
 

Another spin in the wall : domain wall dynamics in
perpendicularly magnetized devices
Citation for published version (APA):
Lavrijsen, R. (2011). Another spin in the wall : domain wall dynamics in perpendicularly magnetized devices.
[Phd Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische
Universiteit Eindhoven. https://doi.org/10.6100/IR693486

DOI:
10.6100/IR693486

Document status and date:
Published: 01/01/2011

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR693486
https://doi.org/10.6100/IR693486
https://research.tue.nl/en/publications/8133e9aa-e667-498e-b71f-2df249fa3ae1




Another spin in the wall
Domain wall dynamics in perpendicularly magnetized devices

Reinoud Lavrijsen



The Ph.D committee consists of the following members:

prof.dr.ir. H.J.M. Swagten 1e promotor, TU/e
prof.dr. B. Koopmans 2e promotor, TU/e
dr.rer.nat. J.T. Kohlhepp copromotor, TU/e

prof.dr P.J. Kelly lid kern-commissie, Universiteit Twente
prof.dr. K.A.H. van Leeuwen lid kern-commissie, TU/e
dr. C. Marrows lid kern-commissie, University of Leeds
prof.dr. S.S.P. Parkin lid commissie, IBM Almaden research center

The work described in this thesis has been carried out in the group Physics of
Nanostructures, at the Department of Applied Physics, Eindhoven University of
Technology, the Netherlands.

Cover design by Tessa Lavrijsen. It shows an artists impression of a spin-
polarized bird passing through a domain-wall pulling the wall towards the reader
(front) or pushing the wall away from the reader (back) depending on its sense of
rotation, indeed, another spin in the wall.



Another spin in the wall

Domain wall dynamics in perpendicularly magnetized devices

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de

rector magnificus, prof.dr.ir. C.J. van Duijn, voor een
commissie aangewezen door het College voor

Promoties in het openbaar te verdedigen
op donderdag 27 januari 2011 om 16.00 uur

door

Reinoud Lavrijsen

geboren te Misikhu district Bungoma, Kenia



Dit proefschrift is goedgekeurd door de promotoren:

prof.dr.ir. H.J.M. Swagten
en
prof.dr. B. Koopmans

Copromotor:
Dr.rer.nat. J.T. Kohlhepp

A catalogue record is available from the Eindhoven University of Technology
Library.

ISBN: 978-90-386-2417-4

This research was supported by NanoNed, a Dutch nanotechnology program
of the Ministry of Economic Affairs. Flagship NanoSpintronics.
Project number 6474/7152 - 1B1

Printed by Ipskamp Drukkers B.V., Enschede

Copyright c©2010, R. Lavrijsen.



Contents

1 Introduction 9
1.1 Spin transfer torque and racetrack memory . . . . . . . . . . . . . . 10
1.2 Domain-wall Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3 Motivation - Spin transfer torque efficiency . . . . . . . . . . . . . . 13
1.4 This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Sample fabrication and experimental techniques 17
2.1 Thin film fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.2 Sputter-deposition . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Magnetic characterization . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Superconducting quantum interference device . . . . . . . . . 19
2.2.2 Magneto-Optical Kerr Effect . . . . . . . . . . . . . . . . . . 19
2.2.3 Hall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Nanofabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1 Process Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Scanning Electron Microscope . . . . . . . . . . . . . . . . . . 24
2.3.3 Energy Dispersive X-Ray spectroscopy . . . . . . . . . . . . . 25
2.3.4 Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.5 Reactive Ion Etching . . . . . . . . . . . . . . . . . . . . . . . 30
2.3.6 Ion Beam Milling . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3.7 Focused Ion Beam . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4 Transport measurements . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.4.1 Packaging and electrostatic discharge . . . . . . . . . . . . . . 33
2.4.2 Transport measurement setup . . . . . . . . . . . . . . . . . . 34

3 Magnetization in Pt/CoFeB/Pt for domain wall motion 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Material properties for domain wall studies . . . . . . . . . . . . . . 38
3.3 Exploring Pt/CoFeB/Pt: MOKE magnetometry . . . . . . . . . . . 41

3.3.1 Scanning MOKE . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3.2 Kerr-Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 Magnetic moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.1 Saturation Magnetization . . . . . . . . . . . . . . . . . . . . 45
3.4.2 Curie Temperature . . . . . . . . . . . . . . . . . . . . . . . . 47

3.5 Perpendicular magnetic anisotropy . . . . . . . . . . . . . . . . . . . 47
3.5.1 Signal analysis and fitting routine . . . . . . . . . . . . . . . 49

5



6 • Contents

3.5.2 Perpendicular magnetic anisotropy of CoFeB . . . . . . . . . 50
3.5.3 Domain wall width . . . . . . . . . . . . . . . . . . . . . . . . 51

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Reduced domain wall pinning 55
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3 Magnetic Homogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.4 Barkhausen Volume . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Controlled domain wall injection 61
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.3 Ga+ Irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.4 Micromagnetic Simulations . . . . . . . . . . . . . . . . . . . . . . . 64
5.5 Domain wall pinning . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6 Field driven domain wall motion in Pt/Co/Pt and Pt/Co68B32/Pt
strips 69
6.1 Experimental Method . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.2 Theory of field-driven domain-wall motion . . . . . . . . . . . . . . . 76
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7 Current-assisted domain-wall creep in asymmetric Pt/Co(B)/Pt
strips: Effect of Bloch-wall chirality 83
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
7.2 Theory of current-induced domain wall motion . . . . . . . . . . . . 84
7.3 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.4 Current-assisted domain-wall motion . . . . . . . . . . . . . . . . . . 89
7.5 Chirality of the Bloch-domain wall . . . . . . . . . . . . . . . . . . . 91
7.6 In-plane field polarizing the chirality . . . . . . . . . . . . . . . . . . 95
7.7 Discussion on recent literature and Conclusion . . . . . . . . . . . . 98

8 Fe grown by focused-electron-beam-induced deposition; magnetic
and electric properties. 101
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8.3.1 Fe content as function of beam settings . . . . . . . . . . . . 103
8.3.2 Fe content vs chamber and partial H2O pressure . . . . . . . 104
8.3.3 Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . 106
8.3.4 Electrical transport mechanism . . . . . . . . . . . . . . . . . 107
8.3.5 Magnetic properties . . . . . . . . . . . . . . . . . . . . . . . 109
8.3.6 Saturation magnetization . . . . . . . . . . . . . . . . . . . . 112

8.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.5 Outlook - domain wall motion manipulation with nanomagnets . . . 114



Contents • 7

Summary 117

Curriculum vitae 119

List of publications 121

Acknowledgements / Dankwoord 123

Bibliography 134



8 • Contents



Chapter 1

Introduction

The experiments described in this thesis are positioned within the research field
of spintronics. In this field a fundamental property of the electron, spin, is used
in combination with the charge property used in conventional electronics, hence,
spin-tronics [1]. Spintronics has revolutionized the way we carry, store and exchange
information in our daily life. Without it, our world as we know it today, would be
completely different.

In a semi-classical picture the spin of the electron can be seen, as the name
indicates, as the rotation of the electron around its axis. Two situations can be
identified: spinning clockwise or counter-clockwise around its axis, this is called
spin-down or spin-up, respectively. Recalling that the electron also has an electric
charge one can identify the spinning of the electron as a spinning charge, i.e., a
charge current. As is well-known a charge current results in a magnetic field being
generated. Hence, the spinning of the electron can be seen as a magnetic dipole
moment. The direction of the magnetic dipole moment (north-south pole direction)
depends on the rotation direction. The spin-up and spin-down can be associated
with the orientation of the magnetic dipole moment.

In magnetic materials there is an unbalanced number of spin-up and spin-down
electrons (it is spin-polarized) providing researchers an ideal playground to study
the spin of the electron. The research into how the transport of a spin-polarized
current takes place in magnetic materials has provided us, for instance, with our
current enormous data storage capabilities on the spintronics based hard-disk now
intergrated in nearly every personal computer. The Nobel prize for physics in 2007
was awarded to Peter Grünberg and Albert Fert for their discovery and research
into the giant magneto resistance effect (GMR) in the mid-1980s that led to the
rapid explosion in data storage capabilities [2]. It also was a prime example of the
commercialization of a scientific breakthrough in record time due to the enormous
efforts of commercial companies identifying the potential of the discovery.

The GMR effect is observed when a certain combination of magnetic and non-
magnetic materials is exposed to an external magnetic field greatly changing its
electrical resistance. The key to the GMR effect is the length-scale involved in the
transport of the spin-property of the conduction electrons. Typically, in metals
the spin-property of the electron is conserved over nanometers. The devices should
then have at least one of their dimensions controlled on this length scale to observe

9



10 • Chapter 1. Introduction

the effect. Grünberg and Fert realized this and were able to observe the GMR
effect as a result of advances in nanofabrication. This allowed them to grow the
different materials layer by layer in a very clean environment with an extremely
accurate control of the layer thicknesses down to the atomic scale. The technology
to realize devices with smaller and smaller dimensions has advanced enormously
in the past decades. Nowadays, the lateral dimensions of devices can be controlled
down to the nanometer scale. This has led to the realization of devices that utilize
an effect that can be seen as the opposite of GMR. When a change of the magnetic
state of a material system can influence the electrical current, the current should
in some way also influence the magnetic state; action implies reaction by Newton’s
third law. The experiments described in this thesis are aimed at understanding the
mechanism behind this so-called spin transfer torque effect and will be explained
in the following sections.

1.1 Spin transfer torque and racetrack memory

The direct influence of a spin-polarized current on the magnetization was theoret-
ically predicted in the 1980s by Luc Berger and John Slonczewski and was called
spin-transfer torque (STT) [3–7]. In a magnetic material the majority of the elec-
tron spins are aligned with the magnetization direction of the material. If there
is a transition in the direction of the magnetization in a material say from up to
down, this is called a domain wall. A spin-polarized current that passes through
such a region will also have to change its spin-polarization direction. This will lead
to a reaction force (torque) on the local magnetization transition and is called
STT. For the effect to be observed the current density needs to be of the order of
1012 A/m2. That amounts to one hundred million amperes per square centimeter
of cross-sectional area (108 A/cm2). Due to the heating effect of the associated
enormous total current, the devices would melt long before such current densities
are reached. Therefore, one needs to drastically decrease the total current required,
and find efficient ways to minimize the heating effect. This is exactly what happens
when devices reach dimensions in the nanometer range.

An important driving factor behind the research into the mechanisms and ex-
perimental realization of the STT effect are the commercial possibilities for new
devices. Research has focused mainly on using the STT effect in magnetic data
storage and/or memory. The first products have already made it to the market in
the form of STT-Magnetic-Random-Access-Memory devices where information is
written using the STT effect [8,9]. Another promising device is the so-called race-
track memory devised by Stuart Parkin of IBM research [10]; he was also one of the
driving forces in the 1980s and 90s behind the commercialization and understanding
of the aforementioned GMR effect.

Racetrack memory (RM) combines the best of two devices currently used ex-
tensively to store data; random access memory (RAM), which is fast and reliable,
and the hard disk drive (HDD), which is cheap. The storage method is similar to
a HDD; a ferromagnetic material is divided into areas (domains) where the local
magnetization direction defines the logic ’0’ or ’1’, which represents the bit used
to store information digitally. The RM differs from HDD in how the information is
transported to the position where it can be read or written. Instead of mechanically
transporting the information to the read/write position, or having a dedicated posi-
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Figure 1.1: Racetrack memory as envisioned by Stuart Parkin. A nanowire or
strip is divided into equally spaced regions, where the magnetic orientation defines
whether a logic ’0’ (grey) or ’1’ (dark grey) is stored. After 5 current pulses the
whole bit pattern has shifted 5 positions to the right.

tion for every bit as in RAM, the information is shifted by a spin-polarized current
through the STT effect. This is shown in figure 1.1 where a ferromagnetic strip
or nanowire is divided into equally spaced areas that represent the aforementioned
bits. The grey (dark grey) represent the logic ’0’ (’1’) domains. After injecting 5
current pulses into the strip the whole bit-pattern shifts 5 positions to the right as
indicated in the figure. The direction in which the bit pattern shifts depends on the
polarity (direction) of the current flowing through the wire; thus the information
can be moved back and forth. This concept is not possible using a magnetic field,
since a magnetic field would align all the bits (magnetic domains) in the same direc-
tion, hence, the information stored in the wire would be lost. Finally, when a write
and read element is added the device has all the desired functionalities needed for a
complete non-volatile memory and data storage concept. For a complete overview
and comparison with conventional data storage and memory technologies please
refer to [10].

The key to the functioning of the RM is the STT pushing all magnetic domain
walls in the same direction (in the direction of the electron-flow). The commercial
prospect and the new physics involved make it a very lively and challenging research
field. The proof-of-principle of the RM in the form of a domain wall shift register has
recently been reported in devices using in-plane [11] and out-of-plane [12] magnetized
materials. However, there is still a large spread in the results found in different
laboratories and certain parts of the governing theory are still (heavily) under
debate [13]. This is probably due to the ill-understood details of how the experiments
are (differently) conducted in separate laboratories. Also the large influence of
the fabrication process on the motion of magnetic domain walls and the huge
current densities required make the interpretation difficult. Let us first have a short
intermezzo where we present the basics behind domain-wall (DW) physics. After
that we will continue with a motivation for the research performed in this thesis.

1.2 Domain-wall Physics

The basic physics of field- and current- driven DW motion can be captured in a
very elegant 1-dimensional (1D) model, which despite its crude simplifications, still
captures a great deal of the microscopic process behind DW motion. The theory
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was already developed a couple of decades ago with the advent of so-called magnetic
bubble memory [14]. Nevertheless, thanks to its simplicity it still remains one of the
most widely used toy-models to understand and even further develop new concepts
around field- and current driven DW motion.

The idea behind the 1D model is to assume a DW with a constant profile/shape
as shown in figure 1.3. One can then derive the equations of motion of the DW
using energy minimization arguments, or directly from the Landau-Lifshitz-Gilbert
equation [see section 3.2], the master equation describing magnetization dynamics.
The equations of motion are two coupled differential equations describing the time
evolution of the position of the DW, and tilt angle of the center spin of the DW.���
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Figure 1.2: (a) and (b) DW velocity versus field (H) and current (u) behavior,
respectively, as obtained from the 1D-model. (c) Schematic representation of a
DW pinned in a material with strong DW pinning sites. (d) DW velocity versus
field (or current) in materials with high DW pinning.

Without going into too many details one can analyse the DW velocity (v) as
a function of drive field (H) or current (u) from these equations. This is shown in
figure 1.2(a) and (b) for field and current, respectively. In the case of field driven
DW motion (a) two regimes can be identified. In the first regime, v is linear in
the applied field up to the so-called Walker breakdown (Hw) [15], in this regime
the tilt angle of the DW initially changes but eventually reaches an equilibrium
value. Above Hw the velocity collapses due to a precessional motion of the tilt
angle. At high drive field again a linear behavior is obtained called the linear
precessional regime. In the case of current-driven DW motion (b), v depends on the
ratio between the Gilbert damping α, describing how fast a precessing spin relaxes
towards its equilibrium direction and the so-called non-adiabatic STT parameter
β. When β = 0 there is a critical current needed to induce DW motion, i.e., the
DW will only move when the tilt angle precesses. For β > 0 again a steady and
precessional DW motion regime is observed.

It was found that pure adiabatic STT (β = 0), where adiabatic stands for
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only angular momentum conservation (a perfect tracking of the incoming spin
polarization with the local magnetic profile of the DW), cannot explain the experi-
mental results, and an additional STT contribution is necessary. This contribution
is termed the non-adiabatic STT, and is still heavily under debate [13,16,17]. It is,
however, commonly accepted that one of its origins is the spin polarization of the
current being unable to follow the magnetization texture of a DW [18]. A mistrack-
ing of the spins of the conduction electrons with the local magnetic moments of
the DW is then obtained. This has been predicted to act as a field-like torque on
the local magnetization profile of the DW directly pushing the DW [19]. The direct
force on the DWs is very promising since it greatly increases the STT efficiency
and eliminates the intrinsic threshold current density needed in the case of pure
adiabatic STT [20,21]. The take-home message here is that for β > 0 there is always
DW motion. Hence, there is no critical current needed for DW motion, which is
very appealing for applications.

In real materials, however, the above picture is no longer valid and one should
take into account many other effects. For the materials studied in this thesis DW
pinning is the most relevant of those effect. DWs in these materials get pinned due
to all sorts of structural imperfections (intentional or not). This is schematically
shown in figure 1.2(c) where a DW in a material is shown as a line pinned at certain
so-called pinning sites. In this case the DW acts as an elastic interface folding itself
along these pinning sites. In the case of strong DW pinning the velocity versus
driving field and/or current behaves as shown in (d). For finite temperatures T > 0
the DW can move due to thermal excitations helping the elastic DW move between
pinning sites in a creep-like fashion [22,23]. This is the regime investigated in this
thesis and we will discuss this situation in more detail in chapter 6. For higher
drive fields again there is a transition to the so-called flow regime where the DW
can move without being hindered by the pinning (as described by the 1D model).
Hence, the simple picture as obtained from the 1D model as shown in (a) and (b) is
not observed for materials with high DW pinning. Nonetheless, the understanding
of field- and current driven DW motion is captured in this 1D model and the same
driving processes as described by the α and β parameter are of relevance when a
DW is pinned.

1.3 Motivation - Spin transfer torque efficiency

As mentioned before, the critical current density needed to move a DW is predicted
and observed to be in the order of 1012 A/m2 [24]. This is an enormous value and one
of the goals of the research field is to decrease this critical current density, hence,
to increase the STT efficiency. This development will be greatly facilitated by a
complete understanding of the physics behind the current-induced DW motion.

Historically, most of the research on DW motion has focused on in-plane mag-
netized soft-magnetic materials like permalloy. Soft magnetic materials have an
almost negligible material anisotropy: the preferential magnetization direction de-
pends solely on the geometry of the material. This makes it an ideal material to
study magnetization dynamics. The DWs in this class of materials are relatively
wide in the order of tens of nm (due to the lack of strong magnetic anisotropy),
which make the DWs less sensitive to local structural defects [13]. The shape of the
DWs that are formed depend also on the geometry of the material. Different DW
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shapes move differently under field and current and, moreover, transitions between
them can occur, making the understanding of the DW dynamics rather complex.

In perpendicularly magnetized materials, the preferential magnetization direc-
tion is determined by the material anisotropy. These materials have been investi-
gated since the birth of spintronics, motivated by the potentially larger amount of
data that can be stored per unit surface area. The main advantage for DW motion
studies though is the large perpendicular material anisotropy, also called perpen-
dicular magnetic anisotropy (PMA). This results in narrow domain walls that take
either the form of a Bloch or Néel wall depending on the geometry of the magnetic
material as shown in figure 1.3. The Bloch wall turns out to be stable in relatively
wide and ultrathin structures as used in this thesis. The DWs in these materials
are predicted to have a high non-adiabatic STT efficiency (large β-parameter) since
the incoming electron spins find a large magnetization gradient in the DW.

Figure 1.3: Schematic representation of a Néel wall and a Bloch wall. In both
cases, the wall is the transition region between up and down magnetization, but
they differ in the way the magnetization rotates.

The narrow and elementary DWs are the main motivation to fundamentally
study the current-induced DW motion in these materials. The drawback, however,
is a high intrinsic DW pinning naturally occurring in these materials, as we have
introduced before. This DW pinning is due to the sensitivity of the narrow DWs
to any structural inhomogeneities. The DWs easily get pinned by small fluctuation
of the local energy of the DW associated with these inhomogeneities. So far, this
has lead to only a few reports of purely current-driven DW motion and most of
these reports show results where the motion by current is necessarily assisted by
a magnetic field. Very recently, in fact during the writing of this thesis, a purely
current-controlled DW shift register, which is the first step towards a working RM,
has been demonstrated using a perpendicularly magnetized Pt/Co/Pt material [25].
This shows the rapid developments made in the field. In this specific example
however, the DWs are moved in the direction of current which is currently not
understood. In this thesis we will study current-assisted field-driven DW motion in
perpendicularly magnetized Pt/Co(B)/Pt. We will attempt to explain this peculiar
behavior. In the next section we will discuss how this thesis is organized.

1.4 This Thesis

As suggested by the title, the results obtained and discussed in this thesis deal
with ’Another spin in the wall’. This title refers to the hitherto rather unexplored
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DW motion driven by a field and assisted by spin polarized currents in perpendic-
ularly magnetized materials. The original contribution of this thesis can be briefly
summarized as follows.

We have:

• ...investigated the magnetic properties of CoFeB alloys, sandwiched between
Pt layers, as function of layer thickness and composition, focussing on the
properties needed for easy-DW motion.

• ...shown that Pt/CoB/Pt layers are very promising for DW studies since they
show a decreased DW pinning strength in large homogeneous films.

• ...explored the effect of Ga irradiation on ultrathin Pt/Co/Pt layers allow-
ing us to inject and pin DWs at any arbitrary position, due to a controlled
reduction of the perpendicular magnetic anisotropy, and substantiated this
with a 1-dimensional model and micromagnetic simulations.

• ...designed and fabricated devices where we can (accurately) measure the DW
velocity as a function of current density and magnetic field in magnetic strips
down to sub-micrometer width.

• ...shown that the DW motion direction in current-assisted field-induced DW
motion in perpendicularly magnetized Pt/Co/Pt can be altered depending on
the asymmetry of the stack, possibly explaining the recent results on DWs
violating the current theories on spin-transfer-torque. The results suggest
that a Rashba type spin-orbit interaction can be tuned by simply changing
the asymmetry of the stack.

• ...investigated the electric and magnetic properties of Fe-based magnetic nanos-
tructures created by a relatively new direct write technique; Focused-Electron-
Beam-Induced-Deposition.

• ...shown that these structures show magnetic and electric behavior closely
resembling pure Fe nanostructures. We present a pilot experiment where the
magnetic properties of these on-demand direct-write 3D nano-structures can
be used to manipulate DW motion in perpendicular magnetized strips by the
stray field of the structures.

This thesis is built up following the summary above. We will however, start in
chapter 2 by discussing the sample fabrication, experimental techniques and dedi-
cated measurement setups built for, and used throughout, the thesis. The purpose
of the chapter is to provide a short tutorial for device fabrication and characteriza-
tion techniques of perpendicularly magnetized materials and devices. The physics
behind the techniques will briefly be discussed and further references will be given
for those not familiar with the techniques.

Chapter 3 describes the characterization of the magnetism in Pt/Co(FeB)/Pt
samples where we focus on the parameters relevant for DW motion. Some first
conclusions will be given regarding materials that are most promising for DW
motion studies. Furthermore, we will estimate the DW width in the materials used,
which is shown to be an important parameter in the motivation for efficient current-
induced DW motion.
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In chapter 4 we will focuss on the reduced pinning potential observed in Pt-
/CoB/Pt. The strength/density of pinning sites is investigated by obtaining the
Barkhausen length of the materials from dynamic magnetization reversal measure-
ments. We will show that the Barkhausen length in CoB can be enhanced by a
factor 2 which we speculate is due to a more amorphous growth of the CoB layer
compared to the pure Co.

In chapter 5 we present a way to controllably inject or pin a DW in Pt/Co(B)/Pt
by irradiating the material with Ga ions. We will substantiate the obtained results
with micromagnetic simulations and a 1-dimensional DW model. The presented re-
sults allows us to create tunable pinning sites greatly simplifying the device designs
currently used.

The core of this thesis is presented in chapter 6 and 7 where in chapter 6 we
first explain the method used to measure DW velocities in patterned strips. This is
followed by an overview of the theory and key results in literature on field-driven
domain wall motion in Pt/Co/Pt. This will be compared to our results on field-
driven DW motion in patterned Pt/Co(B)/Pt strips.

In chapter 7 we present our results on current-assisted field-driven DW motion.
Again we will briefly review the theory on current-induced DW motion and discuss
the state of the field. We end the chapter with our most recent results where we
investigate the effect of an injected DC current on the field-driven DW motion.
This will possibly shed some light on the recent observation of current-induced
DW-motion violating the spin transfer torque theory.

Chapter 8 deals with the topic of Fe grown by focused-electron-beam-induced
deposition, a so-called direct-write magnetic nano-pen. We discuss the electric and
magnetic characterization of the deposits made with this relative new technique
to deposit magnetic nanostructures. At the end of the chapter we will discuss and
present a pilot experiment how the technique can be used to influence DW motion
in perpendicularly magnetized Pt/Co/Pt strips by the magnetic stray field of the
magnetic-nanostructures.



Chapter 2

Sample fabrication and
experimental techniques

This chapter presents the fabrication and characterization techniques used to create,
measure and assess the thin films and patterned devices used in this thesis. In
the first two sections we will present the thin film fabrication and magnetometry
techniques. In the last two sections we will present the nano-fabrication techniques,
processing flow and packaging used to create and measure the patterned thin films.
We will introduce the techniques following the processing flow of the devices used in
chapter 4. Finally, we will introduce the home-built transport measurement setup
used extensively in this thesis.

2.1 Thin film fabrication

We start this chapter by describing the way we fabricate thin films and the con-
siderations that have to be taking into account regarding the optimal performance
of current-induced DW motion devices.

2.1.1 Substrates

As substrate we use commercially available Si substrates coated with either a 100
nm or 2 µm thick thermally grown SiO2 layer. This SiO2 layer assures good elec-
trical isolation from the semiconducting Si substrate. The 100 nm thick SiO2 sub-
strates are used for the current-induced-domain-wall motion experiments due to a
higher heat conduction to the underlying Si substrate compared to the 2 µm thick
SiO2 layer. Since the thin films will be used to transport very narrow domain walls
which are very sensitive to irregularities in the structure it is essential that our
surfaces are clean. We therefore always clean our samples thoroughly according to
the same procedure. After cutting the appropriate sample size from a large wafer,
it is rinsed in three steps consisting of a ∼5 minute dip in an ultrasonic (US) bath
in (i) ammonia (25% in H2O) (ii) acetone (iii) isopropanol. Finally, the samples
are blown dry with N2 on a dry cloth making sure the isopropanol is dispersed
to the sides of the sample assuring no residues are left behind. Next the samples
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are fixed on a holder with silver paste or clamps and loaded into a load-lock sys-
tem of the EUFORAC (Eindhoven University nano-Film depOsition Research and
Analysis center). This is a large cluster of deposition, processing and analysis tools
connected by transport chambers all kept at ultra-high-vacuum (UHV). After load-
ing the substrates into the EUFORAC system the final cleaning step is performed
by exposing the substrate to an oxygen plasma, transforming the hydrocarbons on
the surface from the chemical cleaning steps to volatile carbon oxides and water
vapor. This leaves us with a significantly cleaner substrate to grow our layers on.

2.1.2 Sputter-deposition

All the magnetic films used in this thesis are deposited using magnetron sputter-
ing. Sputtering is widely used in research and industry due to the simplicity, high
attainable growth rates, but also the ability to control the deposited layer thick-
ness down to the sub-nanometer regime. Another great benefit of the technique is
the ability to directly deposit from targets consisting of a compound material. The
principle behind sputtering is shown in figure 2.1(a). A target material is placed in
a pure argon atmosphere of 10−2 mbar. When a large potential difference is applied
between the target material and a cathode the Ar gas ionizes and the target ma-
terial is bombarded by highly energetic Ar ions knocking out atoms of the target
material. The stray field of a magnet placed behind the target material effectively
increases the mean free path of the ions and electrons in the plasma (helical paths)
and this increases the ionization rate, allowing the Ar plasma to be stable down
to lower pressures. Finally, the ejected atoms can condense on a substrate forming
the film [26].
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Figure 2.1: Schematic of (a) sputter deposition and (b) wedge growth.

The sputter tool used in this thesis consists of a 6 target deposition chamber
which can be used for either DC or RF sputtering; the RF option allows for the
deposition of insulating materials. The base pressure of the system after a bake out
is 5×10−10 mbar, however, changing the targets requires the vacuum to be broken
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and without bake-out the base pressure after 48 hours is typically 2×10−8 mbar.
No detectable difference has been observed between the magnetic properties of our
films before or after a bake-out. Therefore, the samples in this thesis are deposited
in a chamber with a base pressure of 2×10−8 mbar. During sputtering the Ar
pressure in the chamber is typically 1×10−2 mbar; before entering the chamber the
Ar is passed through a gas filter specified to increase the purity of the commercially
available Ar with 6.0 purity to 9.0 (99.9999999% pure).

A widely used technique in this thesis is the so called wedge-growth as shown
in figure 2.1(b). During sputtering of a material a knife-shaped mask is linearly
retracted above the substrate; this results in a deposit where the layer thickness
varies as a function of position. This allows for the analysis of the layer thickness
in a single sample when a local probe tool is used.

2.2 Magnetic characterization

The most commonly used magnetization characterization techniques are SQUID-
and MOKE magnetometry, and by using the Hall effect. In this section we will
introduce these techniques and the setups used. Wide field Kerr-microscopy is an
essential tool in this thesis since it allows a direct observation of the magnetic
domain structure and thus of DWs.

2.2.1 Superconducting quantum interference device

The superconducting quantum interference device (SQUID) technique is based on
the detection of magnetic flux originating from a specimen. The sample is moved
through superconducting pick-up coils, which are interrupted by Josehpson junc-
tions allowing a very sensitive determination of the change of the flux quanta
passing through the pick up coils. The amount of flux-quanta is a measure for the
absolute magnetic moment of the sample, hence, the absolute magnetic moment
can be determined. The SQUID used in this thesis is a MPMS-5S from Quantum
design with a specified sensitivity of 10−7 emu (= 10−10 Am2). The temperature
can be varied between 1.7 and 400 K and the magnetic field can be swept between
-5 and 5 T [27].

2.2.2 Magneto-Optical Kerr Effect

Another versatile way to measure the magnetization is the magneto-optical Kerr
effect (MOKE). As compared to SQUID, MOKE is less sensitive and does not
provide a direct measure of the absolute magnetic moment. The advantage is that
it is a fast and can be a very local-probe technique (laser setup) or can be used for
wide-field-of-view observations (Kerr microscopy). We will first phenomenologically
explain the physics behind the technique whereafter we will discuss the two setups
used in this thesis.

Magneto-optical techniques employ mainly the Kerr and Faraday effect. Both
are rotational effects, that is plane-polarized light is rotated on transmission through
an optically transparent specimen (Faraday effect) or on reflection from a non-
transparent sample (Kerr effect). Here we concentrate on the Kerr effect since all
samples in this thesis are grown on non-transparent Si substrates. The rotational
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effect of the Kerr effect can phenomenologically be described by considering lin-
early polarized light as a superposition of two circularly polarized components with
opposite helicities. Before such light is reflected from a magnetic medium it travels
a short distance into the medium (≈ 20 nm) where the two modes propagate with
(i) different velocity and undergo (ii) different absorption rates. As a result of (i)
the polarization plane will rotate, and (ii) will cause the beam to acquire a finite
ellipticity.��� ��� ���

Figure 2.2: Definition of the Kerr geometries. (a) Longitudinal (b) Transverse
(c) Polar. The white arrows indicate the magnetization direction.

Three different types of Kerr effect can be distinguished depending on the ori-
entation of the magnetization and the plane of incidence of the light as illustrated
in figure 2.2 (a), longitudinal MOKE, the magnetization is in the plane of incidence
and perpendicular to the surface normal, (b) transverse MOKE, the magnetization
is perpendicular to the plane of incidence, (c) polar MOKE, the magnetization is
in the plane of incidence and parallel to the surface normal. The Kerr sensitivity
will be differently sensitive to its components along the polar, longitudinal and
transverse direction depending on the angle of incidence. The polar Kerr signal,
proportional to the out-of-plane component of the magnetization vector, will be
maximum for perpendicular incidence. A more extensive quantitative account of
the MOKE technique can be found in [28,29].

Kerr laser setup

The MOKE laser setup is based on a polarization stabilized HeNe laser (λ =
632.8 nm), photo elastic modulator, and lock-in detection technique. The field can
be varied between -0.25 to 0.25 T and we have the ability to change the field
sweep rate, which will be an essential feature in chapter 4. For measurements on
homogeneous samples we typically use a laser spot with a diameter of 50-100 µm.
For the study of small devices we have expanded the setup so that the laser spot can
be focused down to a 2 µm spot using a microscope objective, and the possibility
to incorporate a white light source and camera to locate the small structures that
need to be probed. For an overview of the setup please refer to [30].

Kerr Microscopy

Magneto-optical Kerr microscopy is one of the most versatile techniques to image
wide-field magnetic domains and magnetization processes. The field of view can
be from the cm scale down to microns, hence, facilitating direct imaging of the
magnetic domain structure and DWs. The resolution of the technique is limited only
by the diffraction limit and when combined with oil-immersion techniques magnetic
domains down to a width of 300 nm can be observed. Overall the Kerr contrast
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is very low and since the start of the development of the technique many tricks
have been devised such as anti-reflection coatings, indicator films, etc. However,
with the increasing computing capabilities, improved CCD cameras and advanced
real-time digital image processing, domain contrast is seen on virtually all ferro-
and ferrimagnetic materials.
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Figure 2.3: Experimental setup for wide-field Kerr microscopy. Adapted from [31].

Kerr microscopy was initially performed in collaboration with AGH in Krakow
Poland, where a home-built Kerr microscope was available. In a later stage a com-
mercial Kerr microscope was acquired from Evico-magnetics which will be described
in the following. Note here that we largely follow the excellent and comprehensive
overview as given in [31].

The complete setup is schematically shown in figure 2.3, where the main com-
ponents are shown viz., a high intensity and stable light source, an adapted polar-
ization microscope (high quality stress free lenses allowing polarization analysis),
an electromagnet and a digital imaging system allowing real-time image processing.
Here we will explain the most important part of the system, i.e., how to get Kerr
sensitivity in the microscope. The operation is explained by ray diagrams in the
microscope as shown in figure 2.4.

Light emitted from a stable high light intensity Xenon lamp is focused onto
the plane of the aperture diaphragm by the lamp collector lens and is then plane
polarized and deflected downward into the objective lens. The field diaphragm is
imaged on the specimen and thus determines which part of the sample is illumi-
nated. It does not affect the optical resolution or intensity. The latter is rather
controlled by the aperture diaphragm that also determines the angles of incidence
and is therefore crucial for Kerr microscopy. Changing the shape and position of
the aperture diaphragm varies the angle of the light rays reaching the specimen
[figure 2.4(c)], with the largest angle of incidence being limited by the numerical
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Figure 2.4: The essential components and ray paths of a wide-field Kerr mi-
croscope. (a) Illumination path for perpendicular light incidence, and (b) image-
forming path. Oblique incidence (c) requires a displaced aperture slit. The inset
shows the diffraction plane of the microscope for the case of a sheet reflector. Here,
the aperture diaphragm can be viewed and adjusted to fulfill the requirements for
the polar Kerr effect (centered iris diaphragm) or longitudinal and transverse ef-
fects (displaced slit diaphragm). The orientation of the extinction cross depends
on the polarizer setting (indicated by P), with the analyzer (A) and eventually
the compensator being adjusted for maximum extinction. Adapted from [31].

aperture of the objective lens. For instance, when the aperture is centered as in the
case of figure 2.4(a) the light hits the sample vertically, hence a polar MOKE situ-
ation is obtained where the in-plane magnetization components cancel out. When
the aperture is placed off-center the light hits the sample at a certain angle, as
is necessary for longitudinal and transverse Kerr sensitivity. This gives the ability
to change the Kerr effect between longitudinal, transverse and polar sensitivity,
allowing to map the same domain structure with different Kerr sensitivities. As
discussed before we will mainly use polar-Kerr sensitivity in this thesis.

2.2.3 Hall effect

The Hall effect is defined as a potential difference perpendicular to a current
through a material. Many Hall effects can be distinguished, where the ordinary
Hall effect (OHE) is best known [32]. Here we will focus on the anomalous Hall ef-
fect (AHE) also called the extraordinary Hall effect or spontaneous Hall effect [33].
Its exact mechanism is still under debate but it can be either an extrinsic (disorder-
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related) effect due to spin-dependent scattering of the charge carriers or an intrinsic
effect which can be described in terms of the Berry phase effect in the crystal mo-
mentum space (k-space) [34]. The intrinsic case can be thought of as a different scat-
tering of the spin-up and spin-down electrons when the spin-polarization component
is perpendicular to their momentum, as is the case for our perpendicularly magne-
tized materials. The Hall resistivity is written as ρH = ROHEµ0Hz + RAHEµ0Mz

where ROHE and RAHE are the ordinary and anomalous Hall coefficients, respec-
tively, Hz the perpendicularly applied field and Mz the perpendicular component
of the magnetization. In this thesis we will use the AHE to locally detect the per-
pendicular magnetization state in patterned strips [section 3.5]. Finally, we will
also use the AHE effect to measure the perpendicular magnetic anisotropy (PMA).
In the latter case we apply a magnetic field at a certain angle relative to the sample
normal, hence, the magnetic moments will be pulled into the applied field direc-
tion and the AHE effect will decrease according to the perpendicular component
Mz = MS cos(θ). When we assume coherent rotation of the magnetic moments we
can use Stoner-Wohlfarth (SW) theory [35] to fit the data and thereby obtain the
PMA.

2.3 Nanofabrication

Patterning of electronic circuits and making the structures smaller and smaller
without losing functionality is a global effort, and remains today one of the largest
research fields. Up until the start of this thesis most of the research in our research
group had focused on thin-films, where the film thickness can be engineered down
to ≈0.25 nm. To also access the exciting physics when these ultrathin-films are
laterally patterned down to the sub-micron regime a dual-beam system of FEI
company was acquired. It consist of a scanning electron microscope (SEM) and a
focused ion beam (FIB). Both are focused on the same area on a sample allowing
simultaneous observation (SEM) of the surface while it is being bombarded with
ions (FIB) allowing to controllably change the structure very locally. Furthermore,
in-house expertise has been developed in this thesis work for more conventional
patterning techniques such as UV-lithography (UVL), electron beam lithography
(EBL), ion beam milling (IBM) and reactive ion etching (RIE) specifically for
our (magnetic) thin films, where these tool are located in a clean-room. In the
following we will explain the tools and focus on the developed processing steps
used to fabricate functional sub-micron sized devices. We will introduce the basics
of the techniques, for an extensive review of the applications and operating details
we refer to [26].

2.3.1 Process Flow

Designing a process flow for the fabrication of nano-scale devices is a tedious process
where many processing steps are involved, and each of these steps is crucial for the
final operation of the device. Since there was no recipe or expertise available to
create nano-devices at the start of this thesis, significant time has been invested
on optimizing individual steps (which if you are not easily satisfied can be carried
out indefinitely) and characterizing the involved tools for the processing of our
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(magnetic) materials. To put the discussion of the tools in context of this thesis we
will explain them following the process flow of the devices used in chapter 6 and 7.

This device is schematically shown in figure 2.5. For now it suffices to know that
the device is used to measure field and current induced DW velocities, it consists
of the following components:

1. A magnetic strip acting as the DW conduit.

2. Electrical contacts to apply currents through the magnetic strip.

3. Electrical contacts to detect a passing DW by the AHE effect.

4. Controlled DW injection by:

(a) current pulse line creating local Oersted fields

(b) Ga irradiation
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Figure 2.5: Schematic device as used in chapter 6 and 7, the numbers indicate
the different components of the device.

2.3.2 Scanning Electron Microscope

A scanning electron microscope (SEM) is an aparatus where a beam of electrons
are emitted from a source (in our case a field-emission gun) accelerated and focused
through a series of magnetic lenses onto a sample [36]. Through the use of scanning
coils the focused electron beam is scanned over the surface of a sample. When
these electrons hit the sample they suffer repeated scattering and/or absorption.
The interactions with the sample can be detected and are used to characterize the
sample, the interactions can be classified into: backscattered electrons (elastic, high
energy), secondary electrons (inelastic, low energy), and emitted X-rays.

To visualize the topography of the sample typically the low-energy secondary
electrons are detected (originating mostly from the surface) while scanning the
electron beam. This results in an intensity map corresponding to the topography
of the sample. The high-energy electrons can be used to map the atomic-number of
the materials present (high atomic number causes more high-energy backscattered
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Figure 2.6: Scanning electron micrograph of a functional device, the numbers
indicate the different components of the sample corresponding to the schematic
overview shown in figure 2.5.

electrons). Finally, the emitted X-rays can be used to obtain the chemical compo-
sition of the sample since they originate from element specific electron transitions
within the electron shells. The main advantage is the high-resolution specified to
be sub-nm in our machine and the non-destructive nature of the technique. In fig-
ure 2.6 a scanning electron micrograph is shown of a device as was schematically
shown in figure 2.5 using the same labeling. From the intensity of the image one can
distinguish different layer thicknesses as indicated. Also the effect of the insulating
SiO2 substrate can be seen as a charge build-up far from the conducting metallic
leads. This can lead to a bright intensity since the electrons are shielded from the
area.

2.3.3 Energy Dispersive X-Ray spectroscopy

The X-rays that are emitted from a sample under irradiation with the electron
beam can be used for the elemental analysis of a sample. The technique is called
energy dispersive X-ray spectroscopy (EDS or EDX), and relies on the emitted
X-rays when a sample is being hit with high energetic electrons. The process is
illustrated in figure 2.7. When a sample is irradiated with high energy electrons
some of the bound electrons in the sample are kicked out. An electron from an
outer, higher-energy shell can then relax to this lower energy position and release
its excess energy in the form of an X-ray. The energy and amount of the emitted
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X-rays provides an accurate fingerprint of the sample at the probed position. In
EDS the amount of received X-rays versus energy builds up the spectrum which can
be fitted to identify the elements present, and moreover, to obtain a quantitative
measure of the chemical composition of the probed area. The spatial resolution
of the technique depends on the specific sample under investigation and naturally
on the size and energy of the electron probe beam. One should remember that
the probed area is where the detected X-rays are generated, hence, low energy
electrons will primarily generate X-rays close to the surface. High energy electrons
will penetrate deeper into the sample but the generated X-rays at great depth will
not always escape the sample due to reabsorption. Therefore the resolution depends
on many parameters, most importantly the beam energy which should be sufficient
to detect the element under study but not too high to lose resolution due to a large
bulk area where the X-rays are generated.

The used dual beam system is equipped with an EDAX EDX detector allow-
ing to perform local EDS on samples. In this thesis we will extensively use this
technique in chapter 8.
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Figure 2.7: The principle behind EDX, a high energy electron kicks-out an elec-
tron from an lower shell around the atomic nucleus. A higher energy electron can
consequently relax to this position by emitting an X-ray, characteristic for the
element.

2.3.4 Lithography

Lithography is extensively used in all micro and nano-electronics device fabrication,
since it is a fast and cost effective way of creating small electronic circuits. In this
thesis we will use ultraviolet- and electron beam lithography, in short UVL and
EBL. The details of UVL en EBL will be explained in the following paragraphs
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but we first discuss the process flow which is general for lithography. In figure 2.8
the process steps are shown. We start by spin coating a thin resist-layer on the
substrate. This layer is then exposed, i.e., transferring a pattern into the resist
layer by inducing a chemical change of the resist layer. The resist layer is then
developed by a dedicated chemical removing either the exposed (positive) or non-
exposed (negative) resist. This is followed by a pattern transfer step which can be
classified as a subtractive process (left path) or an additive process (right path).
In the subtractive process material is removed from the substrate, the resist layer
protects the substrate. In the lift-off process material is deposited on the whole
substrate and resist. Both of the processes are followed by a removal step where the
resist is removed from the substrate. In both cases the pattern has been transferred
to the substrate and by repeating the process a complex device can be built.��������������������	
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Figure 2.8: Processing flow of lithography indicating the steps taken and the
final pattern transfer being either subtractive or additive.

UV Lithography

In UV-lithography UV-light is used to expose the resist through a mask containing
the wanted design. The advantage of UVL is the fast processing of large areas since
a large area can be exposed directly by a flood light. A Karl-Suss MA6 mask aligner
for substrates up to 2 inch is available, it can reach a resolution down to 600 nm
when care has been taken in the design of the mask and the used resist. In this
thesis UVL is used for the creation of the electrical leads contacting to our small
devices. The leads consist of an e-beam evaporated Ti(10 nm)/Au(100 nm) layer
where the Ti is used as an adhesive layer for the Au; they are defined by a so-called
lift-off additive UVL process.

We start the device fabrication with new substrates, they are thoroughly cleaned
as explained in section 2.1.1. After the chemical cleaning the substrates are placed
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in a so-called stripper where they are exposed to a powerful 300 W oxygen plasma
for 10 min ensuring all the hydrocarbons are removed from the surface. To make
the resist wet on the substrate we have to create a hydrophobic substrate surface.
This is done by first dipping the substrates for 10 minutes in demineralized-water
to apply a small layer of water creating a hydrophilic surface. These substrates are
then placed in an oven where a thin layer of hexa-methyl-di-siloxane (HMDS) is
applied to the surface (primer), which results in a homogenous hydrophobic surface.
Next we spin-coat a negative maN-415 resist with a layer thickness of ∼ 1 µm onto
the substrate followed by a bake on a hot plate to remove the solvents in the resist.
The substrate is then exposed through a mask in the mask aligner and developed,
removing the resist where not exposed (negative-tone resist).
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Figure 2.9: SEM images of (a) and (b) a low and high magnification of a sub-
strate with resist layer, respectively. In (c) we schematically show the effect of the
undercut in the resist layer, facilitating the lift-off of the excess material. In (d) we
show a high magnification SEM image of a substrate with the Ti/Au layer after
the lift-off.

In figure 2.9(a) we show a low magnification SEM image of a part of the sub-
strate with resist layer. It shows a part of the design where large pads are connected
to increasingly smaller wires used to connect our devices. In (b) a higher magni-
fication SEM image taken at an tilt angle of 50 degrees is shown. Here we clearly
see that the process creates an undercut in the resist layer and that the edges of
the resist are quite rough. Furthermore, the corners of the squares are not sharp
as a consequence of interference effects at sharp corners of the 400 nm UV light
used. In (c) we illustrate the effect of the negative resist featuring an undercut in
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the resist layer. When material is deposited on the whole substrate a small area is
left open where the resist removal chemicals can enter the resist, assuring a clean
lift-off can be attained without tearing the deposited layer. The substrate is then
transferred to an e-beam evaporation tool where the Ti/Au layers are evaporated
onto the sample. Finally, we perform a lift-off in acetone completely removing the
resist layer with the excess Ti/Au. In figure 2.9(d) the Ti/Au layer is shown after
the lift-off. The grains in the Au can clearly be seen, but also the rough edges
typical of an additive UVL lift-off process. Hence, we use UVL to first define the
large contacts, using the advantage of the fast large area exposures at the cost of
resolution and edge roughness.

Electron Beam Lithography

EBL is essentially the same as UVL only now instead of light, electrons are used to
develop an electron sensitive resist layer. The advantage is the increased resolution
but a drawback is the speed of the technique since the structure has to be written,
hence, an electron beam is scanned to obtain the desired pattern. The combination
of UVL and EBL gives us the ability to create large macroscopic electrical contact
pads that can be aligned via cleverly chosen alignment marks with small structures
written by EBL. The used EBL system in this thesis is an add-on RAITH-Elphy
Quantum system installed on the dual beam system of FEI. It uses the beam
scanning hardware of the FEI electron column combined with a high speed beam
blanker. This add-on is specified to reach a resolution of 50 nm, when care has been
taken for proximity effects.

The next step in the sample fabrication process is the definition of the magnetic
strips, which will be aligned relative to the Ti/Au contacts already defined on the
substrate with UVL. This is a multi-step process since the magnetic strips should
be very well defined in order to act as ideal DW conduits i.e., a very clean substrate
should be used and an as low as possible edge roughness is wanted to prevent strong
DW pinning sites. We start with cleaning the pre-patterned substrates and then
define the magnetic layer by EBL and a lift-off process.

We spin-coat a bi-layer of the positive e-beam resist poly-methyl-methacrylaat
(PMMA) onto the substrate. The bottom PMMA layer is a 200 nm thick PMMA
495k A6 resist, where the 495k stands for PMMA polymers with a mean length of
495.000 chains and the A6 stands for 6% solid PMMA weight percent dissolved in
the solvent Anisole. The top PMMA layer is a 50 nm thick 950k A2 layer. After
the exposure the resist is developed and the PMMA layer with shorter polymer
chains dissolves faster than the layer with the long chains resulting in the desired
undercut profile as was also seen in figure 2.9(c). After the resist layer has been
developed the substrate is introduced into the EUFORAC system [section 2.1.1],
where the substrate is shortly exposed to an oxygen plasma to thoroughly clean
the area where the magnetic layer will be deposited. Finally, the magnetic layer is
defined by sputter deposition and again a lift-off process is performed in acetone
to remove the excess material and PMMA. This process will later also be used
to define the electrical contacts [components 2, 3, 4a of figure 2.5] layer from the
pre-patterned Ti/Au structure to the magnetic strip, and the SiO2 pad isolating
the pulse line from the magnetic strip.

We have now created a large homogenous layer of the magnetic material which
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Figure 2.10: Schematic representation of the process used to define the magnetic
stripe.

needs to be structured into a narrow strip with very low edge roughness. The
process to realize this is schematically shown in figure 2.10. We start with defining
the strip, this is realized by EBL writing the strip in a bi-layer of PMMA and
the negative e-beam resist hydrogen-silses-quioxane (HSQ). HSQ is also known as
flowable oxide, it consists of very small molecules and when heated or exposed to
an electron beam it forms SiOx, hence, a very hard layer (low etch and milling
rates) with very low edge roughness, due to the small HSQ molecules, is formed.
Since an exposed and developed HSQ layer is very hard to remove, a 40 nm PMMA
layer is spin-coated first which acts as a sacrificial layer allowing to finally remove
the HSQ. The final width of the magnetic strip is thus defined by EBL in the HSQ
layer which after developing results in a very hard and smooth hard-mask on top
of the PMMA layer. Next we have to remove the PMMA layer around the HSQ
layer which is done by reactive ion etching (RIE).

2.3.5 Reactive Ion Etching

RIE is a widely used etching technique since it is a selective etching technique,
i.e., it uses low energy reactive ions, only etching a certain material present on the
surface. In this thesis we use an Oxford nanolab 500 RIE equipped with different
reactive gasses (O2, CHF4, Cl2).

To remove the PMMA layer around the defined HSQ stripe we need a tech-
nique that will not affect the magnetic properties of our magnetic layer and only
removes the PMMA layer. This is performed by using a low energy RIE step with
a mixture of argon and oxygen; the oxygen will only etch the polymer PMMA. It
will also remove some of the PMMA underneath the HSQ since RIE is to a certain
extent isotropic due to the low energy used. Next we will mill the strip out of the
homogenous layer by IBM.
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2.3.6 Ion Beam Milling

Ion beam milling is a technique where a homogeneous and highly parallel beam of
ions is accelerated towards a sample, the ions will mill the whole sample surface
area. When a resist pattern or hard mask is present on the sample surface the
pattern will be transferred to the underlying layers. The advantage of the technique
is large area processing, but more importantly, very smooth and abrupt edges can
be obtained. This is essential for DW motion studies since any edge roughness
will result in strong DW pinning. The technique is non-selective, i.e., the whole
surface will be milled where the milling rate is mainly determined by the material.
During this thesis an IBM from Roth und Rau has been acquired. It uses an Ar
ion beam that can be accelerated up to 2 keV and a rotating, tiltable, temperature
controlled sample stage for optimal control over the edge roughness. Furthermore,
it is equipped with a secondary ion mass spectrometer allowing real-time end point
detection and/or analysis of the milling process by detection of the secondary ions
coming from the sample during the milling process (depth-profiling). A RF sputter
gun is installed in the chamber allowing to in-situ deposit SiO2, for instance directly
after the milling process, thereby protecting the sample from oxidation when taken
out of the chamber.

HSQ

PMMA

Magnetic layer

(a) (b)

(c) (d)

Redeposition

Figure 2.11: (a) IBM milling, first with normal incidence, in a second step with
a 20◦ tilt angle relative to the normal. SEM images of (b) sample after milling
with the HSQ and PMMA layers still present, (c) magnetic layer after removal of
the resist layers without the tilt step, (d) magnetic layer after removal of the resist
layers with the tilt step.
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The IBM is now used to mill the magnetic strip out of the homogenous magnetic
layer, since the magnetic layers used in this thesis are typically below 10 nm in total
thickness, therefore only a short milling time is needed of ∼40 seconds (typical etch
rates of 0.25 nm/s). To minimize the edge roughness the IBM step has been divided
in two steps as is illustrated in figure 2.11(a). In the first step the ion beam incidence
is normal to the surface, and in a second step the ion incidence is tilted to an angle
of 20 degrees relative to the surface normal to remove any redeposited material
of the milled material at the edges of the strip. During the milling process the
sample is rotated to have a homogeneous milling on all sides of the structure. In
figure 2.11(b) a SEM image is shown of a sample after the IBM milling but with
the resist layers still present. Clearly the hard HSQ layer is seen with underneath
it the PMMA layer that has been under-etched in the RIE step. In (c) and (d) a
sample is shown where the resist layers have been removed, in (c) the tilt step is
not used showing extra material at the edge due to redeposition. In (d) the tilt
step has been used showing a well-defined magnetic layer with sharp edges and no
redeposition.

The above tools and steps are sufficient to create the device as seen in figure 2.6
where the most important steps in the definition of the magnetic strips have been
explained. For the definition of the SiO2 pulse line isolation pad and the electrical
contacts to the pre-patterned Ti/Au contact lines, the same bi-layer PMMA and
EBL process is used. One last tool has not been discussed and is, among others,
used for item 4b of figure 2.5, the focused ion beam.

2.3.7 Focused Ion Beam

The FIB used in this thesis is integrated in the dual beam system, it uses a liquid
metal ion source (LMIS) of Ga to create a focused ion beam of Ga ions with an
energy up to 30 keV. The ions can be used to mill material, or to implant Ga ions
to very locally change the properties of a film. The large advantage is the scale of
the ion beam (∼ 10 nm) allowing for very local manipulation of the samples [figure
2.12(b)]. FIB is widely used as a lamella preparation technique for transmission
electron microscopy (TEM) [figure 2.12(c)], but it is also an ideal technique to
quickly make a cross section at a certain position in a sample [figure 2.12(d)].
Finally, FIB can also be used to image samples as in SEM since many secondary
electrons are generated. The largest drawback when used for this purpose is the
destructive nature of the ion bombardment.

The FIB can also be used in combination with the RAITH-Elphy Quantum
patterning board allowing to write well-defined and aligned patterns with the FIB.
This is seen in figure 2.12(a) where we have milled a pattern into a magnetic layer
to mimic the device as was presented in figure 2.6. We have not been able to use
these devices for DW studies since the magnetic properties of the layers appeared
to be largely affected by the FIB, especially when electrically isolating substrates
were used, essential for current-induced DW motion. In chapter 5 of this thesis we
will show that the FIB is an excellent tool to very locally change the perpendicular
magnetic anisotropy of a magnetic strip allowing controllable injection and pinning
of a DW. An excellent overview of the FIB technique in a dual beam system can
be found in [37].
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Figure 2.12: SEM images of (a) FIB pattern milled into a magnetic layer, (b)
FIB milled holes, (c) TEM lamella preparation, (d) FIB cross sectioning.

2.4 Transport measurements

In the last section we have discussed the fabrication process of the devices used in
chapter 6 and 7. To actually perform these measurements we have to contact the
devices and perform the measurements in a controlled environment. In this section
we discuss the contacting of our devices and introduce our home-built transport
setup.

2.4.1 Packaging and electrostatic discharge

To perform electrical measurements on the small devices we have to find a reliable,
convenient and versatile way to contact our samples. This is done by mounting
the finished substrates into a chip-carrier. The large Ti/Au pads on the substrate
are then wire-bonded to the chip-carrier which can be placed into a chip-carrier-
socket for contacting the devices to the measurement equipment. In figure 2.13(h)
we show a mounted and wire-bonded sample in a chip carrier; it consists of 4
individual devices each requiring 10 electrical contacts as can be seen in figure 2.5
and 2.6.

Special care has to be taken when contacting the devices during handling, wire-
bonding and mounting as electrostatic discharge (ESD) can very easily destroy the
small devices. Since many of our earlier prepared devices were found destroyed
before even being able to measure them, we have installed ESD protection e.g.
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grounded working area, wrist bands, shunts on all contacting wires, and very careful
grounding of all the used devices and setups. Also plastic tweezers are used where
possible to prevent large charges present on metal tweezers.

2.4.2 Transport measurement setup

During this thesis an electrical transport measurements setup has been built and
automated. The setup and its components are shown in figure 2.13. It consists of
a variable temperature flow cryostat (3 - 400 K) mounted between the poles of
a rotatable electromagnet. The magnetic field at the sample can be controlled by
either a Kepco power supply (BOP 36-28MG), allowing smooth and fast bi-polar
magnetic field control up to ± 0.4 T, or by two Delta electronics power supplies
connected in parallel with a polarity switch box allowing fields up to ± 0.8 T. The
field is directly measured by a Lakeshore 420 Hall probe mounted on the pole pieces
of the electromagnet and calibrated to the field at the sample position.

���
���
���

��� ��� ���
��� �	�

Figure 2.13: Transport measurement setup: (a) Cryostat insert (b) Side view of
insert head showing the pulse coil (c) Cryostat mounted between the pole pieces
of an electromagnet. (d) Top part of cryostat showing 4 connectors, connecting
to the individual samples. (e) Electronics rack with at the top the BNC distri-
bution board. (f) Insert head showing the position of the chip-carrier between
the Helmholtz coils. (g) chip-carrier-socket mounted on an PCB for easy sample
exchange in the cryostat. (h) Chip-carrier showing the mounted substrate with
wirebonds to the Ti/Au pads.

Individual devices can be addressed through a BNC distribution board where
every contact can be connected in parallel to ground (shunted) by a 10 kΩ resistor
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to prevent ESD. The equipment used to directly measure the devices are a current
source (Keithley 6221DC-AC). This allows for direct AC and/or DC current control
through a device, facilitating the direct quantification of the total current through
devices, but more importantly making the use of voltage to current conversion
components obsolete, which, often give voltage spikes destroying the sample. The
output signals are measured by lock-in amplifiers (Stanford Research 830) which
differentially lock-in to the AC-frequency set by the Keithley 6621 current source.
The output of the lock-in amplifiers are connected to a programmable high band-
width oscilloscope (Agilent DSO80604B) allowing for time-resolved measurements.
For accurate four point resistance and voltage measurements the setup is equipped
with an HP 3457A 6.5 digit multimeter and a Keithley 2400 source-meter. To ap-
ply pulse fields the setup uses a function generator (Agilent 33220A) controlling
a gradient amplifier (Techron 7700) capable of applying short (∼ 500 µs) intense
current pulses (180 A) through a Helmholts coil mounted on the cryostat insert,
which, depending on the wiring of the coils, can reach fields up to ± 150 mT. Fi-
nally, the setup is equipped with a 80 Mhz arbitrary function generator (Agilent
33250A) to drive the Oersted pulse line on the sample [figure 2.6, item 4a].
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Chapter 3

Magnetization in
Pt/CoFeB/Pt for domain
wall motion

In this chapter we explore the magnetic behavior of ultrathin Pt/CoFeB/Pt and Pt/-
CoB/Pt films, as a function of composition and layer thickness. A measurement
technique to determine the perpendicular magnetic anisotropy is introduced giving
us the ability to estimate the DW width. We will show that CoFeB films are not
ideal for DW motion experiments due to a high density of domain nucleation sites
attributed to the Fe content. On the contrary CoB films show an excellent behavior
for easy domain wall motion, which will be explored further in chapter 4.

3.1 Introduction

We will start this chapter with introducing the basic material parameters rele-
vant for describing statics and dynamics of DWs. This will facilitate the discussion
of the obtained results in the rest of the chapter, which focusses on these pa-
rameters in Pt/Co(FeB)/Pt. All samples in this chapter are prepared identically:
Si/SiO2//Pt(4 nm)/FM(t nm)/Pt(2 nm), where t is varied between 0 and 2 nm
and FM stands for ferromagnetic Co80−xFexB20 or Co100−yBy where x and/or y
can be 0, 8, 20, 32 at.%. All presented data is obtained at room temperature un-
less stated otherwise. We will start with exploring the magnetic properties of the
CoFeB films as function of layer thickness in wedge shaped samples using a scan-
ning MOKE setup with a small laser spot allowing for local measurements. Next,
we will explore the reversal mechanism of the wedge shaped samples using Kerr
microscopy allowing direct observations of the domain structure, and hence, the
reversal mechanism. The combination of the two techniques allows us to choose
which composition and thickness is most promising for DW motion studies. This
is followed by quantifying the magnetic moment and Curie temperature of the
films using SQUID magnetometry. Finally, we introduce a technique to measure
the perpendicular magnetic anisotropy using the anomalous Hall effect and stan-
dard Stoner-Wohlfarth theory. We will show that for the CoFeB and CoB films a

37
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different behavior is observed compared to pure Co regarding the contribution of
the interface anisotropy. This chapter ends with an estimation of the DW width in
the Pt/Co(FeB)/Pt films which is a crucial parameter for efficient current-induced
DW motion as was introduced in chapter 1.

3.2 Material properties for domain wall studies

The main type of DWs in the perpendicularly magnetized ultrathin Co(FeB) sand-
wiched between two Pt layers were shown in figure 1.3. In particular, the Bloch wall
is of interest since it is the equilibrium wall shape in relative wide strips as used in
the devices of chapter 6 and 7. Therefore, we will start with explaining how we can
describe such a DW and introduce an expression for the DW width ∆BL which is
of particular importance for the motivation to investigate the current induced DW
motion [see section 1.3].

Domain wall statics

In ferromagnetic materials, the domain structure depends on material parame-
ters and geometry. The most important material parameters are the magnetic
anisotropy and the exchange energy. The exchange energy represents the strength in
which neighboring spins tend to align parallel. If a magnetic system has anisotropy
(in this case magnetic anisotropy) it means it has preferential direction(s) for the
magnetization to be aligned in. For the materials discussed in this thesis a strong
perpendicular magnetic anisotropy (PMA) is induced by sandwiching a very thin
ferromagnetic layer of Co(FeB) between two Pt layers. The large PMA induces a
so-called easy-axis of the magnetization (the preferential direction) in the direction
perpendicular to the film plane, hence, it points either up or down.

When a DW is introduced, the spin structure of this DW results from the energy
minimization of the total system. The equilibrium state can be found by minimizing
the total internal energy U [38]:

U =
∫

V




A

|M|2 (∇M)2

︸ ︷︷ ︸
exchange

− µ0

2
Hd ·M

︸ ︷︷ ︸
demag.

+ K sin2 θ︸ ︷︷ ︸
anisotropy


 dV (3.1)

where M is the (spatially) varying magnetization. The first term is the exchange
energy, with A the exchange constant also called exchange stiffness. The exchange
term tries to align neighboring spins in a parallel fashion, hence, it will prefer a wide
DW where neighboring spins make small angles between eachother. The second
term is the demagnetization energy, representing the geometry of the material,
which is also called magnetostatic energy or stray field energy. Here µ0 is the
vacuum permeability, and Hd the demagnetization field, which tends to organize
the spins in such a way that flux closure within the magnetic structure is achieved
and stray fields are minimized to reduce magneto-static energy. In the last term
we have simplified the anisotropy to only include first order uniaxial terms; this
term tends to align the spins with the easy-axis (identified by θ = 0, π), where K
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is the anisotropy constant. Hence, from equation 3.1 we can already identify two
important material constants; A and K.

The demagnetizing field is directly related to the magnetization configuration
via the demagnetization tensor N :

Hd = −NM = −



Nx 0 0
0 Ny 0
0 0 Nz


M, (3.2)

where the demagnetization tensor has trace one and is determined by the geometry
(shape) of the magnetic material. For a large thin film the demagnetization factor
perpendicular to the plane of the film Nz ≈ 1. Thus, if the magnetization points in
this direction the demagnetization energy is maximal. Therefore, in perpendicularly
magnetized thin films the material anisotropy in the perpendicular direction (PMA)
has to be larger as the demagnetization energy. This is most easily expressed when
the demagnetization field is taken as an uniaxial term, with the so-called hard axis
along the out-of-plane direction, as is the case for all the devices and films presented
in this thesis. This allows us to define an effective perpendicular anisotropy term:

Keff = K − 1
2
µ0M

2
S , (3.3)

with MS = |M| the saturation magnetization, another material parameter, as-
sumed constant throughout the material. Hence, if Keff > 0 (< 0) the PMA is
larger (smaller) than the demagnetization energy and the magnetization will align
out-of-plane (in-plane). Now, the competition between the exchange energy and
the effective anisotropy determines the width of the DW. The exchange energy
favors a wide DW since it prefers neighboring spins to be aligned parallel, hence,
a small angle between them will cost little energy. The anisotropy energy on the
other hand prefers to have a infinitely narrow DW since in that case no spin will
make an angle with the easy-axis. Finally, a measure for the DW width can be
expressed by the Bloch parameter showing the competition between the exchange
and the anisotropy (note here that we have excluded the prefactor of π associated
with the definition by Lilley [39]) [38,40,41]:

∆BL =
√

A

Keff
. (3.4)

Please note, that in this case we have explicitly taken the demagnetization
factor into account by using Keff. To be complete, this factor depends on the
specific material geometry and shape of the DW (spin texture).

Domain wall dynamics

In the case of a moving DW, the magnetization dynamics should be taken into ac-
count. This is commonly described by the Landau-Lifshitz-Gilbert equation, where
we have added the widely accepted spin transfer torque (STT) terms [21]:

∂m(t)
∂t

= −γµ0m×Heff︸ ︷︷ ︸
precession

+ αm× ∂m(t)
∂t︸ ︷︷ ︸

damping

− (u · ∇)m︸ ︷︷ ︸
adiabatic

+βm× [(u · ∇)m]︸ ︷︷ ︸
non-adiabatic

. (3.5)
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Here, m = M/MS is the magnetization direction, γ ≈ 1.76 · 1011 rad s−1 T−1

is the (electron) gyromagnetic ratio, Heff is an effective magnetic field, including
anisotropy, demagnetization and exchange contributions since their effect on the
magnetization works in the same way, and α is the Gilbert damping parameter. The
first two terms are the common expressions describing the magnetization dynamics
of a system without STT, where the first term describes the precession of the
magnetization around the effective field. The second term describes the damping
of the magnetization towards this effective field direction. The third and fourth term
describe the action of the STT in the case of adiabatic and non-adiabatic STT,
respectively. Here, the role of the current is captured by the vector u representing
an effective velocity, directed along the electron flow with magnitude [21]:

|u| = gµBPJ

2eMS
. (3.6)

Here, g is the Landé factor (≈ 2), µB is the Bohr magneton, J is the current
density, P is the spin polarization of the current and e is the elementary electron
charge. Finally, the fourth term is an empirical added term where β is the heavily
debated non-adiabatic STT parameter [18].

It is hard to solve the LLG equation, hence, there exist many approximations to
the LLG equation for specific cases of DW motion. This ranges from micromagnetic
simulations to strongly simplified analytical models capturing parts of the physics.
Most notably is an analytical 1-dimensional model, introduced in the intermezzo of
chapter 1, which turned out to be very successful in understanding DW dynamics.
Since there are many excellent reports around describing the model and adapting
it to specific situation we will not go further into describing it here, and we would
like to point the interested reader to these reports [11,21,38,41].

Material parameters summary

We have essentially found all the material parameters relevant in describing static
DWs and the dynamics of DW motion. We have summarized them below:

• A [J/m] The exchange stiffness, describing the strength of aligning neigh-
boring spins in a parallel fashion, hence, a large value will result in wide
DWs.

• K, (Keff) [J/m3] The uniaxial magnetic anisotropy, describing the strength of
the spins to be aligned along the easy-axis. The larger the effective anisotropy
the narrower the DWs will be.

• MS [A/m] The saturation magnetization describing the total magnetic mo-
ment of the material, assumed constant throughout the material.

• P [dimensionless] The spin-polarization, for bulk cobalt this value is usually
chosen to be ≈ 0.4-0.6. For Pt/Co(B)/Pt systems the value is not known,
and, as we will discuss in chapter 7, it might even be negative [42]. The larger
|P | is, the more efficient the STT will be able to move a DW.

• α [dimensionless] The damping factor describes the dissipation or how fast
a precessing magnetic moment will relax towards the effective field. The rela-
tively large value of ≈ 0.15 found in the Pt/Co/Pt systems will work against
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the adiabatic STT and essentially increases the critical current density needed
for pure adiabatic current driven DW motion [41].

• β [dimensionless] The much debated non-adiabatic STT parameter, and the
impact on DW motion is to act as a field like torque described by Thiaville et
al. [21]. For materials with very narrow DWs this parameter is predicted to be
large. This makes PMA materials attractive for DW motion, as it pushes DWs
as a field-like torque, hence, eliminating the critical current density associated
with the adiabatic STT and directly increasing the STT efficiency. We will
discuss this term further in chapter 7.

In the following sections we will use different experimental techniques to investi-
gate the first three material parameters described above (A, K, MS), the last three
(P , α, β) will be discussed further in chapter 6 and 7. We will also concentrate on
how the magnetization reversal of the material is taking place, which is indirectly
linked to the parameters described above, with the addition that they can locally
vary in the material.

3.3 Exploring Pt/CoFeB/Pt: MOKE magnetometry

In this section the magnetic behavior of the ultrathin films as a function of composi-
tion and layer thickness is investigated using polar-MOKE magnetometry on wedge
shaped samples. In figure 3.1(a) a schematic representation of the wedge shaped
samples is shown. The ferromagnetic layer, sandwiched between two Pt layers, is
varied in thickness t from 0 to 2 nm over a distance of 15 mm using the wedge
growth technique as explained in section 2.1.2. This gives a gradient in thickness
of (2 nm)/(15 nm) = 0.13 nm/mm allowing for an accurate determination of the
magnetic properties as function of thickness using a local probing technique [sec-
tion 3.3.1] and Kerr-microscopy [section 3.3.2]. The local probe technique employs
a laser spot of ∼100 µm diameter which can be scanned over the sample. Hence,
the thickness variation of the ferromagnetic layer (0.013 nm) within the laser spot
diameter can be ignored. Kerr-microscopy allows for magnetic domain observation
within a large field of view from ∼100 µm up to a couple of millimeters. Hence, the
effect of the layer thickness on the magnetic switching can be studied as function
of layer thickness.

3.3.1 Scanning MOKE

A MOKE laser spot is scanned, as indicated in figure 3.1(a), over the wedge shaped
sample allowing to determine the local hysteresis loops as function of layer thickness
t. At the thick side of the wedge a sharp step in the thickness is made. When the
laser spot reaches this step a sharp increase in the the reflected intensity is seen
allowing for an accurate calibration of the position on the sample, and thereby of
the thickness. As we will see in chapter 4 the shape of the hysteresis loops depends
on the field sweep rate, therefore all data shown in this section are obtained using
a constant field sweep rate of 10 mT/s.

In figure 3.1(b) hysteresis loops of a pure Pt/Co/Pt layer is shown at different
thicknesses. A hysteresis loop with 100% remanence is observed when t ≥ 0.4 nm,
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whereas for thinner layers a slanted loop with very low Kerr intensity is observed.
This indicates that a well-defined magnetic layer with PMA starts to develop when
approximately two mono-layers of Co have been deposited. The coercivity of the
hysteresis loops increases for thicker layers up to 0.8 nm. At t = 1.0 nm the loop
gets slanted and the remanence starts to decrease indicating the loss of the well-
defined out-of-plane easy-axis. This is the so-called spin-reorientation transition
(SRT) [43]. It indicates that the PMA induced by the interfaces is overcome by the
demagnetization effect dominant for thick layers, and consequently the easy-axis
rotates in-plane.

In figure 3.1(c) we show hysteresis loops at t = 0.6 nm for different B content. We
clearly see a decrease of the coercivity with increasing B content. The coercivity
as a function of thickness for the different B concentrations is shown in figure
3.1(d) where for all compositions a similar behavior is observed. At t = 0.4 nm a
hysteresis loop is seen with a low coercivity, which increases with layer thickness
up to the SRT indicated by the dashed line at t = 0.85 nm. Beyond this thickness
the hysteresis loops get slanted, loses its 100% remanence and consequently the
out-of-plane coercivity decreases.

Surprisingly, for all the studied CoB compositions the SRT starts at approx-
imately t = 0.85 nm. When the B content increases the total magnetic moment
decreases [see section 3.4] delaying the SRT. On the other hand the total PMA also
decreases [see section 3.5] due a lower coordination number between the Co and
Pt atoms at the interfaces of the film. These two effects seem to cancel each other
leading to a constant thickness where the SRT sets in.

In figure 3.1(e) we show hysteresis loops at a constant thickness of t = 0.6 nm
with a different amount of Fe and constant B content of 20 at.%, for comparison
the curve of pure Co is added. A decrease of the coercivity is seen but also the
loops get more slanted at high Fe content. Especially for the highest Fe content
of 68 at.% we never observe 100% remanence. In figure 3.1(f) we have plotted
the coercivity as function of thickness for the same samples as in (e). For high Fe
content samples we clearly see the SRT setting in at lower thickness. This can be
due to either an enhanced magnetic moment due to the Fe atoms known to have
a high magnetic moment, or by a reduced PMA due to a lower hybridization of
the Pt with Fe compared to Co [43]. The exact mechanism is beyond the scope of
this thesis but it excludes the high Fe content samples for DW studies due to the
reduced remanence indicating there is no well-defined out-of-plane easy-axis.

We can conclude from these results that a reduced coercivity of the ultrathin
films is observed when Fe and/or B is added. The coercivity of a material is a
delicate parameter and depends on the details of the magnetization reversal mech-
anism of the magnetic film [see for instance [44]]. The observed reduced coercivity
indicates easy switching of the magnetization being a possible indication for easy
DW motion. It remains however unclear, if the reversal is dominated by easy-DW
motion or domain nucleation. Also, a lower coercivity can indicate a reduced PMA
leading to wide DWs detrimental for the predicted efficient current induced DW
motion. To address these issues we now focus on the local reversal mechanism more
closely using Kerr-microscopy.
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Figure 3.1: (a) Schematic representation of the wedge shaped samples, indicating
the layer stack and the scanning of the MOKE laser spot. (b) Hysteresis loops at
different thicknesses of a pure Co sample, indicating a transition to an in-plane
easy-axis at t > 0.85 nm. (c) Hysteresis loops at t = 0.6 nm for different B
content samples, indicating a decreasing coercivity with increasing boron doping.
(d) Coercivity as function of thickness for different B content samples. The spin
reorientation transition (SRT) is indicated by the dashed line. (e) Hysteresis loops
at t = 0.6 nm for different Fe content samples with constant B content, indicating
a decreasing coercivity with increasing Fe, also slanted loops are observed at high
Fe content. (f) Coercivity as function of thickness for different Fe content samples
with constant B content.
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Figure 3.2: Polar Kerr-Microscopy images of wedge shaped samples (for details
see text). (a-d) Images obtained on a Co sample for different thicknesses. (e-h)
Images for different composition samples at a constat layer thickness of t = 0.6
nm. The black (gray) area corresponds to the magnetization pointing up (down),
the image size is 440 µm x 330 µm corresponding to a total probed layer thickness
along the width of the image of ∼ 0.06 nm. The white circles in (h) indicate
different gray levels due to domains nucleation during the image acquisition.

3.3.2 Kerr-Microscopy

In figure 3.2 we show Kerr microscopy images (440 µm x 330 µm), taken at different
thicknesses of the ferromagnetic layer during magnetization reversal. In the experi-
ment we take a movie at every position along the wedge-shaped film when sweeping
the applied magnetic field. The shown images are a snapshot of the movie when a
domain has nucleated and is propagating through the film. Hence, the nucleation of
domains and the direction of the propagation can be studied. The images shown in
(a) - (d) are taken on a pure Co sample. The length of the arrows above the images
indicate the DW velocity and direction at similar applied field. At the thin end of
the sample t = 0.4 nm (a) large domains nucleate and move towards the thicker
part of the sample. Note that on the left part of the image no magnetic contrast is
observed, since the Co layer is not magnetic (too thin). At t = 0.6 nm (b) a single
smooth DW has formed and at t = 0.7 nm (c) a ragged DW is observed. Finally,
at t = 0.9 nm (d) the reversal is initiated by the nucleation of random domains in
the SRT region slowly growing in size. When the applied field is increased these
domains coalescence and a single DW is formed moving towards the thin end of the
wedge. Hence, a high DW velocity is obtained for thin layers and a low DW velocity
for thick layers. This has been observed before [23] and is due to an increased DW
pinning of the DW at thick layers as can be seen by the ragged DW observed in
(c).

In (e-h) we show Kerr images at a constant thickness t = 0.6 nm for different
composition. Similar to pure Co, the CoB samples in (e) and (f) show a relatively
smooth single DW propagating through the sample. This is in strong contrast to
the images shown in (g) and (h) of Fe containing samples. With increasing Fe
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content an increasing nucleation dominated magnetization reversal is observed. In
Co60Fe20B20 a so-called dendrite like domain structure is seen during reversal [38]

i.e., the reversal is still dominated by DW motion but the black parts of the sample
require significant higher fields to reverse. Finally, in (h) the reversal is completely
dominated by domain nucleation indicated by the different gray levels (indicated
by the white circles) observed due to domains nucleating at different times during
the image acquisition.

Comparing these results to the data obtained with the scanning MOKE [figure
3.1] we see that the coercivity is a combined effect of the domains propagating
through the samples from the thin and thick side of the sample. Additionally, the
magnetization reversal depends on the composition of the sample being; DW motion
and/or domain nucleation. From the Kerr-microscopy images we can conclude that
the Fe containing samples are not suited for DW motion studies since a high domain
nucleation is observed even though they exhibit a low coercivity. All CoB samples
show single DWs originating from the thin and thick ends moving through the
sample. Combined with the low coercivity, this is a promising starting point for
the study of DWs propagating in strip-like structured CoB.

3.4 Magnetic moment

The magnetic moment (µ) of the Pt/FM/Pt films is determined by standard
SQUID magnetometry. The films are grown on 5.00±0.01 mm square samples cut
using a mechanical wafer dicer from a standard wafer. The samples are thoroughly
cleaned before use and special care has been taken during the handling of the
samples (clean plastic tools etc.) to exclude any magnetic contaminations.

3.4.1 Saturation Magnetization

Out-of-plane hysteresis loops obtained by SQUID for pure Co are shown in figure
3.3(a) with t = 0.5 nm at T = 5 and 294 K, where the diamagnetic background of
the substrate has been subtracted. A square hysteresis loop is observed indicating
an out-of-plane easy axis. Also a negligible coercivity is observed at T = 294 K
compared to the 5 K data, which is due to the thermally activated reversal mech-
anism as further elaborated on in chapter 6. In figure 3.3(b) the hysteresis loop of
a t = 0.5 nm Co68B32 sample is shown. Again a square loop is observed but with
a lower total moment due to the lower amount of ferromagnetic Co atoms in the
film.

In figure 3.3(c) we present MS at T = 294 K as obtained from hysteresis loops
for Co80−xFexB20 as a function of layer thickness for x = 0, 8, 20, 32 at.%. We only
show data points where 100% remanence is obtained. MS is calculated by dividing
the measured moment by the volume of the magnetic layer. For Co with t = 0.5 nm,
T = 294 K, as shown in figure 3.3(a), we find a total moment of 17.3 nAm2, divided
by the total volume of the magnetic layer V = (5·10−2)2×5·10−10 = 1.25·10−14 m3,
gives MS 1380± 10% kA/m. The error bar on MS is dominated by the uncertainty
in the layer thickness (due to the uncertainty in the growth rate). When we compare
the obtained MS of the 0.5 nm thin Co film to the bulk moment of Co, MS = 1400
kA/m at T = 300 K it is found that the obtained moment at this temperature is
close to the bulk value. However, MS calculated in this way at 5 K is 1900 kA/m.
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Figure 3.3: SQUID out-of-plane hysteresis loops at T = 5 and 294 K of a t
= 0.5 nm film in (a) pure Co film and (b) a Co68B32 film. (c) MS as function
of layer thickness for different Fe containing CoFeB films. (d) MS as function of
layer thickness for different B containing CoB films. Only data points where 100%
remanence is obtained in the hysteresis loops.

This is a known observation and is attributed to a magnetic moment induced on
the Pt atoms at the interface not taken into account in the volume used to calculate
MS

[43].

No clear trend on MS is visible as function of Fe content (x) in the Co80−xFexB20

films. Relative to the Co80B20 film a higher moment is observed as expected from
the higher magnetic moment of the Fe atoms. The exact mechanism is beyond
this study but we can speculate that the induced moment on the Pt atoms is
different for Fe compared to Co. We conclude that all the CoFeB films show a
square hysteresis loop with 100% remanence between 0.5 and 0.7 nm. In figure
3.3(d) MS as function of layer thickness for different B content is shown. One can
argue that for increasing B content MS decreases, it is however hard to quantify the
change within the 10% error bars. Again, all these films shown a square hysteresis
loop with 100% remanence between 0.5 and 0.7 nm.

We conclude that for a certain thickness range a well-defined out-of-plane easy-
axis is present in all the measured films. More importantly, we have determined
MS which will be used in the following sections to quantify the PMA and pre-
dict DW widths. The values obtained for pure Co are similar to what is found in
literature [23,43,45].
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3.4.2 Curie Temperature
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Figure 3.4: TC as function B and Fe content x for t = 0.6 nm, the inset shows
MS vs T with a fit to equation 3.7.

An important property for device implementation, but also for current induced
DW motion experiments, is the Curie temperature TC of the ultrathin films. Due
to the ultrathin nature of the films we cannot heat the samples up to TC since
we will induce a change in the structure of the layer completely changing the
magnetic properties. We have, therefore estimated TC from MS versus temperature
T measurements up to 400 K. After heating the sample we have checked that the
magnetic properties at room temperature were not altered. The data is fitted with
a widely used empirical formula [46]:

M(T ) = M0(1− T/TC)β (3.7)

where M0 is the magnetization at T = 0 and β is called the critical exponent.
The TC obtained in this way for films with t = 0.6 nm is shown in figure 3.4 where
in the inset we show a typical example of a fit using equation 3.7. We have used an
error bar of ± 50 K to compensate for the absence of crucial data points close to
TC . Compared to the TC of bulk Co, Fe and CoFeB with TC > 800 K the TC we
find is greatly reduced as is well-known and related to the reduced dimensionality of
the system compared to bulk [43]. The critical exponent β is known to be a measure
of the dimensionality of the system [46], it is however, hard to compare the values
we obtain to theoretical predictions due to the high material anisotropy in our
system breaking the symmetry usually assumed in the theoretical calculations. We
conclude that the TC of our ultrathin films is 500±50 K.

3.5 Perpendicular magnetic anisotropy

Most commonly, the magnetic anisotropy of a material is obtained from magnetic
field dependent measurements along two orthogonal directions of the field relative
to the sample. The strength of the anisotropy can then be determined from the
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difference between the magnetic responses in the two directions. This is based on
the simple consideration that the energy per volume needed to change the sam-
ple magnetization in an applied field H by an amount dm is given by µ0Hdm.
Hence, in the most simple case the anisotropy can be determined from the field
at which magnetization saturation occurs when the field is applied along a hard
axis. For the perpendicularly magnetized films used here this is not feasible due to
incoherent/non-uniform rotation effects of the magnetization. E.g., a complex mag-
netic domain formation, or so-called magnetization buckling, occurs when a field
is applied along the hard axis (in-plane) [47]. We can circumvent these complica-
tions by measuring the out-of-plane component of the magnetization as a function
of the applied field at different angles close the perpendicular easy-axis. In this
method the strength of the applied field H is varied at different angles α relative
to the perpendicular easy-axis as shown in figure 3.5(a). At every angle α and H
the out-of-plane component Mz = MS cos θ is measured using the anomalous Hall
effect [AHE, see section 2.2.3]. The advantage of the technique is that the AHE
effect can be measured in nano-fabricated devices. Finally, we can determine the
angle of the magnetization θ from Mz assuming coherent/uniform rotation of the
magnetization.
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Figure 3.5: (a) Definition of the angles θ and α subtended by the magnetization
and the field, respectively, with respect to the film normal (easy-axis). (b) Outline
of the samples used and electrical contacts to measure the Hall effect. (c) Hall
voltage as function of applied field at α = 0◦, the contribution from the ordinary
and anomalous Hall effect is indicated. (d) Magnetization as function of applied
field for different α offset for clarity. The solid lines are a fit to the data using a
single parameter set.
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The complete data set is then analyzed using Stoner-Wohlfarth theory, i.e.,
minimization of the total energy density E of the system:

E = −µ0MS ·H cos(α− θ) + Keff sin2 θ (3.8)

In this expression, the first term describes the interaction between the applied
field and the resulting magnetization; θ and α denote the angels subtended by the
magnetization and the field, respectively, and the film normal as shown in figure
3.5(a). The second term contains all first order (intrinsic) anisotropy energy contri-
butions where the effective perpendicular anisotropy Keff is defined as the intrinsic
perpendicular anisotropy minus the shape or magneto-static anisotropy contribu-
tion µ0M

2
S/2. For now we ignore all (small) second order anisotropy contributions.

Hence, the sign of Keff determines the easy-axis; a negative (positive) Keff implies
an in-plane (out-of-plane) easy-axis.

3.5.1 Signal analysis and fitting routine

In figure 3.5(b) we show a schematic representation of the samples used. A sputter
deposited square 5 mm x 5 mm sample is contacted using wire bonds at the edges
and contacted in a 4-point geometry. When a current is applied between I+ and
I− we can probe the Hall voltage VH between V+ and V−. In figure 3.5(c) we show
a measurement on a pure Co sample with a thickness of t = 0.6 nm and α = 0◦.
We can clearly identify the ordinary hall effect (OHE) linearly proportional to the
perpendicular component of the field and the AHE proportional to the out-of-plane
magnetization switching around zero field. The offset in the measured voltage,
which is expected to be around zero for ideally placed probes, is due to a non-
symmetric placing of the voltage probes relative to the current leads. We are only
interested in the change of the AHE signal, therefore we obtain the OHE coefficient
at α = 0◦ and subtract its contribution scaled by the perpendicular component of
the field from the total Hall signal. This gives us the pure AHE signal proportional
to the perpendicular component of the magnetization. In all the measurements we
first saturate the magnetization at α = 0◦. A typical measurement is shown in
figure 3.5(d) on a pure Co film of t = 0.6 nm for different α. We have normalized
the curves to the total AHE signal obtained at α = 0◦ and the curves for α >
0◦ have been vertically offset for clarity. We can now clearly see the rotation of
the magnetization towards the applied field direction, which becomes increasingly
important for higher α,

The solid lines in figure 3.5(d) represent a fit using an energy minimization
routine of equation 3.8, where we have fitted the whole data set by a least squares
fitting routine with one set of parameters. The only fitting parameter is Keff giving
0.44±0.06 MJ/m3 using an MS of 1380 kA/m as determined by SQUID [section
3.4]. The error bar is calculated from the uncertainty in MS . This value corresponds
well with values given in literature [23,43,45]. Note that with this technique we can
only reliably analyse samples that exhibit full remanence (well-defined perpendic-
ular easy-axis). We will therefore limit ourselves to fully remanent samples.

We have seen that the experimental data in figure 3.5(d) can be fitted well with
the SW-theory for α ≤ 70◦. If we increase α further strong deviations occur as seen
in figure 3.6, which cannot be fitted with SW-theory. This can be seen by the fits
we have incorporated in the figure using Keff = 0.44 MJ/m3 as obtained before.
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For low fields µ0H < 0.2 T and high field µ0H > 0.8 T the fit describes the data
reasonably well but in-between a strong deviation is observed. Especially, the kink
at µ0H = 0.3 T for the α = 89◦ data is peculiar and cannot be described with
the SW-theory. The deviation can possibly be attributed to a so-called buckling [47]

or incoherent/non-uniform rotation of the magnetization [38]. In the following, we
therefore only use the data which can be fitted well with SW-theory, which in
practice means only using data for α ≤ 70◦.
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Figure 3.6: Perpendicular component of the magnetization as function of applied
field for different α, for α > 0◦ the data is offset vertically for clarity. The solid
lines are simulated using Keff = 0.44 MJ/m3. The deviation from the simulated
data indicates an incoherent/non-uniform rotation of the magnetization when α ≥
70◦.

3.5.2 Perpendicular magnetic anisotropy of CoFeB

In figure 3.7(a) we show Keff of pure Co as a function of thickness including data
points obtained on similar films. We observe an increasing Keff when the layer
thickness decreases. This is expected due to the increasing role of the interfaces.
For t < 0.5 nm, Keff levels off, which can be attributed to the growth of the layer.
For very thin layers the relative effects of roughness, interdiffusion at the interfaces
etc. are increased relative to the thick layers. Comparing our data with the values
reported by Metaxas et al. [23] we see a faster increase in the PMA in our data, and
similar to our data their data levels of at t ≈ 0.5 nm. This shows that between labs
there can be small differences between the properties, however we find a similar
trend and values.

In figure 3.7(b) we show Keff · t for pure Co including a least squares linear fit
to the data for t > 0.5 nm. This gives us the possibility to separate the interface
contribution and the volume contribution to the anisotropy according to Keff · t =
2Ks +Kv · t [43], where the factor 2 represents the two interfaces of the film with Pt.
This gives Kv=-0.9±0.1 MJ/m3 and Ks = 0.39±0.05 mJ/m2. In earlier studies on
Pt/Co/Pt prepared with several techniques (including MBE growth) values in the
range of Kv = -0.6 to -1.0 MJ/m3 and Ks = 0.2 - 0.8 mJ/m2 have been reported
showing that our layers are comparable. In figure 3.7(c) we show Keff as a function
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Figure 3.7: (a) Keff as function of the layer thickness for pure Co, the data from
Metaxas et al. is included for comparison. (b) Keff · t as function of layer thickness
including a fit to the t ≤ 0.5 nm allowing us to deduce the interface and volume
contribution to the anisotropy. (c) Keff as function of thickness for B or Fe content.
(d) Keff · t as function of layer thickness for Co60Fe20B20 and Co68B32.

of B and Fe content at t = 0.6 nm. One could argue that an overall decreasing
Keff can be observed but we would need a larger data set to conclude this. Also,
the very large value obtained in Co72Fe8B20 is surprising but would need further
investigation to pinpoint the origin. We conclude from this data that a comparable
Keff is obtained for all compositions. In figure 3.7(d) we show Keff · t for Co60Fe20-
B20 and Co68B32 as function of t. The clear linear dependence as found for the pure
Co data is clearly not present, but for both compositions Keff · t levels off at t = 0.6
nm, indicating a different interplay between the volume and interface anisotropy
as function of thickness. The two fits shown (t > 0.60 nm) are rather arbitrary and
show that deducing Ks and Kv depends on the fitting range used.

We conclude that the values obtained on Keff are comparable to the values of
Co but the exact mechanism at the interface with Pt is different between pure Co
and the CoFeB samples.

3.5.3 Domain wall width

An important parameter for efficient current induced DW motion is the DW width
∆. We can estimate this value assuming a Bloch profile of the DWs where the DW
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Figure 3.8: (a) DW width ∆BL as function of layer thickness for pure Co. (b)
DW width ∆BL as function of B or Fe content for constant layer thickness. The
error bars are set at 15% of ∆BL.

width is defined by the Bloch parameter ∆BL =
√

A/Keff. We assume an exchange
stiffness A as given by Metaxas et al. [23] calculated from the Curie temperature
of the films, of 14-, 16-, 18-, 22 pJ/m for a layer thickness of t = 0.5, 0.6, 0.7,
0.8 nm, respectively. The increasing value of A with layer thickness is related to
the dimensionality of the thin films, going from a 2 to a 3-dimensional system. The
DW width as function of layer thickness for pure Co is shown in figure 3.8(a) where
we have linearly interpolated A at intermediate thicknesses. As expected the DW
width increases with layer thickness since the PMA decreases and A increases. In
figure 3.8(b) we show ∆BL as function of Fe and B content for constant thickness
t = 0.6 nm where we have used A = 16 pJ/m for all points. This last assumption
is rather crude since the exchange stiffness could be different in the Fe and B
containing samples compared to pure Co. However, one could speculate that the
B content decreases the correlation number between magnetic atoms in the film,
possibly, leading to a lower A, hence decreasing ∆BL.

Despite the large uncertainty in DW width we found in Co(FeB), we conclude
that the Bloch DWs in our samples are narrow (∆BL ≈ 6 nm for films with t = 0.6
nm) compared to the wide (∆BL = 100 nm) domain walls found in the in-plane
materials (permalloy) [13,40].

3.6 Conclusion

In this chapter we explored the magnetization behavior in Pt/CoFeB/Pt and
Pt/CoB/Pt films as a function of composition and layer thickness. We started
with investigating the hysteresis loop of wedge shaped samples using a scanning
laser MOKE technique. With this technique we could determine that for a thick-
ness of t = 0.4 - 0.8 nm the Co and CoB films showed a well-defined perpendicular
easy-axis. On increasing the Fe content in the CoFeB layers this range rapidly de-
creased where at the maximum amount of added Fe no perpendicular easy axis was
obtained. On increasing Fe and B content the coercivity decreased indicating easy
magnetization reversal.

The combination of the scanning MOKE and Kerr-microscopy allowed us to
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predict that CoB samples are promising for DW motion experiments due to DW
motion dominated reversal (high magnetic homogeneity) and easy DW motion
(low-coercivity). On the contrary the CoFeB samples showed an increasing degree
of domain nucleation dominated reversal with Fe content, detrimental for DW
motion experiments.

Next, we used SQUID magnetometry to quantify the magnetic properties of
the samples. The MS of the ultrathin Co films ∼ 1380 kA/m at room tempera-
ture is comparable with bulk Co ∼ 1400 kA/m but the temperature dependence
showed that a (significant) magnetic moment is induced on the Pt atoms at low
temperatures. On adding 32 at.% B to the Co a decrease of MS to ∼ 1050 kA/m
was observed at a layer thickness of 0.6 nm as expected for films containing less
magnetic atoms. With adding Fe the moment remained more or less constant but
the layer thickness range where a well-defined perpendicular easy-axis (100% re-
manence) decreased as was also seen in the scanning MOKE experiments.

Using the temperature dependence of MS we predicted the Curie temperature
of our films. The Curie temperature was estimated to be 500±50 K for all films
at a thickness of 0.6 nm. The large error bar is due to the fact that we cannot
heat the samples to the Curie temperature due to structural changes altering the
magnetic properties. Therefore we had to estimate the Curie temperature using
an empirical formula fitting the data nicely. Finally, we determined the effective
perpendicular anisotropy (PMA) with a technique based on the anomalous Hall
effect. This technique was used to determine the PMA for samples with 100%
remanence. The data obtained on pure Co samples showed a linear dependence
on layer thickness allowing to deduce the interface anisotropy. The data on the
CoB and CoFeB showed a different behavior where the PMA levels off already
at high layer thicknesses preventing an accurate determination of the interface
anisotropy. From the obtained PMA values the DW-width could be estimated.
The most promising results for DW motion experiments in patterned strips, i.e.,
easy domain wall motion (low-coercivity) high magnetic homogeneity (DW motion
dominated reversal) and narrow domain walls are obtained on the Pt/CoB/Pt
samples. This will be further elaborated in the following chapter.
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Chapter 4

Reduced domain wall
pinning

In this chapter we study the magnetization reversal process in perpendicularly mag-
netized ultrathin Pt/Co100−xBx/Pt films by means of magneto-optical magnetome-
try and microscopy. The addition of boron to Co enhances the effective Barkhausen
volume indicating a decrease in domain-wall pinning site density and/or strength.
This potentially reduces the field and critical current-density for domain-wall depin-
ning/motion, indicating that perpendicularly magnetized Pt/Co100−xBx/Pt could be
an interesting candidate for domain-wall motion studies and applications. ∗

4.1 Introduction

Magnetic domain walls (DW) in magnetic nanowires have attracted much attention
recently due to their application in field- and current-induced DW logic and mag-
netic memory devices [10,48]. Most of the reported results have been obtained on sys-
tems with an in-plane magnetization and low magnetocrystalline anisotropy, such
as Permalloy. These systems exhibit relatively complex and wide DW structures in
which the spin structure strongly influences the DWs dynamics [10,13,49]. Moreover,
the possible transformation of the DW structure during its motion further compli-
cates the physical interpretation of the experiments and hinders a reliable control of
the DW propagation. A promising way to circumvent these difficulties reside in the
use of ultrathin films exhibiting a high perpendicular magnetic anisotropy (PMA)
resulting in a well-defined out-of-plane easy-axis. The high PMA results in narrow,
robust and simple Bloch DWs for which current-induced DW motion/depinning
is predicted to be efficient [50,51] and reported to show current-induced DW depin-
ning [40,52–55].

Although this seems a promising step towards controlled current-induced DW
motion, it has been shown that field- and current-induced DW motion in these
systems is hindered by a high areal density of DW pinning sites. This is due to the

∗Published as: Reduced domain wall pinning in ultrathin Pt/Co100−xBx/Pt with perpendic-
ular magnetic anisotropy R. Lavrijsen, G. Malinowski, J. H. Franken, J. T. Kohlhepp, H. J. M.
Swagten, B. Koopmans, M. Czapkiewicz and T. Stobiecki, Appl. Phys. Lett. 96, 022501 (2010).
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intrinsic properties of the ultrathin and high PMA films, in which narrow Bloch
DWs are very sensitive to small local variations in the magnetic/structural prop-
erties [23,53]. Thereby, these systems are prone to thermal activation, resulting in a
stochastic motion of the DW which prevents reliable control over the DW, a prereq-
uisite for DW based applications. However, progress has been made showing high
current-induced DW velocities in out-of-plane systems with velocities as high as 40
m/s in Co/Ni wires [52], although the results are still very stochastic. Field-induced
DW motion in ultrathin PMA films has been studied extensively during the past
decades and it has been shown that the strong DW pinning leads to thermally
excited creep motion at low fields. This frustrates the comparison between experi-
mental results and micro-magnetic simulations or calculations based on the 1D-DW
motion model, which has boosted the understanding of DW motion in Py systems.
It also has obscured the observation of the so-called Walker breakdown [23] in these
ultrathin systems. A major challenge to use the ultrathin PMA films for applica-
tions therefore lies in the control of the intrinsic and extrinsic pinning site density
and/or strength for DWs. Also fundamentally, this has lead to significant progress
in the understanding of the interdimensional universality of dynamic interfaces [56].

In this chapter we show from the dynamics of magnetization reversal that the
pinning site density and/or strength for DWs can be significantly reduced using
boron-doped Co in Pt/Co100−xBx/Pt. This is tentatively ascribed to a reduction
of the amount of grain boundaries due to a change from a polycrystalline state to
an amorphous state when adding boron to the magnetic layer. The combination
of a high PMA (narrow DWs) and low domain wall pinning makes Pt/CoB/Pt
an interesting candidate for efficient current and field-induced DW motion based
devices.

4.2 Experimental details

The samples consist of identically prepared Pt(4 nm)/Co100−xBx(0.6 nm)/Pt(2
nm) with x = 0, 8, 20, 32 in at%. The stacks are deposited using DC magnetron
sputtering from stoichiometric targets on Si substrates coated with 2 µm SiO2. A
superconducting quantum interference device (SQUID) is used to determine the
saturation magnetization and Curie temperature of the films. Polar magneto-optic
Kerr effect (MOKE) is used to measure out-of-plane hysteresis loops as function
of field sweep rate. The microscopic magnetic domain structure during magneti-
zation reversal was studied with optical Kerr microscopy. All measurements were
performed at room temperature.

4.3 Magnetic Homogeneity

To determine the magnetic smoothness of the samples and dominant reversal mag-
netization mechanism we measured domain wall movement using Kerr microscopy.
The magnetization reversal mechanism is investigated by so-called relaxation and
re-magnetization measurements. In these experiments the magnetization is first sat-
urated in one direction along the easy axis (out-of-plane) whereafter a small field
with opposite polarity is applied. In the re-magnetization experiment the field is
again switched in polarity during the relaxation allowing us to study the reversibil-
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Figure 4.1: Example of magnetization relaxation and re-magnetization curves
plotted against reduced time, the experimental curves are derived from sequences
of Kerr microscopy images obtained for a Co sample (a) and (b) Co92B8 sample.
Images labeled 1 through 6 are examples of Kerr microscopy images showing the
magnetization reversal corresponding to t/t50 = 0.5, 1.0 and 1.3 as indicated in
the graph. The black (grey) area correspond to the magnetization pointing up
(down). (Dim.: 350x250µm)

ity of the magnetization [57–60]. Fig. 4.1 shows typical magnetization relaxation and
re-magnetization curves obtained from the reversed area (black/white ratio) of a
sequence of Kerr microscopy images of (a) Co and in (b) Co92B8 sample as shown
to the right of the graphs. The data is presented as the normalized magnetization
at the reduced time t/t50 i.e. the time normalized to the time at which half of the
observed area has switched. The shape of the reversal curve reveals information on
the magnetic smoothness of the samples and the reversal mechanism [22,57,60].

In all the reversal experiments we observe a very low DW nucleation site den-
sity (< 1/mm2) originating from extrinsic inhomogeneities (sample edges and
scratches), which is typical for all Co and CoB compositions with a thickness of 0.6
nm. Therefore, we conclude that the magnetization reversal for the 0.6 nm films is
dominated by DW motion. On comparing the re-magnetization curve with the re-
laxation curve for both compositions we observe that they are similar in shape and
duration (although mirrored) within the experimental limitation (time to reverse
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the field is finite) and is evidence of reversible DW motion [60]. The reversibility can
also be seen on comparing Kerr images 1 and 4 (t/t50 = 0.5) with 3 and 6 (t/t50
= 1.3) which shows that the DW can be moved back and forth in a reversible way.

The reversibility is linked to the magnetic homogeneity which can be associated
to the dispersion in the activation energy barrier W , which is related to the DW
velocity in the thermally activated (depinning) regime, and can be expressed by [22]

v ≈ v0 exp
[
− (W − µ0MSHVB)/kBT

]
, (4.1)

where v0 is a scaling factor, W is the activation barrier height, MS the satu-
ration magnetization, H the applied field, kBT the thermal energy, and VB the
Barkhausen volume i.e. the typical volume that reverses during a single activa-
tion event. At this point we like to mention that it is difficult to verify that our
experiments are in the depinning regime rather than in the creep regime, which
would require the analysis of the DW velocity over many orders of magnitude [23].
Nevertheless, we will use the relaxation measurements to obtain the dispersion
σw in the activation energy barrier W , fully in line with other studies on simi-
lar systems and conditions [57,60,61]. Assuming a square distribution of width σw

around W , the maximum slope in a reversed magnetization-vs-ln(t) plot is equal
to (−d(M(t)/MS)/d ln(t))max = kBT/σw

[57]. For all our 0.6 nm samples we sys-
tematically obtain σw = 0.12 − 0.3kBT which is smaller than reported by Bruno
et al. [57] (6kBT for Au/Co/Au) and by Czapkiewicz et al. [61] (0.7-1.5 kBT ) for
Pt/Co/Pt, showing that the samples exhibit a high magnetic homogeneity.

4.4 Barkhausen Volume

From Eq. 4.1 it follows that the DW velocity scales exponentially with MSVB in the
so-called depinning regime i.e. W − µ0MSHVB produces local energy barriers and
thermal activation is needed to overcome this barrier. In this simple description
decreasing W and/or increasing MSVB would decrease the intrinsic DW pinning.
A measure for MSVB or W can be found by measuring another manifestation of
thermally activated magnetization reversal; the switching field dependence on the
field sweep rate. Fig. 4.2(a) shows partial (H > 0) out-of-plane hysteresis loops at
different field sweep rates measured with MOKE for samples with a different boron
content. First, we notice a significant decrease in the switching field Hs by more
than a factor of 6 when increasing the boron concentration up to 32 at. %. Second,
for each sample, a clear increase in Hs is observed when the field sweep rate Ḣ
augments. This behavior can be described for low field sweep rates (¿ 1 T/s) in a
first order approximation as [57]

Hs =
kBT

µ0MsVB
×

(
ln(Ḣ) + ln

(
ln(2)τH=0

MsVB

kBT

))
, (4.2)

where τH=0 is the relaxation time at zero field. By fitting the change in Hs versus
ln Ḣ we obtain τH=0 and VB . Note that the derivation of VB in this way can be
interpreted as an effective VB since it is obtained from a limited range of field
sweep rates, without a real physical meaning on an expanded field range. Again, it
is not clear if these measurement are taken in the creep or depinning regime, as we
discussed before. We are, however, confident that we may compare the obtained
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Figure 4.2: (a) Partial (H > 0) hysteresis loops at different field sweep rates Ḣ,
increasing from 1.5 mT/s for the circles to 2.5, 5.0, 10, 20, 30 mT/s for the right
pointing triangle, respectively. (b) Barkhausen volume VB (left scale) and MSVB

(right scale) as a function of boron content x, the lines are a guide to the eye.
The inset shows the coercivity as function of field sweep rate Ḣ for pure Co and
Co68B32 as obtained from Fig. 4.2(a) the line shows the fit to Eq. 4.2.
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(effective) VB , since we are merely investigating the change in the switching fields
and are using a very limited range of field sweep rates as pointed out before.
Also the good correspondence of fits to Eq. 4.2 for all compositions indicates that
this interpretation can be used when keeping the above reservations in mind. An
example of such a fit to Eq. 4.2 is given in the inset of Fig. 4.2(b) for Co68B32

showing that Hs indeed varies linearly with ln(Ḣ).
In Fig. 4.2(b) VB (MSVB on the right scale) is plotted against the boron content

x, where we used MS = 1420, 1390, 1320, and 1030 kA/m for x = 0, 8, 10, 32, respec-
tively, as obtained from SQUID measurements. A clear increase in VB and MSVB

can be seen for increasing boron content. We can translate VB in a Barkhausen
length lB through lB =

√
VB/d with d = 0.6 nm, which can be interpreted as the

mean distance between DW pinning sites [62]. This leads to lB ≈ 60 nm for pure
Co comparable to the results found by Mathet et al. [62] on high quality samples
and increases to ∼118 nm for Co68B32, which is nearly a factor two larger. Hence,
we obtain a significantly lower pinning site density and/or strength with increasing
boron content facilitating DW motion.

Please note that a lower Curie temperature Tc will favor easier domain wall
motion. We have estimated Tc from the shape of MS(T) by SQUID measurements
up to 400K (not shown) as has been done by Vaz et al. [63]. For all the compositions
under study we find Tc ≈ 500± 50 K indicating that a reduced Tc is not the origin
of the increased VB in the CoB. We speculate that the increase of the distance
between pinning centers is due to an increasing amorphous character of the CoB
layer when adding boron, thereby decreasing the amount of grain boundaries that
are known to be strong pinning sites for DWs [64]. We consider it unlikely that
the large increase in VB could be given by an increase of the DW width ∆ with
increasing boron doping. The DW width is given by ∆ =

√
A/Keff where A is

the exchange stiffness and Keff the effective perpendicular anisotropy. We have
estimated a decrease of Keff between pure Co and Co68B32 of 20%. A is, however,
hard to determine without making crude assumptions, but we speculate that it
also decreases with boron doping since the coordination number between Co atoms
decreases leaving the DW width almost unchanged. Therefore we conclude that the
addition of boron effectively decreases the amount of pinning sites and/or strength.

4.5 Conclusion

In conclusion, the significant decrease in the pinning site density and/or strength
together with the high magnetic homogeneity indicates that Pt/Co100−xBx/Pt has
a great potential for efficient current-induced DW motion based devices. Further-
more, the ability to tune the magnetic properties, by choosing the boron doping
level, adding Fe and/or change the thickness of the layers, makes it an interest-
ing system for further research [65]. We recently measured a high Gilbert damping
(α ≈ 0.2) in an identically prepared Pt/Co48Fe32B20/Pt sample which might make
it possible to measure the Walker breakdown, as a larger damping increases the
field at which the Walker breakdown occurs [65].



Chapter 5

Controlled domain wall
injection

For applications of domain wall (DW) motion in magnetic devices, it is vital to
control the creation and position of the DW. We use Ga+ irradiation of Pt/Co/Pt
strips to locally change the perpendicular magnetic anisotropy. This allows us to
controllably inject DWs into a device at a tunable field. The observed initial lineair
decrease and subsequent increase of the DW injection field upon increasing irra-
diation dose are explained by micromagnetic simulations and an analytical one-
dimensional model. ∗

5.1 Introduction

Traditionally, the most studied system for domain wall (DW) motion is based on in-
plane magnetized permalloy wires, which, due to a negligible magnetic anisotropy,
exhibit wide and complex DWs [10,11,13]. More reports have recently appeared on
perpendicularly magnetized systems where the magnetization is oriented out-of-
plane due to a high perpendicular magnetic anisotropy (PMA) [40,66,67]. These sem-
inal studies are mainly inspired by the prospect of low critical currents for current
induced DW motion when dealing with narrow and simple Bloch type DWs [50,68].

For applications and research of DW motion in nanostructures it is vital to pre-
cisely control the position where a DW is initially created/injected. For in-plane
DW devices, this problem is easily overcome by demagnetization effects. Hence,
a change of the local geometry can be used to locally lower the switching field,
creating a reliable and reproducible way to create/inject DWs. This is, however,
not viable for out-of-plane systems since the PMA dominates over demagnetiza-
tion effects. Surprisingly, this geometric approach is still widely used for PMA
systems [53,66]. By attaching a large nucleation pad to the device, the statistical
chance to find an imperfection where a DW will nucleate at low field is increased.
This naturally depends on the quality of the fabrication process and obviously

∗Published as: Controlled domain-wall injection in perpendicularly magnetized strips R. Lavri-
jsen, J. H. Franken, J. T. Kohlhepp, H. J. M. Swagten, and B. Koopmans, Appl. Phys. Lett. 96,
222502 (2010).
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does not lead to reliable and reproducible PMA devices. Alternatively, it has been
shown that low-dose irradiation by Ga+ ions leads to a reduction of the out-of-plane
anisotropy [69,70]. Therefore, if only part of a structure is irradiated, this nucleation
area switches first as demonstrated before [71,72]. However, in these studies the mag-
netic field needed to depin a DW from such an irradiated area has not been further
investigated.

In this chapter, we study the effect of local irradiation of a Pt/Co/Pt strip
for DW injection. We will present a systematic analysis of the injection field Hin

needed to inject a DW into a device as function of Ga+ dose. Interestingly, we
observe that Hin sharply decreases under low Ga+ dose, but then increases again
with increasing dose due to DW pinning. This counterintuitive behavior is shown
to match well with micromagnetic simulations, and is additionally supported by
an analytical one-dimensional DW model, allowing to tune and predict Hin. We
anticipate that the proposed tool to introduce DW injection points and engineered
DW pinning sites will accelerate the research and device implementation of PMA
materials.

5.2 Experimental details

The devices under investigation are shown in the sketch of Fig. 5.1(a). The strips
consist of Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) patterned by electron beam lithogra-
phy, lift-off, and grown by dc-sputtering on a Si/SiO2 substrate. Prior to electrical
contacting, the Hall cross is partly irradiated (see sketch Fig 5.1(a)) with a varying
dose of Ga+ ions (0.1 - 5.0 µC/cm2 with beam settings: 30 keV, 2 pA) with a
Focused Ion Beam (FIB).

5.3 Ga+ Irradiation

To verify that the magnetization reversal is initiated in the Ga+ irradiated area we
use polar Kerr microscopy [see section 2.2.2]. In Fig. 5.1(a) a sequence of Kerr im-
ages is shown for increasing applied field. One can clearly see that with increasing
field (4.4 - 6.8 mT) the irradiated area (0.5 µC/cm2) starts to reverse its magne-
tization by progressive nucleation and expansion of domains, indicating that the
Ga+ irradiation generates local nucleation sites due to the lowered anisotropy. At
6.9 (7.7) mT the left (right) DW depins followed by the reversal of the left (right)
part of the structure by DW motion. This process is reproducible but the depin-
ning field varies slightly due to the stochasticity induced by thermal activation. We
define Hin as the average of the depinning field of the right and left DW.

We can sensitively measure the out-of-plane magnetization in the Hall cross
when we electrically contact the sample (lock-in detection, Iac = 10 µA) by the
anomalous Hall effect (AHE). This is shown in Fig. 5.1(b) where partial hysteresis
loops are shown of Hall crosses irradiated with a different dose. Three regimes can
be distinguished: (i) at the lowest dose (0.1 µC/cm2) the hysteresis loop shape is
similar to a non-irradiated sample (not shown). The square hysteresis loop indicates
that the reversal mechanism is dominated by thermally activated domain nucleation
at a certain imperfection and consecutive fast DW motion through the device. (ii)
When we increase the dose to 0.6 µC/cm2 a sharp reduction is seen in the start of
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the reversal, and Hin is greatly reduced. Furthermore, small steps are seen directly
above µ0H = 0. This corresponds to the reversal taking place by a few small
domains nucleating in the irradiated area of which the reversal is completed at
≈ 8.6 mT. The large steps at µ0H ≈ 9.3 mT indicates the de-pinning of the
right and left DW from the boundaries into the device, similar to what we have
seen in Fig. 5.1(a). (iii) at a dose of 1.5 µC/cm2 we do not observe the small steps
corresponding to the reversal of the irradiated area. Instead of the steps we observe
a reduction of the remanence and a gradual slope around zero field, indicating that
the magnetization is in-plane and the field is pulling the moments out-of-plane.
But more surprisingly, Hin has increased to µ0H = 11.9 mT where the plateau
around Hin indicates the different depinning fields of the left and right DWs from
the boundary. In Fig. 5.1(c) Hin is plotted as function of dose showing the initial
sharp decrease followed by a gradual recovery at higher dose.

5.4 Micromagnetic Simulations

To explain this peculiar behavior of Hin, micromagnetic simulations [73] are per-
formed. A small strip (400×60×1 nm3, shown in the inset of Fig. 5.2(b)) dis-
cretized in 4×4×1 nm3 cells is split into two parts. The left part has a fixed ef-
fective out-of-plane anisotropy of Keff,0 = K0 − 1/2µ0NzM

2
S = 305 kJ/m3, taking

K0 = 1.5 MJ/m3, MS = 1400 kA/m, a demagnetizing factor of Nz = 0.96, and an
exchange stiffness A = 16 pJ/m [23]. The right part of the strip, which mimics the
irradiated area of our experiments, has a reduced anisotropy Keff < Keff,0. For now
we assume a sharp boundary described by the boundary width δ = 0.

In Fig. 5.2(a) simulated quasi-static out-of-plane hysteresis loops taken over the
whole structure are shown for different Keff . A positive (negative) Keff indicates
an out-of-plane (in-plane) easy axis. A trend can be observed with decreasing Keff ,
viz. from a square hysteresis loop for Keff > +110 kJ/m3, to a loop with a double
step for +60 > Keff > +10 kJ/m3 and finally a slanted loop with a single step
when Keff < 0.

Starting with a high Keff (top) we find, as expected, a square hysteresis loop
with a sharp switch at the anisotropy field HKeff = 2Keff/(µ0MS). The ×’s indicate
the field at which the Keff,0 area reverses its magnetization and thus corresponds to
Hin. The reversal always proceeds by a domain that is nucleated in the Keff < Keff,0

region. When the DW arrives at the boundary the field is high enough to push the
DW into the Keff,0 region and this region will also reverse by fast DW motion. For
+60 < Keff < +10 kJ/m3 we observe an extra step in the hysteresis loop which
corresponds to the DW getting pinned at the boundary, i.e. a higher field is needed
to push the DW into the Keff,0 region indicated by the extra step. When Keff < 0
we lose the well-defined perpendicular magnetization in the area with reduced Keff .
This is seen by the slope around zero field and the loss of 100% remanence. In Fig.
5.2(b), Hin obtained from the simulations (δ = 0) is plotted as a function of Keff .
For Keff > 60 kJ/m3, Hin is linear with anisotropy and exactly corresponds to the
anisotropy field µ0HKeff (dashed line). When Keff ≤ +60 kJ/m3, DW pinning at
the boundary dominates the injection field and Hin increases again.

In the experiment the sharpness of the boundary is limited by the Ga+ beam
profile specified to be 7 nm at FWHM. The width of the DW pinning potential
at the boundary is governed by the domain wall width ∆ =

√
(A/Keff,0) = 7.2
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nm, i.e., they are of the same order. To investigate the effect of the beam profile
in the simulations we implemented a linear change (stepwise in the cells) of the
anisotropy at the boundary, with a boundary width of δ = 20 and 100 nm. The
results are shown in Fig. 5.2(b). Again, a similar behavior is found, although with
an overall reduced Hin and a more gradual increase of Hin for DW pinning at the
boundary.

Comparing to the experimental data of Fig. 5.1(c), a very good qualitative
correspondence of Hin is seen where a higher Ga+ dose corresponds to a lower
Keff . The magnitude of Hin is, however, much lower in the experiment due to
thermal activation processes as is well known for these materials [23,74].

5.5 Domain wall pinning

We now concentrate on the anisotropy regime where Hin starts to increase due to
DW pinning at the boundary i.e. Keff < 60 kJ/m3. Let us assume the 1D Bloch DW
obeys the well-known profile [38], i.e. the out-of-plane angle θ along the wire axis
x is given by: θ(x) = ±2 arctan[exp(x/∆)]. The DW energy per unit area is then
given by EDW = 4

√
AKeff . Hence, the DW has to overcome an energy barrier to

propagate into the Keff,0 region. The energy landscape felt by the DW can be tilted
by the Zeeman energy of an applied field pushing the DW into the Keff,0 region
as soon as the tilt slope cancels the maximum slope of the DW energy. Assuming
that the magnetization is out-of-plane in both regions and the DW retains a Bloch
profile, we find analytically that Hin = (Keff,0−Keff)/(2µ0MS), as is shown in Fig.
5.2(b) by the solid line. It corresponds exactly to the simulated data for +60 <
Keff < −140 kJ/m3, confirming that the assumed Bloch profile is reasonable. When
we implement δ > 0 into the 1D model to mimic the finite Ga+ beam width, we
analytically find (assuming a linear change of the anisotropy) that the pinning
at the boundary (solid line) is reduced by a factor (2∆eff/δ) tanh(δ/2∆eff). This
factor corresponds with the observed reduction of Hin found from micromagnetic
simulations (Fig. 5.2(b), crossed symbols). In that case, an effective DW width ∆eff

is used, obtained from a fit to the pinned DW profile.

When Keff < −140 kJ/m3 the pinning model starts to deviate from the sim-
ulated data due to an increasing in-plane character of the magnetization in the
low Keff region, indicating that the assumed Bloch profile is no longer valid. For
Keff ¿ 0 we can make a crude assumption by rescaling the Bloch profile from
θ ∈ [0, π] to θ ∈ [0, π

2 ] giving θ(x) = ± arctan[exp(x/∆)]. Using a similar analysis
as above with an out-of-plane (in-plane) easy axis in the Keff,0 (Keff) region, we
find Hpin = Keff,0/µ0MS . This relation is shown as the dotted line in Fig. 5.2(b)
and matches the asymptotic behavior of the micromagnetic simulations. The small
offset between the simulation and the model is due to the field already present at
Hin tilting the moments out-of-plane in the Keff region which is not taken into
account in the profile. Finally, from the above analysis a minimal injection field
can be found from the intersection of HKeff and Hin around Keff = 60 kJ/m3. This
is given by Hin,min = 2/5 ·Keff,0/µ0MS , giving at least a qualitative handle to tune
Hin,min.
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Figure 5.2: (a) Simulated hysteresis loops of a 400×60×1 nm3 strip, where
half the area has a reduced anisotropy Keff < Keff,0 and the other half a fixed
anisotropy Keff,0 = 305 kJ/m3 as shown in the inset of (b). Hin is indicated by the
×’es. (b) Hin obtained from (a). The dashed line shows the effective anisotropy
field HKeff . The solid (dotted) line is obtained from the 1D model assuming a full
(rescaled) Bloch profile. The open circles are simulations, starting with an artifi-
cially prepared domain wall at the boundary. The crossed symbols correspond to
Hin with different boundary widths δ.
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5.6 Conclusion

In this chapter, it is demonstrated that Ga+ irradiation can be used to controllably
inject/create a DW in a perpendicularly magnetized Pt/Co/Pt strip which we
substantiated by micromagnetic simulations and an analytical one-dimensional DW
model. The ease and tunability of the technique makes us believe that it will greatly
stimulate the field of DW physics and devices.
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Chapter 6

Field driven domain wall
motion in Pt/Co/Pt and
Pt/Co68B32/Pt strips

In this chapter we explore the DW velocity in structured Pt/Co(B)/Pt strips as
a function of applied field. We will start with explaining the devices and method
used to measure the DW velocity. We will then review the theory on field-driven
DW motion in perpendicularly magnetized materials and end this chapter with the
results obtained on field-driven DW motion in Pt/Co/Pt and Pt/Co68B32/Pt strips.
∗

6.1 Experimental Method

In this section we describe the device and method used to measure DW velocities in
patterned, perpendicularly magnetized Pt/Co(B)/Pt strips. The used devices were
first introduced in chapter 2 where the fabrication of the device and the components
of the measurement setup were explained. We will start with briefly recalling the
device and explain how the device is electrically connected. Next, we will discuss
the DW detection scheme and how we inject a DW into the device. This section
ends with a discussion on how we measure the DW velocity and discuss a typical
measurement.

Measurement setup

In figure 6.1 we show a SEM micrograph of the device first introduced in section
2.3.1. It consists of four components indicated by the numbers 1 to 4. We have
indicated how the device is electrically connected to the measurement equipement.
Let us first recall the components of the device. The magnetic strip (1) acts as
the DW conduit. The magnetic strip is contacted by two large Pt pads (2) at the
outer edges used to inject an AC and/or DC current into the strip. To detect a

∗Parts of this chapter are in preparation: Field driven domain wall motion in Pt/Co/Pt and
Pt/Co68B32/Pt strips by R. Lavrijsen, J. T. Kohlhepp, H. J. M. Swagten and B. Koopmans.
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passing DW in the strip by the AHE [see section 2.2.3], three 1 µm wide 10 nm
thick Pt Hall probe contacts (3) are patterned on top of the strip. The Hall probes
are spaced 20 µm apart. A reversed domain, and hence a DW, is created by the
Oersted field of a large current passed through a pulse line (Pt, 100 nm thick, 1 µm
wide) on top of the magnetic strip (4). This pulse line has been electrically isolated
from the magnetic strip by a 20 nm thick SiO2 layer (the dark square in the SEM
image). Another way to inject a DW at a controlled position is by irradiating the
strip with Ga ions [see chapter 5].

In figure 6.1 the electrical connections to the sample are shown. The magnetic
strip is connected to a current source used to inject an AC and/or DC current into
the magnetic strip. The pulse line is connected to a pulse generator on one side
and grounded on the other. The pulse generator injects short and intense current
pulses into the pulse line creating a reversed DW in the magnetic strip due to the
Oersted field. The three Hall probes are individually connected differentially (A-B)
to a lock-in amplifier which locks-in to the AC frequency of the current source.
Finally, the output of the lock-ins are connected to an oscilloscope where the data
acquisition is triggered by the pulse generator. This allows for synchronized time-
resolved measurements of the AHE voltage at the Hall probes, hence, the detection
of a DW passing through the magnetic strip. Note that the magnetic strip and
lock-in detection system (differential) is at a floating voltage only referenced by the
(filtered) low input of the current source. This protects the device from anomalous
voltage peaks present on the ground possibly damaging or destroying the delicate
magnetic strip since this is the most resistive part of the circuit.����� ������� 	
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Figure 6.1: Electrical connections to the device under study. The magnetic strip
(1) is connected (2) by a AC/DC current source (Keithley 6221). The pulse line
(4) is connected to the output of a pulse generator (Agilent 33250A) on one side
and grounded on the other. The three Hall probes (3) are differentially connected
to individual lock-in amplifiers (SR830) that lock-in to the reference of the AC
current source. The output of the lock-ins are connected to a oscilloscope (Agilent
DSO80640B) where the data acquisition is triggered by the pulse generator.



6.1. Experimental Method • 71

The devices are packaged in a chip carrier [see section 2.4] that can be fitted
on a cryostat insert. In figure 6.2 the position of the device when mounted in
the cryostat is indicated. The Helmholtz pulse coil allows for short and intense
field pulses and is used to saturate the magnetization of the magnetic strip. The
cryostat is inserted between the poles of a water-cooled electromagnet capable
of applying homogeneous and stable magnetic fields. On one of the poles of the
electromagnet a Hall field probe is mounted for a direct feedback on the actual
magnetic field. This field is calibrated to the field measured at the device position.
The insert can be rotated, which makes it possible to apply in-plane and/or out-
of-plane fields relative to the magnetic strip plane. To have direct feedback on the
device temperature a temperature sensor is installed close to the device on the
insert. The electrical connections to the device are distributed via a shielded cable
to a BNC connection box. Every connection is equipped with a switch to a 10 kΩ
shunt (connection to ground) to discharge any voltages present on the connection
wires but also to discharge any voltages present on the device after a measurement
and when changing connections.
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�����

�������

�� �
���������� �� ��
��� ������ �� ���
��
�����
������������� � ��� �	 ������������ ���� �� ��	 ��� ����� ������

Figure 6.2: Schematics of the experimental setup. A cryostat insert is positioned
inside the cryostat, which is inserted between the poles of an electromagnet. The
insert is equipped with a Helmholtz pulse coil allowing for fast field pulses to sat-
urate the magnetization (up or down) of the device. The field is directly measured
with a Hall probe (Lakeshore 421) calibrated to the field at the device position. The
insert is equipped with a temperature sensor located close to the device allowing
for a direct feedback on the device temperature. Finally, the electrical connections
are distributed to a BNC connection box by a shielded cable.
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Magnetization (domain-wall) detection

The magnetization orientation of the magnetic strip is detected by locally measur-
ing the AHE voltage at the Hall probe positions. Hence, the out-of-plane orientation
of the strip (up or down) is detected at the Hall probe positions. If a DW is passing
through the strip it is detected by a change of the AHE voltage. To minimize pin-
ning of DWs at the detection points we have chosen not to use conventional Hall
crosses. In convectional Hall crosses the whole cross is patterned from the magnetic
material. This leads to a strong geometrical DW pinning in the cross since the DW
has to change its profile as it propagates through the cross [53]. Also, the fabrication
of such crosses increases the chance to have sites where domains can nucleate due
to imperfections. This could lead to multiple domains nucleated in the strip, and
thus also multiple DWs, making it impossible to measure the DW velocity of a
single DW. Instead, we pattern a 10 nm thick 1 µm wide Pt layer on top of the
magnetic strip. In this way we have a straight magnetic strip (DW conduit), and
a propagating DW will find a constant magnetic strip geometry as it propagates
along the strip. A drawback of this detection scheme is that it will short the AHE
voltage. Consequently, the total AHE signal is reduced compared to a conventional
Hall cross. To be able to measure the small AHE signal we use lock-in detection;
typically a 100 µA peak-to-peak AC current (10 kHz) is inserted into the magnetic
strip. This gives, depending on the strips cross-section, a peak current density in
the order of 1 · 1010 A/m2 in the magnetic strip. The AHE resistivity of the Hall
probes is measured to be ρxy ≈ 0.1 µΩ·cm calculated using the current density
in the Hall probe (so including the 10 nm Pt layer on top of the magnetic strip).
This results in a peak AHE voltage of UAHE = ρxy · Jxx ·w, where Jxx is the total
current density through the Hall probe and w is the strip width. For a strip of w
= 1 µm and a current density of Jxx = 0.4 · 109 A/m2 in the Hall probe gives a
AHE voltage of UAHE = 4 µV.

In figure 6.3(a) - (c) we shown normalized hysteresis loops of a 900 nm wide Pt(2
nm)/Co(0.6 nm)/Pt(4 nm) strip measured using the AHE. The graphs are labeled
according to the Hall probe position from left to right, 1 - 3 as can be seen in figure
6.1, where 1 is the one closest to the pulse line. The magnetization at all three
Hall probe positions, and thus the whole strip, switches its magnetization rapidly
at ± 19 mT. This switching field is dominated by the weakest domain nucleation
site(s) present in the strip. We cannot resolve where it is located since the reversal
takes place within one measurement point. The switching field measured in this
way varies from sample to sample and is a first indication of the quality of the
strips. For instance, a strip with very rough edges has many nucleation sites that
may nucleate a domain at low fields. On the contrary, a perfect strip with very
smooth edges will have a lower amount of nucleation sites, hence, the chance to
have a site nucleating a domain at a low field is smaller. Consequently, the switching
field measured in this way places an upper limit on the field range where we can
accurately measure the DW velocity of a single DW. In other words, the better the
quality of the magnetic strip the higher the field the DW velocity can be measured
accurately, at least, with the technique explained in the following section.
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Figure 6.3: Whole (a) - (c) and partial (d) - (f) hysteresis loops of a 900 nm
wide Pt(2 nm)/Co(0.6 nm)/Pt(4 nm) strip at T = 300 ± 1 K. In (a-c) the whole
magnetic strip switches at ± 19 mT. (d) Partial hysteresis loop when there is a
weak pulse applied (10 mA, 500 ns) through the pulse line at µ0H = 0 mT. (e)
Partial hysteresis loop when a strong pulse (43 mA, 500 ns) is passed through the
pulse line at µ0H = 0 mT. A clear order in the switching of the magnetization at
the Hall probes (1→ 2→ 3) can be seen as indicated in (f) which is a magnification
of the region of interest indicated by the dash-dotted box in (e).

Domain-wall injection

To controllably inject a DW into the magnetic strip the pulse line is used. In
figure 6.3(d) - (f) we show partial hysteresis loops. We start by sending a current
puls through the pulse line at zero applied field after the magnetization has been
saturated in the negative direction (M/MS = −1. In (d) we show the result for
a weak pulse (10 mA, 500 ns), in this case we find the same switching field as in
(a) - (c), ≈19 mT. In (e) we apply a strong pulse (43 mA, 500 ns). We observe a
decreased switching field, and the magnetization at the three Hall probes switch
at different field. This is an indication of a DW propagating through the strip. In
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(f) we have zoomed in on the region of interest indicated by the dash-dotted box
in (e), clearly showing the subsequent switching of the Hall probes. In the next
section we will explain how the DW velocity is extracted at a constant drive field.

Domain wall velocity measurement

To controllably measure the DW velocity at a certain drive field and/or added
DC current (as will be the case in the next chapter) we have to make sure that
the applied drive field is constant during the measurement. This is realized by
performing the measurement in the following way:

1. Set parameters

(a) Set cryostat temperature and stabilize.

(b) Set drive field with large electromagnet.

(c) Add DC current if required.

2. Saturate the magnetization of the magnetic strip in the opposite direction of
the drive field with the Helmholtz pulse coil.

3. Create a DW with the Oersted field of the pulse line. The DW will directly
propagate down the magnetic strip. The data acquisition by the oscilloscope
is triggered by the pulse generator creating the DW. This corresponds with
t = 0 s in the following graphs.

4. Wait for the DW to pass through the whole magnetic strip.

5. Repeat the measurement if required.

In figure 6.4 measurements of the DW velocity of the same magnetic device
as in figure 6.3 are shown. In (a) the time resolved AHE signals at the three Hall
probes for an applied field of µ0H = 5.52 ± 0.05 mT and no DC current are shown.
The M/MS value can be approximated as the position where the DW is pinned
underneath the Hall probe [53]. Hence, when M/MS = 0 one could say that the DW
has propagated halfway through the area underneath the 1 µm wide Hall probe.
Following this reasoning, we can see that the DW is pinned for a certain time
underneath Hall probe 1 (t = 48 - 72 s), at the exit of probe 2, and for a shorter
time underneath probe 3. It is clear that there are certain strong pinning sites along
the wire impeding the motion of the DW, which are not necessarily underneath a
Hall probe. These strong pinning sites are most prominent at low fields, and will
obscure accurate DW velocity measurements at low fields as we will see later. We
can, however, obtain a measure of the average DW velocity between two Hall probes
when we take the time it takes for a DW to exit one Hall probe and enter the next.
This is indicated by the dotted lines and ∆t1−2 and ∆t2−3 for the time between
probe 1 → 2 and 2 → 3, respectively. In this particular measurement the DW
velocity can be calculated by dividing the distance between the probes, i.e., ∆x =
19 µm divided by the time ∆t1−2 = 29.93 s and ∆t2−3 = 55.61 s, respectively, it
takes to travel this distance. Hence, the DW velocity between Hall probes 1 → 2
is v1−2 = ∆x/∆t1−2 = 19 · 10−6 m /29.93 s = 6.33 · 10−7 m/s. Similarly we obtain
v2−3 = 3.42 · 10−7 m/s.
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Figure 6.4: DW velocity measurement analysis, all measurements shown are on
a 900 nm wide Pt(2 nm)/Co(0.6 nm)/Pt(4 nm) strip at T = 300 ± 1 K. (a) Time
resolved measurement of the normalized AHE voltage (M/MS) of the three Hall
probes at a drive field of µ0H = 5.52 ± 0.05 mT. A strong pinning of the DW
underneath the first Hall probe can be seen due to the step at t = 48-72 s. From
the elapsed time (indicated by ∆t1−2 and ∆t2−3) it takes the DW to transverse the
distance between the Hall probes (19 µm) the DW velocity can be calculated. (b)
Same measurement as in (a) but at a drive field of µ0H = 12.88 ± 0.05 mT. The
DW velocity is now calculated from the distance between the middle of the Hall
probes (20 µm). Note the lowered signal to noise ratio due to a low time constant
used to resolve the DW passing through the Hall probes. The discrete levels seen
in the normalized M/MS is due to the discrete levels of the DAC converter in the
LIA set at a (too) high range in this example. (c) Average DW velocity v of 20
measurements as function of the drive field, the error bars indicate the standard
deviation. The arrows with (a) and (b) indicate the points where one of the 20
measurements were shown in (a) and (b). (d) ln(v) plotted versus (µ0H)−1/4 the
linear dependence confirms that the DW motion follows the well-known creep-law.

In 6.4(b) we show a similar measurement when a drive field of µ0H = 12.88 ±
0.05 mT is applied. Note that the total signal to noise (S/N) ratio has decreased
in this measurement. This is due to a decreased lock-in time constant (300 µs)
needed to clearly resolve the DW passing through the Hall probes. In this case
the DWs move a factor ∼1000 faster compared to the measurement shown in (a).
We calculate the DW velocity from the M/MS = 0 crossing since there is no sign
of strong DW pinning. Now the DW velocity is obtained by dividing the distance
between the center of the Hall probes i.e. ∆x = 20 µm divided by the time it takes
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to transverse the distance between them. Hence, we find v1−2 = 2.59 · 10−3 m/s
and v2−3 = 2.11 · 10−3 m/s.

To measure the DW velocity as function of the drive field the measurement is
repeated 20 times for every drive field and the average velocity is calculated. This
is plotted in figure 6.4(c) where the error bars indicate the standard deviation of
these 20 measurements. We have measured the DW velocity over 4 orders of magni-
tude. In the present set-up approach, we cannot measure to higher values since we
cannot resolve the DWs passing through the individual Hall probes with the lock-
in technique. The upper limit of the technique is estimated to be v . 10−1 m/s,
meaning that a transition time of 200 µs between two Hall probes can be resolved.
This is based experimentally on a tradeoff between the lock-in time constant and
the signal to noise ratio. The upper limit can be increased by increasing the AC
current amplitude but this will influence the DW velocity by STT or extra Joule
heating by the probe current. Another method to increase this upper limit would
be to average over many reversal traces, which will be used in future experiments.
At lower driving fields the DW gets increasingly more sensitive to a few strong
pinning sites (most likely from edge roughness) obscuring the actual DW velocity.
Hence, the lower field limit on the DW velocity to be measured depends on the spe-
cific device. Improving the fabrication process will lead to even smoother magnetic
strips, which will overcome this problem in the future. In 6.4(d) we have plotted
ln(v) as a function of (µ0H)−1/4. The linear dependence of ln(v) on (µ0H)−1/4

indicates that the DW velocity obeys the well-known creep law, in agreement with
literature, which will be elaborated on in section 6.2.

6.2 Theory of field-driven domain-wall motion

The understanding of DW motion (which can be seen as an elastic interface) driven
by a force (applied magnetic field) through a disordered medium (ultrathin Co(B)
layer sandwiched between Pt layers) at finite temperature can be ordered into
roughly two regimes; creep and flow with a transition region in-between [75]. The
two regimes are shown in figure 6.5(a). At zero temperature (T = 0) an elastic
interface in a disordered medium will be pinned up to a certain depinning force
whereafter the driving force is strong enough to depin the interface. The force at
which this happens is called the critical depinning force fdep, which in the case of
a field driven DW is the depinning field Hdep. At finite temperatures T > 0 the
critical depinning gets smeared out due to thermal activation processes, and a finite
velocity is expected even for driving fields below Hdep.

Creep

At very low driving fields this motion is called creep H < Hdep
[75], since the

elastic interface, thermally activated, creeps between local pinning sites. This is
illustrated in figure 6.5(b) where a schematic representation of a DW is shown.
The dots indicate pinning sites but can take any shape in real materials. These
pinning sites all have their own strength indicated by the different shades of grey.
The solid line shows a DW that is pinned in the material. The arrows indicate
how such a DW propagates through the materials by locally changing its shape
elastically (thermally activated) through the material when an externally magnetic
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field is applied indicated by H. The DW velocity in the creep regime is shown to
follow the relation [75]:

v(H) = v0 exp
[
−

(
Uc

kBT

)(
Hdep

H

)µ]
, (6.1)

where Hdep is the critical field below which the creep regime occurs, Uc is the
pinning energy, v0 is a velocity scaling prefactor, kB is the Boltzmann constant,
T is the temperature, and µ is a dynamic exponent. The exponent is shown to
depend on the dimensionality and the degrees of freedom of the interface that is
under study. Very generally, an interface is characterized by its dimension d (d = 1
for a line or 2 for an interface) and can move in n directions [64]. In ultrathin Co
films as in Pt/Co/Pt we can assume that there is no change of the magnetization
with thickness, thus d = 1 (line) and n = 1 (can only move through the ultrathin
film). The dynamic exponent in this case is equal to 1/4, shown experimentally and
theoretically [64,76]. Hence, when the natural logarithm of the velocity is plotted
versus (µ0H)−1/4 a linear behavior is expected as we have seen in figure 6.4(d).
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Figure 6.5: (a) Theoretical variation of the velocity, v, of a 1-dimensional inter-
face (DW) in a 2-dimensional disordered medium submitted to a driving force f
(magnetic field, H), at zero and finite temperature T. The creep and flow regimes
are indicated. (b) Schematic representation of how a DW creeps through a ma-
terial by elastically changing its shape and (thermally activated) creeps through
the material. The different grey shades indicated the local magnetization direction
indicated by the symbols labeled with M, left (right) the magnetization points up
(down). The pinning sites are indicated by the dots where the different shades
indicate different strengths of the pinning sites. The DW creeps to the right as
shown by the dashed arrows since the externally applied field H tries to align the
magnetization in the right domain with this field.

Flow

For high driving fields the motion is known as flow (dissipative or viscous flow) and
the velocity scales linearly with the driving field. Rather than disorder, dissipation
limits the DW velocity. The dissipation is characterized by the magnetic damping
parameter α and can be related to the DW mobility m (v = mH). The viscous flow
regime can again be divided in two regimes, above and below a so-called Walker
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breakdown field Hw as we have discussed in chapter 1. Below Hw the DW velocity
is constant with a mobility given by:

m = γ∆/α, (6.2)

where γ is the gyromagnetic ratio γ ≈ 1.76 · 1011 rad s−1 T−1 and ∆ is the DW
width. Far above Hw there is a second linear regime in which the magnetization
in the wall precesses (from a Bloch to a Néel wall and back, etc). The mobility in
this regime is expressed as

〈m〉 = γ∆/(α + α−1). (6.3)

The velocity in this regime is lower as below Hw because the DW-motion is pre-
cessional. Hw for a DW in a perpendicularly magnetized strip of width w can be
written as

Hw = α|Nx −Ny|MS

2
, (6.4)

where Nx and Ny are the demagnetizing factors of the DW, x is along the direction
of DW movement and y is along the wall [41]. For the typical strips used in this
thesis α = 0.15 [77], MS = 1400 kA/m and |Nx − Ny| = 0.075, which gives a
walker breakdown field of µ0Hw ≈ 10 mT. However, for all the DW motion results
presented in this thesis the DW velocity is in the creep regime and the Walker
breakdown is obscured.

Experimental proof of the regimes

The DW velocity versus drive field was very elegantly investigated by Metaxas et
al. [23] in their work, the DW velocity is varied over many orders of magnitude in
homogenous Pt/Co/Pt films with different Co thicknesses. This is shown in figure
6.6(a) where the DW velocity for tCo = 0.5 and 0.8 nm is shown as a function
of the drive field at room temperature. The correspondence with figure 6.6(a) is
clear and the DW motion regimes can be identified; at low fields there is nearly no
motion (creep) where at high drive fields the motion scales linearly with the drive
field (flow), and in-between a transition region. For the case of the tCo = 0.5 nm
layer the transition to the flow regime occurs at a lower drive field as compared
to the tCo = 0.8 nm film indicating a lower DW pinning strength in thinner films.
This was also seen in our results of chapter 3 where a thicker Co layer showed an
increased coercivity, and decreased DW velocity.

In the flow regime the drive field is expected to be above the Walker breakdown
field, hence, the (averaged) mobility of the DW motion scales as equation 6.3. It
is not expected that α will change too much with layer thickness, therefore, the
difference in the mobility should originate for the largest part from the domain wall
width ∆. Indeed, as we have seen in chapter 3, the thicker Co layer has a lower
effective PMA leading to an increased ∆, explaining the higher mobility. Figure
6.6(b) shows the same data but now plotted as ln(v) as a function of (µ0H)−1/4. As
expected, a linear behavior is found for low drive fields (high (µ0H)−1/4), whereas
at high drive fields a deviation is seen due to the transition to the flow regime.

The field of creep motion and the universal scaling laws that govern the physics
of creeping interfaces is still a hot topic, and DWs in the thin Pt/Co/Pt films are
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Figure 6.6: (a) DW velocity v versus drive field showing the correspondence with
theory (compare with figure 6.5(a)), for low field there is creep motion and high
field a transition to the flow regime is found. (b) Natural logarithm of the DW
velocity versus the scaled applied field (µ0H)−1/4 to demonstrate low field creep.
Adapted from [23].

ideal systems to study these scaling laws [64]. As an example, a transition from a
1-dimensional DW behavior (line) to a 0-dimensional (point-object) behavior was
observed by Kim et al. in similar materials [56].

6.3 Results and Discussion

In this section we will present the data obtained on field-driven DW motion versus
applied field for three different materials patterned into strips with a width w of
900 nm. In the first part of this section we will compare the DW velocity in Pt(4
nm)/FM(0.6 nm)/Pt(2 nm) with the DW velocity in Pt(4 nm)/Co68B32(0.6 nm)-
/Pt(2 nm). In chapter 4 we concluded that in Pt/CoB/Pt the DWs should move
more easily due to a decreased DW pinning strength/density. Here, we will show
that this is indeed the case.

In the second part of this section we again compare the field-driven DW motion
in Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) to the field-driven DW motion in a stack where
we have reversed the thickness of the two Pt layers, i.e., Pt(2 nm)/Co(0.6 nm)-
/Pt(4 nm). The reason to investigate this stack is that by the exchange of the Pt
layer thickness a peculiar behavior is seen when a current is injected as we will see
in the next chapter.

Domain-wall velocity in Pt/Co/Pt and Pt/CoB/Pt

In figure 6.7(a) we show the results of field-driven DW motion versus applied field
in Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) and Pt(4 nm)/Co68B32(0.6 nm)/Pt(2 nm). We
have also added the field driven DW velocity data taken from Metaxas et al. on
a non-patterned film (Pt(4.5 nm)/Co(0.6 nm)/Pt(3.5 nm)) [23]. In figure 6.7(b) we
show the same data plotted as ln(v) versus (µ0H)−1/4. The lines in (a) and (b)
are a fit to the data using equation 6.1. The excellent agreement of the fits to
the data indicates that the DW motion is in the creep-regime. To quantitatively
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describe the pinning strength we can use an effective critical pinning field defined
as µ0H

eff
c = (Uc/(kBT ))4Hdep (slope of the data in figure 6.7(b)) reflecting the

strength of the pinning potential [45,78].
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Figure 6.7: (a) DW velocity versus applied field in 900 nm wide Pt(4 nm)/Co(0.6
nm)/Pt(2 nm) and Pt(4 nm)/Co68B32/Pt(2 nm) strips. We have added the DW
velocity for a non-patterned homogenous film (open symbols) of Pt(4.5 nm)/Co(0.6
nm)/Pt(3.5 nm), data taken from Metaxas et al. [23]. (b) ln(v) versus (µ0H)−1/4

for the same data as presented in (a), the values indicate µ0H
eff
c (see text). The

lines in (a) and (b) are a fit to equation 6.1.

Let us first compare a patterned strip of Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) (grey-
filled round symbols), with the data of Metaxas et al. of an almost identical homoge-
nous, i.e., non-patterned film (open round symbols). We obtain an effective critical
pinning field of µ0H

eff
c = 1.2 · 105 T for the patterned strip and µ0H

eff
c = 2.1 · 103

T for the homogeneous film. Cayssol et al. [45] showed an inverse linear scaling of
µ0H

eff
c with the width w of patterned strips indicating that the increased pinning

strength in patterned films is due to edge effects. The large difference between
our patterned film compared to the homogenous film of Metaxas et al. is, hence,
ascribed to the presence of the edges in the patterned film. The value of µ0H

eff
c

obtained on identical devices reproduces within 10% (not shown), indicating that
µ0H

eff
c is rather insensitive to sample to sample variation.

More interestingly, µ0H
eff
c depends on the ferromagnetic material. In Pt(4 nm)-

/Co68B32/Pt(2 nm) we find µ0H
eff
c = 1.9 · 104 T. This indicates that in the

CoB based material there is a strongly reduced DW pinning, allowing the DW
to move more easily through the material. This reduced pinning strength is ex-
pected when we compare it with the results of chapter 4 where a strong increase in
the Barkhausen length lb was found for homogeneous Co68B32 films (lb ≈ 118 nm)
compared to pure Co based films (lb ≈ 60 nm). The values of lb and µ0H

eff
c cannot

be compared quantitatively since they are obtained assuming the DW motion to
be in the transition between the creep and flow regime. Furthermore, lb describes
the DW motion in a homogenous film and its definition becomes unclear in the
case of DW motion through a strip due to the DW pinning at the strip edges.
Hence, the results indeed follow the trends as were predicted in chapter 4. It is
interesting to note that the DW velocity in the Pt(4 nm)/Co68B32(0.6 nm)/Pt(2
nm) film becomes comparable to the velocity of the homogenous film of Metaxas
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et al. at high drive field. Possibly, the DW motion in this low DW pinning material
is in the transition to the flow regime for the highest measured DW velocities. This
would require measuring the whole DW velocity range from the creep into the flow
regime, which we cannot measure due to the experimental upper limit on the DW
velocity.

Domain-wall velocity in Pt(2 nm)/Co(0.6 nm)/Pt(4 nm)

Finally, we investigate the role of the Pt layer thickness below and on top of the
Co layer. We experimentally find that it has a large effect on µ0H

eff
c as can be seen

in figure 6.8. The effective critical pinning strength of Pt(2 nm)/Co(0.6 nm)/Pt(4
nm) is µ0H

eff
c = 1.7·104 T where Pt(2 nm)/Co(0.6 nm)/Pt(4 nm) showed µ0H

eff
c =

1.2·105 T. This large difference is surprising and the exact origin of this reduced DW
pinning is at the moment not known. It can be due to a reduced Curie temperature
or decreased effective anisotropy, both lead to wider DWs being less sensitive to
structural imperfections. We however, do not expect these parameters to vary to
such an extent that they can explain the enormous change in the observed pinning
strength. Hence, the origin is more likely to be found in the growth of the Co
layer when the bottom Pt layer is only 2 nm thick. This might lead to a smoother
interface between the Pt and Co effectively reducing the DW pinning strength at
the Pt/Co interfaces. Further investigation of the morphology of the layers using
HRTEM would be needed to test this hypothesis.
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Figure 6.8: (a) DW velocity versus applied field in 900 nm wide Pt(4
nm)/Co(0.6 nm)/Pt(2 nm) and Pt(2 nm)/Co(0.6 nm)/Pt(4 nm) strips, indicated
by Pt4/Co/Pt2 and Pt4/Co/Pt2, respectively. Again we have added the DW ve-
locity for a non-patterned homogenous film [23]. (b) ln(v) versus (µ0H)−1/4 for the
same data as presented in (a), the values indicate µ0H

eff
c . The lines in (a) and (b)

are a fit to equation 6.1.

We have, however, measured the Barkhausen length lb as explained before and
find lb ≈ 73 nm (assuming the same MS as Pt(4 nm)/Co(0.6 nm)/Pt(2 nm),
compared to the aforementioned lb ≈ 60 nm in Pt(4 nm)/Co(0.6 nm)/Pt(2 nm).
This again shows the same trend, where a decreased DW pinning is found for an
increased lb value.

At the moment of writing we have not prepared and measured a Pt(2 nm)-
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/Co68B32(0.6 nm)/Pt(4 nm) device to complete the analysis of these series. We
expect a reduced µ0H

eff
c as seen in the case of the Pt(2 nm)/Co(0.6 nm)/Pt(4

nm) device although the difference in µ0H
eff
c will probably not be that large as

observed for pure Co. This is based on the hypothesis of the reduced interface
roughness between the Pt and the Co or CoB. In the case of the CoB layer a more
amorphous growth is expected, hence, a reduction of the interface roughness will
not decrease the DW pinning to the same extent as compared to the Co layer.

6.4 Conclusion

In conclusion, we have shown that the DW motion we measure is in the creep-
regime, with the exception of the highest velocities measured which might already
be in the transition to the flow regime. The pinning strength expressed by µ0H

eff
c

depends heavily on the material system (Co or CoB) and the Pt layer thicknesses
below and above the magnetic layer. This last observation is speculated to be due to
the interface roughness between Pt and Co. The results further indicate that CoB
based devices are indeed a promising candidate for DW motion devices compared
to pure Co based devices.



Chapter 7

Current-assisted domain-wall
creep in asymmetric
Pt/Co(B)/Pt strips: Effect
of Bloch-wall chirality

In this chapter, we report on the DW velocity of current-assisted field-driven DW
motion in asymmetric Pt/Co/Pt stacks. The asymmetry lies in the thicknesses of
the top and bottom Pt layers relative to the Co-layer. We will show that depend-
ing on this asymmetry we can either accelerate or slow-down the field-driven DW
velocity by a current. In the second part of this chapter we will show that by com-
bining in-plane and out-of-plane applied fields we are able to induce a preferential
chirality of the Bloch-DW. Surprisingly, depending on this induced chirality, cur-
rent direction and stack asymmetry we can tune the DW velocity. This shows that
the effect of spin-orbit interactions cannot be ignored, shedding some light on the
discrepancy in the reported experiments on current induced DW motion in perpen-
dicularly magnetized Pt/Co materials. The finding of a Rashba spin-orbit effect
capable of influencing the current-induced DW motion in a fully metallic material,
tunable by simply varying the Pt layer thicknesses, may open up doors to many new
experimental and theoretical spintronic concepts. ∗

7.1 Introduction

The manipulation of the magnetization-(dynamics) by a spin-polarized current is
a booming research field due to the prospect of data-storage and memory devices
with reduced dimensions and energy consumption [79,80]. One of the heavily investi-
gated topics in this field is current-induced domain-wall motion (CI-DWM) [10,13].
Recently, research into DWM in perpendicularly magnetized materials has gained

∗Parts of this chapter are in preparation: Tunable Rashba effect: spin-orbit-torque-assisted
field-driven domain wall creep R. Lavrijsen, E. van der Bijl, R.A. Duine J. T. Kohlhepp, H. J.
M. Swagten and B. Koopmans

83



84 • Chapter 7. Current-assisted domain-wall creep in asymmetric Pt/Co(B)/Pt
strips: Effect of Bloch-wall chirality

momentum by the prospect of efficient CI-DW depinning/motion due to the simple
and narrow Bloch-type domain walls (DW) in these materials [50,53,68].

The archetype material for these studies are Pt/Co (multi)-layers and materials
closely related to this system. Over the last two years many experimental reports
have appeared on the CI effects on DWM [40,66,81] in these systems, and even proto-
type DW shift registers have been demonstrated recently [25]. There are, however,
contradicting results between the experimental observations and the predictions
from the theory behind the spin-transfer-torque (STT) used to explain CI-DWM.
Following the reasoning behind the STT induced DW motion one expects that
DWs are always moved in the direction opposing the current direction (in the
direction of the electrons), assuming a positive spin-polarization (P > 0) and non-
adiabatic STT parameter (β > 0) [see next section]. This is shown to be the case
in Pt/Co/Pt/Co/Pt [81] and in a multi-layer of Co/Ni [52], but in a Pt/Co/AlOx

system [67] and more recently in a Ta/Pt/Co/Pt system [25,82] the DWs move in the
direction of the current. A possible explanation is a negative spin-polarization as
was predicted from first-principles calculation on a Pt-Co alloy system [42]. How-
ever, this would mean that the spin-polarization varies strongly between nearly
identical material systems which seems unlikely. The prospect of a possible nega-
tive β parameter then seems more feasible since it takes into account non-adiabatic
or dissipative STT’s [13]. The term was first introduced empirically to account for
discrepancies between experiments and theory when only the adiabatic STT was
taken into account [21,83] [see following section]. The exact physical origin of the
effect is still heavily debated, and instead of the mentioned negative value other
effects may play a role. However, there is a consensus that one of the contributions
to the parameter are the spin-orbit (SO) interactions. In the presence of heavy
elements like Pt and structural inversion asymmetry (SIA), the SO interactions
can be quite significant as was shown recently in Pt/Co/AlOx

[55,84]. This suggests
that the effect of SO interactions cannot be ignored in these materials and may
influence the CI-DWM.

7.2 Theory of current-induced domain wall mo-

tion

The theory behind the effect of a spin-polarized current on the motion of a DW has
been under investigation since the prediction of the effect in the 1980s [3]. The effect
is called spin-transfer-torque (STT) and takes into account the interaction between
the spin of a polarized current and the local magnetization. In ferromagnetic tran-
sition metals the STT is usually described by the s− d exchange interaction. This
simplified picture describes the spin-interaction between the itinerant s-like elec-
trons being responsible for the current transport and the bound d-like electrons
responsible for the magnetic moment. Due to this s − d interaction the itinerant
and localized electrons precesses around each other exchanging spin angular mo-
mentum. In the following we will outline the basic theory for current-induced DW
motion. No attempt will be made to be complete or exhaustive. We will sketch
the basic principles as they are currently established or under discussion. Let us
start by examining the two added STT terms to the LLG equations; adiabatic and
non-adiabatic, as was introduced before in section 3.2:
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∂m(t)
∂t

= −γµ0m×Heff︸ ︷︷ ︸
precession

+ αm× ∂m(t)
∂t︸ ︷︷ ︸

damping

− (u · ∇)m︸ ︷︷ ︸
adiabatic

+βm× [(u · ∇)m]︸ ︷︷ ︸
non-adiabatic

. (7.1)

Adiabatic term

The adiabatic term is derived from spin angular momentum conservation, here it
is assumed that the spin of the itinerant electrons (spin current) follows exactly
the spins of the local magnetization profile of the DW. This assumption is valid
for wide DWs, where one can imagine that the itinerant electron as it is passing
through the DW (and hence precessing around the localized moments exchanging
spin angular momentum) has enough time to adapt its direction to the localized
magnetization. There are, however, different viewpoints on what length scale one
should compare the DW width to and these viewpoints are valid in their specific
situation [19,50,68,85]. In most reports, however, the DW width is compared to either
the spin-diffusion length [50] or the Larmor precession length [86], which are of the
order of a few nanometers in ferromagnetic transition metals. Hence, for DW widths
of the order of a few nanometers the adiabatic-assumption is no longer valid and a
non-adiabatic contribution has to be considered.

Non-Adiabatic term

The non-adiabatic term was introduced based on the disagreement between experi-
ments and theory when only the adiabatic term was considered [21,83]. The strength
of the non-adiabatic torque is determined by the β-parameter, which is still heavily
debated and can nowadays be seen as a collected field-like torque term with different
origins [16]. Possible contributions to this term are usually explained by an inability
of the itinerant electrons to follow the local magnetization profile of the magnetiza-
tion texture, e.g., a DW. Hence, the exchange of spin angular momentum between
the itinerant spin and local moment is not conservative and a non-adiabatic pro-
cess is taking place. Intuitively, and following the reasoning behind the adiabatic
term, one can see that this becomes dominant when the magnetization texture
gradients become large. This is naturally the case for narrow DWs but also for
vortex-type DWs where large magnetization gradients are present near the vortex
core. The simple interpretations can be a simple mis-tracking of the itinerant spin
or even a reflection of an incoming spin being unable to follow the sudden change
(DW scattering leading to DW resistance). More recently, it was realized that the
non-adiabatic term can also be large in systems with high spin-orbit interactions
inducing an extra precession of the (flowing) itinerant electrons due to the spin-
orbit interaction [84,87,88]. Hence, when materials with narrow DWs and high SO
interactions are considered the non-adiabatic parameter β can be large [55,88].

Considering the DW width in our Pt/Co materials, which typically is ≈ 10 nm
[see section 3.5.3], we are in the narrow DW width regime. Hence, a significant
non-adiabatic contribution to the current induced DW motion can be expected.
Furthermore, the presence of Pt and interfacial effects due to the ultrathin Co
layer suggests that spin-orbit interactions should be taken into account.
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Rashba spin-orbit effect

In the case of Pt/Co/AlOx the presence of a Rashba SO effect has recently been
shown by Miron et al. [84]. In the following we will largely follow the discussion
given in this work. The manifestation of the Rashba SO effect is explained from
the SIA of the Pt and AlOx on either side of the Co layer. This SIA results in
an net electric field E oriented perpendicularly to the Pt/Co/AlOx film plane in
the direction of the AlOx layer as was found experimentally [84]. This electric field
transforms to an effective magnetic field in the rest frame of a moving electron and
is given by

HR = αR (ẑ× 〈k〉) , (7.2)

where ẑ is a unit vector parallel to E, 〈k〉 is the average electron wavevector and
αR is a material parameter that describes the strength of the SO interaction. For
zero current, HR is zero since 〈k〉 = 0, for finite currents 〈k〉 is no longer zero and
also HR becomes finite. In a ferromagnet, HR working on the itinerant electrons
couples to the local magnetization through the aforementioned s - d exchange in-
teraction (Jsd). This leads to a s-d-mediated field on the magnetization Hsd. This is
schematically shown in figure 7.1, where in (a) we show the axis convention relative
to the Pt/Co/AlOx layer, in (b) the Rashba effect leading to Hsd is illustrated. In
figure 7.1(c) we show how the Rashba effect influences the magnetization. When
no current is flowing (I = 0) the magnetization is pointing along the easy-axis (z),
either up or down. When a current is applied along +x Ix > 0, (-x, Ix < 0) a Hsd

along +y (-y) is induced leading to a tilt of the magnetization. Please note that
the tilt direction is independent of the initial magnetization direction and that it
will act everywhere, so not only where a magnetization gradient is present.

The Rashba field Hsd in the Pt/Co/AlOx can be written as [84]

µ0Hsd =
αR

µBMS
P (ẑ× je) , (7.3)

where, µB is the Bohr magneton, P is the spin-polarization, MS is the saturation
magnetization and je is the current density vector. It was found that Hsd corre-
sponds well with realistic values of αR taken from other studies on interfaces of
heavy-metals. The ratio of Hsd/je was found to be ≈ 1 · 10−12 T m2 A−1, hence,
for a current density of 1 · 1012 A/m2, a huge Hsd field of 1 T was found pointing
in the y-direction.

Finally, they preformed the same analysis on a Pt(3 nm)/Co(0.6 nm)/Pt(3
nm) sample and found that the Hsd in this materials was negligible relative to
the Pt/Co/AlOx material. This Pt(3 nm)/Co(0.6 nm)/Pt(3 nm) sample has a
symmetric Pt-layer thickness below and on top of the Co layer. We will later show
that this might be the reason why they did not find a Hsd when we discuss our
results on current-assisted field-driven DW motion.

Current state of the field

As we have discussed before, in the field of current induced DW motion there is a
gap between the describing theories and the experimental results. This is mostly due
to the large total currents needed to reach the current densities required to observe
the STT effect. These large total currents give rise to well-understood effects such
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Figure 7.1: (a) axis convention relative to the Pt/Co/AlOx layer. (b) Electrons
traveling perpendicular to the Rashba electric field E have their spin (s) tilted
by the Rashba magnetic field (HR), exerting a torque on the localized moments
(M) through the exchange coupling (Jsd) and s-d-mediated Rashba field (Hsd)
(adapted from [55]). (c) Rashba effect on the tilt of the magnetization in the Co-
layer (see text).

as Oersted fields and Joule heating. However, when one needs to quantify the
relatively small STT effect the interpretation of current-induced DW motion is
difficult. This makes the quantification and understanding of the STT effect to the
least, cumbersome. One of the arguments that is used to unambiguously determine
the STT-effect is responsible for DWM is when multiple DWs in a single strip
should all reverse their direction of motion on reversal of the current direction. In
the case of an magnetic field (Oersted-field) the DWs in the strip will move in such a
manner that the magnetic domain that has its magnetization direction aligned with
the magnetic field will grow. This will eventually annihilate all the DWs present in
the strip since they move towards or away from each other. Furthermore, following
the current theory on STT a DW should move in the direction of electron flow,
assuming positive polarization and non-adiabatic STT, i.e., P > 0 and β > 0.

Without doubt the existence of the STT effect for driving DWs is proven but
there is still a large spread in the obtained DW velocities and so-called critical
current densities needed to move the DWs. This is partly due to the fabrication
of the devices which results in different quality DW conduits between the labora-
tories. Furthermore, the way the experiments are conducted differ, e.g. is the DW
directly pushed when it is created or is the DW first created whereafter the current
is applied to move the DW [13]? Finally, the DW pinning strength, which we have
encountered before in this thesis, further complicates the comparison between re-
sults of different laboratories. As we have seen, the pinning strength is especially
relevant for the ultrathin Pt/Co materials, which explains why only few reports of
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pure CI-DWM in these materials have been reported. Due to this strong pinning,
the CI-DWM, in most cases, can better be called CI-depinning experiments [66,74].
All these complications make the quest to unambiguously determine the exact form
and magnitude of the non-adiabatic term a very exciting research field aiming at
a further understanding and exploitation of CI-DWM.

In a few recent experiments one observes that the CI-DWM does not follow
the simple picture of a DW pushed in the direction of the electrons (opposing the
current direction) [25,67,82]. In the following we will try to shed some light on this
discrepancy by studying the current-assisted field-driven DW creep in asymmetric
Pt/Co/Pt strips, where we will further refer to recent experiments and explain the
relevance to our work.

7.3 Experimental details

The samples under study are prepared by sputtering on Si substrates with a 100 nm
thermally grown SiO2 layer. We will compare the current-assisted field-driven DW
velocity in Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) to a sample where we have reversed
the thickness of the two Pt layers, i.e., Pt(2 nm)/Co(0.6 nm)/Pt(4 nm). Hence, we
keep the total sample thickness constant (6.6 nm) but switch the thickness of the
two Pt layers leading to the aforementioned asymmetry in the Pt/Co/Pt stacks.
We will from now on label the samples indicating only the Pt layers as Pt4/Co/Pt2
and Pt2/Co/Pt4. Both structures exhibit perpendicular magnetic anisotropy result-
ing in the magnetization pointing perpendicular to the sample plane. The structures
are pattered into 900 nm wide strips using electron beam lithography (EBL) and
Ar ion milling. The strips are then electrically connected with Ti/Au electrodes
using EBL and lift-off. A typical device is shown in the inset of figure 7.2(b). The
numbers indicate the components of the device; 1 is the magnetic strip. 2 indicates
the contacts used to inject an AC (detection) and/or a DC offset current into the
magnetic wire. 3 is a pulse line electrically isolated from the magnetic wire by a 20
nm thick SiO2 layer (dark square). The pulse line is used to create a DW in the
magnetic strip by the Oersted field of a large injected current pulse. Finally, the
contacts indicated by 4 are 10 nm thick 1 µm wide Pt lines spaced 20 µm apart
patterned on top of the magnetic strip allowing to locally probe the magnetization
state of the strip by the anomalous Hall effect (AHE).

The devices are then placed in a He-flow cryostat where the temperature is
actively controlled to T = 300 K unless stated otherwise. A 10 kHz AC current of
100 µA peak-to-peak is injected into the magnetic strip. Three lock-in amplifiers
(LIA) connected differentially to the probe contacts 4 lock in to this frequency.
The procedure to measure the DW velocity is as follows [see also section 6.1]: the
magnetic strip is first magnetically saturated by a large magnetic field applied along
the easy axis (out-of-plane) (> 150 mT). Then a constant opposite drive field is
set but below the switching field of the wire. A 500 ns long current pulse of 45
mA is then injected into the pulse line locally nucleating a reversed domain that
directly expands into the wire due to the drive field. The passage of the DW at
the probe positions is then recorded by monitoring the output of the LIAs with an
oscilloscope. Hence, by taking the time difference between a DW exiting one probe
and entering the next, one can calculate the DW velocity. The current density
J is calculated using the injected DC current into the strip divided by the cross
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Figure 7.2: Average DW velocity of 20 measurements as a function of applied
field (Hz) and current density (J), the error bars indicate the standard deviation.
The direction of current relative to the DWM direction is indicated by the arrows.
All results are obtained with a constant cryostat temperature of Tcryo = 300 K.
(a) Results obtained on Pt4/Co/Pt2, (b) Results obtained on Pt2/Co/Pt4. The
inset shows the devices used to measure the DW velocity, (see text). The lines are
a guide to the eye.

sectional area of the wire. Every point is the average of 20 measurements, and the
error bar indicates the standard deviation. There is a small variation (< 10%) in
the absolute value of velocity between different samples but all the observed trends
are reproducible.

7.4 Current-assisted domain-wall motion

In figure 7.2(a) (figure 7.2(b)) we show the results of the Pt4/Co/Pt2 (Pt2/Co/Pt4)
strip. When no DC current is injected into the strip (J = 0) we observe the
well-known DW creep behavior. Hence, the DW velocity can be written as v ∝
exp[−Uc/(kBT )(Hc/H)µ], where (kBT ) is the thermal energy, Uc is a energy scal-
ing constant and Hc is the so-called critical depinning field [64]. The dynamical
exponent µ has been predicted [75], and was shown to be equal to 1/4 for DW
creep motion in Pt/Co (multi)-layers [45,56,64]. Hence, when log(v) vs. (µ0H)−1/4

is plotted one expects a straight line. This is seen for our J = 0 data confirming
that the DW velocity is indeed in the creep regime. Please note that in the case of
Pt2/Co/Pt4 [figure 7.2(b)] a lower drive field is needed compared to Pt4/Co/Pt2
[figure 7.2(a)] for an identical DW velocity, indicating a lower DW pinning strength
for this structure. This detailed behavior was discussed in section 6.3.

Next, we insert different current densities (J = 3.4 · 1011 and 5.1 · 1011 A/m2)
into the strip, each for both polarities as indicated by the arrows next to the data.
The direction of the DWM relative to the current direction is indicated by the
arrow in the top right corner. First of all, we observe that the total DW velocity
increases on injecting the current. This is due to the significant Joule heating of the
strip by the injected currents. The deviation from a straight line at high drive fields
(low (µ0H)−1/4) and high current density can be due to (i) a gradual transition to
the so-called flow regime [23] or (ii), due to a different velocity scaling (µ) when the
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current is injected and the non-adiabatic STT effects (β-term) play a large role [89].
Ruling out which of the two effects are causing the effect would require measuring
the velocity over a larger range (up to the flow regime), which is not possible in
our case due to experimental limitations.

Surprisingly, we observe a different increase in the DW velocity for identical
current densities but with opposite polarity in Pt4/Co/Pt2 [figure 7.2(a)] as com-
pared to Pt2/Co/Pt4 [figure 7.2(b)]. In the case of Pt4/Co/Pt2 the increase in
DW velocity is higher when the current direction is in the same direction as the
DWM (solid arrow pointing in the same direction as the DWM). On the contrary,
in Pt2/Co/Pt4 the DW velocity increase is higher when the current is opposing the
DWM (dashed arrows pointing anti-parallel to the DWM). From the simple picture
of STT (P > 0, β > 0) one would expect that the DWM should be more efficiently
assisted when the current is opposing the DWM direction (electrons flowing in the
same direction as the DW). The fact that this simple picture does not hold for
Pt4/Co/Pt2 suggests that there are other mechanisms influencing the CI-DWM
which are intimately related to the asymmetry in Pt4/Co/Pt2 and Pt2/Co/Pt4.

Already at this stage it is important to mention that we have performed the
same measurements with a reversed applied magnetic (not-shown) and find an
identical behavior, indicating that the z-component of the Oersted fields cannot be
the cause for the observed velocity difference.
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Figure 7.3: Average domain wall velocity as a function of field and current for
constant sample temperature. The J = 0 measurements is taken at Tsample =
Tcryo = 300 K. The measurements at |J | = 5.1 ·1011 A/m2 is preformed by cooling
down the cryostat and using the resistance (4-point measurement) of the magnetic
strip as a thermometer assuring the sample temperature to be Tsample = 300 K
to compensate for the Joule heating ∆T ≈ 48 K of the current [40]. (a) Results
obtained for Pt2/Co/Pt4. (b) Results obtained for Pt4/Co68B32/Pt2. Please note
the same scale used in (a) and (b), the lines are a guide to the eye.

To check whether the observed effect of the current is merely due to a different
DW velocity or if the DW velocity is really increased or decreased depending on
the direction of the current, we have performed constant sample temperature mea-
surements. In these measurements, we measure the increase in temperature due
to the injected current by relating the resistance increase due to this current to
the temperature dependence of the resistance. Then we cool down the cryostat to
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compensate for this temperature rise for the details of the experiment we refer to
Boulle et al. [40]. The result is shown in figure 7.3(a) for Pt2/Co/Pt4. We observe
that the DW velocity either increases or decreases symmetrically relative to the
purely field driven case (J = 0) which unambiguously shows that the current im-
pedes or assists the field-driven DWM, inline with earlier observations. The result
is the same for the Pt4/Co/Pt2 structure (not shown) but with reversed polarity,
i.e., now the positive current increases the DW velocity, as seen before in figure 7.2.

As we have seen in section 6.3 there is a lower DW pinning strength in Pt2/Co/Pt4
compared to Pt4/Co/Pt2. To show that the DW pinning strength is not responsible
for the observed change in the STT we have performed constant sample tempera-
tures DW velocity measurements on a Pt4/Co68B32/Pt2 sample. This sample has
the same asymmetry as Pt4/Co/Pt2 but a strongly reduced DW pinning as has
been discussed in chapter 4 and section 6.3 due to the boron doped Co. The re-
sults are shown in figure 7.3(b) using the same figure scale as in (a). We indeed
observe a similar behavior as in Pt4/Co/Pt2, i.e., the DW velocity increases when
the current flows in the same direction as the DWM indicated by the arrows. As
discussed before, at the moment of writing we have not prepared and measured a
Pt2/Co68B32(0.6 nm)/Pt4 device to complete the analysis but we expect the same
behavior as Pt2/Co/Pt4. We conclude that the DW pinning strength does not in-
fluence the STT direction. Therefore, the difference between the STT direction in
Pt4/Co/Pt2 and Pt2/Co/Pt4 should have a different origin.

7.5 Chirality of the Bloch-domain wall

We conjecture that the explanation for the different STT direction in Pt4/Co/Pt2
and Pt2/Co/Pt4 can be found in the chirality (ξ) of the Bloch-DW [see figure
7.4(a)], during the DW motion in combination with the aforementioned Rashba
effect. The definition of chirality is shown in figure 7.4(b) where the magnetization
rotates when looking along the x-axis either in a clockwise ξ = +1, or counter
clockwise ξ = −1 sense.

The DW motion, as has been explained in section 1.2, can be either steady or
precessional and the transition between the two is characterized by the so-called
Walker breakdown field. In the case of steady DWM the chirality of the DW is
preserved, when the DWM is precessional the DW continuously switches between
the two chiralities and one could say that the time-averaged polarization of the
chirality is zero 〈ξ〉 = 0. From equation 6.4 we can estimate a Walker breakdown
field for our strips of µ0Hw ≈ 10 mT (the field above which precessional motion
occurs). Moreover, from experimental results on in-plane magnetized materials one
has seen that Hw is always overestimated in this way. Hence, for the fields used in
our study we expect the DWM to be precessional. However, there is a complication,
as we have seen the DWM we measure is in the creep-regime, hence it is not
clear how the concept of steady or precessional DWM applies, since the Walker
breakdown is obscured by DW pinning [23]. In the rest of this chapter we assume
the DWM we measure to be precessional, even if it is in the creep-regime. This can
be seen as a precessing DW that is creeping through the material. The consequence
of this assumption is that there is no net polarization of the chirality during the
DWM, unless, an in-plane field in the direction of the center spin of the Bloch-DW
is applied as we will explain in the following.
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Figure 7.4: (a) The Bloch-DW, the magnetization rotates in a screw like fashion.
(b) Definition of the chirality of a Bloch-DW. (c) Preferential chirality of the DW,
corresponding to the labeling in (b), for the combination of the out-of-plane Hz and
in-plane field Hy. The domains are drawn in such a way that the Hz field always
pushes the DWs in the positive x direction as is the case in our experiments.

To obtain a preferential Bloch-DW chirality one can apply a magnetic field in
the in-plane direction perpendicular to the long axis of the strip. This has been used
before to increase the DW velocity in in-plane magnetized materials with transverse
DWs (similar to Bloch-DWs) effectively suppressing the Walker breakdown Hw

[90],
or with a so-called chirality filter [91]. For in-plane fields one could say that the time-
averaged chirality of the DW gets polarized, with a preference for ξ = +1 or -1
depending on the combination of the in-plane Hy and out-of-plane Hz field. This
is shown in figure 7.4(c), where we indicate the preferential chirality as seen in (b)
corresponding to the four combinations of (Hz,Hy). We have drawn the domain
with the convention that Hz always pushes the DW in the positive x direction as
is the case in our experiments.

Before we show the results on the DW velocity where we combine an externally
applied Hz and Hy field, let us discuss possible other origins for an Hy field in our
samples, namely the Oersted field and the Rashba-effect both only present when a
current is injected.

Oersted field

The Oersted field has a small but finite component in the y-direction at the mag-
netic Co layer due to the aforementioned asymmetry in the Pt layers above and
underneath the Co layer. The direction depends on the current direction and stack
asymmetry. The magnitude can be estimated by using Biot-Savart law [92]. For the
highest current density (J = 5.1 ·1011 A/m2), and assuming a homogenous current
distribution the y-component of the Oersted field at the Co layer is found to be
|µ0HOe,y| ≈ 0.6 mT and the direction (+y or −y) depends on the asymmetry of the
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stack. As we will discuss in the next section the current density is in-homogeneous
in the stack and thereby the Oersted field at the Co layer increases slightly to
|µ0HOe,y| ≈ 0.8 mT. We will later compare this magnitude of the Oersted field
with our experimental data.

Rashba field in asymmetric Pt/Co/Pt

The Rashba effect was explained before in figure 7.1 for the case of Pt/Co/AlOx

where the effect is induced by the SIA of the Pt and AlOx on either side of the
Co layer and the presence of the heavy-metal Pt. The Rashba effect is essentially a
surface/interface effect and is enhanced by the presence of SIA or heavy-metals [84].
In the case of Pt/Co/Pt the interfaces at either side of the Co layer are expected to
be symmetric, hence, effectively canceling any electric field E that might be induced
as was discussed in the case of the aforementioned symmetric Pt(3 nm)/Co(0.6
nm)/Pt(3 nm) stack by Miron et al. [84].

In the case of asymmetric structures as Pt4/Co/Pt2 and Pt4/Co/Pt2 a SIA
could be induced by the different thicknesses of the top and bottom Pt layers. This
seems unlikely as the top and bottom interface between the Pt and the Co should
then be considered different. This could be the case due to growth related issues
making the two interfaces different. This would then lead to a (small) Rashba
electric field E, however, the results of Miron et al. on the aforementioned Pt(3
nm)/Co(0.6 nm)/Pt(3 nm) did not show a sign of the Rashba effect indicating
that this cannot be the origin of any significant Rashba effect even in asymmetric
Pt/Co/Pt.

The presence of a finite E, however, becomes more feasible when the current
distribution in the Pt/Co/Pt stack is considered. In a recent report by Cormier et
al. [93] the current distribution in an asymmetric structure of Pt(4.5 nm)/Co(0.5
nm)/Pt(3.5 nm) was calculated considering spin-dependent interface scattering,
transmission coefficients and spin diffusion lengths as has been extensively used in
the past for the understanding of giant magneto-resistance effect. In this report they
find that there is a large difference between the total currents flowing in the three
layers. Moreover, there is a large difference between the current flowing at the top
and bottom interface of the Co-layer due the asymmetry in the two Pt layers. This
might lead to a non-zero effective Rashba electric field E, and, using equation 7.3
to a finite Hsd field. Consequently, this current asymmetry switches sign between
Pt4/Co/Pt2 and Pt4/Co/Pt2 and thus also the direction of the Rashba field.

In the discussion above we have provided a possible argument for a finite Rashba
electric field E in our structures. The magnitude of Hsd can in that case be esti-
mated by using the crude approximation that Hsd scales as 1− Jtop/Jbottom, with
Jtop and Jbottom the current density at the top and bottom interface, respectively.
Using the same method as in the work of Cormier et al. [93] we find the current
distribution in the tri-layer stack as shown in figure 7.5. For details of the modeling
please refer to [93]. In (a) and (b) we plot the total averaged current density as a
function of the z-position across the stack (z = 0 is the interface with the substrate)
for Pt4/Co/Pt2 and Pt4/Co/Pt2, respectively. The parameters used are shown in
(a) for the diffusion lengths which are identical as in the work of Cormier et al.. In
(b) we shown the transmission coefficients used at the interface between Pt and Co,
the solid line is obtained using transmission coefficients of unity T↑,↓,Pt-Co = 1, the
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dashed line is obtained by using T↑,Pt-Co = 0.22 and T↓,Pt-Co = 0.1 as estimated
by Cormier et al.. The case of T↑,↓,Pt-Co = 1 can be seen as a lower limit of the
obtained current asymmetry.
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Figure 7.5: Current density distribution as a function of the z-position across
the stack, where z = 0 is the interface with the substrate. The parameters used
in the modeling are shown in (a). The solid line is obtained with T↑,↓,Pt-Co = 1,
the dashed line is obtained with T↑,Pt-Co = 0.22 and T↓,Pt-Co = 0.1 (see text). For
details of the calculation refer to [93]. The current density at the Co-Pt interfaces
are indicated with Jtop and Jbottom. In (a) the results are shown for Pt4/Co/Pt2
and in (b) for Pt4/Co/Pt2.

From this analysis we estimate the ratio in Pt4/Co/Pt2 to be Jtop/Jbottom

= 0.93 for T↑,↓,Pt-Co = 1 (solid line). For simplicity we take as an upper limit for
Hsd/je the case of Pt/Co/AlOx which was experimentally found to be ≈ 1·10−12 T
m2 A−1 [84]. Hence, we find Hsd/je = (1−0.93)×1·10−12 T m2 A−1 = +0.07·10−12

T m2 A−1. Using the maximum total current density in our study (J = 5.1 · 1011

A/m2) this would lead to µ0Hsd ≈ +36 mT. In the case of T↑,Pt-Co = 0.22 and
T↓,Pt-Co = 0.1 (dashed line) we find Jtop/Jbottom = 0.73 which leads to +0.23 ·
10−12 T m2 A−1 and consequently we find +117 mT in Pt4/Co/Pt2. Following the
same reasoning we find for Pt2/Co/Pt4 the same magnitude of the field but now
with opposite sign due to the reversed asymmetry in the current densities at the
interfaces with Co, i.e., µ0Hsd ≈ -36 mT and -117 mT, respectively.

These in-plane Rashba fields are quite significant when compared to the mag-
nitude of the Oersted field, hence we expect the Rashba field to dominate over the
Oersted field in polarizing the chirality. But more importantly we have found a way
to tune the strength of the Rashba field the asymmetry of the layer stack leading
to the different current densities at the interfaces between Pt and Co.

In-Plane field and domain wall

In the following we will sketch what happens when an electron passes through a
Bloch-DW for both chiralities when there is an in-plane Hy field (externally applied,
Oersted or Rashba). This is analogous to the situation of Miron et al. [84] but now
there is a DW present in the structure.

In figure 7.6(a) we again show a Bloch-DW in a strip for both chiralities, but now
have added the tilt angle due to a positive Hy field tilting the magnetic moment in
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Figure 7.6: (a) Bloch-DWs for both chiralities with a small tilt angle in the y-
direction indicated by the small arrows. (b) Schematic presentation of the change
in the spin direction of an electron s as it traverses the DW with corresponding
chirality as in (a). Below we show the local magnetization direction M. In the case
of ξ = +1 (-1) the spin has to rotate over an smaller (larger) as 180◦ leading to a
different STT on the DW.

the domains towards the +y direction (indicated by the extra arrow) as seen before
in figure 7.1(c). In figure 7.6(b) we schematically show an electron passing through
the DW. Depending on the chirality, the electron will have to rotate over a different
angle θ when traversing the DW (indicated in (a) by the dashed arrow). Hence,
one can expect that a different STT will be exerted on the DW depending on its
chirality. In a very simple picture the effective DW width the electron experiences
when traversing the DW is changed. For example, in figure 7.6 for ξ = +1 (ξ = −1)
the electrons will effectively see a wider (narrower) DW, i.e., it has to rotate over
a smaller (larger) angle.

The question remains in what way the presence of the Rashba-SO effect will
influence the STT working on the DW. As discussed before, it may lead to a
different β parameter possibly explaining the experimental observations of figure
7.2, but that will need further theoretical investigation.

7.6 In-plane field polarizing the chirality

To test the hypothesis of the influence of the chirality on the CI-DWM motion we
have performed DW velocity measurements where we keep the perpendicular DW
drive field (|Hz|) constant but change its polarity and apply an in-plane field per-
pendicular to the wire axis (Hy). As discussed before, we expect the DW motion to
be in the precessional regime. A polarized chirality can then be induced depending
on the direction of the externally applied drive Hz and in-plane Hy field. Hence,
the point to remember here is that the combination of (Hz,Hy) determines the
preferential chirality during DWM as was shown in figure 7.4.

The results for positive drive field +Hz are shown in figure 7.7(a) for Pt4/Co/Pt2
and in (b) for Pt2/Co/Pt4. When no current is injected into the magnetic strip
(data indicated by J as black dot) we see that to the first order the DW velocity is
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Figure 7.7: Average domain wall velocity as a function of in-plane field perpendic-
ular to the strip axis (Hy) for constant drive field +Hz, the cryostat temperature
is set to T = 300 K . The direction of the current (J = 3.4 · 1011 A/m2) relative
the DWM direction is indicated by the horizontal arrows (→ and L99). (a) Results
obtained on Pt4/Co/Pt2 with drive field µ0Hz = +23 mT (b) Results obtained
on Pt2/Co/Pt4 with drive field µ0Hz = +9 mT. The lines are a guide to the eye.

constant, dv/dHy = 0, when we vary Hy. This changes drastically when we inject
a current into the strip (J = 3.4 · 1011 A/m2). First of all, we again see an overall
increase of the DW velocity due to the Joule heating. More importantly, in the case
of Pt4/Co/Pt2 (a), we observe the DW velocity to decrease with increasing in-plane
field dv/dHy < 0 for positive current J > 0 indicated by →, i.e., for the current
in the direction of DWM. Furthermore the DW velocity increases dv/dHy > 0 for
negative current J < 0 indicated by L99. This observation corresponds to the pic-
tures sketched in figure 7.4 and 7.6 of an in-plane field polarizing the DW chirality
combined with a tilt of the magnetization in the domains, leading to a different
efficiency of the STT working on the DW. What is more surprising is that dv/dHy

switches sign for Pt2/Co/Pt4 (b) for the same current directions. This is a direct
proof of the presence of the Rashba effect tilting the spin of the electrons depending
on the direction of HR [see figure 7.1], which is directly coupled to the direction of
the Rashba electric field E.

The crossing of the curves for J 6= 0 indicated by the asterisk (*) indicates the
applied Hy field where the DW velocity is equal for opposite current directions. We
might speculate that this is the external applied field needed to compensate for the
superposition of the finite in-plane Oersted and Rashba field Hsd (which point in
opposite directions) leading to a polarized chirality at Hy = 0. The magnitude of
Hy at the crossing (*) is ≈ 5 mT, and does not correspond to the fields estimated
in the last section, for J = 3.4 · 1011 A/m2 the Oersted field is estimated to be < 1
mT and the Rashba field roughly ≥ 20 mT. Furthermore, in how-far the crossing
represents this in-plane field is not clear and could be influenced by a different STT
working between the current polarities shifting the curves up or down leading to
a different field at which they cross. Hence, we conjecture that the origin of the
crossing can be found in the dominating in-plane Rashba field over the in-plane
Oersted field but we will need further investigation (varying the injected current)
to pinpoint the way this mechanism operates.



7.6. In-plane field polarizing the chirality • 97

-10 -5 0 5 10

10
-5

10
-4

10
-3

 v
 (
m

/s
)

!
0
H

y
 (mT)

-30 -20 -10 0 10 20 30

10
-5

10
-4

10
-3

 

 

 v
 (
m

/s
)

!
0
H

y
 (mT)

J
 J

 

z
H

������� �� �	 ������� 
 �	
�� ������������ ��������������������� ����������� 

z
H

Figure 7.8: Average domain wall velocity as a function of in-plane field perpen-
dicular to the strip axis (Hy) for constant drive field |Hz| with opposite polarity
indicated by (↑ and ↓). The direction of the current relative the DWM direction
is indicated by the horizontal arrows (→ and L99). The combination of Hz and
Hy determines the (preferential) chirality of the Bloch-DW (see text). (a) Results
obtained on Pt4/Co/Pt2 with drive field |µ0Hz| = 23 mT (b) Results obtained on
Pt2/Co/Pt4 with drive field |µ0Hz| = 9 mT. The lines are a guide to the eye.

Finally, in figure 7.8 we show the same results as in figure 7.7 but now we have
included the data with a reversed drive field −Hz as indicated in the figure by the
small up or down pointing arrows. As expected, dv/dHy changes sign since the
chirality polarization changes sign due to the reversed Hz field [see figure 7.4].

All the above results can be captured in an empirical formula:

dv/dHy ∝ ξJE, (7.4)

with ξ the chirality, J the current density, and E the Rashba electric field. For
the moment, the formula can exactly describe the sign of dv/dHy, and we are
in the process of analyzing whether the formula also holds quantitatively. Hence,
to completely quantify the effect we would have to perform more measurements
on different samples where we simply vary the degree of asymmetry in the stack.
Finally, we will try to perform the same experiment as described in the work of
Miron et al. [84] on our structures to see if we can directly quantify the Rashba field
and compare it to current density calculations.

The question remains what the exact physical mechanism of the Rashba effect is
on the STT? We have argued that it is intimately linked to the observed increased or
decreased (depending on the asymmetry) field-driven current-assisted DW velocity
at zero applied external in-plane field Hy = 0 and as seen in figure 7. Hence, we
believe that including the Rashba effect in determining the equations of motion of
a Bloch-DW, as was done by Obata et al. [87] but now also including the effect of an
external applied fields, will be a step in the right direction. We are in the process
of analyzing the 1D model as discussed in section 1.2 where we include the effect of
externally applied and Rashba in-plane fields. This oversimplified model is already
able to explain some of the observed effects but we are at a too early stage in the
analysis to present the results here. Let us now conclude with relating the above
results to recent literature and giving a short overall conclusion of these exciting
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observations.

7.7 Discussion on recent literature and Conclu-

sion

The presented results shed some light on the discrepancy in literature where the
CI-DWM is either in the direction of current or opposing the current direction.
Below we discuss the most relevant experiments of current assisted/induced DWM
in perpendicularly magnetized materials in literature related to this observation.

In the case of the Pt(2.8 nm)/Co(0.5 nm)/Pt(1.0 nm)/Co(0.5 nm)/Pt(1.0 nm)
multilayer of San Emeterio Alvarez et al. [81] the field driven DW-creep is more
efficiently when the current opposes the DWM direction. Hence, as expected from
STT theory the CI-DWM is in the direction of the electron flow. One could argue
that their stack is asymmetric in the thickness of the Pt layers relative to the two Co
layers but the situation is more complicated due to the multilayered stack where the
magnetization in the two layers are coupled [94]. Furthermore, the current density
distribution at the interfaces between the Pt and Co layers in a multilayer stack
are less asymmetric due to a relatively reduced effect of the diffusive scattering at
the outer interfaces.

In the experiments of Kim and Lee et al. [25,82], a Ta(5 nm)/Pt(2.5 nm)/Co(0.3
nm)/Pt(1.5 nm) stack is used, and they observe the pure CI-DWM to be in the di-
rection of current. The asymmetry in their stack corresponds with our Pt4/Co/Pt2
samples indeed showing a higher current-assisted field-driven DW velocity when
the current is in the same direction as the DWM. The fact that they observe pure
CI-DWM at current densities as low as 9.8 · 1010 A/m2 can be ascribed to: (i) the
very thin Co layer (0.3 nm) leading to a very low DW pinning strength and (ii) the
larger stack asymmetry; Ta(5 nm)/Pt(2.5 nm) underneath the Co layer and only
1.5 nm of Pt above the Co layer, which will lead to an even larger current density
difference at the top and bottom interface between the Pt and Co as compared to
our stacks.

Finally, we discuss the experiments on Pt/Co/AlOx which showed the presence
of the Rashba effect [84] and a high non-adiabatic parameter β [55]. Consequently,
the CI-DWM was shown to be very efficient but the DWs moved in the direction of
current [67,95] in line with our observations in Pt4/Co/Pt2 having a similar asym-
metry. The efficient CI-DWM in their case can be ascribed to the presence of the
insulating AlOx layer on one side of the Co layer, which is (i) promoting the Rashba
effect and/or (ii) maximizing the current density at the bottom Pt/Co interface
where the Pt gives rise to the Rashba effect.

In conclusion, we have shown that depending on the asymmetry of a simple
fully-metallic Pt/Co/Pt layer, the field-driven DW velocity can be either increased
or decreased by an injected current. This indicates that the CI-DWM can either
help or impede the DWM depending on the sample asymmetry and current direc-
tion. This is explained and shown to depend on the chirality of the DW indicating
that SO effects are heavily influencing the CI-DWM. We explain the results using
the Rashba-type SO effect, which, surprisingly for a fully metallic system fits well
with our experimental findings. Our findings explain the discrepancy between the
experimental results in the literature on the direction of CI-DWM in perpendicular
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magnetized Pt/Co materials. Furthermore, the finding of a Rashba SO effect capa-
ble of influencing the CI-DWM, tunable by simply varying the Pt layer thicknesses
may open up doors to many new experimental and theoretical spintronic concepts.
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Chapter 8

Fe grown by focused-
electron-beam-induced
deposition; magnetic and
electric properties.

We systematically study the effect of oxygen content on the magneto-transport
and microstructure of Fe:O:C nanowires deposited by focused-electron-beam-induced
(FEBID) deposition. The Fe/O ratio can be varied with an Fe content varying be-
tween ∼ 50 and 80 at. % with overall low C content (≈ 16 ± 3 at.%), by adding
H2O during the deposition while keeping the beam parameters constant as measured
by Energy Dispersive X-ray (EDX) spectroscopy. The room-temperature magnetic
properties for deposits with an Fe content of 66 - 71 at. % are investigated us-
ing the Magneto-Optical Kerr Effect (MOKE) and electric magneto-transport mea-
surements. The nanostructure of the deposits is investigated through cross-sectional
High-Resolution Transmission Electron Microscopy (HRTEM) imaging allowing us
to link the observed magneto-resistance and resistivity to the transport mechanism
in the deposits. These results demonstrate that functional magnetic nanostructures
can be created, paving the way for new magnetic or even spintronics devices. ∗

8.1 Introduction

The need to find direct ways of material deposition in both 3D and at the nanoscale
is a challenging field in which beam-induced deposition (BID) techniques are very
successful [96]. It is a direct-write technique where a focused beam of ions or elec-
trons locally decomposes a precursor gas, containing the element/material that
needs to be deposited, on a not-necessarily flat surface. As there are always draw-
backs of a new technique, the most important one of BID for using the intrinsic

∗Accepted for publication in Nanotechnology: Fe:O:C grown by focused-electron-beam-induced
deposition; magnetic and electric properties. R. Lavrijsen, R. Córdoba, F.J. Schoenaker, T.H.
Ellis, B. Barcones, J.T. Kohlhepp, H.J.M. Swagten, B. Koopmans, J.M. De Teresa, C. Magén,
M.R. Ibarra, P. Trompenaars and J.J.L. Mulders

101



102 • Chapter 8. Fe grown by focused-electron-beam-induced deposition;
magnetic and electric properties.

properties, e.g. the conductivity or magnetic properties of an element/material, is
the purity of the deposited material [97]. This is due to the organo-metallic nature
of the precursor gas, i.e. the decomposition of the precursor gas is not complete,
but also the incorporation of species present in the vacuum chamber during the
deposition. The field is, however, rapidly evolving and recently many reports have
appeared on nearly pure materials deposited using different precursors and purifi-
cation techniques; for an extended overview see Botman et al., Van Dorp et al.,
Utke et al. [96–98] and references therein. Specifically, for the deposition of ferro-
magnetic materials the use of the Co2(CO)8 precursor has been very successful for
focused-electron-beam-induced deposition (FEBID) [99], resulting in almost pure Co
(in high-vacuum), for sufficiently high beam currents, with magnetic and electric
behavior closely resembling pure Co [100–102].

Many studies have focused on depositing Fe by BID using different precursors,
but a detailed study has not been conducted on linking the magnetic properties
to the microstructure, magneto-transport and composition [103–109]. In this paper
we focus on the electrical and magnetic properties of Fe deposited by FEBID from
an Fe2(CO)9 precursor, which to our knowledge has not been used before. We
will first characterize the Fe, O and C content as measured in-situ by Energy Dis-
persive X-ray (EDX) spectroscopy as a function of the beam parameters (current
and energy). This will be followed by an analysis where we add H2O to the vac-
uum chamber during the deposition giving us the ability to vary the Fe content,
while keeping the beam parameters constant. To determine the magnetic prop-
erties we will analyse the deposited material by the Magneto-Optical Kerr Effect
(MOKE) magnetometry and electrical magneto-transport measurements. This data
combined with cross-sectional High-Resolution Transmission Electron Microscopy
(HRTEM) will allow us to link the observed magneto-resistance and resistivity
with the microscopic-structure of the wires. We will show that the deposits exhibit
genuine ferromagnetic properties and can be used for Magneto-Resistance (MR) ap-
plications. We anticipate that the presented results will facilitate the use of FEBID
for the creation of magnetic nanostructures in a wide range of applications.

8.2 Experimental Details

All depositions are made on Si substrates coated with at least 100 nm SiO2, to
assure good electrical isolation from the substrate. The substrates are pre-patterned
with Ti/Au or Al contacts to perform transport measurements in a 4-point or
Hall bar geometry to measure the Hall effect. The Fe deposits are made with a
commercial ’dual-beam’ system (Nova 600i NanoLab from FEI company) using a
field-emission electron source. For the deposition we use the standard gas injection
system (GIS) containing a Fe2(CO)9 precursor gas. The temperature of the GIS
is kept constant at 27 ◦C since a phase transition has been observed when the
precursor is heated above 35 ◦C, decreasing the lifetime of the precursor. The base
pressure of our system is typically ∼ 2 · 10−6 mbar, during the deposition the
process pressure in the chamber rises to ∼ 4 · 10−6 mbar. The GIS tip is positioned
about 150 µm away from the region of interest in the z direction and about 50 µm
away in the x/y direction. We have used beam energies in the range of 2 - 30 keV
and a beam current in the range of 0.7 to 22 nA (maximum for our apparatus)
and a dwell time of 1 µs. The typical beam current density (total current / area
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defined by the FWHM) as obtained by the settings of the apparatus are 0.49, 1.29,
3.91, 7.95 pA/nm2 for 2, 5, 15 and 30 kV, respectively. Typical dimensions of the
deposits used for the electrical measurements are bar-like with length = 12 µm,
width = 500 nm and height = 200 nm, unless stated otherwise.

To vary the Fe content in our deposits we intentionally add H2O by means
of a magnesium heptahydrate (MgSO4(H2O)7) containing reservoir which releases
water vapour. The reservoir is connected to an inlet valve from which the flow can be
regulated by a needle valve as is widely used for the deposition of insulating silicon
oxide using the precursor TEOS (Si(OC2H5)4) [110], the H2O partial pressure can
therefore be considered constant throughout the chamber. The H2O background
pressure is first set by monitoring the partial H2O pressure in the vacuum chamber
with a residual gas analyzer (RGA) from MKS instruments (Vac-Check LM78).
When the H2O background pressure has reached its set point the RGA is switched
off, the Fe GIS is inserted and the deposition is made.

In-situ EDX is performed to determine the composition of the deposits by mak-
ing 500 nm x 500 nm deposits with at least 100 nm thickness. All the measurements
are done using 2 keV electrons in order to only probe the deposit and not the sub-
strate. For a quantitative analysis of the composition a fit of the EDX spectrum
using the L-lines of Fe and the K-lines of O and C is performed. Note here that
we only observe the elements Fe, O and C in all measured spectra, which are the
constituents of the precursor and the most likely ’contamination’ elements related
to the background pressure of the vacuum chamber. We have checked the EDX
spectrum using 30 keV electrons, and the only extra element that is detected is the
Si of the substrate. The uncertainty in the composition found from EDX has been
determined to be ± 2 at. %.

The morphology, microstructure and crystal structure of the deposits has been
investigated by HRTEM in an aberration corrected FEI Titan Cubed TEM at an
acceleration voltage of 300 keV. For this purpose, cross section TEM lamellas of the
deposits have been fabricated out of identical deposits in a FEI Helios 600 Nanolab
dual-beam system. Final thinning has been done by operating the ion column of
the Helios at 5 keV to reduce the amorphization layers induced by surface beam
damage.

The magnetic properties at room temperature are determined using longitudinal
MOKE in a wide-field Kerr-microscope from Evico magnetics [111] and in a setup
with a laser spot focused down to ∼ 2 µm making it possible to detect the Kerr
effect on small deposits. With MOKE the magnetization is probed up to the light
penetration depth of ∼ 20 nm. Secondly, the Magneto-Resistance (MR) and Hall
effect are used to evaluate the magnetic behavior, in the MR measurement an
average magnetization behavior over the whole probed current path is obtained.

8.3 Results and Discussion

8.3.1 Fe content as function of beam settings

To map the effect of the beam energy and current on the composition of the de-
posits we have performed in-situ EDX microanalysis of the deposits fabricated with
different combinations of beam energy and current. A summary of the results is
listed in table 8.1. In agreement with earlier studies, the highest Fe content is
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found for high beam currents and to a lesser extent at low beam energy [101,112].
Note that the C content can be considered constant at 16 ± 3 at. % and the Fe/O
ratio varies. This is in contrast to a recent report of Co-FEBID [113] where it was
shown that the Co/C-ratio strongly varies with a nearly constant O-content, con-
firming the delicate differences in the deposition processes in FEBID when using
different precursors/setups. In figure 8.1(a) we show the results obtained at 5 keV
clearly showing the higher Fe content at higher beam current at the expense of the
O content.��� ���
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Figure 8.1: (a) Deposit composition in at. % as a function of electron beam
current at a constant beam energy of 5 keV as obtained from EDX spectra. (b)
Deposition rate (beam energy: 2 keV). The lines are a guide to the eye.

The higher Fe content obtained at higher current is probably related to a lo-
cal heating effect occurring when a high beam current with low energy is used.
The energy is locally dissipated, mainly close to the surface where the precursor
decomposition is taking place. Another effect that influences the final Fe content
is the higher growth rate at high beam currents [see figure 8.1(b)], which in turn
decreases the relative amount of contaminants present in the vacuum chamber to
be incorporated in the deposit. In contrast, pure Fe deposits have been obtained by
FEBID before, but they were all performed under UHV base pressure conditions
(< 10−9 mbar) [109,114].

To determine in which deposition regime we are operating for this precursor
we have measured the deposition rate as function of beam current. The results are
shown in figure 8.1(b) where the volume of the deposits has been determined using
Atomic Force Microscopy (AFM). From figure 8.1(b) we can clearly see that the
deposition rate scales linearly with the electron current, indicating a constant yield
of 3.2 · 10−4 µm3/nC. This implies that we are depositing in the electron limited
regime, i.e. the deposition rate is limited by the electron current and not by the
precursor flux since in that case the deposition rate versus electron current would
be constant. The observed yield is in the same order of magnitude as found for
other standard precursors.

8.3.2 Fe content vs chamber and partial H2O pressure

The deposit composition as function of chamber base pressure is shown in figure
8.2(a). Here we have varied the starting chamber pressure by depositing after a



8.3. Results and Discussion • 105

Table 8.1: C, O, Fe content and Fe/O ratio as obtained from EDX spectra in
several deposits grown at the beam energy and current as specified (error margins
are ± 2 at. %.

Beam Energy Beam Current % C % O % Fe Fe/O ratio
(keV) (nA) (atomic) (atomic) (atomic) (-)

2 1.61 23.6 24.2 52.2 2.2
2 6.7 15.8 12.1 72.1 6.0
2 21.6 13.4 8.2 78.4 9.6
5 0.71 15.0 24.1 60.9 2.5
5 2.0 13.5 19.7 66.8 3.4
5 9.9 13.7 12.7 73.6 5.8
5 15.5 16.5 8.3 75.2 9.1
5 22.1 15.9 7.8 76.3 9.8
15 4.3 12.5 17.9 69.6 3.9
15 17.6 13.1 12.4 74.5 6.0
15 22.3 12.3 11.5 76.2 6.6
30 4.2 17.7 23.2 59.0 2.5
30 17.0 16.5 13.4 70.1 5.2
30 22.0 15.7 12.8 71.5 5.6

certain pump-down time (in this figure between 0.5 - 3 hours) of the vacuum
chamber. The typical partial pressures of the main constituents in the vacuum
chamber as obtained by the RGA are shown as function of pumping time in the
inset. We observe that the partial H2O and O2 pressure decrease strongly in the first
7 hours after the pump starts. A weak dependence of the Fe content on the total
chamber pressure is observed. On the contrary, with increasing chamber pressure
the O content strongly increases and the C content decreases. Apparently, a high
H2O and O2 partial pressure oxidizes the Fe and C. A similar trend was seen by
Shimojo et al. [115] where they suggested that H2O acts as an O source oxidizing
the Fe and C, leading to the relative increase of the O content compared to the C
content.

Since this way of tuning the relative constituents of the deposits is very cum-
bersome and hard to reproduce we have chosen to intentionally introduce H2O into
the vacuum chamber after the chamber pressure has reached its base pressure [see
section 8.2]. The result is shown in figure 8.2(b). In contrast to figure 8.2(a), a clear
decrease of the Fe content is seen for increasing partial H2O pressure. Again the O
content increases but now the C content only decreases slightly. This indicates that
the H2O is directly oxidizing the Fe and to a lesser extent the C, or the formed
C-oxides are volatile and are easily pumped out of the chamber. In what extent
the partial decomposition of the precursor compared to the inclusion and reaction
with the residual gasses in the chamber determine the final composition is beyond
the scope of this report. We have, however, found a way to directly tune the Fe
content by changing the partial H2O pressure with the added advantage to be able
to always start the deposition with identical (beam) conditions. The (reproducible)
lower limit of the Fe content using this technique is ∼ 50 ± 5 at. % Fe, i.e. addition
of more H2O does not lead to a further decrease in the Fe content. We have to note
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here that a decrease in the yield is observed when very high H2O partial pressures
are used (> 10−5 mbar), possibly explaining a transition to a precursor limited
growth regime, which would need further investigation.��� ���
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Figure 8.2: (a) Content as function of chamber pressure measured just before
making the deposit (beam settings: 2 keV, 13 nA) the lowest (total) chamber
pressure presented here, is obtained after 3 hours of pumping. The inset shows the
partial pressure of the main constituents in the chamber as function of pumping
time after closing the vacuum chamber. (b) Content as function of partial H2O
pressure introduced through a second inlet valve (beam settings: 5 keV, 22 nA).
The lines are a guide to the eye.

8.3.3 Microstructure

Figure 8.3 displays the HRTEM experiments carried out on three TEM lamellas
made out of deposits with three different compositions: (a) Fe:40 O:59 C:1, (b)
Fe:64 O:28 C:8, and (c) Fe:76 O:12 C:12, where sample (a) with the lowest Fe
content has been grown with a high H2O partial pressure of 1.52·10−6 mbar in the
growth atmosphere, whereas during the deposition of samples (b) and (c) no water
was added. The deposit (a) is on the lowest limit on the Fe content grown with
water atmosphere. We have chosen to study sample (a) since it presents special
microstructural features with respect to the other two and is a good example of
the microstructural properties when H2O is added. In this sample, the formation
of large crystals is observed with a ∼200 nm in length (thickness of the deposit)
and ∼20 nm in width of spinel-type crystals size. A Fast Fourier Transform (FFT)
analysis of the images indicates the majority of lattice fringes matching those of
iron oxides with high O content, such as Fe2O3 or Fe3O4. An example of this
is illustrated in the inset of figure 8.3(b), where the FFT of a grain displaying
spots corresponding to the spinel structure of iron oxide is displayed. Though a
quantitative analysis is not feasible, it is clear that the presence of spinel-like iron
oxides is predominant. This is in agreement with the compositional analysis where
a very high O content is observed, most likely forming a compound with iron.
The presence of metallic Fe cannot be excluded, as many periodicities are nearly
common with other iron oxides, but always in a residual amount.

Sample (b) with composition Fe:64 O:28 C:8 shows a microstructure which is
composed in majority of an amorphous matrix, as can be deduced from the absence



8.3. Results and Discussion • 107

of lattice fringes in most part of the image and dominantly diffuse scattering in the
FFT. This amorphous matrix contains small crystalline particles of ∼ 1-2 nm size
whose FFT can be easily indexed as α-Fe in sharp contrast with sample (a) where
reflections univocally associated to iron oxide can be found. Finally, sample (c) with
composition Fe:76 O:12 C:12 shown in figure 8.3(e) and (f), shows a microstructure
similar to sample (b). Again an amorphous matrix is observed, though compared
to sample (b) with a lower amount of crystals. This leads us to conclude that in
the presence of high partial H2O pressures a different growth mechanism is induced
leading to a ∼200 nm in length (thickness of the deposit) and ∼20 nm in width of
spinel-type FeOx crystals. At lower H2O partial pressures the growth mechanism
tends to an amorphous state where only few crystalline grains are formed. Compar-
ing this observation with figure 8.2(b) where the C content decreases at high partial
H2O pressures might indicate that a more complete dissociation of the precursor is
obtained in the presence of H2O. In this case, water can be thought of as a catalyst
directly oxidizing the Fe to form FeOx and oxidizing the C that might result in
volatile species that are more easily pumped out of the chamber. For the following
we need to keep in mind that the deposits are mainly an amorphous mixture of
Fe, C, and O, and on decreasing Fe content a higher degree of FeOx crystals are
formed.

8.3.4 Electrical transport mechanism

The electrical transport mechanism in our deposits and the relation with the struc-
tural properties (HRTEM) is far from trivial and requires a further detailed investi-
gation. Here we will only present the relevant data to understand the MR behavior
presented in section 8.3.5, and a detailed study of the transport mechanism will be
published elsewhere [116].

The resistivity at room temperature as a function of the Fe content is shown
in figure 8.4. A correlation is observed between the Fe content and resistivity,
with decreasing Fe content the resistivity increases. In figure 8.1(b) we showed
that on decreasing the Fe content by adding H2O the relative O content increases.
We believe that this is the main reason behind the increasing resistivity. This
corresponds well with the observations from HRTEM where the increasing amount
of FeOx crystals with decreasing Fe content was observed. The Fe-oxides, known
to be good insulators, would indeed lead to increasingly insulating behavior. The
sharp increase of the resistivity of the sample at ∼ 44 at. % Fe corresponds well
with the formation of large FeOx crystals as seen in figure 8.3(a) and (b). To
compare, we also show the resistivity values found in literature of pure Fe, Fe2O3

and Fe3O4
[117,118]. The resistivity values for the samples with more than 60 at. %

Fe are sufficiently below these values. Hence, the change in resistivity as a function
of Fe content can be qualitatively explained as follows. At large Fe content (>70%)
the resistivity value is below 100 µΩ cm, as expected in a metallic system. In this
content range the metallic conductivity is provided by the dominating metallic
amorphous Fe:O:C matrix. Below 55% Fe content, the resistivity is higher than
1000 µΩ cm, similar to that of Fe3O4, thus being away from the metallic conduction
regime. This correlates with the dominating contribution of the poor-conducting
FeOx crystals present across the whole sample. Between 55% and 70% Fe content,
the sample is likely quite heterogeneous, with a mixture of regions dominated either
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Figure 8.3: Low and high magnification HRTEM micrographs of three deposits
with different composition: (a) and (b) Fe:40 O:59 C:1, (c) and (d) Fe:64 O:28 C:8,
(e) and (f) Fe:76 O:12 C:12. Insets in Figures (b), (d) and (f) display the FFT of
the areas marked with white squares - of the full frame in (f).
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by the metallic amorphous Fe:O:C matrix or by the insulating iron oxides. Samples
with around 70% Fe content seem to mark the limit of metallic percolation. A more
profound study of this aspect, including studies of the temperature dependence of
the resistivity, will be reported elsewhere [116].��� ���
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Figure 8.4: (a) Resistivity versus Fe content at room temperature. The line is
a guide to the eye. (b) SEM of a typical sample used to measure the electrical
properties. The Fe-EBID deposition is made on top the 4 Pt leads used to source
a current (I− and I+) through the outer contacts and measure the voltage over
the inner contacts (V− and V+).

8.3.5 Magnetic properties

Let us now concentrate on the magnetic properties. To compare the magnetic be-
havior of the FEBID-Fe with pure Fe, we have fabricated a reference sample of pure
Fe (12 µm long, 1 µm wide and 30 nm thick) using standard lithography and sputter
deposition. In figure 8.5 we compare MOKE and MR measurements between the
pure Fe structure [shown in (a) and (b)] and FEBID-Fe (Fe:72 O:15 C:13) [shown
in (c) and (d)] for a field applied along the long axis of the structure. We observe
a square MOKE hysteresis loop as expected for the pure Fe structure in (a) with
the easy-axis along the long axis of the structure. In (b) the MR measurement of
the same structure is shown, defined as: MRlong% = 100 × [ρ(H) − ρmin)]/ρmin.
The found MR is attributed to the Anisotropic Magneto-Resistance (AMR) effect
well known for transition metals [119]. In short, the AMR reflects the dependence
of the sample resistance with the angle formed by the current and the magnetic
field. In this case, the resistance is higher if both are parallel and lower when under
an angle. This is what is observed in (b); at high fields all the moments/magnetic
domains are aligned with the current (along the long axis of the wire) giving a high
resistance. When the magnetic field is reduced the magnetic structure relaxes to an
energetically more favorable situation (formation of a multi-domain state) where
the magnetization is rotated away from the current direction leading to a reduced
resistance. Eventually, when the field changes sign and is increased further the
magnetization direction switches, corresponding to the hysteresis measured with
MOKE in (a).
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Figure 8.5: MOKE and MR measurements for a reference sample of pure Fe [(a)
and (b)] and FEBID-Fe with composition: Fe:72 O:15 C:13 [(c) and (d)]. In (a) and
(c) a MOKE measurement is shown for pure Fe and FEBID-Fe , respectively. In
(b) and (d) a longitudinal MR measurement is shown for pure Fe and FEBID-Fe,
respectively. The arrows indicate the field sweep direction.

The results on the FEBID-Fe deposits are shown figure 8.5(c) and (d) for MOKE
and MR, respectively. The first observation from the MOKE data is that the signal-
to-noise ratio is low. This can be attributed to the lower Fe content, the small
deposit size (≈ 500 nm wide wire where a 2 µm laser spot size is used) and a rounded
top surface of the deposit decreasing the Kerr efficiency. Despite the experimental
limitation we do observe a clear hysteresis loop but now with a gradual switch
indicating a less well defined easy-axis compared to the pure Fe structure. The
MR curve shown in (d) shows a similar behavior as in the pure Fe case i.e., a
combination of gradual rotation and fast switching of the magnetization. Compared
to the MR data of the pure Fe sample in (b) we observe small additional jumps
in the signal indicating that there are magnetic domains switching at different
applied fields. Furthermore, the relatively decreased MR at remanence compared
to pure Fe could indicate that a more complex magnetic domain structure is present
during magnetization switching. As a first conclusion the hysteresis in the MOKE
measurement and switching behavior in the MR measurement indicate that the
FEBID-Fe deposits show genuine ferromagnetic behavior.

To investigate the domain switching behavior as seen in figure 8.5(d) in more
detail we have performed Kerr-microscopy on a comparable FEBID-Fe sample al-
though larger (100×120 µm and 160 nm thick, made in a deposition run of 22 hours)
due to the limited resolution of the Kerr-microscopy technique (∼ 400 nm). In (a)
we show the hysteresis loop of this sample by measuring the light intensity of wide-
field Kerr-microscopy images as function of field. The insets show the Kerr images
taken when the sample is saturated in the applied field direction the gray/black
scale clearly indicates the magnetic contrast. In (b) and (c) the domain structure is
imaged at remanence as indicated in (a) by the ∗ for longitudinal (b) and transverse
(c) Kerr sensitivity as indicated by the dotted arrows. In (b) we have drawn the
domain structure as can be deduced from the combination of the contrast observed
in the longitudinal and transverse Kerr sensitivity. A typical flux-closure domain
structure can be observed again confirming the ferromagnetic behavior. Further-
more, next to the flux-closure domain structure we observe a complex small domain
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structure probably due to the relative thick film allowing domains to be formed in
the thickness of the film. Hence, the complex switching behavior and low MR at
remanence in the MR measurement shown figure 8.5(d) of the bar-shaped deposit
can be explained by the formation of a complex multi-domain state during the
magnetization switching as seen in figure 8.6(b).
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Figure 8.6: (a) Hysteresis loop obtained by measuring the light intensity of wide-
field Kerr-microscopy (longitudinal sensitivity) images as function of field applied
along the long axis of the structure (100 µm x 120 µm and 160 nm thick). The
insets show the Kerr images taken when the sample is saturated in the applied
field direction the gray/black scale clearly indicates the magnetic contrast. (b)
Longitudinal Kerr sensitivity image (dotted arrow) taken at remanence (∗ in (a))
we have drawn the flux-closure domain structure indicated by the solid arrows. (c)
Transverse Kerr sensitivity image (dotted arrow) taken at remanence (∗ in (a)).

In figure 8.7(a) the perpendicular MR measured up to ± 9 T is shown, in this
case the external field is applied perpendicular to the substrate. We show the results
for three different FEBID-Fe deposits with a resistivity of 190, 530, 7310 µΩ cm
labeled M1, M2, M3, respectively (composition in figure label). The MRperp% =
100 × [ρ(H) − ρ(H = 0)]/ρ(H = 0) is now normalized to the resistivity at zero
field since for high resistive samples (M3) a non-saturating MR effect is observed.
For the two lowest resistive samples (M1 and M2) a certain field is required to pull
all the magnetic moments out-of-plane. The field required depends on the aspect
ratio of the deposit and the saturation magnetization (demagnetization field). This
behavior combined with the longitudinal MR behavior presented in figure 8.5(d)
clearly indicates AMR, i.e. the MR is constant for high fields corresponding to a
saturation of the magnetization in the perpendicular direction. Between ± 1 T we
see the effect of the magnetic moments turning from saturation back into-the-plane.
The different magnitude of the total AMR observed in sample M1 and M2 can be
attributed to the difference in the total resistivity [116].

For the high resistivity sample (M3) we see a completely different behavior i.e.,
a linear slope proportional to the field is observed. This MR behavior can be at-
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tributed to Intergranular MR (IMR) well known for granular FeOx systems [120].
In short, the IMR effect is observed when the current has to tunnel and/or hop
between magnetic grains. The probability of the tunneling/hopping step depends
on the relative magnetic orientation of the interfaces of these grains. The magne-
tization of the interfaces of these grains are very hard to align with an external
magnetic field and therefore a linear slope is observed. The low Fe/O ratio of 66/24
= 2.75 in sample M3 compared to M1 and M2 (∼ 4.1) confirms the increased re-
sistivity due to the increased amount of insulating FeO crystals. The details of the
magnetic behavior and the transition between AMR and IMR will be published
elsewhere [116]. To summarize, we have plotted the MRperp results in figure 8.7(b)
versus resistivity. In the region indicated by the line with positive slope (ρ < 103

µΩ cm) the MRperp is obtained at 2 T since this part is dominated by AMR. In
the region that is dominated by IMR (ρ > 103 µΩ cm), indicated by the line with
negative slope, the MRperp obtained at 9 T is plotted. With increasing resistivity
a transition from pure AMR to IMR is observed, related to the increasing amount
of FeOx grains as was observed with HRTEM.��� ���
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Figure 8.7: (a) Perpendicular MR for different deposits at room temperature,
sample M1 (Fe:69 O:18 C:13), sample M2 (Fe:71 O:16 C:13), sample M3 (Fe:56
O:24 C:10). (b) Perpendicular MR versus resistivity obtained at 2 T for (ρ < 103

µΩ cm) and at 9 T for (ρ > 103 µΩ cm) showing the transition from AMR to IMR
dominated MR, we have indicated the data points corresponding to the data of
(a). The lines are a guide to the eye.

8.3.6 Saturation magnetization

To determine the saturation magnetization (MS) of the small deposits we have
performed Hall effect measurements. The result can be seen in figure 8.8(a) where
we show the Hall effect resistivity (ρH = VH/I) measurements for samples M1 and
M2, where VH is the measured Hall voltage at current I. ρH increases at low fields
until magnetic saturation is reached. For higher fields, only the ordinary part of the
Hall effect is observed which is proportional to the applied magnetic field. From
the intersection of linear fits to the anomalous and ordinary Hall parts a measure
of NMS can be obtained where N is the demagnetization factor of the structure
in the direction perpendicular to the substrate [101]. This leads to a MS of 1371 ±
16 kA/m for M1 and 1129 ± 19 kA/m for M2 where the error bars are determined
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from different fits of the slope. Comparison with pure Fe (MS= 1700 kA/m) and
with Fe-oxides (≈ 300 - 600 kA/m) indicates that the magnetic moment per Fe
atom of these samples resembles that of pure Fe since MS approximately scale with
the Fe content (∼ 70% of 1700 = 1224 kA/m). The absolute value of the Hall effect
and its temperature dependence will be discussed further in a future dedicated
publication [116]. Previous results on AHE in Fe films indicate that the magnitude
of the effect correlates with the sample resistivity, [121], as observed here. The Hall
effect analysis could not be performed on the low Fe containing deposit M3 due to
a very low Hall effect signal making the fit to the ordinary and anomalous slopes
impossible.
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Figure 8.8: Hall resistivity measurements of samples M1 and M2. The ordinary
Hall effect ρOH is determined at high fields, whereas the anomalous constant ρAH

is calculated by extrapolating the ordinary Hall effect slope at zero field. From the
intersection of the linear fits the value NMS is obtained (N demagnetizing factor,
MS saturation magnetization).

8.4 Conclusion

We have shown that we can deposit functional Fe nanostructures using FEBID
exhibit ferromagnetic behavior when a high Fe/O ratio and Fe content is obtained
(>65 at.%). By adding H2O during the deposition we can tune the Fe content
which leads to increasing large FeOx crystals in the deposit as seen from HRTEM
images. Tuning of the Fe/O ratio by adding H2O might open up extra ways to tune
the magnetic switching behavior of small deposits, furthermore, further tuning
of the process could lead to FeOx crystals that have interesting applications in
spintronics or biomedical applications [120,122]. The resistivity of the deposits scale
with the amount of Fe in the deposits. The highest Fe content samples show a
resistivity only 7 times higher than pure Fe but exhibit clear AMR. A transition
from AMR to IMR dominated MR is seen for decreasing Fe content (increasing
oxygen content) indicating that the addition of H2O during the deposition leads
to the formation of FeOx grains showing IMR. The obtained MS from the Hall
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measurements indicated that the amorphous Fe as seen in the HRTEM images
closely resembles the magnetic properties of pure Fe.

Our results show that functional magnetic nanostructures can be created. Com-
bined with the local direct-write characteristics of FEBID, this could allow for com-
plex three-dimensional ferromagnetic structures paving the way for new magnetic
or even spintronics devices.

8.5 Outlook - domain wall motion manipulation

with nanomagnets

We have shown that we can create magnetic nanostructures using the Fe-FEBID
technique. As discussed, there have been reports where the BID material itself has
been used for DW-motion experiments [100]. Here, we give an outlook and show some
first results where we use the magnetic Fe-FEBID material for the manipulation of
DW motion in perpendicularly magnetized Pt/Co/Pt strips by the stray fields of
the magnetic Fe-FEBID deposits.���

���
��

���

Figure 8.9: (a) Example of free standing 3D structure fabricated using the BID
technique; a scale model of the USS-enterprise (taken from [123]). (b) Example of
a more simple shape; a free standing pillar, when made from magnetic material it
can be seen as a bar magnet.

The possibility to make free standing 3D-structures with virtually any shape
has been demonstrated by BID as seen in figure 8.9(a) where a scale model of the
USS-enterprise is shown. When such structures are made of a magnetic material
this opens up the road to new concepts, i.e., it allows us to tailor the magnetic stray
fields and magnetization switching behavior by simply varying the (3D) geometry.
In the most simple picture one could think of a free standing nano-pillar as a
bar magnet with the magnetization aligned along the long axis of the wire due to
the shape anisotropy as shown in figure 8.9(b) for an in-house grown nano-pillar
using the Fe-precursor. We expect that by tuning the geometry (aspect ratio) we
can influence the shape anisotropy of the structures. For example, depending on
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the height of the pillars one could tune the magnetization switching field, i.e., the
higher the aspect ratio of the pillar the higher the switching field.

Measuring the magnetization behavior of free standing magnetic nano-structures
is a challenge in itself. First of all, it is not easy to electrically connect such struc-
tures and perform transport measurements. Secondly, as the structures are not
flat and have their dimensions on the nanoscale, MOKE becomes hard. Further-
more, extra effects are induced in the reflection of polarized light obscuring the
small MOKE signals [31]. A promising technique to measure the stray fields of the
nanostructures could be (transmission) electron holography, where the diffraction
of electrons due to the magnetic stray fields can be used to map the magnetic
state of a nanostructure. For now we propose to determine the magnetic prop-
erties indirectly by investigating the effect of the stray fields on DW motion in
perpendicularly magnetized Pt/Co/Pt strips.� ����� ���	
������������� ���� ������ ������ ������ ������ ��
��������������� �� �� ����� !"�#!$ %&�' ��� ��� ��� ������

Figure 8.10: (a) SEM of a 1 µm wide Pt/Co/Pt strip where Fe-FEBID pillars
with different heights have been deposited on top indicated by the dashed circles.
(b) - (e) Kerr microscopy images of the 1 µm wide Pt/Co/Pt strip as a function
of increasing applied field. The box in (b) indicates the area shown in the SEM
of (a). The position and height of the pillars are indicated by the vertical white
dashed lines. An expanding domain can be seen propagating from the left to the
right with increasing field. The DW is pinned due to the stray field of the pillars.

A first attempt is shown in figure 8.10 where in (a) we show a SEM micrograph
taken at a tilt angle of 45 degrees of a few pillars on top of a 1 µm wide Pt(4
nm)/Co(0.6 nm)/Pt(2 nm) strip. In (b)-(f) we show Kerr microscopy images of
the strip at different applied fields after first magnetically saturating the strip (and
possibly the pillars) in the opposite direction. The dashed box in (b) indicates the
area shown in (a). The outer left part of the strip has been irradiated with Ga
ions to controllably inject a DW (black contrast) into the strip as explained in
chapter 5. The Fe-FEBID pillars have a diameter of ≈ 80 nm and are spaced 10
µm apart; from left to right the height of the pillars increase ≈ 0.5, 1.0, 1.5, 2.0
and 2.5 µm. The pillars used here have a Fe content of typically ≈ 60 at.% Fe as
checked by EDX. The idea is that with increasing pillar height the switching field
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of the pillars increases. When the magnetization of the pillar switches, the stray
field also reverses depinning the DW.

As we increase the magnetic field we first see a domain nucleated at the left
side edge of the strip. This domain then expands by DW motion to the right
into the strip. At a certain moment the DW gets pinned at the position of the
1.0 µm high pillar (c). By increasing the field the DW depins from this position
and propagates to the next pillar (d), and this process further repeats for each
pillar. This clearly shows that the (stray fields of the) Fe-FEBID pillars are able
to magnetically pin a propagating DW. We wanted to check whether the pinning
was in fact caused by the stray fields of the pillars rather than by side effects of
the deposition process. Therefore we performed a control experiment in which we
grow similar Pt-FEBID pillars (non-magnetic) on top of an identical strip (not-
shown). In this experiment we see no DW pinning at the position of the pillars: the
DW is able to propagate freely through the strip. This indicates that the magnetic
character of the Fe-FEBID pillar (stray field) is responsible for the DW pinning.
To completely quantify the stray fields and the interaction with the strip more
experiments should be conducted by varying the geometry and composition of the
pillars.

This preliminary demonstration shows that it is feasible to use the stray fields
of the nanomagnets grown by Fe-FEBID in devices/applications. Please note that
the possibility to grow 3D structures allows for many more possibilities to shape
stable stray fields, such as like horse-shoe magnets or other magnetic-flux closure
arrangements. By simply engineering a structure on top or close to the strip a local
DW pinning landscape can be engineered, and more importantly, without chang-
ing the properties of the magnetic strip. Other exciting applications might be in
scanning probe microscopy instruments, magnetic-bead based bio-sensors, when-
ever and wherever local magnetic stray fields are required for nano-scale properties
and functionality.



Summary

Another spin in the wall

Domain wall dynamics in perpendicularly magnetized devices

The world as we know it today would be completely different without spintron-
ics. It has revolutionized the way we carry, store and exchange information in our
daily lives. What is it? It is a research realm that combines the fundamental prop-
erty of the electron, spin, and the charge property driving conventional electronics,
hence: spin-tronics.

Spintronics has until recently concentrated mainly on the manipulation of charge-
current through the control of the magnetic state. Currently, a new paradigm has
emerged that reverses this idea, basically by applying Newton’s law of action im-
plies reaction. Instead of manipulating the charge-current by the magnetic state,
it manipulates the magnetic state by a spin-polarized current, and it is gradually
gaining interest.

Spin-polarized current induced motion of a magnetic domain wall is the subject
of this thesis. We try to use a spin polarized current to push a magnetic domain wall.
The interaction between spin-current and the magnetic domain wall is still an open
area for exploration; there are still many unanswered questions on the fundamental
physics that brings it about. The prospect of new data storage, memory and even
bio-related devices makes it a very lively and competitive research topic possibly
relevant in shaping our future world.

We chose perpendicularly magnetized devices as our material, and for a reason.
In this class of materials the magnetic domain walls are very narrow; and this,
was our assumption, should increase the interaction between the spin polarized
current and the magnetization. Our research has made use of a great variety of ex-
perimental and nano-fabrication techniques. Since the nano-fabrication techniques
were particularly new to our research group, they have been given ample attention
in chapter 2.

The material used in our research are perpendicularly magnetized ultrathin
Co(FeB) layers (<1 nm) sandwiched between two Pt layers. Chapter 3 presents the
magnetic characterization study of these materials, with a focus on the parameters
relevant to domain-wall motion. We estimate that the narrow domain-walls in our
devices are ≈ 6 nm. This presents some first evidence that ultrathin CoB layers
are promising for domain-wall motion based studies.

117
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These narrow domain walls are not ideal for our experiments: the fact that
ultra-thin Co layers suffer from a strong intrinsic domain wall pinning complicates
our research. In chapter 4 we provide a solution for this by doping the Co with
boron. This substantiates our claim that CoB is a promising material for this kind
of experiments.

We looked further into the possibilities of tuning the extrinsic domain wall
pinning in chapter 5. We developed a way to controllably inject or pin a domain-
wall. Our solution was irradiating the material with Ga ions. This gives us a way to
tune the perpendicular magnetic anisotropy. The presented results greatly simplify
current research practice. They make it possible to create tunable domain wall
pinning sites and injection points in a manner much simpler than the device designs
currently used.

For our research we measured domain-wall velocities in patterned strips (how is
explained in chapter 6). We found that reducing the domain-wall pinning by doping
the Co with boron indeed leads to easy domain-wall motion as was predicted in
chapter 3 and 4. With a more explicit motion of the domain-walls in the ultrathin
Co(B) layer, it was possible to investigate in detail the interaction between the
spin polarized current and the magnetic domain wall. We explain our results with
the Rashba spin-orbit interaction (chapter 7). We found that the effect of this
interaction can be tuned, simply by varying the layer thickness of the two Pt
layers. This may open up doors to many new exciting experimental and theoretical
spintronic concepts.

Finally, we looked into a further means to influence domain-wall motion. Chap-
ter 8 deals with the topic of Fe grown by focused-electron-beam-induced deposition.
We introduce a direct-write technique for creating three-dimensional magnetic ob-
jects with nanometer resolution. We discuss the electric and magnetic characteri-
zation of the deposits made with this relatively new technique that allows us to
deposit Fe-based magnetic nanostructures. We conclude with a pilot experiment
that shows how this direct-write technique can be applied by using the magnetic
stray field of the magnetic nanostructures to influence magnetic domain-wall mo-
tion.
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Córdoba, R. Lavrijsen, F. Schoenaker, T. Ellis, B. Barcones, J.T. Kohlhepp, H.J.M.
Swagten, B. Koopmans, J.M. De Teresa, C. Magén, M.R. Ibarra, P. Trompenaars
and J.J.L. Mulders
In preparation, to be submitted to Physical Review B, January 2011



Acknowledgements /
Dankwoord

Ik had nooit gedacht dat ik zover zou komen als het schrijven van een boek. Zeker
niet toen mijn vader me, voor mijn gevoel nog niet zo heel lang geleden, gekscherend
’couch-potato’ noemde toen ik uren, zo niet hele dagen, als puber op de bank kon
liggen en naar herrie luisterde. Maar ach, wijsheid komt met de jaren, maar in
tegenstelling tot wat die uitdrukking doet vermoeden komt ’wijsheid’ niet vanzelf
en in mijn geval komt het vooral doordat een hoop mensen in me geloven.

Dus.... Jippie ka yay, het boekje is helemaal af † en dat mede door jou! Zonder
jou, ja jij dankwoord lezer, was het me nooit gelukt om dit boekje te schrijven.
Ik neem het je dus ook zeker niet kwalijk als je alleen dit dankwoord leest. Laat
ik officieel beginnen met de heren promotoren Henk Swagten, Bert Koopmans en
co-promotor Jurgen Kohlhepp te bedanken. Jullie passie voor natuurkunde en het
ongelofelijke vermogen om altijd de juiste, vaak retorische, vragen te stellen heeft
me altijd versteld doen staan. Hierdoor lag het antwoord eigenlijk altijd al lang
voor mijn neus voordat ik bij jullie aanklopte, frustrerend.

Henk bedankt voor het eeuwige geduld met mijn belabberde interpunctie van
teksten. Ik schat je zeker twee rode bic pennen versleten hebt aan het correctie
werk van alleen mijn interpunctie (let wel dat is 6 kilometer rode penlijn). Waar
de correctie komma’s en punten aan het begin van de teksten nog beschaafd klein
waren groeiden deze steeds vaker uit tot lellen en bellen van uithalen waar een
koffievlek niet voor zou misstaan. Ik heb vaak gedacht dat het ochtend-humeur van
Henk die s’morgens in de trein vanuit Roermond het correctie werk deed mijn schuld
was. Ik heb het nooit durven vragen.... Henk super bedankt voor de geweldige tijd,
ik heb zelden iemand gezien die zo goed studenten kan motiveren, entertainen en
ze ook nog eens iets bijbrengt over magnetisme. Ik hoop in de toekomst nog veel
met je te kunnen samenwerken.

Bert Koopmans bedankt voor het mogelijk maken van deze promotie positie.
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gemeen: Wat een verschrikkelijk eigenwijs zooitje zijn jullie! Ik weet dat dit een van
de dingen is die fysici eigen is en het zal wel goed zijn, maar ojee, wat heb ik af en
toe achteraf gelachen als ik toch gelijk bleek te hebben (vaak ook niet maar daar
heb ik het hier voor het gemak niet over). Omdat jullie met zoveel zijn kan ik jullie
niet allemaal persoonlijk afgaan want dan wordt dit dankwoord 10 pagina’s langer
maar weet wel dat ik net zoveel van jullie geleerd heb, als ik hoop, jullie van mij.
Het gaat jullie goed en ik hoop velen van jullie nog vaak tegen te komen.

Dan iedereen die ooit bij FNA heeft gezeten, jullie allemaal ook ontzettend be-
dankt voor de gezellige pauzes, van der Waals borrels, Sinterklaasfeesten, publicatie-
borrels, uitstapjes, oud-jaars-bras-partijen, blunder-bokalen, etc... etc.....

Then I like to thank all the people I have collaborated with, this a very long
list but I would like to name especially the Zaragoza group for the intense contact
we had on the FEBID project and the Polish group on the KERR microscopy.
With both these groups we have published very nice papers, which would never
have seen daylight without their input. Rembert, Ties, Erik, ik hoop dat we de
komende tijd nog een paar mooie papers samen gepubliceerd krijgen. De samen-
werking Utrecht-Eindhoven lijkt me een hele goede combinatie voor de toekomst
tussen experimenten en theorie, ga zo door.

De ontzettend goede hulp die ik gehad heb in de cleanroom van de groep OED
van electrotechniek was onmisbaar voor het maken van nano-devices, Barry, Erik,
Tjibbe, Jeroen, Milan en Martin bedankt. Erik Roeling voor het leren van de UV-
litho en het gebruik maken van jullie magic-recipe en overvolle opslag-kabinet en
de waardevolle tips voor optimalisatie! Nando en Jos bedankt voor de vele liters
vloeibare helium en stikstof die ik niet altijd op tijd terugbracht! En natuurlijk het
maandelijkse tochtje naar de gas-bunker als ik weer een fles stikstof 5.0 nodig had.



126 • Acknowledgements / Dankwoord

Ik ben de tel kwijt geraakt, maar dat waren er een hoop.
Natuurlijk is dit boekje niet alleen tot stand gekomen door de lange dagen op

de Universiteit, daarvoor is iedereen eromheen misschien nog wel veel belangrijker.
Natuurlijk mijn ouders Jan en Gerda, (en de extra ouders Nanny en Bart, wat een
bofkont ben ik toch met jullie!) en mijn zus Tessa die me mijn hele leven aange-
moedigd hebben, hele delen van mijn 10-jarige dubbele studie mede gefinancierd
en meegeleefd hebben en me vaak hebben zien komen en gaan. Ook voor jullie
was het niet altijd even gemakkelijk maar vanaf nu eis ik dat er alleen nog maar
wordt genoten. En Pa, met die ’couch-potato’ komt het wel goed, hij luistert nog
steeds naar herrie als ie op de bank ligt maar doet tussendoor ook nuttige dingen.
Ontzettend bedankt aan mijn zussie die ontzettend haar best heeft gedaan op het
geweldige ontwerp van de kaft van dit boekje. Dit terwijl ze met haar dikke buik
sleepte waarvan over de inhoud ik me straks, als ik dit boekje moet verdedigen,
de trotse oom mag noemen. Dus neef of nichtje als je dit over vele jaren misschien
ooit leest, met de super vette kaft van dit boekje was je moeder bezig die middagen
dat je haar hebt lopen schoppen. Dan natuurlijk mijn zwager de hooggeleerde Jan-
Willem, jij ontzettend bedankt voor je gezelligheid, creatieve geest en het zo mooi
redigeren van de Engelse samenvatting van dit proefschrift. De familie van Deelen -
Frans en Patricia, Frank en Denise, bedankt voor de gezellige avonden, middagen,
en vakantie naar de zon van Kreta, jullie interesse in mij en mijn onderzoek hebben
zeker bijgedragen aan dit boekje.

En dan komen we bij de wilde bende van het Studentenhuis Lucky Luik, FC
Skiete Willie en de hele bubs ontzettend gezellige mensen daaromheen. Jullie zijn
allemaal onmisbaar geweest om stoom af te blazen met een potje Catan, het grote
Catantoernooi, een pot Zaalvoetbal, flink uit de ban te springen op Rock Werchter
en Carnaval, een wilde verjaardag en gewoon stappen of terrasje in Eindhoven de
gekste etc... teveel om op te noemen, bedankt. Een viertal mensen noem ik toch bij
naam; Bert, Maurice, Esther en Lisanne de steun en advies van jullie, de zo is het
en niet anders mentaliteit, en de hectoliters bier die wij samen sinds het prille begin
in Lucky Luik hebben verorberd zijn onmisbaar gebleken voor mijn levens-vreugd!

En dan mijn liefde, Marijke, als jij er niet geweest was..., op die drie punten zijn
heel veel thriller scenario’s te schrijven. Maar gelukkig is het: met Marijke is het
leven als een rom.com. En dat zelfs als je zelf aan het promoveren bent en Marijke
de drukste baan van haar leven heeft! Je verschrikkelijk aanstekelijke lach, vooral
na woord-grapjes die ik vaak niet snap, pikken me altijd op als het allemaal even
niet lijkt te lukken. Bedankt voor je steun, advies en liefde. We hebben samen al
veel meegemaakt, vooral de manier waarop je met het verlies van je moeder Patricia
omgaat heeft me diep geraakt. Ik hoop samen nog veel meer mee te maken. Blijf
zoals je bent en dan weet ik zeker dat we alles aankunnen. Ook al komen er veel
veranderingen aan, we slaan onszelf er gewoon doorheen.

Dan besluit ik dit lange dankwoord met: Als ik jou gemist heb en je hoort hier
te staan, mijn oprechte excuses, en zet jezelf alsnog hier neer je hebt het verdiend
als tot hier gelezen hebt: bedankt .........!



Bibliography

[1] Wolf, S., Awschalom, D., Buhrman, R., Daughton, J., von Molnar, S., Roukes,
M., Chtchelkanova, A., and Treger, D. Spintronics: A spin-based electronics
vision for the future. Science 294, 1488–1495 (2001). [p. 9]

[2] The nobel prize in physics 2007. [p. 9]
[3] Berger, L. Exchange interaction between ferromagnetic domain wall and elec-

tric current in very thin metallic films. Jour. Appl. Phys. 55, 1954–1956
(1984). [p. 10 and 84]

[4] Berger, L. Emission of spin waves by a magnetic multilayer traversed by a
current. Phys. Rev. B 54, 9353–9358 (1996). [p. 10]

[5] Marrows, C. Spin-polarised currents and magnetic domain walls. Adv. Phys.
54, 585–713 (2005). [p. 10]

[6] Malozemoff, A. and Slonczewski, J. Magnetic Domain Walls in Bubble Ma-
terials. Academic Press (1979). [p. 10]

[7] Slonczewski, J. Current-driven excitation of magnetic multilayers. J. Magn.
Magn. Mater. 159, L1–L7 (1996). [p. 10]

[8] Everspin MRAM devices. [p. 10]
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