.1708848
https://link.aps.org/doi/10.1103/PhysRevB.35.3679
https://aip.scitation.org/doi/10.1063/1.339374
https://aip.scitation.org/doi/10.1063/1.339374
https://aip.scitation.org/doi/10.1063/1.1562732
https://aip.scitation.org/doi/10.1063/1.1562732
https://link.aps.org/doi/10.1103/PhysRev.102.1413
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.102.144421
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.102.144421


8 Bibliography

[Mer22a] Merkel, M. Validation of a generalized model for the description of polycrystalline

exchange-biased magnetic thin films. Ph.D. thesis, University of Kassel (2022).

[Mer22b] Merkel, M. and Reginka, M. and Huhnstock, R. and Ehresmann, A. Polycrystalline

exchange-biased bilayers: Magnetically effective versus structural antiferromag-

netic grain volume distribution. Physical Review B, 106, 014403 (2022). URL
https://link.aps.org/doi/10.1103/PhysRevB.106.014403.

[Mes15] Meschede, D. Gerthsen Physik. Springer Sprektrum, 25 edition (2015). URL
https://link.springer.com/book/10.1007/978-3-662-45977-5.

[Nog99] Nogués, J. and Schuller, I. K. Exchange bias. Journal of Magnetism and Mag-
netic Materials, 192(2), 203 (1999). URL https://www.sciencedirect.com/

science/article/pii/S0304885398002662.

[OG10] O’Grady, K. and Fernandez-Outon, L.E. and Vallejo-Fernandez, G. A new paradigm

for exchange bias in polycrystalline thin films. Journal of Magnetism and Mag-
netic Materials, 322(8), 883 (2010). URL https://www.sciencedirect.com/

science/article/pii/S0304885309011561.

[Ohl03] Ohldag, H. and Scholl, A. and Nolting, F. and Arenholz, E. and Maat, S. and Young,
A. T. and Carey, M. and Stoehr, J. Correlation between Exchange Bias and Pinned

Interfacial Spins. Physical Review Letters, 91, 017203 (2003). URL https://

link.aps.org/doi/10.1103/PhysRevLett.91.017203.

[Pap18] Papusoi, C. and Le, T. and Lo, C. and Kaiser, C. and Desai1, M. and Acharya,
R. Measurements of Gilbert damping parameter alpha for CoPt-based and CoFe-

based films for magnetic recording applications. Journal of Physics D: Applied
Physics, 51(325002) (2018). URL https://iopscience.iop.org/article/10.

1088/1361-6463/aacfcf.

[Pea81] Pease, R. F. W. Electron beam lithography. Contemporary Physics, 22(3), 265
(1981). URL https://doi.org/10.1080/00107518108231531.

[Pyt23] Python. Python website (02.03.2023). URL https://www.python.org/.

[PZL20] Peng, S., D. Zhu, W. Li, H. Wu, A. J. Grutter, D. A. Gilbert, J. Lu, D. Xiong,
W. Cai, P. Shafer, K. L. Wang and W. Zhao. Exchange bias switching in

an antiferromagnet/ferromagnet bilayer driven by spin–orbit torque. Nature
Electronics, 3, 757–764 (2020). URL https://www.nature.com/articles/

s41928-020-00504-6#citeas.

[Rad08] Radu, F. and Zabel, H. Magnetic Heterostructures: Advances and Per-

spectives in Spinstructures and Spintransport, chapter Exchange Bias Effect

108

https://link.aps.org/doi/10.1103/PhysRevB.106.014403
https://link.springer.com/book/10.1007/978-3-662-45977-5
https://www.sciencedirect.com/science/article/pii/S0304885398002662
https://www.sciencedirect.com/science/article/pii/S0304885398002662
https://www.sciencedirect.com/science/article/pii/S0304885309011561
https://www.sciencedirect.com/science/article/pii/S0304885309011561
https://link.aps.org/doi/10.1103/PhysRevLett.91.017203
https://link.aps.org/doi/10.1103/PhysRevLett.91.017203
https://iopscience.iop.org/article/10.1088/1361-6463/aacfcf
https://iopscience.iop.org/article/10.1088/1361-6463/aacfcf
https://doi.org/10.1080/00107518108231531
https://www.python.org/
https://www.nature.com/articles/s41928-020-00504-6#citeas
https://www.nature.com/articles/s41928-020-00504-6#citeas


of Ferro-/Antiferromagnetic Heterostructures, pages 97–184. Springer Berlin
Heidelberg, Berlin, Heidelberg (2008). URL https://doi.org/10.1007/

978-3-540-73462-8_3.

[RES03] Radu, F., M. Etzkorn, R. Siebrecht, T. Schmitte, K. Westerholt and H. Zabel. Inter-

facial domain formation during magnetization reversal in exchange-biased CoO/Co

bilayers. Physical Review B, 67, 134409 (2003). URL https://journals.aps.

org/prb/abstract/10.1103/PhysRevB.67.134409.

[Sak17] Sakurai, J. and Napolitano, J. Modern Quantum Mechanics. Cambridge University
Press, 2 edition (2017). URL https://www.cambridge.org/highereducation/

books/modern-quantum-mechanics/AAE1925F1A0963C6124421B03D7801AE#

overview.

[Sch14] Schmidt, C. and Smolarczyk, M. and Gomer, L. and Hillmer, H. and Ehresmann,
A. Artificial sub-mum magnetic patterning by He+ ion bombardment through a

mask fabricated by Ultraviolet NanoImprint Lithography (UV-NIL). Nuclear Instru-
ments and Methods in Physics Research Section B: Beam Interactions with Materials
and Atoms, 322, 59 (2014). URL https://www.sciencedirect.com/science/

article/pii/S0168583X14000998.

[Sci23] SciPy. SciPy website (02.03.2023). URL https://scipy.org/.

[Soe96] Soeya, S. and Fuyama, M. and Tadokoro, S. and Imagawa, T. NiO struc-

ture–exchange anisotropy relation in the Ni81Fe19/NiO films and thermal stabil-

ity of its NiO film. Journal of Applied Physics, 79(3), 1604 (1996). URL https:

//aip.scitation.org/doi/10.1063/1.361004.

[Sto47] Stoner, E. C. and Wohlfarth, E. P. Interpretation of high coercivity in ferromagnetic

materials. Nature, 160(9), 650–651 (1947). URL https://www.nature.com/

articles/160650a0.

[Sto91] Stoner, E.C. and Wohlfarth, E.P. A mechanism of magnetic hysteresis in het-

erogeneous alloys. IEEE Transactions on Magnetics, 27(4), 3475 (1991). URL
https://ieeexplore.ieee.org/document/1183750.

[Sto06] Stoehr, J. and Siegmann, H.C. Magnetism From Fundamentals to Nanoscale Dy-

namics. Springer-Verlag, 1 edition (2006). URL https://link.springer.com/

book/10.1007/978-3-540-30283-4.

[Til08] Tillmanns, A. and Oertker, S. and Beschoten, B. and Güntherodt, G. and Eisen-
menger, J. and Schuller, I. K. Angular dependence and origin of asymmetric magne-

tization reversal in exchange-biased Fe/FeF2(110). Physical Review B, 78, 012401
(2008). URL https://link.aps.org/doi/10.1103/PhysRevB.78.012401.

109

https://doi.org/10.1007/978-3-540-73462-8_3
https://doi.org/10.1007/978-3-540-73462-8_3
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.67.134409
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.67.134409
https://www.cambridge.org/highereducation/books/modern-quantum-mechanics/AAE1925F1A0963C6124421B03D7801AE#overview
https://www.cambridge.org/highereducation/books/modern-quantum-mechanics/AAE1925F1A0963C6124421B03D7801AE#overview
https://www.cambridge.org/highereducation/books/modern-quantum-mechanics/AAE1925F1A0963C6124421B03D7801AE#overview
https://www.sciencedirect.com/science/article/pii/S0168583X14000998
https://www.sciencedirect.com/science/article/pii/S0168583X14000998
https://scipy.org/
https://aip.scitation.org/doi/10.1063/1.361004
https://aip.scitation.org/doi/10.1063/1.361004
https://www.nature.com/articles/160650a0
https://www.nature.com/articles/160650a0
https://ieeexplore.ieee.org/document/1183750
https://link.springer.com/book/10.1007/978-3-540-30283-4
https://link.springer.com/book/10.1007/978-3-540-30283-4
https://link.aps.org/doi/10.1103/PhysRevB.78.012401


8 Bibliography

[Tse03] Tseng, A.A. and Chen, K. and Chen, C.D. and Ma, K.J. Electron beam lithography

in nanoscale fabrication: recentdevelopment. IEEE Transactions on Electronics
Packaging Manufacturing, 26(2), 141 (2003). URL https://ieeexplore.ieee.

org/abstract/document/1236879.

[Van14] Vansteenkiste, A. and Leliaert, J. and Dvornik, M. The design and verifica-

tion of MuMax3. AIP Advances 4, 107133, 4(107133) (2014). URL https:

//aip.scitation.org/doi/10.1063/1.4899186.

[Wu10] Wu, J. and Park, J. S. and Kim, W. and Arenholz, E. and Liberati, M. and Scholl,
A. and Wu, Y. Z. and Hwang, Chanyong and Qiu, Z. Q. Direct Measurement of Ro-

tatable and Frozen CoO Spins in Exchange Bias System of CoO/FeAg(001). Physi-
cal Review Letters, 104, 217204 (2010). URL https://link.aps.org/doi/10.

1103/PhysRevLett.104.217204.

[Yin06] Yin, L. F. and Wei, D. H. and Lei, N. and Zhou, L. H. and Tian, C. S. and
Dong, G. S. and Jin, X. F. and Guo, L. P. and Jia, Q. J. and Wu, R. Q. Mag-

netocrystalline Anisotropy in Permalloy Revisited. PHYSICAL REVIEW LET-
TERS, 97(067203) (2006). URL https://journals.aps.org/prl/abstract/

10.1103/PhysRevLett.97.067203.

[Zha02] Zhang, K. and Zhao, T. and Fujiwara, H. Training effect in ferro

(F)/antiferromagnetic (AF) exchange coupled systems: Dependence on AF thick-

ness. Journal of Applied Physics, 91(10), 6902 (2002). URL https://aip.

scitation.org/doi/abs/10.1063/1.1447869.

110

https://ieeexplore.ieee.org/abstract/document/1236879
https://ieeexplore.ieee.org/abstract/document/1236879
https://aip.scitation.org/doi/10.1063/1.4899186
https://aip.scitation.org/doi/10.1063/1.4899186
https://link.aps.org/doi/10.1103/PhysRevLett.104.217204
https://link.aps.org/doi/10.1103/PhysRevLett.104.217204
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.067203
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.067203
https://aip.scitation.org/doi/abs/10.1063/1.1447869
https://aip.scitation.org/doi/abs/10.1063/1.1447869

	Introduction
	Theoretical background
	Magnetic moment
	Spin-orbit interaction
	Zeeman interaction

	Magnetic interactions
	Dipole-Dipole interaction
	Direct exchange interaction

	Dia-, Para- and Ferromagnetism
	Diamagnetism
	Paramagnetism
	Ferromagnetism
	Antiferromagnetism

	Magnetic anisotropies
	Magneto-crystalline anisotropy
	Shape anisotropy
	Zeeman interaction
	Surface anisotropy
	Futher anisotropies

	Domains and magnetic reversal processes
	Domain walls
	Magnetization reversal

	Exchange bias
	General properties of exchange bias

	Modeling
	Stoner-Wohlfarth model
	Micromagnetic formulation


	Experimental background
	Sample preparation
	Sputtering
	Field cooling
	Lithography
	Ion bombardment

	Characterization Methods
	Atomic Force Microscopy
	Vector Vibrating Sample Magnetometry
	Kerr microscopy


	Modeling exchange bias
	The model of Meiklejohn-Bean
	Realistic Meiklejohn and Bean model
	Further approaches

	Polycrystalline models
	Polycrystalline model of Harres
	Micromagnetic model of De Clercq

	Results
	Full film simulations
	Number of pinned grains
	Ferro- and antiferromagnetic layer thickness
	Angular distribution of anisotropies

	Freestanding micro stripes
	Increased number of pinned grains
	Decreased M_FMS

	Embedded micro stripes
	Freestanding squares and discs
	Embedded squares and discs

	Summary and Outlook
	Appendix
	Lithography process parameters
	Mumax3 Code for a full film simulation
	Mumax3 Code for a stripe with reduced saturation magnetization

	List of important abbreviations
	Danksagung
	Bibliography

