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Abstract

he aim of this work is to study heat effects in thin magnetic films to verify the
theoretical prediction of domain wall motion towards a heat source. In the theory,
a domain wall moves from a cold region towards the hotter part due to energy minimization processes. It is shown that no electron transport is necessary for this effect as
it has been observed in insulators. An analytical model describes the effective field that
acts on a domain wall as an external applied magnetic field. This is proportional to the
temperature gradient and to the exchange stiffness gradient.

T

The theoretical demand for a high temperature gradient is realized in the experiment
employing direct laser interference patterning. In the experimental setup a pulsed laser
is split into two equivalent beams. These are subsequently recombined on the sample surface at a defined incident angle, polarization and intensity. The result is an interference
pattern following a cosine distribution. The period of the pattern is determined by the
angle and is varied between 300 nm and 300 µm in our experiment for a wavelength of
532 nm. With the help of this technique, temperature gradients in the range of tenth of
K/nm are reached, which should be sufficient for domain wall motion driven by a thermal
gradient.
To understand the patterning process of direct laser interference patterning in more detail, time-resolved diffraction efficiency measurements are carried out. The results lead
to a patterning mechanism which confirms and expands earlier measurements. With the
help of time-resolved temperature measurements on an interference pattern, the evolution
of the temperature pattern and the temperature gradient are measured in a direct way.

8
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The measurement principle is based on the temperature dependence of the refractive index of silicon and interference effects in multilayer sample structures. It is shown that
the main part of the inserted heat is transferred through the substrate and the lateral
expansion can be neglected.
In order to study the effect of temperature on the magnetization of thin films, ferromagnetic [Co/Pd] multilayer systems and ferrimagnetic amorphous Tbx Fe100−x films are
treated with an interference pattern and the magnetic findings are compared to micromagnetic simulations. Here, the patterning period is chosen to be in the range of 50 µm
to 70 µm which stretches the important regions laterally.
For [Co/Pd] multilayer systems three different magnetic regions are observed after treatment with an interference pattern. In region I, the magnetic material is unaffected and
the magnetization is randomly distributed in the so-called AC-demagnetized state. At
intensities, which lead to temperatures in the range of the Curie temperature, an abrupt
reduction of the domain size is observed, known as thermal demagnetization (region II).
At even higher intensities the net out-of-plane magnetization vanishes and the domain
pattern is irreversibly destroyed (region III). These findings are supported by micromagnetic simulations indicating that the natural defect concentration and the anisotropy
reduction due to diffusion of the multilayer material are the major reasons for the different regions.
Contrary to [Co/Pd] multilayer thin films, the ferrimagnetic amorphous material
Tbx Fe100−x exhibits three different regions after laser treatment, but a different explanation is given. In region I and region II the same behavior as in the [Co/Pd] films is shown
with the AC-demagnetized region and the thermal demagnetized region, respectively.
In addition, region III exhibits the measured magnetic signal as an in-plane magnetization contrast. This is explained from the material point of view as the transition from
the amorphous to the polycrystalline phase at a certain temperature, which involves an
altered magnetization of the sample. The supporting heat flow simulations confirm the
experimental findings.
For both materials more complex patterning structures with variable intensities and patterning periods are studied ranging from magnetic thin wires with a width of 120 nm to
magnetic bits with an edge length of about 200 nm. In the case of amorphous Tbx Fe100−x
films, a unique way is found to nano-structure the films and to prevent it from oxidation at
ambient conditions. As a consequence, the magnetization points in the center of the wire
out-of-plane, whereas at the edges an in-plane magnetization is found. In this way, the
magnetization of a plain Tbx Fe100−x thin film is altered subsequently from out-of-plane
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to in-plane, forming a wire-array on a micro scale with one single interference pulse.
Finally, the study of domain wall motion under thermal gradients is described. Therefore, the intensity, the distance and the timescale of the heat source are varied on the
two different materials, [Co/Pd] and Tbx Fe100−x . The experimental setup is capable of
a direct observation of the magnetization using the magneto-optical Kerr effect and a
simultaneous control of the sample position and the focus of the beam with a submicron
precision.
The [Co/Pd] multilayer sample is examined as a plain film and as a pre-patterned film
using the findings from the material structuring part of this work. Nevertheless, no clear
domain wall motion beyond the error bars is found.
In contrast, a clear domain wall motion is found in Tb24 Fe76 of about 1 µm with a continuous heat source on an unpatterned film. For other stoichiometric compositions of
Tbx Fe100−x , no domain wall motion is observed. This is compared to preliminary theoretical results. It is shown that the exchange stiffness gradient, which is the other
important parameter for the effective thermal field acting on a domain wall, differs in
ferrimagnetic materials throughout the temperature range. Thus, the exchange stiffness
gradient is by a factor of four higher below the compensation point of Tbx Fe100−x than
above. Apart from Tb24 Fe76 , the other material compositions exhibit a compensation
point below room temperature and therefore, the effect of the exchange stiffness gradient is smaller. In addition, a first distance and intensity dependent study, supported by
heat flow simulations, indicates a minor effect of the intensity, but a larger effect of the
distance to the domain wall due to the strength of the thermal gradient.
For the first time temperature induced domain wall motion in ferrimagnets is observed
with a laser beam as a heat source exclusively and no disturbing magnetic fields.

Abstract
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Zusammenfassung

as Ziel dieser Arbeit ist es die theoretischen Vorhersagen zur Domänenwandbewegung, die durch einen thermischen Gradienten verursacht werden, experimentell
zu überprüfen.

D

Um die dazu notwendigen Temperaturgradienten zu erzeugen wird hier das Prinzip der
direkten Laser-Interferenzstrukturierung benutzt, bei der zunächst mit Hilfe eines Strahlteilers der Laserstrahl geteilt wird. Über Spiegel werden die Teilstrahlen unter einem definierten Winkel und mit einer bestimmten Polarisation und Intensität auf der Probenoberfläche zur Interferenz gebracht. Dadurch wird die Probe an unterschiedlichen Stellen
unterschiedlich stark aufgewärmt. Dabei kann die Periode des kosinusförmigen Intensitätsmusters über den Auftreffwinkel der Laserstrahlen gesteuert werden. In unserem
Aufbau können bei einer Wellenlänge von 532 nm Perioden von 300 nm bis hin zu 300 µm
eingestellt werden. Der dabei erzeugte Temperaturgradient beträgt auf magnetischen Filmen bis zu 0.1 K/nm, was für die temperaturinduzierte Domänenwandbewegung ausreichen sollte.
Das Prinzip der direkten Laser-Interferenzstrukturierung wird vorab auf metallischen
Dünnfilmen untersucht und mit zeitaufgelösten Beugungseffizienzmessungen und Temperaturmessungen analysiert. Anhand von Beugungsmessungen kann das Modell zur Strukturbildung von dünnen Filmen bestätigt bzw. erweitert werden. Aus den zeitaufgelösten
Temperaturmessungen wird die Wärmeausbreitung mit einer Nanosekundenauflösung
beobachtet und die Temperaturgradienten können bestimmt werden. Für diese Messung werden die Temperaturabhängigkeit des Brechungsindexes und Interferenzeffekte

12
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in dünnen Siliziumschichten ausgenutzt. Es wird gezeigt, dass die Wärme überwiegend in
das darunterliegende Substrat abgeleitet wird und die laterale Ausbreitung in den weiteren Betrachtungen vernachlässigt werden kann.
Nachdem die strukturbildenden Prozesse und der Temperaturverlauf in metallischen
Filmen untersucht wurden, werden die Temperatureffekte in magnetischen Filmen genauer untersucht. Dabei wird die Periode der Temperaturverteilung im Interferenzmuster
auf 50 µm bis 70 µm vergrößert um die Effekte auf eine breitere Fläche zu verteilen und
so besser untersuchen zu können. Als Testmaterialien dienen ferromagnetische [Co/Pd]
Multilagenfilme und amorphe ferrimagnetische Tbx Fe100−x Filme.
In [Co/Pd] Multilagensystemen werden drei verschiedene Bereiche in den magnetischen
Messungen beobachtet. Der erste Bereich ist unbeeinflusst und die Magnetisierung bleibt
im sogenannten AC-entmagnetisierten Zustand, der durch ein äußeres, gedämpftes und
alternierendes Magnetfeld vor dem eigentlichen Experiment, festgelegt wird. Bei höheren
Intensitäten, die zu Temperaturerhöhungen im Bereich der Curie Temperatur führen,
setzt eine plötzliche Verringerung der Domänengröße ein. Dieser zweite Bereich ist als
thermisches Entmagnetisieren bekannt. Bei noch höheren Temperaturen, dem dritten
Bereich, durchmischen Diffusionsprozesse das Multilagensystem und eine Magnetisierung
ist nicht mehr messbar, da das Schichtsystem zerstört ist. Die experimentellen Ergebnisse werden durch mikromagnetische Simulationen bestätigt und dabei die natürliche
Defektkonzentration im Material und die Anisotropieänderung durch Diffusionsprozesse
als wichtige Parameter identifiziert.
In derselben Art und Weise werden nun die amorphen Tbx Fe100−x Schichten untersucht
und auch hier werden drei verschiedene Bereiche beobachtet. Jedoch lassen sich nur die
ersten beiden Bereiche analog zu den Ergebnissen für [Co/Pd] erklären. Der dritte Bereich
unterscheidet sich aber deutlich von dem gemessenen Bereich in [Co/Pd]. Das magnetische
Messsignal zeigt, dass die Magnetisierung in der Ebene der Probe liegt. Dies ist mit einem
tatsächlichen Übergang der Kristallstruktur von amorph zu polykristallin zu erklären,
die bei einer Temperatur von ungefähr 500 K einsetzt. Mit unterstützenden COMSOL
Wärmefluss-Simulationen kann der Temperaturverlauf qualitativ bestätigt werden.
Weiter werden für beide Materialen auch komplexere Strukturen untersucht, die von
sehr dünnen magnetischen Drähten mit 120 nm Breite, bis hin zu magnetischen Bits mit
einer Kantenlänge von ungefähr 200 nm reichen. Bisher war Tbx Fe100−x aufgrund von
Oxidationseffekten nicht dauerhaft strukturierbar, jedoch wird dies mittels Laserstrukturierung verhindert und die Strukturen sind über Monate stabil. Dabei ist das Zentrum
des Nanodrahtes aus der Ebene heraus und die Randbereiche in der Ebene magnetisiert.
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Außerdem kann Tbx Fe100−x auch als durchgehender Film mit abwechselnder Magnetisierung strukturiert werden.
Nach den Voruntersuchungen zur Strukturbildung in dünnen Filmen und der Wechselwirkung magnetischer Filme mit Wärme wird das eigentliche Ziel der Arbeit, die
Domänenwandbewegung mittels Temperaturgradienten, untersucht. Hierbei werden verschiedene Materialen erprobt und die Intensität, der Abstand und die Zeitskala der
Wärmequelle geändert. Dafür wird unter anderem ein experimenteller Aufbau verwendet,
der erlaubt, die Magnetisierung mittels magnetooptischem Kerr-Effekt zu beobachten und
gleichzeitig die Probenposition und den Fokus-Durchmesser des Lasers mit Mikrometerpräzision zu steuern.
Entgegen den theoretischen Vorhersagen wird in [Co/Pd] Multilagensystemen jedoch kein
eindeutiger Nachweis für eine Domänenwandbewegung außerhalb der Fehlerbalken beobachtet.
Im Gegensatz dazu ist in Tb24 Fe76 eine deutliche Domänenwandbewegung von ungefähr
einem Mikrometer zu sehen. Bei weiteren stöchiometrischen Zusammensetzungen von
Tbx Fe100−x war hingegen keine Bewegung sichtbar. Durch den Vergleich mit vorläufigen
Simulationen wird aber gezeigt, dass der Austauschsteifigkeits-Gradient stark zusammensetzungs- und temperaturabhängig ist. Der Gradient ändert sich dabei unter und über
dem Kompensationspunkt um einen Faktor 4. Es ist möglich durch die Materialzusammensetzung den Kompensationspunkt zu regulieren. Somit lässt sich erklären, warum nur
in Tb24 Fe76 eine Domänenwandbewegung beobachtet wird, da es die einzige Zusammensetzung ist deren Kompensationspunkt unter der Raumtemperatur liegt und untersucht
wurde.
Des Weiteren wird eine erste Abstands- und Intensitätsabhängigkeit des Effektes beobachtet und wiederum mit Wärmefluss-Simulationen verglichen. Dabei ist zu erkennen,
dass nicht die Intensität im Laserfokus, sondern dessen Abstand zur Domänenwand die
entscheidende Rolle spielt.
Zusammenfassend wird in dieser Arbeit zum ersten Mal eine rein temperaturabhängige
Domänenwandbewegung in Ferrimagneten beobachtet, die einzig durch einen Laserstrahl
als Wärmequelle und ohne zusätzliche magnetische Felder erreicht wird.

Zusammenfassung

15

CHAPTER

1

Introduction

n times of cloud computing and the Internet of Things not only miniaturization is a
fundamental research topic, but also an energy efficient way to store data on a big
scale governs attention. Thus, new ways of nanostructuring and in this context novel
types of data storage and data processing are investigated.
A new approach in terms of data storage devices is called Spintronics or with included
heat effects Spincaloritronics. This new research field deals with electronic devices, which
take not only the charge of an electron into account, but also the spin of an electron. In
the field of Spincaloritronics the possibility to include even heat effects on spin systems
is studied.
In Spintronics some promising candidates for possible applications in the field of storage
devices and electronics are investigated: spin-transfer oscillators [1], magnetic random
access memory devices [2], logic devices [3], and more recently the Racetrack Memory
device [4]. They all combine the interplay between magnetic moments and current or
magnetic fields.
Moreover, in new magnetic data storage technologies for example heat assisted magnetic
recording (HAMR) [5], heat plays a crucial role. There, the principle of a hard drive is
combined with a near-field transducer to heat the magnetic material locally on the rotating disk. Thus, a lower magnetic field is necessary to write the bits and other materials
with higher coercive fields can be used as recording media. This is necessary to fulfill
Moore’s Law stating ”Complexity of integrated circuits has approximately doubled every

I
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year since their introduction” [6] in the field of data storage density.

In this work, a different way of micro- and nanostructuring of magnetic materials using
a continuous and pulsed laser source is presented. Thereby, heat or heat gradients act as
a driving force of the ongoing effects.
First, a general overview of the necessary theoretical background covering the origin of
magnetic domains and magnetization dynamics with and without heat effects, is given.
Thereafter, the material properties of ferromagnetic [Co/Pd] multilayer thin films and ferrimagnetic Tbx Fe100−x thin films are explained and discussed. Additionally, the sample
characterization technique magnetic force microscopy and the underlying contrast formation process is presented in more detail.
The following experimental chapter discusses the technique of direct laser interference
patterning describing the experimental setup and investigates the patterning mechanism
with time-resolved reflectivity measurements. In addition, time-resolved temperature
measurements of the direct laser interference pattern are presented.
The next two chapters cover the patterning mechanisms and the patterning possibilities
on magnetic films. First, on [Co/Pd] multilayer thin films and thereafter, on Tbx Fe100−x
thin films. The experimental findings are supported by micromagnetic simulations from
the group of Prof. Nowak using the Landau-Lifshitz-Bloch equation and heat flow simulations with COMSOL multiphysics.
The theoretically described effect of the magnonic Spin-Seebeck effect describes the domain wall motion towards a heat source. This is investigated experimentally in chapter
seven, where the effect of heat on [Co/Pd] multilayer systems, as well as on Tbx Fe100−x
thin films, is studied. Thereby, the timescale is varied from nanoseconds to continuous
heat sources and the material is altered from pre-patterned films to plain, as-grown films.
The supplementary material covers some of the presented issues in more detail and shows
the structured material under a scanning electron microscope.

CHAPTER

2

Theoretical background

his chapter gives an overview of the theoretical basics of magnetic domains and
domain wall motion due to thermal gradients and magnetic fields.
This chapter is organized as follows. Starting with the micromagnetic energy terms to
explain the existence of domains in magnetic materials as an energy minimization process.
Thereafter, the anisotropy is described which mainly determines the orientation of the
magnetic moments in the material. Then, to explain dynamic processes in magnetic
materials, the Landau-Lifshitz-Gilbert equation is depicted for an applied magnetic field
and the extension towards temperature gradients is illustrated in the Landau-LifshitzBloch equation. In addition, important comments to the simulation parameters are given
following Stärk et al. [7] Finally, an overview of the theoretical background of the
thermally driven domain wall motion is given.

T
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The micromagnetic energy terms

To explain the domain structure and their origin in different materials, it is important
to understand the underlying energy terms. The formation of domains is an energy
minimization process of the total free energy Etot :
Etot = Eex + Ea + Ed + EZ (+Estress + Ems ) ,

(2.1)

with the exchange energy Eex , the anisotropy energy Ea , the demagnetization energy Ed ,
the Zeeman energy EZ , and the terms due to applied stress Estress and magnetostriction
Ems effects.1 .
The different contributions for the anisotropy term are discussed in section 2.1.2 in more
detail.

2.1.1

Exchange energy

In a ferromagnet the magnetization direction in the equilibrium configuration is kept
constant, but every deviation of this situation ends up in additional energy, which is
given by the exchange energy
Eex =

Z

A(∇eM )2 d3 r,

(2.2)

with the unit vector in the local direction of the magnetization eM = M(r)/Ms and the
exchange stiffness A [8]. Here, the exchange term is minimal for a minimum of variations
of the magnetization in all directions.
The effect of heat in magnetic systems plays an important role in this work, and therefore,
it is necessary to mention the relation between the exchange stiffness A and the Curie
temperature TC as
A ∝ kB TC /2a0 ,

(2.3)

with a0 as the lattice parameter and kB as the Boltzmann constant. Typical values for
the exchange stiffness for a material with a Curie temperature above room temperature
are for instance Fe with A = 21 pJ/m or a CoPt alloy with A = 10 pJ/m with a saturation
magnetization of 1.71 MA/m and 0.81 MA/m respectively.
1

The two terms Estress and Ems are only mentioned for the sake of completeness and will be neglected
in the further discussion.
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Anisotropy energy

Without any crystallographic directions, the exchange energy favors the unidirectional
alignment of the magnetic moments. However, in real materials, the crystal structure
has to be taken into account. Thus, the dependence between the structural axes of the
material and the direction of the magnetization is discussed here.
The energetically favorable magnetization direction is the so called easy axis which follows a certain crystallographic axis. Unfortunately, there is no general equation for the
anisotropy energy but it is possible to define the energy for different crystal structures.
Starting from a constant magnetization in space, the anisotropy energy is given as
Ea =

Z

wd3 r,

(2.4)

with the crystal structure specific anisotropy density w. For an uniaxial structure as in
a hexagonal and tetragonal crystal the anisotropy density can be written in first approximation as
wu = K1 sin2 (θ) + K2 sin4 (θ),

(2.5)

where the anisotropy depends only on the angle between the magnetization and the easy
axis. Here, the anisotropy constants K1 and K2 stem from experiments and are temperature dependent.
The anisotropy due to a certain shape of the material (e.g. nanostructure) is included in
the demagnetization energy term (see section 2.1.3) [8, 9].

2.1.3

Demagnetization energy

The demagnetization energy or stray field energy (or dipol-dipol energy) is an energy
generated by the magnetic structure itself. Thus, the volume or the shape of a structure
is a crucial parameter [9]. With the help of Maxwell’s equations and the definition of
the stray field as the field generated by the divergence of the magnetization M, the
demagnetization energy can be written as
Ed = −

1Z
H d M d3 r,
2 VS

(2.6)
(2.7)
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with the stray field H d . Including an appropriate stray field potential for a given nanowire
structure, it can be seen that parallel alignment of the magnetic moments to the edges
of the structure is favored. Since the stray field is a very non-local quantity, a detailed
calculation for a specific structure is difficult to obtain.

2.1.4

Zeeman energy

The Zeeman energy describes the effect of an external magnetic field Hext on the magnetization. So, the strength depends strongly on the orientation between the applied field
and the direction of the magnetization
EZ = −µ0

Z

MHext d3 r.

(2.8)

The Zeeman energy is minimal, when the magnetization is pointing along the direction
R
of a uniform external magnetic field EZ = −µ0 Ms Hext cos(θ)d3 r.

2.2

Magnetic domains

Magnetic domains are areas of magnetic moments pointing in the same direction. Two
adjacent domains with different magnetization orientation are separated from the so
called domain walls. These structures are the result of an energy minimization process.
The energy and the width of a domain wall2 is calculated, neglecting the demagnetization
energy and the Zeeman energy3 . There, the only remaining energy terms are the exchange
energy and the anisotropy energy
Etot = Eex + Ea .

(2.9)

These two competing energies lead, on the one side to a parallel alignment of neighboring
spins (exchange energy), and on the other hand to an alignment along the easy axes of
the sample (anisotropy energy) resulting in different domain configurations depending on
the shape and size of the structure.
Figure 2.1 shows different domain configurations in different materials with domain boundaries in-between the different domains. In general, the magnetization in a ferromagnet
tend to lie along the easy axis of the sample, but in a domain wall, the magnetization
2

more precisely: a bloch wall
this assumption is valid for a bloch domain wall, for a neél domain wall the demagnetization energy
has to be taken into account.
3

Chapter 2. Theoretical background

22

rotates also along the hard axis at the expense of the system energy. The width of a
domain wall depends on the exchange stiffness A and the anisotropy constant K and can
be calculated from
s

δ=π

A
,
K

(2.10)

with the energy per unit area
√
σDW = π AK.

(2.11)

Figure 2.1: Different domain configurations for various materials and shapes. (a) shows a
magneto optical image of an iron whisker from different sides recombined using image tools,
(b) shows a 130 nm NiFe thin film with in-plane magnetization and (c) shows an out-of-plane
magnetized single-crystal garnet film with the related magnetization scheme [9].

2.3

Anisotropy

Magnetic anisotropy defines that in ferro- or antiferromagnetic structures the magnetic
moments point in one distinct direction. For hard magnetic materials the easy-axis anisotropy is strong, whereas for soft magnetic materials, the anisotropy is almost zero. This
tendency to align the magnetic moments along an easy axis is shown in the anisotropy
energy term in section 2.1.2. There are three main sources of anisotropy, the shape anisotropy which stems from the demagnetization field, the magnetocrystalline anisotropy
coming from the intrinsic material properties and the induced anisotropy due to for instance applied stress.
Moreover, the origin of perpendicular magnetization in thin film samples is discussed.
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Magnetocrystalline anisotropy

Figure 2.2: Magnetization as a function of the field for different crystallographic directions in
Fe, Ni and Co [8].

The magnetocrystalline anisotropy differs in materials due to their crystalstructure. In
Fig. 2.2 three materials and the related magnetization curves for different crystallographic
directions are shown. In iron, the cube edges h100i are the easy directions, but the cube
diagonals h111i are the hard axes. The other way around is valid in nickel and moreover,
in Co the hexagonal axis [001] is the easy axis.

2.3.2

Induced anisotropy

Uniaxial anisotropy is not always dependent on the growth conditions it can also be induced for example using heat or stress. In some alloys (for example Tbx Fe100−x , Ni80 Fe20 ,
...) the anisotropy can be tuned by annealing the material. For Ni80 Fe20 , which is an fcc
alloy, an annealing temperature of around 800 K favors head-to-tail pairs of iron atoms.
This configuration has a larger magnetic moment than Ni and produces a small anisotropy. Annealing of for example amorphous materials with an applied magnetic field also
results in an uniaxial anisotropy having the same effect as by atomic deposition of thin
films in an applied magnetic field.
Another way to induce anisotropy would be to induce uniaxial stress to a material. The
largest values for uniaxial anisotropy are found in hexagonal and other uniaxial crystals
(YCo5 , Co), whereas the lowest values are found in some cubic alloys and amorphous
ferromagnets.
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Perpendicular anisotropy

In thin film samples, the magnetization lies in general in the sample plane. However,
the magnetization can point out-of the sample plane, when a hard magnetic material is
grown with the easy axis normal to the sample plane. Moreover, in very thin samples
the surface anisotropy could lead to out of plane orientation of the easy axis, which is
the case for [Co/Pd] multilayer thin films. The energy per unit volume can be written
from [8] as
1
Evol = Ku sin2 θ + µ0 MS2 cos2 θ,
2

(2.12)

with the angle between the magnetization and the film normal θ and the perpendicular
anisotropy Ku . The energy is minimal at θ = 0, which can be equivalently described with
the quality factor Q. This factor is given by
Q=

2Ku
µ0 MS2

(2.13)

and the condition for perpendicular magnetic anisotropy Q < 1 can be rewritten to
Ku > 12 µ0 MS2 . In materials with a low magnetization MS or a dominant surface anisotropy KS , the critical film thickness t can be calculated from Ku = KS /t leading to
t = 2KS /µ0 MS2 .
For the [Co/Pd] multilayer material used in this work, different thicknesses can be calculated depending on the utilized model for the anisotropy. For the simplified anisotropy
Ku = KS /t a thickness of 25 nm is calculated. Whereas, with the phenomenological description of the anisotropy Ku = 2Ks /tCo +Kv (see section 3.1) a thickness of 40 nm is calculated below which the magnetization is aligned out of the sample plane, with the material parameters KS = 0.63J/m2 [10], MS = 2 · 106 [11], and Kv = −0.5M J/m−3 [10].
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(B)
Heﬀ

Heﬀ

Figure 2.3: Schematic overview of a
magnetic moment precessing around
damping
an external effective field (A). The
damping term leads to an alignment
of the magnetic moment parallel to the
dm/dt effective field (B)

dm/dt

Θ

Θ

m

2.4

m

Magnetization dynamics

To describe the magnetization M in an equilibrium configuration, M is described as a
minimization of the Landau free energy resulting in an effective field Heff . Thus, the
energy of the system is minimized with the magnetization parallel to the effective field
Heff , which is described in Brown’s equations [12, 13].
But in magnetization dynamics, Brown’s equations are not longer valid and a different
formalism needs to be used, the so-called Landau-Lifshitz-Gilbert (LLG) [14] equation.
Moreover, temperature effects can be included in the dynamic behavior of the magnetization, therefore the LLG is extended to the Landau-Lifshitz-Bloch (LLB) equation.

2.4.1

Landau-Lifshitz-Gilbert equation

Since 1935 the Landau-Lifshitz-Gilbert equation describes magnetization dynamics based
on the idea that a magnetic field exerts a torque on a magnetic moment (see Fig. 2.3(A)).
This leads to a gyroscopic motion described by
dM
= −γM × Heff ,
dt

(2.14)

with the gyromagnetic ratio γ and the external effective field Heff .
The effect of damping is included in a phenomenological way. There, thermal motion in
terms of spin waves, lattice vibrations, and thermal excitations of conduction electrons are
combined to the damping term. In the same way as in classical systems, the damping term
acts in the opposite direction of the dynamical variable. Here, the dynamical variable
is the magnetization M and with an applied magnetic field, the damping term forces
the magnetization to align parallel to the field (see Fig. 2.3(B)) leading to the Landau-
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Lifshitz-Gilbert equation
dM
α
dM
= −γM × Hef f +
M×
,
dt
M
dt
s
|
{z
}

(2.15)

damping term

with the damping constant α and the saturation magnetization MS

2.4.2

Landau-Lifshitz-Bloch equation and simulation basics

In this work, heat is a crucial parameter and thus, temperature effects have to be included in the LLG equation. In the simulations, a multiscale model is used describing
K
via
the dynamics of the thermally averaged reduced magnetization mi = Mi /MT=0
S
the stochastic Landau-Lifshitz-Bloch (LLB) equation [15]. The LLB equation in the
stochastic form reads [16]



γα|| 
dmi
γα⊥
= −γmi × Hieff + 2 mi · Hieff mi − 2 mi × mi × (Hieff + ζ⊥i ) + ζki . (2.16)
dt
mi
mi

Besides the usual precession and relaxation terms of the LLG equation, the LLB equation
contains another term which controls longitudinal relaxation. For T ≤ TC , the temperature dependent longitudinal and transverse damping parameters, αk and α⊥ , are connected
to the atomistic damping parameter λ via
αk = λ2T /(3TC )

(2.17)

α⊥ = λ(1 − T /(3TC )),

(2.18)

and

with the Curie temperature TC . The additive fields ζ⊥ and ζk representing the thermal
fluctuations have the properties of white noise [16]. The effective fields Hieff are given
by [17]

Hieff =




m2i

1

 2χ̃ 1 − m2 mi + H
k
e


H + Hia + Hiex +
3TC m2i

1

− χ̃ 1 + 5(T −T
mi
k

C

, T ≤ TC ,
(2.19)
, T ≥ TC ,
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with the anisotropy field as
Hia

mix ex + miy ey
=−
χ̃⊥

(2.20)


X
2A
m
−
m
j
i
m2e Ms ∆2 j

(2.21)

and the exchange field
Hiex = −

Here, the first term represents the anisotropy field which makes the z axis the easy axis
of the model. The second term is the exchange field where Ms is the zero-temperature
saturation magnetization and ∆ is the cell size of the mesh. The numerical methods are
described in detail in Ref. [17].

2.4.3

Simulation parameters

The stochastic LLB is well established for instance in the context of spin-caloritronics
[18,19], or ultrafast magnetization dynamics [20,21]. The advantage of using this thermal
multi-macrospin approach compared to atomistic spin model simulations is the possibility of simulating much larger system sizes and longer time scales. Contrary to conventional micromagnetic simulations based on the Landau-Lifshitz-Gilbert equation of
motion (LLG), the length of the magnetization vector is not conserved, it rather allows
for longitudinal fluctuations of the magnetization in space and time and all relevant
magnetic material parameters such as exchange stiffness, parallel and perpendicular susceptibilities, and equilibrium magnetization become functions of temperature that are
well-defined in terms of their microscopic degrees of freedom. These equilibrium functions have been calculated in [17] for FePt based on atomistic spin model simulations.
To match the equilibrium functions to the material properties of a [Co/Pd] multilayer
system these functions are rescaled [22, 23] following the calculations in FePt from [17].
The corresponding zero-temperature material parameters are a saturation magnetization
of Ms = 1.05 × 106 A/m, an exchange stiffness A(0) = 2.3 × 10−11 J/m and an anisotropy
constant K0 = 6 × 105 J/m3 , where the relation χ̃⊥ (0) = Ms0 m2e /(2K0 ) is used.
Additionally, in realistic systems the influence of local defects pinning magnetic domain
walls in local energetic minima, plays a crucial role for the resulting magnetic configuration. In the simulations presented, this effect is considered by including a certain
percentage of randomly distributed holes (cells without magnetization) into the sample.
In order to explain the experimental findings, the simulation is prepared for a model of
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a thin film with the size of 1024 nm × 1024 nm × 16 nm discretized with a cell size of
4 nm. For a proper discretization the cell size has to be smaller than the domain wall
width of the material given by equation 2.10 [24]. Therefore, even with the usage of the
multi-macrospin model a limitation exist and it is not yet possible to simulate system
sizes and time scales similar to the experiments. Thus, in the simulations only a single
heated line of the laser pattern is considered and the stability conditions of the domain
structure is reached after cooling.

2.5

Magnonic Spin-Seebeck effect

In the field of Spincaloritronics, the transport of spin, charge, entropy and energy in
magnetic systems is investigated. So, the Spin-Seebeck Effect (SSE) describes the occurrence of spin-currents or spin accumulations in a temperature gradient. This effect is not
only observed in metallic ferromagnets, but also in dilute semiconductors and insulators.
Thus, the effect is decoupled from any charge transport and its origin is of pure magnonic
nature [25–28].
Here, domain wall motion due to a temperature gradient is explained focusing on a more
general thermodynamic approach following Hinzke et al. [19] and Schlickeiser et
al. [18]. In general a domain wall can be described as an object with a free energy ∆F .
This energy is connected to the internal energy ∆U , the entropy ∆S and can be described
as
∆F = ∆U − T ∆S.

(2.22)

Figure 2.4(A) shows the temperature dependence of the free energy, the entropy and the
internal energy of a high anisotropy magnetic material (for example [Co/Pd]). From the
viewpoint of energy minimization it is obvious, that a domain wall moves towards the
hotter regions to minimize its free energy.
With the help of the Landau-Lifshitz-Bloch (LLB) formalism from section 2.4.2 a nanowire
with a size of 8 nm× 8 nm × 512 nm in a temperature gradient can be modeled. The material parameters are rescaled from FePt to [Co/Pd], where the saturation magnetization
is MS = 8.2 · 105 A/m, the anisotropy constant K0 = 6 · 105 J/m3 the exchange stiffness
A(0) = 2.3 · 10−11 J/m and the suszeptibility χ̃⊥ (0) = MS2 µ0 /(2K0 ). In Fig. 2.4 (C) the
normalized magnetization for the different directions is shown at different time steps
where the domain wall motion is observed. Here, the temperature is assumed to vary
linearly from 250 K to 350 K across the wire length of 512 nm (see Fig. 2.4(B)).
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An analytical consideration of this problem within the framework of the LLB leads to
an effective thermal field Htherm and an average domain wall velocity vD . The effective
thermal field Htherm acting on a domain wall is derived from [18] as
Htherm = −

∂A ∂T
2
,
δme MS ∂T ∂z

(2.23)

where the temperature gradient ∂T /∂z and the variation of the exchange stiffness with
temperature ∂A/∂T determine the strength of the field.
For the derivation of the domain wall velocity, an effect is taken into account, which is well
described in the field of domain wall motion under an applied field or by spin-polarized
currents [29, 30], the so-called Walker breakdown. Below this Walker breakdown, the
velocity of the domain wall stays constant, whereas above the Walker breakdown the
motion is accompanied by precession and the velocity drops. The average domain wall
velocity is obtained as
2γ ∂A
1+
vD = −
MS α⊥ ∂z

2
α⊥
m2e

!

−

v
u
γδw me (1 − k) u
t

2χ̃⊥

∂A/∂z
Ãw

!2

− 1,

(2.24)

with the second square-root contribution valid only above the Walker breakdown.
In Fig. 2.5 domain wall velocities for different damping constants λ and anisotropy ratios
k as function of a temperature gradient can be seen. The velocity of the domain wall
varies with temperature, as many of the used constants show a temperature dependence

(B)
(A)

(C)

Figure 2.4: (A) calculated behavior of the entropy ∆S, the internal energy ∆U and the free
energy ∆F as function of time. Temperature gradient (B) and magnetization distribution (C)
of a nanowire with a size of 8 nm× 8 nm × 512 nm. In the initial configuration, the domain wall
position is at a position of 300 nm at time t1 [18].
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(see Fig. 2.5). However, the limiting factor for the maximum velocity is the Walker
breakdown as thereafter, the domain wall velocity drops drastically. In order to get an
easier to handle expression for the velocity in a low damping material (α2 << 1) below the
Walker breakdown a linearization ∂A/∂T ≈ A(0)/TC is done resulting in an expression
for the average velocity to
vD = −

2γ 1 A(0) ∂T
.
MS α⊥ TC ∂z

(2.25)

Thus, it is possible to calculate velocities for certain temperature gradients in an analytical
manner and compare them to measurements when the necessary material and sample
specific values are known.

(A)

(B)

Figure 2.5: (A) Domain wall velocity as function of temperature gradient for different damping
constants λ and anisotropy ratios k analytically calculated (solid lines) and numerical results
(data points). (B) shows the domain wall velocities as a function of temperature for different
temperature gradients and of the maximum velocity at the Walker breakdown [18].
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CHAPTER

3

Material properties and characterization methods

his chapter describes the two different materials [Co/Pd] and Tbx Fe100−x which are
used in this work. Thus, the origin of the magnetic behavior in both materials is
of fundamental difference. [Co/Pd] is a multilayer thin film system, where the thickness
of each layer, the number of repetitions, and the total film thickness of the stack have
a large impact on the magnetic properties. Unfortunately, defects in the material also
affect the properties, especially the domain wall propagation in [Co/Pd] multilayer thin
films.
A promising material with a lower intrinsic pinning for possible future applications is
Tb100−x Fex . It exhibits an amorphous structure when deposited as a thin film and offers
a large variation in its magnetic properties depending on the composition stoichiometry.
Even a phase transition between out-of-plane magnetization and in-plane magnetization
is possible at annealing temperatures of around 500 K. Moreover, Tb100−x Fex recently
governs attention in the field of all-optical magnetization switching due to the feasibility
to switch the magnetic state using pulsed laser sources.

T

This chapter is organized as follows. First, the origin of magnetism in [Co/Pd]
multilayer thin films is explained and the experimental sample stack is presented in
detail. Thereafter, the magnetic properties and their origin in amorphous Tb100−x Fex
thin films are described and the sample structure is outlined.

32

Chapter 3. Material properties and characterization methods

3.1

33

[Co/Pd] multilayer thin film

The magnetic moments in thin magnetic films tend to oriente in-plane of the sample to
minimize the total free energy Etot . This effect can be overcome by the introduction of
additional anisotropy contributions. In CoCr [33] and BaFe12 O19 [34] the perpendicular
magnetization orginates from the strong crystal anisotropy. In other materials, the perpendicular magnetic anisotropy arises from interface anisotropies. A well known example
is [Co/Pd] which is a multilayer thin film material.
The perpendicular magnetic anisotropy of [Co/Pd] was observed by P.F. Carcia [35] in
sputtered [Co/Pd] and [Co/Pt] multilayer thin film structures and a phenomenological
description of the anisotropy is given by H.J.G. Draaisma et al. [36] as
Ku = 2KS /tCo + Kv

(3.1)

with the interface per unit area anisotropy KS , the contribution to the anisotropy per
volume unit of cobalt Kv (consisting of demagnetization energy, magnetocrystalline anisotropy and magnetoelastic energy), and the Co layer thickness tCo . Hereby, the factor
of two stems from the two interfaces of Co in-between the Pt.
An experimental proof of the theoretical calculations in [37] is found using x-ray dichroism
measurements at the Co L2,3 and M2,3 core edges, where an enhanced perpendicular Co
orbital moment (morb ) in [Co/Pt] is observed. As magnetic anisotropy originates mainly
from the spin-orbit interaction, the orbital magnetic moment which plays a minor role
in 3d transition metals, is expected to play an important role in perpendicular magnetic
anisotropy materials [38]. The Co thickness dependence of the orbital moment is shown

(A)

(B)

Figure 3.1: (A) Saturation magnetization dependency for different Co thicknesses for three
different [Co/Pt] multilayer systems [11, 31]. (B) Orbital momentum versus Co layer thickness.
The inset shows the fcc to hcp structure transformation at the [Co/Pt] interfaces [32].
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in Fig. 3.1(B) and an increase towards very thin layers but also for thicker Co layers is
depicted. The decrease towards thin films stems from the induced magnetic moments to
the Pt atoms by the strong Pt 5d - Co 3d hybridization across the interfaces. For thicker
films another effect dominates. The crystal structure transition from fcc to hcp sets in,
where hcp has a higher orbital moment than fcc and therefore, the moment increases
towards thicker films.
As the interfaces play a major role in both cases, the anisotropy of [Co/Pd] multilayer
thin films is very sensitive to diffusion processes and interfaces [39, 40] which will be utilized in this work for structuring the multilayer material.
Moreover, the magnetic properties can vary over a large range depending on the composition of the multilayer system (e.g. layer thickness and number of multilayers). Figure 3.2
shows the effective anisotropy dependence on the Co thickness, the Pt thickness and the
number of [Co/Pt] bilayer repetitions. It is shown that the anisotropy is very sensitive to
the Co layer thickness due to the 3d-5d hybridization resulting in a maximum between
3 Å - 4 Å. Even the possibility for an in-plane magnetization which is shown in Fig. 3.2 as
negative effective anisotropy, exists.
In addition, the effective anisotropy reaches their maximum for a fixed Co thickness of
3 Å at thicker Pt films. Lin et al. [11] explain this behavior by the insignificant exchange
coupling between the surrounding Co layers when exceeding a Pt layer thickness of 3 Å.
Moreover, it is claimed, that this is affected by the degree of interdiffusion, and thus by
the preparation conditions.
The total thickness of the film has also an effect on the effective anisotropy saturating at
around 40 repetitions of the bi-layers. This is explained by the improvement of the (111)
texture as the multilayer grows.

Figure 3.2: Effective anisotropy dependence versus the Co thickness (a), the Pt thickness (b)
and the number of repetitions (c) [11, 31].
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In addition, the saturation magnetization depends on the Co thickness which is shown in
Fig. 3.1(A). For a cobalt thickness less than one monolayer the saturation magnetization
decreases due to a large decrease in the Curie temperature. In contrast, the saturation
magnetization for thicker Co thicknesses exceeds the saturation magnetization of bulk
Co (1420 emu/cc) by more than 30% which might originate from the magnetization contributed by the spin polarized Pt atoms.
The [Co/Pd] samples used in this work consist of an about 3 Å thick Co layer and a
9 Å thick Pt layer with 8 repetitions ([Co/Pd]8 ).

3.1.1

Sample geometry

The [Co/Pd]8 multilayer thin films were sputter deposited on Si(100) substrates with
a native oxide layer produced at the University of Augsburg in the group of Prof.
Manfred Albrecht. The Ar pressure was adjusted to 3.5 × 10−3 mbar for all depositions, while the base pressure of the deposition chamber was at a level of 1 × 10−8 mbar.
During the depositions the thickness was monitored using a quartz micro balance. Here,
multilayer systems are studied consisting of [Co(0.28 nm)/Pd(0.9 nm)]8 with 3 nm Ta and
Pd seed layers and a 1.1 nm thick Pt capping layer to prevent from oxidation. A schematic
of the [Co/Pd]8 multilayer structure with a strong perpendicular anisotropy measured by
Kerr magnetometry is shown in Fig. 3.3.

Pd (1.1 nm)

(A)

(C)

[Co (0.28 nm)/
Pd (0.9 nm)]8

Pd (3 nm)

(B)

Kerr rotation [norm.]

Ta (3 nm)
Si substrate
(500 µm)

1.0
0.5
0.0
-0.5
-1.0

-3

-2

-1

0

1

2

magnetic ﬁeld [kOe]

3

10 µm

Figure 3.3: Schematic sample stack (A) with a hysteresis loop measured using a magneto
optical Kerr magnetometer at the University of Augsburg and a typical MFM measurement of
an AC-demagnetized [Co/Pd]8 thin film (C).
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In order to get a well known steady state configuration, the samples were demagnetized
prior to the experiments using a damped alternating magnetic field with a peak amplitude
of 2.5 T generated by a Bruker BH15 magnet (further referred to as AC-demagnetization).
The field distribution of the demagnetization routine is shown in Fig. 3.4(A) for a damping
constant d=600 as
H(x) = sin(ωt) exp (−x/d)

(3.2)

with the resulting magnetic field H, the alternating frequency ω and the number of steps
x.
An equal distribution between the ’up’ and ’down’ domains is achieved with the demagnetization routine chosen to consist of 2000 steps with a damping parameter of d=600
and an applied current of 20 A which is equal to a magnetic field amplitude of about 2.5 T
for a pole piece distance of 1 cm.

amplitude [a.u.]

(A)

(B)

1

d=600

0

-1

0

500 1000 1500 2000
number of steps

10 µm

Figure 3.4: Demagnetization routine for a damping constant of 600 (A) with the corresponding
MFM image (B) of the domain pattern on a [Co/Pd] sample. The applied peak magnetic field
started at an amplitude of 2.5 T.
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TbFe thin film

distribution of the
net magnetization

magnetic
conﬁgurations

In Tbx Fe100−x thin films, the origin of the magnetization stems from a different effect
than in [Co/Pd] multilayer systems. Here, the interaction strength between the terbium
and the iron sublattices is the crucial parameter.
The rare-earth transition metals of the 4f group offer a wide range of magnetic properties
even though, they are chemically almost similar. It is possible to achieve ferromagnetic,
antiferromagnetic, and periodically modulated structures in the same metal. This results
from the interplay between local anisotropy and exchange interaction. The local anisotropy varies due to the differing interatomic distances in the alloy which gives rise to
random induced electrostatic fields.
As mentioned in the introduction, Tbx Fe100−x exists in an amorphous thin film, as well as
in the crystalline phase. The amorphous phase of the material is prepared by quenching
from a liquid or vapor phase resulting in the frozen, liquid-like amorphous state.
In order to understand why an amorphous material can exhibit a ferromagnetic behavior
it is important to examine its microstructure. Tbx Fe100−x consists of two sublattices systems, the rare-earth transition metal Tb lattice and the coupled 3d-metal iron lattice. The
two magnetic sublattices containing 4f(Tb) and 3d(Fe) atoms interact differently: The
d-d exchange is ferromagnetic, resulting in a ferromagnetic 3d sublattice, whereas the
3d-4f interactions tend to align 4f subnetwork spins anti-parallel to the 3d network [8].
By using for example heavy or light rare-earth transition metals this behavior can be

Figure 3.5: Schematic of unusual magnetic configurations with the distribution of the net
magnetization. For sperimagnets the crystal structure is of particular importance leading to a
random orientation of one subnetwork magnetization [8].
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tuned. In a rare-earth transition metal with a strong uniaxial anisotropy and a weak
exchange coupling to the 3d subnetwork as for example Tb, the easy axis is defined by
the local crystal field interaction. As these local variations are random, a sperimagnetic
structure is formed with a moment distribution known as fanning cone (see Fig. 3.5).
Moreover, as the local anisotropy is induced by the growth process, the easy axis can point
either out of the plane or in the plane of the substrate due to different distances between
the neighbors. For Tbx Fe100−x a preference for an uneven number of next neighbors to
align out-of-plane is found [8].

3.2.1

Properties of Tbx Fe100−x

The bulk rare-earth transition metal alloy Tbx Fe100−x exists in four different stable crystalline phases Fe17 Tb2 , Fe23 Tb6 , Fe3 Tb, and Fe2 Tb. Their ferromagnetic behavior varies
depending on the Tb content.
Compared to bulk Tbx Fe100−x , thin magnetic films exist in an amorphous structure with
the magnetic orientation originating from the mechanisms explained in section 3.2. These
amorphous structure is achieved employing magnetron co-sputtering, where the materials
are quenched from the vapor phase to the solid phase.
The amorphous structure is stable at room temperature but depending on the Tb content the crystallization sets in at temperatures of about 500 K (see Fig. 3.6). There, they
studied the magnetic properties of amorphous Tbx Fe100−x with a thickness of 1 µm.
Above the crystallization temperature Tcry (see Fig. 3.7), which is well above the Curie
temperature, the magnetization increases. This is attributed to the interdiffusion of the
contents and thus, from crystallization [42]. After annealing of the amorphous films, they
consistently show an increase in magnetization and a decreasing coercivity. Moreover,
after annealing at more than 500 K, the film magnetization exhibits an in-plane hysteresis with the magnetic hard axis normal to the surface differing from the as-grown
configuration.

Compound
Fe17 Tb2
Fe23 Tb6
Fe3 Tb
Fe2 Tb

Symmetry
Curie Temperature [K] Magnetic structure
hexagonal
408
ferromagnetic
cubic
574
ferromagnetic
rhombohedral
648-655
ferrimagnetic
cubic
696-711
ferrimagnetic

Table 3.1: Symmetry, Curie temperature and magnetic structure of the four crystalline phases
of bulk Tbx Fe100−x [41].
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Figure 3.6: Crystallization temperature versus
Tb content [42] for a micrometer thin
Tbx Fe100−x film. A monotonous increase with
the Tb content is obtained featuring a crystallization temperature at around 500 K to 550 K.

Not only the crystallization temperature varies with the composition, also other magnetic
properties, for example the compensation temperature, the saturation magnetization, and
the Curie temperature are affected by the composition of Tb and Fe. Here, the Tb content is of particular importance due to the high magnetic moment of Tb atoms.
Figure 3.7 shows the dependence of the magnetization versus the Tb content, which
is directly related to the Curie temperature1 . The saturation magnetization shown in
Fig. 3.8(a) decreases up to a Tb content of 23 at. % and increases at higher Tb concentration again. This stems from the so called compensation point, where the two antiferromagnetically coupled sublattices (more accurately sperimangetically), cancel out each
other. This compensation point exists only for a Tb content between 20 at. % and 24 at. %
for higher and lower amounts of Tb the magnetization is dominated either by the Tb or
the Fe sublattice.

1
The measured values differ from the results in Fig. 3.8 but give qualitatively the same result - an
increasing Curie temperature with Tb content.

Figure 3.7: Temperature dependent measurement of the magnetization of thin Tbx Fe100−x
films with a different composition range [42].
Showing a crystallization temperature at around
400 K.
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Figure 3.8: (a) Measured Curie temperature, compensation temperature, saturation magnetization, and hysteresis loops versus the Tb composition in a 1 µm thin sample [43]. (b) coercivity
as function of the Tb composition [44].

As the coercivity is inverse proportional to the saturation magnetization HC ∝ Kef f /MS
it increases up to the compensation point and decreases afterwards (see Fig. 3.8(b))
Not only the Tb content but also the overall film thickness affects the magnetic properties as can be seen in Fig. 3.9 [42]. For a Tb20 Fe80 composition, the coercivity and the
net magnetization increases for thinner films. For the sake of completeness, it should be
mentioned that the anisotropy depends also on the composition.
All of the described magnetic properties are very sensitive to their preparation conditions.
Thus, this work focuses on two compositions: Tb18 Fe82 and Tb26 Fe74 produced with a
magnetron co-sputtering system. Samples were supplied by the Technical University in
Chemnitz and afterwards by the University of Augsburg.

Figure 3.9: Thickness dependence of
the corecivity and magnetization in a
film of 20 % Tb content. The in-plane
magnetization is calculated from the
in-plane loop [42].
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TbFe sample geometry

The Tbx Fe100−x samples were produced using a co-sputter technique in the group of Prof.
M. Albrecht at the University of Augsburg. On top of a Si (111) substrate with an artificial oxide layer of 100 nm SiO2 , a 5 nm thin Pt seed layer is deposited followed by the
16 nm magnetic Tbx Fe100−x film. In addition, a 3 nm thin capping layer was deposited
on top of the magnetic film to prevent from oxidation. The sample stack is depicted in
Fig. 3.10.
The characterization with a MOKE microscope took place at the University of Augsburg
showing a square-like hysteresis loop with a coercive field of Hc =4 kOe. By using the
same demagnetization routine as for [Co/Pd]8 thin films, the domain pattern shows an
unequal distribution. This could not be improved by lowering the damping constant d in
equation 3.2 and an equal distribution of the domain structure was not observed. This
finding is an indication that the switching field distribution of Tbx Fe100−x is narrower
than the distribution for [Co/Pd] and, thus pinning effects are of minor importance.
Otherwise pinning at defects would also lead to a smaller domain size than the observed
domains in the range of 50 µm to 100 µm on an as grown film with no artificial defects.
A possibility to prevent from the unequal domain distribution, is to demagnetize under
inert gas conditions at elevated temperatures with an alternating applied field and a very

(A)

(C)

Pt (3 nm)
Tb18Fe82 (16 nm)
Pt (5 nm)
Substrate

(B)

DD DD

10 µm

A A A A

Figure 3.10: Schematic sample stack of Tb18 Fe82 (A) with the appropriate hysteresis curve
measured with a MOKE microscope at the University of Augsburg (B). (C) A typical demagnetized state of Tb18 Fe82 using a damped alternating out-of-plane magnetic field. The green
structures indicate the marker structure acting as defects patterned using a focused ion beam.
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low damping constant. However, if the equality is not an important point, inducing small
defects (for example structures produced with a focused ion beam), as can be seen in
Fig. 3.10, helps to pin the domain walls locally.
For Tbx Fe100−x , oxidation is a major challenge. With conventional electron-beam lithography steps, the oxidation process starts from the edges of the nanostructures resulting
in an oxidized nonmagnetic Tbx Fe100−x film.
So far, there is no possibility to prepare stable nanostructures under ambient conditions.

3.3

Sample characterization

Several characterization techniques were used to study the structural as well as the
magnetic properties of thin films. Amongst them are secondary electron microscopy
(SEM), energy-dispersive x-ray spectroscopy (EDX), focused ion beam (FIB) manipulation, magneto-optical Kerr effect (MOKE) measurements, superconducting quantum
interference device (SQUID) hysteresis loops, and atomic force or magnetic force microscopy (AFM, MFM respectively) measurement techniques. All techniques are well
described in the fundamental physics books, but in this work AFM and MFM measurements are of particular importance and a deeper understanding of the contrast formation
process is essential. Therefore, this techniques are described in more detail.

3.3.1

Scanning probe microscopy

Atomic force microscopy (AFM) is based on the interaction between the probe and the
sample. While the interatomic forces stem from ionic, Pauli repulsion, metallic adhesion,
chemisorption, and physisorption with a decay length of more than 0.5 nm, the forces
acting on the nanoscale are dominated by the van der Waals (F ∝ 1/r7 to 1/r8 ), capillary and coulombic forces. Moreover, long-range forces as for example electrostatic
and magnetostatic forces are useful to get insight in these distinct properties and act up
to a distance of hundreds of nanometers. These forces can be measured using an AFM
in an appropriate operation mode with a suitable probe. The inventors of the scanning
tunneling microscope G. Binnig and H. Rohrer [45] where very much involved in
the development of the AFM technique [46], and therefore, the first detector to measure the forces acting on the cantilever was a scanning tunneling microscope. Over time,
many different detection techniques were invented with every technique having their own
advantages and disadvantages. Most instruments are using the easy to handle beam de-
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flection sensor, this technique is also used in the Bruker MultiMode AFM used in this
work.
The operation modes of an AFM are divided into static and dynamic modes which describe the measured static bending or the dynamic properties of the cantilever. Here, we
focus on the dynamic mode as it is not only used for topographic measurements, but also
to get magnetic information in the magnetic force microscopy (MFM) mode.

3.3.2

Magnetic force microscopy

After the invention of the atomic force microscope soon functionalized tips were used
to probe different material properties. In order to probe the magnetic properties, the
tips are coated with a magnetic material (for example Co) and scanned in the manner of
most scanning force microscopy experiments at a fixed tip-sample distance. As a constant
tip-sample distance does not hold for magnetic forces because they can be attractive and
repulsive in different regions2 of the sample, a different approach has to be used. The
Lift-Off technique is one method solving this problem. So, the topography of the sample
is measured in the dynamic tapping mode and this information is then used to keep the
tip-sample distance fixed upon a subsequent scan. Thus, the magnetic information is separated by the topography. As many MFM cantilevers are driven at a fixed frequency, the
changes of the cantilever resonance frequency are measured as changes in the oscillation
amplitude or the phase.

3.3.3

Contrast formation in the MFM mode

The key part of an MFM is the magnetic tip, which is positioned at the very end of the
cantilever. The magnetic contrast arises due to the interaction between the tip and the
magnetic stray field of the sample. Thus, in order to understand the contrast in the MFM
image, it is important to understand the stray field of a thin magnetic sample. Moreover,
one has to keep in mind that mathematically there is an infinite number of magnetization
patterns generating the same stray field. The values observed in the measurement stems
from the surface stray field of the sample.

2

for example Ruderman-Kittel-Kasuya-Yosida-interaction (RKKY)
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In order to get a better knowledge of the sample, the magnetic stray field of the surface
of a ferromagnetic sample can be calculated following [47] as
e−kz (1 − e−kt )
· M (k)
2ki
e−kz (1 − e−kt )
· M (k)
Hz (k, z) = −
2

Hx,z (k, z) = −

(3.3)
(3.4)

with the thickness t of the sample and M (k) as the Fourier transform of the magnetization Mz (r). (For a detailed deviation of equation 3.3 and 3.4 see [47]).
Here, the stray field for a slab-like sample with a thickness t and infinite dimensions
in the x- and y-direction is calculated. The magnetization points perpendicular to the
sample in the z-direction and a periodic stray field pattern with a period λ in the xdirection, is calculated. In the beginning, an infinitly thick sample is modeled, where
at the surface (z = 0) the boundary conditions have to be fulfilled. Slightly above the
surface at z = 0.01λ the stray field develops rounder edges (see Fig. 3.11(a) solid line)
and at a distance of z = 0.14λ the magnetization decreases and the shape of the stray
field is similar to a sinusoidal curve. Even further above the surface (at z = 0.5λ) the

Figure 3.11: Calculated stray field distribution at different distance above the sample surface
[47].
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magnetization almost vanishes (see Fig. 3.11(a) dotted line).
In contrast, for thin magnetic films with a domain size larger than the thickness of the
sample, the stray field behaves different. The field at the domain walls is much larger
than at the center of a domain, but the averaged maximum value of 0.05 is still smaller,
than the value in the case of an infinite thick sample of 0.45 (see Fig. 3.11). This increase
at the domain walls can be explained by taking into account not only the top surface but
also the bottom surface. There, the adjacent magnetic charges point opposite to each
other, and thus interact in a way, where they almost compensate each other. This is
shown in Fig. 3.11(b) with the solid line at a distance z = 0.01λ above the sample. By
increasing the distance to z = 0.14λ and z = 0.50λ, a small increase of the contrast in the
center of the domain is observed and the peaks at the domain walls vanish. Moreover,
the decay of the field with position is faster than in the case of an infinite thick film.
In most MFM experiments the stray field of the magnetic tip influences the stray field
of the sample and the effective contrast is dominated by the domains itself (domain contrast) and due to the extended distribution of magnetic charges in the tip, a pure point
probe assumption is not valid. With the help of a more point-like magnetic probe, the
stray field of the sample is directly probed resulting in a distribution as the solid line in
Fig. 3.11(b).

(A)

(B)

phase [deg]

0.4
0.2
0
−0.2

0
0
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Figure 3.12: Comparison between a measured MFM profile (A) of a 16 nm thin [Co/Pd] thin
film and the calculated profile for a thin magnetic film [47].
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In this work, the surface and the magnetic information are probed by a Bruker MultiMode AFM in the dynamic tapping mode respectively in the lift mode (further referred
as MFM image or measurement). For this purpose, a high resolution magnetic probe
of TeamNanotec (HR-MFM-ML3 or ML1) is used to scan across the surface and in the
lift-mode at a distance between 30 to 60 nm above the sample surface, where the magnetic
force is dominant.
In Fig. 3.12 experimentally determined and theoretically calculated stray field distributions are shown. The magnetic contrast of a 16 nm thin [Co/Pd] thin film is compared
to the calculated stray field of a thin film. The large domain wall contrast can be seen in
the measured and in the calculated profile. Moreover, the weak differences between the
up and the down domain is shown in both profiles.
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CHAPTER

4

Direct laser interference patterning on thin films

his chapter deals with the experimental technique called direct laser interference
patterning (DLIP). Apart from a general overview of the literature, the results
of two master theses are discussed, rescaled and reinterpreted. This work covers the
time-resolved DLIP experiments leading to a model for the formation of the structure
and temperature measurements during the DLIP process. A deeper understanding of the DLIP process is important for experiments on the magnetic samples, as
the patterning process effects the final patterning structure and the temperatures and
temperature gradients play a major role for instance in the magnonic Spin-Seebeck effect.

T

First, the technique of DLIP is reviewed for femtosecond- and nanosecond-pulsed lasers
acting on different material from the literature. Then a generalized patterning model of
metallic thin films reacting on ns-laser treatment is presented supported by time-resolved
measurements. Finally, temperature measurements on the nanosecond time scale are
shown obtained from an experiment based on the temperature dependent refractive index
of silicon.
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Introduction

Fabrication of micro- and nanostructures on different types of surfaces is a research field
with a large variety of possible applications. The structuring processes are investigated
not only on bulk materials, but also on thin films using different materials ranging from
metals to semiconductors and dielectrics to polymers. Thus, possible applications depend
strongly on the material and the used microstructure but new bio-sensors [48], microfluidic
devices [49], templates for biological applications [50] and photonic structures [51] are hot
research topics.
In the last decades lasers have been utilized to treat surfaces due to their unique properties
as the controlled energy deposition, the flexibility towards different materials and the
contactless processing. Unfortunately, some of the used methods afford masks to get a
specific pattern or are used in a serial manner which is very time consuming.
A method solving some of the problems is the Laser Interference Lithography (LIL) [52,53]
which is used to generate periodic patterns on the sample surface using N interfering
overlapping beams. This offers the possibility to pattern different materials on a large
scale but a photoresist with a subsequent development step is still necessary.
With the invention of high power lasers a method to process materials without any
mask is found, the so called Direct Laser Interference Patterning DLIP (or Direct Laser
Interference Lithography (DLIL) or Laser Interference Metallurgy (LIMET)) [54–56].
The method works similar to LIL, but a direct modification of the sample in the intensity
maxima without additional time consuming processing steps is possible.

4.2

Experimental setup

Direct laser interference patterning is based on the interference effect of multiple beams,
allowing the creation of an intensity and thus a temperature pattern on a surface [54–56].
This pattern depends on the number of interfering beams and their respective incident
angles, their polarization and their intensities. The resulting maximum temperature
depends additionally on the reflectivity, the absorption, the heat conductivity of the
sample and the laser pulse length.
For the studies shown here, we will only discuss two interfering beams which lead to an
intensity pattern given by a cos(θ)2 -distribution:
I(x) = 4 · I0 · cos(kx · sin(θ))2

(4.1)
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where I0 is the intensity of each laser beam, θ is the incident angle normal to the surface and k = 2π
. The period d of the pattern can be varied by the angle θ, where
λ
d = λ/(2 sin θ) with the wavelength of the laser pulse λ. In our setup we used the second
and fourth harmonic of an injection seeded Nd:YAG-laser pulse (λ = 532 nm or 266 nm
respectively) with a pulse width of around 12 ns.
The injection seeder is of particular importance in order to get a homogeneous patterning
result. Thereby, a single-mode, low-noise and relatively low power ’slave laser’ is injected into the resonator of the Nd:YAG laser. Combined with electronics controlling the
resonator length, the Nd:YAG laser emits almost only in the mode of the seed laser and
the spatial intensity distribution is close to a Gaussian distribution.
The achievable periods in our experiment with a wavelength of 532 nm are between 300 nm
and 300 µm. Figure 4.1(A) shows the experimental setup which consists of a 50:50 beam
splitter, two mirrors and a combination of a λ/2-wave plate with a Glan-Taylor polarizer
in order to adjust the laser power continuously.
In addition a combination of a HeNe-laser combined with the Mitutoyo objective and
a CCD-camera (Canon Eos 600d with a pixel size of 4.3 µm) acting as a positioning
system can be used. The calculated resulting intensity distribution, which is a convolution of the Gaussian intensity distribution of the laser pulse (diameter 8 mm) and the
cos(θ)2 -distribution from the two-beam interference is depicted in Fig. 4.1(B).
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Figure 4.1: Schematic of the experimental setup (A) and the simulated intensity distribution
of a two-beam interference setup with the Gaussian envelope (B).
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DLIP principles and state of the art

DLIP is used with ns- and fs-pulsed [57] laser sources to reach peak energies in the interference maxima between MJ to GJ. These intensities allow the material either to melt or
to ablate locally.
In fs-laser interference experiments, the laser beam is split into several beams using a
diffractive beam splitter (DBS) and the zero- and or/first-order beams are focused back
on the sample using bi-convex lenses (see Fig. 4.2(d)). The angle of incidence of the
diffracted beams and thus the period of the interference structure can be controlled by
the focus length of the lenses. The easier way of splitting the main beam into several
sub-beams using a beamsplitter plate is hardly possible using fs-lasers since the coherence
length is in the micron range and therefore, the adjustment is more complex.
The structure is a result of one of the following effects, either ablation of the material

(A)

5 µm

(B)

(C)

5 µm

(D)

5 µm

Figure 4.2: Different fabricated interference patterns on a PEDOT-PSS surface with 2-beams
and an energy density of 0.21 J/cm2 (a), 4-beams with an energy density of 0.004 J/cm2 (b)
and five beams with an energy density of 0.007 J/cm2 (c). The schematic setup is shown in
(d) with the diffractive beam splitter (DBS) the imaging system with the two lenses focusing
the laser beam on the sample surface [57].
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Figure 4.3: DLIP on bulk material with line and cross patterns on stainless steel (a)-(d) and a
hierarchical pattern on titanium (e) [58].

surface or photopolymerization processes.
Figure 4.2 shows a fs-fabricated structure of a thin film poly(3,4-ethylene dioxythiophene)poly(styrene sulfonate) (PEDOT-PSS) on a tin-doped oxide (ITO) by (a) two, (b) four
and (c) five interfering beams [57].
Contrary to that, ns-pulsed laser interference patterning works with beamsplitter plates
due to the coherence length in the range of 30 cm (for 10 ns pulse length) and the resulting
accuracy of the setup has to be in this range. For bulk materials it was found by Lasagni
et al. [60] that the melting pool in the intensity maxima evolves towards the minima
accompanied by material transport. This material flow is identified by the authors as

(A)

(B)

500 nm

500 nm

Figure 4.4: STM measurement of a two-beam interference pattern on a 50 nm thin gold film
on a Si(111) substrate (A). The left image shows the original measurement with the height
information whereas the right image is showing a line-by-line subtracted image with clearly
visible grain size variations. In region 1 the original grains can be seen, region 2 shows the
elongated grains in the transition region and region 3 shows the central region with larger
grains. (B) shows an SEM image of a two beam interference structure on 60 nm gold on a
glass substrate with elongated grains in the intensity maxima and the original grain size in the
minima [59].
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an effect from the surface tension gradient induced by the temperature gradient between
and the underlying effect is called Marangoni effect [61, 62]. Figure 4.3 shows different
patterning structures with periodic lines (a-c) and crossed lines (d) of stainless steel and
hierarchical patterns (e) on titanium bulk materials.
In thin metal films the processes differ from bulk materials. Mainly three different explanations for the formation of surface structures upon direct laser interference patterning are
found: melting and subsequent recrystallization, the formation of hollow structures and
a contraction of the material at the melting point [59]. These mechanisms are discussed
in detail in this section.
In Fig. 4.4(a) a SEM image of a 60 nm thin gold film on a glass substrate is treated with
a two-beam interference pattern and a STM measurement of a 50 nm thin gold film on a
Si(111) substrate can be seen in Fig. 4.4(b). It is shown that the grain structure varies
between the original structure in the minima with small grains, bigger grains in the intensity maxima and elongated grains in the steepest temperature gradients. This behavior
is explained with resolidification under a temperature gradient towards the temperature
maximum. The larger grains in the maximum are explained with recrystallization process
starting from the substrate, whereas the elongated grains stem from the recrystallization
front-line from the cold regions. This experiment shows the importance of melting for
a lateral transport of material. In the case of a glass substrate the heat is transported
very ineffective throughout the substrate and the lateral transport outbalances this effect
resulting in elongated grains over the heated material.
Even tough many of the underlying processes are not yet understood, the produced
DLIP patterned thin films are used in different ways. Structuring of polymers [63, 64],

(A)

(B)

Figure 4.5: SEM images of a 60 nm thin bismuth film on a glass substrate after a threebeam interference treatment showing dips and holes due to the negative thermal expansion at
the phase change (A). The same effect can be seen on a 40 nm thin silicon film on a glass
substrate [59].
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(B)
Figure 4.6: SEM images with focus ion beam cuts of a three-beam interference patterned 50 nm gold film
(A), a two-beam interference patterned 70 nm thin vanadium film (B)
and a three-beam interference patterned nickel-titanium film with a
thickness of 156 nm (C) [59]. All materials are showing hollow structure
lifting of the substrate.

metal films [54, 56], solar cells [65–67] and magnetic materials [68–70] are some of the
ongoing research projects.
Moreover, a FIB cut helps to understand the formation process as it reveals the structure
after a DLIP step in more detail. Hollow structures are obtained in a variety of materials
for different experimental configurations (two-beams, three-beams). The structures in
Fig. 4.6 and in Fig. 4.4 are explained with a decrease in density of the material from solid
to liquid resulting in a local expansion of the film perpendicular to the sample plane. This
effect is observed in different materials, with different thicknesses and different pattern
structures.
For materials with an increase in density at the phase transition between solid and liquid
the formation process behaves differently. Figure 4.5(A) shows a three-beam pattern on
a 60 nm thin bismuth film where the start of the pattern formation can be seen as small
dips growing to holes. The same behavior can be seen for silicon in Fig. 4.5(b).
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Figure 4.7: Diffraction efficiency as
function of the grating depth for
a TM-polarized probe beam with a
wavelength of 825 nm at a grating with
1710 lines/mm [72].

4.3.1

Time-resolved DLIP investigation

To unravel the patterning process and to support the model described in section 4 in the
work of Roller [71] time-resolved measurements of the pattern formation process have
been carried out. Here, the diffraction efficiency of gratings is utilized. In Fig. 4.7 the diffraction efficiency as function of structure depth d is shown for a sinusoidal grating which
typically develops during a DLIP process due to the cosine dependency of the intensity
of the interfering beams. There, it is shown that the first maximum of the diffraction
efficiency is at a structure depth of d ≈ 0.25 µm which corresponds to d ≈ 0.3 · λ, where
λ is the wavelength of the incoming probe laser beam [72].
The experimental setup offers the possibility to simultaneously pattern the sample with
a DLIP setup and to measure the different diffraction orders with photodiodes (PD).
In addition to the two-beam DLIP setup, the optical paths of the various laser diodes
are shown in Fig. 4.8. As in the experimental setup for DLIP the Nd:YAG pulse with a
wavelength of 532 nm is attenuated using a combination of a λ/2 plate and a Glan-Taylor
prism. Thereafter, the beam is split up into two individual beams and after that recombined at the sample surface resulting in an interference intensity pattern.
The structuring process is then investigated with different probe beams with wavelengths
of 488 nm, 660 nm and 785 nm and acquired with photodiodes on an oscilloscope. The
different wavelengths are necessary to calibrate the signal from the photodiode to the
appropriate height profile. A more detailed description of this calibration can be found
in Roller [71].

56

laserdiodes
660nm 785nm

filter

lense

X-Y-table with
sample

metallic mirror

PD

PD

PD

aperture
4mm

Ar*-laser
488nm

Nd:YAG 532nm
t = 14ns

Chapter 4. Direct laser interference patterning on thin films

filter

PD

dielectr.
λ/2 - plate
mirror
+
Glan-Taylor-prism

50-50
beamsplitter

photodiodes
(FND 100)
rise time < 1ns

Figure 4.8: Schematic setup for the optical time-resolved measurements of the structuring
process with the different laser diodes, the Nd:YAG for the DLIP setup and the photodiodes
(PD) to acquire the signal [71].

In the beginning, the dewetting process is described for materials with a positive thermal
expansion as tantalum, vanadium and nickel. There, an explanation attempt for the
formation of hollow structures and dewetting without ending up in hollow structures is
found.
For the case without oscillations, a 50 nm thin nickel film on a silicon substrate is used
to get a better knowledge of the dewetting process. Figure 4.9(A) shows a SEM image of
the resulting structure with a 2 µm period with a fluence of 0.3 J/cm2 . The beginning of
the dewetting process is visible with small height variations and holes in the Ni film. The
measured signal on the photodiode recalculated in structure height is shown in Fig. 4.9.
There, an increase in structure height during the first 10 ns can be observed followed by
an oscillatory signal. This oscillation stem from artifacts after the rupture of the film,
where no real statements of the processes can be made. After around 110 ns no change
in signal is shown anymore which indicates the end of the dynamic structuring process.
During this process a peak structure height of 250 nm is reached at a velocity of around
120 m/s.
In the case of permanent hollow structures, a 50 nm thin tantalum film is patterned with
a 2 µm period on a glass substrate. Figure 4.10 shows a focused ion beam cut through a
hollow structure showing the lifted structure of the substrate similar to a membrane. A
time lapse of the movement of the membranes captured in a SEM image can be seen in
Fig. 4.10(B) where the FIB is used to cut through several membranes.
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Figure 4.9: (A) dewetted 50 nm nickel thin film on a Si substrate with a period of 2 µm at
a fluence of 0.3 J/cm2 . The evolution of the structure height is shown in (B) as function of
time [71].

The structure height is measured as previously described and shows an oscillatory motion with a dependence of the laser fluence (see Fig. 4.11). At a fluence of 0.24 J/cm2 ,
0.27 J/cm2 and 0.30 J/cm2 the membrane is formed and starts to oscillate. The amplitude
of the oscillation is very sensitive to the fluence of the laser since in-between a window
of 5 % no oscillation or a break up can be found. With a laser fluence of 0.38 J/cm2 , the
break up occurs already in the first 10 ns. The amplitude of the oscillating membrane is
thereby higher (375 nm) than the measured structure height when the film breaks open
at 250 nm.
Apart from the height of the formation process the velocities are investigated and interpreted concerning a critical velocity to narrow down the crucial parameters for the
membrane formation.

(A)

(B)

Figure 4.10: (A) SEM image of a FIB cut through a 50 nm tantalum thin film with a period
of 2 µm on a glass substrate showing the hollow structure. A time lapse of the movement of
such a Ta membrane is shown in (B) [71].
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Figure 4.11: Evolution of the structure height as function of the laser
fluence showing an oscillatory motion.
The amplitude depends on the laserfluence up to a value of 0.38 J/cm2 where
the membrane breaks open [71].

Moreover, the materials with a negative thermal expansion have been explored in terms
of a 50 nm thin bismuth film1 . There, a peak-like increase of the voltage at the photodiode is measured with a subsequent saturation of the signal at a higher level than
at the beginning (see Fig. 4.12). The height difference in the signal is explained with a
dependence of the diffraction efficiency on the lateral distribution of the grating.

(B)

Voltage at PD [V]

(A)

1. diﬀraction order 660 nm
1. diﬀraction order 488 nm

time [ns]

Figure 4.12: (A) SEM image of a 50 nm thin bismuth film showing a dewetted structure and
the appropriate signal from the photodiode (B) [71].
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Figure 4.13: Schematic of the structuring mechanism for materials with a negative thermal
expansion, the thin film (1), the contraction due to negative thermal expansion (2), the nucleation of a hole due to instabilities (3) and the resulting dewetted structure (4). The graphic is
taken from Roller [71] and has been modified.

4.3.2

Generalized patterning model

From the fundamental experiments of Riedel and the time-resolved measurements of
Roller a generalized structuring model is established. Starting with a perfectly flat
thin film upon melting the material with no negative thermal expansion starts to expand
in only one possible direction - away from the surface. After that three different cases
have to be considered, an oscillatory motion (Fig.4.14 (3a)), an oscillatory motion with
a socket (Fig. 4.14 (3b)) and a break up of the thin film (Fig. 4.14 (3c)). The resulting
structure is then either a hollow structure, a hollow structure with a socket or a dewetted
structure (Fig. 4.14 (4)).
In the case of a negative thermal expansion, the contraction of the film leads to a
nucleation of a hole and the subsequent dewetting process defines the final structure
(Fig. 4.13).

1

The used substrate is most likely glass but there is no evidence from the author
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(1) Flat ﬁlm

liquid
solid

(2) Motion away from the
surface with velocity v

material
ﬂow

(3a) Oscillation at
small ﬂuences

(3b) Oscillation and socket
formation at
higher ﬂuences

v < vcrit

(4a) Hollow structure

v < vcrit

(4b) Hollow structure
with socket

(3c) Break up of the ﬁlm
at a critical velocity
and dewetting
v < vcrit

(4c) Dewetted structure

Figure 4.14: Schematic of the structuring mechanism for materials with a positive thermal
expansion. Starting from a flat thin film three possible final structures are possible upon melting.
A hollow structure (3a)-(4a) after an oscillatory motion, a hollow structure with a socket after
an oscillatory motion with a larger amplitude (3b)-(4b) and a dewetted structure at the highest
intensities (3c)-(4c). The graphic is taken from Roller [71] and has been modified.
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Temperature measurements of a DLIP pattern

In order to measure the temperature on a nanosecond timescale and on a micrometer
length scale no conventional method can be used to reach the necessary sensitivity and
lateral resolution to measure a DLIP pattern. Here, the temperature dependence of the refractive index is used to probe the temperature optically in a pump and probe experiment.
To couple the measured change in reflectivity to the temperature, theoretical calculations
have been carried out using a transfer matrix formalism following [73] including the layer
system with all possible multiple reflections and interference effects. The temperature and
wavelength specific parameters refractive index n and the extinction coefficient k for titanium, silicon and quartz glass were taken from literature and, if necessary, interpolated
in the required range. For titanium and quartz glass only the wavelength dependence
was taken into account and the temperature was assumed constant in the considered
temperature range (nTi @ 656 nm = 2.7536 + 3.8314i, nAl @ 656 nm = 1.3661 + 7.5304i,
nSiO @ 656 nm = 1.9501 + 0.00086i) [74].
The temperature and wavelength dependence of silicon is taken from [75] as
n(E, T ) =

v
u
u
t4.386 − 0.00343 · T

+

99.14 + 0.062 · T
Eg2 − E 2

T
k(E, T ) = k0 exp
T0
!
7.946
k0 (E, T ) = −0.0805 + exp −3.1893 + 2
Eg − E 2


(4.2)



(4.3)
(4.4)

where Eg = 3.652eV, T0 = 369.9 − exp (−12.92 + 5.509 · E) and with the probe laser
diode measured at a center wavelength of λ = 655 nm.
In this way the reflected signal can be recalculated to the temperature in the silicon
layer.

4.4.1

Experimental setup and methods

The experimental setup consists of a pump part (green path) and a probe part (red path)
(see Fig. 4.15). The probe part is a DLIP setup where a large period is achieved. Thus,
the beam is split into two parts far ahead of the sample surface to reach a small angle θ.
A modification of the usual DLIP setup from section 4.2 is the mirror before the sample
which is mounted on a motorized stage. Thereby, the interference pattern can be moved
horizontally across the sample surface allowing the fixed probe beam to measure simul-
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Figure 4.15: Schematic of the pump (green) and the probe (red) path in the measurement
setup.

taneously across the pattern. The probe beam is located perpendicular to the surface on
the backside of the sample probing the temperature. To separate the incoming and the
back-reflected beam on the photodiode, a combination of a λ/4-plate and the polarizing
beamsplitter is used.
The sample used in this experiment consist of a thin metal film (Ti 105 nm or Al 100 nm)
evaporated on a thin crystalline Si layer on top of a quartz glass substrate (d≈1 mm).
The top metal layer serves only as an absorption layer. If this metal layer would be
removed and the Nd:YAG heat pulse hit the pure silicon film (see supplementary section
A.1), the energy is absorbed inhomogeneously during the laser pulse length due to the
change in refractive index.
A typical measured reflection signal is shown in Fig. 4.16(A). At the beginning, with
no heat pulse, the reflected signal is at around 25 % at room temperature indicating a
certain Si thickness (see Fig. 4.16(B)). The following signal either increases or decreases
depending on the thickness of the silicon layer and the connected interference conditions.
With the formalism described in section 4.4, the reflection can be recalculated to temperature. Here, the initial reflectivity is taken as a measure for the Si thickness. In addition,
the Si thickness is measured using ellipsometric techniques and an electron microscope
combined with a focused ion beam cut. This measurements differ from the thicknesses
given by the reflectivity measurements (see section 4.4.2).
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Discussion

The presented data are taken from [76] but an error in equation 4.2 has been revised
leading to higher temperature values. The exact calibration procedure and a deeper
explanation of the experimental challenges can be found in the work of Kratt [76] or
Berres [77]. So, one has to keep in mind that the obtained results in these works are
affected by this error leading to wrong absolute temperature values.
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Figure 4.16: Reflected signal (A), calculated temperature distribution (B) and temperature
development as function of space and time (C) of a 105 nm thin titanium film on a silicon film
with a quartz glass substrate. The peak temperature as function of space is shown in (D) with
a peak temperature of 689 K. The red line serves as a guide for the eye depicting the Gaussian
envelope.
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Titanium thin film as an example
The titanium sample2 has a 105 nm thin titanium layer on top of the silicon layer on a
quartz glass substrate. The ellipsometric measurement of the silicon thickness leads to a
thickness of 105 nm whereas the calculated silicon thickness from the initial reflectivity of
25 % leads to a value of 118 nm silicon. The measured reflectivity (A) and the recalculated
temperature (B) as a function of time is shown in Fig. 4.16 for a patterning period of
18 µm. The reflectivity and the temperature increases in 38 ns to a maximum value of
34 % respectively 689 K decreasing to the 1/e-part after 380 ns.
The temperature development as a function of time and space is shown in Fig. 4.16(C)
and the maximum temperature as a function of time is shown in Fig. 4.16(D). There it
can be seen that the background temperature is increased to around 400 K in between the
interference maxima but after a measurement time of 200 ns, the temperatue reaches the
room temperature (see Fig. 4.16(D). The Gaussian envelope of the interference pattern
can as in aluminum and on pure silicon (see supplementary information section A.1) also
be seen on the titanium film resulting in a decreasing temperature distribution in the
40 µm measurement range.

2

sample name in the work of Kratt MP545
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CHAPTER

5

[Co/Pd] multilayer thin film patterning

n this chapter, we discuss the interaction of an intensive laser beam onto a [Co/Pd]
multilayer thin film. We investigate the effect using a DLIP pattern with different
periods and different intensities. Starting from a period with 55 µm to study the basic
mechanisms of the patterning process we focus thereafter on structures in the microand nanometer range with varied intensities and patterning periods. Accompanied
by experiments, micromagnetic simulations have been carried out using the LandauLifshitz-Bloch formalism which supports the experiments very well inducing a defect
concentration combined with a reduced anisotropy.

I

The chapter is based on the article ’Controlling the magnetic structure of Co/Pd thin films
by direct laser interference patterning, M. Staerk et al.’ [7]. For this study I patterned the
[Co/Pd] thin films, performed the magnetic measurements and was responsible for the
manuscript and the editing. Frank Schlickeiser performed the micromagnetic simulations
and was responsible for the theory part in the paper.
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[Co/Pd] patterning mechanism
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Direct laser interference patterning on [Co/Pd] multilayer thin films is used to investigate
the effects of annealing. It is helpful to start with a large patterning period of 55 µm as
the effects are laterally stretched. The mechanisms for smaller patterning periods in the
micron range are studied subsequently.
Figure 5.1 shows the topography and the magnetic structure after a single interference
shot before and after AC-demagnetization where we observe different regions which can
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Figure 5.1: (A) AFM image of a [Co/Pd] multilayer thin-film on a silicon substrate after
a temperature pattern with a 55 µm period with the corresponding height profile before and
after laser exposure. (B) MFM image of the magnetic structure after the temperature pattern
showing three regions with different domain sizes. The temperature profile is calculated using
the patterning period, the melting temperature Tm , and the room temperature Trm . AFM (C)
and MFM (D) image of the identical region after a subsequent AC-demagnetization step.
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be clearly distinguished. In the topography images of the [Co/Pd] sample it is shown
that most of the sample surface remains unchanged, but in the intensity maximum the
topography shows height variations of about 100 nm (see Fig. 5.1(A)). Moreover, a visible height transition with a small contrast-variation at a distinct distance of 10µm to
the intensity maximum can be seen between region II and III. This indicates a minor
effect on the material compared to the center region. As the total thickness of the film
is only 17 nm, the large surface structures in the center region can only be formed by
lateral movement of material. Here, the dewetting process of metallic thin films on the
nanosecond timescale [78] is not the driving force. The sharp edges of this region indicate
an abrupt rupture of the film originating from below the metal film (see supplementary
material A.4). Thus, it is concluded that the temperature in the center region was above
the melting point at least of one of the stack materials (see Table A.1), during the pulse.
Hence, the depth of the molten layer exceeds the overall thickness of the magnetic multilayers, including the seed and capping layers, another process may dominate this region.
The additional depth stems most likely from a thin oxide layer on top of the silicon (see
supplementary material A.4).

The magnetic structure shows three different regions in contrast to the topographic
changes (see Fig. 5.1(B)). In region I the domain size remains uneffected and is in the
AC-demagnetized state (see Fig. 3.3). Towards higher intensities and thus higher temperatures, an abrupt change in domain size is observed (region II). Here, the domain
size is distinctively smaller, which is known as thermal demagnetization in the field of
all-optical switching [79–81]. At even higher temperatures, a second transition sets in
with no detectable out-of-plane magnetic contrast anymore1 .
In order to quantify this temperature-dependent magnetic behavior, some assumptions
on the temperatures have to be made. Earlier measurements showed that the out-of-plane
magnetization disappears upon melting due to a steep increase of diffusion in the liquid
phase of the material [70]. Thus, we assume that the transition from region II to region III
is connected to the typical melting temperature of [Co/Pd] multilayer Tm = 1531 K [82].
If we assume further from the measurements in section 4.4 that in the intensity minima
the sample is still at room temperature Trm and that the temperature of a metal thin film
increases in first order linearly with the absorbed intensity, we can deduce the threshold
temperature of region II. The resulting temperature distribution is shown in Fig. 5.1(B)
and we determine a temperature of about 771 K ± 9 K. In order to measure TC in our
multilayer system, temperature-dependent saturation magnetization measurements using
1

The strong phase signal in the center of region III is only an artifact due to a crosstalk between the
height information and the phase signal and will be neglected in the discussion.
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Figure 5.2: Saturation magnetization MS versus
temperature for a [Co/Pd] multilayer sample. MS
was measured using a SQUID magnetometer (blue
data points) and fitted (red line) towards higher
temperatures with a TC = 770 K ± 10 K.
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a SQUID magnetometer have been carried out (see Fig. 5.2). A fit along the reduction of
MS towards higher temperatures with empirical constants from [18] is used and leads to
TC = 770 K ± 10 K.
MS (T ) = MS0 ·

s

TC − T
TC



TC − T
· 1.3 −
TC




TC − T
· 0.12 −
TC


3

TC − T
·−
TC


8

· 0.03

(5.1)
This agrees very well with the experimental finding of the threshold temperature of region
II of about 771 K ± 9 K.

5.1.1

Simulations on [Co/Pd] systems

The different regions and the assumed transition temperatures between the regions are
studied with the help of supporting micromagnetic simulations from the group of Prof.
Ulrich Nowak at the University of Konstanz using the LLB formalism.
The stable starting configuration of a domain pattern for 300 K as shown in the left column
of Fig. 5.4 has been generated by slowly cooling down the sample from the paramagnetic
phase. We note that also simulations with AC-demagnetization similar to the experiment
have resulted in equivalent domain structures.

Starting with the equilibrium configuration, the laser heating is modeled with its subsequent cooling process for different defect concentrations by assuming the following
spatial and temporal temperature profile
T (x, t) = 300 K + ∆Tmax exp(−(t − t0 )2 /τ 2 ) exp(−(x − xc )2 /xT2 ),

(5.2)
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where the maximal temperature increase, as well as the temporal and spatial maximum
shift, and the characteristic relaxation constants have been set to a maximum temperature
∆Tmax = 1100 K, a temporal shift of t0 = 100 ps, a relaxation time of τ = 100 ps, a laser
center position of xc = 512 nm and xT = 200 nm (see also Fig. 5.3(A)). Thereby, the
temporal temperature distribution follows a rescaled laser intensity from Geldhauser
[83]. The size and the time scale of the simulation has been reduced compared to the
experiment due to computing time and capacity restrictions.
The simulated domain configurations for different simulation times are shown in Fig. 5.4.
For the case with no defects, as plotted in the first row, the maximal temperature has
exceeded the Curie temperature in the central area and directly after cooling down from
the paramagnetic to the ferromagnetic phase (0.25 ns) very small domains are formed.
The size of these domains increases in time until after 10 ns a state equivalent to the
starting configuration is reached. By including defects in the system, this domain growth
is stopped after about 1 ns, since the smaller domains remain pinned at local energetic
minima. With an increasing defect concentration this pinning effect becomes more pro-
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Figure 5.4: Simulation for the temporal evolution of the magnetic configuration of one hot
line for varying defect concentration (0 %, 10 %, 20 %). Here, the color coding for the reduced
out-of-plane magnetization ranges from yellow (up), red (zero) to purple (down), with defects
plotted in white.

nounced, leading to a faster stabilization of domain configurations with much smaller
domain sizes. This tendency of an increasing number of defects leading to smaller stable
domains in the central area of the film where the maximum temperature Tmax was above
the Curie temperature TC is shown in the second and third row of Fig. 5.4.
This simulated result agrees very well with the experimental findings as plotted in Fig. 5.1,
where the abrupt transition from small domains in the region, where the temperature has
reached the Curie point (region II) to much larger domains in the region of lower laser
intensity (region I) are obtained.

Another effect taking place during the thermal demagnetization of the sample is the
decrease of anisotropy due to material diffusion effects in the multilayer system [39,40,69].
Within our modeling, this has been investigated by assuming a reduction of the anisotropy
constant following the laser pulse distribution 5.3(C). This was accounted by the following
spatial profile for the relative reduction of the anisotropy constant K̃
K̃(x) = 1 − K(x)/K0 = 1 − exp(−(x − xc )2 /x2K ),

(5.3)

where the maximum shift of the center position is xc = 512 nm, the relaxation constant
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Figure 5.5: Simulation for the temporal evolution of the magnetic configuration of one heated
line for two different anisotropy reductions (50 %, 65 %). Here, the color coding for the reduced
out-of-plane magnetization ranges from yellow (up), red (zero) to purple (down).

xK = 200 nm and the anisotropy K.
In order to separate the defect effect from the reduction in anisotropy effect we have not
assumed any defects in the system now.
The corresponding results for the temporal evolution of the magnetic structure with
K̃(xc ) = 0.5 and K̃(xc ) = 0.65 are shown in Fig. 5.5.
By reducing the anisotropy in the center to 50 % of its original value (first row), the magnetization still remains oriented out-of-plane (Q > 1), but a stable configuration with
smaller domains in the center is reached. For even higher reductions of the anisotropy
(second row) the quality factor Q becomes smaller than 1 leading to a switching from the
out-of-plane to the in-plane direction in this area.

simulation time
0 ns

0.25 ns

0.5 ns

1.0 ns

10 ns

Figure 5.6: Simulations for the temporal evolution of the magnetic configuration of a single
heated line for a combination of a reduced anisotropy (65 %) and included defects (20 %). Here,
the color coding for the reduced out-of-plane magnetization ranges from yellow (up), red (zero)
to purple (down), with defects plotted in white.
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Compared to the experimental results shown in Fig. 5.1, we expect a combination of
the effect of an anisotropy reduction and a certain defect concentration. In Fig. 5.6 the
temporal evolution of the magnetic domain configuration of a system with a 20 % defect configuration as well as a 65 % anisotropy reduction is shown (∆Tmax = 1100 K,
t0 = 100 ps, τ = 100 ps, xc = 512 nm, xT = 360 nm, K̃(xc ) = 0.65, and xK = 100 nm).
The irreversible change of the anisotropy corresponds to the region III of Fig. 5.1, whereas
the small domains in region II are mainly caused by the reversible pinning effect.

Following this finding, in the experiment of Fig. 5.1(B) after AC-demagnetizing the sample
shows a narrow region with a changed domain size at the transition between region II
and III, whereas most of the previous small domains are restored in the original state (see
Fig. 5.1(D)). This transition between region II and III can be explained by the irreversible
anisotropy change in the sample, where contrary to region III the quality factor Q has
remained above 1 leading to smaller out-of-plane domains (see second row in Fig. 5.5).
These heat effected region with a permanent anisotropy change is compared to the overall
structure rather small, and can be neglected at small patterning periods in the micron
range.
As a result of the studies on large patterning periods and the simulated findings, the
samples in the experiment showing small periods, consist mainly of stripes with the
original domain sizes and stripes with no out-of-plane magnetization. This offers the
possibility to use DLIP as a tool to fabricate nanostructures on a square millimeter
area.
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Figure 5.7: MFM images of the transition regions I, II, and III (A) and the transition region
between the saturated region and the thermal demagnetized region (B) for small patterning
periods.
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Fabrication of [Co/Pd] multilayer nanowires

From the experimental and simulated findings on large patterning periods, a reduction
of the patterning period to a few microns leads to a formation of nanowire-like structures
with alternating out-of-plane regions and regions with no net out-of-plane magnetization.
Moreover, at higher patterning intensities a dewetting process sets in and the nanowires
are laterally separated from each other.
At small patterning periods, the same regions I, II, and III as in the large patterning
periods are observed. Figure 5.7 (A) shows for example the AC-demagnetized region, the
thermal demagnetized region, and the region with no detectable out-of-plane magnetization, as described in the previous paragraphs. Moreover, after AC-demagnetization, the
regions with a permanent anisotropy change between region II and III (see Fig. 5.1(B))
cannot be observed and is speculatively to small to detect. However, this region might
exist, it will not play a major role in terms of overall domain structure, but of course this
region can play a major role in terms of pinning effects.
In Fig. 5.7 (B) the transition region between saturation and thermal demagnetization is
shown, where a distinct threshold value is observed following the Gaussian beam intensity envelope of the interference pattern. There is no difference whether the illuminated
domain is pointing into the sample surface or out of the sample surface. The thermal
demagnetization processes are not influenced.
The fabrication process of nanostructures using DLIP can be divided into two different
processes. First, the fabrication process following the model using the reduction of the
anisotropy due to intermixing effects and thus laterally separated out-of-plane magnetized
regions, is discussed. Thereafter, nanostructures produced using the effect of dewetting
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Figure 5.8: AFM image after the DLIP pulse (A) and a sequence of MFM image of the
patterning mechanism based on the effect of an anisotropy reduction for a patterning period
of 3 µm. The magnetic structure after the patterning process (B) and the same area after a
subsequent AC-demagnetization step (C). The inlet scale bars have a length of 2 µm.
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Figure 5.9: AFM image after the DLIP pulse (A) and a sequence of MFM image of the
patterning mechanism based on the effect of dewetting for a patterning period of 3 µm. The
magnetic structure after the patterning process (B) and the same area after a subsequent ACdemagnetization step (C). The inlet scale bars have a length of 2 µm.

as the main mechanism described in chapter 4, are studied.
In Fig. 5.8 and 5.9 sequences at small patterning periods are shown. The images consist
of the topography changes in the AFM images, their corresponding MFM image followed
by a MFM measurement at the same position after a subsequent AC-demagnetization.
The AFM image in Fig. 5.8 shows small variations of the surface, but still a continuous
thin film2 . In the corresponding MFM image (see Fig. 5.8 (B)) the thermal demagnetized
regions are shown, as well as the regions with no net out-of-plane magnetization anymore. This will be refered as patterning using the effect of anisotropy reduction as the
dominating mechanism from now on.
After the AC-demagnetization routine, the regions with no out-of-plane contrast can be
more clearly distinguished from the intact film and a nanowire-like structure is shown (see
Fig. 5.8 (C)). The out-of-plane region shows now domain walls with various orientations
separated by a region with no out-of-plane magnetization.
In Fig. 5.9 the patterning mechanism based on the effect of a dewetting process is shown.
Here, the intensity of the laser is increased to induce melting in the heated regions, where
the melting temperature is above the Curie temperature. This additional temperature in
the system is transported laterally away by the heated stripes resulting in an increased
temperature in the untreated film. This regions then reach the Curie temperature and
thus, the thermal demagnetized state can be seen in Fig. 5.9(B)3 . After a subsequent
AC-demagnetization, the nanowires show a domain distribution equal to the untreated
[Co/Pd] multilayer thin film with domain walls oriented in various directions.
2

The dark respectively bright numbers and symbols in the image Fig. 5.8 shows part of the positioning
marker structure.
3
Note, the phase signal in the dewetted areas is not equal to the phase signal of the bright out-of-plane
domains.
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Patterning at low intensities
Using DLIP various parameters can be controlled for example the patterned area, the
patterning period, the pattern type, and the laser intensity. Here, we varied the laser
intensity and the patterning period.
In Fig. 5.10 the laser intensity was kept below the melting point, which results in magnetic
structures based on the effect of anisotropy reduction. Highlighting the 650 nm patterning
period, the AFM measurement revealed a slight change in anisotropy and the MFM image shows a well ordered domain structure after AC-demagnetization. By comparing the
phase and the height at a certain position (the blue and red line, respectively) it is shown
that the intact out-of-plane region is reverse with respect to the height variations which
fits well to the presented model in section 5.1. Here, the origin of the height variations
are still not fully understood. The most probable explanations are a local oxidation due
to the laser treatment and therefore an increase in height or diffusion processes due to
heat.
The 1 µm patterning period in Fig. 5.10(C) shows less surface variations than the 650 nm
period in Fig. 5.10(A) which stems only from the different intensities of the measured
region. Unfortunately, it is not possible to measure the intensity of the laser beam and
the surface as well as the magnetic information at the exact same position, thus the intensities are not comparable (see section 5.1.3). The domain orientation in Fig. 5.10 (D)
is not as ordered as in the case of 650 nm, but the phase changes come along with height
variations as in the previous case.
Moreover, for the 3 µm patterning period in Fig. 5.10(E) the domain structure in
Fig. 5.10 (F) is almost as disordered as in an unpatterned [Co/Pd] multilayer system.
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Figure 5.10: (A),(C),(E) and (B),(D),(F) show AFM and MFM images respectively of a
patterned [Co/Pd] multilayer thin-film for varied periods ranging from 650 nm to 3 µm. The
corresponding height and phase profiles are shown in the right column. The underlying effect is
an anisotropy reduction as the [Co/Pd] thin film is still intact.
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In summary, the different patterning periods show, after a subsequent AC-demagnetization
step, various orientations of the domain walls with respect to the direction of the nanowires.
The wider nanowire shows domain walls oriented not only perpendicular to the wire direction, but also along the wire direction. In contrast, the domain walls are perpendicularly
aligned for the narrow nanowires. This effect is a result of the energy minimization
processes and the dominating shape anisotropy in confined systems [84]. A simulation
underlying this is shown in Fig. 5.11 for a 16 nm thin [Co/Pd] film after a relaxation time
of 5 ns. There, the y-direction is kept constant at 1024 nm and the x-direction is varied
between 128 nm and 1024 nm. The magnetization changes between a multi domain state
at 1024 nm and a vertical orientation of the domain walls with respect to the wire orientation at 512 nm. By reducing the wire width to 128 nm not only the orientation of the
domain walls is changed, but also the size of the domains is reduced.
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Figure 5.11: Simulated dependency of the domain wall structure in lateral confined structures
of a [Co/Pd] thin film of 16 nm thickness after a 5 ns relaxation time from Schlickeiser. Here,
the color coding for the magnetization ranges from yellow (up), red (zero) to purple (down).

Patterning at high intensities
The patterning process at high laser intensities result in dewetting processes. Figure 5.12
shows the patterned [Co/Pd] multilayer thin film using a higher laser intensity for different
patterning periods. The underlying dewetting process in multilayer system is much more
complicated than the dewetting process of a metal film on a substrate (for more details
see supplementary material A.4).
The AFM image of the 650 nm structure shows a strong surface modulation following a
cos2 surface profile that images the intensity profile of the DLIP. In this case no clear
out-of-plane magnetization can be seen in the MFM image in Fig. 5.12 (B). The phase
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variations shown in the profile are only artifacts from the topography and follow the
topographic profile almost perfectly.
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Figure 5.12: (A),(D),(E) and (B),(D),(F) show AFM respectively MFM images of a patterned
[Co/Pd] film with different periods ranging from 650 nm to 3 µm. The appropriate height and
phase profiles are shown in the right column. The underlying effect due to the formation of thin
[Co/Pd] wires is the dewetting of thin films.
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For the 1 µm patterning period, well defined nanowires are shown in Fig. 5.12 (C),(D)
and the MFM measurement reveals intact out-of-plane magnetization inside the existing
nanowires. By comparing the height and the phase profile this finding is confirmed.
In the case of the 3 µm period the dewetted [Co/Pd] wires are shown in the height profile
in Fig. 5.12 (E). Here, the orientation of the domain structure in the nanowires is not as
ordered as in the 1 µm case which is again due to the width of the nanowires.

5.1.3

Intensity dependent wire formation

The intensity dependence of the patterning process at two different intensities is shown
in section 5.1.2. Here, the intensity is varied continuously due to the Gaussian envelope
of the interference profile and an intensity-snapshot sequence of the different effects on
the formation process of the nanowires can be seen in the MFM images of Fig. 5.13.
Therefore, a MFM measurement over a scan range of about 200 µm shows the dewetted
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Figure 5.13: MFM images of a two-beam interference shot over a large area. (A) and (B)
show the patterning area from the dewetted region to the region with a reduced anisotropy.
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regions as well as the regions with a reduced anisotropy.
As previously mentioned, the process based on an anisotropy reduction and the process
of dewetting are threshold-processes and thus for example, the size of the damaged region
due to the anisotropy reduction highly depends on the input intensity of the laser beam.
Starting from low intensities (Fig. 5.13 (B) right side) the ratio of the sizes between the
damaged region (green line) and the out-of-plane magnetic region (blue line) is 400 nm to
600 nm. At a higher intensity the damaged region increases and the out-of-plane region
decreases resulting in a 1:1 ratio (Fig. 5.13 (B) left side). At even higher intensities the
width of the damaged region overcomes the untreated region. This results in lines which
are more than half the patterning period separated from each other (Fig. 5.13(A) right
side).
Finally, at a certain threshold temperature of about 1500 K the material starts to dewet
resulting in laterally disconnected nanowires.

5.1.4

Complex structures

With the knowledge of the previous sections, the structures can be tuned in a controlled
manner to get more complicated but technologically more relevant patterns. The two
examples shown here are written magnetic bits and thin magnetic wires.

Figure 5.14: MFM image of a bitpatterned area of 100 µm × 100 µm with a
random orientation of the magnetization.

40 µm

Chapter 5. [Co/Pd] multilayer thin film patterning

10
0

2
length [µm]

4

0

1.2

height
[nm]

20

0.8
0

28
20
15
10

4 µm

2
length [µm]

4

0.4

phase [deg]

(B) 380±20 nm

820±15 nm

height [nm]

(A)

82

4 µm

1

(D)

670±20 nm

210±8 nm

70

0

2
length [µm]

4

10

height
[nm]

40

1
0.7
0

2
length [µm]

4

0.4

phase [deg]

(C)

60

4 µm

40

height [nm]

80

20
5

4 µm

Figure 5.15: (A) and (B) show the topography respectively the phase of the patterned bits at
a low laser intensity and at a high laser intensity (C) and (D).

[Co/Pd] bits
It is possible to use two two-beam interference patterns with a 90◦ rotation in between
To get a bit-like pattern. In principle, the produced bits should have a quadratic shape,
but due to a mismatch of the subsequent shots, the resulting bits are rectangular (see
Fig. 5.15(B)). Moreover, the very sensitive threshold process based on the anisotropy reduction and the non uniform Gaussian beam distribution in the x- and y-direction have
also be taken into account.
In Fig. 5.14 the bits are patterned over a large area and the distribution of upwards magnetized or downwards magnetized bits vary after an AC-demagnetization randomly. For
larger bits (see Fig. 5.15(B)) the single domain state splits up into a multi domain state
which can be explained with energy minimization arguments (see Fig. 5.11).
With increasing energy, the bit formation process is accompanied by an enhanced surface
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variation and the magnetic information is stored in between a surface modification (see
Fig. 5.15 (C) and (D)). Thereby, a difference between the topographic sizes and the magnetic sizes of the bit can be seen. The topographic bit size at low energies in Fig. 5.15 is
820±15 nm × 740±10 nm, whereas the magnetic bit size is only 380±20 nm × 700±30 nm.
It is remarkable, that the discrepancy between the two sizes is more pronounced in the
y-direction. Therefore, the intensity of the y-direction pattern was higher. This is confirmed by the larger surface modification of the [Co/Pd] sample.
As soon as the dewetting process sets-in, the surface transforms from a film to a nanopillar structure with a magnetic core and non-magnetic edges (see 5.13 (C) and (D)). The
quadratic bits have a topographic bit size of 670±20 nm × 670±20 nm and a magnetic
bit size 210±8 nm × 210±8 nm. This leads to the assumption that the intensity of both
interference patterns had the same intensity.
The thermal demagnetized state before the AC-demagnetization routine is not shown,
but the mechanism is the same as in the previous section.

[Co/Pd] narrow lines
In order to narrow the magnetic lines, Fig. 5.16 shows the result of an experiment, where
the sample was moved by a fraction of the interference period between about 50 subsequent shots due to uncontrolled vibrations in the laboratory environment. Thus, neighboring regions are subsequently patterned. This results in a narrow region, where the
magnetization is still pointing out-of-plane and a broader region with no out-of-plane
magnetization. In this way the pattern can be reduced further to a line width in the
order of 120 nm in our example.
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Figure 5.16: MFM image (A) and corresponding phase profile (B) of a [Co/Pd] multilayer thin
film with a line width of 120 nm which was illuminated about 50 times with movement steps in
between and subsequently AC-demagnetized.
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In summary, it is shown that the structuring process takes place in two different processes
and the underlying mechanisms are well controlled by the intensity, the incidence angle
and the polarization of the laser beam. In the subsequent chapter the technique is adapted
to a different material and the thereby structured thin films are used for the domain wall
motion experiments.
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CHAPTER

6

TbFe patterning

his chapter transfers the direct laser interference patterning technique of magnetic
multilayer systems to amorphous magnetic Tbx Fe100−x films. So far, it was not
possible to structure Tbx Fe100−x under ambient conditions for a longer time as oxidation
processes start immediately after patterning. Thus, complicated in-situ patterning steps
under UHV conditions have been carried out to investigate structured Tbx Fe100−x . Here,
we present a method to pattern these films under ambient conditions with a remaining
measurable magnetization.

T

First, the important mechanisms for Tbx Fe100−x are discussed and compared to the investigations on [Co/Pd] multilayer thin films on large patterning periods. These findings
are supported by heat flow simulations using COMSOL multiphysics. Thereafter, the
patterning process is applied to smaller patterning periods in the micron range while the
intensity is varied and the dewetting process is investigated in more detail.
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TbFe patterning mechanism

The mechanism behind the patterning process of Tbx Fe100−x is different to the [Co/Pd]
multilayer thin films. From the material properties section 3.2 not only a magnetic transition as in [Co/Pd] is expected, but also a real structural phase change is predicted.
Moreover, this phase change should induce a transition from an amorphous out-of plane
magnetized phase to a polycrystalline in-plane magnetized structure.
Therefore, the DLIP experiments are performed first for a larger patterning period and
thereafter for a period in the micron range following the same manner as the experiments
on [Co/Pd] (see section 5.1) to get a deeper insight in the mechanisms. Figure 6.1 shows
the DLIP patterning experiment with a period of 70 µm on Tb18 Fe82 which has a Curie
temperature at about 380 K and a crystallization temperature of around 520 K (see section 3.2). In Fig. 6.1 the AFM (A) and the corresponding MFM (B) measurements are
depicted with the height and temperature distribution, respectively. The AFM measurement in Fig. 6.1(A) shows a height change from the low intensity region to the highest
intensity region of about 12 nm. This height difference is not understood in detail, but
possibly particles conglomerate from all over the surface at the peak intensity. This effect
has been observed in previous theses but is not understood until now. Moreover, a clear
periodic structure can be seen in the vicinity of the peak intensity (see inlet Fig. 6.1 (A)).
This topographic modification is an indication for a structural change in the material
which will be confirmed considering the magnetic contrast. This leads to the assumption that the in-plane polycrystalline Tbx Fe100−x has a lower density than amorphous
Tbx Fe100−x resulting in a height variation of around 2 nm (≈12 %)1 .
The MFM measurements in Fig. 6.1(B) show three regions differing from the observed
regions in [Co/Pd] multilayer thin films. Region I stays in the AC-demagnetized state
and shows the typical domain distribution for this type of Tbx Fe100−x thin films. Contrary to that, region II and region III show a drastic variation in domain size and domain
shape. At the transition from region I to region II small domain structures appear which
result from the thermal demagnetization due to exceeding the Curie temperature similar
to [Co/Pd] multilayer systems (see inlet Fig. 6.1 (B)).
The domain configuration in region III differs from region II and from region I. By examining the orientation of the magnetization in the MFM contrast it is obvious that the
measured magnetization is oriented in-plane of the sample in region III. A large variety
of cross-tie domain walls (see section 6.2.2) can be observed as the magnetic contrast
1

In addition the small ring-like structures on top of the surface are observed all over the sample and
have nothing to do with the patterning process but are most likely an artifact of the deposition or the
cleaning procedures.
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Figure 6.1: (A) AFM measurement of Tb18 Fe82 before and after AC-demagnetization. The appropriate height profile reveals a periodic structure resulting from the structural phase transition
and an increased roughness of 12 nm in the maximum intensity region. The MFM measurement
(B) shows the AC-demagnetized state (region I), the thermal demagnetized state (region II)
and the in-plane state (region III). The periodic structure (inlet (A)) is not only shown in the
AFM measurement but also in the MFM measurement. The scale bar in the topographic inlet
(A) is 3 µm, whereas the scale bar in the magnetic inlet is 5 µm.

in the in-plane region stems only from the stray field of the domain walls (see section
3.3.3). Therefore, the temperature in this region exceeds the crystallization temperature
resulting in the polycrystalline phase with in-plane magnetization. Note, the periodic
structure stems from a misaligned polarization, intensity or incidence angle of the two
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laser beams. The variations observed in the AFM measurement are also visible in the
MFM image which underlines the threshold process since small variations in the pattern
have a large effect on the patterning process.
After a subsequent AC-demagnetization step, region I stays qualitatively in the ground
state, whereas region II relaxes back from the thermal demagnetized state. As region III
experienced a structural phase change, a reversible process solely with an applied magnetic field is not possible. Thus, the changes in the magnetization are irreversible and
the in-plane magnetization remains constant, while the domain structure of the in-plane
domains is altered.
The temperatures in Fig. 6.1 (B) are fitted using the theoretical values for the Curie temperature (TC =380 K) and the crystallization temperature (Tcry =520 K) at the boarders
between the different regions combined with the underlying interference pattern (see
equation 4.1) with a fixed period of 70 µm. In section 5.1 it has been shown that using
such assumptions a valid temperature distribution can be found. The fit leads to a peak
temperature of Tpeak =650±37 K (see Fig. 6.2). There, it is assumed that the temperature
in the intensity minima is kept constant at 293 K and the amplitude is the only variable
fit parameter.
To support this result, heat flow simulations using COMSOL multiphysics have been carried out. The required material specific constants are used from Hassdenteufel et al. [85]
for a similar composition of Tbx Fe100−x .

Layer

Volumetric heat
capacity ρ · c
[J · m−3 · K −1 ]

Tb19 Fe81

3.9 · 106 [85]

Interfacial thermal Layer
resistivity RK
thickness d
2
−1
[m · K · W ]
[nm]
16
1.15 · 10−7 [86, 87]

SiO2

1.9 · 106 [88]

100
3.70 · 10−9 [86]

Silicon

6

1.7 · 10 [89]

375 · 103

Table 6.1: Material constants for the COMSOL multiphysics simulation taken from [85].
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Figure 6.2: The COMSOL multiphysics simulation is based on the material specific values
from [85]. The temporal evolution of the heat in the Tb18 Fe82 thin film (A) with the temporal
evolution at certain positions on the sample following the experiment Tpeak (B), Tcry (C) and
TC (D).

As a result the simulation fits best to the experimental finding using a laser fluence of
3 mJ/cm2 (see Fig.6.2(A)) reaching a peak temperature of 657 K which is a few Kelvin
above the experimentally fitted peak temperature. A benefit of the simulation is the
revelation of the temporal evolution of heat in the thin film. In Fig. 6.2(B)-(D) the
temporal evolution at the peak temperature Tpeak , at the crystallization temperature
Tcry and at the Curie temperature TC is shown. The temperature rises within 20 ns
to its maximum value and relaxes thereafter in 100 ns back to room temperature (see
Fig.6.2(B)). Moreover, the crystallization temperature Tcry =520 K is reached for more
than 20 ns which is enough time to induce crystallization resulting in the polycrystalline
grain structure.
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A rough estimation indicates that the simulated fluence value of 3 mJ/cm2 is by almost
a factor of 4 wrong compared to the estimated experimental value of 15 mJ/cm2 . The
combined incoming beam has an intensity of 160 mJ/cm2 but only 35 % [90] from that
is absorbed. As the acquired MFM image took place more than 2/3 off-center of the
gaussian beam, the intensity dropped to the 1/e2 th part of the peak intensity. In addition,
the intensity superelevation gains a factor of 4 resulting in an estimated peak fluence of
15 mJ/cm2 .
single
incoming fluence

fluence =

4
|{z}

intensity
superelevation

z

}|

{

· 80 mJ/cm2 ·

off-center
position

0.35
| {z }

z }| {

· 1/e2 ≈ 15 mJ/cm2

(6.1)

absorption
factor

This value differs from the simulated result and contains several errors. The fluence is
measured in front of the beam splitter and the intensity loss at the subsequent components
is not taken into account. Moreover, the exact surface properties at the measured position
are unknown which effects the absorption, reflection and transmission properties.
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Fabrication of Tbx Fe100−x thin film nanowires

As mentioned before, Tbx Fe100−x nanowires cannot be produced using conventional ebeam lithography methods due to oxidation issues arising from the edges of the produced
nanostructures. In contrast, DLIP offers a method to alter the magnetization in a controlled way based on the knowledge from section 6.1 and section 5.1. Reducing the
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Figure 6.3: AFM image (A) of a Tb18 Fe82 thin film on a Si substrate with the MFM measurement (C) just after the laser treatment with a patterning period of 5 µm showing the three
different regions observed in section 6.1 and the related temperature schematic with the distinct threshold values TC , Tcry and Tr . (D) shows the MFM measurement after a subsequent
AC-demagnetization routine and (B) shows the height as well as the phase profile after the
AC-demagnetization.
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patterning period from 70 µm further down towards the single micron regime a patterning process due to an altering of the anisotropy or a dewetting process should result in a
wire formation as in the case of [Co/Pd] multilayer thin films.
In Fig. 6.3(A), the AFM image shows the variations in topography due to the DLIP
treatment and the resulting structural phase change. This is verified by the height profile
shown in Fig 6.3(B), where structural changes are indicated as peak-like variations at
distinct distances and thus distinct temperatures apart from the maxima (e.g. at 1.5 µm
and 4 µm). These sharp variations between the amorphous and the polycrystalline phase
might lead at the transition region to a structural mismatch which leads to the sharp
surface variations. In region I the polycrystalline phase shows a height increase of around
3 nm compared to region II which might come from the structural change.
The magnetic signal after the laser treatment without any applied magnetic field is shown
in Fig. 6.3(C). The measurement shows the different magnetic regions described in section 6.1 and the upper distribution shows a schematic of the temperature pattern with
the different threshold temperatures. It is shown that the thermal demagnetized region
(region II) and the in-plane region (region III) from section 6.1 exist also at smaller scales
and the appropriate Curie, crystallization and room temperature can be recalculated to
a temperature profile.
After a subsequent AC-demagnetization step, the domain structure in region I and region
II of Subfig. 6.3(C) relaxes back to the original AC-demagnetized state without any surface treatment, only the domain size distribution shrinks from 50 µm to less than 5 µm
due to the lateral confinement from the patterning process (see 5.11). The in-plane region
is qualitatively unaffected and the resulting structure is a laterally altered magnetization
pattern with artificial in-plane magnetized regions in an out-of-plane magnetized matrix.
Figure 6.3(B) shows the height profile and the phase profile at the same position on the
sample after the subsequent AC-demagnetization routine. There, it is shown that the
in-plane contrast comes along with a topographic change, whereas for the out-of-plane
magnetic contrast the height change is negligible.

6.2.1

Intensity dependent wire formation

Using the findings of the previous chapters, there should be the possibility to tune the
ratio between the out-of-plane magnetized regions and the in-plane magnetized regions
simply by changing the intensity of the incoming laser beam due to the threshold processes occuring in the material.
In Fig. 6.4 the patterning period of the DLIP process is kept constant at 5 µm but the
distance to the peak intensity of the laser beam and thus the peak temperature is var-
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Figure 6.4: DLIP patterned Tb18 Fe82 thin film with a patterning period of 5 µm. The laser
intensity is varied due to different distances to the peak amplitude from low (A) to high (D)
intensities. The ratio between the in-plane and the out-of-plane regions can be tuned in a
controlled way from (A) 3.6:1, (B) 1.75:1 and (C) 1:1 to (D) 0.5:1.

ied. Figure 6.4(D) shows a MFM measurement at high intensities where the heat affected
zone and thus the crystallization is larger than the unaffected regions. The MFM contrast reveals a ratio between the in-plane magnetized region to the untreated out-of-plane
region of 0.5:1. An equally distributed pattern is achieved at a lower intensity shown in
Fig. 6.4(C). By lowering the intensity even more, the ratio tilts towards the untreated
magnetic film with a ratio of 1.75:1 in Fig. 6.4(B) and 3.6:1 in Fig. 6.4(A). Throughout
the different intensities, the interpretation of the observed in-plane domains gets more
difficult, the smaller the patterned in-plane regions become. This is an effect of more
complex domain structures and stray fields in the thinner nanowires and since the stray
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field is crucial for the magnetic contrast it gets difficult to develop a convincing interpretation of the observed domain structures.
The out-of-plane magnetized regions show, similar to the [Co/Pd] multilayer structures,
a orientation dependent to the width of the nanowire. Towards thinner out-of-plane
nanowires, the orientation of the domain walls is perpendicular to the wire expansion
and the domain pattern is better ordered than in wider wires. Note, the domain structure in the out-of-plane region is different in a patterned film than in the unpatterned
film of Tb18 Fe82 due to the lateral confinement.

6.2.2

Complex structures

At higher intensities and smaller patterning periods, the orientation of the domain walls
in the out-of-plane magnetized regions get better ordered. In Fig. 6.5 the topography and
the magnetization is shown for a Tb18 Fe82 thin film on a Si substrate treated with a 1 µm
patterning period. The topography in Fig. 6.5(A) shows again peak variations of 4 nm
which stem from the structural phase change of the material. In the magnetic contrast in
Fig. 6.5(B) not only the ordering between in-plane and out-of-plane magnetization with
a ratio of 1:1 is shown but also the orientation of the out-of-plane domain walls is mostly
perpendicular to the wire expansion. This results as in the [Co/Pd] multilayer system
from the local confinement of the nanowires. The magnification in Fig. 6.5(B) shows the
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Figure 6.5: Tb18 Fe82 with a patterning period of 1 µm. The AFM image (A) and the height
profile shows a topography change of several nanometers. In the magnetic image (B) the ratio of
1:1 between the in- and out-of-plane magnetization as well as the ordered out-of-plane domain
structure is shown. The magnified image shows the two different regions with a scale bar of
500 nm and a schematic drawing of the orientation of the magnetization.
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magnetic contrast and a schematic of the orientation of the magnetization showing the
in-plane and the out-of-plane regions.
At even higher intensities, a dewetting process sets in resulting in a nanowire array on
the substrate. The nanowires are shown in Fig. 6.6(B) with the related height profile (A).
Here, the dewetting process starts at the heated areas where the material is molten. This
area breaks open and relaxes back to the colder areas due to surface tension effects (see
chapter 4). Thus, at the boarders of the produced nanowires a peak in topography is
shown.
Comparing the topography and the magnetic signal after a subsequent AC-demagnetization
step in the observed nanowires, the out-of-plane magnetization is shown in the colder
original regions but at the boarder of the nanowires the magnetic contrast changes to
in-plane magnetization. In the molten, dewetted parts of the Tb18 Fe82 films which ended
up at the edges of the nanowires, the crystallization process starts resulting in a polycrystalline structure and an in-plane magnetization.
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Figure 6.6: (A) height profile of a Tb18 Fe82 with significant peaks at the edges of the dewetted
nanowires. The topography of the related nanowire array (B) and the magnetic contrast (C)
show a well ordered patterning process with in- and out-of-plane regions on the sample.
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A schematic drawing and matching topography and magnetic images comparing the
height profile with the observed magnetic phase contrast in the structure is shown in
Fig. 6.7. The measured dimensions for the different regions show that the overall size of
the height and the magnetic signal fits very well, but the out-of-plane region in the magnetic image is only around 1.2 µm wide (see Fig. 6.7 (C)), whereas the height profile shows
a region in between the peaks at the original height with a size of 2 µm (see Fig. 6.7 (B)).
This discrepancy can have different possible reasons; a partial crystallization from the
amorphous phase to the polycrystalline phase or a nano-crystalline phase at the edge
of the polycrystalline phase resulting in an in-plane magnetic signal. Unfortunately, no
deeper investigations to this specific material composition and the properties concerning
the crystallization state have been found in literature. The effect of partly molten or
crystallized material in the vertical direction is observed in [Co/Pd] multilayer thin films
(see section A.3). Another possible reason, which will have an effect on the broadening
of the magnetic signal, is the measurement height of the phase signal above the sample
surface (50-100 nm) and therefore the non-negligible opening angle of the stray field distribution.
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Figure 6.7: (A) height and phase measurement of a single Tb18 Fe82 nanowire. The schematic
height (B) and phase (C) of a patterned dewetted Tbx Fe100−x is shown with the polycrystalline
in-plane and the amorphous out-of-plane regions.
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In order to understand the experimentally observed domain pattern in more detail (see
Fig. 6.8 (D)) a theoretical model for a special type of domain wall and previously observed
domain patterns in literature for magnetic thin films is given.
The cross-tie domain wall is a special type of domain configuration consisting of several
Néel walls. This configuration is stable due to energy minimization processes. By comparing the energy of a 90◦ and a 180◦ Néel domain wall in Fig. 6.8(A) the 90◦ Néel wall
has in this model only 12 % of the energy of the 180◦ wall. With the help of this finding,
it is possible that by using a complicated composite Néel wall structure energy can be
gained compared to the 180◦ domain wall. Thus, a so-called cross-tie domain wall is
energetically more favorable than an intuitively easier 180◦ domain wall [9].

(A)

(B)

(C)

(D)
Experimental data on Tb18Fe82

Figure 6.8: Relative variation of the energy γγww (h)
(0) following Néel’s model of a Bloch and a Néel
type domain wall as function of the wall angle Ωw [9]. Schematic model of a cross-tie wall (C)
where the dashed lines should be replaced by continuous transitions [9]. Note, the open and
filled circles stand for circular and cross Bloch lines, but as they are not crucial for this work
an explanation is missing. High resolution MFM image (B) of a cross-tie domain wall in an
(100)-oriented iron thin film with a thickness of 30 nm [91]. (D) shows a Tb18 Fe82 thin film
resulting qualitatively in the same domain pattern as in (B).
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Figure 6.8(C) shows a schematic drawing of a cross-tie domain wall with the magnetic
moments pointing in different directions. To compare the experimentally obtained pattern in Tbx Fe100−x in Fig 6.8(D) a high resolution MFM measurement of a (100)-oriented
30 nm thin iron film from [91] showing a cross-tie domain wall in the stray field contrast is
presented (see Fig. 6.8(B)). The contrast is alternating between bright and dark following
a center domain boundary as shown in the schematic drawing in (C).
The corresponding experimentally obtained domain wall in Tbx Fe100−x is a magnification
of Fig. 6.6(D) rotated by 90◦ . The magnetic contrast alters in the same manner as for
Fe(100), but the domain and domain wall sizes differ due to the different materials and
thus, the differing crucial parameters for the properties of the domain walls.
In summary, it can be stated that DLIP offers the unique possibility to pattern Tbx Fe100−x
without any damaging oxidation effects. The magnetic information is preserved over a
couple of month under ambient conditions without a measurable change. The patterning
mechanism with in-plane and out-of-plane regions can mainly be tuned in two different
ways; using the effect of anisotropy reduction or dewetting. In the case of an anisotropy
reduction the out-of-plane wires are separated by in-plane regions, whereas in the case
of dewetting the out-of-plane wires are guided at both edges with in-plane magnetized
polycrystalline Tbx Fe100−x but laterally well separated from each other.

CHAPTER

7

Temperature induced domain wall motion

his chapter deals with the experimental realization of the magnonic Spin-Seebeck
effect. The magnonic Spin-Seebeck effect has been explained both on a thermodynamical and an analytical basis in the theory section 2.5. There, it is shown that a
thermal gradient can lead to an induced effective field on a domain wall, which is proportional to the temperature gradients. This field gives then rise to a domain wall motion
towards the heat source.
Employing direct laser interference patterning, temperature gradients in the range of
K/nm are possible (see section 4.4). In magnetic materials gradients in the range of 0.050.1 K/nm have been reached which should be sufficient for the theoretically predicted
domain wall motion.
Recently, the theory has been confirmed by an experiment in a 2 mm × 2 µm insulated
ferrimagnetic yttrium iron garnet (YIG) film [92]. The authors used a peltier element
to achieve a temperature gradient of 20.5 K/mm combined with a magneto-optical Kerr
effect microscopy measurement. Additionally, magnetic fields in two different directions
have been used to get a better control of the domain walls and to lower the pinning
potential in the YIG films.
Here, we focus on two-different magnetic materials: [Co/Pd] multilayer thin films and
Tbx Fe100−x films. We investigate the effect of heat on magnetic domain walls, where either
a pulsed or continuous wave laser is used to generate the temperature gradient.

T

100

Chapter 7. Temperature induced domain wall motion

7.1

101

Spin-Seebeck effect in [Co/Pd] multilayer systems

The [Co/Pd] multilayer thin films with perpendicular magnetic anisotropy have been
used to apply different temperature gradients on pre-structured samples and on as-grown
samples. The data of the domain wall motion on the as-grown structures were acquired
in the work of Graus [93] and Irmler [94].
7.1.1

Pulsed heat source on plain films

In Fig. 7.1 MFM measurements of a [Co/Pd] multilayer thin film are shown. The starting
configuration of the domain pattern is of artificial nature. So, an external magnetic field
is applied in the out-of-plane direction and a following interference heat pulse softens the
magnetic material, which ends up in a reduced coercive field Hc . This weak magnetic field
is sufficient to switch the magnetization locally (see Fig. 7.1(A)) and thus, the domain
pattern can be controlled on unpatterned magnetic films1 . Thereafter, the magnetic field
is removed to measure the effect of pure temperature gradients.
This initial domain structure is treated with an interference pattern with a period of
around 8 µm which corresponds to a temperature gradient of at least 0.12 K/nm. This
temperature gradient is comparable to the theoretical necessary value and around 104
times larger than the temperature gradients used in the work of Jiang [92]. Here, this
temperature gradient is applied 50 times in a repeated way for about 50 ns on a timescale
of five seconds. This should add up possible motion in a serial manner.
The MFM measurement after the laser treatment shows a region, where the [Co/Pd]
multilayer thin film reached the Curie temperature ending up in a thermal demagnetized
region (see Fig. 7.3(B)). On first glance, apart from the thermal demagnetized region no
clear domain wall motion can be seen. In Figure 7.1(C) a difference image of the before
and after measurement is shown. The overlapping is done using the open source software
ImageJ [95] combined with the plugin TurboReg [96]. In this processed image, incremental changes of the domain structure are shown either in the vicinity of the ion treated
markers, or very close to the thermal demagnetized region. Only one single distinct
change far enough from these regions is observed. A phase profile shows in Fig. 7.1(D) an
effective domain wall motion of about 311 nm. An error consideration cannot be done as
the measurement of the domain wall motion couldn’t be measured in a systematic way.
Moreover, an error calculation on the basis of the overlapping process of the two images
1

The green ring structures in the magnetic images are pre-defined position markers produced by
ion-beam milling using a focused ion beam.
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was also not possible as the measurement is performed on an in-situ magnetic force microscope in the DLIP setup similar to section 4.2 and the available scan range in the xand y-direction is limited to only 10 × 10µm2 . Thus, no measured area was unaffected
by either the temperature gradient or the ions used to mill the marker structure2 and
therefore, no overlapping error can be calculated. However, on the basis of the cw-laser
treatment (see section 7.1.3) and the subsequent overlapping process, an error of around
±200 nm is estimated.

2

A magnetic multilayer thin film irradiated by ions behaves different than an untreated film, see [97].
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Figure 7.1: MFM measurements for a pulsed domain wall motion experiment on an as grown
magnetic [Co/Pd] multilayer thin film. (A) shows the initial domain state and (B) shows the
magnetic film after 50 interference laser pulses with a period of 8 µm, the thermal demagnetized
region (TD) (red) indicates the region, where the Curie temperature is reached. A difference
image of (A) and (B) is shown in (C), where the differences are bright highlighted. (D) shows
a phase profile of the white line (C), where a significant change in domain position is shown.
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In conclusion, the observed domain wall motion is within the error bars of the measurement and thus, no clear evidence of domain wall motion in [Co/Pd] multilayer thin film
systems is found with a pulsed heat source on an as-grown material.

7.1.2

Pulsed heat source on pre-patterned films

In order to control the domain wall motion more accurately, the possible movement should
be limited to one dimension. Therefore, a [Co/Pd] multilayer thin film is patterned using
the previously presented technique (see section 5.1.2). Roughness effects of the edges
from the dewetted [Co/Pd] multilayer thin film wire arrays are avoided as the anisotropy
reduction is used as main patterning mechanism. In principle, the magnetic film is
still covering the whole substrate, but the magnetic properties are altered in a periodic
manner. After the patterning a subsequent AC-demagnetization step is used to get an
equal distribution of domains separated by areas with no net out-of-plane magnetization
anymore.
The pre-patterned AC-demagnetized magnetic nanowire array has a period of around two
micrometer and is shown in Fig. 7.2(A). The subsequent interference pattern defining the
temperature gradient has a period of around six micrometer and is rotated by 90 degree.
The resulting temperature gradients are at least about 0.16 K/nm. In Fig. 7.2(B) the
red schematic laser intensity profile serves as a guide for the eye for the temperature
profile, which is confirmed by the thermal demagnetized region (TD) where the magnetic
2 µm
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Figure 7.2: Pre-patterned [Co/Pd] multilayer thin film with a 2 µm period after ACdemagnetization (A). The subsequent laser treatment with an interference pattern of 6 µm
produces a temperature gradient of around 0.16 K/nm resulting in thermal demagnetized areas,
where the temperature exceeds the Curie temperature of 770 K.
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film has been heated above the Curie temperature. Unfortunately, even in the difference
image (not shown here), no significant change is found in the untreated AC-demagnetized
region, where the temperature gradients act on the domain walls.

7.1.3

Continuous heat source on plain films

On the [Co/Pd] multilayer thin film in the as grown state a marker system is necessary
to align the MFM and the laser spot onto each other. This has been established using
ion beam milling on a scale of 200 µm × 200 µm and more details can be found in [93].
Instead of an interference setup, a continuous wave laser source (cw-laser) is used as a
heat source and focused with the help of a lens (f=150 mm) down to a beam diameter of
around 35 µm. Here, an Innova 400 laser source at a wavelength of 514 nm with a power
of 1.5 W is used.
Figure 7.3(A) shows a MFM measurement of a [Co/Pd] multilayer thin film in the vicinity
of the marker structure. The focus of the continuous heat source is around 15 µm away
from the measured position and a temperature gradient of 0.03 K/nm is assumed. The
timescale differs drastically from the ns-pulsed laser treatment. Since the generated
temperature gradient is lower than for pulsed-illumination, a prolonged heating time of
five minutes is used.
In Fig. 7.3(B) the same position is scanned after the cw-laser treatment. The change in
domain structure is visible even without a difference image. But in the difference image
(see Fig. 7.3(C)) the domain wall displacement is obvious. Here, the areas close to the
marker structure is neglected due to the previously mentioned decrease of the coercive
field. The domain wall at position I shows an elongation towards the heat source in
the before and after images. The evaluation of the domain wall motion in the difference
image shows a difference of 401 nm in the phase profile in Fig. 7.3(D).
Here, an error on the basis of the used overlapping procedure is calculated far away from
the heat affected or ion beam affected regions (see more details [93]). The calculated
error is in the range of ±200 nm which is slightly smaller than the acquired domain
wall movement. Thus, a domain wall motion due to a temperature gradient has been
shown.
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Figure 7.3: AC-demagnetized [Co/Pd] multilayer thin film before (A) and after (B) cw-laser
treatment for five minutes 15 µm away from the scanned position. The difference image (C) is
processed using ImageJ and the TurboReg plugin showing a significant domain wall motion at
the position of the red line in the phase profile (D).

7.1.4

Discussion

In conclusion, the domain structure of [Co/Pd] multilayer thin films show much smaller
effects on temperature gradients than predicted from theory. Apart from thermal demagnetization no clear unquestionable domain wall movement is found even though some
hints in this direction are shown.
The possibility exists, that the applied gradients in the cw as well as in the pulsed laser
source have been too small. However, to achieve even higher temperature gradients is
hardly not possible in the setup. An increased laser power simultaneously leads to an increased thermal demagnetized region and therefore the region where domain wall motion
should be visible, decreases. This problem could be overcome by using larger patterning
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periods but then the temperature gradient decreases again.
Most likely, [Co/Pd] multilayer systems are not the perfect material candidate to observe
temperature dependent domain wall motion. The material consists of several layers which
might lead to larger pinning effects due to imperfections of the different layers. These
defects act in the energy landscape as potentials, where the domain walls are preferentially formed and pinned. Here, the pinning centers could be overcome for example with
an applied current [98] or an applied field [99].
Recent simulations including defects from Schlickeiser [100] show a drastic difference
on the domain wall motion in temperature gradients compared to the simulations for an
ideal film. With defects, the domain wall moves under a temperature gradient only to
the next neighbor defect center. Thus, a movement either towards the heat source or
away from the heat source is possible. Another reason for no obvious domain wall motion
in the case of an interference pattern as heat source is the alternating heat source. The
temperature gradient, and so the effective field acts from both sides on the domain wall.
In principle, depending on the domain wall position, the effective field is lowered, and
therefore, a much higher temperature gradient is necessary in the experiments compared
to the theoretical predictions. For the case where a domain wall is located exactly in
between the two temperature maxima, simulations have been performed and it is found
that the direction of motion of the domain wall is determined by thermal fluctuations.
Thus, the direction of the domain wall motion under an applied temperature gradient
is determined both by the defect concentration and the location of the domain wall in
between the gradients.
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Spin-Seebeck effect in TbFe

In [Co/Pd] multilayer thin films no clear evidence for domain wall motion in temperature
gradients is found and the crucial parameter is most likely the defect concentration. Due
to the amorphous structure of Tbx Fe100−x the probability of pinning is lowered in this
material and a temperature induced domain wall motion might be observable.
First, Tb18 Fe82 is used to study domain wall motion on the pre-patterned films from
section 6.2, then the material composition is changed to Tb22 Fe78 and Tb26 Fe74 as the
magnetic properties change drastically with composition (see section 3.2).

7.2.1

Pulsed heat source in pre-patterned TbFe films

Figure 7.4 (A) shows a pre-patterned Tb18 Fe82 film with a patterning period of 1 µm
after a subsequent AC-demagnetization step. The initial out-of-plane configuration of
the magnetization is interrupted by the in-plane magnetized regions, where the phase of
the material changed from amorphous to polycrystalline structure.
A successive heat pulse is applied to the structured sample, rotated by 90 degree with a
patterning period of 10 µm corresponding to a temperature gradient of 0.04 K/nm. The
effect of the heat pulse is shown in Fig. 7.4(B), schematically drawn in red. Most of the
measured region is changed from the initial state to either the thermal demagnetized
1 µm
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(A)
out-of-plane

AC-demag
TD-region

in-plane
in-plane
region
2 µm

2 µm TD-region

Figure 7.4: AC-demagnetized MFM measurement of a pre-patterned Tb18 Fe82 thin film on a
silicon substrate showing alternating in-plane and out-of-plane magnetized regions. The patterning period was chosen to be 1 µm in order to get well aligned domain walls in the out-of-plane
regions (A). The subsequent heat pulse with an interference pattern of 10 µm is oriented perpendicular to the pattern. In (B), the AC-demagnetized, the thermal demagnetized and the
in-plane regions are shown after the heat pulse.
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state, or experienced a phase change from the out-of-plane to the in-plane magnetization.
The region of interest, which stayed in the AC-demagnetized state has in this case only
a width of around 2 µm, but no domain wall motion is observed.
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Figure 7.5: Schematic setup of the domain wall movement experiment using a Titan:Sapphirelaser laser with a wavelength of 780 nm. The laser beam is focused with a microscope objective
down to a minimum size of 1 µm. Simultaneously to the laser beam path, an imaging path is
used to acquire a live image.

7.2.2

Continuous heat source on plain films

For the cw-laser treatment experiment, an AC-demagnetized Tbx Fe100−x thin film is used
where a focused laser beam is scanned across the surface in a precisely controlled way.
Therefore, the setup is modified using a microscope objective and a cw Titan:Sapphirelaser with a wavelength of 780 nm. A schematic setup with the processing (blue) and the
imaging (red) beam path is shown in Fig. 7.5.
On the sample side, different material compositions (Tb18 Fe82 , Tb22 Fe78 , Tb26 Fe74 ) are
investigated, but domain wall motion could only be detected in Tb26 Fe74 . A magnetic
force measurement of Tb26 Fe74 is shown in Fig. 7.6(A), where the controlled domain
configuration is produced using a small magnetic field below the saturated sample and
the localized heat of the laser beam leads to a magnetization switching due to a lowered
coercive field in the material. Then, the magnetic field below the sample is removed.
Along the left hand side domain wall, the laser focus is used to generate a heat gradient
with a fixed power of 28.9 mW, but the distance to the domain wall is reduced in 1 µm
steps to get a distance dependent behavior. Here, domain wall motion at three different
positions and distances from the domain wall are observed, where the orginal domain
wall is depicted as a guide for the eye as a blue line.
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Figure 7.6: Tb26 Fe74 thin film before (A) and after (B) the cw heat source. In sub-figure (B)
on the left domain wall a distance dependent study with a power of 28.9 mW and a beam
diameter of 1.4 µm is shown. In addition on the right domain wall an intensity dependent
study with different intensities (from top to bottom 12.5 mW, 16.6 mW, 20.7 mW, 24.8 mW,
28.9 mW, 33.0 mW, 37.1 mW, 41.2 mW, and 45.3 mW,)is depicted. The different regions 1 and
2 are enlarged in the sub-figures (C),(D),(E), and (F) showing a domain wall motion of 0.2 µm
and 0.8 µm, respectively. The blue lines depict the domain wall position before the heat pulse.
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Furthermore, at the right domain wall in Fig. 7.6(A) the laser distance is kept constant
at about 1.9 µm but the intensity is varied from the top down between 12.5 mW and
45.3 mW.
The domain wall motion in Tb26 Fe74 thin films is first measured as the difference between
the initial and the resulting MFM images. But the diameter of the focused laser beam has
to be subtracted from the measured difference. Therefore, the beam diameter is determined in two different ways. First, the diameter is measured from the modified area in the
topographic measurement to 1.3±0.2 µm (see supplementary A.5). Thereafter, the diameter is measured using the back reflected signal on the powermeter of the focused laser
beam scanned across a marker structure with a measured beam width of 1.4±0.1 µm. As
the measured reflection signal is more accurate, this value is used to calculate the domain
wall motion.
In Fig. 7.6(B) the domain wall moves towards the heat source only at position 1, 2 and 3.
However, the domain wall motion at position 3 is negligible, as the heat source is exactly
on top of the domain wall. A quantitative evaluation with the help of the beam diameter
is only possible at the positions 1 and 2.
In position 1 the heat source was at the right side of the domain wall with around 0.5 µm
distance and a domain wall motion is detected with 0.2±0.2 µm (see Fig. 7.6(D)). In contrast, in position 2 a clear domain wall motion is detected with a distance of 0.8±0.2 µm
(see Fig. 7.6(F)).

In the intensity dependent study, no domain wall motion is observed. This indicates a
minor effect of the intensity but a larger effect for the distance between the domain wall
and the heat source.
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Discussion

In section 7.2.1 domain wall motion on a pre-patterned Tb18 Fe82 thin film is investigated
with a DLIP pattern as heat pulse, but no domain wall motion has been observed. The
same experiment on an unpatterned as-grown Tb18 Fe82 thin film showed the same result
(experiments not shown here). There could be three possible reasons why a temperature
induced domain wall motion is not observed. Firstly, the effect of the in-plane magnetized
regions next to the out-of-plane regions lead to stray fields which influences the motion.
Moreover, this crystallization comes along with a change of the material structure resulting in a surface modification (6). Then, the temperature gradient on both sides of the
domain wall due to the periodic interference pattern, could lead to a negligible temperature gradient. Finally, the effect of an exchange stiffness gradient3 on the domain motion
described in detail in the next paragraphs may play a role.
In the experiments with a focused cw-laser source as heat source, domain wall motion is
observed only in one specific composition of Tbx Fe100−x , in Tb26 Fe74 . There, a significant
motion towards the heat source was found over a length of 0.8±0.2 µm (region 2) and 0.2
±0.2 µm (region 1). This motion is shown in Fig. 7.6(B). Hence, a crucial parameter is the
distance between the heat source and the domain wall. Thus, heat flow simulations using
COMSOL multiphysics have been carried out for different laser powers. The simulation
parameters have been taken from Hassdenteufel [85] for an equal material composi3

more accurately a temperature dependency of the exchange stiffness constant, but for the sake of
convenience abbreviated as exchange stiffness gradient.
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Figure 7.7: Heat flow simulation for an amorphous Tbx Fe100−x thin film with the parameters
taken from [101] for the different intensities from the intensity dependent experiment in section 7.2.2 on a silicon substrate. The temperature distribution (A) and the temperature gradient
distribution (B) shows the distance dependence.
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tion. The stationary simulation leads to the distance dependent equilibrium temperature
distribution of the material. The temperature in the material increases with increasing
laser power and in addition, the temperature distribution broadens (see Fig. 7.7(A)). As
a result, the temperature gradient increases with increasing laser power. Nevertheless,
the relative position of the maximum of the temperature gradient stays constant at about
0.8 µm (see Fig. 7.7(B)). This could explain the maximum observed domain wall motion
as the traveled distance is in the vicinity of 0.8 µm.
In the intensity dependent study in Fig. 7.6(B), no domain wall motion is seen at a distance of 1.9 µm. The simulation in Fig. 7.7 shows that the temperature gradient at a
distance of 1 µm away from the center of the heat source at a power of 28.9 mW is about
0.028 K/nm. Compared to the maximum power of 45.3 mW used in this intensity sweep
with 1.9 µm distance only a temperature gradient of 0.005 K/nm is reached.
In conclusion, the distance between the heat source and the domain wall is optimized
at 0.8 µm distance and an intensity increase cannot easily overcome the strong distance
dependence. This maximum temperature gradient could be controlled with a different
laser focus or another substrate with a different thermal conductivity.
In other compositions as for example in Tb22 Fe78 and Tb18 Fe82 , no domain wall motion was observed. Here, pinning should not make a difference but with the composition,
the magnetic properties also vary (see section 3.2). With the help of simulations using
the analytical model for domain wall motion with the temperature dependent parameters
for ferrimagnets, a first indication for the important variables is found (see [100]). The
effective thermal field discussed in section 2.5 is proportional to the temperature gradient
ferromagnet

∂A/∂T [A0]

4
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3

Figure 7.8: Preliminary simulation
of the exchange stiffness gradient
comparing the ferromagnetic and the
ferrimagnetic temperature dependence from [100].

2
A0
0

0

0.2
0.4
0.6
0.8
temperature [T/TC]

1

Chapter 7. Temperature induced domain wall motion

113

and, additionally to the temperature dependence of the exchange stiffness
Htherm ∝

∂A ∂T
.
∂T ∂z

(7.1)

A preliminary simulation for a ferrimagnetic material with a compensation point shows
a significant difference to a ferromagnetic temperature dependent exchange stiffness (see
Fig. 7.8).
The exchange stiffness gradient decreases at the compensation point (0.3 T/TC ) to zero.
Before the compensation point the exchange stiffness is three times higher than at higher
temperatures. Compared to the ferromagnet, the gradient of the ferrimagnet is below the
compensation point eight times smaller than in ferrimagnets and above the compensation
point slightly higher.

In conclusion, in a ferrimagnetic material having the compensation point above room
temperature, the effective thermal field has a much higher contribution from the exchange
stiffness gradient than ferrimagnetic material with the compensation point below the room
temperature.
This finding could explain the difference between the two other Tbx Fe100−x compositions
Tb22 Fe78 and Tb18 Fe82 as their compensation point is below the room temperature and
so the effect of the exchange stiffness gradient is smaller.

Outlook

n the framework of this dissertation, different topics have been covered and therefore,
the outlook has also been divided into different parts. Starting with the patterning
capabilities of the direct laser interference patterning process and followed by the possible
improvements and verifications in the field of domain wall motion due to temperature
gradients.

I

Apart from the patterning capability of the method of direct laser interference patterning, it can also be used to determine the Curie temperature for hard magnetic materials.
There, the Curie temperature cannot been measured with conventional SQUID measurements as their temperature is too high. However, with the technique of laser interference
patterning with a large patterning period, the only material specific parameter to determine the Curie temperature is the melting temperature. With the help of the patterning
period and the cos2 intensity profile the Curie temperature can be fitted with an error of
±20 K.
It is shown, that ferromagnetic [Co/Pd] multilayer thin films as well as ferrimagnetic
Tbx Fe100−x films form complex topographic and magnetic structures. Since, the patterning mechanism is not entirely understood in metallic thin films, the exact mechanism
for multilayer or amorphous materials is even more crucial. Thus, the time-resolved
reflectivity measurements should be studied in a systematic way focusing on the material as well as on the substrate. In recent experiments (not presented in this work),
there are strong indications that the substrate and possible adhesion layers, produced
in the thermal evaporation process, are crucial parameters. However, even without an
entire understanding of the process, patterning of magnetic films and the investigation
of their magnetic properties offers a variety of possibilities, in particular for Tbx Fe100−x
thin films. To my knowledge, yet it is not possible to pattern amorphous Tbx Fe100−x thin
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films, which are stable at ambient atmosphere over a long period of time. But, in the field
of all-optical switching [102] these patterned nanostructures recently governed attention.
There, it is shown that the magnetization of a nanostructure can be switched with linear
polarized light [103] and not only with circular polarized light, as on thin films [104]. In
the framework of miniaturization the focus is on the nanoscale and therefore, the possibility to structure this magnetic material down to a few tens of nanometer should be
investigated.
In addition the different magnetic structures can be divided in terms of their underlying
mechanisms: nanowires as result of a dewetting process, an anisotropy reduction, and as
a comparison, nanowires produced by electron beam lithography. The samples can be
studied using the MOKE setup and the MFM with a lateral resolution, and the SQUID
magnetometer to get better insight in the overall magnetic properties.
In the second part, first indications for domain wall motion under a temperature gradient is shown in Tbx Fe100−x thin films and a fundamental theory is given. A repetition
of this experiment and a systematic study of different compositions is necessary to confirm the theoretical findings leading to the importance of the exchange stiffness gradient.
Moreover, this theory has to be investigated in more detail to get a better anisotropy
understanding around the compensation point. Additionally, a systematic distance dependent study has to be done and compared to simulations leading to a determination of
the necessary experimental temperature gradients. In order to study domain wall motion
on the nanosecond time scale, the interference maxima should be further separated from
each other. Thus, an interference pattern with three or four beams, from the same spatial
plane, could be applied. With the well separated interference maxima the competition
between the adjacent temperature gradient might be reduced.
Furthermore, it is conceivable to move the domains in a complex nanowire network with
a laser source as heat source comparing the findings of Allwood [3] but in a more controlled way.
Furthermore, the domain wall velocity is a crucial parameter which needs to be measured.
A possible way to measure this is a time-resolved magnetooptical pump-probe measurement. Therefore, the pump beam is a ns-laser pulse and the probe beam a fs-laser pulse
recombined at the same sample position. It is also conceivable to use soft x-ray imaging
techniques at a synchrotron source combined with a laser beam as heat source. Since
the effect of x-ray magnetic circular dichroism [105] is an element specific technique, not
only the domain wall velocity but also the different contributions of the two sublattices
of terbium and iron could be probed.

APPENDIX

A

Supplementary material

his chapter provides additional information to the different sections of this work.
First, temperature measurements of the direct laser interference pattern on different material is given following Kratt [76] with corrected temperature values. Then, a
discussion and simulated results about the effect of defects in terms of domain size is
given. In addition, a study at low laser intensities on [Co/Pd] multilayer thin film shows
an additional (not well understood) domain region. Furthermore, scanning electron microscopy images of the DLIP pattern of two important materials Tb18 Fe82 and [Co/Pd]
multilayer thin films are shown. Finally, to complete the picture of domain wall motion
in Tbx Fe100−x thin films, the related AFM measurements are presented.
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Temperature measurements on DLIP

The experimental setup and a detailed description of the analysis can be found in section 4.4

Silicon thin films
The sample1 consists only of a silicon thin film on a quartz glass substrate. The thickness
of the silicon layer is measured with a FIB-cut as 270 nm but an initial reflectivity of
16 % leads with the calculation of section 4.4 to a thickness of 265 nm. In Fig. A.1 the
reflectivity as well as the recalculated temperature as a function of time can be seen for
a patterning period of 18 µm. The peak reflectivity and temperature has been reached
after 30 ns with a peak temperature of 575 K corresponding to 33.2 % reflection. After
270 ns the temperature is decreased to the 1/e part of the signal.
Figure A.1(C) shows the temperature development as a function of time and space for
three interference maxima with a distance of 18 µm. The peak temperatures as a function
of the distance can be seen in Fig. A.1(D). There, a decrease from the zero position to the
outer region (40 µm) is shown indicating a significant effect of the Gaussian envelope. In
addition, the background temperature increases up to 350 K over the whole measurement
time of 0.8 µs.

1

sample name in Kratt [76]P426
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Figure A.1: Reflected signal (A), calculated temperature distribution (B) and temperature
development as function of space and time (C) of a 265 nm thin silicon film on a quartz glass
substrate. The peak temperature as function of space is shown in (D) with a peak temperature
of 575 K. The red line serves as a guide for the eye depicting the Gaussian envelope.

Aluminum thin films
The aluminum sample2 consists of a 100 nm aluminum layer on top of silicon on a quartz
glass substrate. The silicon layer thickness is measured using ellipsometry to 100 nm but
the initial measured reflectivity of 46 % leads to a calculated Si layer thickness of 111 nm.
Figure A.2 shows the measured reflectivity as well as the temperature distribution as a
function of time for a patterning period of 18 µm. The peak reflectivity and the peak
temperature is reached after 38 ns with a reflectivitiy of 34 % respectively a temperature
of 553 K. The temperature is decreased to the 1/e-part after 270 ns.
In Fig. A.2(C) the temperature development as function of time and space over a range
of 40 µm is shown with a patterning period of 18 µm. The maximum temperature as a
function of space is shown in Fig. A.2(D) with a background temperature of around 380 K
2

sample name P505
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Figure A.2: Reflected signal (A), calculated temperature distribution (B) and temperature
development as function of space and time (C) of a 111 nm thin aluminum film on a silicon film
with a quartz glass substrate. The peak temperature as function of space is shown in (D) with
a peak temperature of 553 K. The red line serves as a guide for the eye depicting the Gaussian
envelope.

and the Gaussian envelope leading to a maximum temperature decrease from the center
position to the outer region (see 40 µm).

Discussion
In the time-resolved temperature measurements it is remarkable that the measured peak
temperatures are in every material well below the respective melting points. Here, every
measurement is performed at the maximum power the sample could bear. At even
higher fluences, the reflection signal measured at one position changes with time (see
section 4.3.1) and a pump-probe measurement is not possible anymore. A possible explanation for the low maximum temperatures are diffusion processes which start already
well below the melting point [106].
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The measurement of pure silicon on a quartz substrate showed a peak temperature of
575 K after 30 ns with a decay time of 270 ns. So, the measured peak temperature is below the melting point of 1681 K [107] but as the absorption of light is highly temperature
dependent in silicon a slight increase in temperature can lead to a much higher absorption
and the temperature rise at a certain point might be huge. Thus, the film starts to dewet
or ablate suddenly resulting in a DLIP pattern but a pump-probe measurement scheme is
in this temperature (or laser fluence) range is not possible. Moreover, diffusion processes
starting well below the melting point can also lead to a structure formation and thus, the
reflection signal is changed.

In the sample with the titanium layer (see section 4.4.2), a peak temperature of 689 K is
measured after 38 ns with a decay time of 380 ns. Here, the same diffusion arguments as
for silicon can be used as the melting point of bulk titanium is at 1945 K [108] and the
absorption properties are temperature dependent. But another value attracts attention
in this measurement. The initial temperature of the sample is around room temperature, but the final temperature after 380 ns relaxes only to a temperature of 400 K. This
increased base temperature explains the increased decay time as the temperature gradient between the maximum and the minimum temperature is reduced and thus, the heat
transport is less effective. The reason for that is still under discussion. In the master
thesis of Möeller [109] pump and probe measurements with a high temporal and lateral
resolution combined with heat flow simulations are carried out and perhaps thereafter a
better understanding is possible.
For the aluminum sample the peak temperature of 553 K is reached after 38 ns and relaxes
back after 270 ns. Here, the melting point of bulk aluminum of 933.25 K [110] is again
not observed.
In conclusion, the measured peak temperatures are not comparable to the melting points
of the materials but diffusion processes set in earlier. The errors can be explained as a
combination of the experimental setup on the one hand and the sample preparation and
the evaluation and recalculation method on the other hand. The reflection measurement
error of the whole setup is estimated as a standard deviation error of ∆R = ±1 %. This
leads in the evaluation process to a large error for the initial temperature and thus to
the calculated sample thickness. This sample thickness is then used for the calculation
of the temperature and an error of ∆T = ±60 K is therefore possible.
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Unfortunately, the discrepancy is not explained only with these errors. However, the absorption properties for the materials are only taken into account at a fixed temperature
but as these properties are strongly dependent on the temperature a large error might
stem therefrom.

Moreover, DLIP experiments on samples with a silicon film in between the substrate
and the metal film, were hardly performed and the crucial parameters could be more
complicated in multilayer systems. Additionally, these experiments are performed with
multiple laser pulses and the diffusion processes are therefore enhanced. Another possibility are structures coming from subsequent laser irradiation influencing the reflection
signal. In the presented experiments about 3000 laser pulses are used but no sample has
been investigated thereafter with the SEM to double check the structure formation and
laser-induced periodic surface structures (LIPSS) [111], known in other research areas are
conceivable.
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Effects of defects in [Co/Pd] multilayer systems
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Figure A.3: Simulated domain distribution as function of defect concentration for a 4 nm thin
[Co/Pd] film after a relaxation time of 2 ns from Schlickeiser [100].

In order to support the findings from section 5.1 simulations have been carried out with
a variable defect concentration on a [Co/Pd] thin film with a size of 512 nm × 512 nm
and a thickness of only 4 nm. Here, the system is relaxed from the paramagnetic state to
the ferromagnetic state for 2 ns (see Fig. A.3). A domain size dependence as function of
the defect concentration is clearly visible and confirms the experimental findings.
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Low intensity patterning of [Co/Pd]

The [Co/Pd] multilayer thin film patterning process at high periods has been explained
in section 5.1, but the intensity has not been varied. In Fig. A.4 the same [Co/Pd] multilayer thin film sample is treated with lower intensities. The AFM image shows the
topography of the [Co/Pd] multilayer thin film sample where a particle accumulation in
the high intensity region is visible. Moreover, the inlet shows that the dewetting process
is at the beginning as the nucleation of small holes just started. The holes have a typical
depth of around 16 nm which is an indication that only the magnetic film is effected.
In the magnetic image, the previously described AC-demagnetized region (region I), the
thermal demagnetized region (region II) and the region with the anisotropy reduction
(region III) is shown. In addition, a fourth region is visible, where the domains have a
larger size than in region III but the temperature has to be above the Curie temperature
TC . This region is located in between region II and III and is observed throughout the
interference pattern. It exists most likely also in section 5.1, but due to the steep temperature gradients it is not visible in the magnetic measurements.

(B)

region IV

region I

region II
region III
20 µm
(C)

I

II

IV

III

10 µm

Figure A.4: AFM (A) and MFM (B) measurement after a DLIP patterning step with a patterning period of 55 µm at a lower intensity region. The scale bar in the intel has a size of 2 µm.
(C) shows a more detailed high resolution MFM measurement of the upper part of (B).
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height [nm]

(B)

20 µm
Figure A.5: AFM (A) and MFM (B) measurement after a DLIP patterning step with a patterning period of 55 µm at a lower intensity region after a subsequent AC-demagnetization
procedure.

An indication that this region exists at higher intensities is shown in Fig. A.5. There, a
region with low intensities is AC-demagnetized and at the edges and the very low region,
the domain size is changed drastically. This difference in the domain structure has also
been seen at higher intensities (see Fig 5.1(D)).
A possible explanation for this finding is a strong diffusion in the [Co/Pd] multilayer thin
film. The upper layers of the [Co/Pd] thin film start to intermix and the effective thickness
of the magnetic material, as well as the number of repetitions is reduced. In comparison
to the specific material properties in section 3.1 a reduced number of repetitions leads to
a larger domain size.
In the case for a subsequent AC-demagnetization, the regions with more defects end up
in smaller domains as described previously in section A.2 explaining Fig. A.5(B).
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SEM investigation of a DLIP pattern

In order to get a deeper understanding of the DLIP process of Tb18 Fe82 and [Co/Pd]
multilayer thin films, scanning electron microscopy (SEM) images are taken at different
magnifications and on different samples. Here, the peripheral region is the most important
part as the different steps of the evolution of the structure can be seen.

TbFe thin films
The dewetting process in Tbx Fe100−x starts for thin metal films on a substrate with the
typical nucleation of holes [59, 112]. For large patterning periods (see Fig. A.7), the holes
are randomly distributed in the heated region, where the metal film became liquid. The
secondary electron detector (SE2) shows mostly the topographic contrast, whereas on
the InLens detector the topographic and the material contrast is shown. For Tb18 Fe82 ,
a distinction between the polycrystalline, the amorphous and the dewetted region can
be seen. Moreover, the particles with no significant topography are only shown in the
InLens but not in the SE2 detector.
The same explanation holds for smaller patterning periods shown in Fig. A.6. In the
InLens SEM image of the high intensity region Fig. A.6(A) the Tbx Fe100−x film is dewetted
and the intensity pattern of the used laser treatment is mirrored by the material. At a
closer look a slight contrast change at the edges of the Tbx Fe100−x wires can be seen which
is an indication for an amorphous structure (see section 6.1). This contrast variation is
shown more obvious in the low intensity region Fig. A.6(B) where the film starts to dewet.
Here, the nucleation of small holes start in a more ordered way as the liquid region is
laterally more confined.

(B)

(A)

4 µm

4 µm

Figure A.6: InLens SEM image of a DLIP of a Tb18 Fe82 thin film on a silicon substrate with a
patterning period of 5 µm on a silicon substrate at high intensities (A) and at lower intensities
(B), where the dewetting process starts.
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(A) InLens
poly-crystalline

amorphous

dewetted region

dirt particles
40 µm

(B) SE2

40 µm

Figure A.7: SEM image of a Tb18 Fe82 thin film on a silicon substrate patterned with a 70 µm
period. The images are measured with the InLens (A) and the SE2 (B) detector showing material
contrast in the InLens detector with the polycrystalline, the amorphous and the dewetted region.
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[Co/Pd] thin films
Compared to Tbx Fe100−x , the dewetting process of a [Co/Pd] multilayer thin film on a silicon substrate behaves different. The nucleation of holes starts in the liquid film, but the
actual dewetting process looks more like a rupture or crack formation (see Fig. A.9(A)).
This behavior wasn’t observed before. Thus, the explanation is based on assumptions and
a full image of the underlying processes cannot be given. The most probable explanation
for the difference is a thicker silicon oxide film on top of the silicon substrate. After the
laser treatment, this oxide layer evaporates before the multilayer stack which results in
cracks on the intensity maxima. This would also explain the drastic height variation for
dewetted [Co/Pd] multilayer thin films (see section 5.1)
In Fig. A.8 SEM images are shown for different intensities and on different substrates.
For the case of a [Co/Pd] multilayer thin film on top of an Al2 O3 substrate the pattern
structure for the high intensity region (A) shows the dewetted substrate and the mirrored
intensity pattern in the [Co/Pd] multilayer thin film. Here, the dewetting process starts
as in Tbx Fe100−x from the nucleated holes which can be seen at lower intensities (inlet
Fig. A.8(B)). In the case of a silicon substrate a mesh-like structure can be seen, which
might also stem from a silicon oxide layer under the [Co/Pd] multilayer thin film system.
This indicates, that the difference stems not from the multilayer stack structure as the
stack structure on silicon is the same as on Al2 O3 . Most likely, the silicon substrate and
the oxide layer is responsible. The pure silicon substrate has been used on a large variety
of materials, which have been investigated in Riedel [59] and Roller [71], but such a
special behavior was not observed. Therefore, the silicon oxide layer is most likely the
responsible parameter.
In Tab. A.1 a comparison of the important material parameters for the sample stack of
[Co/Pd] are shown but neither the vapor pressure of the different components or the
melting or boiling points give clear evidence on the underlying mechanisms.

silicon
silicon dioxide
tantalum
cobalt
palladium

melting point
[K]
1 687
1 995
3 290
1 768
1 828

boiling point
[K]
3 538
3 223
5 728
3 200
3 236

temperature for a pressure
of 100 Pa [K]
2 066
2 368
1 982
1 892
1 844

Table A.1: Material parameters for the [Co/Pd] sample system from [113]. The values for the
vapor pressure are taken at around 2000 K to match the observed experimental temperatures.
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Apart from the differences in the dewetting process, the InLens detector in Fig. A.9(A)
shows a material contrast between the as-grown region and the intermixed region. In
addition, at a certain distance of the intensity maximum a periodic structure is shown.
The origin of this structure has not been finally clarified yet. A possible explanation is
an accumulation of particles, which were before laser treatment randomly distributed on
the surface. These particles are also shown in between the intensity maxima.
Another possible explanation is an oxidation process of either the particles, or the [Co/Pd]
multilayer thin film particles from the dewetting process.

To support the theory of oxidation, energy-dispersive x-ray spectroscopy have been carried
out and an increase of the oxidation concentration from 1.4 % on the [Co/Pd] film to
12.7 % on the periodic particle at an acceleration voltage of 5 kV is found. This confirms
the assumption of oxidation.

(A)

2 µm
(C)

2 µm

(B)

10 µm

10 µm

(D)

10 µm

10 µm

Figure A.8: InLens SEM image of a DLIP process for a [Co/Pd] multilayer thin film with
a patterning period of 5 µm on an Al2 O3 substrate (A,B) and on a silicon substrate (C,D).
The left column shows the resulting pattern at high intensities and the right column shows the
transition region where the dewetting process sets in at lower intensities.
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(A) InLens

20 µm

(B) SE2

20 µm
Figure A.9: SEM image of a [Co/Pd] multilayer thin film patterned with a 55 µm period. The
images are measured with the InLens (A) and the SE2 (B) detector showing material contrast
in the InLens detector with small particles.
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Domain wall motion in terbium-iron

In Fig. A.10 the AFM and the MFM image of the sample described in section 7.2.2 is
shown. There, the domain wall motion is discussed.
To complete, here the AFM measurement is presented. The surface of the sample is
affected by the induced heat due to the laser beam. Moreover, a difference between the
modification of the surface with ns-laser pulses and with cw laser pulses is found. For
cw treatment the material flows towards the maximum of the heat source as for pulsed
laser treatment of bulk material, following either the Marangoni effect or the effect of
local expansion of the material due to heat. Here, different approaches are discussed in
literature.
This surface modification can further be used to determine the laser beam diameter as
described in section 7.2.2.

(B)

(A)

10 µm

(C)

10 µm

Figure A.10: AFM and MFM measurement of a Tb26 Fe74 thin film treated by a cw-laser with
a wavelength of 780 nm for 5 seconds.
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Tables

Magnetic quantities in SI units.

magnetic moment
magnetization
saturation magnetization
normalized magnetization
magnetic field
magnetic induction
magnetic anisotropy
Gilbert damping parameter
exchange Stiffness
vacuum permeability
gyromagnetic ratio

µ
M
Ms
m
H
B
K
α
A
µ0
γ

Am2
A/m
A/m
dimensionless
A/m
T = V s/m2
J/m3
dimensionless
J/m
4π · 10−7 V s/Am
2.21 · 105 m/As

Ms = kMk
m = M/Ms
B = µ0 (H + M)

Field conversion table following the idea of [8].

SI
SI
cgs
cgs

A
↓
H
B
H
B

SI
B
H
units → Am−1
A/m
1
T
1/µ0
Oe
103 /4π
G
103 /4π

SI
B
T
µ0
1
10−4
10−4

cgs
H
Oe
4π · 10−3
104
1
1

cgs
B
4π · 10−3
104
1
1
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