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Abstract

In the field of spintronics an increasing amount of research is devoted to domain wall motion
for application in a racetrack memory. To further advance this research we focus on per-
pendicularly magnetized Pt/Co100−x−yFexBy/Pt devices, which have a high anisotropy and
narrow domain walls, which has a positive influence on the domain wall motion. To decrease
the domain wall pinning potential, an amorphous magnetic layer of Co(Fe)B is used.
In this thesis the magnetic properties of these ultrathin Pt/Co100−x−yFexBy/Pt devices are
studied for many different compositions and thicknesses. To study these devices, two very
sensitive measurement methods are used, the extraordinary Hall effect is used to measure the
relative changes in magnetization, SQUID measurements supplement this with the measure-
ment of absolute magnetic moments.
With these two techniques we successfully measured the saturation magnetization Ms, the
effective anisotropy Keff , the Curie temperature TC and the exchange stiffness A in ultrathin
layers. To fully explain the EHE measurements we developed a 1-D model to describe the
buckling of the magnetization. We found a high anisotropy for the amorphous compounds
with 20 at% boron and especially a Pt/Co72Fe8B20/Pt device which showed anisotropy as high
as Keff = 1.1± 0.1MJ/m3 for the 5 Å device. This makes a 5 Å device of Pt/Co72Fe8B20/Pt
the optimal choice for DW motion application.

3



4



Contents

1 Introduction 7
1.1 Introduction to the racetrack memory . . . . . . . . . . . . . . . . . . . . . . 8

1.1.1 Anisotropy and magnetic order . . . . . . . . . . . . . . . . . . . . . . 8
1.1.2 Racetrack memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.1.3 Domain wall motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.2.1 Recent developments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.2.2 Advantages of devices with perpendicular magnetization . . . . . . . . 15
1.2.3 Advantages of using CoFeB . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3 This thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Theory 19
2.1 Stoner-Wohlfarth theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 When Stoner-Wohlfarth fails: Buckling model . . . . . . . . . . . . . . 23
2.2 The Hall Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.1 The ordinary Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.2.2 The extraordinary Hall effect . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Magnetism in thin layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.1 Magnetic moments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.2 Interface effects in ultrathin film . . . . . . . . . . . . . . . . . . . . . 30
2.3.3 Interface anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Temperature dependence of the magnetization . . . . . . . . . . . . . . . . . 31
2.4.1 The two-dimensional magnetic phase transition . . . . . . . . . . . . . 33
2.4.2 Bloch’s T 3/2 law and exchange stiffness . . . . . . . . . . . . . . . . . 34

3 Experimental tools 37
3.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Performing the EHE measurements . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3 SQUID measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Results and discussion 45
4.1 Saturation magnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1.1 Saturation magnetization of CoB and CoFeB compounds . . . . . . . 47
4.2 Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Obtaining the anisotropy from EHE measurements . . . . . . . . . . . 49

5



6 CONTENTS

4.2.2 Effective, interface and volume anisotropy of Co . . . . . . . . . . . . 52
4.2.3 Comparing the anisotropy of CoB and CoFeB compounds . . . . . . . 54
4.2.4 Hall crosses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Temperature dependence of the magnetization . . . . . . . . . . . . . . . . . 59
4.3.1 Curie temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.3.2 Critical exponent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3.3 Exchange stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.4 Buckling of the magnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5 Conclusions and Outlook 67
5.1 Summary and final conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



Chapter 1

Introduction

To gain some perspective on the field in which this thesis is situated, a brief overview of its
background will be presented. Our tale begins in 1897 when J.J. Thomson discovered the
electron, a new fundamental building block on which physics as we know it today is built.
With its discovery it became possible to describe electric current, a phenomenon which all of
us are very familiar with and has been widely used in all sorts of electrical applications, which
modern society could not do without. The Dutch-American physicists Goudsmit and Uhlen-
beck found in 1925 that these electrons had another interesting property, its self-rotation.
This intrinsic property of the electron is generally called spin and can be characterized by its
own quantum number s.

Skipping ahead to the end of the eighties we arrive at the next important discovery. In
1988 Peter Grünberg and Albert Fert simultaneously and independently discovered the Giant
Magnetoresistance (GMR) effect[1, 2]. The GMR effect is based on the change in the resis-
tance of a sample with two magnetic layers, separated by a non-magnetic layer. They found
that when the magnetizations of the magnetic layers are oriented parallel or anti-parallel, the
resistance would be low or high respectively[3]. The discovery of this effect made it possible
to implement a new spin-dependent element in electronic devices, in this case via a depen-
dency on the direction of the spins. The first applications of such a device followed within the
very short period of 9 years, when the first GMR-sensors were commercially implemented in
hard-disk read-heads by IBM. This fast implementation illustrates the explosive growth that
the discovery sparked within its research field. In 2007 Grünberg and Fert received the Nobel
Prize in Physics for their discovery.

In the field of spintronics, as the name already implies, the two fields of electronics and
magnetism (spins) are combined. By varying not only the size of magnetization but also the
direction of spins, a whole new world of application possibilities has opened. One of the main
types of applications that a lot of research has already gone into is a new type of non-volatile
magnetic memory, the Magnetic Random Access Memory (MRAM)[4]. The MRAM is a
solid state memory based on the tunnel magnetoresistance (TMR) effect. The TMR effect is
similar to the GMR, only now instead of a non-magnetic spacer layer an insulating layer is
used. The MRAM memory uses the TMR effect by using the the differentiation between the
parallel and anti-parallel orientations, for which configurations the resistance differs, as the
”0” and ”1” bit.

7



8 CHAPTER 1. INTRODUCTION

Recently a drastically different approach to the development of a new magnetic memory
was devised by Parkin [5], who envisioned the so-called racetrack memory. In the racetrack
memory the bits are stored in magnetic domains in a nanometer-sized conduit, also called a
nano-wire. These domains can be moved by sending current pulses through the wire. This
new racetrack memory is predicted to eventually substitute magnetic memory in its current
form. How this new type of memory works will be discussed later in this introduction.
Before such a new type of memory can be taken from concept to device, a lot of research
is necessary. Within the group Physics of Nanostructures (FNA) the research is focused on
using an ultrathin trilayer device of Pt/Co100−x−yFexBy/Pt. These particular devices will
show magnetization perpendicular to the plane of the sample for very thin magnetic layers.
As we will see later, using perpendicularly magnetized structures offers many advantages. In
this thesis the magnetic properties of the Pt/Co100−x−yFexBy/Pt trilayer structure will be
studied, by SQUID and Hall effect measurements.

In the remainder of this introduction we will explain why these properties are so interesting.
First the concept of magnetic domains will be introduced and how the movement of these
domains can be used to operate the aforementioned racetrack memory. Thereafter the focus
will shift to domain wall motion. This will be followed by the motivation for our research,
where we give a short description of recent developments in the field of DW motion and the
advantages of using perpendicularly magnetized Pt/CoFeB/Pt devices. The introduction is
concluded with a brief guide to the rest of this thesis.

1.1 Introduction to the racetrack memory

1.1.1 Anisotropy and magnetic order

Except in very special idealized cases, a magnetic material will show magnetic anisotropy. As
the name already implies this introduces a directional dependence in the system. This means
that some orientations of the spins are energetically more favorable. The directions in which
these energy minima are present define the easy axis for the direction of the magnetization,
or in some cases multiple easy axes. Effects related to a single easy axis, such as anisotropy
usually is, are referred to as uniaxial. For thin magnetic layers, where the thickness of the
layer is several orders of magnitude smaller than its other dimensions, the easy axis is gen-
erally in the plane of the sample as a result of shape anisotropy, which will be introduced
further in chapter 2. When the thickness of the magnetic layer is decreased even further, to
the regime of only a few monolayers (∼ below 1 nm thick) interface effects start to have a
large influence on the system, possibly changing the easy axis from in-plane to out-of-plane,
resulting in the perpendicularly magnetized samples we are interested in.

Within a ferromagnetic material the spins interact with each other. In most cases this so-
called exchange interaction results in a coherence between the spins which aligns them in
the same direction. In some situations meta-stable areas can be created within the material
where the direction of the spins differs from that of the spins in the other area. Such areas
are called magnetic domains and many of these domains can be present in a material. In
figure 1.1 an example of a two-domain structure is shown. In most cases the magnetization
of the domains follows the easy axis of a system. Where two domains meet each other two
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Easy axis

Figure 1.1: Schematic representation of two magnetic domains separated by a domain wall. The
magnetization directions of the two domains follow the easy axis.

adjacent spins would be aligned anti-parallel. Because of the exchange interaction we men-
tioned earlier, which would like neighboring spins to align with each other, this configuration
is energetically very unfavorable. To reduce the interaction energy at such an interface a
domain wall (DW) is created involving a large number of spins.

Within a DW the magnetization has to slowly switch direction to minimize the exchange
interaction. However, this exchange interaction has to compete with energy terms resulting
from anisotropy contributions. While slowly rotating the magnetization from one easy direc-
tion to another, this anisotropy energy increases as the magnetization rotates further away
from the easy axis. The competition between these two effects directly influences the width
of the DW. If the exchange interaction is large compared to the anisotropy this results in a
wide DW, while if the exchange interaction is small compared to the anisotropy this results in
a narrow DW. The thickness of a DW tdw can thus be described as a function of the relative
size of both effects and is found to be [6]:

tdw = π

√
2A

K
, (1.1)

with A the exchange stiffness and K the anisotropy.

There are many different types of DWs, the simplest being the so called Bloch-wall where
the magnetization rotates in the plane of the wall, as is shown schematically in figure 1.2.
For perpendicularly magnetized systems the shape of the DWs is generally very rigid and
straight like for instance that of the Bloch-wall [7], all the spins in the same plane parallel to
the plane of the DW behave in the same way. DWs in in-plane magnetized samples on the
other hand can take on much more exotic shapes. In figure 1.3 two types of possible DWs
for in-plane magnetized samples are visualized, the transverse wall, where the magnetization
rotates within the plane of the sample and the vortex wall, where the magnetizations rotate
around a central spin in the wall which is directed out of the plane. Later in this introduction
we will show that the rigid DWs we see for perpendicularly magnetized samples will prove
advantageous for the DW movement needed to operate devices such as the racetrack memory.

1.1.2 Racetrack memory

The racetrack memory is a whole new approach in the ongoing quest to store more data on a
smaller area. Whereas conventional memories are basically 2D devices, the racetrack memory
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Figure 1.2: The rotation of the magnetization within a Bloch-wall. Image from [6]

Figure 1.3: Two DW structures for in-plane magnetized samples. On the left a transverse wall and
on the right a vortex wall. Images from [8].

is envisioned as a 3D device. In the racetrack memory bits are stored in magnetic domains.
The domains have one magnetic easy axis and thus two directions in which the domains can
be magnetized. Domains magnetized in one direction can then be used as the ”1” bit while
domains with an opposite magnetization can be used as the ”0” bit. In figure 1.4 the race-
track memory is schematically shown. The domains are created in long U-shaped nano-wires
of magnetic material. Many of these nano-wires can be fitted next to each other on a small
area, because of this U-shape, thus truly utilizing the third dimension and increasing the data
density.

The basics of operation of the racetrack memory are fairly simple. The domains in the race-
track are moved through the wire by supplying current pulses to the wire. These current
pulses push the DWs, which are present at the interface between two differently magnetized
domains, through the wire. At the bottom of the U-shaped track these domains can then
pass over other devices which can read and/or write a bit. Reading a bit can be done in
the same way as bits are currently being read in hard disk devices. Writing a bit is done
by switching the magnetization of the domain and thus introducing new DWs in the system.
This can be done in several ways, either by using the fringing fields of a DW which is moved
through another magnetic wire directly below and perpendicular to the track or by using the
Oersted-field of current passed through other wires nearby[5].

To reliably move DWs through the nano-wire it is very important to be able to accurately
predict the movement of the domains. Within the wire areas are created where it is energet-
ically favorable for the DW to reside to make sure that the DWs are exactly where you want
them to be after the motion stops. Currently this is done by making notches in the nano-
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Figure 1.4: (A) Schematic depiction of two U-shaped racetrack memory elements. (B) The horizontal
racetrack on which experiments have been done. (C) Reading a bit. (D) Writing a bit. (E) A full
array of racetrack elements for high-density data storage. Image from [5]



12 CHAPTER 1. INTRODUCTION

wire, changing the local shape anisotropy and creating an energetically favorable location for
DWs[5].
At the moment, creating a truly 3D racetrack memory still poses a lot of challenges. However
experiments have already been done on 2D racetracks, which can be seen in figure 1.4B. The
nano-wires in these experiments were made from thick layers of Permalloy (∼ 20 nm), with
an in plane magnetization. Although there is a lot of other interesting work done towards
realizing the racetrack memory, it is not as relevant for this project and shall not be reviewed
here. What is of importance is understanding the dynamics of the DW motion itself.

1.1.3 Domain wall motion

Now that we know what domains and domain walls are and how the racetrack memory would
employ them, it is time to take a look at how they can be moved around. There are two ways
to move a DW, either by applying a magnetic field or by supplying a current. These two
effects are called the field induced DW motion (FIDWM) and current induced DW motion
(CIDWM). Moving DWs by applying a magnetic field had already found its way into some
applications. However, with the new interest in the CIDWM based on the pioneering work
of Berger [9], the investigation of the origins of the FIDWM has also become the subject of
renewed efforts.

To describe the magnetization during the motion usually a micromagnetic approach is taken.
For this the Landau Lifshitz Gilbert (LLG) equation is used. The LLG-equation describes
the change of magnetization in time ∂ ~M

∂t . To take into account spin transfer torque, which can
result in the CIDWM, the LLG equation was expanded [10]. Spin transfer torque describes
the effect where current flowing through a magnetized layer can influence the magnetization
of the layer by transferring angular momentum from the itinerant electrons to spins in the
material. There are a few effects that govern the spin transfer torque, which can be split in
adiabatic and non-adiabatic contributions and are described in [3]. The total equation, with
the adiabatic spin transfer torque u∂ ~M

∂y and the non-adiabatic contribution βu
Ms

~M × ∂ ~M
∂y , then

becomes

∂ ~M

∂t
= γ ~Heff × ~M +

α

Ms

~M × ∂ ~M

∂t
− u

∂ ~M

∂y
+

βu

Ms

~M × ∂ ~M

∂y
. (1.2)

Here γ is the gyromagnetic ratio, α the Gilbert damping constant, Ms the saturation magne-
tization, β the non-adiabatic spin transfer parameter and Heff the total effective field, which
is the vector sum of all fields at the location of the magnetization vector. The velocity u
scales with the electrical current density Je through the system and is given by

u =
gJeµBP

2eMs
, (1.3)

with g the Landé factor, µB the Bohr magneton, e the electron charge and P the polarization
factor of the current. When the structure of the DW is known, the motion of domains can
be simulated as a function of the various parameters. In this thesis we will not discuss the
field induced motion and move straight on to the current-induced motion; for a description
and simulations of the field induced motion we refer to [7, 11].

Current induced DW motion is governed by two different effects. The first one of these
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Figure 1.5: Schematic representation of the adiabatic spin transfer torque. The torque on the
conduction electrons leads to a torque on the 3d-electrons, moving the DW in the direction of the
current.[12]

is the adiabatic spin transfer torque, for which its effect on the DW motion is shown schemat-
ically in figure 1.5. When a spin polarized electron moves through a DW it will try to align
its spin to that of the material. So, while moving through the wall, the electron spin slowly
rotates along with the magnetization in the wall. Conservation of spin angular momentum
however dictates that this rotation, caused by a torque on the conduction electrons, leads to
another torque on the 3d-electrons in the magnetic material. Because of this torque on the
3d-electrons the spins in the DW are slowly rotated and the DW is moved in the direction of
the current.

When the DW is made narrower, the angle between adjacent spins becomes larger. At some
point this angle becomes so large that the spins of the conduction electrons can no longer
follow those of the 3d-electrons. As a consequence there will be a mismatch of the directions
of spins between the conduction and 3d-electrons. Because of this mismatch, scattering will
occur at the DW and part of the electrons will be reflected. When electrons are reflected at
the DW, the momentum transfer induces a force on the DW, moving it in the direction of
the electron current. This effect is the second source of DW motion and is called momentum
transfer. DWs will always be affected by both contributions, however one of the contributions
can be much larger than the other, depending on the thickness of the DW. For very wide
DWs, the adiabatic spin transfer torque will dominate the wall motion, whereas in the limit
of very thin DWs the momentum transfer will dominate [13].

The average wall velocity can be described in various different ways. One way to describe the
wall motion is given by Tatara, who found that below a certain threshold current density jcr

the DWs could not be moved and above this threshold the velocity was given by [13]

vdw ∝
√(

js

jcr
s

)2

− 1, (1.4)

where js and jcr
s are the current density and the critical current density, respectively. One of

the parameters relevant for determining the size of the critical current is the pinning potential
V0. Pinning sites within a material are locations where the DW gets stuck, where a potential



14 CHAPTER 1. INTRODUCTION

must be overcome before it can move further. For wide DWs two regimes can be identified
for materials with a high or low pinning potential, respectively. In the first case the critical
current follows jcr

s ∝ V0t
2
dw. If the pinning potential is low however, the current is hindered by

the transverse anisotropy K⊥, which is solely dependent on shape anisotropy and which pins
the DW. The critical current density in those circumstances becomes jcr

s ∝ K⊥tdw. When
we go to the limit of very thin DWs, spin transfer torque no longer plays any role and the
critical current is now proportional to jcr

s ∝ V0tdw/RW, where the resistance of the DW RW

is inversely proportional to the DW thickness [14].
What immediately becomes apparent when looking at the critical current densities for all
three situations is that they scale with tdw. This means that decreasing the DW width also
decreases the minimal current required to operate a DW motion device. There are several
reasons why decreasing this minimal current is so important for device applications. When
the structures used in devices are made smaller and smaller, the current through these devices
also has to be decreased to make sure that the temperature doesn’t rise as a result of heat
dissipation, which could not only destroy the magnetization but possibly even destroy the
structure. The lower the critical current, the smaller the structures can be made. Typical
sizes for current densities required to move DWs are very high, in the regime of 1012 A/m2.
A second consideration for obtaining lower critical current densities is the speed at which a
device can be operated. By lowering the critical current, the same current through a device
will result in a higher DW motion. In the regime of thin DWs which are present in the systems
we will be investigating, the pinning potential also plays an important role. To decrease the
pinning potential in devices new materials are under consideration.

1.2 Motivation

1.2.1 Recent developments

Since its introduction an increasing amount of research has been performed on projects re-
lated to the magnetic racetrack memory and DW motion. In this section we will give a very
brief review of some of the recent developments in the field to place the research we performed
in perspective.

As we mentioned at the end of section 1.1.2, the research done by Parkin et al. at IBM
revolves mainly around the use of in-plane magnetized permalloy layers. At this moment
the most progressive research on this subject is reported by IBM. In a recent publication
they successfully show a nano-wire shift register in which they can move and change four
domains through a notched nano-wire [15]. Other groups are also working on DW motion
in in-plane magnetized devices, not only with permalloy as the magnetic layer but also with
other materials. The group in Konstanz for instance uses thick (∼10 nm) layers of CoFeB [16].

Lately, more and more research is aimed at the understanding and control of DW motion
in perpendicularly magnetized materials. The major difficulty for DW motion devices en-
countered in these type of systems is the pinning potential, which is directly related to the
critical current as we saw in the previous section. It is found that the pinning potential dom-
inates the DW motion for perpendicularly magnetized samples and as a result the motion is
stochastic [17, 18]. Almost all publications in this area combine the effects of FIDWM and
CIDWM to move the DWs and show relatively low DW velocities. The exception to this is
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found in research by Moore et al. who showed very high CIDWM velocities in perpendicularly
magnetized Pt/Co/AlOx layers [19].

In the research we performed Pt/CoFeB/Pt is used, which shows a perpendicular magne-
tization in the ultrathin limit (0.4 - 0.8 nm). In the following sections we will elaborate on
the advantages of using devices with perpendicular magnetization and CoFeB.

1.2.2 Advantages of devices with perpendicular magnetization

In section 1.1.3 we saw that the critical current density depends directly on the DW thick-
ness, in such a way that for thinner DWs the critical current density required to move a
DW is lower. In section 1.1.1 we showed that tdw depended on the competition between the
anisotropy and exchange energies of the system. The big difference between perpendicular
and in-plane magnetized samples in that regard is the anisotropy energy that the DW needs
to overcome. As we showed in figures 1.2 and 1.3 the behavior of the spins within the do-
main walls behaves differently for the two systems. The only way for the orientation of the
magnetization to change within a DW in a perpendicularly magnetized layer, is by rotating it
away from the easy axis and the DW thus has to overcome the large perpendicular magnetic
anisotropy energy. In an in-plane magnetized layer, the rotation in a DW will be through
the plane of the sample, for this rotation, the DW only has to overcome a small anisotropy
contribution from the shape and crystalline anisotropy energy. The shape anisotropy for such
a rotation within the sample plane is much smaller than that for a rotation out of the plane,
since the width of a structure is generally much larger then the thickness of the layer. To
illustrate this, the anisotropy of permalloy is around 0.2 kJ/m3 [20], whereas the anisotropy
for a perpendicularly magnetized Pt/Co/Pt system will be shown to be in the order of 0.5
MJ/m3, which is more than a factor thousand higher. This results in much thinner DWs in
a perpendicularly magnetized system. As a consequence besides the reduced critical current
density for narrow DWs, the size of the actual domains where information can be stored can
be made smaller as well, which theoretically allows more data per area in future devices.

The second reason to go to perpendicularly magnetized devices is the shape of the DWs.
We saw earlier that in perpendicularly magnetized systems the domain shape was much more
rigid, compared to the more exotic shapes of DWs in in-plane magnetized systems. When
moving these more exotic structures through a wire, the shape and structure of the DW was
found to change during the motion [16]. This change of shape has an influence on the mech-
anisms for DW motion in such a system and makes controlling the movement and position of
the DW more difficult.

1.2.3 Advantages of using CoFeB

Using CoFeB as the magnetic layer in DW motion devices offers several advantages. The main
advantage of using CoFeB in DW motion devices lies in the fact that CoFeB is an amorphous
material. In a poly-crystalline material, local crystalline structures are present, which are
called grains. At the edges between these grains, the so-called grain boundaries, the crystal
structure is interrupted. As we saw previously, in perpendicularly magnetized samples the
DW motion is governed by pinning of the DW. Pinning of a DW can occur as a result of
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these grain boundaries in a material. Since amorphous materials have no grain boundaries
where the DW can be pinned, using an amorphous material such as CoFeB results in a lower
pinning potential and thus a lower critical current needed to move the DWs. Measurements
have shown that the coercivity of the Pt/CoFeB/Pt structure, which is defined by the field
at which the magnetization can switch its direction, is indeed lower than that of Pt/Co/Pt
structure [21]. This lowering in coercivity supports the premise that using amorphous CoFeB
will indeed decrease the pinning potential and thus improve the DW motion. This is illus-
trated by recent measurements of the Barkhausen volume in amorphous CoB samples, where
the Barkhausen volume was found to be larger than for crystalline Co systems [22]. Since the
Barkhausen volume is a measure for the number of pinning sites within a material, the larger
volume that was found corresponds to a decrease in pinning sites.

Other advantages of using CoFeB are that it also shows perpendicular magnetization in an
ultrathin Pt/CoFeB/Pt system and that the tunability of this system is large. Not only by
varying layer thickness can the magnetic parameters of the system be changed, as is possible
in every system, but also by changing the composition of the CoFeB can the parameters be
tuned. The final advantage of using CoFeB is that it has already been extensively used within
our group and elsewhere for all sorts of different applications and it is well known, mostly
due to its use in magnetic tunnel junctions (MTJ’s), where in combination with MgO as the
insulating layer, very high magnetoresistance ratios were found of 500% and higher at room
temperature [23].

1.2.4 Summary

Before the racetrack memory can see the proverbial light, a lot of work is still necessary.
While a lot of research is done on in-plane magnetized systems, we turn to perpendicularly
magnetized systems. These have the advantage that the effective anisotropy is much higher,
resulting in thinner and more rigid DWs. These thin DWs are theoretically predicted to
show a lower critical current to be moved, which was shown to be advantageous for device
applications. However, the pinning potential which opposes this movement becomes higher
for thin layers. A partial solution to this problem is switching to the amorphous ferromagnetic
material CoFeB, which, besides lowering the pinning potential due to the absence of grain
boundaries, is very tunable by changing its composition.

1.3 This thesis

In this thesis we will be focusing on determining the magnetic properties of the perpendic-
ularly magnetized Pt/Co100−x−yFexBy/Pt devices to the optimum for usage in DW motion
experiments. The properties we are mainly interested in are the anisotropy K and exchange
stiffness A of the devices since these govern the DW width. To determine these physical
quantities we also need to determine the saturation magnetization Ms and Curie temperature
TC.

This thesis is outlined as follows:
In Chapter 2: Theory we will introduce the theoretical tools needed to obtain the magnetic
properties from our measurements, as well as those required to understand the results of our
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measurements.
In Chapter 3: Experimental tools the samples we used will be described, followed by a
short description of the two measurement methods we used to obtain our results, SQUID and
extraordinary Hall effect measurements.
In Chapter 4: Results and discussion the results of our measurements will be presented.
Starting with the measurements of the saturation magnetization and anisotropy values for
various compositions of CoFeB and layer thickness. This is followed by the temperature depen-
dent measurements from which the Curie temperature and exchange stiffness are extracted.
In the final part of this chapter we will compare the buckling effect, which we encountered in
our measurements, with simulations using a model we developed to describe this effect.
In Chapter 5: Conclusions and Outlook the most important results are summarized.
This is followed by an outlook on the possibilities for future research.
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Chapter 2

Theory

In this chapter we will be reviewing the theory needed to obtain the magnetic properties and
to explain the measurements that were performed. The goal of this report is, as stated, deter-
mining the magnetic properties of ultrathin perpendicularly magnetized Pt/CoFeB/Pt films.
The property we are most interested in is the anisotropy of the system, since this parameter
has a large influence on the width of the DWs. To determine the anisotropy of a system, we
need to measure the magnetization as a function of applied field. This measurement is done
by use of the extraordinary Hall effect. The magnetization of such a layer can be described
theoretically with the Stoner-Wohlfarth model. By using the latter to fit our measured Hall
voltage we can obtain the anisotropy constants we are interested in. To this end the Stoner-
Wohlfarth model and the Hall effect will be described in the first two sections of this chapter.

To be able to fit our data with the Stoner-Wohlfarth model, we will need to determine
the saturation magnetization of our devices. As we will show, the saturation magnetization
of our ultrathin layers is expected to change compared to that of bulk systems. This can
be explained by looking into the effect of interfaces on the magnetic moment. In section 2.3
the theory needed to understand how these interface effects not only influence the magnetic
moment, and with that the saturation magnetization, but also induce a surface anisotropy
responsible for the perpendicular magnetization we have in our systems.

The final part of this theory chapter is dedicated to the temperature dependence of the
magnetization in our systems. Via measurement of the Curie temperature or the low temper-
ature behavior with Bloch’s T 3/2 law, the temperature dependence can be used to determine
the exchange stiffness A. The exchange stiffness can be used together with the anisotropy
constant K to calculate the typical width of domain walls in our systems (eq. 1.1). A sec-
ond reason for our interest in this parameter is the fact that we observe a breakdown of the
Stoner-Wohlfarth theory under certain conditions, where the spins no longer rotate coher-
ently. The exchange stiffness, which describes the strength of the interaction between spins
plays an important role in the explanation of this phenomenon.
The final piece of theory needed to explain our temperature dependent measurements of the
magnetization is the behavior of the critical exponent corresponding to the 2-dimensional
magnetic phase transition.

19
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Figure 2.1: Schematic illustration of the system we describe with the Stoner-Wohlfarth model. Shown
are the thin magnetic film, the magnetization ( ~M) and applied field ( ~H) vectors and the angles θ and
α with the film normal.

2.1 Stoner-Wohlfarth theory

In this thesis the Stoner-Wohlfarth model is used to determine the anisotropy constants of our
magnetic samples. The model was introduced in 1948 by Stoner and Wohlfarth and has been
widely used since it was published [24]. By minimizing the total energy the Stoner-Wohlfarth
model can describe the magnetization of the system. To do this the model uses the relevant
energy terms to describe the magnetic behavior of the system. The Stoner-Wohlfarth model
assumes a coherent rotation of the spins under the influence of an external magnetic field
and thus allows us to describe the magnetization as a single macrospin vector. The Stoner-
Wohlfarth theory is an inherently static approach to describe the magnetization, it assumes
that when a change in circumstances and thus in energy is brought about, the system has the
time to settle in the new energy equilibrium state before it changes again. Or in other words,
the time it takes to settle in the new equilibrium is very small relative to the measurement
times.

The system we will be modeling is a thin ferromagnetic layer in an external applied field,
which is shown schematically in figure 2.1. The angle θ is defined as the angle between the
single magnetic macrospin ~M and the normal to the film plane, and the angle α is defined as
the angle between the applied magnetic field ~H and the film normal. While the size of the
magnetic field can be varied, the size of the magnetization vector is by definition constant
because of the macrospin assumption and given by Ms, the saturation magnetization. In the
next paragraphs the relevant energy terms for a thin magnetic layer will be described, starting
with the Zeeman energy.

The Zeeman energy describes the interaction between an external applied magnetic field and
the magnetization of the ferromagnetic layer. The Zeeman energy density is given by

uH = −µ0
~M · ~H = −µ0MsH cos(α− θ), (2.1)

with µ0 the magnetic permeability of free space. The Zeeman energy is minimal when the
direction of the magnetization is the same as that of the applied magnetic field. Any deviation
from this ideal situation induces an increase in energy.

The second important energy term is the demagnetization energy. When a sample is magne-
tized, magnetic poles exist at the surface in the direction of the magnetization. Because of
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these magnetic poles, magnetic charge will accumulate at the surface. These charges give rise
to a demagnetization field Hd which is opposite to the direction of the magnetization

~Hd = −N ~M, (2.2)

where N is the demagnetization factor. The size of the demagnetization factor is strongly
directionally dependent on the geometry of the system. Because of this, the demagnetization
energy introduces a so-called shape anisotropy. For a perfect spherical particle the demagne-
tization energy is equal in all directions and there is no anisotropy. In a thin layer however,
the demagnetization energy will be lower when the magnetization is parallel to the layer, since
the magnetic poles are far from each other. If the magnetization is perpendicular to the layer,
the magnetic poles are very close to each other, resulting in a high demagnetization field. As
a result the easy axis caused by the shape anisotropy lies in the plane of the thin layer. An
exact derivation of the shape anisotropy and particularly the demagnetization factor can be
found in [25]. The demagnetization energy density for a thin layer is given by

uD = −1
2
µ0

~M · ~Hd = −1
2
µ0M

2
S sin2 θ. (2.3)

The equation shows that indeed the energy term is minimal when θ = 90◦ and that the shape
anisotropy results in a single in-plane easy axis, making the demagnetization energy a uniaxial
energy contribution.

The second energy contribution that can have a uniaxial component is the magneto-crystalline
energy. Magneto-crystalline anisotropy is present in materials with a crystalline structure.
Depending on this structure it is possible for the magnetization to have one or several pref-
erential directions. The magneto-crystalline anisotropy arises from a number of sources, the
most dominant originating from the spin-orbit interactions. Spin-orbit interaction describes
the effect where the spin and orbital motion of the electrons interact with each other and are
thus coupled. Since the motion of the electrons depends on the electric potential of the ions
in the crystalline lattice, through the spin-orbit coupling, the energy is different for different
orientations of the spins. This directional dependence on the lattice is the source of magneto-
crystalline anisotropy. The magneto-crystalline energy density for a uniaxial anisotropy is
given by

umc = K1 sin2 θ + K2 sin4 θ, (2.4)

with K1 the first order magneto-crystalline anisotropy constant and K2 the second order
anisotropy constant. Depending on the crystalline structure, the preferential direction im-
plied by the magneto-crystalline energy will be different. For this model the preferred direction
will either be perpendicular or parallel to the plane of the sample and with that the sign of
the anisotropy constants will be positive or negative, respectively. The second order term K2

becomes increasingly relevant as the magnetization is turned away from the normal to the
film plane since sin4 θ-term will become relatively less small than the sin2 θ-term. In practice,
because of this, its influence is limited to the high angle behavior, especially since K2 is gen-
erally much smaller than K1.

Besides the two anisotropy terms described above, there are a lot of other possible con-
tributions to the anisotropy. For instance crystalline strain within a magnetic layer can lead
to anisotropy. In addition all sorts of interface effects can also give rise to an anisotropic
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contribution, which will be described later in this chapter. In the Stoner-Wohlfarth model all
first order uniaxial anisotropy terms can be combined in a single effective anisotropy

Keff = K1 − 1
2
µ0M

2
S +

2Ks

t
+ Kother, (2.5)

where 2Ks
t describes the interface anisotropy, which will be more elaborately explained in

section 2.3.3, and Kother can be any uniaxial anisotropic contribution from other sources. In
the convention used here Keff also includes the demagnetization term −1

2µ0M
2
S , hence, we can

directly determine if the magnetization prefers an in-plane or perpendicular magnetization
by the sign of Keff . Care should be taken when comparing with literature as the definition of
Keff can vary widely.

With the introduction of the effective anisotropy the total energy density of the system can
be simplified and becomes

utot = −µ0MS ·H cos(α− θ) + Keff sin2 θ −K2 sin4 θ. (2.6)

Since any system will always prefer to reside in a state of minimal energy, minimizing the
total energy given in equation 2.6 will yield the optimum angle θ for the magnetization, when
the other variables are known. The Stoner-Wohlfarth theory is thus a powerful tool that can
be utilized to model the behavior of the macrospin angle θ as a function of the variables α,
H, MS, and Keff . In our experiments we will vary the angle α and sweep the field strength
H to induce a rotation of the macrospin. The Stoner-Wohlfarth model can then be used
to obtain the parameters Keff and K2 by fitting measured data of the angle θ as function
of field with the model. By measuring θ as a function of field for different angles α, these
anisotropy constants can be accurately determined. The angle θ is obtained by measuring
the perpendicular component of the magnetization Mz which is related to θ simply by

Mz = Ms cos θ. (2.7)

The behavior of the magnetization as predicted by the Stoner-Wohlfarth model is shown in
figure 2.2, where the perpendicular magnetization is plotted as a function of the applied field
for four different angles α. We can see that if the field is applied exactly in the direction of
the easy axis, in this case perpendicular to the sample plane, both the anisotropy and Zeeman
contributions want the magnetization to align in the same direction and the magnetization
will show no change as the applied field is increased. If the field is applied under an angle,
however, the anisotropy and Zeeman energy contributions will start to compete. For small
fields the magnetization will prefer to remain close to the easy axis and thus the Mz will re-
main high and as the field is increased, in this regime the anisotropy contribution dominates
the behavior. As the field is increased, the Zeeman energy contribution will become larger
and the magnetization will gradually rotate away from the easy axis and Mz thus decreases.
In the limit of very high fields, the Zeeman energy will completely dominate the anisotropy
contribution and the magnetization will align perfectly with the direction of the applied field.

To measure the perpendicular magnetization we will be using the extraordinary Hall effect,
which is ideally suited to measure the magnetization in perpendicularly magnetized systems
and will be explained later in this chapter. Now we first take a look at the model we developed
to simulate the behavior of the magnetization when the Stoner-Wohlfarth theory fails and
the spins no longer rotate coherently.
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Figure 2.2: Prediction of the behavior of the perpendicular magnetization for four different angles α
of the applied field, based on Stoner-Wohlfarth theory.

2.1.1 When Stoner-Wohlfarth fails: Buckling model

We will show later in this thesis that under some circumstances the Stoner-Wohlfarth model
no longer applies and the magnetization of the layer can no longer be described by coherent
rotation and the magnetization undergoes so-called buckling. It is called buckling because
the macrospin behavior collapses into a microspin behavior.
Instead of describing the magnetization as a single macrospin as the Stoner-Wohlfarth model
does, we introduce a 1D-model which incorporates a set of multiple microspins to describe
the behavior of the layer, adapted from a model that described the interaction between
multiple layers [26]. As a result we will need extra energy terms, besides the Zeeman energy
and the anisotropy energy to describe the interaction between the microspins. These extra
energy terms will be used to describe the exchange and dipole-dipole interactions between
the individual microspins. Since the microspins will no longer necessarily rotate coherently
these two extra terms are necessary to describe how the energy changes if the microspins are
under different angles.

(a)

(b) (c)

r

Figure 2.3: Schematic representation of (a) the 1-dimensional array of microspins, and (b,c) the two
preferred alignments for the dipole-dipole interactions.
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In our model a 1-dimensional array of microspins is subjected to an increasing magnetic field
under a high angle α with the easy axis. In the Stoner Wohlfarth model all the spins in the
layer could be described by a single macrospin, in our model the total volume magnetization
is split into a number of smaller volume magnetizations, each of which behaves as single
microspin. This array of microspins is schematically shown in figure 2.3a. Through an
iterative process, which we will describe later, for each microspin the minimum in energy will
be sought. For each microspin there are now four relevant energy terms, the Zeeman energy,
the anisotropy energy, both of which are similar to those in the Stoner-Wohlfarth model (eq.
2.6), the exchange interaction energy uex and the dipole energy udip. The exchange interaction
energy density between two microspins i and j is given by [26]

uex,i,j = −Ai,j

r2
cos(θi − θj), (2.8)

with Ai,j the exchange stiffness, θi and θj the angles of the microspins with the easy axis
and r the distance between two microspins. This energy term is minimal when the two spins
are aligned exactly in the same direction and maximal when the spins are aligned exactly
anti-parallel to each other.
The general equation for the dipole-dipole energy is given by

Udip = −µ0

4π

[
~µi · ~µj

r3
− 3(~µi · ~r)(~µj · ~r)

r5

]
, (2.9)

with ~µi the magnetic moment of the dipole and ~r the vector connecting two dipoles. Applying
this to our microspin system, equation 2.9 can be rewritten as

Udip,i = −µ0µ
2
i

4πr3

n∑

j=−n
j 6=0

[
1
j2

(cos(θi+j − θi)− 3 sin θi sin θi+j)
]

. (2.10)

The dipole energy prefers the spins to align head to tail. This means that there are two
preferential configurations, these are shown in figures 2.3b and 2.3c.
Normalizing equation 2.10 to an energy density gives

udip,i = −µ0M
2
S

4π

n∑

j=−n
j 6=0

[
1
j2

(cos(θi+j − θi)− 3 sin θi sin θi+j)
]

, (2.11)

where the substitution of µi = MS ·r3 has been made. Since Ms is independent of the volume,
here the magnetic moment of a single microspin µi is determined by multiplying Ms with the
microspin volume. The total energy density for each microspin is then

utot = −µ0MSH cos(α− θi) + Keff sin2 θi −
n∑

j=−n
j 6=0

[
Ai,j

r2
cos(θi − θi+1)

]

− µ0M
2
S

4π

n∑

j=−n
j 6=0

[
1
j2

(cos(θi+j − θi)− 3 sin θi sin θi+j)
]

. (2.12)

To calculate the behavior of the microspins, after a change in the applied field, each vector is
given a small random variation to its previous equilibrium position. Then the process of mini-
mizing the energy begins. This is done by randomly selecting one of the spins and minimizing
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minimizing the energy

Figure 2.4: Schematic representation of the minimization process. When a new field is applied each
microspin is given a random variation from its previous equilibrium position. Then the new equilibrium
position is found after which a new field will be applied again.

its energy with respect to its neighbors and thus obtaining its new angle θi. This process is
repeated thousands of times for each spin until there is no longer any noticeable change and
a new equilibrium is reached. Then the field is changed again and the entire process, which
is schematically shown in figure 2.4, starts over.

An example of a simulation done with this 1D-model is shown in figure 2.5. In this figure we
can see that for low fields the anisotropy and exchange interaction contributions dominate
the behavior of the magnetization resulting in a coherent rotation identical to the behavior
expected from the Stoner-Wohlfarth model. As the applied field is increased the angle of
the microspins with the film normal will slowly increase. At some point the energy balance
between the dipole and exchange energies will favor the dipole energy and some vectors will
switch direction, which results in a buckling of the magnetization. For even higher fields we
see a second transition as the Zeeman energy will start to dominate the behavior and realign
all the spins with the applied field.

At the end of chapter 4, in section 4.4, the simulations with this model will be compared
to the buckling effects in the extraordinary Hall effect measurements.

2.2 The Hall Effect

The discovery of the Hall effect was made more than a century ago, in 1879, by Edward Hall
[27]. The Hall effect is defined as a potential difference perpendicular to a current through
a material, usually under the influence of a magnetic field. Nowadays many different types
of effects fall under the Hall effect category, although some of these technically don’t fit the
definition of the Hall effect. These Hall effects range from the ordinary Hall effect in the
presence of a magnetic field and the extraordinary Hall effect in magnetic systems to the
quantum Hall effect in MOSFETs and the spin Hall effect. For the research reported in this
thesis, where we want to measure the magnetization of our layers as a function of an applied
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Figure 2.5: Simulation of the buckling demonstrated with the 1D-model for an applied field under an
angle of 89◦. At just above 500mT the individual microspins no longer rotate coherently and buckling
occurs. The solid line is the expected Stoner-Wohlfarth behavior. On the right side the behavior of
the microspins for each of the regimes is shown.

magnetic field, only the ordinary and extraordinary Hall effect are relevant.

2.2.1 The ordinary Hall effect

The ordinary Hall effect is as the name implies the basic Hall effect which is described as
follows. When an external magnetic field has a component perpendicular to the current
through a material a transverse electric field will appear across a sample. The origin of
this effect is the Lorenz force which acts on the charge carriers moving through the system.
The Lorentz force induces an electric field EH perpendicular to the current, which creates a
difference in potential between the edges of the sample plane. In figure 2.6 the ordinary Hall
effect (OHE) is schematically shown. The Hall voltage VOHE scales linearly with both the
current I and perpendicular component of the applied magnetic field Bz:

VOHE ∼ IBz. (2.13)

When doing a measurement as a function of field in a magnetic material, both the ordinary
and the extraordinary Hall effect have a contribution to the total Hall signal. However,
because of the linear dependence on the field B, the contribution of the OHE to the total Hall
effect can be isolated and eliminated, leaving only the extraordinary Hall effect. Since the
extraordinary Hall effect is directly related to the magnetization of our sample, as we will see
in the next part, we will be able to easily measure the magnetization as a function of applied
field.

2.2.2 The extraordinary Hall effect

The extraordinary Hall effect (EHE), which is also called the anomalous Hall effect or sponta-
neous Hall effect, is an effect that depends on the directions of the spins of the electrons moving
through the system. The direction of these spins depends on the magnetization direction of
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Figure 2.6: Schematic illustration of the ordi-
nary Hall effect. Electrons moving to a sample
plane are diverted due to the perpendicularly ap-
plied field, resulting in a potential difference be-
tween the sides of the sample plane.
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Figure 2.7: Schematic illustration of the ex-
traordinary Hall effect. Depending on the di-
rection of the spin of the electrons, which is de-
pendant on the magnetization of the sample, the
electrons are deflected differently, leading to a po-
tential difference between the sides of the sample.

the sample. When a current is passed through such a magnetic material, in addition to the
contribution of the OHE if a field is present, an additional electric field will be generated and
with that a difference in potential perpendicular to both the current and the perpendicular
magnetization Mz:

VEHE ∼ IMz. (2.14)

By doing a simple electric 4-point measurement, where the potential difference is measured
perpendicular to an applied current, the EHE is directly related to the perpendicular magne-
tization Mz from which we can obtain the angle θ that we can use in the Stoner-Wohlfarth
model. Because of the ease with which the measurement can be performed, the EHE is a very
powerful tool to measure at least qualitatively the change of magnetization in a system.
The OHE and EHE terms can be combined in the following relation for the total Hall resis-
tivity ρH:

ρH =
EH

J
= ρOHE + ρEHE = µ0(ROHEHz + REHEMz), (2.15)

with ρOHE and ρEHE the ordinary and extraordinary Hall resistivities and ROHE and REHE

constants that characterize the strength of the respective effects.

Although a lot of research has already been performed since the first theoretical work in
the 1950’s by Luttinger, Smit and later also Berger[29, 30, 31, 32], the exact origin(s) and
interpretations of the effect is even now still a highly debated subject [33]. For instance, the
EHE resistivity is found to vary with the overall resistivity ρ⊥ as:

ρEHE = aρ⊥ + bρ2
⊥, (2.16)

with a and b constants. The first of these terms is generally attributed to the skew-scattering,
which can be considered as a deflection of the path of the charge carrier. The second part of
equation 2.16 is usually attributed to the side-jump mechanism, which is a displacement of
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∆xa

Figure 2.8: Schematic illustration of the skew-scattering (left) and side-jump mechanisms (right)[28].

the path of the charge carrier from its original path. The side-jump is inversely proportional
to the mean free path ∆x/λ and, because of that, proportional to the resistivity. Both effects
are schematically shown in figure 2.8[28].
A second possible interpretation relating equation 2.16 to the skew-scattering and side-jump
mechanisms is related to scattering events at impurity atoms. Because skew-scattering is a
result of scattering events at host atoms it is independent of the impurity concentration. The
side-jump mechanism however is a result of scattering from impurity sites. Thus introducing
the second order dependency on ρ⊥ since the impurity concentration is proportional to ρ⊥.
Besides the side-jump and skew-scattering there are other theories that explain parts of the
EHE, among which the Berry curvature in Bloch bands. In the review by Sinitsyn [33] a
theoretical overview of the different theories describing the EHE is given.
For this thesis the main point of interest of the EHE theory is that the EHE is a very
sensitive probe that can be used to accurately and easily measure changes in the perpendicular
magnetization in ultrathin layers, which makes it ideally suited to measure our perpendicularly
magnetized structures.

2.3 Magnetism in thin layers

Now that we’ve shown how the magnetic anisotropy can be determined with the Stoner-
Wohlfarth model from measurements performed using the EHE, we take a step backwards
and take a look at how the magnetic properties of a device change when the thickness of
such a device is decreased so much that interface effects start to play a role. To describe how
the magnetic moment of a material is influenced by interface interactions it is useful to first
understand which processes determine the magnetic moment for bulk ferromagnetic materials,
which will be described in the next part. This is followed by a description of how the interface
contributions effect the magnetic moments and the anisotropy of ultrathin devices.

2.3.1 Magnetic moments

The magnetic moment originates from microscopic ordering of the electron angular momentum
either from the localized atomic orbital or spin moment and from the spin moment of itinerant
band electrons. The size of the magnetic moment then depends on the magnitude of the
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Figure 2.9: Schematic illustration of the energy as a function of density of states D which shows the
bandsplitting between the majority and minority electrons in a ferromagnetic material. States up to
the Fermi energy EF creating an imbalance which leads to the spontaneous magnetization.

angular moment and on the imbalance between majority and minority electron bands. In
3d transition metals such as Co and Fe the orbital moment is suppressed by the crystal
field [34]. Only a small part of the orbital moment remains, which will mainly influence the
magneto-crystalline anisotropy through spin-orbit coupling, as we saw earlier in this chapter.
The magnetic moment for the metals we are interested in is thus mainly determined by the
spin-imbalance created by the electron band splitting. The splitting of the electron bands is
caused by the internal exchange field which is a result of the Pauli exclusion principle and is
given by

~Hex = λ ~M, (2.17)

with λ the Weiss constant and ~M the magnetization. The magnitude of the magnetization is
given by the magnetic moment

µ = (n↑ − n↓) µB, (2.18)

with µB the Bohr magneton and n↑ and n↓ the number of majority and minority electrons,
respectively. The splitting of the electron bands is schematically shown in figure 2.9. Since
states are filled up to the Fermi energy EF, this splitting creates the imbalance between
majority and minority spins. The magnetization of a ferromagnetic material is often expressed
in terms of the saturation magnetization MS which normalizes the magnetic moment with
the volume of the magnetic layer V :

MS = µ/V. (2.19)

The bulk values of MS for Co and Fe are shown in table 2.1

System MS(kA/m)
Co ∼1450
Fe ∼1700

Table 2.1: The bulk values of MS at room temperature for the 3d transition metals Co and Fe.
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2.3.2 Interface effects in ultrathin film

As the dimensions of the system are reduced to the ultrathin regime of a few mono-layers
the magnetic moment of the system will most likely no longer scale with the volume of the
system, as additional interface effects will start playing a role. Some of these effects are:
(i) symmetry breaking, (ii) hybridization between atoms of the magnetic layer and those of
adjacent layers and (iii) changes in atomic cell volume and consequently the occurrence of
different stable crystalline structures.

Breaking of the symmetry at the interface results in a change in the electronic structure
of the atomic orbitals perpendicular to the interface. This can result in very strong interface
anisotropies, which will be discussed further in section 2.3.3. Besides this strong interface
anisotropy, it can also lead to an increase in magnetic moment. The origin of this lies in the
localization and band narrowing of the atomic orbitals at the interface. Calculations have
shown that for Fe this can lead to an increase of 20 to 40% for the surface moments com-
pared to the bulk moments, depending on the structure of the metal, while for Co these are
somewhat lower ranging from 3 to 12% [35].

When a thin layer has an interface with another material, electronic bonding or hybridiza-
tion will occur. Depending on the material the magnetic layer has an interface with, this
effect can enhance or decrease the interface moment. At interfaces with Pt, and other heavy
metals, where there is a large spin-orbit coupling due to large ion potentials, this effect is
very strong, as the hybridization creates a magnetic moment in the Pt atoms at the inter-
face. This leads to an increase in total magnetic moment for interfaces between Pt and both
Co and Fe [36, 37]. Besides the contribution to the interface anisotropy mentioned in the
previous paragraph the hybridization at the interface also gives rise to another strong con-
tribution to the interface anisotropy, leading to a perpendicular magnetization of the samples.

The third contribution to a change in magnetic moment at the surface comes from the change
in lattice spacing and thus the atomic cell volume. At the interface between Pt and Co (or
Fe) there is a sizeable mismatch between the lattice spacing for both crystals for all crystal
structures. This mismatch will cause a strain in the lattice which can result in an additional
contribution to the interface anisotropy. The mismatch also results in a distortion of the
lattice at the interface which has an influence on the density of states near the Fermi level.
For an increase in atomic spacing, which we would expect for Co at the Co/Pt interface, a
narrowing of the bands will occur, which will result in a small increase in magnetic moment,
as we saw earlier. Another consequence of the mismatch in lattice spacing is the possibility of
stabilizing other crystalline structures than the one preferred for the bulk material. Of course
this also affects the magnetic moment of the layer.

To summarize, the different effects that occur at the interface with another material can
locally change the magnetic moment and induce a magnetic anisotropy at the interface. For
both the Co/Pt and Fe/Pt interfaces the magnetic moment is expected to be higher than
that of the bulk. In the next section we will show that the induced interface anisotropy can
lead to perpendicular magnetization.
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2.3.3 Interface anisotropy

When the thickness of a magnetic layer is decreased, interface effects will become more preva-
lent. As we saw in the previous section, besides enhancing the saturation magnetization MS,
the anisotropy is also affected by these interface effects, through the breaking of symmetry,
enhancement of the spin-orbit coupling at the interface as a result of the hybridization, and
from the introduction of strain at the interface because of the mismatch in lattice spacing.
As a result, the effective anisotropy Keff which we introduced in equation 2.5, can be written
as the sum of a volume and an interface contribution:

Keff = Kv + 2Ks/t, (2.20)

with Ks the interface anisotropy, t the thickness of the magnetic layer and Kv the volume
anisotropy, which combines all volume dependent anisotropy terms that we saw in section 2.1,
such as the shape anisotropy and magneto-crystalline anisotropy. The interface anisotropy is
proceeded by a factor two since the thin layer has two interfaces. In this equation the volume
anisotropy is a negative constant since it is dominated by the demagnetization energy, which
forces the magnetization in the plane of the sample. As we saw in section 2.1 all anisotropy
contributions that were negative prefer an in-plane easy axis, whereas positive contributions
to the anisotropy prefer an easy axis perpendicular to the plane of the sample. The sign of
the surface anisotropy depends entirely on the magnetic material and the material it has an
interface with. The samples used in this research show a perpendicular magnetization, which
means that Ks is positive. If a plot is made of Keff multiplied by the layer thickness as a
function of this thickness a linear relation is obtained as is shown in figure 2.10 schematically
and in figure 2.11 for an actual measurement [38]. As can be seen in the figures, for thin
layers below a certain critical thickness tcr the effective anisotropy is positive while for thicker
layers the effective anisotropy is negative. The Stoner-Wohlfarth model showed that the total
anisotropy energy was given by Keff sin2 θ. For positive Keff , minimization of this energy term
results in an easy axis perpendicular to the sample plane, whereas for negative Keff the easy
axis remains parallel to the sample plane.

The split in volume and interface anisotropy terms given in equation 2.20 must be treated
with care. For ultrathin layers of only a few, not perfectly ordered, mono-layers, separating
interface and volume contributions becomes somewhat questionable since most atoms are
close to an interface and feel its effects. Also, as we go down to the limit of one or a few
mono-layers, the continuity of the layer is not guaranteed and percolation, where there no
longer is a closed layer, can occur. Since this effectively decreases the interface areas of our
material this inherently decreases the interface contribution to the magnetization. This can
result in a deviation from the ideal linear behavior shown in figure 2.10, which we will see
later in chapter 4. Additionally, contributions arising from the bulk or volume of the layer
can sometimes also display a 1/t dependency, such as strain within a structure, which would
incorrectly share them under the interface anisotropy terms [38].

2.4 Temperature dependence of the magnetization

To be able to determine the exchange stiffness A we take a look at the temperature depen-
dence of a magnetic system. We will show that as temperature is increased magnetic disorder
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Figure 2.10: Schematic plot of Keff · t as a func-
tion of the thickness of the magnetic layer. When
Keff is positive the easy axis is perpendicular to
the plane of the magnetic layer and for a negative
value the easy axis is parallel to the plane.

Figure 2.11: Keff · tCo as a function of tCo for a
Co/Pd multi-layer, measured with the Kerr effect
(solid circles) and FMR (open squares) [38].

in a material is increased, leading to a decrease of the magnetization. This decrease of mag-
netization will be counteracted by the strength of the interaction between spins. This allows
us to use the temperature dependence to make an estimate of the exchange stiffness, which
we can use in our buckling model and is needed to determine the width of DWs.

In a ferromagnetic material magnetic order exists without the application of an external
magnetic field. Magnetic order in general can only exist if a field is present, which means
that in ferromagnetic materials an internal magnetic field is required for spontaneous magne-
tization. This field is the internal exchange field Hex that we already saw in equation 2.17.

When the temperature is increased, the thermal energy will increase leading to an increase in
the magnetic disorder in the system. The spontaneous magnetization is then a competition of
this internal exchange field and the thermal energy. It can be derived that this spontaneous
ferromagnetic ordering exists for temperatures below a critical temperature [6]. Above this
critical temperature the magnetic disorder due to the thermal energy becomes too large and
this spontaneous ferromagnetic ordering will disappear. This critical temperature is called
the Curie temperature TC. In figure 2.12 the relation that we observe in our ultrathin samples
for the spontaneous magnetization as a function of temperature is schematically shown.

There are a number of ways to describe the magnetization as a function of temperature. The
most well known method is Bloch’s T 3/2 law, which describes the magnetization in the low
temperature regime with spin-wave theory. Bloch’s law can be used to calculate the exchange
stiffness A of a sample. Later, in section 2.4.2, Bloch’s law and how it is related to the ex-
change stiffness will be explained.
The second way to describe the magnetization as a function of temperature uses an empirical
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Figure 2.12: Schematic illustration of the spontaneous magnetization as a function of the temperature
for our ultrathin samples. With increasing temperature the magnetization decreases. It even vanishes
for temperatures above the TC.

formula to describe the behavior around TC

M(T ) = M0 (1− T/TC)β , (2.21)

with β the critical exponent. This simple empirical formula proved to be universally applica-
ble to temperature dependent measurements of the magnetization [34]. If the measurement
cannot be done up to the Curie temperature due to experimental complications, equation
2.21 can then be used to determine TC from a fit to the data. The critical exponent β can be
an indication of the dimensionality of the system under investigation. In the next section we
will go into that in more depth.

2.4.1 The two-dimensional magnetic phase transition

In the limit of very thin magnetic layers, a layer can be described as a single plane of spins,
essentially forming a two-dimensional system. Because of the reduced dimensionality the
physics of such a system dramatically changes. In 1930 Bloch showed that a two-dimensional
Heisenberg spin system at finite temperatures cannot show any magnetic order [39]. How-
ever, actual measurements of the magnetization of layers even down to the limit of a single
monolayer, show a nonzero magnetization.
In the previous section we saw that that the behavior of the magnetization as a function
of temperature depended on the critical exponent β. This critical exponent depends on the
dimensionality of the system and can be used as an indicator to identify what models govern
the behavior of the system or even to identify phase transitions from the two-dimensional to
the three-dimensional phase, which is illustrated by research done on a Ni/W system by Li
et al. [40].
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There are a number of different models to describe the interactions between spins. Most
of them are based on the n-vector model which is described by the following hamiltonian:

H(d, n) = −J
∑

〈ij〉
~Si · ~Sj , (2.22)

with J the strength of the interaction between two spins, 〈ij〉 the denotation for the summa-
tion over nearest neighbors and ~Si the spin vector which has dimensionality n. The number
of nearest neighbors depends on the dimensionality d of the system. The special cases of the
n-vector model are the Ising model, the XY system and the Heisenberg model. The difference
between the models lies in the factor n which describes the degrees of freedom the spins have
within the model.
The Ising model assumes a 1-dimensional spin vector (n=1), which can be either -1 or 1. The
XY system allows the spin vectors another degree of freedom (n=2) allowing the spin vector
to take any direction within a single plane. In the Heisenberg model the spin vector is given
the freedom of the third dimension (n=3) and can take on any direction. For the three models
the dimensionality of the spin system d can also be varied. From a line of spins in 1D for
d=1, to a planar grid of spins for d=2 and a three-dimensional spin system for d=3. In table
2.2 the theoretical critical exponent β is given for each of the three models in both a 2D and
a 3D system, with the exception of the 2D Heisenberg model which shows no spontaneous
magnetization as mentioned earlier.

System d n β

2D Ising 2 1 0.125
2D XY system 2 2 0.231
2D Heisenberg 2 3 –
3D Ising 3 1 0.325
3D XY system 3 2 0.345
3D Heisenberg 3 3 0.365

Table 2.2: Theoretically calculated values of the critical exponent β for the different 2D and 3D
models. Table edited from [34]

The calculations of the critical exponents assume an idealized system. Real systems on the
other hand can show anisotropic behavior and long range interactions, which break the sym-
metry of the Hamiltonian. In the case of strongly anisotropic systems the actual value of the
critical exponent can show a considerable change with respect to the calculated ideal value.
In chapter 4 we will see that for our Pt/CoFeB/Pt devices a transition between a 2D and 3D
magnetic behavior occurs.

2.4.2 Bloch’s T 3/2 law and exchange stiffness

In the previous section we saw that the energy of a multiple spin system can be described by
the hamiltonian of the n-vector model given in equation 2.22. In the presence of an (internal)
magnetic field the ground state of the hamiltonian will be given by a situation where all the
spins are aligned in the direction of the magnetic field. As the thermal energy of the system
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Figure 2.13: One period of a spin wave in a linear array of spins with the spins shown in perspective
(top) and from above (bottom). The spin wave is drawn through the ends of the spin vectors.[41].

is increased, at some point this ground state will be excited. The first obvious way to excite
such a spin system is by flipping one of the spins. However, a lower energy excited state was
found to exist. This state is formed by so-called spin-waves or magnons. A spin-wave is a
propagating disturbance in the magnetization. An example of such a spin-wave is shown in
figure 2.13. In this figure we see that the spin vectors are slightly turned away from the field
direction and that each spin has a small rotation with respect to its neighbors. Over a long
distance these small rotations result in a large spin-wave.

As the temperature increases from near the absolute zero, at first the only disorder arising
from the increase in temperature will be in the form of spin-waves. By applying spin-wave
theory in the low temperature regime, the evolution of the magnetization can be described as
a function of temperature. This theory was introduced by Bloch who found that the change
in magnetization from the ground state followed a simple power law [41]

∆M

M(0)
= −BT 3/2, (2.23)

which is called Bloch’s T 3/2 law, with

B =
0.01468

S
·
(

kB

2JS

)3/2

, (2.24)

where the constant 0.01468 originates from the exact solution of an integral From the exchange
constant J obtained from equation 2.24 the exchange stiffness A can be directly calculated
[6]:

A =
JS2

a
, (2.25)

where a is the lattice constant.

Spin-wave theory and specifically Bloch’s T 3/2 law can thus be used to determine the ex-
change stiffness. However some caution is advised when using Bloch’s T 3/2 law since above a
certain temperature spin-waves no longer form the only excited states in the system and the
change in magnetization can become larger than the change predicted by spin-wave theory.
This can lead to an overestimation of the parameter B and thus also the exchange stiffness,
although with careful analysis of the data it is possible to exclude this error.

Another way to determine the exchange stiffness, which was used by Metaxas et al. [42],
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uses the Curie temperature. Based on the 2D-magnetism we reviewed in the previous para-
graph, Bruno succeeded in deriving the Curie temperature of a mono-atomic layer [43]. In his
work the Curie temperature was shown to be dependent on the exchange constant J . This
dependency allows us to calculate the exchange stiffness A directly from the Curie tempera-
ture.

Now that we are able to determine the exchange stiffness A, which we can use along with the
anisotropy to determine the width of the DW as we saw in equation 1.1 and which we use
in our buckling model, we have all the theoretical ingredients we needed for the rest of this
thesis and we will continue with the measurement techniques in the next chapter.



Chapter 3

Experimental tools

In this chapter we will describe the experimental tools we used to obtain our measurements.
We will start off with a description of the different kind of samples we created. This is fol-
lowed by a description of the setup with which we measure the EHE, from which we will
be obtaining the anisotropy constants of our samples. Lastly we describe the basics of the
SQUID, which is used to measure the saturation magnetization and to estimate the exchange
stiffness from temperature dependent magnetization measurements.
In this chapter we will solely give a description of the actual measurement techniques. Actual
raw measurement data will be presented in chapter 4, where we will show how the relevant
magnetic parameters can be extracted from the raw data.

3.1 Samples

For the research presented in this thesis we perform measurements on samples consisting of
a thin trilayer structure. This trilayer structure consists of a magnetic layer sandwiched be-
tween two Pt layers. The materials used as the magnetic layer in these devices are different
compositions of CoB and CoFeB and pure Co. The thickness of the magnetic layer in these
samples was varied between 4 and 8 Å with steps of 0.5 Å, guaranteeing an out of plane
magnetization in our samples. The thickness of the bottom and top platinum layers are 40
and 20 Å, respectively. The trilayer devices we create are schematically shown in figure 3.1.

Creation of these trilayer devices was done by sputter deposition using the CARUSO, a Kurt
J. Lesker UHV sputtering facility. Sputter deposition is a technique that utilizes high energy

Pt 40Å

Co(FeB) 4 - 8Å

Pt 20Å

Si-substrate

Figure 3.1: Schematic representation of our trilayer structures.
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d

Figure 3.2: The structure defined by UV-lithography. It consists of a number of Hall crosses which
can be contacted via the big contact pads which can be easily wire bonded. The inset on the right
shows the actual Hall crosses and defines the diameter d.

ions created by an argon plasma to knock loose atoms from a sputter target. Part of the
atoms that are knocked loose from the sputter target land on the sample and as more and
more atoms land there, a thin layer is grown of the same composition as that of the sputter
target. For those interested in the process, a more elaborate description can be found in [44].
The growth rate of these sputtered layers can be completely different for different sputter
parameters. Calibration of the layer growth is thus performed to determine the exact growth
rate of each material.

For our measurements we created two different types of samples, large unstructured sam-
ples and structured samples on which small Hall crosses were defined by UV-lithography.
The large unstructured samples are created by sputter depositing the layers on B-doped ther-
mally oxidized Si substrates with dimensions of 0.5 x 0.5 mm. The exact size of these samples
will be shown to be important for the measurement of Ms.
The structured samples are created using UV-lithography. Before the layers are sputtered on
the substrate, several lithography steps are used to define the structure that we want for our
trilayer device. The structure created for our measurements is shown in figure 3.2. It consists
of four so-called Hall crosses of equal size, which can be measured by electrically contacting
the large contact pads. Several different dimensions of these Hall crosses are created with
diameters d of 50, 25, 5 and 1 µm. The substrates on which the structures are grown are
silicon wafers coated with a 2 µm thick SiO2 layer to make sure the current flows through the
layers and not the substrate.

3.2 Performing the EHE measurements

To measure the anisotropy constants of our perpendicularly magnetized devices we use ex-
traordinary Hall effect measurements. Using EHE measurements has several advantages over
other methods. The first of these advantages is the ease with which EHE measurements can
be performed. Also, obtaining data at all the different field angles is straightforward, whereas
doing the same in a Magneto Optical Kerr effect (MOKE) setup poses difficulties. A third
advantage is that for the ultrathin perpendicularly magnetized samples the signal obtained
from the EHE-measurement is very high, thus allowing accurate measurements. The final
advantage of using such electrical transport measurement is that on the same setup later also
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Figure 3.3: Schematic illustration of a top-down view of the setup with the sample between two
magnetic poles. Also shown are the magnetization and field vectors ~M and ~H and their angle θ and
α with the film normal.

DW motion measurements can be performed.

The EHE-measurements are performed using a setup suitable to do electrical transport mea-
surements. In our setup we generate an alternating voltage with the Lock-In amplifier with a
frequency of 5 kHz, which results in an alternating current through our sample. Perpendicular
to this current, the Hall voltage, which also alternates with the same frequency, is measured
in a 4-point measurement using the Lock-In amplifier to pick up the signal at the correct
frequency. For measurements on the large unstructured samples, where the signal is high
(∼ 300µV), the use of such AC measurements is not necessary and a simple DC measurement
technique would suffice. For the smaller structured Hall crosses, however, where the signal is
lower (∼ 5µV), the signal-to-noise ratio is improved by using this method.

The setup we use makes it possible to do these electrical measurements under various differ-
ent conditions. The most important one for us is that we can do our measurements under a
variable applied magnetic field, of which both the magnitude and angle with the sample can
be varied. The magnetic field is generated by an electromagnet which can reach fields up to
1.2 T and can rotate 360◦ in a plane perpendicular to the sample plane. This is schematically
shown in figure 3.3 and in figure 3.4 a picture of the actual setup is shown, in which we can
see the rotating magnet and the cryostat in which the sample can be inserted and contacted
on the sample stick.

To electrically contact the samples in this setup we use a wire-bonding technique. The sam-
ples are attached to a chip carrier which can be placed in the setup. The connections between
the chip carrier and the sample are made by bonding thin gold wires to the surface of our
samples and then connecting these to the contact pads on the chip carrier. Since we are only
interested in the relative changes in the magnetization, only the relative change in the EHE
voltage is important, which is unaffected by absolute changes in Hall voltage, such as those
caused by asymmetry in the placement of the wire bonds.
Both the unstructured samples and the structured samples with the Hall crosses are contacted
in the same way. The biggest conceptual difference between measurements on these two types
of samples is that in the case of the unstructured samples it is not completely clear how large
the area is that is being probed by our measurements, whereas in the Hall crosses the area
we that is probed is much better defined.

When performing a measurement on our samples the measured Hall voltage contains both the
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Figure 3.4: The setup used to do the electrical EHE measurements.

OHE and EHE components. As was showed in section 2.2, the EHE-voltage is proportional
to the perpendicular magnetization of the sample Mz and the the OHE is linear with the
z-component of the applied magnetic field. How the OHE can be separated from the EHE in
the total Hall signal will be demonstrated in section 4.2.1, where we will also show how the
anisotropy constants can be determined from our Hall measurements.

3.3 SQUID measurements

For the research presented in this thesis we used a SQUID magnetometer to determine the
saturation magnetization and the exchange stiffness of our samples. The advantage of using
SQUID measurements to determine the saturation magnetization is that the absolute value
of the magnetic moment can be measured, in comparison, MOKE and EHE measurements
can only measure relative changes in the magnetization.
The abbreviation SQUID stands for Superconducting QUantum Interference Device. The
SQUID magnetometer is a device which can be used to very accurately measure the magnetic
moment of a sample under various circumstances. In this section the basic workings of the
SQUID will be roughly reviewed. For an extensive description of the workings of a SQUID
magnetometer we refer to [45].

To measure magnetic moments a SQUID uses a superconducting ring with one or more Joseph-
son junctions. A Josephson junction is an insulating interruption in the superconducting ring,
causing a so-called weak link in the superconducting ring. Despite this weak link, the ring
will maintain its superconducting behavior up to a critical current Ic. For higher currents the
ring will stop being superconducting and assume a normal resistive behavior. In the left part
of figure 3.5 the I − V curve for such a ring is shown.
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Figure 3.5: I − V characteristic of a SQUID ring with Josephson junction (left) and oscillation of V
as a function of field, with the periodicity of the flux quantum (right). Image from [45].

The magnetic flux in the superconducting ring is quantized, and can only change in discrete
steps of the flux quantum Φ0. When a magnetic flux is inductively coupled into the ring a
screening current is created in the ring to make sure the flux stays quantized. This screening
current can increase or decrease Ic. When we now apply a bias current Ib slightly higher then
Ic, midway between the superconducting and normal behavior in the I−V curve as shown in
figure 3.5, this change in Ic caused by the screening current will change the position of Ib on
the I−V curve and thus the measured voltage. As the magnetic flux is increased the voltage
will oscillate with the period of the flux quantum as more flux quanta are added to the ring.
This is shown in the right side of figure 3.5. By observing the changes in V it is possible to
count the flux quanta added to the ring, which allows a SQUID to very accurately measure
the magnetic flux. The flux quanta are ‘counted’ by a so-called tank circuit. The voltage of
the tank circuit is a directly related to the magnetic flux of the magnetic moment we measure.

To determine the magnetic moment of a sample more accurately the voltage of the tank
circuit is measured at several positions by moving the sample through a cleverly designed
pickup coil. Due to the clever use of geometry the pickup coil is insensitive to the applied
magnetic field and only senses the inhomogeneous contributions of the sample. The pickup
coil is schematically shown in figure 3.6. The sample is moved vertically through the pickup
coils and the voltage of the tank circuit is measured at multiple points to measure the re-
sponse curve as is shown on the right side of figure 3.6. From a fit of this response curve, the
magnetic moment of the sample can then be determined, which we will later use to determine
the saturation magnetization. The accuracy with which the magnetic moment can be deter-
mined in the SQUID is of the order 10−10 J/T [46]. In comparison, the magnetic moments
we measure in our ultrathin magnetic layers are of the order 10−8 J/T.

In the SQUID setup the superconducting devices and sample are placed in a vacuum chamber
within a cryostat. The cryostat is filled with liquid helium, which makes it possible to perform
measurements at temperatures as low as 5 K. Via the use of heaters in the cryostat, the tem-
perature of the sample can be increased, allowing us to perform the temperature dependent
measurements of the magnetization. In figure 3.7 a picture of the SQUID magnetometer is
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Figure 3.6: Schematic representation of the pickup coil, through which the sample is moved. On the
right the voltage of the tank circuit is shown as a function of the position between the coils.

shown.

The analysis of measured SQUID data is performed in the next chapter, specifically in section
4.1 for the extraction of the saturation magnetization from the measurement and section 4.3
for the temperature dependent measurements of the magnetization.
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Figure 3.7: The SQUID setup.
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Chapter 4

Results and discussion

In this chapter we will present the results of the various types of measurements we performed
on our ultrathin perpendicularly magnetized devices. In the first part of this chapter we will
show the Ms we measured, since we will need this physical quantity to determine the effective
anisotropy. In the second part the results of our EHE measurements will be presented, from
which the anisotropy can be determined. This is followed in the third part by the temperature
dependent measurements of the magnetization we performed with SQUID and from which
we estimate the exchange stiffness A. In the final part of this chapter we take a look at the
buckling of the magnetization, where Stoner-Wohlfarth no longer applies.

Before we start, some short general remarks. Regarding the structure of this chapter it
is important to note that during the presentation of the results and discussion thereof, the
most important conclusions are highlighted as follows:

• Important conclusions are highlighted.

Unless stated otherwise, all the measurements we performed were done at room temperature.

4.1 Saturation magnetization

To use the Stoner-Wohlfarth model to determine the anisotropy constants we need the sat-
uration magnetization Ms, as we showed in section 2.1. To determine the saturation mag-
netization we use SQUID to very accurately measure the absolute magnetic moment of our
samples as a function of an applied magnetic field. When a field is applied, all spins will
orient themselves with the direction of the field. The saturation moment µs is by definition
the moment of all the aligned spins and can thus be found by looking at the expected hor-
izontal plateau for high fields, where this alignment forced by the field is present. The two
parameters µs and Ms are related through equation 2.19, Ms is a magnetization per volume,
which is obtained by dividing µs by the volume of the magnetic layer V .

A typical example of a field dependent SQUID measurement is shown in figure 4.1. In this
figure we can see two effects, (i) the typical hysteresis behavior with the switching of the
magnetization direction from positive to negative, and superimposed on this (ii) the diamag-
netic background moment µdia which gives a linear decrease of the total measured magnetic
moment as a function of the applied field. The diamagnetic background is mostly due to the

45
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Figure 4.1: A typical SQUID measurement
which shows a hysteresis loop (i). The linear con-
tribution superimposed is caused by the diamag-
netic background (ii).
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Figure 4.2: The same SQUID measurement
as in figure 4.1, without the linear diamagnetic
background. The saturation moment is derived
from the horizontal fit depicted with the solid
line.

substrate on which our samples are deposited. In an applied field a magnetic moment is in-
duced in diamagnetic materials that has an opposite direction to the field, hence the negative
slope in figure 4.1. To be able to identify the contribution of this diamagnetic background
more accurately, we measure at fields up to 5 T. As a result we can subtract the contribution
of diamagnetic background from the total signal. In figure 4.2 this is shown.

From the plateau for high fields in figure 4.2 µs can be determined. As we mentioned earlier
to convert µs to a value for Ms we need to know the total volume of our samples. For the
SQUID measurements, the samples are grown on specially cut substrates of which the size is
very well known. The dimensions of these samples are 5.0 x 5.0 mm. The third dimension
needed to calculate the sample volume is the thickness of the magnetic layer. The absolute
error in the growth of these layers of only a few Å thick with sputter deposition is very small
(∼ 0.5Å). However, since the layers are also very thin ∼ 5Å, this is results in a fairly large
error of around 10%. While the absolute error in the determination of the thickness is rela-
tively high, the sample-to-sample error between samples with different thicknesses is smaller.
So, if due to an error in the calibration of the growth rate of our magnetic material, the actual
thickness is higher/lower than the thickness we expected to grow, a layer of another thickness
will have a similar deviation.

• From SQUID measurements Ms can be determined. The largest error in Ms

originates from the error in the determination of the volume of the magnetic
layer.

The example used in figure 4.2 is that of a Pt/Co/Pt layer with a 6Å magnetic layer. The
saturation magnetization found for this particular structure was determined with the method
above and found to be Ms = 1540± 150 kA/m, which is comparable, although slightly higher
than the Ms we showed in section 2.3.1 for bulk Co films. This increase in Ms can originate
from the interface effects which we described in section 2.3.2, such as symmetry breaking,
hybridization or lattice mismatch. These effects are expected to increase the magnetic moment
at the Pt/Co interfaces. Although we do not see a very pronounced increase for Pt/Co/Pt
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Figure 4.3: Saturation magnetization as a func-
tion of x, the atomic percentage B, for different
compositions of Co100−xBx.
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Figure 4.4: Saturation magnetization as a func-
tion of the atomic percentage Fe for different com-
positions of Co80−xFexB20.

structures, we will show in the next section that interface effects drastically enhance the
magnetic moment of our Pt/Co(Fe)B/Pt structures.

4.1.1 Saturation magnetization of CoB and CoFeB compounds

The saturation magnetization of our Pt/Co(Fe)B/Pt devices was determined for various com-
positions of CoB and CoFeB using the method described in the previous section. Since we only
measured single samples for each composition, sample-to-sample variation can be the cause of
some of the more extreme values we sometimes find. Since each composition is independently
calibrated and has its own growth speed, these kind of variations could occur. Creating some
new samples could in these cases be useful to see if the measurement reproduces.
For all compositions samples were measured with thicknesses of 5Å and 6Å, with the excep-
tion of the 6Å sample of Co68B32, for which our measurements showed peculiar results from
which Ms could not be determined. The results of these measurements are shown in figure
4.3 for CoB samples and in figure 4.4 for CoFeB samples.

When we look at the results for the different compositions of CoB in figure 4.3 we can see that
compared to the pure Co samples, shown in the graph for B content 0%, all compositions of
CoB show a decrease in saturation magnetization. Since boron on its own is not a magnetic
material, this decrease in Ms makes sense. Paluskar et al. showed that a magnetic moment is
induced in the B atoms within the CoFeB [47]. This induced moment will not be as high as
the moment of a Co atom and thus the magnetization should decrease. Based on this premise
however, we would expect that Ms would decrease further with increasing B content. Clearly
though, for the Co80B20 devices this does not hold. Especially the 5Å thick CoB layer of that
composition deviates from this behavior as it shows almost the same Ms as its Co counter-
part. Not only does the addition of B have an effect on the magnetic moment due to its lower
(induced) magnetic moment, the structure of the material, which changes for differences in
B content, has an additional influence on Ms. Apparently for Co80B20 the structure at the
interface is such that the interface effects, described in section 2.3.2, are positively influenced
and the interface moment is larger compared to that of the other compositions. Another
possible explanation for the change we see might be due to crystallization effects in some of
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the compositions. If this relatively high Ms reproduces this would make compositions with a
B content of 20 at% a good choice for use in DW motion applications.

In figure 4.4 we see that by adding Fe to Co80B20 Ms generally increases. Since the bulk
magnetic moment of Fe is larger than that of Co, for the different compositions of CoFeB we
would expect an increase in Ms with an increase in Fe content. Again though, like in the
CoB case, there is no increase in Ms with increasing Fe content. The Co72Fe8B20 composition
shows that adding a small amount of Fe results in a huge increase in Ms, especially for the 5Å
sample, whereas increasing the Fe content even more does not increase Ms and we see that
it even decreases again for the 5Å samples. Based on these measurements Co72Fe8B20 seems
the best choice for applications.

• While Ms shows a decrease when B is added and an increase when Fe is
added, these changes do not scale with B and Fe content. Samples of 5Å
Co80B20 and Co72Fe8B20 showed the highest Ms values for each compound.

The exact bulk values of Ms for our CoB and CoFeB compositions are dependent on the
composition, however they are in the order of 700 kA/m for CoB and 1000 - 1400 kA/m for
thick CoFeB layers (> 10 nm) [48]. When we compare the Ms values we measure in our
ultrathin layers to these bulk values, we see a huge increase in Ms due to interface effects for
both CoB and CoFeB, much higher than the small increase we found for Co at the end of the
previous section. About the origin of this difference between Co and the compositions where
B is added, we can only speculate. Since B atoms are relatively small compared to the Co
and Fe atoms, the B atoms can easily take interstitial positions between the Co and Fe atoms.
Insofar we can still speak of a lattice spacing in the amorphous layer that is created by the
addition of B, we expect that the interstitial B atoms would lead to an increase in the lattice
spacing. Since a Pt lattice has larger lattice constant than Co and Fe have, the addition of
B would decrease the mismatch in the lattice size, which is one of the effects that influences
the interface moment. Another consequence of the change in structure at the interface with
Pt can be an increase of hybridization, which induces a magnetic moment in the Pt atoms,
which could lead to the large increase of surface moment and total magnetic moment we see
in our ultrathin layers of CoB and CoFeB.

• CoB and CoFeB show a huge increase in Ms due to interface effects.

This increase of Ms that our ultrathin layers of CoB and CoFeB show, is very useful for our
application, since it allows us to use the amorphous materials without having the drawback
of a lower Ms that these show for thicker layers.
Since we have now determined the Ms of our layers, we can use this property to calculate
the anisotropy of our samples from fits with the Stoner-Wohlfarth model, which will be the
subject of the next part of this chapter.

4.2 Anisotropy

In this section we will first show how the anisotropy constants can be determined from the
EHE measurements we performed. Once we know how the anisotropy is extracted from
our measurement we will compare the anisotropy of samples with different thicknesses and
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Figure 4.5: Measurement of VH as a function of
applied field under an angle α = 0◦. It shows the
hysteretic behavior around zero field as a result
of the EHE and the superimposed linear contri-
bution of the OHE.
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Figure 4.6: Measurement of VH as a function of
applied field under an angle α = 89◦. It shows
the hysteretic behavior of the magnetization as
well as the decrease in VH due to the rotation of
the magnetization to align with the applied field
for increasing field strength.

different compositions of CoB and CoFeB. Finally we will show the results of anisotropy
measurements performed on small structured Hall crosses.

4.2.1 Obtaining the anisotropy from EHE measurements

As we saw in section 2.2 the extraordinary Hall effect is ideally suited to directly measure the
perpendicular component of the magnetization. If we want to measure the EHE component
as a function of the applied magnetic field, our signal no longer contains only the EHE but
also contains the linearly field dependant ordinary Hall effect. If the angle α (fig.2.1) between
the applied field and the film normal is zero, and the field is thus parallel to the magneti-
zation, increasing the field will not result in a change of magnetization. Since we know the
EHE contribution is thus constant, the only change that is observed in the signal is the OHE
contribution. This is illustrated by figure 4.5, where a measurement of the Hall voltage VH

at an angle α = 0◦ is shown. Because the OHE is linear with the perpendicular component
of the applied field, the size of this of the OHE can be determined. It is then straightforward
to eliminate its contribution from the total Hall signal for all angles, since the perpendicular
component of the field can be calculated for each angle. This leaves the EHE which is a direct
measure for the perpendicular magnetization.

The data obtained from an EHE measurement can be fitted with the Stoner-Wohlfarth model
described in section 2.1. Since the parameters α, θ, H and Ms are known for each data point
the effective anisotropy Keff and second order crystalline anisotropy K2 constants can be
determined. The measurement of the magnetization as a function of field is repeated for a
number of different angles α between the film normal and the applied magnetic field. By
fitting the data for all these angles with the same anisotropy constants, these constants can
be determined much more accurately. The angles studied range from 0◦ to 89◦. Measuring at
an angle of 90◦ is possible in theory and in practice we can locate the point where the angle
is 90◦ with an accuracy of 0.25◦, but we are never exactly at 90◦. Because the behavior of
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Figure 4.7: The perpendicular magnetization as a function of the applied field for different angles of
the applied magnetic field. The graphs for different angles are artificially shifted vertically for better
visibility around zero field. The data points show the measured data and the solid line is the fit
with the Stoner-Wohlfarth model. Only the data of the graphs with low angles (0◦ to 70◦) are fitted,
the solid lines in the high angle data show the prediction of the Stoner-Wohlfarth model with the
anisotropy constants obtained for the low angle fitting.

the magnetization is more critical the closer we come to this angle, this small inaccuracy will
have a much larger influence on the behavior at 90◦ than for lower angles, including the 89◦

angle. At 90◦ the change in magnetization was found to be no longer reversible, which would
hinder measurements.
A measurement of VH at an angle α = 89◦ is shown in figure 4.6, it shows the hysteretic be-
havior and the rotation of the magnetization as the applied field is increased. The kink in the
behavior at ∼ 500 mT is due to the buckling of the magnetization, which will be introduced
later. To determine the anisotropy from such a measurement we are not interested in the
hysteretic behavior of the magnetization, only in the rotation of the magnetization. In our
measurements we thus only show that behavior. A typical result of such a measurement for
a number of different angles of the applied field is shown in figure 4.7.

Looking at the figure two observations can be made immediately: (1) For the angles up to
70◦ the Stoner-Wohlfarth model fits the data points very accurately. (2) At higher angles and
for high fields the Stoner-Wohlfarth model fails to describe the data.

The first observation shows us that the magnetization can indeed be described by the Stoner-
Wohlfarth theory and there is a coherent rotation of the spins for field angles up to 70◦. This
shows us the Stoner-Wohlfarth model can accurately describe the magnetization behavior and
that the measurement method we used is suited to determine the anisotropy of our magnetic
thin layers. In this example for a 6Å Co magnetic layer, the fit gives Keff = 0.44±0.06MJ/m3

and K2 = −6± 20kJ/m3.
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Figure 4.8: The perpendicular magnetization as a function of the applied field for different angles of
the applied magnetic field. The data points show the simulated LLG behavior, while the solid lines
show the fit with the Stoner-Wohlfarth model.

• Fitting measured EHE-data with the Stoner-Wohlfarth model allows a suc-
cessful determination of the anisotropy constants

The second observation we made in figure 4.7 is that for field angles of 80◦ and higher the
magnetization no longer behaves according to Stoner-Wohlfarth theory for high fields. To
investigate if we could reproduce this behavior or if for these field angles it is not simply an
error in the Stoner-Wohlfarth model that causes the deviation, micromagnetic LLG simula-
tions were performed using a commercial simulation package. In a micromagnetic simulation
the layer is divided in a number volume cells with each its own microspin magnetization. The
dynamics of these microspins are simulated with the Landau Lifshitz Gilbert equation shown
in equation 1.2. In the simulations a large number of microspins was subjected to the same
conditions as in our measurements. The results of these simulations are shown in figure 4.8.
As we can see, the simulation does not show the deviation from the Stoner-Wohlfarth model
which fits the simulated data for all angles.
The effective anisotropy obtained from the Stoner-Wohlfarth fit, Keff = 0.53± 0.01MJ/m3 is
slightly higher than the effective anisotropy supplied to the simulations of Keff = 0.5MJ/m3.
This difference is most likely caused by the input conditions of the simulations. The magni-
tude of the magnetic cells in the simulation and the size of the layer will have and influence
on the exact outcome. For small dimensions, relative to the cell size, the effects at the edge of
the layers, where the microspins behave slightly different can have an influence on the results.
The simulations show that the Stoner-Wohlfarth model can accurately model the coherent
behavior of the spins even at angles close to the film plane and that Keff can reliably be
determined using this model.
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• LLG-simulations show that even for coherent rotation under a high field
angle the Stoner-Wohlfarth model still holds and that Keff can reliably be
determined with the model.

The deviation from the ideal behavior we observed in figure 4.7, can then be explained as a
breakdown of the macrospin behavior, in other words, the magnetization no longer rotates
coherently and breaks down. This effect shall be referred to as ‘buckling’ of the magnetiza-
tion. If such a buckling state truly exist has not yet been observed in literature but it has
been hinted to in [49]. The results of the 1D-model however, which we introduced to describe
the buckling and which was able to qualitatively reproduce the effect, as we will show later
in this chapter in section 4.4, supports the theory of the breakdown into this buckling state.

As we found earlier, the anisotropy constants can be determined from the fit to the mea-
sured data. One of the fitting parameters required to obtain the anisotropy constants is the
saturation magnetization MS. Previously in this chapter the determination of MS was shown
to have a large error. This error carries over in the determination of Keff and K2. The error
made during the actual fit of the data with which Keff is determined is small compared to
the error caused by this uncertainty in MS.
The accuracy with which K2 can be determined from the fitted data is much lower. First of
all K2 is generally one to two orders smaller than Keff , which makes an accurate estimation
from the fit difficult. Secondly, the second order anisotropy follows a sin4 θ behavior as we
saw in section 2.1. As a result, K2 will exert the most influence in the regime where the angle
θ is close to 90◦. Thus the data obtained at higher field angles holds the most accurate infor-
mation about K2. Unfortunately, this is also the regime where buckling of the magnetization
occurs and the data cannot be fitted. The combination of these two factors makes it rather
difficult to accurately determine K2.

• The error in Keff is dominated by the uncertainty in the saturation magne-
tization Ms, whereas the error in K2 is dominated by the inaccuracy in the
fit parameters.

Now that we know how the anisotropy constants can be determined, in the next sections we
will present the results of anisotropy measurements in a number of different systems, starting
with the Pt/Co/Pt trilayers of various thicknesses, followed by different compositions of CoB
and CoFeB.

4.2.2 Effective, interface and volume anisotropy of Co

In the previous section we showed how the anisotropy constants are determined from the
measured data. In this section we will show the results of anisotropy measurements as a func-
tion of the thickness of the Co-layer in a Pt/Co/Pt system. In figure 4.9 the results of these
measurements are depicted by the open data markers. As we can see the highest anisotropy is
found for the thinnest Co layers. This is exactly what we would expect from equation 2.20, for
thinner layers the influence of the interface anisotropy becomes more prominent with respect
to the volume anisotropy.
We compare these results to measurements done of the effective anisotropy using the polar
magneto optical Kerr effect (PMOKE)[42], which are depicted in figure 4.9 by the solid data
markers. The thickness dependence of the anisotropy they measure clearly does not exhibit
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Figure 4.9: The effective anisotropy Keff as a
function of Co thickness. Open data markers
represent our measured data, solid markers show
data from [42].
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Figure 4.10: The effective anisotropy Keff mul-
tiplied by the Co thickness, as a function of this
thickness. The straight line is a possible linear fit
of the data points above 4.5Å.

the same behavior as our measurements. Especially for the two thinnest Co-layers of 5Å and
6Å there is a large difference between the measured anisotropy. For 5Å this is most extreme,
especially since they see a decrease in anisotropy, compared to the thicker layer, whereas our
measurements show an increase. The difference between the two measurements is probably
a result of a difference in growth conditions. In both cases the layers are grown by sputter
deposition at room temperature. The exact sputter conditions can have a large influence on,
amongst other things, the density and the roughness of the grown layers, the latter of which
is especially relevant for our ultrathin films. However, the growth conditions are not supplied
and thus cannot be compared to our own growth conditions.

• The measured Keff values show the increase we expect for decreasing layer
thickness. A comparison with another study showed a difference in behavior.

In section 2.3.3 we saw that from the thickness dependence, the interface and the volume terms
of the anisotropy can be extracted by multiplying Keff with the thickness of the magnetic
layer tCo and plotting it as a function of tCo. To that end equation 2.20 can be rewritten as

Keff · t = 2Ks + Kv · t, (4.1)

which shows a linear behavior as a function of thickness. In figure 4.10 Keff · tCo is plotted.
What immediately becomes clear in this graph is that there is no strict linear dependence for
the full thickness regime. For the thinnest layers Keff is lower than we would expect. In earlier
work done on magnetic multilayers a similar behavior was seen [38]. They found that for very
low thicknesses, the effective anisotropy deviated from the expected linear dependence. The
reason for this lies in the roughness of the interface layer, which can lead to percolation of the
layer, where the atoms no longer form a closed layer, and interdiffusion between the Co and
Pt layers. An increase in roughness generally results in an increase in interface anisotropy
since the effective interface area increases [50]. However, when the layer is so thin that the
roughness will have effect on the continuity of the layer, the interface area between the Co
and Pt layers is decreased. With this decrease in interface area, the interface anisotropy will
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also decrease. Interdiffusion of the Co and Pt layers will also influence the structure at the
interface and thus also the anisotropy. The interdiffusion becomes more pronounced when
the thickness of the layer becomes comparable to the interdiffusion region.

• Due to interdiffusion and incomplete layers as result of roughness, at low Co-
thickness the anisotropy does not follow the theoretical linear dependence.

In figure 4.10 a linear fit through the data points for thicknesses higher than 4.5Å was traced.
From such a fit the interface and volume terms of the anisotropy Ks and Kv can be deter-
mined. Although the fit shown is considered to be the most likely, other linear fits including
the whole thickness range or one just using the points between 5 and 6.5Å can be argued.
The 8Å sample, however, no longer showed a completely perpendicularly magnetization at
zero field as a result of very low anisotropy and thus could not be included in the analysis.
Although the actual anisotropy could not be accurately determined, this does indicate that
not too far above this thickness the critical thickness is reached where the magnetization
direction completely changes to in-plane. Taking this into account, the linear fit is drawn
in figure 4.10. From this fit the volume and interface anisotropies for the Pt/Co/Pt system
are found to be Kv = −0.9 ± 0.1MJ/m3 and Ks = 0.39 ± 0.04mJ/m2, respectively. When
we compare the volume anisotropy to the shape anisotropy −1

2µ0M
2
S which is approximately

-1.2 MJ/m3 we see that the value of the volume contribution is close to that of the shape
anisotropy. We can understand this by realizing that for thicker layers, where the interface
anisotropy no longer plays an influence, the anisotropy is dominated by the shape anisotropy.
In earlier studies on Pt/Co/Pt systems with different measurement methods and for different
layer deposition techniques, Kv values in the range -0.63 to -1.0 MJ/m3 and Ks values in the
range 0.20-0.76 mJ/m2 have been reported[38]. The values for the anisotropy constants we
found fall nicely within these ranges. A more direct comparison cannot really been made, since
the only Kv and Ks reported for sputter grown Co/Pt systems concern Co/Pt-multilayers.
Comparing with such multilayers is not possible since especially interface conditions, such as
the roughness, are different for each subsequent Co/Pt interface, thus influencing the effective
anisotropy of the system.

• The interface and volume anisotropy terms determined from the linear fit
of Keff · t fall within the range of anisotropy values found in previous studies.
The volume anisotropy is found to be comparable to the shape anisotropy.

4.2.3 Comparing the anisotropy of CoB and CoFeB compounds

Besides the thickness dependence of the anisotropy for Co the dependence of the anisotropy
on the composition of CoB and CoFeB was also examined. The effective anisotropy was de-
termined for four different compositions of Co100−xBx and four compositions of Co80−xFexB20

for both 5 and 6 Å thick magnetic layers. The results of these measurements are shown in
figures 4.11 for CoB and 4.12 for CoFeB.

For the different compositions of CoB we can see that in general the addition of B to the Co
layer causes a decrease in anisotropy, just as it caused a decrease in Ms. The composition
Co80B20 again exhibits a deviation from this trend by showing anisotropies comparable to
those for pure Co and even a slightly larger anisotropy for the 6Å sample.
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Figure 4.11: Effective anisotropy as a function
of x, the atomic percentage B, for different com-
positions of Co100−xBx.
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Figure 4.12: Effective anisotropy as a function
of the atomic percentage Fe for different compo-
sitions of Co80−xFexB20.

In the data for the different compositions of CoFeB we see that while in general the anisotropy
decreases when Fe is added, again the behavior of Co72Fe8B20 is different, showing a sizeable
increase in anisotropy for the 6Å sample and a huge increase in anisotropy for 5Å. The general
decrease in anisotropy we see for most compositions is likely due to the amorphous nature
of CoB and CoFeB. Since amorphous materials grow smoother there will be less interface
roughness. Roughness of the layer increases the actual interface area between the layers. So
a decrease in roughness would lead to decrease in interface effects as we saw in section 2.3.2.
This would also explain why the decrease in anisotropy is not related to the actual Fe or B
content.

• Adding B and Fe leads to a decrease in Keff except for the compositions
Co80B20 and Co72Fe8B20. This decrease is again not linear with increasing
Fe or B content.

The origin of the perpendicular anisotropy we measure lies in the interface effects. In sec-
tion 2.3.2 we saw that most of the interface effects that can be responsible for an increase in
magnetic moment can also result in an increase in interface anisotropy, which would indicate
that samples with a large enhanced magnetic moment will also show a high perpendicular
anisotropy. This would explain the maxima we see for the Co80B20 samples and for the
5Å Co72Fe8B20 sample. However, it does not explain the relative size of the maximum for
the 5Å Co72Fe8B20 sample compared to the other CoFeB compositions, which also exhibit
very high Ms values. Again, the source of the inconsistent behavior could simply lie in the
sample-to-sample deviations we discussed before. Some samples would have to be re-grown
and measured again to see how well these results would reproduce.

Interface and volume anisotropy

In this section the same thickness dependent measurements we showed earlier for Pt/Co/Pt
are repeated for a set of Pt/Co68B32/Pt samples and a set of Pt/Co60Fe20B20/Pt samples.
The determination of the interface and volume contributions is analogous to that presented
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Figure 4.13: The thickness dependence of the
effective anisotropy multiplied by the thickness of
the Co68B32 layer.
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Figure 4.14: The thickness dependence of the
effective anisotropy multiplied by the thickness of
the Co60Fe20B20 layer.

in section 4.2.2. The main differences from the behavior for Pt/Co/Pt are shown in the high-
lighted conclusions, allowing the casual reader to skip parts of this section.
The composition Co68B32 was chosen to see what kind of influence the effect of adding a lot
of B to the layer would have on the behavior of the anisotropy as a function of thickness,
whereas Co60Fe20B20 was chosen since it is the composition that is most used literature. The
results of those measurements are shown in figures 4.13 and 4.14 respectively.

For both the CoB and the CoFeB samples a similar trend as for the the Co samples can be
seen. The flattening of the theoretically linear Keff ·t behavior for low thickness however seems
to be more broad for both compositions. As could be seen from figure 4.11 the difference be-
tween the values of Keff for the 5Å and 6Å samples decreases with increasing B content. This
decrease is probably caused by this broader flattening feature. Since for different Fe contents
no obvious change could be observed, this broader flattening of the thickness dependence can
be attributed purely to the increase in B content. A possible explanation is the increase in
interdiffusion between the amorphous layer and the Pt layer due to the addition of B.

• Adding B to the layer leads to a broadening of the area where the anisotropy
is different from the theoretical linear behavior.

Since the deviation from the linear behavior is now more prevalent than for the Pt/Co/Pt
samples, it is even less trivial to obtain the volume and surface anisotropies from these mea-
surements as it is now more difficult to determine from which thickness to start with the
linear fit. Fitting the data from 6.5Å upwards will give drastically different results than
fitting from 5.5Å upwards. However the same argument that was given for the Pt/Co/Pt
samples holds here. The samples with thicknesses just above the last data point for both
compositions (8Å for CoB and 7.5Å for CoFeB) did not show a fully perpendicular mag-
netization, which indicates that Keff goes to zero there and that the critical thickness is
just above these thicknesses. From the fits shown in the figures the constants are found
to be Ks = 0.36 ± 0.08mJ/m2 and Kv = −0.8 ± 0.02MJ/m3 for the CoB samples and
Ks = 0.44±0.08mJ/m2 and Kv = −1.2±0.2MJ/m3 for the CoFeB series. When we compare



4.2. ANISOTROPY 57

Figure 4.15: SEM image of a structured sample with Hall crosses.

this to the values we found for our Co samples we see that for CoB the volume and interface
contributions are slightly lower, whereas the CoFeB series shows a slight increase in both
values compared to those for Co. For CoB this is what we expected to find, since we saw
previously that adding B resulted in a decrease of Keff , and as we stated there, this decrease
in anisotropy is caused by the decreased layer roughness we achieve due to the amorphous
growth of CoB. For the CoFeB samples, we expected to also find a lower Kv and Ks compared
to Co, based on the measurements shown in figure 4.12. The decrease we found there however
is likely caused by the broader flattening feature in the Keff · t-plot, whereas the intrinsic Kv

and Ks are actually higher.

• Compared to Co, the values for Kv and Ks are lower for Co68B32 and higher
for Co60Fe20B20.

4.2.4 Hall crosses

The last type of anisotropy measurements done are those on the structured samples described
in section 3.1. As was stated, these samples were grown on substrates with a thick 2µm layer
of SiO2. This was necessary to ensure that the current keeps flowing through the magnetic
structure. At first, Hall crosses were created on the same substrates we used for our un-
structured samples. However, there a large part of the current flowed through the substrate
instead of through the structure. Since SiO2 is a very good insulator, adding a thick layer of
it helped to make sure that the current flowed where it was wanted. In figure 4.15 a SEM
image of an actual structured sample is shown.

The measurements performed on the Hall crosses are done at a much lower current than those
done on the unstructured samples to prevent the current density from increasing too much
when decreasing the size of our structure since this could potentially increase the temperature
of our structures due to Joule heating, resulting in a change or even destroying the magne-
tization in our samples. Since we now probe a smaller area within the Hall cross, the Hall
voltage we measure is also decreased. Despite this decrease in signal, obtaining the anisotropy
from these measurements does not prove to be a problem. In figure 4.16 such a measurement
on a 25 µm Hall cross is shown. The signal to noise ratio of these measurements is higher
compared to those done on the unstructured samples, but this does not affect the accuracy
of our measurement much, since the largest error still comes from the inaccuracy in the cal-
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Figure 4.16: Measurement of the perpendicular magnetization in a 25 µm Hall cross as a function
of the applied field for different angles of the applied magnetic field.

culation of Ms. We can also see in the figure that even in the small structured Hall crosses
the measurements show a buckling of the magnetization for angles close to the plane of the
sample.

• Even in small Hall crosses Keff can easily be determined, making it possible
to directly measure Keff in small structured devices.

d (µm) Keff(MJ/m3)
unstr. 0.44±0.06

50 0.51±0.08
25 0.54±0.08

Table 4.1: The effective anisotropy for the different diameters of the Hall-crosses for a 6Å Co layer.

In table 4.1 the results of the measurements done on Hall crosses are displayed for samples
with a 6Å Co layer. Keff was determined for two Hall crosses and compared to that of
the large unstructured 6Å Co sample. We find that for a decreasing cross diameter Keff

increases. The difference mainly originates from the difference in area that is probed. In
the large unstructured samples, the area which is probed with the EHE is large and not
very well defined and as such will have a lot more imperfections and other features in the
probed area. In the small Hall crosses the probed area is extremely small in comparison and
much better defined. The reduction of these imperfections and other faults can result in the
higher anisotropy that we measure for the small Hall crosses. Other effects that can possibly
influence the effective anisotropy are effects at the edge of the structure, however, if these
have any effect it is likely to be small since the surface of these edges is very small due to the
ultra small thickness of the layer. To be able to gain more insight in the exact origin of the
change in Keff more measurements are necessary on even smaller structures.
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Figure 4.17: Magnetization as a function of the temperature, measured with SQUID. The solid line
is the fit with equation 2.21 to determine the Curie temperature and critical exponent β. At each
temperature ten measurements of the magnetization are performed.

• A decrease in structure size leads to an increase in Keff .

This increase in Keff is incredibly useful for device applications. It means that when we go
to smaller structures the anisotropy will increase and as a consequence also the width of the
DWs will become smaller, which results in the decrease in the critical current needed to move
the DWs, as we saw in section 1.1.3, that is desired for DW motion applications.

4.3 Temperature dependence of the magnetization

For each of the samples for which we determined Ms we also measured the magnetization
as a function of temperature with SQUID. This was done to obtain the exchange stiffness
A, which will be used in the buckling model we will discuss in section 4.4, and which is a
parameter that influences the width of the DWs. The exchange stiffness can be determined
from the temperature dependence of the magnetization by the two methods we described in
section 2.4.2, namely Bloch’s T 3/2 law and Bruno’s 2D model. First a typical measurement
will be shown and TC and the critical exponent β will be determined. Then, using the two
models A will be calculated and discussed.

4.3.1 Curie temperature

In figure 4.17 a typical SQUID measurement of the magnetization as a function of temperature
is shown, in this case one for a Pt/Co/Pt sample. As we expected to see, the magnetization
decreases as the temperature is increased. Although we did not measure temperatures high
enough to see the complete disappearance of the magnetization at the Curie temperature,
since measuring at too high temperatures can easily alter the structure of an amorphous
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Figure 4.18: Curie temperature as a function of
x, the weight percentage B, for different compo-
sitions of Co100−xBx.
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Figure 4.19: Curie temperature as a function
of the weight percentage Fe for different compo-
sitions of Co80−xFexB20.

sample, the fit of the data points with the empirical formula in equation 2.21 allows us to
estimate the Curie temperature from the data. In figures 4.18 and 4.19 the results of these
measurements for the different thicknesses and compositions of CoB and CoFeB are shown.

What immediately should become apparent from these figures is that the Curie temperature
is much lower than that of bulk values. The TC of bulk Co and Fe are ∼1400 K and ∼1100
K, respectively, the TC of CoB and CoFeB is not known exactly but found to be higher than
800 K [51]. The decrease in Curie temperature for our ultrathin layers compared to that of
bulk systems again stems from interface effects. In these ultrathin layers almost all atoms
in the layer are so close to the interface that they will have less neighbors than atoms in
the bulk of thicker layers have. Since each atom interacts with fewer neighboring atoms, the
interaction energy is lowered and it is easier for temperature induced disorder to disrupt the
system. This is illustrated by theoretical calculations of TC for a single monolayer, which can
show Curie temperatures as low as 100 K [43].

• For ultrathin layers TC is significantly reduced compared to bulk values.

Since all measured TC’s are low and relatively close to each other trends depending on compo-
sition cannot be identified. The only trend that seems to appear in figure 4.19 is the decrease
in TC for increasing Fe content in the CoFeB samples. This apparent decrease in TC for
increasing Fe content corresponds well with the lower bulk TC values for Fe compared to Co.

4.3.2 Critical exponent

The other interesting parameter we obtained from the fit of the temperature dependency is
the critical exponent β. In section 2.4.1 this critical exponent was shown to be dependent
on the dimensionality of the system. In table 4.2 the critical exponents for our samples are
shown.

When we compare these values of β to those calculated for the different models in section
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Composition β

5Å 6Å
Co 0.35 0.33
Co92B8 0.46 0.37
Co80B20 0.36 0.47
Co68B32 0.42 0.30
Co72Fe8B20 0.42 0.23
Co60Fe20B20 0.49 0.25
Co48Fe32B20 0.41 0.24

Table 4.2: Measured data of the critical expo-
nent β for the samples with different composition
and thickness of Co, CoB and CoFeB. The rela-
tive error in the measured β parameters is ∼15%.

System β

2D Ising 0.125
2D XY system 0.231
2D Heisenberg –
3D Ising 0.325
3D XY system 0.345
3D Heisenberg 0.365

Table 4.3: Theoretically calculated values of the
critical exponent β for the different 2D and 3D
models. Table edited from [34]

2.4.1 and repeated in table 4.3, we could try to draw conclusions from these values about the
dimensionality of the system. However, as we stated in section 2.4.1, the values of the critical
exponent in table 4.3 are calculated for systems without any anisotropy contributions that
break the symmetry of the hamiltonian. As should be clear from the introduction, however,
the ultrathin devices we are investigating show very high anisotropy, which can drastically
change the critical exponents, since the addition of anisotropy breaks the symmetry of the
hamiltonian, and the critical behavior changes [34].
For an isotropic system we would expect that as the dimensionality from the device changes,
the critical exponent would increase when going from the 2D to the 3D regime. While our
measurements show almost no change between 5Å and 6Å for the Co samples, for CoB and
CoFeB we see that β decreases when the thickness is increased from 5Å to 6Å with the ex-
ception of Co80B20. This is of course completely contrary to what we would expect based
on the theoretical work for the isotropic systems. This could be an indication that for these
highly anisotropic samples the behavior of β is completely dominated by the anisotropy. The
decrease in β we see for almost all of the amorphous samples could then be explained by the
similar decrease in Keff for increasing thickness. However, this speculation does not hold for
the pure Co samples.

• Measured values of β do not compare well with theoretical estimations, due
to anisotropic influences.

4.3.3 Exchange stiffness

In this section we will be determining the exchange stiffness A which we will then use in
our buckling model in section 4.4. Also, A partly determines the width of domain walls in
our devices as we saw in equation 1.1. In section 2.4.2 we showed that there are two ways
to determine A from temperature dependent measurements. The first of these is based on
Bruno’s 2D model assuming a monolayer of magnetic material, where the exchange interac-
tion is related to TC. From the measurements of TC we showed before, an estimation of A
can thus be made. The second uses spin-wave theory to describe the magnetization behavior
for low temperatures through Bloch’s T 3/2 law. We will start with the latter.
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Figure 4.20: Magnetic moment as a function of T 3/2. From the linear fit the exchange stiffness can
be determined.

In figure 4.20 the data shown in figure 4.17 is plotted again, this time as a function of T 3/2.
The data in this graph show a complete linear decrease for the magnetization as a function
of T 3/2, which is what we would expect from spin-wave theory. This sample showed no devi-
ation from the linear behavior up to the temperatures we measured, however some samples
did show an extra decrease for higher temperatures, which is caused by an extra disorderly
behavior resulting in a lower remanence of the magnetization. From the slope of the linear
fit, A can be determined as described in section 2.4.2.

• Measurements of the magnetization show the linear behavior with T3/2 which
is expected from spin-wave theory.

The other way to determine A is from the 2D model Bruno describes[43], which utilizes the
TC values we obtained in the previous section. To calculate A from the TC the model also
uses the parameters Keff and Ms. The calculation of A can only give a rough estimate for
both methods, since to calculate the exchange stiffness, parameters such as the total spin S
and lattice constant a are needed. The values of both properties are not exactly known for
the systems we investigate, however they can be roughly estimated, which does allow us to
compare the values of A we find for the different models.

• The value of A can not be exactly calculated, but can be estimated.

The results of both methods for determining A are given in table 4.4. The first thing we see
is that we find a very different behavior of A from both methods. While both methods give
values for A that are in the same order of magnitude, the estimated values of the exchange
stiffness from the Bruno model are roughly a factor two lower than those of using Bloch’s T 3/2

law. More importantly, the results for Bruno’s model show a decrease of A with increasing
thickness whereas this behavior is the opposite for the other model where generally A increases
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Composition A (×10−10 J/m)
Bloch Bruno

5Å 6Å 5Å 6Å
Co 2.1 2.1 1.5 1.0
Co92B8 1.8 2.0 1.4 1.0
Co80B20 2.2 2.1 1.2 1.3
Co68B32 1.7 2.4 1.2 1.1
Co72Fe8B20 2.2 2.7 1.7 1.1
Co60Fe20B20 1.9 2.5 0.8 0.5
Co48Fe32B20 1.7 2.3 0.9 0.5

Table 4.4: The exchange stiffness extracted from our measurements, calculated for both Bloch’s T 3/2

law and Bruno’s 2D model.

for an increase in layer thickness. The decrease in A for the Bruno model originates from
the decrease in Keff for increasing thicknesses. Due to the reduced symmetry for decreasing
thickness it is more likely that the exchange stiffness we estimate would also decrease, which
makes it more likely that Bloch’s T 3/2 law gives us the best indication of the behavior of A.

The problem with using the Bruno model to estimate A is that it assumes a purely 2D
magnetic behavior and models the layer as a single monolayer of magnetic material, while in
reality our systems will be much more complex. Either the material is thicker and more than
the single layer is present, or the layer will show percolation and there is no closed layer of
atoms.

• The two models give a factor two difference for A and show different be-
havior of A for a change in thickness. Bloch’s T3/2 law gives the more likely
behavior.

When we compare our estimations of A with those for bulk Co en Fe, which are 3.05 and 2.10
×10−11J/m respectively, we see that our estimation of A is a order of magnitude larger than
the values for bulk. As we mentioned earlier, with the reduced symmetry in our ultrathin
layers we expect A to decrease with layer thickness. When we compare our measurements
of A with those calculated for the Pt/Co/Pt in the study by Metaxas et al. [42], who used
the Bruno model, we see that they also see an increase in A for increasing thickness. The
values they report, however, are an order of magnitude lower than what we find, closer to the
bulk values of A. This can partly be caused by different growth conditions for their samples
as we mentioned earlier. Another possible explanation why the value we estimate is higher
than both their results and the bulk values can lie in the estimation we make of the various
parameters we use to calculate A.
Comparing the different compositions of CoFeB, we see that for an increase in Fe content A
is decreased, which is exactly what we would expect since the bulk value of A for Co is higher
then that of Fe.

Now that we have an estimation of the exchange stiffness A in our materials we will turn
to the phenomenon we encountered when we measured the anisotropy of our samples, the
buckling of the magnetization.
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Figure 4.21: EHE measurement of the magne-
tization as a function of applied field, which is
under an angle of 89◦ with the film normal. The
data points show the measured data and the solid
line the expected Stoner-Wohlfarth behavior.
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Figure 4.22: Simulation of the total magneti-
zation as a function of the applied field, which is
under an angle of 89◦ with the film normal, using
the 1D-model. The solid line shows the Stoner-
Wohlfarth behavior.

4.4 Buckling of the magnetization

In figure 4.7 we saw that for a field applied at angles above 80◦ with the film normal the mag-
netization could no longer follow the Stoner-Wohlfarth model. In figure 4.21 the measurement
at 89◦ is shown again. Above a field of 300 mT the magnetization we measure dramatically
decreased as the uniform macrospin magnetization breaks down and the so-called buckling of
the magnetization occurs. The same effect could be seen for every thickness and composition
of our samples and even in small Hall crosses.
To show that the magnetization buckles, a 1D-model was developed which was described in
section 2.1.1. In this model we describe the magnetization of the layer by a linear array of
microspins, as was shown in figure 2.3. By changing the applied magnetic field and then
minimizing the energy of each individual microspin, the behavior of the total system is de-
scribed. The total magnetization is then the sum of all the individual magnetizations. By
doing this for a whole range of applied fields the behavior of the total magnetization as a
function of field can be simulated. Such a simulation of the magnetization behavior in our
1D-model, for an array of 50 vectors, is shown in figure 4.22 for a field applied under an angle
of 89◦ with the film plane. All analysis in this section are done at the angle of 89◦ since
at this angle the buckling effect is most pronounced. In this figure we can clearly see that
above a field of ∼ 500 mT the magnetization drastically drops and buckles. What happens to
the individual microspins in our model at this transition is schematically shown in figure 4.23.

• Simulations with the 1D-model successfully show buckling of the magneti-
zation.

When we compare the simulation with the actual EHE measurement a few things can be
seen:
Instead of the gradual decrease in magnetization compared to the expected Stoner-Wohlfarth
behavior which we see for our measured data, in our 1D-model at the point where the mag-
netization buckles, the magnetization almost completely disappears instantaneously. Also,
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Figure 4.23: The simulated behavior of a subset of the 50 microspins at different points on the graph
in figure 4.22. At zero field the microspins are perpendicular to the plane (a), with increasing field they
coherently rotate away from the easy axis (b), above the buckling field the dipole-dipole interactions
start to play a role and to minimize the energy some of the microspins change direction, which also
influences the neighboring microspins (c), as the field is increased the microspins rotate further in-
plane and some flip back due to the Zeeman energy (d), finally for very high fields the Zeeman energy
starts to dominate again and all vectors will align with the field (e). In (f) the orientation of the
applied field is shown.

the buckling occurs at lower perpendicular magnetizations and thus at larger angles of the
microspins with the film normal in the simulation.
Both effects could be a result of the way the model minimizes the energy. Since the model
calculates the energy minimum for one microspin at a time, this means that for each mi-
crospin the local minimum is found. However, by minimizing in such a way global minima
might not be found. Solving this difficulty is not trivial; one option is to use cleverly chosen
starting conditions for the microspins in which domains may already be present. However the
difficulty there lies in the fact that choosing artificial starting conditions can also lead to the
system finding itself in another local energy minimum that is determined by these starting
conditions (instead of the global minimum), so this should be handled with care. Another
possible idea for finding such a global minimum is first simulating only a few large macrospins
and finding the minima for those, after which each large spin vector could be broken up into
several smaller vectors with the same direction, which could then again be minimized, which
of course can be repeated again for even smaller microspins.

Using the buckling model directly to describe the data we measure is difficult because of
the aforementioned differences between measured and simulated data. On top of that, the in-
troduction of the dipole-dipole interactions between de microspins also has a consequence for
the parameters we use in the model. In the Stoner-Wohlfarth model dipole-dipole interactions
were partly responsible for the shape anisotropy and included within that term and thus also
included in Keff . This means that the value of Keff we supply to our buckling model does not
correspond to the Keff in the Stoner-Wohlfarth model. The parameters for the simulation we
showed in figure 4.22 were Keff = 1.2MJ/m3 Ms = 1500kA/m and Ai,j

r2 = 0.13MJ/m3, while
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Figure 4.24: Measurement of the field at which
buckling occurs as a function of Keff .
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Figure 4.25: Simulation of the field at which
buckling occurs as a function of Keff .

anisotropy obtained from the Stoner-Wohlfarth fit was Keff = 0.4MJ/m3.
If we assume that Ai,j is of the same order as the exchange stiffness we estimated in the
previous section, this would mean that the distance between two microspins would be ap-
proximately r ≈ 50 nm for the buckling to occur. This in turn means that the size of
‘domains’ of different magnetization are also in this order of magnitude, which would explain
why we still see the buckling effect in our small Hall crosses.

Despite the aforementioned difficulties with the model, it is still very useful to describe the
relative effects of changing the parameters of the model. When we look at the field at which
the buckling occurs Bbuck, we see that Bbuck changes when the thickness of the layer and thus
Keff is changed. In figure 4.24 the measured relation between Bbuck and Keff is shown for
measurements done at an angle of 89◦. In figure 4.25 the same relation is shown, only now for
the simulations with the buckling model. We see that with increasing Keff the buckling field is
also increased. We can conceptually explain this by understanding that when the anisotropy
is increased, the magnetization will rotate away from the easy axis more gradually, this in-
creases the field at which the microspins are rotated far enough away from the easy axis for
the dipole energy to start dominating the behavior and thus for the buckling to occur.
When we compare the measurements with the simulations we see that the simulations re-
produce the effect we saw in our measurements. When we fit the behavior of Bbuck as a
function of Keff with a linear relation. We then find that the slope c of the linear fit compares
very well for both the measured data, c = 1.3 ± 0.1 × 10−6Tm3/J, and the simulated data,
c = 1.4 ± 0.1 × 10−6Tm3/J. Besides being able to describe the buckling effect qualitatively,
we can see that trends in the buckling behavior can also be described semi-quantitatively.

• The buckling model can qualitatively describe the effects we see. Simulations
with the model reproduces the Keff dependency of the buckling field we
observed in our measurements.

The development of the buckling model has led to a better understanding of the physics
governing these high angle effects. Now that we are able to qualitatively describe the buckling
of the magnetization with the model, we have a complete understanding of all the effects we
see in our EHE measurements.
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Conclusions and Outlook

5.1 Summary and final conclusions

The aim of the research in this thesis was to determine the magnetic properties of perpen-
dicularly magnetized Pt/Co100−x−yFexBy/Pt devices to examine what would be optimal for
usage in domain wall motion experiments.

To determine these magnetic properties, samples were fabricated for all the compositions
with varying thicknesses. Due to the large amount of samples needed for this study only
a single set of samples was fabricated for each composition. In our study we found some
interesting results, and although we are confident in the accuracy of our measurements and
the reproducibility of our samples, it would be useful to recreate some samples to check the
reproducibility of the data and exclude sample to sample variation.

Two different measurement methods were utilized to determine the magnetic properties, mag-
netometery using the extraordinary Hall effect to measure relative changes of the magnetiza-
tion for different applied fields and field angles, and SQUID measurements to determine the
absolute magnetic moment. We showed that from SQUID measurements we could determine
the saturation magnetization Ms. The largest error in the determination of Ms which is de-
fined as the total magnetic moment per volume, was found to originate from the uncertainty
in the layer volume.
With SQUID we also measured the temperature dependence of the magnetization to extract
the Curie temperature TC and exchange stiffness A. For the latter we used Bloch’s T 3/2

law and Bruno’s 2D model. Because of the uncertainty of some of the model parameters in
both methods, the exchange stiffness could only be estimated and was found to be an order
of magnitude higher than those found in another study and for bulk values. Both methods
showed a different behavior for A as a function of thickness, and Bloch’s T 3/2 law was found
to be the most reliable of the two methods.
The EHE measurements were used to determine the effective anisotropy Keff and the second
order crystalline anisotropy K2. We succeeded in obtaining these anisotropy constants by fit-
ting the measured EHE data with the Stoner-Wohlfarth model. The largest error in Keff was
found to originate from the uncertainty in Ms. The error in K2 has two origins, the buckling
of the magnetization at high field angles and the inaccuracy in the fitting algorithm. The most
reliable information about K2 is extracted from the high angle measurements, however, in

67
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this regime buckling of the magnetization occurs, which made fitting this regime impossible.
Thus, only the low angle regime could be fitted, resulting in a high inaccuracy in the fitted
value of K2. Since, in addition, the value of K2 was found to be relatively small compared to
Keff , it was difficult to get reliable data for K2.

To describe the buckling of the magnetization we developed a 1D-model based on energy
considerations of an array of microspin vectors. The model was able to qualitatively repro-
duce the buckling behavior we observed in our measurements. Simulations with the model
showed similar dependencies on physical parameters as the measured data did, giving us a
complete understanding of the EHE measurements.

In all measurements we observed that interface effects have a large influence on the mag-
netic properties of our devices. Besides the contribution of the surface anisotropy which
results in the perpendicular magnetization of our devices a number of other interface related
observations could be made. For both CoB and CoFeB we saw a huge increase in Ms of more
than 50% compared to the bulk values, which we attribute to the interface contributions,
whereas we saw a decrease in TC compared to the bulk behavior.

The EHE measurements from which Keff was determined showed the expected higher values
of Keff for thinner layers, although the anisotropy at low Co-thickness did not follow the theo-
retical linear dependence. Interdiffusion and incompletely formed layers as result of roughness
cause this decrease of the anisotropy for the thinnest layers compared to the linear depen-
dence. From the linear fit of Keff · t as a function of tCo the interface and volume anisotropy
terms were found to be Kv = −0.9 ± 0.1MJ/m3 and Ks = 0.39 ± 0.04mJ/m2, respectively,
which is comparable to values found in literature.
We showed that EHE measurements could also be used to determine Keff in small structured
Hall crosses. This gives us a powerful tool to directly measure the anisotropy even in the
small structures used for DW motion applications. We found that when the structure size
was decreased, Keff is increased, which is probably related to a decrease in imperfections.

We compared samples with different compositions of CoB and CoFeB. While our data showed
a general decrease of Ms and Keff with the addition of B to the Co and a general increase of
Ms and decrease of Keff with the addition of Fe to the CoB, these changes did not simply scale
with B and Fe content. The main reason for this is the change in the structure of the material
with changing contents. Since the magnetic properties are dominated by the interface effects,
they are very dependent on structural changes. Two compositions, Co80B20 and Co72Fe8B20,
were found to have the best properties for DW motion, with most notably a huge effective
anisotropy of Keff = 1.1 ± 0.1MJ/m3 for the sample with 5Å Co72Fe8B20, which is a factor
two higher than any of the other compositions. Since high anisotropies lead to a narrow DW,
which we prefer for DW motion applications, this would make compositions with 20 at% B
and in particular a layer of Co72Fe8B20 with a thickness of 5Å the ideal candidate for use in
DW motion devices.

To conclude:

• We reliably measured the magnetic moment of ultrathin magnetic layers and determined
the saturation magnetization Ms.
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• From Stoner Wohlfarth fits of the EHE data, using Ms, the value of Keff in our ultrathin
layers can be determined, even in sub-micron sized devices.

• In the EHE measurements we saw buckling of the magnetization, which has only been
hinted at in literature. A 1-D model was developed which could qualitatively describe
the effects we observed in measurements.

• The optimal compositions for DW motion are compounds with 20 at% B. Specifically
the 5Å Co72Fe8B20 device seems ideal due to the very high perpendicular anisotropy of
Keff = 1.1± 0.1MJ/m3.

5.2 Outlook

The measurements of Keff for the different compositions of CoFeB showed that a magnetic
layer of 5Å Co72Fe8B20 could be the ideal candidate for application in DW motion devices
due to its high effective anisotropy. The first step for future research would be to make sure
that this effect reproduces, to verify that this composition is indeed the optimum for device
applications.

To date, due to pinning, no DW motion has been observed in Pt/Co/Pt layers using solely
current induced DW motion. Since CIDWM was demonstrated in Pt/Co/AlOx layers [19],
those kind of structures can be fabricated in our lab and the anisotropy of such devices de-
termined. Another interesting option might be combining this with the amorphous CoFeB in
Pt/CoFeB/AlOx devices.

To better study the effects of structure size on the anisotropy a complete study should be
made of small structured devices with different widths and compositions. Especially creating
and measuring even smaller devices than the one we measured, with dimensions of 5 and 1 µm
width and even sub-micron sized, would be very useful, since all future device applications
will be based on micro- or nano-wires.

Once this has been done, measurements on actual DW motion devices will need to be per-
formed to compare DW motion results with the parameters found in this work. Before such
measurements can be done, we will need to optimize the nano-structuring processes, to reduce
DW pinning by the roughness at the edges of a wire. However, this was outside the scope of
this thesis.

Another possible spin-off from this research is to use a technique shown in the work by
Aziz et al. [52], who used a focused ion beam to locally irradiate a magnetic structure with
Ga ions, (partly) destroying the interfaces in the material and thus reducing the anisotropy.
This technique could be used to locally modify the anisotropy of our devices to create local-
ized sites in nano-wires where it would be energetically favorable for the DW to remain, such
as the currently used notches in nano-wires [15, 18]. The anisotropy of the structure after
irradiation can easily be determined in the same way as we demonstrated in this thesis.
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