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17. Februar 2011

http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-130388


Dissertation an der Universtität Konstanz

erster Referent: Prof. Dr. Ulrich Rüdiger
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Zusammenfassung

Ferromagnetische Nanostrukturen werden als ein vielversprechender Kandidat für zu-
künftige Speicher- und Logikanwendungen gehandelt. Hierbei sind insbesondere die
Domänenwände zwischen einzelnen magnetischen Domänen sowie ihre gezielte Manipula-
tion und Bewegung von gro�em Interesse. Als ein ideales Modelsystem hat sich in diesem
Zusammenhang das weichmagnetische µ-Metall (engl. Permalloy), eine Legierung aus
Nickel und Eisen, erwiesen. In dieser Legierung kann die Magnetisierungskonfiguration
leicht durch die Geometrie der Probe beeinflusst werden.

Diese Arbeit behandelt zwei Bereiche der Bewegung von Domänenwänden in mikrosko-
pischen µ-Metalldrähten: Zum Einen wird deren Bewegung in externen magnetischen
Feldern und die Auswirkung von unterschiedlichen Dotierungskonzentrationen mit Hol-
mium untersucht. Zum Anderen werden die Auswirkungen von Temperaturänderungen
sowohl der ganzen Struktur als auch räumlich begrenzter Bereiche auf die Domänen-
wandbewegung erforscht.

Für diese Untersuchungen wurde im Rahmen dieser Arbeit ein fokussiertes magneto-
optisches Kerr Mikroskop aufgebaut. Dieses erlaubt durch eine Fokusgrö�e von unter
1 µm sowie unter Verwendung eines intensiven Lasers erstmals die Detektion der Be-
wegung von einzelnen Domänenwänden in Echtzeit. Dabei wird eine Zeitauflösung von
unter 2 ns erreicht. Darüber hinaus erlaubt die Verwendung des beschriebenen Lasers,
die Temperatur der magnetischen Strukturen lokal zu variieren und die Bewegung
von Domänenwänden unter dem Einfluss der auftretenden Temperaturgradienten zu
untersuchen.

Mit der Dotierung des µ-Metalls mit Holmium geht eine Erhöhung der Gilbertdämpf-
ungskonstanten α einher. Durch die Messung der lokalen Geschwindigkeitsverteilung
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von mehr als hundert einzelnen Domänenwänden kann der Trend einer sinkenden Do-
mänenwandgeschwindigkeit vDW bei steigendem α bestätigt werden, der durch einfache
eindimensionale Modelle vorhergesagt wird. Abweichungen in der genauen Form der
Abhängigkeit zwischen α und vDW können mit Hilfe von mikromagnetischen Simulationen
erklärt werden.

Durch die Wahl geeigneter Substrate und durch die Verwendung hoher Laserintensitäten
wird die magnetische Struktur lokal stark aufgeheizt, wodurch hohe Temperaturgra-
dienten in der Grö�enordnung von 100 K µm−1 erzeugt werden können. Die Untersu-
chung des kritischen Feldes, welches für die Bewegung von Domänenwänden benötigt
wird, die im Bereich dieser Gradienten positioniert sind, zeigt eine klare Abhängigkeit
von sowohl der Richtung als auch Stärke des Gradienten. Dies kann auf den Einfluss
von Spinströmen zurückgeführt werden, die durch Temperaturgradienten hervorgerufen
werden (dem sogenannten Spin-Seebeck-Effekt). Diese Messungen werden durch den
direkten Nachweis der beteiligten Spinströme mit Hilfe des inversen Spin-Hall-Effekts
vervollständigt. Dadurch eröffnet sich sowohl eine neue Möglichkeit der gezielten Mani-
pulation der Domänenwandbewegung als auch der Erzeugung von reinen Spinströmen.
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Introduction

With a continuous increase of both computation speed and storage density there is a
growing need for new technologies which allow for higher speeds and density but retain or
increase data retention. Here, in the last years domain walls in ferromagnetic nanowires
have been identified as a promising candidate for new storage devices but also for logic
applications [PHT08; All+05]. Therefore domain walls are of strong technological but
also fundamental interest. Nanometer-sized magnetic structures can serve as ideal model
systems for exploring the dynamics of domain walls induced by external magnetic fields
or spin-polarised currents [Thi+05; HLZ06; Mou+07].

Since the magnetisation direction in Permalloy nanowires is mostly governed by the
shape anisotropy, the magnetisation is directed along the wire and magnetic domains are
separated by different types of domain walls [Klä+04; Lau+06]. Hence, the magnetisation
configuration of such nanostructures can be tailored for various experimental studies.
Whilst their static properties are well-known and numerical simulations of the domain
structure are in good agreement with experiment, the dynamic properties of domain
walls under the influence of spin-polarised currents or external fields have still not been
completely revealed. Especially, the influence and origin of the non-adiabatic spin-torque
on the motion of domain walls is under question.

However, all the measurement techniques that have been used so far either use averaging
(e. g. in real-time resistance [Hay+06c] or magneto-optic Kerr effect (MOKE) measure-
ments [Hay+06b]) or employ static imaging of the magnetic structure (e.g. magnetic
force microscopy (MFM) [Yam+04] or X-ray magnetic circular dichroism photoemission
electron microscopy (XMCD-PEEM) [Hey+08]). Therefore, the velocities, critical fields
or currents measured are only averages. This means that possible variations in these
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Introduction

values from shot to shot cannot be resolved. Since domain wall motion was found to have
a stochastic character which is induced by thermal fluctuations, randomly distributed
pinning centres or the edge roughness of the wire [MA07] part of the information is lost.
To observe stochastic behaviour, real-time single shot techniques that probe individual do-
main walls are required. This is of key importance since future applications will be based
on single domain wall events and not on their average behaviour.

A new field of research, spin caloritronics, dealing with the interaction of non-equilibrium
thermal distributions and their effect on magnetism and in particular magnetisation
dynamics has gained increasing interest throughout the magnetism community. Only very
recently, first experimental results on the generation of spin-currents through thermal
gradients have attracted much attention [Uch+08]. Nevertheless, so far this finding
could neither be reproduced nor sufficiently explained by theoretical models [Hat+09;
Xia+10]. Furthermore, there are predictions of a direct thermally generated torque acting
on domain walls in temperature gradients and an indirect torque by the spin current
generated [YWX10].

In this thesis, results on field-induced motion of domain walls in Permalloy nanowires are
presented. These are obtained by single shot MOKE magnetometry probing individual
domain walls in their motion along the wire. In particular, the distribution of the domain
wall velocity and depinning field and its dependence on the doping concentration with
Holmium is shown. Furthermore, the influence of global heating on the whole nanowire
as well as local heating on domain wall motion are demonstrated. The last part deals
with the direct measurement of thermally-induced spin currents.

The work is structured as follows:

Chapter 1 gives a brief introduction of the relevant theory behind ferromagnetism and
in particular the interaction of domain walls with external fields and current pulses.
Additionally, a short introduction to the effects connected to thermal gradients and the
detection of spin currents is given.

Chapter 2 deals with the experimental techniques used for the measurements done
for this thesis. In particular, the theory of the magneto-optical Kerr effect and the
parameters which have an influence on the signal are described. In this context, the
principle of dielectric coatings and their effect on the magneto-optical contrast are
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presented. The chapter concludes with a detailed description of the time-resolved focused
magneto-optical Kerr magnetometer built during the past years.

In Chapter 3 the geometry and details of the sample structures and materials are
summarised. Additionally, the preparation procedure including deposition and structuring
by lithography are explained.

Chapter 4 comprises the results gathered for this thesis. The different sections of this
part deal with the alteration of the domain wall velocity and depinning field as a function
of Holmium doping in Permalloy nanowires, the effects of Joule heating on the domain
wall motion and the influence of different substrates and the reversible alteration of
the domain wall depinning by thermal gradients. A last section shows the results of
direct measurements of the spin currents generated through the spin-Seebeck effect in
microscopic samples.

Chapter 5 summarises the results, gives an outlook on future questions and proposes
new experiments.

The Appendices contain technical drawings and further details on the components
which were constructed and built for the experiments.

Many results of this work have been published in scientific journals. A list of all
publications can be found at the end of this text. References to these publications are
put wherever appropriate.
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1
Theoretical Background

To aid the understanding of the experimental results presented in this work some theo-
retical background is given in the following chapter. In particular, an introduction to the
relevant interactions both short and long range contributing to the occurrence of ferro-
magnetism are given. Since this part of the theory uses only microscopic quantities rather
than the macroscopic ones that are directly accessible through experiment, the first part is
complemented by a more phenomenological description using thermodynamic potentials
as well as macroscopic values like the magnetisation. This should allow for a better
linking to and interpretation of the results. Also, in this section a short overview about
the micromagnetic simulations which are frequently used is given.

Furthermore, the theoretical background of the dynamics of domain walls in ferromagnetic
materials due to both external magnetic fields and spin-polarised currents is given, which
is the key theory behind the research done for this work. Here in particular, stress will be
put on the so-called adiabatic and non-adiabatic contributions to the spin-transfer torque
of which the latter has been the subject to much discussion lately.
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Chapter 1 Theoretical Background

Finally, an introduction to the field of spin currents is given. Most importantly the
Spin-Seebeck effect is discussed, which is promised to relate temperature gradients in
ferromagnetic media to spin currents just as the Seebeck effect relates temperature
gradients in normal metals to conventional currents.

1.1 Ferromagnetism

The earliest references of ferromagnetism are from the Greek philosopher Thales of
Miletus and date back to the 6th century BC. He describes an attractive force between
lodestone (Magnetite) and iron. About 17 centuries later the Chinese scientist Shen Kuo
(1031 – 1095 AD) was the first to make use of ferromagnetism by inventing the compass
[Moh06]. It took another eight centuries before Hans Christian Oersted discovered that a
compass needle is influenced by electrical currents, which was later quantified by Amp�ere.
Despite these advances a microscopic explanation of ferromagnetism was not found.
All classical approaches to explain this phenomenon by for instance the dipole-dipole
interaction of single magnetic moments failed and it was found that it could only be
explained through quantum mechanical calculations.

Nowadays, it is common knowledge that ferromagnetism is mainly governed by two
contributions whose relative importance depends on the system. Ferromagnetism is
mediated by the quantum mechanical exchange interaction, which can be direct between
two magnetic moments or indirect mediated by non-magnetic ions (superexchange,
double exchange) or the conduction electrons (RKKY-interaction). However, for the
classical ferromagnets cobalt, iron, nickel and their alloys characterised by weakly
localised 3d-electrons and itinerant 4s-conduction electrons non local interactions have
to be taken into account. In these cases the band model has proven to be a useful
theory.

1.1.1 Exchange Interaction

The ferromagnetic coupling of strongly localised electrons is mainly due to the exchange
interaction. This makes it a purely quantum mechanical effect which cannot be explained
in the framework of classical physics [Maj07].
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1.1 Ferromagnetism

2J

or

or

singlet

triplet

uncoupled

Figure 1.1: The energy diagram for the
case of ferromagnetic coupling of two elec-
trons (J > 0). The triplet state with the spins
aligned parallel is energetically favourable
over the singlet state with the spins aligned
anti-parallel and a total spin of zero. The
energy difference is 2J.

Starting with just two electrons with wavefunctions 'A and 'B there are only two possible
wavefunctions for describing the system. When taking the Pauli exclusion principle into
account,

	(1, 2) = −	(2, 1) (1.1)

has to hold, with 1 and 2 the coordinates of the two electrons. For the so-called singlet
state the space dependent part of the two electron wavefunctions is symmetric under
inversion while the spin part is asymmetric (i. e. the spins are anti-parallel). In contrast,
the triplet state has a asymmetric space dependent part while the spin dependent part is
symmetric (i. e. the spins are parallel).

	singlet = 1p
2

('A(1)'B(2) + 'B(1)'A(2))�↑↓(1, 2), (1.2)

	triplet = 1p
2

('A(1)'B(2)− 'B(1)'A(2))�↑↑(1, 2), (1.3)

with ' being the spatial part and � the spin part of the wavefunctions. When calculating
the energy difference of those two states a value of

Etriplet − Esinglet = −2J = 2CS −A1− S2 (1.4)

is found, with C, S and A being the Coulomb-, overlab- and exchange integrals, respec-
tively [Nol07]. J is the exchange constant, which depends on the relative orientation
as well as the distance of the spins. Using J an exchange Hamiltonian can be de-
fined:

Ĥspin = −2J ~̂S1 · ~̂S2, (1.5)
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Chapter 1 Theoretical Background

with ~̂Sn the spin operators for the two electrons. If J > 0, an energy reduction of the
triplet state compared to the singlet state is found and a parallel alignment of the spins
occurs in the ground state (see Fig. 1.1). This leads to ferromagnetism. For J < 0 an
anti-parallel alignment is favoured and the system will end up in an anti-ferromagnetic
state. In a very simplified view this is due to the fact that electrons in the triplet state
have a larger average distance due to the asymmetric spatial part of the wavefunction
reducing the Coulomb energy.

This definition of the exchange Hamiltonian for two electrons can be expanded to an
exchange Hamiltonian for many electron systems with an exchange interaction to more
than one other electron. The corresponding Hamilton operator incorporating this is
called the Heisenberg Hamiltonian

ĤH = −
X
i;j

Ji;j ~̂Si · ~̂Sj , (1.6)

with Ji;j the exchange integral between the i-th and j-th electron.

Due to the non linearity of this operator often an approximation is used. In the mean
field or molecular field approximation the effect of the surrounding electron spins is
modelled by using an effective local magnetic field ~Bmean which was first introduced by
Weiss in 1909 [Blu03]:

Ĥmean = −
X
i

~̂Si
X
j

Ji;j · ~̂Sj ∼ −gµB
X
i

~̂Si ~Bmean. (1.7)

with ~Bmean = P
j Ji;j · h ~̂Sji the mean field at the i-th site [SS06]. This can be simplified

further when taking crystalline order into account, which implies the same mean field
throughout the material. Another common way is to neglect the interaction beyond
nearest neighbours, which reduces the number of terms significantly.

For the direct exchange interaction a direct overlap of the electron wavefunctions is
essential, since the exchange integral J is zero otherwise. For rare earth elements such
as holmium or terbium the 4f -electrons, which dominate the magnetism, are strongly
localised and overlap only very little. For these systems the theory of direct exchange was
expanded by Ruderman, Kittel, Kasuya and Yoshida to include an exchange mediated
by the quasi-free conduction electrons. They showed that the latter become polarised by
the local moment of the 4f -electrons. This polarisation oscillates in sign as a function
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1.1 Ferromagnetism

of the distance from the localised moment and carries the spin information over large
distances. Due to this oscillation the coupling to neighbouring moments can be either
ferromagnetic or anti-ferromagnetic depending on the distance. In honour of the four
scientists this interaction is today called the RKKY interaction.

However, all exchange mechanisms both direct and indirect assume unperturbed and
unhybridised atomic wavefunctions which do not exist in solids. Here, the electronic
states of neighbouring atoms form bands so that magnetism is suppressed. But as in the
case of the transition metals the exchange can lead to a splitting of the bands for spin
up and spin down electrons [RS08].

1.1.2 Band Ferromagnets

For the case of itinerant electrons as in the classical ferromagnets iron, cobalt and nickel,
the exchange interaction on its own is not sufficient as an explanation of the Curie
temperatures or magnetic moments found. In these so-called band ferromagnets the
coupling between single spins is not only short range due to the exchange interaction but
rather long range mediated by the delocalised conduction electrons.

Here the Stoner model proposed in the 1930s by Stoner, Slater and Wohlfarth is
able to make reliable predictions about the magnetic moment or the Curie temper-
ature [Maj07]. They use the ansatz of two spin subbands with either spin up or down
which can be differently populated by a number of n electrons. This gives following
[IL99]

E↑(~k) = E(~k)− I n↑
N

(1.8)

E↓(~k) = E(~k)− I n↓
N
, (1.9)

with N the total number of electrons and E(~k) the energy in the non-ferromagnetic case.
I is the purely phenomenological Stoner parameter describing the energy decrease due
to the exchange interaction. By using the polarisation or relative excess of spins of one
kind

R = n↑ − n↓
N

. (1.10)
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Figure 1.2: (a) Schematic of the band splitting for up- and down-spins in the absence of an
external field. For the Stoner criterion free electrons are assumed leading to a purely parabolic
dispersion relation. (b) Local spin density approximation calculations of the band structure of
face-centred (fcc) Co. Dotted lines show the s-d band if they were not hybridised with the d-band.
the width of the d subbands and the exchange splitting are indicated on the right. (from [RS08])

the energies of the spin up and spin down band can be rewritten as

E↑(~k) = E′(~k)− 1
2IR (1.11)

E↓(~k) = E′(~k) + 1
2IR, (1.12)

with
E′(~k) = E(~k)− I n↑ + n↓

2N = E(~k)− 1
2I (1.13)

energy of the system not taking exchange interaction into account.

This shows a clear splitting of the energy levels for the spin up and spin down subband
by IR, which is also shown in Fig. 1.2(a) showing the density of states for the spin
up and spin down electrons. The splitting depends on the relative occupation R of the
two subbands. This in turn can be expressed by using the Fermi-Dirac distribution
f(E)

R = 1
N

X
~k

f(E↑(~k))− f(E↓(~k)), (1.14)
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1.2 Micromagnetic Formalism

which is
f(E) =

�
exp

�
E − EF
kBT

�
+ 1

�−1
. (1.15)

This self-consistency condition must be fulfilled for the system to present a ferromagnetic
ground state. By inserting 1.11, 1.12 and 1.15 in 1.14 an equation is obtained that leads
to the Stoner criterion. For this criterion the equation was expanded up to third order in
R and treated for a temperature of 0 K (the latter giving a step-like Fermi distribution).
This gives

I ~D(EF )/2 > 1 (1.16)

as the Stoner criterion for ferromagnetism with ~D(EF ) the density of states per atom
and spin orientation. Thus the system shows a ferromagnetic ground state if the product
of exchange constant and density of states at the Fermi energy is larger than 2. The
factor 1/2 arises from dividing the electrons into two subbands with D still giving the
density of states for all electrons.

Indeed, when calculating I ~D(EF )/2 for different elements only for iron, cobalt and
nickel is the Stoner parameter found to be larger than one [IL99]. When looking at
the band structure calculations in Fig. 1.2(b) clearly the large number of narrow (weak
dispersion) d-bands close to the Fermi energy can be seen leading to a high density of
states. Furthermore, for non-ferromagnetic materials the magnetic susceptibility � can
be expanded in terms of the Stoner parameter.

� = �0
1− ID(EF ) + . . . (1.17)

By this, high susceptibilities for materials like Palladium are predicted, which indeed
show pronounced paramagnetism. So ferromagnetism is a polarisation of the elec-
tron spin – an excess of electrons with one spin direction – even at zero external
field.

1.2 Micromagnetic Formalism

The microscopic approach to ferromagnetism is able to make very good predictions about
the behaviour of magnetic systems in response to e. g. temperature or external magnetic
fields. Nevertheless, it is unsuitable for calculating the behaviour of mesoscopic or even
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Chapter 1 Theoretical Background

macroscopic systems due to the large number of electrons and the massive computing
time needed. Therefore, in large systems, a micromagnetic model is usually used for
which the exact quantum mechanical model is simplified by using continuous scalar
functions J(~r) and Ms(~r) for material parameters such as the exchange constant or the
saturation magnetisation. The magnetisation ~M and the magnetic field ~H are defined as
continuous vector functions ~M(~r) and ~H(~r). In this way, the micromagnetic model is
able to provide good predictions for the behaviour on the nano- and micrometre scale
[Aha00; Bro63]. For further reading, a more detailed description can be found in the
books of Hubert and Schäfer as well as Aharoni [HS98; Aha00].

1.2.1 Landau Free Energy

Equilibrium configurations for a given ferromagnetic structure are found by minimising
the Landau free energy [Aha00]

GL( ~H, T, ~m) = U − TS − µ0 ~m · ~H, (1.18)

for fixed external field ~H and temperature T , with U the internal energy, S the entropy
and ~m = ~M/Ms the magnetisation normalised by the saturation magnetisation Ms.
The Landau free energy depends mainly on the magnetisation configuration and the
external field but also on some (temperature dependent) material parameters. For
solving this variational problem the ferromagnetic structure is subdivided into many
elementary volumes. These have to be small in respect to the typical length over which
the magnetisation varies significantly. At the same time they have to be large enough
to contain a sufficient number of atoms, so that we can make use of statistical and
thermodynamic methods to describe the properties of the volume. The Landau free
energy is then calculated for each elementary volume. This discretisation can be chosen
independently of the lattice of the solid, but should be finer than the exchange distance
to gain significant results.

There are four important contributions to the Landau free energy of a ferromagnetic
body: the exchange energy, the magneto crystalline anisotropy energy, the magnetostatic
or demagnetisation field energy, and the Zeeman energy in an external field. The
magnetoelastic energy, which arises from magnetostriction is omitted. Firstly, this is done
because the saturation magnetisation changes when the ferromagnet expands or shrinks
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1.2 Micromagnetic Formalism

as a result of the changing magnetisation, which is contrary to the basic assumption that
Ms is constant. Secondly, a large part of the internal magnetostriction in a ferromagnetic
crystal can be expressed in the same mathematical form as magnetocrystalline anisotropy
and is implicitly included when taking experimentally obtained values for the anisotropy
constants.

1.2.2 Exchange Energy

As introduced above, the exchange interaction is the main reason for the occurrence of
ferromagnetism. By Taylor expanding the scalar products in equation 1.5 up to second
order (which is the first non-vanishing term) and using the magnetisation ~m for the spin
one obtains

Eex = A

Z
(~∇~m)2dV, (1.19)

with the material dependent exchange stiffness A = (c/a0)JS2, which is proportional
to the exchange constant J and the square of the spin S. Here a0 is the lattice
constant and c a constant describing the lattice symmetry. Hence, this contribution
to the energy favours configurations with small lateral changes of the magnetisation.
A homogeneous magnetisation state with (~∇~m) = 0 gives a exchange contribution of
zero.

It must be noted that this is a good description only if ~∇~m is small i. e. the angle
between neighbouring magnetic moments is small, because of the expansion to second
order used. This must be kept in mind when simulating for instance magnetic vortices
numerically. Therefore, the grid has to be chosen fine enough to avoid artifacts induced
by the mesh size.

1.2.3 Anisotropy Energy

In crystalline solids the energy of a magnetisation state depends on the direction of
the magnetisation with respect to the crystal axes. For the d-transition metals the
anisotropy energy's origin lies in the spin-orbit interaction of the d-electrons. Depending
on the crystal structure this leads to the formation of so-called easy axes which are the
preferred direction of magnetisation. The number of easy axes can vary from one for
materials with a hexagonal symmetry as Cobalt, which is called an uniaxial anisotropy,
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Chapter 1 Theoretical Background

(a) (b)

Figure 1.3: (a) Three-dimensional polar plot of the anisotropy energy in the case of a system
with uniaxial anisotropy with K0 = 1 and K1 = −1. Clearly an energy minimum along the
〈001〉 direction can be seen, which denotes the easy axis. (b) Plot of the anisotropy energy of a
cubic system with K1 = 1 and K2 = 1. Here energy minima are found along the 〈100〉, 〈010〉
and 〈001〉 directions.

to three in cubic systems like iron or nickel (see Fig. 1.3). In addition to this crystalline
anisotropy in perfect unperturbed crystals, induced anisotropies can be present caused
by e. g. strain or lattice defects. On the contrary, shape effects are not included in
the anisotropy terms. They are treated by the demagnetisation field energy as will be
explained below.

The energy term modelling the anisotropy contribution to the Landau Free energy is
[Aha00]

Eani =
Z
�ani(~m(~r))dV. (1.20)

with the function �ani modelling the anisotropy. For a uniaxial anisotropy (there is only
one easy axis) this is

�ani(~m(~r)) = K0 +K1 cos(2α) + . . . , (1.21)

with α the angle between the magnetisation and the easy axis (see Fig. 1.3(a)). For a
biaxial anisotropy with two easy axes along 0◦ and 90◦ this becomes

�ani(~m(~r)) = K0 +K1 cos2(2α) + . . . (1.22)
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1.2 Micromagnetic Formalism

For a cubic system this results in

�ani(~m(~r)) = K0 +K1(a2
1a

2
2 + a2

2a
2
3 + a2

1a
2
3) +K2a

2
1a

2
2a

2
3 + . . . , (1.23)

with aj the cosines of the angles between magnetisation and crystalline axes. Here the sign
of K1 determines whether the easy axis points along h100i or h111i (and the equivalent
axes). This contribution to the Landau free energy becomes minimal for the magnetisation
pointing along an easy axis direction (see Fig. 1.3(b)).

1.2.4 Demagnetisation Field Energy

(a) (b)

Figure 1.4: Simulation of (a) the magnetisation equilibrium configuration of a 30 × 30 × 100
nm3 Py element. To minimise the demagnetisation/stray field the magnetisation is aligned
parallel to the long axis of the element. (b) shows the corresponding demagnetisation field,
which is clearly seen at the two ends where the magnetisation points out of the surface. Note
that the demagnetisation field points in the opposite direction compared to the magnetisation.
Simulation by Nmag [Fis+07]

This part of the Landau free energy is based on the magnetic field created by a magnetic
structure itself. Starting from Maxwell's equation ~∇ ~B = µ0~∇

(
~H + ~M

)
= ~0 the stray

field ~Hd generated by the magnetisation ~M is

~∇ · ~Hd = −~∇ · ~M = −Ms
~∇ · ~m. (1.24)

This field acts like an external field giving an energy contribution of

Edemag = −1
2µ0Ms

Z
~Hd · ~mdV. (1.25)
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Chapter 1 Theoretical Background

The stray field can now be calculated from the scalar potential Φd. In order to do so, it
is useful to define magnetic charges together with the corresponding volume and surface
charge density λv = ~∇ · ~m and σs = ~m · ~n with ~n the surface normal. With these, the
potential of the stray field can be expressed as [HS98]

Φd(~r) = Js
2�µ0

�Z
volume

λv(~r ′)
j~r − ~r ′j

dV ′ +
Z

surface

σs(~r ′)
j~r − ~r ′j

dS′
�
. (1.26)

The stray field can now be deduced through ~Hd = −~∇Φd(~r). This contribution is
minimised when the magnetisation aligns parallel to the boundaries of the ferromagnet
whereby the stray field becomes small (see Fig. 1.4(a) and 1.4(b)). In comparison to the
other contributions to the free energy, the demagnetisation field is strongly non-local,
which in particular is computing time consuming.

1.2.5 Zeeman Energy

The last contribution to the Landau free energy depends on the angle between the
magnetisation and an external field ~Hext. Like a compass needle the magnetisation tries
to align along an external field to minimise its energy. In this way, the magnetisation
can easily be manipulated from the outside. This is commonly used in experiments. The
Zeeman energy is [Aha00]

EZeeman = −µ0Ms

Z
~m · ~HextdV. (1.27)

1.2.6 Brown's Equations

Combining the four energy contributions, the Landau free energy can be expressed
as

GL = Eex + Eani + Estray + EZeeman. (1.28)

For the equilibrium state with magnetisation ~M0(~r) this energy is minimal. Hence, the
variation of GL with respect to any changes of the direction of the magnetisation away
from equilibrium is zero:

�aiGL( ~M)
���
~M0

= 0, 8i, (1.29)
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1.2 Micromagnetic Formalism

with ai the cosines of the magnetisation direction. Following the definition of the Landau
free energy an effective field resulting from the four contributions can be calculated
through [Aha00]

~H = − 1
µ0

�
∂GL

∂ ~M

�
. (1.30)

This yields
~Heff = 2A

µ0M2
s

� ~M − 1
µ0

∂�ani

∂ ~M
+ ~Hd + ~Hext. (1.31)

For a parallel alignment of the magnetisation ~M with this effective field ~Heff the
energy of the system is minimal. This is expressed by the first Brown equation
[Bro63]

~m× ~Heff = 0 (1.32)

which can be derived from (1.29). Additionally, for the surface of the ferromagnet the
second Brown equation has to hold for the energy minimum

~m× ∂~n ~m = 0 (1.33)

with ∂~n the change of ~m perpendicular to the surface. Solving these equations directly
leads to the equilibrium configuration.

However, for realistic problems the set of equations above cannot be solved analytically.
Nevertheless, the effective field is calculated for every step of the simulation codes used
in this work and Z ���~m× ~Heff

��� dV � � with � close to zero (1.34)

is used as a criterion for convergence.

1.2.7 Magnetism and Temperature

Ferromagnetism is very sensitive to temperature and the theory above only holds for
temperatures below the Curie temperature TC , which marks the transition from the
ferromagnetic to the paramagnetic state. This phase transition is marked by a continuous
first partial derivative of the Landau free energy [Rei09]

∂GL
∂T

= S, (1.35)
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and is therefore a 1st order phase transition. It is also characterised by a vanishing
latent heat �Q = T�S. Therefore already below TC the ferromagnet is not fully ordered
anymore and shows a lower saturation magnetisation MS . It can be described by an
Arhenius law

Ms(T )jT − TC j� for T <. TC (1.36)

with β = 2/3. An explanation of this behaviour cannot be found within the Heisenberg
model since the energy connected to spin flip events was shown to be too large. However,
considering spin waves or magnons, first proposed by Bloch in 1930 [Blo30], it is possible
to describe this behaviour in a theoretical framework.

1.3 Static Magnetisation Con�gurations and Domain Walls

(a) (b)

Figure 1.5: (a) Schematic of a Bloch and (b) a Néel wall.

For ferromagnetic elements with sizes in the order of the exchange length λ, the exchange
interaction dominates the Landau free energy. This leads to the formation of monodomain
states. On the contrary, for larger samples the influence of other contributions such as the
stray field energy becomes more prominent leading to the formation of multidomain states.
Here, the magnetic domains are separated by domain walls (DWs) where the magnetisation
rotates from one direction to the other. In this way it is possible to reduce the strayfield
and the total energy although the exchange contribution increases. Thereby also the
famous Landau pattern of ferromagnetic rectangles emerges [HS98].
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The width of a DW is mainly determined by the exchange length

λ =
q
A/KD, (1.37)

with A the exchange constant and KD = 1/2µ0NM2
s the effective anisotropy. For the

classical ferromagnets this is λFe � 3.4 nm in iron, λCo � 4.9 nm in cobalt, and λPy �
5.3 nm in Permalloy.

For this work so-called 180◦ DWs between adjacent domains with opposite magnetisation
are especially of interest. For such a configuration there are typically two types of DWs:
First the Bloch wall, where the magnetisation rotates in a plane parallel to the plane of
the wall, and second the N�eel wall, where the magnetisation rotates perpendicularly to
the DW plane. Both types are sketched in Fig. 1.5.

In ferromagnetic films the type of DW which is observed depends on the thickness of
the film: For thin films N�eel walls with the magnetisation rotating around the surface
normal are found since the stray field is smaller and thereby the demagnetisation field
energy minimised. However, in N�eel walls the angle between adjacent moments is
larger compared to the Bloch wall resulting in a higher exchange energy. Therefore,
for thicker films this decrease of the exchange energy compensates the increase in stray
field energy, so that Bloch walls with an out-of-plane magnetisation component are
predominant. In Permalloy (Ni80Fe20) with a thickness between 20 nm and 40 nm Bloch
walls appear. For even thicker films, combinations of N�eel and Bloch walls are found
[Mid63].

(a) (b)

Figure 1.6: (a) Micromagnetic simulation of a transverse wall and (b) a vortex wall. Simulations
performed with OOMMF [DP99]. Additionally to the arrows the colour code indicates the
magnetisation direction.

In flat and wide ferromagnetic strips or “wires”, the DW structures are strongly influenced
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by the boundaries of the wire and the DW types are slightly different. For Permalloy
(Py) wires the magnetisation lies in the plane of the wire and the shape anisotropy is
dominant forcing the magnetisation to point along the wire. Two types of 180◦ walls
are observed, which are the transverse (TW) and vortex wall (VW) (see Fig. 1.6): In
TWs, which are found in thin and narrow wires, the magnetisation bends to one side of
the wire and lies in-plane throughout the wall. At the side of the wire large stray fields
are present and the energy is dominated by them. This type can be associated with the
N�eel wall. In VWs, which are predominant in wide and thick wires, the magnetisation
curls around the vortex core which is located in the middle of the wire. In the core the
magnetisation points either in- or out-of-plane. For VWs, the stray field on the side of
the wire is strongly reduced but due to the large changes in the magnetisation direction
close to the core the exchange energy is increased. This type can be associated with
the Bloch wall in extended films due to the magnetisation rotating parallel to the wall
plane when crossing the vortex core. Not only is the type of DW is determined by the
geometry of the wire, but also the width of the wall is strongly influenced, and it scales
roughly with the width of the wire. For details on DWs in Py see the work by Kläui et
al. [Klä08].

1.4 Magnetisation Dynamics

In general, in a magnetic field, every magnetic moment feels a torque perpendicular to
both the magnetic field and its moment

d ~M

dt
= −γ

(
~M × ~H

)
, (1.38)

with γ = �0ge
2me

the gyromagnetic ratio and g the Land�e factor of the electron. If ~M ∦ ~H

this leads to a precession of the magnetic moment with the Larmor frequency !L = γ ~H

around the direction of the magnetic field. The same holds for every magnetic moment
in any magnetic configuration and the effective field at the location of the magnetic
moment. When a magnetic configuration, e. g. due to sudden changes of the external
field, is away from equilibrium there is an angle between the effective field and the
magnetic moments. This results in a gyration of the magnetisation around the effective
field.
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1.4 Magnetisation Dynamics

To account for energy dissipation through an interaction with the lattice, Landau and
Lifshitz included an additional damping term, resulting in

d ~M

dt
= −γ

(
~M × ~Heff

)
− λ ~M ×

(
~M × ~Heff

)
, (1.39)

with λ the damping strength [LL35]. This leads to energy loss and by this to an alignment
of the magnetic moment along the effective field after some time. Often a slightly different
form first introduced by Gilbert is chosen:

d ~M

dt
= −γ′

(
~M × ~Heff

)
− α

Ms

~M × d ~M

dt
, (1.40)

with α the Gilbert damping parameter [Gil04]. It can be shown that these two forms are
mathematically equivalent when taking γ′ = γ/(1+)α2 and λ = γ′α/(1 + α2). In spite of
this equivalence there is an ongoing discussion about the question which of the two is
more correct. Unfortunately, this question is not experimentally testable by studying
field-driven magnetisation dynamics [RS08]. Apart from this, the microscopic origin of
the damping is still under debate. The spin-orbit-interaction, spin-flip scattering, and
magnon-magnon interactions have been proposed as contributors to the intrinsic damping
[RS08].

1.4.1 Field-Induced Domain Wall Motion

external field
torque

(a)

demag. field torque

demag. field

(b)

Figure 1.7: Schematic of field-induced DW motion: (a) the applied field (blue) exerts a torque
on the spins (green) in the DW, tilting them out-of-plane. (b) this results in a demagnetisation
field and corresponding torque (both blue) moving the DW in the direction of the field.

DWs in nanowires can be moved by external fields. To reduce the Zeeman energy, the
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Figure 1.8: DW velocity in straight Py
nanowires as a function of an exter-
nal field along the wire direction. The
wire is 600 nm wide and 20 nm thick.
For comparison the results of both the
one-dimensional model of Schryer and
Walker and numerical simulations are
shown. The linear increase of the veloc-
ity for low fields (region I) and the rapid
decrease at the Walker field (region II)
can be clearly seen. (Fig. from [Yan+08])
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wall moves in such a way that the domain parallel to the external field in increased in
size while the other is decreased. When pinning is neglected, this will even happen at
very small fields.

Applying the theory to the magnetisation dynamics of DWs in a wire under an external
magnetic field, it can be immediately seen that there is a force (and hence motion) not
only along the wire. The wall will not behave like a simple solid particle which is pushed
along the wire. In the DW – for both transverse and vortex walls – a component of the
magnetisation is perpendicular to the external field which results in a torque, which
tilts the magnetisation out of the sample plane (see Fig. 1.7(a)). This in turn leads to a
demagnetisation field which is also perpendicular to the sample plane and which results
in a torque in plane turning the magnetic moments into the direction of the applied field
(see Fig. 1.7(b)). Only this torque finally moves the DW. In this way the linear motion of
the DW along the wire is coupled to an out-of-plane dynamics, which makes a rigorous
mathematical treatment complicated [BTE08].

However, for low fields DWs in a wire are found to be well described by an one-dimensional
model, where only the position of the DW and an internal degree of freedom are used to
describe the motion of the wall [SW74]. This was first done for Bloch walls in materials
with a strong uniaxial anisotropy. It was found that for this case the DW velocity
increases linearly with the external field strength:

v = µH, (1.41)
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1.4 Magnetisation Dynamics

with µ = γ�/α the mobility of the wall and � the width of the wall. In this viscous
flow regime the spin structure of the wall does not change. In contrast, for fields above
the so-called Walker (breakdown) field HW = 2�αMs the domain wall structure was
predicted to change periodically resulting in a drop of the average velocity due to energy
loss through this channel [SW74]. This Walker field is directly connected to a torque
strong enough to tilt the magnetic moments in the DW completely out of the sample
plane. In this model the polarisation of the wall (the average magnetisation in the
transverse direction) changes periodically via a transformation to a N�eel wall and back.
Beyond the theory of Schryer and Walker the DW velocity is predicted to rise again for
fields much higher than HW (see Fig. 1.8).

In the case of the more complex DWs in thin Py wires, this behaviour was reproduced.
In a thorough investigation using micromagnetic simulations it was found that the
DW deforms but moves steadily for fields lower than HW . For fields above the Walker
breakdown the DW is found to transform periodically involving vortex, antivortex
and transverse DWs depending on the wire width and thickness as well as the field
amplitude. During these transformations even negative mobilities i. e. DW motion
opposite to the preferred direction, are found. Details can be found in the work of Lee et
al. [Lee+07]. Experimentally, this behaviour was studied by a number of groups using
different techniques e. g. magnetoresistance or optical techniques such as the magneto
optical Kerr effect [Ono99; Yan+08; Hay+08]. Recently it was shown that the onset of
the Walker breakdown can be suppressed using additional transverse fields resulting in
very high DW velocities in the range of a few 1000 m s−1 [Gla+08].

1.4.2 Spin-Transfer Torque

Further to external magnetic fields, electrical currents interact with the magnetisation.
This leads the way towards the so-called current-induced domain wall dynamics. In
1978, Berger suggested that spin-polarised conduction electrons would interact with the
magnetic moments of the localised d-electrons [Ber78]. In this process angular momentum
is transferred to the magnetisation by the conduction electrons.

In ferromagnets, the conduction electrons exhibit a spin polarisation (an excess of one
spin direction) due to the different densities of states for spin up and spin down electrons
at the Fermi edge. Thus electrical currents are also spin-polarised and carry angular
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momentum. When spin-polarised electrons flow towards a DW, there are basically two
possibilities for an interaction, which are reflection or transmission of the electron. The
first case can be interpreted as linear momentum transferred between the electron and the
wall comparable to a ball bouncing off a wall, although in a strict theoretical treatment
there are only torques transferred. In this process the electron is scattered back while
the wall moves in the initial direction of the electron flow. This effect is thought to be
significant only in samples with very thin DWs as can be found in materials with an
out-of-plane magnetisation. Therefore, for wide DWs as in Py, this effect only plays a
minor role, due to the Fermi wavelength of the electrons being much smaller than the
DW width [TKS08].

Adiabatic Spin-transfer Torque

Upon transmission of an electron through a DW, its spin has to turn to align with
the changing magnetisation. Since the momentum of the system has to be conserved
the magnetisation in the wall has to change accordingly but with reversed sign. When
assuming a purely adiabatic change of the spin direction of the conduction electrons
(electron spin and magnetisation are always aligned), a change of the magnetisation by
d ~M results in a change of the spin by d~S = ~∇e ~M/Ms with ~∇e the derivative of the
magnetisation in the direction of the electron motion. When expanding this to a number
of electrons of a spin-polarised current I with polarisation P this gives a total change of
angular momentum of

d~S = −~PI
e

~∇e ~M
Ms

dt. (1.42)

This can be used to calculate the angular momentum per volume, and with V = Adx

and A the cross section of the wire one gets

dM = 1
2gµB

d~S

~Adx
= −gPµB2eMs

j ~∇e ~Mdt, (1.43)

with j = I/A the current density in the wire. Replacing ~∇e ~M , the gradient of the
magnetisation in the direction of electron flow, by ~u · ~∇ with the definition of an effective
velocity

~u = gPµB
2eMs

~j, (1.44)
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the change of the angular momentum due to the adiabatic change of the electron spin
can be expressed as  

∂ ~M

∂t

!
adiabatic

= −(~u · ~∇) ~M. (1.45)

An in depth derivation of the formulas above can be found in the work of Thiaville et al.
[Thi04; Thi+05].

Nonadiabatic Spin Torque

There is the possibility of an additional torque acting on the magnetisation when a
current is injected, a concept first introduced by Zhang and Lee and shortly later by
Thiaville [ZL04; Thi+05]. While Zhang and Lee calculated this additional term from spin
relaxation of the conduction electrons, Thiaville introduced it more phenomenologically
to account for deviations between experimental data and theory.

If magnetisation gradients become large as at the core of a vortex wall or in narrow DWs
the electron spin is not able to follow the magnetisation adiabatically and a misalignment
occurs. This leads to an angle between local magnetisation and electron spin, which
in turn leads to a torque. Analogous to the adiabatic contribution using the effective
current and the change of the magnetisation in the direction of this current (~u · ~∇) ~M
this yields  

∂ ~M

∂t

!
non-adiabatic

= β ~M × (~u · ~∇) ~M. (1.46)

Here β is a measure of the misalignment between spins and magnetisation, which is zero
for the purely adiabatic case. Note that this term is by definition always perpendicular
to the adiabatic term. In the theory of Zhang and Lee the parameter β is given by
β = �ex/�sf, with �ex = ~/Jex (the time corresponding to the exchange interaction) and
�sf the spin-relaxation time. The reflection of conduction electrons on very thin DWs as
mentioned at the beginning, can be included in this β-term. While this definition implies
that β as well as α only depends on the material there are indications that β has a DW
structure dependent part [Elt+10].

Including the two terms for adiabatic and non-adiabatic spin torque in the Landau-
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Lifshitz-Gilbert equation (1.40) one obtains

d ~M

dt
= −γ′

(
~M × ~Heff

)
− α

Ms

~M × d ~M

dt
− (~u · ~∇) ~M + β ~M × (~u · ~∇) ~M. (1.47)

It should to be noted that the degeneracy between the Landau-Lifshitz and the Gilbert
damping is lifted by the two additional terms, which might open a way to evaluate which
of the two is correct.

1.4.3 Current-Induced Domain Wall Motion

Figure 1.9: Simulation of the wall veloc-
ity as a function of the injected current
density j (for details of the simulation and
the units used, see [Sch+07]). Three dif-
ferent values of β are chosen while α is
kept constant at 0.02.
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By means of the two torques introduced in Sec. 1.4.2 a DW can be moved along a
ferromagnetic nanowire by a DC current or excited by an AC current tuned to the
resonance frequency of the wall. The motion of a domain wall is predicted to depend
strongly on the magnitude of β. Recent measurements indicate that for Py β is larger
than α [Moo+09; Hey+10]. For this case the dependence of the DW velocity on the
current magnitude is similar to the field-driven case with a linear increase for small
currents, a drop at a critical current density and a slow recovery for even higher current
densities (see Fig. 1.9). Also here transformations of the DW structure are found above
the critical current density [Hey+08].

For α = β, no transformations are found and the velocity increases linearly. For purely
adiabatic torque (β = 0) an intrinsic critical current density is found below which no
motion is observed.
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1.5 Thermally-Induced Spin Currents

Very recently a new field has appeared studying the interaction between heat flow and
spin currents and called Spin Caloritronics [Hat+09; BMM10]. Interest was largely
triggered by the experimental findings of Uchida et al., who reported on an experiment
where spin currents were measured in a macroscopic Py strip exposed to a temperature
gradient [Uch+08]. The measurement was done using the inverse spin Hall effect (ISHE),
which is described below [VT06] in transverse thin platinum (Pt) wires which were
lithographically defined on the Py strip (see Fig. 1.10). The microscopic origin of these
experimental findings is still under debate.

T1

T2

M

     T

Δ

U

Py

Pt

js

Figure 1.10: Schematic of the experi-
mental configuration and model used by
Uchida et al.. Due to the temperature
gradient between the hot and cold end
of the Py-strip on the bottom, a thermal
spin current js is created. The latter dif-
fuses into the platinum wire on top. Here
the spin current in transformed in a volt-
age by the inverse spin hall effect. When
the magnetisation is reversed also the
polarisation of the spin current (not its
direction) changes, which leads to a re-
versal of the hall voltage.

When following the derivation of Uchida et al. the channels for spin up and spin down
electrons can be seen as two materials with different Seebeck coefficients [Uch+08]. When
the temperature of the ferromagnet is changed the electrochemical potential µ for spin
up and spin down electrons changes differently. Therefore the difference µ↑ − µ↓ is
changing along the sample acting as a spin voltage, which results in a pure spin current
flowing along the temperature gradient. In comparison to spin-polarised currents used
so far, for pure spin currents the same number of electrons with spin up is flowing in
one direction as electrons with spin down in the other direction. Therefore no classical
current is flowing and no charge but only angular momentum is transported. Uchida
et al. derive this by writing the spin dependent chemical potential as µ↑ = µc↑ + eΦ
with µc↑ the temperature dependent chemical potential of the spin up electrons. This
gives ∇µ↑ = (∂µc↑/∂n↑)∇n↑ + (∂µc↑/∂T )∇T + e∇Φ, with n↑ the spin-up particle-density.
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Because of the short spin-diffusion length in Py of ∼5 nm [BP07] ∇n↑ is close to zero for
usually much larger samples. This yields

~∇(µ↑ − µ↓) = eSS ~∇T, (1.48)

where SS = 1/e(∂µc↑/∂T − ∂µc↓/∂T ) is the spin Seebeck constant. ∂µc↑/∂T is the entropy
of the spin up system and is different from the entropy of the spin down system as pointed
out above. Hence, the higher the temperature gradient, the higher the spin voltage. By
using an extended Valet-Fert equation Uchida et al. also derived the corresponding spin
current

js = σF
2 (1− p2

c)[SS − (S↑ − S↓)]~∇T, (1.49)

with the σF , pc and S↑ the difference of the conductivities for spin up and down, the
polarisation and the spin Seebeck coefficient of the up electrons, respectively. For
temperature gradients of 3.3 · 104 K m−1 this yields spin currents of 9 · 104 A m−2. For
details see the work of Uchida et al. [Uch+09].

Recently, this derivation was put into question especially due to the long range effect on
the millimetre-scale despite the short spin-diffusion length of Py in the nanometre range
(see above). Xiao et al. proposed a different explanation based on spin pumping due to
a difference between the temperature of the magnon system of the ferromagnet and the
electron system of the Pt wire on top [Xia+10]. Following their calculations, this leads
to a spin current from the Py into the Pt, which in turn leads to a ISHE voltage at the
end of the Pt wire. In this picture, no spin current in flowing in the Py itself, but only
from the Py to the Pt.

1.5.1 Inverse Spin Hall Effect

Pure spin currents cannot be measured directly, so that they have to be converted to
charge currents or voltages which allow a direct measurement. This conversion can be
done by using the inverse spin hall effect (ISHE). This describes the generation of a
voltage perpendicular to the direction of a spin current injected in a non-magnetic metal
(see Fig 1.11).

For explaining the ISHE (and also the direct spin hall effect) two different mechanism
have been proposed: The first is an extrinsic spin dependent electron scattering on
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ferromagnet
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+
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d
w Figure 1.11: Schematic drawing of the

ISHE. A pure spin current Is is flowing
from the ferromagnetic (Grey) to the nor-
mal metal (Yellow). Here due to spin
dependent scattering a charge current
Ic is created. This leads to a charge ac-
cumulation on one of the sides of the
normal metal wire.

impurities (Mott-skew scattering and side-jump scattering) [VT07]. This leads to different
trajectories for electrons with opposite spin causing a charge accumulation on opposite
ends of the non-magnetic metal. The second is an intrinsic effect due to the band
structure of the metal [Sai+06]. However, both effects can be reduced to the spin-orbit
interaction.

For the charge current Ic resulting from a spin current Is injected in the normal metal
one gets [Sai+06]

~Ic = DISHE~Is × ~σ, (1.50)

with DISHE the ISHE efficiency and ~σ the spin-polarisation vector. Hence, the charge
current is perpendicular to both the direction of the spin current and the polarisation.
The ISHE efficiency strongly depends on the spin-orbit interaction which makes mate-
rials like Platinum and Palladium especially favourable for measurements of the ISHE
[And+08].

By further calculations it can be shown that the ISHE voltage is proportional to the
width w of the ferromagnetic strip and proportional to the inverse of the thickness d of
the traversing wire, giving [Uch+08]:

UISHE ∝
w

d
js (1.51)

with js the spin current density. Hence, the ISHE is maximised for wide ferromagnetic
strips and thin normal metal wires.
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Chapter 1 Theoretical Background

1.6 Micromagnetic Simulations

For getting an insight into the microscopic processes involved in the effects observed
experimentally or for comparison between theory and experiment, micromagnetic simula-
tions were carried out for this work. With those simulations, both the equilibrium state
of a magnetic system as well as its time evolution under external fields or spin-polarised
currents can be calculated depending on the program used. In order to do so, a set of
partial differential equations (for the Landau free energy and the effective field) has to be
solved repeatedly to find the energy minimum of the system. This is done numerically,
which requires a spatial discretisation of the simulated geometry. The two methods that
are most widely spread in micromagnetic modelling are the so-called finite difference (FD)
and the finite element (FE) method [FS00]. For both methods the mesh has to be fine
enough that it is much smaller than the exchange length, and that the angles between
neighbouring spins are small, in order to give reliable results. On the other hand, the grid
has to be chosen as coarse as possible to reduce the computation time. Here, in contrast
to the fairly local Zeeman, exchange and anisotropy energy contributions, especially the
calculation of the long range demagnetisation field and the corresponding energy depends
quadratically on the number of grid points. In the optimal case and the use of fast Fourier
transformations this can be optimised to O(n log(n)) [FS00].

For the FE method mainly tetrahedra are used for the discretisation in three dimensions.
In the following, the scalar potential of the effective magnetic field is calculated for
every node. The solution of the differential equation is then approximated by piecewise
continuous polynomials. The resulting set of equations can be solved numerically. So
the solution of the differential equation is connected to the nodes of the grid. Examples
of programs performing micromagnetic simulations using the FE method is the only
recently published NMag [Fis+07] or the very powerful simulation tool Comsol [AB] for
coupled physical problems in general.

On the contrary, for the FD method the body is discretised in small rectangular prisms
of equal size. The value of the function in each cell is then represented by the central
point of the cell. (Partial) derivatives are then replaced by the corresponding finite
difference quotients and integrals by finite sums. Again the resulting set of equations can
be solved numerically. The evolution in the time domain is done by regular time steps.
In comparison to the FE method, here the magnetisation is connected to the centre of
the cells. Examples in the field of micromagnetic simulations are the commercial LLG
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1.6 Micromagnetic Simulations

Micromagnetic Simulator by M. Scheinfein [Sch] as well as the open-source OOMMF
code by M. Donahue and D. Porter from NIST [DP99], which were used for this work
and which are widely used throughout the magnetism community.

The parameters used for simulations on Py are

saturation magnetisation Ms = 800 · 103 A m−1

anisotropy constant K1 = 50 J m−1

exchange stiffness A = 13 · 10−12 J m−1

Gilbert damping α = 0.01

if not stated otherwise explicitly.
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2
Experimental Techniques

The majority of measurements for this work were done using the magneto-optical Kerr
effect (MOKE). By the use of dielectric optical coatings, which increase the magneto-
optical signal, the signal-to-noise ratio was improved. The theory behind MOKE and
these coatings as well as the details of the experimental setup are described in this
section.

2.1 Magneto-optical Kerr Effect

Today, two magneto-optical effects are most widely known, which are the magneto-optical
Kerr effect, describing the interaction of magnetic media and light in a reflection geometry,
and the Faraday effect, describing the interaction in transmission. The Faraday effect
was first described by the English scientist Michael Faraday in 1845 [Far46]. About thirty
years later in 1877 the MOKE was discovered by the Scottish physicist John Kerr [Ker77;
Ker78]. Earlier Kerr had discovered the electro-optical Kerr effect describing the change
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of the index of diffraction as a function of an applied electric field. This will not be
discussed here, and the term Kerr effect will refer to the magneto-optical Kerr effect. For
MOKE as well as the Faraday effect an alteration of the polarisation (and amplitude) of
the reflected or transmitted light is found, which in first order depends linearly on the
magnetisation (not the magnetic field) of the sample. While the Faraday effect can be used
for transparent media with low absorption coefficients, for metals showing a vanishing
transmission above a few nanometres thickness MOKE is used.

MOKE is widely used for the characterisation of magnetic materials, both for static as
well as dynamic properties. Its popularity is based on mainly two facts: Firstly, the
measurement technique is non-intrusive for low laser powers since the heating is not
significant and does not or only very weakly alter the system under study. Secondly, the
technique allows for high time-resolutions up to the fs-time regime, which is much harder
to reach using other techniques.

2.1.1 Macroscopic Description

Macroscopically, magneto-optical effects can be described by an antisymmetric dielectric
tensor ~�r. This tensor describes the connection between the electric displacement field
~D or electric polarisation ~P of a medium with electric fields ~E. This also holds for
the electric field component of any electromagnetic radiation. For small field ampli-
tudes

~P = �0 ~�~E and (2.1)
~D = �0 ~E + ~P = �0(1 + ~�) ~E = �0~�r ~E, (2.2)

hold with ~� the dielectric susceptibility, which is connected to ~�r by ~�r = 1+ ~�. In the case
of optically isotropic materials and by neglecting higher order influences of the magneti-
sation ~M1 the dielectric tensor can be written as [Man95; QB00]

~�r = �r

0BB@
1 iQz −iQy
−iQz 1 iQx

iQy −iQx 1

1CCA , (2.3)

1Terms in second order lead towards the quadratic MOKE, which is also used for magneto-optical
experiments.
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Figure 2.1: Sketch of the E-field amplitudes of the incident and re-
flected beam for the case of s-polarised light. The field of the reflected
beam can be decomposed into a component with the same polarisation
as before Efs and into a component perpendicular to it Efp . The real
part of the Kerr angle Φ′s is indicated.

with �r the (scalar) relative dielectric permittivity, which describes the magnetisation
independent interaction. Qx, Qy and Qz are the components of the Voigt vector, which
is proportional to the magnetisation ~Q = Q ~M , with Q the Voigt constant. By inserting
this into (2.2) one obtains

~D = �0�r

0BB@
1 iQz −iQy
−iQz 1 iQx

iQy −iQx 1

1CCA ~E = �0�r ~E + i�0�rQ( ~E × ~M). (2.4)

In the case of light, ~D can be expressed as a linear combination of left and right circularly
polarised waves 2 with

~D� = ~D+
0 e

i(!t−~k+~r) + ~D−0 e
i(!t−~k−~r), (2.5)

with the indices of refraction n� = n(1± 1
2
~Q · ~k/j~kj). Here ~k is the wave vector pointing

in the direction of propagation and n = p�r. For non-transparent media n� is complex
leading to a complex wave vector which in turn leads to an exponentially decreasing
amplitude of the wave with respect to the distance travelled. Since this damping is
polarisation dependent, in addition to the attenuation of the amplitude the light wave
becomes elliptically polarised.

For the general case of a multilayer of N magnetic and non-magnetic layers the light will
enter from the initial medium i and after multiple reflections at the different interfaces
leave the material again. A mathematical calculation of the MOKE is based on two

2Also two linearly polarised waves with orthogonal polarisation can be used.
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matrices. One is the medium boundary matrix connecting the tangential components
of the magnetic and electric fields at the boundaries to s- and p- (perpendicular and
parallel) components of the electric field. The other is the medium propagation matrix
relating the s- and p-components of the electric field at the top and bottom surface of
each layer. With these two the magneto-optical effect in transmission and reflection
for any stack containing both magnetic and non-magnetic layers can be calculated by
simple matrix multiplication [QB00]. When decomposing the electric fields at the initial
layer i and the final layer f in their s- and p-polarised components, this can be written
as:

~Pi =

0BBBBB@
Eis

Eip

Ers

Erp

1CCCCCA =

0BBBBB@
Eis

Eip

rssE
i
s + rspE

i
p

rpsE
i
s + rppE

i
p

1CCCCCA (2.6)

and

~Pf =

0BBBBB@
Efs

Efp

0
0

1CCCCCA =

0BBBBB@
tssE

i
s + tspE

i
p

tpsE
i
s + tppE

i
p

0
0

1CCCCCA . (2.7)

Here i and r mark the initial and reflected part, respectively. These two are connected
by ~Pi = ~T ~Pf with

~T =
 ~G ~H

~I ~J

!
. (2.8)

While the matrices ~H and ~J are of no relevance here, the submatrices ~G and ~I can be
used to calculate the reflection coefficients r�� of the stack by

~I ~G−1 =
 
rss rsp

rps rpp

!
. (2.9)

This gives  
Ers

Erp

!
=
 
rss rsp

rps rpp

! 
Eis

Eip

!
. (2.10)

The Kerr rotation Φ′s and ellipticity Φ′′s for s- and p-polarised light are then given
by

Φs = Φ′s + iΦ′′s = rps
rss

and Φp = Φ′p + iΦ′′p = rsp
rpp

. (2.11)
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2.1 Magneto-optical Kerr Effect

For the extreme cases of optically thin and thick layers this can be simplified. For a
longitudinal MOKE geometry (see below) and optically thick films (the transmitted
amplitude is negligible) this is [YS98]

Φlong.
s = −cos(ϑ0) tan(ϑ1)

cos(ϑ0 − ϑ1) · i
n0n1Q

(n2
1 − n2

0) (2.12)

Φlong.
p = −cos(ϑ0) tan(ϑ1)

cos(ϑ0 + ϑ1) · i
n0n1Q

(n2
1 − n2

0) , (2.13)

with ϑ0/1 and n0/1 the incident angle and the index on refraction of the initial and the
magnetic material, respectively.

(a) (b)

Figure 2.2: (a) Real and imaginary part of the Voigt constant of Py as a function of wavelength
as measured by ellipsometry at 293 K (from [Neu+03]). (b) Kerr rotation of a 100 nm thick Py
film as a function of incident angle for different wavelengths in longitudinal configuration. (from
[Tan63])

Further to this dependence of the Kerr signal on the incident angle and the optical
properties of the two media, the Kerr effect also depends strongly on the wavelength of the
light. The penetration depth of light increases linearly with the wavelength, which alters
the overall Kerr rotion but can be easily taken into account. Nevertheless, an analytical
calculation is nearly impossible due to the additional strong nonlinear wavelength
dependence of the Voigt constant. Measured values of the dependence of the Kerr rotation
on both the incident angle and wavelength are shown in Fig. 2.2.

For further reading a more detailed description can be found in [Ben98; YS98; Zak+91;
QB00].
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2.1.2 Microscopic Description

Due to the wavelength of visible light the magneto-optical phenomena can only be
connected to the properties of the valence electrons close to the Fermi energy. Micro-
scopically, the magneto-optical effects can be explained with classical (non-quantum
mechanical) physics by interpreting the light impinging on the sample as a sinusoidally
varying electric field acting on the electrons of the system. Under the influence of this
field, the electrons are exited into an oscillatory motion. This is described by the classical
equation of motion of a bound electron [Ben98]

m~̈r = −m!2
0~r| {z }

~F1

− m

�
_~r|{z}

~F2

− e ~E|{z}
~F3

− e( _~r × ~B)| {z }
~F4

(2.14)

with m the electron mass, ! the eigenfrequency of the electron, � the electron relaxation
time, e the electron charge and ~E and ~B the electric and magnetic field acting on the
electron, respectively. Here, ~F1 and ~F2 describe a central force proportional to the
distance and a damping proportional to the velocity, while ~F3 and ~F4 represent the
electric and Lorentz force acting on the electron.

In the absence of magnetism ~F4 can be neglected. Hence, the sinusoidal field of linearly
polarised light results in the electrons being excited into an oscillation along the E-field
of the light. Acting as a dipole, light is emitted with the same polarisation i. e. the same
direction of the E-field vector by the electron. When taking magnetic fields into account,
which have a component perpendicular to the electron motion, the Lorentz force ~F4 adds
an additional component perpendicular to both field and electron motion. In general this
leads to an elliptic motion of the electron with the long axis rotated against the E-field
vector. As a consequence, the light emitted by this electron is elliptically polarised with
the average polarisation rotated compared to the incident beam. Following this theory,
the magneto-optical effects vanish for a magnetic field (magnetisation) parallel to the
E-field, which is indeed observed. Further details of different geometries of MOKE setups
are given in Sec. 2.1.3. An analogous treatment for circularly polarised light gives the
same results [Ben98].

However, the magnetic fields needed to explain the MOKE rotations observed for ferro-
magnets are in the order of 103 kG to 104 kG [Arg55]. This is of the order of magnitude
of the mean field (see Eq. 1.7). Nevertheless, this was found to be unsuitable for
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explaining the MOKE since it cannot couple to the electron motion and only a fully
quantum mechanical treatment is able to explain the effect and magnitude [QB00]. This
was first done by Hulme who included the spin-orbit interaction to explain the MOKE
[Hul32].

The Hamiltonian is

Ĥ = 1
2mp̂2 + V (~r)| {z }

Ĥ0

+ 1
2m2c2

h
~∇V (~r)× ~̂p

i
~̂s| {z }

ĤSO

+ e

mc
~A(~r, t) · ~̂p| {z }
Ĥ�eld

(2.15)

with m the electron mass, ~̂p the momentum operator, c the speed of light, ~̂s = (~/2)~̂σ the
spin operator and ~A the vector potential of the electromagnetic field inside the material.
Here Ĥ0 is the one-electron Hamiltonian with V the potential including the average
influence of the nuclei and all other electrons but neglecting spin-orbit interaction and
the electromagnetic radiation. ĤSO is the spin-orbit Hamiltonian coupling the motion
of the electron with magnetic moment ~µ with the magnetic field acting on the electron
when it moves through the electric field ~∇V . It is actually this term that connects the
magnetic and optical properties of a ferromagnet. In non-ferromagnets this contribution
vanishes when averaged over the whole system due to the equal number of spin up and
spin down electrons in the system. It only becomes prominent in ferromagnets with
an excess of one spin direction. Ĥ�eld finally models the influence of electromagnetic
radiation on the system. A full derivation treating Ĥ�eld as a perturbation and using the
band theory of metals was done by Argyres [Arg55].

Interestingly, it is found that the MOKE vanishes for materials without absorption.
Further calculations on special systems like rare earth or e. g. Ni also treating the topic
of inter- and intraband transitions can be found in the work of Shen et al., Erskine et al.
and Cooper et al. [She64; ES73; Coo65].

2.1.3 MOKE geometries

Classically, three different MOKE geometries are distinguished which are characterised
by the relative orientation of the plane of incidence and the magnetisation of the sample
(see Fig. 2.3). These are the
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Figure 2.3: Sketch of the different MOKE geometries. ~Ei is the E-field vector of the incident
beam while ~Eo,n and ~Eo denote the E-field of the reflected light. ~Eo,n represents the non-rotated
component when the MOKE is not taken into account. ~E0 is the E-field of the reflected light
including magneto-optical effects. For the polar geometry, the magnetisation points out-of-
plane and lies in the plane of incidence. For the transverse geometry, the magnetisation is
perpendicular to the plane of incidence. The polarisation of the p-polarised light does not show
any rotation while the amplitude changes depending on the magnetisation. For the longitudinal
geometry, the magnetisation is parallel to the plane of incidence. While for p-polarised light a
rotation of the polarisation in the clockwise direction is observed, for s-polarised light the rotation
is anti-clockwise. (from [Böc09])

� polar geometry (or polar Kerr effect), for which the magnetisation points out of
the sample plane and therefore always lies in the plane of incidence,

� transverse geometry (or transverse Kerr effect), for which the magnetisation lies in
the sample plane and perpendicular to the plane of incidence,

� longitudinal geometry (or longitudinal Kerr effect), for which the magnetisation
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lies also in the sample plane but parallel to the plane of incidence.

Polar MOKE With the magnetisation pointing out of the sample plane, the E-field of
light always has a component perpendicular to it. Hence, also the oscillation of the
electrons due to the E-field always has a perpendicular component. With a polarisation in
the plane of incidence the Kerr effect increases with decreasing incident angle and becomes
maximal at normal incidence due to the increasing component of the E-field perpendicular
to the magnetisation. Compared to the transverse and longitudinal geometry the polar
configuration gives the largest Kerr signal [HS98]. Only a rotation of the polarisation but
no change of amplitude as a function of magnetisation is observed.

Transverse MOKE With the magnetisation in the sample plane but perpendicular to
the plane of incidence this Kerr effect is fundamentally different since it is not the
polarisation of the reflected light that changes as a function of the magnetisation but the
intensity of the reflected light. For a polarisation in the plane of incidence the signal
again increases towards normal incidence, while for a perpendicular polarisation the
MOKE vanishes completely. In this case E-field and magnetisation are parallel and no
Lorentz force will act on the electrons.

Longitudinal MOKE For the longitudinal geometry the magnetisation lies both in the
plane of the sample and in the plane of incidence. With the incident light beam
inclined relative to the surface (the MOKE is zero for normal incidence with E-field
and magnetisation parallel) one can distinguish between the case of perpendicular
or parallel polarisation with respect to the plane of incidence (see Fig. 2.3). Both
configurations show a rotation of the polarisation, although the sense of rotation is
opposite. Here also no change in the amplitude as a function of the magnetisation is
observed.

2.1.4 Optical Coatings

Normally, the magneto-optical Kerr rotation is found to be on the order of a fraction
of a degree (see Fig. 2.2). Put differently, when decomposing the reflected beam into
an unrotated component with the same polarisation as the initial beam Eunrot and a
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Figure 2.4: Sketch of the effect of dielec-
tric coatings. The initial beam with po-
larisation Ei (black) hits the sample and
is multiply reflected at the surfaces of
the coating to both sides. The unrotated
component of the reflected light (Eu) is
indicated in red while the rotated com-
ponent of the reflected light (Er ) is indi-
cated in blue. For a perfect coating the
unrotated components of the light inter-
fere destructively.

coating

ferromagnet

Ei
Eu Eu EuEr Er Er

component Erot perpendicular to the first, which corresponds to the Kerr rotation (see
Fig. 2.4), Erot is found to be small compared to Eunrot (see Fig. 2.1 with Efs = Eunrot and
Efp = Erot). This can be improved by means of dielectric coatings, which are deposited
on top of the ferromagnet. These are made with a thickness resulting in a destructive
interference of the Eunrot components of the reflected light. Hence, the ratio Erot/Eunrot

and by this the Kerr rotation is increased. Furthermore, due to the multiple reflections
within the dielectric layer the light interacts with the magnetic surface more than once,
which leads to an additional increase of the rotated component [Lis64; HS98]. Because
the reflected intensity is decreased these coatings are often called anti-reflection coatings.
The optimal thickness of the coating depends on the wavelength, the incidence angle,
the ferromagnetic material and for thin ferromagnetic layers also on the thickness of the
ferromagnet.

A more precise approach to dielectric coatings also dealing with multilayered coatings uses
the optical admittance (being proportional to the index of diffraction) of the whole layer
system. For uncoated samples the difference of admittance between air and ferromagnet
is high leading to a large unrotated component in the reflected light. By adding a coating
the admittance can be tuned by changing the thickness of the coating to match the value
of the surrounding medium, which is in most cases air. By doing so, the reflectance is
decreased. Further information on dielectric coating in general can be found in the book
of H. A. Macleod [Mac01] while the influence on MOKE in particular is discussed in the
article of Cantwell et al. [Can+06].

For the samples used for this work, Ti2O3 was chosen as the coating material. For the
thickness optimisation a wedge of the coating was grown on top of a plain Py film. By
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scanning along the wedge the quotient of the MOKE signal and the overall intensity
reflected by the sample was measured as the figure of merit [All+03]. The thickness
resulting in the highest ratio was used for all samples.

2.1.5 MOKE measurement technique

For measuring the MOKE signal the polarisation of the reflected light is probed using
a polariser which is often called the analyser. Between sample and analyser any phase
shift between Erot and Eunrot is compensated by using a retardation (λ/4) plate. Now
in the ideal case while one magnetisation direction leads to a reflected beam with
components Erot and Eunrot the opposite magnetisation leads to −Erot and Eunrot

resulting in an angle Φ′( ~M) or Φ′(− ~M) = −Φ′( ~M). Behind a perfect polariser at an
angle � (with � = 0 the angle where Eunrot is blocked completely) this results in an
intensity of

I+ = I0 sin2(�+ Φ′) or I− = I0 sin2(�− Φ′) (2.16)

depending on the magnetisation direction. The contrast �I is then

�I = I0 sin(2�) sin(2Φ′) (2.17)

while the average intensity is

�I = I0
2 (1− cos(2�) cos(2Φ′)) � I0 sin2(�) for small Φ′. (2.18)

Hence, the MOKE contrast is largest for an angle of 45◦ due to the large slope of the
polariser transmission function. However, for most measurements (especially when only
one photodetector is used for measuring the intensity behind the analyser) the fractional
MOKE signal i. e. the ratio �I/I is the figure of merit, which is tried to maximise
[All+03]. This is

�I
�I

= 2 sin(2�) sin(2Φ′)
1− cos(2�) cos(2Φ′) . (2.19)

It represents the signal's dynamical range. Since neither the polarisation of the reflected
light nor the analyser are perfect a fraction of unpolarised light has to be taken into
account. This finally decreases the fraction signal [YS00]. Mathematically, this can be
done by including a factor γD = Imin/I0 which is the ratio of the minimal intensity Imin

and the overall intensity I0 behind the analyser. A reasonable value of γD is 5 · 10−4
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Figure 2.5: Plot of the MOKE contrast
(blue, left ordinate) and average light in-
tensity (green, right ordinate) both with
Φ′ =4 · 10−4 rad. No depolarisation at
the sample is taken into account.
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[All+03]. This results in

�I
�I

= 2 sin(2�) sin(2Φ′)
1− cos(2�) cos(2Φ′) + 2γD

� 2Φ′ sin(2�)
sin2(�) + γD

for small Φ′ (2.20)

which is plotted in Fig. 2.6. The plot shows a clear maximum for an analyser turned
only a few degrees from extinction. It should be noted that for an angle of 0◦ the
signal is also zero due to the symmetry in the MOKE rotation. Further improvement

Figure 2.6: Plot of the fractional MOKE
signal with γD =5 · 10−4. Note that the
plot only shows the region from 0◦ to
20◦.
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to the signal is possible when using two detectors with a sufficiently low noise level
measuring both the transmitted and the reflected beam at the analyser. Firstly, in this
configuration the analyser can be turned to 45◦ giving the maximum MOKE contrast.
When the two signals are subtracted the background intensity is cancelled. Secondly, this
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2.2 Single-Shot MOKE Setup

subtraction also compensates for all intensity fluctuations in the reflected light. These
might originate from the laser itself or from a changing reflectivity of the sample due to
e. g. drift.

2.2 Single-Shot MOKE Setup

λ/4Ar-ion laser
488 nm

PD3

PD1

PD2

BS1

pol.

ana.
beam exp. &
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obj. obj.

in-plane magnet.
prep. magnet
sample

magnet control

current pulse inj.
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Figure 2.7: Schematic drawing of the MOKE setup. The laser beam of an Ar-ion laser enters
the setup on the left and is expanded and spatially filtered. After passing a non-polarising beam
splitter (BS1) it is polarised again by a polariser (pol.) before being focused onto the sample
by an objective lens (obj.). The reflected beam is again collected by an identical objective lens
(obj.) and passes a λ/4 plate to restore linear polarisation. Both the reflected as well as the
transmitted beam at the analyser (ana.) are detected by a photodiode. A reference of the laser
power prior to the sample can be measured by a third photodiode (PD3).

The setup employed for the measurements in this thesis is sketched in Fig. 2.7. For the
measurement on micrometre sized structures the setup uses two identical commercial
microscope objective lenses of 20 mm focal length. These focus the beam of a single mode
output power stabilised continuous wave (cw) argon ion laser (488 nm) under an angle of
45◦ to an elliptical spot (major axis ∼1 µm) on the sample and collect the reflected light.
Both wavelength and incidence angle are close to the optimal value giving the largest
Kerr rotation for Py (see Fig. 2.2). The incoming laser beam with a power of up to 0.4 W
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Chapter 2 Experimental Techniques

passes through a beam expander to optimally backfill the objective lens (Mitutoyo PLAN
APO 20) and ensure a small focal spot size. This beam expander is combined with a
spatial filter to remove any aberrations in the beam. The laser power focused to a spot
of about 1 µm2 leads to a high local photon flux, which results in a higher signal-to-noise
ratio since only the magnetic structure is illuminated. This increase of the MOKE signal
is not due to the Kerr rotation or analyser setting (compare equation 2.20) but due to
the detection unit consisting of photodiode, amplifier and oscilloscope and their intrinsic
noise levels. Using an electro-optical-modulator (EOM) and arbitrary waveform generator
in front of the laser, the laser intensity can be modulated at will. This is e. g. used for
cutting a square laser pulse out of the continuous beam for the single shot measurements
discussed in chapter 4 to reduce the heat load on the sample.

A Glan-Laser polariser (Newport, extinction ratio: >106 ) ensures a high degree of
polarisation of the incoming beam. An additional λ/2-plate can be inserted in front
of the polariser to measure at an arbitrary polarisation. For the measurements shown
in the next chapter s-polarisation was used. The light reflected from the sample is
sent through a λ/4-plate to restore linear polarisation and then through a polariser
which is set a few degrees from extinction for highest sensitivity [Can+06; All+03]. For
differential measurements a second photodiode (PD2) can be installed. For measurements
of the reflectivity of the sample or for measurements of the laser intensity directly prior
to the sample a non-polarising beam-splitter and a third photodiode (PD3) can be
installed.

For single shot measurements (see Sec. 4.1) a fast detection scheme with only one
photodiode measuring the transmitted light after the analyser is used. Here a fast (<2 ns
rise time) custom built photodetector based on a FND-100Q (EG&G) PIN-photodiode,
which is biased with 16 V, is used. Due to the high time resolution needed the photocurrent
is converted to a signal voltage by a 51 
 load resistor (details in the appendix). This
signal voltage is amplified by a 2 GHz, also custom built low noise amplifier, and recorded
by a 500 MHz and 2 GS s−1 (Giga samples per second) oscilloscope. The rise time of less
than 2 ns of this detection setup was checked by measuring its response to femtosecond
laser pulses3.

For measurements which did not require a high time resolution the combination of fast
3The femtosecond laser pulse results in a Gaussian response signal of the photodetector. The FWHM

of this pulse was taken for the rise time.
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2.2 Single-Shot MOKE Setup

photodiode and amplifier was replace by a S1226-18BQ PIN-photodiode (Hamamatsu)
which was biased with 9 V from a battery. The load resistance could also be increased
to 2 k 
 due to the reduced bandwidth, resulting in a higher signal. Additionally, for
these measurements a differential detection scheme with two detectors was used to
further increase the signal-to-noise ratio. The subtraction of the signals was done
using a differential pre-amplifier (Stanford Research SR560). This was also used for an
amplification of the difference signal.

The sample is mounted in the gap of an electromagnet generating a horizontal field
in the plane of incidence of the laser. The magnetisation direction of the sample lies
in (or has a small angle to) the plane of incidence and the sample plane resulting in
a longitudinal MOKE geometry. For a field perpendicular to the plane of incidence a
second electromagnet is mounted on top of the sample. The whole magnet assembly
including the sample can be positioned relative to the laser spot using a two axis linear
motion stage with high-precision actuators (Newport). The actuators include optical
sensors that allow closed-loop control of the sample position and permit raster scans
with sub-100 nm precision. A backlash compensation is included to minimise mechanical
hysteresis. For the case of the in-plane magnet either a magnet with a core consisting
of laminated Py sheets, maximum fields above 500 G and a remanence of about 1 G
or a magnet with an aluminium core providing zero remanence but a maximum field
of only 70 G were used. The magnets are driven by an arbitrary function generator
(Agilent) and bi-polar power supply (Kepco) combination, which allows for arbitrarily
tailored field-sweeps as well as constant fields. In case of the Py core the maximum
sweep rate is 10 G µs−1. The magnetic field is monitored by logging the current through
the coil using the oscilloscope. The current was mapped to the corresponding fields by
mounting a high sensitivity hall probe (Chen Yang Technologies CYL3503) at the sample
position.

The whole setup (EOM, sample position, magnetic fields, current pulses, etc.) is computer
controlled via GPIB (general purpose interface bus, IEEE-488) and a number of Labview
programmes coded during this thesis. These allow e. g. for line scans of the sample
reflectivity, which can be used for a determination of the laser spot size by scanning off
the edge of a gold contact pad onto the substrate or placing the laser spot at a defined
position on a magnetic structure.
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Chapter 2 Experimental Techniques

2.2.1 Current Injection and Sample Holder

(a)

2 µm

(b)

Figure 2.8: (a) CAD model of the sample holder. (b) Photograph of the front part of the sample
holder. A chip carrier [Int] with a sample (reflecting surface) is mounted.

For injecting current pulses or for electrical measurements the sample is electrically
contacted. For fast and easy sample exchange a 44-pin chip carrier system [Int] and
a self-designed sample holder are used (see Fig. 2.8). The sample is glued onto the
carrier using silver dag and the contacts on the sample are bonded to the contacts of
the carrier [Int] using aluminium bond wires. This carrier can be slid into the sample
holder.

The holder itself is all aluminium made for zero remanence. The carrier is inserted from
the top and clamped to the holder on both sides. It is fixed by an additional clamp on top
of the sample. In this way, eleven contacts on the bottom are contacted to shielded cables
which can be used for current injection or measurement purposes. Detailed technical
drawings can be found in the Appendix.
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3
Sample Preparation and Properties

The preparation of suitable nanostructured samples consumes a significant amount
of time towards any experiment. Furthermore, the experiments performed would be
impossible without high quality samples with the right layout, the right material com-
position and a low number of defects. Therefore all steps of the preparation, growth
and in particular the patterning are important. These steps are described in the follow-
ing.1

3.1 Sample Preparation

All samples, which were measured for this work consist of Permalloy (Py) with a compo-
sition of 80 % Nickel and 20 % Iron. It is also widely used in industry for macroscopic
purposes as e. g. transformer cores due to the low coercive field/low anisotropy. In

1Thanks to D. Backes and J. Rhensius for the lithography and S. Krzyk, A. von Schmidtsfeld, A. von
Bieren and J. Heidler as well as M. Kl•aui for the deposition.
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Chapter 3 Sample Preparation and Properties

(a) (b)

Figure 3.1: (a) The damping parameter α in Ho-doped Py as a function of the Ho concentration
(measured by the Group of Ch. Back, Regenburg). (b) Saturation magnetisation Ms of rare-
earth-doped Py as a function of the Ho concentration (from [Kie08]). Both measurements were
done by ferromagnetic resonance on plane films.

the case of nanostructures, Py has the advantage that it grows in a polycrystalline
structure with fairly small arbitrarily oriented monocrystalline grains on the order of
(5 to 10) nm in size [Klä03]. These crystallites exhibit an fcc structure and a very low
crystalline anisotropy due to this material composition. These two properties make the
shape anisotropy predominant in all structures [Klä03]. All samples are fabricated on
0.5 mm-thick Silicon (Si) wafers with either the native oxide layer (referred to as high-R
Si) or a thicker oxide layer of about 190 nm, which is achieved by thermal oxidation. To
prevent oxidation all structures are capped with 2 nm of gold. An in-depth description of
preparation can be found in the PhD thesis of D. Backes [Bac08].

3.1.1 Ho-doped Permalloy (Ho-doped Py)

Pure Py has a Gilbert damping α of about 0.01 [HSF97; Wol+09]. This value can
be altered by doping with rare earth elements such as Holmium [Wol+09], which was
done for most of the experiments to study the dependence of the DW motion on α.
This change in α is attributed to a “slow relaxing” impurity model introduced by van
Vleck and Orbach [VO63]. Their model is based on the interaction of the rare earth
4f -electrons and the 5d-electrons of the ferromagnet. The 4f -multiplet of the holmium
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3.1 Sample Preparation

or another rare earth impurity is split due to the exchange field of the d-electrons of the
ferromagnet. Under the precession of the magnetic moments of the ferromagnet this
exchange splitting of the holmium f -electrons is modulated and in turn the population
of the split f -bands changes periodically with the precession. Since the transition rate in
the rare earth electrons from one subband to the other are limited by their relaxation
time the d-electrons of the ferromagnet are subject to a fluctuating field of the rare earth
f -moments. By further calculations it can be shown that the damping parameter α is
given by the Fourier transformation of this field. For Ho in Py this results in an increasing
α as a function of the Ho content as can be seen in Fig.3.1(a).

This change of α is accompanied by an alteration of the saturation magnetisation due
to an anti-ferromagnetic exchange coupling between the holmium 4f - and the Py 3d-
electrons. This change was found to be 40 emu/cm3 per atomic percent (see Fig. 3.1(b))
[Wol+09].

3.1.2 Deposition

For the deposition of the Py either sputtering or thermal evaporation in a UHV system
was used.

Sputtering DC magnetron sputtering is a fast deposition technique, with which growth
rates of the order of 10 nm/h to 100 nm/h can be achieved. This makes it widely used in
science as well as in industry [KA00].

After evacuation, the deposition chamber is filled with a noble gas like Argon at a
pressure in the range of 1 · 10−3 mbar. For the deposition the so-called target, which
is made of the desired material for deposition, is bombarded by fast ions of the gas
used. The ions are generated in a glow discharge between target and substrate. For
magnetron sputtering in particular, additionally to the electric field for the discharge a
magnetic field is used to confine the discharge in front of the target and to force the ions
on spiral trajectories. This increases the length of the ion path and therefore the number
of collisions which in turn increases the sputter rate. When the ions hit the target at
a sufficiently high energy, atoms of the target are released. They finally condense on
the substrate. Depending on the machine used the target is mounted face down with
the sample facing up or vice versa. The Ho-doped samples were prepared by means of
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Chapter 3 Sample Preparation and Properties

co-sputtering from two targets simultaneously, which requires a good calibration of the
sputter rates of both targets as well as a precalibration of the thickness monitor since
both Ho and Py are measured during deposition.

Molecular beam epitaxy For other samples a UHV system with a base pressure of
1 · 10−10 mbar was used. Here the substrate was mounted face down above an evaporator.
This consists of a Py rod which is surrounded by a thin filament at a distance of a few
mm. Electrons are emitted from the filament by thermionic emission and accelerated
towards the rod by high voltage. Due to the arrangement of rod and filament especially
the tip of the rod is hit and by this heated. At a sufficient temperature the Py evaporates
and Py atoms hitting the substrate condense there. Due to the high vacuum the quality
of the films and the number of defects is very low. However, here only low deposition
rates of about 5 nm/h are reached.

3.1.3 Patterning by Lift-off

Figure 3.2: Schematic of the steps in-
volved in the sample preparation with lift-
off. The substrate, deposited metal layer
and the resist are shown in grey, green
and blue, respectively. The exposed re-
gions of the resist are marked in light
blue.

a) bare substrate b) spin-coated c) exposed

d) developed e) deposition f ) lift-o�

The lift-off process was used for the patterning of the majority of the samples. Here, the
substrate is spin-coated with a polymer resist, baked, exposed and developed. Then the
material is deposited as described above and finally the lift-off process is performed (see
Fig. 3.2). PMMA (polymethyl methacrylate), an organic polymer is used as the resist,
which is distributed evenly and thinly (on the order of some 100 nm) on the substrate by
spin-coating. Following this, the sample is baked to evaporate the solvent and to heat the
resist above the glass transition temperature. By using an electron-beam writer parts of
the resist are exposed to a collimated beam of electrons. This breaks the resist polymer
to short monomers which are soluble in the developer. Those parts of the resist are
removed in the wet chemical development process using the solvent IppA. Here the bare
substrate is exposed again. By use of a computer controlled beam a virtually unlimited
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3.1 Sample Preparation

variety of structures can be written into the resist. When Py is subsequently deposited
on the sample, it is either laid on the bare substrate or on the resist depending on which
regions were exposed. In the final lift-off step itself the remaining resist is removed in
aceton. Since most of the Py lies on top of the resist it is also removed and it only
remains in the exposed regions.

Since the walls of the exposed regions in the resist are not infinitely steep and material
is not grown under perfect normal incidence, material can be deposited on the walls
of the exposed regions. This can result in a roughening of the edges of the structures
during lift-off, when parts of the material on the walls are not removed completely. These
defects can act as pinning sites for DWs moving along the wire.

In contrast to this resist, also so-called negative resists can be used which transform to a
less soluble state when exposed to the electron beam. If the rest of the process is kept
this results in a negative image with the exposed regions free of Py. For further details
on this topic see [Bac08] and the references therein.

3.1.4 HSQ and Ion-Milling

a) bare substrate b) Py deposited c) Cr + HSQ coated

d) exposed e) developed f) milled

Figure 3.3: Schematic of the steps in-
volved in sample preparation by HSQ
and ion-milling. The substrate, deposited
metal layer, the Cr interlayer and the HSQ-
resist are shown in grey, green, orange
and blue, respectively. The exposed re-
gions of the resist which is transformed to
silicon oxide are marked in grey.

An alternative way of patterning uses such a negative resist but starts with the growth of
a plain Py film directly on the bare substrate. This is capped with chromium. This stack
is spin-coated with HSQ (hydrogen silsesquioxane), a resist consisting of a cross linked
silicon dioxide structure. During exposure with the electron beam, this is transformed into
amorphous silicon dioxide. When the unexposed resist is removed during development,
only a mask defining the structures remains. Next the sample is ion milled, which is
comparable to sputtering with the sample used as the target.2 Material is removed from
the whole surface of the sample. Due to the silicon oxide mask, which exhibits a lower

2Thanks to Dr. S. Seo from Samsung Electronics, Korea.
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milling rate compared to the metals, the surrounding material is milled away faster. In
the ideal case this process is stopped at the point where the chromium on the structures
is completely removed. This can be probed by measuring the MOKE signal of the sample,
which is strongly dependent on the thickness of a chromium coverlayer. If chromium is
still found on the sample, the sample is milled down step by step until the signal reaches
the magnitude of pure Py.

Compared to the lift-off process the edges of a milled sample are expected to be much
smoother resulting in lower pinning, which was experimentally verified recently [Mal+10].
However, this method has the drawback that a precise removal of all chromium is difficult
to achieve so that remains of the chromium may be present on the structures reducing
the magneto-optical contrast or the current density in the ferromagnetic layer beneath if
current is injected into the structure.

For current injection or electrical measurements the lithographically defined Py structures
are contacted to larger gold structures. This is done in a second lithography step, the
overlay, using lift-off and 50 nm of gold. These gold contacts connect the structures
situated in the middle of the chip to larger pad structures on the perimeter. For
measurements the sample is glued to a commercial chip carrier [Int]. By wire-bonding the
gold pads are connected to the macroscopic contacts of the carrier.

3.1.5 Optical Coatings

To increase the magneto-optical contrast in all samples used, dielectric coatings were
deposited on the whole sample except the electrical contact pads on the bottom. For a
theoretical treatment see Sec. 2.1.4. After tests with different materials like zinc sulfide,
which unfortunately showed an absorption edge close to the laser wavelength of 488 nm,
titanium oxide was finally chosen. First, coatings were sputter deposited in cooperation
with U. J. Gibson3. After the optimal thickness was determined the coating was done
commercially by Croma Technology.

3Thanks to the group of U. J. Gibson at Dartmouth College for the fruitful coorperation for optimising
the optical coatings.
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3.2 Sample Characterisation

3.2 Sample Characterisation

Prior to measurement, the samples were inspected using mainly a scanning electron micro-
scope. Additionally, the damping parameter of the Holmium-doped Py was determined
by ferromagnetic resonance on unstructured films4.

(a) (b)

Figure 3.4: SEM images of the sample structure used for most of the experiments in this work.
a) Overview of the central region of a sample with the gold contacts leading to the eight sets of
samples. b) Zoom in one of the sets, each consisting of four identical wires.

3.2.1 Scanning Electron Microscopy

The resolution of optical microscopy is limited by the diffraction limit which is in the
order of the wavelength of the light used. This makes it unsuitable for probing the details
of structures on the nanometre scale. In contrast, the de-Broglie wavelength for electrons
is directly dependent on the acceleration voltage U and is in the order of about 1 pm for
typical voltages of a few kV. Thus, the electron wavelength can be reduced to a length
where the resolution of a microscope does not depend on the electron wavelength but on
the quality of the electron lenses and the electron spot size. A resolution down to 0.4 nm
has been reported [Hit08]. Scanning electron microscopy (SEM), sensing the secondary
electrons of a collimated electron beam being scanned over the sample, can give valuable
information about the film quality and edge roughness of the structures. Furthermore,

4Thanks to the group of Ch. Back at the University of Regensburg
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the overlay after the second lift-off process in the sample fabrication can be controlled
and verified. Two pictures with different magnification of a typical sample design are
shown in Fig. 3.4.
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4
Results

Different aspects of the motion of head-to-head domain walls in ferromagnetic nano-
structures have been investigated for this thesis. Using the MOKE setup described in
Section 2.2, the influence of Ho doping on field-driven DW motion in Py wires, as well as
the influence of current injection on DW motion and the temperature of the wire were
explored. Furthermore, the effect of local heating was studied using the laser not only
for detection purposes but also as a heat source. In this context, the effect of thermally
generated spin currents on DW motion and pinning was studied, as well as the spin
currents themselves.

The results of these different studies are presented in the following chapter. Each
topic is covered in a separate section, each of which is divided into a brief motivation,
description of the sample and measurement procedure, results and conclusions. A
general conclusion for all parts is drawn in a separate chapter, which also contains an
outlook.
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Chapter 4 Results

Figure 4.1: Picture of a vortex wall, which
was prepared at the bend of a nanowire mea-
sured with X-ray circular magnetic dichroism
photoemission electron microscopy (XMCD-
PEEM). The direction of the magnetisation
is indicated by arrows. The direction of the
preparation Hprep and driving field Hdrive are
also shown. Hdrive

Hprep.

l
1 µm

4.1 Domain Wall Motion in Ho-doped Py Wires

For future devices working on the basis of DWs being moved along nanostructures to
store information or to process logic operations, the two key issues are reliability and
reproducibility. Therefore motion in the viscous regime below the Walker breakdown is
the desired kind of motion characterised by a purely translational motion in the absence
of DW structure transformations (see Sec. 1.4.1). Hence, there is a growing interest in
finding ways to suppress the Walker breakdown and the DW structure transformations
entailed with it. So far e. g. the application of additional transverse fields [Gla+08] as
well as tailored wire geometries [Lew+09] have been successfully employed to postpone
the onset of the Walker breakdown. Apart from this, changing the Gilbert damping
parameter α is predicted to reduce DW transformations [SW74].

In this section the effect of different values of α on DW motion are presented. In particular,
the focus is put on the depinning field and field-driven DW velocity as a function of α.
Distinct values of the depinning field are found which can be connected to the different
DW structures possible after preparation. Further, the DW velocity is observed to
decrease with increasing α as predicted by the one-dimensional model. However, the
dependence is more complex than predicted by the model. The experimental findings
are compared to micromagnetic simulations. For current-driven DW motion, the onset
of the Walker breakdown is found to shift to lower current densities when the doping
concentration is increased.

4.1.1 Measurement Technique and Sample

For this study, zig-zag shaped Py wires with a thickness of 20 nm and a width of 1500 nm
on a high resistive Si substrate are used (see Fig. 3.4). For controlling the Gilbert
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4.1 Domain Wall Motion in Ho-doped Py Wires

damping parameter α, Holmium (Ho) doping at different concentrations was used in
Py. By co-deposition, five different sets of wires with either pure Py or 1, 2, 4 and
10 % of Holmium were prepared.1 This results in an α of 0.01, 0.02, 0.03, 0.09 and 0.26 ,
respectively2. Due to the anti-ferromagnetic coupling between Ho and Py, the saturation
magnetisation of the samples is 800, 760, 740, 640 and 400 kA m−1, respectively (see
Sec. 3.1.1 for details).

For the measurements, a DW is repeatedly prepared at the bend of the wire by applying
and subsequently removing a field transverse (Hprep.) to the main wire direction (see
Fig. 4.1). After that, the DW is moved along the wire by ramping up an external field
along the wire at a rate of 1 G µs−1. When reaching the depinning field of the wall at
a time t0, the wall moves along the wire at a speed vDW. This is probed by the Kerr
signal from a laser spot of � 1 µm diameter located 10 µm away from the bend on the
wire.
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Figure 4.2: (a) Raw data (MOKE signal) showing a DW traversing the MOKE laser spot at
approximately 35 µs after the start of the laser pulse indicated by a sharp jump in the signal
(red frame). The slow rise at the beginning is due to the laser light being switched on. (b)
Magnification of the background corrected and normalised MOKE data trace fitted with an error
function. The DW crosses the centre of the laser spot at t0 = 34.59 µs. The width is ∆T =
12.3 ns.

For a high time resolution, one fast photodiode and amplifier (rise time about 1 ns)
together with a laser power of about 0.20 mW are used (see description of the setup in

1Thanks to J.-U. Thiele and M. Kl•aui for the preparation.
2Values obtained by ferromagnetic resonance measurements on planar �lms by the group of Ch. Back,

Regensburg, Germany.
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section 2.2). To reduce the heating, the laser is gated using an electro-optical-modulator
(EOM) and polariser. In this way, the sample is only illuminated for a time window of
50 µs around the depinning event. Due to the EOM and the response function of the
photodiode and amplifier this gating induces low frequency noise on the signal which is
reproducibly the same for every measurement (Fig. 4.2(a)). By averaging over a number
of shots without a DW prepared a reference curve can be obtained. Additionally, the
start of the field ramp is delayed with respect to the onset of the laser pulse so that
the DW motion event is shifted to regions where the signal has settled. When the DW
crosses the laser spot a sharp change in the MOKE signal level is seen (see red frame in
Fig. 4.2(a)). After a background correction of the low frequency noise, the transition can
be fitted with an error function (see Fig. 4.2(b)).

On one hand, the arrival time of the DW at the laser spot t0 is a direct measure of the
depinning field Hdp from the bend. Since the field ramp is slow compared to the velocity
of the DW the field does not change significantly during depinning from the bend and
detection a few micrometres away from the bend. On the other hand, the transition time
�T is a good measure for the DW velocity vDW via

vDW = l + wDW
�T , (4.1)

with l the diameter of the laser spot along the wire direction and wDW the width of the
DW (see Fig. 4.1). Measurements of the spot size and X-ray circular magnetic dichroism
photoemission electron microscopy (XMCD-PEEM) measurements proof that the DW
velocity can be calculated with l = wDW = 0.8 µm.

4.1.2 Results

DW depinning in Py wires with different doping levels

Approximately 200 individual DWs for each doping level were investigated. The depinning
field is found to have a spread of up to 5 G (see Fig. 4.5). Moreover, a grouping of the
depinning field into up to three distinct channels is observed although the DW is always
prepared under nominally equal conditions. This splitting is particularly clear for 1 % on
Ho doping (7.5 G, 9.5 G, 11.5 G). But also for higher Ho concentrations a splitting into
two channels with decreasing spacing is found as the doping is increased. For the highest
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Figure 4.5: Histograms of the depinning field
Hdp for the different levels of Ho content in
1500 nm wide and 20 nm thick Py wires.

concentration of 10 % Ho no splitting is visible, which might also be related to the small
number of events that could be used for the analysis in this case. In this sample the

61



Chapter 4 Results

saturation magnetisation and consequently the MOKE signal is reduced by about 50 %
due to the high concentration of Ho. Also for pure Py the splitting is not clearly visible,
which is in contrast to previous measurements on 25 nm thick wires [Möh+08]. Those
also show a clear splitting into three distinct channels suggesting that in addition to the
doping level the thickness of the sample is of importance for the DW preparation or the
depinning mechanism.

Two possible models can be used for explaining this behaviour: One, assuming equal initial
conditions but different depinning paths or the other assuming different initial states with
different depinning fields despite the constant preparation conditions. Although there
might be different paths taken after depinning, which in turn could lead to a differently
strong interaction with e. g. pinning sites, different initial states have been observed on
this and on similar samples using XMCD-PEEM imaging making the latter model much
more likely [Lau+06; Moo+10a]. These states are either the clockwise or counterclockwise
vortex DW state and a transverse DW state with the magnetisation pointing in the
direction of Hprep. The second possible transverse wall with the magnetisation pointing
opposite to Hprep is not found because it is energetically unfavourable. Furthermore,
the transverse wall found is only metastable for this wire geometry and XMCD-PEEM
experiments showed that they transform into a vortex wall as soon as current pulses are
injected [Moo+10a].

Figure 4.6: Probability of finding a clockwise
or counterclockwise vortex or transverse DWs
after preparation for different levels of Ho dop-
ing. In the wires with 4 % and 10 % only vor-
tex walls are found. However, the probability
is not accurately known due to a low number
of preparations (from [Moo+10b]).
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Complementary to the MOKE measurements, the same samples were used for studies on
the current-induced DW motion using XMCD-PEEM imaging later on.3 Here different
initial DW configurations are found after preparation. When the probability of the

3Thanks to T. A. Moore and L. Heyne for carrying out the measurements.
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Figure 4.7: Depinning field Hdp of the three
DW structures as a function of Ho concen-
tration as taken from the depinning field his-
tograms 4.5. The DW type indicated in the
graph is identified indirectly by the pinning
strength since the MOKE measurements do
not allow for a determination of the DW spin
structure. The average depinning field is indi-
cated by open squares. (from [Moo+10b])

different DW structures is plotted versus the Ho concentration (Fig. 4.6), the probability
of finding a transverse wall is seen to decrease with increasing Ho content in favour of
the two vortex states. Furthermore, Hayashi et al. found DWs to exhibit a differently
strong pinning at a notch depending on the DW structure [Hay+06a]. According to their
findings the transverse wall is most difficult to depin followed by the two vortex DWs. For
those the pinning does depend on their position with respect to a notch. For a position
to the left of the notch and a field pushing the vortex to the right (across the notch)
the counterclockwise wall exhibits a stronger pinning than the clockwise one. When
applying this to the different channels found for the DW depinning, in this experiment
the channels can be connected to the three DW structures. This is supported by the
rising probability of finding vortex DWs as the doping is increased which exhibit a lower
pinning. At the same time, MOKE measurements show a shift towards lower depinning
fields, which are found for this wall type. The average depinning field of the channels
labelled by DW type is plotted as a function of the Ho content in Fig. 4.7. This shows a
drop of the depinning field of the transverse wall and an increase of the depinning fields of
the two vortex states when the Ho doping is increased. At the same time the difference in
depinning field for the two chiralities of vortex walls is decreasing.

Additionally to these measurements, micromagnetic simulations on a similar wire ge-
ometry show a clear dependence of the depinning field on the DW type and the Ho
concentration (see Fig. 4.8). To reduce computation time the wire width is reduced
to 500 nm while the thickness was kept at 20 nm. For the simulation of the differently
strong doping α and Ms are varied according to the experimentally determined values
while the exchange constant as well as the anisotropy are kept constant. All three DW
types found in experiment can be reproduced. However, when ramping up a field to the
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right to probe the depinning field the transverse wall always transforms to a vortex wall
at a relatively low field before depinning at a much higher value. This is in contrast to
the experimental findings, but might be explained by the simulation calculating perfect
wires at a temperature of 0 K in contrast to rough wires at a finite temperature in reality.
Both edge roughness and temperature strongly influence the pinning conditions at the
bend. The roughness in particular might mean that the DW stays pinned at the bend
before it moves and transforms in experiment, while it transforms and afterwards stays
pinned in the simulation.

Nevertheless, the two vortex walls show a clear dependence of their depinning field
on chirality and Ho concentration (see Fig. 4.8). In line with Hayashi's findings the
counterclockwise vortex is always more strongly pinned than the clockwise vortex in-
dependent of the Ho concentration. Furthermore, the spacing of the two depinning
fields is also found to decrease as the doping level increases, which fits the MOKE
data. Only the strength of the pinning decreasing in experiment is increasing in the
simulations.

The differently strong pinning at the bend of the two types of vortex walls can be
explained by the different direction of motion of the vortex core under an external
field. When a field is applied, the part of the vortex with its magnetisation parallel
to the external field is growing at the expense of the other part. This leads to the
core moving either diagonally in field direction up or down. For a field in the positive
x-direction this is upwards for the counterclockwise and downwards for the clockwise
vortex wall. Since the wire points downwards, the depinning of the clockwise wall is
thereby facilitated.

Figure 4.8: Depinning field from micromag-
netic simulations of a clockwise and counter-
clockwise vortex wall for different values of
Ms corresponding to Ho concentration. The
wire has a zig-zag shape, 500 nm width and
20 nm thickness. The simulations were per-
formed with OOMMF [DP99]
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initial counterclockwise DW

initial clockwise DW

Figure 4.9: The initial clockwise and counterclockwise vortex states used for the simulation of
the depinning field. The structures are 500 nm wide and 20 nm thick. The arrows as well as the
colour code indicate the magnetisation direction.

The general trend of a decreasing depinning field with decreasing Ms can be understood by
a reduction of the stray field due to the reduced magnetic moment. This way the pinning
is reduced with the magnetic moment. In contrast to the results of the micromagnetic
simulations, the experimental data shows a rise of the pinning of the two vortex states as
the doping is increased. However, the average depinning field over all DWs (open squares
in Fig. 4.7) is also seen to decrease as the doping increases. Additionally, the simulations
only account for the shape of the sample and intrinsic pinning mechanism. Pinning sites
possibly induced by the doping are not taken into account.

It should be noted that these findings based on micromagnetic simulations do not depend
on the damping but only on the decrease in saturation magnetisation. An additional
set of simulations also showed no effect of a change of the exchange constant of up to
10 %.

Velocity of �eld-driven DW in Py wires with different Ho-doping levels

Further to the depinning of the DWs, the motion of the walls along the wire as a function
of Ho content is determined via the transition time (see Fig. 4.2(b)). A distribution of
transition times �T is found (see Fig. 4.12). All show a similar shape being asymmetric
and skewed towards smaller transition times, which is in line with previous measurements
[Möh+08]. Comparing distributions from samples with different Ho concentrations, the
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peak of the distribution is found to be shifted to larger transition times as the doping
increases.
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Figure 4.12: Histograms of the transition time
∆T for different Ho concentrations in 1500 nm
wide and 20 nm thick Py wires. To account
for the different depinning fields the transition
times were normalised to the transition time at
11 G. (Note the different scalling of the x-axes.)
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Simulations mimicking the experimental data were performed in order to separate
the different sources of the broadening which could be e. g. velocity variations or
the signal-to-noise level. For this, 5000 identical shots with the same transition time
were superimposed with white Gaussian noise of the same amplitude as found in the
measurements. Subsequently this artificial data is fitted with an error function in a
similar way to the measurement data. This results in a similar distribution with a width
comparable to the distribution found in experiment, which is also skewed towards smaller
transition times. A comparison of simulation and measurement in shown in Fig. 4.13.
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Figure 4.13: Comparison between the transi-
tion time distribution of pure Py normalised to
the transition time at 11 G (red columns) and
a simulation (black line). In the simulation
5000 events with a transition time of 10 ns
and a comparable signal-to-noise level were
analysed in the same way as the experimen-
tal data. The inset shows a typical simulated
trace.

This suggests that the broadening is mostly due to the noise and not due to velocity varia-
tions. If velocity variations are present they cannot be observed by the experiment if they
are smaller than the noise induced broadening. The asymmetry is found to be caused by
the limited bandwidth of the setup. When the bandwidth is increased in the simulations,
a symmetric distribution is obtained. Despite this broadening, the peak of the distribution
is a good indicator for calculating the average DW velocity.

This average velocity as determined from the peak transition time is plotted as a function
of the inverse of α in Fig. 4.14. To correct for the different depinning fields the velocity
was normalised to the transition time at 11 G for calculating the velocity. Here a linear
dependence of the transition time on the field is assumed. Clearly the velocity is found
to drop as the Ho content is increased. Qualitatively, this is in agreement with the
theoretical 1D model. However, when this is compared quantitatively with the predictions
of the theoretical 1D model (black line in Fig. 4.14) they only meet at large values of α.
For lower values of α deviations from the model are found.
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Figure 4.14: Average DW velocity as a func-
tion of 1/α for 1500 nm wide and 20 nm thick
Py wires doped with Ho. Experimental MOKE
data (solid green circles) and micromagnetic
simulation (open blue circles) are compared
with the prediction of the 1D model (see Sec-
tion 1.4.1). The applied field for the simula-
tions is 11 G. The experimental data is nor-
malised to 11 G. (from [Moo+10b])
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For an in-depth understanding, the dependence of the DW velocity on the Ho concen-
tration, variations of both α and Ms were studied using micromagnetic simulations. In
this case a 10 µm long wire with the same width and thickness as used in the experiment
was simulated using LLG [Sch].4 A vortex wall was prepared in the middle of the wire
and moved through the wire by applying a field of 11 G under an angle of 22.5◦ to
account for the tilted wire geometry. The initial state as well as the magnetisation
configuration found after 12 ns simulated time are shown in Fig. 4.15 for the different
values of α.

For all damping constants the wall is found to move in the field direction without any
DW structure transformations. This shows that the applied field is below the Walker
breakdown field and the wall motion in the viscous flow regime which again justifies the
linear normalisation of the measured transition times to 11 G. The distance travelled
and so the velocity is found to decrease with increasing α. Apart from this, the vortex
core is moving away from the centre position upwards and towards the leading edge of
the DW (top right) as it is dragged along the wire. This is more pronounced the lower
the Ho content is. Only for 10 % of Ho giving α = 0.26 the vortex core seems to move
slightly down and towards the trailing edge of the wall.

Further details of the process of motion are gained by plotting the component of the
magnetisation along the wire direction Mx(t) which can be used as a measure of the
motion of the wall (see Fig. 4.16). For all values of α, a linear and steady motion
of the DW can be seen after the first 10 ns by the linear increase of Mx over time.
Furthermore, for low values of α the linear motion is seen to be superimposed by a

4Thanks to L. Heyne for his help with the LLG simulations.
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Figure 4.15: Images of the propagating vor-
tex DW as obtained from the simulations. For
t = 0 (top image) the vortex core is found
in the centre of the wire. The images below
show the vortex after a time of 12 ns for the
different values of α. The arrows indicate the
motion of the vortex core since the start of
the simulation. The colour wheel shows the
direction of the magnetisation.

oscillatory motion, which corresponds to the vortex core oscillating with a small amplitude
of about 100 nm perpendicular to the direction of motion. This motion decreases when
α is increased.

For a comparison of the simulation data with the experimental results the average velocity
of the simulated vortex is calculated from the time it takes the DW to travel a distance
of 10 µm. For this, data after the settling time of about 10 ns is used. This data is also
plotted in Fig. 4.14. Comparing the results of the simulation and experiment, both are
found to qualitatively exhibit the same dependence on the inverse of α. For both the
velocity increases with increasing 1/α. Further, both curves flatten off with increasing
1/α.

However, the velocities obtained from the simulation are a factor of two to three larger
than those measured. This could be due to material inhomogeneities or thermal effects
reducing the velocity in the experiment. Additionally, when comparing both experiment
and simulation to the 1D model an increasing discrepancy between the two is seen as 1/α
increases showing lower velocities than predicted by the model. Reasonable agreement
is only found for small values up to 1/α = 10 for the experiment and 1/α = 50 for the
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simulation. In this region the vortex is well described by the 1D model and can be
modelled as a point like quasi-particle. This is in line with the simulations showing only
minor distortions of the vortex in this range. Only for pure Py (1/α = 125) the core
is seen to oscillate which leads to the generation of spin waves, which can be seen as a
channel of energy dissipation. Here the velocity determined from the simulation as well
as the measured velocity is much smaller than the prediction of the model, which does
not take this into account.

Figure 4.16: DW displacement as a func-
tion of simulated time for a vortex wall in a
1500 nm wide and 20 nm thick Py wire with
different Ho concentration (α and Ms were
varied according to the doping level.). The
simulations were performed with LLG [Sch].
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Current-induced DW motion in Ho-doped nanowires

Unfortunately, the highly resistive Si substrate is not suitable for studies of current
injection using MOKE since the laser induces charge carrier which short the contacts.
However, further studies using XMCD-PEEM were performed on this set of samples
measuring the DW velocity of purely current-induced motion. For this method, the wall
is again prepared at the bend of the wire by applying a magnetic field. In the following,
the DW position is determined from a PEEM image, a current pulse is injected and the
new position is measured. The velocity is then calculated from the pulse duration and
the distance travelled.

In contrast to the field-induced motion discussed above, here the slope of the velocity
as a function of current-density is not changing with the doping concentration (see
Fig. 4.17(a)). However, both the critical current density to depin the wall as well as the
current density for Walker breakdown decrease with increasing Ho doping. This opens an
unique way to determine the non-adiabaticity factor β (see Fig. 4.17(b)). Furthermore,
the change of β can be correlated to the change of α which gives further insight in the
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Figure 4.17: (a) Average DW velocity as a function of the current density for 1500 nm wide and
20 nm thick Py wires with differently strong Ho doping. (b) Damping α and non-adiabaticity
factor β as a function of Ho content. (both from [Moo+09])

underlying mechanisms of the non-adiabatic spin-torque. As can be seen in Fig. 4.17(b) α
and β scale similarly up to 4 % of Ho suggesting that similar effects are involved. Further
details on this topic can be found in the PhD. thesis of L. Heyne [Hey10] and the article
of Moore et al. [Moo+09].

4.1.3 Conclusion

It is found that the increase of the Gilbert damping constant α by Ho-doping reduces the
DW velocity in the case of field-induced motion. The velocity obtained from single shot
MOKE measurements qualitatively agrees with results from micromagnetic simulations.
The quantitative discrepancy can be attributed to the effect of material inhomogeneities
of the sample which are not taken into account by the simulation. For high damping a
reasonable agreement between both simulation and experimental data with the 1D model
is found. This can be explained by the DW behaving like a semi-rigid quasi-particle
moving steadily along the wire. For small values of α the 1D model is not able to
explain the velocities found. Simulations show periodic oscillations of the vortex core
perpendicular to the wire direction which cause additional energy loss through spin
waves. This leads to a velocity reduction.

The pinning strength of DWs is also found to be different for the three possible DW con-
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figurations. Further, depending on the DW structure, the pinning strength is differently
influenced by the doping. However, micromagnetic simulations indicate that mainly the
change of the saturation magnetisation and not of α due to the doping is of importance
in this respect.

72



4.2 Joule Heating in Current-induced Motion

Beyond field-induced DW motion, current-induced DW motion in particular promises
to be useful for future storage and logic devices because it would make field-generating
striplines redundant and thus lead to simpler device architectures. This in turn involves
advantages in respect of the scalability of the device. However, from an applications
standpoint, one of the most challenging problems is still the very high current density
required to move a DW, causing significant Joule heating. This can dramatically
alter the DW motion, for instance by a reduction of the saturation magnetisation Ms,
if the temperature approaches the Curie temperature TC . Furthermore, the increased
temperature entails a reduced spin-torque efficiency which can be attributed to a reduction
of the spin polarisation [Lau+06]. Furthermore, this heating can lead to a different
reversal mode, if the heat induced magnetic disorder increases to a degree where no DW
propagation is present any more and an incoherent reversal of the magnetisation takes
place. Heating up to TC by current pulses has been demonstrated before through indirect
temperature measurements and the observation of the formation of multidomain states
in nanowires [Yam+05; Tog+06]. However, a real-time measurement of the saturation
magnetisation during injection of current pulses has not yet been reported, which would
be necessary to better correlate the pulse injection and heating effects. To reduce this
heating, one of the key questions is the understanding of the influence of different substrate
materials and the thickness of electrically insulating interlayers between nanowire and
substrate. This has already been analysed by theoretical calculations [YH07], but so
far systematic studies which investigate the paths of heat transfer (e. g. It has not been
clarified to what extent the heat flows primarily vertically into the substrate or along
the metal nanowire into the contacts.), which would lead the way to tailored substrate
materials or different sample/device design, are lacking.

In this section, direct real-time measurements of the decrease of the magnetisation
with increasing current density in Py nanowires are presented. It is found that the
magnetisation drops during the current pulse when reaching a critical current density,
suggesting that Joule heating is crucial for DW motion. A comparison of identical
nanowires on different substrates shows that the thickness of the insulating oxide layer
has a large impact on the temperature rise, and shows that, rather than simple heat
conduction through the metal nanowire, it is the heat flow into the substrate which
dominates.
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4.2.1 Measurement Technique and Sample

For these measurements the single shot MOKE setup is used, too. However, for this
study, it is not the fast detection scheme employed for the measurements presented
in the last section that is used, but a differential detection scheme with a polarising
beam splitter and two slower detectors to improve the detection sensitivity (see section
2.2). Again, the magnetisation is probed in a region of ∼ 1 µm diameter on the sample
determined by the size of the focused laser spot. Measurements are conducted at room
temperature with laser powers not exceeding 0.1 mW.

The structures studied here are 1.5 µm-wide, 20 nm-thick Permalloy nanowires doped
with 2 % Ho with the same geometry as in the last section. However, the Ho doping is
not expected to be of any importance for the experiment. Here, the region probed by
the laser spot is located 5 µm to the right of the bend, and a DW prepared at the bend
is moved through the laser spot by a combination of external magnetic fields and current
pulses. Both field and current are chosen to act in the same direction pushing the DW
from the bend towards the laser spot (see Fig. 4.1). In contrast to the samples used in
the experiments shown so far, the structures were fabricated on thermally oxidised Si
with a 190 nm-thick oxide layer. Structures on naturally oxidised high-resistance Si with
an oxide layer of a few nanometres were only used for comparison.

To quantify the temperature in a nanowire during current pulse injection, the resistance
of the structure was measured as a function of temperature [Lau+06]. A lock-in detection
method with a constant current amplitude of 4 µA at 1 kHz was used to calibrate the
resistance of a set of 4 nanowires, by heating the entire sample. The resistance as a
function of pulsed current density was then obtained by measuring the applied voltage
and the resulting current. The current was measured by monitoring the voltage drop
over an 1 
 resistor in series with the sample.

4.2.2 Results

In a first step the influence of Joule heating on the magnetisation and the MOKE signal
alone is probed. In this first step measurements are done on homogeneously magnetised
samples. For the substrate, Si with 190 nm of silicon oxide is used to prevent a shortcut
by laser-induced charge carrier in the Si. The nanowires are saturated in either of the
two possible directions (to obtain a monodomain state without any DW). This is followed
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Figure 4.18: MOKE signals of the two possible monodomain states obtained in zero field by
current pulses through the wire. The two different states are illustrated on the left and right of the
graph. The current densities used are 2.7 · 1011 Am�2 and 7.8 · 1011 Am�2 for the continuous
and dotted lines, respectively.

by the application of a 70 µs long current pulse. Since no DW is present, only the change
of magnetisation at the laser spot position due to the current and the associated heating
alone is observed. This is shown in Fig. 4.18 for the lowest and highest current density
and both monodomain states. For a current density of 7.8 · 1011 Am−2, depending on
the monodomain state prepared, a drop or increase of the signal amplitude is observed
over the current pulse. During this pulse, the difference of the signal amplitude for the
two magnetisation states is zero indicating that for both states the wire is completely
demagnetised (TC =850 K from [Mau+89]). Decreasing the current density, the change
of the signal amplitude in the pulse is found to decrease. Finally, for a current density
of 2.3 · 1011 Am−2 no change of the signal amplitude can be observed. The difference of
signal amplitude of the two monodomain states during the pulse is plotted versus the
current density of the pulse in Fig. 4.21 (a) (open squares).

The reduction of the signal difference observed during the pulse is directly related to a
change of Ms since the amplitude of the MOKE signal between opposite magnetisation
states is directly related to the MOKE signal. However, there is a striking asymmetry in
the amplitude of signal change for the two monodomain states, which indicates that not
only Ms is reduced but that also the polarisation of the reflected light changes. A change
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Figure 4.19: MOKE signals of
the two relaxed monodomain
states (red and black) and the
two states with the magnetisa-
tion saturated in the direction
transverse (up or down) to the
plane of incidence (blue and
green). 20 µs current pulses
with 4.4 · 1011 Am�2 are used.
The data is averaged over 20
pulses.
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of MS alone would only result in a symmetric change of the signal since the magnitude
of Kerr rotation of the two magnetisation states would drop by the same amount. Due
to the light being focused onto the sample the incident light has an s- and a p-polarised
component. Since the reflectivity of Py changes differently with temperature depending
on the polarisation the proportion of s- and p-polarised light in the reflected beam is
different from the incident beam. Hence, this effect is independent of the magnetisation
of the sample.

This effect was probed in a control experiment. Data of this is shown in Fig. 4.19. Here
the response of four different states to current pulses is probed for an intermediate current
density of 4.4 · 1011 Am−2: These are the two monodomain states in zero external field
and two states with the magnetisation being saturated either up or down by applying a
strong external field in-plane but perpendicular to the wire direction. The signal of all
four states is observed to change in the pulse.

However, the signal of the two saturated states are equal lying in the middle between
the two relaxed monodomain states. Due to the longitudinal MOKE geometry the setup
is insensitive to the magnetisation component perpendicular to the plane of incidence.
Hence, the signal of the saturated up and down states is equal marking the value of
M = 0 both with and without current applied. So this part of the signal change is
not connected to DW motion but only an effect of the changing polarisation dependent
reflectivity due to the joule heating.
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Figure 4.20: Kerr signals from single shots of combined current- and field-induced DW motion
for three different current densities. The current densities used are 2.7, 6.2, and 7.8 · 1011 Am�2

for the black, blue and red line, respectively. The dc bias field is 8.3, 6.8, and 6.1 G, respectively.
The initial and final state is illustrated by schematic drawings on the side of the graph.

In the next step, the effect of the Joule heating on DW motion is studied. DWs are
prepared at the bend in the wire and driven through the laser spot by a combination of
current pulses of variable amplitude and additional external fields along the wire to assist
in driving the wall. This external field is set to the smallest value that the DW moves
under the influence of the current pulse. As for purely field-driven motion, a single jump
in the MOKE signal corresponding to the DW traversing the laser spot is expected. For
low current densities with moderate heating this is indeed observed (see black curve in
Fig. 4.20). The DW is mainly depinned by the Joule heating [Lau+06], and is pushed
along the wire by the external field and crosses the laser spot 3 µs after the onset of the
pulse.

However, for higher current densities additional signal changes at the beginning and end
of the current pulse are observed. In this regime Joule heating becomes more prominent
and a more complex magnetisation trace is expected. A first jump occurs at the onset
of the pulse (t0) because of a reduction of Ms due to the elevated temperature. The
second jump at tDW corresponds to DW motion which reverses the sign of ~M at the
spot position. Finally, the third jump at the end of the pulse (tF) corresponds to an
recovery of Ms when the wire cools down again. Experimentally, similar signal features
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are observed:

For j = 6.2 · 1011 Am−2, a DW jump is observed at tDW = 12 µs and also a jump at tF =
70 µs, due to the cooling of the wire is visible. The expected jump at t0 is much smaller
than the one at tF due to the asymmetry of the amplitude change described above. For
the highest current density shown (j =7.8 · 1011 Am−2), the two jumps corresponding to
heating and cooling of the wire can be observed. However, the jump caused by the DW
moving through the laser spot is not visible. Nevertheless, the level of the MOKE signal
has changed over the pulse, which shows that the magnetisation has indeed changed
in the spot area. This means that the magnetisation does not reverse by DW motion
and can be explained by the temperature approaching TC such that Ms vanishes almost
completely and an incoherent reversal takes place. Due to this reduction it approaches
zero and the reversal from one state to the other cannot be observed. This is in contrast
to lower current densities with less heating where an abrupt change of the magnetisation
can be detected when the DW is travelling through the laser spot.

The amplitude of the signal change connected to a DW is plotted as a function of current
density in Fig. 4.21 (a) (filled circles). Again the same decrease of signal as seen in
the experiment on the monodomain states is observed with the signal vanishing at j =
7.8 · 1011 Am−2. This current density is still slightly lower than the value needed for
purely current induced motion and a small external field of 6.1 G is used to assist the
displacement.

In order to obtain the temperature of the structure as a function of the injected current,
the resistance was measured as a function of current density (Fig. 4.21 (b) open circles).
A lock-in detection method with a constant current amplitude of 4 µA at 1 kHz was used
to calibrate the resistance of a set of 4 nanowires in the range (50 to 350) K. These
measurements of the resistance as a function of temperature yielded a linear increase with
a gradient of (0.266±0.001) 
K−1 with a room temperature resistance of 180 
 which
is then linearly extrapolated to higher temperatures/resistances. This indicates that
the Curie temperature is reached at a current density of 6.4 · 1011 Am−2. This current
density is lower than the one at which the MOKE contrast was lost, which might be
attributed to overestimating the temperature by assuming a purely linear dependence of
current density and resistance. However, a similar result was obtained on 240× 10 nm2

Permalloy wires by Yamaguchi et al. [Yam+05], who found that the Curie temperature
is reached at 7.5 · 1011 Am−2. This current density for reaching TC is in good agreement
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Figure 4.21: (a) Difference of the Kerr signal levels of the two monodomain states during current
pulses (open squares) and Kerr signal jump height of DW traversing the laser spot as a function
of current density (filled circles). The drop indicates a demagnetisation of the sample due
to Joule heating. (b) Temperature (left) and corresponding resistance (right) as a function of
current density for Py nanowires on different substrates: thermally oxidised Si (grey circles, ticks
outside the ordinate to the right) and naturally oxidised high resistance Si (black triangles, ticks
inside the ordinate to the right). For the thermally oxidised Si TC (from [Mau+89]) is reached
at a current density of 6.4 · 1011 Am�2. For a naturally oxidised Si substrate a reduced Joule
heating is observed. The different scales originate from slight differences in the wires used
(from [Fra+09]).

with the value obtained from the MOKE measurements.

To measure the influence of the thickness of the oxide layer beneath the wire, the
same temperature measurement was conducted on almost identical nanowires on a high-
resistance silicon substrate with just the native oxide layer (see triangles in Fig. 4.21). Here
the temperature during current injection is significantly lower, which can be attributed
to a better heat conduction through the thinner oxide layer [YH07]. However, due to
laser-induced charge carriers in the substrate, the injected current is shunted, resulting
in a large resistance drop when the laser is turned on, this substrate was not suitable
for magneto-optical measurements. Additionally, the heating is still significant reaching
values, which still requires optimisation.
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4.2.3 Conclusion

Through single-shot MOKE measurements for combined field- and current-induced DW
motion a reduction of the signal contrast could be observed. This can be attributed to
the low heat conduction through the 190 nm-thick oxide layer below the Py structures.
This leads to a demagnetisation of the sample below the current densities needed for
purely current-induced DW motion. For naturally oxidised Si substrates, a reduced
heating was observed. For MOKE measurements in particular but also for technological
applications insulating substrates with at the same time strong phononic contribution
to the heat conduction would be ideal. In this respect diamond is a very promising
candidate for which heat conductivities up to 2400 Wm−1K−1 were reported ([Lan+09]).
This is particularly important, since these results show that a significant amount of heat
is transferred perpendicular to the current direction into the substrate and not along the
wire into the contacts.
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4.3.1 Motivation

Very recently, the spin-Seebeck effect connecting temperature gradients in ferromagnetic
materials with pure spin currents has attracted significant interest. This promising new
effect was measured experimentally [Uch+08] and is predicted by theoretical calculations
[Hat+09], opening the new field of spin caloritronics. However, there is an ongoing discus-
sion about the discrepancy between the experimental results of Uchida et al. which were
measured on macroscopic samples in the millimetre range and theoretical predictions by
e. g. Hatami et al. [Hat+09]. They indicate effects only on the nanometre range due to the
short spin relaxation length in Py which is in the order of a few nanometres (see Sec. 1.5).
Furthermore, so far neither a reproduction of the experiment nor a different experiment
confirming or contradicting Uchida's findings was reported.

In this section, first results of a measurement reproducing the spin-Seebeck effect in ferro-
magnetic micro-structures much smaller than the ones used by Uchida et al. are presented.
In this experiment the temperature gradient is generated by a strong laser beam heating
the structure locally, which leads to temperature gradients orders of magnitude larger
than those used in previously reported measurements. The structures are 10 µm wide and
20 nm thick Py strips. The spin currents are measured using the ISHE in approximately
5 nm thick Pd nanowires traversing the Py strip (see Sec. 1.5.1).

Furthermore, local laser-induced heating is shown to alter the pinning strength of DWs
at pinning sites in a Py wire, indicating an interaction between thermally generated spin
currents and DWs. Py wires similar to those used for the measurements presented in the
previous section (Sec. 4.2) were used. These wires exhibit a zig-zag geometry for controlled
nucleation of DWs at a bend in the wire. The magnetisation is probed a few micrometres
away from the bend using the focused time-resolved MOKE magnetometer. This way, the
pinning and depinning of DWs at a pinning site located in the laser spot is observed. The
strength of this pinning site is found to increase or decrease depending on the direction
of the temperature gradient generated by the laser heating.



Chapter 4 Results

Figure 4.22: SEM image of a sample used for
measuring the spin-Seebeck effect. In the cen-
tre, the Py rectangle (20 nm thick) can be seen.
On the left and right of the sample contacts for
four-point measurements are defined. In the mid-
dle sixteen 200 nm wide Pd wires with a spacing
of 500 nm are located for ISHE measurements.

2 µm

4.3.2 Measurement Technique and Sample

Two different kinds of samples and measurement techniques were used for this study: For
the study of the influence of the local heating on DW motion, the differential detection
scheme with a polarising beam splitter and two detectors with a low time resolution is
used to increase the signal contrast (see Section 2.2). The laser is tuned to different
powers not exceeding 20 mW on a spot of about 1 µm diameter which is focused on the
ferromagnetic structure.

The structures themselves are 1.5 µm wide, 20 nm thick Py wires doped with 2 % Ho
increasing the damping parameter α with respect to pure Permalloy, which is not expected
to have an influence on the results of the experiments presented [Wol+09]. The wires have
a zig-zag geometry, which allows for controlled nucleation of a head-to-head DW at a
bend in the wire as shown in Fig. 3.4. They were fabricated on thermally oxidised Si with
a 190 nm thick oxide layer using electron-beam lithography, sputtering and lift-off. The
wires were capped with 2 nm Palladium to reduce oxidation. In a final step, the whole
sample was coated with 60 nm of Ta2O5 to enhance the magneto-optical signal. (See
chapter 3 for details.) The region probed by the laser spot is located a few micrometres
to the right of the bend on the wire, and a DW at the bend can be moved across the
laser spot by external magnetic fields along the wire direction (Hdrive in Fig. 4.1). For
the experiment, a DW is repeatedly prepared at the bend. Subsequently the field is
slowly ramped up at a rate of 0.06 G µs−1 over a time of 200 µs and the magnetisation in
the laser spot is probed. The motion of the DW through the spot area is recorded at
different laser powers and the average of 50 repetitions per laser power is used for the
data presented here.

To probe the spin currents generated by the local laser-induced heating directly, a different
sample geometry was used. These samples consist of a rectangular Py strip with a width
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of 10 µm, which can be heated locally by laser irradiation (see Fig. 4.22). For a detection
of the spin-currents a number of 200 nm wide and 5 nm thick Palladium (Pd) wires
traverse the Py strip orthogonally. During the preparation process the Py surface was
cleaned by argon ion sputtering prior to the deposition of the Pd to achieve a high quality
interface which is needed for spin injection from the Py into the Pd.

For the measurement of the ISHE the laser is gated with a period of 191 ms using the
EOM (see Sec. 2.2). in this way, the sample is periodically heated which in turn is
expected to generate an alternating spin current. Using a lock-in technique the voltage at
the ends of a traversing Pd wire is measured. This voltage is then measured as a function
of both the temperature and the temperature gradients as well as the magnetisation
of the Py strip. For this, the laser is scanned along the Py strip crossing the Pd wires,
which changes the temperature and temperature gradient at the Pd wire position. For
each position of the laser spot the signal is measured for both possible magnetisation
states of the Py strip by applying an external field along it.

4.3.3 Results – Effects of Local Laser Heating on DW Motion

By probing different locations on the ferromagnetic structure different pinning sites can
be found. These can be identified by a number of intermediate plateaus in the MOKE
trace as a function of field indicating that the DW stops within the laser spot region
before moving on at a higher field.

In Fig. 4.23 the case of two pinning sites located in the laser spot is shown. A DW is
observed to depin from the bend and move into the laser spot area (at the field B1 in
the MOKE trace shown) where it is pinned prior to crossing the laser spot centre. From
there it depins (B2 in Fig. 4.23), crosses the centre of the spot and is pinned again within
the spot. Finally it depins from the second site (B3 in Fig. 4.23) and leaves the spot.
While the lowest and highest MOKE signal levels (L1 and L4) correspond to the two
homogeneous magnetisation states, a DW is located within the laser spot for the two
intermediate levels (L2 and L3) in Fig. 4.23 (indicated by schematic drawings). It can
be seen that the magnitude of the signal change of the MOKE signal at B1 and B3 is
different. This indicates that the pinning sites are not the same distance from the centre
of the spot. When the laser spot is moved relative to the wire and by this relative to the
pinning sites on the wire, the intermediate signal levels are seen to shift according to the
motion of the observation spot.
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Figure 4.23: Typical MOKE trace of a region
with two pinning sites of different strength. A DW
arriving at the laser spot is pinned at the first
position (B1). From there it depins at a higher
field (B2) and is pinned again. From there it
depins at the field B3. The laser power is 14 mW.
The data is not centred around a MOKE signal
of zero due to an offset in the detection, which
is of no importance for the measurement.
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The depinning field from the bend B1 (arrival in the spot area) does not change up to
14 mW laser power, but the other two depinning fields are found to depend on the laser
power used as shown in Fig. 4.24; The depinning field from the first pinning site, B2,
decreases from 8.2 G to 7.7 G, while the depinning field from the second pinning site,
B3, increases from 9.7 G to 10.3 G at 14 mW. When returning to a lower laser power,
the depinning fields are found to return to the same value as before (given by the open
symbols in Fig. 4.24). Furthermore scanning electron microscopy images taken before and
after the measurement do not indicate any changes of the structure. Only at laser powers
exceeding the threshold WT =15 mW, irreversible changes of the pinning behaviour were
found for this site, since returning to a laser power of 10 mW, the depinning field did
not return within the error bar to the same value as found before. The first field, B1,

Figure 4.24: Plot of the three fields B1 to B3
shown in Fig. 4.23. The arrival field B1 (black
squares), which is a measure for the depinning
field from the bend, and the depinning field from
the two pinning sites, B2 and B3, in the laser spot
region (red circles and green triangles). The er-
ror bars indicate the standard deviation of the 50
individual events taken for the average shown.
While the depinning field of the first pinning site
within the spot B2 is decreasing, the other one
(B3) is increasing with increasing laser power.
The open symbols refer to a control measure-
ment, which was performed after the last mea-
surement at 14 mW. The lines are guides to the
eye. (from [Möh+09])
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4.3 Effects of Local Laser Heating

at which the DW enters the laser spot region is a direct measure of the field needed to
depin the DW from the bend at which it is prepared since the field ramp is much slower
than the DW velocity. This depinning field is known to be very sensitive to temperature
changes, due to thermal activation [Rav+05]. Since the value does not change within the
error margins, it can be assumed that the temperature at the bend is unchanged by the
laser irradiation. This implies that the laser heating is very local and decays in less than
the distance of 3.5 µm to the bend.

Taking this local heating into account, a lower limit for the temperature gradient between
the centre of the laser spot and the bend can be calculated. For this, first the temperature
in the laser spot was probed by resistance measurements of the whole sample. Analogously
to the previously described experiment (see Sec. 4.2), this is done by first measuring
the resistance of the whole wire as a function of the sample temperature. Second, the
dependence of the resistance of the wire on the power of the incident laser is determined.
In the case of the data shown, the resistance changes by 0.8 
 for a laser power of 15 mW
at a total resistance of 860 
. The scaling factor between temperature and resistance was
found to be 0.27 
 K−1. By assuming a local temperature change in a region of a few
micrometres as supported by the constant depinning field B1 the temperature rise in the
laser spot centre is estimated to be ∼100 K. Assuming a linearly changing temperature
as a function of distance from the laser spot centre a gradient of 2.8 · 107 K m−1 is
calculated. This gradient is by four orders of magnitude larger than reported by Uchida
et al. [Uch+09].

In contrast to the constant depinning field B1, the decrease in depinning field from the
first site, B2, and increase in the depinning field from the second site in the laser spot,
B3, with laser power, indicates that a potential well is created by the laser irradiation.
This well becomes deeper with increasing laser power, causing a force towards the centre
of the illuminated area. This can also be seen in Fig. 4.25 which shows a measurement
at another pinning site. Here one pinning site with a stronger pinning was used for
measurements of the depinning field as a function of laser power. The DW is moved to
the pinning site by a field ramp which is aborted when the DW reaches the site. In the
following, the DW is either moved to the right (away from the spot centre) or to the
left (towards the spot centre) by again ramping up an external field. To exclude the
effects of remanent field in the electromagnet an Al core was used which does not exhibit
measurable remanence.
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Figure 4.25: (a) Average of the signal from ten individual DWs traversing the laser spot. The
plateau (horizontal black line) marks a pinning site on the right of the laser spot centre. The
depinning event to the right is marked by the red box. (b) Depinning field from the pinning site
seen in the left graph as a function of the laser power and direction of the external field. While
the field for depinning to the right (solid green circles) is seen to increase, the field for depinning
to the left (open red circles) is decreasing.

While the depinning field away from the laser spot centre is seen to increase (from 17.2 to
18.8 G) as in Fig. 4.24 on another pinning site, the depinning field towards the laser spot
centre decreases (from 13.3 to 12.2 G). This corresponds to a slope of (0.4±0.2) G mW−1

and (−0.2±0.1) G mW−1. Hence, the change of depinning field with varying laser power
does clearly depend on the direction of the temperature gradient although the different
slope for the two depinning directions cannot be explained so far. The difference in
depinning field even at small laser powers can be attributed to an asymmetric pinning
potential of the site chosen. This asymmetry in the potential is increased further by the
laser illumination facilitating a depinning towards the spot centre. Since it is only the
change and not the absolute value of the depinning field that is of interest for this study,
the initial difference is of no importance for the effect.

There are two hypotheses which are most probable to describe the observed effect: First,
this might be due to a local change of the magnetic properties such as a reduction in
saturation magnetisation (Ms) or exchange stiffness (A) due to the elevated temperature.
This would lead to a reduction of the energy of a DW in the heated region which was
found to act attractively on DWs in micromagnetic simulations5. Second, the effect

5Thanks to June for his help with setting up a suitable OOMMF simulation.
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could be due to strong spin currents generated by the thermal gradients created by the
laser heating. Following Uchida et al., these gradients lead to spin currents directed
towards the hot area under the laser spot which would interact with the DW [Uch+09].
By measuring the height of the signal change as a DW crosses the laser spot completely
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Figure 4.26: Plot of the normalised MOKE con-
trast between two opposite magnetisation states
as a function of laser power. Within the error
bars no change of the signal can be seen which
indicates that the saturation magnetisation does
not change for the laser powers used. Note that
the last data point shows a test measurements to
detect drift or irreversible changes of the sample
performed at again 5 mW.

the saturation magnetisation can be measured. Such a measurement is shown in Fig. 4.26
for laser powers ranging from 5 mW to 15 mW. This shows no change of the saturation
magnetisation within the indicated error. This result is in line with the estimates
of the temperature change involved, which is in the order of 100 K. Since the Curie
temperature of Py is 850 K, no significant change of the saturation magnetisation is
expected. Therefore, the influence of the laser heating on the saturation magnetisation
does not seem to be the reason for the observed depinning field changes. Measurements
of the exchange constant are difficult. However, since the exchange depends directly
on the band structure which is not found to change significantly in the temperature
range used here an effect caused by the exchange is unlikely [EHK78]. Furthermore,
micromagnetic simulations in samples with a variation of the exchange constant up to
10 % did not show any change of the depinning field.

However, the laser heating also causes thermal gradients along the Py wire. Due to these
gradients, there will be a significant heat flow in the direction of the wire and not into
the substrate since the thermal conduction of the substrate material was found to be low
(compare Sec. 4.2). This heat flow in turn generates spin currents in the direction of higher
temperatures. For an estimate of these currents the formula derived by Uchida et al. is
used [Uch+09]. Following this, a spin-current of 8 · 107 A m−2 due to the temperature
gradient of 2.8 · 107 K m−1 is expected [Uch+09], which could change the depinning field
of the DW by acting in the direction of the field or against it.
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However, this spin current density is orders of magnitude smaller than the current densities
necessary for current induced DW motion, which are of the order of 1 · 1012 A m−2

[Yam+04]. For current densities of such magnitude, thermal gradients of 3.7 · 1010 K m−1

would be needed when following the calculations in [Uch+09]. Therefore, although the
temperature estimate and the assumption of a constant temperature gradient are rough
approximations, the influence of thermal spin-currents also seems unlikely to be the only
reason for the enhanced pinning strength caused by the laser illumination when following
the calculations of Uchida et al. To further clarify this, a direct measurement of the spin
currents generated by mean of the ISHE were conducted.

4.3.4 Results – Direct Measurement of the Spin-Seebeck Effect

Figure 4.27: Voltage across one Pd wire as
a function of laser spot position (laser power
80 mW). For each position the voltage was mea-
surement for both homogeneously magnetised
states by applying a field along the Py strip in
either of the two directions (black squares and
red circles).

0 2 4 6 8

-400

-350

-300

-250

-200

-150

-100

-50

0

position [µm]

vo
lta

ge
 [µ

V
]

pos. field

neg. field

For a direct measurement of the spin current generated a sample as shown in Fig. 4.22 is
used. As the laser spot is periodically gated as described before and moved along the wide
Py strip the ISHE voltage is measured on one Pd wire traversing the Py strip. Fig. 4.27
shows the voltage at the two opposite ends of a Pd wire crossing the Py strip as a function
of the laser spot position (laser power 80 mW). For the data shown, a spot with a size of
� 4 µm along the Py strip direction is moved along the Py strip perpendicular to the Pd
wire. The x-axis shows the relative position of the laser spot relative to an arbitrarily
chosen starting point on the right hand side of the Py wire. For each position the voltage
signal at the Pd sensing wire is measured for both magnetisation directions along the
Py strip by applying an external magnetic field and reducing it to 40 G to conserve the
monodomain state and suppress the generation of multiple domains (black squares and
red circles). Clearly, a position dependent splitting of the values obtained for the two
opposite magnetisation states is observed. Superimposed, a magnetisation independent
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Gaussian like profile is found. For an analysis of the data, the average as well as the
difference of the two values for each position is used in the following (Fig. 4.28(a) and
Fig. 4.28(b)).
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Figure 4.28: (a) Average voltage (left ordinate) and corresponding temperature (right ordinate)
at a Pd wire as a function of laser spot position (black circles). A fit to the data using a Gaussian
profile (red line) shows that the spot is slightly asymmetric. The width of the fit is (3.7±0.2) µm
(b) Voltage difference between the two magnetisation states as a function of laser spot position
(black circles). The temperature gradient calculated from the fit in (a) is shown for comparison
(red line).

The average signal of the two magnetisation states shows a Gaussian shape with a height
of nearly 400 µV and a width of (3.7±0.2) µm reflecting the size of the laser spot and the
entailed heating. This magnetisation independent part of the signal can be attributed to
the conventional Seebeck effect at the Py/Pd interface. Therefore, it may be used as a
measure of the temperature distribution along the Py wire. For a temperature estimate
in the centre of the spot, the result of the measurement presented in Sec. 4.3.3 at a laser
power of 15 mW on a spot of 1 µm is extrapolated by comparing the laser power density
(per unit area) on the Py. This yields a temperature rise of 120 K. A corresponding
temperature scale is shown on the right axis is Fig. 4.28(a).

The difference signal between the values of the two magnetisation directions as a function
of position is shown in Fig. 4.28(b) (black circles). This magnetisation dependent part of
the signal increases for small values (laser spot on the left of the Pd wire) as the laser spot
is approaching the Pd wire. As the laser spot centre crosses the wire the signal drops,
reverses sign and rises again as the laser spot crosses the wire and is moved away from the
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Pd wire. Hence, the signal measured shows an asymmetric behaviour which indicates a
dependence of the signal on the temperature gradient direction. This is expected from the
theoretical model of the spin-Seebeck effect. Furthermore, the width of the signal is close
to the width of the laser spot indicating that it is indeed the temperature profile induced
by the laser irradiation that causes the effect. For a direct comparison, the temperature
gradient calculated from the laser spot profile (calculated via the first derivative of the
temperature distribution in Fig. 4.28(a) (red line)) shown in Fig. 4.28(a) is plotted in
Fig. 4.28(b) (red line). This strongly supports theoretical models predicting a linear
dependence between temperature gradients and spin currents.

For a quantitative analysis and comparison with the results of Uchida et al., the ISHE
voltage (Fig. 4.28(b)) is converted to the corresponding spin current following [Uch+10].
For the calculation, values similar to those for a Py/Pt interface are used due to the lack
of any specific data for the ISHE in Pd. Therefore, the spin injection efficiency �Py/Pt =
0.3, spin-Hall angle �Pt = 0.08 and conductivity σPd = 9.3 · 106 S m−1 are used. Note,
that the difference signal plotted in 4.28(b) is twice the expected spin-Seebeck voltage
given the assumed parameters. Additionally, the temperature profile is converted to a
spin current following Eq. 1.49. This results in a maximum spin current in the order of
1 · 1012 A m−2 or 1 · 109 A m−2 when starting with the ISHE voltage or the temperature
gradient, respectively.

There is a striking difference in magnitude of the spin current between the value obtained
from experiment or the calculation following the theoretical description. The value
calculated from the temperature gradient is orders of magnitude smaller than the
experimental results of the ISHE measurement. Furthermore, also the measurement of
the laser-tuned DW depinning presented in Sec. 4.3.3 indicates spin-currents in the order
of 1 · 1012 A m−2 suggesting that the theoretical description underestimates the effect.
Nevertheless, at the present state, parasitic contribution to the magnetisation dependent
signal component not connected to the spin-Seebeck effect cannot be excluded entirely.
Nevertheless, the number of possible contributions e. g. the Nernst-Ettingshausen effect
[EN86] are limited and not likely.

4.3.5 Conclusion

In conclusion, it has been shown that local laser-induced heating can be employed for
tuning the strength of DW pinning sites. By laser irradiation, an attractive potential
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for DWs towards the heated region is created. This could be due to local spin currents
generated by the temperature gradient induced by the laser, but also changes of the
magnetic properties such as Ms or A are possible. Contributions by both spin currents
and material parameters changes were tested using MOKE and ISHE measurements,
which indicate that indeed thermally generated spin currents are a major contribution.
However, further measurements to carefully rule out parasitic effects are needed to
confirm the ISHE measurements. Nevertheless, the method of local laser heating holds
promise for a way of manipulating DWs, where a tunable pinning potential can be
introduced and removed at any position along the wire at will.
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5
Conclusion and Outlook

In conclusion, the field- and current-driven dynamics of individual DWs in lithographically
defined ferromagnetic wires was studied using MOKE. Different aspects as the influence of
changing material parameters by the doping with Ho on the DW motion or the influence
of local heating on the DW depinning have been addressed. For the latter, the laser
light of the MOKE setup was not only used for probing the magnetisation but also for
heating the ferromagnetic structure locally. Furthermore, the features and capabilities
of a focused single-shot magneto-optical Kerr effect setup were presented, which was
built for this thesis. It enables an all optical observation of single DW displacement
with a time resolution of 2 ns and a spatial resolution down to 1 µm. However, it is the
combination of the MOKE data with SEM and XMCD-PEEM imaging, micromagnetic
simulations and electric measurements which made the different results and deep insight
into various aspects of DW dynamics possible.

By doping with Ho, material parameters of Permalloy like the saturation magnetisation
Ms but more importantly the Gilbert damping parameter α could be systematically
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altered. Using this doping technique, the field-induced DW depinning and motion in
lithographically defined wires were studied. The resulting distributions of the depin-
ning field showed distinct depinning channels which can be explained by different DW
structures present after initialisation. Changing the Ho content, the depinning field
changes depending on the DW structure. Micromagnetic simulations indicate that this is
mainly due to the influence of the dopant concentration on the saturation magnetisation.
At the same time, the field-driven DW velocity decreases for increasing Ho content,
which is in qualitative agreement with micromagnetic simulations. However, a good
agreement with the analytical one-dimensional model of Schryer and Walker is only
found for high values of the Gilbert damping. For lower values of the Gilbert damping an
additional component of the motion of the DW's vortex core is found in micromagnetic
simulations. This is an oscillatory motion perpendicular to the wire direction and the
driving field. This component increases as the damping is decreased, which in turn leads
to the generation of spin waves causing additional energy loss. This is not accounted
for in the one-dimensional model assuming a rigid DW structure. Therefore, the veloc-
ity predicted by the one-dimensional model is larger than the velocity experimentally
observed.

Further, using a combination of external fields and current-pulses for driving the DW, a
reduction of the MOKE signal contrast was observed, which made it impossible to detect
purely current-induced DW motion. This can be attributed to a strongly reduced heat
conduction from the ferromagnetic wire to the substrate due to a 190 nm-thick oxide
layer resulting in increased heating. In turn this heating leads to a demagnetisation
of the ferromagnet when reaching the Curie temperature already for current densities
below what is needed for purely current-induced DW motion. Changing the substrate
to Si with only the native oxide layer of a few nanometres the heating is observed
to decrease. Hence, the heat flow into the substrate respectively along the wire can
be tailored by the substrate selection. However, for current-induced DW motion and
future applications utilising it, substrates with a high thermal conductivity with at
the same time a low electrical conductivity are needed. As an outlook, diamond is a
promising candidate which is known to exhibit the highest thermal conductivity reported
for electrical insulators when in the single crystalline state. This promising material
has been used for first tests but especially the bad adhesion has made the structuring
challenging when relying on lift-off.

Facilitating the increased heating of the thickly oxidised substrate, the influence of local
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heating imposed by laser irradiation at a higher power density than used for the other
measurements was studied. By tuning the laser power, the pinning strength of a pinning
site was found to vary depending on the direction of the temperature gradient at the
pinning site position. This behaviour can be explained by an attractive potential, which
can either be created by changes of material parameters of the Py reducing the DW
energy or by the generation of spin currents due to the spin-Seebeck effect. Further
measurements, probing the saturation magnetisation by means of the normalised MOKE
contrast indicate that it is not Ms that changes. Additionally, the spin-current itself
was measured using the inverse spin-Hall effect and reproducing the effect measured by
Uchida et al. with much higher thermal gradients and microscopic samples. Also this
spin-Hall effect measurement indicates that it is indeed a strong spin-current interacting
with the DW. However, also large differences between the measured spin-currents and
theoretical predictions are found which have to be carefully addressed by new theoretical
models in the future.

non-magnetic spacer

ferromagnet

non-magnetic top layer

ferromagetic nanowire

∆

T

laser pulse

DW

Figure 5.1: Schematic drawing of
a future experiment. A stack of fer-
romagnetic and non-ferromagnetic
materials is heated using a strong
laser pulse. Due to the heating a
strong thermal gradient is created
in the ferromagnet leading to a spin
current into the underlying ferromag-
netic strip. This spin current will in-
teract with a DW positioned there.
Note that the magnetisation of the
ferromagnetic layer (blue) is oriented
perpendicularly to the magnetisa-
tion of the strip leading to maximum
torque (proposed by G. Malinowski
and M. Kläui).

Additionally, future measurements have to focus on the separation of the effects from
the laser-induced heating itself and the thermally generated spin currents, which for the
experiments presented here act in the same direction. Furthermore, the polarisation of
the thermally generated spin current has to be decoupled from the DW spin structure.
This is realised in the experimental configuration shown in Fig. 5.1, which was proposed
by G. Malinowsky and M. Kläui. Here, a DW in a ferromagnetic strip is subjected to a
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Chapter 5 Conclusion and Outlook

spin current generated by a thermal gradient in a second ferromagnetic layer on top. In
this way, the DW is not influenced by direct laser heating. Beyond this, the magnetisation
of the top layer has a magnetisation which is directed out-of-plane, maximising the torque
exerted on the magnetic moments of the DW. Since the magnetisation configuration of
the two ferromagnets can be changed independently due to different switching fields of
the ferromagnetic layers, the influence of the polarisation of the spin-currents can be
tuned independently from the DW configuration.

Throughout this thesis a single shot setup was used. In this way, events, which exhibit
stochastic character and cannot be measured by pump-probe or other techniques averaging
over multiple events, can be studied. Although this has been proven to be a very useful
tool in a number of cases, the technique is limited by a higher noise level. Therefore, a
combined approach using single shot measurements for the optimisation of samples
in the respect of reproducibility of the events from shot to shot and pump-probe
measurements for yielding low noise high time-resolution measurements is proposed
for future measurements.

Further, the fundamentals behind thermally generated spin currents could be studied
using a femtosecond time-resolution pump-probe setup, which is being build at the
moment. This would allow for a detailed characterisation of the underlying effects by
a separation of the different contributions from heating the lattice, electron or spin
system.
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Appendix A Technical Drawings of the Sample Holder

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Probenhalter
U

niversität Konstanz, LS Rüdiger

M
öhrke

Th. M
oore

07.05.2007
02.05.2007v1.1

D
esigned by

Checked by
Approved by

D
ate

1 / 8 
Edition

Sheet

D
ate Parts List

PART N
U

M
BER

Q
TY

ITEM
Teil von LCC-Socket

1
1

Isolator
1

3
H

alter unten
1

4
H

alter Seite rechts
1

5
H

alter Seite links
1

6
Zentralteil

1
7

H
alter oben

1
10

ISO
 1207 - M

 2 x 4 (M
essing)

4
11

ISO
 1207 - M

 2 x 6 (M
essing)

3
12

5

6

7
10

1

3

4

12

11

12

11

98



VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Pr
ob

en
ha

lte
r

U
ni

ve
rs

itä
t 

Ko
ns

ta
nz

, L
S 

Rü
di

ge
r

M
öh

rk
e

Th
. M

oo
re

07
.0

5.
20

07
02

.0
5.

20
07

v1
.1

D
es

ig
ne

d 
by

Ch
ec

ke
d 

by
Ap

pr
ov

ed
 b

y
D

at
e

2 
/ 

8 
Ed

iti
on

Sh
ee

t

D
at

e

14
,0

-0
,0

4
0,

02
-

6,0 ()

R0
,5

3,
7

-0
,0

3
0,

01
-

So
ll 

au
s 

vo
rh

an
de

ne
m

 S
tü

ck
 e

in
es

 
LC

C-
H

al
te

rs
 h

er
au

sg
es

ch
ni

tt
en

 
w

er
de

n.

99



Appendix A Technical Drawings of the Sample Holder

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Probenhalter
U

niversität Konstanz, LS Rüdiger

M
öhrke

Th. M
oore

07.05.2007
02.05.2007v1.1

D
esigned by

Checked by
Approved by

D
ate

3 / 8 
Edition

Sheet

D
ate

1,5
- 0,03
0,01

- 0,2

0,8

3,7 - 0,03
0,01-

14,0
- 0,04
0,02

-

R0,5

0,9

2,7PVC

100



D
-D

 

VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Pr
ob

en
ha

lte
r

U
ni

ve
rs

itä
t 

Ko
ns

ta
nz

, L
S 

Rü
di

ge
r

M
öh

rk
e

Th
. M

oo
re

07
.0

5.
20

07
02

.0
5.

20
07

v1
.1

D
es

ig
ne

d 
by

Ch
ec

ke
d 

by
Ap

pr
ov

ed
 b

y
D

at
e

4 
/ 

8 
Ed

iti
on

Sh
ee

t

D
at

e

D D

16
,0

14,0 4,0

1,0

1,
0

-0
,0

0
0,

01
+

R0
,5

14
,0

-0
,0

0
0,

03
+

1,0

2,0

2,2

0,6

3,
1

2,
4

6,7-0,00
0,03 +

4,2

Al
um

in
iu

m
6,

0
-0

,0
7

0,
04

-

101



Appendix A Technical Drawings of the Sample Holder

E 
G

-G
 

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VO
N

 EIN
EM

 AU
TO

D
ESK-SC

H
U

LU
N

G
SPR

O
D

U
KT ER

STELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Probenhalter
U

niversität Konstanz, LS Rüdiger

M
öhrke

Th. M
oore

07.05.2007
02.05.2007v1.1

D
esigned by

Checked by
Approved by

D
ate

5 / 8 
Edition

Sheet

D
ate

E

G
G

10,0

3,5

15,0
0,5 x 45

6,9

R0,5

12,0

5,0°

2,1
R2,0 M

AX

1,6

12,0
2,5

3,2
0,8

2,4

2,2

2,2

7,0

2,5 1,0

Alum
inium

102



VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VO
N

 E
IN

EM
 A

U
TO

D
ES

K-
SC

H
U

LU
N

G
SP

R
O

D
U

KT
 E

R
ST

EL
LT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

VON EINEM AUTODESK-SCHULUNGSPRODUKT ERSTELLT

Pr
ob

en
ha

lte
r

U
ni

ve
rs

itä
t 

Ko
ns

ta
nz

, L
S 

Rü
di

ge
r

M
öh

rk
e

Th
. M

oo
re

07
.0

5.
20

07
02

.0
5.

20
07

v1
.1

D
es

ig
ne

d 
by

Ch
ec

ke
d 

by
Ap

pr
ov

ed
 b

y
D

at
e

6 
/ 

8 
Ed

iti
on

Sh
ee

t

D
at

e

103
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Appendix B Schematic Drawings and Speci�cations of the Detectors
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Figure B.1: Schematic of the fast photodetector using a FND-100Q photodiode and the slow
photodetector using a S1226-18BQ photodiode.
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Figure B.2: Schematic of the fast amplifier used for the measurements.
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Appendix B Schematic Drawings and Speci�cations of the Detectors

Figure B.3: Frequency response of the amplifier. The bandwidth is about 2 GHz.
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[Hey+08] L. Heyne, M. Kläui, D. Backes, T. Moore, S. Krzyk, U. Rüdiger, L. J.
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J., Heyderman, L. J., Thiele, J.-U., Fraile Rodr��guez, A., Nolting, F., Mentes, T.
O., Ni~no, M. �A., Locatelli, A., Potenza, A., Merchetto, H., Cavill, S., Dhesi, S. S.
'Magnetic field-induced domain wall motion in Permalloy nanowires with modified
Gilbert damping'. In: Phys. Rev. B 82(2010), p. 094445.

Conference Talks
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� Möhrke, P., Moore. T. A., Kläui, M., Heyne, L., Backes, D., Rhensius, J., Hey-
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