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Abstract

We live in a society defined by constant growth. This is exempli-
fied by information technologies which, over a time period of
only a few decades, have transformed our way of life. This rapid
expansion has relied heavily on there being “plenty of room at the
bottom”. However, as we are faced with the physical limitations
of continuous miniaturization, there is a need for a new paradigm
to support the growing computing power requirements of our
society.

The field of spintronics provides us with several opportunities
to increase the functionality of electronic devices in a sustainable
way. After the discovery of the giant magnetoresistance and the
tunneling magnetoresistance, which have revolutionized data
storage technologies, scientists have continued to unravel novel
effects and propose new applications that exploit the interplay
of charge and spin degrees of freedom in electronic devices. In
the last decade, a growing number of ways to measure and
manipulate the magnetic state, which is used to store data,
have arisen. One common thread in modern spintronics is the
importance of interfaces.

In this thesis, we deal with a specific type of interface, that is
both well-known, and often overlooked: ferromagnet/oxide in-
terfaces. Specifically, we explore two main areas: firstly, magneto-
transport and current-induced SOTs, and secondly, the tuning
of magnetic anisotropies to induce chiral effects. To investigate
the resulting physical phenomena, both parts of this work have
involved the development of new fabrication techniques as well
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as data acquisition and analysis methodologies.

To investigate the magnetotransport of ferromagnet/oxide
interfaces, we study model systems consisting of Fe/oxide hetero-
structures epitaxially grown on MgO(001). Our investigation
reveals that current-induced effects that are typical of heavy
metal/ ferromagnet bilayers, such as spin-orbit torques and
unidirectional magnetoresistance, also exist in Fe/oxide systems.
In addition, the crystallinity of the Fe is imprinted onto these
effects, resulting in a dependence on the orientation of the current
relative to the crystal lattice. Our results show that charge-spin
conversion effects do not require the presence of heavy metals
as the source of spin currents. Moreover, they show that subtle
differences in the morphology and chemical composition of the
interfaces can produce sizable changes of the spin-orbit torques
and unidirectional magnetoresistance.

Besides playing a role in the magnetotransport properties,
oxide interfaces can also influence the magnetic anisotropy of
ferromagnets. In this thesis, we exploit the interface-mediated
anisotropy in Pt/Co/AlO to induce what we coined “lateral chiral
coupling”. This coupling requires nanoscale control over the mag-
netic anisotropy as it makes use of the Dzyaloshinskii-Moriya
interaction, which has a very short range. For this purpose, we
combined state-of-the-art fabrication techniques to develop a
new process, which opened the door to the fabrication of laterally
coupled in-plane and out-of-plane magnetized regions of the
same layer. The effect of the lateral chiral coupling is manifold,
leading to the exchange bias of adjacent in-plane and out-of-plane
magnetized regions and the antiferromagnetic coupling of out-
of-plane nanomagnets mediated by an in-plane spacer region.
Moreover, the lateral coupling enables field-free magnetization
switching using spin-orbit torques, as well as domain nucleation
sites with reconfigurable energy barriers.

The results of this thesis highlight the potential of ferromag-
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net/oxide interfaces to tune the magnetic ground state of single-
layer ferromagnets as well as their magnetotransport properties
and current-induced spin-orbit torques.
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Zusammenfassung

Wir leben in einer Gesellschaft, die von standigem Wachstum ge-
pragt ist. Dies wird durch Informationstechnologien veranschau-
licht, die, tiber einen Zeitraum von nur wenigen Jahrzehnten,
unsere Lebensweise verdndert haben. Diese rasche Expansion
hat sich stark darauf verlassen, dass hohere Speicherdichten
rein durch das Schrumpfen von Komponenten erreicht werden
kann. Da wir jedoch mit den physischen Einschrankungen einer
kontinuierlichen Miniaturisierung konfrontiert sind, ist ein neues
Paradigma erforderlich, um den wachsenden Rechenleistungs-
bedarf unserer Gesellschaft zu decken.

Das Gebiet der Spintronik bietet uns mehrere Moglichkeiten,
die Funktionalitét elektronischer Gerdte nachhaltig zu verbessern.
Nach der Entdeckung des Riesenmagnetowiderstands und des
Magnetischen Tunnelwiderstands, die die Datenspeichertech-
nologien revolutioniert haben, haben Wissenschaftler weiterhin
neue Effekte aufgedeckt und neue Anwendungen vorgeschlagen,
die das Zusammenspiel von Ladungs- und Spin-Freiheitsgraden
in elektronischen Gerdten ausnutzen. In den letzten zehn Jahren
wurde eine wachsende Anzahl von Moglichkeiten zur Messung
und Manipulation des magnetischen Zustands gefunden, die
zum Speichern von Daten verwendet werden kénnen. Ein roter
Faden in der modernen Spintronik ist der Fokus auf Grenzfla-
chen.

In dieser Arbeit beschiftigen wir uns mit einer bestimmten
Grenzflache, die sehr bekannt ist aber auch oft iibersehen wird:
Ferromagnet/Oxid-Grenzfldchen. Insbesondere untersuchen wir
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ZUSAMMENFASSUNG

zwei Effekte: erstens Magneto-transport- und strominduzierte
Spin-Bahn-Drehmomente und zweitens die Mischung magneti-
scher Anisotropien, um chirale Effekte zu induzieren.

Um die resultierenden physikalischen Phanomene zu untersu-
chen, umfassten beide Teile dieser Arbeit die Entwicklung neuer
Herstellungstechniken sowie Methoden zur Datenerfassung und
-analyse. Um den Magnetotransport von Ferromagnet/Oxid-
Grenzfldachen zu testen, untersuchen wir Modellsysteme, die
aus epitaktischen MgO(001)/Fe/Oxid-Heterostrukturen beste-
hen. Unsere Untersuchung zeigt, dass strominduzierte Effekte
wie Spin-Bahn-Drehmomente und unidirektionaler Magneto-
widerstand, die in Schwermetall/Ferromagnet-Doppelschichten
typisch sind, auch in Fe/Oxid-Systemen vorhanden sind. Zusétz-
lich wird diesen Effekten die Kristallinitdt des Fe eingeprégt, was
zu einer Abhéngigkeit von der Richtung des Stroms relativ zur
Kristallstruktur fiihrt. Unsere Ergebnisse zeigen, dass Ladung-
Spin-Umwandlungseffekte nicht Schwermetalle als Quelle fiir
Spinstréome erfordern. Dariiber hinaus zeigen sie, dass subtile
Unterschiede in der Morphologie und chemischen Zusammenset-
zung der Grenzflichen betrachtliche Anderungen der Spin-Bahn-
Drehmomente und des unidirektionalen Magnetowiderstands
hervorrufen konnen.

Oxidgrenzflachen spielen nicht nur eine Rolle bei den Magne-
totransporteigenschaften, sondern kénnen auch die magnetische
Anisotropie von Ferromagneten beeinflussen. In dieser Arbeit
nutzen wir die Grenzflichenanisotropie in Pt/Co/AlOy , um die
laterale chirale Kopplung zu induzieren. Diese Kopplung erfor-
dert eine lokale Kontrolle der magnetischen Anisotropie, da die
Dzyaloshinskii-Moriya-Interaktion genutzt wird, die eine sehr
kurze Reichweite hat. Zu diesem Zweck haben wir modernste
Herstellungstechniken kombiniert, um ein neues Verfahren zu
entwickeln das die Herstellung von seitlich gekoppelten ma-
gnete ermoglicht. Der Effekt der lateralen chiralen Kopplung
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ist vielfaltig und fithrt zu einem Exchange Bias benachbarter
Magneten und zur antiferromagnetischen Kopplung von anein-
ander gereihten Nanomagneten. Dartiiber hinaus ermoglicht die
laterale Kopplung ein feldfreies Umschalten der Magnetisierung
mit Spin-Bahn-Drehmomenten.

Die Ergebnisse dieser Arbeit zeigen das Potenzial von Ferro-
magnet / Oxid-Grenzflachen fiir statische und dynamische Ap-
plikationen.
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1. Introduction

1.1. Motivation

The information age has left its mark on society, with digital
devices having found a purpose in every aspect of our lives. With
an estimated 50 Billion devices connected to the internet, ranging
from smart phones to the often ridiculed smart refrigerator, the
all so frequently reported “ubiquity of smart devices” is far from
an exaggeration. By now we live in a permanently connected
society, where each personal device requires a constant drip
feed of information from the “cloud” to function properly. The
backbone of the infrastructure, which is able to serve our needs
in a blink of an eye, are data centers, for which demand has
rapidly grown.

To meet this demand, data centers have massively expanded
in the last ten years, increasing their storage capacity more than
25-fold, network traffic 10-fold and workload 5-fold [1]. There
are no signs of this expansion slowing down anytime soon, as
the push towards increasingly higher fidelity and on demand
entertainment is in full force. This problem was exacerbated in
this year’s COVID-19 pandemic, which has turned the average
office worker into amateur streamers, forcing them to send pixe-
lated videos of their backlit faces across the globe. In addition,
the emergence of artificial intelligence, which is on the cusp of
permeating every part of technology, is continuing our increas-
ingly computing-intensive status quo. History indicates that this
ever growing consumption is deep-rooted in our modern society,

21



1. INTRODUCTION

ruling out restraint as a way forward, even in the face of a wilting
planet.

Thanks to the concerted effort of engineers and scientists,
however, the total energy usage of data centers has barely been
affected by this expansion. Reductions in idle power, improved
processor and storage efficiency and increased storage density
have contributed to keep the increase of the total energy usage to
a few percent [1], despite the massive increase in storage capacity,
traffic and workload. To persevere in this constant battle, we
need a breakthrough, as traditional data handling architectures,
which have scaled incredibly well as advertised by Moore’s law,
are expected to reach their limits soon.

However, instead of waiting with baited breath for a panacea,
recent developments demonstrate how a move towards special-
ized technologies that solve specific problems can lead to faster
progress. A prime example is the tensor core, which can be
thought of a stripped down computing core that has been op-
timized to significantly speed up artificial intelligence network
computations, but lacks the flexibility of a traditional core. Since
its first implementation into Google’s data centers in 2015, it
has made its way into enthusiast products a few years later and
arrived in mainstream consumer products in 2020. The same
principle, of developing solutions specific to the problem at hand,
is pursued in quantum computers and neuromorphic computing,
though these technologies have yet to reach maturity.

The development of new technologies is a never-ending en-
deavor, which requires strong interfacing between science and
technology. A field that has excelled in this respect is the field
of spintronics, which through the discovery of a vast assort-
ment of physical phenomena, involving the interaction of electric
charge and spin, has produced the building blocks of current
smart devices [2]. In this thesis, we aim to expand the existing
tool set used to conduct spintronic studies and develop future

22



1.2. BACKGROUND AND CONTEXT

technologies. For this we investigate the rich physics emerging
from what might be considered the most underappreciated, yet
very commonly occurring, component of the spintronic devices,
namely ferromagnet (FM)/oxide interfaces. But before we can
properly highlight the role of these interfaces and in which direc-
tion we can take them, we will first set the stage by covering the
achievements that have led us here.

1.2. Background and Context

The poster child of spintronics is the giant magnetoresistance
(GMR) , which introduces an electrical resistance in multilayer
thin films depending on the relative orientation of two or more
ferromagnetic layers that are separated by non magnetic metal
layers [3, 4]. While magnetoresistive effects were not novel at
the time of the discovery of the GMR [5, 6], what set it apart was
the strength of its effect, causing resistance changes that were
orders of magnitude larger than the other magnetoresistance
(MR) effects at the time. The fact that the GMR causes large
signals for small changes in the magnetization, quickly led to its
implementation into magnetic hard disk drives, where it was
used in the read head to sense the magnetic areas, i.e. bits,
of the hard disk, which encode the stored information. The
high sensitivity of the GMR allowed for the miniaturization
of hard disk drive components down to the nano-scale, and
subsequently led to an unprecedented increase in storage density.
Remarkable is, how fast this development happened, starting
with the experimental discovery of the GMR in parallel by
Griinberg and Fert [3, 4], followed by first commercial products
a decade later and culminating with the Nobel prize in 2007.
Not only was the Nobel prize awarded for the technological
impact the GMR had but also for it being the first real application
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1. INTRODUCTION

of nanotechnology, as the GMR can only be observed in multilayer
thin films. Thus, the implementation of the GMR into HDDs
hinged on thin film fabrication techniques, which were only
developed slightly over a decade before the discovery of the
GMR , and includes several other phenomena exclusive to thin
films, some of which we will discuss later on. The feature that lets
thin film multilayers stand out, is the high interface to volume
ratio, which amplifies interface-induced effects. These effects,
some of which rely on the intrinsic broken inversion symmetry
at the interface, often decay over a short distance, making them
only observable at the nanoscale.

One of the earlier discovered interface effects was the perpen-
dicular magnetic anisotropy (PMA) in Pd/Co multilayers [7],
which aligns the magnetization of the FM to be perpendicular to
the film plane, instead of parallel to the film, which is normally
the case. PMA, in addition to the GMR, was essential in driving
up the storage density of HDDs, as it offered a solution to a
problem that plagued the miniaturization of magnetic storage
until then. When magnetic bits are made smaller, the average
lifetime of the stored information is reduced, since the energy to
flip the bit decreases. To compensate for this, we would need to
increase this energy through other means, which the PMA makes
possible, as the strength of the induced uniaxial anisotropy is
potentially very large. This potential was confirmed as time
went on, as more heavy metal (HM)/FM combinations were
found to exhibit PMA with increasing strength. While HM/FM
interfaces undoubtedly induce strong PMA, owing to the strong
spin orbit coupling of the HM, spin orbit coupling was soon
found not to be the only mechanism behind PMA. Particularly,
PMA was frequently observed in FM/oxide interfaces such as in
the CoFe/AlOy interface [8]. In this specific system, a study in the
early 2000s showed that the strength of the PMA is determined
by the oxidation level of the interface, transitioning from in-plane
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1.2. BACKGROUND AND CONTEXT

magnetization for underoxized interfaces, to a peak PMA for a
perfectly oxidized CoFe/AlOy interface and subsequent degrada-
tion for overoxidized interfaces. Consequently, the origin of the
PMA in FM/oxide cases was traced back to orbital hybridization,
which is very sensitive to the oxygen level at the interface.

Not only can we induce anisotropies into single FM lay-
ers, in thin film multilayers, it is also possible to couple sep-
arate magnetic layers to each other using the so-called Ru-
derman—Kittel-Kasuya—Yosida (RKKY) coupling. The RKKY
coupling is observed in structures where FM layers are sepa-
rated by thin conducting non-magnetic metals, which causes the
magnetization of the separated FM layers to align either ferro-
magnetically (parallel) or antiferromagnetically (anti-parallel).
Whether ferromagnetic or antiferromagnetic coupling prevails
for a specific separation layer, depends entirely on the thickness
of the separation layer and can change within a few atomic
monolayers.

Another phenomenon often used in conjunction with the RKKY
coupling, in order fix the orientation of one of the FM layers, is the
exchange bias emerging at FM/antiferromagnet interfaces. Here,
the surface magnetization of the antiferromagnet, which for all
practical purposes can be considered fixed in one direction, cou-
ples to the magnetization of the FM. This causes the FM to favor
one specific direction and if overlapped with a uniaxial magnetic
anisotropy, stiffens the magnetization to the point where, in
the absence of external magnetic fields, the magnetization will
automatically revert to that preferred orientation.

These examples were brought up to highlight the variety of
phenomena that emerge exclusively in thin film structures, but at
the same time, this reveals the limitations of these effects in that
they only occur in thin film multilayers. This is the entry point of
Chapter 7 of this thesis, where we aim to combine the control over
the PMA in HM/FM/oxide structures with an interfacial effect,
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1. INTRODUCTION

namely the Dzyaloshinskii-Moriya interaction (DMI), to develop
a technique to strongly couple laterally arranged nanomagnets.

The aforementioned DMI [9, 10] is an effect that occurs in
structures that lack inversion symmetry, which in our systems
is the case at the interface. The DMI is a local interaction be-
tween magnetic moments similar to the exchange coupling. The
exchange coupling forces neighboring magnetic moments to
be parallel or anti-parallel, giving rise to ferromagnetism and
antiferromagnetism in the first place. The DMI on the other
hand, promotes orthogonal arrangement of magnetic moments,
resulting in spin spirals [11] and other non-trivial spin structures
[12,13]. Furthermore, the DMIimposes a handedness or chirality
on the system. In systems with PMA, this chirality manifests
largely in domain walls, which are the transitional regions be-
tween anti-parallel aligned regions with uniform magnetization,
causing the magnetization in all domain walls to rotate with the
same handedness [11, 14-16]. More specifically, the domain walls
always chiral Néel wall configurations, which one, depends on
the sign of the DMLI. Effectively, this couples the in-plane (IP)
component of a magnetic moment to the out-of-plane (OOP)
component of its neighbors.

Here, we investigate coupled IP-OOP magnetized nanomag-
nets, in which the magnetization mimics the chiral Néel wall
configuration that naturally occurs in DWs. For the fabrication of
these devices, we leverage the nano-resolution of electron beam
lithography to pattern the nanomagnet and selectively oxidize
Pt/Co/AlOy structures. The selective oxidation allow us to in-
duce the PMA only in the desired regions while maintaining IP
magnetization in the rest of the device. Using these nanomagnets
we demonstrate, that the DMI can be used to achieve lateral and
antiferromagnetic coupling of magnetic regions. With the lateral
coupling, it is possible to generate large and complex networks
of coupled magnetic regions, which has the potential to be used
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1.2. BACKGROUND AND CONTEXT

in logic and non-Boolean devices [17, 18].

While the chiral coupling has a tremendous influence on
the static behavior of the magnetization, its true value lies in
the impact it has on the DW dynamics when combined with
spin-orbit torques (SOTs), which is the focus of the second
half of Chapter 7. The initial discovery of SOTs, in which
unusually fast domain wall propagation induced by electrical
currents was demonstrated [19], launched some of the most
exciting investigations in the recent years in spintronics [20].
The massive body of work that has been generated since then
has unravelled many mysteries surrounding SOTs, resulting in
a deep understanding of the domain nucleation and domain
wall propagation using SOTs [21, 22]. One of the revelations
was that SOTs allow for ultra-fast switching of magnetic nano-
islands. This is largely owing to very high DW velocities and the
possibility of eliminating the incubation time, which otherwise
would delay the nucleation processs [23, 24]. The high DW
velocities make SOTs especially suitable to drive domain wall
conduits or racetracks, a technology that, if realized to its full
potential, promises a massive boost to our data storage capacity.
Nevertheless, SOTs come with their own set of issues. One is
the requirement of an external field parallel/anti-parallel to the
injected current to deterministically switch the magnetization [21].
For the DW propagation, this field must either be maintained to
prevent unwanted nucleation, or the current must be decreased,
which prevents further nucleation but also decreases the DW
velocity.

Here, we propose an alternative nucleation scheme, namely
the use of lateral IP-OOP boundaries as chiral domain injectors
[25]. At these boundaries, the chiral coupling stabilizes DMI-
favored magnetization configurations, prohibiting the nucleation
of new domains. Configurations unfavored by the DMI, on the
other hand, are metastable, and domain nucleation using SOTs
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is facilitated. Thus, in these chiral injectors the nucleation can be
controlled by the magnetization direction of the IP region alone.
Furthermore, once a domain was nucleated from a metastable
state, it automatically reverts to a stable one, preventing any
additional unwanted domain nucleation. The whole nucleation
and propagation process can be done without external magnetic
tields, using a stream of unipolar current pulses with constant
amplitude. However we do not get rid of external fields com-
pletely, as the nucleation still has to be primed by flipping the IP
region, for which we use external fields, though we do propose
all electrical chiral injector designs.

A significant portion of SOT studies were conducted on
HM/FM bilayers, which have proven to be an excellent model
system, owing to the large spin Hall effect (SHE) associated
with HMs [26]. The SHE is capable of converting an electrical
current into a spin current, which subsequently affects the FM
resulting in SOTs. The study of SOTs in HM/FM bilayers did
not only reveal the inner workings of the SHE and the SOTs.
The development of SOT characterization techniques inevitably
advanced measurements capabilities and our understanding of
the interplay between electrical, spin and heat currents, which
shapes the transport properties of thin films. These advances are
built on a thriving subset of MR studies, which have led to the
discovery of a vast array of new MR effects.

The foundation of the MR in these bilayers are the famed
anisotropic magnetoresistance (AMR) [5] and the anomalous
Hall effect (AHE) [6], which are intrinsic to FMs. However, in
these thin film bilayers the MR often deviates from the traditional
models. Many of the additional contributions were traced back to
the generation of different fluxes, i.e. heat and spin, by the electric
current, which subsequently produce their own electric signal.
Among the additional MR contributions are the unidirectional
MR (UMR) [27] and the the spin Hall MR (SMR) [28], which have
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typically been attributed to the spin current generated by the
SHE.

Although the SMR was first demonstrated in HM/insulating
FM bilayers, based on a mechanism that is tied to the fact that
the FM does not conduct, other effects resembling the SMR
emerged soon thereafter. However, before long, other possible
mechanisms were brought into the picture, such as magnetic
proximity effects in HMs, which can generate a MR in the HM
itself [29], and the anisotropic interface MR [30]. As studies went
on to include a more diverse set of systems, SMR-like signals
were also found in systems with no HMs [31-33], therefore
lacking the obvious provider of the SHE, which is essential to
the manifestation of the SMR. Thus, for single layer FM thin
films several new mechanisms were proposed, one of which is
based on the AHE in structures with high aspect ratio [34]. For
thicker textured layers, the geometrical size effect was suggested
to be the source of the SMR-like magnetization dependence [35].
Finally, a recent investigation [36] went back to one of the original
MR studies [37] and found that in partially crystalline materials,
the presence of an SMR-like magnetization dependence of the
MR is actually allowed by symmetry and thus could be much
more common that previously thought.

This barrage of phenomena, which all describe the same man-
ifestation of the MR from a different perspective, shows how
difficult the determination of microscopic origin of these effects
can be. This is not exclusive for the SMR-like signal, which we
only used as an example, but applies to every MR and current-
induced effect that was discovered in recent years. On top of that,
the models used to explain one effect should also be relevant for
the rest of the transport properties, complicating the process even
further. Understanding the magnetization sensing capabilities
that are available to us, is paramount to maximize their potential.
In the last part of this thesis, we aim to unify the library of MR and
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current-induced effects, which are relevant to magnetic thin films.
Building on prior MR studies, we investigate a large variety of
transport properties of epitaxial MgO/Fe/oxide structures using
a single measurement technique, with the goal of correlating
cause and effect across all transport properties measured. For
this, we develop a characterization methodology specifically for
anisotropic systems, which allows for the consistent and precise
quantification of the MR and current-induced effects.

1.3. Chapter Overview

The content of this this thesis has already been weaved into the
previous section but to repeat, two main projects form the foun-
dation of this thesis. One focuses on the lateral chiral coupling of
IP-OOP boundaries and in the other we investigate the transport
properties of epitaxial single layer iron. The underlying funda-
mental physics and characterization methods applied in the two
projects have a lot of overlap. Thus this thesis is structured to
front load these commonalities, which are then adapted to the
specific cases in the project Chapters.

In Chapter 2, we lay the groundwork of the fundamental
magnetic interactions, which play a role in our thin films. This
encompasses the direct interaction between magnetic moments,
magnetic anisotropies and the various methods to manipulate
the magnetization.

Chapter 3 introduces the magnetotransport phenomena stud-
ied in this work, which manifest through the interaction between
external magnetic fields, magnetization of solids, electric cur-
rents and other fluxes. Specifically, we describe the traditional
MR model, which includes the AMR and AHE. This model is
then adapted for crystalline ferromagnetic thin films. In addi-
tion to the MR, we also discuss the origin of current-induced
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effects, such as the thermo-electric effects and spin current related
phenomena.

In Chapter 4, we dive into the measurements and analysis
techniques that were developed for this work. We start with the
description of the harmonic voltage analysis, which forms the
backbone of the transport measurements, followed by the specific
manifestations of the transport phenomena in this measurement
technique, listed in the previous chapter. To quantify these
phenomena in systems with magnetocrystalline anisotropy, I
developed an iterative fit procedure that requires no assumptions
or input other than the independent and dependent variables
from the measurement itself, which is covered in its entirety in
this chapter.

Chapter 5 contains a detailed description of the growth and
pattering of the FM/Ox systems studied in this work, which entails
the deposition methods, techniques to control the oxidation and
lithography procedures. In addition to a description of the
fabrication techniques used, we provide general considerations
that need to be taken into account to optimize the device quality.

In Chapter 6, we report on our investigation of the MR and
current-induced effects in epitaxial MgO(001)/Fe/oxide structures.
As mentioned above, we measure and separate the abundance of
magnetotransport phenomena in a singular study using a single
measurement technique designed to map the angular dependence
of crystalline magnetotransport effects. In this way, we obtain
insight into the complex physics of crystalline magnetotransport
devices, opening the door to the future harnessing of these rich
materials.

In Chapter 7, we present the work, consisting of two projects,
that led to the discovery of the lateral chiral coupling [25] and we
propose functional designs based on this new phenomenon [25].
The first half covers the chiral coupling as it was discovered in
IP-OOP nanomagnets. We show that the magnetization of the IP
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and OOP regions are strongly coupled to each other through the
DM, for which we provide proof using imaging techniques and
transport measurements. The complexity and size of chirally
coupled structures is also shown to be scalable as the coupling
can propagate changes in the magnetization over multiple IP-
OOP boundaries. Due to the local nature of the chiral coupling,
the boundary density must be kept high though for the chiral
coupling to fully determine the magnetic configuration.

From a magnetization dynamics point of view, the IP-OOP
boundary can be considered as a configurable nucleation site.
This is demonstrated in the second half of the chapter, where we
explore the usage of IP-OOP in domain wall conduits as injectors.
Using SOTs, we show that the domain nucleation probability
strongly depends on the chirality of the magnetic configuration
at the IP-OOP boundary. By exploiting this property we devise a
switching protocol with which any arbitrary sequence of domains
with alternating magnetization can be injected into domain wall
conduits, using a stream of unipolar current pulses with constant
amplitude.

Finally, in Chapter 8, we summarize the achievements of this
thesis and give an outlook of interesting directions to follow in
coming years.
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2. Magnetic interactions

The study of the magnetoresistance, current-induced effects, and
magnetization dynamics in thin film heterostructures, which
form the goal of this work, is underpinned by the fundamental
understanding of the interactions that govern the behavior of
the magnetization of a ferromagnet. This chapter contains a
general introduction to the relevant interactions, some of which
are intrinsic to magnetic materials and some that we have control
over. For the specific implementation of these interactions into
macrospin simulations we refer to Chapter 4.

2.1. Fundamental Interactions

2.1.1. Exchange Interaction

The first question we need to answer when talking about mag-
nets is what is the interaction that enables a collection of atomic
magnetic moments, to spontaneously align and form a net mag-
netization M = Mym and give rise to ferromagnetism, instead
of randomly pointing in all directions. The answer is the direct
interaction between individual magnetic moments, specifically
the exchange interaction. The exchange interaction is a quantum
mechanical effect thar originates from the exchange symmetry
of indistinguishable particles, in this case electrons. Thus, it is a
short-ranged interaction, governing only the interaction between
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Figure 2.1.: The exchange interaction forces the magnetic mo-
ments to align with each other giving rise to ferro-
magnetism or antiferromagnetism/ferrimagnetism.
The sign of the exchange constant A*¢ determines
whether parallel or anti-parallel alighment is pre-
ferred. For positive values of A all moments align
in the same direction, resulting in a ferromagnet. For
negative values of A the moments alternate result-
ing in an antiferromagnet if all moments are equal,
or ferrimagnet if the two sublattices, one with the
moments pointing up and the other with moments
pointing down, do not have the same magnetization.

neighboring spins S, leading to an energy term [38]

Fexe — _ZA:XC Z (Si i 5].), 2.1)

i#j

where A% is the exchange stiffness constant and a is the lattice
constant of the FM. As can be seen from this expression, the
exchange interaction describes the parallel (A®*° > 0) or anti-
parallel (A€ < 0) alignment of neighboring spins, which leads
to either ferromagnetism or antiferromagnetism, respectively.
For Co and Fe thin films the exchange stiffness constant depends
on the thickness and the interfaces leading to values ranging
from 5-30 pJ m~! [39].

In the absence of the exchange interaction, we observe para-

34



2.1. FUNDAMENTAL INTERACTIONS
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Figure 2.2.: The DMI forces perpendicular alignment of neighbor-
ing spins, which is in competition with the exchange
interaction. The result of strong DMI are spiraling
magnetic microstructures as shown, where the rota-
tional sense, or chirality, of these structures depends
on the sign.

magnetism and diamagnetism, where the magnetic moments
can be aligned with an external magnetic field but do not align
spontaneously.

2.1.2. Dzyaloshinskii-Moriya Interaction

Like the exchange interaction, the DMI describes the coupling
between neighboring spins, with the difference that the DMI
promotes perpendicular alignment of spins. The DMI was first
observed in antiferromagnetic a-Fe,O3, where it induced weak
ferromagnetism [40]. Although the original groundwork was
layed decades ago, a working theory that is able to predict both
the sign and strength of the DMI in HM/FM bilayer thin films,
was only developed recently [41]. There, two factors were found
to impact the DML The first is the orbital HM-FM hybridization,
which increases the more the electron bands overlap at the
interface, and consequently increases the strength of the DMI.
The sign of the DMI depend on the spin-orbit coupling, which
results in spin mixing-orbital transitions at the interface. In
other words, the spin-orbit coupling only allows for specific spin
transitions from a d-orbital in the FM to a d-orbital in the HM and
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2. MAGNETIC INTERACTIONS

these transition cause the spin to rotate slightly with a chirality
set by the spin-orbit coupling. The rotated spin interact with
the magnetization in the FM as they transition back, causing the
magnetization to rotate in a chiral manner as well.

The effect of the DMI on the magnetic moments is highlighted
in the energy contribution

I = =3 d () - (Si x S) 2.2)

i#j

where d is the DMI vector that defines the strength and rotational
sense or chirality of the DMI. d is determined by the vector u;; that
connects the location of S; to the location of S;. This expression
shows that the DMI by itself will promote the formation of
magnetic spirals, where the magnetization rotates around d as
we travel along u;; [42]. For the Pt/Co/AlOy bilayers studied
here d ¥ —1 mJm~2 [17, 43], resulting in what is referred to as
left-handed chiral spin structures.

2.1.3. Magnetostatic Energy

In addition to these short range but strong interactions, mag-
netic moments also interact on a longer range, though more
weakly, through the magnetostatic energy[38]. This energy can
be thought of as the cost involved in maintaining a magnetic
field generated by the magnetization outside of the body of the
magnet. Minimizing this field entails the reduction of the density
of surface pole charges M - n, where n is the surface normal.
This can be achieved either by pairing opposite surface pole
charges, resulting in an altered magnetization configuration, or
by aligning the magnetization parallel to as much of the surface
as possible.
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Figure 2.3.: The magnetostatic energy describes the the cost of
maintaining magnetic fields outside of the magnet,
which scales with the density of surface pole charges.
These so-called magnetic charges are generated by
the surface magnetization itself when aligned per-
pendicular to the surface. The magnetostatic energy
can be minimized by pairing opposite charges or by
aligning the magnetization parallel to the surface.

2.2. Magnetic Anisotropy

For now we have mostly addressed how magnetic moments align
relative to each other, however, a major factor in determining
the direction of the magnetization m is the magnetic anisotropy.
As the name implies, here, the symmetry of magnets, or in our
case more specifically magnetic thin films, changes the energy
associated with certain magnetization directions, resulting in
preferred axes to align with, also called easy axes, or axes to avoid,
called the hard axes. Magnetic anisotropies can be caused by a
variety of factors and in any given magnetic system a number
of these anisotropy axes may exist and overlap, generating a
complex energy landscape for the magnetization. Here, we will
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discuss the sources of the anisotropies in the epitaxial Fe system
and the Pt/Co/AlOy system studied in Chapter 6 and Chapter 7,
respectively, starting with the shape anisotropy.

2.2.1. Shape anisotropy

Shape anisotropy is one of the consequences of trying to minimize
the magnetostatic energy. If we treat the magnetization as a single
uniform vector that cannot minimize the magnetostatic energy by
breaking into domains, the remaining option to lower the energy
is to minimize the surface poles. As a result, m will typically
prefer to align parallel to surfaces, and minimize the area with
the magnetization pointing perpendicular to the surface. The
energy associated with the shape anisotropy is given by[38].

oM
plem 7 = & = Y N2, (2.3)

i=X,Y,2

where pg is the vacuum permeability and N; are the components
of the demagnetizing factor, which depends on the shape of the
magnet. For a system with only one elongated or constricted
dimension the shape anisotropy introduces a uniaxial anisotropy,
such that

E™/V = K*™(1 = (m - u)?) (2.4)

where K" is a uniaxial anisotropy constant and  is the direction
of the axis that coincides with the longest dimension of the shape.
For flat shapes K" is negative, while for elongated shapes K"
is positive. Notable examples of systems with significant shape
anisotropy are magnetic thin films, in which it generates a hard
axis perpendicular to the film, and magnetic micro-/nanowires,
in which the high elongation creates an easy axis along the wire.
In these two examples the shape anisotropy exists by virtue of
the design of the overall shape of the system, however it can also
manifest more subtly as a result of textured roughness [44—47].
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2.2.2. Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy arises from the interplay of the
spin-orbit interaction and the energy splitting of the d-orbitals
induced by the crystal field. This results in systems, where the
anisotropy is tied to the crystal structure of the ferromagnet. An
example of this are the epitaxial Fe layers studied in this work
(see Chapter 6), where the cubic symmetry of the crystal produces
a cubic magnetocrystalline anisotropy with three perpendicular
easy axes. If we set the <100> directions of the cubic crystals to
correspond to x, y, and z, the energy density for a cubic crystal is
[38]

Eb/y = K (mim?, +mm2 + m?,m%) + K? m? m?, m2 (2.5)
where K! and K? are anisotropy constants that dictate the direction
of the easy axes. In the epitaxial MgO(001)/Fe systems studied
here, the easy axes coincide with the three main axes of the
crystal, which is described by a large value for K; ~ 50 Jm~ and
a small one for K; ~ +5]Jm~ [48]. As the magnetocrystalline
anisotropy is so closely related to the crystal structure, straining
the structure will change the anisotropy. This phenomenon is
called magnetostriction, which in strained epitaxial Fe films can
introduce a uniaxial anisotropy along the strain direction.

In polycrystalline systems, such as Pt/Co/AlOx on which we
will focus in Chapter 7, the individual contributions to the
anisotropy of the randomly oriented crystal grains usually end up
cancelling each other and therefore suppress the manifestation of
an magnetocrystalline easy axis. If the orientations of the crystals
are not random and not evenly distributed, this can result in a
texture of the film, which can induce magnetic anisotropy even
in non-epitaxial films.
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2.2.3. Interface Anisotropy

The magnetic anisotropy is not only determined by the crystalline
structure of the ferromagnet and its shape, but also by the
materials that the ferromagnet is in contact with. At the interface
between the ferromagnet and its neighboring materials, orbital
hybridization can be the source of strong magnetic anisotropies,
which introduces a uniaxial anisotropy perpendicular to the
interface

E™/V = K™(1 = (m - n)?). (2.6)

where K" is the interface-induced anisotropy term and # is the
normal of the interface. In the prominent case of Pt/Co/AlOy this
anisotropy can be used to overcome the shape anisotropy of a
thin film and induce a PMA [49]. Furthermore, as the interface
anisotropy is induced by orbital hybridization, the Co/AlOy inter-
face is a prime example of the impact the oxidation state can have
on the interface anisotropy. Here, both slight underoxidation
or overoxidation will greatly diminish the induced anisotropy,
weakening it enough for the system not to exhibit a PMA.

2.3. Magnetic Domains and Domain Walls

As described above, the magnetic configuration and behavior
are determined by a number of competing interactions, not all
of which favour a single domain state. While the exchange
interaction promotes the alignment of all magnetic moments,
the DMI and magnetostatic interactions promote non-collinear
alignment of magnetic moments. The combination of these
competing interactions can lead to a multi-domain state, made
up of different domains that individually consist of a uniform
magnetization direction, but are not aligned with one another.
In the regions separating different domains, aptly named DWs,
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Block walls:

Figure 2.4.: The structure of 180° DWs in thin films can be cat-
egorized into two types. In Bloch walls the magne-
tization rotates around the normal n of the DW. In
Néel walls the magnetization rotates around m X n.
In the presence of the DMI, chiral Néel walls prevail,
which has been exploited with great success for DW
propagation with SOTs.

the magnetization smoothly transitions from one domain to the
other[38].

A lot of effort has been put into resolving the configuration
of the magnetization inside the DWs, as their internal structure
governs many dynamic properties of a magnet. Of special interest
to our work presented in Chapter 7 are 180° DWs. In these cases,
we can identify two types of DWs, namely Bloch walls where the
magnetization rotates around the normal n of the DW and Néel
walls where it rotates around m X n in either direction [50].

In thin films with PMA, Bloch walls are generally energetically
favored due to their lower magnetostatic energy. Constricting
the DW, for example in a nano wire, pushes the preference
towards Néel walls, since the rotation of m towards the axis
of the wire reduces the magnetostatic energy compared to the
Bloch configuration. The transition between the two DW types is
gradual as the wire becomes more narrow, leading to DWs with
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hybrid structures that have characteristics of both Bloch and Néel
walls [51]. While this mechanism plays a role in determining the
DW type, it does not explain why in the Pt/Co/AlO, system, we
exclusively observe Néel walls [11, 14]. The main determining
factor of the DW configuration in these systems is the DMI,
which in addition to forcing Néel walls, also lifts the degeneracy
of different rotation directions or chiralities [14, 15], which is a
prerequisite for the deterministic manipulation of these DWs
using electric currents [52].

2.4. External Influences

While the various interactions and anisotropies listed above
are leading factors in determining the magnetization and its
microstructure, as material parameters, they offer us little active
control over the magnetization during a measurement. Here, we
will cover what options are available to us to precisely manipulate
the magnetization using external influences.

2.4.1. Zeeman Energy

We start with the interaction of M with an external magnetic field
H®, which is described by the potential energy [38]

E**¢ = —-M - H*" = ~MH™" cos 6 (2.7)

also known as the Zeeman energy. Here, 6% is angle spanned by
M and H®. As stated in Eq. 2.7, the Zeeman energy is minimized
when the magnetization and the external field are parallel and
increases as the misalignment 6°*' increases.

The external magnetic field H®, produced by an electromag-
net in our case, is not the only contribution to the Zeeman energy,
as the electric currents sent through our samples for the magneto-
transport measurements also generate an Oersted field. In the
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most well-known case - that of a cylindrical wire - the Oersted
field circulates around the wire, with a magnitude of the field
inversely proportional to the distance from the centre of the
wire. For thin films, the Oersted field outside of the film can be
approximated using an infinitely extended sheet model by

_ boJ

HOE
2 7

(2.8)
where 1 is the vacuum permeability, ]j is the current density. The
resulting H°¢ is a field parallel to the film plane and perpendicular
to the current. Because H®® is only generated outside of the layer,
a uniform current flowing through the ferromagnet will not
generate an Oersted field that affects the ferromagnet itself.
However, any current running through neighboring layers will
generate an Oersted field, which will affect the ferromagnet.

2.4.2. Spin-orbit Torques

In addition to the Oersted field, the electrical current can exert
a torque on the magnetization by producing a spin current, i.e.
a flow of electrons with aligned spins. The alignment of the
spin results in a spin polarization ¢ that can interact with the
magnetization. This process naturally occurs in ferromagnets in
a variety of ways and can be artificially enhanced by inversion
symmetry breaking, such as through the interface engineering
in heavy metal/ferromagnet bilayers [20, 53]. The mechanisms
behind the spin polarization of electrical currents are covered in
more detail in Section 3.4.2. SOTs then arise through the exchange
interaction between the magnetization and the spin polarization.
The torques exerted by the spin polarization can be decomposed
into two components, in particular, the field-like (< m X ¢) and
the damping-like SOT (< m X (m X 0)) [54]. The field-like and
damping-like SOTs have been named for their symmetry, which
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mimic the precession and damping torque, respectively, of a
magnetic field parallel to 6. Nevertheless, they are not just two
components of a single field, but instead are more accurately
described via the two effective fields H! and HY! that can scale
independently. The direction of these effective fields are defined
by

H'« ¢ (2.9)

resulting in a field-like torque oc m X ¢ and
H'"«xmxo (2.10)

giving us the damping-like torque o« m X (m x ¢). SOTs have been
used to great effect for magnetization manipulation in HM/FM
systems, ranging from chiral DW propagation in magnetic wires
to full magnetization reversal of magnetic dots and Hall bar
structures [20].

2.5. Magnetization Dynamics

As was discussed in this chapter so far, a multitude of effects
are acting on the magnetization at any time, each leaving its
unique footprint on the energy landscape experienced by M. For
a single magnetic moment, the manner with which m navigates
through this landscape is governed by the Landau-Lifshitz-
Gilbert equation [38]

om 14 Yo
— =-———mxH -
ot 1+a2m 1+a2

mx (mxH®), (211

where y = 2*% is the gyromagnetic ratio, « is a phenomenological
damping parameter and H*f is the effective field, containing
all the aforementioned effects ranging from direct interactions,
anisotropies to external influences. The motion described by
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Figure 2.5.: The interaction between the magnetization and an
effective field H*# is governed by the LLG equa-
tion. The LLG equation describes the trajectory of
the magnetization as a combination of a precession
(HEff X m) around H*# and a motion towards the

tield (m X (Heff X m)) Here we show the trajectory
of the magnetization as it aligns with the effective
tield

the LLG equation is a damped oscillation of m around Hef
(Figure 2.5). The first term describes the magnetic torque H' eff M,
which results in a precession of M around H®#. The second term
on the other hand, represents the damping in the system, which
pulls M towards H*f and eventually aligns the two, resulting in
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the equilibrium configuration of M || Hef.

The LLG equation applied to a single magnetization accurately
describes its evolution, but to grasp the full extent of the reversal
process of a magnet one can do the same on a large array of
coupled moments, as is done in micromagnetic simulations. If
we only look at a single magnetic moment reversing as a result
of H*, the LLG equation indicates thereafter a magnet reverses
simply by each moment precessing around the field until the
magnetization settles due to the damping.

While such a simultaneous, uniform reversal from a single
domain state to another single domain state might be observed in
small systems with strong exchange coupling, it is energetically
inefficient. Thus, instead of all magnetic moments reversing in
unison, it can be more efficient to pay the cost of introducing a
DW, which mediates the reversal. As Heff is applied, domains
with opposite magnetization start to nucleate, typically around
inhomogeneities in the material such as the edge of the sample.
As these domains grow, the DWs are pushed out, merging and
expanding until the magnetization completely reverses.

The same process can be seen when SOTs are applied to reverse
the magnetization in heavy metal/ferromagnet bilayers. These
systems stand out not only for their high conversion of electrical
current to SOTs but also for their strong DMI. In this case the
DMI leads to a tilt of the magnetization at the edges of the
magnet even in a single domain state. This tilt is the weak point
that is exploited to very efficiently nucleate new domains [21].
Moreover, the fixed chirality of the Néel walls allows for very
efficient conversion of SOTs into deterministic and fast motion
of the DWs, which rapidly expands the domains.

From the interactions and anisotropies to magnetic fields and
SOTs, each component can be an essential ingredient in building
a magnetic device that fits our exact use case.
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Magnetotransport, as it pertains to this work, encompasses phe-
nomena which manifest through the interaction between external
magnetic fields, magnetization of solids, electric currents, spin
currents and heat currents. The growing understanding of the in-
tricacies of these phenomena has led to the realization of electric
generators, magnetic sensors and magnetic storage among oth-
ers, which to this date have become ubiquitous, affecting many
aspects of modern society. Despite these great achievements, the
constant effort towards further innovations has not stopped and
great strides have been made towards the implementation of
faster, denser and non-volatile magnetic memory and the mim-
icking of neural networks. Here, we will explore the phenomena
that lay the base of magnetic sensing and writing, starting with
the magnetoresistance.

3.1. Magnetoresistance

The resistivity p relates the electric field E to the injected current
density J. such that

Ei = ] je pij (31)
where summation is performed over repeated indices. Here, |
is the amplitude and j. is the direction of the current density.

For magnetotransport, the elements of the resistivity matrix pj
depend on the direction of the magnetization m = (1my, my, m,),
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namely
Py = p% + PikMy + Pitymy + ... (3.2)

where summation is performed over repeated indices for x, y
and z The coefficients of this series expansion can be restricted
with symmetry considerations.

For up to second order terms and isotropic, i.e. polycrys-
talline, systems, the general expression of p for an arbitrary
magnetization direction can be written as [55]

p=plje+ ("= ph)Y(m- joym+p™(mxj),  (33)
where p” is the longitudinal resistivity we measure for j. ||
m. On the other hand, p* corresponds to the longitudinal
resistivity in the case where j. L m. Lastly, p?"® corresponds
to a Hall resistivity, or transverse resistivity, which is measured
perpendicular to the current and the magnetization.

The terms here were grouped to reflect the various effects that
drive them. The first term on the right side corresponds to the
magnetization-independent ohmic resistivity. The second term
corresponds to the AMR and generates an electric field (E*™") in
the direction of the magnetization, which is proportional to the
alignment of j. and m. The contribution of the last term is related
to the AHE, which produces an electric field (E2'®) perpendicular
to j. and is strongest when j. and m are perpendicular to each
other.

3.1.1. Anisotropic Magnetoresistance

The longitudinal component of Eq. 3.3 (E™" = E*™" - j) describes
the AMR as it was first discovered [5], particularly

Eimr — ](pH _ pJ—) (m - jc)2

(3.4)
i = (p - p*) cos? ¢
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where ¢ is the angle between j. and m and p*™ = pll — p* is

the amplitude of the AMR. The origin of the AMR is thought
to be the spin-orbit coupling, which causes the scattering cross
section of conduction electrons to depend on the direction of the
magnetization. The characteristic magnetization dependence
of the AMR is embodied by the cos? ¢ term. Thus, the AMR is
symmetric upon magnetization reversal and exhibits maxima
for m parallel or antiparallel to j. and minima for perpendicular
alignment. Furthermore, as the signal of the AMR only depends
on the angle ¢, it is insensitive to rotations of m around j. which
do not change the angle between them.

3.1.2. Planar Hall Effect

In conjunction with the AMR, the PHE will always appear in
MR measurements. The PHE is not a unique effect by itself
but is simply the transverse manifestation of the AMR. More
specifically, whereas the AMR corresponds to the longitudinal
component of E*™*, the PHE is its transverse component

E;\_Imr — [Eamr _ EL ]c] (3 5)
= J(p" = p*) (m - jo) [m — (m - jo)je].- '

The name of this effect comes from the fact that is observed as
a transverse signal in the plane spanned by m and j., with a
strength of

E2MT = ||Eame||2 — ||Ey |]2

I— 5L
= —(P 2p ) sin 2¢.

(3.6)

Thus to reiterate, whenever there is a resistivity difference be-
tween the parallel and perpendicular configurations of j. and m,
both the AMR and PHE will be present with the same amplitude
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amr

pPhe = pamr Consequently, the PHE shares symmetry character-
istics with the AMR, such as the insensitivity to magnetization
reversal.

3.1.3. Anomalous Hall Effect

Lastly, we want to discuss the AHE, which is associated with
the last term, E2"¢, in Eq. 3.3. For this purpose, we first need to
introduce the ordinary Hall effect, which produces an electric
field perpendicular to the current j. and an magnetic flux density
in the material B, such that E°"® = Ryy (Bx J..), where Ry; describes
the strength of the linear scaling of this transverse field with the
magnetic flux density B .

In magnetic materials, however, non-linear scaling was ob-
served at a certain H*** and also, the signal persisted even after
H®* had been removed. This behavior, named anomalous Hall
effect for its deviation from the OHE, was traced back to an addi-
tional contribution, which does not depend on H®** but instead
depends on the magnetization. In particular, the expression of
the AHE was found to be [56]

pahe — pahe(m % ]c) (37)
which corresponds to the last term in Eq. 3.3. From this expression
we can see that the AHE does not have a longitudinal component
and is maximal for perpendicular arrangement of m and j..
Unlike the AMR, this effect scales linearly with m and as such
reverses upon magnetization inversion.

3.2. Crystalline Magnetoresistance

In many MR studies the observations have veered from this
traditional model of the AMR, with observed changes in the
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Eahe

Figure 3.1.: In the classical magnetotransport model for poly-
crystalline systems, the application of a current to
a ferromagnet results in two responses. The first
generates the E*™"-field parallel to the magnetization
that scales with (m - j.). This response is associated
with the AMR and the PHE, which correspond to its
longitudinal and transverse component, respectively.
The second response is related to the AHE, which
produces a field perpendicular to both m and j..

longitudinal resistance upon rotations of the direction of the
magnetization m around the direction of the current j. and a
dependence on the direction of the current with respect to the
crystal structure of the ferromagnet [36, 37, 57-62]. As was
prefaced above, the resistivity matrix given in Eq. 3.3 holds
for isotropic materials in the presence of a current density J.
and the magnetization M. However, as more symmetries are
broken, less restrictions are put on the resistivity coefficients,
allowing for a more varied set of effects to occur. Replacing the
isotropic FM with a crystalline FM is the obvious route to further
limit the symmetry, which leads to the manifestation of the bulk
crystalline MR (CMR). Whereas before, p;j in Eq.3.2 only depends
on the relative orientation of j. and m, in crystalline systems the
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resistivity is also sensitive to their orientation with respect to the
crystal axes, which was demonstrated by Déring for cubic Ni
crystals early on [37].

More recent work confirms that these early observations hold
even in crystalline thin film systems leading to higher order
coefficients of the series expansion shown in Eq. 3.2. Thus higher
order ¢-dependencies, as in cos” ¢ terms for even integer values
of n, show up in the AMR [36, 57-62].

The CMR is also relevant in textured polycrystalline system.
The texture in these systems prevents the CMR to be completely
suppressed. Not only can such textures introduce higher order
¢-dependencies, they can also break a property that is intrinsic
to the classical AMR, namely its insensitivity to rotations of m
around j. [36, 37].

3.3. Interfacial Crystalline Magnetoresistance

Inherent to thin film systems is the large surface to volume
ratio, which increases the influence of interface related effects
on the system. Among these are spin-orbit fields, which can be
generated at the interface through various effects as explored
later on in Section 3.4.2. These current-induced spin-orbit fields
will subsequently influence the electric transport properties of the
system [63]. To evaluate their effect on the resistivity, we include
them in the series expansion as we did with the magnetization
in Eq. 3.2. As shown in the work of Hupfauer et al. [63], the
symmetry of the additional signal generated by the spin-orbit
fields is very system specific, as it mimics the symmetry of the
interface, which itself depends on the crystal structure and the
strain caused by the heteroepitaxy at the interface.
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3.4. Current-induced Effects

So far we have established the magnetoresistance effects that are
generated in a magnetic thin film as a response to an applied
electric current J.. However, in addition to this direct response,
electric currents in magnetic thin films also induce a host of other
effects. For this work, the current-induced effects we focus on are
the ones that can change the direction of the magnetization m,
which indirectly influences the magnetoresistance, and the ones
that generate new fluxes, which subsequently are able produce a
signal and add to E. We will discuss two effects that fall into this
category, namely, thermoelectric effects and spin-current related
effects.

3.4.1. Thermoelectric Effects

As we have seen with the magnetoresistance, the injection of
an electric current in a magnetized material will generate an
electric field depending on the relative configuration of j. and
m. However, a heat flux jq can in principle also produce similar
electric fields. This results in an expression for the thermoelectric
resistivity rhoq analogous to Eq. 3.3

Pa=Paja+(pg=pg) (m-ja)m+ ™ (mx o). (38)
Similarly to the MR, which was split into a AMR, PHE and AHE,
the thermal effect can be decomposed into the magnetother-
mopower (MTP), planar Nernst effect (PNE) and anomalous
Nernst effect (ANE). The source of the heat flux jq in our pat-
terned magnetic thin films is the Joule heating caused by the
injected current in conjunction with the asymmetric heat dissipa-
tion, which is prevalent in these films. Since Joule heating is the
source of the thermal flux, the thermoelectric effect shown here
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does not scale linearly with the injected current like the MR, but
instead scales with J2, which can be used to separate the two.

3.4.2. Origin of Spin Currents

Analogous to how we make use of the charge of electrons to
create electrical currents, we can exploit their spin to create
spin currents js. A spin current represents the flow of angular
momentum associated with the spin of the electrons. Instead of
directly injecting a spin current, we generate a finite spin current
by either have to be filtering or separating spins according to their
orientation. The resulting spin current is characterized via the
vectors js, which describes the direction of the flow of majority
or up spins, and o, which corresponds to the spin polarization,
i.e. the direction of the dominant angular momentum.

Spin-polarized Currents in Ferromagnets

Electrical currents are naturally spin-polarized in FMs owing to
the different conductivity of majority and minority spin electrons
in the transition metals considered here [55]. This can be better
understood by adopting a two current model, where the electrical
current consists of two sub currents, namely j; and j;, which are
only comprised of majority and minority spins, respectively. In
other words, the electrical current can be written as

Je =J1r+ 1 (3.9)

In the conduction band, generally, there is no imbalance between
the two spin directions and thus j; = j;. This can change however,
if we consider the scattering of electrons from the conduction
band into the d-band. The imbalanced occupation of the d-band
makes it less likely for majority spins to scatter simply because
there are fewer free states to scatter into, which increases the
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conductivity of majority spins. As a consequence, a portion of
the current becomes spin polarized, which is given by

Js = Jr = - (3.10)

The spin-dependent conductivity is ultimately the source of
the spin-polarization of electrical currents in FMs and has been
exploited with great success through the GMR [3, 4]. One example
are GMR spin valves, which consist at least of two stacked FM
layers separated by an non-magnetic layer, j. is pushed from
one FM layer (FM1), through the oxide, into the second FM layer
(FM2) for the purpose of sensing the magnetization direction m,
of FM2 with respect to the one of the first layer 11, which has to be
fixed and known. In this process, after passing through FM1, the
injected current is spin-polarized, such that js is parallel to j. and
o is parallel to my. This spin current then flows into FM2, where,
as a consequence of the spin dependent conductivity of FM2, the
resistance it experiences can vary massively depending on the
relative orientation of o and m;,. Particularly, if the magnetization
of the two layers are parallel, the spin-polarized current flowing
into the second layer will experience a lower resistance as a
result of the spin-dependent conductivity. On the other hand,
for opposite magnetization configurations, the resistance will be
higher. The resistance difference between the two configurations
allows us to determine the direction of the magnetization in FM2
with respect to the reference, which is FM1.

Moreover, using the same spin current injection principle, it
was later demonstrated that the spin current cannot only be
used to sense the magnetization of the second layer, but that it
is actually capable of writing, or manipulating, m; [64, 65]. The
writing occurs as a consequence of spin transfer torques, where
angular momentum of the spin-polarized current from the first
FM is transferred to the second FM.
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The requirement of a fixed reference layer to spin polarize the
current was soon overcome with the demonstration of the Spin
Hall effect in HM/FM bilayer thin films.

Spin Hall Effect Inverse Spin Hall Effect

et TN

Figure 3.2.: The SHE produces a spin current js in all directions
perpendicular to an electric current j., leading to spin
accumulation on all surfaces parallel to the current.
Onsager reciprocal relations demand that there is an
inverse effect of the SHE, namely the ISHE, that will
produce an electrical current from a spin current.

Spin Hall Effect

The main feature of the SHE, which we make use of for the
purpose of this work, is the generation of spin currents js that
are transverse to j. with o perpendicular to both j. and js [20, 26].
The perpendicular spin-current allows for js to be injected into
the FM from a neighboring conducting layer, while the electric
current can be pushed in the film plane instead of perpendicular
to it, reducing the total current required to reach the same current
densities. As microscopic reversibility must be respected, as per
the Onsager reciprocal relations [66], an inverse process must
exist, where a spin current injected into the material generates a
perpendicular electric current, which is called the inverse SHE
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(ISHE). The combination of SHE and ISHE has been found to be
the origin of a large collection of current induced effects.

Among the most studied materials that exhibit a strong SHE,
are heavy metals, such as Pt, W and Ta, owing to their intrinsically
high spin orbit coupling [20, 26]. The study of these materials has
greatly advanced the field of spintronics and led the discovery
of many spin-current induced effects, paving the way to novel
magnetization manipulation and sensing capabilities. While
HMs are on the top of the list in terms of SHE efficiency, they are
by far not the only option. Particularly relevant for this work
is the possibility of inducing spin currents in partially oxidized
normal metals, with efficiencies claimed to compete with HMs.
More specifically, in Cu thin films with perpendicular oxidation
gradients, the asymmetric distribution of scattering centers can
generate perpendicular spin currents, which exhibit the same
symmetry as the SHE [67-69].

In the examples mentioned, the SHE has always been generated
externally and injected into the FM. However, like HMs, FMs
have appreciable spin orbit coupling, allowing for the SHE to
generate a spin current in the FM itself. Until recently, spin
currents with a transverse spin polarization, i.e. a component
of o perpendicular to the magnetization, have been thought to
been very short lived in FMs due to their strong interaction with
the magnetization, leading to rapid dephasing of the transverse
component.

For transverse spin currents generated by the intrinsic SHE,
this is to not necessarily the case though, as the spin orbit coupling
can allow for the majority and minority eigenstates, which the
transverse spin polarization is comprised of, to possess the same
phase, removing the possibility of dephasing until spin scattering
events change the states [70]. In thin film FMs this means that the
spin current can travel far enough to accumulate at the interfaces,
leading to the manifestation different effects on the magnetization
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that will discuss later on in this chapter.

Anomalous Hall Effect Spin Anomalous Hall Effect

Figure 3.3.: AHE and SAHE geometry for out-of-plane magneti-
zation. The classical AHE produces an electric field
E?¢ perpendicular to both j. and the magnetization.
Electrons accumulate at the edges with no net spin
polarization. Since electric currents are naturally
spin-polarized in ferromagnets, the transverse cur-
rent generated by E2"® will also be spin-polarized,
leading to a spin current perpendicular to the injected
current. This phenomenon is referred to as SAHE

Spin Anomalous Hall Effect

Another spin current source intrinsic to FMs is the spin polarized
version of the previously discussed AHE [71, 72]. The spin AHE
(SAHE), is a consequence of spin-dependent conductivity of FMs,
which as described above, spin polarizes the injected current.
However, the spin polarization is not exclusive to any direction
of the current, meaning that the transverse current generated by
the AHE will also be spin polarized [70]. By itself, the SAHE
will not manifest the same phenomena as the SHE, since the spin
polarization of the current produced by the SAHE is collinear
with the magnetization of the FM. But scattering at interfaces
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with strong spin orbit fields can change this and introduce a
component of ¢ that is transverse to the magnetization, allowing
for spin-current-induced effects to manifest [72]. The scattering
processes that allow for such a reorientation of ¢ are the spin
filtering and spin precession scattering. In the case of spin
filtering, the component of ¢ parallel to the spin orbit field will
selectively reflect or transmit through the interface, while during
the spin precession scattering the component perpendicular to
the spin orbit field will precess around the field changing the
direction of o.

Rashba-Edelstein Effect

Interfaces do not only act on existing spin currents but can
themselves be the origin of localized spin currents. The naturally
broken inversion symmetry at any interface will lead to an
asymmetric potential perpendicular to that interface, which in
addition to spin-orbit coupling manifests in the Rashba effect
[73]. This effect lifts the degeneracy of the spin bands and couple
the spin of an electron to its momentum. As a result, a current
flowing parallel to the interface will spin polarize perpendicular
to the direction of the current and the interface normal, and
generate an accumulation of spins at the interface, the process of
which is called the Rashba-Edelstein effect [74, 75].

3.4.3. Spin-current-induced Effects

Up to this point we have introduced three spin current sources,
namely the SHE, the SAHE and the Rashba-Edelstein effect, which
take effect in the FM itself, at its interfaces and in neighboring
HM layers. Now we will explore the magnetoresistance effects
that these spin currents can give rise to in thin film systems.
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Figure 3.4.: Schematic representation of the Fermi surface of
a conduction electron band with spin-momentum
coupling. The Rashba effect couples the spin of an
electron to its momentum as shown on the left, where
electrons moving along x or —x are spin polarized
along y or —y, respectively. The polarization of the
total current is proportional to the difference between
the colored areas, which for no applied current is zero.
However, applying a current corresponds to a shift
of the circle, resulting in a finite spin polarization of
the current.

Spin Hall Magnetoresistance

The SMR is an effect unique to thin films, first observed in
HM/insulating FM systems [28]. In these systems, a significant
MR was found despite the fact that no current passes through the
FM. The fundamental basis of the SMR is the SHE, which gener-
ates a spin current perpendicular to the electric current injected
into the HM. This spin current is then assumed to build up a spin
accumulation, or an increasingly unbalanced electrochemical
potential for opposite spins as we approach the interface. The
accumulating spins can then transfer their angular momentum
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to the magnetization, which is most efficient for perpendicular
arrangement of ¢ and m, reducing the spin accumulation com-
pared to collinear arrangements. Simultaneously, the gradient in
the potential forces the accumulated spins to diffuse away from
the interface, generating a diffusive spin current. This diffusive
spin current in exchange produces its own electric field via the
ISHE. The magnetization dependence of the ISHE is what is then
picked up as the SMR. The change in the resistance caused by
this phenomenon reflects the strength of the spin accumulation
and consequently is largest for collinear m-o configurations, such
that

P> oc (m - o) (3.11)

Anomalous Hall Magnetoresistance

Similar to the SHE, the SAHE will also produce to a spin accu-
mulation that can add to the magnetoresistance via the ISHE,
resulting in the anomalous Hall MR (AHMR) [34]. Since the
driving force of the AHMR is the SAHE, it can be observed even
in single layer FMs. The symmetry of the AHMR is defined by
two phenomena.

First is the magnetization dependence of the spin accumulation
in the FM, which is caused by the SAHE. As the spin current
generated by the SAHE is proportional to m X j., there will
not be any spin accumulation at any interface if m || j.. If
m L j. on the other hand, the spin accumulation is maximized
and accordingly the electric field produced by the ISHE will be
larger. However, unlike the SHE, the SAHE does not evenly
accumulate spin on all interfaces parallel to the current. Instead,
the spin accumulation will be the largest on the interfaces that
are perpendicular tom L j.. Because of the constricted geometry
of thin films, however, not all interfaces are equal, resulting in
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Figure 3.5.: Schematic illustration of the SMR. The SHE produces
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a spin accumulation, which subsequently generates
a back-flowing diffusive spin current js"¢. This diffu-
sive spin current generates a charge current due to the
ISHE, which adds to the injected current, thus lower-
ing the resistance. While the spin current generated
by the SHE is constant, the spin accumulation at the
interface can vary as it interacts with the magnetiza-
tion at the interface. For perpendicular configuration
of m and ¢, the spins can transfer their momentum
to the magnetization very efficiently, weakening the
accumulation in the process, while for collinear ar-
rangement this is not the case. This results in a
magnetization dependence of the ISHE generated
signal, which corresponds to the SMR.
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larger spin accumulations on the interfaces perpendicular to the
film plane, namely the edges.

To understand this difference we have to take into account
the second phenomenon that defines the AHMR, which is the
cancellation of spin accumulations on opposite interfaces. For
this, it helps to think of a spin accumulation as a build up of
chemical potential u!/!. If the potentials u and u!, building up
on opposite interfaces, would completely overlap, they would
neutralize each other, cancelling the effects of the SAHE. Nor-
mally, this is not the case though, as the distance over which
electrons can diffuse before they lose their spin information is
limited by spin-flip scattering events. This distance is character-
ized by the spin diffusion length A, which applied to this case
describes how quickly the spin accumulation decays as we leave
the interface. In materials with strong spin orbit coupling, A is
typically in the range of a few nanometers [76]. Compared to the
micrometer distances between the edges of the thin films, this
means that the spin accumulations on opposite interfaces will
have completely decayed before they can overlap. The situation
changes if we look at the interfaces parallel to the film, which
are only separated by the film thickness of less than 2 nm in this
work. Here, the overlap can be significant, weakening the spin
accumulation and as a result reducing the electric field generated
by the ISHE.

As a result, phenomenologically, the magnetization depen-
dence of the AHMR ends up resembling the SMR, where

E(mlj)~EGmln)>E(m|(mxj)),  (3.12)

where n is the interface normal. The specific relation depends on
the geometry of the device cross section as well as spin diffusion
length of the FM.
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Figure 3.6.: Schematic of electrochemical potential build up, for

up spins (blue) and down spins (magenta), as a
result of the SAHE. For in-plane magnetization (top),
the SAHE produces an electrochemical potential of
opposite spins on the opposite interfaces parallel
to the plane. Since, these interfaces are in such
close approximation, the potentials overlap, leading
to partial cancellation. In out-of-plane magnetized
films (bottom), the accumulation occurs on the edges
of the film and thus no cancellation of the potential
is observed. This difference allows for the AHMR to
occur, as the change in the electrochemical potential,
relates to a change in the spin accumulation, which
is responsible for the ISHE.

Spin-Dependent Unidirectional Magnetoresistance

Next, we want to discuss another recently discovered spin-
current-induced MR [27], namely the spin dependent unidirec-
tional MR (sd-UMR). The sd-UMR, is a result of the interaction
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between the spin dependent conductivity of a FM and spin
currents injected into said FM [77]. This causes an MR that is
described by

sd—umr

P o« (m - 0) (3.13)

We have already seen above how a spin accumulation can gen-
erate additional electric signals through the ISHE. However, a
change in the resistance of FMs can also be achieved by modi-
fying the spin polarization of the injected current pushed along
the interface and taking advantage of the spin dependent con-
ductivity. If o is parallel to m the proportion of majority spins
increases, lowering the resistance, as scattering is reduced for
majority spins. On the other hand, if o opposes m, the resistance
increases, due to the increased proportion of minority spins.

Spin-Flip Unidirectional Magnetoresistance

As more studies were conducted about the UMR, is was soon
discovered that the insensitivity of the UMR to external magnetic
fields ceases to apply at external fields in the order of tens of
mT [77,78]. As the external field is lowered, the UMR starts to
diverge and can even change the sign in the process in certain
cases, which ultimately indicates that the UMR is made up of
multiple components in addition to the spin-dependent UMR.
This field dependent component was identified as the spin-flip
UMR, the explanation of which first requires the introduction of
the magnon magnetoresistance.

The magnon magnetoresistance describes a change in the
resistance arising from electron-magnon scattering [79]. The
likelihood of this scattering is regulated by the magnon popula-
tion, which can be manipulated and suppressed with external
fields. As a result, the magnon magnetoresistance is generally ob-
served as a decrease of the longitudinal resistance with increasing
external fields.
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However, a change in the magnon population can also be
induced by the injection of spin currents, which is the origin
of the spin-flip UMR. Since this change is small in general, this
effect can easily be suppressed by the external field and thus is
only observed at low fields.

In addition to exhibiting a different external field dependence
compared to the sd-UMR, the magnetization dependence and
current dependence of the spin flip UMR can also differ from the
sd-UMR.
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4. Measurement Technique &
Data Analysis

This chapter will cover the whole procedure we developed to
characterize the magnetotransport properties of thin films with
strong magnetic anisotropy. We use this to extensively study
the properties of epitaxial MgO(001)/Fe thin films as layed out
in Chapter 3, although this procedure can be also be applied to
polycrystalline HM/FM systems, which are the focus of Chapter 7.
The final goal of these measurements is to quantify current-
induced effects such as the SOTs and the UMR, for which we will
first need to characterize the magnetoresistance and magnetic
anisotropy. This journey starts with the design of the devices we
use for our study, followed by the analysis of the signal produced
by the electrical transport measurement technique used. Finally,
we will present a flexible method to simulate the signal for
any set of external fields, current-induced fields and magnetic
anisotropies, with which we can extract material parameters and
quantify magnetotransport phenomena with high precision from
our data.

4.1. Hall Bar Geometry

The full mapping of the magnetotransport properties of thin films
is most easily achieved in Hall bar structures, which allow for
the simultaneous measurement of transverse and longitudinal
signals. In this work, we use Hall bars consisting of two crosses
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1om

Figure 4.1.:
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Left: is an illustration of a typical Hall bar device
used for electrical transport measurements. The Hall
bar consists of a current channel, with a width of
1 pm, through which an AC current is applied. The
remaining four contacts, each with a width of 0.5 pm,
are used to pick up two transverse voltages across the
current channel and one longitudinal voltage along
the channel over a distance of 1 pm. On the right, we
show the measurement coordinate system, which is
bound to the Hall bar. The axes are defined by x || j.
and z || n, where n is the surface normal. The angle
is the angle between the current and the crystal axis
MgO[100]. The illustrations are not to scale.

as shown in Figure 4.1. In these devices, the current is pushed
through the main central channel and the remaining four contacts
are used to pick up the generated signals. In our case we typically
measured both transverse signals and one longitudinal signal,
measured on the contacts that serve as the positive terminal for
the transverse signal. We minimized the resistance of the devices
by setting the main channel width to w = 1 um and length to
I = 1 um while the voltage lines were kept at 0.5 um. Limiting
the resistance was mainly a technical concern, as it allows us to
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maximize the sensitivity of the voltmeter used.

For our purposes, the Hall bar structure is used as the anchor
point with which we define our measurement coordinate system,
such that x is parallel to the current direction j. and z is parallel
to the substrate normal. In the special case of HM/FM bilayers,
however, we adapt z to be parallel to the HM/FM interface normal
pointing from the HM to the FM, instead of the commonly used
substrate normal. This means that depending on the HM/FM
stacking order, z will either be parallel or anti-parallel to the
substrate normal. This definition has the advantage of resulting
in consistent signs of the SOTs, UMR and DMI regardless of
the stacking order of the bilayer. For example, in Pt/Co/AlO,
where the Pt is closest to the substrate, and in the reversed
stack AlO,/Co/Pt, the SOT and UMR have the same sign in the
respective coordinate systems, determined only by the material
choice.

Since our coordinate system is fixed to the current, the magne-
tization can point in any arbitrary direction. In such a coordinate
system, the direction of the magnetization m is naturally given by
the cartesian coordinates m = (mx, my, mz) or the spherical coor-
dinates m = (cos ¢ sin 0, sin @ sin O, cos ), where 6 is the polar
angle between m and z and ¢ is the azimuthal angle between the
projection of m onto the xy-plane and x.

Finally, the magnetotransport properties in crystalline systems
heavily depend on the direction of the current with respect to
the crystal axes. To probe this, multiple devices with different
rotations were patterned into the film, instead of a long curved
Hall bar, which has been used in similar studies. Ultimately, the
choice was made to maintain a consistent measurement geometry
at the cost of more spread out devices. The angle between the
current and the main crystal axes will be denoted with «a in this
work, measured from j. to one of the crystal axes.
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4.2. Harmonic Voltage Analysis

The measurement technique of choice for this work is the har-
monic voltage analysis, which is a high precision measurement
technique that has been shown to allow for the separation of
the magnetotransport effects according to their current scaling
[27, 54, 80, 81]. In this section, we narrow down the scope of
the magnetotransport effects described in Chapter 3 and will see
how they specifically manifest with this measurement technique.
By the end, we will have analyzed the voltage produced by
our probing AC current and provide analytical expressions and
simulation techniques to recreate the signal and fit our data.
Our starting point is the voltage generated by the injection
of an alternating current I(t) = Ip cos wt. If we include both the
linear and quadratic response, the induced voltage reads as

V(t) = Ry(H) Iy cos wt + Ry(H) I3 cos® wt, (4.1)

where the resistance term Rq(H) contains the MR effects that scale
linearly with the current, while Ry(H) contains thermoelectric
effects and the UMR, which scale quadratically. In addition
to the effects that directly generate a signal, we also need to
take into consideration the effect of the Oersted field and SOTs
on the direction of the magnetization m . We can think of the
current-induced fields to modulate H such that

Ry(H) = R(H*** + H' cos t), (4.2)

where H%%t corresponds to the current independent static com-
ponent of H and H' corresponds to the dynamic current-induced
component, which scales linearly with the current, hence the
coswt term. We can approximate the resistance with a series
expansion of R to first order with respect to H around H5%t ,
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yielding

dR
~ stat . _ ggstat
Ri(H) =~ R(H )+dH (H-H")
(4.3)

dR
~ stat gl
~ R(H™™) + 0 H" cos(wt).

After inserting this new expression of the resistance into Eq. 4.1
and normalizing by the amplitude of the AC current I, the
voltage becomes

dR
V() /Iy = (R(Hsm) + I H'cos a)t) cos wt + Ro(H)Iy cos® wt

= R(H**) cos wt + (ZTRI H'+ Ry(H) Io) (1 _ cos Zwt)

2 2

= R + RY cos wt + R* cos 2wt,

(4.4)
where
RY = R(H*) (4.5)
and of _p2f_ LAR oy 1
R = R¥ = S - H' + ~ Ro(H) Iy, (4.6)

The R™ terms refers to the the n-th harmonic component of the
resistance, corresponding to the oscillation frequency compared
to the fundamental frequency of the injected AC current. We
also note that for the last simplification in Eq. 4.4, we assume
that H®%?t does not change with the current. This is only true
to a first approximation, as the effective field of the magnetic
anisotropy, which is part of H**, depends on m. The direction of
the magnetization m, itself is affected by the current through HY,
however. The different harmonics can be measured individually

71



4. MEASUREMENT TECHNIQUE & DaTta ANALYSIS

using lock-in detection, in which the current I(t) = Iy cos wt is
taken as a reference to reliably extract the signals with frequency
nw that are in phase with the injected current. Since the mea-
surement of the Oth-harmonic R% is typically riddled with noise,
we will focus on how to analyze and simulate the first harmonic
resistance R'f and the second harmonic resistance R*.

4.2.1. First Harmonic Resistance Analysis

The first harmonic RYf = R(H®%) encompasses the entirety of the
MR excluding non-linear effects that scales with the current as
it only reflects the changes in the resistance as a response to the
static field H%®t. H%%! in our case is comprised of the external field
H®, demagnetizing field H4™, magnetocrystalline anisotropy
H®? and uniaxial anisotropy in the plane H*. The MR effects
that can enter R'f and their magnetization dependence have
already been discussed for general cases in Chapter 3. Here, we
describe the phenomenological magnetization dependence of
the resistance and show how different contributions to the MR
can be separated. We start with the general expression of the
longitudinal and transverse resistance, followed by the resistance
including crystalline effects and spin-orbit fields for in-plane
magnetized epitaxial thin films.

First Harmonic Longitudinal Resistance The longitudinal re-
sistance for a polycrystalline sample in its general form can be
written as,
1f 2 2 2
Ri" = R{m3 + R m, + Rfm3, 4.7)

where Ri/ y/z correspond to the resistance measured for m along
the specified axis. Although there may be higher order terms,
we saw no indications of their contribution in our systems, and
so neglect them in this model. Eq. 4.7 describes the MR well
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but it is often more meaningful to describe the MR in terms of
the relative change of the resistance compared to a well defined
and measurable offset, which we get by grouping the terms
differently, namely

R{" = Rf + (R} —R})m% + (R} — R)m. (4.8)

Here we chose the grouping to end up with two terms, the first
term o m2 includes all MR effects that are insensitive to rotations
of m around x or j., while contributions covered by the second
term are insensitive to rotations of m around y. Consequently,
(Rf = R}) m? is typically associated with the classical AMR [5]
whereas the contributions to the second term (R{ —-R7) m?, can in-
clude spin-current-induced effects and structural effects. Among
the spin-current-induced effects are the SMR [28], AHMR [34],
while structure related effects include anisotropic interface MR
[30] and geometric size effect [35], which both can also be ascribed
to crystalline textures [36]. These two components of Rif can
be easily separated in ZX- and ZY-angle scans, in which the
magnetization is rotated in the indicated plane by a rotating H®*.
For rotations in the film plane, i.e. XY-scans, which are often
used for the quantification of the second harmonic resistance, the
expression simplifies down to

RIF =R + (R} - R))ym (4.9)

Not only do these three angle scans allow for the separation
of effects with different angle dependencies, the ratio of the
amplitudes for different angle scans is often used as a good
indicator of what MR effects are actually present in the system.

First Harmonic Transverse Resistance The transverse resis-
tance in our thin films is characterized by two distinct terms,
namely

RY = RY mymy + R™m,. (4.10)
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Figure 4.2.: The angle dependence of the longitudinal resistance
can be mapped out using XY-, ZX- and ZY-scans,
where the magnetization is rotated in the respective
plane, as shown on the right. For the calculated
signal shown here, we chose Rf =1, R}L’ = -1 and
R} =0, which demonstrates the typical cos? shape
observed in angle scans.

RXHy describes the amplitude of the transverse magnetoresistance
for rotations of m in the xy-plane, which is often associated with
the planar Hall effect (PHE). Similar to the longitudinal case
though, spin-current-induced effects and structural effects can
also contribute to the amplitude of the in-plane component of Rg .
Since RXHy and (R} - R{) are just the transverse and longitudinal
manifestations of the same effects, the resistivity values pry and
(o] — p{) must be equal. The resistances can differ however,
depending on the device geometry leading to the relationship
RXHy = (R]’i - R{) w/l, where w and [ are the width and length of
the main channel, respectively.

In contrast to that, there is no ambiguity about the sources of
the second term of Eq. 4.10, as it is entirely comprised of the AHE
[56]. The measurement of the AHE is best achieved with out-of-
plane hysteresis loops, where a perpendicular external field is
swept from —H® to H***. Compared to ZX- or ZY-scans, in such
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hysteresis loops, one sees more clearly whether the external field
was strong enough to saturate the magnetization out-of-plane
or not, which is critical for the correct measurement of the AHE.
As we are applying an out of plane field in this geometry, the
ordinary Hall effect (OHE) will contribute a signal o H**! that
overlaps with the AHE. However, the contribution of the OHE
can be isolated and then removed by applying external fields
well past the saturation of the AHE.

Ri\(a.u.)

1

A

0
—XY
ZXIzY — OOP hysteresis -1
0 90 180 270 360 -1 0 1

9 0() He(T)

Figure 4.3.: The transverse signal of the magnetoresistance dis-

plays a mymy-dependence and a m,-dependence. The
former is isolated in XY-scans, where the amplitude
of the change in the resistance R*Y corresponds to the
amplitude (R} — R{) observed in the longitudinal sys-
tem. The out-of-plane angle scans on the other hand
are dominated solely by the AHE. Since the accurate
measurement of the AHE requires the magnetization
to be fully saturated out-of-plane, we measure it with
out-of-plane hysteresis loops instead, where it is eas-
ier to discern whether the magnetization is saturated
or not.

With Eq. 4.8 and Eq. 4.10 we have expressions for the resistance
that apply to the usual case of polycrystalline thin films. However,
in epitaxial systems, these expressions need to be modified
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slightly to properly describe the CMR.

Crystalline Longitudinal Magnetoresistance In epitaxial thin
film systems the XY-scan is especially well suited to identify
effects induced by the crystal structure for two reasons. First,
the additional symmetry breaking along the z-axis in thin films
does not have an effect. Secondly, the magnetization can easily
be saturated in the plane, meaning that there is no need to apply
very high external fields, which can suppress the influence of
weaker effective fields, such as the SOTs. The first harmonic
including the interfacial CMR becomes [63]

b-c
2

Rllf = R(ﬁ +bcos? () — cos(2a)cos 2(p —a)), (4.11)
where b and c are the CMR parameters, which govern the sym-
metry and strength of the CMR. This expression can be naively
understood as Eq. 4.9, where b = (Rf - R{), with an added m)z(
contribution that is phase shifted by a.

Since the two terms share the same 2¢-dependence, the magne-
tization dependence of the total resistance Rif will also display a
2¢p-dependence. In particular we can combine them and rewrite
Eq.4.11 as

Rif = Ro (@) + R{™ (a) cos? (p — Apr (), (4.12)

where R{™ is the a-dependent amplitude

Vb2 + 2 — (b2 — c2) cos(4a)

R{™ = (4.13)
- V2
and Ag is the resulting phase shift
1 (b - ¢)sin(4a)
Agr, = > arctan(b T = (b= 0)cos@) |’ (4.14)
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This combined expression is helpful in analyzing the data, as Rf™
is immediately available to us from a single angle scan, whereas
Eq. 4.11 is not useful until a whole set of data for different
device rotations & has been collected. From the a-dependence of
R{™, which hints at the underlying crystalline effects due to its
tendency to reflect their symmetry, the CMR parameters b and c
can be retrieved.

Crystalline Transverse Magnetoresistance As usual, there is
a transverse equivalent to the longitudinal CMR

Rg = g sin (2¢) — ? sin (2a) cos (2 (¢ — ). (4.15)

Similar to Eq.4.11, there are two terms contributing to the CMR
signal. The first term corresponds to the classical MR, which is
seen in polycrystalline systems, and the second term contributes a
phase-shifted signal with a a-dependent amplitude. Like the lon-
gitudinal resistance Eq.4.15, can be reduced to a more accessible
form, which we will use to analyze the data, particularly

i R @
H 2

sin (2[¢ — Apn (@)]), (4.16)

where the amplitude of the combined terms is expressed as

Vb2 + 2 + (b2 — c2) cos(4a)

R = , (4.17)
B V2
and the resulting phase shift is
1 (b —¢)sin(4a)
Apr = 2 arctan (b +c+ (b—c)cos(4a) ]’ (418)

Since this is the transverse manifestation of the CMR it contains
the same information as the longitudinal CMR, making it valu-
able for validating the longitudinal measurements. However,
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Figure 4.4.: Simulations of the CMR for b = 1 and c = 0.5 and the
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resulting amplitude R{™ and phase shift App. The
CMR can be understood as a superposition of two
contributions. One resembles the classical MR, dis-
playing a constant cos? ¢ dependence (blue), whereas
the other contributes a phase shifted cos 2(¢ — a) sig-
nal (yellow) as shown in the top graph. The combi-
nation of the two leads to a 2¢ dependent resistance
(magenta), whose maxima shift as the angle a be-
tween the current and the crystal axes is varied, as
shown in the middle graph. The a-dependence of
the amplitude R{™ (bottom left) and phase shift Apr
(bottom right) exhibit the 4-fold symmetry imposed
by the cubic crystal
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compared to in the longitudinal case, the CMR parameters b and
c extracted here will be scaled by w/I, as we have seen before
for the transverse component of the AMR. Aside from letting us
validate the CMR parameters obtained with the longitudinal re-
sistance, Rg is required to characterize the SOTs more accurately,
as it has a lower noise floor, and is essential to quantify the UMR.
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Figure 4.5.: The transverse CMR also is composed of a PHE-like
signal (blue) and « shifted signal (yellow). Conse-
quently the total signal (magenta) also phase-shifts
and changes amplitude as the current is rotated w.r.t.
to the crystal axes. If we track the maxima of the total
signal (middle), we see that the amplitude (bottom
left) and phase (bottom right) of this curve exhibit
a 4-fold symmetry, reflecting the symmetry of the
crystal.
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Equation 4.12 and Eq. 4.16 lay bare a problem that plagues
CMR measurements, which is the phase shift Ag, 5. Looking at
the expressions to evaluate the MR given in this section so far,
we see that for each one, we need to know the direction of the
magnetization. As m isnot directly known to us, strictly speaking,
it is common practice to conduct one of the angle scans with
a very high external field, to guarantee that the magnetization
is saturated along H®!. Knowing that H®! || m, still does not
reveal their direction with respect to the current, but that can be
deduced with the symmetry of the resistance, which is normally
assumed to follow the classical MR, namely Eq. 4.8 or Eq. 4.8.
However, this procedure does not work with the CMR as the
phase shift Agy, is inaccessible until the CMR parameters are
known to us. Luckily, the CMR parameters can be calculated
without precise knowledge of m, as only the amplitude R{™
is needed, though multiple measurements at varying device
rotations « are required. In this work we mapped out a in 45°
steps starting at 0°, for which Agy, = 0°, allowing us to avoid this
problem. Nevertheless, this issue should be kept in mind when
conducting MR studies on epitaxial or textured systems.

Now that we have the analytical expressions for the first
harmonic resistances, for both crystalline and polycrystalline
systems, we can approach the extraction of current-induced
effects from the second harmonic resistance, which builds on the
knowledge of R'f.

4.2.2. Second Harmonic Resistance

As shown in Eq. 4.6, R?f consists of two terms, namely %ZITRI - HI

that is related to the current-induced oscillation of m around
its equilibrium position caused by H', and secondly 1 Ry(H) I,
which contains thermoelectric effects and the UMR.

80



4.2. HARMONIC VOLTAGE ANALYSIS

Thermoelectric Effects The thermoelectric effects that we need
to take into consideration in our systems are the MTD, PNE and
ANE, which are driven by thermal gradients VT. These gradients
find their source in the injected current that can generate a
substantial amount of heat via Joule heating. This is especially
true for our thin films, since for the observation of appreciable
SOTs, domain injection and domain wall motion, relatively
high current densities in the range of 10'°-10'* Am~2 have to
be applied to the main current channel of the device. This
heat then either dissipates laterally into the contact pads, or
perpendicularly into the substrate. The dissipation into these
two heat sinks subsequently results in two thermal gradients
that have been found to a strong electric signal, namely the
in-plane gradient VT, along x and the perpendicular gradient
VT,. Inserting these two gradients into the expressions of the
thermoelectric effects yields for the longitudinal second harmonic
signal

Rih = R™Py2 — R™ep,, (4.19)

and for the transverse signal

R = RP™mymy — R*™my, (4.20)

Unidirectional Magnetoresistance As for the UMR, it also
consists of multiple components, particularly the spin-dependent
UMR and the spin-flip UMR as explained in Section 3.4.3. To find
the expression of the spin-dependent UMR we need to determine
the direction of the spin polarization ¢ with the respect to m.
Usually, the spin current generated in both HM/FM bilayers as
well as FM layers has spin polarizations ¢ parallel to y. For the
spin-dependent UMR it then follows that

Rumr — _de—umrmy (421)
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which represents the lowering of the resistance for parallel align-
ment of o and m.

The magnetization direction dependence of the spin-flip UMR
is not as easily predicted however. In the first experimental
observation of the sf-UMR, its symmetry was found to deviate
from the my dependence, showing a more complex magnetization
dependence instead [77], owing to the anisotropy of the magnon
excitation using spin currents. Nevertheless, this component can
be separated from the sd-UMR by exploiting its current and field
dependence, instead of predicting the magnon anisotropy.

In any case, while the sf-UMR is strong in HM/FM bilayers, in
crystalline FM layers it seems too weak to be measured according
to our observations, as we will present in Chapter 6.

Current-induced Torques Lastly, we need to unravel the only
remaining part of the second harmonic resistance. As we already
mentioned, the current-induced fields cause the magnetization
to oscillate around H3', which modulates the first harmonic
resistance in sync with the current. The strength of R* can be
understood as the amplitude of this oscillation. Naturally, R*
will increase with the amplitude of the induced fields H!, as this
leads to larger changes in m. On the other hand, the signal also
depends on the sensitivity of the first harmonic resistance to
changes in m around the static field H**, as is encapsulated in
its expression

_1dR
=>Tg
The sensitivity of the resistance to changes in the direction of H!
can be linearly approximated, giving us

R*(HY H. (4.22)

N R(Hstat + HI) _ R(Hstat _ HI)

RZf
2

. (4.23)
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This expression allows us to calculate the second harmonic
response given that we have fully characterized R' and can
precisely determine m for any specific H%¢ + H'.

With the full expression of the first harmonic resistance and
a simple method to calculate the second harmonic, we are fully
prepared to successfully analyze our magnetotransport measure-
ments, bar the last piece of the puzzle. Every calculation shown
above assumes that we know the total effective field H and thus
know the direction of the magnetization. Whereas we do have
relatively good control over the magnetization via H ext the rest
of the effective fields acting on the magnetization, such as the
anisotropies and damping-like SOT, depend on m themselves.
We can unwind this entanglement by approximating the magne-
tization of our films with a macrospin model, and calculate m
for known external fields, anisotropies and SOTs.

4.3. Macrospin Simulations

The crux of the macrospin model is that the magnetization
is considered to be uniform and act as a single unit, whose
interaction with its environment is described by the LLG equation,
namely

dm _ Y Yad

—_— = m X
2 2
ot 1+a3 1+aj

mx (m x H), (4.24)

where y is the gyromagnetic ratio and a4 is the dimensionless
damping factor. The effective field H that enters this expression
again consists of the induced fields H' and the static fields
H®t, The dynamic component H! contains the Oersted field
(H°®), field-like SOT (H) and damping-like SOT (H!), while
the static component H%t consists of the external field (H®),
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Figure 4.6.: Overview of the XY-scan R* signal for large (H®* >>
H) and small (H®** ~ HP) external fields for cubic
systems with magnetocrystalline anisotropy along
@ = 0°,90°,180° 270°. To separate these effects, we
mostly make use of their magnetization dependence.
However, R4 Ra€ and RY™ have a very similar
symmetry, such that the magnetization dependence
does not suffice to separate these effects. Instead,
we exploit the fact that the signal of the damping-
like SOT RY scales with the external field and R"™
does not appear in the transverse component of the
resistance.

84



4.3. MACROSPIN SIMULATIONS

effective demagnetizing field (H4™), uniaxial in-plane anisotropy
(H") and the cubic anisotropy (Heub), Combining all these
contributions, the effective field results in

0 cos 0 hext
H=(H*+H)|1[+H"[ 0 |+H |5
0 —cos g
0 cosf sin@ cosp —
+HY™| 0 |+ HY|sinf sinO cosp — B
cos 6 0

cosa sin® 0 cos® (¢ — a) + sina sin® O sin® (p — a)
+HP [ sin o sin® O cos® (¢ — a) + cos a sin® 0 sin® (¢ — a) |,
cos® 0
(4.25)

where 1! corresponds to the directional cosines of the external
field and g is the angle between the uniaxial anisotropy axis
and j.. As was mentioned before, the LLG describes a preces-
sion around H and a damping motion towards H. Since, for the
harmonic voltage analysis, we are only interested in the equilib-
rium position of the magnetization, we can ignore the precession
term and only consider the damping term. This reduces the re-
quired computing time and accelerates the convergence towards
equilibrium.

Although we can now find the equilibrium position of the
magnetization and thus H for any set of parameters, we are
still left with the problem that we only know and control H*.
The other contributions to the effective field are all part of the
material parameters that we are attempting to characterize. In
the next step, we will combine the first harmonic voltage analysis
with the macrospin simulations to simultaneously calculate the
MR and anisotropies. After that, we are ready to quantify the
current-induced effects.
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4.4. Data Analysis

Before we can start analyzing data, we need to measure a com-
plete data set, suitable for the extraction of the MR, SOTs, etc.
Most of the information we are seeking can be obtained from
XY-scans, as we mentioned above. A single XY scan, however,
is not sufficient to separate the SOTs and thermoelectric effects,
as the main differentiator we rely upon for that is their H*-
dependence. Consequently, if we know the H®!-dependence, a
full set of XY scans should comprise of at least two scans, one with
a lower external field in the range of the in-plane anisotropies,
and one with an external field strong enough to fully saturate the
magnetization along H®*. Additional XY-scans are not necessary,
but would increase the precision of the analysis. The in-plane
scans need to be complemented with an out-of-plane hysteresis
loop, which gives access to the demagnetizing field and the AHE.
Here, we have to make sure that H®* sufficiently exceeds H dem
to separate the AHE from the OHE.

First Harmonic Resistance Fit We apply an iterative fit to Rf
that can be condensed down to two steps. First, we guess the
strength of the anisotropies H4*™ and H°", and in the case of H"
we also guess a direction, and solve the LLG equation numerically
for each H®™* using an adaptive Runge-Kutta method, giving
us the equilibrium direction of the magnetization m. Given
appropriate starting conditions, the solver converges relatively
fast and never results in a meta-stable solution. The second step
is to fit the MR for the calculated m to the Rif/H data using linear
regression and the appropriate expression of the resistivity, such
as Eq. 4.12 and Eq. 4.16.

With this fitting methodology, we can fully quantify H®, HY,

and in terms of the MR we will obtain Rf}‘}rl from a set of XY-scans.
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H4em and R can be obtained from an out-of-plane hysteresis
loop. Finally, from the a-dependence of Rf;‘é we can calculate
the CMR parameters b and ¢ and with these parameters we can
retrieve Ag.

Second Harmonic Resistance Fit Now that we have fully char-
acterized the MR and the anisotropies, we can continue with
second harmonic signal of the XY-scans measured for different
amplitudes H***. The aim here is to quantify the SOTs, thermo-
electric effects and the UMR. The analysis of the second harmonic
is also done in an iterative fit where we first solve the LLG for
guessed set of parameters, in this case the dynamic field H!, and
then fit the rest of the parameters using linear regression.

Specifically, we first take a guess at H! and solve the LLG for
H = H*® + H! and H = H®** — H!. The signal generated by the
current-induced torques is then calculated with Eq. 4.23. The
SOT signal is then subtracted from the R?*f data, after which the
thermoelectrical effects and UMR remain in the data. As the
UMR does not appear in the transverse signal R*, we can fit this
data with Eq. 4.20 using linear regression. From this iterative fit,
we obtain H1/°¢, HY! and the parameters of the thermoelectric
effects R*"¢ and RP™¢.

As a last step, we will isolate the UMR signal contained in R%f .
For this, we need to remove the SOT signal and the thermoelectric
signal, using the SOT signal that is already available to us from the
iterative fit. For the thermoelectric signal, we need to transpose
the transverse PNE and ANE, which is achieved by scaling the
parameters obtained from the fit of the transverse signal by the
length-to-width ratio //w or the ratio of the CMR parameters
retrieved from the longitudinal and transverse measurements,
ie. bp/by or cp/cy. These factors are nominally the same,
however, usually the latter two are more accurate, as they include
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device deviations from which the thermoelectric effects will also
suffer. Once the SOT signal and thermoelectric effects have been
removed from Rif, any remaining angle dependencies in the
residual of the fit can be assigned to the UMR.

4.5. Magnetic Microscopy

Although a large part of this thesis has involved the use and
modelling of magnetotransport effects, for new effects the unam-
biguous imaging of the magnetic state itself is particularly useful.
To this end, we make use of microscopy techniques to image the
magnetic state of our systems, and thus to visualize and further
understand the unique effects that arise in thin films, specifically
the chiral coupling. We make use of three microscopy techniques:
X-ray photoemission electron microscopy and magnetic force mi-
croscopy (MFM) to image the magnetic state of chirally coupled
nanomagnets and magneto-optic Kerr effect (MOKE) microscopy
to image the SOT-driven domain nucleation in DW conduits in
Chapter 7.

The three different techniques are used for different systems,
and to address different scientific questions, based on our scien-
tific requirements.

4.5.1. X-ray Photoemission Electron Microscopy

For the imaging of the chirally coupled nanomagnets discussed
in Chapter 7, we require a resolution on the order of tens of
nanometers. To achieve this, we turned to the well-established
technique, X-PEEM, which is a photon-in, electron-out technique
that makes use of X-rays produced by a synchrotron source
[82-84]. Specifically, the sample is illuminated by a collimated
beam of high brilliance, monochromatic X-rays, which results
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Figure 4.7.:
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Overview of the fitting procedure outlining which
parameters are extracted from which signal. R is
fitted with an iterative fit, where we solve the LLG
equation for a guessed H®%?! and then use the calcu-
lated m to fit the MR parameters via linear regression.
For R%{ we also apply an iterative fit, where we first
solve the LLG equation with a guessed +H!. From
this calculation and the MR parameters we can eval-
uate R*°'. This is removed from the R%{ and from
the residual we can extract the thermoelectric effects
with linear regression. Finally, we transpose the trans-
verse signal of the SOTs and thermoelectric effects
and remove it from R%f. The residual can be analyzed
for the UMR.
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in the photo-emission of secondary electrons. These secondary
electrons are collected from the surface by the application of a
high voltage, and the spatial variations in the electron emission
are resolved using an electron microscope. PEEM is intrinsically
a surface-sensitive technique since the photo-emitted electrons
originate from the top o« 5nm of the material.

To gain sensitivity to the magnetization, we tune the energy
of the X-rays to the absorption edge of our element, in this case
the Co L3 edge, and use circularly polarized light to probe the
X-ray magnetic circular dichroism (XMCD). The XMCD is an
effect where the angular momentum of the incoming photons,
+h parallel to the direction of light for circular positive and
negative polarizations, couples to the spin angular momentum
of the electrons of a magnetic material via spin-orbit coupling.
As a result, there is a difference in the absorption of positive
and negative circular polarized X-rays due to the imbalance of
spin-up and spin-down electrons in the valance band. Thus,
the XMCD provides an element specific directional probe of the
magnetization of a magnetic material.

By combining XMCD with X-PEEM, where we measure high
resolution X-PEEM images with both circular polarizations, and
take the difference to isolate the magnetic contribution, we can
obtain a high spatial resolution image of the component of the
magnetization parallel to the X-ray beam. In the Swiss Light
Source, where we performed the measurements, the X-rays
are incident on the sample at a shallow angle of 16°, meaning
that XMCD-PEEM images are mostly sensitive to the in-plane
component of the magnetization.

4.5.2. Magnetic Force Microscopy

Although X-PEEM is a very effective technique for directly imag-
ing the surface magnetization of a sample, one drawback is its

90



4.5. MacgNETIC MICROSCOPY

availability: Synchrotron beamtime is a very valuable and highly
competitive resource that is only available for up to a week every
six months through the writing of beamtime proposals. As a
result, we supplement our X-PEEM results with a lab-based
microscopy technique that also offers access to the magnetic state
of a system with the required spatial resolution, namely MFM
[84, 85].

In contrast to X-PEEM, which exploits light-matter interactions,
MM is a form of atomic force microscopy that involves the
scanning of a sharp tip at the end of a cantilever over the surface
of a sample. In the case of MFM, the tip is coated with a magnetic
material, allowing for the stray magnetic fields emitted from the
surface of the sample to be probed. Specifically, the cantilever
oscillates at a resonance frequency. This frequency shifts in the
presence of a force, which in this case is due to gradients in
the magnetic field. In this way, magnetic field gradients can
be imaged with resolutions on the order of tens of nanometers
- where the spatial resolution is determined by the lateral size
of the tip. For samples with out-of-plane magnetization, the
positive and negative charges on the sample surface induced by
the magnetization result in negative and positive magnetic field
gradients, respectively. In this case, as used in this work, MFM
results in a clear mapping of magnetic field gradients that map
out the magnetic domains present.

4.5.3. Wide-Field Magneto-optic Kerr Effect

While MFM has a very high spatial resolution it suffers from
slow acquisition times. Although this is not a problem for static
imaging, for measurements of domain wall propagation it is more
convenient to use a faster technique, such as MOKE microscopy
[38, 86]. In MOKE microscopy, similar to X-PEEM, we probe light-
matter interaction, however this time via a photon-in photon-out
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mechanism, where the direction of the magnetization results
in a slight rotation of the linear polarization of the laser light
incident on the sample. As MOKE is an optical technique, it has
a lower spatial resolution than X-PEEM and MFM of the order
of hundreds of nanometers, depending on the wavelength of the
light. For the domain wall conduit structures, this is not an issue,
as the structures are micrometers in size.

In particular, to probe thee rotation of the polarization, the
laser light is first linearly polarized by a polarizer before it reflects
off the sample. Through the interaction with the magnetization,
the linear polarization is slightly rotated. The strength of the
rotation is determined by the direction of the magnetization with
the respect to the polarization. The reflected light then passes
through an analyzer, which filters according to the polarization
set by the polarizer, and hits a photodiode. The result of this is a
magnetization dependent signal that can be used to determine
the magnetization direction. Depending on which component of
the magnetization we are interested in, we either measure in the
polar or longitudinal geometry, which reveal the OOP and the
IP component parallel to the propagation direction of the light,
respectively.

In this thesis, we use the MOKE for domain imaging, for
which we illuminate the whole area of interest at once, instead of
using a scanning laser. While the wide-field MOKE microscope
is provides us with the spatial and time resolution required
to observe DW propagation, topographic information usually
dominates the recorded images. To increase the magnetic contrast,
we measure differential images, where the image of the current
magnetization state is subtracted from a reference image, taken
of a known magnetization state. This highlights changes in the
magnetization and removes topographic information, allowing
for the magnetic domains to be mapped.
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In this chapter we will detail the growth and patterning of
the FM/Ox systems studied in this work, which entails the
deposition methods, techniques to control the oxidation and
lithography procedures. This chapter aims to give an overview
of the fabrication techniques used and the considerations that
need to be taken into account in the process. The detailed guides
about the fabrication of epitaxial Fe and Pt/Co/AlOy systems can
be found in Appendix A.

5.1. Fabrication Methods

5.1.1. Film growth

We mainly employ three deposition techniques in this work to
grow our films, i.e. thermal evaporation, molecular beam epitaxy
and sputtering. Here we will quickly discuss each technique and
provide motivation for their use in this work.

Thermal Evaporation Deposition via thermal evaporation is
based on the sublimation or evaporation of the material in
vacuum (< 107 mbar). For this the material is indirectly heated
in a tungsten metal boat which is in turn resistively heated. While
this allows for the deposition of a variety of FMs, the relatively
low vacuum and reactivity with the tungsten boats limits the
quality of the films achieved using this method. Nevertheless,
the low preparation overhead, high deposition rates of several
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nm/min and, on a practical level, availability makes this a good
candidate for the deposition of Cr/Au contact pads.

Molecular Beam Epitaxy Similar to the deposition using ther-
mal evaporation, with MBE we also either sublimate or evaporate
by heating up the source material. However, MBE requires ultra
high vacuum (< 10719 mbar) and does not necessarily imply the
use of metal crucibles for evaporation. Because of the UHV, we
can work with growth rates of a few A/min with little to no
risk of decontamination of the sample surface or the deposited
material. The slow deposition process combined with in-situ
annealing allows for the growth of single crystal films. This was
used in this work to grow epitaxial single layer FMs such as
MgO(001)/Fe. Other than for depositing metals, which is rela-
tively straightforward, we also use MBE to deposit metal oxides.
Although it is possible to deposit these oxides straight from an
oxide source, we opted to grow them reactively, meaning that
we deposit the metal in an oxygen atmosphere (~ 1077 mbar).
One aspect of MBE that we have not explored in this work, but
seen the effect of, is the directional growth, which can induce
magnetic anisotropy in the grown films. As this anisotropy is
dependent on the incident angle of the beam of atoms emitted
from the source, great care has to be taken to keep the deposition
angles consistent.

The film quality achievable by MBE comes at the cost of long
deposition times, large preparation overhead and the requirement
for UHV. The low deposition rate realistically limits the growth
to thin films of a few nm thickness and the UHV restricts the
use of organic resist masks to deposit patterned layers. If we
compromise the UHV to use organic resist masks, shadowing
effects due to the directional growth has to be considered. As a
result we use MBE exclusively to grow epitaxial FM/Ox stacks.
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Sputtering Unlike in the previous techniques, with sputtering,
the material is forcefully ejected from the target source by collision
with high energy ions. The source of these ions, in our case Ar",
is a radio frequency powered plasma that is maintained on the
target. Maintaining this plasma requires an argon atmosphere
with pressures in the mbar range. This process can yield relatively
high growth rates for metals, but, for our purposes, we target
lower and sub-nm/s rates to achieve better thickness control. For
the growth of metal oxides, AlOy specifically, we again opted
to use a metal target and force the oxidation post growth. The
oxidation is achieved using a process similar to sputtering, but
instead of an argon plasma on the target, we apply an oxygen
plasma on the sample.

Sputtering was applied for the fabrication of Pt/Co/Al(Oy)
stacks, where precise oxidation of the Al layer is paramount for
controlling the PMA.

The controlled growth of the desired material is only one step
in the fabrication process as functional devices also heavily rely
on precise patterning, which we will address next.

5.1.2. Electron Beam Lithography

Lithography in this context encompasses all steps required to
fabricate a patterned mask that can be used to transfer a pattern
onto a film on a sample. The procedure consists of the application
of an organic resist to the sample, its subsequent exposure to
some form of radiation and finally the development that reveals
the pattern, as shown in Figure 5.1c-e. The lithography technique
of choice here is electron beam lithography (EBL). As the name
suggest, EBL employs a scanning electron beam, which, upon
scattering on the resist and substrate, transfers energy to the
resist. In the process the resist goes through a structural change,
affecting its solubility. This technique allows for feature sizes
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Figure 5.1.: Schematic illustrations of the four pattern transfer
techniques used in this work. In the two lift-off
processes, the target material is deposited on a already
patterned mask, which transfers the pattern to the
material. For the etching techniques the multilayer
stack is first deposited as a full film and then etched,
transferring the pattern of the resist mask or hard
mask to the film.
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down to a few tens of nanometers, but as a scanning method, it
scales poorly with the area of the region that has to be exposed.
Nonetheless, the design flexibility and achievable resolution with
EBL are unmatched. The final quality of the patterned resist does
not only depend on the exposure technique though, so for the
rest of this section we will run through a general lithography
step, and, on the way, point out the components that are at play
in determining the end result.

As was mentioned, the first step in the process, other than
substrate cleaning, is the application of a resist. The resist plays a
critical role in determining the achievable resolution and overall
fabrication and pattern design. In our case we worked with
two resists, namely MMA/PMMA and ma-N 2403. The positive
MMA/PMMA resists was chosen for its ease of use and high
resolution, whereas the negative ma-N resist was used for its
high etching resistance. The positive and negative labels describe
their reaction to the exposure to the electron beam, akin to
photographic film. In a positive resist, the exposure causes an
increase in solubility and as a result the exposed resist dissolves
during development. On the other hand, a negative resist has
the opposite behavior and the solubility decreases due to the
exposure. Thus, the exposed areas remain after development. As
a consequence of effectively having to invert the exposed area to
reach the same remaining pattern, the type of resist was chosen
based on the pattern design, in an effort to limit exposure time to
less than an hour.

Not only does the choice of resist impact the resulting quality
of the devices, the application of the resist, i.e. spin coating, is
as important. In this procedure, a droplet of resist is put in the
center of the substrate, which is then rotated at several thousand
rotations per minute, spreading the resist over the substrate.
Spin coating results in very even resist thickness throughout
the sample and through the rotation speed we can control the
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thickness to a certain degree. As a last step before the exposure,
the resist goes through a soft bake, where the substrate is heated
in order to evaporate any solvent remaining in the resist.

During the exposure itself, the main factors contributing to
the quality of the lithography are the current of the e-beam and
the electron dose the resist is exposed to. When choosing the
current used for the exposure we need to consider the beam size
and the exposure time, which scale linearly and inversely with
the current, respectively. Thus the goal is generally to minimize
the current while maintaining practical exposure times. On the
other side of the scale, if larger patterns are being exposed and
resolution is not an issue, large currents can be used to cut down
on the exposure time, but there are upper limits to the current
such as the the maximal stepping frequency and, more critically,
charging effects. Charging occurs on poor conductors where the
charges from the e-beam build up, leading to a distortion of the
incident beam or even spark discharges, which can damage the
sample as well as the e-beam system.

The amount of charge, or the dose, required for proper exposure
is a property specific to the resist and substrate combination
used, although there is generally some leeway for adjustments
depending on the design, e.g. depending on the overhang in
the resist. Additionally, local adjustments to the exposure time
have to be made to compensate for the proximity effect. The
proximity effect is a result of the backscattering of the incident
e-beam, which can occur at wide angles, effectively widening
and blurring the focused beam. Thus not only the area hit by
the beam is exposed but the surrounding area also receives some
of the dose, which quickly adds up in densely packed patterns,
requiring the previously mentioned decrease in exposure time.
In this work, corrections to the exposure time per pixel due to
proximity effect are taken into account at the stage of the design,
using calculations done for preset model systems.
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After the exposure, the resist is ready for the development.
During the development we make use of the solubility change
induced by the exposure and selectively dissolve the regions
with lower solubility. Thus, choosing the right developer to
maximize the selectivity and using the correct development time
is of the utmost importance to preserve the precision of the
exposed pattern. As a last optional step, the developed pattern
can be hard baked, i.e. heated on a hot plate, with the goal to
increase the performance of the resist in etching processes.

The developed resist can then be used with two types of
processes to transfer the pattern onto the substrate, namely lift-
off and etching, the difference between the two being at whether
the material we aim to pattern was deposited before or after the
lithography.

Patterning via Lift-off In the lift-off process we deposit the
target material after the lithography step, i.e. on the resist mask
and sample surface, which is analogous to using masking tape to
paint in predefined areas. The resist mask serves as a temporary
protection layer that we can easily remove after the deposition,
including the material on top of it, leaving only the material
deposited on the exposed surface. As we are filling in the areas
with no resist, the patterned resist must be the inverse of the
desired final pattern of the film. The whole patterning process
via lift-off is depicted in Figure 5.1.

There are a few points we need to pay attention to in order to
improve the quality of the layers patterned via lift-off. First is to
ensure a clean surface. Some of the symptoms of this being an
issue are poor wetting, unusually high roughness, high resistance
and electrical devices that inconsistently break during electric
measurements. Since a lithography step precedes the deposition,
the open surface can be contaminated with some resist residues
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after the development. Cleaning the surface after development,
while leaving the mask intact is not a simple task as our options
are limited. For thick and etch resistant resists, a short burst of
plasma oxidation is a good option. If the resist is too fragile for
plasma oxidation, increasing the development time and more
rigorous rinsing can help.

Another problem typically faced are so called lift-off edges,
where excess material piles up at the edges of the patterns. This
issue is can be avoided if the resist overhangs, as shown in
Figure 5.1. While overhangs can happen naturally in positive
resist due to the backscattered electrons, we can purposefully
create large overhangs by using two resist layers. The idea is to
layer two resist with different solubility in the developer solvent,
the top one having lower solubility. During the development the
bottom layer will dissolve quicker and leaver the overhanging
top layer. The combination of resists we use in this work is
MMA/PMMA, both positive resists with very similar properties
and required processing but enough of a different solubility to
generate large overhangs.

Lastly, a suitable thickness for the planned deposition must
be chosen. Ideally, the total resist thickness should be 2-3 times
larger than the deposited film, as otherwise we run the risk of
growing a continuous film making the lift-off impossible. Thicker
resists are also needed with sputtering compared to evaporation
techniques, since the high energy plasma used for sputtering can
partially burn and remove the resist.

Lift-off processes are simple and cheap requiring no other
special equipment other than the ones used for the lithography
and deposition. Since it leaves the existing sample unchanged
and only adds to it, this process is ideal to fabricate structural
layers such as labels, alignment markers and contact pads. The
patterning of electrical devices is possible but even after taking
precautions we found the devices to be more sensitive and break

100



5.1. FaBricaTioN METHODS

at lower applied currents.

Patterning via Etching The second process we use for pattern-
ing is etching. Unlike the lift-off process, which is additive,
etching is subtractive, meaning we start with a full layer of the
target material, protect the areas we want to keep with an etch
mask and then etch the unwanted parts to obtain our pattern
as shown in Figur 5.1. For the actual etching itself, we employ
argon ion etching, a technique that sets itself apart by its ability
to etch most materials at an efficient rate. The etching process
is similar to sputtering, but the argon plasma is maintained in
a source separate from the sample. Ar" ions are accelerated
towards the sample, neutralized with electrons and on impact
with the sample remove some material. The physical nature of
this process makes it relatively agnostic towards the material that
is being etched compared to chemical etching processes, scaling
only slightly with the hardness of the material. However, the
selectivity between most materials is low. Since we cannot use
etch stop layers, i.e. layers of materials that have very low etch
rate, to protect the layers beneath the ones we want to etch, we
only use etching processes to etch all the way through to the
substrate.

The low selectivity also means that the etch masks need to be
adjusted accordingly. If we use the resist as our etch mask, we can
increase the etch resistance by increasing the cross linking of the
polymers. The techniques to increase cross linking are specific
to the resist so no general process will work for all resists, but
among the techniques used are hard baking and overexposure
of the resist. A simpler approach to making the resist survive
the etching process is to use thicker resist layers. Since the resist
can just be removed by a solvent after the etching, having excess
resist is not inherently a problem. Thick etch masks do come with
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a caveat though, especially when the etching method used is very
directional, as is the case in Ar ion beam etching. In the etching
process we essentially sputter the target material, which can then
redeposit on the resist and create a thin fence at the edge of the
pattern, similar to lift-off edges mentioned before. To avoid this,
we do not etch normal to the surface but at an angle, typically 30°,
while the sample is rotated, which prevents the material from
building up on the resist walls. This procedure has the drawback
of causing shadowing effects though, because the tall resist wall
will partially block the ion beam and prevent the shaded areas
from being etched, causing the edges of the pattern to blur. These
problems can be mended by optimizing the rotation speed and
the etch angle, but can also be alleviated by using other materials
as our etch mask, i.e. hard masks. Hard masks are patterned
layers of etch resistant materials, which are fabricated via lift-off,
as shown in Figure 5.1. The advantage of making hard masks is
having a larger variety of available materials that can be used as
etch masks to maximize the selectivity and reducing the problems
that come with thick resist masks. The other side of the coin
is that hard masks cannot be simply removed in a solvent but
rather are designed to remain or be etched away.

In the last sections we covered every step of the device fab-
rication process and addressed general considerations that can
be taken into account to improve the quality of the patterns.
While in the end every specific sample system will require its
own set of optimizations, the sections above should serve as a
good overview and starting point to appreciate the intricacies
of nanolithography. The fabrication of actual functional devices
is a matter of combining the processes described above. For a
full step-by-step description of the device fabrication recipes, see
Appendix A.
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6. Magnetotransport in
Epitaxial Fe Single Layers

The study of magnetotransport in thin films has garnered a lot of
attention in the field of spintronics, resulting in a rapidly growing
compendium of phenomena. Looking back at the work that has been
done, is hard to ignore the fact that a large portion of research has been
focused on heavy metals, which due to their inherently strong spin-orbit
coupling have shown to be excellent subjects to study. However, as
time went on, many of the phenomena previously attributed to the
heavy metals have been observed even in their absence, leading to the
questions about their origin in these cases. In this chapter, we address
these questions by studying epitaxial Fe single layers, a model system
that has been stripped down to the bare necessities. This project puts
a spotlight on FMjoxide interfaces, which have been often overlooked
regardless of their ubiquity. The contents of this chapter are taken from
a manuscript in preparation.

The work was led by myself, under the supervision of Pietro Gam-
bardella. I performed the data acquisition, and developed both the
specific implementation of the fitting algorithm, and the design and
fabrication of the devices, excluding the sample growth. The deposition
of the epitaxial samples was performed in our in-house MBE setup
in the Magnetism and Interface Physics Group at the ETH Ziirich
with the assistance of Santos F. Alvarado. For the device fabrication,
the cleanroom facilities at the PSI Villigen were used, for which I
acknowledge Vitaliy Guzenko and Anja Weber for their support and
Laura Heyderman for enabling this collaboration.
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6.1. Magnetoresistance and Current-induced
Effects

Over the last decades, concerted efforts in the field of spintronics
have led to a continuous flux of new discoveries about the
response of ferromagnets to electrically-induced spin currents.
Among the most studied systems, HM/FM bilayers have been
shown to exhibit a large variety of current-induced phenomena,
a prominent one being the spin-orbit torque [20]. Starting with
the demonstration of current-induced switching of Pt/Co/AlOy
dots [87] , the properties of spin-orbit torques have been steadily
revealed [54, 88-93] , which eventually enabled fast and precise
control of the magnetization [94-97]. Not only were new paths
opened up to control the magnetization, through the study of
bilayer systems our understanding of magnetic sensing using
magnetoresistance measurements has also expanded. For one,
several magnetoresistive effects deviating from the well known
anisotropic magnetoresistance[5] were found, such as the spin
Hall magnetoresistance [28, 98], the UMR [27, 67, 77], and
the crystalline anisotropy of the magnetoresistance observed
in epitaxial systems, which consists of contributions from the
bulk [36, 37, 57-62] as well as the interfaces [63]. While the bulk
contribution to the crystalline magnetoresistance was predicted
very early on [37] and demonstrated in many thin film systems
[36, 57-62] , evidence of an interfacial contribution has only
recently come to light in a study of the epitaxial GaAs/Fe system
[63, 99]. The interfacial crystalline magnetoresistance imprints
the symmetry of the spin-orbit-induced interfacial fields at the
interface onto the AMR, leading to a change of the amplitude and
shifting of the angular dependence according to the direction
of the current with respect to the crystal axes. In addition to
such modifications of the AMR, an entirely new behavior of
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the magnetoresistance presented itself with the discovery of the
UMR. Unlike the previously discussed magnetoresistances, the
UMR is a non-linear effect, meaning that the resistance scales
with the current [27, 67, 77]. Here, the spin-dependent resistivity
of FMs in conjunction with the injection of a spin current from
the HM into the FM results in a change in the resistance [77, 100],
which allows for the differentiation between opposite in-plane
magnetized states using two terminal resistance measurements
[101].

These phenomena all have one thing in common, which is the
interaction between a spin current and the magnetization. While
charge currents are spin polarized in ferromagnetic layers, such a
naturally occurring spin polarized current by itself is not able to
manifest these phenomena, as the spin polarization is collinear
with the magnetization. Instead, the necessary transverse spin
current in these cases is produced in the HM via the SHE or at
the interface via the Rashba-Edelstein effect and spin-dependent
scattering [70, 72]. Although heavy metals are a good choice as
a source of transverse spin current, the catalogue of promising
material combinations is constantly being expanded, leading to
the discovery of an unlikely competitor, namely Cu, a normal
metal. The lack of strong spin orbit coupling in normal metals,
usually makes them unattractive for their usage as spin current
sources, however, the introduction of oxidation gradients in
these films has shown to boost their spin current conversion effi-
ciency, rivaling even heavy metals [68, 69, 102]. Lately, however,
mechanisms to generate spin currents with spin polarization
non-collinear to the magnetization have been found also in single
layer ferromagnets in the absence of heavy metals. In particular,
single layer FM with oxide interfaces, which are the focus of this
work, have been found to exhibit both spin-orbit torques [53, 68—
72,102-105] and unusual magnetoresistance effects [32, 33, 35, 36,
106]. One of those mechanisms is the SHE. Although symmetry
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considerations allow for the SHE to exist in FMs, it was assumed
to have a diminished effect in FMs due to the rapid dephasing of
spins that are not parallel to the magnetization. However, first
principles calculations have shown that the SHE generated spin
currents are indeed intrinsically stabilized [70], making the SHE
a viable source of transverse spin currents, where transverse in
this case refers to the alignment of the spin polarization and the
magnetization. Around the same time, current-induced SOTs
similar to those in multilayers were reported in single layer FMs,
an example of the effect of these intrinsic transverse spin currents
[71]. Since the observation of SOTs is naturally accompanied by
the presence of spin currents, other spin current related effects
can in principle also manifest in a single FM layer, which brings
us to the starting point of this work.

Here, we study the magnetoresistance and current-induced
and spin current related effects using harmonic voltage mea-
surements in epitaxial Fe/MgO and Fe/AlOy layers grown on
MgO(001) and demonstrate a self consistent method to analyze
this suite of effects using macrospin simulations. This measure-
ment technique provides access to the CMR, SOTs, and UMR
using a single type of device. Moreover, the study of epitaxial
systems allows us to unveil the crystalline anisotropy as a func-
tion of the direction of the current with respect to the crystal
axes of each effect. And indeed, we observe significant CMR,
SOTs and UMR in both the nominally symmetric MgO/Fe/MgO
as well as the asymmetric MgO/Fe/AlOy system. In both systems,
the 4-fold symmetry of the crystal structure was imprinted on
the CMR. The same crystalline anisotropy was observed in the
current-induced effects, i.e. the SOTs and the UMR.
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Figure 6.1.: (a) In the epitaxial MgO(100)/Fe system, the Fe lattice
is rotated by 45° with respect to the MgO lattice and
as a consequence the easy directions of the cubic
magnetic anisotropy are rotated as well. (b) The
RHEED image taken after the deposition of Fe on
MgO shows the 45° rotation and confirms the quality
of our epitaxial films.

6.2. Sample Fabrication

The epitaxial 2 nm thick Fe layers studied here were grown on
MgO(001) crystals using molecular beam epitaxy. Prior to depo-
sition, the MgO crystals were heated to ~ 600 °C in ultra-high
vacuum and left to cool down to room temperature before depo-
sition. As shown in Figure 6.1a, the Fe lattice grows with a 45°
rotation on the MgO(001) substrate, leading to a 4-fold magnetic
easy axis oriented along the (110) directions of the MgO. The
RHEED images, shown in Figure 6.1b, were taken during the
deposition to control the growth and confirm the 45° rotation of
the Fe lattice compared to the MgO(001) surface, which confirms
the crystallinity of our films. The single magnetic layer was sub-
sequently capped with two different oxides, producing the nom-
inally symmetric system MgO(001)/Fe (2 nm)/MgO (2 nm)/AlOy
(5nm) and the asymmetric system MgO(001)/Fe (2nm)/AlOy
(5nm). In addition to directly modifying the Fe/Oxide interface,
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changing the top interface also results in different inversion
symmetries around the Fe and the neighboring layers. Whereas
MgO(001)/Fe/AlOy is asymmetric and lacks inversion symmetry,
MgO(001)/Fe/MgO is nominally symmetric and possesses inver-
sion symmetry. The MgO system was additionally capped with
an AlOy layer to protect the MgO from the atmosphere. For the
rest of this chapter, we will refer to these systems by the top Fe
interface.

Before the samples were patterned for electrical transport mea-
surements, we characterized the in-plane magnetic anisotropy
of the full films via MOKE measurements, shown in Figure 6.2a.
As expected, we found the 4-fold magnetocrystalline anisotropy
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Figure 6.2.: (a) The longitudinal MOKE hysteresis measured
along one of the easy directions of the as grown
Fe/MgO shows the two step reversal which is typical
for systems where a uniaxial anisotropy overlaps the
cubic anisotropy. (b) The Hall bar devices allow for
the simultaneous measurement of the longitudinal
and transverse resistance. We define a coordinate
system where x || j. and use spherical coordinates to
describe the direction of M (red arrow). The angle
between the current (yellow arrow) and the [100]
direction (teal arrow) of the MgO is defined as a.
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with easy directions along the diagonals MgO(110). Interestingly,
there is also evidence of a uniaxial anisotropy in the full films,
as indicated by the two-step jump in the hysteresis loop. Such a
hysteresis loop is typical for systems where a 2-fold anisotropy
overlaps with the 4-fold anisotropy [44, 45, 107-109]. Specifi-
cally, the uniaxial anisotropy lies along MgO[110], overlapping
with one of the cubic easy axes, while the magnetic field for
the hysteresis loop points roughly along the other cubic easy
axis MgO[110]. In this case, instead of directly reversing from
[110] to [110] in a single jump, the uniaxial anisotropy forces
the magnetization to jump from [110] to [110] first, before fully
reversing, resulting in the characteristic two-step jump. Uniaxial
anisotropies in MgO(001)/Fe films have been shown to be caused
by an angled deposition, where the Fe beam is not normal to
the surface, leading to a strained microstructure and anisotropic
surface roughness, which can induce a magnetic anisotropy. [44—
47]

After the patterning process, we can quantify the in-plane
magnetic anisotropy of the patterned Hall bars by scanning the
angular dependence in the plane and using the fitting process
shown in Section 4.4. From this analysis we obtain an effective
magnetocrystalline anisotropy field of poHcu, = 50 mT for both
the MgO system and the AlOy system. Unsurprisingly, the
magnetocrystalline anisotropy of the two systems are practically
identical, as the magnetocrystalline anisotropy is to a large part
related to the crystallinity of the Fe, which itself is determined by
the substrate. We could not detect any significant contribution
of the in-plane uniaxial anisotropy, which we observed in the
MOKE measurements of the films prior to patterning. This
could be the result of the texture not affecting the anisotropy
strongly at the length scales of the Hall bars. Furthermore,
the strained microstructure of the Fe layer could have been
affected by the baking steps required for the device fabrication
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[46, 110]. In addition to the anisotropies in the plane, we can
also measure the out-of-plane anisotropy field with out-of-plane
hysteresis loops. As expected for magnetic thin films, we see an
out-of-plane magnetic hard axis, or more specifically we obtain
1o Hingo = =1500mT and o H, ¥ = =1600 mT. This hard axis is
the result of the competition between the demagnetizing field,
which forces the magnetization into the plane, and the interface-
induced anisotropy, which promotes perpendicular magnetic
anisotropy. Since interface effects are short-ranged, the 2nm
thickness of the Fe is enough to make the demagnetizing field
win against the interface-induces anisotropy. Unlike we have
seen for the magnetocrystalline anisotropy, the strength of the
out-of-plane magnetic hard axis differs between the two system.
The difference in H°°P can either be due to difference in the
thickness of the films or in the interface-induced anisotropy, but
nonetheless the values fall in the expected range.

6.3. Magnetoresistance Measurements

6.3.1. Magnetization Dependence of the
Magnetoresistance

In Figure 6.3a we present the three angle scans of the magne-
toresistance taken in each plane. According to the anisotropic
magnetoresistance model, the amplitude of the ZY-scan should
be zero, which is apparently not the case in our single layers.
Instead, we observe the opposite, where most of signal is in the
ZY-scan and almost none in the ZX-scan. Such a behavior has
been reported before in single layer FM thin films and traced
back to the anomalous Hall magnetoresistance (see Section 3.4.3).
Additionally, the film texture has been demonstrated to allow for
significant ZY-scan contributions in Pt/Co/Pt structures, which
could also play a role in our epitaxial systems. The lack of higher
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Resistivity (uQcm)

(d) a=0°

180°

Figure 6.3.: (a) Rif signal of the XY, ZX, and ZY scans of the AlOx
and MgO sample both show that the main contribu-
tion to the magnetization dependence comes from
the ZY scan, instead of the ZX scan. (b-e) Each point
of the a-dependence was measured on a different
Hall bar on the same sample (b) The resistivity of the
two samples shows a weak indication of the 4-fold
symmetry. (c-d) In both R{™ as well as R{j" the
4-fold symmetry is expressed more strongly. The
inversion of the maxima and minima in the CMR can
be an indicator for the SOTs.
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order cos?" 6 terms in our measurements indicates however that
it might not be as dominant here as it was in the textured Pt/Co/Pt
structures.

6.3.2. a-dependence of the CMR

The first indicator of the CMR is the resistivity of the devices,
presented as a function of a in Figure 6.3b, where each data
point was measured on a separate device in the asymmetric (red
points) and symmetric (teal points) system. In both systems, the
resistivity peaks when j. flows along one of the MgO (100) crystal
axes and is generally lower when j. is diagonal to the crystal
axes, resulting in a slight four-fold symmetry in the resistivity.

We note here that the resistivity of the AlOx system was
consistently higher than the one of the MgO system, which could
be caused by several factors. First, as the samples were not
deposited simultaneously, we expect some thickness variation
between the two, which, in the thickness range studied here,
would result in significant changes in the resistance. Another
factor might be over- or underoxidation of the top oxide interface,
which can occur during reactive deposition. Nevertheless, in
each sample the relative change of the resistivity with respect to
a still reflects the 4-fold crystal symmetry.

Next, we compare R“™ of the two systems, shown in Fig-
ure 6.3c. Both R™ and R{j™ were obtained in the same fit as the
magnetic anisotropy. R{™ exhibits a strong four-fold symmetry
in both systems, but with the difference that the maxima and
minima are inverted. Explicitly, in the symmetric MgO system
the maxima are located at the diagonal MgO(110) directions
i.e. a =45° 135° 225° and 315° and the minima are along the
main MgO(100) directions. In the AlOy system, the maxima and
minima are reversed, thereby shifting the maxima to MgO(100),
while the minima are located along MgO(110). The apparent ro-
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tation of the symmetry axis in Rf™ is directly related to a change
of sign of b — c. The same behavior is observed in the transverse
manifestation R, shown in Figure 6.3d. Again, the 4-fold
symmetry is strong in both systems and we observe the reversal
of the maxima and minima going from one system to the other.
It is worth pointing out that compared to R{™, R{j"" is rotated by
45°, which is consistent with expression of the CMR (Eq.4.12 and
Eq.4.16 in Chapter4) From the a-dependence of Ri™ and R{{™,
we can extract the CMR parameters and obtain b = 1.60 QQ and
c = 1.48 Q) for the MgO system and b = 1.65Q and c = 1.73 () for
the AlO4 system. As can be seen, the sign reversal of the CMR
between the two systems is mostly brought about by a change
in ¢, while b remains relatively constant. In a previous study
on the CMR, the same behavior was found in GaAs/Fe, where
a decrease of the Fe thickness from 8 monolayers (~ 1.1 nm) to
6 monolayers (~ 0.86 nm) leads to an increase of b from ~ 3 () to
~ 4.5 and a dramatic increase of ¢ from ~ 2.6 Q to ~ 7.5Q [63].

This brings us to the source of the interfacial CMR, which
has been reported to be the spin-orbit fields at the interface,
generated by spin-orbit-induced interface effects [63]. In GaAs/Fe,
by decreasing the Fe thickness, the influence of the interfacial
spin-orbit fields increases, leading to stronger effective SOTs,
which eventually causes the reversal of the CMR. In our systems,
we were able to induce a reversal of the CMR in much thicker Fe
layers by exchanging the top interface from MgO to AlOy . This
not only hints at the mere presence of SOTs but also indicates
that the SOTs should have increased when transitioning from the
Fe/MgO system to the Fe/AlOx system, although not as much
as through the thickness change in the GaAs/Fe study. Thus as
our next step, we further exploit the capabilities of harmonic
voltage measurements to quantify the current induced SOTs in
these systems and confirm their presence as suggested by the
CMR.
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Figure 6.4.: (a) Transverse and longitudinal RY data (symbols)
and fit (line) of a XY-scan measured on the AlOy
system. Only every third data point is highlighted
to reduce clutter. For lower fields, the curve dis-
torts, which allows for the extraction of the magnetic
anisotropy. (b) Transverse R%If data and fit of the asym-
metric (red) and symmetric (teal) system measured
at high and low fields for « = 0° and j. = 10" Am~2,
which corresponds to Iy = 2000 pA.

6.4. Current-induced Effects

While magnetoresistance parameters can be accessed by ana-
lyzing the first harmonic signal, current-induced effects such as
the SOTs and the UMR are found in the second harmonic, the
extraction process of which we present in the following sections.

6.4.1. Spin-orbit Torques

The second harmonic Hall signal R%{f of the XY scan, which is
shown in Figure 6.4b for a = 0°, will be the main focus of the
SOT derivation. All results shown here were measured with a
current density of jo = 101! Am=2. If we first look at the high
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external field measurements of R%f in Figure 6.4b, we observe a
simple cos p** dependence. As the field is reduced, however,
peaks around ¢** = 0° and ¢** = 180° start appearing. This
hints at the presence of SOTs, more specifically the field-like
torque H, which typically scales reciprocally with the external
field [80]. The deviation of the H! signal from the well known
cos ¢ cos 2¢ symmetry observed in polycrystalline systems is
caused by the cubic magnetocrystalline anisotropy (see Fig.4.6).
In particular, if m is pointing along one of the hard axes, which in
the specific case shown here are located at ¢ = 0°and ¢ = 90°,
the magnetization is more susceptible to the SOTs. This results
in the amplification of the signature H'! peaks at ¢*** = 0° and
> = 180°. On the other hand, if m is aligned with an easy axis,
the magnetocrystalline anisotropy will suppress the SOTs instead
and flatten out the generated signal. While this also applies to
the damping-like torque HY, the much larger influence of Ho°P
shrouds the small variation caused by H®.

Although the presence of SOTs in single layer ferromagnetic
systems is not unheard of [53, 71, 104], evidence of SOTs in such
systems has been scarce, which makes the strong signal observed
here by harmonic voltage analysis even more remarkable.

From the fitting procedure described in Section 4.4, we can cal-
culate the induced torques for each device. For a current density
of j. = 101 Am~2 and averaged over all rotations a, we obtain
poHMgo = (129 + 8) uT and poHghy, = (=9 % 6) uT for the MgO
system and ynglox = (-41 £ 8)uT and yngllox = (-283+7)uT
for the AlOy system, where the error corresponds to the vari-
ance in the a-dependence. Furthermore, we repeated the SOT
measurements for a range of applied currents. The results of
these additional measurements, shown in Figure 6.5a, reveal the
linear relationship between the applied current and the SOTs,

which we expected to see in current-induced effects. Generally,
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Figure 6.5.: (a) Current dependence of the SOTs for j. ||
MgO(100). As expected, the SOTs linearly increase
with the current, which validates the results of the
analysis. Non-zero intercept of the HY! fit is attributed
to the variance of the fitted values. (b) Field-like
torque extracted from the 2nd harmonic fits. As
the reversal of the signature peaks of H' in Fig.6.4b
already implied, H! changes sign between the two
systems. (c) The calculated damping-like torque
HY has a consistent sign regardless of the top inter-
face. The 4-fold crystalline anisotropy was mainly
observed in the Fe/MgO system, although there are
traces of the symmetry left in Hgllox.

the SOTs ended up in the sub-mT range with some differences
between the two systems. As can be seen, both components of
the SOT change when the top interface is exchanged, however,
H1 is affected much more strongly, to the extent that Hf}ngo and
Hglox differ in sign. As shown in Figure 6.5a, the differences
between Hf}lgo and Hglox do not end there, as we also observe
relatively distinct a-dependencies. In the MgO system, both SOT

components exhibit the 4-fold crystal symmetry, with maxima
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of magnitudes along MgO(100). In the AlOy system, we can
still identify the same symmetry in Hgllox, though the trend has
deteriorated. In contrast, Hgllox exhibits no discernible 4-fold
symmetry, although the variation that does occur is relatively
strong.

The crystalline anisotropy of the SOTs indicates non-trivial
behavior of the epitaxial Fe single layers, but before we dive into
the possible origins of these SOTs, we want to demonstrate the
presence of another current-induced effect, i.e. the UMR, which
can shed more light on the spin currents driving these effects.

6.4.2. Unidirectional Magnetoresistance

The UMR is derived from the 2nd harmonic longitudinal resis-
tance Rff, an example of which is shown in Figure 6.6a. For this
derivation we need to separate the SOT signal, thermo-electric
effects and the UMR, for which we use the fitting procedure
described in Section 4.4. For the decomposition of Rl2f presented
in Figure 6.6a, we presumed the UMR to consist only of the
sd-UMR, which in this configuration is proportional to sin ¢®.
The good quality of the fit for both external fields, i.e. 77mT and
1.7T, suggests that the UMR in our system does not scale with
the external field und thus the sd-UMR suffices to accurately
describe Rif. In addition to the lack of field dependence, we also
observed linear scaling of the UMR with the current, as shown in
Figure 6.6b, which further hints at the fact that the UMR consist
mainly of the sd-UMR [77]. The lack of a sf-UMR signal does not
inherently exclude sf-UMR in Fe single layers but shows that it
is likely suppressed by the crystalline magnetic anisotropy:.
Normalized by the resistance, the UMR in our systems ends up
being one order of magnitude smaller than values reported for
HM/FM bilayer systems [27]. In the AlOy system, R"™ exhibits a
strong 4-fold variation of = 30 % around its average of 0.56 ppm.
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Figure 6.6.: (a) The 2nd harmonic longitudinal data R%f (symbols),
shown here for Fe/AlOy and a = 0°, is comprised of
the SOT signal, Nernst effects and UMR. To reduce the
clutter only every fourth data point is highlighted. (b)
The UMR appears to scale linearly with the applied
current, which has been reported to be a characteristic
property of the sd-UMR. The non-zero intercept of
the fitted UMR in the MgO system is likely caused
by the scattering of the data point measured at the
lowest current, which has a large leverage. (c) In both
systems, we observe a positive UMR with a 4-fold
crystalline anisotropy.

Compared to that, the variation seen in the MgO system is rather
weak, with a change of = 7 % around its average of 0.78 ppm. In
both cases the maxima are along the MgO(110)-directions, which
is opposite to the SOTs.
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6.5. Discussion

Non-zero SOTs in FM single layers The SOTs reported here
are one to two orders of magnitude smaller than the ones in
HM/FM bilayers [20, 54, 88], but they match the sub-mT range
that has been reported in Fe and NiFe single layer thin films. [71,
92] In the work of Wang et al. on NiFe films [71], they successfully
separated the SOT contributions of the top and bottom interface
in symmetric AlOy /NiFe/AlOy films, and demonstrated how
the two contributions opposed each other. The driving force
behind the SOTs in that work was concluded to be the SHE of
the NiFe alloy. Taken at face value, the total SOTs in systems
with symmetric interfaces such as these should vanish, but
nevertheless, appreciable total SOTs were observed in NiFe thin
films, which fits our findings in the MgO(100)/Fe/MgO system.
We ascribe this to the fact that the two interfaces are different
in terms of quality, one being a polished substrate where the
other is the result of multiple depositions resulting in different
topographies [111]. In the asymmetric MgO(100)/NiFe/AlOy
system, the perfect cancelling of SOTs on opposite interfaces is
less of an issue, because the system was engineered to have broken
inversion symmetry, for one through the change of material and
also through the structure of the interface.

UMR vs. SOTs: A Sign Comparison Before we further analyze
the sign and crystalline anisotropy of the SOTs, we can set our
expectations by looking at the relationship between the UMR
and SOTs in the HM/Co system. The initial study on the UMR
compared Pt/Co and Ta/Co [27], in which it was already known
that the SOTs are opposite, and found the UMR also to be opposite
in these cases. Since both the UMR and the SOTs depend on the
total spin polarization in the FM layer, our initial assumption
would be for the signs of the UMR and SOTs to be identical in
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our single layers as well.

Coming back to the MgO and AlO, systems, we observe an
appreciable UMR in both systems, exhibiting the same sign
as observed in Pt/Co, which indicates a total spin polarization
oz || y, but ranging around one order of magnitude lower than in
HM/FM bilayers [27]. In addition to the linear scaling with the
injected current, no external field dependence was found, which
suggests that only the sd-UMR appears in these systems. The
lack of sf-UMR is accredited to the magnetocrystalline anisotropy,
which, even in the absence of the external field, will suppress
the magnon excitation by the spin current. The observation of
the UMR in single layers demonstrates that even small changes
in the interfaces, such as in the oxidation level or morphology,
can lead to the inversion symmetry breaking required to observe
spin-current-induced effects.

Knowing the sign of the dominant spin polarization, we can
compare it to the sign of the SOTs. Unlike the UMR, which has
the same sign as in Pt/Co bilayers, the DL SOTs in our systems
have the opposite sign, matching what has been reported in
Ta/Co bilayers [94]. On the other hand, the sign of the FL torques
in the two systems differ as we obtain a positive value for the
MgO system and a negative value for the AlOy system. A quick
overview of the signs of the UMR and SOTs for the reference
systems Pt/Co and Ta/Co, compared to the ones we measured
in our systems, is given in Table6.7. Since the FL torque can be
induced by the FL SOT and the Oersted field, we first discuss the
sign of the DL SOT to get a clearer picture.

Considering that the sd-UMR is a good indicator of the total
spin polarization in the system [112], it is surprising to find
a DL SOT with the opposite sign, since we would expect it
to scale with total spin polarization as well [27, 113]. Thus,
there must be a factor other than the spin polarization, which
affects the DL SOT balance between the top and the bottom
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Table 6.7.: Overview of the signs of the UMR and SOTs mea-
sured in epitaxial single layers compared to HM/FM
reference systems.

Structure UMR | DL SOT | FL SOT | Oersted Field
Pt/Co + + + -
Ta/Co - - - -

MgO/Fe/MgO + - +

MgO/Fe/AlOy + - -

interface. One possibility is that this is a consequence of two
factors. First, the total spin polarization, as indicated by the
sign of the UMR, is the average between the opposing spin
accumulations at opposite interfaces. This would be the case for
spin accumulations produced by the SHE in the Fe layer or by
the Rashba-Edelstein effect in the symmetric system where both
interfaces are nominally the same. Second, there is a difference
in the magnetic susceptibility between the top and the bottom
interface due the different magnetic interface anisotropy. The
Fe/MgQ interface is known for its ability to induce perpendicular
magnetic anisotropy, and thus has found uses in magnetic tunnel
junctions [114-117]. In our systems the Fe is too thick for the
interfaces to induce a PMA, resulting in an OOP hard axis in
both systems. Nevertheless, the interface-induced magnetic
anisotropy can still affect the magnetization close to the interface.
Seeing as morphology and contamination affect the perpendicular
magnetic anisotropy, it comes as no surprise that the interface
anisotropy of the bottom interface MgO(001)/Fe, which is a result
of deposition on a polished single crystal, could differ from the
top interface [118]. Consequently, the UMR and SOTs could differ
in sign, if the interface that has a weaker spin accumulation, has
a higher susceptibility to compensate for it. This would generate
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a stronger SOT signal [26] at the interface with the weaker spin
accumulation.

However, the UMR and DL SOTs having opposite signs can
also be a result of a combination of different spin current sources
that affect the UMR and SOTs differently. The SHE and REE are
among the spin current sources that have proven to generate
both the UMR and SOTs. The different nature of these two effects,
the REE being a purely interfacial effect and the SHE generating
spin currents throughout the bulk, has shown to directly impact
the ratio of the two SOT components [89]. This led to the general
association of the FL SOT with the REE and the DL SOT with the
SHE. Similarly, the UMR generated by the SHE and REE can differ
greatly as observed in other studies, where much larger UMR
were found in association with the REE [119, 120]. Ultimately, the
question of the microscopic origin of the sign difference remains
open.

If we focus our attention on the FL torque H the first aspect
that stands out is the difference in sign between the FL torque
and the DL SOT in the MgO system. As shown in Table6.7,
the SOTs in the HM/FM reference systems possess the same
sign, however the sign of the total FL torque in Pt/Co has been
shown to differ from the DL SOT, due to to the Oersted field
contribution arising in bilayers. In HM/FM bilayers, the Oersted
field can be approximated by assuming the two layers to behave
as parallel resistors. From the portion of the current passing
through the HM layer the Oersted field can then be calculated
using a parallel resistor model. In single layers, ideally all of the
current is passing through the FM causing no Oersted field that
acts on the FM as result. Realistically, however, the uniformity of
the FM along the film normal is not a given. For one, interface
resistances can be different at the two interfaces due to differences
in the chemical composition, including the oxidation level, and
the morphology. If as a result of these factors, the resistance at

122



6.5. DiscussioNn

the top interface is lower than the one on the bottom, the Oersted
field contribution to the FL torque is positive. If more current
passes through the bottom of the FM, the FL torque is negative.
Separating the Oersted field from the FL SOT is not a simple task
in single layers, as we have positive and negative contributions
of the SOTs from each interface. On top of that, the H! is then
offset by the Oersted field, which can also be both positive or
negative depending on whether we presume the top interface
to be under- or overoxidized. With a sign comparison between
the UMR, DL SOT and FL torque alone, we cannot determine
the sign or strength of the FL SOT. However, some evidence can
be found the resistivity and the crystalline anisotropy, which we
will address next.

Crystalline Anisotropy The a-dependence of both the UMR
and almost all of the derived SOTs exhibited a 4-fold crystalline
anisotropy imprinted by the cubic structure of the Fe. Again
we will start with the comparison between the UMR and the
DL SOT. Not only is there a difference in the sign between the
UMR and the DL SOT, we also observed that their magnitudes
are anti-correlated. For the UMR the largest values are found
along the substrate diagonals MgO(110), whereas the magnitude
of HY is maximal along the crystal axes MgO(100).

This 4-fold variation could be caused by the crystalline aniso-
tropy of the spin Hall conductivity, which has been theoretically
predicted in previous studies on other ferromagnetic crystals
[70, 121]. However, an overall decrease of the spin polarization
should lead to correlated crystalline anisotropies in both the
UMR and DL SOTs, as both effects scale with the strength of the
spin current.

Another mechanism could be anisotropic dephasing of the
spins [122], which for SHE-generated spin currents in Fe is only
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possible after scattering at the interface. For magnetic materials,
we can naively explain this anisotropy by taking into consider-
ation the direction of the spin polarization o, with respect to
the magnetocrystalline anisotropy. If the spin polarization is
aligned with a hard axis, which is the case for currents along
MgO(100), the magnetocrystalline anisotropy destabilizes the
spin current, thus stronger precession is encouraged, leading to
quicker dephasing. For currents injected along MgO(110), the
spin polarization is aligned with an easy axis, which stabilizes
the spins and prevent fast dephasing. But how does this affect
the UMR and the SOTs? Rapid dephasing effectively shortens
the spin diffusion length [89, 123, 124], which reduces the spin
accumulation at the interfaces as a result. Since the UMR is
proportional to the spin accumulation, the UMR will become
smaller accordingly. The DL SOT however is expected to increase
in magnitude with increasing dephasing, since the rapid dephas-
ing equates to efficient transfer of angular momentum from the
conduction electrons to the local magnetization [89, 123, 124].
Unlike the UMR and the DL SOT, we only observe the crys-
talline anisotropy of H in the MgO system. This is evidence that
there should be a significant FL SOT contribution to the FL torque,
since the Oersted field is unlikely to exhibit this anisotropy, unless
the relative conductivity of the top and bottom layer varies as «
is changed. Instead, the anisotropic dephasing discussed above
for the other effects also has an impact on the FL SOT. Applying
the spin dephasing mechanism to the FL SOT would predict a
decrease in magnitude of the FL SOT with increased dephasing
in materials with an already short spin diffusion length [123-125].
This is made evident if we examine the extended drift-diffusion
model in the case where the dephasing is instantaneous. As
demonstrated in Refs. [123-125] in these cases, the FL. SOT van-
ishes and only the DL SOT remains. This relationship between
the dephasing and the FL SOT results in anti-correlated SOT
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components and a positive correlation with the UMR.

For that to be the case however, the FL SOT in the MgO system
would have to be negative, with an Oersted field strong enough
to result in the positive offset of the total FL torque. A positive
Oersted field would require a higher conductivity at the top
interface compared to bottom interface, for which we could
argue considering the resistivity measured on the two systems.
The overall lower resistivity of the MgO compared to the AlOy
sample can be an indicator for an underoxidized MgO layer.
The underoxidized MgO at the interface could then add to the
conductivity. Using a parallel resistor model we estimate that
~ 10 % of the total current would have to pass through the top
interface to generate an Oersted field strong enough to positively
offset a barely negative FL SOT.

Another factor that supports the notion of a positive Oersted
field offset is the reversal of the CMR between the two systems.
In GaAs/Fe single layers the reversal of the CMR was attributed
to an increase of the FL SOTs. If the same mechanism applies
for to our Fe single layers, considering the sign of the CMR in
the respective systems, the average magnitude of the FL SOTs in
the AlOy system must be larger, which is only the case if Hﬂlgo
is offset by an Oersted field. However, this interpretation of H'!
is based on many assumptions and thus should be taken with
caution.

The comparison between the crystalline anisotropy of the
MgO and AlOy system shows that the crystalline anisotropy of
the SOTs is much less pronounced in the AlO, system. This is
also consistent with our expectation of the Fe/AlOy interface to
possess a more disordered interface compared to the Fe/MgO
interface, which grows epitaxially. The sensitivity to a change of
the top surface also indicates that the SOTs are generated mostly
at the top interface. On the other hand, the crystalline anisotropy

125



6. MAGNETOTRANSPORT IN EritaxiaL FE SINGLE LAYERS

of the UMR is maintained regardless of the top interface, which
suggests that for the UMR, the bottom interface significantly
contributes to the UMR. Interestingly, the crystalline anisotropy
of the UMR in the AlOx sample is much stronger than in the
MgO system. We interpret that as the UMR being generated
at both interfaces, with the total UMR being the result of the
competition between the signals generated at the two interfaces.
In the MgO system, both interfaces generate an anisotropic
UMR with opposite signs and correlated magnitudes, which
suppresses the anisotropy of the total UMR. In the AlOy system
on the other hand, only the bottom interface contributes to the
crystalline anisotropy, which results in no suppression and a
stronger anisotropy.

6.6. Conclusions

To summarize, we investigate epitaxial ferromagnetic single
layers, namely MgO(001)/Fe/AlOy and MgO(001)/Fe/MgO, using
electrical transport measurements and harmonic voltage analysis,
with the goal of bringing to light the crystalline anisotropy of
current-induced effects, in particular, the CMR, UMR and the
SOTs. By expanding existing analysis techniques and adapting
models of the magnetoresistance and current-induced effects to
include the CMR and strong magnetocrystalline anisotropies,
we manage to quantify these effects with high precision using
a single measurement technique. Our findings show that the
UMR and SOTs are substantial even in the absence of external
injection of spin currents, as the spin current generation by the
Fe and its interfaces can induce these effects, as long as the
inversion symmetry is broken to some degree, such as through
chemical composition or morphology. But not only do these spin
current effects exist in these samples, they also exhibit a 4-fold
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crystalline anisotropy. The relationship between the anisotropy
of UMR and one of the DL SOT allows us to glimpse into the spin
dynamics in systems with strong magnetocrystalline anisotropy.
The magnetocrystalline anisotropy was also found to impact the
the magnon related component of the UMR, namely the sf-UMR,
in that in mostly suppressed the excitation of magnons required
for the manifestation of the sf-UMR.

This project also shows the difficulty that comes with the
investigation of highly sensitive interface effects. Completely
unraveling the delicate balance of multiple effects, in conjunction
with the separation of parasitic effects that occlude the data, has
proven to be a difficult task. If anything, these Fe/oxide systems
demonstrate that every interface must be taken into account and
should not be assumed to be inert.

Nevertheless, our results expose the effects of the intrinsic
spin current generation in single layer FMs. Furthermore, the
presented measurement and analysis methodology provide a
useful tool for future investigations of spin-current-induced
effects in single-crystal epitaxial layers.
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7. Chiral Coupling: From
Nanomagnets to Domain
Wall Conduits

Nature is unequivocally chiral, the most prominent example of this
being the homochirality of the chemistry of life. The discrimination of
chiralities does not end with what might be considered the whims of
evolution, but can be traced back to the laws that govern physics, or
specifically of interest to this work, the laws that govern magnetism.

This part of my thesis encompasses two projects, in which we
explored the DMI, a chiral exchange interaction observed in systems
lacking inversion symmetry. With state of the art fabrication techniques
that myself and my collaborators developed, we designed structures
and devices that exploit the chirality induced by the DMI to invoke
new functionalities. To be more precise, we use the DMI to laterally
couple in-plane and out-of-plane magnetized regions in a thin film,
which induces an exchange bias between these regions. This exchange
bias is then exploited to achieve lateral antiferromagnetic coupling and
forms the base of chiral domain injectors.

The two projects were led by Zhaochu Luo and myself, respectively,
under the supervision of Laura Heyderman and Pietro Gambardella.
Zhaochu Luo and myself fabricated the samples and developed the
fabrication techniques for the respective projects, with the support of
Manuel Baumgartner, Eugenie Kirk, Hanu Arava, Vitaliy Guzenko
and Anja Weber. The fabrication was done mainly in the clean room at
the PSI Villigen, in addition to depositions in the sputtering setup in the
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Magnetism and Interface Physics group. The X-PEEM measurements
were taken at the SIM beamline of the Swiss Light Source by Zhaochu
Luo, Ales Hrabec, Jizhai Cui, Gunasheel Krishnaswamy and myself
with the help of the beam line staff consisting of Jaianth Vijayakumar,
Tatiana Savchenko and Armin Kleibert. The MFM images were taken
by Zhaochu Luo at the PSI Villigen. Electrical measurements were
conducted by Zhaochu Luo and myself on the electronic transport
setups of the Magnetism and Interface Physics group. MOKE images
were taken by Marvin Miiller and myself with the wide field MOKE
of the Magnetism and Interface Physics group. Ales Hrabec, Manuel
Baumgartner and myself were responsible for the micromagnetic simu-
lations. Data analysis and interpretation were led by Zhaochu Luo and
myself, with input from and discussions with the rest of the team.

This chapter starts with the adapted content from the manuscript
“Chirally Coupled Nanomagnets”, Luo et al., Science 363, 1435-1439
(2019) [171, which concerns the first evidence of the chiral coupling
in IP-OOP boundaries. The second half of this chapter focuses on the
investigation of the IP-OOP boundaries used as nucleation sites built
into DW conduits, which resulted in the publication ”Chiral Domain
Wall Injector Driven by Spin—Orbit Torques”, Dao et al. Nano Lett.
2019, 19, 5930-5937 [25].

7.1. Chiral Coupling in Nanomagnets

An essential tool in the design of functional spintronic devices is
the control over the coupling of separate magnetic components.
Prime examples of this are the giant magnetoresistance and the
latest generation of racetrack memory [24], which make use of the
RKKY coupling between separate magnetic layers, as well as spin
valves and magnetic tunnel junctions [126, 127], which rely on the
exchange bias between coupled ferromagnetic/antiferromagnetic
layers to control the magnetization [128]. While these interactions
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have been widely exploited in multilayer structures, they have
not been used in structures where magnetic components need
to couple laterally, such as artificial spin ices [129-132]. Thus
for the lateral coupling of nanomagnets, the long-range dipolar
interaction has been utilized instead with great success. However,
the dipolar interaction is intrinsically long-range, and decreases
as the magnets are miniaturized further.

In this work, we address the lateral coupling of nanomagnets
using the DMI [9, 10]. The DMI, being the antisymmetric
exchange interaction, promotes orthogonal configurations of
magnetic moments, as shown in Fig. 7.1, which leads to the
spontaneous formation of non-collinear magnetization patterns
such as spin spirals [11] and skyrmions [12, 13]. In magnetic
thin film systems with perpendicular magnetic anisotropy, the
DMI forces the formation of chiral Néel DWs [11, 14-16]. In
owing to the DMI, the degeneracy of DWs with opposite in-plane
magnetization components is lifted, leading to a preferential
rotational sense of the magnetization from one domain to the
next. Here, we artificially stretch out the magnetic configuration
of a Néel DW in laterally coupled in-plane and out-of-plane
magnetized regions. We demonstrate that the DMI couples
the IP and OOP magnetization and we explore the various
phenomena that emerge in these structures.

7.1.1. In-plane/Out-of-plane Nanomagnets

The fabrication of laterally coupled IP and OOP regions requires
precise local control over the magnetic anisotropy. Spatial engi-
neering of the magnetic anisotropy has previously been achieved
using ion irradiation [133-139] and electric gating [140-143]. In
this work, we utilize selective oxidation in order to modify the
magnetic anisotropy of Pt/Co/(Al)/AlOx layers, specifically Pt
6nm/Co 1.6nm/AlOy. The underoxidized Pt/Co/Al/AlOy sys-
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Figure 7.1.: (A) Schematics of the coupled magnetization states
favored by the DMI in adjacent OOP and IP regions
of a Pt/Co/AlOy trilayer. (B) Scanning electron mi-
crograph of coupled OOP-IP elements fabricated by
means of electron beam lithography. Red and blue
colors indicate regions with OOP and IP magneti-
zation, respectively. (C) X-PEEM image with bright
and dark magnetic contrast in the OOP regions cor-
responding to ® and © magnetization, respectively.
The dark gray contrast in the IP regions corresponds
to — magnetization, determined by taking images at
different sample orientations with respect to the x-ray
direction. The direction of the incident x-rays and the
IP magnetic field used for prealignment are indicated
with arrows. Scale bars correspond to 500 nm.

tem is known to exhibit IP anisotropy, whereas the oxidized
Pt/Co/AlOy system possesses perpendicular magnetic anisotropy,
induced by the formation of Co-O bonds at the Co/AlOy interface
[143-149]. Compared to ion irradiation, oxidation provides a
way to change the anisotropy by only modifying the top interface
of the magnetic layer leaving the magnetic material pristine. By
locally tuning the oxidation, we can freely define regions with
different anisotropy. We achieve this selective oxidation by lo-
cally protecting the structures from the oxidation with patterned
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Ta masks. We use electron beam lithography for the fabrication
of the IP-OOP nanomagnets, which has a lateral resolution at the
nanometer scale.

The first evidence of the chiral coupling is shown in the x-ray
photo emission electron microscopy (X-PEEM) images in Fig. 7.1.
Here, the IP-OOP nanomagnets were saturated with an in-plane
external field aligning all IP regions. The direction of the OOP
magnetization M°°P, following the application of the external
field, was found to depend on the position of the OOP region
relative to the IP magnetization MP. Particularly, the M°°P is
up (7©”) if the m'PP points towards the OOP region and down
("®”) for the opposite case. The resulting configurations < ®
and — © follow the expected chirality imposed by the DMI in
the Pt/Co/AlOy system [150].

7.1.2. Lateral Exchange Bias

Next, we conducted electric measurements for which we fabri-
cated an IP-OOP nanomagnet on top of a Hall cross, see Fig. 7.2.
By probing the AHE, which scales with the z-component of the
magnetization in an OOP-IP nanomagnet, we gain access to M°°P
during the OOP hysteresis loops. In the absence of exchange bias,
the hysteresis would be centered around H = 0 mT, which is not
the case in our nanomagnets. Instead the hysteresis is shifted
towards positive fields when M'P points towards the OOP region
and a negative shift is observed if M'P points in the opposite
direction, as presented in Fig. 7.2. Indeed this exchange bias in
either direction was larger than the coercive field of the OOP
region, which causes the nanomagnet to always adapt the chiral
configurations preferred by the DMI in the absence of external
fields, confirming that our observations of the chirality in the
X-PEEM were not a coincidence. Consequently, we can also
switch M°°P with an IP hysteresis loop, since upon reversal of
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Figure 7.2.: (left) Schematic of an OOP-IP element fabricated on
top of a Hall cross for electrical measurements. (right)
OOP magnetization as a function of H, for the IP-
OOQOP element. In the top graph the IP region was
set to —. For the bottom graph the IP region was
set to <. The hysteretic jumps of the anomalous
Hall resistance Ryy indicate switching of the OOP
magnetization. The linear increase of Ryy with field
is caused by the gradual tilt of the IP magnetization
toward the z-axis. Scale bars correspond to 500 nm.

M'P, M°°P follows suit.

7.1.3. Lateral Antiferromagnetic Coupling

With the first demonstration of the lateral chiral coupling in hand,
we proceed with the exploration of more complex applications
of this phenomenon, starting with an increase of the number of
magnetic regions, see Fig. 7.3A. As we have shown in Fig. 7.1,
for a fixed IP external field, M°°P depends on which side of the
elongated IP region the OOP region is attached to, which opens
up the question of whether this still holds true for nanomagnets
with OOP regions on both sides of the IP region. Predictably,
we observe that the chirality is still preserved on both sides, as
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Figure 7.3.: (A) Scanning electron micrograph of coupled OOP-
IP-OOP elements and (B) corresponding X-PEEM
image. The stable magnetic configuration of the
OOP-IP-OOP element is ® — © after prealignment
of the IP region to — with an external field. (C)
Magnetic hysteresis of an OOP-IP-OOP element as
a function of H, for two opposite orientations of the
IP spacer. The six possible magnetic configurations
are shown. (D) MFM images of synthetic skyrmions
with one, two, four, and five IP rings after saturation
with a magnetic field —H,. (E) MFM image of an
artificial spin system consisting of OOP elements on a
square lattice acting as Ising-like moments coupled by
means of IP spacers after saturating with a magnetic
field —H,. Antiferromagnetic domains are shaded in
green and red. Scale bars correspond to 500 nm.
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shown in Fig. 7.3B, causing the configurations © <~ ® and ® — ©
to be stabilized. Again, we confirm the X-PEEM images with
electrical measurements, for which we fabricated OOP-IP-OOP
nanomagnets, where one OOP region was made smaller in order
to be able to differentiate their contribution to the AHE. The AHE
measurements in Fig. 7.3C reveal that the exchange bias induced
by the chiral coupling is opposite for the two OOP regions,
causing the large and small AHE step to switch sides if the IP
region is flipped. We also see that the exchange bias is strong
enough to force the chiral configurations, such that in the absence
of external fields, the OOP regions will always oppose each other,
meaning that by daisy-chaining IP-OOP nanomagnets, we can
induce antiferromagnetic coupling of the OOP regions. While
this observation might seem trivial given that the DMI promotes
spin spiral configurations, from a device design point of view,
this opens up an abundance of avenues we can venture out into,
two of which we present in Fig. 7.3D/E.

In Fig. 7.3D, we demonstrate the antiferromagnetic coupling in
a square lattice of OOP regions separated by grid lines made of
narrow IP regions after saturation along —z. In this square pattern
of chirally coupled Ising-like moments, large antiferromagnetic
domains spontaneously form, presented as shaded regions, in
which an alternating checkerboard pattern prevails. Between
the domains, neighboring OOP regions are parallel leading to
frustrated states.

For the structures shown in Fig. 7.3E, we fabricated concentric
OOP magnetized rings separated by thin IP regions and saturated
the system along —z. The outermost ring, having the largest
area, forces the inner rings to reverse to in order to adhere
to the chirality, resulting in target skyrmionic magnetization
configurations.

Both examples demonstrate how the chiral coupling can be
used to precisely sculpt the energy landscape in order to create
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artificial spin systems.
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Figure 7.4.: (A) Schematic of the current-induced switching of
an OOP-IP element. The device geometry is shown
in Fig. 7.2A. The area of the OOP region is about 120
by 120nm. (B) Magnetization loops as a function
of applied current for different values of Hy. The
measurements are performed by injecting 50 ms long
current pulses and measuring the anomalous Hall
resistance Ryy after each pulse. Changes in Ryy indi-
cate switching of the OOP region. The switching at
zero field is symmetric with respect to the current,
whereas Hy > 0 helps to switch the OOP region ® and
decrease the negative switching current, and Hy <0
helps to switch the OOP region ® and decrease the
positive switching current.
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7.1.4. Current-induced Switching

Finally, we test the current-induced switching behavior of these
IP-OOP nanomagnets. Current-induced switching using spin
orbit torques is a cutting edge technique, which has been shown
to enable extremely fast magnetization reversal. A caveat of SOT
switching is however, that in nanoscale magnetic dots with OOP
magnetization, generally a magnetic bias field parallel to the
current is required to achieve deterministic magnetization rever-
sal [21]. Here we show that this problem can be circumvented
using chirally coupled nanomagnets, as schematically shown in
Fig. 7.4A.

The current-induced switching in the absence of external fields
is demonstrated in the middle graph of Fig. 7.4B. The difference to
the usual SOT switching scheme is that here, we are reversing the
IP region using the current, which does not require any external
fields [96]. The chiral coupling subsequently forces the OOP
region to reverse This is further illustrated by the application
of an external field along the y-axis. This field effectively puts
a bias on the switching of the IP region, resulting in a shift
of the switching current, which is strong evidence for the fact
that the reversal of the OOP region is indeed coupled to the
current-induced reversal of the IP region.

7.1.5. Size Limitations of the Chiral Coupling

For the chiral coupling to work as demonstrated above, two
conditions must be met. First, the energy cost of maintaining
configurations unfavored by the DMI must be higher than the
energy cost of reversing the one of the chirally coupled regions.
The energy associated with the DMI roughly scales with size of
the IP-OOP interface, or the cross section of the nanomagnet,
such that E9M « t, where w is the width of the nanomagnet
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Figure 7.5.: Boundaries of the single-domain behavior (black
line) and chiral-coupling (red line) as a function of
the OOP magnetic anisotropy field Hy and element
size I. The red and black points are determined
from micromagnetic simulations. The shaded area
indicates the range of parameters for which chiral
coupling determines the magnetic configuration.

and t is the thickness of the Co layer. The energy to reverse
one of the magnetic regions on the other hand scales with its
volume (E*P/°°P o twl), where [ is the length of the nanomagnet
perpendicular to the IP-OOP boundary. The ratio Edmi /Fip/oop o
1/1 shows how the chiral coupling works better as the device size
is scaled down. Although this suggest that for vanishing EP/°°P
the length of the region can be increased indefinitely, this is not
the case because of the second condition that has to be met, which
is that the IP and OOP regions must be single domain. This
is especially true for extended antiferromagnetically coupled
structures where multidomain states in a single region would
break the chain of the coupling. The single domain condition can
be boiled down to I < Igq o VHy, where Iy is the critical single
domain dimension and Hy is the effective uniaxial anisotropy
along y or z for the IP or OOP region, respectively. In contrast
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to the first condition, the single domain condition allows for
larger devices dimension ! for stronger magnetic anisotropies. In
Fig. 7.5, we show the effect of the two conditions on the ideal size
regime for the chiral coupling. The two boundaries represent the
size limits set by the two conditions leaving the shaded region
in which chiral coupling dominates. For the DMI in our Pt/Co
layers, namely D = —0.9 mJ/m?, this sets an upper limit of around
120 nm on the length of the OOP region. The symbols correspond
to the boundary observed in micromagnetic simulations of these
nanomagnets and match our estimations of the size limitations.

For larger devices, we observe one of two cases upon reversal of
the IP region from the favored — O to the unfavored « ©. If the
DMLl is very strong compared to the anisotropy, the OOP region
will reverse, however only partially at the interface, introducing
a DW into the OOP region. If the OOP anisotropy cannot be
overcome, the unfavored configuration will remain, leaving the
interface in a metastable state. In the next section we will explore
these metastable states, which can be used to design chiral DW
injectors.

7.2. Chiral Domain Wall Injectors

Memory and logic devices that encode information in magnetic
domains rely on the controlled injection of DWs to reach their
full potential. In this project, we exploit the chiral coupling
induced by the DMI between IP and OOP magnetized regions of
a Pt/Co/AlOy trilayer in combination with current-driven SOTs to
control the injection of DWs into magnetic conduits. We demon-
strate that the current-induced domain nucleation is strongly
inhibited for magnetic configurations stabilized by the chiral
coupling and promoted for those that have the opposite chiral-
ity. These configurations allow for efficient DW injection using
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current densities of the order of 4x10'! Am~2, which are lower
than those used in other SOT injection schemes. Furthermore,
by setting the orientation of the in-plane magnetization using an
external field, we demonstrate the use of a chiral DW injector
to create a controlled sequence of alternating domains in a DW
conduit structure driven by a steady stream of unipolar current
pulses.

The nucleation of magnetic domains underpins magnetization
reversal processes and, consequently, the functioning of most
types of magnetic storage devices. DW racetrack memory and
logic devices, in particular, require reliable control over domain
nucleation and current-induced DW propagation in order to
work efficiently [151-153]. The problem of domain nucleation
was first addressed by modifying the magnetic anisotropy of
the nucleation sites using altered shapes [154-156] or ion irra-
diation of magnetic structures [133-136, 157, 158], which favor
magnetization reversal at specific locations. These methods are
commonly used in field-induced domain nucleation and DW
propagation studies [159-162]. Current-induced domain nucle-
ation techniques based on the Oersted field produced by a narrow
write line [163], spin-transfer torque switching using magnetic
tunnel junctions [164] and using magnetization boundaries where
the magnetization of the two adjacent regions are orthogonally
aligned [165] have been shown to mitigate the shortcomings of
field nucleation. These methods offer faster and more localized
domain nucleation at the cost of higher device complexity.

A significant leap forward in magnetic writing was made with
the advent of SOTs [166-170], which emerge at heavy metal/ferro-
magnet interfaces [20]. Ever since the pioneering demonstration
of DW propagation using SOTs [19], steady advancements have
led to record DW velocities [171, 172], higher reversal speed and
reliability [21, 23, 173], as well as to a deeper understanding of
the DW dynamics. In particular, it was found that, in asymmetric
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ferromagnet/heavy metal bilayer films, the DMI plays a key role
in the current-induced propagation of DWs [15, 22, 52, 174-176].
As a result of the DMI, DWs in ferromagnet/heavy metal layers
with perpendicular magnetization have a chiral Néel structure,
which ultimately defines the direction of the DW propagation
driven by SOTs and their terminal velocity in the DW flow
regime. Prior studies have shown that the chirality of DWs
can be modified by tuning the strength of the DMI, magnetic
anisotropy, and Zeeman interaction via external magnetic fields,
which also affects the field-induced and current-induced DW
depinning efficiency [137, 138]. Moreover, the DMI also favors
domain nucleation at the edges of magnetic stripes and dots [21,
176-178].

In this chapter, we demonstrate a novel mechanism to con-
trol the injection of chiral DWs in perpendicularly magnetized
Pt/Co/AlOy wires, which exploits the DMI at the boundary be-
tween adjacent IP and OOP magnetic regions. Unlike previous
investigations based on boundaries with orthogonal magneti-
zation alignment, which have been employed for DW injection
using SOTs [139] and spin-transfer torques [165], our method
combines the SOTs with the chiral coupling between IP and OOP
regions induced by the DMI [17]. This coupling is found to
strongly affect the DW nucleation process. By setting the mag-
netization of the IP region (M'P) relative to the magnetization
of the OOP region (M°°P), we either enable or disable the nucle-
ation and injection of domains in the OOP region, depending
on the chirality of the IP-OOP magnetic configuration. Once
enabled, the nucleation of a domain at these boundaries requires
current densities of the order of 10 Am™2, which we will show
is lower than for nucleation at defects or edges of magnetic
stripes. Furthermore, the injection automatically disables itself
after nucleation, as nucleation process changes the magnetic
configuration at the boundary. This allows for further current
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pulses to be applied to freely propagate the injected DWs as
additional injections are prevented. Therefore, chirally coupled
injectors can be used to enable or disable the generation of DWs
in a DW conduit driven by a steady stream of clocking pulses.

7.2.1. Structure of Chiral Domain Wall Injectors

In Figure 7.6a, we show the basic structure of the chiral DW
injector, namely a Pt/Co/AlO, wire consisting of two regions
with IP and OOP magnetization, respectively. At the IP-OOP
boundary between the two regions, the magnetic configuration
is determined by the interplay between the exchange interaction,
magnetic anisotropy, and DMI. The effect of the DMI can be
described by an effective field, HIM  which acts on the local
magnetization direction M. Considering for simplicity a one-
dimensional wire elongated along x, the effective DMI field is
given by [12, 15]:

Hdl’ni _ 2D ( dmZ dmx ) , (71)

S oM\ dx T dx

where D is the material-dependent DMI constant in units of
Jm~2, up is the vacuum permeability, M the saturation magne-
tization, and my and m, are the components of the normalized
magnetization vector m = M/M;. The sign of D determines the
favored chirality of the IP-OOP boundary, namely the sense of
rotation of m in the xz-plane. In Pt/Co/AlOy, D is negative, which
corresponds to a counterclockwise chirality [43]. Since M P can
point along +x (—) or —x (<) and M°°P can point along +z (©)
or —z (®), we can identify four distinct configurations in our
devices. These configurations differ in the energy density

Eimi = M. gami = pp -z, D

ot e 72)
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integrated over the direction perpendicular to the IP-OOP bound-
ary. The configurations (— ©)*, illustrated in Figure 7.6a, and
(«®)* have a low energy and are stabilized by the chiral cou-
pling, which is denoted by ”*”, whereas the (— ®)~ and («0)~
configurations are destabilized by the chiral coupling, which is
denoted by ”~”.

Taking D ~ —1.2mJm™2 [17, 43], the magnitude of || yoHdmi”
can be estimated by employing micromagnetic simulations to
determine the profile of the magnetization across the IP-OOP
boundary, as required by Equation 7.1. Using this method,
we estimate an average effective field || yoHdmi” ~ 100mT for
Pt/Co/AlOx. In the absence of external magnetic fields, H dmi can
be strong enough to revert the unstable configurations (— ®)~
and («0)~ back into the stable configurations (— ©)* or («®)*,
which is generally the case in nanomagnets [17]. (—®)~ and
(< 0)~ can be made metastable by increasing the dimension /
perpendicular to the boundary, which in turn increases the energy
barrier for magnetization reversal. For [ 2 125 nm in Pt/Co/AlOy,
the energy barrier is determined by the energy required to
nucleate a new DW. In this work, we study the SOT-induced DW
injection at IP-OOP boundaries and make use of the difference
in energy between the stable and metastable configurations to
enable and disable the current-induced injection.

7.2.2. Magnetic Anisotropy Characterization

The chiral domain injectors were produced using the selective
oxidation technique as described in Section 7.1.1, however, in-
stead of a Ta mask, we used a resist mask instead. The resist
mask will generally be thicker than a hard mask, potentially
leading to shadowing up to 20nm during the oxidation, but
can be removed without a trace after the oxidation. Using this,
we fabricated a magnetic wire consisting of two regions with
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Figure 7.6.:
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(a) lustration of the magnetic configuration (— ©)*
at an IP-OOP boundary in a Pt/Co/AlO wire. (b)
In-plane hysteresis loop and (c) corresponding dif-
ferential MOKE image recorded with a MOKE mi-
croscope in longitudinal mode. (d) Out-of-plane
hysteresis loop and (e) corresponding differential
MOKE image recorded with a MOKE microscope in
polar mode. The IP-OOP boundary is located at the
border between the black and white regions. Here,
the magnetization is strongly influenced by the DMI,
which favors the (— ©)* or («®)* configurations.

different anisotropies, as shown in Figure 7.6a where the left half
is IP and the right half is OOP. These wires were then examined
using a home-built wide field MOKE microscope.

The longitudinal MOKE measurements, which are sensitive
to the m, component, are shown in Figure 7.6b and 7.6¢c. The IP
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region has uniaxial anisotropy that favors the direction parallel to
the wire axis (+£x), as shown by the almost square hysteresis curve
in Figure 7.6b measured as a function of in-plane magnetic field
Hy. The differential MOKE image (Figure 7.6c) was obtained by
taking the difference between the images of the remanent states
taken at zero field after saturating along +x and —x, respectively.
The contrast in the image indicates that the IP signal originates
from the left half of the wire. The uneven contrast in the IP region
is a result of the region breaking into domains and the low signal
to noise ratio of the longitudinal MOKE. To measure the OOP
component of the magnetization, m,, we switch the microscope
to the polar mode and repeat the hysteresis measurement but
now with a magnetic field H, along +z. The square hysteresis
loop, shown in Figure 7.6d, implies a uniaxial OOP anisotropy
and, from the differential MOKE image in Figure 7.6e, we can
confirm that the signal is coming from the right half of the wire.
Furthermore, this observation confirms that the IP region is
fully IP, as small OOP domains would be clearly visible due
to strong contrast in the polar MOKE. This demonstrates that
our fabrication method succeeds in sharply defining regions of
different anisotropies.

7.2.3. Asymmetric Domain Nucleation

To investigate the current-induced domain nucleation in the
OOP region we used the MOKE microscope in polar mode to
locate the domain nucleation sites in a 4 um wide magnetic wire.
Examples of the differential MOKE images, which show the
difference between an image taken before and after nucleation
attempts, are shown in Figure 7.7a and 7.7b. As can be seen, the
nucleation generally occurs not only at the IP-OOP boundary
but also elsewhere on the sample due to random defects in the
film. We elucidate the difference between the thermally induced
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Figure 7.7.: Differential MOKE images of IP-OOP boundaries
showing current-induced domain nucleation at de-
fect sites (a) or at the boundary itself (b). The scale
bars correspond to 4 um. (c) Illustration of the mag-
netic configuration (— ©)* before the indicated cur-
rent pulse j. was applied. (d) The nucleation proba-
bility at defects (orange) and at the boundary (green)
for (— ®)*, measured for two different current densi-
ties. (e-j) Remaining configurations and associated
nucleation probabilities. For (— ©)* and («®)*, the
nucleation at the boundary is strongly suppressed,
whereas for («©)~ and (—®)~ it is promoted. The
nucleation at defects displays no dependence on the
magnetic configurations.
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nucleation at defects and the deterministic nucleation at the
IP-OOP boundary by probing both the current dependence and
field dependence of the domain nucleation.

We begin with the domain nucleation in the (—©)* configu-
ration as shown in Figure 7.7c. This configuration was set with
two short, external magnetic field pulses, first gH, = 100mT
in +z direction and then poHyx = 50mT in +x direction. We
then sent the current pulse in the +x direction to nucleate a
® domain, with no applied magnetic field, and compared the
images before and after the current pulse. This procedure was
repeated one hundred times for two current densities, namely
j1 =3.7% 10" Am=2 and j, = 4.3 x 10! Am~2. The statistics of
the domain nucleation can be found in Figure 7.7d, where the
green bars represent the nucleation that occurred at the boundary.
For ji, we observe almost no nucleation in the wire, neither at the
IP-OOP boundary nor at defects. For the higher current density
j2, the nucleation at the boundary increases slightly to 6 % while
defect-mediated nucleation increases to 100 %. So far, the data
indicate that domain nucleation at the IP-OOP boundary is much
less likely than nucleation at defects.

We then repeated the nucleation experiment for («<-©)~ as
illustrated in Figure 7.7e. We now saturate with H, and —Hy
field pulses, while keeping the same current direction. For this
configuration, unlike for (—©)", the nucleation at the IP-OOP
boundary was achieved even with the lower current density j;
as shown in Figure 7.7f. The defect-mediated nucleation on the
other hand, is still rare. For j,, the boundary-mediated nucle-
ation probability stays at 100 % while the nucleation probability
at defects increases dramatically, as was observed in the (= ©)*
configuration. The nucleation probability of the remaining two
configurations («®)* and (—®)~, see Figure 7.7g and 7.7h, re-
spectively, agrees with the asymmetry of the domain nucleation.
The juxtaposition of the boundary-mediated nucleation probabil-
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ities of stabilized and destabilized configurations reveals the role
of the DMI in suppressing or promoting the domain nucleation in
the OOP region, especially when we take into account how little
the nucleation at defects changes between the different chiralities.
Furthermore, the boundary-mediated nucleation consistently
requires less current in the destabilized states («+—©)~ and (—®)~
compared to the nucleation at defects or at the edge of the wire.

The asymmetric domain nucleation probabilities of (— ©)* and
(«<=0©)~ can be explained by considering the action of the effective
field H™, and more specifically of its z-component. As stated
in Equation 7.1, the z-component of H4™ depends on the change
of my and D, which is negative for our system. Evidently, my
always goes to zero in the OOP region whether it is © or ®, so the
z-component of H™ is entirely determined by M'P. For (—0)*,
where M'P points along +x, the z-components of both H4™ and
MP°°P are positive. As a consequence, the DMI opposes the
reversal and strongly inhibits domain nucleation. When MP is
reversed, as in the (< ®)~ configuration, H4™! is also reversed and
has a negative z-component opposing M°°P, which destabilizes
this configuration and greatly facilitates the reversal of M°°P by
SOTs. The domain nucleation in the remaining configurations
(«®)* and (—®)" follows the same logic, where HY™ inhibits
and promotes the nucleation, respectively.

Finally, we note that the boundary-mediated nucleation in the
OOQP region was only observed for a current flowing along +x,
i.e., from the IP to the OOP region. This is a natural consequence
of the DW propagation direction being parallel to the injected
current in Pt/Co/AlOy [19]. For the opposite current direction,
the nucleation should occur in the IP region, but this was not
observed. We ascribe the absence of nucleation in the IP region
to the combination of the different magnetic anisotropy and
switching geometry, which lead to different dynamics [96].
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Figure 7.8.: Micromagnetic simulation of the domain nucleation
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at IP-OOP boundaries for two different magnetic
configurations. For j. = 4 X 102 Am~2, no nucle-
ation is observed in (a) for (— ©)*. For («<©)~ in (b),
however, the nucleation is facilitated and a domain
is injected into the wire. This leads to a full rever-
sal of the OOP region resulting in a stable («®)*
configuration. (c) Combining the trajectory of the
magnetization in (c) with the temporal evolution of
the SOTs and DMI-induced torques in (d), we can
deduce that the nucleation is induced by SOTs in
the first 0.1 ns, but that afterwards, the main driving
force for the reversal is the chiral coupling induced by
the DMI. Once the z-component of the magnetization
changes sign, the magnetic configuration follows the
chirality imposed by the DMI and the torque exerted
by the DMI quickly falls off.
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7.2.4. DMI-driven Domain Nucleation

To shed more light on the asymmetric domain nucleation and the
influence of the DMI on the configuration at the I>-OOP boundary,
we performed micromagnetic simulations using OOMME [179]
(Figure 7.8). The simulated sample consists of a square 400 nm
x 400nm IP region, which was kept small to save computing
time, and a 400 nm x 600 nm OOP region with a sharp IP-OOP
boundary. The uniaxial anisotropy of the OOP (IP) region was set
to K°P = 625 kJm~3 (K'P = 650 kJm~2). Note that, in our conven-
tion, K'P is positive, reflecting the IP uniaxial anisotropy along
the wire axis found in the longitudinal MOKE measurements.
In order to simplify the model and reduce the parameter space,
other interface-dependent quantities, such as the DMI constant
D = —1.2mJm™?, field-like torque T =7mT per 10'2 A/m?, and
damping-like torque T = 18 mT per 10'2 A/m? [21, 22], are as-
sumed to be constant across the IP-OOP boundary. In general,
however, these parameters may vary with the oxidation profile.
Similarly, we assumed the same bulk material parameters for the
two regions, namely M* = 900 kAm™! and exchange coupling
A% =1.1x 10" Jm™’. In Figure 7.8a and b, we show the results
of the simulations of the nucleation and propagation processes
for the (— ©)" and («©)~ configurations, respectively. In both
simulations, a current density of 4 x 10'2 Am~2 was applied and
no external magnetic field was present. In Figure 7.8a, the first
frame at Ons represents the relaxed configuration (— ©)* with
no current applied. In agreement with our measurements, we
observe no switching in this case. We do however observe a
small tilt of M°°P towards the y-direction due to the SOTs, H4™
has a positive z-component opposing magnetization reversal.
In contrast, for the (<~ ®)~ configuration shown in Figure 7.8b,
a ® domain nucleates in the OOP region after 0.25ns as HI™
now assists the magnetization reversal. The nucleated domain
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quickly grows until the DW eventually spans the whole width of
the wire at 1.2ns and then continues to propagate in the direction
of the current. Interestingly, the nucleation always occurs at the
bottom edge of the wire for this configuration. This behavior
is the result of the canting of the magnetization at the edge of
the sample due to the DMI [21]. For the (<)~ configuration,
the initial tilt of the magnetization at the bottom edge favors its
rotation in the same sense as that promoted by the SOTs, whereas
at the top edge the tilt is in the opposite direction, inhibiting the
effect of the SOTs. In the other metastable configuration (—®)~,
the canting is reversed and nucleation always starts at the top
edge.

To gain deeper insight into the dynamics of the nucleation
process, we analyze the trajectory of M°°P in a single cell of the
OOMMF simulation, located at the bottom edge of the wire,
8 nm away from the IP-OOP boundary. In Figure 7.8c, we show
the directions of the torques that act on M°°P at the start of the
reversal, i.e., the damping-like torque, T o« M X (y X M), field-
like torque, T oc y x M and T9™ exerted by the chiral coupling.
In the resulting trajectory of M°°P in Figure 7.8c, it can be seen
how the magnetization first tilts toward the z-axis and then
rapidly reverses by tilting towards the y-direction. The temporal
evolution of the torques, presented in Figure 7.8d, demonstrates
that the initial tilt is induced by the SOTs but, once M°°P has
moved sufficiently away from its metastable position, the effect of
the DMI rapidly increases, eventually pulling the magnetization
towards —z. At the same time, the SOTs decrease, showing that
the DMI becomes the main driver of magnetization reversal,
whereas the SOTs are responsible for starting the process. This is
in agreement with the experimentally observed reduction of the
critical current density for the nucleation at the IP-OOP boundary,
which is mainly just required to start the reversal.

In our experiments, the boundary-mediated nucleation in the
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4 um wide wires shown in Figure 7.7a was generally more hetero-
geneous compared to the nucleation observed in the simulations.
In particular, bubble-like domains formed at the boundary and
merged with further application of current pulses. We ascribe
this behavior to the quality of the IP-OOP boundary. If, instead
of a perfectly straight boundary, we consider a boundary with
a notch, a small OOP area next to the notch will be associated
with a longer IP-OOP boundary, which increases the chiral cou-
pling and, as a consequence, the nucleation efficiency in that
area. For narrower lines we generally observed more homoge-
neous nucleation and a stronger asymmetry in the nucleation
probability.

7.2.5. Driving Domain Wall Conduits

As the next step, we utilize the asymmetric domain nucleation
probabilities to deterministically inject and propagate DWs into
a 800 nm wide conduit (see Figure 7.9a) using a stream of current
pulses of fixed amplitude and direction. We used a relatively high
current density of jo = 7 x 10! Am~2, which is not needed for
the nucleation but to overcome the pinning for DW propagation.
Since the higher j. also increases the DW velocity, we shortened
the pulse length to 35ns in order to maintain a fine level of
control over the propagation. The first differential MOKE image
shown in Figure 7.9a corresponds to the initial magnetization
configuration («®)* of the DW conduit, which we set with two
consecutive external magnetic field pulses, —poH, = —80mT
followed by —ugHx = =80 mT. As this is a stable configuration,
we first prime the DW injection by reversing M'P with an external
field pulse Hy. After changing the configuration to (—®)~, the
first current pulse injects an © domain into the conduit, as shown
in the second frame in Figure 7.9a. Every subsequent current
pulse only causes the DW to propagate since the configuration
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Figure 7.9.: Optical microscope image of an 800nm wide DW
conduit (left) and differential polar MOKE images
of domain injection in the conduit. Starting from a
saturated state, we make use of the asymmetric do-
main nucleation probabilities to inject a controlled se-
quence of alternating © and ® domains. Two current
pulses j. were injected between each frame shown.
The domain nucleation was enabled with a short
external field pulse Hy as indicated below the frames.
The scale bar corresponds to 2 um.

was changed to (— ©)* after the injection, which is stable. The
somewhat uneven DW velocity between the frames is caused
by the pinning in Pt/Co/AlOy. Nevertheless, the length of the
injected domain can be precisely controlled and, once the desired
domain size is reached, the nucleation can be once again enabled
by reversing M'P with an external field pulse —Hy to give the
(< 0)~ configuration. After the injection of another ® domain
of arbitrary length, we cycled back to the starting configuration
(«®)*. This whole process can be repeated to obtain sequences
of domains with arbitrary domain lengths.

To further demonstrate the injection process in miniaturized
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Figure 7.10.: (a) Illustration of a 100nm wide DW conduit on
top a Pt Hall cross. In this device, the injection
can be measured electrically using the anomalous
Hall effect. The top two plots in (b) are the field
and current protocols, where each peak represents
one corresponding pulse. After each current pulse,
the AHE shown in the bottom plot changes sign
indicating that M°°P reversed. The domain nucle-
ation in the OOP region is enabled by reversing the
IP region with an external field Hy between each
current pulse.

structures, we fabricated DW conduits with a width of 100 nm and
used the same nucleation protocol but with longer pulses, namely
100 ms, to reverse the entire length of the conduit (10 um). Since
the width is below the optical resolution of MOKE, the conduits
were fabricated on a Hall cross to measure M°°P electrically using
the AHE, as shown in Figure 7.10a. As the AHE is proportional
to m,, an inversion of the Hall signal signifies the passage of a
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DW and the subsequent reversal of the magnetization of the wire.
In Figure 7.10b, we demonstrate how two cycles of switching,
from © to ® and back again, are achieved using the asymmetric
domain nucleation probabilities. Each cycle starts with a high
AHE signal for the configuration (—©)*. Nucleation is then
enabled by applying —H. The AHE remains positive indicating
that M°°P has not yet changed but, once a current j. is applied,
MP°°P reverses, causing a sharp drop in the AHE. To switch the
magnetization back, the same procedure is followed but this time
applying +Hy instead of —H, to go from («®)* to (= ®)".

7.3. Summary

In conclusion, we discovered the lateral chiral coupling, which
governs the properties of the magnetization at IP-OOP bound-
aries. These IP-OOP boundaries were created by engineering
the magnetic anisotropy of Pt/Co/AlOy using selective oxidation
of the IP magnetized regions to induce perpendicular magnetic
anisotropy. We found that the magnetization configuration and
dynamics at the IP-OOP boundary are strongly influenced by
the chiral coupling, which we can express as an average effec-
tive field HyoHdmi” ~ 100mT across the DW, which stabilizes
configurations that follow the chirality imposed by the DMI and
destabilizes configurations with the opposite chirality.

In IP-OOP nanomagnets, the chiral coupling was found to
induce an exchange bias strong enough to force chiral magne-
tization configurations even in the absence of external fields.
Furthermore, we demonstrate that these nanomagnets can be
daisy-chained. In such chains of alternating IP and OOP nano-
magnets, the chirality at the boundaries causes the OOP regions
to couple antiferromagnetically. The antiferromagnetic coupling
is not limited to a one dimensional chain though. This was
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demonstrated with the fabrication of an antiferromagnetically
coupled square lattice of nanomagnets, where the coupling led to
the spontaneous formation of antiferromagnetic domains. Lastly,
we also explored the usage of curved IP-OOP boundaries in
synthetic skyrmion.

Not only does the chiral coupling impact the static magnetiza-
tion, it also changes the dynamic properties as was observed in
the SOT-induced magnetization reversal of IP-OOP nanomagnets.
Whereas in OOP nanodots the deterministic SOT-induced rever-
sal requires a magnetic bias field, in our IP-OOP nanomagnets we
achieved field-free switching. Our measurements indicate that
instead of reversing the OOP region directly, the SOTs reverse
the IP region, which reverses the OOP region through the chiral
coupling.

We then left the size regime in which the chiral coupling
dominates the magnetization configurations and investigated
the usage of IP-OOP boundaries in nano/microwires. Here, we
exploit the reconfigurable energy landscape induced by the IP-
OOP boundary to design chiral DW injectors for the use in DW
conduits. For current-induced nucleation, the consequence of
H9™i js that switching from metastable to stable configurations is
greatly facilitated, lowering the required current density, whereas
switching from stable to metastable configurations is strongly
inhibited. Micromagnetic simulations show that current-induced
nucleation at these IP-OOP boundaries is initiated by SOTs, but
that the main driving force for the magnetization reversal is H™.
This is in agreement with the lower critical current densities
systematically observed for domain nucleation at the destabilized
boundary compared to nucleation at defects or at the edges of
the device.

Finally, we explore the possibility of integrating these IP-OOP
boundaries into DW conduits of different widths in order to
exploit the chiral coupling for DW injection. Using a simple
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field and current pulse scheme, we successfully demonstrate the
injection of an alternating sequence of © and ® domains into
conduits as narrow as 100 nm. The inherent asymmetry in the
nucleation probability for different chiralities provides a means to
freely configure the length of the injected domains by controlling
the magnetization of the IP region. Our devices have an inherent
one-dimensional design with only two contacts, making their
implementation simpler than Oersted-field or magnetic tunnel
junctions. The injector is also insensitive to OOP magnetic fields,
making it very flexible for DW studies. If required, the need for
an external IP field to set the initial state of the injector can be
overcome by adopting one of the following solutions: i) switching
of the IP magnetization by SOTs using an IP region patterned
at an angle with respect to the current direction (two-terminal
device), ii) switching of the IP magnetization by SOTs using a
four-terminal geometry, and iii) using a Y-shaped injector with
two IP regions with opposite magnetization and toggling the
current between the two arms of the Y (three-terminal device).
Compared to DW injectors based on spin-transfer torques at IP-
OOP boundaries in the absence of DMI [165], the application of
SOTs in combination with the chiral coupling lowers the critical
current density for deterministic injection in nanoscale devices
by an order of magnitude, down to 10'! Am~2 without putting an
upper limit on the current density to reach higher DW velocities.
Moreover, the asymmetric domain nucleation probability using
chirally coupled IP-OOP boundaries gives complete control over
the length of the injected domains using a stream of unipolar
current pulses with a single current density and pulse length.
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In this thesis we set out to explore two facets of FM/oxide
interfaces. One are MR and current-induced effects and the other
are the magnetic anisotropies that arise at these interfaces, and
how they can be used to induce lateral chiral coupling.

Crystalline MR and Current-induced Effects We developed a
measurement and data analysis methodology for the characteri-
zation of the crystalline MR, SOTs and UMR. The first step in this
process was to improve the data acquisition by implementing
a proper triggering scheme, which lowered jittering in digital
signal processing and allowed for more precise measurements of
much smaller signals. Next, we built a data analysis framework
that allowed for more structured and convenient data handling
and exploration. Using this framework, we wrote an all-in-one
SOT extraction code based on an iterative fit. In this fit, we
employed parallelized LLG-simulations and highly efficient lin-
ear equation solvers to quantify the MR and current-induced
effects and magnetic anisotropies. Despite the large collection of
measurements required to quantify these effects, which includes
field, current and angular dependencies, the code was optimized
to allow for the total iterative fit process to complete in a few
minutes.

These advances in data acquisition and processing opened
the door to the observation of the UMR and SOTs in epitaxial
MgO(001)/Fe/oxide layers. These effects are usually associated
with the presence of external spin current sources, such as a
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neighboring HM layer. Instead, our measurements indicate
that the spin current intrinsically produced by the Fe and its
interfaces suffice to generate these effects. The strength of these
effects was found to be one to two orders of magnitude smaller
than in the HM/FM reference systems. However, unlike in these
systems, the epitaxy in our Fe layers imprinted a crystalline
anisotropy on all phenomena that we observed. By correlating
the crystalline anisotropy of the SOTs and the UMR, we gained
insight into the spin dynamics of the system. Furthermore,
exchanging the top oxide interface from a nominally epitaxial
Fe/MgO interface to a more disordered Fe/AlOy interface was
shown to have a direct impact on the crystalline anisotropy of
the current-induced effects. In particular, the 4-fold symmetry
in SOTs deteriorated, whereas the anisotropy of the UMR was
enhanced, which indicates different interfacial contributions.
This demonstrates that the crystalline anisotropy can provide us
with valuable information that is difficult to extract from a single
current direction.

The fact that we observe the CMR, UMR and SOTs even in the
nominally symmetric MgO/Fe/MgO structure is attributed to the
sensitivity of these effects to miniscule changes in the interface
properties. However, this sensitivity proved problematic in
conclusively determining the sign and strength of the SOTs as well
as in identifying microscopic origin of the current-induced effects.
To unravel the different contributions to the SOTs in single FM
layers, future studies shall ensure a high level of control over the
quality of the top interface in terms of morphology and oxidation.
One way to do this is to grow sets of nominally identical FM
layers with different levels of interfacial oxidation. Alternatively,
one might perform resistivity, MR, and SOT measurements in-
situ, during the oxidation process in a dedicated vacuum system.
In this way, one would eliminate any change of the MR and SOTs
due to unintentional variations of the bottom interface and FM
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thickness.

Another path to follow is to overpower spurious effects by
investigating FM single layers in which the current-induced
effects are stronger. One material option would be CoFe alloys,
for which our preliminary measurements indicate that the CMR
is very strong. In the Fe single layers studied here and prior
studies on GaAs/Fe, it was shown that through an increase in
the FL SOTs the ratio between the CMR parameters b and c can
change to a point where the a-dependence reverses sign. In
CoFe, the ratio between the CMR parameters is skewed even
more, resulting not only in a sign reversal of the CMR but also
a sign reversal of the apparent angular dependence R in the
xy-plane. Additionally, any material with high spin polarization
such as Heusler half metals [180] could amplify the sd-UMR

response and facilitate its study:.

Chiral Coupling Not only do oxide interfaces play a role in the
electrical and spin transport properties, they also have an impact
on the magnetic anisotropy of FMs and the DMI. We leveraged
this fact in Pt/Co/AlOy to induce and control lateral coupling
between nanomagnets with IP and OOP magnetization mediated
by the DML. For this, we expanded our device fabrication tool set
and combined nanolithography techniques with ex-situ oxidation
to produce IP-OOP magnetization patterns in Pt/Co/AlOy with
a spatial resolution better than 50nm. We demonstrate how
the DMI at these boundaries manifests as a an exchange bias,
coupling adjacent IP and OOP regions to each other. Furthermore,
in arrays of coupled IP-OOP nanomagnets, the chiral coupling
was shown to induce in antiferromagnetic arrangement of the
nanomagnets [181].

In larger magnetic structures, such as magnetic DW conduits,
the chiral coupling is not the dominant factor in determining
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the magnetization direction of the magnetic components. Nev-
ertheless, its influence is still present at the IP-OOP boundary,
which we exploited to fabricate chiral DW injectors using SOTs
[25]. We discovered that these IP-OOP boundaries can serve as
efficient nucleation sites and that the nucleation energy barrier in
these boundaries can be controlled via the chirality of the IP-OOP
magnetic configuration in the boundary. Using this discovery,
we demonstrated a domain injection scheme to drive DW con-
duits using a stream of unipolar current pulses. While for this
demonstration we applied short external magnetic field pulses to
control the chirality of the IP-OOP configuration, we also propose
several all-electrical chiral injector designs. The realization of the
all-electrical chiral injector would be an important next step to
take for these devices.

The demonstration of the lateral chiral coupling and the chiral
domain injector was followed by the design of DW logic devices
based on chirally coupled DW conduits [18]. Unlike previous
implementations of DW logic [151], this new implementation
builds on the use of SOTs to propagate DWs, which in principle
allows for all-electrical operation. In these devices, the antifer-
romagnetic coupling between OOP magnetized DW conduits
through a narrow IP magnetized section was shown to function
as a DW inverter. As a DW passes through this inverter, the IP
component of the Néel DW reverses, which essentially flips the
information contained in the DW. Basic logic functions, such as
NAND and NOR, were achieved by coupling multiple IP-OOP
boundaries to a single output. Since these logic gates are based
on DW conduits, they can be cascaded simply by daisy-chaining
the individual gates. This culminated in the demonstration
of XOR and full adder gates, which lays the foundation for
memory-in-logic applications.

Although the domain nucleation dynamics at IP-OOP bound-
aries was explored in this thesis, the mechanism behind the
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transmission of DWs through inverters is still in question. First
indications suggest that the straight I>-OOP boundary is not the
most efficient geometry to induce the chiral coupling. Thus, a
thorough investigation of the IP-OOP boundary shape on the
dynamics could provide us with new techniques to engineer the
energy landscape, and consequently improve the nucleation and
transmission of DW through these barriers.

In Pt/Co/AlOy , the operation of DW conduits has also shown
suffer from pinning sites, which slow down the DW propagation.
This problem could be solved by moving towards materials in
which the DW propagation was proven to be more efficient, such
as CoFeB.

To further increase the DW velocity in DW conduits we can
also consider to make use of the interlayer coupling, as was done
in synthetic antiferromagnetic DW conduits [171]. Here, the
antiferromagnetic coupling of two stacked OOP DW eliminates
the net magnetic moment of the structure and the demagnetizing
field of DWs, resulting in up to five times faster DW velocities
and the potential of much denser packing of domains in the
conduit. The first step in combining the lateral chiral coupling
with the interlayer coupling could be to stack a chirally coupled
DW conduit on top of an ordinary OOP magnetized DW conduit
in a structure such as Ta/Co/Pt/Co/AlOy . To induce the IP-OOP
coupling in both conduits, the ex-situ plasma oxidation by itself
is not a sufficient, as it does not affect the bottom conduit. To
achieve that, fabrication techniques to locally control the OOP
anisotropy through the bottom interface have to be developed.

For now we have treated the DMI as a material parameter that
is set at the sample fabrication stage. However, the voltage-tuning
of the DMI has been demonstrated in recent years to be a powerful
tool to control the DMI during the operation of the device [182].
Essentially, this would give us control over the strength of the
antiferromagnetic coupling in OOP-IP-OOP inverter gates, which
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8. SuMMARY AND OUTLOOK

allows us to enable and disable the transmission of DWs through
the gate at will.

Finally, the device designs we presented in this thesis are
only one of several building blocks that would make up a fully
functional logic device. Thus a major next step, would be to test
compatibility and combine our building blocks with established
device components, such as with the magnetic tunnel junction on
top of the conduit to read the information stored in the conduit.
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A. Device Fabrication

A.1. Fabrication of MgO(001)/Fe/Ox Hall bars

The first set of samples studied in this work are epitaxial single
layer ferromagnets sandwiched between oxides, specifically

MgO(001)/Fe(t€) /MgO(t™8°) / AlO, (£21°) (A.1)

and
MgO(001)/Fe(t)/ AlO, ()#21°%). (A.2)

The thickness of the Fe layers was t¢ = 2nm, the MgO thick-
ness was m8° = 2 nm and the AlOy thickness was +*°* = 2 nm.
Our focus with these sets of samples was to measure magneto-
transport phenomena as a function of the current direction vs.
crystal axes. For this purpose we need densely packed Hall
Bars which rotate with respect to the crystal axes, contact pads
both for visibility and facilitated microwire bonding and support
structures such as labels and alignment marks. The layer by
layer fabrication process is illustrated in Figure A.1 and the rest
of this section will list the recipe used for the fabrication of these
samples starting from an empty 1 cm MgO crystal substrate. The
fabrication of these samples require a MBE setup, which we have
in-house, an EBL tool, a thermal evaporator and an ion miller,
which were located at the cleanroom facilities of the PSI.
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A. Device FABRrRICATION
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Figure A.1.: Illustration of the device fabrication of epitaxial Fe
devices. (1) MgO(001) substrate. (2) Fe/MgO/AlO
deposited by MBE. (3) Cr/Au/Cr contact pads added,
where Cr layers were used on the bottom for better
wetting and on top as an etch protection. (4) AlOy
etch mask added to form Hall bar. (5) Final device
after etch. The illustration is not to scale.

(1) Summary and template of common steps
e ! General cleaning

10 min ultrasound sonication in Acetone at 50 °C

10 min ultrasound sonication in IPA at 50 °C

Dry with nitrogen spray gun

Heat to 100 °C for 5 min on a hotplate

o2 Spin coat (resist) at (rotation) and bake for (time) at
(temperature)

— Place in spin coater and clean surface from debris
with nitrogen spray gun

— Apply one three droplets of (resist) in the center
of the substrate

- Spin at (rotation) without a lid
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A.1. FasricarioN oF McO(001)/Fe/Ox HaLL BARS

— Clean the back of the substrate with acetone
soaked cleanroom tissue to prevent sticking and
retain a flat surface

— Bake resist at (temperature) for (time) on a hot-
plate

e 3 Lift-off

Place sample in Acetone overnight

Heat acetone to 50 °C and leave sample in it for
10 min

Ultrasound sonication in hot Acetone for 10 min

Place sample into a new hot Acetone bath and
continue sonication for 5min

Ultrasound sonication in hot IPA for 10 min

Dry with nitrogen spray gun

171



A. Device FABRrRICATION

(2) Growth of epitaxial Fe layer and oxide cap using MBE
e Fe 2nm deposition
— Clean sample!
- Mount into MBE system
- Bake in UHV at 600 °C

- Measure Fe deposition rate (~ 1 A min™) with
quartz balance where the sample will positioned
for the deposition

- Swap sample and quartz and deposit 1 nm pre-
suming constant deposition rate

- Swap and measure the deposition rate again

— Deposit remaining 1 nm and compensate change

of deposition rate between first and second mea-
surement.

e Optional MgO 2nm deposition

— Deposit a few monolayers of Mg in UHV and stop
deposition with a shutter

— Introduce 1077 mbar of oxygen gas to the deposi-
tion chamber and oxidize the already deposited
Mg over 1min

— Open shutter and finish reactive deposition of
2nm MgO

e Initial AIO, growth (Only done if no MgO was de-
posited)
— Deposit a few monolayers of Al in UHV and stop
deposition with a shutter

— Introduce 1077 mbar of oxygen gas to the deposi-
tion chamber and oxidize the already deposited
Al over 1 min
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A.1. FasricarioN oF McO(001)/Fe/Ox HaLL BARS

e AlOy deposition on Fe/Ox as protection layer

— Introduce 10~7 mbar of oxygen gas to the deposi-
tion chamber

— Deposit 5nm of AlOy reactively
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A. Device FABRrRICATION

(3) Fabrication of alignment markers, labels and contact pads

e Spin coating MMA/PMMA double layer resist with
total thickness of ~ 300 nm

- Clean sample!

- Spin coat 4% MMA at 1500 rpm and bake for
5 min at 180 °C2

- Spin coat 1 % 950 k PMMA at 1500 rpm and bake
for 5 min at 180 °C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

— Mount sample with two metal clamps and make
sure they go through the resist and touch the
conducting layer

— Manually align exposure using the corners of the
sample

— Expose a dose of 700 uC/cm? using 100nA at
100 keV

— Develop in 3:7 water/IPA solution for 30s, con-
stantly moving the sample

- Stop development in IPA
- Dry with nitrogen spray gun
e Thermal deposition of Cr/Au/Cr

- Mount sample and pump down to base pressure
(= 107® mbar)

- Deposit Cr 5nm as a seed layer
- Deposit Au 50 nm
— Deposit Cr 20nm to protect from etching
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A.1. FasricarioN oF McO(001)/Fe/Ox HaLL BARS

o Lift-off
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A. Device FABRrRICATION

(4) Fabrication of Hall bars

e Spin coating MMA/PMMA double layer resist with
total thickness of ~ 100 nm

- Clean sample!

— Spin coat 4% MMA at 4000 rpm and bake for
5min at 180 °C?

— Spin coat 1 % 950 k PMMA at 4000 rpm and bake
for 5 min at 180 °C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

— Mount sample with two metal clamps and make
sure they go through the resist and touch the
conducting layer

- Automatically align exposure with alignment
markers

— Expose dose of 700 uC/cm? using 1 nA at 100 keV

— Develop in 3:7 water/IPA solution for 30s, con-
stantly moving the sample

- Stop development in IPA
- Dry with nitrogen spray gun
e Thermal evaporation of AlOy etch mask

- Mount sample and wait until the pressure reaches
107> mbar

— Deposit 1 nm Al with low power/rate in moderate
vacuum to reactively oxidize

— Vent system to expose the deposited Al to more
oxygen
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A.2. FaBricatioN of P1/Co/ALO, DOMAIN WALL INJECTORS

— Repeat deposition and venting until a total of
~ 10nm grown

e Lift-off’
e Ar* jon milling
— Etch for 30s at an angle of incidence of 30° while
rotating at 15rpm

— Check resistance of the sample with a voltmeter
from corner to corner

— If sample still conducts, continue etching in 10s
steps

A.2. Fabrication of Pt/Co/AlO, domain wall
injectors

In these Pt/Co/AlOx we are aiming to control the PMA of the
system by engineering the oxidation of the Co/AlOy interface.
By selectively oxidizing areas we can create lateral interfaces
between IP and OOP magnetized areas. To study the properties
of these chirally coupled interfaces, we fabricated two types of
devices. First are IP/OOP nano islands, in which the effects of the
chiral coupling are strongly highlighted, and second are magnetic
domain wall racetracks in which we employ the IP/OOP interfaces
as domain wall injectors. While the device geometry between the
two systems are very different, the fabrication process remains
similar. The sputter deposition and DC plasma oxidation were
conducted in our in-house setup, while the EBL tool and ion
miller were situated in the cleanroom facilities at the PSI. The
fabrication process is detailed below.
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A. Device FABRICATION

Side View

Top View

| SiOx

] |-

EPt BMCo HMA [AOx BEMResist ECr [OAu

Figure A.2.: Device fabrication Pt/Co/AlOy domain injectors. (1)

As grown Pt/Co/Al with naturally oxidized Al. (2)
Al oxidation mask added. (3) Ex-situ oxidation with
oxygen RF-plasma to induce PMA in unmasked area.
(4) Resist etch mask applied. (5) Final device after
etch and addition of contact pads. The illustration is
not to scale.

(1) Summary and template of common steps

178

! General cleaning
— 10 min ultrasound sonication in Acetone at 50 °C
— 10 min ultrasound sonication in IPA at 50 °C
- Dry with nitrogen spray gun
— Heat to 100 °C for 5 min on a hotplate

2 Spin coat (resist) at (rotation) and bake for (time) at
(temperature)

— Place in spin coater and clean surface from debris
with nitrogen spray gun

— Apply one three droplets of (resist) in the center
of the substrate

- Spin at (rotation) without a lid



A.2. FaBricatioN of P1/Co/ALO, DOMAIN WALL INJECTORS

— Clean the back of the substrate with acetone
soaked cleanroom tissue to prevent sticking and
retain a flat surface

— Bake resist at (temperature) for (time) on a hot-
plate

e 3 Lift-off

Place sample in Acetone overnight

Heat acetone to 50 °C and leave sample in it for
10 min

Ultrasound sonication in hot Acetone for 10 min

Place sample into a new hot Acetone bath and
continue sonication for 5min

Ultrasound sonication in hot IPA for 10 min

Dry with nitrogen spray gun
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A. Device FABRrRICATION

(2) Growth of IP magnetized Pt/Co/AlOy
e Sputtering

— Clean substrate!

30 s oxygen plasma treatment in sputtering setup

Deposit 5nm of Pt

Deposit 1nm of Co

Deposit 2nm of Al

(3) Fabrication of alignment marks, labels and contact pads

e Spin coating MMA/PMMA double layer resist with
total thickness of ~ 300 nm

— Clean sample!

— Spin coat 4% MMA at 1500 rpm and bake for
5min at 180 °C?

- Spin coat 1% 950 k PMMA at 1500 rpm and bake
for 5 min at 180 °C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

— Manually align exposure using the corners of the
sample

— Expose a dose of 700 uC/cm? using 100nA at
100 keV

— Develop in 3:7 water/IPA solution for 30s, con-
stantly moving the sample

- Stop development in IPA
- Dry with nitrogen spray gun
e Thermal deposition of Cr/Au/Cr
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A.2. FaBricatioN of P1/Co/ALO, DOMAIN WALL INJECTORS

- Mount sample and pump down to base pressure
(= 107® mbar)

— Deposit Cr 5nm as a seed layer

— Deposit Au50nm

— Deposit Cr 20nm to protect from etching
e Lift-off
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A. Device FABRrRICATION

(4) Patterning of racetrack, Hall cross or nano islands

e Spin coating ma-N resist with total thickness of ~
300nm

— Clean sample!

— Spin coat ma-N 2403 at 4000 rpm and bake for
1 min at 90°C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

- Automatically align exposure using alignment
markers

Expose dose of 300 1C/cm? using 1 nA at 100 keV

Develop in ma-D 533s (1% tetramethylammo-
nium hydroxide in aqueous solution) for 25s,
constantly moving the sample

Stop development in flowing water

Dry with nitrogen spray gun
e Ar" ion milling

— Etch for 30s at an angle of incidence of 30° while
rotating at 15 rpm

— Check resistance of the sample with a voltmeter
from corner to corner

— If sample still conducts, continue etching in 10's
steps
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A.2. FaBricatioN of P1/Co/ALO, DOMAIN WALL INJECTORS

(5) Patterning of nano island on Hall cross (only if Hall cross
was previously patterned)

e Spin coating ma-N resist with total thickness of ~
300nm

— Clean sample!

— Spin coat ma-N 2403 at 4000 rpm and bake for
1 min at 90 °C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

Automatically align exposure using alignment
markers

Expose a dose of 300 uC/cm? using 0.1nA at
100 keV

Develop in ma-D 533s (1% tetramethylammo-
nium hydroxide in aqueous solution) for 25s,
constantly moving the sample

Stop development in flowing water

Dry with nitrogen spray gun
e Ar* ion milling

— Etch for 30s at an angle of incidence of 30° while
rotating at 15rpm
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A. Device FABRrRICATION

(6) Selective oxidation

e Spin coating PMMA resist with total thickness of
~ 50nm

— Clean sample!

— Spin coat 1% 950 k PMMA at 4000 rpm and bake
for 5 min at 180 °C?

e EBL

— Clean the back of the substrate with acetone
soaked cleanroom tissue

- Automatically align exposure using alignment
markers

- Expose a dose of 700 uC/cm? using 0.1nA at
100 keV

— Develop in 3:7 water/IPA solution for 30s, con-
stantly moving the sample

- Stop development in IPA
— Dry with nitrogen spray gun
e DC plasma oxidation for 45s

e Clean sample!
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