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Abstract

Over the last years, current induced magnetization manipulation has become increas-
ingly important in data storage applications. In the development of these new memory
devices, there is an important role for perpendicular magnetized materials, especially
in domain wall based applications. Current induced dynamics in those perpendic-
ular magnetized materials are very complex. In recent current assisted de-pinning
experiments, a current induced �eld like e�ect was observed. An e�ect with the same
symmetry was measured in current assisted magnetic switching experiments. Two cur-
rent induced e�ects arising from spin-orbit coupling and capable of exerting a torque
that could explain those observations are proposed: the spin Hall e�ect (SHE) and
Rashba spin-orbit coupling. This research focused on Pt/CoB/Pt systems for which
the Rashba e�ect can be neglected, which allows us to focus on the SHE. We performed
two types of measurements to characterize the SHE in our systems.

We started with current assisted �eld induced switching experiments. We used
macro-spin simulations to show that the SHE is capable of assisting �eld induced
magnetic switching. We fabricated Pt/CoB/Pt nano-wires and measured the switch-
ing �eld as a function of the applied current. Those measurements con�rmed that
we are able to assist or oppose the �eld induced magnetic switching, depending on
the current and in-plane magnetic �eld direction, as was predicted by the simulations.
This con�rmed the presence of the SHE in our systems. We also tried to switch the
magnetization using only the spin Hall e�ect in combination with an applied in-plane
magnetic �eld. We clearly observed the current induced e�ect with the correct symme-
try, but we were not able to systematically study the SHE using those measurements,
because the in-plane �eld brings the system in a poorly de�ned multi-domain state.

Subsequently, we investigated a new technique to study the SHE. Using the results
we obtained from the switching experiments, we performed macro-spin simulations
that predict an in�uence of the SHE on the magnetic damping. This means that
we could perform damping measurements using a TR-MOKE set-up to study the
SHE. This experiment has many critical points, and the maximal current we can send
through the nano-wire is limited by Joule heating. We put a lot of e�ort in optimizing
the signal, but it was not possible to obtain a good enough signal to noise ratio to
measure a current induced variation of the damping.
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Chapter 1

Introduction

Magnetism has interested and helped mankind for already thousands of years. From
the �rst lodestone magnets invented by the Chinese, until the high tech memory de-
vices in which magnetic materials are used today. Those magnetic memory devices
developed with an incredible speed, starting from the magnetic core memories in the
50s until the modern MRAM. A mayor breakthrough took place in 1988 with the
discovery of giant magneto-resistance (GMR). Together with some other observations,
this was the beginning of the �eld of spintronics. In spintronics, not only the electric
properties of the electron are used but also its spin. The magnetic moment associated
with the spin can interact with the magnetization. Therefore it is possible to use
an electric current to manipulate the magnetization of a magnetic material. In this
�rst chapter, we will give an introduction to spintronics, and in particular to current
in�uenced magnetization dynamics, which is the subject of this thesis. We will start
with an introduction to ferromagnetism in recording media. In section 1.2 we will
introduce the use of spintronics in magnetic memory devises. Subsequently, current
assisted depinning experiments performed in this group will be discussed. Those mea-
surements were the starting point of this project. In section 1.4 the research covered
in this thesis and an outline of this report are discussed.

1.1 Metal ferromagnetism in thin �lms and recording

media

Metal ferromagnets have a very important role in modern recording media. Before
we can introduce those applications, we give a review of some important properties of
ferromagnets which are fundamental for these applications.

We start with the discussion of the origin of magnetic properties in 3d ferromagnets.
The valence band of the ferromagnetic metals iron (Fe), cobalt (Co) and nickel (Ni)
contains delocalized 4s and more localized 3d electrons [1]. The wave-functions of

1



2 CHAPTER 1. INTRODUCTION

those electrons overlap, and therefore their atomic energy levels converge into energy
bands. Due to the exchange coupling between spins, spins prefer to be aligned and
this leads to a splitting of the spin-up and spin-down energy bands. In �gure 1.1a the
s and d band for Co are depicted. The states are �lled till the Fermi level, and we see
that there will be an imbalance in spin-up and spin-down electrons, which will lead to
a net magnetic moment. The spins that are dominant are called majority spins, the
other minority spins. By de�nition the magnetic moment points anti-parallel to the
majority spin direction.

In models, the exchange coupling between spins responsible for ferromagnetism is
threaded as an e�ective �eld, which we call the exchange �eld. However it is not a real
�eld and it does not exert a torque on either the orbital moment of the electrons nor the
nuclear magnetic moment. For this reason, the exchange coupling does not couple the
spin system to the lattice, and therefore does not introduce a preferential direction for
the magnetization. However, in most magnetic systems there is a preferred direction
observed for the magnetization, called magnetic anisotropy. The preferred direction
of the magnetization is called the easy axis. The axis along which the energy is
maximized is called the hard axis. There are two contributions to this anisotropy:
Shape anisotropy, and magneto-crystalline anisotropy. In chapter 2, we will come
back to this important property of magnetic systems.

For magnetic thin �lms, the easy-axis can either lie in the plane of the sample
or perpendicular to it. The former is called in-plane anisotropy, the latter is called
out-of-plane anisotropy. Out-of-plane anisotropy is caused by an interface e�ect and
is therefore observed in very thin �lms.

For magnetic memory, another important property of ferromagnets is the possibil-
ity to break in a multi-domain state. Sometimes the system can minimize its magneto-
static energy by breaking-up into magnetic domains, see �gure 1.1b. The domains are
separated by domain walls. In the domain wall, the magnetization turns from one
direction into the other direction. These domains cost a certain amount of energy to
create, for two reasons: neighboring spins in the domain-wall are not aligned, so the
exchange energy is not minimized. This term wants to create extended domain walls
to minimize the exchange energy. The second contribution is from the anisotropy: the
magnetization in the domain wall is not aligned with the easy axis. This term wants
to create narrow domain walls. Because the domain walls costs energy to create, there
will be a competition between minimizing magneto-static energy by creating domains,
and minimizing domain-wall energy by minimizing the amount of domains.

Those domains play a crucial role in magnetic memory: by dividing a magnetic
�lm into domains, we can assign a digital bit to the magnetization direction of a
certain domain. In traditional hard disk drives (HDDs), magnetic �lms with in-plane
magnetic anisotropy were used to store data. Over the years, people kept decreasing
the size of the magnetic domains to increase the bit density of the memory devices.
However, at some point the magnetic domains become unstable: already at room
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Figure 1.1 � a) Typical band structure of a ferromagnetic metal. b) The amount of
stray �elds, and thus the magneto-static energy, is decreased by the creation of magnetic
domains.

temperature thermal �uctuations could �ip the magnetization direction and thereby
destroy the information. It turned out that domains with out-of-plane anisotropy were
much more stable, and allowed for domain dimensions to be scaled down to 10 nm [6].
Around 2006, the �rst magnetic recording devices with out-of-plane magnetic layers
were released commercially. Because of this practical advantage in this thesis we focus
on perpendicular magnetized materials in this thesis.

1.2 Spintronics in memory devices

In the previous section, we introduced magnetic domains, which can be used in memory
devices to store information. In early HDDs the information was read out by the
induced current in a coil when the magnetic domains pass the read-head. Later, the
anisotropic magneto-resistance of magnetic materials was used. This property allows
for determining the state of a magnetic multilayer by measuring its resistance. In the
late 80's, a major breakthrough took place with the discovery of the Giant Magneto
Resistance (GMR), which not only lead to drastically improved read-heads in HDDs,
but gave birth to a whole new fascinating research �eld: spintronics. In this section
we will give an introduction to the �eld of spintronics, starting with an explanation of
GMR and its application in magnetic read-heads. Also another important discovery
in spintronics is introduced: spin-transfer-torque (STT). STT has opened a whole new
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world of opportunities for magnetic memory devices.

The beginning of spintronics: GMR

In 1856, Lord Kelvin discovered what is now known as the anisotropic magneto-
resistance e�ect (AME) [4]. He discovered that the electrical resistance of iron in-
creases when he applied a �eld collinear to the current, and decreases with a �eld
applied perpendicular to it. This e�ect was gratefully used in magnetic read-heads
until the 90's: it allowed for the detection of the bits in a magnetic hard-drive. In
the late 1980's, Fert and Grunberg [3] independently discovered a much larger kind
of magneto-resistance, later called the Giant Magneto Resistance (GMR). To explain
this e�ect, we need to consider not only the charge properties of the electron, but also
its spin angular momentum, which represents a certain amount of magnetic moment.
Spintronics was born.

To explain the GMR e�ect, we start with a short explanation of electron transport
in ferromagnetic metals [5]. Electrical current in a metal is mainly carried by the
iterant s electrons, because they have a much lower e�ective mass than the d electrons.
When the electrons are transported through the material, they can scatter, and the
scattering probability determines the resistance. Because ferromagnets have a partially
�lled d shell there is a high number of available states at the Fermi level of the d band
to which the s electrons can scatter Because the probability of these transitions is much
larger than for ordinary scattering, this leads to an enhanced damping. Because the
density of states is di�erent for majority and minority electrons, the scatter probability
and thus the mean free path will be di�erent for both types of electrons. This is
illustrated in �gure 1.2a.

Electrons that move through the material can also undergo spin-�ip scattering, a
process during which the electron will �ip its spin. However, if the dimensions of the
system are much smaller than the typical spin-�ip scattering length, we can pretend
that there are two independent spin channels in the material: one for spin-up, and one
for spin-down electrons. This allows us to calculate the total resistance with a resister
network replacement scheme, see �gure 1.2b. For a single magnetic layer, it turns out
that the resistance is independent of the magnetization direction of the sample.

However, when we add a second magnetic layer and change the relative orientation
of the magnetization of those two layers from parallel to anti-parallel, we will �nd a
change in total resistance. This is called the Giant Magneto Resistance (GMR). The
change in resistance can be evaluated using the resistor scheme to be:

∆R

R
=

(RH −RL)2

4RHRL

, (1.1)

in which RH is the resistance for a electron moving through a layer with its spin anti-
parallel to the magnetization , and RL the resistance for a electron moving through a
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Figure 1.2 � a) Cartoon of spin dependent electron transport in a ferromagnet. The large
arrow indicates the direction of the magnetization of the material. The mean free path of
the electrons depends on the orientation of the electron spin relative to the magnetization.
The reason is the large amount of free states at the Fermi level for minority electrons at
the Fermi level, to which the electrons can scatter. b) Resistor model of the GMR e�ect.

layer with its spin parallel to the magnetization.
The above explained GMR is intensively used in read heads in nowadays memory

devices. In �gure 1.3, the working principle of the GMR read-head is explained. The
simplest version of the GMR read-head contains two ferromagnetic magnetic layers
and an anti-ferromagnetic layer. The anti-ferromagnetic layers pins the direction of
the �rst ferromagnetic layer due to exchange coupling. This layer is therefore called
the pinned layer. This layer is very hard to switch. The second ferromagnetic layer
can be switched much easier. As discussed before, the resistance of the stack depends
on the relative orientation of the magnetization of the two layers. When the read-head
is brought in a magnetic �eld, the free layer will align with the �eld direction. This
�eld could be the stray �eld from a magnetic sample, like in �gure 1.3a. By measuring
the resistance, we determine the orientation of the magnetization of the sample. In
this way, we can read out the bits stored in magnetic domains by scanning the read
head over the magnetic �lm, see �gure 1.3b and c.

Current induced domain wall motion

As mentioned before, the discovery of GMR is often seen as the birth of spintronics.
Another milestone in the development of spintronics was the discovery of spin transfer
torque (STT) [7], which states that the spins in a spin polarized current can exert a



6 CHAPTER 1. INTRODUCTION

Figure 1.3 � Basics of the GMR read-head a) Layout of a GMR read-head. The free
layer will align its magnetization with the stray �eld of a magnetic bit. b) and c) By
measuring the resistance of the stack we can read out information stored in magnetic
bits.

Figure 1.4 � Domain wall motion by spin transfer torque. The magnetic moment asso-
ciated with the electron spin is not parallel to the magnetization in the domain wall, and
thus exerts a torque on the magnetization. In this way the domain wall will be moved
along with the electron.
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torque on the magnetization when they are not parallel to this magnetization. In this
way we can move magnetic domain walls through a magnetic wire with a spin polarized
current, as sketched in �gure 1.4. This idea inspired Parking [2] who envisioned a
memory device which combines the low costs of HDDs and the high speed of solid
state memory. Instead of moving the disc containing the magnetic bits mechanically
to the read/write-heads in traditional HDDs, he proposed to move the magnetic bits
through the material using STT. This would be both faster and more reliable (the
disk in a HDD spins at high speed just a few nanometers below the write/read head).
In �gure 1.5a, a sketch shows the idea of this memory device, called the magnetic
racetrack memory.

In the design of magnetic domain based memory devised like the racetrack memory,
it is very important to be able to control the domain wall motion. Domain walls

Magnetic domain wall de-pinning

In the design of magnetic domain wall based memory devises like the above introduced
racetrack memory, it is very important to be able to accurately control the domain wall
motion. The driving force behind domain wall motion can be an applied external �eld
or for example the above introduced current induced STT. In �gure 1.5b the domain
wall velocity as a function of applied �eld is plotted. In a real crystal, the domain
wall faces impurities in the crystal which act as pinning sites. When the driving force
is low, the domain wall will get pinned at those pinning sites. When the temperature
is larger then zero, thermal �uctuation can de-pin the domain wall. In this way, the
domain wall moves from pinning site to pinning site. This is called the creep regime.
This creep regime plays a crucial role in perpendicular magnetized materials, because
it is very di�cult to achieve domain wall motion beyond this creep regime.

A second reason that domain wall de-pinning is important, is the fact that we
have to be able to very precisely control the position of magnetic domain walls in
memory devices. Therefore, arti�cial pinning sites are created, which allow to control
the position of domain walls. This means that we have to de-pin the domain wall
to be able to move it. For this reason, current assisted de-pinning experiments are
performed in this group.

1.3 This thesis

This last section introduces the work discussed in this thesis. In the �rst subsection, we
will discuss previous work done in this group on current induced magnetic domain wall
depinning which formed the starting point of this research. In the second subsection
we will introduce the work discussed in this thesis.
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Figure 1.5 � a) Parkin's racetrack memory. Magnetic bits are dragged along the nano-
wire towards the read and write-head using the STT induced by an electron current. b)
Domain wall velocity as function of applied �eld, for zero temperature and for �nite
temperature.

Previous work

In the previous section the relevance of domain wall de-pinning for applications in
memory devices was discussed. Also current induced STT was introduced, which could
be used as the driving force behind domain wall de-pinning. In this group, current
assisted �eld induced de-pinning experiments are performed to study the e�ect of this
STT on the domain wall de-pinning. Those experiments were done on Pt/Co/Pt nano-
wires. On a small portion of the wire the anisotropy was lowered by bombarding the
wire with ions [43]. This allows for the creation of domains, by �rst apply a large
�eld in one direction, and then a smaller �eld in the other direction, which switches
only the region with lowered anisotropy. Current pulses are now send trough the wire,
and the de-pinning �eld is measured, using an optical set-up Figure 1.6 depicts this
measurement method. The magnetization direction next to a domain wall is measured,
and when a change in magnetization is observed, we know that the domain wall is de-
pinned. Figure 1.7 depicts the expected and observed behavior of those current assisted
de-pinning experiments. In the top drawing we see the initial situation with the three
domains. If we apply a magnetic �eld that is larger than the de-pinning �eld in the
direction of the domain in the middle, both domain walls get de-pinned and the domain
starts to grow in both directions. When we send electrons through the wire from right
to left, we expect due to STT that the current tends to drag the domain walls to the
left. We assume that the current is low enough to be sure that the STT on itself is
not strong enough to de-pin the domain walls. When we apply a �eld, we expect the
left domain wall to be de-pinned at a �eld lower than the original de-pinning �eld,
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Figure 1.6 � Using the TR-MOKE set-up to perform domain-wall de-pinning experi-
ments. In a) the starting situation is given. When we apply an increasing magnetic �eld,
at some point, called the de-pinning �eld Hdep, the domain wall will get de-pinned. If we
measure the magnetization just next to the domain wall as depicted in b), we will be able
to detect this de-pinning from the measured magnetic signal as depicted in c)

Initial situation:

Expected behavour due to STT:

Observed ´field like´ effect:

Happ=Hdep

1 2

1 2

1 2

Expected field induced de-pinning ( no current)

1 2

Happ<Hdep

Happ<Hdep

Figure 1.7 � Schematic representation of the expected and observed �eld induced current
assisted de-pinning behavior. STT would drag both domains in the same direction, thereby
helping the depinning of one domain and opposing the de-pinning of the other domain.
The observed e�ect helps the de-pinning in both directions, and is therefore �eld like. The
horizontal arrows indicate the direction of the electrons.
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and the right domain should be de-pinned at higher �elds, as depicted in the third
image. However, a �eld like e�ect as depicted in the bottom image is observed. The
current, depending on its direction, helps or opposes the de-pinning of domain walls
in both direction (note that in �gure 1.7 we only show the current direction for which
we help the de-pinning. When the current direction is inverted, the current opposes
the de-pinning of both domain walls). We call this e�ect �eld like, because it wants
to stabilize one magnetization direction. It is not a real magnetic �eld. This observed
behavior was very unexpected, and could not be explained by conventional STT.

Around the same time those experiments were performed, other groups also found
current induced e�ects in comparable systems which had the same unexpected sym-
metry [16]. Two di�erent explanations originating from spin-orbit (s-o) coupling were
proposed to explain those observations: Rashba �elds which are induced at the in-
terface between the ferromagnet and the nonmagnetic metal, and the spin Hall e�ect
(SHE), which creates a spin polarized current from the Pt layer into the magnetic layer.
Both e�ects would exert a torque on the magnetization with the right symmetry to
explain the measurements. More details about both e�ects will be given in chapter 2.
In this thesis we are interested in the e�ect of those s-o torques on the magnetization
dynamics in Pt/CoB/Pt systems. In the next subsection, we will introduce the work
done during this research.

This thesis

In this thesis we want to investigate the current induced spin-orbit torques in multilayer
nano-wires containing a magnetic layer and at least one Pt layer, which has large spin-
orbit coupling. As will be discussed in chapter 2, in Pt(x)/CoB(x)/Pt(x) systems,
where x indicates the thickness of the individual layers in nm, we can neglect Rashba
�elds, and therefore the main focus of this thesis is on the SHE. We performed two
types of measurements to verify whether the current-induced spin-orbit torques are
present and signi�cant in Pt/CoB/Pt systems. To perform those measurements, we
use a Time Resolved-MOKE (TR-MOKE) set-up which will be discussed in chapter
3. The �rst measurements, which will be discussed in chapter 4, were performed to
investigate the e�ect of current induced s-o torques on magnetic switching. Those
measurements are performed to investigate whether the predicted current induced s-o
torques are present in our systems and to characterize them.

The second method is a new and alternative way to study the e�ect of the spin-orbit
torque on the magnetization. When we bring the magnetization of the sample out of
equilibrium, the magnetization will start a precessional motion which will damp out
because of scattering processes. Both the Rashba �eld and the SHE could exert torques
with components parallel or anti-parallel to this damping torque. For example, Ando
et al [8] showed the manipulation of the magnetic damping in in-plane magnetized
NiFe �lms by the use of the SHE in platinum. We want to use the TR-MOKE set-up
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to measure the trajectory of the magnetization of out-of-plane magnetized materials
as a function of time to determine the damping parameter. In this way we are able to
investigate current induced e�ects on the magnetic damping, and give the opportunity
to study the current induced spin-orbit torques.

We will now give an outline of this thesis:
� In chapter 2 we will start with a theoretical background of the various sub-

jects covered in this thesis. We will discuss magnetization dynamics, and especially
magnetic damping. We will also take a closer look to the current induced torques,
the already introduced Rashba �eld, SHE and the STT. We will argue that the SHE
could induce a torque on the magnetization that could in�uence the damping. We will
also describe simulations that show the e�ect of the SHE on �eld induced magnetic
switching and magnetic damping.

� In chapter 3, we will discuss methods used to fabricate the samples that are used
in this thesis. Also the TR-MOKE set-up is explained in more details and we will
introduce a second measurement technique, the Kerr microscope.

� In chapter 4, results on current assisted switching measurements will be discussed.
Those measurements are performed to prove the existence of s-o torques in our systems
and characterize the e�ect in di�erent samples. We also performed measurements to
study pure current induced magnetic switching.

� In chapter 5 we performed damping measurements on both thin �lms as well as
nano-wires. We measured thins �lms to characterize our samples and to investigate
the e�ect of the Pt layer thickness on magnetic damping. The measurements on the
nano-wires were performed to study the e�ect of current induced s-o torques on the
magnetic damping.

� In chapter 6 we will summarize the most important results of this thesis and give
an outlook for possible future research.
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Chapter 2

Theory

In this chapter we treat the theoretical background of current in�uenced magnetization
dynamics. We will discuss which current induced e�ects we expect in our systems and
how they can in�uence the dynamics of the magnetization.

In the �rst section, we will introduce magnetic energy and the e�ective magnetic
�eld. The equilibrium position of the magnetization is determined by minimizing
the magnetic energy, and we will see that magnetic anisotropy leads to a preferred
magnetization direction. Interface e�ects will turn out to be important to obtain
perpendicular magnetized systems, in which we are interested in this thesis.

In the second section we will take a look at the dynamics of the magnetization when
the magnetization is brought out of equilibrium. Those dynamics are described by
di�erential equations like the Landau Lifshitz or the Landau Lifshitz Gilbert equation.
We will also introduce the Gilbert damping parameter α which describes damping in
the LLG equation. This parameter is very important in this thesis because we are
interested in damping measurements.

In the third section, current induced magnetization dynamics are introduced. Here
we take a look how the dynamics introduced in section 2.2 are in�uenced by electri-
cal currents. We will introduce spin transfer torque (STT) which is exerted on the
magnetization when a spin polarized current is injected into a ferromagnetic system.
Subsequently we take a closer look to the two spin-orbit torques introduced in chapter
1, which are proposed to explain the observed current assisted switching and domain
wall depinning experiments. We will start with the spin Hall e�ect (SHE) in section
2.3.2, and cover the Rashba e�ect in section 2.3.3.

In the last section of this chapter we treat macro-spin simulations of the LLG equa-
tion including a STT induced by the SHE. Those simulations will show that indeed
the SHE can assist �eld induced switching. In this thesis, we wanted to study the
current induced spin-orbit torques by measuring their e�ect on the magnetic damp-
ing. Therefore we also performed simulations that demonstrate the e�ect of the STT
induced by the SHE on the magnetic damping.

13
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2.1 Magnetic energy and the e�ective magnetic �eld

Bits in magnetic memory devices are stored by controlling the magnetization direction
of a magnetic domain. In the introduction chapter we mentioned that the size of
magnetic domains in storage devices could be scaled down below 10 nm when systems
with out-of-plane magnetization are used. Whether the equilibrium direction of the
magnetization is in-plane or out-of-plane is determined by minimizing the magnetic
energy of the system. This magnetic energy contains a contribution from the external
applied �eld and from the anisotropy. We will start this section by introducing an
expression for the magnetic energy. In the second subsection we will discuss the origin
of magnetic anisotropy.

2.1.1 Magnetic energy

The energy of a free magnetic moment ~µ in an external magnetic �eld is called the
Zeeman energy:

Ezee = −µ0( ~~µ ·Hex), (2.1)

in which m0 is the permeability of vacuum and Hex is the external applied magnetic
�eld. For a free magnetic moment, the energy is minimized when the magnetic moment
is aligned with the applied magnetic �eld. Inside a crystal, a magnetic moment of an
atom can interact with neighboring atoms. As we will see later on, those interactions
can lead to contribution to the magnetic energy which depends on the direction of the
magnetic moments and which we call magnetic anisotropy. We de�ne this energy as
Eani( ~M). This means that the magnetic moments will have a preferred direction, even
without an applied magnetic �eld.

When we study the magnetic behavior of crystals we will not study individual
magnetic moments, but the magnetization, which is de�ned as the volume density of
magnetic moments:

~M =
1

V

∑
~µi, (2.2)

in which V is the volume of the system and the summation is taken over all individual
magnetic moments ~µi inside the system.

The total magnetic energy can be written as the sum of the Zeeman energy and
the anisotropy energy:

Emag( ~M, ~H) = Eani( ~M) + Ezee( ~M, ~H). (2.3)

We saw that a free magnetic moment will tend to align with an applied magnetic �eld.
For the magnetization inside a crystal, we can de�ne an e�ective �eld, along which the
magnetization wants to align itself to minimize the magnetic energy. This e�ective
�eld is de�ned as:
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~Heff = − 1

µ0

dEmag( ~M, ~H)

d ~M
. (2.4)

This e�ective �eld is important when we are going to discuss the dynamics of the
magnetization in section 2.2. In the next subsection we will take a closer look at
magnetic anisotropy.

2.1.2 Magnetic anisotropy

In the previous section we introduced the anisotropic contribution to the magnetic
energy. An axis along which the energy is minimized is called the easy axis, and
an axis along which the energy is maximized is called the hard axis. Without this
magnetic anisotropy, spontaneous magnetization in 2d systems would not be possible,
and hardly observable in 3d systems. The reason is that the exchange interaction,
responsible for ferromagnetic ordering, is short ranged. Therefore, it costs very little
energy for the magnetization to rotate over a distance called the magnetic coherence
length. In this way the system could minimize its magneto-static energy by curling
the magnetization, which would lead to zero net magnetization. In this subsection we
will take a look at the origin of magnetic anisotropy. We want to �nd an expression
for the contribution of anisotropy to the magnetic energy given by equation 2.3.

The anisotropy is de�ned as the energy K it costs to turn the magnetization from
the easy axis to the hard axis. In this thesis we work with thin �lms, so we will
focus on those systems. In �gure 2.1 we introduce the system of coordinates we use in
this thesis. The thin �lm lies in the x-y plane, and z is the out-of-plane direction. In
magnetic nano-wires, we de�ne x as the direction of the wire. We de�ne Θ as the angle
between the magnetization and the z axis. The angle between the applied magnetic
�eld and the z axis is indicated by b.

In �rst order, the magnetic anisotropy energy (MAE) is given by:

Eani = K sin(Θ). (2.5)

We observe that for positive K, the energy will be minimized for an out-of-plane
magnetization, and for a negative K for an in-plane magnetization. The anisotropy
constant K can be written as the sum of two contributions: K = Kmca + Ks. The
�rst term is the magneto-crystalline anisotropy (MCA), the second term is the shape
anisotropy. We will explain those two terms in a moment. This means that the
combination of Ks and Kmca determines whether the easy axis is in-plane or out-of
plane.

It was shown by Draaisma et al [30] that the anisotropy of a thin �lm can also
phenomenological be written as the sum of a volume and an interface term, which is
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Figure 2.1 � System of coordinates used throughout this thesis. The out of plane direction
is always along the z axis and a positive current direction is de�ned to be in the positive
x direction.

more convenient when working with thin �lms:

K = Kvol +
2Ksur

t
, (2.6)

in which t is the thickness of the magnetic layer and the factor 2 enters because the
magnetic layer is enclosed by two surfaces. This expression of the anisotropy constant
shows that there is a competition between the volume and surface anisotropy which
determines the sign of K and thereby the direction of the easy axis. This means that
the anisotropy will be out-of-plane when:

Ksur < −
tKvol

2
. (2.7)

So whether we observe perpendicular anisotropy in a system depends on the relative
size of the volume and the surface anisotropy, and the thickness of the magnetic layer.
The volume term includes shape anisotropy and a weak contribution of the magneto-
crystalline anisotropy. The size of both contributions to the volume anisotropy for
Fe, Co is Ni are listed in table 2.1. Note that the shape anisotropy is listed for thin
�lms. The surface anisotropy is mainly due to magneto-crystalline anisotropy which is
strongly enhanced at the surface due to interfacial bonding e�ects. We will now take
a closer look at the physics behind the shape and magneto-crystalline anisotropy, and
the reason the latter is enhanced at the surface.

Shape anisotropy

Shape anisotropy is the result of dipole-dipole interaction. The magnetic moments
in the material feel the magnetic �elds originating from other magnetic moments. In
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Metal Structure Ks[eV/atom] Ku[eV/atom]
Fe bcc −1.4× 10−4 −4.0× 10−4

Co hcp −9.3× 10−4 −5.3× 10−4

Ni fcc −1.2× 10−4 −8.6× 10−4

Table 2.1 � Bulk anisotropy energies for Fe, Co and Ni at 4.2 K. Both the shape
anisotropy Ks for thin �lms and the magneto-crystalline anisotropies Ks are listed. Data
adopted from [25].

�rst order the magnetic moments can be regarded as magnetic dipoles, and the energy
associated with dipole-dipole interaction between two dipoles is given by:

Edip−dip = − µ0

4πr3
[~m1 · ~m2 − 3(~m1 · ~r) · (~m2 · ~r)], (2.8)

with r the distance between the two dipoles ~m1 and ~m2 and ~r a unit vector point-
ing from ~m1 to ~m2. In �gure 2.2a we show four possible alignments between two
magnetic moments and the associated dipole-dipole energy in multiples of E0

dip−dip

which we de�ne as E0
dip−dip = µ0m2

4πr3
. In �gure 2.2b we show how this interaction leads

to anisotropy in a magnetic system. The total dipole-dipole energy is the summation
over all dipole-dipole interactions in the system and for simplicity, we only take nearest
neighbor interactions into account. Figure 2.2b shows a magnetic sample containing
eight magnetic moments. In the top drawing, the magnetization points in-plane, in
the bottom drawing it points out-of-plane The total dipole-dipole energy of both con-
�gurations is given and we observe that the in-plane con�guration has lower energy.
In general, shape anisotropy wants to align the magnetization along the longest axis
of the system.

From a macroscopic point of view the e�ect of the dipole-dipole interaction can
be described by an e�ective �eld which is called the demagnetization �eld ~Hd. The
demagnetization �eld is generally de�ned as:

~Hd = −N ~M, (2.9)

in which N is the demagnetization tensor which depends on the geometry of the
sample. For a normal thin �lm, this tensor is given by [31]:

N = 4π

 0 0 0
0 0 0
0 0 1

 . (2.10)

This means that only when Hd 6= 0, the magnetization has a component along the z
axis, and it tends to push the magnetization in-plane and thus introduces an in-plane
anisotropy.



18 CHAPTER 2. THEORY
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Figure 2.2 � a) The dipole-dipole interaction energy for the four possible relative align-
ments of two dipoles. b) Simple example of a system with eight dipoles to illustrate the
basis principle of shape anisotropy. The total dipole-dipole energy is the sum over all
dipole-dipole interactions. We only take nearest neighbor interactions into account. We
see that the energy is minimized for the in-plane con�guration (top right image).

With the use of the de�nition of the e�ective �eld (equation 2.4) and the anisotropy
constant, the dipole-dipole energy for thin �lms becomes:

Ed = Ks = − 1

2µ0

M2, (2.11)

in which Ks is the shape anisotropy which is the main contribution to the volume
anisotropy term in equation 2.6.

Magneto-crystalline anisotropy and PMA

We already mentioned that a second contribution to the volume anisotropy is due to
magneto-crystalline anisotropy (MCA) and that this contribution is small in compari-
son to shape anisotropy. However MCA can be strongly enhanced at interfaces, leading
to strong surface anisotropy which could lead to perpendicular magnetic anisotropy,
as we will see in this subsection.

MCA is de�ned as a preferred magnetization direction with respect to the crys-
talline axis. The main contribution to magneto-crystalline anisotropy is spin-orbit
coupling as explained by Van Vleck in 1937. Spin-orbit coupling couples the spin an-
gular momentum of the electron to its orbital angular momentum, which is coupled
to the lattice of the crystal.

We will �rst introduce spin-orbit coupling. The conventional Hamiltonian describ-
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ing the energy of an electron in a magnetic and electric �eld is given by:

H =
1

2me

(~p− ~A) + V, (2.12)

in which p̂ is the momentum operator, (p̂ = −i~∇r). ~A is the vector potential and V
the scalar potential, describing the magnetic and electric �elds. This Hamiltonian does
not take relativistic e�ects into account. The relativistic version of the Schrödinger
equation is called the Dirac equation. In �rst order, in the Dirac equation the Hamil-
tonian can be written as:

H =
1

2me

(p̂− A)2 + V − 1

4m2
ec

2
~s · (p̂×5V ), (2.13)

in which me is the electron mass, c is the speed of light and ~s represents the spin-
direction. This extra term accounts for relativistic e�ects. When we use the de�nition
of the quantum mechanical orbital momentum

−→
l , ~~l = (~r × ~p), and the electrostatic

potential of the nucleus, V = Ze/(4πε0r) ,in which Z is the atomic number of the
nucleus, r is the distance of the electron to the nucleus and ε0 the permittivity of
vacuum, we can rewrite equation 2.13:

H =
1

2m
(p̂− A)2 + V − e~2

2m2
ec

2r

dV

dr
· (~s ·~l). (2.14)

The third term on the right hand side of the equation introduces spin-orbit coupling.
The spin-orbit coupling part of the Hamiltonian is often written as:

Hso = ξ(r) · (~s ·~l), (2.15)

where ξ(r) is material dependent and determines the strength of the spin-orbit cou-
pling. We will now explain how spin-orbit coupling leads to magneto-crystalline
anisotropy.

In Co, Ni and Fe electrons in the un�lled 3d shell are responsible for ferromag-
netism. The ten available states in the 3d shell can be written as a linear combination
of 5 eigenfunctions of the Lz operator, which combined with the spin degree of free-
dom gives the ten possible states. Those 5 eigenstates are labeled with a magnetic
quantum number ml which can take the values -2, -1, 0, 1 and 2 and form a complete
set of eigenfunctions. Those eigenfunctions are time dependent and thus carry angular
momentum as indicated by their magnetic quantum number ml .

In the absence of any external magnetic �eld or other perturbation, those �ve
eigenfunctions are degenerate and therefore any linear combination of those �ve states
is still a valid solution to the Schrodinger equation. Therefore it is possible to construct
a set of �ve stationary solutions, which are depicted in �gure 2.3a. Those �ve states
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still form a complete set of eigenfunctions. Note that those states are stationary and
therefore carry no angular momentum.

When an atom is placed in a crystal, it is surrounded by other atoms, see �gure
2.3b. We can describe the interaction of the atoms with their neighbors using the
Ligand �eld model. In this theory we describe one central atom, that only feels the
electron clouds of the nearest neighbors which are called Ligands, as depicted in �gure
2.3b. The interaction between the electrons with the ligands is due to the Coulomb
force. Because the coulomb force depends on the overlap of the electron wave-function
with the electron cloud of the ligand, the energy of the orbitals depends on their spatial
layout. This means that in this case not all orbitals will have the same energy but
that their energy levels are shifted. The size of this shift in energy depends on the
bonding strength between atoms. For very weekly bonded atoms, the energy shift will
be very small. The spatial layout is only constant in time for the stationary orbitals
depicted in �gure 2.3a, which are therefore the eigen-functions of the Hamiltonian in
the Ligand �eld theory.

Until now, we did not take spin-orbit coupling into account. The system can lower
its energy by gaining a �nite orbital momentum which couples with the electron spin.
We argued that in the crystal, the stationary states are the eigenfunctions of the
Hamiltonian. To gain a �nite amount of angular momentum, the stationary states
will have to mix. However, this mixing of states costs energy, because of the gain in
electrostatic energy from the coulomb interaction. This means that the amount of
mixing between states depends on the bonding strength between atoms.

This mixing of states can explain the large values of the surface anisotropy at
the boundary of a magnetic and a non-magnetic material, for example Co and Pt.
When we take again a look at �gure 2.3a and de�ne the z axis perpendicular to the
interface between the magnetic and non-magnetic layer, we have two in-plane and
three out-of-plane orbitals. At the interface, the two in-plane orbitals of the magnetic
material feel the presence of other magnetic atoms of the same species. This leads to
a certain amount of mixing of the two in-plane orbitals, depending on the bonding
strength. The three out-of-plane orbitals feel the atoms of the neighboring material.
The out-of-plane orbitals can also mix depending on the bonding strength between the
magnetic and non-magnetic atoms. The bonding strength between the magnetic and
non magnetic atoms can be di�erent from the bonding strengths between the magnetic
atoms, and therefore the amount of mixing of the out-of-plane orbitals can di�er from
the mixing of in-plane orbitals. When the bonding with the non-magnetic atoms is
stronger than the bonding in-between magnetic atoms, the out-of-plane orbitals are
less mixed compared to the in-plane orbitals. Because in-plane orbitals lead to out-of-
plane orbital momentum, this leads to a preferred out-of-plane direction of the orbital
momentum, and thus to PMA. For example for a Co-Pt interface, the ratio between
bonding strengths between Co-Pt and Co-Co bonds is 1.6 [32], leading to strong out-
of-plane anisotropy at the boundary of Co and Pt.
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Figure 2.3 � a) Linear combinations of the eigenfunctions of the Lz operator can give
those time independent 3d-orbitals. Adapted from www.intechopen.com. b) Schematic
representation of two orbital con�gurations in the ligand �eld theory.

2.2 Magnetization dynamics

In the previous section we described that in equilibrium, the magnetization lies along
an e�ective �eld which is a combination of an external �eld and the anisotropy �eld.
In this section we describe the dynamics of the magnetization when it is brought out
of equilibrium. We will see that in this case the magnetization will start a damped
precessional motion around the e�ective �eld. A number of di�erential equations exist
which describe this behavior. We will discuss two of them in the �rst part of this
section: the Landau-Lifshitz (LL) equation and the Landau-Lifshitz-Gilbert (LLG)
equation. An important aspect of the LL(G) equation is the damping parameter. We
will explain the origin of this parameter in the second part of this section.

2.2.1 The LL and the LLG equation

The torque on an isolated magnetic moment placed in an external magnetic �eld is
de�ned as:

~T = −→µ × ~Hext, (2.16)

where ~µ is the magnetic moment and ~Hext is the applied magnetic �eld. The e�ect of
this torque on the magnetic moment is a precessional motion around the direction of
the magnetic �eld. Inside a ferromagnet, the magnetization, which is de�ned as the
total magnetic moment density, feels a similar torque. The di�erence being that the
external �eld ~Hext is replaced by an e�ective �eld ~Heff , introduced in the previous
section. Using this e�ective �eld, Landau and Lifshitz [44] introduced an equation
which describes the time evolution of the magnetization:
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d
−→
M

dt
= −γ(

−→
M × ~Heff ), (2.17)

in which γ is the gyromagnetic ratio de�ned as γ = − egµ0
2me

, with g the Landé factor,
e the elementary charge, me the electron mass and µ0 the permeability of vacuum.
This equation describes a precessional motion of the magnetization around the ef-
fective �eld direction. However, this formula fails to explains the damping process
observed experimentally. Therefore, Landau and Lifschitz added a term proportional
toM× [M×Heff ] to account for damping. They de�ned a phenomenological damping
parameter λ, which we will call the Landau-Lifshitz (LL) damping parameter. The
LL-equation now becomes:

d
−→
M

dt
= −γ−→M × ~Heff + λ ~M × [ ~M × ~Heff ]. (2.18)

Later, Gilbert [45] stated that the LL equation fails for large values of the damping
parameter, and proposed to replace the LL damping term with a viscous force term:

d
−→
M

dt
= −γGµ0

−→
M × ~H − α

Msat

~M × d ~M

dt
, (2.19)

with a the Gilbert damping parameter and γG = γ(1+α2) . This equation describes the
damping in ferromagnetic materials more accurately when the damping is large, like
in thin magnetic �lms. With α = λ/γ both equations are mathematically equivalent.
Until today, no complete agreement exists about which of the two equations describes
best the damping in ferromagnetic materials [21]. In this report, we will assume that
the LLG equation and the LL equation are equivalent and the damping parameters
are related via α = λ/γ. We have to make one more remark about the damping
parameter. We will assume that the damping parameter is a scalar, although ab initio
studies show that in almost all cases, the scalar damping parameter should be replaced
by a tensor [20], because the damping parameter turns out to be anisotropic. As the
LLG equation with the scalar form of the damping parameter describes very well the
measurements done in this research and other studies in this group, we stick to the
scalar form.

2.2.2 Damping

In the previous subsection we saw that the damping of the magnetic precessional mo-
tion towards its equilibrium position is described in the LLG equation by a parameter
α called the Gilbert damping parameter. This parameter is linked to the damping
parameter λ used in the LL equation. In this subsection we will take a closer look at
the mechanisms responsible for this damping. This subsection is split into two parts.
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Figure 2.4 � Collected data on the observed temperature variations of the magnetic
damping in 3d transition metals and alloys. Adapted from [19].

In the �rst part we will describe the intrinsic contributions to the damping and in
the second part we will take a look at a extrinsic contribution which enhances the
magnetic damping signi�cantly in thin magnetic �lms: spin pumping.

2.2.2.1 Intrinsic mechanism

The intrinsic damping mechanism in metallic ferromagnets originates from a combina-
tion of spin-orbit coupling and electron-lattice scattering. Many theories exist which
describe the intrinsic damping. One very intuitive model is the so called breathing
Fermi surface model[18]. We will start this section by explaining this model. As we
will see, this model cannot explain the temperature behavior of the damping parame-
ter around room temperature and higher for Co and Fe. Therefore we will introduce
a second model, called the torque-correlation model, which is able to describe the
temperature dependence of the damping in the whole temperature range. This model
is however less intuitive and will only be discussed brie�y.

The breathing Fermi surface model

As already mentioned, the mechanism responsible for intrinsic magnetic damping is
spin-orbit coupling. When the magnetization precesses around the e�ective �eld, the
energy contribution of the spin-orbit coupling changes and thereby the energy levels of
the electronic states can shift. This means that some occupied states lying just below
the Fermi level can be pushed above the Fermi level, and some empty states just above
the Fermi level can be pushed just below the Fermi level (referred to as the breathing
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Fermi surface [18]). This means that electron-hole pairs are created, and that the
system is in an excited state. The excited electron can relax back due to electron-
lattice scattering, in a characteristic time scale called the relaxation time τ . Note that
τ also describes the electron transport in a metal in the Drude model approximation
[1]. From measurements of the temperature dependency of the conductivity of metals
we know that τ decreases with temperature, so the Breathing surface model predicts
a decreasing damping parameter with temperature.

Figure 2.4 shows the temperature dependence of the damping parameter for the
3d transition metals (note that the LL version of the damping parameter is plotted
in this graph). We observe a steep decrease in damping from 0 K to approximately
100 K. This behavior is captured by the breathing Fermi surface model. However, for
example for Co, we observe an increase in damping when the temperature is increased
further. This is not captured by the breathing Fermi surface model. Because at
room temperature, this is the dominant behavior, we need a more extended model to
describe the intrinsic magnetic damping.

Torque-correlation model

One model that describes the whole temperature range is the torque-correlation model
introduced by Kamersky [33]. This model gives the damping parameter as a function
of the electron transition probability |Γ−nm| between the electronic bands:

λ =
g2µ2

B

~

[∑
nm

ˆ
d3k

(2π)3

∣∣Γ−nm∣∣2 ×Wnm(k)

]
, (2.20)

in which g is the Landé factor, µB the Bohr magneton, ~ Planck's constant, and
W the spectral overlap of the electron spectral functions, which will be de�ned in a
moment. We will not enter into details, but try to give a short explanation of the
physical background behind this equation. |Γ−nm| measures the transition of electrons
between states in bands n and m induced by the spin orbit torque. There are two
possibilities, n=m, which are called intraband transitions, and n6=m which is called
a interband transition. Those transitions are weighted by the spectral overlap of the
electron spectral functions Ank:

W (k) =
1

π

ˆ
d$1η($1)Ank($1)Amk($1). (2.21)

As explained by Kambersky in [28] , the overlap between the spectral functions is pro-
portional to τ for the interband transitions, and proportional to 1/τ for the intraband
transitions. Gilmore used an e�ective �eld analogy to show that the intraband term
is equal to the breathing Fermi surface model discussed earlier [18]. From the depen-
dency of the interband term on τ , we see that the interband contribution decreases
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with increasing temperature and the intraband contributions increases with increasing
temperature. So the intraband contribution is responsible for the observed increasing
damping for temperatures above approximately 100 K in �gure 2.4.

2.2.2.2 Enhanced damping by spin-pumping

When we take a look at some experimental values for the Gilbert damping parameter
α, we �nd for bulk Co a value of approximately 0.005 [34]. However in thin �lms like
for example Pt-Co, the measured Gilbert damping parameter can be much larger, up
to 0.22 (see for example chapter 5 of this thesis). Extrinsic mechanisms are believed
to cause this increase in damping in thin �lms. Tserkovnyak et al [29] proposed a
process called spin pumping to explain the enhanced damping in thin magnetic �lms
in contact with another material. We will use a simpli�ed picture to explain how
spin pumping can lead to enhanced magnetic damping. We use �gure 2.5 to explain
the process. When the magnetization points along the e�ective magnetic �eld, the
system is in equilibrium. On the left side of �gure 2.5 we see a simpli�ed density of
states (DOS) of a 3d transition metal. Only the DOS for the 3d electrons, responsible
for ferromagnetism, is represented. The unequal number of spin-up and spin-down
electrons leads to a net magnetic moment in ferromagnets such as Co, Ni and Fe.
Because the spin magnetic moment points anti-parallel to the spin, the magnetization
will point in the direction of the minority spins. When the magnetization is out-of-
equilibrium, the spins do not point along the axis of the �eld but in a direction with
a certain angle to the e�ective �eld.

Every individual spin can be projected on a quantization axis which is not parallel
to the direction of the spin, giving an majority and minority component along that
quantization axis. When we align this quantization axis with the e�ective �eld, we
will see that there are less majority electrons and more minority electrons in com-
parison with the equilibrium situation. This means that the system is in an excited
state. The electrons can relax in di�erent ways: one way is to scatter with the lattice,
transferring their orbital momentum to the lattice system. This is equivalent to the
process describing the intrinsic damping in the previous section. However, there is
another possibility: the 3d electrons can also interact with conducting s electrons. In
this process the d electron can transfer angular momentum to the s electron, and the
d-electron system relaxes back to equilibrium. The conduction electrons can di�use
through the material and are also allowed to cross the boundary between the ferro-
magnetic layer and an adjacent non-magnetic layer. This way, angular momentum
can be transported to the adjacent layer leading to a loss of orbital momentum in the
magnetic system and therefore an enhanced damping.

In this adjacent layer, the spins can accumulate at the interface. In this case, there
can be a spin current back into the ferromagnet, opposing the damping. However,
when the spins decay or leave the interface fast enough, the non-magnetic layer can
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Figure 2.5 � Schematic representation of relaxation of the magnetization trough inter-
actions between d electrons and conduction electrons.

be regarded as an ideal spin-sink. It is clear that spin-pumping is only e�ective if the
area of the interface between magnetic and non-magnetic layer is large in comparison
to the volume of the ferromagnetic layer. It turns out that the spin-pumping e�ect
has a considerable e�ect for magnetic layers thinner than approximately 10 nm.

2.3 Current in�uenced magnetization dynamics

In this section we will introduce current in�uenced magnetization dynamics. We start
with an introduction of spin transfer torque. The spin of an electron injected into a
magnetic layer can exert a torque on the magnetization. Subsequently we will take a
look at the two mechanisms that were proposed in literature to explain current assisted
switching measurements done on Pt/Co/AlOx systems as we already discussed in the
introduction chapter: the spin Hall e�ect (SHE) and Rashba spin-orbit coupling. We
believe that those e�ects could possibly explain the de-pinning measurements done in
this group on Pt/Co/Pt systems.
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2.3.1 Spin transfer torque

When an electron is injected into a ferromagnetic system, its spin can exert a torque on
the magnetization. This torque is called spin transfer torque (STT) and is explained
in this section. First, we consider a spin current injected into a ferromagnetic system.
Secondly, we take a look at a current running through a ferromagnetic material with
a gradient in the magnetization, for example a domain wall between two magnetic
domains.

The total magnetic moment in a ferromagnet is linked to the total angular momen-
tum ~L, which is the sum of the orbital and spin angular momentum of the electrons
(if we ignore the spin of the nuclei). We de�ne the angular momentum density in
our magnetic system as ~S2 = ~L/V (units: Js

m3 ), with V the volume of the system. The
magnetization is de�ned as the magnetic moment density, ~M = ~µ/V , with ~µthe total
magnetic moment in the system. The magnetization can be written as a function of
the total angular momentum density:

~M = −gµB
~

~S2, (2.22)

with g the Landé factor, mB the Bohr magneton and ~ Planck's constant.
We now consider a ferromagnetic system with uniform magnetization, represented

by the vector ~M . Subsequently, we inject a spin current. A spin current is a current
that caries a net angular momentum in a certain direction de�ned by the polarization
vector P:

P =

 Px
Py
Pz

 . (2.23)

We will assume that the spin current is fully polarized, which means that the length of
the polarization vector is 1. This spin current injects an amount of angular momentum
into the system. When we divide the total injected angular momentum by the volume
V of the system we get the injected angular momentum density ~S1. We will now take
a look how those injected spins can exert a torque on the angular momentum of the
ferromagnet, and thus via equation 2.22 on its magnetization.

We can project the injected spins, who are along their polarization vector, in a
majority and minority component by projecting the polarization vector along any
quantization axis we choose. This means that we write the spin state as a linear
combination of majority (|+ >) and minority (|− >) spin states with respect to this
quantization axis:

χ = u1|+ > +u2|− >, (2.24)

in which u1 and u2 are complex numbers. Because of the normalization condition for
quantum mechanical states, we have 3 free parameters to construct u1and u2 which
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means that equation 2.24 still contains the full 3 dimensional information about the
direction of the spin.

When we take the direction of the localized angular momentum ~S2 in the ferro-
magnetic system as the quantization axis, the majority component will lie parallel to
~S2, and the minority component will lie anti-parallel to ~S2. In chapter 1 we already
discussed that the minority and majority spins have di�erent scattering probabilities.
This means that the minority spins will be lost which corresponds to a rotation of ~S1

into the direction of ~S2. In �gure 2.6 we see the direction of ~S1/dt. The total torque
exerted on the injected spins is de�ned as:

TSTT = V
~dS1

dt
. (2.25)

From �gure 2.6 we can construct the direction of this torque: ~(S1 × ~S2) × ~S2. When
we assume the magnetic system to be a closed system after the injection of the spins,
conservation of angular momentum dictates:

d ~S1

dt
= −d

~S2

dt
. (2.26)

This means that the torque exerted on ~S1 will be in the direction of ~S2 × ( ~S1 × ~S2).
The size of this torque scales with the injected angular momentum. Each injected spin
caries an angular momentum of ~/2, and the number of injected electrons is given by
I/e, in which I is the injected current and e is the charge of the electron. The exact
size of the torque is however complicated to calculate. Slonczweski gives an expression
for the size of this STT [7]:

TSTT = g(Θ)
~I

2eS1S2
2

~S2 × ( ~S1 × ~S2), (2.27)

in which g = (Θ) is a dimensionless scaling parameter which is a function of the angle
Θ between ~S1 and ~S2 . In systems comparable with ours, this factor g is normally
taken to be 1 [47].

When we want to add this STT to the LLG equation, we need to rewrite this
expression into an equation which describes the evolution of the magnetization instead
of the total angular momentum. By de�nition, we know that:

d~µ

dt
= γTSTT , (2.28)

with γ = − egµ0
2me

the gyromagnetic ratio. Further we de�ne the spin direction as:

~σ = ~S1/|S1|. The direction of the magnetization can be written as ~m = −~S2/|S2|.
Combining those de�nitions and equations 2.22, 2.27 and 2.28, we get:
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Figure 2.6 � Direction of the torques exerted on each other by the magnetic spins S2
and the injected spins S1, as explained in the text. Remember that the magnetization
direction is anti-parallel to the spin direction.

d~m

dt
= g(Θ)

~Iγ
2eVM

~m× (~σ × ~m). (2.29)

When we de�ne a magnetic system with length L, width W and thickness tFM (see
�gure 2.9b), we can write the current density as J = I/WtFM and the volume as
V = LWtFM and we get:

d~m

dt
= g(Θ)

~Jγ
2eV tFMMsat

~m× (~σ × ~m). (2.30)

This expression can be inserted into the LLG equation.
We will now take a look at the STT exerted by a current running through a domain

wall in a magnetic material. Due to spin depended scattering, a current that is send
through a ferromagnetic material will get spin polarized. In a domain wall, there is
a gradient in the magnetization and thus in the direction of the angular momentum.
A spin �owing through this domain wall will feel this gradient and by the mechanism
described above for the isolated magnetic system, there will be a STT exerted on the
electron spin which tends to align the spin with the angular momentum. Because of
the conservation of angular momentum, the electron spin will also exert a torque on
the magnetization.

In �gure 2.7 a schematic representation of a magnetic domain wall is depicted.
The magnetization in the domain wall will change its direction d~m over a distance dx.
This means that the angular momentum ~S2 will change its direction by ~−dm over this
distance. We assume that the spins move adiabatically through the domain wall, and
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Ie

dx

s2
s1

ds1~-dm

Figure 2.7 � Schematic representation of adiabatic STT in a domain wall in a ferro-
magnetic wire. S1 represents the angular momentum density of the conduction electrons,
S2 represent the angular momentum density of the localized d electrons. The conduction
electrons will follow the angular momentum of the localized electrons, and their direction
change is equal to − ~dm over a distance dx as explained in the main text.

thus that the spin is always aligned with ~S2. We can express the change of angular
momentum of the conduction electrons over the distance dx as the total amount of
angular momentum �owing through the domain wall with length dx per unit of time
multiplied with ~dm:

d ~S1

dt
= −P ~

2

nv

dx
d ~m, (2.31)

in which v is the velocity of the electrons, P the polarization of the current, n the
volume density of conduction electrons and ~/2 the angular momentum per electron.

When we use the de�nition of the electron current, Je = neve, we will get:

d ~S1

dt
= −P ~

2

Je
nedx

d~m. (2.32)

Using equation 2.26 and the relationship between magnetic moment and angular mo-
mentum, equation 2.22 we get:

d ~M

dt
= −PgµBJe

2e

d~m

dx
. (2.33)

This means that we can write the torque on the magnetization due to the spin polarized
current (which we will call the adiabatic spin transfer toque (T adiaSTT ) and using equation
2.28 for the de�nition of torque) as:

T adiaSTT = −PgµBJe
2eMsatγ

d~m

dx
. (2.34)

We can generalize this equation to three dimensions:

d~m

dt
= −(~u · ~∇)~m, (2.35)

with ~u = PgµB ~Je
2eMsat

de�ned as the e�ective velocity.
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Figure 2.8 � The domain wall velocity v as a function of the e�ective velocity for di�erent
values of β in comparison with α.

This expression can be added to the LLG equation to describe domain wall motion.
However, experiments could not be fully explained by this equation. Therefore, a
second STT term was added, called the non-adiabatic spin transfer torque. This
torque is constructed in such a way that it is perpendicular to the adiabatic torque
and the magnetization. The size of the torque is described phenomenological with
by the non-adiabatically parameter b. This leads to the following expression for the
non-adiabatic STT:

T non−adiaSTT, =
β

γ
~m× [(~u · ~∇)~m]. (2.36)

The exact origin of the non-adiabatic STT is still under debate [46]. It has to do with
the fact that in samples with high gradients in the magnetization, the spins are not able
to follow the magnetization perfectly like we assumed when we derived the adiabatic
STT. This leads to a non-zero non-adiabatic STT. When we add both adiabatic and
non-adiabatic STT terms to the LLG equation, we get:

d−→m
dt

= −γGµ0
−→m × ~Heff − α~m×

dm

dt
− (~u · ~∇)~m+ β ~m× [(~u · ∇)~m]. (2.37)

The STT is able to drag a domain wall along with the current. The velocity of the
domain wall as a function of the e�ective velocity is depicted in �gure 2.8. When β = 0,
we need a certain critical current to move the domain wall. When β is not equal to
zero, there is no critical current. The domain wall velocity as a function of the current
is heavily dependent on the relative size of β compared with α. More information
about domain wall motion can be found in [48]. Current induced domain wall motion
allows for the development of new types of memory devices, like the racetrack memory
we discussed in the introduction chapter.
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2.3.2 Spin Hall e�ect

In this section we will introduce the spin Hall e�ect (SHE). When an electron is
driven through a material with high spin orbit coupling, a transverse spin current is
observed, see �gure 2.9a. In the previous section, we discussed that when a spin current
is injected into a ferromagnetic layer, it could exert a STT on the magnetization.
This SHE induced STT torque could be a promising new technique to switch the
magnetization in new memory devices. In this section we will give a phenomenological
description of the SHE. We will also discuss why we need an in-plane magnetic �eld to
be able to assist the magnetic switching using the SHE in perpendicular magnetized
Pt/Co(B)/Pt nano-wires. We end this section by a discussion of the e�ect of the SHE
induced STT on the magnetic damping.

Already in 1879, years before the discovery of the electron, Hall observed an e�ect
that is now called the Ordinary Hall e�ect (OHE) [8]. He sent a current through a
material and applied an external magnetic �eld perpendicular to it, and measured
a voltage di�erence perpendicular to both the current and �eld direction [23]. The
de�ection of the electrons from the current direction is caused by the Lorentz force,
which is felt by moving electrons in a magnetic �eld. In ferromagnets, besides this
OHE, a second contribution comes into play called the Anomalous Hall e�ect (AHE),
which is not proportional to the applied magnetic �eld but to the magnetization. Due
to both intrinsic and extrinsic (spin dependent scattering) mechanisms, spin up and
spin down electrons will de�ect in opposite direction, perpendicular to the current
direction. The spin dependent de�ection leads to spin accumulation at the edges and,
because of the imbalance between spin-up and spin-down electrons in ferromagnets,
also to a charge accumulation. This leads to a measurable voltage di�erence transverse
to the current direction. A Hall resistivity can be de�ned as the transverse electric
�eld per unit longitudinal current density:

ρH = R0H +RsM, (2.38)

in which R0 is the ordinary Hall coe�cient and Rs is the anomalous Hall coe�cient,
which is experimentally found to be much larger than the ordinary Hall coe�cient.

In a nonmagnetic metal, there is no imbalance between spin up and spin down
electrons, but due to similar mechanisms that caused the AHE, electrons with opposed
spin will still be de�ected in opposite direction. Because the amount of spin up and
spin down electrons is equal, there will be no charge separation, so no voltage di�erence
over the system will appear. However, there will still be a spin imbalance. This e�ect
is called the spin Hall e�ect (SHE). Although we do not go into further details about
the origin of the SHE, we have to mention one important property: the spin dependent
de�ection originates from spin-orbit coupling. Therefore, the SHE is large in systems
with a strong spin-orbit coupling. For more information about the origin of the SHE
we refer to [17].
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(a) (b)

Figure 2.9 � a) Schematic representation of the spin Hall e�ect. Spin-dependent de-
�ection of carriers produces a spin separation. For clarity, only spin separation in the
y direction is showed. The same e�ect takes place in the z direction. The length, width
and thickness of the system are labeled respectively L, W and t. b) De�nition of a non-
magnetic/magnetic/non-magnetic system.

When we consider an isolated non magnetic system with high spin-orbit coupling,
the spin separation leads to a spin accumulation at the edges of the system. When we
add an adjacent magnetic layer, the spins are able to di�use into the magnetic layer.
In this way we are able to inject a spin current into the ferromagnetic layer which is
able to exert a STT on the magnetization like we discussed in the previous section.
The spin current density entering the magnetic layer is phenomenological linked to
the electron current density(Je) through the (non-magnetic) material by a material
constant called the Hall angle (Θ) [15]:

ΘSHE =
Js
Je
. (2.39)

As we mentioned before, the SHE is strong in systems with strong spin orbit coupling,
so the Hall angle is material dependent. The Hall angle also depends on the non-
magnetic layer thickness. The reason is depicted in �gure 2.10b in which a Pt layer is
show with a CoB layer on top. The spins drifting in the positive z direction due to the
SHE will get absorbed by the CoB layer, but the spins drifting down will accumulate
at the edge of the sample. Those spins can di�use back in the direction of the CoB
layer and thereby reducing the e�ective spin current. Those di�usive back-�ow of spins
is limited by spin �ip scattering. The typical distance a spin travels before its spin is
�ipped is described by the spin �ip length l, which depends on the material. If the
Pt layer is made thicker, less spins di�use back without losing their spin orientation,
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(a)

SHE
DiffusionPt

CoB

tpt

(b)

Figure 2.10 � Hall angle for platinum as a function of the layer thickness. Adapted from
[15]

and therefore the Hall angle is increased. The Hall angle as a function of the layer
thickness for Pt is given in �gure 2.10a.

Combining the de�nitions of the spin Hall angle with the Slonczweski torque from
the previous section, we �nd a STT due to the SHE equal to:

d~m

dt
= g(Θ)

~Jeθγ
2etFMMsat

~m× (~σ × ~m). (2.40)

From �gure 2.10 we know that the Hall angle for platinum is of the order of
magnitude of 0.05. Despite this small number, the SHE allows us to inject large spin-
currents into the ferromagnetic layer, due to the ratio between the areas through which
the electron and spin currents are �owing. This becomes clear when we calculate the
total spin current as a function of the total electron current in a system with length
L, platinum layer thickness t and width W (see �gure 2.9a):

Is =
L

t1
IeΘ. (2.41)

Some typical numbers used in this research are: L = 1 mm and t1 = 5 nm and
W = 50µm and Θ = 0.05. For these values we �nd:

Is = 104 · Ie. (2.42)

This means that we can use the SHE to inject large spin currents into our magnetic
layer. Those large spin currents could be a great tool to switch the magnetization
of the magnetic layer. However, to assist magnetic switching, the SHE induced STT
should break the symmetry of the up and down magnetization direction. A symmetry
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Figure 2.11 � The precessional motion of the magnetization around respectively the x,
y and z axis is depicted. Also the STT induced by the SHE in Pt/Co(B) nano-wire with
an applied current in the x direction is depicted. The direction of the injected spins in
indicated by σ.

analysis given by Haazen [17] shows that the SHE induced STT on its own is not able
to destabilize one of the two magnetization directions. We need an in-plane magnetic
�eld in the x direction to break the symmetry and introduce a preferred direction of
the magnetization due to the SHE induced STT.

We will now take a look at the in�uence of the SHE on magnetic damping. We
explain why the direction of the in-plane �eld is important for the size of the e�ect
of the SHE induced STT on the magnetic damping. In �gure 2.11, the precessional
motion of the magnetization in a magnetic nano-wire around respectively the x, y and
z axis is depicted. When we apply a current in the x direction, we inject spins which
are aligned along the y direction. The e�ect of those injected spins is that it tends
to pull the magnetization in along the y axis, as we explained earlier. The direction
of this torque is given by equation 2.40. When the magnetization processes around
the y axis, the SHE induced STT is pointing to the center of the precessional motion
during the whole cycle, or in the opposite direction depending on the current direction.
The injected spins want to align the magnetization with the y axis, and are therefore
assisting the damping. This also becomes clear when the direction of the torque is
evaluated using 2.40. From this evaluation it becomes clear that this torque is always
parallel or anti-parallel to the Gilbert damping term, and thereby the e�ect on the
damping is maximized. When the magnetization is precessing around either the z or x
axis, the STT will not point toward the center of the precession, but always roughly in
the same direction, see �gure 2.11. Therefore, during half of the cycle, the damping is
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assisted, and during the other half the damping is opposed. Therefore, the net e�ect
is minimized for those con�gurations. When the magnetization is precessing around
an e�ective �eld that is in an arbitrary direction, the e�ect on the damping will have
some intermediate value.

2.3.3 Rashba spin-orbit coupling

In this section we will discuss the second spin-orbit induced torque we introduced
in the introduction chapter, the Rashba spin orbit-coupling which is induced when a
current is �owing at the interface between a material with high spin-orbit coupling
and a second layer of a di�erent material. The e�ect was �rst described by Rashba
for semiconductors [36], but is also present in metallic systems with high spin-orbit
coupling. Electrons at the interface between two materials experience an electric �eld
Es.i.a~ez, in which ~ez is a unit vector in the z direction and �s.i.a� stands for �spin
inversion asymmetry�. This electric �eld originates from the di�erent ionic potentials
of the atoms of the two materials. In a classical picture it is easy to see how this
lead to a magnetic �eld. An electron moving through an electric �eld feels a magnetic
�eld. A Lorentz transformation will give us the direction of this so called Rashba �eld,
which will be perpendicular to both the electric �eld and the current direction.

Quantum mechanically the Rashba �eld originates from spin-orbit coupling intro-
duced in section 2.1.1. When the s.i.a electric �eld is inserted in equation 2.13 and
assuming no applied magnetic �elds (A=0) we get:

H =
1

2me

(p̂)2 + V − ~2Esia
4m2

ec
2
~σ · (~k × ~ez). (2.43)

This last term looks just like the energy of a magnetic moment in a magnetic �eld,
given by the Zeeman energy, Hzeeman = µ0( ~M · ~H). This means that the spin-orbit
term of the Hamiltonian leads to an e�ective �eld e�ect, which we will de�ne as the
Rashba �eld HR:

~HR v ~σ · (~k × ~ez). (2.44)

This e�ective �eld is in principle only felt by the conduction electrons, but couples via
s-d interaction to the local magnetization. The size of this e�ective magnetic �eld is
calculated by Manchon and Zhang [26]and given by:

~HR = −2
αRm

~eMs

P ( ~JC × ~ez), (2.45)

in which JC is the charge current density, P the polarization of the electron cur-
rent, Ms the saturation magnetization. The strength of the spin-orbit coupling is
phenomenological taken into account by the parameter αR, which is proportional to
Esia.



2.4. SIMULATIONS OF CURRENT INDUCED MAGNETIZATION DYNAMICS37

x

z
Pt

CoB
I

HR

Figure 2.12 � This �gure shows the direction of the Rashba �eld, which in our system of
coordinates is in the positive y direction for a current applied in the positive x direction.

In our systems, the Rashba �eld would lie in the y direction, perpendicular to both
the current direction and the out-of-plane axis of the sample, see �gure 2.12.

This Rashba �eld exerts a torque on the magnetization given by ~TR = ~m × ~HR.
However, this term could not explain the switching and depinning measurements be-
cause it is not able to break the symmetry of the two magnetization directions. How-
ever, in literature a second non-adiabatic contribution from the Rashba spin-orbit has
been proposed: [16]:

~TR,na = αR,na ~m× ( ~HR × ~m), (2.46)

in which αR,na is the non-adiabatic Rashba parameter. This torque is in the same
direction as the STT from the SHE and in combination with an applied �eld in the x
direction has the right symmetry to explain the switching experiments.

In systems with two interfaces the Rashba �eld from both interfaces is opposite,
because Esia is in the opposite direction at the two interfaces. When the interfaces
are identical, like in Pt/Co(B)/Pt, we expect those two contributions to the Rashba
�eld to cancel each other. This was con�rmed by Haazen for Pt/C/Pt [17]. Due to
di�erences in current densities in the top and bottom platinum layer and di�erences
in growth quality, there can still be a small Rashba �eld present.

2.4 Simulations of current induced magnetization dy-

namics

In the previous section we introduced current induced spin-orbit torques. The main
focus in this research will be on Pt/Co(B)/Pt systems, for which we can neglect the
Rashba contribution. In this section we discuss macro-spin simulations to investigate
the e�ect of a SHE induced STT on the magnetization dynamics. In the �rst section,
we discuss current assisted switching simulations which will demonstate that in the
proper con�guration the STT induced by the SHE can oppose or assist the magnetic
switching depending on the current and applied in-plane �eld direction. In the second
section, simulations will demonstrate that the SHE induced STT is able to in�uence
the magnetic damping. This means we can study the SHE by measuring the e�ect on
the damping parameter.

During all the simulations, the saturation magnetization of Co is used instead that
of CoB, which is used in the sample fabrication. The reason is that exact saturation
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magnetization for our CoB used is not known but is close to that of Co.
In the simulations, we used values for the Hall angle reported for Pt, see �gure

2.10 [15]. For the current distribution in the nano-wire we assume that all the current
will �ow through the two Pt layers. Lavrijsen [27] showed that the current density in
the two Pt layers in asymmetric Pt/Co/Pt nano-wires is not equal. There will be a
ratio between the current densities in the top and bottom layer:

Jtop
Jbottom

= x. (2.47)

Lavrijsen found a value of x=0.93 for Pt(4)/Co/Pt(2) nano-wires. We decided to
use the same value for our Pt(5)/Co/Pt(2) system. This is a rough estimate but
because the di�erence in current densities is too small to be the dominating e�ect,
and is neglectable in comparison with the di�erence in Hall angle for the two layers,
we believe that this assumption is allowed.

2.4.1 SHE induced magnetic switching simulations

In this section simulations of current assisted �eld induced magnetic switching in a
perpendicular magnetized 20 mm wide Pt(5)/Co(0.7)/Pt(2) nano-wires are discussed.
We used a saturation magnetiztion of 1.422 ·106A/m and an anisotropy �eld of Hani =
−1.1 ·Mz A/m. The simulations are performed in the following way. A �eld is applied
under an angle of 75° with the z axis, see �gure 2.13. The simulations are performed in
two di�erent con�gurations: with the �eld in the x-z plane and the y-z plane. Those
two �eld con�gurations are labeled respectively Hx-z �eld and Hy-z �eld, to indicate
the plane in which the �eld is applied. This is important, because the direction of the
in-plane component of the �eld is important for the e�ect of the SHE induced torque.

The simulation starts at a large negative �eld, typically -400 mT. The equilibrium
position of the magnetization is calculated. Then the �eld is decreased in small steps
of typically 0.5 mT, and every time the new equilibrium position is calculated. This
is repeated until the �eld is 0, and then the �eld is increased with the same steps
in the opposite direction. At some point the magnetization will switch. The �eld at
which this happens is de�ned as the switching �eld Hswitch. Without applied current,
the switching �eld obtained from the simulations is 110 mT. This is larger then is
observed switching �eld in measurements, because the simulations do not take thermal
nucleation of domains into account, which can grow due to domain wall motion and
thereby �ip the magnetization at lower �elds.

Subsequently the LLG equation is extended with the STT originating from the
SHE, see equation 2.40, and the simulations are repeated for di�erent values of the
current. A change in switching �eld is observed which is de�ned as ∆Hswitch. The
results for an applied Hx-y �eld are showed in �gure 2.14. Simulations are performed
for di�erent values of the Hall angle, because the actual size of the Hall angle in our
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Figure 2.13 � De�nition of Hyz and Hxz for a wire lying along the x direction.

Figure 2.14 � Simulations of the change in switching �eld due to the SHE, in the Hxz

�eld con�guration. The simulated system is a Pt(5)/CoB(0.7)/Pt(2) nano-wire. Simula-
tions are performed with di�erent values of the Hall angle. The percentage indicates the
fraction of the Hall angle from literature [15] that is used.

systems is unknown. The graph shows the change in switching �eld as a function of
the applied current density for di�erent value of the Hall angle. The black line, labeled
100% shows the results for simulations done with the Hall angle from literature, see
�gure 2.10. The other lines show simulations performed with a Hall angle which is a
certain percentage of this Hall angle from literature. Those results are compared with
measurements results in chapter 4 to obtain a rough estimate of the Hall angle is those
systems.

From those simulations we can conclude that the switching is indeed assisted (or
opposed) by the SHE. The e�ect is inverted when the current direction is inverted.
Simulations with an applied Hyz �eld are also performed. In this case, there was no
e�ect visible on the switching �eld. So a �eld in the x direction is necessary to assist or
oppose the switching �eld with the SHE, as is expected from symmetry considerations
mentioned in section 2.3.2.
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2.4.2 SHE in�uenced magnetic damping simulations

In this section, macro-spin simulations used to investigate the in�uence of a SHE in-
duced STT on the magnetic damping are discussed . The Hall angle estimated by
comparing current assisted switching experiments and simulations, as explained in
chapter 4, is used. An intrinsic Gilbert damping parameter of 0.2, a external applied
magnetic �eld of 500 mT and an angle of 80 degrees with the z axis are used in this sec-
tion. The magnetization dynamics for the �rst 900 ps after the system is brought out of
equilibrium is simulated. As discussed before, the magnetization starts a precessional
motion that will damp out to its equilibrium position. A typical trajectory of the z
component of the magnetization is given in �gure 2.15. The measured or simulated
trajectory of the z component of the magnetization is �tted with a phenomenological
function [40]:

4Mz

Mz

= A1 ·+A2 · e
− t

td sin($t+ φ0), (2.48)

in which A1 and A2 are scaling parameters, td is the electron-phonon relaxation time,
$ is the precession frequency and φ0is the the phase of the oscillation. When we
want to �t the complete trajectory, including the re-magnetization process after de-
magnetization, we can use an extended version of this equation, as described by Jozsa
[40]. Kuiper [8] solved the LLG equation for a perpendicular magnetized sample with
the help of LLG simulations, and found a very useful relation between the Gilbert
damping parameter and td and ω:

α =
1

td$
. (2.49)

When we obtain tdand$ from the trajectory ofM z using the �t function, this equation
gives us the e�ective Gilbert damping parameter α.

Results from two types of simulations will be discussed in this section. Figure 2.16
shows results for simulations on a Pt(5)/Co(0.7)/Pt(2) wire for both an applied Hxz

and Hyz �eld. For the Hxz �eld con�guration an e�ect on α is observed, but only for
very high current densities. On top of that, the sign of the e�ect is not a�ected by
the inversion of the current direction. For the Hyz �eld con�guration, a much larger
e�ect at much lower currents is observed. On top of that, the e�ects changes sign
when the current direction is inverted. For these reasons we will focus on the Hyz �eld
con�guration for the rest of the simulations and for the measurements.

The second series of simulations shows the e�ect of the Pt layer thickness. We
showed earlier that the Hall angle depends on the Pt thickness. From the simulations
we determine the change of α per unit of applied current. The results are shown in
�gure 2.17 The results are plotted in two ways: the change in α as a function of the
current density , and the change in α as a function of the total current. The �rst
is plotted in �gure 2.17a. The observed e�ect increases for increasing layer thickness
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Figure 2.15 � Plot of the z component of the magnetization simulated using the LLG
equation.

Figure 2.16 � Simulations of the e�ective Gilbert damping parameter as a function of the
current density. Simulations are performed in both the Hyz and in the Hxz con�guration.
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(a) (b)

Figure 2.17 � The slope of the change in alpha per unit of current density a) and current
b). During those simulations, an applied �eld of 500 mT with an angle of 80 degrees with
the z axis is uses.

and it saturates for thick layers. The latter is plotted in �gure 2.17b. In the �rst part
of the plot the same behavior is observed: the e�ect increases with increasing layer
thickness. But at some point the e�ect starts to decrease when the layer thickness is
further increased. This is due to the fact that increasing the layer thickness further
does not increase the Hall angle much more and higher current are necessary to obtain
the same current density.

The reason the second graph is plotted, is Joule heating. Joule heating limits the
amount of current that can be send though the nano-wires. Heat di�usion through
the substrate scales with the area of the wire, thus Joule heating is dominated by the
total current and not by the current density. Therefore, the total current that can be
send through the wire is limited, not the current density. Figure 2.17b shows that the
e�ect is optimized for a given current for a bottom platinum layer thickness of 5 nm.



Chapter 3

Methods

In this chapter the sample fabrication and measurement techniques used in this re-
search to study current assisted magnetization dynamics are discussed. In the �rst
section of this chapter we will take a look at the sample fabrication of thin �lms and
magnetic nano-wires. For the deposition, magnetron sputtering is used, which gives
the opportunity to deposit layers with sub-nanometer precision. Electron beam lithog-
raphy (EBL) is used to pattern designs on a Si substrate. A last technique used during
sample fabrication is plasma oxidation in combination with annealing to create AlOx
layers. In the last part of the �rst section, details about the samples fabricated for
this research are discussed.

The second section of this chapter describes the two measurement techniques used
during this research. We are interested in studying ultrafast magnetization dynamics
on the ps timescale. A very suitable method to study magnetization dynamics on the
ps timescale is the time-resolved MOKE set-up. Also an imaging technique able to
provide a spatial map with a 100 nm resolution of the magnetic state of a sample, the
Kerr microscope, is introduced. .

3.1 Sample fabrication and design

Both simple thin �lms as well as nano-wires with micrometer scaled features are used
in this research. The production of those samples involves a couple of steps which
will be discussed in this section. Also the design and materials used for the systems
studied in this thesis are discussed.

3.1.1 Magnetron sputtering for thin �lm deposition

The samples are grown using a DC magnetron sputtering process, with the CARUSO
ultra-high vacuum (UHV) system available in this group. The system consists of a
vacuum vessel, in which the substrate is loaded. The base pressure inside the vessel is

43
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(a) (b)

Figure 3.1 � a) Schematic illustration of the sputtering process as discussed in the main
text. b) Schematic illustration of the growth of a wedge-shaped sample, using the wedge
mask.

around 3×10−8 mbar. Inside the vessel there is a sample stage and six target materials
placed above it. The sample stage is rotatable which allows the sample to be place
below the desired target.

When the sample stage carrying the sample is placed below the desired target, a
small amount of Ar gas is added to the chamber, increasing the pressure to roughly
3×10−2 mbar. Subsequently, a high voltage (100-1000 V) is applied between an anode
and the target, which acts as a cathode. The Ar gas will get ionized and the ions are
accelerated towards the target. When the ions hit the target they can knock single
atoms out of the material, which will, due to di�usion, reach the substrate and be
deposited on it. This process is schematically illustrated in �gure 3.1a. The speed
of this growing procedure is in the order of Ångströms per second, which means that
deposited layer thickness can be controlled on the sub-nanometer scale.

3.1.2 Sample patterning

Using the magnetron sputtering process discussed above it is possible to control the
deposited layer thickness which allows for the creation of simple thin-�lm samples.
However, we want to be able to design more complex structures. We are interested
in two categories of samples: Wedge �lms and patterned samples. The �rst type of
samples are fabricated using the wedge mask that is present in the CARUSO facility.
The pattered samples are fabricated using both a shadow mask and electron beam
lithography (EBL), which allows us to basically fabricate any design we want with
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features even below the micrometer scale. The use of masks and EBL are discussed in
the following two subsections.

3.1.2.1 Masks

A couple of masks are available in the CARUSO system. Those masks are metal plates
with cut-out designs which can be placed just above the substrate. We used two of
those masks. The �rst is the wedge mask, which allows for the deposition of thin
layers which vary in thickness in one lateral direction. The mask basically consists
of a shutter which covers partly the substrate, and can be displaced to cover more
or less of the substrate. It is placed 7.4 mm above the sample holder. When the
mask is moved slowly during deposition, a gradient in the layer thickness is created as
illustrated in �gure 3.1b.

The second mask is used when we fabricate nano-wires. We want to apply a
current through those nano-wires, and therefore the samples have to be placed into
a chipcarrier, which can be connected to a power source. To be able to connect the
micrometer scaled nano-wires to the chipcarrier, we need the nanowires to be in contact
with large contacts on the sample which can be connected with the chipcarrier using
a wire bonder. Those large contacts would be very time consuming to fabricate using
EBL. Therefore a shadow mask is used containing a pattern of �ower-like structures,
each containing eight of those large contacts, as depicted in the left side of �gure 3.4.
Subsequently, EBL is used to pattern nano-wires in contact with those contacts as will
be explained in the next section.

3.1.2.2 Electron Beam lithography

For our research we want to fabricate nano-wires with a length of about 1 mm and a
width of 20-50 mm. Electron beam lithography (EBL) is an excellent technique capable
of patterning samples with mm scaled features. The process is illustrated in �gure 3.2.
First, two layers of the photo-resist material Polymethylmethacrylaat (PMMA) are
spin-coated on the substrate. Spin coating is done at 5000 rpm for 50 seconds, and
is followed by a baking step at 150 °C for 120 seconds. During this baking step the
solvent (anisole) is removed. The �rst layer consists of smaller polymers (495 repeat
units) and is therefore softer then the second layer which consists of longer polymers
(495 repeat units). Because the �rst layer is softer, an undercut is created after the
development step, which leads to better edges in the samples.

Subsequently, the sample is loaded into the FEI Nova 600i Nanolab dual beam
system which is used for the EBL step. The dual beam system is able to irradiate
samples with either an electron beam or an ion beam. We use Raith software to control
the electron beam and irradiate the desired path on our sample. Typically we use
electrons with an energy of 30 keV and an dose of 300 mC/m2 in this research. Because
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Figure 3.2 � Schematic representation of the sample fabrication using Electron Beam
Lithography (EBL).

the used photo-resist is a so called positive resist, the irradiated part is weakened by
the electron beam. In the next step, the weakened parts of the PMMA are dissolved
in methyl isobuthyl ketone (MIBK). After this development step the sample is loaded
in the Caruso sputter facility, where the desired layers are sputtered.

The last step is the lift o� is done in acetone, which dissolves all of the remaining
PMMA including the atoms sputtered on top of it, leaving the desired pattern on the
substrate.

3.1.3 Oxidation

Besides Pt/CoB/Pt samples, we are also interested in studying samples for which the
upper Pt layer is replaced by an Al layer. The reason is discussed in chapter 4. In
chapter 2 we discussed that perpendicular anisotropy in Pt/CoB/Pt systems is caused
by the strong bonding between Pt and Co atoms at the interface. The bonding between
Co and Al however is not that strong. To obtain perpendicular anisotropy, the Al has
to be oxidized. In that case the Co atoms form a strong bonding with the O atoms in
the AlOx layer which leads to perpendicular anisotropy. Although natural oxidation
can oxidize Al up to approximately 1.5 nm, this process is slow (15 hours to oxidize
1nm [39]) and less controllable, and therefore we choose to use plasma oxidation in the
oxidation chamber attached to CARUSO to oxidize the Al in a controlled way. The
base pressure in the oxidation chamber is 1 × 10−9 mbar. Oxidation takes place in a
pure oxygen environment at a pressure of 1× 10−1 mbar. A current of 7.5 mA is send
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Figure 3.3 � a) Design of Pt/CoB/Al wedged sample. b) Mz as a function of Al layer
thickness, measured on a Pt/CoB/Al sample with a wedged Al layer. The sample is
oxidized using the parameters given in the main text.

through the oxygen in order to ionize it. The oxidation is followed by a baking step
which is performed in an Ar environment at a temperature of 250 °C for 30 minutes.
This baking step is necessary to create a nice AlOx structure by di�using the oxygen
homogeneously through the Al.

It is important to oxidize the Al long enough to oxidize the complete layer, but not
too long because then the CoB starts to oxidize. Therefore the oxidation time should
be optimized. However, it is easier to �x the oxidation time and tune the Al thickness.
We fabricated a Pt/CoB/Al sample with an Al wedge, see �gure 3.3a. This sample is
oxidized using the above explained procedure for 320 seconds and subsequently Mz as
a function of Al thickness is measured. The results are given in �gure 3.3 b. When we
use an oxidation time of 320 seconds, the system is out-of-plane magnetized for a Al
layer thickness of 0.95 nm.

3.1.4 Sample design

In this last subsection, the design and materials used for the samples in this thesis
are discussed, starting with the choice of the magnetic layer. In the beginning of this
research we were fabricating samples with magnetic layers made of Co, in order to
stick as close as possible to previous work in this group. However, at some point we
tried CoB because previous research showed that CoB has lower anisotropy [27] and
therefore could have a lower damping parameter. When the damping is lower, more
oscillations can be observed which makes the determination of the damping parameter
more accurate. Although we did not observe a measurable di�erence in damping, the
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Figure 3.4 � a) Schematic representation of a sample containing four '�owers' which is
placed in a chipcarrier. The contacts on the sample are connected to the chipcarrier using
a wire bonding technique. b) An enlargement of one �ower, containing two nanowires.
The nano-wires are sputtered in contact with the �owers, in order to connect them to the
chipcarrier. c) Enlargement of one nano-wire in contact with the �ower contacts.

magnetic signal increased signi�cantly which leads to a better signal to noise ratio.
For this reason we decided to use CoB from that moment on.

Also the choice of the substrate turned out to be very important when performing
current induced measurements in the TR-MOKE set-up. The samples are fabricated
on Si wafers. We started with wafers with a thin 10 nm oxide layer (only natural
oxidation), because SiOx is a much better thermal insulator than pure Si. Because
heating becomes an issue when high electrical currents are send through magnetic
nano-wires in combination with a high power pump-beam, we decided to use this
substrate. However, this substrate is not suitable for electric measurements due to
a strange solar-cell e�ect. When nano-wires were fabricated on this substrate in a
later stage of the research, a strange behavior was observed during current assisted
damping measurements. We measured the current through the wire for a certain
applied voltage. A dependency of the measured current on the presence of the pump-
beam and and to a lesser extent the probe-beam was observed. For example, when a
very small voltage of 0.005 mV is applied, a current of 0.0003 mA is measured. With
both the pump-beam and probe beam focused on the wire, we measured a current of
0.0136 mA, a huge di�erence. This can not be explained by a change in resistance of
the wire as a consequence of a temperature increase due to the pump beam, because
the sign of the e�ect depends on the current direction. It seems that there might be a
photovoltaic or a thermoelectric e�ect at work in our sample [43], but more research
is needed to explain the physics behind this e�ect.

To exclude this photovoltaic or thermoelectric from happening we decided to use
Si wavers with a 100 nm SiOx layer on top. This thick SiOx layer isolates the wires
electrically from the Si. We veri�ed that in those samples we do not observe the solar-
cell e�ect, and that the heating of the sample is not a problem when not too high
currents are used. As will be discussed in chapter 5, the signal to noise ratio turns out
to be much better on this substrate.
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Figure 3.5 � When a thin magnetic wire is sputtered in contact with the thick �ower
with a sharp edge, the electrical contact could be bad because the wire could break.

The design of our wires is given in �gure 3.4. The shadow mask is used to fabricate
the �ower shaped contacts depicted in �gure 3.4a, which are made of 30 nm Pt or Au.
Each �ower consists of eight contacts which point to the center of the �ower. The
size of a sample containing four �owers is such that it �ts in the sample carrier we
use as depicted in �gure 3.4a. The �owers are connected with contacts on the chip-
carrier with gold wires using a wire bonding technique. In �gure 3.4b a magni�cation
of the center of one of the �owers is depicted. In this area the magnetic nano-wires
are fabricated in contact with the �ower. In �gure 3.4c, an enlargement of one of the
nano-wires is depicted.

When thin wire is sputtered on a thick contact which has a sharp edge, we face
the problem depicted in �gure 3.5. When the wire is sputtered in contact with a
contact that is not too thick, there is no problem, see the top image. However, when
the contact is too thick, the nano-wire could break and this leads to a bad or no
electrical contact. This problem could be solved by �rst sputtering the nano-wire next
to the contact, and in a second step sputtering a thick layer of a conducting metal
on top of both the contact and the nano-wire to connect them as depicted in �gure
3.6a. However, the �ower shaped contacts sputtered in CARUSO have soft edges,
which makes it possible to sputter the nano-wires directly on the contacts, see �gure
3.6b. This saves one EBL and one sputtering step. For this reason, we used this last
technique for most of the samples fabricated in this research.

In this thesis both Pt/CoB/Pt and Pt/CoB/AlOx samples are fabricated. The
oxidation process for the Pt/CoB/AlOx is the same as for thin �lms, as described in
section 3.1.3. However, the oxidation time had to be re-calibrated, probably because
the combination of oxidation time and Al thickness was determined using a sample
that was fabricated using the wedge mask. It turns out that the calibration of the
layer thickness as a function of time is not completely accurate when the mask is
used. Therefore, in the nano-wires an Al layer thickness of 0.89 nm was used to obtain
out-of-plane anisotropy.
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Figure 3.6 � a) The solution to the problem depicted in �gure 3.5, is to �rst sputter the
wire next to the contact, and then sputter a thick conducting material on top of both the
�ower and the wire to make a good contact. b) When the edge of the �ower is smooth,
it is possible to sputter the wire directly in contact with the �ower and still obtain a good
electrical contact.

3.2 Measurement methods

In this section two measurement set-ups used during this research are discussed. Both
are optical set-ups using the so called magneto optical Kerr e�ect (MOKE). Therefore
we start this section with an explanation of this e�ect in the �rst subsection. To study
the magnetization dynamics the magnetization has to be brought out of equilibrium.
This is done by demagnetize the system using a powerful laser pulse. This laser
induced demagnetization is introduced in section 3.2.2. Subsequently the details of
the Time-Resolved MOKE setup and the Kerr-Microscope are discussed.

3.2.1 Magneto optical Kerr e�ect

The magneto optical Kerr e�ect (MOKE) is closely related to another optical e�ect
called Faraday rotation or Faraday e�ect [38]. The Faraday e�ect was discovered by
Michael Faraday in 1845 and was the �rst indication that light and electromagnetism
are related. When a polarized electromagnetic wave travels through a magnetic �eld,
its polarization axis will tilt over an angle which is proportional to the e�ective �eld
component in the direction of propagation of the electromagnetic wave.

When an electromagnetic wave re�ects on a magnetic material, something similar
to the Faraday e�ects happens. When light interacts with a medium, its electric �eld
component ~E will induce a displacement �eld inside the material: ~D = ¯̄ε ~E , where ¯̄ε
is the dielectric constant, which is in general a second rank tensor. Its diagonal terms
are independent of the magnetization, but its o�-diagonal terms are related to the
magnetization inside the medium [10]. For the speci�c case of light traveling in the
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z-direction and a magnetic sample with perpendicular magnetization, the dielectric
constant can be written as:

¯̄ε =

 εxx εxy 0
−εxy εxx 0

0 0 εxx

 . (3.1)

Those magnetization dependent o�-diagonal terms mix the E components of the elec-
tromagnetic �eld, thereby varying its polarization. This dielectric constant can be
inserted into the Fresnel equation. The Fresnel equation follows from the Maxwell
equations and describes the behavior of light when it crosses an interface between two
materials with di�erent refractive indices n. This leads to the following relation: εxx − n2 εxy 0

−εxy εxx−n2 0
0 0 εxx − n2

 Ex
Ey
Ez

 = 0. (3.2)

The polarization can be expressed using the so called Jones formalism. The Jones
formalism describes the polarization of light by formulating a Jones vector which de-
scribes the direction of its electric �eld component. The length of those vectors is
normalized. For light traveling in the z direction, the polarization is described by a
vector (Ex Ey 0)T . For example, light polarized linearly in the x direction is repre-
sented by (1 0 0)T , and right and left circular polarized light by 1√

2
(1 i 0)T and

1√
2
(1 −i 0)T . The interaction between light and optical components can be de-

scribed with Jones matrices, which will be used in subsection 3.2.3.
Equation 3.2 describes the re�ection and transmission of electromagnetic waves

that come across an interface of two di�erent materials. We �nd two eigenvectors
for the electric �eld inside the material, with two corresponding eigenvalues, which
represent the refractive index:

E0 = (1 i 0)T , with eigenvalue n2 = εxx + iεxy and E0 = (1 −i 0)T , with
eigenvalue n2 = εxx − iεxy. Those eigenvectors represent right and left circular po-
larized light, which both have a di�erent refractive index given by the corresponding
eigenvalue.

Linear polarized light can be written as the sum of right and left polarized light
(easy to see, for example, for x polarized light: (1 i 0)T + (1 −i 0)T = (1 0 0)T ).
Those two components of linear polarized light will have di�erent refractive indexes.
This means that the linear polarized light will undergo a complex rotation:

Θ = θ + iε =
εxy√

εxx(εxy − 1)
, (3.3)

where θ is de�ned as the Kerr rotation and ε as the Kerr ellipticity. Because the o�-
diagonal components of the dielectric constants depend on the magnetization, mea-
suring the Kerr rotation or the Kerr ellipticity of the re�ected light gives information
about the magnetization in the material.
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Figure 3.7 � The three types of MOKE as explained in the text.

Until now we analyzed the situation for perpendicularly incident light on perpen-
dicular magnetized samples. This is usually referred to as the polar MOKE. There are
two more con�gurations, called longitudinal and transverse MOKE. In longitudinal
MOKE, the light is incident under an angle with respect to the sample plane, and
the magnetization is in-plane in the longitudinal direction. In transverse MOKE the
light is again incident under an angle, but now the magnetization is in the transverse
direction. Figure 3.7 shows the three types of MOKE.

When the magnetization is in an arbitrary direction, the Kerr rotation will be
more or less sensible to the magnetization component along the polar, longitudinal
and transverse direction, depending on the angle of incidence of the light.

This means that when perpendicular incident light is used on a sample with arbi-
trary magnetization direction, the Kerr rotation is most sensible to the out-of-plane
component of the magnetization.

3.2.2 Ultrafast demagnetization

To study the precessional motion of the magnetization we have to bring the magne-
tization out of equilibrium. In chapter 2 we discussed that the e�ective �eld along
which the magnetization tends to align itself consists of the applied magnetic �eld and
an anisotropy �eld which depends on the magnetization. So to bring the system out of
equilibrium, an external �eld pulse could be used. Another opportunity is to change
the anisotropy �eld by demagnetizing the sample. This can be done by hitting the
sample with an intense laser pulse. This demagnetization happens on a very short time
scale and is therefore called ultrafast demagnetization. Its exact origin has challenged
scientists for the last few decades.

In the 90's, experiments gave an estimation of the demagnetization time in Ga of
100 +/- 80 ps [12]. Theoretical estimations of spin relaxation con�rmed those numbers
shortly after. Later, Beaurepaire et al [13] performed demagnetization measurements
on Ni, and found demagnetization times well below 1 ps, so on a completely di�erent
timescale as found for Ga. Beaurepaire introduced a phenomenological three temper-
ature model (3TM) to explain their measurements. In the 3TM model, the system is
decomposed in three subsystems: the electron, phonon and spin system. A tempera-
ture and a heat capacity are assigned to every sub-system, and interactions between



3.2. MEASUREMENT METHODS 53

them are described by coupling constants. When the laser hits the sample, initially,
only the electron temperature will rise on a timescale of 50-100 ps. Due to interactions,
also the spin system will get thermalized, leading to a loss in magnetization. The spin
system will eventually cool down due to interactions with the phonon system, leading
to re-magnetization. This model is however not able to explain the di�erent time-
scales found in Ni and Co on one side and gadolinium on the other side. Koopmans et
al [11] implemented a microscopic description of spin-�ip scattering into the 3TM, and
they were able to describe the demagnetization in various materials with one single
model, called the microscopic 3 temperature model (M3TM).

Ultrafast demagnetization can be used to bring the magnetization out of equilib-
rium in the following way. When no external magnetic �eld is applied, the e�ective
�eld will lie along the easy axis and the magnetization will point in that direction.
When the sample is demagnetized , the magnetization will be decreased but its direc-
tions will not change. However, when we apply a magnetic �eld, the magnetization lies
along the e�ective magnetic �eld which is now the sum of the applied magnetic �eld
and the anisotropy �eld, which depends on the size of the magnetization, see equation
2.11 in combination with equation 2.4. If we now demagnetize the sample, the direc-
tion of the e�ective magnetic �eld is changed, and this will bring the system out of
equilibrium. This is used to measure the magnetization dynamics in the TR-MOKE
set-up which is discussed in the next subsection.

3.2.3 TR-MOKE Set-up

In this subsection the time resolved (TR) MOKE set-up is discussed. The technique
is based on the MOKE and uses a pulsed laser in combination with a stroboscopic
measurements scheme. The pulsed laser is split into two beams, one to excite the sys-
tem by demagnetize the sample (the pump-beam) and one to probe the magnetization
using the MOKE (the probe-beam). By changing the delay between the pump and
the probe-beam we are able to reconstruct the trajectory of the magnetization as a
function of time on the ps timescale. In this section the set-up is explained in more
detail.

A schematic representation of the TR-MOKE set-up is given in �gure 3.8. A
Tsunami mode-locked Ti:Sapphire laser from Spectra Physics is used. This laser gen-
erates laser pulses of approximately 70 fs with a repetition rate of 80 MHz. The
wavelength is tunable between 720 nm and 850 nm. We normally use 780 nm in
this research. The laser beam is splitted using a beam-splitter. This beam splitter
transmits about 95% of the incident laser beam, and re�ects the remaining 5%. The
transmitted high power beam is used to demagnetize the sample as explained in sec-
tion 3.2.2 and is called the pump-beam. The low power re�ected beam is used to probe
the magnetization using the MOKE and is called the probe-beam.

Because we are interested in the time dependent behavior of the magnetization, we
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want to be able to control the time delay between the pump-beam and the probe-beam.
This is done by a computer controlled delay line which consists of a retro re�ector with
an adjustable position. The retro re�ector re�ects the incoming beam, but shifts it over
a small distance. In this way the incoming and re�ected beam are parallel but shifted.
This means that the position of the laser spot on the sample will not change when
we the delay line is moved. The second delay line is not computer controlled and set
at a �xed position during the measurements. The pump-beam is transported through
two polarizers, which main purpose is to control the pump-power. The probe-beam is
polarized and then directed through a photo elastic modulator (PEM) which purpose
will be discussed in a moment. Finally, both beams are focused on the sample with a
high aperture laser objective (HALO). The spot-size on the sample is approximately
20 µm. Because we use out-of-plane magnetized samples, the probe beam is directed
perpendicular onto the sample, because in this way the sensibility of the MOKE is
maximized for the out-of-plane component of the magnetization . The re�ected pump-
beam is blocked, while the re�ected probe beam is directed towards the detector. By
determining the Kerr rotation of the probe-beam the trajectory of the z component of
the magnetization can be reconstructed. To get the best possible signal to noise ratio
we use a double-modulation scheme that will be explained below.

The �rst modulation is introduced by the PEM. The PEM consists of a birefringent
crystal that is periodically compressed in one dimension by a piezoelectric crystal. Due
to this compression the optical path of one polarization component is slightly changed.
This induces a periodical phase di�erence (retardation) between the polarization com-
ponents of the laser pulse. The interaction of the di�erent components in our set-up
with the probe beam can be described using the Jones formalism introduced before. In
this way the dependency of the detector signal on the magnetization can be calculated.
Before entering the PEM, the probe beam is �rst linearly polarized along a direction
that makes an angle of 45° with the modulation axis of the PEM. The Jones vector
of the laser beam after the polarizer becomes: 1√

2
( 1 1 )T . The Jones matrix of the

PEM is given by:

MPEM =

(
1 0
0 eA0 cos(Ωt)

)
, (3.4)

in which Ω is the modulation frequency and A0 the maximum retardation. The out-
going beam is thus described by 1√

2
( 1 eA0 cos(Ωt) )T . A0 is set to π/2, so the out

coming beam oscillates between right- and left-handed circular polarization.
Subsequently the beam is focused on the sample. The e�ect of the ferromagnetic

sample can also be represented by a Jones Matrix:

MFM =

(
rs rsp
rps rp

)
, (3.5)

in which rs and rp are the re�ection coe�cients for s- and p polarized light. The
o�-diagonal terms are proportional to εxy which was discussed before, depends on
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the magnetization. Finally, the laser pulse reaches the detector where a voltage is
produced which contains the information of the polarization of the pulse. The voltage
given by the detector can be written as [40]:

V w
αE2

4
(|rs|2 + |rp|2){1 + 2ε sin[A · cos(Ωt)] + sin 2(θ + Φ) cos[A · cos(Ωt)]}, (3.6)

in which E is the intensity of the laser pulse, α describes the detector's sensitivity, ε
is the already introduced Kerr ellipticity, θ is the Kerr rotation, and Φ is the angel
between the polarizer of the analyzer and the incident lights polarization axis. Ω is
the modulation frequency of the PEM. Using Bessel functions, the terms sin[A cos(Ωt)]
and cos[A cos(Ωt)] can be expanded in a harmonic series. In this way the voltage can
be rewritten up to second order as:

V = V0[1 + J0(A) sin 2(θ + Φ) + 4J1(A)ε cos(Ωt) + 2J2(A) sin(2(θ + Φ) cos(2Ωt) + ...],
(3.7)

with Jnthe nth order Bessel function and V 0 = αE2

4
(|rs|2 + |rp|2) . We can rewrite

this equation by collecting terms containing zeroth, �rst and second order harmonics
in Ωt, and get:

V = Vstatic + V1f + V2f , (3.8)

with:
Vstatic = V0[1 + J0(A) sin(2(θ + Φ)], (3.9)

V1f = V04J1(A)ε cos(ΩtV ), (3.10)

V2f = V02J2(A) sin 2(θ + Φ) cos(2Ωt). (3.11)

The signal from the detector is analyzed by a �rst lock-in ampli�er (L1). As a reference
signal for L1 the 50 kHz signal from the PEM is used. The input voltage from the
detector contains a 50 kHz and a 100 kHz component (respectivelyV 1f and V 2f ). So
by selecting the �rst or second harmonic at the �rst lock in ampli�er, we can measure
V 1f and V 2f respectively, which are proportional to the Kerr ellipticity and the Kerr
rotation and thus contains information about the magnetization.

To improve the signal-to-noise ration, a second modulation is used. The pump
beam is chopped by the chopper at a frequency of 60 Hz. The output of the �rst
lock in is then used as input for a second lock-in ampli�er (L2). The frequency of the
chopper is used as reference signal for L2. The L2 signal still contains the information
from L1 about the Kerr rotation/ellipticy, but its signal to noise ratio is improved a
lot. The main reason is that the second lock-in ampli�er cancels drift that is present
in the system due to for example instabilities in the optical components [8].
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Figure 3.8 � Schematic representation of the TR-MOKE set-up. A beam splitter is used
to split the laser into a pump-and probe-beam. The path length of both beams can be
controlled individually with the two delay lines. The purpose of the chopper and PEM is
explained in the text.

We put a lot of e�ort in optimizing the signal to noise ratio in measurements.
One source of noise are re�ections of the pump-beam into the detector. Therefore we
made sure that we blocked all re�ections of the pump-beam as much as possible. We
also minimized the amount of re�ections from the pump-beam that hit the detector
using the polarizers of the pump-beam. By polarizing the pump-beam 90 degrees with
respect to the polarizer in front of the detector we can minimize the amount of pump-
beam reaching the detector. We also optimized the laser performance by calibrating
it. The optical set-up is also re-calibrated and all the optical components are cleaned.

3.2.4 Kerr-Microscopy

Like the TR-MOKE set-up, the Kerr Microscope also uses the MOKE. It works basi-
cally as a normal microscope, but with added polarizers which allows for the detection
of the MOKE. The microscope is equipped with a high intensity Xe arc, placed directly
behind the aperture diaphragm. This diaphragm can be positioned in di�erent posi-
tions, allowing to change the angle of incidence on the sample, and thereby changing
the sensibility to the di�erent types of MOKE. The advantage of the Kerr-Microscope
is that it gives a spatial overview of the magnetization. The CCD camera employed
in the Evico Kerr microscope used allows us to record images at 16 frames per second
with a resolution of 100 nm, allowing to study dynamics processes on the second-
timescale. The Kerr-Microscope cannot be used to investigate the fast magnetization
processes, but it can be used to characterize the magnetic switching behavior, as dis-
cussed in chapter 4. An example of a image from the Kerr microscope is given in �gure
3.9. To improve the measurements, �rst a back ground image is recorded. During the
measurements, this background image is subtracted from the recorded images. This
leads to an improved sensitivity to changes in the magnetization.
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Figure 3.9 � Example of an image recorder by the Kerr microscope. Depicted is a
nano-wire connected to a contact, which is magnetic too. The dark area indicates regions
with magnetization in the positive z direction, the light area means magnetization in the
opposite direction.
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Chapter 4

Current assisted switching

measurements

In chapter 1 we discussed current assisted magnetization reversal measurements per-
formed by Miron et al on Pt/Co/AlOx samples [16]. They observed a �eld-like e�ect
of the current on the magnetization reversal. With '�eld-like' we mean that the cur-
rent wants to stabilize one magnetization direction just like an applied magnetic �eld.
Miron proposed two possible e�ects, both due to the presence of spin-orbit interaction,
that have the right symmetry to be able to explain their measurements: the spin Hall
e�ect (SHE) and a Rashba interaction. We discussed both spin-orbit (s-o) torques in
chapter 2. There we argued that the Rashba �eld should not be present in systems
with two identical interfaces like Pt/Co/Pt and Pt/CoB/Pt. This was con�rmed by
Haazen et al [17] in this group for Pt/Co/Pt nano-wires. Also in this group, Murè
et al discovered an e�ect with the same symmetry as the e�ect found by Miron in
de-pinning experiments on Pt/Co/Pt nano-wires.

We performed measurements to verify the presence of this s-o torque in Pt/CoB/Pt
and Pt/CoB/AlOx nano-wires. In the �rst part of this chapter we discuss performed
measurements in which we switch the magnetization of our nano-wires with an external
magnetic �eld, and measure the change in switching �eld due to an applied current.
We saw in chapter 2 that according to macro-spin simulations the torque induced by
the SHE should be able to assist or oppose this �eld-induced switching. In chapter
2 we explained that in a Pt/CoB/Pt wire the torque exerted by the spin-current
originating from the two Pt layers oppose each other. To maximize the torque exerted
on the ferromagnetic layer, we �rst performed measurements on Pt/CoB/AlOx wires.
However, we will see that we don't observe a measurable change in switching �eld with
the symmetry of the SHE. Subsequently we performed measurements on Pt/CoB/Pt
wires in which we eliminate the Rashba �eld. We compared those measurements with
simulations, to �nd an estimate for the Hall angle in our system.

In the second part of this chapter, we tried to switch the magnetization using only

59
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the SHE and an in-plane applied magnetic �eld. This leads to interesting observations
as we will show in section 4.2.

The current we send trough the nano-wires will generate an Oersted �eld and Joule
heating, which can in�uence the domain wall dynamics . These e�ects can easily be
separated from the SHE, because they will be symmetric with respect to the current
direction. We will take a closer look at those phenomena in section 4.3.

4.1 Field-induced current-assisted switching measure-

ments

In chapter 2 we explained that, according to macro-spin simulations, the torque exerted
by the injected spins originating from the SHE could help or oppose �eld-induced
magnetic switching when an in-plane magnetic �eld in the x direction (in the current
direction, see �gure 4.1 b) is applied. This means that measuring the change in
switching �eld as a function of applied current could provide us with information
about the presence of the SHE in our systems. Like in the performed simulations, we
switch the magnetization of an out-of-plane magnetized sample using a magnetic �eld
that is tilted by a certain angle J with respect to the out-of-plane axis (z axis) of the
sample, see �gure 4.1b. This means that the applied �eld can be decomposed in an
out-of-plane component, Hz and an in-plane �eld component. This in-plane component
can lie either along the x direction, which means that the �eld lies in the x-z plane
(Hxz �eld) or along the y direction, which means that the �eld lies in the y-z plane
(Hyz �eld) as indicated in �gure 4.1b.

In chapter 2 we also discussed that the e�ect of the SHE on the magnetic switching
changes sign with inverting the current direction or the in-plane �eld direction. Those
symmetry properties of the SHE provide us with a good test to check whether any
e�ect we measure on the switching �eld can be explained by the SHE.

We investigated magnetic reversal in three di�erent systems: Pt(5)/CoB(0.8)/AlOx(0.89),
Pt(5)/CoB(0.7)/Pt(2) and Pt(5)/CoB(0.7)/Pt(5). We will start this section to show
results performed on the �rst system with an AlOx toplayer. Because in this system
only the bottom layer is made of platinum and the top layer is isolating, there will be
only an injected spin-current originating from the bottom layer, and no spin-current
with opposite polarization from the top-layer. So we expect a maximal torque exerted
by the SHE in this sample. However, because this system contains two unequal bound-
aries, we could also expect a stronger Rashba �eld, which has the same symmetry with
respect to the current direction as the SHE. This means that in this sample it could
be hard to distinguish between the two spin-orbit torques. The second system we will
discuss contains a second Pt layer replacing the AlOx having a thickness di�erent from
the bottom Pt layer. Because we now have two equal interfaces we cancel the Rashba
�eld and we will be able to study the contribution from the SHE. The last sample
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contains two equal platinum layers. Now we expect the two spin currents originating
from the two platinum layers to be equal and to cancel out each other's torque on the
magnetization. So in this sample we expect no change in switching �eld due to the
SHE.

Before we discuss the measurement results, we will �rst explain how we can inter-
pret the data obtained from switching �eld measurements.

4.1.1 Decomposing the change in switching �eld

The blue curve marked with (blue) squares in �gure 4.1a shows a typical hysteresis
loop for a ferromagnetic material. We will now discuss how this loop changes when we
apply a current, and how we can extract information about the e�ect of s-o torques on
the magnetic switching from the altered hysteresis loop. When we apply a (positive)
current we will get the red curve marked with red triangles: the magnetization is
switched at a lower �eld. We de�ne this change in switching �eld4.1b as ∆HTotal,
which will have a negative value when the magnetization is switched at a lower �eld
due to the current. This total change in switching �eld can be written as the sum of a
symmetric part,∆HSym., which does not change when the current in inverted, and an
asymmetric part,∆HAsym, which changes sign when the current is inverted (see �gure
4.1a:

∆HTotal = ∆HSym + ∆HAsym. (4.1)

In chapter 2 we saw that the e�ect of the s-o torques changes sign when the current
direction is inverted. So the s-o torques will have a major contribution to ∆HAsym. For
Pt/CoB/Pt, we will ascribe ∆HAsym completely to the SHE, because we can neglect
the Rashba interaction. The symmetric part, ∆HSym, is due to Joule heating and
Oersted �elds. Heating up the sample will lower the total magnetization and therefore
the magnetization is switched more easily. Besides that, thermal �uctuations will
accelerate domain nucleation. We will come back to Joule heating in more detail
later on in section 4.3, were we will also explain why the e�ect of the Oersted �eld is
symmetric with respect to the current direction.

We are mainly interested in4HAsym, so we need a method to extract its value from
∆HTotal. The solution is to measure the change in switching �eld for both positive and
negative current. Because the symmetric contribution changes sign when we invert
the current direction, we can write:

∆HAsym(I > 0) = −∆HAsym(I < 0). (4.2)

The contribution of the symmetric e�ect is una�ected by the direction of the current:

∆HSym(I > 0) = ∆HSym(I < 0). (4.3)



62 CHAPTER 4. CURRENT ASSISTED SWITCHING MEASUREMENTS

ΔHsym 

I=0

ΔHasym I>0

I<0ΔHasym 

0

(a)

x

y
zHz

Hx

Hy

Hxz
Hyz

I
Θ Θ 

(b)

Figure 4.1 � a) A typical switching measurement without current and with a positive
applied current. Indicated are symmetric and asymmetric part of the change in switching
�eld. b) De�nitions of an applied Hxz and an applied Hyz �eld. The angle of the applied
magnetic �eld with the z axis is indicated with Θ.

So if we measure the change in switching �eld for positive and negative current and
subtract both results we cancel the symmetric part:

∆HTotal(I > 0)−∆HTotal(I < 0) = 2∆HAsym(I > 0). (4.4)

If we add them we will cancel the asymmetric part:

∆HTotal(I > 0) + ∆HTotal(I < 0) = 2∆HSym(I > 0). (4.5)

In this way we can separate the symmetric and asymmetric change in switching �eld,
which gives us the opportunity to isolate the e�ect from the s-o torque on the switching
�eld.

In the next subsections we will plot ∆HSym and ∆HAsym in separate graphs. We
will plot ∆H as a function of a positive current, for an in-plane applied magnetic �eld
in the positive x or y direction, unless stated otherwise. Remember that we always
use the system of coordinates depicted in �gure 4.1b.
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(a) (b)

Figure 4.2 � a) Change in switching �eld measured on a 50 µm wide
Pt(5)/CoB(0.7)/AlOx(0.89) nano-wire. Plotted is the asymmetric part of the change
in switching �eld, for or both a Hxz and a Hyz applied magnetic �eld. Measurements
done with a magnetic �eld making an angle of 80° with the z axis. b) Symmetric part of
the change in switching �eld due to Joule heating and Oersted �elds.

4.1.2 Pt(5)/CoB(0.8)/AlOx(0.89)

The �rst measurements we show are done on a 50 µm wide Pt(5)/CoB(0.8)/AlOx(0.89)
nano-wire. As mentioned before, due to the absence of a second platinum layer we
expect to maximize the total injected spin current. So we expect a maximum e�ect on
the switching �eld in this sample. We performed measurements with an applied Hxz

�eld as well as measurements with an applied Hyz �eld. The angle j of the applied
�eld with the z axis was 75°.

The results are shown in �gure 4.2. In �gure 4.2 a we plotted ∆HAsym and in �gure
4.2b we plotted ∆HSym, both as a function of the current density. We have plotted
results for measurements done with Hxz �elds as well as from measurements done with
Hyz �elds. We see a clear symmetric contribution to the total change in switching �eld
as a function of the current density in �gure 4.2b. At a current density of 6 ·1010A/m2

we observe a ∆HSym of -7 mT. As expected, this contribution does not depend on
the direction of the in-plane �eld. However, we observe almost no asymmetric e�ect,
as becomes clear from �gure 4.2a. Possibly, the Rashba �eld present in this system
because of the asymmetric boundaries of the magnetic system is responsible for this
unexpected behavior , but at this point we cannot explain those observations. We will
now take a look at Pt/CoB/Pt samples, were we exclude the Rashba �eld.
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(a) (b)

Figure 4.3 � a) Change in switching �eld in 20 µm wide Pt(5)/CoB(0.7)/Pt(2) nano-
wires. Plotted is the change in switching �eld due to the SHE, for both a Hxz and Hyz

applied magnetic �eld. b) The symmetric part of the change in switching �eld, due to
Joule heating and Oersted �elds.

4.1.3 Pt(5)/CoB(0.7)/Pt(2) wires

As we saw in the previous subsection, we did not detect the SHE in the Pt(5)/CoB(0.8)/Alox(0.89)
nano-wire. We will now show measurements done on a 20 µm wide Pt(5)/CoB(0.7)/Pt(2)
nano-wire. Due to the di�erence in thickness of the two Pt layers, we expect a net
spin current into the magnetic layer induced by the SHE. In �gure 4.3 we see the
result of switching �eld measurements done on this sample. We performed the same
measurements as on the Pt/CoB/AlOx sample, but now using an angle of 80° of the
magnetic �eld with the z axis. Again, we performed measurements with an applied
Hxz �eld as well as an applied Hyz �eld. In �gure 4.3 b we see the symmetric part of
the change in switching �eld and in �gure 4.3 a the asymmetric part. Again we see a
symmetric contribution to the switching �eld that is in independent of the direction of
the in-plane magnetic �eld. But now we also see a more interesting asymmetric contri-
bution appearing. For the Hxz applied �eld, we see a clear asymmetric contribution to
the change in switching �eld, which increases with increased current density. The size
of this change in switching �eld is about -3.5 mT at a current density of 4 · 1010A/m2 .
The switching �eld without applied current is approximately 17 mT. Remember that
this �eld is the total �eld, which has both an in-plane and an out-of-plane compo-
nent. For the Hyz �eld we also see an asymmetric change in switching �eld, but the
e�ect is much smaller. Because simulations showed no e�ect on the switching �eld in
the Hyz �eld con�guration (see chapter 2), the measured e�ect is probably due to a
misalignment of the applied magnetic �eld.
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(a) (b)

Figure 4.4 � a) Change in switching �eld as a function of current, for both positive and
negative applied x �eld. b) Hysteresis curves measured in the Kerr microscope with only

an out-of-plane external magnetic �eld. (27 mA is equal to 1.75·1011A/m in this sample,
a 20 mm wide Pt(5)/CoB(0.7)/Pt(2) nano-wire ).

We observed a current induced e�ect that inverts its direction when the current
direction is inverted, but the e�ect should also change sign with inverted in-plane �eld
direction. In �gure 4.4 we see ∆HAsym as a function of the applied current for an
applied �eld along the positive and the negative x direction. We see that the e�ect is
indeed inverted. In �gure 4.4b we also show a hysteresis curve measured on the Kerr
microscope. In this set-up it is possible to apply a pure out-of-plane magnetic �eld.
We see that with no in-plane �eld, positive and negative current have the same e�ect
on the switching: In this case we only have the e�ect of the Oersted �eld and Joule
heating, the symmetric contributions. So indeed we need an in-plane �eld in the x
direction to have an e�ect of the SHE on magnetic switching.

From those observations, we conclude that the SHE can indeed explain the current
assisted magnetic switching measurements in Pt/CoB/Pt nano-wires. In the last part
of this section, we will show that the relative thickness of the two platinum layers is
indeed important for the size of the induced torque as argued in chapter 2.

4.1.4 Pt(5)/CoB(0.7)/Pt(5).

If we fabricate a sample with two platinum layers having the same thickness we expect
the net torque from the SHE to be zero. In �gure 4.5a we show the results of mea-
surements on a Pt(5)/CoB(0.7)/Pt(5) wire. We used an angle of the magnetic �eld
with the z axis of 80°. We see that the e�ect is indeed small, but still approximately
1 mT at a current density of 6 · 1010A/m2 . This is probably due to a di�erence in
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(a) (b)

Figure 4.5 � a) Symmetric change in switching �eld in a 50 µm wide
Pt(5)/CoB(0.7)/Pt(5) nano-wire. Plotted is the change in switching �eld due to the
SHE, for both a Hxz and a Hyz applied magnetic �eld.The angle of the magnetic �eld
with the z axis was 80°. b) The symmetric part of the change in switching �eld, due to
Joule heating and Oersted �elds.

growth between the two layers, which could a�ect the Hall angle of the material. It
could also be a non-zero Rashba �eld. In �gure 4.5b also the symmetric part of the
results is shown. These results are roughly the same as for the Pt(5)/CoB(0.7)/Pt(2)
wire. The di�erence is explained in section 4.3.

To summarize, those measurements showed that it should be possible to control
the net spin Hall torque by varying the platinum thickness. We cannot unlimited make
the Hall angle larger by increasing the layer thickness. This process is limited by spin
accumulation as described in chapter 2.

4.1.5 Estimate of the e�ective Hall angle

In chapter 2 we showed results of macro-spin simulations of current assisted magnetic
switching. Those simulations were done for Pt/CoB/Pt nano-wires. A Hall angle for
both Pt layers was determined depending on their thickness. Using the Hall angle of
both layers, a net spin current injected into the magnetic layer was calculated. We
also discussed that we performed simulations for di�erent values of the Hall angle. We
started with the values found in literature, but also performed simulations with higher
and lower values. The results were given in �gure 2.14.

We will now compare those simulations with the measurements we performed in this
section on the Pt(5)/CoB(0.7)/Pt(2) nano-wire to determine the e�ective Hall angle
of our system. As we saw in �gure 2.14, the simulations show a linear dependence of
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Figure 4.6 � Results of switching �eld simulations. Plotted is z as a function of the Hall
angle, normalized using the Hall angle from literature as explained in the main text. The
red cross indicates the measured slope for the 20 µm wide Pt(5)/CoB(0.7)/Pt(2) wire.
Also the the standard deviation is given. We �nd that the scaling factor for the Hall angle
is 1.00 +/- 0.09.

the change in switching �eld as a function of current density, at least for not too high
current densities. We could de�ne the slope of this linear relationship between current
density and change in switching �eld as z. This parameter will depend on the Hall
angle, so z=z(J). So to compare the simulations with the measurements we �t a linear
function through the measurements to �nd the experimental value z and compare this
value with the simulated curve z(J) to �nd the e�ective Hall angle. The result is
showed in �gure 4.6. We have plotted the slope of the simulated curves as a function
of the used Hall angle divided by the Hall angle from literature. The �tted value for the
measurements is given along with a error bar indicating the standard deviation. We
�nd that if we use a scaling parameter of 1.00 +/- 0.09 we reproduce the results from
the measurement. We can conclude that using the Hall angle reported in literature
[15], our simulations and measurements are in agreement. We do not claim that the
Hall angle we �nd this way is an accurate measure for the 'real' Hall angle of the
system. However, we found a measure for the e�ect of the SHE on the system.

4.2 Current induced magnetic switching

In the previous section we saw that the SHE in combination with an applied magnetic
�eld in the x direction could assist or oppose �eld induced magnetic switching. In this
section we investigate whether it is possible to switch the magnetization using only
an applied current in combination with a pure in-plane magnetic �eld to switch the
magnetization of a perpendicularly magnetized nano-wire (Pt(5)/CoB(0.7)/Pt(2) in
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this case).
Before we discuss the performed measurements, we will show that when a large

pure in-plane magnetic �eld is applied, the system will be in a multi-domain state.
This has some important consequences.

4.2.1 Multi-domain state

In order to perform good quality switching experiments, we need to guarantee that
the system is in a well de�ned single-domain state. When we apply large, pure in-
plane magnetic �elds, we face one complication. The magnetization will break up in a
multi-domain state. Figure 4.7b shows a Kerr image of a part of the wire with a large
applied in-plane magnetic �eld. We see that the system is indeed in a multi-domain
state and that the domains are very small compared to the laser spot size (indicated
by the circle). After we remove the in-plane magnetic �eld, the systems remains in this
multi-domain state. In the TR-MOKE set-up we measure the average magnetization
over the whole laser spot. This average magnetization will be zero in the multi-domain
state. This means that after we apply a large in-plane magnetic �eld the measured
remanence (magnetization at zero �eld) will be zero. So we have to take care when we
perform measurements with large in-plane magnetic �elds, because the multi-domain
state is not as well de�ned as a single domain state.

We can use the fact that the remanence is zero after applying a large pure in-plane
�eld to tilt our magnet exactly in-plane. In �gure 4.7a we see the procedure to do so
in the TR-MOKE setup. We make a �eld-sweep and look at the remanence. If there
is a small out-of-plane component of the magnetic �eld, the systems prefers magnetic
domains which magnetization points along this out-of-plane component and we mea-
sure a non-zero remanence. We keep decreasing the angle of the applied magnetic �eld
until the remanence is zero. At that point we are sure that the �eld is completely in
plane.

4.2.2 Current induced switching measurements

We will now show two types of experiments using an applied in-plane �eld in combi-
nation with an applied current. During both experiments, we performed �eld-sweeps.
Those �eld-sweeps can be forward, meaning going from low to high magnetic �eld, or
backwards, going from high to low magnetic �eld. In the �rst experiments, we pre-
pare the system in a multi-domain state, and look at the e�ect of an applied current
on this state. We expect to see a �eld-like e�ect from the SHE which would give
the magnetization a preferred direction and bring it into a single-domain state. The
second experiment is the more interesting one. Here we will bring the system in a
single-domain state, and try to switch its magnetization with only an applied current
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(a) (b)

Figure 4.7 � a) Hysteresis loops measured for a couple of small angles of the magnetic
�eld to determine when the applied �eld is pure in-plane. The arrows indicate the direc-
tion of the �eld-sweep. b) Kerr microscope image of the multi-domain state. The width
of the wire is 20 mm, the applied in-plane �eld is approximately 40 mT. On the left the
multi-domain state is depicted. In the two images on the right, the two homogenous mag-
netic states are depicted, for respectively a magnetization in the positive (upper image)
and negative (lower image) z direction.

in combination with an in-plane magnetic �eld. Note that the magnetic �eld in all the
measurements performed in this section is directed along the x axis.

Field like e�ect on the multi-domain state

In the �rst experiment, we prepare the system in the multi-domain state by applying a
large in-plane magnetic �eld. We then perform a backward �eld-sweep were we slowly
decrease the �eld to zero and increase it again in the opposite direction. The �eld is
purely in-plane during the whole measurement. The results are given in �gure 4.8 for
di�erent values of the applied current. Note that in this section we used total current
instead of current density. To compare the results in this section with results from
section 4.1, we give the current densities for the applied currents in this section in table
4.1. When no current is applied, the system stays in the multi-domain state during
the whole �eld-sweep. This means we measure zero magnetization during the whole
measurement. The slope of the curve is due to Faraday [38] rotation. However, when
we apply a current, the torque induced by the SHE in combination with the in-plane
magnetic �eld tends to tilt the magnetization in a preferred direction, in this case
along the positive z axis. At large in-plane �elds, this torque cannot compete with
the in-plane �eld which keeps the system in the multi-domain state, but when the
�eld is decreased, we observe a net out-of-plane magnetization. This means that the
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domains with a magnetization in the positive z direction start to grow. The remanence
at zero �eld is not longer zero. The measured remanence increases with increasing
current, but even at the largest applied current, 20 mA, the saturation magnetization
is not reached, which means that there still exist domains with opposite magnetization.
Unfortunately we could not increase the current any further due to Joule heating.

In the previous section, we saw that the current induced e�ect changes sign when
the in-plane component of the magnetic �eld is switched. We also observe this behavior
in �gure 4.10. When the in-plane �eld crosses zero and is increased in the opposite
direction, we see that the magnetization direction switches at some point. However,
we don't observe a nice switch, because the magnetic �eld starts to bring the system
in a multi-domain state again.

In �gure 4.9 we show results from the same kind of measurements. Here we show
both a forward and a backward scan, for both positive and negative applied current.
These measurements clearly show that the e�ect is inverted with inverted in-plane
magnetic �eld, but also with inverted current direction.

SHE induced switching from a single-domain state

The previous measurements clearly show that the current induces a �eld-like e�ect on
the magnetization. However, those measurements are performed on a multi-domain
state which is not very well de�ned. Now we will look whether it is possible to switch
a well de�ned single-domain state using a current and an in-plane magnetic �eld. We
prepare the system in a nice single-domain state by tilting the applied �eld out-of-
plane. Then we switch o� the �eld and turn the magnet in plane and perform a
forward or backward �eld-sweep starting from zero �eld. We search for a combination
of in-plane �eld and current for which we can switch the magnetization. The results
are shown in �gure 4.10. The blue circular curve shows the magnetization as a function
of in-plane �eld when no current is applied. We see that we start from a single domain
state at zero �eld, for which we measure the saturation magnetization. For large �elds
we end up in a multi-domain state. When we apply a negative current and perform a
forward �eld-sweep, we observe that for a large enough in-plane �eld the magnetization
switches. Again we observe that the direction of the e�ect depends on the current and
in-plane �eld direction. Unfortunately the in-plane �eld for which the switching occurs
is close to the �eld for which we start creating the multi-domain state. This means
that the system is not in a well de�ned state when we switch the magnetization. We
could increase the current to switch at lower �elds, but due to Joule heating at such
high currents we damage the samples.
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Figure 4.8 � Backward in-plane �eld scan for di�erent applied currents. The in-plane
�eld is directed along the x axis.

Current (mA) Current density(A/m2)
20 1.3 · 1011

10 6.5 · 1010

5 3.3 · 1010

Table 4.1 � Table with the current densities for the used currents in this section.

(a) (b)

Figure 4.9 � a) Backward �eld scan for positive and negative current. b) Forward �eld
scan for positive and negative current. The in-plane �eld is directed along the x axis in
both graphs.
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Figure 4.10 � Field sweep with an in-plane applied �eld for 0 mA, 20 mA and -20 mA.
The in-plane �eld is directed along the x axis.

4.3 Contributions to the symmetric part of the switch-

ing �eld

In section 4.1 we saw that besides the e�ect from the s-o torque on the switching �eld,
we also observe an e�ect which is symmetric with respect to the current direction. In
this section we will take a closer look to the mechanisms behind this e�ect. We will
see that there are two contributions in our nano-wires which can explain the e�ect:
Joule Heating and Oersted �elds.

4.3.1 Joule heating

We will �rst take a look at Joule heating. From the Bloch law we know that the
magnetization of a ferromagnet reduces by increasing the temperature.

M(T )

M(0)
= 1−

( T
Tc

)3/2

, (4.6)

in which M(T) is the magnetization at temperature T, M(0) is the magnetization at
zero temperature, and Tc is the Curie temperature. This will also a�ect the shape
anisotropy discusses in chapter 2, and thereby the switching �eld. Figure 4.14b shows
the result of a macro-spin simulation we performed of the change in switching �eld
as a function of temperature for a Co magnetic layer with out-of-plane anisotropy.
Those simulations only take the decreased magnetization due to an increased temper-
ature according to equation 4.6 into account, and neglect totally domain nucleation by
thermal �uctuations, which is a very important mechanism in magnetization reversal.
Therefore those simulations are only a very rough estimation. We indeed see a mea-
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Figure 4.11 � Plot of Hz vs Hx. Increasing the in-plane component of the magnetic
�eld decreases the out-of-plane �eld needed to switch the magnetization. Measured on a
Pt(5)/CoB(0.7)/Pt(2) nano-wire.

surable change in the switching �eld already for not to high temperatures. To con�rm
that Joule heating really a�ects the magnetic switching, we have to get an estimate of
the temperature in the magnetic wires. We performed both simulations with Comsol
multiphysics and measurements on a Pt/CoB/AlOx sample. More details about the
simulations and temperature measurements are given in Appendix A. The results are
plotted in �gure 4.14a. We have plotted the increase of temperature as a function of
applied current density. We measured a maximum increase in temperature of 20 K for
the currents used in this research. Comparing this with the switching simulation we
conclude that we can expect changes in the switching �eld in the order of magnitude
of 1 mT due to Joule heating.

4.3.2 Oersted �elds

The second mechanism that can cause a change in switching �eld which is symmet-
ric with respect to the current direction is the generation of Oersted �elds inside the
magnetic wire by the electric current. We performed simulation with Comsol to in-
vestigate the shape of the �elds inside the wire. The results are shown in �gure 4.12.
The �gure only shows the edges of the wire. We see that the magnetic �eld is in-plane
along the y direction inside the magnetic layer, except at the edges where there is an
out-of-plane component. This in-plane magnetic �eld can play a crucial role in the
switching of the magnetization. The size of the out-of-plane component needed to
switch the magnetization depends on the in-plane component of the �eld. To prove
this, we measured the switching �eld for di�erent angles on a Pt(5)/CoB(0.7)/Pt(2)
nano-wire and plotted the out-of-plane switching �eld versus the in-plane �eld in �gure
4.11. So if Oersted �elds contribute to the in-plane component of the magnetic �eld,
we would need a smaller out-of-plane component to switch the magnetization.
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If we take a closer look at the symmetric part in the change of switching �eld dis-
cussed in section 4.1, we see that the e�ect is the largest for the Pt(5)/CoB(0.8)/AlOx(0.89)
(-6 mT at 5 · 1010A/m2 ) sample, and smallest for the Pt(5)/CoB(0.7)/Pt(5) (-2
mT at 5 · 1010A/m2 ) sample. For the Pt(5)/CoB(0.7)/Pt(2) wire we �nd an in-
termediate value of -4 mT at 5 · 1010A/m2 . We can explain this using �gure 4.12.
For the Pt(5)/CoB(0.7)/Pt(5) wire, the magnetic layer is in the center, were the
�eld is almost zero. For the Pt(5)/CoB(0.7)/Pt(2) sample and even more for the
Pt(5)/CoB(0.8)/AlOx(0.89) sample the magnetic layer is more towards the edge, were
the in-plane magnetic �eld is larger. In the Pt(5)/CoB(0.8)/AlOx(0.89) sample we
can also expect a additional Rashba �eld, which is in the y direction, which could also
contribute to the in-plane magnetic �eld.

The e�ect of the out-of-plane component of the Oersted �eld on the edges of the
sample on the magnetic switching can be shown with images taken at the Kerr micro-
scope and from simple simulations. Two of the Kerr images are shown in �gure 4.13.
We see the 50 µm wide wire, and on the right side a part of the larger contacts which
are of the same composition as the wire itself (see chapter 3). In the �rst image, we see
switching without any current. The switching starts with nucleation in the contacts
and continues by domain-wall motion until the complete wire is switched. Because the
switching is due to nucleation at lower anisotropy parts and the followed domain-wall
motion, the measured switching �eld is lower than values found by (macro-spin) sim-
ulations. If we now send a current trough the wire, the switching behavior looks like
depicted in �gure 4.13b. The out-of-plane component of the Oersted �eld helps the
switching in one half of the wire and oppose it on the other half. The rest of the wire
is again switched by domain wall motion. This switching occurs before the nucleation
observed at the contacts in the no current case, so the-out-of plane component of the
Oersted �eld clearly decreases the required switching �eld. If the current direction is
reversed, the other half of the wire is switched �rst, but the switching is assisted in
both situations and the e�ective change in switching �eld doesn't depend on the sign
of the current.

We can conclude that both the Joule heating and the Oersted �eld have an mea-
surable e�ect on the switching �eld. In the Pt(5)/CoB(0.8)/AlOx(0.8) sample we can
also expect an e�ect of the Rashba �eld. These e�ects are however pretty complex,
and therefore it is hard to predict the size of each individual contributions on the
magnetic switching.
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Figure 4.12 � Simulations of the magnetic �eld inside the wire. We see a cross section
of the wire, and we plotted only the two edges. The arrows show the �eld direction, and
the �eld strength is represented by both the color and the size of the arrows. The direction
of the current is into the paper. The layer thicknesses are indicated in nm.

(a) (b)

Figure 4.13 � Kerr images of the magnetic switching in Pt/CoB/Pt nano-wires. We
see the nano-wire and a small part of the contact. In a) switching with only a magnetic
�eld is depicted. In b) the magnetic switching is current assisted. More details are given
in the main text.
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(a) (b)

Figure 4.14 � a) Simulations and measurements of the temperature in a
Pt(5)/CoB(0.7)/AlOx(0.89) wire b) Simulations of the e�ect of the temperature on the
switching �eld. More details about the temperature measurements and simulations are
given in appendix A.



Chapter 5

Current in�uenced magnetic damping

In the previous chapter we characterized the SHE in Pt/CoB/Pt nano-wires by mea-
suring current assisted magnetic switching. In chapter 2 we argued that the torque
induced by the SHE could also in�uence the magnetic damping. This could provide
us with a new measurement technique to study current induced spin-orbit torques.
Therefore we performed damping measurements which are discussed in this chapter.

The �rst measurements in this chapter are performed without the injection of
electrical currents, to characterize our samples. In chapter 2 we saw that the damping
in thin magnetic �lms can be enhanced by spin pumping. We argued that angular
momentum is transported from the magnetic layer to an adjacent non-magnetic layer.
This non-magnetic layer, Pt in our case, acts as a spin sink for the injected angular
momentum. We want to check whether the Pt layer thickness in�uenced the ability
of the Pt to absorb the injected spins. We did this by measuring the damping as a
function of the top and bottom Pt layer thickness. Those measurements are performed
on �lms instead of nano-wires to optimize the signal to noise ratio.

The �nal measurements are performed on magnetic nano-wires to study whether we
can a�ect the damping in a measurable way using the SHE. In chapter 2 we argued that
the spin current injected by the SHE could exert a torque on the magnetization that
is able to in�uence the magnetic damping, when a magnetic �eld with a component in
the y direction is applied. This was con�rmed by macro-spin simulations. Therefore
we performed damping measurements on the same nano-wires we used in chapter 4.
We performed those measurement on both Pt/CoB/Pt and Pt/CoB/AlOx nano-wires.

In the �rst section, we will discuss the �eld dependency of the damping parameter.
In section 5.2 the in�uence of the power of the pump-beam on the measurements is
discussed. In the third section we discuss the spin sink study on thin �lms and in the
last section we will discuss the current assisted magnetic damping measurements.

77
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5.1 Field depended damping measurements

In this section we discuss the �eld depended damping measurements we performed in
this chapter. In chapter 3 we discussed that we need to use an external magnetic �eld
to tilt the magnetization partly in-plane to be able to perform damping measurements.
It turns out that α depends on the size of the applied magnetic �eld. This behavior is
not described by the macro-spin model, but by a so called multi-spin model introduced
by Waloski et al [41]. We will now take a closer look to this model.

In �gure 5.1d, a typical measurement of α as a function of applied �eld is showed.
Those measurements are performed on a Pt(5)/CoB(0.7)/Pt(5) thin �lm using a �eld
applied with an angle of 82.5 degrees with the z axis (see �gure 5.1c). At low mag-
netic �elds we observe an enhanced α. This �eld depended behavior of the damping
parameter is described by the multi-spin model. It turns out that the anisotropy is
not constant throughout our samples. The sample is divided into small domains, each
with their own anisotropy, see �gure 5.1a. The anisotropy varies typically a few per-
cent around the average value [8]. As we will see in a moment, the �eld dependency
of the damping is a result of those anisotropy di�erences between the domains.

In chapter 2 we saw that the magnetization dynamics are described by the LLG
equation, which contains an e�ective magnetic �eld Heff . When the magnetization
is out of equilibrium, the e�ective magnetic �eld exerts a torque which induces a
precessional motion of the magnetization. Due to damping, the magnetization will
relax back to equilibrium. The e�ective �eld of our samples is determined by the
applied �eld and the anisotropy �eld, see �gure 5.1c. As showed by Kuiper [8], the
precession frequency of the magnetization around the e�ective magnetic �eld scales
with the sum of the applied magnetic �eld and the anisotropy �eld:

ω =
γµ0

1 + α2
(Happ

cos(β)

cos(θ)
+HK −Msat), (5.1)

in which β is the angle of the applied magnetic �eld with the z axis, Θ is the angle of
the magnetization with the z axis (see �gure 5.1c), Happ is the applied magnetic �eld,
Hk is the anisotropy �eld andMsat is the saturation magnetization. Using equilibrium
conditions, Kuiper found that the precession frequency can also be written as:

ω =
γµ0

1 + α2
ηHapp

sin(β)

sin(θ)
. (5.2)

Because the equilibrium angle Θ depends on the anisotropy, from this equation we
obtain an ω that depends on the anisotropy. This means that the individual domains
with varying anisotropy will precess with their own frequency ω. The measured signal
is the sum over the damped oscillation of all individual domains covered by the laser
spot, which is much larger than the domains for thin magnetic �lms, see �gure 5.1a.
This leads to an increased apparent damping resulting from the line broadening and
di�erent phase in frequency space [41].



5.1. FIELD DEPENDED DAMPING MEASUREMENTS 79

(a)

Θ
(d

eg
.)

μ0Happ (mT)

(b)

Happ

MHk

z

x

y

Θ
 β

Thin-film

(c) (d)

Figure 5.1 � a) The sample is divided in 'domains' with slightly di�erent values of
the anisotropy. Adapted from[41]. b) The angle Θ the magnetization makes with the z
axis as a function of applied �eld, determined for Pt/CoFeB/Pt �lms by Kuiper [8] c)
De�nitions of β and Θ. In equilibrium, M lies along the e�ective �eld direction, which
is a combination of the applied �eld and the anisotropy �eld. d) Typical measurement of
α as a function of the applied �eld.
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From equation 5.2 we know that ω depends on Θ, the angle of the magnetization
with the z axis. Figure 5.1b shows Θ as a function of the applied magnetic �eld.
The angle Θ depends on both the applied magnetic �eld and the anisotropy �eld. In
a sample with strong anisotropy, the �eld has to be large to tilt the magnetization
in the direction of the applied �eld. When we apply a very large �eld, the angle of
the magnetization will approach the angle of the applied �eld. At those large �elds,
variations in the anisotropy will have a smaller e�ect on Θ than at a small applied
�eld. This means that at low �eld, the variation of Θ and thus ω between the domains
is larger, and thus the damping parameter is distorted more at lower �elds, which
leads to the �eld-depend damping parameter showed in 5.3b.

5.2 Optimizing the pump beam power

As explained in chapter 3, in the TR-MOKE set-up a pump-beam is used to demagne-
tize the magnetic sample and bring the magnetization out of equilibrium. It turns out
that we have to tune the pump-power carefully to obtain good measurements. Obvi-
ously, if we use a pump-power that is too low, we do not excite the system enough to
be able to measure nice oscillations. However, when we use a pump-power that is too
high, the quality of the signal will decrease as we will see in a moment. The optimal
pump-power depends on the system we use. Therefore, we individually optimized the
pump-power for our Pt/CoB/Pt as well as our Pt/CoB/AlOx samples.

In �gure 5.2a we show damping measurements performed on a Pt(5)/CoB(0.7)/Pt(2)
sample using three di�erent values for the pump-power and an applied �eld under an
angle of 82.5 degrees with the z axis. As we expected, when we use a pump-power that
is too low, we do not excite the system enough to obtain a nice oscillation. However,
when the pump-power is increased to much, the quality of the magnetic signal gets
worse and we are not able to determine α accurately. The damping parameter as a
function of applied �eld for a Pt(5)/CoB(0.7)/Pt(2) is plotted in �gure 5.3 a and b.
We observe the decrease in damping for large magnetic �eld strengths that we dis-
cussed in the previous section. In �gure 5.3a the results from measurements done with
a pump-power of 25 mW are plotted, and in �gure 5.3b from measurements done with
a pump-power of 54 mW. The results are signi�cantly improved when a pump-power
of 54 mW is used. We decided to use 50 mW pump-power on the Pt/CoB/Pt sam-
ples. The same optimization is carried out for the Pt/CoB/AlOx samples. For those
systems the signal is optimized using a pump-power of 25mW.

There could be a couple of reasons for the fact that we decrease the signal quality
when we use a pump-power that is too high. Re�ections of the pump-beam that hit
the detector can introduce noise. Therefore, if we increase the pump-power we will
also increase the noise. The second possibility is that we decrease the magnetization
of the sample by increasing the temperature. To test this we measured a hysteresis
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(a) (b)

Figure 5.2 � a) Measurement of the time evolution of the z component of the magne-
tization for di�erent values of the pump-power. Measured on a Pt(5)/CoB(0.7)/Pt(2)
sample. b) Hysteresis loop measured on a Pt(5)/CoB(0.8)/AlOx(0.89) nano-wire with
low (20 mW) and high (71 mW) pump-power.

loop on a Pt/CoB/AlOx sample. On this sample we found that the signal quality
decreases already at low pump-power compared with the Pt/CoB/Pt sample, and
that the decrease in signal quality is also more drastic. We plotted the results in �gure
5.2b. We observe a nice hysteresis loop for a pump-power of 20 mW. However, when the
pump-power is increased to 71 mW, we observe a lot more noise, and a lower switching
�eld. The lower switching �eld is due to the increased thermal �uctuations which
enhances domain nucleation. However we do not observe a much lower magnetization,
so we don't expect this to be the reason for the decreased signal quality.

5.3 Damping measurements on magnetic thin �lms

In chapter 2 we discussed that an important extrinsic contribution to the magnetic
damping in thin ferromagnetic layers originates from spin-pumping, as shown by
Tserkovnyak et al [42], who calculated the damping parameter as a function of the
ferromagnetic layer thickness. Spins are pumped into adjacent non-magnetic layers
and therefore the increase in α depends on the ability to absorb spins of the adjacent
layers. We wanted to investigate whether varying the Pt layer thickness, in the work-
ing range of this research, in�uences this spin-sink ability of the Pt layer. To study
this we have performed measurements on samples with varying Pt layer thicknesses.
We varied both the bottom and the top Pt layer thickness. The measurements were
performed on two kind of samples. We will show that the choice of the substrate is
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(a) (b)

Figure 5.3 � Measurement of the damping parameter as a function of applied �eld, for
two di�erent values of the pump-power.

very important for the signal quality.
At �rst, we fabricated samples on Si wafers with only very thin, natural oxidation

(10 nm). The reason to use this substrate is that SiOx has very low heat conductivity.
Because in this study we are interested in current induced e�ects, Joule heating plays
an important role as we discussed in the previous chapter. On top of the Joule heating,
in the damping measurements we also use the high power pump-beam. Therefore we
want to use a substrate with an oxide layer that is as thin as possible in order to opti-
mize the heat �ow from the wire through the substrate. We start with measurements
we performed on thin �lms sputtered on those substrates. In �gure 5.4 we have plotted
the damping parameter as a function of the applied �eld. Those measurements are
performed with an angle of 82.5 degrees with the z axis. We observe the expected �eld
dependence of α as described in section 5.1. We have performed the measurements for
di�erent samples with varying thicknesses for the top and bottom Pt layer. It seems
that varying the thickness of the bottom Pt layer changes the damping but we only
observe this at low �elds. At low �elds the noise it too large to draw any conclusions.
Varying the thickness of the top layer does not seem to in�uence the damping. We will
now show measurements on a di�erent substrate, which are of much better quality.

For reasons we explained in chapter 3, at some point we switched the substrate.
We started to use substrates with a 100 nm oxide layer. It turned out that we obtained
a signal with much less noise, which leads to more trustable �ts of α. We sputtered
new samples on this substrate, again with varying Pt layer thicknesses and performed
the same damping measurements as discussed before. The results are plotted in �gure
5.5. In �gure 5.5a we plotted the results for varying bottom layer and in �gure 5.5b
for varying top layer. We indeed observe that the signal has improved signi�cantly.
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Figure 5.4 � Gilbert damping parameter α as a function of applied �eld measured for
di�erent top and bottom Pt thickness on Pt/CoB/Pt �lms. During those measurements,
Θ=82.5°. Sample fabricated on Si with a 10 nm SiOx top layer.

We observe no dependency of α on the top Pt layer thickness. However, we observe a
small dependency of α on the bottom Pt layer thickness. Because we do not observe
an e�ect of the top layer thickness, we can conclude that the Pt layer thickness does
not in�uence the damping. The reason a small dependency of the bottom layer is
observed, is probably due to a di�erence in growth for the �rst layers.

5.4 Damping measurements with current induced spin

torques

In chapter 2, macro-spin simulations revealed that a SHE induced spin current should
be able to a�ect the e�ective α in Pt/CoB/Pt nano-wires, see �gure 2.16. We argued
that the largest e�ect should be present using an applied in-plane magnetic �eld in the
y direction. The main goal of this research was to investigate whether we could measure
this e�ect using the TR-MOKE set-up to determine α. In this �nal section we will
discuss those current in�uenced damping measurements. During those measurements
we used a continuous current. Therefore the maximum current density we can apply
is limited by Joule heating. This means that we expect only small changes in α.
Therefore we needed to optimize the signal as much as possible. In this chapter we
already discussed the in�uence of the pump-laser power and the substrate on the
signal to noise ratio. In section 3.2.3 of chapter 3 we also discussed some of the others
techniques used to improve the signal as much as possible. In this section we show
the �nal measurements, obtained after all optimizations. We performed measurements
on both a Pt(5)/CoB(0.7)/Pt(2) as well as a Pt(5)/CoB(0.7)/AlOx(0.89) nano-wire.
During all those measurements an Hyz (see �gure 4.1b) �eld is used to maximize the
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(a) (b)

Figure 5.5 � Damping as a function of the applied magnetic �eld. During those measure-
ments, Θ=82.5°. The error bar indicates the standard deviation in the �tting procedure.
a) Measurements performed for varying bottom layer thickness b) Measurements per-
formed for varying top layer thickness. Θ=82.5° during those measurements. Sample
fabricated on Si with 100 nm SiOx top layer.

e�ect.
Before we performed measurements with an applied current, we measured α as a

function of applied magnetic �eld on a Pt(5)/CoB(0.7)/Pt(2) nano-wire , like we did
in the previous section for thin �lms, to characterize our system. We want to perform
current assisted measurements with an applied �eld that is large enough to obtain the
intrinsic value of α, because in that case we obtain a homogeneous precession in the
sample. The results are given in �gure5.6b. We decided to do the measurements using
a �eld of 332 mT because at that �eld we have almost reached the intrinsic value of
α. If we use larger applied �elds the signal quality started to decrease.

Subsequently we performed damping measurements while sending an electrical cur-
rent through the nano-wire. In �gure 5.6a we show the results of damping measure-
ments performed on a 50 µm wide Pt(5)/CoB(0.7)/Pt(2) nano-wire with an applied
current and an applied magnetic �eld of 332 mT under an angle of 80 degrees with
the z axis. We repeated the measurement 10 times for each value of the current and
plotted the average value of α over those 10 measurements. We also calculated the
standard deviation and plotted it along with α. We only observe random oscillations
of α, but no well de�ned trend as a function of the applied current. The maximum
current density we plotted is 1.6 · 1010A/m2. From the macro-spin simulations ex-
plained in chapter 2, we expect a change in α of only 0.004 for this current density.
However, the standard deviation in α in our measurements is around 0.005. Unfortu-
nately, when we increase the current any further we observe non reproducible e�ects
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(a) (b)

Figure 5.6 � a) Gilbert damping parameter measured in a 50 µm Pt(5)/CoB(0.7)/Pt(2)
nano-wire as a function of the applied current. For every current the measurement is
repeated 10 times. We plotted the average value of α and the standard deviation. No
e�ect from the current can be observed A �eld strength of 332 mT is used. b) The
damping parameter as a function of applied �eld. We observe the same behavior as for
the thin �lms. During those measurements, Θ=80°.

in our measurements due to Joule heating. This means that with the obtained sig-
nal quality and the maximal possible current for which we can perform reproducible
measurement, it is not possible to measure the SHE induced e�ect on the damping
parameter in Pt/CoB/Pt nano-wires. We should reduce the standard deviation to be
able to observe the e�ect.

We also performed measurements on a 50 µm wide Pt(5)/CoB(0.8)/AlOx(0.89)
wire, using an applied magnetic �eld of 580 mT and an angle of 80 degrees with
the z axis. The results are shown in �gure 5.7a. Because this system has a large
intrinsic damping parameter, we observe only one complete oscillation, see �gure 5.8b.
This makes the determination of α even less accurate as for the Pt/CoB/Pt system.
When we take a look at �gure 5.7a we observe a increase in α for small currents and
an decreasing α for large currents, that is more or less symmetric with respect to
the current direction. Although those damping measurements ware less accurate, we
clearly see an current induced e�ect when we plot the time evolution of the z component
of the magnetization, see �gure 5.8b. We plotted the trajectory for di�erent values
of the applied current density and normalized the di�erent plots on the �rst peak, to
be able to compare them. For high currents we observe that the second oscillation is
better visible, which means that the damping should be smaller. Those measurements
cannot be explained by the SHE or the Rashba �eld, so more research necessary.

Because of the high damping parameters in the studied systems, we were not able
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(a) (b)

Figure 5.7 � a) Damping as a function of current density measured in a 50 µm
Pt(5)/CoB(0.8)/AlOx(0.89) nano-wire. The damping seems to reduce for higher cur-
rents, but no asymmetry between positive and negative current can be observed. During
those measurements, Θ=80° and the applied �eld is 580 mT. b) Damping parameter as
a function of applied �eld for the Pt/CoB/AlOx system. During those measurements,
Θ=80° . Also the standard deviation is depicted.

Figure 5.8 � Magnetic signal from the second lock-in ampli�er. The data is normalized
on the �rst peak. During those measurements, Θ=80° and the applied �eld was 580 mT.
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to detect a current induced e�ect on the magnetic damping. Our measurements are
mainly limited by Joule heating and the high damping parameter. So future research
should focus on those two aspects. Some suggestions to improve the technique are
discussed in chapter 6.
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Chapter 6

Conclusions and outlook

This �nal chapter discusses the most important results obtained in this thesis and the
conclusions we can draw from them. In the second section an outlook on possible
future research is given. We will also take a look at an application of the SHE in
magnetic memory devices.

6.1 Conclusions

Over the last years, the interest in current induced magnetization manipulation has
increased continuously, due to its promising properties for future memory applications.
In this work we investigated the in�uence of an electric current on the magnetization
dynamics, in magnetic nano-wires. In particular, we choose to study the current-
induced torques in perpendicular magnetic anisotropy materials (e.g., Pt/Co/Pt and
Pt/Co/AlOx). Indeed, in these systems the presence of high spin-orbit coupling makes
the current induced dynamics much more complex, as it was observed in the literature
[16] and in our group. Two spin-orbit induced e�ects are proposed which could explain
the observations: the spin Hall e�ect (SHE) and Rashba spin-orbit coupling. In this
thesis we focused on characterizing the SHE in Pt/CoB/Pt systems, for which the
Rashba contribution is neglectable. We used two types of measurements to investigate
the SHE in those systems.

First we characterized the SHE using current assisted �eld induced switching mea-
surements. From symmetry considerations and macro-spin simulations we expect the
SHE to in�uence magnetic switching, when it is combined with an applied magnetic
�eld in the x direction. This e�ect was indeed demonstrated by switching experiments
performed on a TR-MOKE set-up. As predicted by the simulations, the �eld induced
magnetic switching is assisted or opposed depending on both the current and the
in-plane magnetic �eld direction. We also showed that we can switch the magnetiza-
tion using only the spin Hall e�ect in combination with an applied in-plane magnetic
�eld. Also in those measurements, a current induced e�ect with the symmetry of the
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SHE is observed. However, we were not able to systematically study the SHE using
those measurements, because the in-plane magnetic �eld brings the system in a poorly
de�ned multi-domain state.

Subsequently, we investigated a new technique to study the SHE. In the correct
con�guration, the torque induced by the SHE can have a component along the direction
of the damping torque. This means that we should be able to study SHE by measuring
its e�ect on the α. An analysis of the e�ect of the injected spin indicated that the
e�ect is maximized when an in-plane �eld perpendicular to the wire is used. We
performed macro-spin simulations which con�rmed this current induced e�ect on α.
The simulations provided an estimation of the size of the current induced e�ect on α.

The TR-MOKE set-up was used to investigate the current in�uenced magnetic
damping. Those measurement are very complex for a couple of reasons. Out-of-plane
magnetized Pt/CoB/Pt systems have a large damping, which make the determination
of α less accurate. On top of that, Joule heating limits the current we are able to send
through the nano-wires. This means that a high signal to noise ratio is desired to be
able to detect those small changes in damping. Therefore, a lot of e�ort was put into
the optimization of the set-up. With the obtained signal to noise ratio, we were not
able to detect a current induced e�ect on α. Further optimization is needed to use
this technique to study the SHE in perpendicular magnetized systems.

6.2 Outlook and applications

This �nal section will give an outlook to future research and applications. As discussed
in the previous section, further optimizations are needed to be able to study the e�ect
of current induced spin-orbit torques on the magnetic damping. In the �rst part of
this section, some suggestions their feasibility are discussed. We will conclude with an
application of the SHE in magnetic memory.

The �rst limitation in our measurements was the maximum applied current we
are able to send through the nano-wire. We used continuous currents, which leads
to large Joule heating. We could increase the maximum current while keeping the
Joule heating constant by using pulsed currents. Those current pulses have to be
synchronized with the pump-beam, and last for at least the duration of the damped
oscillation, which is typically 500 ps. Those current pulses could be generated by a
pulse generator that can be synchronized with the laser, that is available in this group.

Another opportunity is to replace the CoB layer by a perpendicular magnetized
material with a lower damping parameter. This would lead to a more accurate deter-
mination of α. At this moment, an interesting system is investigated in this group:
Pt/(Co/Ni)n/Pt systems, were the Co/Ni combination is repeated n times. When the
correct Co an Ni thickness is used, this system has out-of-plane anisotropy for values of
n even above 6. Besides, this system has a damping parameter around 0.035, which is
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very small compared to the Pt/CoB/Pt system [49]. Therefore it would be interesting
to study current in�uenced damping in those systems. We performed a small study
to make a rough estimate of how accurate we can determine α in this system. The
standard deviation in the damping measurements performed on Pt/CoB/Pt is around
5 ·10−3. Using this value, we could use macro-spin simulations, in which we introduced
noise, in order to make a rough estimate of the expected standard deviation in damp-
ing measurements on Co/Ni systems. We found an standard deviation of 2.3 ·10−4, 22
times smaller than for the measurement performed on Pt/CoB/Pt samples. Therefore,
although this analysis is very rough and neglects a number of other important aspects,
we think that this is a promising system to consider.

To conclude we take a look at a practical application of the SHE in a magnetic
memory device. An important application of SHE induced STT could lie in the devel-
opment of a new kind of MRAM. A MRAM element consists of two magnetic layers
separated by a tunnel barrier. One of the magnetic layers is pinned, the second is free.
In present MRAM devices, the free layer is switched by sending a current through
the stack. The spin polarized current from the �xed layer entering the free layer is
able to switch the free layer parallel or anti-parallel to the �xed layer, depending on
the direction of the current. The relative direction of the free layer compared to the
�xed layer determines the bit state, which is measured using the GMR e�ect. This
switching process requires high currents �owing through the tunnel barrier. When we
use an adjacent Pt layer to inject a spin current into the free layer (using the SHE), we
could switch the magnetization without a current through the tunnel barrier. In this
way, there is no need to send high currents through the fragile tunnel barrier, which
therefore can be optimized for the measurement of the GMR.
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Appendix A: Joule heating in

nanowires: measurements and

simulations

In this appendix we will take a closer look at the temperature simulations and mea-
surements discussed in 4.3.1. In the �rst section we discuss the simulations. We per-
formed �nite element simulations using COMSOL multiphysics to study Joule heating
in magnetic nano-wires. In the second section we discuss measurements performed to
determine the temperature rise due to Joule heating.

Simulations

We used COMSOL multiphysics to simulate Joule heating in magnetic nano-wires.
We gave the results in section 4.3.1. Here we will provide some extra details regarding
those simulations. We assumed that in equilibrium, the temperature in the whole
nano-wire is homogeneous and that all heat is dissipated through the substrate. This
gives us the opportunity to model only the substrate. This is necessary, because the
di�erence in dimensions of the substrate and the thickness of the nano-wire gives
problems during the meshing process in COMSOL. We simulated a Si substrate with
a 100nm AlOx layer on top of it. The performed simulations are 2d, which means
that we assume an in�nite long wire. We simulated a 2mm thick and 10 mm wide
substrate. We keep the boundaries of the substrate at room temperature. A typical
temperature distribution is given in �gure 6.1. We determined the temperature of the
wire a function of the applied current in the wire.

Measurements

We also performed measurements to determine the temperature of the nano-wires as
a function of the current trough the wire. We performed the measurements on a
Pt(5)/CoB(0.8)/AlOx(0.89) nano-wire The measurements make use of the tempera-
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T(K)
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Figure 6.1 � Simulations of the temperature distribution in the substrate due to Joule
heating in a nano-wire on top of the substrate. Simulated is a 2d Si substrate with a width
of 10 mm and a thickness of 2 mm and a 100 nm SiOx layer on top. This layer is not
visible in the �gure because its very small in comparison with the size of the substrate.

ture dependence of the resistivity of conductors. We measured the resistance as a
function of time for di�erent values of the applied voltage. A typical measurement is
shown in �gure??. The resistance will increase over time due to the heating of the wire.
We see that it takes typically a few minutes for the system to reach its equilibrium
temperature.

If we measure the change in resistance for a series of di�erent applied voltages, we
can calculate the temperature change as a function of applied voltage with the help of
a relation between resistivity and temperature for Pt. In this calculation we assumed
that the complete wire was made of Pt. The formula for the resistivity of Pt as a
function of the temperature is taken from the COMSOL library [14]. The results are
given in �gure 4.14a.
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Figure 6.2 � Typical measurement of the resistance of the nano-wire as a function of
time. It takes typically a few minutes for the wire to reach it's equilibrium temperature.
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