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Abstract

This dissertation analyzes the manipulation of magnetic domains using laser-induced heat.
The laser-radiation is hence a tool to apply a certain temperature in a locally controlled
way. The impact of laser-induced heat is studied at two examples: Firstly, at Tbx Fe100−x an
amorphous, ferrimagnetic thin-film, and secondly, at Fe60 Al40 a ferromagnetic order-disorder
material. In the case of TbFe, the induced heat affects the domain wall (DW) position via the
magnonic spin-Seebeck effect and, as a consequence, the shape of the magnetic domain; In
FeAl, the induced heat creates localized disorder. Due to the stronger magnetic moment of
the disordered state, ferromagnetic domains are created in a less magnetic environment.
In the case of TbFe, the induced heat interacts with the magnetic DW via the magnonic
spin-Seebeck effect. The magnonic spin-Seebeck effect is a theoretical prediction that
was first introduced for a ferromagnetic system. In a ferromagnetic system, the DW moves
from regions of lower temperature towards higher temperature regions, due to energy minimization processes. However, the interaction becomes more complicated in a ferrimagnet.
Whereas there is mainly the energy-minimization that defines the DW movement in a ferromagnet, the contributions of magnons play a more crucial role in a ferrimagnet. In a
ferrimagnet, the magnetic properties are strongly defined by the interplay of the magnetic
sublattices. The sublattices, however, show a different temperature-dependence, thus making
the temperature a key-parameter to understand the magnetic properties in a ferrimagnet. The
temperature-induced DW motion, therefore, shows a strong temperature-dependence as well.
Experimentalists showed that the DW mobility is enhanced at a specific temperature of a
ferrimagnetic system, the angular momentum compensation temperature. This temperature
3

is defined as the temperature, at which the two magnetic sublattices possess an identical
angular momentum.
Experimentally, a focused linear polarized continuous wave laser creates the temperatureprofile on the samples. The size of the laser differs between experiments and ranges from
0.5 µm to 8 µm measured at FWHM. The focus size is tailored by the usage of different
objective lenses and the sample-lens distance. The laser is controlled in output power, and
the pointing instability is corrected. The sample is mounted on a linear x-y-stage and can
thus be moved in the plane perpendicular to the laser focus. A polar-magneto optical Kerr
microscope generates a live view of the magnetic domain structure. The temperature and the
resulting thermal gradient is calculated using the software Comsol Multiphysics.
The measurements can be divided into two different approaches. Thermally-activated DW
motion is first introduced qualitatively to demonstrate the possibility of relocating a specific
DW by laser-illumination. Furthermore, the existence of the DW motion is demonstrated over
a range of laser powers (8.5 mW ≤ 55 mW).
Second, a distance-dependent measurement is presented. Here, a laser focus is incrementally
approached towards a DW, to test for a threshold distance at which the DW movement sets
in. The threshold distance is named domain wall displacement (DWD). The DWD scales
positively with increasing laser power up to a value of 2.5 µm. The combination of the
distance-dependent measurement and the heat-flow estimations allows the introduction of a
quantitative framework. Hence, temperature and thermal gradient can be calculated for the
single DWDs and a trend versus temperatures of 340 K, and thermal gradients of 85 K/µm
can be observed.
Unfortunately, temperature and thermal gradient distributions are entirely intertwined in the
case of focused laser-illumination, making an independent examination difficult. Therefore, a
Peltier-heater is added to the setup. The heater creates a certain temperature offset from
room temperature. The laser-heating experiment hence starts with a selected temperature
offset, the so-called base-temperature. The example of Tb26 Fe74 demonstrates the enhancing
effect of an elevated base-temperature on the DWD. A base-temperature increase of 30 K
triples the DWD from 0.46 µm to 1.36 µm.
The DWD enhancement upon an elevated base-temperature raises the question, whether
the enhancement is due to a ferrimagnetic feature or a pinning effect. The question is
answered by extending the base-temperature approach to the whole stoichiometric range
(18% ≤ x ≤ 34%) of Tbx Fe100−x -samples. If all samples show a DWD enhancement upon
an elevated base-temperature, the phenomenon is likely to be explained by pinning. If only
specific samples show the enhancing effect, a pinning effect is unlikely, since all samples were
fabricated under similar conditions. It turns out that there is a clear cut between samples that

show the enhancement and those that do not. All samples with a Tb-content of x ≥ 26 % react positively due to the additional heating. All of these samples (x ≥ 26 %) have in common
that their angular momentum compensation point is above room temperature. Hence, additional heating brings those samples closer to this specific temperature. It is thus concluded
that the DWD enhancement effect is due to the ferrimagnetic nature of the tested samples.
In the case of FeAl, the induced heat acts as a thermal stimulus that eases the atomic-diffusion
through vacancies. By diffusion, FeAl can reversibly change its chemical order between the
ordered B2- and the disordered A2-state. The two states show a different strength of the
magnetic moment and can thus be held apart.
The disorder is introduced by direct laser interference patterning (DLIP). The beam of a
pulsed-laser is split into four equivalent beams. Every single beam is then overlapped on
the sample surface under the same polarization, intensity, azimuthal- and incident-angle.
The beams interfere and create an intensity pattern on the surface, which in turn creates a
temperature-distribution accordingly.
Due to DLIP, every maximum of the pattern shows a magnetic contrast similar to a singledomain state. An environment of lesser magnetization surrounds every single-domain state.
A closer examination shows that the magnetic signal stems from an area bigger as the detectable topographic modifications. Comsol-Multiphysics - calculations show that the surface
modifications are due to melting and that the transition into the A2-state only happens in
a temperature interval below the melting temperature. Furthermore, the reversibility of the
order-disorder transition is tested by thermal annealing of the patterned film. A comparison of the magnetic signal from before and after thermal annealing shows a decrease of the
magnetization.

Zusammenfassung

Die vorliegende Dissertation untersucht die Beeinflussung magnetischer Domänen mittels
Laserstrahlung. Die eingesetzte Laserstrahlung dieant als ein Werkzeug mit welchem Wärme
kontrolliert lokal eingebracht werden kann. Die Auswirkungen der Laserstrahlung werden anhand zweier Beispiele betrachtet: Einerseits an dünnen Tbx Fe100−x -Filmen, einem amorphen
Ferrimagneten und andererseits an Fe60 Al40 , einem Material, dass je nach chemischer Ordnung ein unterschiedlich großes magnetisches Moment aufweist. Die TbFe-Proben werden zur
Untersuchung des magnonischen Spin-Seebeck Effekts verwendet. Dieser Effekt beschreibt,
wie mittels lokal erzeugter Wärme die Position einer Domänenwand beeinflusst und, als Folge
dessen, das Gesamterscheinungsbild einer Domäne verändert wird. Im Falle der FeAl Proben
kann mittels Wärme die chemische Ordnung der Atome gerstört oder wiederhergestellt werden. Im Falle eines ungeordneten chemischen Zustands entstehen magnetische Domänen,
welche von Bereichen geringerer Magnetisierung umgeben sind.
Der magnonische Spin-Seebeck Effekt ist eine von theoretischen Physikern gemachte Vorhersage, welcher zu Beginn lediglich auf ferromagnetische Systeme angewandt werden konnte.
Der Effekt besagt, dass die Freie Energie einer ferromagnetischen Domänenwand mittels
Wärme beeinflusst werden kann und im Falle höherer Temperaturen geringer ist. Dies hat
zur Folge, dass eine Domänenwand durch eine Bewegung in Richtung wärmerer GebiFtexete
ihre Freie Energie reduzieren kann. Es entsteht eine attraktive Wechselwirkung zwischen
Wärmequelle und Domänenwand. In einem ferrimagnetischen System ist die Wechselwirkung
zwischen Wärmequelle und Domänenwand jedoch komplexer. Während in einem Ferromagneten in erster Linie die Minimierung der Freien Energie die Triebfeder einer möglichen Be6

wegung ist, spielt in einem Ferrimagneten die Wechselwirkung mit Magnonen eine deutlich
größere Rolle. Aufgrund der unterschiedlichen Temperaturabhängigkeit der in einem Ferrimagneten vorliegenden Untergitter, spielt die Absoluttemperatur eine entscheidende Rolle
für das magnetische Verhalten des Ferrimagneten. Das stark temperaturabhängige Verhalten des Ferrimagneten spiegelt sich auch bei der thermisch hervorgerufenen Domänenwandbewegung wider. So zeigt sich, dass die Geschwindigkeit einer Domänenwand, unter
gleichbleibender externen Kraft, durch die Temperatur der Probe verändert werden kann.
Die Maximalgeschwindigkeit fällt mit der Drehmomentskompensationstemperatur zusammen,
einer charakteristischen Temperatur des ferrimagnetischen Systems. Diese Temperatur beschreibt den Punkt, an welchem sich die Drehmomente der beiden Untergitter kompensieren.
In den in dieser Arbeit vorgestellten Experimenten wird ein fokussierter, linear polarisierter
Dauerstrichlaser eingesetzt. Fokussierte Laserstrahlung bringt den Vorteil mit sich, Energie in
Form von Wärme lokal gezielt einbringen zu können. Der Laser wird in den unterschiedlichen
Experimenten auf eine unterschiedliche Größe fokussiert. Die Halbwertsbreite des Laserfokus
variiert hierbei zwischen 0.5 µm und 8 µm. Die Größe des Laserfokus kann im Experiment
sowohl durch unterschiedliche Objektive, als auch über die Distanz zwischen Objektiv und
Probenoberfläche variiert werden. Weiterhin wird die Ausgangsleistung des Lasers sowie dessen
räumliche Fluktuationen überwacht und korrigiert. Die Probe ist auf einem Lineartisch gelagert
und kann dadurch in der Ebene senkrecht zum einfallenden Laserstrahl bewegt werden. Die
Probenoberfläche sowie die magnetischen Domänen werden mithilfe eines magneto optischen
Kerr Mikroskops sichtbar gemacht. Die aufgrund der einfallenden Laserstrahlung erzeugte
Temperatur, als auch der daraus folgende thermische Gradient werden nicht gemessen, sondern mithilfe des Programms Comsol Multiphysics berechnet.
Die im Verlaufe der Arbeit vorgestellten Messungen sind in zwei Bereiche unterteilt. Zuerst
werden qualitative Messungen gezeigt, welche die mittels Laserstrahlung verursachte Domänenwandbewegung als auch deren Abhängigkeit von der Laserleistung zeigen. Es wird vorgeführt, dass sich eine Domänenwand über größere Strecken (> 50 µm) frei bewegen lässt. Die
Domänenwand folgt hierbei zu jeder Zeit dem sich bewegenden Laserspot. Entsprechend der
Bewegungsrichtung des Lasers kann eine ausgewählte magnetische Domäne auf Kosten der
benachbarten Domäne vergrößert und verkleinert werden. Weiterhin wird gezeigt, dass die
attraktive Wechselwirkung zwischen Laser und Domänenwand in einem weiten Laserleistungsbereich zu finden ist (8.5 mW≤ 55 mW).
In Folge der qualitativen Beschreibung wird mithilfe einer abstandsabhängigen Annäherung
des Laserspots und den per Comsol Multiphysics durchgeführten Temperaturberechnungen
eine quantitative Beschreibung eingeführt. Hierbei wird untersucht, ab welcher Distanz zwis-

chen Laserspot und Domänenwand eine Domänenwandbewegung einsetzt. Der gemessene
Abstand wird als Domänenwand Dislokation (DWD) bezeichnet. Die Distanz DWD wird für
verschiedene Laserleistungen bestimmt, wobei eine positive Abhängigkeit zwischen DWD und
Laserleistung festgestellt wird. Als maximale Distanz wird ein DWD von 2.5 µm gemessen.
Mithilfe der Temperaturberechnungen kann den gemessenen Distanzen DWD eine Temperatur
und ein Gradient zugeordnet werden. Bei den Berechnungen scheint ein Trend in Richtung
einer Temperatur von T ∼ 340 K und einem thermischen Gradienten von ∼ 85 K/µm erkennbar zu sein.
Die Bestimmung einer kritischen Temperatur und eines kritischen thermischen Gradienten erweist sich jedoch als schwierig, da beide Größen durch die Laserstrahlung verursacht werden
und somit untrennbar miteinander verbunden sind. Um dennoch eine unabhängige Betrachtung zu ermöglichen, wird ein Peltier-Element unterhalb der Probe angebracht. Dieses Element erlaubt es die, Probe auf eine sich von der Raumtemperatur unterscheidende Starttemperatur zu bringen, die sogenannte Basistemperatur. Das Laserheizexperiment beginnt somit
mit einem durch die Basistemperatur definierbaren Temperaturversatz. Im Gegensatz zur
aufgrund der Laserstrahlung verursachten Temperaturverteilung ist der thermische Gradient
unabhängig von der Basistemperatur. Am Beispiel einer Tb26 Fe74 -Probe zeigt sich, dass eine
zunehmende Basistemperatur die erzielte Lauflänge DWD positiv beeinflusst. Durch eine um
30 K erhöhte Basistemperatur kann die durch die Domänenwand zurückgelegte Strecke von
0.46 µm auf 1.36 µm verdreifacht werden.
Um die mittels Basistemperatur veränderbare Lauflänge DWD zu erklären, werden zwei mögliche Effekte betrachtet. Hier wäre einerseits das Phänomen Pinning zu nennen. Pinning ist
ein temperaturabhängiger Effekt, welcher als eine Art rückstellende Kraft verstanden werden
kann. Diese rückstellende Kraft versucht, die Domänenwandbewegung zu unterbinden und die
Wand an Ort und Stelle zu halten. Eine weitere Erklärungsmöglichkeit ist die Temperaturabhängigkeit des Ferrimagneten, welche sich auf die thermisch induzierte Domänenwandbewegung auswirkt. Um den Ursprung der Lauflängenvergrößerung zu bestimmen wird die Anzahl
der untersuchten Proben erweitert. Die Auswirkungen einer veränderbaren Basistemperatur
werden an Tbx Fe100−x -Proben unterschiedlicher Stöchiometrie (18% ≤ x ≤ 34%) untersucht.
Dies geschieht mit dem Gedanken, dass Pinning eine materialabhängige Größe ist und somit
stark von den Herstellungsbedingungen beeinflusst wird. Die untersuchten Proben wurden
jedoch alle unter gleichen Bedingungen hergestellt. Sollte also lediglich ein Teil der getesteten
Proben eine Vergrößerung der Lauflänge bei zunehmender Basistemperatur zeigen, so kann
Pinning als Verursacher ausgeschlossen werden. Die Lauflängenzunahme müsste in einem
solchen Fall mit dem temperaturabhängigen Verhalten des Ferrimangeten erklärt werden. Die
durchgeführten Untersuchungen zeigen, dass lediglich ein Teil der Proben einen positiven Effekt aufweisen. Auffallend ist hierbei, dass ein klarer Bruch zu erkennen ist. Alle Proben

mit einem Tb-Gehalt von x ≥ 26 at.% weisen eine Zunahme der Lauflänge bei ansteigender
Basistemperatur auf. Dies ist auffallend, da nur diese Proben eine Drehmomentkompensationstemperatur oberhalb der Raumtemperatur zeigen. Es wird somit angenommen, dass die
basistemperaturabhängige Lauflängenveränderung mit der Temperaturabhängigkeit des Ferrimagneten zu erklären ist.
Im Falle der FeAl Proben wird die durch einen Laser verursachte Temperaturerhöhung als
Triebfeder eingesetzt. Die Temperaturerhöhung verstärkt hierbei die atomaren Diffusionsprozesse, welche in erster Linie aufgrund der Lücken im atomaren Gitter stattfindet. Das
Material FeAl kann in unterschiedlichen Anordnungen des atomaren Gitters auftreten, zwischen denen mittels Diffusion hin und zurück gewechselt werden kann. Es gibt die geordnete
B2- und die ungeordnete A2-Konfiguration, welche sich in ihren magnetischen Eigenschaften
unterscheiden. Die ungeordnete A2-Konfiguration weist beispielsweise ein stärkeres magnetisches Moment als die B2-Konfiguration auf. Zur Erzeugung von Unordnung wird Laserinterferenzstrukturierung eingesetzt. Bei der Laserinterferenzstrukturierung wird ein intensiver
Laserstrahl aufgeteilt und die Einzelteile auf der Probe mit gleicher Intensität und Polarisation sowie gleichem Einfalls- und Raumwinkel überlagert. Die Einzelstrahlen interferieren
und es entsteht eine periodische Intensitätsverteilung, welche eine entsprechende Temperaturverteilung verursacht. Aufgrund des Vierstrahl-Interferenzmusters können auf der bestrahlten Probe magnetische Inseln beobachtet werden, welche sich von ihrer Umgebung in der
Stärke ihres magnetischen Signals unterscheiden. Die magnetischen Inseln ähneln hierbei
im Aussehen Einzeldomänenzuständen. Bei genauerer Betrachtung wird sichtbar, dass die
magnetischen Bereiche größer sind als die detektierbaren Oberflächenveränderungen. Mithilfe der mittels Comsol Multiphysics durchgeführten Temperaturberechnungen zeigt sich, dass
die Oberflächenveränderungen durch ein Schmelzen des Materials zu erklären sind. Die ungeordnete A2-Konfiguration hingegen entsteht nur in einem Temperaturintervall unterhalb
der Schmelztemperatur. Um die Reversibilität des Übergangs zu untersuchen, werden die
Proben mithilfe eines Hochvakuumofens geglüht und anschließend erneut untersucht. Die
Untersuchung zeigt eine durch den Glühvorgang hervorgerufene Abnahme des magnetischen
Signals. Die Abnahme wird als Rückführung in den geordneten B2-Zustand interpretiert.

CHAPTER

1

Introduction

In our nowadays society, the availability of data and information is an ever-present topic. This
development is, to some degree, due to the possibility of accessing information from everywhere, for example, by smartphone. However, more fundamentally, due to the possibility to
store large amounts of data.
Projections assume that the amount of data in the world doubles every two years and will reach
the amount of 40.000 exabytes by 2020 [24].1 The data, hence, amount to more than 5.200
gigabytes per human being. According to the survey Data Never Sleeps 7.0,2 there are forty
times more bytes of data in the world than there are stars in the observable universe [19]. The
survey demonstrates the data growth at the example of well-known internet-based services.
According to the survey, 188.000.000 emails were sent per minute at every day in 2019.
Confronted with such numbers, it is not surprising that the development of new data storage
technologies is a highly active field of research. Nowadays, magnetic storage media are made
of thin films consisting of small grains. Every grain possesses a magnetization vector, and
several grains form a bit. Increasing data density means to decrease the lateral dimensions
of single-domain particles, while simultaneously maintaining the signal-to-noise ratio. A size
reduction, however, pushes the particle towards the superparamagnetic limit. A limit at which
thermal fluctuations start to change the magnetization vector of a single-domain grain. The
superparamagnetic limit is hence associated with a loss of data. The superparamagnetic limit
1
2

An exabyte equals 1018 Bytes.
The survey is listed in the appendix.
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can be pushed back further by choice of the storage-media. An increase in the anisotropy
makes the magnetic material "harder." Such a particle, however, is less affected by an applied magnetic field and thus "harder" to reorientate. The possible magnetic flux, however,
is limited by the dimensions of the used read-and-write head in a magnetic hard-drive. The
problem of simultaneously optimizing the signal-to-noise ratio, the thermal stability, and the
writeability, is known as the trilemma of magnetic recording [17].
There are different methods to approach the trilemma. The technology heat assisted magnetic recording (HAMR), for instance, uses a heat-stimulus, to combine the limited possible
magnetic flux with a harder magnetic material (L10 FePt). HAMR uses a laser in combination with a near-field transducer to heat the storage media locally. The heating reduces the
coercive field of the heated area to such a degree that the applied magnetic field suffices to
reorientate the magnetization vector. HAMR is expected to increase the currently possible
data areal density from 1 Tb/in.2 to 3 − 4 Tb/in.2 . [106]
HAMR heats the magnetic material to temperatures of ∼ 850 K with peak gradients of
11 K/nm [106]. An exposure to such a thermal load subjects the storage media to potential temperature-induced reliability issues [70]. It is hence of general interest to study how
heat can affect the magnetization of a magnetic material. One such effect is the magnonic
spin-Seebeck effect, which describes the interaction between a heat-source and a magnetic
DW [41]. A DW located in a thermal gradient has thus the possibility to reduce its internal
free energy by a movement towards the heat source.
This dissertation investigates the interaction between laser-induced heat and magnetic materials at the example of Tbx Fe100−x , a ferrimagnetic rare-earth transition metal alloy, and
Fe60 Al40 , an order-disorder material. The measurements using TbFe show the attractive interaction of a laser-induced heat source upon a magnetic DW. The measurements using FeAl
show the creation of a reversible disorder-induced ferromagnetic state. The technique direct
laser interference patterning (DLIP) creates highly periodic ferromagnetic domains surrounded
by a less-magnetic environment.
Chapter 2, the theoretical background, presents the basic concepts necessary for the understanding of this work. The basics involve the interaction of light and material, thermal
conductivity, the origin of magnetic domains, and the dynamics of the magnetization.
Chapter 3 introduces the experimental setup & methods. The setups involve a continuouswave and a direct laser interference patterning setup. The methods part includes the description of magneto-optical Kerr microscopy, atomic- and magnetic force microscopy, and the
heat-flow simulations (COMSOL-Multiphysics).
The following chapter Material properties & characterization, chapter 4, presents the rareearth transition metal alloy Tbx Fe100−x and the order-disorder material Fe60 Al40 . The char-
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acterization involves optical, thermal, and magnetic properties.
The chapter Thermally activated domain wall motion, chapter 5, starts with a theoretical
description of the magnonic spin-Seebeck effect. The chapter continues with an overview
of published experimental results of thermally activated DW motion. It proceeds with DW
motion experiments using different stimuli, such as laser-, magnetic field-, and spin-polarized
current-induced. The last part of the chapter (5.2 domain wall motion) describes the conducted thermally activated domain wall motions experiments using TbFe.
Chapter 6 discusses the order-disorder transition in FeAl. It follows an experimental outlook
(7), an appendix (8) and a list of abbreviations (9)

CHAPTER

2

Basics

This chapter introduces basic concepts necessary for the understanding of the thesis. The
chapter begins with the concepts of light-material interaction. The introduced concepts
are later used to determine the transmission, and by that, the absorption of the studied
samples. The absorption, in turn, is needed to calculate the laser-induced temperature
change. The chapter continues with magnetostatics and -dynamics. The magnetostatics are necessary to understand the existence and formation of magnetic domains. The
dynamics explain the laser-induced changes to the magnetic domain-structure.

13
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Light-material interaction

Optical properties
The interaction between light and matter can be described using a complex dielectric function
(T, λ) = 1 (T, λ) + i2 (T, λ), which depends on the temperature T and the wavelength
λ. The refractive index n and the extinction coefficient k are then defined by the dielectric
function  and the magnetic susceptibility µr as
ñ =

√

µR  = n + ik,

(2.1)

with the the complex refractive index ñ. The absorption a of an electromagnetic wave, which
is entering a material, can then be described by the Beer-Lambert law:
I(d) = I0 · exp(−a · d),

a=

with:

4πk
.
λ

(2.2)

The intensity I is thus decaying exponentially from its initial value I0 with increasing penetration depth d. The part of the intensity (R = |r2 |), which is back-reflected from the surface
can be estimated by the Fresnel formulas:
r⊥ =

ñ1 cos(ϑ) −

q

ñ1 cos(ϑ) +

q

ñ22 − ñ21 sin2 (ϑ)

ñ22 − ñ21 sin2 (ϑ)

,

(2.3)

.

(2.4)

q

rk =

ñ22 cos(ϑ) − ñ1 ñ22 − ñ21 sin2 (ϑ)
q

ñ22 cos(ϑ) + ñ1 ñ22 − ñ21 sin2 (ϑ)

The reflectance is thus completely specified by the angle of incident ϑ and the material
properties ñ.

Laser heating
As the light gets absorbed from metal, the electron gas starts oscillating due to its interaction
with the electric field. The motion of electrons can be described by an increase in the
temperature of the electronic system. The electrons are coupled to the underlying lattice.
Thus, the temperature is transferred to the lattice until both systems are in equilibrium. This
concept of two coupled but separate systems is referred to as two-temperature model, the
time, when equilibrium is reached is called thermalization [78]. Thermalization between the
two lattices is reached in less than one ps, hence laser pulses of longer duration can be treated
as thermal heating pulses [98].
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Thermal conductivity

As laser light is absorbed from a metal layer, the temperature T within the metal is unevenly
distributed. For that reason the heat Q will flow through the surface A of a material with the
thermal conductivity k ([k] =Wm− 1K− 1) in regard of the thermal gradient dT /dx according
to formula [18]:
dT
dQ
= −k · A ·
.
dt
dx

(2.5)

This formula can be altered to the heat diffusion equation:
∂T
k ∂ 2T
=
·
,
∂t
ρCP ∂x2

(2.6)

with the material density ρ and the specific heat CP . Both formulas describe the onedimensional case and are only in one dimension analytically solvable.
The thermal conductivity k is a material and temperature-dependent property. Furthermore,
the magnitude of the thermal conductivity is known to differ between bulk and thin layers.
This difference in thermal conductivity can be traced back to the transport mechanisms, which
are conducting the heat. Whereas in metals the heat is primarily carried by electrons, atomic
vibrations known as phonons are carrying the heat in a semiconductor.1 The size of a material’s thermal conductance is related to the distance such a heat carrier can traverse without
interruption, which is called its mean free path. In bulk systems, the mean free path is related
to the intrinsic properties of the material. However, as long as the geometric dimensions
are of the order of the mean free path l, additional scattering events arise due to interfaces,
boundaries, or inclusions. Typical values for the mean free path at room temperature are
about l ∼ 10 - 100 nm [9, 12].
However, it is not just the thermal conductivity that is changing with decreasing film thickness.
Also, the interfacial thermal resistance (or thermal boundary resistance) is playing a more decisive role [12]. This phenomenon was first detected by Kapitza in 1941, who noticed a
thermal resistance RK at the interface in between a solid and superfluid helium. Some time
later, it was realized that this phenomenon is not exclusive to superfluid helium but occurring
at every interface. The occurrence of thermal resistance at an interface raises the question,
how the heat from one material is carried to the next. If there are two kinds of materials e.g.
a metal-semiconductor interface, it seems quite intuitive that there is a thermal resistance due
to the two different types of heat carriers. For an interface between dissimilar materials, the
1

The concept of phonons is similar to that of magnons, which is introduced later. But whereas a phonon
is describing the vibration of the atomic lattice, a magnon consists of vibrating magnetic moments.
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different densities and sound speeds result in a mismatch in the acoustic impedances (acoustic
mismatch model) [12]. The diffusive mismatch model assumes that all phonons reaching the
interface are losing their "memory" of their origin. Hence the scattering probability, of whether
they pass through the interface or not depends on the density of states on both sides.
The idea of the Kapitza resistance RK is that there is a proportionality between the heat
current dQ/dt through the interface and the temperature drop ∆T at the interface:
dQ
∆T
=
.
dT
RK

2.3
2.3.1

(2.7)

Magnetostatics and -dynamics
Micromagnetic energies and domains

A measurement of the magnetization M , which is performed at a temperature way below
the Curie temperature (T << TC ), usually shows that the magnetization is less than
the expected saturation magnetization M < MS . This occurrence is due to the formation
of magnetic domains, which are areas of parallel oriented magnetic moments, separated by
magnetic domain walls (DW).
The formation of magnetic domains and DWs is a result of the minimization process of the
total free energy Etot , a stable domain state is hence always reflecting either a local or an
absolute energy minimum [17]:
Etot = EEx + Ed + Ea + EZ + EM s + EStress

(2.8)

The total energy is made up by the exchange energy EEx , the demagnetizing field Ed , the
magneto-crystalline anisotropy Ea , the Zeeman EZ , the magneto-striction EM s and stress
EStress . Whereas the first three terms of equation 2.8 are to some degree always present in a
ferromagnetic system, the other terms are depending on external parameters. The Zeeman
EZ is the response of an applied external field, and the last two are due to applied stress,
either external EStress or internal EM s .2
Exchange energy
The exchange energy can explain the occurrence of collective magnetism as it is observed in
e.g. Fe, Co, and Ni. The exchange energy can, in principle, be understood as an interplay
between the Pauli-principal, the Coulomb interaction, and the uncertainty principle of
2

The two terms EM s and EStress are only mentioned for completeness and will not be introduced in the
following.
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Heisenberg [17]. In a ferromagnet, under equilibrium conditions, the exchange energy is
trying to align all the spins in one direction, but every deviation from the equilibrium condition
is changing the total free energy. The deviation is given by [17]:
EEx =

Z

A(5~eM )2 d3 r,

(2.9)

where ~eM = M~(r)/MS is the unit vector in the direction of magnetization and A is the
exchange stiffness. The exchange stiffness is related to the Curie temperature TC of the
magnetic system:
A≈

kB · TC
,
2 · a0

(2.10)

with kB being the Boltzmanm constant and a0 the lattice parameter. Typical values for a
ferromagnet with a Curie temperature above room temperature are e.g. A = 21 pJm−1 for
Fe and A = 31 pJm−1 for Co.
Demagnetizing energy
The demagnetizing energy Ed ( or stray-field energy or dipole-dipole energy) is originating
from the magnetic structure itself, which is explaining its strong dependence on the sample
~ = 0 and the
geometry. The energy term can be derived using the Maxwell equations 5B
~ = µ0 (H
~ +M
~ ), which is leading to the result that the divergence of the
material equation B
magnetization causes the stray field Hd . The energy term can then be written as:
Ed = −1/2

Z

~d ·M
~ d3 r.
µ0 H

(2.11)

Anisotropy energy
Magnetic anisotropy is describing the phenomenon that the magnetization usually has a preferred direction in a material, the so-called easy axis. Three primary sources can be identified
for such a preferential axis. First, there is the shape anisotropy, which can, in principle, be
explained by the demagnetizing energy, which prefers a magnetization direction that leads to
an as small as possible stray-field. Second, the magneto-crystalline anisotropy, which is an intrinsic property that reflects the crystal symmetry of a particular material. It can be explained
by the spin-orbit coupling, which is aligning the spin-moments parallel to the orbital-moments
of a material. Hence the symmetry of the crystal lattice is affecting the orientation of the
orbital moments. The orbital moments, in turn, are affecting the spin moments of a material.
Third, there is the induced anisotropy, which arises when an easy direction of magnetization
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is created by e.g. applied stress or fabrication conditions.
Due to the various possible origins of the magnetic anisotropy, the calculation differs from
case to case.
Zeeman energy
~ ext on a magnetic
The Zeeman energy is describing the effect of an external magnetic field H
sample. Since the external field is affecting the magnetization, the interaction strength is
depending on their relative orientation:
EZ = −µ0 · MS

Z

~ ext · M
~ d3 r.
H

(2.12)

Domain formation
Due to the plenty contributions to the total free energy Etot , the exact prediction of the
equilibrium magnetic configuration is a difficult task, although in principle possible, if all the
parameters are known. Because of the difficulty to determine all the parameters, there are
methods to simplify the task. The principle of charge avoidance (see figure 2.1) is working
well in magnetically soft materials, hence for materials with a negligible anisotropy. In such
materials, the only energy terms which have to be accounted for are the exchange and the
stray-field energy. Whereas the exchange energy is minimized, if all the magnetic moments
are aligned in a parallel fashion (figure 2.1 a), the stray-field energy is maximized. Hence,
the stray-field energy can be reduced by the formation of a second domain (b), but at the
cost of misaligning the moments in the transition area in between the two domains, thus
the formation of a domain wall (DW). This process is continuing until a favorable balance
between the two energy terms is reached. In a soft material, however, there is another
possibility, which is depicted in (d). If the energy gain by completely avoiding a stray-field
is higher than the energy loss due to an unfavorable magnetization direction, there is the
possibility that a "pole-free" domain configuration is formed (d). In order to understand both
sides of this energy minimization process, a closer look at the structure of domain walls has to
be taken. If the magnetic moment rotated from one atomic spacing to the next by 180◦ the
energetic costs would be prohibitively expensive, costing 4JS 2 /a2 or about 0.1 J/m−2 [17].
Accordingly, the magnetization is rotating continuously under the influence of the anisotropy
and the exchange energy and not step-wise. The two most prominent DW wall types are the
Néel and the Bloch wall, which are illustrated in figure 2.2. In a Bloch wall, the magnetic
moments are rotating around an axis of rotation lying in the magnetic layer, whereas for a
Néel wall, the axis of rotation is pointing perpendicular to the film plane. The Bloch wall
is the most common DW type due to the remarkable property that there is no divergence of
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Figure 2.1: The principal of charge avoidance can explain, why a magnetic material is collapsing
into a multi-domain state [83].

the magnetization in the plane of magnetization and, as a result, no stray field associated
with such a wall. The Néel wall is normally higher in energy due to the divergence of the
magnetization and the associated stray-field. As a consequence Néel walls are only stable
in magnetic films thinner than the wall width. The width of a Bloch-DW can be estimated
as:
s

A
,
K

(2.13)

√
γB = 4 · AK,

(2.14)

dB = π ·
and the energy per unit DW area as:

with the exchange constant A and the anisotropy K. The width of a Néel-type wall can be
calculated by additionally taking the stray-field energy into account. In a thin magnetic layer

Figure 2.2: Illustration of different DW types. In (a) a Bloch wall and in (b) a Néel wall
is shown [83].

with an out-of-plane (OOP) pointing magnetization, one usually observes a Bloch wall. For
that reason, it is expected that the amorphous Tb-Fe alloy thin films, which are studied in
this work, are also building Bloch walls [36].
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Magnetization dynamics

Equations of motion
This chapter is mainly adopted from Schlickeiser et al. and can be found in [87] in further
detail.

Landau-Lifshitz-Gilbert equation
The Landau-Lifshitz-Gilbert equation of motion was first introduced in 1935, it is
~ which is causing a
describing a gyroscopic motion that is caused by a magnetic field H,
~:
torque on the magnetization M
h
i
d ~
~ (t) × H(t)
~
M (t) = −γ · M
,
dt

(2.15)

where γ is the gyroscopic ratio. From experiments, it is known that an external magnetic
field is able to saturate a magnetic sample (Hysteresis), but a precession term alone does not
allow to reach saturation (figure 2.3 a). For that reason, a damping term has to be included,
so the magnetic moment can be aligned to an external field (figure 2.3 b). According to [40],
~ by an effective
the easiest way to introduce damping into the system is to replace the field H
field, which includes an ohmic type of dissipation:
~ ef f = H
~ −α
H

~
1 dM
.
µ0 MS dt

(2.16)

In this formula, α is a phenomenological damping parameter and MS the saturation mag~ with the effective field H
~ ef f , the Landaunetization. By replacing the magnetic field H

~ under the influence of an external field with (b)
Figure 2.3: Motion of a magnetic moment M
and without a damping term (a) [40].
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Lifshitz-Gilbert (LLG) equation of motion is obtained:




h
i
~ (t)
d ~
dM
α ~
~ (t) × H(t)
~
.
M (t) ×
M (t) = −γ · M
+
dt
MS
dt

(2.17)

The LLG equation is always conserving the length of the magnetization vector and is hence
only applicable at low and constant temperatures.

Landau-Lifshitz-Bloch equation
In order to overcome the restrictions of the LLG equation, which is only able to describe
phenomena at low and constant temperature, the Landau-Lifshitz-Bloch equation was
formulated. This formalism allows longitudinal fluctuations of the magnetization in space and
time and and all other relevant magnetic parameters [87]:
dm
~i
γα⊥
~ i + γαk (m
~ i )m
~ i + ξ i )) + ξ i ,
= −µm
~i×H
~ ·H
m
~ i × (m
~ i × (H
ef f
ef f ~ −
ef f
⊥
k
2
dt
mi
m2i

(2.18)

where ξ⊥ and ξk are additive fields, which are describing the thermal fluctuations and have the
character of white noise [87]. m
~ i is the thermally averaged reduced magnetization, it equals
one at zero temperature and vanishes at TC . Whereas, the precession term (1st term) and
the transversal (3rd term) damping term still fulfill the same task as in the LLG equation, the
longitudinal damping (2nd term) takes the length change of the magnetic moment at elevated
temperatures into account. Furthermore the damping parameters αk and α⊥ are temperaturedependent values, which are coupled to the atomistic damping parameter λ:
T ≤ TC :
T ≥ TC :

2 T
λ
αk =
3 TC
2 T
αk = α⊥ =
λ.
3 TC



α⊥ = αLL

and:

1 T
1−
3 TC



(2.19)
(2.20)

~ 0 , a term due to the
The effective field Hef f is made up by the external magnetic field H
~ A and the contribution due to exchange H
~ ex :
magneto-crystalline anisotropy H

~ ef f = H
~0 + H
~A + H
~ ex +
H







1

2

2χ⊥ 1− m2



, T ≤ TC ,
(2.21)

m

 e


2

1

−
1 + 3TC m
χk

where χk is the susceptibility parallel to the easy axis.

5(T −TC )

, T ≥ TC ,
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Spin waves and magnons
In figure 2.4 (a) the ground-state of a ferromagnet is illustrated. In the ground-state, all magnetic moments are aligned parallel. In order to excite the ferromagnet one moment has to be
flipped in the anti-parallel state (b), but as discussed already in chapter 2.3.1 (domain formation), the cost to flip an adjacent magnetic moment by 180◦ is very expensive (∼ 0.1J/m− 2).
For that reason, it is not one moment, which is turning by 180◦ , but the rotation is shared
by the whole collective of moments (c & d). The result of this collective excitation is a
lattice wave, a so-called spin wave. It has a wave vector ~q and an energy q = h̄ωq , which is
quantized. The quantization of the spin-wave is called a magnon. Magnons are described by
the Bose-Einstein-distribution. Each magnon corresponds to the reversal of one spin 1/2
over the whole sample [17].
Spin-wave dispersion relations are usually measured by inelastic neutron scattering, an exem-

Figure 2.4: Schematic drawing of how a ferromagnet can be excited from its ground-state.
Whereas, (a) shows the ferromagnet ground-state, with parallel aligned moments, (b) shows
the excitation of one single moment. The excitation of one spin in unfavorable due to energetic
reasons. Therefore the excitation is taking place as a superposition of all the magnetic moments
(c, d). The excitation of all collective spins is called spin wave [83].

plary measurement of Tb can be seen in figure 2.5. Due to spin-orbit coupling, the magnon
dispersion is dependent on the crystal lattice of the measured material. Thus different branches
form, which depend on the measurement direction in the specific crystal.
As established above, spin waves can propagate through a magnetic sample, but in a realistic
sample, they are not propagating endlessly over the whole sample, but are limited in range
by various effects. This limitation is strongly material dependent, in a metal e.g., the main
process is the magnon-electron interaction [71]. The degree of this limitation is usually described with the phenomenological Gilbert damping, as it was introduced for the LLG or
LLB equations in the previous sections.3
3

Although the Gilbert damping is introduced in a phenomenological way, it’s origins can be traced back
to spin-orbit coupling [39].
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Figure 2.5: Spin-wave dispersion relation of Tb [17].

Pinning Sites and nucleation
As soon as one is looking into dynamic processes in a magnet, there is pinning, which has to
be accounted for [17]. Pinning arises at defects and impurities, which cause a deviation in the
exchange A or the anisotropy K and are to be found inevitably in every sample. A magnetic
hysteresis would, for example, never exist, if there were not a meta-stable configuration besides
the state at the absolute energetic minimum. Barkhausen realized in 1919 that a magnetic
reversal process consists of various small jumps (so-called Barkhausen jumps) (figure 2.3.2
a)). The reason for those jumps is explained in figure 2.3.2. In this graphic A is a reverse
domain which nucleates in bulk. B, however, might have started growing for the same reasons
but got trapped by pinning centers. A defect does not necessarily have to hinder a dynamic
process but might also ease the procedure. The reverse domain C nucleated at a surface
asperity, which eased the nucleation process. Surface asperities (figure 2.3.2 c) can lighten
or burden a nucleation process depending on the stray-field, which is produced due to their
shape. Pinning is strongest if the defect, which is causing the pinning site, is of the same size
and orientation as the DW. If the defect is smaller than the DW, there is no benefit in energy
to form a DW. The deviation in the anisotropy and exchange is strongest at local voids, where
they drop to zero. Depending on the strength of a pinning site, it might be a barrier or a trap
for a moving DW.
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Figure 2.6: In a) Barkhausen jumps are illustrated. Barkhausen jumps reflect the stepwise switching behavior of a magnet under the influence of an external magnetic field. b) is
depicting the reason for the step-wise switching behavior. Due to defects, the growth of domain
B stopped at pinning sites and can just continue, if the external field can overcome the barrier.
In c) the influence of surface deformations are illustrated. Due to the surface asperities, a local
magnetic field is built. The strength and orientation of this local field is depending on the
geometry [17].

CHAPTER

3

Experimental setups & methods

This chapter presents the setups and methods used in this work. The everpresent concept
in this work is that heat is induced into a material by laser radiation. The outcome of the
heating has to be controlled, measured, and quantified.
The first part introduces the continuous wave patterning setup. The setup is used to
investigate the interaction between heat and a magnetic DW. This goal is achieved by
fulfilling several requirements. It is necessary to tailor the lateral dimensions and strength
of the heating source, but also to control and to position the heating source on the sample
plane. For means of detection, there are several methods implemented in the setup. There
is optical & magneto-optical Kerr microscopy (MOKE), atomic and magnetic force microscopy (AFM & MFM).
The second part of the chapter presents the method direct laser interference patterning
(DLIP). DLIP is in this work used to structure a FeAl-alloy, a so-called order-disorder
material. FeAl can undergo a temperature-induced reversible phase-transition, making it
interesting for the storage-media community.
The last part of this chapter presents heat-flow simulations. Due to the difficulty of measuring temperature on the nano- and micrometer-scale heat-flow simulations are performed
to predict and quantify the laser-induced temperature change.
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Experimental setups
Continuous wave (cw) - laser patterning

The setup (figure 3.1) consists of two optical paths, which are depicted in red & green. While
the green path can be used to manipulate the sample, the red path is used to illuminate the
sample surface, thus serving as the light source (λ = 620 nm) for the optical microscope.
To manipulate the sample, a linearly polarized, frequency-doubled Nd:YAG laser (green, λ =
532 nm) is used in continuous wave (cw) mode. For an easier understanding, both paths of
light are described starting at their origin following the propagation direction. After leaving
the laser (green path), the light is guided onto a Piezo controlled mirror, which is part of the
active beam stabilization unit (blue box), which is explained in section 3.1.1 in greater detail.
The light reflected from beam splitter No. 1 passes a λ/2− wave plate and subsequently a
Glan-Taylor-prism. By tuning the wave plate to a certain angle, the laser power can be
modified. After the passage of the prism, the power of the reflected beam is measured ("Power
Meter No.1"), and the power of the transmitted beam determined (T=1-R). The transmitted
beam is then, after several reflections (Beam Splitter No. 2, a Dielectric mirror and Beam
Splitter No.3), guided through an objective lens and thus focused down onto the sample
plane. The laser beam reflected from the surface is following the very same path backward
and is subsequently measured with Power Meter No. 2. Whereas Power Meter No.1 is used
to measure the incoming laser power, Power Meter No. 2 measures the back-reflected light
and can hence be used to determine the beam waist of the focused laser beam (see section
3.1.1).
The optical path depicted in red is originating from a LED (Light Emitting Diode) (λ =
620 nm) and is used to illuminate the sample plane. The light leaving the LED is first
parallelized (Lens f = 25 mm), then polarized (Polarizer) and subsequently focused (Lens
f = 160 mm) into the objective lens. The light back-reflected from the sample surface is,
after passing Beam Splitter No. 3, steered through a color filter to get rid of the green laser
light. Afterward, the red light is guided through λ/4-wave plate and an analyzer. By setting
the analyzer close to the annihilation angle, the out of plane (OOP) magnetization of the
sample can be made visible. This method of detection is the so-called magneto-optical Kerr
effect, which is explained in section 3.1.1 in more detail. The transmitted light is then focused
(Lens f = 400 mm) onto the CCD (charge-coupled device) camera, thus generating a live
view of the sample.
In order to focus the incoming light onto the sample, there are objective lenses with different
magnification factors (100x, 50x, 20x, 10x, 5x), the lenses and the resulting beam waist is
characterized in chapter 3.1.1. The lenses are mounted on a z-piezo-stage, which can be used
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Figure 3.1: Schematic drawing of the cw-patterning setup.

to adjust the distance between sample and lens.
An electromagnet is located right above the sample and allows to apply an external magnetic
field perpendicular to the sample surface. The maximum possible field strength is Bmax ∼
35 mT.
The sample is mounted on top of a Peltier heater, which is fixed to a linear x-y-stage. While
the Peltier heater can be used to define the base temperature of the sample, the x-y-stage
can move the sample in a plane perpendicular to the incoming laser beam. Furthermore, an
atomic and magnetic force microscope (AFM & MFM) is installed in the sample plane. Thus,
the x-y-stage can be used to move the sample directly from the focused laser spot to the
microscope.
The Beam Waist
For a accurate estimation of the laser impact, the exact amount of heat induced by the laser
illumination would have to be known. To achieve this goal, the laser power PL has to be
controlled, the illumination time t, and the size and position of the laser spot. Whereas
the first two properties are easy to control, controlling, the exact position and size are more
challenging.
There are different possible ways implemented in the setup to control the laser spot size.
There is the possibility to use objective lenses of different magnification or to adjust the
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Figure 3.2: Beam waist of the 20x and 50x objective lenses.

distance between the objective lens and sample. Although most parameters of the used lenses
can be found in the data sheet [60], the lenses have to be characterized for the specific
requirements of the setup. The knife-edge-method was used to characterize the laser spot
size [48]. This method is determining the FWHM of a laser spot by scanning a sharp edge
through the laser focus, meanwhile measuring the back-reflected light. However, the laser
spot size shall not only be as small as possible, but the size shall be adjustable by adjusting
the distance between the lens and sample by controlling the z-piezo. To determine the exact
relation between lens-sample distance and focus diameter, the focused laser spot was scanned
repeatedly over a free-standing gold stripe, and the distance between lens and surface was
changed incrementally by the z-piezo stage. An exemplary measurement of one laser sweep
passing over the gold stripe can be found in the appendix 8.4, the calculation to determine
the FWHM was adopted from Ofarim et al. [65]. If the knife-edge measurement is repeated
for a big enough range of sample-lens distances, the beam waist of the laser focus can be
determined. Figure 3.2 shows the beam waists of the two objective lenses used for this thesis1 .
According to the measurement, a minimum value of FWHM20x ≈ 2.26 µm, and FWHM50x ≈
900 nm, is achievable with the two lenses. The focus size is hereby strongly reacting to
changes in the setup adjustment and the z-piezo position. Due to this strong reaction and
out of convenience, the optimum laser focus size is approximated as FWHM= 2.5 µm for the
the 20x objective lens and as FWHM= 1 µm for the 50x. In the evaluation of the experiments,
the approximated values are used.
The knife-edge-method is working under the assumption that the measured laser spot
diameter has a perfect gaussian shape. An error -function determines the beam diameter. In
this example, the measured laser beam was determined by scanning the beam always in the
1

The beam waist measured for the 100x lens is listed in the appendix.
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same direction over the used gold-stripe. It was never tested, whether the beam-waist has the
same shape in every scanning direction. For a perfect gaussian beam, it would suffice to only
scan one direction. However, there is evidence that the laser focus deviates from a perfect
gaussian shape. E.g. the beam-waists presented above do not fit the theoretical description.
Furthermore, the laser focus is later defocused intentionally and scanned over a magnetic DW
(see chapter 5.2.1). The laser-induced DW deformation, resulting from the scanning motion,
deviates from the shape one would expect from a gaussian beam. Nevertheless, the laser
focus measurements were agreeing well with the used error -function (see figure 8.4). Yet,
there is the question, how well the knife-edge-method can determine a laser focus diameter
if the measured laser focus deviates from the assumed gaussian shape.

Beam stabilization
As already mentioned, it is crucial to keep a laser focus on a certain sample position over
a specific period of time. Although this task seems straightforward at first, it turns out to
be quite a demanding challenge. This problem goes back into the 1990s. Back then, people
were looking for a laser that could be used to pump a Ti:Al2 O3 -laser. They were trying to use
a frequency-doubled Nd:YAG-laser as a pumping unit but had the problem that the pointing
stability of the Nd:YAG-laser was too low to pump the Ti:Al2 O3 -laser properly [96]. They
realized that thermal fluctuations in the Nd:YAG rod lead to considerable wander in the output
beam direction (right-hand side of figure 3.3), which did occur on a characteristically slow
time scale of 0.5 − 10 Hz [27]. The beam wander was happening in two different ways. On the
one hand, they observed a parallel beam shift happening in the crystal and, on the other hand,
a change of the propagation angle. They decided to simultaneously correct both degrees of
freedom by implementing an active beam stabilizer. Such a beam stabilizer consists of two
independent units. Each is made up of a four-quadrant photodetector, which is measuring
the relative beam position, a piezo-driven mirror that is used to adjust the beam position
and a PID-controller, which is converting the signal from the detector to correct the beam
wandering by adjusting the piezo-driven mirror. In order to correct the angular component of
the beam wander, a lens L is integrated into the beam path between beam splitter BS1 and
detector D1 (left-hand side figure 3.3).
The pointing stability is also playing a crucial role, if one is to focus a laser on a certain sample
position for some time, therefore to correct for the angular fluctuation, a lens (f = 250 mm)
is integrated into the beam path of the setup (see figure 3.1). The parallel fluctuations are
not corrected since they do not change the position of the laser focus.
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Figure 3.3: On the left-hand side, a scheme of a beam stabilization unit is shown [27]. On the
right-hand side, the beam wander of the Nd:YAG is measured 4 meters behind the laser with
(a) and without (b) the beam stabilization unit [96].

Magneto Optical Kerr microscopy - MOKE
Magneto-optical (MO) domain observation is based on the weak dependence of optical constants on the magnetization direction [2]. As a consequence of this dependence, one can
observe that a magnetic material that is illuminated with linearly polarized light is changing the direction of the light polarization upon reflection (Kerr effect) or transmission
(Faraday effect). Although the Faraday effect is in principle producing a stronger signal,
not many samples allow measurements in transmission, thus making the Kerr effect the one
most commonly used.
In order to apply the MO effects to observe magnetic domains, it has to be differed between
the longitudinal, the transversal and the polar Kerr effect. Whereas the first two can be
used to probe for an in-plane pointing magnetization vector, the latter one is applied to detect an out-of-plane (OOP) pointing magnetization. Since all of the samples show a strong
perpendicular anisotropy and hence an OOP pointing magnetization vector, the polar Kerr
effect is used in the setup.
The working principle can be derived either by using the Maxwell equations in combination
with the right boundary conditions [2], or by using the Lorentz force for a more descriptive explanation (see figure 3.4). If a sample with an out-of-plane pointing magnetization is
~ will induce the electrons
illuminated with linear polarized light, the electrical component E
of the sample to oscillate in its plane of polarization. The back-reflected light can then be
divided into two classes: the regularly reflected light, which is polarized in the same plane
~ as the incoming light, here marked as R~N and the component due to the Kerr effect
E
R~K . The latter component can be understood using the concept of the Lorentz force.
The Lorentz force induces a small component perpendicular to the primary motion and the
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Figure 3.4: Scheme of the polar-Kerreffect. Due to the Lorentz-force a change of polarization can be found upon reflection [2].

~ which is creating a secondary amplitude R~K . The
magnetization direction: ~vLor = −m
~ × E,
superposition of R~K and R~N leads to a magnetization dependent polarization rotation of the
back-reflected light. The polarization rotation is strongest for an angle of incident of ϑ0 = 0◦ .
Looked at in greater detail, there are two processes taking place for light propagation in a
magnetic medium [73]. Qiu et al. explain them by expressing linearly polarized light as a
superposition of two circularly polarized components and by the magnetic circular dichroism
(MCD). 2 There is, on the one hand, the different propagation velocities for the two different
directions of rotation (left or right-handed polarization), which is causing the polarization rotation (RK ) explained above. However, on the other hand, there are different absorption rates
for left and right-handed circularity, which is affecting the ellipticity. The light back reflected
from the surface is thus not just rotated in polarization, but also elliptically polarized.
Furthermore, MO-effects are wavelength dependent and are enhanced near an absorption
edge [17]. The presented polar Kerr microscope has a light-emitting diode (LED) as a light
source. The light source is emitting light with a wavelength of λ = 620 nm, which is thus
probing the Fe-sublattice of the studied Tbx Fe100−x -samples.
3.1.2

Direct laser interference patterning (DLIP)

Direct laser interference patterning (DLIP) is a technique that is based on the interference
of multiple laser beams, which are recombined on a sample surface [25, 52]. The resulting
interference pattern is creating an intensity and, as a consequence, of the laser pulse duration,
a similarly shaped temperature distribution on the surface. The exact temperature distribu2

MCD is describing the different degrees of absorbance of left and right polarized circular light in a magnetic
medium.
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Figure 3.5: Schematic drawing of the four-beam interference patterning technique (left hand
side). Exemplary four-beam intensity distribution on the right-hand side.

tion can be understood as an interplay between the resulting pattern and the light-material
interaction of the illuminated material. Further information about this technique can be found
in the thesis of M. Stärk [98] or J. Roller [81].
For the studies in this thesis, a four-beam interference pattern was used to create a dot-like
pattern (right-hand side in figure 3.5). The geometry of the resulting interference pattern
can be controlled by adjusting all four beams in intensity Ii , azimuth angle ϑi , angle of incident ϕi and beam polarization Ψi . Furthermore, the periodicity of the pattern depends
on the wavelength λ of the subsequent beams. In the presented case, the second harmonic
(λ = 532 nm) of an injection-seeded Nd:YAG laser is used to generate laser pulses (by qswitching) with a length of τ ∼ 12 ns. The beam profile of the resulting laser pulse can be
considered as gaussian. Hence the consequent dot-like intensity distribution of the interference pattern has a gaussian envelope. Due to the gaussian envelope, the intensity is
declining from center to rim, thus allowing one to observe temperature inflicted changes of
the sample surface on a big temperature scale in one single experiment.

3.2

Atomic and magnetic force microscopy (AFM & MFM)

AFM is a technique, which is scanning a mechanical tip repeatedly over a surface of a sample,
thereby generating a surface impression by measuring the interaction between the tip and the
surface. Depending on the distance between tip and surface, there are different kinds of forces
to be detected. At short-range (< 0.5 nm), the interaction is dominated by interatomic forces,
such as the pauli principle, ionic repulsion, metallic, and covalent bonding. The variation of
short-range forces makes atomic resolution possible. At the nanometer scale, the interacting
forces are dominated by the van der Waals interaction (f ∝ 1/r7 to F ∝ 1/r8 ), at even
higher distances, electrostatic and magnetic forces take over. Hence, the forces detectable
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at greater distances belong to the dipole-dipole interactions, which decay with ∝ 1/r3 in the
far-field [63].
The operating mode of AFM can be divided into two separate groups, the static and the
dynamic mode. The measurement principle of the former is to detect the mechanical bending
of a cantilever with a known spring constant. The principle of the latter is to oscillate a cantilever close to its resonance frequency and to measure the shift in resonance or amplitude,
which is caused by the interaction with an external force.
In this work, the primary interested is magnetic domain configurations, which are detected by
MFM. In MFM the magnetic stray-field of a sample surface is detected by replacing the nonmagnetic tip of AFM with a magnetic one. A magnetic tip is usually fabricated by depositing
a magnetic coating (e.g. Co) on the nonmagnetic tip. Although the dipole-dipole interaction
between the magnetic tip and the stray-field of the surface is strongest close to the surface,
MFM measurements are conducted in a fixed distance above the surface (50 to 100 nm). One
the one hand, the short-range interactions are generating forces typically two or three orders
of magnitude higher than the magnetic forces, on the other hand, the magnetic forces are
decreasing more slowly with increasing distance (or height). The most common approach to
filter out the magnetic forces is the Lift-Off technique. This technique is first mapping the
surface using a dynamic mode and then lifting the cantilever to a defined height for a second
scan.
In this thesis, two MFMs from different companies were used. An Easyscan II MFMmeasurement-head, which is controlled by a C3000 -controller is mounted in situ in the experimental setup depicted in figure 3.1. This MFM is fabricated by the company Nanosurf and
is only used for fast verification of certain experiments. A Multimode 8 from Bruker performs
all the MFM measurements presented in this thesis. The presented data was recorded with a
high-resolution tip of TeamNanotec (HR-MFM-ML 1 & ML3).

3.3

Heat flow simulations

The simulations were performed using the software COMSOL Multiphysics, which is using the
finite element method to solve the heat flow equations. Thomas Möller mainly performed
the heat flow simulations presented in this work, the underlying principles can be found in his
master thesis in further detail [61].
There are two different systems simulated in this work, the exact properties and requirements can be found in chapter 4. Although neither the material layers nor the time scale of
the laser illumination is the same, the concepts of the heat simulation are identical.
A laser heats the top side of the metal surfaces. The laser is treated as a "boundary heat
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source" for the heat-flow simulations. The absorbed power is described by the product of
the mean laser power and the absorption of the material. The laser pulse length is modeled
as gaussian in the case of the DLIP experiments (see chapter 3.1.2) and as a rectangular
function for the cw-patterning (see chapter 3.1). The thermal boundary resistance between
metal and silicon and between silicon and glass are realized as a "thermal contact" with a
certain thermal resistivity.
Certain symmetries were used to reduce the calculation effort of the heat flow simulations.
The sample and hence the calculation was reduced into two dimensions. The reduction is
possible due to the planar sample geometry and the gaussian profile of the laser beam.

CHAPTER

4

Material properties & characterization

This chapter introduces the studied materials and their properties. The first part of the
chapter presents the amorphous ferrimagnet Tbx Fe100−x , a rare-earth transition-metal thin
film. The second part introduces the order-disorder transition material FeAl.
The first part, begins with a general overview of the magnetic properties of rare-earth
transition-metals. The section continues with the fabrication conditions followed by the
magnetic, optical and thermal properties of the studied Tbx Fe100−x -samples.
This part is based in big parts on the work of Schubert [89], Hassdenteufel [33]
and Hebler [36]. Please refer to these works for further information.
The second part introduces the class of order-disorder transition materials. It explains the
structural changes of the transition at the example of FeAl and the consequences for the
magnetic properties. The section ends with the fabrication conditions.
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Terbium-iron: rare-earth transition-metal thin films

Already in the 1970s, the material class of rare-earth transition-metals was a matter of interest
for fundamental research [58]. The research was leading up to the TbFeCo-based magnetooptical disks sold in the early 2000s for data storage. Although this type of data storage is
rarely used any longer, the complex properties and rich physics that are accompanying the
rare-earth transition-metals kept the research interest alive.

4.1.1

Magnetic properties of rare-earth transition-metals

One of the most famous ferrimagnetic systems are the rare-earth transition-metal alloys. These
magnetic alloys can be amorphous or crystalline, depending on the fabrication process. For a
long time, it was believed that spontaneous magnetization does require a long-range order,
thus making amorphous magnetic films a big mystery. A closer look at the microstructure
helps to understand the origin of their magnetization. In general, amorphous materials do
not have a chemical or structural long-range order due to local variations in the composition,
the distance, and the angular relation between atom sites. Although there is no order to be
found in the long-range, there is one on short-range. The atomic order is tested using the
radial distribution function G(r)1 , which is measuring the distance-dependent probability to
find an atom in the distance r from any particular atom [16, 17]. As a consequence of this,
the former well-defined ingredients of cooperative magnetism: the anisotropy D, the atomic
moments m, the exchange interaction J and the dipolar interaction Hd have to be defined as
probability functions (see figure 4.1).
Furthermore, there cannot be a magnetocrystalline anisotropy, as it is the case for a crystalline structure. Nevertheless, there is a local magnetic anisotropy on the scale of a few
atomic spacings. This anisotropy is resulting from the electrostatic fields at every atomic site,
which is strongly position-dependent due to the randomly distributed atoms. This kind of
anisotropy is also called single ion anisotropy. Therefore the magnetic structure arises from
the competition of the anisotropy and the exchange interaction J. While the local anisotropy
axis Di are randomly distributed, the exchange interaction is trying to align the magnetic
moments. In a more descriptive sense, this interplay is changing the near-parallel alignment
of magnetic moments in e.g. a ferromagnet to a fan-like configuration around this axis, thus
forming up an asperomagnet (figure 4.2). The same behavior can be observed for ferri- →
speri- and antiferro- → speromagnets. This distribution in which the magnetic moments are
assembling themselves is called a fanning cone. For the TbFe samples used in this work it
1

G(r) is derived by the Fourier transformation of the X-ray diffraction pattern [17].
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Figure 4.1: The scheme shows, how cooperative magnetism is formed in an amorphous
material [17].

should be noted that both sublattices are forming a fanning cone, with a bigger opening angle
on the side of the Tb-cone [37].
The total magnetization M in a ferrimagnetic system is made up of the interplay of the

Figure 4.2: The figure shows how different magnetic couplings (J) affect the magnetic ordering
in an amorphous material [17].

underlying sublattices: M = MA + MB and is strongly temperature-dependent. This dependency stems from the different temperature scaling of the two sublattices. Figure 4.3 shows
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the two possible ways schematically, how the total magnetization can scale with the temperature. Either the total magnetization M is continuously decreasing with temperature until
the Curie temperature is reached (left-hand side of figure 4.3), or one lattice is decreasing
much faster as the other one and starting from different initial values (right-hand side). In
the latter case, there is a temperature at which the two sublattices are exactly compensating
each other. At this temperature, the ferrimagnet emits no stray-field. This point is called
magnetization compensation temperature TM .
Mimura et al. were already investigating the ferrimagnetic behavior of TbFe-films in

Figure 4.3: Schematic drawing of the possible temperature-dependent magnetization curves
in a ferrimagnet. The total magnetization M is made up by the sublattices: M = MA + MB .
Only for a specific combination of sublattices a net magnetization compensation point TM can
be observed [17].

1976 [58]. The authors were looking at the stoichiometric dependent magnetic behavior of
TbFe-films. They were, therefore, probing the magnetic properties by measuring the hysteresis of samples with different Tb-content. The Tb-content of the tested samples was ranging
from 10 to 40 at % of Tb (Figure 4.4).
The findings of Mimura et al. are depicted in figure 4.4. The figure shows (in text on
the upper side) that the stoichiometry can control the easy axis of the magnetic films. The
out-of-plane pointing easy axis is only found in a small concentration range (∼ 15 − 28 at. %).
For any concentration outside this range, the easy axis is pointing into the plane. However, it
is not just the easy-axis that depends on the composition, but all the magnetic parameters.
The Curie temperature is lowest for a Tb-concentration of ∼ 12 % with TC ≈ 350 K and
increasing monotonously up to a value of TC = 425 K for 27 at. % of Tb. The saturation
magnetization MS is lowest at roughly 22 at. % of Tb, the room temperature compensation
point. Consequently, the coercive field HC is following the inverted trend, thus spiking at
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22 at. % of Tb. Moreover, they measured the net magnetization compensation temperatures
of the different compositions, thereupon finding an increasing TM with increasing Tb-content.
However, other authors state that the temperature of the net magnetization compensation
point cannot only be controlled by the stoichiometry of the sample, but also by its growing
conditions such as the deposition temperature, the base pressure, the substrate, and the film
thickness [36, 37].
The influence of the film thickness on TM is demonstrated in figure 4.5. Graphic A &

Figure 4.4: Stoichiometry dependent measurement of the Curie temperature, the compensation temperature TM and the saturation magnetization MS in 1 µm thin films [58].

B show the remanent magnetization as a function of the temperature for different sample
compositions (15 ≤ x ≤ 35 at. %) in case of a 5 nm (A) and a 85 nm thick film. In C the
composition is fixed at 25 at. % of Tb, but the film thickness is changed. One can see that
the remanence magnetization can be changed either by the composition (A & B) or the film
thickness (C). Figure C shows that the MR (T )-curves are at first changing drastically with
increasing film thicknesses (curves 1 - 4) and then less and less for further increasing film
thickness. At some point, barely any changes can be observed between the curves (6 & 7).
To explain this observation, the authors are pointing at the sperimagnetic nature of the films
under study. Hebler et al. attribute those changes to the fanning cone angle of the Tbmoments.2 They propose that the Tb-moments are aligned more parallel in the case of thicker
2

The fanning cone of the Fe-atoms is less affected by the change of the film thickness [82].
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films. Consequently, a more significant contribution to the remanence magnetization MR is
observed. As explained above (see figure 4.3), a change of the net magnetization modifies the
interplay between the sublattices and as a consequence, the magnetization versus temperature
curve. Hence, the coercive field HC , the uniaxial anisotropy KU , and the net magnetization
compensation point TM are changing as well [37].
Another point of interest in a ferrimagnetic material is the angular momentum compens-

Figure 4.5: Remanence magnetization versus temperature curves of Tb-Fe thin films. In A &
B the film thickness is kept constant, but the Tb-content is changed and vice versa in C [37].

ation temperature TA . As the name already suggests, this is the temperature at which the
angular momentum of each sublattice is compensated by the other sublattice. While the
magnetization compensation point TM is usually easily measured by e.g. a magnetization
versus temperature measurement, the TA is not so easy to come by. Whereas TM is a characteristic of the systems magnetization, TA is related to its angular momentum. But Kim
et al. present a way to calculate TA from a magnetization versus temperature measurement
M (T ) [47]. They use the following relation, which states that the total magnetization is made
up from the anti-parallel coupled sublattices:
~ =M
~ Gd + M
~ F eCo ,
M

(4.1)

~ being the total magnetization and M
~ Gd & M
~ F eCo the magnetization of the Gadwith M
olinium and the Iron-Cobalt sublattices. This relation can be extended to include the angular
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~ of the system:
momentum A
~=A
~ Gd + A
~ F eCo = M
~ Gd /µGd + M
~ F eCo /µF eCo ,
A

(4.2)

which can be expressed by the two sublattice magnetizations divided by the gyromagnetic
ratio µ = gµB /h̄. Where µB is the Bohr magneton and g is the Landé factor. The
used Landé factors are gF eCo ∼ 2.2 and gGd ∼ 2 [47]. According to Kim et al., one can
now decouple the two magnetic sublattices (Figure 4.6 a) by fitting a measured M (T )-curve
with:
~ Gd − M
~ F eCo = αGd (TC − T )βGd − αF eCo (TC − T )βF eCo .
Ms,total = M

(4.3)

In this equation αi and βi are fitting parameters and TC the Curie temperature. Using
formula 4.2 in combination with the decoupled sublattices (Figure 4.6 b), one can now extract
the angular compensation point TA from figure 4.6 c). The angular compensation point was
determined as TA = 310 K.

4.1.2

Fabrication & sample geometry

The Tb-Fe alloy thin films were fabricated by Birgit Hebler from the group of Manfred
Albrecht by dc magnetron co-sputtering under ultra-high vacuum conditions (Figure 4.7).
The deposition took place with a base pressure of less than 5 · 10−8 mbar [37]. Argon gas
with a partial pressure of pAr = 4.6 µbar was used as the sputtering gas. As a substrate a
375 µm-thick p-silicon(100) with a 100 nm-thick SiO2 on top was used. The deposition rates
were set to 0.6 Å/s for Fe and to 0.3−0.7 Å/s for Tb resulting in a sample range from Tb18 Fe82
to Tb34 Fe66 . The sputtering rate for each element was measured before the deposition by a
quartz balance. The resulting composition of each sample is controlled using Rutherford
backscattering (RBS) and is exact within ±1 at.%. To support the growth process a 5 nm
thick Pt seed layer is deposited on top of the 100 nm thick thermally oxidized SiO2 -layer. To
prevent oxidation a 5 nm thick capping layer is covering the magnetic layer. The thickness
of the sputtered samples are measured as 16 ± 1 nm using X-ray reflectometry. Although
the composition was tested by RBS, it is known that the exact composition can vary much
more strongly on smaller scales [53]. Figure 4.8 shows the local variations of a Tb26 Fe64 Co10
sputter-deposited film. The local variations of e.g. the Fe-content are measured to be up to
13 % in this experiment. According to Hebler et al., such fluctuations can be observed in
every alloy fabricated by sputter deposition [36].
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Figure 4.6: The figure shows the necessary steps to calculate the angular momentum compensation point of a ferrimganetic system at the example of GdFeCo. In a) the measured
magnetization curve M (T ) is fitted with equation 4.3. The thereby extracted sublattices are
depicted in b). The angular momentum and thus the angular momentum compensation point
can be calculated using the extracted sublattices in combination with formula 4.3. The angular
momentum of the system can be seen in c) [47].

Magnetic characterization
The presented magnetic characterization was performed by Birgit Hebler and Michael
Heigl, collaborators from the University of Augsburg and members of the team of Prof. Dr.
Manfred Albrecht.
The samples used in the study are magnetically characterized using a superconducting quantum
interference device (SQUID). Given that the main interest in this work is temperature-induced
effects, the samples are characterized by a magnetization versus temperature measurement
(see figure 4.9). The tested samples show a typical ferrimagnetic behavior including a mag-
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Figure 4.7: Sample stack design used in this work. The Tb-content of the TbFe-films in this
work ranges from 18 % to 34 %.

Figure 4.8: Local concentration variations of a sputter deposited Tb26 Fe64 Co10 -thin film [53].

netization compensation temperature TM .3 The net magnetization declines with increasing
temperature, up to the magnetization compensation temperature TM . Below TM the Tbmoments provide the main contribution to the net magnetization, above TM the roles reverse.
The temperature does only exist for a certain range of compositions, supposedly from Tb22 Fe78
- Tb30 Fe70 in the presented case. The room temperature compensation point for the tested
samples is located in between a Tb-concentration of 26 at.% - 30 at.%. The room temperature compensation point is a characteristic composition, at which the net magnetization
becomes zero at room temperature. The specification of a room temperature compensation
point is used to characterize a whole batch of samples, each fabricated under similar conditions, with similar layer thickness. The curie-temperature TC increases with increasing
Tb-concentration and is found in between TC ∼ 360 K and TC ∼ 420 K. In the experiments,
the temperature increase is caused by the illumination with a focused laser. According to the
performed COMSOL-Multiphysics simulations, the later presented experiments induce peak
temperatures of up to ∼ 1500 K. Therefore, the tested temperature range in figure 4.9 does
not grant access to the total investigated temperature interval. Figure 4.10 shows a magnetization versus temperature measurement from Sun et al. They measure an amorphous 250 nm
3

The sample Tb30 Fe70 is supposed to possess a TM , but the measurement to determine the exact temperature could not be performed due to the COVID-19 pandemic. Furthermore, the measurements to determine the
magnetization versus temperature trend was scheduled for the whole range of samples Tb18 Fe82 - Tb34 Fe66 ,
but the experiments could not be realized.
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Figure 4.9: The graph shows the magnetization versus temperature measurements for the
various sample compositions. Each depicted curve consists of two measurements which are
combined in between 300 K and 350 K.
The magnetization versus temperature measurements were scheduled for the whole range of
samples (Tb18 Fe82 - Tb34 Fe66 ), but could not be realized due to the COVID-19 pandemic.

thick Tb33 Fe67 -sample in the temperature range from 300 to 1100 K [100]. The measurement
shows a Curie temperature of TC = 407 K, above TC , the magnetization shows a paramagnetic behavior up to a temperature of T ∼ 693 K. The strong increase in magnetization at
T ∼ 693 K is a typical indicator of the crystallization process [85, 100]. There are different
literature values on the exact crystallization temperature, the literature values range from
Tcry ∼ 500 − 550 K (Sato et al. [85]), to Tcry ∼ 600 K (Ranchal et al. [77]), up to the
depicted measurement of Sun et al. of Tcry ∼ 693 K. The origin of the quite different values
might be traced back to the differences of the samples used by the authors. The samples are
differing in seed- and cover-layer, layer thickness, and fabrication conditions.
Furthermore, the crystallization temperature is supposed to increase with increasing Tbcontent [85,100]. During the measurements for this work, it was found that TbFe-samples are
aging (figure 4.11). The graphic shows two magnetization-versus-temperature curves, which
were measured for the same sample, but in different years. The sample was first characterized
in the year 2014, right after fabrication, and once again in 2019. During those five years, the
whole curve changed and shifted to the left. Thus, the magnetization compensation point
decreased from TM,2014 ∼ 255 to a value of TM,2019 ∼ 215 K. By comparison with figure
4.9, the oddity of this shift becomes apparent. The aging process has the same effect, as
the reduction of the Tb-content. According to Bernstein and Tejedor et al., this can
be explained by the preferential oxidation process of the rare-earth elements, in rare-earth
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Figure 4.10: The graphic shows the magnetization versus temperature measurements for a
250 nm thick amorphous Tb33 Fe67 sample. The curie temperature of the amorphous film is
located at TC = 407 K, at a temperature of Tcry = 693 K the sample turns crystalline. Due
to the crystallization, the magnetization of the sample is rapidly increasing. The magnetization
drops again at a temperature of T ∼ 940 K [100].

transition-metals [10, 101]. Due to the aging process, a TbFe-sample, which was fabricated
with a particular stoichiometry, is effectively behaving like a sample with a lower Tb-content
over time.
As a consequence of the aging process, measurements too far taken apart are not set into
comparison.
4.1.3

Optical properties

In the presented experiments, the above described magnetic films (chapter 4.1.2) are heated
locally on small scales by focused laser illumination (FWHM ∼ 0.5 − 2.5 µm). Unfortunately,
measurements of a thermal distribution with diameters of a few micrometers and below,
prove to be difficult [23, 62]. Thus, estimations of the laser inflicted temperature change
and the resulting thermal gradient are performed by Comsol Multiphysics. For a calculation
of the laser-induced heat distribution, optical and thermal properties have to be taken into
account. However, the samples used in this study (figure 4.7) are all deposited on a 375-µm
thick p-silicon(100) substrate, therefore proving optical transmission measurements difficult.
Hence, in order to calculate the resulting temperature distribution, the transmission values,
and consequently, the absorbance of the samples have to be calculated first.
The optical parameters are calculated by a Matlab-script, which is based on the Fresnelequations. The code was modified to accept any amount of different material layers [32].
Although the needed transmission values are now computable, the problem is not surpassed.
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Figure 4.11: The graphic shows a magnetization versus temperature measurement that was
measured for the same sample, but five years apart from each other. The preferential oxidation
of the rare-earth elements in the alloy is causing a shift in the M versus T - curve. A film
fabricated with a certain stoichiometry is hence behaving as one with less Tb-content over
time [10, 101].

It simply shifted to finding the necessary optical constants: the refractive index n and the
extinction coefficient k.
In figure 4.12 the calculated values for the reflectance R, the transmittance T and the

Figure 4.12: Transmittance Tcal , reflectance Rcal and absorbance αcal calculated for the layer
stack displayed in figure 4.7. The measured reflectance data Rmes for different stoichiometric
sample compositions are superimposed on the calculated data. The data is presented for an incident angle of ∼ 5◦ and a wavelength of λ = 532 nm. The transmitted intensity is extrapolated
using the Beer-Lambert-law.
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Figure 4.13: The sketch depicts the light propagation (λ = 532 nm) through the different
material layers. To the left, one can see the reflectance at an Air-Si-interface. In the middle,
the reflectance at a SiO2 -Si and a SiO2 -Pt-interface is depicted. To the right, the refractive
constants of the multilayer are listed. The values are adopted from Hassdenteufel et al.
[33, 68]. The values for the TbFe-alloy are adopted from [33] and are in general agreement
with [14]. The constants for Si are from [5] and those for SiO2 from [54].

absorbance α are displayed (angle of incident ∼ 5◦ )4 . Furthermore, the figure shows the
reflectance values (Rmes ) of the different Tbx Fe100−x compositions. The good agreement
between measured (Rmes ) and calculated (Rcal ) data validates the calculation. Furthermore,
the excellent agreement shows the independence of the reflectance from the stoichiometry. It
can thus be concluded that the magnetic properties of the sample play a minor role in the
optical properties and can hence describe all samples using the same calculation.5 Although
the reflectance is a good match for the calculated data, there is no way to control the
calculated transmittance directly. To solve this problem, a second TbFe-layer stack (Pt[5.2 ±
0.3 nm]/Tb29 Fe71 [18.7 ± 1.1 nm]/Pt[5 ± 0.3 nm]/quartz glass) was deposited on a transparent
substrate. Using the following assumptions, the Beer-Lambert-law is used to extrapolate
the transmittance of a z1 = 26 nm thick film (deposited on a 100 nm thick SiO2 -layer) from
the one measured for a z2 = 29 nm thick one (with a quartz-substrate):
• The optical properties of a thermally-oxidized SiO2 -layer is similar to that of a commercially purchased quartz-glass.
• The layer system can be simplified to one effective layer, hence ignoring the interfaces,
which are the same in both multilayer systems.
The transmittance T26 ∼ 5.8 % passing through the SiO2 -layer can therefore be extrapolated,
4

The reflectance could only be measured under a small angle. In the actual experiment, a focused laser
beam is used, hence there is not one angle of incident, but an interval of angles.
5
The observation of independent magnetic and optical properties is confirmed by Hassdenteufel et
al. [33].
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using the measured value of T29 ∼ 4.3 % (figure 4.12). The so far ignored interface between
SiO2 and the Si-substrate has to be taken into account to get a good estimate. Due to
the SiO2 layer the reflectance at the SiO2 -Si-interface is reduced in comparison to an air-Siinterface (figure 4.13). Additionally, the beam back reflected from the Si-SiO2 -interface is
strongly back-reflected at the SiO2 -Pt-interface (R ∼ 52.9 %), hence minimizing the intensity,
which can reach the TbFe-layer. Therefore, the extrapolated transmittance Tb26 , will mainly
vanish into the silicon-substrate and only a small part (< 1 %), will be back-reflected through
the magnetic layer.
The comparison of the simulated data (figure 4.12) with the calculated transmittance Tcal =
3.6 % shows that the actual transmittance might be underestimated by 1 − 2 %, and hence
overestimating the absorbance.
4.1.4

Thermal properties

Seeing the difficulties in reducing the error of the calculated reflectance any further, the heatflow simulations are introduced first (Comsol) and the impact of the different input-variables
(e.g. the absorbance) will be discussed subsequently. Figure 4.14 shows the calculated temperature distribution inflicted by a gaussian laser beam with a spot size of 2.5 µm measured
at FWHM. The heating duration is t = 1 s. According to the simulations, the steady-state
of the heat distribution (for a FWHM of 2.5 µm) is reached after ∼ 200 ns. The absorbance
is assumed as α = 41.5 %, due to the arguments above. The heat-flow simulation does not
take material changes (e.g. phase transitions) or magnons as heat conductors into account.
For simplicity, the Pt/Tb-Fe/Pt-sandwich-layer was averaged as one single effective layer of
a total thickness of z = 26 nm.
Due to the rotational symmetry of a gaussian heat distribution, the simulation can be simplified to one single profile starting at the center of the distribution pointing outwards (abscissa). Whereas the heat distribution is declining monotonously from the center to rim, the
corresponding thermal gradient is starting at zero (center), is increasing to its maximum at
≈ 1.1 µm, to decline again afterward.

To test the impact of the calculation parameters, several parameter sweeps are presented in
the following (absorbance & beam diameter: figure 4.15, heat conductivity k: 4.16, and the
boundary resistance RK : 4.17). The impact of the absorbance on the temperature profile is
presented in figure 4.15). According to the calculations, a change in absorbance from α = 35 %
to α = 45 % causes a temperature increase from Tα=35% ≈ 400 K to Tα=45% ≈ 431 K at the
hottest spot of the distribution. Hence, an absorbance change of ∆α = 1 % affects the peak
temperature by ∆T ≈ 3 K. With this information in mind, the discussion of whether the
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Figure 4.14: Calculated temperature profile on the sample surface (left) for a gaussian laser
beam (FWHM: 2.5 µm), for different laser powers after a heating duration of t = 1 s. The
corresponding thermal gradient can be seen to the right. The temperature and the thermal
gradient are plotted versus the distance from the center of the heat. The material properties
used for this calculation are listed in table 4.1.

Material

Metal film
Thermally
oxidized
SiO2
Silicon

Thermal conductivity
h
i
k in mW· K

Heat hcapacity i
ρ · c in m−3 J· K −1

Interfacial thermal
h 2 resistivity
i
·K
RK in mW −1

Tb-Fe: 6.6 [35]
Pt: 18 [35]
on average: 8.9 [35]

3.9 · 106 [35]

Pt-SiO2 : 1.15 · 10−7 [15, 107]

1.1 [46]

1.9 · 106 [6]

SiO2 -Si: 3.70 · 10−9 [15]

156 [26]

1.7 · 106 [50]

-

Table 4.1: Material properties used to calculate the heat distribution. The table and citations
are adopted from [35]

calculated transmittance Tcal = 43, 2 % might be overrated by 1 − 2 % appears less crucial.
Therefore, the absorbance of the presented experiments with TbFe is assumed as α = 41.5 %.
A value more critical for the temperature estimations is the spot size of the focused laser
spot, depicted on the right-hand side in figure 4.15. Firstly, the peak temperature increases
by ∆T ∼ 50 K, for a change of the spot size from 2.0 µm to 2.5 µm at FWHM. Secondly, the
geometry of the curve changes. So far (for the absorbance), a change of the variable was only
stretching the curve (multiplication by a factor), resulting in a parallel shift. For a change
of the FWHM also the positions of the extrema are affected. Hence, in order to be able to
compare different experiments later, the laser spot diameter has to be treated (adjusted) with
special care.
Figure 4.16 shows a sweep of the heat conductivities of the different layers of interest a value
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Figure 4.15: On the left hand side, a sweep in absorbance (α = 35 − 45 %) can be seen, for a
fixed laser power PL = 10 mW and spot diameter (2.5 µm). On the right-hand side, a change
in laser spot size is shown, for otherwise constant variables.

of 50 % to 150 % to test their impact. The silicon layer is treated as a bulk layer (375 µm)
in the temperature calculations. The heat conduction values of bulk silicon are well known,
and therefore not listed. The sandwich-layer Pt(5 nm)/Fe-Tb(16 nm)/Pt(5 nm) is treated as
one effective-layer. Thus the thermal properties of the effective layer are calculated as a
combination of its ingredients. Every single ingredient contributes to the average value of
the thermal conductivity k according to their amount in the total layer. As can be seen on
the left-hand side, the effective-layer has a minor impact on the temperature distribution. A
change of k from 50 % to 150 % is increasing the peak temperature from Tk=150% ≈ 397 K
to Tk=50% ≈ 405 K, hence legitimating the simplification as one effective layer.
The SiO2 -layer in figure 4.16 has a much bigger impact on the thermal properties of the
system. Whereas an overestimation of kSiO2 does have a rather small impact:
∆Tk=150vs100 ≈ 14 K, an underestimation kSiO2 does change the temperature in a more drastic
way: ∆Tk=50vs100 ≈ 40 K.
For the temperature calculations, the interfacial resistivity RK is the most problematic to
come by since the interfacial resistivity RK depends strongly on the interface quality. A
Pt-SiO2 -interface can thus rise from a value of RK = 3.83 · 10−8 m2 · K · W− 1 to RK =
1.15 · 10−7 m2 · K · W− 1 [15, 35, 107]. This factor of three is due to interfacial roughness
and grain boundaries at the interface. The Pt-SiO2 -interface is with a value of RK =
3.7 · 10−9 m2 · K · W− 1 nearly fifty times smaller.
Figure 4.17 shows a sweep of the boundary resistance RK between the SiO2 and the Si-layer
(left) and between the metal and the SiO2 -layer. Whereas the resistance at the insulatorsemiconductor (SiO2 -Si) interface is neglectable, the boundary resistance at the metal-insulator
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Figure 4.16: Sweep of the heat conductivities. On the left-hand side, the sandwich-layer
Pt/Tb-Fe/Pt was simplified to one effective layer. On the right-hand side the SiO2 -layer is
depicted.

(Pt/TbFe/Pt-SiO2 ) interface does play a more decisive role.

Figure 4.17: Sweep of the boundary resistance RK between SiO2 and Si (left) and between
metal and SiO2 .

4.2

Iron-aluminum: Order-disorder transformation alloys

The investigated material FeAl belongs to the order-disorder transformation alloys. These
kinds of materials are of special interest since they can exist in an ordered and a disordered
state. Due to the strong link between material properties such as the electrical resistivity, or
the magnetic behavior with the underlying chemical structure. A transition from the ordered
state to a disordered state can be accompanied by a change of the material properties [64].
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In this chapter the special properties of FeAl shall be discussed.
The special properties of FeAl-alloys can be observed in the composition range of 30.4 ≤ at.%
to Al ≤ 45 at.% [94]. In this range, FeAl shows a "lesser" magnetization if the alloy is
chemically ordered (B2 state) and a "stronger" magnetization, if the alloy is disordered (A2
state). Figure 4.18 a) shows how the ordered B2 state is destroyed by atomic diffusion jumps
through vacancies, and the disordered A2 state is created. The appearance of
Fe-atoms on
q
the former Al-sites reduces the distance between adjacent Fe-atoms from a to 3/2 · a and is
hence increasing the amount of Fe-Fe nearest neighbor configurations [42, 109]. A decreasing
distance between adjacent Fe-atoms results in an increasing exchange interaction due to the
bigger overlap of the 3d-orbitals. Iron and aluminum are mixable on the whole concentration
range [79], and the contribution of the Al-atoms to the magnetization is independent of
their concentration [51]. Therefore, the magnetic moment can be calculated by a linear
interpolation from the values of xF e = 50 at.% and xF e = 75 at.% [4] (see figure 4.18 b).
The calculated magnetic moment for a Fe-content of xF e = 60 at.% is thus 0.8 µb in the B2
and 1.8 µb in the A2 state.
It is hence possible, to transform FeAl from a state with a lesser magnetic moment into a

Figure 4.18: Graphic a) shows the B2 state with a lesser and the A2 with a stronger magnetization. The transition B2 ↔ A2 takes place due to atomic diffusion jumps through vacancies.
The dotted line demonstrates the increase of the nearest neighbor in the A2 lattice. Graphic b)
shows a linear regression to calculate the magnetic moment of the two states [28].

state with a bigger magnetic moment by the destruction of the chemical order. There are
various methods to destroy the chemical order, such as (ball) milling [38, 109], by quenching
the heated alloy by laser radiation [21,72], or the illumination with an ion beam [79]. However,
the transition from B2 to A2 is also reversible. Due to the reversible character Polushkin et
al. propose FeAl as material well suited for data storage applications [72]. The transformation

Chapter 4. Material properties & characterization

53

into the B2 state can be achieved by a thermal stimulus, e.g., by thermal annealing. Figure
4.19 shows the decreasing magnetization upon thermal treatment.

Figure 4.19: The magnetization is measured after the thermal annealing at certain temperatures for t = 1 h [103].

4.2.1

Fabrication conditions

The polycrystalline FeAl-samples were fabricated with an ATC-Orion 5 UHV sputtering machine from the manufacturer AJA International Inc. The deposition was executed under
ultra-high vacuum conditions of less than 5 · 10−8 mbar. The samples were sputtered using
a commercially bought target of Fe60 Al40 . The sputtering rate was chosen as 2 Å/s and
executed for t = 150 s.6 The FeAl films were deposited on a 375 µm-thick p-silicon(100)
substrate covered by a natural SiO2 layer. The samples were post-annealed at a temperature
of 770 K for t = 1 h in the sputter chamber under ultra-high vacuum conditions.
Further, the chemical structure of the samples was tested using X-ray diffraction. The samples
are chemically ordered after the post-annealing. The average grain diameter was determined
as L = 15 nm.

6

The film thickness was measured as d = 35.8 nm by AFM. The measurement was performed at a film
that showed dewetting upon DLIP. The thickness was confirmed using ellipsometry.

CHAPTER

5

Thermally activated domain wall motion

This chapter discusses the possibility of moving a magnetic domain wall (DW) by thermal
interactions. It is structured into two sections, the state of scientific knowledge and the
performed experiments.
The state of scientific knowledge begins with a theory section, which introduces the
magnonic spin-Seebeck effect. The magnonic spin-Seebeck effect explains how a heat
source and a magnetic domain wall (DW) interact. The section continues with experiments
of domain wall motion found in the literature. In addition, other methods to induce DW
motion are presented.
The last part of the chapter introduces the performed experiments. They can be structured
into two categories, a qualitative and a quantitative approach. The qualitative approach
shows that a moving laser spot can relocate a magnetic DW.
By the combination of a distance-dependent laser heating approach with the performed
temperature simulations, a quantitative framework is introduced. Using the framework
temperature and thermal gradient can be calculated. However, due to their identical
origin, they are intertwined. By adding a Peltier heater to the experimental setup,
the temperature is untangled from the thermal gradient. In the case of the Tb26 Fe74 ,
the DW travel distance (DWD) is enhanced upon an elevated temperature. In order to
investigate the origin of the enhancement, the study is expanded to a range of Tbx Fe100−x samples.

54

Chapter 5. Thermally activated domain wall motion

5.1
5.1.1

55

State of scientific knowledge
The Magnonic Spin-Seebeck Effect

The Magnonic Spin Seebeck Effect (µSSE) belongs to the field of spincaloritronics [8], a
sub-field of spintronics. Whereas spintronics utilizes the spin of an electric current in addition
to its charge, spincaloritronic uses heat to drive spin-based effects. The cornerstone of this
development can be seen in the Observation of the SSE by Uchida et al. in 2008 [104].
Back then it could be shown that by applying a thermal gradient to a metallic sample, a
pure spin current was created. This spin current was not only achievable by simple means
(Peltier heater), but also detectable over large distances (∼ mm). This discovery led to
tremendous attention due to its potential in spintronics, but also for the possible impact in
reprocessing dissipated heat from electronic circuits [7, 49].
Back in 2008, Uchida et al. were explaining the occurrence of the spin current, by different
scattering rates for up and down spins and thus by different Seebeck-coefficients [104]. The
different spin states result in different chemical potentials, which lead to different diffusion
directions. Later, the µSSE was found in magnetic insulators. Hence the transport of spin
can take place independently of the electronic charge transport [105]. After such discoveries,
the question arose, whether the µSSE could also be utilized to manipulate magnetic domain
walls (DW). This question seemed straight-forward, since the manipulation of a DW with a
spin-polarized electron current (STT) was already established [22, 29, 67] and first logic [3]
and memory devices [69] based on the STT were built.
In the case of the spin-polarized electron currents, the interaction between the current and the
DW is due to the Spin Transfer Torque (STT). The STT is transferring angular momentum
to the DW as the electron current is passing through, thereby setting the DW in motion.
However, according to various authors [30, 31, 41, 57, 63, 86, 91, 97, 108], such an interaction
should also be possible by thermal means.
Although the idea of interacting with a DW by utilizing heat is currently quite prominent, the
idea wasn’t first studied in the last ten years. Already back in 1984, Mikhailov et al. were
looking into the interaction of a spin-wave with a magnetic DW [57]. However, their work
has been forgotten over the years. According to google scholar, the article of Mikhailov et
al. was cited only 16 times (December 2019).
The idea was rediscovered in 2010 - 2011 by several authors. One of them was Hinzke et
al., they were using the Landau-Lifshitz-Gilbert (LLG) and the Landau-LifshitzBloch (LLB) equation to approach this phenomenon.
In [41] Hinzke et al. q
investigate a transversal DW, which is located in a nano-wire. The DW
has a width of δ = π A/K, with the exchange stiffness A and the anisotropy K. The DW
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Figure 5.1: Minimization of the free energy ∆F of a DW with increasing temperature [86].

Figure 5.2: The concentration of magnons is higher in the hotter part of the wire, which is
causing magnons to diffuse to the colder part. Under the assumption of angular momentum
conversation, the moving magnons are interacting with the DW, as they are passing through,
thereby pulling the DW to the hotter part of the wire [41].

can be described by the free energy density ∆F (T ) = ∆U − T ∆S where ∆U is the internal
free energy and ∆S the entropy density. Figure 5.1 shows that the free energy decreases with
increasing temperature. As a consequence of this minimization process, a DW can reduce its
free energy by moving towards hotter regions. A thermodynamical potential can only describe
the energetic state of a system if it is in equilibrium. However, this is not the case in this
instance; the DW in question is located in a thermal gradient. Therefore Hinzke et al.
propose thermal excitations in terms of spin waves and magnons as a second contribution
( [41]). Figure 5.2 shows the magnetization in a wire which is heated on the right-hand side.
Due to the heating, the magnetization is reduced, and a magnonic spin current created. The
magnon current diffuses to the colder end and interacts with a domain wall. Because of the
conservation of angular momentum, the DW is set into motion and moves towards the hotter
region.
Schlickeiser et al. later introduce the concept of free energy minimization to a more
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general framework. They show that the DW movement can be described by the maximization
of the entropy. A DW is thus driven by the temperature dependence of the exchange stiffness.
The force acting on a magnetic DW can be described by an effective field Htherm [86]:
Htherm = −

∂A ∂T
2
·
δme MS ∂T ∂z

(5.1)

where me is the reduced equilibrium magnetization and z the coordinate along the temperature gradient. According to this formula, the strength of the effective field relies on the
temperature dependence of the exchange stiffness A.
The concept of moving a DW by a temperature gradient is called magnonic spin-transfer
torque (µSTT) by the authors. The µSTT is composed of the entropy maximization, the socalled entropic term and the magnonic contribution. Schlickeiser et al. compare the two
contributions in strength and find that the entropic part primarily drives a thermally induced
DW motion.
Furthermore, they find that certain material parameters are limiting the velocity of a thermally
induced DW motion. Whereas the Gilbert damping α reduces the maximum velocity of a
DW, the anisotropy K decreases the DW acceleration.
Moretti et al. realized that a convenient way to create a temperature gradient in an experiment is by laser illumination. Hence, they introduce a heat-source of Gaussian shape in their
calculations [63]. The spatial limitation of the heat-source allows the authors to investigate
the distance dependence of thermally activated DW motion. They find that the entropic
and the magnonic contribution are only active inside the temperature distribution. However,
whereas the interaction between the entropic term and DW is always attractive, the magnonic contribution changes sign (from attractive to repulsive) over distance. According to the
authors, a broad frequency-spectrum of magnons is created at every position in the thermal
gradient. The magnons diffuse towards the colder end and are exposed to damping on their
way. The damping, however, is different for magnons of different frequency and is increasing
with increasing frequency. For that reason, the low-frequency magnons are dictating the kind
of interaction at greater distances. Coinciding with [30], Moretti et al. emphasize the
higher reflectance probability of low-frequency magnons at a DW and the resulting repulsive
interaction. As the authors introduce pinning into their calculation, they find that the only
contribution strong enough to overcome the pinning potentials is the entropic term.
So far, the concept of µSTT was only able to describe a DW in a ferromagnet, but due to
the generalization mentioned above of Schlickeiser, the concept of the µSTT could be
extended to antiferro- ( [91]) and ferrimagnets ( [20]). It turns out that the µSSE also works
in antiferro- and ferrimagnetic systems, however, with some special characteristics. Antiferromagnets, for instance, show a quasi inertia-free DW movement ( [91]). In a ferromagnet,
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the maximum velocity is limited by the so-called Walker-breakdown (WB)1 , which is a
well-known characteristic of domain wall dynamics [88]. Above the WB, the DW movement
is accompanied by an additional precession, which causes the DW to decrease its velocity. A
WB, however, does not exist in an antiferromagnet.
According to Donges et al., DW motion shows a much richer dynamic in a ferrimagnet.
They find that the motion of a DW in a thermal gradient does strongly depend on the temperature of the magnetic system relative to the critical temperatures of a ferrimagnet (TA ,
TM ). Furthermore, the dynamic behavior depends on whether the motion is happening below
or above the WB, and since the WB is setting in at a certain driving force, it can be traced
back to the size of the thermal gradient. Whereas the DW motion below the WB is always
oriented towards the heat source, the propagation direction can change towards the cold end
if the motion is happening above the breakdown. Further, there is a distinction concerning
the anisotropy of the ferrimagnet. The authors differ between a magnetic system of uniaxial
(kx = ky < kz ) and biaxial (0 = kx < ky < kz ) anisotropy. However, this thesis is investigating sperimagnetic TbFe samples; hence the case of a uniaxial system is not presented here. 2
For the simulation Donges et al. choose the same gyromagnetic ratios µi for both sublattices, thus setting TA = TM = 107 K. The Curie temperature is calculated as TC = 616 K.
Figure 5.3 shows the DW velocity in a system of biaxial anisotropy (0 = kx < ky < kz ) as a
function of the thermal gradient at certain temperatures. Filled symbols represent DWs below
the WB and open symbols DWs above the WB. In picture (a) and (b) the velocity is at first
increasing with increasing gradient, but at a certain point the WB is reached and the velocity
is declining, at even higher gradients the velocity is turning negative. By increasing the basetemperature from T = 58 K to T = 92 K, the critical points at which the acceleration and
the velocity are changing sign is shifting to higher gradients. At a temperature of T = 127 K
(c), there is no WB calculable and hence no limit for the DW velocity. The relation between
gradient and DW velocity is linear at this temperature. Furthermore, the authors state that
their calculation could not determine the thermal gradient at which the WB sets in. The
WB reappears at T = 174 K but the DW velocity is no longer turning negative. Negative
velocities can only be observed for temperatures below the angular momentum compensation
temperature T < TA .
According to Donges et al. the DW motion in figure 5.3 (c) is comparable to that in an antiferromagnet. They state that quasi inertia-free DW motion is also possible in a ferrimagnet
1

Although, the WB is characteristic feature in domain wall dynamics, it does play a minor role in the
experiments presented later in this chapter. The experimental approach presented in this work is a static
approach, with no temporal resolution, hence dynamic features cannot be investigated.
2
The investigated TbFe samples belong to the class of sperimagnets, due to their amorphous structure.
Hence, there is no single anisotropy axis, but every atom site shows a different easy-axis. A probability function
thus describes the orientation of the total anisotropy (see chapter 4.)
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Figure 5.3: Velocity versus thermal gradient for a biaxial ferrimagnet at different base temperatures. TT = 125 K is the so-called torque compensation point, which is located close to the
angular momentum compensation point TA = 107 K [20].

if the temperature is chosen correctly. They determine a temperature of TT = 125 K as the
temperature best suited for inertia-free DW motion, and call this temperature the torque compensation temperature. Furthermore, the authors compare their findings with the experiments
of Kim et al. [47]. Kim et al. reported a state of higher DW mobility for field-driven DW
motion at the angular momentum compensation temperature TA .3 . However, Donges et al.
conclude from the discrepancy between theoretical calculation and experimental observation
that there is a fundamental difference between thermal magnon current- and field-driven DW
motion.

5.1.2

Experimental observation of domain wall motion

This chapter introduces experimental results of DW motion from the literature. The chapter
presents only a selection of experiments that help to understand the later presented experiments that were performed within the framework of this thesis. The chosen selection in this
chapter includes current- and field-induced DW motion in ferrimagnetic systems, although
3

The results of Kim et al. are discussed later in chapter 5.1.3

Chapter 5. Thermally activated domain wall motion

60

this thesis is only investigating thermally activated DW motion.
Thermal Writing - Curie-Point Writing
The first thermally induced DW motion was probably observed in 1976 by Mimura et al. [58].
They were investigating amorphous sperimagnetic TbFe and DyFe films for thermomagnetic
writing (TW), by scanning a focused continuous wave laser in a meander-like pattern over
a magnetic domain (figure 5.4). For a specific sample (Tb22% Fe78% ) (figure 5.4 a))4 , they
could observe that pointy domain deformations were created after the passage of the laser
beam. They interpreted the deformations as a domain wall motion, which was caused by the
temperature gradient inflicted by the passing laser beam. For Mimura et al., this observation
was just a by-product of their actual study, as they were looking into TW, or as the authors
call it curie-point writing. The main idea behind TW is to heat a small area of the sample
above the curie temperature into the paramagnetic state. Hence, as the cooling process
sets in, the region can create a magnetic domain to decrease its energetic state, but at the
cost of a DW (see chapter 2.3.1). Consequently, the magnetization direction is reversed after
the laser-heating process. The concept of TW was later used by various other authors, e.g.,

Figure 5.4: A laser was scanned in a meander-like pattern across a magnetic domain, thereby
heating the area in its wake. Graphic a) shows pointy deformations of the dark magnetic
domain. The authors interpret the deformations as a DW motion due to the laser-inflicted
thermal gradient. In b), the magnetization direction is reversed after the passage of the laser
beam. The magnetization reversal process is due to thermal writing (TW), which the authors
call Curie-point writing. [58]

Hassdenteufel in [34]. Although Hassdenteufel agrees on the basic principle of TW,
he believes that the magnetization reversal sets in at lower temperatures. Hassdenteufel
4

The depicted measurement was edited. The original measurement by Mimura shows also the influence
of higher laser power on the domain sate of Tb= 22 at.%, which shall not be discussed here.
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claims that the temperature-dependent coercive field determines the temperature needed to
reverse the magnetization direction. Thus the reversal sets in as soon as the stray-field of the
surrounding area can overcome the coercive field of the laser-heated region.

Thermally activated Domain Wall Motion
Probably, the first time thermally activated DW movement was the main topic of investigation
was in 1998 by Shiratori et al. [92]. They were proposing to use this effect to improve the
readout technique of magneto-optical disks and called it Domain Wall Displacement Detection.5 Back then, the recording density was limited by the optical resolution of the readout
mechanism. In this method, the authors made use of the possibility that the detection beam
was enlarging the magnetic domain as it was swept over it, thereby allowing Shiratori et
al. to read out the information, although the domain size was below the optical resolution.
Due to this technique, the authors were able to detect mark lengths of 0.1 µm with a laser
wavelength of λ = 680 nm.
The next time thermally activated DW movement was reported is about 15 years later by
Jiang et al. [45]. Jiang et al. study thermally activated DW motion in the material Yttrium
Iron Garnet (YIG), a ferrimagnetic insulator. The setup and parts of the experiment can be
seen in figure 5.5 (a). For observation Jiang et al. utilize a polar MOKE microscope, while
a Peltier heater applies the temperature gradient. Additionally to the thermal gradient the
authors apply two external magnetic fields. One field (H = 60 Oe) is oriented in the z-direction
and the other one (H = 2 Oe) in the sample plane.
The experiment displays a tremendous far-reach of the magnonic SSE effect. The DWs do not
just show motion in the region affected by the temperature gradient, but also far beyond where
no temperature gradient can still be active. The detected DW movement is millimeters away
from the heating source. Therefore the authors claim that they not only have successfully
shown thermally activated DW movement caused by the thermal gradient (entropic torque)
but also due to magnonic interactions.
For completion, it should be added that there are groups (which shall not be named here) that
claim to have done the very same experiment but failed to reproduce the results from Jiang
et al. Whether those claims have merit or not cannot be verified by the author. Nonetheless,
it does show that this paper is controversially discussed and to our knowledge there is no
publication up to this date, which does use the same experimental approach.

5

The storage media in a mini-disk is made up of several magnetic layers. Each magnetic layer consist of
a rare earth-transition metal-thin film.
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Figure 5.5: The figure shows the setup (a), hysteresis loops (b, c) of the sample and the
resulting DW motion in the temperature gradient (e) and further outside, where the thermal
gradient can not explain the DW motion (d) [45].

Laser-induced domain wall motion
The most popular approach to induce a domain wall movement might be by laser illumination
[44, 74–76, 84, 92, 93, 102, 110, 111]. Although there are various publications concerning the
DW movement by laser illumination, the underlying mechanism is still under discussion. The
uncertainty is due to the difficulty of comparing the different experiments with each other.
The experiments investigate metals, semiconductors, and insulators, which belong partly to
the class of ferro- and partly to the ferrimagnets (see table 5.1). Furthermore, the experiments
are performed at different time scales (fs, ps, cw) and do partly show a helicity-dependent
component (see table 5.2). Due to the variety of experiments only a selection is presented.

Quessab et al. investigated laser-induced DW motion in Co/Pt-multilayers. They tested
the impact of differently polarized laser pulses (left-circular σ − , right-circular σ + and linearly
polarized π) and different time scales (fs- and ps-pulses) on a magnetic DW. The authors
centered a circularly polarized laser on magnetic DW (figure 5.6), depending on the used
helicity, the DW is displaced to the left or the right. The displacement is achieved by a
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metal
semiconductor
insulator

Ferromagnet
[74, 75, 84, 102, 110, 111]
[44, 76]
-
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Antiferromagnet
-

Ferrimagnet
[74, 92, 93]
[45]

Table 5.1: The various material classes showing laser induced DW motion. In [45], the gradient
was applied by a peltier heater.

Polarization / time scale
helical
linear

fs
[44, 74–76, 84, 110, 111]
[44, 75, 93, 110, 111]

ps
[75]
-

ns
cw
[44]
- [92, 102]

Table 5.2: Time scales and polarization of the used laser illumination.

train of N consecutive laser pulses. The same experiment is repeated for the case of linearly
polarized laser light in figure 5.7. The laser is first centered on a DW (a), but in contrast to
the experiments with helically polarized laser pulses, there is no DW displacement after the
exposure. In figure 5.7 b and c, a linearly polarized laser is placed to the left and the right

Figure 5.6: The figure illustrates the helicity dependent impact of fs-pulses on a DW in a
Co/Pt sample. A white star illustrates the position of the laser spot. At first, the laser is
centered on the DW. Depending on the used helicity, the DW moves either to the left or to the
right. N is the number of laser pulses [75].

of the DW. The DW displacement is always taking place in the direction of the laser spot
center. The laser focus size was determined at full width half maximum (FWHM) as 50 µm.
The authors conclude that there are different mechanisms at play for the linear and the

Chapter 5. Thermally activated domain wall motion

64

Figure 5.7: The figure illustrates the impact of linearly polarized fs-pulses on a DW in a Co/Pt
sample. A white star illustrates the position of the laser spot. In measurement a, the laser is
centered on the DW, but there is no visible impact after exposure. In b (c) the laser spot is
positioned to the left (right) of the DW, causing the DW to move towards the center of the
laser post [75].

helical polarized laser pulses. In the case of linearly polarized light, the DW displacement
is happening due to the thermal gradient and hence the µSSE. In the case of the helicity
dependent experiments, the authors claim that a pure thermal effect cannot explain the DW
motion. Quessab et al. consider the different absorption for the two helicities as too small
to explain the presented result.6
Another experiment listed in table 5.2, which should be highlighted is that of Shokr et
al. [93]. They investigate Co/FeGd bilayers under the influence of linearly polarized fs-pulses
and do find that magnetic DWs are steered away from the laser spot, thus towards the colder
end of the sample. Figure 5.8 shows magnetic domains in black and white. The laser spot
positions are depicted in red and numbered consecutively. In (a), the initial DW position is
marked in yellow. This position is marked in all subsequent images. By comparison with the
6

The differential absorption of left and right-polarized circularly polarized light in a magnetic system is
called magnetic circular dichroism (MCD). Quessab et al. consider the MCD to be of the order of 2 %,
resulting in a temperature difference of 10 K.
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image (b), one can see that the black region is enlarged, this process does repeat itself in
image (c). For image (d) the laser position was moved further to the left and marked with a
2. The position of the right border of the black domain is marked with a green line. Again,
the laser is pushing the DW away. The new position is depicted in (e) by an orange-colored
line. In image (f), the laser is moved to the right-hand side of the black domain. This time,
there is a small movement of the DW towards the laser spot (orange line). The authors think
that there was a pinning site, which was keeping the DW in place and did not comment on
the small movement towards the laser spot.
Shokr et al. propose the reflection of magnons at the DW as an explanation for the repulsive
interaction between the DW and the thermal gradient.7 They suggest that the exact behavior
of a DW in a thermal gradient is a material-specific property.
Donges et al. quote the publication of Shokr et al. as the first experimental evidence

Figure 5.8: The image shows magnetic domains color-coded in dark and bright. The laser
positions are marked in red, and the position is superimposed into the graphic. In (a), the
initial DW position is depicted in yellow. This position is superimposed on all subsequent
measurements (b - f). In (b), it can be seen that the DW is steered away from the laser spot.
In the images (d - f) the laser position is changed, and the new positions are numbered (2 3) [93].
7

The possibility of a reflection of magnons at a DW was discussed earlier at the example of Moretti et
al. [63].
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for a repulsive interaction between a magnon current and a magnetic DW, hence, as the first
experimental proof of their calculations.
5.1.3

Field-induced domain wall motion in a ferrimagnet

Kim et al. claim that the quasi inertia-free DW movement of antiferromagnets can, under
certain circumstances, also be observed in rare earth-3d-transition metal ferrimagnets [47].
They measure the DW velocity in a FeCoGd microwire at different sample temperatures
under the influence of external magnetic fields (see figure 5.9). It can be seen that the
velocity is increasing with temperature until a specific point. This temperature coincides with
the angular momentum conversation temperature of the ferrimagnetic system (TA ≈ 310 K).
After reaching TA the velocity decreases with increasing temperature, resulting in a curve
symmetric around TA . Additionally the net magnetization compensation point TM is depicted
in a reddish shade (TM ≈ 220 K). Kim et al. claim that a ferrimagnetic DW at the angular
compensation point TA behaves like an antiferromagnetic DW. It should be emphasized that
the magnetization at TA is non-zero in a ferrimagnet and can thus be affected by an external
magnetic field. Other authors also reported the observation of a faster DW mobility at the

Figure 5.9: The figure shows the velocity of a magnetic DW at different sample temperatures.
The impact of different driving forces (external magnetic fields) on the DW is depicted in the
different colored curves. There are two vertical shaded regions in the picture. The reddish region
represents the net magnetization compensation point (TM ) of the sample and the blueish region
the angular compensation point TA [47].

angular compensation point TA for current-driven DW motion [13, 95].
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Experimental results: Domain wall motion
Dragging: writing and erasing

This chapter examines the interaction between a laser-induced heating site and a magnetic
DW in a qualitative fashion. The investigation is purely performed by the MOKE-microscopy
as a method of measurement. In this chapter, the sample is not stationary but scanned underneath the laser focus. Even though the sample moves, the motion is described as if the
laser focus is shifting. Figure 5.10 depicts the measurement principle.
At the time at which these measurements were performed, we were convinced to be the

Figure 5.10: Sketch of the measurement principle. The setup uses a Kerr-microscope to
allow for a position-controlled placement of the focused laser beam.

first ones to witness laser-induced DW motion in TbFe-samples. However, we found out later
that this effect was thoroughly investigated in the development of magneto-optical mini-disks.
This effect was well-known and mastered to such a degree that it was commercially used by
Sony in their HD-MD format under the name of domain wall displacement detection (see
chapter 5.1.2) [92]. Whereas the scientific novelty of this chapter is therefore limited, we will
introduce the effect briefly to shown the one hand the stability of the effect and to, on the
other hand, introduce some features that were not published so far.
As theory predicts (see chapter 5.1.1), a heating source should be able to interact with a
magnetic DW, by pulling the DW towards the center of the heat. The MOKE-measurement
in figure 5.11 depicts this phenomenon. The pictures on the left-hand side of figure 5.11
shows the domain state after each laser movement. The sketch on the right describes the
laser movement in between the pictures. The laser spot or, respectively, the heating spot
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is represented as a red dot, whereas the magnetization is indicated in a grey-scale, with the
magnetization pointing up (M+ ) or down (M− ).
The experiment starts with the laser spot located at position 1), the center of the dark

Figure 5.11: The depicted Kerr-microscopy measurements illustrate the possibilities of
thermally activated DW motion. The experiments are depicted on the left-hand side, whereas a
sketch of the experiment can be seen on the right-hand side. In the beginning, the laser is positioned in the dark domain, at position 1) is then scanned towards position 3), whereby crossing
the DW at position 2). As a result of the laser movement, a dark line-like domain appears in
b). Afterward, the laser is scanned back towards its starting position thereby removing the dark
domain.

domain (in figure 5.11 a). The laser is turned off to control whether the resulting heat is
affecting the magnetization, which it does not (not shown). As illustrated in a’), the laser spot
is then set into motion, thus moving to the left to position 3). Picture b) displays the result
of the laser spot movement. A dark line-like domain occurred due to the laser movement.
Afterward, the laser is moved to the right back to its starting position, whereby removing the
black line. By moving the laser spot, it is thus possible to write and to erase a magnetic
domain.
As a first interpretation, a laser or temperature-induced nucleation of a magnetic domain
comes into mind. The process is also known as thermal writing (TW). However, TW is only
known to appear, if the laser-induced temperature is above the curie temperature TC of
the system [58], or the temperature inflicted reduction of the coercive field is that high that
the surrounding stray field of the sample is able to reverse the magnetization of the heated
zone [34]. In any case, TW is only able to reverse the magnetization to the contrast of the
surrounding magnetization, hence reducing the energetic state of the system. Hence, TW is
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not able to explain why the dark line-like domain disappeared in picture c) by a second scan of
the region. Furthermore, if TW would have been responsible for the presented result, a bright
domain should have been created at position 1) in figure a), after the laser was turned on and
off without moving it. Since this was not the case, another effect has to be responsible. We
believe that this phenomenon is due to thermally activated DW motion. A comparable experiment was already performed by Mimura et al. in 1976, [58]. First theoretical descriptions
were done by Mikhailov et al. in 1984 [57], a more detailed description was later presented
by Hinzke et al. in 2011 [41].
We explain the observation in the following way. The laser-induced temperature change of
the incoming laser is too small to cause TW but high enough to influence the DW. Therefore,
as the laser moves from position 1) to position 3), the DW, which separates the two domains,
feels an attractive force originating from the heating source as the laser is moved into its
vicinity (position 2). As the DW once follows the laser, it can be moved freely around and is
consequently enlarging the dark or the bright domain, depending on the travel direction.
For the experiment, a laser power of PL = 8.5 mW is used. The x-y-stage, which modifies
the laser position on the sample plane, was moved with a velocity of 10 µm/s. The default
acceleration of the stage is 500 mm/s. Therefore the acceleration phase of the x-y-stage can
be neglected in consideration of this experiment. The laser was intentionally defocused, to
create a bigger laser spot, which can be observed more easily. To defocus the laser, one first
has to find the correct distance in between sample and objective lens, at which the laser focus
has its smallest diameter,8 afterward, the lens position is changed by a certain distance. For
this experiment, the position of the lens was changed by ∼ 3 µm in the z-direction, which
should result in a laser focus diameter of approximately ≈ 6 µm.9
Laser-induced DW motion was already mentioned to some degree by Mimura et al. in
1976 [58], but to our knowledge, all publications so far, are only able to show that a DW
can be attracted by heat, the possibility to move a DW freely in any direction or to erase a
magnetic domain was never mentioned. In the experiments, the DW could be moved over
distances of ∼ 100 µ, and around a ninety-degree angle. Additionally, it should be mentioned
that the sample is mounted on an x-y-linear stage. It was never tested how a DW movement
would look like in the case of a rotational movement.
The power-dependence of the presented phenomenon is tested under almost similar conditions,10 but with incrementally increasing laser power. For the measurement in figure 5.12,
the laser power is increased from ∼ 15 to 22.55 mW, whereas laser powers from ∼ 35 to
8

The diameter is measured as ∼ 1 µm at FWHM, see figure 3.2.
The focus diameter was estimated using the measurement in figure 3.2.
10
The lens was defocused by ∼ 4 µm. We estimate the focus diameter to be approximately ≈ 8 µm.
9
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55 mW are used in figure 5.13. In both sets of experiments, the laser moves from right to left,
starting in a bright domain. As demonstrated above, the first DW deformations appear as
the laser crosses from one domain to the other. The DW deformation seems always to have
a similar shape; it is broadest right after the former DW position and is getting narrower with
length. We explain this geometry with the shape of our laser beam11 . As the laser passes the
DW, every part of the DW, which feels a strong enough force, starts to follow the laser spot,
but since the DW is supposed to move towards the hottest part of the laser inflicted temperature profile, the induced deformation is getting thinner with length. After some distance, the
thickness reaches a constant value of 350 to 400 nm (measured by MFM). 12 However, the
temperature is not the cause of the DW movement, but the thermal gradient is. And, whereas
the temperature has its maximum in the center of the laser beam, the thermal gradient is
zero. Thus, a limitation of the line diameter might hint at a critical thermal gradient necessary
for a DW movement.
At some point, the dark line-like domains stop. The length of the lines depends positively on
the laser power. Other authors [43] also observed the positive scaling of the line length and
laser power. According to theory (e.g. [86]), the attractive force of a (laser-induced) heat
distribution is proportional to its thermal gradient, and the thermal gradient scales with the
laser power. Hence, the experiment shows that there are obstacles that can stop the DW
movement, but a bigger thermal gradient can overcome some. Pinning (see chapter 2.3.2)
would be a candidate to explain the occurrence of obstacles [55, 56]. Thus, as long as the
attractive force of the laser beam can overcome the pinning potentials on the way, the DW
would keep following the laser spot. However, pinning is usually highest, if the pinning site
and the DW are of the same size. That would mean that the obstacle would have to be in
the dimensions of the DW width d ∼ 10 − 20 nm [33]. Although there are probably many
obstacles of that size, it seems unreasonable that a domain of a total thickness of 350−400 nm
is getting pinned at such a small site. However, there is evidence that there are pinning effects
hindering laser-induced DW movement. It is shown later (figure 5.16) that there are obstacles
in the sample that can alter the direction or stop a DW movement.
As the incoming laser power further increases (figure 5.13), the temperature-induced domain
nucleation (TW) is found on the whole laser illuminated area. Nevertheless, there are still
signs of DW motion visible, for example, the deformations at the border between the bright
and the dark domain. The deformations still have the same shape. They are the broadest
11

In principle, a Gaussian laser beams stay Gaussian after focusing, in here the resulting heat profile
and hence the DW deformation seems to deviate from that shape. The deviation can probably be explained
with an imperfect alignment process of the setup.
12
The magnetic properties of the sample limit the minimum magnetic domain diameter (see micromagnetic
energies, chapter 2.3.1) and can be calculated as 50 to 70 nm [33]. Hence, the micromagnetic energies cannot
explain the size limitation.
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Figure 5.12: To test the power-dependence of laser-induced DW motion, a defocused laser
beam is scanned repeatedly over a dark domain with incrementally increasing laser power.
Whereas the two first scans show, thermally induced DW motion, the following scans additionally
show the onset of thermal writing (TW). The magnetic domains nucleated by TW are highlighted
in cyan.

right at the domain border but growing thinner with continuous length.
The section shows that a focused laser can relocate a magnetic DW over large distances
(∼ 100 µm). The relocation of a DW affects the size of a magnetic domain. For that reason
it is possible to write or to erase a magnetic domain. The relocation is due to a thermally
activated DW motion that is induced by laser radiation. According to the theory, the thermal
gradient causes the DW motion. Thermally activated DW motion can be observed over a wide
range of laser powers. With increasing laser power, temperature-induced domain nucleation
becomes more and more prominent. The diameter limitation of the laser written line-like domains hints at a critical thermal gradient necessary for a DW movement. However, the exact
origin of the size limitation is difficult to investigate with the current experimental approach.
Most of the experimental difficulties in the above-presented approach can be traced back
to the laser focus. In the current approach, the laser focus can only be controlled by the
Kerr-microscope and is for that reason limited by the optical resolution. Therefore, the next
section introduces a different approach, which allows the investigation of thermally activated
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Figure 5.13: The laser power PL was increased in this measurement. At each single line
domains of the opposite magnetization nucleated due to thermal writing.

DW motion in a more controlled fashion.

5.2.2

Pointwise heating: distance dependent measurements

The previous section (chapter 5.2.1) introduced the possibilities and the laser power-dependence
of thermally activated DW motion in a qualitative fashion. The following section introduces a
quantitative approach by combining a distance-dependent laser-heating approach with heatflow simulations. In this chapter, the experiments are all performed with a focused laser. All
experiments are performed using a stoichiometric composition of 26 at. % of Tb and 74 at. %
of Fe if not stated otherwise. Using heat flow simulations (chapter 4.1.4), statements about
the temperature and the thermal gradient necessary to depin and consequently move a DW
are made. A distinction between two convoluted processes is made to explain the full range
of the effect. There is, on the one hand, the magnonic spin Seebeck effect and on the other
hand the temperature-dependent features of the ferrimagnetic sample.
The sketch in figure 5.14 shows the experimental design used in this section. The principle idea is to create a magnetic line-like domain (here M− ), with DWs that are as smooth
as possible. Afterward, the laser focus is moved stepwise towards or parallel to such a DW. A
mechanical shutter controls the illumination time (t = 1 s) at every single site. At a certain
distance from the DW, or at a certain laser power PL , the DW is expected to interact with
the heating site. In the sketch, the interaction is represented by a bump, which stretches from
the former straight DW (pointed line) towards the laser-heated site. It is assumed that DW
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deformations are setting in as soon as the thermal activation is strong enough. Due to the
gaussian profile of our laser spot, the resulting heat distribution can also be assumed as
gaussian (see chapter 4.1.4). By controlling the incoming laser power and the distance in
between the heating site and the DW, a quantitative frame is introduced.

Figure 5.14: The sketch shows the principle idea of a pointwise approach. The laser is moved
step by step towards a DW but is always deactivated during the movement. At a certain
distance (3), the DW does feel the attractive force of the heating site, and a DW deformation is
happening. This deformation stretches from the former DW (pointed line) towards the heating
site. The maximum distance for a given laser power between the DW and the center of the
heating site is called domain wall displacement (DWD).

Figure 5.15 shows an exemplary measurement. For this measurement, the sample has to be
prepared first. The sample is at first saturated in an external magnetic field, afterward, a defocused laser is scanned over the sample while a small magnetic field (B ∼ 30 mT) is applied.
The laser-induced heat reduces the coercivity locally. Therefore, at some temperature, the
applied magnetic field is strong enough to reverse the magnetization direction in the heated
zone, and a line-like domain is created. Since the radius of the laser beam and the scanning
velocity are well controlled, the diameter of the reversed zone is nearly constant. The imperfections are probably limiting the DW smoothness. Imperfections can cause local variations of
the absorption, and therefore a change in the temperature distribution, or even more probable
a change of the magnetic properties, which is resulting in a change in the nucleation process.
Since it is known that sputtered rare earth - transition metal films suffer from local changes
in the sample composition (see figure 4.8), the latter consequence is the more likely one.
The distance dependence of the DW movement is quantified by comparing the shape of
the magnetic domains of before and after the laser-heating. For that reason, the sample is
scanned twice by magnetic and atomic force microscopy (MFM & AFM, see chapter 3). The
measurements are performed before the point-wise heating (MFM Before in figure 5.15) and
afterward (MFM After ). The maximum measured distance of a domain wall movement for
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a given laser power is in the following called domain wall displacement (DWD). The measurement principle that determines the DWD is explained in the appendix in more detail ( see
chapter 8.1).
Figure 5.15 shows a measurement of a step-wise approach of a focused laser (FWHM∼
2.5 µm) with the laser power of PL = 28.9 mW. The heating sites in the MFM After measurement are easy to locate since magnetic domains nucleated at every one of them due to
thermal writing (see figure 5.13). At a distance of 2.37 µm the first DWD sets in, all consecutive heating sites closer to the DW as this value show a temperature inflicted DW movement.
As a further consequence of the laser-heating, first changes of the topography become visible
as dark regions in the AFM After measurement (marked by white arrows).13
According to our simulations (see figure 4.14) a laser power of PL = 28.7 mW should induce a peak temperature of T ∼ 655 K. According to Sun et al. a 250 nm thick amorphous
Tb33 Fe67 -film crystallizes at Tcry ∼ 690 K [100]. The slightly smaller calculated temperature
might be explained, by the know circumstance that the crystallization temperature decreases
with decreasing Tb-content [85]. A further indicator that the marked deformations in the
AFM measurement are due to crystallization is that a decrease in volume usually accompanies
the crystallization [77]. The latter evidence would explain, the formation of pits upon laserheating.
The distance between heating sites and the DW is not the only parameter that can be
changed. Another possibility is to keep the distance between the DW and the heating site
constant and move the laser focus parallel to the DW while changing the incoming laser power
PL . Figure 5.16 shows an experiment at a constant distance. The first DW movement sets in
for the laser power of PL = 20.4 mW at a distance of 2.1 µm. Although the DW deformations
and the development of the described bumps are obvious at first sight, both heating sites
show an unusual appearance. Before, a bump was described as a pointy deformation pointing
from the former DW position towards the heating site (see figure 5.14); yet, the two bumps
do not fit this description.14 Here, we can see that at the upper deformation, the DW movement stopped before merging with the domain created by TW. So apparently, the DW started
moving towards the heating site but somehow did not reach its destination. This stopping
behavior of the DW can probably be explained by pinning. The existence of pinning due to
local defects is a well-known phenomenon in the field of DW dynamics (e.g. [56], [63]). The
stopping DW means that the initial interaction between DW and heat-source was sufficiently
strong to set the DW into motion, but not strong enough to keep it from getting pinned on
the way. At the lower of the two sites heated by a laser power of PL = 20.4 mW the DW
13

Due to the age of the sample (fabricated in 2014), there are many signs of wear. The bubble-like regions
are known signs of aging that appear in TbFe-thin films already after a few months [36].
14
In the discussion of the previous section was hinted at this occurrence. The discussion was about the
limited length of the line-like domains, which were dragged in the wake of the laser spot.

Chapter 5. Thermally activated domain wall motion

75

Figure 5.15: Measurement at constant power: Measurement before and after the step-wise
approach of the focused laser beam at constant laser power (FWHM∼ 2.5 µm, PL = 28.9 mW).
To the left, the magnetic force microscopy (MFM) measurements can be seen. The atomic force
measurements (AFM) can be seen to the right. At a distance of 2.37 µm, the first domain wall
displacement (DWD) can be observed. The AFM measurements show that the first material
changes set in due to the heating process (white arrows).

Figure 5.16: Measurement at constant distance: The measurements show AFM and MFM
measurements of before and after laser illumination. For this measurement, a focused laser beam
was moved parallel to the DW in a stepwise manner, and the laser power PL was increased.
Starting at a laser power of PL = 20.4 mW and a distance of 2.1 µm, DWD sets in.

deformation has a strange appearance as well. The deformation has a curved shape instead of
the so far pointy domain. The DW was thus not following a straight line towards the heating
site, but its course was somehow altered. The AFM image shows one blue colored particle
at the exact location of the DW movement. The lower rim of the particle is orientated in
the very same direction as the course alternation of the DW. The blue-colored particle was
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superimposed into the measurement to illustrate the similarity. Hence, the DW movement
direction was probably altered by the blue-colored particle. The pinning site was attracting
the DW on its way towards the heating site. However, the attractive force was not strong
enough to stop the DW movement.
The increasing laser power at constant distance illustrates that the DW movement (DWD)
sets in at a certain laser power. Starting with this specific laser power every consecutive
heating site shows a DW movement, whereas none is observed for lower laser powers.
Figure 5.16 shows the associated AFM measurement. This time, the heating effect of the
laser was insufficient to cause any permanent changes, which can be detected by AFM. The
occurrence of temperature-induced changes in the surface and magnetic behavior can be used
to evaluate the accuracy of the performed heat-flow simulation (see figure 4.14). Apparently,
the threshold for detectable surface modifications by AFM is located above PL ∼ 25 mW
(Tpeak ∼ 600 K), but below PL = 28.7 mW (Tpeak ∼ 655 K ). Whereas the threshold to
nucleate a magnetic domain by TW lies in between PL ∼ 6 mW and PL ∼ 11 mW, hence in
between Tpeak ∼ 370 K and Tpeak ∼ 425 K. According to our SQUID measurement (see figure
4.9), the curie temperature of this film is located at TC ∼ 401 K.
In conclusion, from the two presented experiments, there is evidence for a threshold value
at which the DW movement sets in. The following experiments are all based on the step-wise
approach at constant laser power PL . Hence the DW movement will always set in at a critical
distance, which will be called domain wall displacement (DWD). Furthermore, we could show
that the heat flow simulations presented in figure 4.14 can reproduce critical temperature values (TC , Tcry ) of the studied system. Therefore, the heat-flow simulation is in the following
used to calculate the laser-induced temperature change and the associated thermal gradient.
Although both of the presented methods are suited to study thermally activated DW motion, only the approach at constant power is used in the following.15 Figure 5.17 shows
the laser power dependence of the DWD. A power-law (red) is fitted to the data for better
visualization. Although the fit suggests a zero crossing at PL ∼ 13 mW, there is no data
to justify this assumption. Therefore the fit is dashed in between the zero-crossing and the
first data points. Using the fit to interpret the data, one can see a kind of activation that
is needed before the first DWD sets in. Such a threshold (here PL ∼ 13 mW) would agree
well with the observations made above (figure 5.15, 5.16), since DWD was always setting in
after a certain laser power or distance was surpassed. This threshold was observed by various
authors ( [55, 56]) in the context of current-induced DW motion. They observed a certain
15

The laser power is in the experiment easier to control than the distance between the laser spot and the
DW.

Chapter 5. Thermally activated domain wall motion

77

current-threshold underneath no DW motion takes place.
Furthermore, the curve seems to stagnate at some point, between PL ∼ 30 mW and PL ∼
60 mW. For an increase of ∆PL ∼ 30 mW, the increase in DWD is rather small: < 500 nm.
The declining slope seems surprising at first since the scaling between DWD and PL was much
stronger for smaller PL . Nevertheless, one should not forget that the heating source has a
gaussian-profile. Consequently, an increase in laser power is scaling differently at the rim of
the distribution than in its center. Thus, a power-dependent study of the DWD is insufficient;
the parameters of interest is the temperature and the thermal gradient. For that reason the
heat-flow calculations have to be applied.
Another point that should be mentioned is that for laser powers above PL ∼ 30 mW sur-

Figure 5.17: For this graph, a variety of step-wise approaches at constant power were performed. The critical distance at which the DW movement is setting in
(DWD) is plotted against the used laser power (PL ).
The trend is visualized by a power law (red). The fit
suggests a laser power threshold underneath which no
DWD takes place. The data seems to converge against
a maximum possible DWD of ∼ 2.5 µm

Figure 5.18:
Pointwise approach at constant laser power PL =
40 mW. There is a change
in magnetic contrast at
every single heating site
(white arrows).
This
change is due to the laserinduced crystallization of
the previous amorphous
film.
The crystalline
phase is known to show
an in-plane pointing magnetization vector [98].

face deformations are taking place. The surface deformations were already discussed above
in figure 5.15, and crystallization was proposed as an explanation. MFM measurements for
higher laser powers (PL > 30 mW) strengthen the presumption of crystallization. Whereas,
the AFM measurement is quite similar (not shown) as the one for PL ∼ 30 mW, the MFM
measurement in figure 5.18 shows a big change in appearance. Due to the strong laser-heating
(Tpeak ∼ 780 K), the affected area increased, and the magnetic contrast at the heating sites
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changed. This kind of contrast is typical for an in-plane pointing magnetization vector, which
is an accessory phenomenon known from the crystalline phase of TbFe [98]. It might be
surprising that the in-plane contrast is this easy to identify. One could expect that such a
small area (1 − 2 µm) would crystallize as one smooth single crystal, which again would most
likely stay in a one-domain state. However, according to Ranchal et al., amorphous TbFe
is crystallizing into TbFe2 under thermal annealing, and different stoichiometric ratios lead
to an incomplete crystallization process [77]. Furthermore, the authors claim that platinum
is decreasing the quality of the crystallization process, if used as a buffer layer. Therefore, a
proper crystallization process might be difficult to achieve for a Pt/Tb26 Fe74 /Pt-layer stack.
Furthermore, the laser-heating duration in the experiment is t = 1 s. This time frame might
be insufficient to cause a proper crystallization of a single crystal.
Another aspect, which should be mentioned, is that the release of latent heat usually accompanies a crystallization process. Latent heat would add an extra portion of the heat to the
system, which our simulation does not account for. However, the latent heat originates from a
small volume (film thickness: 16 nm and inflicted area < 2 µm) and is thus neglectable in comparison to the impact of the laser beam, which causes peak temperatures of Tpeak ∼ 780 K.
Since a laser power-dependent discussion of the resulting DWD (figure 5.18) is insufficient,
the heat flow simulation (figure 4.14) was applied. Figure 5.19 uses the measured data from
figure 5.18 to determine the temperature and thermal gradient at the position at which the
first DW displacement was setting in. The calculated values (diamond-shaped) are colorcoded to match the corresponding laser power and the resulting thermal distribution. The
calculated values and the distributions resulting from a laser power of, e.g., PL = 16.5 mW
are both depicted in purple.
According to theory (see ,e.g., 5.1.1), thermally activated DW motion is caused by a torque,
which results from the thermal gradient. Nevertheless, theory and experiments also suggest
that the role of temperature cannot be ignored. Firstly, it was shown that the strength of
the depinning potential shows a temperature dependence [56], and secondly that the magnetic (see figure 4.9) and the dynamic ( [13, 47, 95]) properties of a ferrimagnet are strongly
dependent on the absolute temperature. Furthermore, thermally activated DW motion in a
ferrimagnetic system is supposed to be dependent on an interplay between the temperature
and the thermal gradient [20].
Keeping the different temperature-dependencies in mind, the data in figure 5.19 is discussed.
For a laser focus of a fixed size, the maximum thermal gradient is always located at the
same location in the distribution. Here, the maximum is located at a distance of ∼ 1.1 µm
independently from the incoming laser power. Hence, except for the maximum gradient, every
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gradient can be found twice on the gradient curve, but each is associated with a different temperature. As a consequence, there can be made the first conclusion, if the gradient needed for
DWD is located on the left-hand side of the maximum, a temperature activation was needed
to get the DW movement started. A temperature activation can only be understood with the
concept of the step-wise approach in mind. The step-wise approach of the laser and thus the
heat distribution is always starting far away from the DW. Therefore the periphery of the heat
distribution comes in to contact with the DW first. Accordingly, if the gradient would be the
critical value, which is activating the DW movement, the gradient needed for a DWD would
always be located on the right-hand side of the maximum.
Apparently, for the laser power of PL = 16.5 mW (purple), thermal activation is needed to
initiate the DW movement. The amount of thermal activation (450 − 475 K), however, is
above the curie temperature TC .
For higher laser powers, the gradient needed for DWD is nearly exclusively located on the righthand side of the gradient maximum, and the associated temperature is below the curie temperature. If one would ignore the data points from the measurement series of PL = 24.8 mW,
one could even argue that the data points cluster around a thermal gradient of ∼ 85 K/µm
(dotted horizontal line). If this is the critical thermal gradient, at which a DW is set into motion, we can extrapolate the temperature and gradient profile plus the necessary laser power
to cause such a profile. Following this assumption, a laser power of 12.8 mW is calculated.
Such a laser power would fit quite well to the critical laser power extrapolated by the power
law in figure 5.17. Furthermore, the temperature necessary to initiate a DW movement is also
progressing towards a value of T ∼ 350 K with increasing laser power.
Although there might be some critical values, which one could extract from the measurement, it is hard to tell for certain. With the current approach, there is the problem that both
quantities (temperature and thermal gradient) are a result of the incoming laser irradiation
and are therefore intertwined. Even though, there is evidence that the temperature needs to
depin the DW first (PL = 16.5 mW, in figure 5.19), a DWD temperature above the curie
temperature is unreasonable. The extrapolated power law supports the existence of a critical
thermal gradient in figure 5.17 and the extrapolated temperature/gradient distribution in figure 5.19. A peltier heater is added to the setup, to untangle the contribution of thermal
gradient and temperature distribution.

The Role of the Base Temperature
By mounting the sample on a peltier heater, the base temperature can now be controlled
additionally to the point-wise heating by the laser. The two quantities can thus be addressed

Chapter 5. Thermally activated domain wall motion

80

Figure 5.19: The data from figure 5.19 is used to calculate the temperature and thermal
gradient necessary to set a DW into motion. The calculated data is superimposed on the
calculated temperature and gradient distributions.

independently. The base temperature can be understood as a temperature offset from room
temperature (RT∼ 20 ◦ C).
In order to study the role of the base temperature, a series of experiments is performed.The
whole series is performed under similar conditions (setup adjustment, laser powers), except
for the base temperature, which is increased in steps of 10 K. For the calculations, it is assumed that a base temperature change by steps of 10 K degrees has a neglectable effect on
the thermal and optical properties. The base temperature is hence treated as a temperature offset that can be added to the thermal distribution. Hence, this offset is shifting every
point of the temperature distribution by the same value. The thermal gradient, however,
stays unaffected by a change of the base temperature. Figure 5.20, therefore shows, several
temperature distributions (left-hand side), each associated with a different base temperature
(RT + x), whereas: there is only one curve for the distribution of the thermal gradient (righthand side). The measured DWD data is depicted in a diamond-like shape. Furthermore, the
DWD data and the corresponding temperature distribution are color-coded to indicate the
affiliation. It can be seen that a change of the base temperature has a tremendous effect on
the length of the DWD. A change of the base temperature by 20 K, triples the DWD from
0.57 µm to 1.55 µm (an exemplary measurement is shown in figure 5.21). A change of the
base temperature is not scaling linearly with the DWD. For a linear scaling, the calculations
should show us a horizontal shift of the DWD in the temperature distribution (illustrated in
red in figure 5.20), the DWD should thus still take place at the same temperature. According
to the data an increase of the base temperature by 20 K reduces the temperature at which
the DWD takes place (DWD temperature) by more than a 100 K.
As already discussed above, every thermal gradient except for the maximum value can be
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Figure 5.20: Result of the point-wise laser approach, using a fixed set of parameters (FWHM:
2.5 µm, PL = 16.5 mW), but at different base temperatures. The base temperature change is
created by a peltier heater, which is used to create a uniform temperature offset from the
room temperature value (RT). The base temperature is scaling with the DWD in a non-linear
fashion. A linear relation is depicted on the left-hand side (red).

found twice in the gradient distribution, but at a different temperature. Therefore, if the
gradient for DWD is located on the left-hand side, a temperature activation is needed to set
a DW into motion. In this measurement, the DWD gradient is shifted from the left side of
the maximum gradient to the right. The thermal gradient distribution is thus pointing at a
thermal activation process and the temperature distribution at a process that is non-linear.
Although the impact of such a small temperature change is quite impressive, the temperature
needed to start a DW movement (DWD gradient) is still at unreasonable high temperatures
(above TC ). As already mentioned above, the DWD temperature seems to decrease for higher
laser powers (see figure 5.19). Higher laser powers are increasing the peak temperature and,
thus, the thermal gradient. Another way to change the size of the thermal gradient is to
decrease the laser spot diameter and, thus, the power per area density. Figure 5.22 shows the
same measurement as figure 5.20, with the exception of the laser spot diameter, which was
changed from FWHM of 2.5 µm to 1 µm.
Figure 5.21 is an exemplary measurement, which shows the increase in DWD from 0.75 µm
to 1.4 µm, by a 20 K increase of the base temperature.
Apparently, the rather small change of the base temperature lifts the laser-induced peak temperature (Tpeak,RT ∼ 670 K→ Tpeak,RT +20K ∼ 690 K) above the crystallization temperature
(see white arrows in figure 5.21). This observation validates the performed heat-flow simulations further.
The enhancing effect of a change in the base temperature is even more pronounced in the
case of a smaller laser focus. The DWD is tripled (0.46 µm to 1.38 µm) by a base-temperature
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Figure 5.21: Point-wise approach at constant laser power (PL = 7.5 mW, FWHM: 1 µm),
but at different base temperatures (RT, RT + 20 K). The rather small change of the base
temperature increases the DWD from 0.75 µm to 1.4 µm.

Figure 5.22: Calculated temperature and gradient distribution for the point-wise approach, at
fixed parameters (PL = 7.5 mW, FWHM: 1 µm), but at different base-temperatures (RT + x).

increase to RT + 30 K (see figure 5.22). Again, the calculated DWD temperatures are unreasonable high for the smallest DWD (T ∼ 500 K), and the calculated DWD temperatures
for the experiments performed at RT are all located above TC . Due to the strong increase
of the DWD distance upon an increase of the base-temperature, the associated DWD temperatures drastically declines towards smaller values (T ∼ 340 K). The DWD-gradient for the
values at RT is located at the maximum of the gradient distribution (∼ 450 K/µm). Upon an
increasing base-temperature, the DWD gradient declines towards smaller values (∼ 50 K/µm).
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In conclusion, it was shown that the distance of the DWD scales positively with the laser
power PL and the base-temperature (RT + x). In the case of the laser power sweep (figure
5.19), it appears that there is a critical thermal gradient of ∼ 85 K/µm. A Peltier heater
is installed underneath the sample, to untangle the role of the temperature and the gradient.
The heater allows applying a constant base temperature independent from the heating effect
of the laser focus. An elevation of the base-temperature increases the measured DWD, and,
as a result, the temperature associated with the onset of the DW movement (DWD temperature) shifts to the rim of the temperature distribution, hence to smaller DWD temperatures.
Likewise, the intertwined DWD gradient shifts on the gradient distribution. Furthermore, the
impact of different base-temperatures was tested in combination with two different laser spot
diameters. Different laser spot diameters affect the slope of the temperature distribution and,
thus, the thermal gradient that can be applied. Due to the stronger slope, the effect of a
base-temperature change is even more pronounced in the case of a smaller laser spot diameter, thus, in the case of stronger thermal gradients. There is evidence that the increasing
base-temperature acts as a temperature activation in the case of a smaller gradient (figure
5.20) . In the case of stronger gradients, the DW motion sets in at the strongest gradient.
An increasing base-temperature decreases the necessary gradient.
The temperature does play a crucial role in the study of thermally activated DW motion. According to the literature, there are several possible explanations. First, there are experiments
that show a temperature-dependent pinning effect [55, 56]. In these experiments, the necessary force to start a DW movement decreases by applying a heat pulse. Second, there are
several authors that report of an enhanced mobility at the angular momentum compensation
temperature of a ferrimagnetic system [13,47,95]. Those authors demonstrate that there is a
specific temperature at which there is less activation force needed to set a DW into motion.
However, above and below that temperature, the necessary force is increasing. The existence
of a point of higher mobility is supported by theoretic examinations [20].
So far, it was only shown that an enhancing effect sets in upon an increasing base-temperature.
It would be most interesting to see how the DWD changes on a further increase of the
base-temperature. Unfortunately, such a big temperature interval is not accessible with the
presented setup. Although the peltier element might, in principle, be able to create such
temperature changes, the optical setup has problems to keep in step. The problem is twofold.
At elevated temperatures, the heat radiated from the peltier element starts to warm up the
objective lens at the end closer to the sample, hence distorting the laser focus. At lowered
temperatures condensation of water sets in, which is subsequently freezing and thus again
troubling the laser focus.
Although there are hints that point at the state of higher mobility, the presented experiments
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do not provide enough evidence to prove this presumption. It appears that a change of the
base temperature has a more pronounced effect on the experiment performed with a smaller
laser focus. The more significant impact could be a hint that the increase in DWD is due to
the ferrimagnetic constitution of the sample. So far, we were solely looking at the thermal
gradient as a possible root, which causes thermally activated DW motion. Though, according
to Donges et al., the interaction between a magnon and the DW should not be ignored in a
ferrimagnet [20]. Ritzmann et al. claim that the strength of spin currents are scaling "with
the derivative of the magnetization with respect to the temperature" [80]. Hence, a stronger
magnon contribution is to be expected for a smaller laser focus diameter.
The following chapter deals with the question, whether the observed (base) temperatureinduced DWD enhancement can be explained by heating the ferrimagnet towards this point
of higher mobility, or whether a temperature-dependent pinning effect can explain the DWD
enhancement.
The Angular Compensation Point - Stoichiometry Dependent Movement
This chapter addresses the question, whether the (base) temperature-induced DWD enhancement can be explained by a temperature-dependent depinning of the DW, or whether this is
due to a state of higher mobility, which is supposed to exist at a certain point in a ferrimagnetic system. Kim et al. could show that such a state of higher mobility is found at the
angular compensation point TA of a ferrimagnet [47]. Kim et al. measured the DW velocity,
at constant driving forces, in a temperature interval around TA ± 50 K. Whereby they found
an increase of the velocity at TA (see figure 5.9). Unfortunately, such a temperature interval
is not accessible with the presented setup. Furthermore, the measurement approach is a static
one and does not allow to measure a dynamic quantity like the mobility.
Nevertheless, this problem is solvable. So far, the study was using one given sample composition and trying to change the magnetic properties by changing the base temperature.
However, there is also the possibility of changing the sample properties by changing its composition. By changing the composition, one sublattice of the ferrimagnet can be strengthened
or weakened at the cost of the other and hence the critical values of a ferrimagent (TM ,
TA ) can be shifted in temperature. By changing the sample composition one can "choose"
the starting position on the magnetization versus temperature curve for the experiment (see
figure 5.23). The samples used for this section are listed in table 5.3, together with their
characteristic points. The angular momentum compensation point TA is calculated using the
approach from Kim et al. [47] (see figure 4.6).16
Another advantage of using a whole range of samples is that it can simultaneously be
16

The calculation of the angular momentum compensation point TA of the Tb26 Fe74 sample can be found
in the appendix 8.2
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sample
Tb18 Fe82
Tb20 Fe80
Tb22 Fe78
Tb24 Fe76
Tb26 Fe74
Tb30 Fe70
Tb32 Fe68
Tb34 Fe66

TM
117
219
392∗
-

TA
360+18
−38
407∗∗
-
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TC
365
390
409
-

Table 5.3: Characteristic temperatures. The angular momentum compensation temperatures
TA are calculated using the approach from Kim et al. [47]. The calculated values show a
different reaction upon the standard deviation of the literature values in the positive and negative
temperature range and are hence listed with different margins in both directions (see appendix
8.2).
∗ the magnetization compensation point T
M was assumed, since the measurement to determine
TM failed, but the sample is supposed to have a TM .
∗∗ Only the lower limit of the error estimation shows an angular momentum compensation point.
Due to the outbreak of COVID 19 this measurement series could not be finished.

checked, whether the observed DWD enhancement is due to pinning or to a ferrimagnetic
feature. A possible pinning effect can be investigated simultaneously since pinning is a fundamental property that can be traced back to impurities in the samples. The samples were all
fabricated under similar conditions and should thus all show comparable DWD enhancement
upon heating if the enhancement can be explained by pinning. But if the enhancement is due
to a ferrimagnetic property such as the mobility increase in the vicinity to TA , the different
samples should show different reactions to a change of the base temperature.
However, it has to be established first, whether all samples show a DWD upon laser illumination before the effect of an elevated base temperature can be tested. Hence, all samples
(Tb18 - Tb34 )17 were tested successively using the step-wise approach at constant laser power,
which was presented above (e.g., figure 5.15). Since the laser threshold at which DWD sets
in is not necessarily similar for the different samples, the step-wise approach was repeated for
each sample with incrementally increasing laser power until the samples were either showing
DWD or surface deformations were setting in. If a sample shows DWD upon any laser power,
the experiment was declared as successful in table 5.23.
The first measurement series is performed using a laser focus diameter of 1µm, measured at
FWHM (second column in table 5.23). In this series, all samples, except for the samples Tb18
and Tb20 , were tested positively for DWD. The samples not showing DWD are those that
are the furthest away from the room temperature compensation point (∼Tb28 ) and located
on the side dominated by the Fe-sublattice. The room temperature compensation point was
17

The samples are abbreviated out of convenience, the abbreviation Tb24 is for example short for Tb24 Fe76 .
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introduced in chapter 4.1.2. It is the stoichiometric value at which the sublattices of a ferrimagnet are exactly compensating each other at room temperature. Therefore, this value
depends on the preparation conditions of the sample. For a series of samples, each fabricated
under similar conditions, this value depends only on the thickness. Hence, a whole sample
series (each of the same thickness) can be characterized by the room temperature compensation composition.
The next measurement series is performed using a laser focus diameter of 2.5 µm (fourth
column in table 5.23). For this measurement series, the number of samples showing DWD
decreases further, the only sample with a Fe-dominated lattice that still shows DWD is Tb26 .
To understand, why a change of the laser focus diameter changes the number of samples
showing DWD, the discussion in chapter 4.15 should be remembered. In this chapter, it was
shown that a change of the laser focus diameter does have a real effect on the resulting
thermal distribution and, consequently, the thermal gradient. Although the same peak temperatures can be achieved by adjusting the laser power, the slope of the temperature profile,
and hence the qualitative trend of the thermal gradient are changing. Hence, a smaller laser
focus raises the possibility of applying a bigger thermal gradient at the same temperature. A
laser-heating experiment with a laser power of PL = 25.5 mW in combination with a laser
focus diameter of 2.5 µm is, e.g., creating the same peak temperature (Tpeak ∼ 565 K) as
a laser power of PL = 5 mW in combination with a 1 µm diameter. However, the thermal
gradient prevailing at a certain temperature of, e.g., 350 K differs in the two examples. The
thermal gradient of the smaller focus diameter (∼ 200 K/µm) is more than twice the value
as that of the bigger one (∼ 90 K/µm). It can thus be concluded that the samples Tb18 and
Tb20 do need a higher thermal gradient, hence a bigger force to set a DW into motion.
It is now established which samples show a DWD, and the role of the base temperature
(RT + x) can be added. As a first test, the measurements performed with a laser focus
diameter of 2.5 µm are repeated to test whether an increase of the base temperature can
reactivate the DW motion of the samples Tb18 and Tb20 . Due to the negative outcome of
the experiment, the samples Tb18 and Tb20 are labeled as unsuccessful in column five of table
5.23. The samples Tb26 - Tb34 , all show the reported increase in DWD (e.g., figure 5.20)
and are therefore listed as successful.
As a last measurement series, the base temperature change is applied in combination with
a laser focus diameter of 1 µm. As already presented in figure 5.21, the sample Tb26 shows
an increase in DWD for an increasing base temperature and the experiment is thus labeled
as successful in column three of the table in figure 5.23. The intriguing question is now,
what will happen with the Tb24 -sample for an increasing base temperature. The experiment
is presented in figure 5.24, it shows that there is a DWD for the experiment at room temperature (left-hand side), but for the one at elevated temperature (right-hand side) a definite
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Figure 5.23: On the left-hand side, a summary of the performed experiments is listed. The
experiments are performed with different laser foci (1 µm & 2.5 µm), once at room temperature
RT (DWD) and once at an increased base temperature (RT + x). On the right-hand side, a
schematic drawing of a magnetization versus temperature curve is depicted. The dominating
sublattice is color-coded in both illustrations (orange and blue).

outcome is difficult to tell. At first sight, there is no DWD to report. The most obvious
change is the increased diameter of the magnetic domains, which nucleated at each single
heating site. However, the temporal resolution of the experiment is limited to the domain
state before and after the laser-heating. It is thus impossible to tell, whether at some point a
DW movement took place, which was later hidden by the nucleation of a larger domain. Also,
the experiments with Tb26 (figure 5.21) show an increasing diameter of the nucleated domains
for the experiments at elevated base temperatures. Nevertheless, the enhancing effect on the
DWD was much more pronounced as the diameter increase. Although it is impossible to
tell, whether the increase in base temperature prevents or hides a DW motion, there is no
enhancing effect taking place, and the experiment is thus labeled as unsuccessful in the table
of figure 5.23.18
It can be concluded that the different samples show a different reaction upon an increase
of the base temperature, and the question from above can be answered. It was suggested
that all samples should show an increase in DWD upon an elevated base temperature if a
temperature-dependent pinning effect is the cause of the DWD enhancement. Nevertheless,
by showing that Tb24 does not show any positive reaction upon an increasing base temperature, this explanation can be ruled out. The other suggestion was that the ferrimagnetic
behavior of the sample causes the enhancement. As reported by Kim et al., there is a state of
higher DW mobility found at the angular momentum compensation point TA of a ferrimagnet. Due to the gyromagnetic ratios gi of Tb gT b ∼ 1.53 ± 0.17 ( [66]) and Fe gF e ∼ 1.93
18

To rule out some other explanation (e.g., pinning) the sample Tb24 was tested numerous times, the
experiment was even repeated for a focus diameter of 500 nm to increase the thermal gradient even further.

Chapter 5. Thermally activated domain wall motion

88

Figure 5.24: Step-wise approach with constant laser power PL = 6.6 mW once at room
temperature RT (to the left) and once with increased base temperature (RT + x). Whereas a
DWD can be detected for the experiment at RT, the experiment at RT + x does not show any
DWD enhancement.

( [90]), one can tell that: TA > TM , hence TA is always to be found above TM .19 In order
to explain the DWD enhancement by a state of higher mobility, it has to be checked whether
the samples possess a temperature TA and whether heating brings the samples closer to that
temperature. Thus, it has to be checked, whether the change of base temperature pushes
the relative starting position on the magnetization versus temperature curve (M vs. T) closer
to TA or not. Figure 5.23 shows a schematic drawing of a TbFe- M vs. T - curve on the
right-hand side. The curve shows that the Tb-lattice dominates at temperatures below TM ,
which is due to the stronger magnetic moments of Terbium and the stronger scaling with
temperature [36]. On these grounds, it becomes apparent why the samples which are Tbdominated at RT (Tb30 - Tb34 ) all show a positive effect upon heating, whereas (most of)
the Fe-dominated do not. In a reverse conclusion, one would have to test whether the DWD
of the samples where the Fe-lattice dominates at RT show an enhancing effect by a base temperature reduction. Furthermore, the explanation of the enhanced mobility can explain, why
the Tb26 sample shows the strongest reaction upon a base temperature increase. According
to the performed calculations (see Table 5.3), the angular momentum compensation point of
Tb26 has a value of TA,26 = 360+18
−38 . TA,26 is thus is the closest to RT and hence the easiest
to reach by an increasing base temperature. The closer the sample temperature is to TA , the
more mobile the DW becomes, and the less force is needed to start a DW movement. Due to
the decreasing necessary force to start a DW movement, a DW can start its motion at smaller
gradients, and hence the measured DWD distance is increasing. This argument is even able
19

One should add that there must not be a TA in every composition, since its occurrence depends completely
on the interplay of the underlying sublattices of the ferrimagnet.

Chapter 5. Thermally activated domain wall motion

89

to explain, why the samples Tb22 and Tb24 do show a DWD if illuminated by a laser focus
diameter of 1 µm and not if the focus is enlarged to 2.5 µm. As shown above, as an example,
an increase of the laser focus implies that a specific thermal gradient can only be reached
in combination with a higher temperature, but since a higher temperature is pushing the Fedominated samples further away from TA , there is no DWD to be observed. To optimize the
DWD for the samples with TA < RT a strong thermal gradient in combination with a small
temperature change has to be applied.
Moreover, measurements showed that the DWD for an increasing laser power converges
against lower and lower temperatures and clusters around a value of TDW D ∼ 350 K for
the Tb26 - sample (see figure 5.19). A comparison with the calculated angular momentum
compensation point TA,26 = 360+18
−38 shows a reasonable agreement. In principle, the calculated temperature TDW D from figure 5.19 should even underestimate the actual temperature,
since it does not account for a magnonic contribution. Although the magnonic contribution to
the thermal conductivity can probably be ignored 20 , the DWD enhancing effect of magnons
that interact with the DW may not. According to Donges et al., the magnonic interaction
plays a decisive role in thermally activated DW motion in a ferrimagnet, especially in the vicinity of TA [20]. In conclusion, the closer the temperature is to TA , the higher is the mobility
of a DW, and therefore, the force needed to set a DW into motion decreases. However, as
the necessary force to move a DW decreases, the impact of magnons increases, and likewise,
the necessary thermal gradient declines.
5.2.3

Conclusion

The first part of this section presents thermally-induced DW motion qualitatively. By moving a
laser spot across a magnetic DW, a DW gets attracted by the heat-source and starts following
the laser spot. The laser spot relocates the DW depending on its movement direction, thereby
enlarging one domain at the cost of the neighboring one.
A sweep of the laser power shows that the attractive interaction between laser spot and
DW can be observed in a wide range of laser power. At temperatures close to the curie
temperature, temperature-induced domain nucleation sets in.
Although the DW keeps following the laser spot at all times, there are limitations due to the
setup. The setup consists of two linear x-y-stages that move the sample perpendicular to the
incoming laser beam. The stages, however, show limitations like a dead-gear. Hence, the
erasing of domain structures more complicated as straight lines could not be tested.
The second part investigates the distance dependence of thermally-induced DW motion. At
first, the underlying experimental method is introduced, the step-wise approach. The step20

The magnonic contribution to the thermal conductivity in metal should be small in comparison to that
of the conduction electrons.
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wise approach allows to test the far-reach of the thermally-induced DW motion and enables
the quantification with the help of heat-flow simulations.
The experimental difficulty to tell the impact between the laser-induced heat and the resulting thermal gradient apart is circumvented by the usage of a peltier heater. The peltier
heater is installed underneath the sample to define a sample temperature, the so-called basetemperature, independent from the temperature-induced from the laser. An increase in the
base-temperature strongly enhances the domain wall displacement (DWD). By testing a whole
composition of samples ranging from a Tb content of Tb= 18 at.% to Tb= 34 at.% the origin
of the enhancement is tested. In this stoichiometric range, only specific samples show an enhanced DW displacement distance upon heating. The samples showing a DWD enhancement
upon heating coincide with the samples that exhibit an angular compensation temperature
TA above room temperature. Therefore, in order to optimize the DWD in the TbFe-samples,
different requirements have to be met for different samples. Samples with TA < RT , prefer
a high thermal gradient in combination with a low as possible temperature.

CHAPTER

6

Direct laser interference patterning of FeAl

This chapter discusses the order-disorder transformation in FeAl. To induce disorder
in the FeAl alloy intense laser radiation is applied by DLIP. As a consequence of the
laser radiation, disorder-induced ferromagnetism is observed. The transformation can be
reversed by thermal annealing. The effect of the DLIP and of the thermal annealing of
the FeAl alloy is investigated by MFM.
The chapter is based on the publication "Direct laser interference patterning of
nonvolatile magnetic nanostructures in Fe60 Al40 alloy via disorder-induced ferromagnetism" [28].

91

Chapter 6. Direct laser interference patterning of FeAl

92

Modern magnetic storage devices are based on thin films, composed of tiny, crystalline singledomain grains. The digital information is written in patches of several grains, the so-called
Bits. A bit is thus made up of several grains with an aligned magnetization vector. For a
perfect signal-to-noise ratio, the individual grains should be decoupled [17]. Since our society
uses more and more digital information in everyday life e.g., by smartphone, there is a need for
higher and higher storage densities. To increase the storage density on storage devices means
to reduce the grain size further and further. Unfortunately, there is a size limitation for the
grains, the so-called superparamagnetic limit. Underneath this size, thermal fluctuations are
strong enough to change the magnetization vector of a Bit and as a consequence the stored
information [17].
Chemical order-disorder transition materials, such as FeAl, promise a way to decouple individual "grains". The ordered state (B2) of FeAl has a smaller magnetic moment than the
disordered state (A2). Hence, FeAl poses the possibility to encode information by the creation
of regions with different magnetization instead of a different magnetization direction. Every
region can thus be understood as a quasi-independent magnetic structure that is forming
magnetic domains. The domain formation is primarily defined by the minimization of the
micromagnetic energies (see chapter 2.3.1). Small enough regions are known to form singledomain states ( [11]).
In the experiments presented here, the disorder is induced by DLIP (see chapter 3.1.2). In this
chapter, we will first present data to demonstrate the transition between the B2 and the A2
state. Afterward, the shape of the resulting magnetic structures is discussed in more detail.
Later, the reversibility of the order-disorder transition is investigated. In the end, Comsolsimulations are performed to quantify the laser-induced temperature changes.
Figure 6.1 shows an AFM and MFM measurement before the exposure to the laser treatment
(a) and several MFM measurements of afterward (b - d). The graphics b - d depict different
DLIP experiments. The experiments differ in the chosen geometry of the DLIP setup and,
as a consequence, in the lattice parameter Λ. The MFM measurement before the exposure
(a) shows a weak magnetic contrast. After the patterning, there is an evident change in the
contrast detectable. It can be seen that an array of dark and bright spots is created upon
illumination. For the smallest lattice parameter Λ = 0.4 µm, the magnetic contrast is the
weakest. The exact shape of the pattern is more pronounced for a bigger lattice parameter Λ.
For Λ = 2.3 µm one can see that the magnetic pattern consists of a rhombic periodic lattice,
where each lattice point is made up by a dark and a bright sub-region.
It should be remarked that the samples were exposed to a magnetic field of B = 0.5 T after
exposure.
In figure 6.2 , the topographic structure is superimposed on the magnetic signal. It becomes
apparent that each topographic entity is creating a dark and a bright contrast in the mag-
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Figure 6.1: AFM and MFM measurements taken before (a) and after (b - d) exposure to the
DLIP-method. Images b - d are illuminated with an interference pattern of different periodicity
Λ [28].

netic response. According to Bukharev et al. such a magnetic contrast could be explained
by a single-domain state ( [11]). Bukharev et al. observe single domain states for Ni
nanoparticles smaller than 100 nm in width. Hence, the observed contrast would stem from
the poles of such a single-domain. However, the observed domain configuration could also
stem from the interaction between the magnetic tip of the MFM and the domain state of the
particle [59]. Previous studies showed [1] that different remanent states could be obtained for
submicron ferromagnetic elements.
The superimposed areas in figure 6.2 show further that the area occupied by the entity in
the AFM image is smaller (d ∼ 100 nm) than the magnetic response in the MFM image
(d ∼ 300 nm). The areas of different size can be understood with the assistance of Comsolsimulations (heat-flow simulations) (see figure 6.3).
Figure 6.3 a) shows a schematic drawing of the superimposed structures from figure 6.2.

Figure 6.2: The bumps visible in the AFM measurement were superimposed on the MFM
measurement to highlight the different size of the topographic and the magnetic features [28].

The topographic bumps are highlighted in red (zone 1), and the magnetic entity (zone 2)
encircles the bump in green. Every ensemble of a bump and magnetic entity is surrounded
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by a zone 3 (blue). The color-code is continued in figure 6.3 b) and c). Figure 6.3 shows
the absorbed laser fluence Fabs in units of (1 − R) · F ∗ across two neighboring maxima of
the intensity distribution.1 The described zones in the sketch (a) are marked in the intensity
distribution. Zone 1 is thus defined as the region, which is illuminated with a laser fluence
high enough to cause melting (Fabs > Fm ). Zone 2 is determined as Fc ≤ F < Fm , hence
as below melting but above the critical fluence for ordering. Zone 3 is defined as below the
critical fluence F < Fc , at the example of the lowest fluence. Figure 6.3 c) shows the calculated temporal evolution of the temperature rise at the example of the highlighted points
in b). The described size difference between bump and the magnetic signal is thus explained
by the curve 1 in figure 6.3 c). While the peak temperature induced by a laser fluence of
Fabs,3 = 70 mJ/cm2 is high enough to cause melting, there is a region around the melted
region, for which the temperature was above the critical temperature Tc = 1563 K, but below
the melting temperature Tm = 1662 K [99]. The laser-induced temperature in zone 3 is too
small to cause any permanent changes (T < Tc ).
To test the reversibility of the order-disorder transition the sample was thermally annealed

Figure 6.3:
Graphic a) shows a profile of the absorbed laser fluence Fabs as function
of the distance between two adjacent interference maxima. Several points of importance
(Fm = 70 mJ/cm2 : laser fluence for melting (red), Fc = 65 mJ/cm2 : critical temperature
for disordering (green), and the fluence in the minima Fabs = 35 mJ/cm2 (blue)) were marked.
Graphic b) shows the temperature as function of time for the different points of interest. In c)
a schematic drawing of the observed structures is shown [28].

at T = 770 K for a time of t = 1 h. Figure 6.4 shows two MFM measurements, graphic (a)
is taken after the DLIP and (b) after the thermal annealing. Whereas the periodic pattern is
easily detectable in graphic (a), the exact location of the lattice points are difficult to place
in (b) . This superficial impression is supported by the superimposed MFM profiles in graphic
(c). Graphic (c) shows that the amplitude of the phase declined after thermal annealing. The
reversible character of the order-disorder transition is supported by calculations, which were
performed by our collaborator Nikolay Polushkin and can be found in the supplementary
1

The reflectance R = 0.6 was determined by continuous wave laser illumination.
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Figure 6.4: The figure shows the impact of thermal annealing at T = 770 K for one hour.
Graphic (a) shows the same section as graphic (b), but after the thermal annealing. The
profiles indicated in graphic (a) and (b) are superimposed in graphic (c) [28].

information of [28]. Figure 6.5 e) shows changes in the concentration wave superstructure
amplitude A(t)/A(0) for different laser-induced temperature elevations as function of time.
Hence, whether the FeAl sample is further disordering (A(t)/A(0) < 1), or whether the order
is restored (increase of A(t)/A(0) > 1). So there is the possibility to further increase or
decrease the magnetization depending on the exact temperature.

Figure 6.5: Concentration wave superstructure amplitude change as function of time for
different temperature elevations above Tc . The calculations were performed for zone 2
(Tc < T < Tm ), which is the green colored region in figure 6.3 c). According to the calculations, the magnetic state (A2) can be reversed to the nonmagnetic state (B2) for a certain
temperature interval (Tmax − Tc < 60) [28].

CHAPTER

7

Outlook

This dissertation presented two different topics. At first, thermally-induced DW motion in
TbFe was introduced, and afterward, disorder-induced magnetism in FeAl was presented.
Although the underlying effects are of a completely different origin, they also show several
similarities. Both effects are based on a heat stimulus and can thus be studied by similar
methods. Both effects change the appearance of magnetic domains and can thus be used to
write or to erase a magnetic domain configuration. Due to the mutualities, it would be of
interest to change the experimental approaches. The cw-patterning used for the DW-motion
experiments allows tailoring the applied heat source in size, strength, position, and illumination time. These parameters could also be of interest to induce or erase the disorder-induced
ferromagnetism of FeAl. The cw-patterning setup could thus be used to create a tailored
domain state in the FeAl samples, which could be again erased by the illumination of lesser
laser power.
The DLIP method could also be used for the benefit of DW-motion experiments. The DLIP
method grants the possibility to pattern a sample on a much larger scale in only a few nanoseconds. Firstly, DLIP could be used to enhance the current time resolution from seconds
to nanoseconds. Secondly, DLIP could be used to execute a variety of experiments simultaneously. Due to the Gausssian envelope of the intensity distribution, one single experiment
would suffice to test the complete intensity dependence of a specific composition. Furthermore, the size of the pattern would allow for a more statistic approach in one single experiment.
Unfortunately, the outbreak of the COVID-19 pandemic prohibited the two experiments.
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Although, the experimental approach of the two different topics might be exchangeable under
a mutual benefit, the underlying effects are too different in the two cases and shall thus be
treated independently in the following.
In the case of thermally activated DW motion, it was shown that specific samples show
an increase in DWD upon an elevated base-temperature. Unfortunately, the testable basetemperature regime is quite small due to optical difficulties at too high and too low temperatures. Whereas, too high temperatures cause heat fibrillation and thermal expansion, too
low temperatures are accompanied by the condensation and subsequently by the freezing of
water. The problem of the small accessible temperature regime was circumvented by testing
a range of differently composited Tbx Fe100−x samples for their reaction upon an elevated
base-temperature. Unfortunately, the magnetic behavior is very sensitive to changes in the
composition. A change of the Tb content from 26 at.% to 24 at.% changes the magnetization
compensation point by ∼ 100 K. Hence, the presented stoichiometry-dependent measurement
could be optimized twofold. On the one hand, the tested samples could be fabricated in
smaller "stoichiometric-steps" of, for example, 1 at.%; on the other hand, the setup could
be optimized to allow the testing of a bigger base-temperature regime. A change of the
atmosphere could, for example, circumvent the condensation of water and would also allow
testing base-temperatures below room temperature. However, to avoid condensation and heat
fibrillation altogether, the experiment would have to be performed under vacuum conditions.
Furthermore, several experiments could increase the understanding of the thermally excited
DW motion. Although, the impact of different light helicities was presented in chapter 5.1.2,
the impact on the tested samples was never thoroughly tested.
Furthermore, the setup allows for applying an external magnetic field. This field could be used
to investigate the indicated threshold behavior at which the DW motions sets in. The field
could be applied perpendicular to the magnetic film. Depending on the sign of the external
field, the growth of one domain would be supported at the cost of the antiparallel configuration. As a consequence, in an experiment using the presented distance-dependent approach
one DW travel direction should be enhanced at the cost of the opposite travel direction.
So far, the illumination time in the DW motion experiments was always t = 1 s. Also, the
performed heat-flow simulations are always for the case of the steady-state. With the current
experimental approach, there is no time-resolution, and thus no indicator, whether the actual
motion is happening as the steady-state is reached. There is not even an indication, whether
the DW motion, for samples of different composition, sets in after the same laser-heating
duration. Hence, the possibility to test different time scales would be of great interest. The
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integration of an electro-optical modulator (e.g., Pockels-cell) into the setup could help
to reach a better time resolution. Furthermore, the experiments could be repeated on the
nanosecond time-scale e.g. using the presented DLIP-setup.

The experiments about disorder-induced ferromagnetism showed that the magnetization created by DLIP could be decreased by thermal annealing. However, the decrease in magnetization was only tested at one single example with one set of parameters (t = 1 h at T = 770 K).
For a possible application, it would be of great interest to test the exact relation between
the decreasing magnetization and the used parameters. Furthermore, it would be beneficial if
the reverse transition (A2 → B2) could be performed using the same mechanism. Hence, if
the magnetization would also decrease upon a second ns-laser pulse. One could, for example,
structure a FeAl sample first using the presented four-beam DLIP method and afterward apply
a two-beam interference pattern. A two-beam DLIP pattern would create a line-like intensity
pattern (I ∝ cos2 ) convoluted with the mentioned Gaussian-envelope. Such an experiment
could show, which temperature is best used to recreate the ordered B2-state.
Another experimental idea, would be to test the possible size reduction of the single-domain
states using near-field effects. In heat assisted magnetic recording (HAMR), near-field effects
are used that generate thermal gradients of 11 − 12 K/nm [106].

CHAPTER

8

Appendix

8.1

Distance measurement via matlab

As demonstrated in chapter 5.2, a laser-induced heating site attracts a magnetic domain wall
(DW). This chapter explains how the distance between the laser location and the DW is
measured. Figure 8.1 shows four different images. The MFM Before & After images are used
to quantify the laser-induced changes at the line-like magnetic domain (marked in green and
labeled as Domain in MFM Before). In the depicted case, the laser-induced temperature increase was high enough to nucleate small magnetic domains at the laser-heated sites (marked
with arrows and labeled as "HS").
As the laser gets close enough to the domain, the left DW (DWlef t ) deforms. The covered
distance is measured between the former location of the DW and the center of the laserheated site. In order to determine the exact distance, the Before & After measurement are
aligned using a code programmed in Matlab. The quality of the alignment is controlled by a
subtraction and an overlap image of the two MFM measurements (see figure 8.1).
In the ideal case of a perfect match, the subtraction image only shows the differences between
the two images, hence only the changes caused by the step-wise laser heating approach. The
changes happening to the bright domain are depicted in yellow and the changes of the dark
domain in dark blue. However, the two images are seldom taken under identical conditions.
Therefore the phase-signal of the two images usually differs in strength and has to be normalized. A normalization, however, is not always possible, for that reason, an Overlap image is
99
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Figure 8.1: The left to images are MFM measurements, which are taken before and after
the step-wise laser heating approach. For a better understanding, several points of interest are
marked and labeled. To the right, a subtraction and an overlap of the left two images are shown.
The right two images are used to validate the alignment process, which is necessary to quantify
the exact size of the DW movement.

created as a second indicator for the alignment process, using the matlab command imfuse.
The imfuse command compares the two images by color-coding areas of different intensity.
A perfect match in intensity is color-coded in yellow; in the presented case, there is a tinge
of greenish to be seen, indicating a non-perfect match of the two image intensities (different
phase amplitudes). Changes at the bright domain are illustrated in red and changes of the
dark domain are depicted in green.
As the two images are aligned, line profiles are extracted to analyze the laser-induced changes
at the magnetic domains. The line profiles show the mean value of five neighboring lines.
As an example, figure 8.2 shows two profiles, which were extracted from figure 8.1 (MFMOverlap). In Profile 1, the laser was located too far away from the DW to cause a DW
movement. However, due to the laser-induced heat, a magnetic domain nucleated at the
heating site. The diameter of a laser-induced domain dHS is measured by identifying the zero
phase crossing on the left (HSlef t ) and to the right (HSright ).
In Profile 2, the laser is close enough to cause a DW movement. Thus, one can measure the
distance between the left-hand side of the laser-induced deformation (HSlef t ) and the DW
(DWlef t ). However, this value is not the maximum distance covered by the DW (DWD),
but the displacement plus the radius of a domain nucleated by laser radiation (see Profile 1 ).
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Figure 8.2: The two line profiles are extracted from figure 8.1. The line profiles show the mean
value of five neighboring lines.

Hence, to measure the maximum distance covered by a moving DW (DWD), the distance
between the left side of the heated site (HSlef t ) and the left side of the DW (DWlef t ) is measP
ured and subtracted by the mean radius of all nucleated domains (rm = i dHS,i /2):
DW D = DWlef t − HSlef t − rm .

(8.1)

The signs used in the calculation have to be adjusted depending on the relative position
between HS and DW. DW movement can also be detected for laser powers, which are insufficient to cause domain nucleation, in this case, the complete distance is acknowledged as
DWD.

8.2

Calculation of the angular momentum compensation temperature

The approach used to calculate the angular compensation point TA is adopted from Kim
et al. [47]. A more detailed description is found in chapter 4.1.2. The calculation is performed exemplary for the Tb26 Fe74 -sample. At first, the magnetization versus temperature
measurement has to be fitted using the following formula (figure 8.3 a):
~ Tb + M
~ F e = αT b (TC − T )βT b + αF e (TC − T )βF e
Mtotal = M

(8.2)

Although the decoupled lattices are probably quantitatively incorrect, their quantitative trend
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Figure 8.3: The figure represents the steps necessary to calculate the angular compensation
point TA . In a) the magnetization versus temperature curve is fitted using equation 8.2. Using the decoupled sublattices (b), the angular momentum of the sublattices (c) is calculated
and consequently the total angular momentum of the system (d). The Angular momentum
compensation point is thus estimated as TA = 360+18
−38 K.

is extracted by the fitting approach (figure 8.3 b). Therefore, by using the relation
~=A
~T b + A
~F e = M
~ T b /µT b + M
~ F e /µF e ,
A

(8.3)

the qualitative trend of the temperature dependent angular momentum can be extracted
(figure 8.3 c). In this equation, µi = gi · µB /h̄ is the gyromagnetic ratio of the sublattices,
with the Bohr magneton µB and the Landé factor gi . The Landé factors are adopted
as gT b = 1.53 ± 0.17 and gF e = 1.93 [66, 90]. The angular compensation point can than be
extracted from figure 8.3 d) as TA = 260+18
−38 K.

8.3

Measurement of the focused beam waist

To determine the beam diameter and the beam waist of the laser focus, the focused laser
beam was scanned (back and forth) over a gold stripe of known thickness (here: b = 6.04 µm)
and the back-reflected laser intensity was measured. By controlling the sampling rate of the
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Figure 8.4: Reflected intensity of a gold stripe. The reflected distribution was plotted with a
double error-function [65].

used power meter (No.2 in figure 3.1) and the velocity of the x-y-stage the x-axis of figure
8.4 can be gauged. To determine the beam diameter a double error-function is plotted to the
intensity distribution. The calculation was adopted from Ofarim et al. [65]:
!

IR = A ·

!

erf(x − b0 + b/2)
erf(x − b0 − b/2)
−
+ c,
s
s

(8.4)

where b = 6.04 µm is the stripe diameter. The calculated spot diameter d is independent of
A and b0 and is calculated by the formula:
√
d = 2 · ln 2 · s.

(8.5)

The beam waist in figure 8.5 is determined by changing the distance in between the objective
lens and the sample using the z-piezo stage (see setup 3.1) and by repeating the measurement
from figure 8.5 for every single distance.
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Figure 8.5: Beam waist of the laser focus measured for the objective lens with a magnification
of 100x.

8.4

Data never sleeps

Figure 8.6 shows the survey data never sleeps 7.0 by DOMO. The figure demonstrates the
growth of digital data in the world at the examples of well-known internet-based services. It
shows the usage of certain services for every minute of the day.
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Figure 8.6: Demonstration of the growth of digital data at the example of well-known internetbased services [19].

CHAPTER

9

List of abbreviations

• AFM: atomic force microscopy
• CCD: charge coupled device
• cw: continuous wave
• DLIP: direct laser interference patterning
• DW: domain wall
• DWD: domain wall displacement
• fs: femtosecond
• FWHM: full width at half maximum
• HAMR: heat assisted magnetic recording
• HS: heating site
• LED: light emitting diode
• LLB: Landau - Lifshitz - Bloch
• LLG: Landau - Lifshitz - Gilbert
• MCD: magnetic circular dichroism
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• MFM: magnetic force microscopy
• µSSE: magnonic spin-Seebeck effect
• µSTT: magnonic spin transfer torque
• MO: magneto-optical
• MOKE: magneto-optical Kerr effect
• ns: nanosecond
• OOP: out-of-plane
• ps: picosecond
• RBS: Rutherford back-scattering
• RT: room temperature
• STT: spin transfer torque
• SQUID: superconducting quantum interference device
• TW: thermal writing
• WB: Walker breakdown
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