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Abstract

Antiferromagnetic materials have emerged as key candidates in the field of spin-
tronics due to their intrinsic advantages: zero net magnetic moment, robustness
against external magnetic fields, and ultrafast magnetization dynamics in the THz
range. These properties highlight their potential to revolutionize information tech-
nologies by enabling stable, high-speed, and densely integrated devices. However,
the development of efficient mechanisms for writing and reading magnetic infor-
mation in antiferromagnets remains a significant challenge. Although electrical
switching of the Néel vector has been widely studied, it is often dominated by
thermal effects that obscure the ultrafast dynamics responsible for the materials’
unique appeal. Similarly, conventional readout schemes based on spin currents
tend to yield weak signals, limiting their practical applicability. Although readout
schemes based on orbital currents exist, the orbital currents themselves cannot
be directly utilized because they couple inefficiently to the spin magnetization in
magnetic materials. Consequently, they must first be converted into spin currents
to be utilized.

This thesis investigates thin films of CoO, a prototypical antiferromagnet with
a large, orbital moment, and explores switching and readout mechanisms from a
novel perspective. By studying CoO/Pt and CoO/Cu* heterostructures, where Cu*
refers to a naturally oxidized Cu layer, this work addresses the central challenges
related to the manipulation and detection of antiferromagnetic order in insulating
systems.

First, we demonstrate the coexistence of spin-orbit torque-driven switching
and thermal switching in ultrathin CoO/Pt films. By correlating the electrical read-

out with magnetic domain imaging, we demonstrate that the final magnetic state
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Abstract

cannot be accounted for solely by thermomagnetoelastic effects, indicating an ad-
ditional torque-driven contribution. This finding points to the potential for ultra-
fast, current-induced manipulation and switching in ultrathin antiferromagnetic
layers.

Second, we present the first (to our knowledge) experimental evidence of a
purely orbital interaction mechanism in antiferromagnets using CoO/Cu” bilay-
ers. By combining orbital currents with the orbital-dominated magnetization of
CoO, we achieve a two-order-of-magnitude enhancement in a magnetoresistance
signal. Notably, the absence of a heavy metal layer, and thus the absence of a con-
ventional spin current source, excludes spin-based mechanisms as the dominating
origin of the observed signal. Instead, Cu* is known to generate significant or-
bital currents, and we demonstrate that the enhanced readout signal arises from
the coupling of these currents to the large orbital moment in CoO. This finding
provides compelling evidence that orbital currents can serve as an efficient and
robust readout mechanism, marking a paradigm shift from spin-based approaches
and opening a new frontier in antiferromagnetic orbitronics.

Third, comparative studies on CoO/Cr and CoO/Cu/Pt trilayers show that the
effect is robust and not limited to the oxidation of the Cu. Because the surface
oxidation of Cu is difficult to control, it is essential to identify mechanisms and
materials that are suitable for real-world applications. In CoO/Cr, we find that the
readout signal is enhanced by a factor of five compared with measurements on
CoO/Pt. Moreover, the enhanced readout signal in CoO/Cu/Pt bilayers indicates
that the effect can as well originate from interface-driven orbital-current genera-
tion, rather than solely from oxidation of the Cu layer or other extrinsic effects.
This result demonstrates the feasibility of manufacturing stable, oxidation-free de-
vices and lays the groundwork for further investigations into interface effects and
the precise readout mechanism.

By demonstrating spin-orbit-torque-based switching and introducing a novel
readout mechanism based on orbital currents, this work constitutes a paradigm
shift in our understanding of spin- and orbital-driven phenomena in antiferro-
magnets. These results open new avenues for the field of orbitronics and establish
orbital angular momentum as a critical tool in developing faster, more energy-

efficient, and scalable magnetic technologies.
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Kurzzusammenfassung

Antiferromagnetische Materialien haben sich aufgrund ihrer intrinsischen Eigen-
schaften - kein Nettomagnetmoment, Robustheit gegeniiber externen Magnetfel-
dern und ultraschnelle Magnetisierungsdynamiken im THz-Bereich - als wichtige
Kandidaten im Bereich der Spintronik etabliert. Diese Eigenschaften unterstrei-
chen ihr Potenzial, Informationstechnologien durch stabile, schnelle und kompakt
integrierte Bauelemente zu revolutionieren. Die Entwicklung effizienter Mecha-
nismen zum Schreiben und Auslesen magnetischer Informationen in Antiferro-
magneten stellt jedoch weiterhin eine grofie Herausforderung dar. Obwohl elektri-
sche Schaltprozesse des Néel-Vektors intensiv untersucht wurden, werden sie hau-
fig von thermischen Effekten dominiert, die die ultraschnellen Dynamiken iiber-
lagern, welche die Materialien besonders attraktiv machen. Ebenso fithren her-
kommliche Ausleseverfahren, die auf Spinstromen basieren, meist zu schwachen
Signalen, was ihre praktische Anwendbarkeit einschriankt. Zwar existieren bereits
Auslesekonzepte auf Basis von Orbitalstromen, die Orbitalstrome selbst konnen je-
doch nicht direkt genutzt werden, da sie nur ineffizient mit der Spinmagnetisierung
in magnetischen Materialien koppeln. Folglich miissen sie zunachst in Spinstréme
umgewandelt werden, bevor sie genutzt werden konnen.

In dieser Arbeit werden CoO-Diinnschichten untersucht und Schalt- sowie
Auslesemechanismen aus einer neuen Perspektive betrachtet. CoO ist ein proto-
typischer Antiferromagnet mit grofflem Bahndrehmoment, und durch die Unter-
suchung von CoO/Pt- und CoO/Cu*-Heterostrukturen - wobei Cu* eine natiirlich
oxidierte Cu-Schicht bezeichnet - werden zentrale Herausforderungen im Zusam-
menhang mit der Manipulation und Detektion antiferromagnetischer Ordnung in

isolierenden Systemen adressiert.



Kurzzusammenfassung

Zunéchst demonstrieren wir die Koexistenz von Spin-Bahn-Drehmoment-ge-
triebenem Schalten und thermisch induzierten Effekten in ultradiinnen CoO/Pt-
Systemen. Durch die Korrelation elektrischer Auslesedaten mit Abbildungen ma-
gnetischer Doménen zeigen wir, dass der endgiiltige magnetische Zustand nicht al-
lein durch thermomagnetoelastische Effekte erklart werden kann, sondern auf die
Existenz eines drehmomentgetriebenen Mechanismus hinweist. Dieses Ergebnis
weist auf das Potenzial ultraschneller, strominduzierter Manipulation und Schalt-

vorgéange in ultradiinnen antiferromagnetischen Schichten hin.

Zweitens prasentieren wir den ersten (nach unserem Kenntnisstand) experi-
mentellen Nachweis eines rein orbitalen Wechselwirkungsmechanismus in Anti-
ferromagneten anhand von CoO/Cu*-Zweischichtsystemen. Durch die Kombinati-
on orbitaler Strome mit dem orbitaldominierten Magnetisierungsmoment von CoO
erreichen wir ein um zwei Groflenordnungen verstiarktes Magnetwiderstandssi-
gnal. Hervorzuheben ist, dass keine Schwermetallschicht verwendet wurde und
somit konventionelle spinbasierte Mechanismen fiir das beobachtete Signal ausge-
schlossen werden konnen. Stattdessen ist bekannt, dass Cu* signifikante orbitale
Strome erzeugt, und wir zeigen, dass das verstarkte Auslesesignal aus der Kopp-
lung dieser orbitalen Strome an das grofie Bahndrehmoment von CoO resultiert.
Dieses Ergebnis liefert tiberzeugende Belege dafiir, dass orbitale Strome als effi-
ziente und robuste Auslesemechanismen dienen kdnnen und markiert einen Pa-
radigmenwechsel gegeniiber spinbasierten Ansétzen - ein Schritt, der ein neues

Kapitel der antiferromagnetischen Orbitronik erdffnet.

Drittens zeigen vergleichende Studien an CoO/Cr- und CoO/Cu/Pt-Dreischicht-
systemen, dass der Effekt robust ist und nicht auf oxidiertes Cu beschrankt bleibt.
Da die Oberflachenoxidation von Cu schwer kontrollierbar ist, ist die Identifikati-
on von Mechanismen und Materialien entscheidend, die fiir reale Anwendungen
geeignet sind. In CoO/Cr beobachten wir eine fiinffache Verstarkung des Auslese-
signals im Vergleich zu Messungen an CoO/Pt. Dariiber hinaus deutet das verstérk-
te Auslesesignal in CoO/Cu/Pt-Schichtsystemen darauf hin, dass der Effekt auch
von einer schnittstellengetriebenen Erzeugung orbitaler Strome herrithren kann
und nicht ausschlieBlich aus einer Oxidation von Cu oder anderen extrinsischen
Effekten. Dieses Ergebnis demonstriert die Machbarkeit der Herstellung stabiler,
oxidationsfreier Bauelemente und bildet die Grundlage fiir weiterfithrende Unter-

suchungen zu Grenzflacheneffekten und zum genauen Auslesemechanismus.
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Zusammenfassend widmet sich diese Arbeit direkt den zentralen Herausfor-
derungen der Manipulation und Auslese antiferromagnetischer Ordnung in isolie-
renden Diinnschichtsystemen. Durch den Nachweis von spin-orbit-drehmoment-
basiertem Schalten und der Einfithrung eines neuartigen, auf Orbitalstrémen beru-
henden Auslesemechanismus stellt diese Arbeit einen Paradigmenwechsel in un-
serem Verstandnis spin- und orbitalgetriebener Phanomene in Antiferromagneten
dar. Diese Ergebnisse eroffnen neue Wege fiir das Forschungsfeld der Orbitronik
und etablieren den orbitalen Drehimpuls als ein entscheidendes Werkzeug fiir die
Entwicklung schnellerer, energieeffizienterer und skalierbarer magnetischer Tech-

nologien.
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Introduction

Information is often treated as an abstract entity, detached from the constraints
of the physical world. Yet, as Rolf Landauer famously emphasized, information is
physical [1]. Every bit stored, transported, or erased requires energy and time [2,
3]. As modern computing approaches the fundamental limits of charge-based elec-
tronics [4], this realization is no longer philosophical but the need to find alterna-

tive ways to charge based information processing becomes a guiding principle.

Today, the urgency of this task is amplified by the massive energy demands
of artificial intelligence and a data-driven society. Modern data centers already
consume a substantial fraction of the world’s electricity [5, 6], and the rapid ex-
pansion of artificial intelligence workloads is further accelerating that demand [5].
A central challenge arises from Joule heating in silicon-based semiconductor tech-
nology: in contemporary data centers, the majority of energy consumption stems
not from computation itself, but from the cooling required to dissipate the heat
generated by resistive charge currents 7, 8]. Beyond the technical inefficiencies,
the environmental impact cannot be ignored: every joule consumed by compu-
tation and cooling can have ecological consequences [9, 10]. This highlights the
need for information-processing technologies that inherently reduce Joule heating

and required computation power.

This energy crisis is compounded by the fact that the long-standing trajectory
of performance improvement, embodied in Moore’s Law, is faltering as transis-
tors approach atomic dimensions and conventional scaling strategies lose effec-
tiveness [4, 11]. Without new physical mechanisms to sustain progress, further

increases in computing capacity risk becoming energetically and economically un-
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sustainable.

These challenges compel us to rethink computing fundamentally. Electrons
in solid-state devices are not mere carriers of electric charge; they are quantum
objects endowed with additional internal degrees of freedom, such as spin and
orbital-polarized angular momentum (OAM) [12]. Rather than attempting to ex-
tend the scaling of charge-based electronics beyond its practical limits, it is neces-
sary to consider whether these alternative quantum degrees of freedom can sup-
port more efficient information processing. In this context, spintronics and orbi-
tronics provide promising avenues [13-16]. By exploiting the electron’s spin, its
intrinsic angular momentum, and its orbital motion, information can be encoded
and manipulated with significantly lower energy dissipation than in conventional
charge-based devices [17-19]. These quantum degrees of freedom thus enable de-
vice concepts that are not merely incremental extensions of existing technologies,
but represent qualitatively new paradigms for information processing.

The transformative potential of spintronics first became evident with the dis-
covery of giant magnetoresistance (GMR) [20, 21] and tunnel magnetoresistance
(TMR) [22], which revolutionized read-head technology and enabled modern mag-
netic hard drives. These discoveries demonstrated that spin-dependent transport
phenomena could directly translate into technological impact. More recently, the
emergence of spin-transfer torque based magnetic tunnel junctions and magnetic
random-access memory has strengthened spintronics as a key field for future mem-
ory and storage technologies [23-26].

While the focus of early spintronics research was largely on ferromagnets
(FMs), attention has increasingly shifted toward antiferromagnets (AFMs) [27].
AFMs offer several intrinsic advantages: the absence of net magnetization elim-
inates stray fields, enabling dense integration [28]; their dynamics, governed by
strong exchange interactions, reach the THz regime, far beyond FM limits [29, 30];
and their robustness against external magnetic perturbations leads to stability of
the encoded bits [31, 32].

Yet, despite these advantages, AFMs come with significant challenges that have
slowed their technological adoption. Their compensated magnetic structure, while
beneficial for integration and stability, also makes them inherently difficult to ma-
nipulate and read out [27, 31, 33, 34]: the absence of a net magnetization suppresses

conventional magnetic signals, and the responses tend to be weak. As a result,




both writing and detection in AFMs often require large current densities, complex
interface engineering, or indirect probing schemes, limiting efficiency and scala-
bility. Overcoming these limitations has therefore become one of the central goals

of modern AFM spintronics.

In this context, orbitronics provides a particularly promising route forward.
Theoretical work predicts that orbital Hall conductivities can exceed spin Hall con-
ductivities by orders of magnitude in many systems [35-41], suggesting that OAM
currents could in principle drive more efficient and more powerful device func-
tionalities than their spin-based counterparts. These large orbital currents offer

an attractive path toward enhanced manipulation and readout of magnetic order.

However, despite this promise, a practical bottleneck remains: dynamic OAM
(orbital current) couples only inefficiently to spin-based magnetic order in con-
ventional materials [42, 43]. For this reason most orbitronic device concepts rely
on converting orbital current into spin current via the weak relativistic spin-orbit
coupling (SOC), and it is the resulting spin current that interacts with the mag-
netization based on spin [44-46]. That intermediate conversion step reintroduces
the inefficiencies and limitations of small SOC-based effects, that orbitronics aims

to overcome.

To address the challenges of electrically manipulating and reliably reading out
the Néel vector, this thesis focuses on insulating CoO thin films and heterostruc-
tures from both, a spintronic and an orbitronic perspective. Although initial re-
ports have demonstrated current-induced switching of insulating AFMs using ad-
jacent heavy metal (HM) layers [47-49], the observed effects have been dominated
by thermally driven mechanisms [50, 51]. As a consequence, they have not pro-
vided access to the ultrafast intrinsic dynamics of AFMs that underpin their tech-
nological appeal. In this work, we revisit the problem using ultrathin CoO films, in
which interfacial torques, rather than bulk thermal processes, are expected to play
a more prominent role [49]. By combining electrical measurements and magnetic
imaging, we can separate thermal from non-thermal contributions and show that
the dominating switching mechanism is of thermomagnetoelastic origin. How-
ever, local changes within the current-carrying regions reveal a concurrent spin-
orbit torque (SOT)-driven Néel-vector reorientation.

Secondly, to tackle the practical challenge posed by the small read-out signals

that currently hinder device-level operation, we investigate a complementary or-
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bitronic approach in which externally generated orbital currents from oxidized Cu
are used as the readout probe. By exploiting the large, unquenched orbital moment
of CoO, these orbital currents can couple efficiently to the AFM order, resulting in
a roughly two-orders-of-magnitude enhancement in the measured magnetoresis-
tance (MR) compared with conventional spin-based schemes, without the need for
orbital-to-spin conversion. Thus, offering a robust and highly sensitive electrical

readout channel.

Taken together, these two strategies, torque-based manipulation in ultrathin
films and orbital-current-based readout, address two unresolved issues in insulat-
ing AFMs. The identification of interfacial torques in ultrathin CoO provides ev-
idence for a non-thermal switching pathway in systems where such mechanisms
have long been debated, marking an important step toward accessing their intrin-
sic ultrafast dynamics. In contrast, the orbital readout concept introduced here has
broader significance: demonstrating that pure orbital currents can directly couple
to OAM magnets, and can enhance readout signals by two orders of magnitude, es-
tablishes a general orbitronic mechanism applicable well beyond CoO. In doing so,
the two strategies reconnect AFM spin- and orbitronics to the broader challenges

information technology is facing.

As we observe unprecedented demands for speed, density, and energy effi-
ciency, advancing physical principles that enable ultrafast control and low-loss
readout becomes essential. By demonstrating viable pathways towards both, this
thesis contributes to the development of magnetic device concepts that are compat-
ible with the needs of a data-intensive, artificial intelligence-driven, and energy-

constrained world.

This thesis is structured as follows: Ch. 2 provides a foundational overview of
magnetism in solids. The various energy terms defining the magnetic state of a
solid are discussed. It introduces AFMs, the primary material class of interest, and
discusses the formation of AFM domains. The chapter concludes with a brief treat-
ment of the effects of large applied magnetic fields on such systems. Moving on,
Ch. 3 reviews the current-induced phenomena exploited throughout this thesis.
It begins with mechanisms for spin current generation and spin Hall magnetore-
sistance (SMR), followed by orbital current generation and orbital magnetoresis-
tance (OMR). The chapter also covers spin torques and thermal effects, including

Joule heating and thermomagnetoelastic switching. An introduction to the main




AFM material of interest for this work, CoO, comes in Ch. 4 alongside an intro-
duction to the experimental techniques regarding sample deposition, fabrication,
characterization and measurement techniques used in this thesis. The experimen-
tal results are presented across three chapters. Ch. 5 details the structural and
magnetic characterization of the CoO thin films used in this work. It examines
the influence of growth parameters, optical domain nucleation, and AFM shape
anisotropy. The electrical switching of ultrathin CoO films is shown in Ch. 6.1,
where the presence of a SOT based switching mechanism coexisting with a ther-
momagnetoelastic switching mechanism is shown by using the combination of
electrical measurements and optical imaging of the AFM domain structure. Ch. 7
then demonstrates electrical readout of the Néel vector state in CoO using purely
orbital means. Unlike prior approaches, which rely on orbital-to-spin conversion,
this method directly couples OAM, generated in oxidized Cu, to the unquenched
orbital moment in CoO, yielding a two-order-of-magnitude enhancement in read-
out signal. Furthermore, we show that this mechanism is not restricted to oxidized
Cu: it is also observed when using for example Cr as the OAM generator, suggest-
ing broader applicability. Finally, Ch. 8 summarizes the principal findings of this

thesis and outlines potential directions for future research.
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Concepts of Magnetism

This chapter presents the theoretical background of fundamental concepts in mag-
netism that are essential for understanding the experimental results discussed in
this thesis. First, an overview of the different classes of magnetism in solids is pro-
vided, followed by an introduction to magnetic free energy, exchange interactions,
and magnetic anisotropy. Subsequently, an overview of AFMs is given, including
the various types of AFMs, a model to describe their magnetic ordering, domain

formation, and the influence of strain and magnetic fields on AFM ordering.

2.1 Magnetism in Solids

The magnetic behavior of materials originates from the collective interactions of
atomic magnetic moments, which arise from the spin and orbital angular momen-
tum of electrons [12]. Depending on the interaction and alignment of these mo-
ments, various types of magnetic order can be distinguished, each characterized by
a distinct response to an externally applied magnetic field H. The induced mag-
netization M in the material is related to H through the magnetic susceptibility
¥ =M/H [12, 52].

All materials exhibit diamagnetism, a weak and universal response due to in-
duced currents that oppose the applied magnetic field, resulting in a small neg-
ative susceptibility. This effect becomes significant primarily in systems without
unpaired electrons [53]. In contrast, paramagnetic materials possess partially filled
electron shells, which give rise to a net magnetic moment p. Paramagnets show
a positive susceptibility, and their magnetic moments align with an external mag-

netic field [52]. In both diamagnetic and paramagnetic materials, magnetization
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responds linearly to the applied magnetic field. However, in the absence of an
external magnetic field, thermal fluctuations prevent any spontaneous magnetic
ordering [12, 52].

When the exchange interaction (see Sec. 2.2.1) between neighboring spins is
sufficiently strong, spontaneous magnetic ordering can emerge. In a FM, this in-
teraction favors parallel alignment of all spins, both with respect to each other and
to an applied magnetic field, resulting in a large net magnetization [12, 54]. FMs
exhibit characteristic features such as magnetic domains and hysteretic behavior,
whereby the material maintains a net magnetic moment even after the external
field is removed. This remanent magnetization depends on the history of the ap-
plied magnetic field [55]. FMs form the foundation of most classical magnetic
technologies.

On the other hand, when the exchange interaction favors antiparallel align-
ment, AFM ordering arises [56, 57]. In conventional AFMs, neighboring mag-
netic moments cancel out each other, leading to zero net magnetization despite
the presence of an ordered spin structure. In a simple picture one can under-
stand a collinear AFM as a superposition of two oppositely aligned FM sublat-
tices, as illustrated in Fig. 2.1. Each sublattice has an individual magnetic mo-
ment |[M;| = |[Mz| = M,. The overall net magnetization vanishes in equilibrium
M = M; — M; = 0. Magnetic order in AFMs can be characterized by the Néel
vector, and is defined as n = (M; — M,)/2M, [58, 59].
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Figure 2.1: Schematic of a collinear AFM with two FM sublattices (red, blue) with
antiparallel magnetization as indicated by the direction of the arrows.

Ferrimagnets consist of opposing magnetic moments, similar to AFMs, how-
ever, these moments are unequal in magnitude or number, resulting in an incom-
plete cancellation and a finite net magnetization, as in FMs [60]. Beyond these

well-established magnetic phases, recent theoretical and experimental advances
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have led to the identification of altermagnetism, a novel, symmetry-defined form

of collinear magnetic order [61-63].
(a) (©
Tit it td
l_.g. &
) |
© ®

Figure 2.2: Schematic illustration of real-space (upper panel) and momentum-space
(lower panel) spin configurations for (a) ferromagnetism with all magnetic mo-
ments aligned parallel to each other and spin splitting in reciprocal space. (b)
AFM ordering with two magnetic sublattices (red and blue) and no spin splitting.
(c) Altermagnetic order with two magnetic sublattices and a non-isotropic local
crystallographic environment due to non-magnetic atoms (black) in real space and
spin splitting in reciprocal space.

Altermagnets, like conventional AFMs, possess no net magnetization in equi-
librium due to a fully compensated arrangement of opposing magnetic moments.
However, the opposite spin sublattices in altermagnets are coupled by rotational
symmetry and break time-reversal symmetry. As a consequence, altermagnets
break spin-degeneracy in the electronic band structure due to their distinct mag-
netic space group symmetries. This spin degeneracy lifting gives rise to spin-split
bands, similar to those found in FMs, enabling altermagnets to host spintronic phe-
nomena traditionally associated with systems possessing a net magnetization [61].
Figure 2.2 compares the spin structure and spin polarization in FMs, AFMs and al-

termagnets.

2.2 Magnetic Free Energy

The magnetic free energy ¥ of a system determines its magnetic ground state in
equilibrium [64]. The free energy is composed of the sum of various intrinsic and

extrinsic energy contributions [12, 52, 65]:
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F = /f(r)dV = / (fex(r) + fani(r) + f2(r) + fame(r) +...)dV. (2.1)
1% 1%

The energy terms discussed here are limited to those relevant for the magnetic or-
dering of the AFM materials studied in this thesis. These include the exchange in-
teraction fey, which couples atomic magnetic moments and the crystalline anisotro-
PY fani» Which aligns magnetic moments along preferred crystallographic direc-
tions. Both are crucial in determining the magnetic ground state. Furthermore,
the Zeeman energy fz describing the coupling between magnetic moments and an
external magnetic field, is discussed in the following section. The magnetoelastic
energy fme, which couples magnetic moments to mechanical strain in the material
and plays a key role in the formation of AFM domains [65, 66], will be addressed

in the context of AFM domain formation in Sec. 2.3.2.

2.2.1 Exchange Energy

Long-range magnetic order in solids arises from exchange interactions, which con-
stitute an important contribution to the magnetic free energy and play a central
role in determining the magnetic structure of AFMs. Exchange interactions act
between pairs of spins, coupling them and thereby stabilizing ordered magnetic
states. The origin of the exchange interaction lies in both classical and quantum
mechanical principles: the Coulomb repulsion between the electrons and the Pauli
exclusion principle. The latter requires the total wavefunction of a system of iden-
tical fermions to be antisymmetric under particle exchange.

In the following, we first introduce the concept of direct exchange interac-
tion [67-69], following the description in Refs. [12, 52]. We then discuss the su-
perexchange interaction [70], which is particularly relevant for the strong AFM

coupling observed in CoO.

2.2.1.1 Direct Exchange

Although magnetic ordering is observed as a macroscopic phenomenon, its ori-
gin is fundamentally quantum mechanical, arising from the overlap of electron
wavefunctions.

In the simplest case, we consider two electrons with overlapping wavefunc-
tions, both occupying the 1s orbital, such as in a hydrogen molecule (H;). The
spatial part of the wavefunctions is denoted by ¢ (r;) and y»(r;), and the spin

10
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parts by y1(s1) and y»(s2). The total wavefunction of the two-electron system is

then given by
¥(1,2) = ¢(ri.r2) - x(s1,52). (2.2)

The total wavefunction of the two-electron system must be antisymmetric under

exchange of the two particle:
¥(1,2) =-¥(2,1). (2.3)

To satisfy the antisymmetry requirement of the total wave function, the spin and
spatial components must possess complimentary symmetry. This results in two
distinct configurations: a singlet state with total spin S = 0 (antisymmetric spin
state y,, symmetric spatial state ;) and a triplet state with total spin § = 1 (sym-
metric spin state y,, antisymmetric spatial state ).

The energy difference between the singlet and triplet states is given by 2],
where ] is the exchange integral.

The exchange energy of neighboring electrons, with dimensionless spin oper-

ators _§1 and Sg, can be expressed by the Heisenberg Hamiltonian [12, 52]
How = —2] 81 - S, (2.4)
This can be generalized to a lattice of interacting spins, yielding

Hee=-2 ) JiiSi- ;. (2.5)

The sign of the exchange integral J determines the preferred type of magnetic
ordering: a positive value of J favors FM alignment, whereas a negative J favors
AFM order.

In systems containing a large number of interacting spins, a full quantum me-
chanical description becomes computationally infeasible. To address this, a con-
tinuum approximation is employed, in which the local magnetization M(r) is de-
scribed as a continuous vector field [52]. Its magnitude is assumed constant and
equal to the saturation magnetization M;. One then defines the unit vector

M(r)

m(r) = Y (2.6)

11



Chapter 2. Concepts of Magnetism

The exchange energy density in the continuum model is given by [52]
fox = A(Vm(r)), (2.7)

where A is the exchange stiffness, a material-dependent and temperature-sensitive
constant. The exchange energy penalizes spatial variations in the magnetization,
thereby favoring the formation of smooth magnetic textures and large magnetic

domains [52].

2.2.1.2 Superexchange

The interaction mechanism relevant to the materials investigated in this thesis is
indirect superexchange. In 3d transition metal oxides, electrons are strongly lo-
calized, resulting in minimal overlap between the 3d orbitals [71]. Consequently,
direct exchange interactions between these orbitals are negligible due to the short-
range nature of the exchange mechanism. Instead, magnetic ions interact via non-
magnetic atoms, such as oxygen, which mediate the exchange interaction [12, 72,
73].

The underlying principle of this mechanism is illustrated in Fig. 2.3(a) for CoO.
In this system, the exchange interaction between unpaired 3d electrons of Co ions
is facilitated through the hybridization with the 2p orbitals of the intermittent
oxygen atom. This interaction occurs via a virtual exchange process: two electrons
from the oxygen 2p orbital are transferred to the unoccupied 3d orbitals of adjacent
Co ions, resulting in a long-range coupling between the magnetic ions.

As shown in Fig. 2.3(b), the Pauli exclusion principle suppresses such virtual
electron hopping in the case of FM alignment of the Co moments, since parallel
spins prohibit an orbital overlap. In contrast, AFM alignment permits electron de-
localization throughout the system, reducing the total kinetic energy and making
the AFM configuration energetically favorable [12]. However, electron hopping
also increases the on-site Coulomb repulsion, confining it to a virtual process. As
a result, most AFM oxides are electrical insulators [12, 52].

In systems containing magnetic ions with unequal valencies, FM coupling may
become energetically favorable due to the double exchange mechanism [12]. This
effect arises when electron hopping is favored between ions of different oxidation

states, thereby stabilizing a FM alignment of the spins.

12
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Figure 2.3: (a) lllustration of the indirect superexchange mechanism in CoO. The
coupling between the Co 3d atomic orbitals is mediated by the 2p atomic orbital
of the oxygen atom. (b) AFM ordering is preferred due to the Pauli exclusion prin-
ciple. Blue arrows represent the spin orientation of the Co 3d electron spins, red
arrows the oxygen 2p electron spins mediating the exchange.

2.2.2 Magnetic Anisotropy

The Heisenberg exchange energy is invariant under the rotation of the spin coor-
dinate system and depends solely on the relative orientation between neighboring
spins. However, experimental studies have revealed that magnetic moments in
many material systems preferentially align along specific crystallographic direc-
tions [52]. This directional dependence arises from the underlying crystal struc-
ture of the material. The coupling between the lattice and orbital moments via SOC
alters the wavefunction overlap between neighboring spins, resulting in direction-
dependent energy variations [74, 75]. This phenomenon, known as magnetocrys-
talline anisotropy, gives rise to energetically favorable directions for the alignment
of magnetic moments, termed easy axes, and energetically unfavorable directions,
called hard axes [75]. To reorient the magnetization from an easy axis direction
to another crystallographic direction, external work must be performed by a mag-
netic field [52].

The magnetocrystalline anisotropy reflects the symmetry properties of the crys-
tal lattice. Specifically, symmetry operations that leave the crystal lattice invariant
also leave the magnetic anisotropy energy of the system unchanged. For instance
in a cubic system, the directions [100], [010] and [001] are symmetry-equivalent.

In such a case, the cubic anisotropy energy density can be expressed as [12, 52]

E, = Ki(T) (0%} + aba + aa?) + Ko (T) (aba5as) + ..., (2.8)

13
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here K;(T) and K,(T) are temperature-dependent anisotropy constants that ap-
proach zero as the system approaches the magnetic transition temperature [12, 52,
76], and «; denote the direction cosines of the magnetization vector with respect
to the crystallographic axes.

When K; > 0 and K; = 0, the easy axes directions are aligned along the three
equivalent {100} directions, as is the case in base-centered cubic Fe. In contrast,
for face-centered cubic (fcc) ordered Ni, where K; < 0 and K, > 0, the easy axes
lie along the four {111} cube diagonals [12].

In magnetic thin films, if the domains differ only in their in-plane ordering, the
magnetocrystalline anisotropy can be simplified. For a film exhibiting fourfold in-
plane symmetry, the magnetocrystalline anisotropy energy can be approximated
as 77, 78]

fani = —%k cosb, (2.9)

where k is the anisotropy constant, and 6 is the angle between the magnetization
and the in-plane easy axes [65].

In FM materials, anisotropy can also arise from the geometry of the sample,
known as shape anisotropy [79, 80]. The source are dipole-dipole interactions.
However, in AFMs, shape anisotropy is generally negligible due to the absence of

a net magnetization and, hence, negligible dipolar interactions.

2.2.3 Zeeman Energy

The Zeeman energy refers to the potential energy associated with the interaction
between a magnetic moment and an external magnetic field. It quantifies how
much the energy of a system shifts when placed in a magnetic field [52].

When a single magnetic dipole p is placed in a static magnetic field H, it expe-

riences a torque I' that tends to align the dipole moment with the magnetic field,
I'=pxH. (2.10)

The general expression for the potential energy U of a single magnetic dipole in
an external magnetic field is obtained by integrating the torque over all angles
between the dipole and the field [52]:

U=-p-H. (2.11)

14
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For a magnetic material, the Zeeman interaction energy is the total interaction en-
ergy of the magnetization M, defined as the average magnetic moment per unit
volume, with external magnetic field. This leads to the local Zeeman energy den-
sity

fz(r) o« =M(r) - H(r). (2.12)

This equation shows that, in a FM, the energy is minimized when the magnetiza-
tion aligns parallel to the external magnetic field.

In contrast, in a perfect collinear AFM with two sublattices, the Zeeman en-
ergy is minimized when the Néel vector aligns perpendicular to the applied mag-
netic field, and the sublattice magnetizations cant in the direction of the magnetic
field. Like this the Zeeman energy of the two sublattices is minimized simultane-
ously [52].

2.3 Antiferromagnetism

AFMs were first proposed independently by Landau and Néel in the 1930s [56,
60, 81, 82]. Both researchers observed anomalous magnetic behavior in materials
previously thought to be paramagnetic and suggested a new form of magnetic
ordering.

The first experimental confirmation of AFM order came from Shull and Smart,
who used neutron scattering to demonstrate that the magnetic unit cell of MnO is
twice the size of its crystallographic unit cell [83]. Since then, numerous AFM con-
figurations have been discovered across metallic, semiconducting, and insulating
materials [31, 33].

Although all AFMs exhibit no net macroscopic magnetization in equilibrium,
the microscopic spin arrangement within the magnetic unit cell can vary widely.
AFM order occurs not only in three-dimensional lattices but also in lower-dimensio-
nal systems such as one-dimensional spin chains [84], two-dimensional layers [85,
86], and two-dimensional magnetic lattices [87-89].

The specific type of AFM coupling depends strongly on the underlying crys-
tallographic structure [12].

In a cubic system, three common types of ordering are observed: A-type, C-
type and G-type. Landau first proposed the A-type AFM ordering [81], where

magnetic moments are ferromagnetically coupled within a plane (e.g. the (100)
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Figure 2.4: Comparison of different types of AFM ordering. (a) A-type ordering
with layers of ferromagnetically ordered moments. (b) C-type ordering with AFM
coupling of the moments along two directions. (c) G-type ordering with AFM
coupling along three directions. (d) Type-II AFM coupling in an fcc ordered crystal
as found e.g. in CoO and (e) non-collinear AFM ordering with the spins within one
sublattice rotated 120° relative to each other.

plane), and adjacent planes are coupled antiferromagnetically [12], as illustrated in
Fig. 2.4(a). In contrast, C-type ordering arises when adjacent planes are ferromag-
netically coupled while the inter-plane coupling is antiferromagnetic (Fig. 2.4(b)).
The third common ordering, G-type, originally proposed by Néel [56, 60, 82], in-
volves AFM coupling both inter-plane and intra-plane (Fig. 2.4(c)).

Transition metal oxides such as CoO crystallize in a rock-salt (NaCl-type) struc-
ture. Here, FM coupling occurs within the (111) planes, while adjacent planes cou-
ple antiferromagnetically [90-92], as shown in Fig. 2.4(d). This type of ordering
is referred to as a type-II AFM order. Although geometrically similar to G-type
ordering, type-II is specifically defined for cubic structures like rock-salt.

The AFM structures discussed so far are all examples of collinear AFMs, where

the magnetic moments lie along a common axis and two magnetic moments can-
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cel each other out. Similar collinear coupling can also be engineered in synthetic
AFMs [93, 94]. In addition, non-collinear AFM order exists, such as for example
found in the triangular structure of Mn3Nij 35Cug 65N or IrMns [95, 96]. In these
materials, magnetic moments are rotated by 120° relative to each other, forming
an AFM structure composed of three coupled moments, as depicted in Fig. 2.4(e).

The work shown in this thesis focuses on collinear type-II AFMs, and therefore,
the following sections will focus on the description and properties of collinear
AFMs.

2.3.1 Weiss Model of Antiferromagnetism

The Weiss model for AFMs [56, 60, 82], is a mean-field theory that extends the
original Weiss molecular field model for FMs [54, 97]. It was developed by Louis
Néel, a PhD student of Pierre Weiss [98], to describe the interaction between the
two sublattices M; and M,, under the influence of a negative exchange interac-
tion, characteristic for AFMs. Here, we present the core concepts of the model,
following Refs. [12, 52].

In this framework, the molecular field acting on each sublattice depends on the

magnetization of the other sublattice [12]:
H]\/[1 = _AllMl - Alez, (213)

HMZ = _/121M1 - )LZZMZa (214)

the coefficients A;; are proportionality constants. Specifically, 411 and A;, describe
the molecular field contributions for next-nearest-neighbor intra-sublattice inter-
actions, while A;; and Az; are the molecular field constants for nearest-neighbor
inter-sublattice interactions. For the simplest case, in which the atoms on both
sublattices are of the same type, A1 = A2 = A;; and Ay = Ayy.

When a small external magnetic field H is applied, Eqgs. 2.13 and 2.14 become,
H; = H + Hy,, (2.15)

and,
H, = H + Hy,. (2.16)

In thermal equilibrium the magnetization of each sublattice can be expressed by
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the Brillouin function By [52]

ngpsJ
2

M1,2 = B](xl)z), (217)

with the number of magnetic atoms per sublattice n/2, the Landé factor g, the Bohr
magnetron pp and the total angular momentum J, including spin and orbital an-
gular momentum. The Brillouin function depends on the dimensionless quantity
x1,2, representing the ratio of the Zeeman energy to the thermal energy for each
sublattice

X12 = =—=Hj >, (2.18)

where kg is the Boltzmann constant and T is the absolute temperature.

Analogous to FMs, AFMs exhibit a critical temperature known as the Néel
temperature Ty, above which the thermal energy overcomes the exchange interac-
tion, resulting in vanishing sublattice magnetizations. In this paramagnetic regime
(T > 1n), the application of a small external magnetic field induces a small mag-
netization aligned with the field.

To derive the magnetic susceptibility y just above the Néel temperature, we
expand the Brillouin function in the limit of small x. Using the linear approxima-
tion [12, 52]

! (2.19)
C —— .
X T+ ep ’
where Op defines the paramagnetic temperature of the AFM
1
Op = EC(Aii + A12), (2.20)

with C being the Curie constant. If 6p > 0, the material exhibits FM ordering,
and Op corresponds to the Curie temperature Tc. If 6p < 0, the material orders
antiferromagnetically, and in the absence of a external magnetic field, the Néel

temperature Ty is given by
1
In = EC(AIZ = Aii). (2.21)

This relation shows that a strong intra-sublattice exchange A;2, combined with a

weak inter-sublattice exchange A;;, leads to a higher Néel temperature.
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2.3.2 Domain Formation

In FM materials, the total magnetic free energy (see Sec. 2.2) can be reduced by

domain formation [54]. These domains help to reduce the magnetostatic energy

associated with stray and demagnetizing fields generated by the sample [12, 52].
FM domain formation can be illustrated using the example of a rectangular

shaped element, as shown in Fig. 2.5 [65].
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Figure 2.5: Schematic of the domain structure with the magnetic stray field of (a)
a single domain and (b) a two domain state with antiparallel Néel vector orienta-
tion. (c) The total energy can be reduced and stray fields suppressed when closure
domains are formed.

In the absence of an external magnetic field, and considering only contributions
from exchange energy and magnetocrystalline anisotropy, a uniform magnetiza-
tion state aligned along a crystalline easy axis represents the energetically favor-
able configuration in a FM (compare Fig. 2.5(a)). However, such a monodomain
state maximizes the demagnetization energy through significant stray fields. In-
troducing an additional domain with antiparallel magnetization reduces this de-
magnetization energy, as shown in Fig. 2.5(b). Stray fields can be entirely sup-
pressed through the formation of closure domains at the edges of the rectangle,
illustrated in Fig. 2.5(c).

Within each domain, magnetization remains uniform, while the transition be-
tween the domains occurs across domain walls, where the magnetization gradu-
ally rotates [99, 100]. This rotation increases the exchange energy due to the non-

parallel alignment of neighboring spins. Ultimately, an equilibrium state is estab-
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lished in which the reduction in demagnetization energy balances the increase in
exchange energy [12, 52]. AFMs do not possess a net magnetic moment, and thus,
the formation of a multidomain structure is not expected from energetic consider-
ations alone. Nevertheless, multidomain states have been experimentally observed
in a variety of AFM materials [91, 101-108].

One proposed explanation involves a competition between the increase in en-
tropy, associated with greater disorder introduced by domain formation, and the
exchange energy cost associated with domain walls. However, the resulting change
in entropy has been shown to be too small to compensate for the increase in ex-
change energy [109, 110]. While the formation of domains can to some extend
be attributed to defects or pinning effects [109, 111], multidomain states have also
been observed in annealed AFM films [91].

To understand the emergence of multidomain states in AFMs, it is essential to

consider the role of strong magnetoelastic coupling and the influence of strain.

2.3.2.1 Magnetoelastic Energy

In materials with strong magnetoelastic coupling, the magnetic order is intimately
linked to the crystal lattice [112, 113]. The elastic properties of such materials
can be altered by external magnetic fields, and conversely, the magnetization can
be affected by lattice deformations, which introduce strain into the system and
contribute to the magnetic free energy.

In FMs, magnetoelastic coupling originates primarily from SOC: lattice strain
modifies the atomic orbital environment, thereby altering the electrostatic poten-
tial and influencing the orientation of magnetic moments. In AFMs, additional
contributions to magnetoelastic coupling arise from exchange coupling, as the cou-
pling constant ] is sensitive to lattice distortions [74, 114].

In the case of an uniaxial FM, one may observe either an elongation or a con-
traction of the material along the direction of an applied magnetic field, depending
on the sign of the magnetoelastic coupling constant A [52], as shown in Fig. 2.6.
Magnetoelastic coupling plays a crucial role in the formation of magnetic domains,
particularly in AFMs [64]. Due to the magnetoelastic coupling, any redistribution
of magnetic domains is accompanied by a corresponding redistribution of strain
within the material [91]. The magnetostriction depends on the orientation of the

Néel vector relative to the crystallographic axes. The magnetoelastic contribution
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Figure 2.6: Illustration of the effect of an applied magnetic field on a magnetoelastic
material with (a) negative and (b) positive magnetoelastic coupling constant [52].

to the magnetic free energy density can be expressed as [115]

fme = Aijriuijniny, (2.22)

where the magnetoelastic coupling constant 4;ji; is a tensor relating the strain u
to the Néel vector n.

To model the domain structure in the AFM thin films studied here, we can
consider an isotropic crystal and neglect contributions from the out-of-plane Néel
vector component n, [115]. Under these assumptions, the magnetoelastic energy

density simplifies to

Jme = A[(txx — uyy)(nyzc - n;) + 4nxnyuxy]’ (2.23)

where uy, and u,, represent normal strain and u,, is a shear strain. Alternatively,
the magnetoelastic energy density can be expressed in terms of the angle ¢ be-

tween the Néel vector and the crystallographic axes [77, 78]

fme = A[cos(20) (txx — tyy) + 25in(2¢)) Uy |. (2.24)

Strain in the AFM system, whether introduced by the thin-film growth on a sub-
strate or by intrinsic defects and pinning sites, therefore contributes to the magne-
toelastic energy density and can promote the formation of AFM domains, in order

to redistribute and minimize the introduced strain.
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2.3.3 Effect of a Large Applied Magnetic Field
In a collinear AFM, the magnetic susceptibility y below the Néel temperature Ty

depends on whether a magnetic field is applied parallel or perpendicular to the
Néel vector [12, 52]. The two branches of susceptibility are illustrated in Fig. 2.7.

When a magnetic field is applied perpendicular to the AFM axes, the sublattice
magnetizations cant by a small angle § towards the field direction. This canting
angle increases until the rise in exchange energy balances the reduction in Zeeman
energy. As a result, a small net magnetic moment develops along the direction of
H. Since thermal fluctuations reduce both the exchange and Zeeman energy in a
similar fashion, the perpendicular susceptibility y, remains temperature indepen-
dent below Ty.

In contrast, when a magnetic field is applied parallel to the AFM axes, the sus-
ceptibility y| is zero at T = 0K, as both sublattices are fully saturated and the mag-
netic field does not have any additional effect. However, as the temperature ap-
proaches Ty, thermal fluctuations reduce the magnitude of the sublattice magneti-
zations, weakening the exchange coupling and thereby allowing the magnetic field

to induce a finite response. Consequently y) increases with temperature [12, 52].
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Figure 2.7: Susceptibility of an AFM as a function of temperature for a magnetic
field applied parallel () and perpendicular (y,) to the AFM spin axes.

Depending on the strength of the applied magnetic field, the response of the
AFM can vary. Below Ty, the magnetic susceptibility parallel to the Néel vector is
smaller than the susceptibility perpendicular to it y; < y.. As a result, a perpen-
dicular alignment of the sublattice magnetizations relative to the applied magnetic
field is, in principle, energetically favorable [12, 52].

However, when considering the state with lowest magnetic free energy, the
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magnetocrystalline anisotropy must also be considered. This anisotropy favors
alignment of the magnetic moments along the easy axes of the sample.
Therefore, if the magnetic field is applied along such an easy axis and is rela-
tively weak, the system minimizes its total magnetic free energy by maintaining
the magnetizations aligned parallel to the easy axis, despite the lower magnetic
susceptibility in that configuration. At a critical field strength Hgs, the energy cost
associated with keeping the spins aligned along the easy axis becomes equal to
the gain in Zeeman energy achieved by reorienting the spins perpendicular to the
field. Below this field strength the sublattice magnetizations will be collinear with
the easy axis and the applied field and for H > Hg, the AFM sublattices reorient
such that their magnetizations are nearly perpendicular to both the applied mag-
netic field and the easy axis (compare Fig. 2.8(b)), leading to the formation of a
canted spin structure. This field-induced reconfiguration is known as a spin-flop

transition. The critical spin flop field is given by [52]

2K
Hg = , (2.25)
XL =Xl

where K is a constant of the anisotropy energy.
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Figure 2.8: Effect of an increasing magnetic field on the sublattice magnetization:
(a) Is the magnetic field H applied parallel to the sublattice magnetization, (b)
above a critical field it comes to a rotation of the magnetic moments perpendicular
to the applied magnetic field, the so called spin flop transition. (c) Further increas-
ing the magnetic field, now perpendicular to the sublattice magnetization, leads to
a canting of the magnetic moments.

If the magnetic field is applied perpendicular to the sublattice magnetizations,
either after the spin-flop transition or because this geometry was chosen initially,

the canting angle § between the sublattices increases with increasing magnetic
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field strength. As the field grows stronger, the Zeeman energy gain eventually
becomes large enough to overcome the AFM exchange interaction, which ini-
tially maintains the antiparallel alignment of the sublattice magnetizations. At
this point, all spins align parallel to the magnetic field, resulting in a spin-flip tran-
sition. However, because the exchange interaction in AFMs is typically large, very
strong magnetic fields are required to induce this transition [52].

A spin-flop transition was first experimentally observed in CuCl, - 2H,0 [116,
117] and has since been reported in a variety of AFMs [118-120], including CoO [50,
121]. When experimentally accessible, the spin-flop transition provides a valuable
tool for controlling the orientation of the Néel vector, thereby enabling more de-
tailed insights into the magnetic structure and facilitating improved interpretation

of experimental results.
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Current-Induced Effects

The research fields of insulator spintronics and orbitronics exploit the transfer
of spin and orbital angular momentum of electrons for information processing
and related technological applications. A charge current flowing through a non-
magnetic layer, can generate spin and orbital currents. While for the generation
of spin currents a HM layer is needed, orbital currents can be generated in light
metals.

In the following section, we outline current-induced phenomena that are rel-
evant to the experimental investigations presented in this thesis. In particular,
we first discuss the underlying mechanisms to generate spin and orbital current
from charge current. The spin and orbital currents can be utilized to read the ori-
entation of the order parameter in adjacent insulating AFM layers, such as CoO,
through the SMR and OMR mechanisms. Next, we introduce the concept of spin
torques, which have been predicted to enable the switching of AFM order. Finally,

we address thermal effects arising from the applied charge currents.

3.1 Spin and Orbital Transport Effects

In 1879 Edwin Hall discovered the Hall effect: the generation of a transverse volt-
age in a conductor or semiconductor when an electric current flows through it
in the presence of a perpendicularly applied magnetic field due to the Lorentz
force [122]. Since its discovery, numerous related phenomena, collectively referred
to as Hall effects, have been identified, including the spin Hall effect (SHE) and the
orbital Hall effect (OHE) [40, 123-127]. These effects extend the original concept

to the conversion of a charge current into spin-polarized or OAM currents. Such
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charge-to-spin or charge-to-orbital conversion mechanisms are of central impor-
tance to the fields of spintronics and orbitronics, and the experimental investiga-

tions presented in this thesis are based on these principles.

3.1.1 Spin Hall Effect and Spin Rashba Edelstein Effect

The SHE enables the conversion of charge to spin current, which is a prerequisite
for many spintronics applications, as the generation and detection of pure spin
currents are key requirements [128]. When a charge current flows through a con-
ductor with strong SOC, such as a HM, the electrons experience spin-dependent
deflection. This results in a net transverse flow of spin current, as illustrated in
Fig. 3.1(a). In this way, a pure spin current j; can be generated, flowing perpen-
dicular to both the charge current j. and the spin polarization vector o. The SHE,
therefore, provides an entirely electrical means of generating a pure spin current.

The reciprocal process, the inverse spin Hall effect (iSHE), enables the con-
version of a spin current into a charge current [129], see Fig. 3.1(b). This charge
current can then be detected electrically in measurements.

Detailed reviews on the SHE are given in [128, 130]. Here, only an overview of

the main concepts will be given.
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Figure 3.1: (a) Schematic of the SHE. A flowing charge current j. is converted into
a polarized spin current j, in the transverse direction due to the spatial separation
of electrons with opposite spin. (b) iSHE: A spin current j is converted into a
transverse charge current j.

The SHE was first predicted theoretically in 1971 by D’yakonov and Perel, who
predicted the spatial separation of electrons in semiconductors as a function of
their spin polarization [131]. Their description based on the concept of Mott scat-
tering, laid the groundwork for later developments. More than two decades later,

Hirsch [132] and Zhang [133] extended the idea to paramagnetic metals, establish-
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ing a broader theoretical framework.

In the early theoretical works, considerable debate arose regarding the origin of
the SHE. Extrinsic mechanisms, arising from Mott scattering off impurities, such
as skew scattering [134], were considered, as well as other extrinsic effects like
the side-jump mechanism [135]. In parallel, intrinsic contributions, originating
from the relativistic band structure, were proposed for semiconductors [136, 137]
and 3d, 4d and 5d transition metals [35]. According to this mechanism, electrons
acquire a momentum-space Berry phase, leading to a spin-dependent, anomalous
velocity.

The first direct experimental demonstrations of the SHE were reported in 2004
using the magneto-optical Kerr effect [127], with the observed effect attributed to
extrinsic scattering effects. Shortly thereafter, the intrinsic SHE was claimed based
on photoluminescence measurements [138]. The reciprocal iSHE was observed in
2006 via FM resonance measurements of a Y3Fe;O1, /Pt bilayer. In this experiment
spin pumping from the magnetic insulator into the Pt layer generated a measurable
voltage via the iSHE [129].

The interconversion between a charge current j. = ji+j (j1/; denote the spin-
up and spin-down electron currents, respectively) and a spin current j; = jy — j|

via the SHE and its reciprocal iSHE can be expressed as

Je o Osa(o X js), (3.1)
Js o< QSH(G X ]c) (3-2)

The efficiency of charge-to-spin interconversion in the SHE and iSHE is character-
ized by the spin Hall angle, sy = js/ j., defined as the ratio between generated spin
current and applied charge current. It provides a measure of a materials efficiency
of spin-current generation [128]. sy scales approximately with Z*, where Z is the
atomic number, reflecting the fundamental role of SOC in the SHE [139]. Reported
values of sy can be either positive or negative, depending on the material [128].
Pt is among the most widely used materials for spin-current generation, owing
to its large positive spin Hall angle [128] and high electrical conductivity, which
is a prerequisite for energy efficient device application. However, experimentally
reported values of Oy pt vary significantly from 0.5% to 11% [128], reflecting both

the challenges in determining this quantity with high precision and the variations

27



Chapter 3. Current-Induced Effects

in material properties. These discrepancies arise in part from the complexity of
the experimental techniques, which often require the determination or estimation
of additional parameters, such as the spin-mixing conductance, in order to extract
Osg. Moreover, the relative contributions of extrinsic and intrinsic SHE have been
shown to depend on the resistivity of the transition metal, introducing further
uncertainty [140-143].

One has to consider, that when using Pt as a spin-current source there is the
possibility of proximity induced magnetization, when Pt is placed in contact with
a magnetic layer, as Pt is close to the Stoner criterion for the onset of ferromag-
netism [144, 145]. In conductors, the magnitude of the induced Pt moment scales
with the saturation magnetization M; of the adjacent layer, and a detectable mag-
netic proximity effect is observed only when the interfacial moment exceeds a
threshold of roughly 0.3 yg per magnetic atom [146]. In contrast, Pt in contact
with insulating magnetic oxides, including YIG, NiFe,O4 and CoFe;Oy4, shows no
measurable proximity-induced magnetization [147-151]. Therefore, for Pt/CoO
one does not expect a magnetic proximity effect unless the CoO interface contains
metallic, ferromagnetic Co with a sufficiently large interfacial moment.

In addition to the SHE, another mechanism for spin accumulation generation
is the spin Rashba Edelstein effect (SREE), which originates from broken structural
inversion symmetry and strong SOC at interfaces or surfaces [152-154]. In sys-
tems with Rashba-type SOC [152], such as HM/oxide [155] or metal/semiconduc-
tor interfaces [156, 157], the electron bands exhibit spin-momentum locking: each
momentum state is associated with a specific spin orientation due to the Rashba
effect. When a charge current is applied, this results in an imbalance of occu-
pation in momentum space, generating a non-equilibrium spin density oriented
perpendicular to both the current direction and the interface normal as shown in
Fig. 3.2. This interfacial spin polarization can diffuse into adjacent magnetic layers,
effectively enabling charge-to-spin conversion without requiring a bulk SHE [153].
The SREE has been observed in various heterostructures, including Bi/Ag [155],
a — Sn [158], and LaAlO3/SrTiO5 [159] interfaces, as well as in topological insula-
tor surface states, where strong SOC and broken inversion symmetry are intrinsic
features [160]. Unlike the bulk SHE, which generates a spin current in the trans-
verse direction, the SREE produces a non-equilibrium spin density localized at the

interface.
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The two mechanisms can coexist in multilayer systems and may contribute si-
multaneously to SOT phenomena, complicating the interpretation of experimental
results [154, 161, 162]. Although the SREE plays a critical role in certain device ge-
ometries and material systems, it is not directly relevant for the experiments pre-
sented in this thesis, which rely on the bulk SHE in Pt for spin current generation,

but is presented here only for completeness.

(b)

Figure 3.2: (a) Principle of the Edelstein effect at a Rashba interface. (b) Schematic
of the SREE where a specific momentum state is associated with a specific spin
orientation due to spin momentum locking.

3.1.2 Spin Hall Magnetoresistance

MR refers to the change in electrical resistance of a metallic magnetic material due
to the presence or orientation of a magnetic field [163]. Several microscopic mech-
anisms can give rise to MR, depending on the material system. A notable example
relevant to this work is the SMR, first reported in 2013 in bilayer systems composed
of a normal metal with strong SOC and an adjacent magnetic insulator [145, 164].
The SMR enables the electrical detection of the magnetic orientation in bilayers
consisting of a HM and a magnetic insulator. In such systems, the resistance mea-
sured in the HM layer varies systematically with the relative orientation between
the magnetization of the magnetic insulator and the applied charge current [165].

The SMR arises from the combined action of the SHE and the iSHE in the HM,
together with angular momentum transfer across the HM/magnetic insulator in-
terface. When a charge current j, is injected into the HM layer, the SHE generates
a transverse spin current js, as discussed in Sec. 3.1.1, and a spin accumulation o

builds up at the interface between the HM and the magnetic insulator. Depending
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on the relative alignment of ¢ and the order parameter, i.e. magnetization M or the
Néel vector n of the adjacent magnetic insulator, the spin accumulation can either
be reflected or absorbed. In case of a parallel alignment o || M (o || n), the gener-
ated spin accumulation is predominantly reflected at the interface and converted
back into a charge current via the iSHE, enhancing the net current in the HM and
thereby reducing the measured resistance as illustrated in Fig. 3.3(a). For a per-
pendicular alignment, ¢ L M (o L n), the spin accumulation can transfer angular
momentum to the magnetization via spin-transfer torque (STT), leading to partial
absorption of the spin current. This reduces the spin accumulation available for
back-conversion to a charge current, lowering the net current and increasing the
measured resistance as shown in Fig. 3.3(b). Since o L j, the result is an enhanced
resistivity for M L j. (n L j.) and a reduce resistivity for M || j. (n || j.) [165].
The theoretical framework developed for describing the SMR in AFMs [166-
168] predicts for the longitudinal (ARy) and transverse (ARy,) resistance changes

ARy Ap, ,
— XX £ , 3.3
z <) (33)
ARy Ap
—— oC —(NyNy). 3.4
7 p( y) (3.4)

R is the mean longitudinal resistance value to normalize the changes, x denotes
the direction parallel to the applied charge current and y the in-plane direction
perpendicular to the current. The quantities n, and n, are the respective compo-
nents of the Néel vector n, and (...) denotes an average over the probed magnetic
domain structure [167]. The SMR coefficient % is a measure for the SMR response
of a system with resistivity p. Within the framework of spin-diffusion theory, it

can be modeled as

%ZQZ As

(3.5)

ZﬂsGTltanhZ(%)
o + 245Gy coth’(£) |

It depends on the electrical conductivity o, the spin Hall angle sy, the spin-
diffusion length A, the metallic layer thickness d, and the spin mixing conductance
G, which quantifies the efficiency of spin transport across the metal/magnet in-
terface [165].
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Figure 3.3: Illustration of the SMR effect in a HM/AFM insulator bilayer. A charge
current j. in the HM generates a transverse spin current j; and a non-equilibrium
spin accumulation o at the interface to the magnetic insulator via the SHE, if
the metal shows sufficiently strong SOC. (a) In the case of parallel alignment of
electron spin accumulation o and Néel vector n, the spin current is reflected and
contributes to the total charge current j. + j. (low resistive state). (b) For a per-
pendicular alignment of o and n, the spin current is absorbed via STT and j is
suppressed (high resistive state). (c) - (e) Definition of the ¢—,  and y—rotation
angles, defining rotations in the xy-, yz- and xz-planes, respectively. (f) Ideal an-
gular dependence of Apsyr, . in the three rotation planes for an AFM insulator as
a function of the angle between the charge current and the magnetic order para-
meter.
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The spin mixing conductance is generally complex, G| = G,+iG;. The real part
G, describes the dissipative absorption of spin current by the magnetic layer and
is, therefore, the quantity that determines the observable SMR signal. In contrast,
the imaginary part G; represents a reactive, phase-shifting component that does
not lead to net spin absorption and thus has no significant impact on the measured
resistivity, but only on the phase of the spin accumulation.

Since the minimum in magnetic free energy arises for the Néel vector being
oriented perpendicular to the applied magnetic field, the SMR is expected to show
a 90° phase shift relative to the case of FM insulators. This prediction, however,
assumes that the Néel vector can freely rotate with the applied magnetic field H.

By convention, the SMR is defined as positive if it follows the same angular de-
pendence as in YIG/Pt bilayers, where the effect was first observed [145], a behav-
ior commonly found in most FMs. On the other hand, if the angular dependence is
shifted by 90°, the effect is referred to as negative SMR [166]. Experimentally both
cases have been reported in AFMs: positive SMR with a FM-like signature [169]
as well as negative SMR with an AFM-like signature [168, 170]. The ideal negative
SMR response of an AFM for a rotation of the magnetic field is shown in Fig. 3.3(f),

while the the xy—, yz— and xz— rotation planes are defined in Figs. 3.3(c)-(e).

3.1.3 Orbital Angular Momentum Manipulation

Analogous to the spin current generation mechanisms (see Sec. 3.1.1), orbital an-
gular momentum current can also be generated from charge current via the OHE
and the orbital Rashba Edelstein effect (OREE). Despite the theoretical predic-
tions of large orbital effects [171], the field has attracted significant attention only
recently, due to experimental observations of large torques and magnetoresis-
tance effects that cannot be explained within the framework of spin-based mech-
anisms [44, 172], yet they emerge from the orbital part of the electronic degrees of
freedom.

OAM is an intrinsic property of electrons associated with circulating motion
around the atomic nucleus, and within the atomic center approximation, each
atomic site serves as a local center for orbital quantization. Transport of OAM
in solids can thus be understood as the hopping of electrons between these sites,
where both the local atomic character and the band structure contribute to the

orbital angular momentum [173].

32



3.1. Spin and Orbital Transport Effects

In crystalline solids, the electrostatic potential from surrounding atoms pro-
duces crystal field effects that strongly influence the OAM. These crystal fields lift
the degeneracy of the atomic orbitals, tending to align the OAM along specific
crystallographic axes and often leading to orbital quenching, in which the net or-
bital moment is reduced because the angular momentum of electrons averages to
zero across the split orbitals [174, 175].

However, in certain materials, the orbital moment is only partially quenched.
In CoO, for example, the Co®" ions have incompletely filled f,, orbitals, which re-
tain some degeneracy. Combined with moderate SOC and small lattice distortions
that do not fully lift this degeneracy, this allows a substantial residual orbital mo-
ment to persist [176-178].

3.1.3.1 Orbital Hall Effect

The OHE is a transport phenomenon in which an applied charge current gener-
ates a transverse flow of OAM without any accompanying charge current j. or
net charge displacement. This effect was first theoretically predicted in 2005 for
Si [171]. Unlike the SHE, which relies on SOC to connect the spin of charge carri-
ers to their motion, the crystal momentum of electrons naturally couples to their
OAM. As a result, the generation of orbital currents does not require strong SOC
and can, therefore, occur even in materials composed of light elements where SOC
is weak [35, 39, 171].

The OHE can be defined within the framework of orbital textures in Bloch
bands [37, 38]. In formal terms, the OHE is understood as a transverse orbital
current response to a longitudinal electric field (see Fig. 3.4), with the orbital Hall

angle Oop describing the proportionality between the two [35, 37, 39]:

jo < 90H (Uo X ]c) 5 (3-6)

where j, denotes the transverse orbital current and o, is the unit vector along the

orbital polarization direction. The orbital Hall angle is a function of the orbital

Hall conductivity ooy and the conductivity o of a material Oop = (’?TH

Orbital Hall conductivities were theoretically calculated for various elemen-
tal materials across the periodic table [39]. The results indicate that significant
orbital Hall conductivities are not limited to HM elements with strong SOC, but

are instead widespread among transition metals and other materials. Notably, 0oy
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values are predicted to be one to two orders of magnitude larger than spin Hall

conductivities [39].
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Figure 3.4: Illustration of the orbital Hall effect. A flowing charge current j. is
converted into a transverse orbital current j,.

Microscopically, the OHE can originate from orbital hybridization in the elec-
tronic band structure. In materials with strong mixing of atomic orbitals, such as p-
d or d-d hybridization, the resulting Bloch states display a momentum-dependent
orbital texture, meaning that the expectation value of the OAM, (L,)(k), varies

across the Brillouin zone [37, 38]. This orbital texture is often odd in momentum

(Lz) (k) = =(Lz)(=k), (3.7)

as a consequence of time reversal symmetry, which reverses both momentum and
orbital angular momentum. When an electric field is applied, the distribution of
the occupied states in momentum space is shifted, creating an imbalance between
states carrying opposite OAM. This imbalance results in a net transverse orbital
current j,, the signature of the OHE. This Berry curvature-based view effectively
describes the intrinsic clean-limit OHE and allows for first-principles predictions
of large orbital Hall conductivities [37, 38].

Within the framework of gauge-invariant quantum kinetic theory for multi-
band electron systems [179], orbital currents arise both from the intrinsic Berry
curvature of Bloch bands as well as from interband quantum coherences gener-
ated by spatial or temporal gradients of the carrier distribution. This framwork

promises to be applicable to realistic device structures, as it naturally incorporates
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the effects of weak disorder, finite-size geometry, and boundary conditions [180].
In systems with time reversal and inversion symmetry, quantum kinetic theory re-
veals that the physically measurable OHE current is purely intraband and describes
actual orbital transport in the bulk. Observed orbital accumulation at the edges of
such samples arises predominantly from locally generated interband quantum co-
herences, processes unrelated to the diffusion of a bulk OHE current. In this model
edge OAM accumulation does not, in general, serve as direct evidence for the pres-
ence of a bulk orbital Hall current [180].

Thus, while Berry curvature models associate edge effects intimately with a
bulk OHE, the quantum kinetic approach demonstrates that edge accumulation
and Hall current are, in general, distinct phenomena and only carefully designed
experimental probes can distinguish between true orbital Hall transport and boun-
dary-induced edge effects [180]. Thus, further experimental studies are required

to understand the origin of orbital current.

3.1.3.2 Orbital Rashba Edelstein Effect
The OREE describes the generation of a non-equilibrium OAM from an applied

charge current in systems with broken inversion symmetry [181]. Analogous to
the SREE, the OREE originates from a momentum-dependent orbital texture in
the band structure, which arises from inversion-symmetry breaking and is further
influenced by interfacial electric fields [181]. While the SREE relies on SOC to lock
spin to momentum, the OREE stems from momentum-orbital locking that can exist
even in materials with weak SOC [41, 182].

At an interface, inversion symmetry breaking produces an interfacial electric
field, similar to the situation in the SREE. This field modifies the mixing between
atomic orbitals (hybridization), leading to a momentum-dependent orbital polar-
ization as shown in Fig. 3.5. Such hybridization can involve s-p character [183]
or p-d character [184]. The orbital Rashba coupling strength depends sensitively
on the orbital composition of the interfacial states and is often enhanced at inter-
faces with oxides due to their large difference in electronegativity and the resulting
strong potential gradient [184].

Cu/CuOx interfaces have been theoretically predicted to induce a pronounced
OREE [184]. In this system, the interfacial orbital texture originates from p-d hy-

bridization between oxygen and copper states, which is strongly modified by the
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presence of the interfacial electric field. It was shown that a large OREE can oc-
cur under the assumption of fcc metallic Cu covered by a single oxygen mono-
layer [184]. Theoretical models suggest that such a configuration yields substan-
tial orbital Rashba splitting, enabling the efficient conversion of charge current
into orbital polarization.

Experimental evidence for orbital currents was reported in Cu/CuOx in 2020
[44], supporting the idea that interfaces between low-SOC metals and oxides can

serve as efficient orbital current sources.

P

Jc

Figure 3.5: Schematic of the OREE. A charge current j, is converted into an orbital
momentum accumulation due to inversion symmetry breaking at the interface.

3.1.4 Orbital Magnetoresistance
In direct analogy to the SMR (see Sec. 3.1.2), the concept of OMR has recently

emerged as a novel mechanism by which OAM current may influence charge trans-
port in magnetically ordered systems. In this context, the OHE or OREE generate
an orbital accumulation at the interface between a nonmagnetic metal and a mag-
netic insulator, which can interact with the magnetization and yield a magnetiza-
tion-dependent resistance [185].

The microscopic mechanism underlying the coupling between OAM and the
magnetic layer is an active area of research. In principle, the accumulated OAM
may couple directly to either spin or orbital moments within the magnetic layer
[185, 186]. This interaction is expected to become particularly relevant in materials
with a significant orbital contribution to the total magnetization, such as rare-
earth elements [187, 188], or in cases where orbital quenching is suppressed, such
as in CoO [176-178]. To date, a direct orbital-to-orbital coupling has not been

unambiguously observed, and its precise mechanism remains unclear.
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Thus, the interaction of OAM with magnetic layers has primarily been ob-
served via an orbital-to-spin interconversion process [44, 46]. In systems with
finite SOC, the orbital accumulation can be partially converted into spin angular
momentum through SOC, which subsequently interacts with the magnetic mo-
ment via the conventional SMR mechanism. This orbital-to-spin conversion may
occur in a strong SOC interlayer such as Pt [44, 46], within the magnetic mate-
rial itself [46], or across an AFM CoO layer that efficiently transmits and converts

orbital angular momentum into spin torque [189].

3.1.5 Other Magnetoresistance Effects

In addition to the SHE and OHE and their associated magnetoresistance phenom-
ena, other Hall- and magnetoresistance-related effects may also contribute to the
measured signal, each modifying the electrical resistance in distinct ways. These
effects exhibit different symmetries with respect to the magnitude and direction of
the applied magnetic field as well as the magnetization direction of the material.
The ordinary Hall effect, for example, depends directly on the applied magnetic
field.

Other effects depend indirectly on the magnetization of the material, such as
the anisotropic magnetoresistance (AMR), planar Hall effect (PHE) and the anoma-
lous Hall effect (AHE) [123]. All occur in materials with FM moments. In mate-
rials with in-plane magnetized moments, an in-plane charge current will cause a
longitudinal and a transverse Hall-like effect via the AMR and PHE, respectively.
These effects originate from spin-dependent scattering of charge carriers, which
depends on the in-plane angle between the magnetization and the charge current
direction [190].

AHE arises from the combined action of SOC and spontaneous magnetization
and was first observed in out-of-plane magnetized iron [123]. Even in the absence
of an external magnetic field, a transverse voltage can be generated, which reverses
sign when the magnetization of the iron is inverted [123]. This causes variations
in the longitudinal resistance and can coexist with SHE- or OHE-induced signals.

A further effect to consider is the Hanle MR. It is observed in nonmagnetic
conductors with strong SOC. In this case, a transverse magnetic field modulates
the spin accumulation via the Hanle precession mechanism [191], producing char-

acteristic magnetoresistive signatures even in the absence of magnetic order. The
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application of a large magnetic field perpendicular to the spin polarization yields
a precession of the spin moments at the edges of the layer and as a consequence a
dephasing of the spin moments.

The relative magnitudes of these additional effects depend strongly on mate-
rial properties, sample geometry, and measurement configuration. In some cases,
they may superimpose upon or obscure the desired SHE- or OHE-related signals.
Consequently, careful experimental separation of contributions, through material
characterization, optimized measurement geometry and symmetry analysis is es-
sential for the accurate interpretation of magnetotransport measurements in SOC

systems.

3.2 Spin Torques

Over the past decade, the electrical switching of AFMs via spin torques has been
the subject of intense investigation [47-49, 192]. In the context of spin-torque-
driven switching in AFMs, two distinct types of torques must be distinguished.

Staggered torques act with opposite sign on the two magnetic sublattices. Stag-
gered bulk torques are crucial for the electrical switching of metallic AFMs with
broken inversion symmetry, such as Mn, Au and CuMnAs [30, 193, 194].

In contrast, in insulating AFMs, such as CoO, non-staggered interfacial torques
can induce a reorientation of the Néel vector. These torques act individually on

both sublattices. A SOT acting on sublattice M; can be expressed as [33]
T= r|1|M1 X (o x M) + 7. M; X o, (3.8)

where o represents the spin polarization direction, Tﬁ (r1) represents the magni-
tude of the torque component parallel (perpendicular) to the (M;; o) plane.

The first term in Eq. 3.8 corresponds to the antidamping-like torque, while the
second term corresponds to the field-like torque. Their respective influence on the
AFM order is illustrated in Fig. 3.6 [33].

A field-like torque acting equally on both sublattices has an effect equivalent
to an external magnetic field applied perpendicular to the Néel vector (Fig. 3.6(a)).
This induces a canting of the AFM order without a net reorientation. In this case,
the torques 73y exerted by the external field on M; and M2 are opposite in sign

and exactly cancel the exchange torque 7gx between the sublattices. On the other
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Figure 3.6: Mechanisms of (a) field-like and (b) antidamping-like torques acting on
a collinear AFM with magnetic moments M; and M. Here, 717 denotes the torque
exerted by an external magnetic field, 7ap represents the effect of the antidamping-
like torque, and gy corresponds to the exchange torque arising from the mutual
interaction between the two sublattice magnetizations.

hand, an antidamping-like torque (cc M; X (o X Mj)) also cants the sublattice mo-
ments, but here 7z does not compensate the torque (Fig. 3.6(b)). As a result, a
rotation of the AFM order becomes possible [33]. In AFM/HM bilayers, such non-
staggered antidamping-like torques are predicted to enable a reorientation of the
Néel vector [192, 195]. As discussed in Sec. 3.1.1, a charge current in the HM layer
is converted into a transverse spin current via the SHE. Part of this spin current is
absorbed by the magnetic layer. The absorption of the spin components perpendic-
ular to the sublattice magnetization M;, exerts a damping-like spin torque acting
on the sublattice magnetizations [165, 196]. The direction of the acting torque is
fixed by the orientation of o, implying that electrical switching of the AFM order
is unidirectional with respect to the applied current pulse j..

For switching driven by antidamping-like torques, several microscopic mecha-
nisms have been proposed. These include coherent rotation of the Néel vector and
current-induced domain wall motion [48, 192]. Another possibility is a combined
effect in which the antidamping-like spin torque acts directly on the domain wall
while the spin current modifies the effective anisotropy. This anisotropy change
creates an energetic imbalance between domains, leading to a ponderomotive force

that pushes domain walls toward the energetically unfavorable domain orienta-
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tion [49]. Chirality-dependent switching has also been suggested [197]. However,
high-resolution imaging experiments have so far found no evidence of chiral do-

main walls in these systems [198].

3.3 Thermal Effects

An electrical current flowing through a material with finite resistance inevitably
generates heat, which can give rise to thermally induced effects. In the following,
we first discuss the concept of Joule heating and its influence on electrical measure-
ments in AFM/HM bilayers. We then address thermomagnetoelastic switching, a
mechanism by which thermal effects can induce a reorientation of the Néel vector

in electrical switching experiments.

3.3.1 Joule Heating

The electrical manipulation of insulating AFMs requires large current densities on
the order of 10! % in the adjacent HM layer [199]. Such high current densities
cause significant Joule heating, as part of the electrical energy of the charge carriers
is dissipated as heat due to scattering processes at crystal defects, interfaces, and

phonons. The dissipated power P scales with [200]
P« j°R, (3.9)

where j. is the applied charge current and R the device resistance. Joule heating
can, on one hand, assist electrical switching by thermally overcoming anisotropy
barriers between magnetic states [201], but on the other hand may also lead to irre-
versible device degradation through electromigration and material diffusion [199,
202].

These non-magnetic effects from heating in the adjacent HM layer can strongly
influence the measured resistance in switching experiments [203, 204]. It is, there-
fore, essential to characterize and subtract the non-magnetic background changes
to the resistivity signal in order to isolate the purely magnetic signal. For the
CoO/Pt films investigated in this thesis, the non-magnetic contribution was found
to scale linearly with the number of applied current pulses, in agreement with
observations for NiO/Pt [205]. By subtracting this linear contribution from the

measured SMR response, the purely magnetic contribution can be extracted.
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It should be emphasized, however, that this linear approximation is a simpli-
fication of the complex underlying processes and may no longer be valid at very
high current densities close to the device breakdown limit [205]. Thus, for the
analysis of experimental results, it is best to limit the applied current pulses to a

regime where no irreversible changes are caused.

3.3.2 Thermomagnetoelastic Switching

In materials exhibiting strong magnetoelastic coupling, electrical current pulses
with high current densities can induce switching of the Néel vector via a thermo-
magnetoelastic mechanism, distinct from the SOT-driven switching discussed in
Sec. 3.2.

The applied electric current pulses do not only generate Joule heating within
the structured HM layer but also produce inhomogeneous distributions of heat
and strain within the AFM layer [200]. Such strain gradients break the degener-
acy between different magnetic easy axes, thereby facilitating the reorientation of
the Néel vector [51]. However, it is important to emphasize that inhomogeneous
strain alone is insufficient to drive the switching process. Adequate heating is also
necessary to overcome the magnetic anisotropy barriers [51].

Unlike SOT-induced switching, which denotes on interfacial effects and scales
inversely with the thickness of the AFM layer, thermomagnetoelastic switching is
a bulk phenomenon insensitive to the layer thickness.

The spatial distribution of strain is determined both by the device geometry and
the direction of the applied current pulse [50, 51, 200]. Consequently, the switch-
ing direction is determined not only by the current direction, as in SOT-based
switching, but also by the complex spatial distribution of current-induced heat and
strain [51]. This can lead to striking phenomena such as opposite switching signs
arising from different contact geometries despite identical current flow directions
at the device center, as illustrated in Fig. 3.7. Furthermore, thermomagnetoelastic
switching can vary spatially within a single device, producing regions with differ-
ent switching behavior. Notably, if heat and strain gradients are sufficiently strong,

switching can even be induced in areas where no current is flowing [51].
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Before j

[110]

[110]

Figure 3.7: Comparison of the switching between different geometries. (a) Initial
domain structure in the [110] star device and (b) simulations of the current-induced
strain € differences between the easy axes (€[;19] — €[110]) for a straight pulse along
[110] direction resulting in the domain structure shown in (c) after the applica-
tion of five pulses in the direction indicated by the arrow. (d) The initial domain
structure in a [100] star device and (e) the strain difference for X-shaped pulses
along [110], resulting in the domain structure shown in (f) after the application
of five pulses. Adapted with permission from Ref. [51]. Copyright 2020 American
Chemical Society.
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The investigation of spin and orbital effects in AFM thin-film systems requires the
growth and fabrication of high quality films and advanced techniques to charac-
terize, electrically measure and image the films.

This chapter first introduces CoO as a material system and discusses the sample
fabrication and characterization. Then electrical measurements are discussed and
the measurement setup is introduced before the imaging of the AFM texture by
X-ray based microscopy is discussed.

The methods described in this chapter follow established procedures outlined
in several prior theses and reviews [34, 206—-212]; these sources have served as the

foundation for the methodological approach adopted here.

4.1 CoO

CoO is an insulating 3d transition metal oxide, ordered in the NaCl crystal struc-
ture which consists of a diatomic base with an fcc lattice structure. Its proper-
ties have been extensively investigated since the mid-20™" century [176, 213-216].
Early neutron diffraction experiments indicated a magnetic structure similar to
those of other well-known 3d transition metal oxides such as NiO [71]. However,
it is now understood that CoO exhibits different magnetic properties in several as-
pects, such as structure, domain formation and orbital quenching [70, 71, 177, 217].
In its bulk form, CoO has a Néel temperature close to room temperature (291 K)
[213, 218, 219]. Experimental research on the crystallographic structure has re-
vealed a 1.2% tetragonal distortion of the fcc lattice below the Néel temperature [213,

220-222]. However, the exact spin structure of CoO remains a topic of ongoing
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debate. Neutron diffraction measurements have not provided definitive evidence,
leading to the proposal of various models [223]. Initially, a collinear spin structure
was proposed analogous to NiO, with FM spin coupling within the {111}-planes
and AFM coupling between neighboring planes [71, 213, 224] as shown in Fig. 4.1.
However, the observed tetragonal distortion of the lattice led to the consideration
of a non-collinear spin structure within a multi-spin-axis model [225-227]. Later
studies demonstrated that a tetragonal distortion can occur even in a collinear spin
alignment, provided that an additional monoclinic distortion is present [70, 219].
After this monoclinic distortion was experimentally observed in CoO, the collinear
magnetic structure became widely accepted [90, 219, 228-230]. Nevertheless, there

are still new studies proposing a non-collinear spin structure [92, 231, 232].

Figure 4.1: Illustration of the spin structure of CoO. The spins are coupled fer-
romagnetically within the {111}-planes and antiferromagnetically between the
planes. The individual spins are aligned along the [117] direction.

Due to the tetragonal distortion along one of the three cubic axes, three dis-
tinct {111}-planes, referred to as twin-domains (T-domains), can form in CoO [103].
Within each of these T-domains, the spins can align into one of three equivalent
(117) directions, forming spin-domains (s-domains) [213], as exemplarily shown
for [117] in Fig. 4.1. The exact magnetic structure, especially when investigating
CoO thin films, depends on the growth conditions as well as on the chosen sub-

strate material and orientation, and the resulting induced strain. [103, 233]. While
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compressive strain on CoO(001) favors in-plane spin alignment, tensile strain in-
duces out-of-plane canting [234, 235]. When CoO with a lattice parameter of
426 pm is grown on an MgO(001) substrate, the +1.2% lattice mismatch results in
a compressive strain on the CoO layer [234, 236]. This leads to spin moments align-
ing along the (110) directions, forming a fourfold in-plane magnetic anisotropy [50,
237, 238], while also increasing the Néel temperature to above 300 K [50].

In addition to its spin degree of freedom, CoO exhibits an orbital degree of free-
dom. Theoretical studies indicate that the OAM of the Co?**-ions is only partially
quenched by the cubic crystal field, resulting in an effective OAM of L = 1 [177].
Several studies predict that the orbital moment is sizable in comparison to the spin
moment, with values ranging from 0.5 to 2.05 ug, accounting for up to 45% of the
total moment per Co atom [176-178]. X-ray experiments report an L/S ratio of
up to 0.95 [239]. The presence of unquenched OAM in CoO contributes to both
the staggered magnetization and magnetic anisotropies [121]. However, the rela-
tive orientation of the orbital and spin moments remains debated, with theoretical

studies predicting both parallel and antiparallel alignment [240, 241].

4.2 Sample Fabrication and Characterization

The growth of materials is often challenging and depends on numerous factors
[242]. While commercially available samples and companies specializing in mate-
rials growth do exist, obtaining non-standard samples or thin films with specific
thicknesses and tailored properties often requires growing them independently. To
achieve the desired properties and appropriately adjust the growth parameters, it is
necessary to repeatedly characterize the crystallographic and magnetic properties
of the films. A common set of tools for this purpose includes X-ray analysis tech-
niques such as X-ray reflectometry (XRR) and X-ray diffraction (XRD). Preparation
of optimized films for subsequent measurements involves patterning of structures.

The following section provides a brief overview of the principles of sputter
deposition, with a particular focus on the growth of the CoO thin films used in
this thesis. Subsequently, the employed X-ray analysis techniques are discussed,
followed by an introduction to the structuring of thin films via optical lithography
and electron beam lithography (EBL).
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4.2.1 Sputter Deposition of Thin Films

A widely used technique for preparing high-quality thin film samples for research
and industrial applications is sputtering [243-245]. It is favored for its high deposi-
tion rates [206, 245, 246]. However, the growth of high-quality thin films remains
challenging due to the numerous process parameters that must be carefully op-
timized [242]. In the context of this work, such optimization is crucial for the
formation of large AFM domains [49, 247] and the ability to manipulate them.

Sputtering relies on the ablation of material from a target, followed by the de-
position of the ejected target atoms onto a substrate [206, 246]. The process takes
place under vacuum conditions to avoid contaminations in order to improve film
quality. The most basic variant of this technique is direct current (DC) sputtering,.
Figure 4.2(a) shows a schematic of a DC sputtering setup. During the process, a no-
ble gas, typically argon, due to its chemical inertness and high sputter yield (rate at
which material is removed from the target), is introduced into the vacuum cham-
ber [248]. A large DC voltage of 200V is applied between the target (cathode) and
the substrate (anode), accelerating free electrons. These electrons collide with Ar
atoms, leading to ionization and photon emission, which generates a plasma [249].
The resulting Ar* ions, being positively charged, accelerate toward the negatively
charged target. Upon impact, they initiate a collision cascade at the target surface,
ejecting atoms [250, 251]. These atoms are emitted radially and partially deposit
on the substrate surface.

Despite its simplicity, DC sputtering has limitations, including a relatively low
sputter yield and surface charging effects when used with insulating targets [251].
These issues can be mitigated by replacing the DC voltage with an alternating
voltage, as in radio frequency (RF) sputtering, which typically operates at a RF
of 13.56 MHz [246, 252]. The alternating electric field increases the collision rate
between electrons and Ar atoms, thereby enhancing ionization and improving the
sputter yield. This results in higher deposition rates and allows the process to
operate at lower gas pressures [253].

An even higher sputter rate can be achieved via magnetron sputtering, in which
magnetic fields are used to trap electrons near the target [206, 246]. A basic mag-
netron sputtering chamber is shown in Fig. 4.2(b). In this configuration, perma-
nent magnets generate a magnetic field that confines electrons in circular orbits

above the target surface, further increasing their collision rate [206]. However,
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this setup leads to inhomogeneous target erosion, with material being preferen-
tially ablated along the electron path [206]. Additionally, magnetic targets can
interact with the applied magnetic field, reducing the efficiency of the magnetron
sputtering process. This issue can be addressed by using more advanced magnet

geometries [252].

(@) DC/RF sputtering (b) Magnetron sputtering

Anode +

Pump

Gas inlet

DC/RF power DC/RF power

Ar @Art e+e @ target atom

Figure 4.2: Schmatic of different sputtering principles. (a) Basic DC/RF sputtering
in which DC or RF voltages can be applied to the target cathode and Ar atoms
(orange) are ionized and a plasma is formed. (b) In a magnetron sputtering system
a magnetic field confines the Ar*-ions (pink) and electrons (black), leading to an
increased sputter yield, and increases the deposition of target atoms (blue) on the
substrate.

4.2.1.1 CoO/Pt Thin Film Growth

The growth of CoO/Pt, CoO/Cu, CoO/Cr, CoO/Ti and CoO/Cu/Pt thin film mul-
tilayers is carried out using the ULVAC QAM-4 automated sputtering system of
the research group of Prof. Dr. Eiji Saitoh at Tokyo University, Japan. The system
enables automated growth of multilayer structures and features separate cham-
bers for the sputtering of magnetic and non-magnetic materials to prevent cross-
contamination. It also includes an automated transfer mechanism for moving sam-
ples between chambers.

The AFM CoO layer is deposited via reactive magnetron sputtering from a Co
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target, with oxygen gas being introduced into the sputtering chamber in addition
to Ar [254, 255]. The oxygen flow rate controls the thin-film growth rate, influ-
ences the film structure and affects adatom diffusivity [255]. During the deposi-
tion process, Co oxidizes with O, at the cathode surface and the substrate to form
CoO [206, 252]. An illustration of the sputtering chamber for magnetic materials

is shown in Fig. 4.3.

Substrate )
Linear

shutter

Transfer I 4y .
chamber . ¢ °
[ d . Pump

Shutter
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DC/RF power

Water
cooling

Ar @Art ee @ Coatom -Oxygen atom

Figure 4.3: Sketch of the sputter chamber for magnetic materials of the ULVAC
QAM-4 automated sputtering system of the research group of Prof. Dr. Eiji Saitoh
at Tokyo University, Japan.

The substrates are positioned face-down on a rotating copper holder above the
sputter targets. The sample holder temperature is adjustable to optimize growth
conditions. The chamber contains four magnetic sputter targets, all arranged at
an oblique angle to minimize surface roughness in the deposited films [252]. The
target holders can operate with either DC or RF voltage. Deposition times are
automatically controlled using shutters positioned above the targets. When vary-
ing film thicknesses on a single substrate (preparation of wedges), a linear shutter

can be placed in front of the substrate, in which case the rotation of the substrate
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holder must be disabled. The magnetic sputtering chamber is connected to a sim-
ilar chamber dedicated to non-magnetic materials via a transfer chamber. This
allows for the sequential deposition of layers such as Pt, Cu, Cr or Ti. Detailed

process parameters and growth recipes are provided in the Appendix A.1.

4.2.2 X-ray Analysis

The crystallographic order, lattice parameter and mosaicity of the thin films can be
analyzed using XRD. For this purpose, a Bruker D8 DISCOVER X-ray diffractome-
ter was used [256], equipped with a parallel monochromatic Cu K, X-ray beam of
wavelength A(K,) = 0.154 nm [257]. The incident X-rays, characterized by a wave
vector k;, strike the sample at an incidence angle 6 with respect to an atomic plane,
as illustrated in Fig. 4.4(a). The X-rays are reflected by the sample, resulting in a
wave vector k,. The reflected X-rays are detected at the same angle of reflection as
the angle of incidence, on the opposite side of the sample. The angle between the
extension of the incident X-rays and the reflected X-rays is given by the scattering
angle 20. When the scattering vector Q = k, — k; equals a reciprocal lattice vector
G, diffraction peaks become visible [258]. By varying the angle of incidence in a
20 — 0 scan, the crystal orientation can be identified [258]. The precise positions
of the diffraction peaks in the spectrum are related to the lattice constant via the

Bragg condition for constructive interference

nA = 2dyy; sin(9), (4.1)

with n being the diffraction order and dpk; representing the lattice plane spacing
associated with the Miller indices (hkl). Further characterization of the diffraction
peaks can be performed using a rocking curve measurement. In this technique,
the scattering angle 20, thus the angle between X-ray source and detector is kept
constant, while the incident angle and the detection angle are varied. The width
of the resulting peak provides information on the mosaicity and overall crystal
growth quality [259].

For XRR, the sample is also irradiated by an X-ray beam, but under grazing
incidence. In this case, smaller angles are used because the measurement probes
interference from scattering centers that are farther apart. While XRD investigates
the interference of adjacent atomic planes, XRR measures the interference of adja-

cent interfaces. If the atomic planes are not perfectly parallel to the interfaces, for
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Figure 4.4: (a) Illustration of XRD from the crystal lattice including the definitions
of angles and lattice spacing used to determine the condition of constructive in-
terference. (b) Typical XRD scan for CoO grown on an MgO substrate.

example, in the case of vicinal surfaces, the sample orientation (i.e., the 6-26 con-
dition) must be adjusted when switching between XRR and XRD measurements.
Below a critical angle .., the beam experiences total reflection. At angles slightly
larger than 0., the X-rays partially penetrate the material and may be reflected
multiple times before exiting the material. The detected intensity exhibits an os-
cillatory behavior as a function of 8, known as Kissing fringes. The Kissing fringes
are related to the film thickness as well as to the surface and interface roughness.
Constructive interference of the reflected and refracted beams leads to intensity
maxima, while destructive interference results in minima. Therefore, the oscilla-
tion width provides information about the film thickness, and both the amplitude
of the Kissing fringes and the overall signal decay yield insights into the roughness
of the film surface and the film/substrate interface.

The XRR data were fitted using the noncommercial software GenX, which ap-
plies the Parratt recursive method [260] in combination with the Névot-Croce

roughness model [261].

4.2.3 Structuring of Thin Films

Defined micro- and nanometer-scale structures, required for the research pre-
sented in this work, necessitate the patterning of thin films following their de-
position. This is achieved through lithography, meaning the transfer of a design
onto a thin layer of photoresist [262]. Lithography can be performed using either
optical lithography or EBL. The choice of photoresist depends on the type of ra-
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diation used: ultraviolet (UV) light for optical lithography or electrons for EBL.
For industrial applications, optical lithography has been optimized using extreme
UV light, enabling the fabrication of structures down to 3 nm [263]. In contrast,
university research typically employs EBL for patterning structures smaller than
1pm.

The fundamental lithography process is illustrated in Fig. 4.5. First, the sample
undergoes a multi-step cleaning process to remove any surface contamination. A
polymer resist is then applied via spin-coating to achieve a thin, uniform layer (Fig.
4.5(a)). This is followed by a baking step at elevated temperatures to remove sol-
vent residues and cross-link the polymer chains. For EBL on insulating substrates,
an additional conductive resist layer is applied to mitigate charging effects.

(@)

(c) Negative resist (d) Final structure
I [ ]

—_—
Ion etching
[N
(e) Positive resist (f) Final structure
[ | [

Development ) >
Ion etching

(b) Exposure

Figure 4.5: Cartoon sketch of the lithography process. A sample is (a) coated with
resist and (b) exposed to electrons or light. (c) If negative resist is used, the unex-
posed regions of the resist are removed during development. (d) In an ion etching
process argon plasma is used to etch regions not protected by resist anymore, re-
sulting in the desired structure. (e) When positive resist is used the exposed regions
of resist are removed in the development process resulting in a different structure
(f) after ion etching.

Next, as shown in Fig. 4.5(b), the desired pattern is imprinted on the polymer.
In optical lithography, this can be achieved using a structured glass mask with Cr
patterns, which is placed in contact with the photoresist. When exposed to UV
light, the exposed areas of the photoresist undergo a chemical reaction, while the
unexposed regions remain unaffected. This method has a resolution limit of ap-
proximately 2 pm. A more advanced approach utilizes the Durham Magneto Optics

Microwriter ML3 lithography system, equipped with a 385 nm photodiode [264].
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This system enables patterning with resolutions down to 1 um by directly project-
ing the desired pattern onto the photoresist using computer-controlled optics. In
EBL, patterning is performed similarly using a focused electron beam that scans
the sample surface along the defined pattern. By optimizing parameters such as
acceleration voltage, with EBL we can achieve resolutions as fine as 100 — 200 nm.

The third step of the patterning process involves developing the exposed resist.
The chemical reactivity of the exposed regions differs from that of the unexposed
regions when interacting with the developer. For a negative resist, the developer
removes the resist from the unexposed areas (see Fig. 4.5(c)), whereas for a positive
resist, the exposed areas are removed (see Fig. 4.5(e)).

In the final step, the structured thin films undergo further processing. An inert
gas plasma, such as Ar-ion plasma, can be used to etch the unprotected regions
of the sample (Figs. 4.5(d), (f)). Alternatively, additional material layers can be
deposited and subsequently removed, along with the remaining resist, in a lift-off
process. The lithography recipes used for the work in this thesis are presented in
Appendix A.2.

4.3 Electrical Measurements

A main obstacle for the use of AFM materials is the ability to easily read and
write their AFM order. As AFMs, unlike their FM counterparts, do not posses
any macroscopic magnetization, it is more challenging to detect their magnetic
order [33, 34]. One way to read the AFM domain structure is by means of elec-
trical measurements. It was first shown in metallic AFMs, that the Néel vector
can be detected via AMR measurements [194, 265, 266] and set via staggered Néel
SOTs or thermal effects [30, 193, 194, 201, 267-270]. Later the concept was ex-
tended to insulating AFMs: Making use of an adjacent HM layer, one can de-
tect the Néel vector via SMR and set the magnetic order via SOTs and thermal
effects [47, 48, 51, 145, 167, 168, 170, 192, 271]. The following section gives a brief
overview over the two different measurement geometries utilized for reading and
writing the Néel order; local MR measurements and electrical switching experi-

ments. Then the experimental setup itself is introduced.
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4.3.1 Local MR Measurements

For the local MR measurements, Hall bar structures were utilized. The structures
consist of a central 6 um-wide bar that carries the sensing current. Two additional
channels, each 2 pm wide and oriented perpendicular to the central bar, allow for
the measurement of longitudinal and transverse voltage. A schematic of the Hall
bar device, including the electrical contact scheme, is shown in Fig. 4.6.

The sensing current is provided by a Keithley model 6221 [272] operating in
Delta Mode, while the voltage is detected using a Keithley model 2182A nanovolt-
meter [273]. When operating in Delta Mode, the current source and nanovoltmeter
are internally coupled. A direct current is applied and inverted at a frequency
of 12 Hz, such that the current traces a square wave. The Keithley model 2182A
nanovoltmeter measures the voltage at the same frequency, averaging the values
for positive and negative currents. This internal coupling enhances measurement
speed, enabling the acquisition of many data points within a short period, thereby
reducing noise to approximately 1 —2nV at 200 K and an integration time of 20 ms

per voltage reading with 100 readings combined into each data point.

2 um

6 Hm

[100]

u. &

Figure 4.6: Schematic of a Hall bar including the connection scheme used for lon-
gitudinal V,, and transverse V,, voltage measurements.

4.3.2 Electrical Switching Measurements

For the electrical switching measurements, two types of devices were utilized: Hall
cross and Hall star devices, as shown in Figs. 4.7(a) and (b), respectively. Both

devices consist of two 10 um-wide, perpendicular channels for the application of
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current pulses with a current density on the order of 10!* Am™2.

The Hall cross devices are aligned with the [100] and [010] crystallographic
axes of the sample, whereas the Hall star devices are oriented along the [110] and
[110] direction. The latter also include two additional 2 um-wide channels along
the crystallographic (100) in-plane axes for the application of sensing current and
transverse voltage detection. This design allows for the measurement of the Néel
vector orientation in the same geometry as the Hall bar devices. Additionally, in
this configuration, the reading current is aligned at 45° with respect to the in-
plane magnetic easy axes of CoQ, thereby maximizing the MR signal according to
Eq. 3.3 [167].

The current pulse channels of the two devices are rotated by 45° relative to each
other to facilitate the use of different switching geometries. To observe switching
effects and compare the final orientation of the Néel vector with respect to the
applied current pulses, the pulse direction at the center of the Hall device must be
aligned along the (110) magnetic easy axes of the sample. Consequently, different
pulsing geometries are employed, either applying pulses around an edge of the
Hall cross or directly along the Hall star, when utilizing different devices.

Current pulses are applied using a Keithley model 6221 alternating-current cur-
rent source, which supplies a maximum voltage of 105V with a minimum pulse
duration of 10 ps, allowing for the application of comparatively short pulses [272].
However, due to the current’s rise time of approximately 0.1 ms, only longer 1 ms
pulses are used. This approach ensures a more reliable comparison of changes as
a function of current density while allowing the rise time to be neglected.

Since switching measurements require frequent reconfiguration of the electri-
cal connections, a Keysight 34970A+ data logger [274] equipped with a Keysight
34904A 4x8 matrix module is used. This setup enables computer-controlled (re)rou-
ting of contacts, streamlining the measurement process.

The Néel vector orientation is determined electrically via a charge current sup-
plied by a Keithley model 2400 sourcemeter [275], while the transverse voltage
is detected using a Keithley model 2182A nanovoltmeter [273]. To improve the
signal-to-noise ratio and eliminate thermal contributions, the current direction is
alternated, and five measurements are averaged for both positive and negative cur-

rent directions.
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Figure 4.7: (a) Schematic of a Hall cross device including the connection scheme
used for transverse resistance measurements. The channels of the cross are ori-
ented along the crystallographic axes and the current pulses are applied along two
neighboring arms of the cross. In comparison the Hall star device in (b) is rotated
45° compared to the Hall cross. Here, the large channels along which current
pulses are applied, are aligned along the two in-plane (110) directions.
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4.3.3 Experimental Setup

For the electrical measurements, the samples were installed inside the variable
temperature insert of a superconducting cryostat. In the course of this thesis, two
different cryostats were employed.

The first was an Oxford Instruments VSM MagLab cryostat, capable of gener-
ating magnetic fields up to 12 T and operating at temperatures ranging from 300 K
down to 1.9K via liquid helium cooling. The second was an Oxford Instruments
low loss dewar, equipped with a superconducting magnet that, in standard oper-
ation, can generate magnetic fields up to 15T. When operated in Lambda mode,
wherein the coils are cooled to 2.2 K, magnetic fields of up to 17 T are achievable.

Temperature control was managed using a LakeShore Model 335 Temperature
Controller [276], which was connected to a LakeShore Cernox 1050 sensor.

Although the magnets used in the cryostats are solenoidal, the samples could be
mounted in either an in-plane or out-of-plane configuration using a piezo-rotating
element (ANRv51/RES/LT) [277], which was controlled by an ANC350 [278] from

Attocube. This piezo-rotator enables continuous 360° rotation in high magnetic
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fields and at cryogenic temperatures. However, a full rotation is impractical due to
the risk of entangling and severing the electrical connections necessary for signal
readout. Additionally, the encoder exhibits a blind spot between 320° and 360°,
restricting the accessible angular range to 0° — 320°. To obtain measurement data
for a complete 360° rotation in the magnetic field, it is necessary to invert the
magnetic field direction. A reversal of the magnetic field by 180° corresponds to
an angle between the magnetic field and the applied current of &’ = «+180°. When
combined with a subsequent rotation back to 0°, this procedure enables access to
all angles.

Rotation is achieved by applying a brief DC voltage pulse to the piezo-rotating
element rather than a continuous voltage, which could otherwise lead to exces-
sive heating and potential damage to the component. Each voltage pulse induces
an incremental stepwise rotation, exhibiting a ratcheting motion. The rotational
speed is governed by both the magnitude of the applied voltage and the frequency
of its application. Typically, a voltage of 35V at a frequency of 4 Hz is used, as this
provides a balance between efficient rotation and the mechanical integrity of the
positioner. In high magnetic fields, each voltage pulse induces a small torque on
the positioner’s cables, potentially leading to solder joint failure.! Moreover, the
rotational speed is temperature-dependent, decreasing at lower temperatures.

The piezo-rotating element accommodates two different sample boards, which
enable sample rotation in three orthogonal planes. On the in-plane sample board,
the sample is mounted such that the applied field lies within the sample plane,
permitting rotation within the xy-plane. Conversely, on the out-of-plane sample
board, the sample is oriented such that the field is perpendicular to the sample
plane, allowing for rotation within the xz- or yz-plane while being subjected to a

static magnetic field.

4.4 X-ray Based Magnetic Imaging

X-ray-based techniques provide powerful tools for magnetic imaging, offering sev-
eral advantages over methods that rely on visible light. They enable non-invasive,
element-specific investigations and achieve spatial resolutions well beyond those
of conventional optical approaches [279], reaching down to about 5 nm [280, 281].

Moreover, X-ray based imaging can offer magnetic sensitivity when using polar-

!Operation is save up to voltages of ~ 40 V applied with a frequency of 4 Hz.
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ized mono-chromatic X-rays, as the absorption and dispersion of X-rays depends
on the orientation of magnetization within a material [282, 283].

The following section first provides a short overview on X-ray absorption spec-
troscopy and its interaction with AFM materials. The second part focuses on the
generation of polarized X-rays in a synchrotron, as well as on photoemission elec-
tron spectroscopy, including the experimental setups and procedures used in this

thesis.

4.4.1 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a powerful element-specific technique to
investigate material properties. The energy-dependent absorption of monochro-
matic X-rays by a material provides insights into magnetic ordering, electronic
structure, and the oxidation state of the material under investigation [284].

One common method to determine the energy-dependent X-ray absorption
cross section o is to perform scanning transmission X-ray microscopy measure-
ments. The transmission of X-rays through a sample of thickness d [284] can be
expressed as

I=1-exp(—pod), (4.2)

with Iy being the initial intensity, which is attenuated to I after passing through
the sample, p being the atomic density of the material, and o being the interaction
cross section. Since the resulting intensity strongly depends on the sample thick-
ness d, transmission experiments require very thin films, typically on the order of a
few hundred nanometers [285]. Alternatively, X-ray absorption can be studied by
measuring the secondary photons emitted from the sample (fluorescence) [286] or
the electrons emitted from the sample upon X-ray irradiation (electron yield) [284].
The latter was used to investigate the CoO thin films in this work.

When a sample is irradiated with photons, core-level electrons can be excited
into unoccupied valence states, as illustrated in Fig. 4.8(a). The recombination of
these excited electrons with core holes can lead to the excitation of other electrons
above the vacuum energy Ev,., which are ejected from the atom (Fig. 4.8(b)). These
emitted electrons are known as Auger electrons. Inelastic scattering of Auger elec-
trons can lead to the emission of secondary electrons from the sample, as shown
in Fig. 4.8(c). Which can be detected [284, 287, 288], as discussed in Sec. 4.4.2.2.

The probing depth is typically limited by the escape distance of secondary elec-
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Figure 4.8: Sketch of the creation of secondary electrons from X-ray irradiation.
(a) The absorption of photons excites core level electrons from p states into empty
d states close to the Fermi level Eg. (b) The subsequent relaxation of electrons can
excite further electrons above the vacuum energy Ev,. and thus lead to an ejection
from the atom. These electrons are called Auger electrons. (c) Inelastic scattering
of the Auger electrons can induce emission of secondary electrons [210, 212, 288].

trons, whereas the photon penetration depth is much greater, although it depends
on the incident photon energy [289]. Due to the short electron escape depth, this
technique is particularly surface sensitive. The measured intensity of the emitted

electrons I, can be described by

Ie=1Iy- (1 —exp (—g)), (4.3)

with the phenomenological parameter z representing the secondary electron es-
cape distance, at which the initial electron intensity .o has decayed to approx-
imately 37% of its original value. Despite this limitation, absorption can still be
detected in layers up to a thickness of approximately 3z [290]. Typical values of z
are zco = 2Ni = 2.5nm [289]. Insulators typically exhibit longer secondary electron
escape depths compared to metals [291].

By tuning the X-ray energy to the absorption edge of a material, element-
specific information can be obtained. For 3d transition metals such as Co, the

L-edge exhibits two distinct peaks due to the spin-orbit splitting of the core level
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into 2p;/; and 2ps;,. While transitions from the core level to unoccupied s- and
p-states are possible, the XAS spectrum is primarily dominated by transitions from
the 2p core level to unoccupied 3d states [284, 292]. The shape of the XAS spectrum
provides valuable information about the chemical composition of the material; for
instance, oxidized material may cause the appearance of an additional shoulder in
the spectrum for many elements [293].

XAS spectra obtained for different X-ray polarizations can vary significantly
due to dichroism, a phenomenon for which the X-ray absorption cross section of
a material differs for two perpendicular polarization states of the incident X-rays.
Dichroism arises only when the symmetry of the interaction between the X-rays
and the material is broken. This symmetry breaking can occur due to the intrin-
sic structure of the material (natural or structural dichroism) [294, 295] or due to
magnetic ordering (magnetic dichroism) [296, 297].

Depending on the X-ray polarization used, four distinct types of dichroism can
be identified:

« X-ray natural linear dichroism (XNLD) [284, 294]
« X-ray magnetic linear dichroism (XMLD) [296, 298]
« X-ray natural circular dichroism (XNCD) [295]

« X-ray magnetic circular dichroism (XMCD) [297]

The forms of X-ray magnetic dichroism (XMD) arise from modifications in a ma-
terial’s electronic structure due to magnetic ordering, which in turn affect its in-
teraction with X-ray photons. XMD is a resonant effect that occurs predominantly
within the near-edge X-ray absorption fine structure of magnetic atoms [284].

In FMs, XMCD is commonly used to investigate the magnetic ordering [297].
Circularly polarized photons carry angular momentum and are, therefore, sensi-
tive to the direction of magnetic ordering [284]. XMCD originates from the spin-
orbit interaction in the core-level states, leading to different transition probabili-
ties for left- and right-circularly polarized light [299]. Its sensitivity to both spin
and orbital magnetic moments makes XMCD a valuable tool in analyzing SOC
and magnetic anisotropy, with quantitative interpretation enabled by established

XMCD sum rules [299]. In contrast, compensated collinear AFMs, such as CoO,
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exhibit no net magnetic moment and thus show no XMCD effect. To investigate
collinear AFMs, linearly polarized X-rays are used, as in the XMLD effect orienta-
tional but no directional sensitivity is found [296].

When interpreting the magnetic signal, it is important to distinguish mag-
netic from non-magnetic origins of linear dichroism. XNLD can result from charge
anisotropies caused by the surrounding crystal field, leading to polarization-depen-
dent absorption [300]. XNLD can occur in both magnetic and non-magnetic ma-
terials [294].

In a non-magnetic cubic system without charge anisotropy, XNLD vanishes,
and X-rays of different polarizations are absorbed equally [284]. The coupling of
X-rays to electronic states depends on the X-ray polarization, meaning that absorp-
tion of photons is related to the number of valence states along the direction of the
electric field E [284]. In an uniaxially aligned system, the intensity of the XNLD
signal depends on the angle 8 between the electric field vector and the symmetry
axes [284]

I(B) = Iy cos* (), (4.4)

with I being the intensity for f = 0.

Crystal field effects are particularly pronounced in thinner films, for which a
lattice mismatch of film and substrate breaks the crystal symmetry, and can give
rise to XNLD [301, 302]. These non-magnetic contributions can produce dichroic
signals that, if not carefully accounted for, may lead to a misinterpretation of the

underlying magnetic order [301, 303, 304].

4.4.1.1 X-ray Magnetic Linear Dichroism
The XMLD effect can be employed to investigate collinear AFMs [298, 305]. Since

linear polarization possesses axial, but no directional, properties, XMLD is ob-
served in AFMs, FMs, and ferrimagnets alike. However, XMLD is a second-order
effect, scaling with (MIT), and is, therefore, often significantly weaker than XMCD
in ferromagnetically ordered systems [298]. The XMLD effect originates from a
non-spherical distortion of atomic orbitals caused by SOC, and depends on the
magnetic ordering within the material [298], as illustrated in Fig. 4.9.

The absorption of X-rays differs depending on whether they are polarized par-

allel or perpendicular to the spin direction and also varies between different spin
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orientations (i.e., magnetic domains). To date, XMLD has firmly established itself
as a technique for studying many collinear AFM materials and investigate their

magnetocrystalline anisotropy and AFM domain structure [299].

(a) Paramagnetic state (b) Antiferromagnetic state
X-rays
< > < > +—F > +— >

[ o conwrasr_]

Figure 4.9: Schematic of the contrast change of an AFM in (a) paramagnetic state
with a spherically symmetric charge density (blue) in comparison to (b) the AFM
state with a distorted charge density.

The XMLD signal can be determined either from the difference in absorption
between linearly horizontally (LH) and linearly vertically (LV) polarized X-rays,
or from the difference in absorption of polarized light at two distinct photon en-
ergies. In collinear AFMs, such as CoO, significant absorption differences arise
between LH and LV polarized X-rays, as well as between different X-ray energies,
as illustrated in Fig. 4.10.

A rigorous theoretical description of the XMD effects is inherently complex and
depends on the electronic structure of the magnetic material. Accurate modeling
typically requires approaches such as band structure calculations [306] and a com-
plete magnetic multipole framework that accounts for higher-order magnetic ten-
sor components beyond the net magnetization [299]. The necessity of this complex
theory is underscored by the observation of XMCD in altermagnetic systems [307].

The presence of XMCD, under the absence of a net magnetic moment, shows that
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the emergence of XMCD is not governed by the spin configuration, but rather by
the symmetry of magnetic dipole moments permitted by the crystal and magnetic
structure. Optical responses such as XMCD and XMLD do thus not directly probe
the magnetization, but reflect the underlying magnetic multipole symmetry of the
system [299]. Consequently, oversimplified models and analogies [288, 308] are

often misleading and fail to capture the true physical mechanisms.
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Figure 4.10: X-ray absorption spectrum at the Co L3 peak for LH (blue) and LV
(red) polarized X-rays.?

In this context, particular attention must be paid to the decomposition of X-
ray linear dichroism into its spinless and spinful components. The spinless con-
tributions correspond to XNLD effects, as discussed in Sec. 4.4.1 and arise from
anisotropic charge distributions caused by the surrounding crystal field. These
non-magnetic effects can lead to polarization-dependent absorption even in non-
magnetic materials and must be carefully disentangled from the magnetic signal.
In contrast, the spinful component originates from the underlying magnetic or-
dering and is associated with rank-2 magnetic multipole moments, notably the
anisotropic magnetic dipole operator (T®). This magnetic contribution is what
encodes information about the direction and symmetry of the magnetic order.

In AFM materials, it is specifically the in-plane spinful XMLD component that

is sensitive to variations in the orientation of the magnetic order parameter, such

2The CoO data has been measured on an MgO(001)/CoO(4 nm)/Pt(2 nm) sample by Dr. Adithya
Rajan, Aditya Kumar, Grischa Beneke and Tobias Sparmann under the guidance of the author dur-
ing a beamtime at the ALBA synchrotron.
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as the Néel vector. Because linear polarization possesses axial, but not direc-
tional, symmetry, this XMLD component varies with the relative angle between
the polarization vector and the spin orientation. As a result, it enables detection
of changes in magnetic orientation across different crystallographic or magnetic
domains, even in systems without net magnetization and can be exploited to de-
termine the three-dimensional orientation of the Néel vector in various magnetic
domains within a sample [210, 309, 310].

To quantitatively analyze XMLD and isolate the magnetic contributions, recent
theoretical developments, such as those by Yamasaki et al. [299], have introduced
sum rules based on a complete magnetic multipole basis. In this formalism, the
XMLD intensity is expressed as a weighted sum of expectation values of magnetic

multipole operators:
Ixmip & Z (T®y . p®, (4.5)
k=24,...
with (T®)) being the multipole moments and P(¥) being the polarization-dependent
geometrical coefficients. This approach captures contributions beyond the net

magnetization and is essential for correctly interpreting XMLD spectra.

4.4.2 Polarized X-ray Radiation

Dichroism is a powerful tool for probing the magnetic properties of materials.
However, it requires monochromatic X-rays with tunable polarization. Such X-
rays can be generated using a synchrotron light source [281]. Synchrotron radi-
ation, also known as magnetobremsstrahlung, is electromagnetic radiation emit-
ted by a charged particle undergoing radial acceleration in a magnetic field while
traveling at velocities close to the speed of light. The emission mechanism is anal-
ogous to dipole radiation [311]. Although originally regarded as an unwanted
energy loss, synchrotron radiation is now valued for its exceptionally high spec-
tral brilliance (photon flux per area and opening angle of the source) which makes
it a crucial tool in modern X-ray spectroscopy and microscopy [281, 284]. The
following section introduces the fundamental principles of synchrotron radiation,
the process of its generation, and the basic operating principles of photoemission

electron microscopy (PEEM).
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4.4.2.1 Synchrotron Radiation

A synchrotron light source generates highly collimated, coherent X-ray beams
with an intensity that is six to twelve orders of magnitude greater than that of
conventional laboratory sources [311]. These X-rays exhibit tunable polarization
and energy, along with exceptionally high brilliance. This makes synchrotron ra-
diation ideally suited for a wide range of experiments, enabling higher energy
resolution in spectroscopy, greater angular resolution in diffraction studies, and
improved spatial resolution in imaging applications [311]. The layout of a typical

synchrotron light source is illustrated in Fig. 4.11 [281].

ON

— £ Electron
Bending magnets s bunch
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ring
Optics
Storage ring \\
End station

RF cavity

Figure 4.11: Schematic of a synchrotron with its key components. Electrons are
generated in a source. They are accelerated in the linear accelerator (green), con-
nected to the booster ring where they are boosted in energy and then injected into
the storage ring. RF cavities (grey squares) maintain the electron energy. Bending
magnets (dark blue) and insertion devices (yellow and blue) steer and oscillate the
high-energy electron bunches, producing synchrotron radiation. The emitted X-
rays are directed through beamline optics to the end stations. For simplicity only
one insertion device and end station are shown.

Electrons are initially generated by a source and subsequently accelerated by
a linear accelerator before being injected into a booster ring. In the booster ring,

the electrons are further accelerated to velocities close to the relativistic limit and
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then transferred into the storage ring. Within the storage ring, electrons circulate
at energies of several GeV. In each loop the electrons loose energy, which must be
replenished. To compensate for this energy loss, RF cavities are installed in at least
one part of the ring to boost the electrons’ energy.

The entire electron path is enclosed within an evacuated vessel to prevent beam
degradation due to collisions with gas molecules. Nevertheless, occasional colli-
sions with residual particles still occur and lost electron bunches are continuously
replenished to maintain a stable beam current.

Although commonly referred to as a "ring," the actual shape of the storage
ring is not perfectly circular, but rather resembles a polygon composed of straight
sections connected by curved segments [281]. In the curved sections, one or more
bending magnets are used to deflect the electron beam and guide it along the closed
trajectory. These bending magnets produce X-rays with a broad energy spectrum
and a wide opening angle, resulting in relatively low brilliance.

In the straight sections of the ring, insertion devices are installed [281]. These
are periodic magnetic arrays, typically composed of permanent magnets with al-
ternating polarity, that perturb the electron path. As the electrons pass through
an insertion device, they undergo a slalom-like motion around the central axis,
emitting high-brilliance photons with specific properties tunable by the insertion
device setting at each bend [312, 313]. When the electron oscillations are small
and remain close to the central axis, the emitted radiation from each bend adds co-
herently, leading to constructive interference and intensity peaks at specific X-ray
energies. Insertion devices that operate in this regime are referred to as undu-
lators [312, 313]. The X-ray energies at which the intensity peaks occur, as well
as the polarization of the emitted radiation, are determined by the spacing (gap),
strength, and periodicity (phase) of the magnetic arrays, all of which can be tuned
to suit experimental needs [312, 313].

The emitted X-rays are guided to individual beamlines and experimental end

stations, at which they are used for a wide range of scientific applications [281].

4.4.2.2 Photoemission Electron Microscopy

Combining the concept of dichroism with PEEM enables element-specific imag-
ing of local magnetic (domain) structures on the sample surface by mapping the

electrons emitted from the sample surface [314]. PEEM operates analogously to
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an optical microscope, but uses electrons and electrostatic lenses instead of visible
light and glass optics, thereby achieving superior spatial resolution.

In PEEM, the detected signal originates not from the incoming photons but
from secondary electrons emitted via Auger processes as described in Sec. 4.4.1.
To obtain a good image, the sample surface must be electrically conductive, and
the incident X-ray wavelength must be appropriate for exciting the core electrons
of the material under investigation [288].

Figure 7.5 shows a typical PEEM setup utilizing grazing-incidence X-rays at an
angle of 16°. High-resolution imaging requires electrons with sufficiently high ki-
netic energy. To achieve this, a strong electric field of 10-20 kV is applied between
the sample surface and the objective lens to accelerate the emitted electrons. These
electrons are focused by the objective lens and pass through a contrast aperture,
which limits the emission angle of the electrons. Subsequently, the electrons are
guided through a series of magnetic lenses and into an energy analyzer. After pass-
ing through an energy-selective slit, electrons within the desired energy range are
focused onto a detector by projection lenses. Since only the emitted secondary
electrons are used for imaging, the resolution of PEEM is not limited by the wave-
length of the incident X-rays. Instead, it is constrained by the performance of
the electron optics and by factors such as spherical and chromatic aberrations, as
well as electron diffraction [281, 290]. Furthermore, PEEM is inherently surface-
sensitive, and imperfections or defects on the sample’s surface can distort the local
electric field, thereby affecting electron trajectories and image quality.

When PEEM is combined with XMCD or XMLD contrast mechanisms, it en-
ables imaging of the magnetic domain structure of a sample. These techniques are
referred to as XMCD-PEEM and XMLD-PEEM, respectively. In this work, XMLD-
PEEM was primarily employed, as the materials under investigation exhibit AFM
order.

To obtain an XMLD-PEEM image, either polarization-dependent or energy-
dependent imaging can be performed [267, 282, 315]. This means that PEEM im-
ages are acquired using either two orthogonal linear polarizations, or two distinct
photon energies are combined to reveal magnetic contrast. The XMLD-PEEM im-

ages presented in this work were obtained by subtracting images acquired at two
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Figure 4.12: Schematic of a PEEM setup with grazing incidence of the X-rays as
found e.g. at the CIRCE beamline at ALBA. The X-rays illuminate the conductive
sample, causing the emission of electrons (cyan) at random angles. These electrons
are accelerated by a high voltage towards the electron optics, where they are first
focused by an objective lens, then pass through a contrast aperture and an array of

magnetic lenses. An energy analyzer and energy slit enable energy-filtered imag-
ing before the electrons are projected onto a detector/CCD camera.

different photon energies (E; and E;) at the Co Ls absorption edge:

I(Ey) — I(Ep)

XMLDjage = ——p— 2
tmage = T(E)) + I(Eyp).

(4.6)
Here, the denominator minimizes the effect of non-magnetic contributions, such
as surface roughness, on the XMLD-PEEM images.

Despite the increased spatial resolution of PEEM compared to optical microsco-
py, a significant drawback is that imaging is limited to conducting samples. This
limitation arises because, in the absence of conductivity, the removal of electrons
would result in a net positive charge on the sample [316]. This charge accumula-
tion would shift the work function, making it more difficult for the emitted elec-
trons to reach the detector.

Additionally, external electric and magnetic fields, aside from those within
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the lens system of the microscope, perturb the electron trajectories [317]. Con-
sequently, the system must be well shielded, and the in-situ use of electric and
magnetic fields is restricted to very small fields. This constraint limits experiments
on AFM materials to those that do not require large magnetic fields.

The high voltage required to accelerate the electrons can generate substantial
electric fields, which can lead to rapid electric discharges between the sample and
the microscope [316]. These discharges cause a drop in high voltage, preventing
electrons from reaching the detector. Locally, this can result in a large charge
current flowing through the sample, potentially causing damage. To minimize the

risk of discharge, maintaining a high vacuum and a flat sample surface is essential.

4.4.3 Experimental Setups

For the work presented in this thesis primarily three different PEEM setups at syn-
chrotron facilities in Europe have been used: The BL24-CIRCE beamline at ALBA
(Spain) [318], the UE49-PGM SPEEM beamline at Bessy II (Germany) [319, 320]
and the MAXPEEM beamline at MAX IV (Sweden) [321]. The main characteristics

of these setups are discussed in Tab. 4.1.

4.4.3.1 Data Acquisition and Image Processing

For the dichroism images, stacks of individual images were acquired. Depending
on the observed contrast and the signal-to-noise ratio, between 20 and 500 images,
each with a 1s averaging time, were acquired for each of the two energies.

Before the final dichroic images were calculated, according to Eq. 4.6, sev-
eral image processing routines were performed. First, camera artifacts were re-
moved through image normalization. This process included a flat-field correction,
appropriate scaling of the intensity of the central columns and rows, and dead
pixel removal, which replaces missing values with the average value of the near-
est neighbors. All the individual images acquired for a dichroism image needed to
be aligned with respect to each other. The so-called drift correction compensates
for thermal drift and small system vibrations during the acquisition. The images
were all aligned with respect to the first image in the stack.

Image normalization, drift correction, dichroism calculation, and additional
post-processing (such as adjustment of the intensity range, further drift correc-
tion, and averaging of several XMLD-PEEM images) were performed using either

Igor Pro 8 or Image] Fiji with routines written and provided by the beamline sci-
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entists of the corresponding beamlines.

Table 4.1: Comparison of the BL24-CIRCE (ALBA), UE49-PGM SPEEM (BESSY 1II),
and MAXPEEM (MAX IV) PEEM setups and their main characteristic features.

Feature BL24-CIRCE UE49-PGM MAXPEEM
(ALBA) SPEEM (BESSY | (MAX1V)
IT)
Instrument Elmitec Elmitec SPEEM Elmitec SPLEEM
LEEM/PEEM (aberration-
11 corrected)
Detector Not specified TimePix3 (1.6ns | CMOS (4096 X
time resolution) | 4096 px)
Spatial Resolution | 20 nm 30 nm 20 nm
Energy Range 100-2000 eV 100-1800 eV 30-1200 eV
Energy Resolution | 0.2eV 0.07eV at700eV | <0.2eV
X-ray Incidence | 16° grazing inci- | 16° grazing inci- | Normal inci-
Angle dence dence dence

Polarization Con-
trol

Full polarization
control

Full polarization
control

In-plane rotation

Temperature Standard: ambi- | Standard: ambi- | Standard: ambi-
Range ent temperature; | ent temperature; | ent temperature;
can be cooled | can be cooled | can be cooled
down to ~ 100K | down to 45K | down to ~ 90K
(LN>) (LHe), limits az- | (LNy)
imuthal rotation
(£90°)

Special Features Time-resolved Maximized
imaging (1.6ns); | XMLD for in-
vertical cartridge | plane Néel
geometry vectors
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Characterization of CoO Thin Films

AFM thin films can exhibit magnetic properties that differ significantly from those
of their bulk counterparts, owing to strain, defects, or chemical bonding effects
introduced during growth on a substrate or within a multilayer structure [322,
323]. Magnetic parameters affected by this can include, among others, the Néel
temperature, the size of magnetic domains, and the magnetic anisotropy [324-
327]. While bulk CoO has been intensively studied since the 1950s and is still
not fully understood [70, 213, 219, 222, 224-228], thin AFM CoO layers have been
barely studied. Before performing experiments to electrically read and write the
Néel vector, i.e. by the application of an electrical current, it is of key importance to
carefully characterize the magnetic properties of the AFM thin films to facilitate
the interpretation of the experimental results. In Sec. 5.1, the effect of different
growth parameters on the quality of the CoO thin films is investigated. And in
Sec. 5.2 and Sec. 5.3, the influence of laser pulses and patterned shapes on the

domain structure is investigated, respectively.

5.1 Growth Parameter Optimization

By varying the growth parameters, one can vary the magnetic behavior of FMs and
AFMs in a controlled fashion or optimize specific material properties for targeted
applications [328-332].

Strain induced during the growth process plays a particularly important role
in determining the properties of AFM thin films, especially in materials with large
magnetostrictive coefficients, such as CoO [213, 333]. By selecting appropriate

growth conditions, one can tailor the strain state of the film, thereby influenc-
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ing the AFM domain size, the equilibrium orientation of the Néel vector, and the
strength of the magnetic anisotropy [334]. Optimizing these parameters not only
enables the realization of CoO thin films with desired magnetic characteristics but
also ensures the reliability, reproducibility, and consistency of experimental re-
sults.

The correlation between structural and magnetic properties of CoO thin films
and their respective growth conditions was systematically investigated by - and -
during their Bachelor theses [335, 336], under supervision of the author.

Their studies reveal that the oxygen flow rate during deposition has a signifi-
cant impact on the lattice parameter of the CoO thin films and hence on the strain
imposed by the MgO(001) substrate. This relationship is characterized using XRD

measurements. A shift in the CoO (200) peak is observed as a function of oxygen

flow rate, as illustrated in Fig. 5.1(a).
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Figure 5.1: (a) XRD spectra around the CoO (200) peak for samples deposited with
variable oxygen flow and deposition time in order to yield samples of approxi-
mately the same thickness. (b) Impact of the oxygen flow during deposition on
the lattice constant, and consequently strain, in the thin films. The error bars are
smaller than the symbol size. Data points are connected by cubic interpolation.

Reprinted with permission from Ref. [335].

A lack or excess of O, during sputtering leads to a higher concentration of
defects in the crystal structure. These defects introduce additional intrinsic strain,

impeding relaxation of the upper atomic layers and preventing the lattice constant
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from approaching its bulk value. The optimal oxygen flow rate was identified
to lie in the range of 12-14% of the total gas flow, as determined from the XRD
data. Figure 5.1(b) illustrates the lattice parameter determined for the individual
samples, showing a significant reduction in lattice parameter within this range.
While variations in sputtering power or total gas pressure during deposition also
influence film quality, their impact is found to be less significant compared to the
effect of oxygen flow.

Furthermore, a reduction in strain is found to correlate with a decrease in mag-
netic anisotropy and an increase in AFM domain size. These effects are attributed
to a reduction in the number of pinning sites within the film, which are typically
introduced by lattice defects and local strain variations. The ability to tune these
parameters via growth conditions underscores the importance of precise control
over the deposition process when engineering CoO thin films for AFM spintronic

applications.

5.2 Optical Domain Nucleation

One of the primary advantages of AFMs lies in their intrinsic THz spin dynamics,
offering significant potential for ultrafast spintronic applications [29]. To fully
exploit these dynamics, particularly for achieving ultrafast switching in AFMs,
a transition from current-induced manipulation of the Néel vector to optically-
induced control is essential.

In ferri- and FM systems, laser-induced all-optical switching has been exten-
sively investigated and helicity-dependent switching was observed [337-341].

In contrast, studies on optically-induced phenomena in AFM materials have
primarily focused on the excitation of magnon modes [342-347], demonstrating
that laser irradiation can effectively excite AFM order. Some experimental reports
further suggest the possibility of optically inducing AFM domains and domain-
walls [348, 349]. Although these processes are typically thermally driven, non-
deterministic, and helicity-independent, recent evidence points to helicity-depen-
dent optical switching of AFM domains via laser optical torques in MnzAu [350].

Notably, even the thermally-induced processes yield valuable insights into the
AFM ordering and contribute to a deeper understanding of the material system be-
cause driving it away from equilibrium can expose characteristic coupling mech-

anisms, and domain dynamics that are otherwise hidden in equilibrium.
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In this study, we investigate the impact of laser irradiation on the domain and
domain wall structure of CoO thin films. The sample under investigation is a
CoO(10 nm)/ Pt(2 nm) bilayer grown on MgO(001). Illumination was performed in
the Group of - by -. An ultrafast amplified laser system with a central wavelength
of 800 nm and a repetition rate of 1 kHZ was used. Each laser spot was exposed
for 1s and a pulse length of 42 fs was used. The band gap of CoO is ~ 2.5V [351],
exceeding the photon energy of the laser (1.55 eV). For different irradiation spots,
the polarization of the laser beam was varied (C~, lin, C*) as well as the laser pump
power, ranging from 40 pyW to 100 pyW in 20 pW increments. Irradiation was con-
ducted ex-situ at room temperature.

Following irradiation, the illuminated areas were imaged using XMLD-PEEM
at the Co L3 absorption edge at the MAXPEEM beamline at MAX IV.

@ (c)
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Figure 5.2: Example of the domain structure of an MgO(001)//CoO(10 nm)/Pt(2 nm)
sample after irradiation with 1000 42 + 4 fs laser pulses at 80 yW pump power and
(a) circular left (C7) polarized light, (b) linearly polarized light and (c) circular right
(C*) polarized light. Note that at the edge of the XMLD-PEEM images one can see
the heating-induced ablation of the Pt layer where the laser pulse was focused to.

Exemplary XMLD-PEEM images obtained at a laser power of 80 uW for dif-
ferent light polarizations are presented in Fig. 5.2. In the irradiated regions, mag-
netic domain structures are observed surrounding a central area in which the Pt

layer has been structurally changed due to the accumulated heat (visible as small
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black and white speckles at the edges of the XMLD-PEEM images). While the re-
gions farther from the illuminated area retain an almost monodomain state, the
illuminated zones consistently exhibit a multidomain state for all three laser po-
larizations (C~, lin, C*), characterized by magnetic domains with two orthogonal
Néel vector orientations. No systematic differences are observed as a function of
the light polarization at any of the tested laser powers, indicating that domain
formation in CoO is thermally driven rather than helicity-dependent, similar to
previous observations in NiO [349]. Furthermore, domains are present across the
entire range of pump powers investigated, with no clear correlation between the
laser power and either the domain size or density. This behavior is attributed to
the fact that irradiation was performed at room temperature, which is close to the
Néel temperature Ty of CoO. Even low-power laser pulses can locally raise the tem-
perature above Ty, and during subsequent cooling and relaxation, a multidomain
state is generated.

A closer inspection of the induced domain structures reveals that the spatial
orientation of the domain walls is anisotropic. Instead of forming circular domains,
the walls exhibit straight edges and linear features, indicating preferred orienta-
tions with respect to the magnetic hard and easy axes.

Theoretical studies predict that the spatial configuration of domain walls in
AFMs is influenced by magnetoelastic effects [78]. In the absence of such effects,
domain walls tend to form isotropic, circular patterns. However, when magne-
toelastic coupling is strong, domain walls preferentially align along the magnetic
hard axes because this orientation minimizes the magnetoelastic strain energy as-
sociated with the rotation of the Néel vector across the wall. Aligning along hard
axes reduces the elastic distortions induced by magnetoelastic coupling, making
such domain-wall configurations energetically favorable [78].

To qualitatively determine the strength of the magnetoelastic effects, we ex-
tract the spatial orientation of the domain walls by extracting the angle between
each domain wall segment and the crystallographic [100] direction. This analysis
allows us to infer whether the magnetoelastic effects in our samples are sizable or
not. The directionality of the domain walls is determined using the Directionality
plugin in Image] - Fiji [352]. First, the XMLD-PEEM images are converted into
binary format, as illustrated in Fig. 5.3(a), using the image shown in Fig. 5.2(b) as

an example. Next, domain walls are extracted at the color boundaries, as shown
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Figure 5.3: The directionality of the domain walls at each point can be determined.
The XMLD-PEEM image is first converted into a binary image (a) and then the
domain wall is extracted at the color edge (b). (c) The directionality of the domain
wall is determined with respect to the horizontal direction of the images and color-
coded according to the scale on the right. (d) The occurrence of a certain domain

wall directionality as a function of the angle with the [100] direction of the CoO
sample.

in Fig. 5.3(b). The Directionality function then evaluates the orientation of each
wall segment relative to the horizontal axis of the image, yielding a color-coded
map of domain wall orientations (Fig. 5.3(c)) and a corresponding histogram of the

angular distribution.

The resulting occurrence of domain wall orientations relative to the [100] di-
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5.3. Antiferromagnetic Shape Anisotropy

rection (corrected for the slight misalignment of the crystallographic axes and the
linear horizontal X-rays polarization) is depicted in Fig. 5.2(d), averaged over all
laser polarizations and pump powers. The data reveals an anisotropic distribu-
tion of domain wall orientations. We find distribution maxima at —90°, 0°, and
90°, which correspond to the magnetic hard axes, and minima near the magnetic
easy axes. Fitting a sin?(a) function to the angular distribution indicates a de-
viation from perfect 90° symmetry. This anisotropic distribution of domain wall
orientations suggests sizable magnetoelastic contributions in our CoO thin films.
Additionally, the deviation from fourfold symmetry points to the presence of a
uniaxial anisotropy in thin films, superimposed on the expected cubic magnetic

symmetry.

5.3 Antiferromagnetic Shape Anisotropy

In FM devices a common method for manipulating magnetic domains is via shape-
induced anisotropy [65]. Altering the shape of a FM structure can lead to changes
in its magnetic domain configuration. In the absence of an external magnetic
field, FM materials often exhibit multidomain states governed by a balance be-
tween exchange interaction, dipolar interaction, and anisotropy. In very small
structures, dipolar interactions can dominate, leading to shape-dependent domain
formation [52].

Although collinear AFMs do not posses dipolar interactions due to the absence
of a demagnetization field, multidomain states are still commonly observed [91,
103, 105, 106], as discussed in Sec. 2.3.2. In AFM materials with strong magne-
toelastic interactions, shape-dependent effects, analogous to FM shape anisotropy,
can emerge in finite-size elements [77, 111, 353]. Given the sizable magnetoelastic
effects identified in our thin films (compare Sec. 5.2), it is essential to understand
the influence of patterning-induced effects, particularly near edges, and shape-
induced effects on the long-range domain structure. This is especially relevant for
further experiments requiring patterning of the thin films, which could uninten-
tionally tailor the domain configuration.

To investigate shape- and patterning-induced effects on the domain structure
of thin-film CoO, various geometrical elements with different orientations were
patterned into a CoO(10 nm)/Pt(2 nm) bilayer using optical lithography. As shown
in Fig. 5.4, we have etched away the CoO, Pt and part of the MgO substrate in
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Chapter 5. Characterization of CoO Thin Films

the area surrounding the geometrical element. A 1 nm ruthenium layer was sub-
sequently deposited to ensure electrical conductivity and mitigate discharge risks
during PEEM imaging. To allow magnetic moment reorientation after pattern-
ing, the sample was annealed in vacuum at 350 K, above the Néel temperature, for

10 min.

CoO/Pt
Ru

[110] f
{ X-ray polarization

4 [110]

Figure 54: XMLD-PEEM images of the AFM domain structure in
MgO(001)//CoO(10 nm)/Pt(2 nm) bilayers with patterned rectangular elements.
The aspect ratio of the rectangles is varied and the long axis is oriented along the
[110] direction in (a), it shows a square shape in (b) and the long axis is oriented
along [110] in (c). Note that the slightly brighter areas within the rectangle in (b)
are of non-magnetic origin, but rather some photoresist residuals.

PEEM imaging was performed at normal incidence at the MAXPEEM beam-
line at MAX IV, providing high sensitivity to the in-plane Néel vector orientation.
Figure 5.4 displays the domain configurations of rectangular shaped patterns ori-
ented along the magnetic easy axes direction. The aspect ratio of the rectangles
was varied from 1 pm X 14 pm to 14 pm X 1 um. In Fig. 5.4(a), the long axis of the
geometrical element is aligned along the [110] direction; Fig. 5.4(b) shows a square
element; and in Fig. 5.4(c) the long axis is aligned along the [110] direction. Across
all patterns, we can identify the two orthogonal AFM domains typical for CoO
thin films [50, 237, 238]. In Fig. 5.4(a), the domain configuration is largely uniform,
with one dominant domain type. In contrast, Fig. 5.4(b) reveals the formation of a

darker domain within a narrow ~ 0.5 um — 1 pm wide region near the patterning-
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5.3. Antiferromagnetic Shape Anisotropy

edge aligned along the [110] direction. As the rectangle becomes narrower along
the [110] direction, this darker domain becomes increasingly prominent and even-
tually stabilizes across the entire area in the 1 um wide structure.

We find that the Néel vector within the dark domain in Fig. 5.4(b) and (c) is
oriented orthogonal to the patterning edge. This can be attributed to localized
modifications of the surface anisotropy near the edges, introduced during the pat-
terning process leading for instance to strain variations. However, the broadening
of the dark domain in narrower rectangles oriented along the [110] direction can-
not be explained by local anisotropy changes alone. Instead, this behavior points to
the influence of long-range magnetoelastic interactions [77]. That the broadening
of the domain from one side of the device to the other is only observed in rect-
angles with a width less than 2 um suggests that, in contrast to materials such as
NiO [77] or CuMnAs [353], the magnetoelastic effects in CoO are not sufficient to
overcome the material’s stronger intrinsic anisotropy over larger distances away
from the edge. In NiO and CuMnAs, shape-anisotropy-induced domain configu-

rations were observed even in elements up to 5 pm in width [77, 353].

v -

[110]

{ X-ray polarization

[110]

Figure 5.5: XMLD-PEEM image of a zigzag-shaped patterning, showing a prefer-
ential formation of different domains at different edges of the patterning.

When examining the zigzag pattern shown in Fig. 5.5, we observe domain for-
mation trends similar to those seen in the rectangular elements. Specifically, we
find a preferential formation of bright domains along edges aligned with the [110]
direction, and dark domains along edges aligned with the [110] direction. As in the
rectangular geometries, these results indicate a consistent tendency for the Néel
vector to align perpendicular to the respective patterning edge.

Overall, our results demonstrate that patterning- and shape-induced effects in
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CoO give rise to an effective AFM shape anisotropy. However, these effects are
relatively weak compared to the magnetocrystalline anisotropy and are only able
to locally overcome the intrinsic anisotropy near the patterned edges. As such,
they are unlikely to significantly impact the outcomes of future experiments on

patterned films.

5.4 Conclusion
The AFM properties of thin-film CoO differ significantly from those of bulk CoO.

As demonstrated throughout this chapter, careful optimization of the growth pa-
rameters is crucial to tailoring the material properties to specific experimental re-
quirements. In particular, as discussed in Section 5.1, the oxygen flow during the
sputtering process plays a key role in determining the lattice parameter of the
CoO film, which in turn governs the strain state of the material. This strain di-
rectly influences the orientation of the Néel vector, the magnetic anisotropy, and
the resulting domain structure, including domain size and stability.

Furthermore, in Section 5.2, we have investigated optically induced magnetic
effects in CoO/Pt bilayers. The formation of magnetic domains was found to be
primarily thermally driven rather than helicity-dependent, for all laser polariza-
tions and pump powers. A closer analysis of the domain wall orientations revealed
a distinct anisotropy in their spatial distribution, which indicates the presence of
considerable magnetoelastic coupling within the CoO thin films.

Additional studies presented in Section 5.3 explored the impact of lithographic
patterning and geometric confinement. These revealed that while magnetoelas-
tic effects do influence domain configurations, particularly near patterned edges,
their overall impact remains modest. Unlike in other AFM materials such as NiO
or CuMnAs, for which shape-induced anisotropy can dominate over larger scales,
the intrinsic magnetocrystalline anisotropy in CoO remains the prevailing factor.
Consequently, although shape- and strain-related effects are clearly present, they
are unlikely to significantly interfere with, or limit future experimental applica-

tions.
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Current-Induced Switching of CoO/Pt Bilayers

The development of spintronic devices employing AFMs as active components
relies critically on efficient and reliable techniques for reading and writing the
Néel vector [33]. In conventional FM-based devices, current-induced switching
via STTs is a well-established approach to manipulate magnetic order and is com-
monly employed in STT-magnetoresistive random-access memory [354-356].
However, the current-induced switching of AFMs remains comparatively less ex-
plored and poses greater challenges due to the absence of magnetic stray fields and
net magnetic moments [33, 34].

Initial studies on the electrical switching in metallic AFMs, such as CuMnAs
and Mn,Au, demonstrated the possibility of electrical manipulation of the AFM
Néel vector via staggered bulk field-torques (compare Sec. 3.2) [30, 194, 269, 270].
These efforts were later extended to insulating AFMs, for which an adjacent HM
layer acts as the charge carrier. Several works experimentally demonstrated the
electrical switching of the Néel vector in AFM CoO, NiO and a — Fe;O3 via non-
staggered interfacial antidamping-like torques [47-51, 238, 302, 357-360].

However, multiple mechanisms contribute to the switching and their effects
need to be separated. While early research primarily attributed the switching
mechanism to interfacial, non-staggered SOTs [47-49], later works pointed to
thermomagnetoelastic effects as the dominant process in thicker films with strong
magnetostriction [50, 51, 200, 361]. Since non-staggered SOTs are interfacial ef-
fects and scale with the inverse of the AFM thickness, they are expected to become
more relevant in ultrathin layers [49]. Most previous studies, have focused on AFM

layers of 10 nm thickness or more [47, 49, 51].
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Chapter 6. Current-Induced Switching

The study of ultrathin CoO/Pt bilayers, presented in Section 6.1, addresses this
gap. The results are based on the first-author publication of the author of this
thesis in Ref. [247], which investigates the switching mechanisms in the ultrathin
limit using a combination of electrical measurements and direct magnetic domain

imaging.!

6.1 Electrical Switching in Ultrathin CoO/Pt Bilay-

€rs

In terms of applications, it is of paramount importance to be able to perform the
read-out and writing operations in AFMs quickly, efficiently and deterministically.
In order to address the latter, the underlying switching mechanism needs to be un-
derstood. It has been established that for insulating AFMs, electrical currents in
an adjacent HM layer can be used to read out the orientation of the Néel vec-
tor via SMR [167, 170]. Electrical writing of information has been reported via
current pulses which can induce a reorientation of the AFM order, both in metal-
lic AFMs [30, 194, 269] and bilayers of insulating AFMs and HMs [47-49]. The
switching mechanism in the latter case is, however, being debated in terms of ori-
gin and efficiency. While SOTs have been proposed as the primary driving force
in AFM/HM bilayers [47-49, 197, 357, 358], the observation of switching in tens of
nanometer-thick films, for which SOTs are less effective, suggests a contribution
from thermomagnetoelastic effects, particularly in materials with strong magne-
tostriction [50, 51, 200]. Given that SOT efficiency scales with 1/d, with d being
the thickness of the AFM layer [49], ultrathin AFM films are an ideal platform for
exploring the electrical switching.

Thin film CoO grown under compressive strain on MgO(001) substrates (lattice
mismatch 1.1%) [234, 236], shows a fourfold in-plane magnetic anisotropy with two
orthogonal stable states [50, 121, 237]. This configuration is ideal for electrical
switching experiments and reading the Néel vector via SMR [48, 145, 167] in order

'The following Sec. 6.1 and its subsections and figures were transcribed and adapted from
Ref. [247] and its supplementary information, with the first author of this reference being
the author of this thesis. Individual contributions are detailed in Appendix C.1. Reprinted
with permission from Nano Lett. 2024, 24, 5, 1471-1476; Publication Date: January 12, 2024;
https://doi.org/10.1021/acs.nanolett.3c02890. Copyright ©2024 American Chemical Society.
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6.1. Electrical Switching in Ultrathin CoO/Pt Bilayers

to identify the underlying switching mechanism and to understand if competing

mechanisms are present simultaneously.

6.1.1 Electrical Switching Experiments

To investigate the current-induced effects on the AFM domain structure, we have
grown epitaxial CoO(d)/Pt(2 nm) bilayers on MgO(001) substrates with d = 4nm
and 2nm. Using Ar ion beam etching, we have patterned Hall cross structures
with a channel width of 10 pm, aligning the arms of the cross parallel to the [100]
and [010] sample edges (hard axes), as shown in Fig. 6.1.

Figure 6.1: Device and contact scheme used for the electrical measurements. The
measurement current is applied along the [100] direction while the transverse volt-
age is read in the two arms along the [010] direction. The current pulses are in a
next step applied along either -45° or +45° direction with respect to the measure-
ment current, indicated by the orange and red arrows, respectively. Adapted with
permission from Ref. [247]. Copyright 2024 American Chemical Society.

Edge pulses around the corners of the cross result in current directions j in
the center of the device parallel or perpendicular to the two magnetic easy axes
([110] and [110]). The layout allows for a reproducible switching between two
orthogonal Néel vector orientations. 1 ms long current pulses of varying current
density are applied to the device. The resulting magnetic state can be read electri-
cally via the SMR mechanism [167]. The transverse signal is proportional to the
in-plane Néel vector components n, - n, [167], and thus can distinguish between

two orthogonal Néel vector orientations, such as in CoO thin films.
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To calibrate the signal, we first apply a strong magnetic field, above the spin-
flop field, to set the whole device in a well defined starting state with a known
Néel vector orientation along the [110] orientation. Next we perform a magnetic
field sweep along the perpendicular direction. With increasing magnetic field,
this induces a spin-flop in our CoO thin films that exhibit a pronounced four-fold
anisotropy, and thus a reorientation of the Néel vector, as shown in Fig. 6.2. At zero
magnetic field, one consequently observes a splitting of the electrically read val-
ues: one corresponding to a Néel vector orientation along [110] (higher resistivity
value), and one, after the spin-flop, corresponding to a Néel vector orientation in
the whole device along [110] (lower resistivity value). The difference in the trans-
verse SMR values at zero field thus corresponds to a full magnetic switching of
the Hall cross device from one Néel vector orientation to a perpendicular one. A
resistivity value between these maximum and minimum values indicates that part
of the device has a Néel vector orientation along the [110] magnetic easy axis, and

another part has an orientation along the [110] magnetic easy axis.
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Figure 6.2: Field-induced spin flop at 200 K, read by SMR in the presence of a mag-
netic field applied along the [110] direction. A 12T field was previously applied
along the orthogonal direction to set a well-defined starting state. Adapted with
permission from Ref. [247]. Copyright 2024 American Chemical Society.

First, we investigate switching in a CoO(4 nm)/Pt(2 nm) film at 200 K. Before the
measurements, a magnetic field pioHpefore = 12T is applied along the [110] direc-
tion to set the Néel vector n into a defined starting state along the [110] direction

(blue double arrow in Fig. 6.3). Subsequently, five pulses at -45° ([110]) and five
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6.1. Electrical Switching in Ultrathin CoO/Pt Bilayers

pulses at +45° ([110]), with respect to the measurement current direction, are ap-
plied. We note that transport experiments are prone to artifacts [203-205]. There-
fore, we have checked, that for the current densities used, we are in a regime with

no significant electromigration effects [205].
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Figure 6.3: Current density-dependent switching of the Néel vector n with respect
to the current direction j in CoO(4 nm)/Pt(2 nm) thin-films showing two different
switching regimes. The pulsing directions for -45° (pulse 1-5) and +45° pulses (pulse
6-10) are indicated by the orange and red arrow, accordingly. The blue arrows
indicate the orientation of the Néel vector before and after the pulses. For low
current densities n switches parallel to j. For high current densities n switches
perpendicular to j. Adapted with permission from Ref. [247]. Copyright 2024
American Chemical Society.

At low current densities jyuse < 8 X 10! Am™2, no current-induced switch-
ing is detected in the SMR signal (Fig. 6.3). Increasing the current density to
Jpulse = 9 X 10! Am~2 shows no change in SMR signal after five pulses at -45°,
but a decrease in transverse SMR signal after the first pulse along +45°, indicating
a partial switching of the magnetic structure with a final state of the Néel vector
n || j (along [110]). jpuse = 10 X 10" Am™ shows a small decrease in the trans-
verse resistivity after the first -45° pulse, consistent with a reorientation of n (final
state [110]) perpendicular to the current direction (j || [110]). The SMR signal
after the first +45° pulse decreases further, indicating larger device areas switching
into the [110] direction and an opposite switching sign with n || j, as the -45° and

+45° pulses are perpendicular to each other. Increasing the current density further
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to jpuse = 11 X 10" Am™ results in a more pronounced effect after a -45° pulse
and a large decrease in transverse resistivity signal can be observed, indicating a
reorientation of n L j. However, a +45° pulse at this current density leads to an
increase in the transverse SMR signal. This change in SMR indicates a rotation of
parts of the device back into the original [110] direction and thus a switching of
the Néel vector final state n L j.

Overall, we observe two different switching signs at low and high current den-
sities, implying the presence of two electrical switching regimes with opposite
Néel vector final states in ultra-thin CoO(4 nm)/Pt(2 nm) bilayers. This observation
suggests that different switching mechanisms dominate at different pulse current

densities.

6.1.1.1 Switching in Thinner Samples
Given the scaling of SOT strength with layer thickness, stronger SOT-induced

switching is expected for thinner films [49]. Therefore, we also investigate an
ultra-thin CoO(2 nm)/Pt(2 nm) sample.

First, field sweep measurements along the two magnetic easy axes were per-
formed. To obtain a well-defined initial state with n || [110], a magnetic field of
poH = 11T was applied along the [110] direction. The subsequent field sweep
along the [110] direction, up to yoH = 11T at T = 200K, is shown in Fig. 6.4(a). A
spin-flop transition is observed for magnetic fields in the range poH = 8T — 10 T.
In a second step, a field sweep along the [110] direction was conducted. As shown
in Fig. 6.4(b), the spin-flop transition for this direction occurs at yyH = 7T - 9T.
The difference in spin-flop fields indicates that aligning the Néel vector along [110]
is energetically more favorable than along [110]. This behavior suggests the pres-
ence of a cubic anisotropy defining two magnetic easy axes, superimposed with
an uniaxial anisotropy, as we also observed it in Sec. 5.2. Consequently, reversible
switching between two orthogonal Néel vector states is hindered. Instead, we
employ a switching geometry that combines current-induced switching with the
application of a magnetic field of variable strength. When a magnetic field is ap-
plied along [110] during the electric pulse application, switching of the Néel vector
away from its preferred direction is facilitated.

Figure 6.4(c) presents the variation of the transverse resistance Ry, as a function

of the number of +45° pulses for various switching current densities, with a static
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magnetic field of 5T applied along [110]. Before each measurement, the system
was reset to a reproducible starting state by applying a magnetic field of 11 T along

[110]. All measurements were conducted at T = 205 K.
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Figure 6.4: (a) Field-induced spin flop at 200K, read by SMR in the presence of
a magnetic field applied along the [110] direction in CoO(2 nm)/Pt(2nm). A 11T
magnetic field was previously applied along the orthogonal direction to set a well-
defined starting state. (b) Field-induced spin flop with orthogonal field direction
([110]) compared to the previous scan. (c) Transverse resistance variation ver-
sus pulse current density, probing the threshold and saturation of the switching.
Before the measurements, a reset field (ugHyeset = 11 T) was applied along [110],
followed by five pulses along +45° direction while a static magnetic field of 5T
was applied along [110]. (d) Difference of the switching fraction after -45° and
+45° pulses as a function of the applied field and pulse current density. The lines
are contour plots with constant switching efficiency. Red and blue as well as solid
and doted lines represent the low- and high-current density regimes for which -
45° and +45° pulses are dominating, respectively. Adapted with permission from
Ref. [247]. Copyright 2024 American Chemical Society.

Below the threshold current density (j = 7 X 10! Am™), no change in re-

sistance is observed. Increasing the pulse current density leads to an increasing
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change in R,,, indicating that n is being switched away from the [110] direction.
Field sweeps along the two magnetic easy axes provide reference resistance values
corresponding to full switching between the two magnetic easy axes. This enables
the quantification of the switching fraction in electrical measurements, assuming
a proportionality between resistance change and switched volume.

Using this framework, switching experiments with both -45° and +45° pulses
were conducted, and the resulting switching fractions were compared. It is impor-
tant to note that -45° and +45° pulses are expected to result in orthogonal Néel
vector orientations. However, the static magnetic field also contributes to the
switching, especially at elevated pulse current densities, for which Joule heating
enhances the effect of the magnetic field. This favors alignment of the Néel vec-
tor perpendicular to the applied magnetic field. As a result, switching fractions
increase with current density for both pulse directions. Nevertheless, slight dif-
ferences in switching fraction reveal which pulse direction is more effective. The
pulse direction that aligns the Néel vector with the direction favored by the mag-
netic field yields a slightly higher switching fraction.

To compare the effects of the two pulse directions, Fig. 6.4(d) plots the differ-
ence in switching fractions (I_45- — I45-) as a function of pulse current density and
magnetic field. As observed in thicker CoO(4 nm) films, two distinct switching
regimes are evident. At low current densities, -45° pulses yield larger switching
fractions than +45° pulses (red regions), indicating that in this regime, n tends to
align parallel to the current direction (n || j). In contrast, at higher current den-
sities, +45° pulses become more effective (blue regions), suggesting that the Néel
vector prefers to align perpendicular to the current direction (n L j).

Beyond the observation of two switching regimes, however, no further insights
into the switching mechanisms in AFM thin films can be easily obtained from
the transport study of this sample so that in the following we focus on spatially

resolved imaging of switching in the 4 nm thick sample.

6.1.2 Optical Imaging of the Switching

To address the open question of whether two different mechanisms are causing
the Néel vector switching in these ultra-thin CoO samples, imaging of the AFM
domain structure is essential. Especially, since transport signals can be affected

by issues such as spatially varying sensitivity of the Hall cross device [362] or
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due to non-magnetic contributions to the SMR signal, from e.g. electromigration
effects [205]. By correlating the effect of electrical current pulses on the domain
structure by imaging, we can gain insights into the mechanisms and the origin of
the distinct switching regimes.

By comparing the electrical signal with the changes in domain structure, we
can directly conclude which of the switching signs and regimes is consistent with
which proposed switching mechanism for insulating AFM/HM bilayers [51].

To image the AFM domain structure, we use PEEM for the contrast genera-
tion the XMLD effect, at the CIRCE beamline at ALBA, Spain. We image the AFM
domain structure using energy-dependent XMLD-PEEM at the Co L3 edge using
two energies E; = 777.9¢eV and E, = 779.0eV. Figure 6.5(a) shows the investi-
gated Hall bar region. Prior to the imaging, a magnetic field above the spin-flop
(toHbpefore = 12T) was applied along the [110] direction at 300K, to set the Néel
vector in the same starting state as in the transport measurements with n || [110]
(indicated by the blue double arrow). The sample was cooled down to 220K for
the imaging and pulse application. It needs to be noted, that the dark stripes in
the center of the Hall cross structure are non-magnetic and arise from surface in-
homogeneities. Since the values of the resistance in the Hall cross are comparable
for all measured devices, we can conclude that the surface inhomogeneities do not
affect the path of the current pulses.

When applying a -45° pulse, indicated by the orange arrow in Fig. 6.5(b), with
Jpulse = 8.5% 10" Am™2, no significant change in the magnetic domain structure is
observed, consistent with the low current regime in the electrical measurements,
for which a -45° pulse does not lead to an observable change in transverse Hall
resistivity. However, a +45° pulse with the same current density induces a reorien-
tation of the Néel vector in the region of the Hall cross through which the current
is flowing, as it is shown in Fig. 6.5(c). This magnetic change is consistent with
a switching of n || j, in agreement with the low current density regime in the
electrical measurements.

Before the next current pulses are applied, the magnetic state of the sample was
brought back into the approximately monodomain state with n || [110] by heating
it in-situ above its Néel temperature (Fig. 6.5(d)). The subsequent application of a
single pulse with jpuse = 11.5%10'" Am ™2 along the -45° direction induces a change

of the AFM domain structure in the arms opposite to those to which the current
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Figure 6.5: XMLD images of a CoO(4 nm)/Pt(2 nm) film. (a) The AFM domain struc-
ture is in a saturated nearly monodomain state after the application of a magnetic
field of 12T at 300K in the [110] direction. The Néel vector orientation is indi-
cated by the blue double arrow. (b) Domain structure after the application of a
-45° pulse (orange) with jyuse = 8.5 x 10! Am™2. (c) The application of a +45°
pulse induces some reorientation of the Néel vector with n || j. (d) Heating up
the sample above Néel temperature restores the almost monodomain state with
n || [110]. (e) The application of a -45° pulse (jpuse = 11.5 X 10! Am™~?) induces
a change of the AFM domain structure. (f) Magnetic state after a +45° pulse with
Jpulse = 11.5 X 10! Am™2. (g) Calculated strain profile for a pulse along the -45° di-
rection. (h) Calculated strain profile for a pulse along the +45° direction. Adapted
with permission from Ref. [247]. Copyright 2024 American Chemical Society.

pulse is applied. Figure 6.5(e) shows the resulting magnetic state. The Néel vector
in the switched region is oriented perpendicular to the current direction in the
center of the device (n L j). This is in agreement with the sign of the switching
observed in the high current density regime in the electrical measurements. A
pulse with equal current density but perpendicular direction (+45°), as shown in

Fig. 6.5(f), erases parts of the previously nucleated domain structure and generates
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6.1. Electrical Switching in Ultrathin CoO/Pt Bilayers

a magnetic state similar to that created by applying a smaller current density. In
this case, however, the switching sign can not be uniquely determined. In the
arms of the cross, opposite those to which the current pulse was applied, the final
state of the Néel vector is n L j, consistent with the observations in the electrical
measurements. On the other hand, in the arms through which the current pulse
was applied the final state is n || j. Thus, the microscopic measurements reveal
that different switching behavior can be observed in different parts of the sample
and that there are also differences depending on the current density.

To infer the switching mechanism, we compare the XMLD-PEEM images with
the predicted switching sign for SOTs in CoO and with the difference in strain
distribution resulting from the current-induced heat, which we simulated with
COMSOL [363]. For the simulations in Fig. 6.5(g) and (h) we plot the difference
between the strain along the two magnetic easy axes €[110] — €[110]. A posi-
tive strain difference (red), indicates a larger expansion of the CoO along [110]
compared to [110], while a negative strain difference (blue) indicates larger strain
along the orthogonal direction. The strain is caused by the expansion of the CoO
lattice due to the applied current in the Pt, leading to inhomogeneous Joule heat-
ing and thus inhomogeneous expansion. Figure 6.5(g) and (h) show the resulting
strain-distributions for the pulses along the -45° and +45° direction, respectively.
Comparing these strain profiles with the XMLD-PEEM images in the low current-
density regime indicates that after a -45° pulse (Fig. 6.5(b)), no switching is ob-
served. In the region close to the applied current pulse, with sufficient heat and
strain present, the Néel vector is already oriented along the [110] direction, the
axis along which a stronger expansion of the CoO is observed (red). In the arms
opposite those to which the current pulse is applied, the strain is in the orthogonal
direction, which could lead to a reorientation of the Néel vector. However, this is
not observed, suggesting that the heat in this area may not be sufficient to trigger
a switching of the Néel vector [51]. For a +45° pulse, on the other hand, the region
with stronger expansion of the CoO along [110] (blue) is in the arms of the cross
through which the current pulse is applied, and the heating is stronger. Here, a
switching of the Néel vector can be observed.

The observed behavior in the low current-density regime is consistent with a
thermomagnetoelastic switching mechanism. Checking the high current-density

regime, we find that the changes in the Néel vector also align with a thermomag-
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netoelastic switching mechanism. Specifically, for the -45° pulse there is a reorien-
tation of the Néel vector in the arms opposite to those to which the current pulse is
applied, which can be attributed to increased heating in that region (Fig. 6.5(e)). For
the +45° pulse the resulting domain structure in the arms, through which the cur-
rent pulse is applied, switches into the [110] direction, consistent with the strain
in [110] direction, while in the opposite part, it switches back into the [110] direc-
tion, following the strain in [110] direction (red). So this shows that the transport
signals can be difficult to interpret if not complemented by direct imaging.

Most importantly, not all observed changes in the domain structure can be
solely attributed to the thermomagnetoelastic switching mechanism. The domain
structure for +45° pulses, with the change of the Néel vector occurring in regions
through which the current pulses are applied, is different from that for -45° pulses,
for which the change occurs in the opposite arms. For +45° pulses, the resulting
domain structure appears less homogeneous and requires a different explanation.
This observation indicates the presence of different switching mechanisms.

To investigate the potential presence of a SOT-based mechanism in the arms
through which the pulses are applied, we compare the experimentally observed
switching sign with the theoretical predictions for the SOT-based switching mech-
anism in CoO. SOTs in AFMs are predicted to be caused by the spin accumulation
at the AFM/HM interface, induced by the SHE in the HM [48]. The corresponding
torques create staggered fields which remove the degeneracy between the two or-
thogonal magnetic easy axes, resulting in a current-induced energy term, which
competes with the magnetic anisotropy [49]. In order to minimize this contribu-
tion, the predicted final state of switching in CoO is n || j [50].

For the -45° pulses, we do not observe switching at the locations of the current
pulse, in agreement with a SOT switching mechanism, since the Néel vector ori-
entation is already parallel to the current direction in the center of the Hall cross.
However, for +45° pulses, we observe a switching of n || j, in line with what is
expected from a SOT-based switching mechanism.

As a result, we conclude that switching in ultra-thin AFM films is governed by
a combination of two mechanisms: a thermomagnetoelastic switching mechanism
and a SOT-based mechanism. The SOT mechanism occurs in the areas where the
current pulse is applied, while the thermomagnetoelastic mechanism dominates in

regions without current flow, so that there cannot be SOTs but for which inhomo-
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geneous strain distributions persist, and sufficient heating facilitates the process.

We have carried out additional experiments with the Néel vector aligned along
the [110] direction, perpendicular to the Néel vector starting state along [110]
as discussed before. These experiments enable further insights into the relative
strength of the SOT effect and the thermomagnetoelastic effect. We performed in
particular switching experiments with slightly larger current densities.

While the imaging was carried out by birefringence imaging with a resolution
limited by optical resolution compared to Fig. 6.5 that was measured by PEEM, the
switching of the magnetic domains and the relevant variation in magnetic contrast
can be observed clearly, as illustrated in Fig. 6.6. We set the magnetic starting state
of the sample by applying 12 T along the [110] direction. This results in a Néel vec-
tor orientation along [110] (Fig. 6.6(a)). One expects intuitively that for increased
current density the thermomagnetoelastic switching mechanism dominates (scal-
ing with the heating that scales with j2). So here, we applied a -45° pulse with an
orientation in the center of the Hall cross perpendicular to the original Néel vec-
tor orientation. Figure 6.6(b) shows that this results in a switching of the magnetic
state according to the strain distribution in Fig. 6.6(h) and in accordance with a
thermomagnetoelastic switching mechanism.

The perpendicular +45° pulse leads to a partial switching of the Néel vector
back into the [110] direction. But only in the regions close to the trajectory of the
current in which heating contributions are sufficiently large. In an even higher
current density regime, the switched regions become larger, and the second +45°
pulse completely reverses the effect of the perpendicular -45° pulse, aligning all
regions of the Hall cross according to the strain distributions. We note that the
switching is not exactly symmetric because the anisotropy is not completely four-
fold but on top there is a small uniaxial magnetic anisotropy that makes the two
magnetic easy axis slightly different.

From these experiments we can conclude that there is a subtle interplay be-
tween the two mechanisms that leads to one or the other dominate. For a more
quantitative understanding, one would require a systematic analysis of different
current flow geometries, current amplitudes and temperatures, which goes beyond
the scope of this current work. For thinner samples in particular one would expect

a more pronounced effect of the SOT mechanism.
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Figure 6.6: Birefringence images of a CoO(4 nm)/Pt(2 nm) film. (a) A saturated

nearly monodomain state is set in [110] direction by the application of a magnetic

field of 12T at 300 K. The Néel vector orientation is indicated by the blue double

arrow. Domain structure after the application of (b) a -45° pulse (orange) and (c) a

+45° pulse (red) with j,use = 9 X 10! Am™2, (d) The starting state is reset by the

application of a magnetic field. (e) The magnetic structure after the application
of a -45° pulse (jpuise = 11.5 X 10 Am™?) and (f) a +45° pulse. (g) Strain profile
for a pulse along the -45° direction. (h) Strain profile for a pulse along the +45°
direction. Adapted with permission from Ref. [247]. Copyright 2024 American
Chemical Society.

6.2 Conclusion

In conclusion, we have investigated current-induced switching of the Néel vector
in ultra-thin CoO/Pt bilayers and revealed the interplay of SOT and thermomag-
netoelastic switching mechanisms.

In transport measurements, we find that electrical pulses along the same cur-
rent path can show opposite sign for the switching-induced change of the SMR

signal, depending on the current density. However, by comparing these results
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with the XMLD-PEEM imaging of the domain structure, we demonstrate that the
current-induced switching leading to the different sign of the SMR can be ex-
plained by the action of a single heat-assisted thermomagnetoelastic switching
mechanism at all current densities. This highlights the importance of magnetic
imaging to reveal the full changes in the AFM domain structure, since electrical
data itself can be misleading.

Most importantly, we identify the presence of a SOT-based mechanism, which
explains the differences in domain structure between the regions through which
the current pulse is applied and those opposite to it. It is expected that such a
SOT-based mechanism becomes most relevant for thinner films, compared to pre-
vious reports of tens of nanometer-thick films for which only thermomagnetoe-
lastic switching mechanisms could be identified.

These findings demonstrate the interplay of the different switching mecha-
nisms and thus motivate further research into thinner AFM films, offering promis-
ing opportunities for utilizing AFMs in applications for which electrical reading
and efficient writing through SOTs is key. In particular, SOTs provide access to
the intrinsic THz dynamics of AFMs, which cannot be realized through thermo-

magnetoelastic switching, as it is inherently a thermally driven process.
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Giant Orbital Magnetoresistance Driven by

Dynamic Orbital Angular Momentum

Interaction

In recent years, the quest for faster, more energy-efficient electronic devices
has driven researchers to explore new electronic degrees of freedom in charge-
based systems. The interaction between static magnetization and the flow of spin
angular momentum (spin currents) through s-d exchange has been the key mecha-
nism to detect and control the magnetic state of FMs. This interaction has enabled
major applications, ranging from giant magnetoresistance sensors [364, 365] to
SOT magnetic random-access memory [366, 367], chiral skyrmion-based racetrack
memory [368, 369], logic devices [370], and neuromorphic applications [371-373].
AFMs can likewise be manipulated using electrical currents and the magnetic state
can be detected using spin currents, as demonstrated in Sec. 6.1. However, the gen-
eration of spin current relies heavily on the SOC of the materials, which is a weak
relativistic effect that limits the efficiency and constrains the choices of materi-
als [196].

More recently, the out of equilibrium OAM has emerged as a promising alter-
native for manipulating magnetization more efficiently when a charge current is
applied, even without the need of SOC [37, 38, 44, 374]. Orbital Hall conductivities
are predicted to surpass spin Hall conductivities by several orders of magnitude,
implying the potential for significantly enhanced orbital-current generation. [35-
41]. The two predicted mechanisms of orbital current generation are the OHE in
the bulk [35-37] and the OREE at interfaces [41, 375], as introduced in Sec. 3.1.3.
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Unlike spin currents, orbital currents can be directly generated from charge cur-
rents because the crystal momentum of charge carriers (e.g., electrons) can con-
ceptually directly couple to OAM. This results in a potentially orders-of-magnitude
larger generation of current-induced OAM (orbital currents), even in light, abun-
dant, inexpensive and environmentally friendly materials [37, 39, 40, 182, 376, 377].

Despite these advantages, the fundamental limitation in utilizing orbital cur-
rents for device applications lies in their low interaction efficiency with magneti-
zation, that in conventional transition metals is carried by spin angular momen-
tum [42, 43]. While spin currents interact efficiently with magnetization (or spin
moments) via strong s-d exchange interactions, orbital currents cannot couple in
conventional magnetic materials with nearly quenched OAM by any strong ex-
change interaction and, therefore, one cannot make use of the large orbital cur-
rents to effectively interact with conventional spin-based magnets.

The study of CoO/dynamic OAM generator bilayers, presented in the following
addresses this knowledge gap. The results in Sec. 7.1 and 7.2 are based on a first-
author work of the author of this thesis, currently under review, which investigates
the giant OMR resulting from the combination of OAM-dominated materials, such
as CoO, and OAM current generators such as Cu* and Cr.! Sec. 7.3 focusses on
CoO/Cu/Pt trilayers to investigate the interplay of SMR and OMR and the gener-
ation mechanism of OAM in CoO/Cu. This section is based on a work currently

under preparation.

7.1 Giant Orbital Magnetoresistance in CoO/Cu*
Bilayers

Orbitronics research promises larger current-induced torques than conventional
spintronics, due to the predicted large orbital Hall conductivities. Since the torque
increases with the amount of angular momentum transferred from the current to
the magnetic system, a stronger orbital response enables more efficient and ef-

fective control of magnetic order. [380]. However, the full potential of giant or-

'The following Secs. 7.1 and 7.2 and their subsections and figures were transcribed and adapted
from Ref. [378] and its supplementary information, with the first author of this reference being the
author of this thesis. Individual contributions are detailed in Appendix C.1.

2Sec. 7.3 and its subsections and figures was transcribed and adapted from Ref. [379] and its
supplementary information, with the first author of this reference being the author of this thesis.
Individual contributions are detailed in Appendix C.1.
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bital currents has not yet been realized due to the afore mentioned weak cou-
pling of dynamic OAM with conventional spin-based magnets. To address this
issue of inefficient interaction with conventional magnets, the mitigation strategy
has been the conversion of orbital currents into spin currents to interact with the
spin-dominated magnetization of ordinary magnets. The usual remedy is to em-
ploy a material with strong SOC to mediate orbital-to-spin conversion [44, 46].
However, this approach yields only a modest, few-fold increase in torque effi-
ciency [44, 381-383], far below the orders-of-magnitude improvement predicted
for pure orbital currents, because the conversion still relies on the relatively weak
relativistic SOC.

To exploit the potential of large orbital currents more efficiently, one needs
to directly couple them to a magnetization carried by unquenched OAM (orbital
magnetism), thus bypassing the need for the inefficient orbital-to-spin conversion
step.

AFM CoO is an ideal platform to investigate this direct interaction between
static orbital magnetization and dynamic orbital magnetization. CoO combines a
large unquenched orbital magnetization with the advantages of AFMs such as THz
spin dynamics [29, 347], immunity to external magnetic fields and low damping,
which allows for the transport of angular momentum over long distances [384,
385]. The OAM of each Co atom is sizeable (= 2.05 ug/atom) [177], unlike in 3d
transition metal FMs for which orbital moments are nearly fully quenched due
to the crystal field (< 0.1 pg/atom) [386, 387]. The unquenched OAM in CoO
contributes to both the staggered magnetization and magnetic anisotropies [121].
Further, the insulating nature of CoO is particularly suitable as it allows to rule
out effects of current flow in the magnet such as self-torques or anisotropic MR
effects [388, 389]. Thus CoO serves as an ideal system to investigate the interaction
between orbital currents and orbital magnetization and to distinguish it from spin
magnetization effects. The collinear magnetic and crystallographic structure of

thin film CoO is shown in Fig. 7.1(a) (compare Sec. 4.1).

7.1.1 Sample Preparation and Characterization
We deposited epitaxial CoO(5 nm)/Pt(2 nm) and CoO(5 nm)/Cu*(6 nm) thin films

on MgO(001) substrates using reactive magnetron sputtering (compare Sec. 4.2.1.1).

Here, ’*’ denotes the natural oxidation of Cu, which serves as an orbital current
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Figure 7.1: (a) Illustration of the magnetic and crystallographic structure of CoO
with in-plane magnetocrystalline anisotropy, showing the Néel vector easy axis
along the [110] axis. The Co and O atoms are represented by blue and black solid
spheres, respectively. The red and green arrows denote the spin and orbital an-
gular momenta of each Co atom, respectively. (b) Schematic of the transverse MR
measurement scheme with electrical contacts in the CoO/Cu* structure, including
the magnetic field sweep direction [110], shown by a green arrow.

generator [44, 184], while Pt generates a spin current via the SHE [366]. As shown
in Fig. 7.1(a), the CoO thin films exhibit a four-fold in-plane magnetocrystalline
anisotropy with two magnetic easy axes of the Néel vector n oriented along the
[110] and [110] crystallographic axes [50, 121, 247].

To determine the crystallographic orientation, the lattice constant and the
growth quality of our CoO thin films, we performed XRD measurements. Fig-
ure 7.2(a) shows the coupled 0 — 20 scan for MgO(001)//CoO(5 nm)/Cu(6 nm). The
observed peak position for CoO is consistent with the CoO(002) direction, in align-
ment with the orientation of the MgO(001) substrate. The position of CoO(002) is
slightly shifted relative to the expected bulk value, indicating that the CoO thin
film is strained. This strain arises from a lattice mismatch of 1.1% between the bulk
lattice constants of the MgO substrate (a = 0.4212 nm) and CoO (a = 0.4260 nm).
The growth induced strain shifts the Néel temperature (Ty) of our thin films to ap-
proximately ~ 300 K, which is slightly higher than that of bulk CoO (Ty = 291K for
bulk CoO [213, 219]). Figure 7.2(b) presents the rocking curves for the CoO(002)
thin film and MgO(002) substrate peaks. Both curves exhibit similar full-width-at-
half-maximum values, indicating the high crystalline quality of the CoO film, with
minimal dislocations, mosaicity, and defects. Moreover, the CoO peak is centered

at the expected position of the film’s Bragg reflection, highlighting the excellent
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lattice alignment between the film and substrate.
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Figure 7.2: (a) 6 — 20 XRD scan showing the (001) alignment of the
CoO(5 nm)/Cu(6 nm) film on an MgO(001) substrate. (b) XRD rocking-curves of
Co00(002) and MgO(002) planes on top of the 8 — 26 scan (grey) from panel (a).

To assess the structural quality of the CoO/Cu* heterostructure, scanning trans-
mission electron microscopy (STEM) with a high angle annular dark-field detector
and electron energy loss spectroscopy (EELS) measurements were performed.’

The STEM image in Fig. 7.3(a) reveals coherent epitaxial growth of the CoO
layer on the MgO substrate, confirming its high crystalline quality. The fast Fourier
transform pattern in the inset of Fig. 7.3(a) shows that the Cu layer also maintains
an epitaxial relationship with the underlying CoO layer indicating a sharp, clean
and well-defined interface that facilitates the epitaxial growth on top of the CoO.
The observed peak splitting indicates a relaxation of the epitaxial strain in the Cu
layer. The map in Fig. 7.3(b) shows the variation of the horizontal lattice spacing
in the stack, obtained through geometrical phase analysis of the image in (a) cal-
culated with respect to the MgO substrate. To accomodate the strain arising at the
CoO/Cu*” interface, lattice dislocations with a periodicity of approximately 1.3 nm
arise.

Figures 7.4(a,b) show EELS elemental maps and corresponding atomic fraction
profiles extracted along the growth direction. The O-map and profile (green) con-
firm a strongly oxidized region at the sample surface, with an estimated oxidation

depth of 2.3 £ 0.3 nm, accompanied by a noticeable reduction in the Cu signal near

3The STEM and EELS measurements were performed by - and -.
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the top of the Cu layer (turquoise curve in Fig. 7.4(b)).
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Figure 7.3: (a) STEM image with corresponding fast Fourier transform in the inset
showing epitaxial alignment. (b) Horizontal deformation map calculated via ge-
ometric phase analysis. The deformation is calculated with respect to the lattice
spacing of the MgO substrate following € = (d — dvgo)/dmgo, for which d is the
local lattice spacing.
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Figure 7.4: (a) STEM image and corresponding elemental EELS maps of Mg (blue),
Co (pink), O (green) and Cu (turquoise). (b) Atomic fraction profiles along the
growth direction.
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Further, to confirm the existence of an orbital moment in our CoO thin films,
we performed XMLD-PEEM measurements. A direct experimental quantification
of orbital moments in AFM oxides is very challenging. As CoO is an ordered AFM
and a correlated Mott insulator, the 2p — 3d transitions exhibit strong multiplet
splitting due to intra-atomic Coulomb and exchange interactions. Therefore, the
XMCD and XMLD sum rules are not applicable (compare Sec. 4.4.1.1). Moreover,
the Co ions experience a strong octahedral crystal field in the lattice, which mixes
the spin and orbital characters in the ground state. In addition, hybridization be-
tween Co 3d and O p states delocalizes the magnetic charge, making the sum rules
also not applicable.

Therefore, we used an inverse approach to quantify the unquenched orbital
moment in our CoO thin films. We measured energy-dependent XAS in the CoO
thin films and compared these experimental results with multiplet calculations of
the 2p — 3d transition and simulations of the expected XMLD signal for different
spin and orbital moments. Such calculations can be found in literature and have
been conducted, for example, by S.I. Csiszar et al. [234], and in R. Abrudan et al.
they also find a large orbital moment in their CoO films [390].
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Figure 7.5: XAS measurements at the Co L3 edge for two 90° different orientations
of the Néel vector n with respect to the X-ray polarization E.

We show our XAS data in Fig. 7.5. The dichroic signal reflects how crystal field
splitting and SOC mix otherwise degenerate d-orbitals. When the orbital moment

is fully quenched (L = 0), the XMLD spectrum is smooth and only shows basic
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anisotropy of the L3 edge. But if SOC and incomplete crystal field quenching allow
for a residual OAM, transitions into spin-orbit coupled multiplets create interfer-
ence (“beating”) patterns in the spectrum [391, 392]. These modulations lead to
non-monotonic variations in the intensities between 776.0 eV and 779.5eV at the
L3 edge of Co in our measurements, which serve as a sensitive fingerprint of large
unquenched OAM, since XMLD directly probes anisotropic charge and spin-orbit
distributions rather than net magnetization. Comparing the data with the XMLD
spectrum measured by Abrudan et al. [390], we find the same key features, under-
lining the existence of a large unquenched orbital moment in our thin films (larger
than 1 pp/atom).

To investigate the interaction between orbital current and static OAM, we fab-
ricated Hall bar structures consisting of a 6 um wide bar and two 2 pm wide wires
perpendicular to it, separated by 6 um and patterned along the sample’s magnetic
hard axes (see Fig. 7.1(b) for the example of CoO/Cu*). For the CoO(5 nm)/Cu(6 nm)
sample we grow CoO(5 nm)/Cu(6 nm)/Pt(2 nm) and prior to the measurements re-
move the Pt by argon etching for 8s.

When a charge current j. is injected into the Hall bar, it generates orbital cur-
rent in Cu* via OHE and/or OREE. A non-equilibrium orbital density y, then builds
up at the CoO/Cu” interface. Analogous to the SMR mechanism [145], OMR refers
to the change in electrical resistance of a non-magnetic material due to the inter-
action of orbital currents with the magnetization of an adjacent magnetic layer.
The change arises from the absorption or reflection of the orbital currents at the
interface, depending on the magnetic configuration of the AFM, which in our case

is governed by the orientation of the Néel vector.

7.1.2 Zero-Field Magnetoresistance Measurements

Although SMR has been studied in Pt adjacent to a range of materials, including
3d FMs and insulating magnets [145, 393], the reported pure OMR remains weak
for the materials under investigation [185], primarily due to the lack of direct cou-
pling to conventional spin-dominated magnetization in these materials. We first
consider a device of CoO/Pt to check the interaction of spin currents with CoO to
compare it to the interaction of orbital currents in CoO/Cu*. Initially, we apply an
external magnetic field of 13 T along the [110] direction of CoO to align the Néel
vector along the well-defined [110] magnetic easy axis [50]. We then sweep the

104



7.1. Giant Orbital Magnetoresistance in CoO/Cu* Bilayers

magnetic field along the [110] direction and probe the orientation of Néel vector
by measuring the transverse resistance (Ry,) at T(< Iy) = 150 K. Ry, exhibits dif-
ferent behavior when the magnetic field is swept upward and downward in the
range of 7.5 — 9T as shown in Fig. 7.6(a). This change in R,,, normalized by the
mean longitudinal resistance R, represents the spin-flop transition and rotation of
the Néel vector by 90°, i.e., from [110] to [110] in this case. The orientation of the
Néel vector remains unchanged upon reduction of the magnetic field to zero [50].
Therefore, the difference in R, at zero fields, before and after the magnetic field
sweep, effectively probes the two perpendicular Néel vector orientations, provid-

ing a measure of SMR amplitudes:
Any/R = [ny(nz) - ny(nl)]/R (7.1)

where n,; are the two orthogonal Néel vector orientations along the two magnetic
easy axes [110] and [110], respectively. R is the longitudinal resistance averaged
for the two states. The measurements are performed with the electrical current
Je |l [100] crystallographic direction. The sign of the MR is defined as positive if
upon reorientation of the Néel vector from [110] to [110], the transverse resistance
increases, while a decrease in transverse resistance upon reorientation is defined

as a negative MR.
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Figure 7.6: Magnetic field-sweep measurements on (a) CoO(5 nm)/Pt(2 nm) and
(b) CoO(5 nm)/Cu*(6 nm) samples, respectively. Both samples exhibit a spin-flop
transition between 7.5 T — 9 T. The change in transverse resistance corresponding
to the two perpendicular Néel vector orientations is indicated by the red arrow.
The measurements are performed at T = 150 K.
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Since the MR is estimated from resistance measurements taken at zero mag-
netic fields, additional contributions to the MR from the metallic layers, such as
Hanle MR [191] and ordinary Hall effect, can be ruled out. The amplitude of
SMR (ARyy/R) in CoO/Pt at 150K is found to be —0.0078 + 0.0001%. This am-
plitude of the SMR is in the order of what is found for all combinations of Pt with
magnetic insulators with spin-based magnetization such as NiO, YIG and a-Fe;03
(hematite) [145, 170, 394].

We now compare this to OMR measurements on the CoO/Cu” sample. Fig-
ure 7.6(b) shows the transverse resistance Ry, normalized by the longitudinal re-
sistance, as a function of the magnetic field measured at T = 150 K (below Ty). The
magnetic field protocol is the same as that for the measurements in Fig. 7.6(a). An
abrupt change in R,, is observed at the spin-flop field, which occurs at approxi-
mately 7.5—9 T. This value is similar to the spin-flop field observed for CoO/Pt, in-
dicating that the magnetocrystalline anisotropy of CoO remains largely unaffected
by the choice of metallic layer on top. The observation of MR in the absence of
any significant spin current source indicates the presence of orbital currents orig-
inating from Cu*, consistent with previous observations of OMR in Cu* adjacent
to metallic FMs [185]. Most importantly, we observe a change in the sign of Ry,
at the spin-flop field compared to the CoO/Pt structure. This result represents a
unique characteristic of orbital current interaction with the unquenched orbital
moment in CoO. Such an interaction has not been reported in previous studies on
3d transition metal FMs with quenched OAM [185]. The most striking result is the
OMR magnitude of 0.2752 + 0.0005%, which is approximately 36 times larger than
the SMR observed in CoO/Pt.

Although Cu* has been recently identified as an efficient source of orbital cur-
rent [44, 381], an increase of MR in CoO/Cu* by two orders of magnitude cannot
be explained solely by the large orbital currents, as the magnitude of OMR in pre-
vious experiments on NiFe/Cu* (0.05 %) is found to be significantly smaller than
the OMR in our CoO/Cu” [185]. Furthermore, torque experiments reveal that the
torques on magnetic layers, in which the OAM is quenched, are not enhanced by
two orders of magnitude, since the orbital currents from Cu” need to be converted
into spin currents via the weak SOC of Pt [44, 381].

Our experimental results thus suggest that additional factors or mechanisms

must contribute to the giant amplitude of the MR in the CoO/Cu* system. Specifi-
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cally, our findings provide strong evidence that while spin currents from Pt interact
with the spin magnetization in CoO via via s-d exchange coupling, in which the
spin-polarized conduction electrons from Pt interact with the localized d-electron
moments in CoO, the orbital current from Cu” interacts strongly with the large
unquenched component of the orbital magnetization in CoO. This interaction is
dominant in CoO/Cu* samples in which no significant source of spin current is
present, and is thus responsible for the giant OMR compared to the conventional
CoO/Pt.

Additionally, the opposite sign of MR in the two systems indicates the different
origin of the two signals. The sign of the spin current from Pt and the orbital
current from Cu” is theoretically predicted [39] and experimentally found to be the
same, as confirmed by the same sign of SMR and OMR in NiFe/Pt and NiFe/Cu*
systems [185]. One possible explanation is that the unquenched OAM of CoO can
give rise to an orbital quadrupole (OQP) moment [395]. Our results indicate that
the dynamics of the OQP moment in CoO are fundamentally different from the
classical dynamics of FMs. A similar difference to quadrupole moment dynamics
in FMs has recently been experimentally demonstrated [396].

To understand the underlying mechanisms for the large MR magnitude and
its sign, we compare the temperature dependence of the MR in the two systems.
Figure 7.7(a) shows the evolution in MR as a function of temperature in CoO/Cu*
(top panel) and CoO/Pt (bottom panel). The sign of MR in CoO/Cu* remains oppo-
site to that of CoO/Pt throughout the measured temperature range. However, the
magnitude does vary. In CoO/Cu’, the MR signal increases initially, from 0.15% at
275K to a peak of 0.28% at 150 K, followed by a slight decrease as the temperature
is further lowered to 75K. For comparison, we have also measured the tempera-
ture dependence of MR in CoO/Pt, which shows a similar trend of the magnitude
with temperature, but with an opposite sign and a two-order of magnitude lower
amplitude compared to CoO/Cu*. Remarkably, the ratio of MR amplitude in the
CoO/Cu” sample compared to the CoO/Pt sample increases further at lower tem-
peratures, as shown in Fig. 7.7(b). At T = 200K, the MR in CoO/Cu* is a factor
35 larger than in CoO/Pt. At T = 75K the ratio increases to a factor of more than
150. Although a similar temperature dependence has been previously observed
in studies of SMR and torques in YIG/Pt bilayers [394], as well as in FM/Pt bilay-
ers, the increase in the ratio of OMR in CoO/Cu* to SMR in CoO/Pt suggests that
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two different mechanisms are involved. We attribute this temperature dependence
primarily to angular momentum relaxation mediated by phonon scattering, which

likely plays a significant role for SMR [394] but OAM is not prone to these damping

mechanisms.
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Figure 7.7: (a) The difference in OMR as a function of temperature. The top panel
presents the results for CoO/Cu” (in orange), while the bottom panel shows the
results for CoO/Pt (in blue). (b) The ratio of MR in CoO/Cu* vs. CoO/Pt as a

function of temperature.

The observed orbital current could have its origin primarily in either the bulk
Cu” via OHE or at the surface via an OREE. To determine the origin, we perform
Cu” thickness-dependent measurements of OMR in CoO/Cu*(t) samples at 150 K.
To ensure maximum comparability of the Cu” thickness dependence on OMR, all
Cu* thickness dependence measurements were performed on the same Hall bar de-
vice. This approach minimizes the impact of any potential variation arising from
the CoO/Cu” interface due to growth conditions on the measured OMR. There-
fore, we progressively reduce the Cu” layer thickness using an Ar* ion milling
technique, followed by exposure to air for 12 hours after each etching step. The
remaining Cu” thickness after each etching step was estimated by measuring the
sheet resistance of the Cu* layer and comparing it with the sheet resistances of
as-grown films of known Cu* thicknesses. For the as-grown samples with vary-
ing Cu” thicknesses, we used the Van der Pauw method [397] to determine the
sheet resistance (Rs). For the etched Hall bar structure, we measured the longi-
tudinal resistance at room temperature and accounted for the device geometry
(w = 8nm, | = 6 nm) by dividing it by a factor of 1.33. Figure 7.8(a) shows the

sheet resistance as a function of etch time. In Fig. 7.8(b), we show how the sheet
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resistances of the etched films are matched to those of the as-grown samples. It is
worth noting that a Cu* layer with a thickness of 2 nm was already fully oxidized,

rendering the sheet resistance measurement impossible.
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Figure 7.8: (a) Sheet resistance Rg of the etched Hall bar device as a function of
etch time. (b) Comparison of sheet resistance of as-grown films with varying Cu*
thickness and the sheet resistance of a Cu* layer after several Ar-ion etching steps
to calibrate the thickness of the etched Cu* sample.

In Fig. 7.9, we show the Cu” layer thickness dependence of the OMR. The re-
sults reveal that the OMR remains nearly constant at approximately 0.32 % for Cu”
thicknesses ranging from 3.7 to 5.5 nm. When the Cu” thickness is reduced further
to 3.2 nm, the OMR decreases slightly, from 0.32 % to 0.22 %. For Cu* thicknesses
below 3.2 nm, the sample becomes insulating, making it impossible to measure
any OMR. This observed trend suggests that the orbital current responsible for the
OMR in our samples predominantly originates at the surface of the Cu layer. The
pronounced oxidation of the Cu layer detected in the EELS measurement likely
facilitates orbital current generation. Even the presence of a very thin layer of
oxygen at a Cu surface can give rise to an OREE [38]. The large OMR signal can
thus result from the efficient generation of large orbital currents at the oxidized Cu
surface by OREE. Furthermore, the nearly constant OMR observed in the thickness
range of 3.7-5.5 nm indicates that the underlying mechanism remains stable within
this regime. Although the OMR originates from a surface effect, a minimum Cu
thickness is required to maintain a consistent Cu* layer while preserving a thin
region of unoxidized Cu underneath. Within this thickness range, the Cu volume
is sufficient to maintain an oxygen gradient and an uniform Cu* thickness, which

supports robust orbital current generation and transport, making it more suitable
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for practical applications.
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Figure 7.9: The difference in transverse resistance for two perpendicular Néel vec-
tor states at zero field as a function of Cu-layer thickness in CoO/Cu*(t). The
measurements were performed at a constant temperature of T = 150 K.

7.1.3 Angular Dependent Magnetoresistance Measurements

To doublecheck that the observed effect originates from the magnetic properties of
the CoO layer, we measure the angular-dependence of R, for different magnetic
field amplitudes. We performed these angular-dependent MR measurements on
CoO/Pt and CoO/Cu* at various external magnetic fields, ranging from below to
above the spin-flop fields of CoO. A static magnetic field of up to 11 T was applied
at a temperature of 200K, and the samples were rotated in the xy-plane to vary
the in-plane angle between the applied electric current and the magnetic field. The
angle was varied over a range of 300° in steps of 1°. The MR in the xy-plane for
CoO/Pt and CoO/Cu* is shown in Fig. 7.10(a) and (b), respectively.

Our measurements reveal that, for externally applied magnetic fields below the
spin-flop field (7 T), the angular scans in the xy-plane exhibit a sinusoidal varia-
tion in transverse resistance. However, when the in-plane magnetic field exceeds
the spin-flop field, additional hysteresis loops emerge, centered around the hard-
axis directions ([100], [010], and [100]) of the sample. These hysteresis loops can
be attributed to field-induced anisotropy arising from the unquenched OAM in
CoO [121]. The different behavior of the two signals raises questions about their

origin and their respective contributions to the overall MR. To address this, we
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Figure 7.10: Angular dependence of transverse MR in (a) CoO/Pt and (b) CoO/Cu*
at 200K for an applied magnetic field of 11 T. The blue and orange data points
represent two different rotation directions, as indicated by the colored arrows.

analyzed the magnetic field dependence of the transverse resistance in the xy-
plane by separating the sinusoidal and hysteretic components. We first calculated
the required shift to align one branch of the hysteresis curve with the other. The
magnitude of this shift corresponds to the amplitude of the hysteretic signal. Sub-
sequently, we fitted a sin?(a) function to the shifted signal to represent the data
without the hysteretic contribution, thereby determining the amplitude of the si-

nusoidal component. The two steps are illustrated in Fig. 7.11(a, b).
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Figure 7.11: Exemplary data of CoO/Cu* to show how the two contributions to
the signal can be disentangled. (a) The amplitude of the hysteretic signal can be
determined by shifting one angle sweep direction (orange) of the hysteresis to the
second one (blue), as shown by the green arrow. (b) By fitting a sin®(x)-function
(red) to the minimum and maximum for positive and negative sweep direction
(blue and orange) the amplitude of the sinusoidal signal is determined.
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Figure 7.12 shows that the amplitude of the hysteretic signal is nearly zero
for magnetic field strengths below the spin-flop transition for both samples. As
the magnetic field is increased beyond the spin-flop field (8 — 9 T), the MR signal
saturates, confirming that the observed effect is field-independent and ruling out

the contribution from other spurious signal origins.
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Figure 7.12: The change in transverse MR for CoO(5nm)/Cu*(6nm) and
CoO(5 nm)/Pt(2 nm) as a function of applied magnetic field at T = 200 K.

In contrast, the sinusoidal contribution increases with the applied magnetic
field as shown in Fig. 7.13. The magnetic field range, for which a hysteretic signal
is observed without reaching the saturated amplitude yet, corresponds well to the
range of magnetic field strengths in Fig. 7.6(a, b) for which the spin-flop transition
is observed. Thus, indicating that the hysteresis in the MR signal corresponds
to the switching of the Néel vector. The magnitude of the hysteretic component
quantifies the MR amplitude. At 200K, the extracted MR values for the CoO/Cu*
and CoO/Pt samples are 0.25% and 0.002%, respectively. These values are consistent
with those obtained using the zero-field approach (see Fig. 7.6(c)). Consequently,
the observed hysteresis in the transverse MR not only confirms the presence of
significant unquenched OAM in our samples but also provides a reliable measure
of the MR amplitude through the height of the hysteretic component. On the other
hand, the sinusoidal signal likely arises as an artifact due to MR contributions from

the Cu layer and is not of magnetic origin from the CoO.
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Figure 7.13: Amplitudes of the spurious sinusoidal signal as a function of applied
magnetic field strength in CoO(5 nm)/Cu*(6 nm).

7.1.4 Theoretical Explanation of the Observed Giant Orbital
magnetoresistance

The theoretical explanation of the observed giant OMR signal in CoO/Cu” com-

pared to the ordinary SMR in CoO/Pt, including all calculations and simulations

mentioned in the following, was provided by and
_ (all Forschungszentrum Jiilich and JARA), and
(Johannes Gutenberg University Mainz) and ____ (Ecole Polytechnique

Paris) [378].

CoO is known for its uncompensated, atomic-like orbital magnetism of d-electrons
which arises as a result of a combination between the crystal field, band filling and
electron-electron correlation of t;4-electrons [241, 398]. First-principles calcula-
tions for CoO with the experimentally measured lattice parameters predict the
value of the band gap on the order of 2.5 eV, with the magnitude of local spin and
orbital moments on the order of 2.70 ug and 1.2 yg. The spin and orbital moments
preserve their magnitude once the effect of SOC is gradually switched off in elec-
tronic structure calculations, proving it is intrinsic to CoO’s electronic structure.
While the spin degree of freedom is coupled to the orbital moments via relatively
weak SOC, the effect of significant orbital splitting among the states with oppo-
site orbital polarization, which accounts for the order of the band gap, can be per-

ceived in the orbital channel only as a result of an effective orbital exchange term in
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the Hamiltonian which signifies the repulsion energy between orbitally-polarized
states.

To probe the response of CoO to injected spin and orbital currents, first-princi-
ples linear-response calculations were performed. These calculations determine
how the spin moments (S;), orbital moments (L;), and OQP moments ({L;,L;})
change when spin- and orbital-dependent exchange fields are applied. Such ex-
change fields mimic the effect of spin and orbital currents on the electronic struc-
ture of bulk CoO in case of CoO/Pt and CoO/Cu” interfaces.

The calculations of the corresponding response tensors for the [110] and [110]
directions of the Néel vector within the band gap of CoO reveal that the response to
the induced orbital fields is orders of magnitude larger than the response to spin
exchange fields — an effect that clearly originates from the unquenched orbital
momentum of Co atoms. Moreover, the spin and orbital response tensors exhibit a
much stronger anisotropy with respect to the direction of n when perturbed by an
orbital field, whereas the response to injected spin is only very weakly anisotropic.
This behavior is expected, since the response to an orbital perturbation directly
reflects the intrinsic anisotropy of the magnetic structure in CoO. This intrinsic
anisotropy is evident, for example, in the dependence of the orbital moments and
crystal-field splittings on the direction of n, that are observed in the calculations.
Overall, we can conclude that driving spin-and-orbital dynamics through orbital
injection from the CoO/Cu* interface leads to a more complex, more anisotropic,
and more pronounced dynamical response of the coupled Co spin and orbital mo-
ments.

Building on this strong orbital sensitivity, CoO’s response to injected OAM
can give rise to a giant OMR amplitude, for example through modifications of
the anisotropy profile caused by the large, non-vanishing current-induced OQPs
({Li, L;}). Recently, the currents of OQP moments, coupled to spin via the SOC of
Pt, have been shown to mediate the injection of a magnetic octupole into altermag-
netic materials. This injection induces a novel type of torque on the Néel vector
n via the linear coupling between n and the magnetic octupole moment [399]. In
CoO0, it has been recently shown that the OQP moment, arising from a combined
action of an externally applied magnetic field and SOC, plays a key role in driving
intricate spin-orbital dynamics via the energy term that couples components of n
and ({Ly, Ly}) [121]. Due to this coupling of the OQP and the spins, the induced
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quadrupole moment generates a strongly anisotropic torque on the Néel vector,
thus inducing coupled spin-orbital dynamics resulting in energy losses and an in-
crease in the MR signal.

Since the orbital dipole-to-quadrupole conversion does not, in principle, re-
quire SOC, the effective OQP torques generated by orbital injection from Cu* are
expected to be very efficient, ultimately leading to strong absorption of the electri-
cally generated OAM. Note that the large orbital moments and OQPs in CoO are
key to producing such torques.

One remarkable feature of CoO, compared to other materials of this kind, are
strong orbital exchange interactions. Ab-initio calculations of the spin and or-
bital dipole and quadrupole exchange couplings in CoO reveal that isotropic AFM
next-nearest-neighbor spin-spin exchange interaction is by far the largest (about
90 meV). However, among the nearest-neighbor exchange interactions, the largest
magnitudes appear in the orbital quadrupole-quadrupole sub-block, with the stron-
gest coupling on the order of 12 meV. This provides an additional, purely orbital
channel for energy dissipation by low-energy excitations of the orbital degrees of
freedom when their corresponding dynamics is driven by the orbital current gen-
erated at the CoO/Cu” interface. To show this, we consider the absorptive part of
the susceptibility of CoO and compute it along high-symmetry directions of the
parent fcc Brillouin zone. These computations reveal that, within the considered
range, two broad groups of excitation bands are present: a lower band lying be-
tween 20 and 45 meV, and an upper band extending beyond 60 meV. While the
exact energetic position of the excitation bands depends sensitively on the struc-
tural details of the film and its interfacial properties, the relative energy difference
between the lower and upper bands arises from the qualitatively different inter-
actions that define them. We find that the lower band (20-45 meV) is mainly of
orbital-quadrupole character, whereas the upper band is mainly due to spin exci-
tations.

Consequently, the efficient excitation of orbital modes by the injected orbital
current, in addition to the coherent torques, can lead to the significantly stronger
orbital-current absorption in CoO/Cu” compared to the spin-current-driven dy-
namics in Pt-based bilayers, thereby explaining the experimental findings.

To summarize, in the context of the measured OMR, the large, unquenched or-

bital dipole moments L; on Co underlie the strong and highly anisotropic response
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of CoO to injected OAM, making the material particularly susceptible to orbital-
current-induced torques. The induced OQP moments, in turn, generate strongly
anisotropic torques on the Néel vector via the coupling term n - ({L;, L;}) and can
efficiently couple to low-energy orbital-quadrupole modes, providing an important

dissipation channel that contributes substantially to the enhanced OMR signal.

7.2 Magnetoresistance in Systems with Different
Dynamic Orbital Angular Momentum Sources

and Orbital-Quenched Magnets

The generation of orbital currents is not confined to the OREE observed in Cu/Cu*
systems. Recent theoretical studies have predicted that a broad class of materials
can exhibit substantial orbital Hall conductivities, particularly transition metals
with intrinsically weak SOC, such as Cr, Ru, and Ti [39]. This raises the fundamen-
tal question if the effective coupling between dynamic OAM and orbital momen-
tum dominated magnetic order is a general phenomenon, or rather is restricted to
a specific material combination.

We, therefore, extend our analysis beyond the naturally oxidized CoO/Cu* sys-
tem to evaluate the universality of giant OMR and to determine whether it can be
realized in materials more suitable for practical applications, specifically, those that
do not rely on oxidation.

Further, to validate our interpretation, we expand our study to materials for
which the static OAM is quenched and does not contribute significantly to the

magnetization to check for the absence of a MR signal.

7.2.1 Orbital Magnetoresistance Measurements on CoO with
Cr and Ti as Orbital Angular Momentum Generating

Materials

To assess whether the observed OMR mechanism is specific to oxidized Cu or can
also be realized using other OAM-generating materials, we conducted additional
experiments employing the weak-SOC transition metals Cr and Ti. The multilayer
stacks CoO(5 nm)/Cr(13 nm)/Al;O3(5nm) and CoO(5 nm)/Ti(9 nm)/Al,O3(5 nm)
were fabricated on MgO(001) substrates, with Al,Os capping layers preventing
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additional oxidation. The CoO thickness was chosen to match that used in the
CoO/Cu” reference samples, while the Cr and Ti thicknesses were selected based
on their orbital diffusion lengths of approximately 6.5nm [376] and 4-5nm [40,
400], respectively. Both Cr and Ti are theoretically predicted to exhibit large or-
bital Hall conductivities but negligible spin Hall conductivities [39, 382].

When Cr serves as the OAM source, a pronounced MR signal is observed that
cannot be attributed to the SHE. Following the same measurement protocol as used
for the CoO/Cu* and CoO/Pt systems (see Sec. 7.1.2), the transverse resistance Ry,
normalized by the longitudinal resistance is plotted as a function of in-plane mag-
netic field in Fig. 7.14(a). At T = 250K, an abrupt change in Ry, occurs near 11T,
corresponding to the CoO spin-flop transition. The slightly higher spin-flop field
compared to CoO/Pt and CoO/Cu” is attributed to differences in film deposition
conditions leading to higher anisotropies of the CoO. Above T = 300K, this fea-
ture disappears, confirming its magnetic origin. Although the raw data (inset of
Fig. 7.14) displays a substantial background signal arising from the ordinary Hall
effect and possibly other parasitic contributions, the zero-field extraction proce-

dure ensures that these effects do not influence the interpretation.
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Figure 7.14: (a) Normalized R,y /R, i.e., OMR, as a function of in-plane magnetic
field in a CoO/Cr sample at a temperature, T = 250K. The R,,/R exhibits abrupt
changes at ~11 T field, corresponding to the spin-flop field of CoO. The inset shows
the raw data with a parabolic background signal from Cr. (b) The OMR in CoO/Cr
as a function of temperature.

The temperature dependence of the OMR in CoO/Cr, shown in Fig. 7.14(b),
reveals a monotonic increase of Ry, /R upon decreasing the temperature, reaching

0.033% at T = 150K, approximately five times larger than the SMR amplitude
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observed in CoO/Pt. Given the weak SOC and negligible spin Hall conductivity
of Cr [39, 382], this enhancement must arise from the interaction between the
orbital current generated in Cr and the orbital magnetization of CoO. The OMR in
CoO/Cr exhibits the same sign as in CoO/Cu?, in contrast to the reversed sign of
SMR observed for CoO/Pt.

These findings demonstrate that the substantial enhancement of the OMR does
not rely on the oxidation of Cu or on poor metallic conductivity. Instead, it rep-
resents a more general characteristic of orbital-current-driven magnetotransport
in systems with unquenched orbital moments. This makes the orbital-orbital cou-
pling more appealing for applications, given that Cu oxidation is difficult to con-
trol.

To probe the universality of the orbital-orbital coupling in systems of orbital
dominated magnetism and weak-SOC metals with substantial orbital Hall conduc-
tivity, we now extend our investigation to Ti to evaluate whether the observed
effects are material-independent or if differences depending on the orbital current
generator arise.

Measurements on the MgO//CoO(5 nm)/Ti(9 nm)/Al,O3(5 nm) stack reveal sim-
ilar magnetic-field-dependent features, including a clear spin-flop transition at
T = 200K near 4T, as shown in Fig. 7.15(a). The background signal is notably
smaller than in Cr, likely due to the higher resistivity of Ti, while the reduced
spin-flop field again reflects variations in the growth conditions. The zero-field
OMR amplitude at T = 200 K is smaller than that in CoO/Pt and exhibits the same
sign as the spin-based MR. Since Ti possesses a negligible and negative spin Hall
conductivity, opposite to that of Pt, the observed consistency in sign indicates that
the response cannot originate from spin currents. It may instead arise from orbital
effects, even though the MR amplitude is small. The somewhat lower amplitude in
Ti compared with Cr suggests that the efficiency of orbital-current generation or
transmission at the CoO/metal interface may differ between materials. Material-
dependent factors such as orbital polarization, interfacial coupling symmetry, or
the orbital diffusion length could underlie this contrast, but further experiments
are required to precisely determine the origin.

Figure 7.15(b) shows the temperature dependence of the MR in CoO/Ti. Owing
to the reduced spin-flop field in this sample, a wider temperature range could be

explored. The MR amplitude vanishes above the Néel temperature and increases
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continuously upon cooling down to 25 K, emphasizing its distinct mechanism com-
pared to conventional spin-based SMR systems, where the signal typically shows
a maximum at intermediate temperatures (compare Fig. 7.7 for CoO/Pt) and de-

creases at low temperature as the spin modes freeze out.
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Figure 7.15: (a) Normalized Ry,/R as a function of in-plane magnetic field in a
CoO/Ti sample at a temperature, T = 200K. The Ry, /R exhibits abrupt changes
between 4 and 5T magnetic field, corresponding to the spin-flop field of CoO in
this sample at 200 K. (b) The MR in CoO/Ti as a function of temperature.

A comparison of the MR signals in CoO combined with Pt, Cu*, Cr, and Ti at
T = 150K is summarized in Fig. 7.16. The conventional SMR in CoO/Pt serves as
a reference. The OMR in CoO/Cu* is enhanced by more than two orders of mag-
nitude and exhibits an opposite sign. CoO/Cr shows an enhancement by a factor
of approximately four to five with the same sign as CoO/Cu*, whereas CoO/Ti
yields a smaller signal, reduced by roughly a factor of three compared to the SMR
in CoO/Pt, preserving the same sign as CoO/Pt. These results indicate that the
sign of the orbital signal is strongly influenced by the choice of OAM-generating
material, even though Cr and Ti exhibit orbital Hall conductivities of the same
sign [39].

The differences between Cr and Ti likely reflect variations in orbital polar-
ization, such as magnitude of orbital accumulation or symmetry of the occupied
orbital states, or in the efficiency and symmetry of interfacial coupling to CoO.
The dominant coupling mechanism may differ across materials. Differences in the
orbital diffusion length may also contribute to the observed material dependence

of the OMR amplitude. These hypotheses warrant further investigation on the
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different sample systems to unambiguously identify the mechanism.

Overall, these results not only confirm the generality of orbital-current-driven
magnetotransport in CoO but also reveal a rich variety of interfacial coupling
mechanisms that depend sensitively on the electronic structure and orbital char-
acter of the OAM source. Understanding these interactions and their dependence
on material selection, orbital polarization, and interfacial structure represents a

promising direction for future research in the emerging field of orbitronics.
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Figure 7.16: Comparison of MR at a temperature of T = 150 K in CoO thin films
with different capping layers for spin and orbital current generation.

7.2.2 Measurements on Materials with Quenched Orbital An-

gular Momentum

To validate our interpretation of the OMR effects observed in CoO, we performed
control experiments on systems with quenched OAM to distinguish orbital from
spin-related contributions.

As a reference, we investigated a-Fe;Os, an antiferromagnetic insulator with
nearly quenched OAM [401] that is expected to show negligible response to orbital
currents.

We performed SMR measurements on a 100 nm c-cut @-Fe; O3 film using a spin
current generated in Pt, as shown in Fig. 7.17(a). A small SMR signal on the order
of ~ 3 x 107* was detected at low magnetic fields when performing field-sweep
measurements at 175K in the easy-axis phase, in agreement with previous obser-

vations [402]. The Hall bars were patterned equivalently to those used for the
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Figure 7.17: Interaction of spin and orbital currents with spin-dominated AFM
a — Fe;05. (a) Longitudinal resistance of @ — Fe,O3/Pt and (b) & — Fe;O3/Cu” bi-
layers at 175 K in the easy-axis phase for a magnetic field applied along the current
direction.

CoO measurements, and electrical currents up to 1 mA were applied to ensure a
good signal-to-noise ratio. To check for possible orbital contributions, we com-
pared these results to MR measurements on the very same sample but this time
interfaced with a 5nm Cu* layer and found that the OMR was negligible. With the
magnetic field oriented parallel to the current direction, no significant resistance
change was observed at low magnetic fields (up to 2 T). Only at higher magnetic
fields did a minor resistance change of about ~ 0.2% appear. However, since this
field strength exceeds the spin-flop field of a-Fe,O3/Cu*, the origin of this signal
cannot be related to the orientation of the Néel vector. Because the insulating na-
ture of hematite prevents orbital-to-spin conversion, no SMR is expected in this
sample, thus supporting our interpretation that the effects we observed in CoO
originate from orbital physics.

In addition, we carried out control experiments on yttrium iron garnet YIG/Pt,
YIG/Cu*, and YIG/Ru heterostructures to check if orbital current can give rise to a
MR effect in magnets with fully quenched orbital moments. YIG is an insulating
ferrimagnetic oxide in which the OAM is completely quenched, making it an ideal
reference. Figure 7.18 shows that in the YIG/Ru and YIG/Cu”* cases, no measurable
MR signal was detected over a wide temperature range (from room temperature
down to 7K). In contrast, YIG/Pt exhibits the expected SMR and its well-known
temperature dependence [145, 394]. These observations are consistent with previ-
ous studies [44, 381], which demonstrated that enhanced SOTs appear only when

a Pt interlayer is present, an essential condition for converting orbital currents
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Figure 7.18: SMR measurements in YIG/Pt (top panel), YIG/Ru (middle panel),
YIG/Cu” (bottom panel) for several temperatures. As expected, YIG/Pt shows siz-
able SMR at all temperatures, whereas YIG/Ru and YIG/Cu* do not show any MR
behavior. All the measurements were performed by rotating the samples in the
presence of a 0.1 T magnetic field, which is enough to saturate the YIG magneti-
zation.

into spin currents. In YIG/Cu*, where no Pt is included, no measurable torques
were detected, confirming that dynamic OAM does not efficiently couple to the
spin-based magnetization.

Taken together, these comprehensive control experiments on a-Fe;O3 and YIG-
based systems demonstrate that the MR effects observed in CoO are of orbital ori-
gin. The absence of OMR signals in materials with quenched orbital moments,
combined with the necessity of a Pt interlayer for orbital-to-spin conversion as
observed in previous studies, provides compelling evidence that the observed phe-

nomena in CoO arise from the dynamics of orbital currents rather than from con-
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ventional spin-based mechanisms.

7.3 Generation of Orbital Accumulation at the

Co0/Cu Interface

As demonstrated in Secs. 7.1 and 7.2, OAM currents can couple directly to orbital-
dominated magnetic systems, enabling efficient magnetization control without the
need for spin-orbit conversion. This paradigm opens promising avenues for the de-
velopment of low-power, high-efficiency magnetic devices and highlights the po-
tential of direct orbital-orbital coupling to overcome limitations inherent to weak
SOC and inefficient spin-current conversion.

However, a critical limitation remains in the CoO/Cu* system, in which the
largest MR signal was observed: the dependence on uncontrolled natural oxidation
of Cu renders such systems impractical for real-world applications. Such oxidation
is neither reproducible nor stable under ambient or operational conditions.

Recent experimental work has shown that the Co/CoO/Cu” heterostructure
exhibits large orbital torques, with torque efficiency preserved even upon capping
the Cu layer. Hence, orbital currents may be generated directly at the CoO/Cu
interface and natural oxidation is not required [189].

In the following section, we therefore address the central question of whether
orbital currents can be generated at the CoO/Cu interface, and whether a stable,
engineered source of orbital current can be realized, without dependence on un-
controlled oxidation. We further investigate the interplay between SMR and OMR
contributions in systems that contain both, a spin current as well as an orbital

current generator.

7.3.1 Angular-Dependent Measurements in CoO/Cu/Pt Tri-

layers

We fabricate MgO(001)//CoO(5 nm)/Cu(t)/Pt(2 nm) heterostructures, for which the
thickness t of the Cu layer is varied between 0 nm and 25 nm. Both the Cu and Pt
layers are deposited in-situ without breaking the vacuum, to ensure clean, well-
defined interfaces.

Given that interface quality critically influences the signal fidelity in SMR mea-

surements [403-406], we first characterize the structural integrity of the interfaces
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using XRR. This step ensures that all samples are comparable in terms of interfacial
sharpness and layer continuity prior to transport characterization.

Figure 7.19 presents XRR data for two representative samples with Cu inter-
layer thicknesses of 2nm and 25 nm. Both samples exhibit smooth, well-defined
interfaces, with a surface/interface roughness of the CoO and Cu layers below
0.4nm. This interfacial quality ensures minimal defect- and boundary-induced
scattering, enabling robust spin- and orbital-current transfer between layers and
establishing sample-to-sample comparability. Furthermore, the Pt layer exhibits a
maximum roughness of 0.3 nm, confirming continuous film growth that effectively

passivates the Cu interlayer against ambient oxidation.

2 nm Cu
_ —— 25 nm Cu
3
S
>
i
C
3
£
0 5 10

26 (°)

Figure 7.19: (a) XRR data for two CoO(5 nm)/Cu(d)/Pt(2 nm) films with d = 2nm
and 25 nm.

For electrical characterization, Hall bar devices (6 pm width) oriented along the
[100] crystallographic direction were patterned, consistent with those in the prior
sections. We first investigate the magnetic anisotropy in the pure spin-current
system CoO(5 nm)/Pt(2 nm) using angular-dependent MR measurements at 200 K
under an applied magnetic field of yoH = 11 T, which is sufficient to overcome the
spin-flop field [50]. We rotate the magnetic field within the sample plane and vary
the angle o between the applied charge current and the magnetic field, as defined
in Fig. 3.3(c) in Sec. 3.1.2.

Consistent with Sec. 7.1.3, the measured transverse resistance Ry, consists of
two distinct contributions: (i) a hysteretic component around the magnetic hard
axes, correlated with a negative SMR signal (Fig. 7.20(a)) [50, 121]. This feature
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confirms the fourfold in-plane magnetic anisotropy of the CoO layer, induced by
substrate strain, with two easy axes in the (001) plane ([110] and [110]) and an
out-of-plane hard axis along [001]; and (ii) a non-hysteretic sinusoidal background
signal, correlated with a positive SMR.

The longitudinal SMR signal R, (Fig. 7.20(b)) exhibits a pure sin®(a) depen-
dence without hysteretic features near the magnetic hard axes.

Upon insertion of a Cu interlayer between the AFM CoO and the spin-current
source Pt, both the amplitude and functional form of the magnetoresistance sig-
nals evolve systematically with Cu thickness ¢. For the transverse component
(Figs. 7.20(c) and (e)), the sinusoidal signal reverses sign as t increases: at t = 0 nm,
R,y exhibits a maximum when H || [110] (& = 45°); at t = 3 nm, the sinusoidal
component nearly vanishes, producing a flat response around a = 45°; and at
t = 6nm, a minimum replaces the initial maximum at the same angle. System-
atic measurements of Ry, across intermediate Cu thicknesses (Appendix A) reveal
a continuous evolution: the positive sinusoidal amplitude decreases monotoni-
cally with increasing t, vanishes near t ~ 3 nm, and transitions to a progressively
stronger negative amplitude for ¢t > 3 nm.

An analogous sign inversion occurs in the longitudinal component (Figs. 7.20(d)
and (f)), with the signal amplitude vanishing at ¢t ~ 3nm. Further, we note that
for t = 3nm and 6 nm sharp peaks can be observed in the R, signal. The angle
of the peaks coincide with the angle of the hysteretic component in the transverse
R,y measurement, indicating that the observed peaks can be correlated with the
spin-flop transition in CoO, which according to Eq. 3.3 in the longitudinal measure-
ment only induces a change while the Néel vector is reorienting from one magnetic
easy axis to the perpendicular one. The two magnetic easy axis themselves yield
the same MR value.

Considering the hysteretic signal, we find that in the transverse MR configura-
tion it becomes more pronounced upon insertion of a Cu layer. Moreover, the sign
of the hysteretic component reverses with the introduction of a thin Cu interlayer,
and the amplitude of this inverted hysteretic signal further increases with increas-
ing Cu thickness. The evolution of the signal can be understood as the superposi-
tion of two MR contributions arising from distinct mechanisms. By comparing the
OMR signal in pure CoO/Cu*, shown in Fig. 7.10(b), with the transverse MR signal
observed here (Fig. 7.20(e)), we find that the CoO(5 nm)/Cu(6 nm)/Pt(2 nm) sample
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Figure 7.20: Transverse and longitudinal MR measurements for CoO(5)/Pt(2) (a)
and (b), CoO(5)/Cu(3)/Pt(2) (c) and (d) and CoO(5)/Cu(6)/Pt(2) (e) and (f), respec-

tively.

exhibits sinusoidal and hysteretic components whose amplitude ratio closely re-

sembles that of the pure OMR observed in CoO(5 nm)/Cu(6 nm). The absolute mag-

nitude of the resistance change is comparable in both cases; however, the longitu-

dinal resistance of the sample containing the additional Pt layer is slightly smaller,

leading to a somewhat larger relative change. Notably, the hysteretic component

associated with the spin-flop transition remains consistent across both systems.
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The similarity of the MRs observed in the two samples indicates that, in ad-
dition to the SMR signal and the spin current generated in the HM Pt, an orbital
current originating from the Cu interlayer and consequently an OMR contribution
are also present, even in the absence of intended surface oxidation. By varying the
Cu and Pt thicknesses, the current distribution among the layers, and thus the
relative contributions of SMR and OMR, can be tuned. Consequently, the overall
MR response, resulting from the combination of these two contributions, evolves

accordingly.

7.3.2 Comparison of Contributions Related and Unrelated to

the Magnetization Configuration in CoO

Since the OMR in CoO/Cu* was found to be significantly stronger than the SMR in
CoO/Pt, we extracted the amplitudes of both the hysteretic and sinusoidal compo-
nents as a function of Cu interlayer thickness, according to Sec. 7.1.3. This analysis
aims to determine whether the amplitude increases with the fraction of current
flowing through the Cu layer, as expected for an enhanced OMR contribution.

The results, presented in Fig. 7.21, show that both signal amplitudes increase
with Cu thickness up to 6 nm. This trend is in agreement with the hypothesis that
the overall MR signal strengthens due to enhanced coupling of the OAM to the
orbital moments in CoO as a larger portion of the current shunts through the Cu
layer.

To quantify this behavior, we applied the Fuchs-Sondheimer model, which de-
scribes the thickness-dependent resistivity of thin metallic films by accounting for
surface scattering of conduction electrons [407, 408]. From this model, we esti-
mated the size-dependent resistivities and sheet resistances to calculate the ex-
pected current distribution between the Cu and Pt layers. Here, we employ a sim-
plified linear approximation, which, for ultrathin films with thicknesses smaller
than the electron mean free path, tends to underestimate the resistance increase.
Consequently, the current fraction in Cu is likely slightly underestimated, whereas
the current fraction in Pt is slightly overestimated.

For the calculations the resistivities of bulk Cu and Pt were considered as
Pcubulk = 1.68 X 1078 Qm and ppipuk = 1.06 X 1077 Qm, respectively [409]. The
electron mean free path ¢ for Cu is £y = 39 nm [410] and for Pt #p; = 10 nm [411].

For a metallic film of thickness ¢, bulk resistivity p,, and electron mean free path
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Figure 7.21: Separated amplitudes of the hysteretic and sinusoidal signal compo-
nents as a function of Cu interlayer thickness.

¢, the simplified Fuchs-Sondheimer expression describing the thickness-dependent

increase in resistivity is given by:

3¢
mw=m@+§) (72)

This relation assumes fully diffuse surface scattering. Using this expression, we

calculate the resistivity for Cu interlayers with thicknesses of 3nm and 6 nm, as

well as for the 2 nm Pt layer, yielding:
pcu(6nm) = 5.8 X 107% Qm,

pcu(3nm) = 9.9 x 1078 Qm,
ppe(2nm) = 3.0 x 1077 Qm.
For comparison, we determined the resistivities experimentally using
CoO(5 nm)/Cu(6 nm), CoO(5 nm)/Cu(3 nm), and CoO(5 nm)/Pt(2 nm) bilayers:
Pcukxp(6nm) = 4.9 X 1078 Qm,

peukxp(3nm) = 50.4 X 107° Qm,
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ppeExp(2nm) = 23.5 X 107° Qm.

These values, however, cannot be directly compared to the CoO/Cu/Pt trilayers
studied here, since in the calibration samples the Cu layer was uncapped and there-
fore subject to oxidation. The resistivities of Pt and Cu(6) remain reasonably close
to the theoretical predictions (within ~20%), but the Cu(3) film exhibits a drastically
increased resistivity due to the oxidation of a significant part of the ultrathin layer.
Because of this effect we rely on the theoretically calculated resistivities when de-
termining the current distribution in the CoO/Cu/Pt structures, which appear to
be a good approximation.

From the resistivities we calculated from Fuchs-Sondheimer, the sheet resis-
tance of each layer can be obtained as Ry = p/t. The current distribution between
two parallel conducting layers is inversely proportional to their respective sheet

resistances, such that:

1/ Rs,Cu
1/Rs,Cu + 1/Rs,Pt

Rs,Pt
Rs,Cu + Rs,Pt

Icu = Liotal X = liotal X (7-3)

Using this relation, we find that in the sample with Cu(3 nm)/Pt(2 nm), approxi-
mately 82% of the total current flows through the Cu layer. For Cu(6 nm)/Pt(2 nm),
this fraction increases to about 94%. These values likely represent lower estimates,
since the Cu and Pt layers differ in thickness by a factor of three, and the sim-
plified linear form of the Fuchs-Sondheimer equation tends to underestimate the
resistance increase in Pt more strongly than in Cu.

The saturation of the signal amplitudes observed at a Cu thickness of 6 nm,
together with the absence of further enhancement at larger thicknesses, indicates
that beyond this point the majority of the current already flows through the Cu
interlayer. This behavior is consistent with the higher intrinsic conductivity of Cu
compared to Pt and supports the quantitative estimates derived above.

We can, thus, conclude that the measured signal is dominated by the OMR, con-
sistent with the MR response in Fig. 7.20(e), which closely resembles that observed
in pure CoO/Cu*. Large orbital current, however, cannot be generated in pure Cu,
but only from some oxidized form of Cu via the OREE [184]. In the present case, the
Cu interlayer is capped by a continuous 2 nm Pt film, which effectively prevents
natural surface oxidation, yet a sizable orbital current is still observed. As no evi-

dence of oxidation at the CoO/Cu interface was detected within the experimental
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resolution in Sec. 7.1.1, the results indicate that the formation of O-Cu bonds at
this interface are sufficient to generate an orbital current through the OREE.
These findings demonstrate that the CoO/Cu interface alone is sufficient for
generating large orbital currents and producing a giant OMR, without relying on
natural or uncontrolled surface oxidation. In particular, the results suggest that the
protective Pt capping layer could, in principle, be replaced by any suitable and in-
expensive material that prevents Cu surface oxidation while maintaining efficient
orbital current generation. To verify this conjecture, one would need to systemati-
cally test alternative capping layers and vary their oxidation barrier and electronic
transparency to evaluate whether the resulting OMR amplitude and temperature

dependence remain consistent with those observed in CoO/Cu®.

7.4 Conclusion

Driven by the pursuit of faster and more energy-efficient information technologies,
recent research has explored new electronic degrees of freedom beyond charge and
spin. In this context, OAM has emerged as a powerful alternative for controlling
magnetic order and charge transport in solid-state systems.

In this section, we have demonstrated for the first time, that combining an
orbital-moment-dominated AFM, CoO, with a dynamic OAM generator, such as
Cu” or Cr, gives rise to a giant OMR signal. Remarkably, this effect exceeds the
magnitude of conventional SMR in HM-based systems (e.g., CoO/Pt) by two orders
of magnitude. This observation establishes a fundamentally different mechanism
of magnetotransport, one that does not rely on the interconversion of orbital to
spin currents, but instead on a direct coupling between injected orbital currents
and the unquenched orbital moments of CoO.

Our results provide compelling evidence that CoO, owing to its large orbital
moment, responds far more strongly to orbital excitations than to spin excitations.

In Sec. 7.2, we further showed that this coupling between dynamic OAM and
the orbital moments of CoO can also be achieved when replacing Cu* with other
orbital-current generators such as Cr or Ti. The overall effect is weaker in these
systems, and in the case of Ti even exhibits an opposite MR sign. These findings
highlight the sensitivity of the orbital response to the nature of the orbital current
source. The microscopic origins of these differences remain an open question and

warrant further investigation.
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On the other hand, such orbital-driven effects are absent in purely spin-based
systems such as hematite (a — Fe;O3) and YIG, where orbital moments are largely
quenched. This contrast reinforces the central conclusion of this chapter: Orbital
currents can directly and efficiently couple to unquenched orbital moments, en-
abling magnetotransport phenomena far beyond the limits of conventional spin-
tronic systems.

Further we show, in Sec. 7.3, how OMR and SMR compete and contribute to the
measured MR signal in CoO/Cu/Pt heterostructures. By varying the relative thick-
nesses of the Cu and Pt layers, the proportion of charge current generating orbital
and spin currents, respectively, can be tuned, thereby modulating the overall MR
response and eliminating the non-magnetic signal contribution. Since the Cu sur-
face is capped by a continuous Pt layer, we conclude that dynamic OAM can be
generated via the OREE exclusively at the CoO/Cu”* interface. Our results demon-
strate that controlled interface oxidation produces a well-defined Cu* layer that
enables reproducible and stable orbital current generation. This insight highlights
the potential of CoO/Cu/capping layer structures as model systems for designing
robust and well-characterized oxide/metal interfaces for future orbitronic research.

Taken together, these findings establish a new paradigm for orbitronic device
engineering. By exploiting the direct orbital-orbital coupling between dynamic
OAM and magnetically ordered materials with strong orbital character, it is pos-
sible to achieve efficient, tunable, and scalable mechanisms for electrical readout
and control of magnetic order, without the need for heavy elements or strong SOC.
This underscores the applicability of the discovered mechanism and highlights the
potential of giant orbital currents to efficiently detect and potentially also manip-
ulate magnetic order via this novel route. Overall, the interaction mechanisms
that arise from the combination of the giant orbital currents generated in Cu* and
the large unquenched static OAM in orbital magnets such as CoO could enable
the development of all-orbital devices, overcoming the fundamental limitations of

conventional SOC-mediated processes.
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Conclusion and Outlook

The fields of spintronics and orbitronics have undergone remarkable development
over the past decade, driven by the pursuit of spin- and orbit-based technologies
that are faster, more compact, and more energy-efficient than their charge-based
predecessors [38, 412]. Within this evolution, interest in AFMs has shifted from
using them merely as passive elements, for instance in exchange-bias stacks, to
giving them a central role as active components for information transport, mem-
ory, and logic applications [27]. Driven especially by their defining characteristics,
such as the absence of a net magnetic moment, AFMs offer inherent advantages
including insensitivity to external magnetic fields, the potential for device minia-
turization, and ultrafast intrinsic dynamics. At the same time, this very absence of
net magnetization poses a major challenge: It renders AFM domain states difficult
to control, complicating both deterministic writing and efficient readout. Further,
it was found, that in AFMs with large magnetoelasticity, such as CoO, switching
effects are dominated by thermally induced mechanisms and large magnetostric-
tion, while the intrinsic advantages such as THz dynamics and the possibility for
miniaturization cannot be easily accessed [51, 77, 349].

This work is motivated by the aim of exploiting the advantages of AFMs and
by exploring new mechanisms that can address the difficulties inherent to their
control. Within this context, the results of this thesis uncover several fundamen-
tal insights into how spin and orbital degrees of freedom interact in AFMs and
how these interaction mechanisms can be harnessed for future spintronic and or-
bitronic technologies.

A key insight from this work is that thin-film CoO shows measurable magne-
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toelastic coupling, although its influence on the domain structure remains sec-
ondary to the intrinsic magnetocrystalline anisotropy. As discussed in Sec. 5,
growth induced strain controlled by the oxygen flow during sputtering adjusts the
lattice parameter and in this way tunes the Néel-vector orientation. Domain walls
induced my optical laser pulses exhibit preferred orientations that are consistent
with magnetoelastic effects in the films. On the other hand, geometric confine-
ment and lithographic patterning cause only local perturbations at device edges.
This demonstrates that shape anisotropy does not prevail compared to the intrin-
sic anisotropy of CoO, in contrast to materials such as NiO or CuMnAs. Overall,
magnetoelastic coupling is present but modest, and it does not impose meaningful
limitations on device design or operation.

While magnetoelastic effects have historically hindered efforts to demonstrate
genuine SOT-driven switching in insulating AFMs, this thesis resolves this ambi-
guity by revealing the coexistence of thermomagnetoelastic and SOT mechanisms
in ultrathin CoO/Pt bilayers (Sec. 6). By combining transport measurements with
XMLD-PEEM imaging, we show that electrical readout alone can be ambiguous:
the apparent SMR sign reversal with current density arises from a heat-assisted
thermomagnetoelastic response. Direct imaging resolves the underlying domain
rearrangement and separates thermal from non-thermal effects. Strain simula-
tions identify thermomagnetoelastic switching as the dominant mechanism, but
the residual domain changes within the current-carrying regions require an addi-
tional SOT-driven contribution, which becomes significant in ultrathin (* 2—4 nm)
CoO layers [247]. These findings clarify how thermal and interfacial torque mech-
anisms coexist in ultrathin CoO and provide a reliable framework for identifying
SOT-driven switching in AFMs. Establishing this distinction is essential for de-
signing device structures that can harness interfacial torques instead of relying on
thermal effects. More broadly, the demonstrated ability to achieve deterministic
and potentially THz-speed switching in a simple CoO/Pt bilayer positions AFMs
as practical candidates for future ultrafast and energy-efficient spintronic tech-
nologies.

The most significant discovery of this thesis is the observation of giant OMR
arising from the direct coupling between orbital currents generated in Cu* and
the large unquenched orbital moments in CoO (Sec. 7.1). Our experiments demon-

strate that OAM can serve as an efficient carrier of magnetic information, yielding
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readout signals two orders of magnitude larger than those achievable via conven-
tional spin-based mechanisms [378]. This establishes a conceptual advance: Or-
bital currents provide a distinct, highly effective channel for electrical readout and
potentially manipulation of magnetic order, complementary to spin currents. Cru-
cially, this coupling does not rely on natural oxidation of Cu. Instead, OAM can
directly be generated via the OREE at the CoO/Cu interface [379]. We further
show that this mechanism is not limited to Cu*: Orbital currents from Cr or Ti
also induce measurable OMR in CoO, albeit with reduced magnitude compared
to CoO/Cu” and, in the case of Ti, reversed sign. This sensitivity to the orbital-
current source underscores the importance of the interfacial electronic structure,
a factor not yet fully understood, but critical for engineering orbital-based de-
vices. In contrast, systems with quenched orbital moments, such as hematite and
YIG, exhibit no such orbital-driven magnetotransport, confirming that the effect
is uniquely enabled by unquenched orbital moments. Together, these results es-
tablish, that orbital currents can couple directly and efficiently to orbital moment-
dominated magnets, opening a new pathway for magnetotransport phenomena
that transcend the limits of conventional spintronics.

Taken together, the results of this thesis demonstrate that AFM thin films can
undergo ultrafast switching and that orbital currents can couple directly to orbital
magnetization, a mechanism not previously accessible. This advances the funda-
mental understanding of AFM dynamics and establishes new design principles for
orbitronic devices that operate without relying on spin-to-orbit conversion. They
demonstrate how lattice, thermal contributions, spin, and orbital degrees of free-
dom intersect in determining magnetic functionality, and illustrate pathways for
exploiting these couplings in the pursuit of ultrafast and energy-efficient control
of magnetic order.

The results presented in this thesis motivate a broad range of future research
directions spanning materials science, ultrafast magnetism, and the emerging field
of orbitronics. While some aspects, such as modest magnetoelastic coupling in
CoO thin films, are likely to primarily refine our understanding of AFM material
behavior, the most far-reaching implications arise from the discovery of giant OMR
and the demonstration, that orbital currents can directly couple to magnetic order.
This establishes a new conceptual and experimental platform with the potential to

reshape how information is written, transported, and read in magnetic systems.
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Conclusion and Outlook

Although CoO itself is unlikely to serve as a technological material, owing to
its relatively large magnetoelastic coupling, which makes its magnetic state highly
sensitive to strain and heating, and low Néel temperature, its value as a model sys-
tem should not be underestimated. CoO can continue to function as a prototypical
insulating AFM for studying spin and orbital transport, switching phenomena, and
interfacial physics under conditions where conventional FMs or metallic AFMs
complicate the interpretation.

The demonstration that thermomagnetoelastic and SOT-driven switching co-
exist in ultrathin CoO/Pt bilayers suggests several future directions, particularly
toward understanding how interfacial torques evolve when moving beyond con-
ventional spin-orbit physics. While detailed optimization of SOT-based switching
in CoO itself may be constrained by the material’s intrinsic properties, the method-
ological approach can readily be transferred to materials with higher ordering tem-
peratures and lower magnetostriction, such as hematite or Mn,Au. Moreover, the
ability to isolate non-thermal torque contributions opens the door to exploring
more exotic torque mechanisms, including orbital and multipolar torques.

The most transformative opportunities arise from the discovery of giant OMR.
This result demonstrates that orbital currents generated via mechanisms such as
the OREE, can couple extremely efficiently to magnets with unquenched orbital
moments. In contrast to spin-based mechanisms, which are limited by the magni-
tude of the SOC [196], orbital currents appear capable of delivering much larger
interfacial responses, potentially enabling highly efficient readout and even ma-
nipulation of magnetic order [38]. This raises a number of fundamental research
questions. For instance, it remains unknown how the order-parameter dynamics
differ when driven by OAM compared to spin angular momentum. Theoretical and
experimental studies are needed to explore whether OAM and OQP injection lead
to qualitatively distinct dynamical regimes, domain-wall velocities, or damping
processes, and how these responses depend on the presence of spin-orbital entan-
glement, crystal-field symmetry, or multipolar interactions. Understanding these
regimes will be crucial for developing accurate effective models of orbital transport
and for identifying materials where orbital-driven torques may dominate.

An immediate extension of this work is to transfer OMR-based readout and
orbital-current injection to technologically more relevant materials. The ideal plat-

form would combine low magnetoelasticity, high ordering temperature, and large
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unquenched orbital moments. Several classes of materials stand out as promis-
ing candidates: ferrites with partially unquenched orbital degrees of freedom (e.g.
CoFe;04 or Fe;0y4) [326, 413]; and certain FMs or noncollinear AFMs such as
CoPt alloys [414] or the chiral antiferromagnets Mn3;Sn and Mn3;Ge, which host
orbital moments originating from crystal-field asymmetry or multipolar order-
ing [415-417]. If giant OMR can be realized in such materials, it could enable
device-compatible readout schemes that are orders of magnitude more sensitive
than spin-Hall-based MR. This would significantly expand the range of viable mag-
netic memory concepts, including low-power sensors, multi-level memory ele-
ments, and hybrid spin-orbital logic devices. Another promising direction con-
cerns the possibility of using orbital currents not only for readout but also for
switching. If the coupling strength inferred from OMR measurements reflects
a reciprocal symmetry relation, then orbital torques may in principle act on the
magnetic order with comparable efficiency. This opens the prospect of develop-
ing orbital torque magnetoresistive random-access memory-type devices, in which
writing is performed through OAM injection rather than or in combination with
spin currents. Such a mechanism could be particularly effective in systems where
spin torques are suppressed or inefficient, for example in magnets with weak SOC
but large orbital moment. Systematic exploration of interface engineering, orbital
transparency, and symmetry-controlled orbital textures will be required to realize
such devices experimentally.

Collectively, the findings of this thesis point toward a rapidly expanding land-
scape in which orbital physics takes on a central role in magnetic transport and
control. By combining high-efficiency orbital readout with potentially large orbital
torques, next-generation orbitronic systems may achieve unprecedented switching
speeds, reduced energy consumption, and new modes of information encoding.

As these avenues are explored, CoO can continue to serve as an essential ref-
erence system. Not because it will appear in commercial devices, but because its
sizable orbital moment, insulating nature, and tunable thin-film properties make it
exceptionally well-suited for disentangling complex mechanisms. Through the in-
sights and techniques developed here, the path is now open to extend these discov-
eries to a wide range of materials and to harness orbital currents as a foundational

element in future magnetic technologies.
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Sample preparation

A.1 Sample Growth

The epitaxial MgO(001)//CoO thin films used for the work in this thesis have been
grown using reactive magnetron sputtering in the ULVAC QAM4 chamber in the
Saitoh Laboratory in Tokyo, Japan, via an automatic sputtering process. The recipe
used mainly follows the recipe established by -, similar to previous studies [50], and
only individual parameters were adjusted in order to ensure high quality sample
growth. The author was supported by - in the sample growth. Here, we briefly
discuss the growth procedure of the AFM CoO films and outline the basic steps.

To achieve high-quality films, new MgO(001) substrates from MaTeck are used.
To avoid oxidation, the samples are stored in a argon glove box prior to deposition
and air exposure is minimized. For the sputtering process the substrate surface is
cleaned by blowing it with nitrogen gas and then the substrate is placed face-down
on the Cu-sample holder. Once the pressure in the load lock falls below 5 - 107 Pa
the sample is transferred to chamber 2, in which magnetic materials such as Co, Ni
and Fe are sputtered. This chamber is connected to chamber 1 (for non-magnetic)
materials and chamber 4 via a central transfer chamber.

CoO is deposited by reactive magnetron sputtering with O, at elevated tem-

peratures. The base pressure in the chamber was p, < 1.2 - 107 Pa.

I. The MgO substrates were pre-annealed at a temperature of Tyzo = 770 °C
for 50 minutes. The temperature of the chamber was for this raised to Tcp, =
970 °C.
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II. The deposition temperature of the CoO is Tyigo = 430 °C. Therefore, the

temperature of the chamber was lowered to Tcy,, = 573 °C.

III. A sample holder rotation of 10 rpm is initialized, if the linear shutter is not
to be used for the deposition process. Several steps are now conducted in

order to start the sputtering process.

(a) Pre-sputtering: With a closed shutter, a 10 s long pre-sputtering step is
performed in order to clean the target surface from potential oxidation.
Vboc = 20 W, Ar flow: 15 sccm

(b) Initiating the Co sputtering: For 300s, Co is sputtered to ensure the
sputtering process starts without problems. The shutter is still closed
and in case problems should occur, the process can be restarted.

Vkr = 150 W, Ar flow: 15 sccm

(c) Deposition: If everything went well, now the actual deposition process
is started. The shutter is opened and oxygen is introduced into the
chamber. The default oxygen flow is 2.0 sccm, however this was varied
for some samples to investigate the effect of the oxygen flow rate on
the crystallographic and magnetic order of the CoO films.

Ver = 150 W, Ar flow: 15 sccm

IV. After the deposition, the heater shuts down. Once the temperature in the
chamber is below Try,, < 500 °C, the holder is automatically transferred to

chamber 4 for faster cool down.

V. The HM was deposited at room temperature in the chamber for non-magnetic
materials. For that, the sample was transferred into chamber 1, once the
substrate was cooled down. A DC voltage of Vpc = 20 V was applied for the
growth of Pt as well as for Cu, Cr and Ti.

An overview on the samples grown during this thesis is shown in @l labbook

experiment ID 6817.

A.2 Lithography Recipes

In this section of the appendix, details of the patterning process used for the prepa-

ration of the samples used in this thesis will be provided.
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A.2. Lithography Recipes

A.2.1 Sample Cleaning

I. Immerse sample in acetone for 180 s in an ultrasonic bath
II. Immerse sample in isopropyl alcohol for 180 s in an ultrasonic bath

[I. Dry sample with nitrogen gas

A.2.2 Resist Spin-Coating

To pattern the structures used in this thesis, different resists were used depend-
ing on the setup used for the lithographic process. When doing EBL and optical
lithography using a Cr mask the resist AR-N7520.17 was used along with the de-
veloper AR300-47. The details for spin coating are given below, resulting in a film

thickness of ~ 400 nm.

Step Time  Speed  Acceleration

Prespin 1s  500rpm 500 rpm/s
Main  60s 4000rpm 4000 rpm/s

After the spin-coating process, the sample is soft-baked for 60 s on a hot plate
at 85 °C and afterwards is left to cool down and stabilize for 60 s. As the substrates
used in this work were insulating, for EBL the spin-coating of a conductive resist
ARPC 5090 was required to avoid charging during the lithography. This resist can
be removed with H,O after the lithography process.

Step Time  Speed  Acceleration
Main 60s 3000rpm 3000 rpm/s

After spin-coating, the sample was left to rest for 2 minutes and then was soft-
baked for 2 minutes at 90 °C.

For the samples that were patterned via optical lithography with the Micro3-
Writer, the positive resist ma-P 1215 was used along with the developer AR300-46.

The details for spin-coating are given below.

Step  Time  Speed  Acceleration

Prespin  2s 500 rpm 500 rpm/s
Main  45s  3000rpm 3000 rpm/s

Afterwards, the sample was left to rest for 1 minute and then was soft-baked
at 100 °C for 1 minute.
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A.2.3 Lithographic Process
The lithographic process using the different available setups is detailed below.

A.2.3.1 Optical Lithography with a Cr Mask

For the optical lithography process, the sample was brought into soft contact with
the optical mask and was exposed to UV light for 10 s. As the samples used for this
work were highly transparent, black foam was placed under the sample to prevent

backscattering of the UV light and to improve the resolution of the structures.

A.2.3.2 Optical Lithography Using the Micro3Writer
When doing the optical lithography using the Micro3Writer, the exposure was

done with a dose of 110mJ/cm?. To ensure good resolution, autofocussing was

enabled and performed for every writefield.

A.2.3.3 Electron Beam Lithography

Acceleration voltage and aperture size were chosen depending on the feature size
that was patterned. The dose required to expose the resist is depending on the
acceleration voltage as well as potential additional exposure caused by proximity
effects between separated structures.

For Hall structures, acceleration voltages of 20 kV, aperture size of 30 pm and
dosages of 335 uC/cm? were used. For contact pads, this was changed to acceler-

ation voltages of 10kV, aperture size of 120 um and dosages of 110 uC/cm?.

A.2.4 Development
After the lithographic process, the samples were developed. If the lithography was

performed using EBL the conductive resist was first removed by immersing the
sample in deionized water for 30 s and then dried with nitrogen gas. For the devel-
opment step itself, the samples were immersed in a beaker with the corresponding
developer, depending on the resist used. If the negative resist AR-N7520.17 was
used, the sample was developed in the developer AR300-47 for 150 s. For the pos-
itive resist ma-P 1215, the sample was developed in ARN300-46 for 30 s. To break
the development step, in both cases the samples were immersed in high-purity wa-
ter for 20 s and dried with nitrogen gas afterwards. The outcome of the develop-
ment process was checked with an optical microscope and, if necessary, additional

development was performed or the whole process was repeated.
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A.2.5 Etching

The unprotected regions of the sample have been removed by ion beam etching
using an Ionsys500 ion etcher with an argon plasma. The etching has been per-
formed with a dose of ~ 356 pA/cm?. If a certain etching depth (down to a certain
material) was desired, the etching was performed under an angle of 55° using an
endpoint-detector. In case the etching depth did not matter but only the conduct-
ing material layers were supposed to be removed, the etching was performed under
an angle of 90° for 60 s. This was done in two steps of 30 s each to avoid heating
effects. Afterwards, the resist can be removed by the above described cleaning

process.
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B.1 Giant Orbital Magnetoresistance

B.1.1 Magnetoresistance Measurements on CoO/Cu(t)/Pt

The transverse MR measurements were performed on seven samples with Cu thick-
nesses varying between 0 nm and 6 nm in 1 nm steps and on an additional sample
with 25 nm Cu interlayer to check for saturation of the signal as a function of Cu
thickness. The acquired angular-dependent MR curves are shown in Fig. B.1. One
can see that, as pointed out in Sec. 7.1.3, the sinusoidal component of the signal
continuously transitions from a maximum at 45° to a minimum. The hysteresis
curve reverses with the first nm of Cu and becomes more pronounced with in-

creasing Cu layer thickness.

189



Appendix B. Results
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Other information

C.1 Contributions

In this section details of the contributions of the author and co-workers to the
projects presented in this work are given. If not noted otherwise, the co-workers
are from JGU Mainz.

Names of co-workers are removed due to data privacy reasons.

C.1.1 Characterization of CoO Thin Films

I. Sample growth by the author, - and - supported by -, - and - under the su-
pervision of -. Additional Ru deposition by -.

II. XRD and XRR measurements by - and - supported by - and -.

III. Laser irradiation at TU Kaiserslautern by - under the guidance of - and-.
Details can be found in Rl labbook experiment ID 6565.

IV. Device fabrication and design by the author and -.
V. Sample annealing by the author.

VI. Imaging during beamtimes was lead by the author, supported by -, -, -, -, -

and the beamline scientist -.

VII. Data evaluation by the author.
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C.1.2 Electrical Switching in Ultrathin CoO/Pt Bilayers
I. Sample growth by the author and - supported by - under the supervision of

II. Device fabrication and design by the author and -.
II. Electrical measurements by the author.

IV. XMLD-PEEM imaging during beamtime by -, -, - and -, supported by the the

beamline scientists: - and -. With remote support from the author.
V. Birefringence imaging by the author.
VI. COMSOL simulations by the author supported by -.
VII. Data evaluation by the author supported by -.
VIII. Manuscript writing by the author and - with input from all co-authors.

C.1.3 Giant Orbital Magnetoresistance in CoO
I. Sample growth by the author and - supported by - and - under the supervi-

sion of -.
II. Device fabrication and design by the author and -.

III. Electrical measurements on CoO and hematite crystals by the author, as-

sisted by - and -.
IV. Electrical measurements on YIG crystals by -.
V. XRD and XRR measurements by the author supported by -.
VL. STEM and EELS measurements by - and -, supervised by -.

VII. XMLD-PEEM imaging during beamtime by the author, -, - and -, supported

by the the beamline scientist -.

VIII. Data evaluation by the author and - with inputs from -, -, - and -. Details can
be found in Rl labbook experiment ID 14102 and Rl labbook experiment ID

6243, with all relevant samples linked within the experimental report.
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C.1. Contributions

IX. Theoretical calculations and simulations by -, -, -, -, - and -.
X. -, -, - and - prepared the o — Fe;O3/Cu sample.
XI. Manuscript writing by the author, -, -, - and - with input from all co-authors.
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C.2 Use of Artificial Intelligence

Table C.1: Use of Al tools in the context of this thesis.

Al tool

Used for

Reason

Where or when

LaTex format-
ting

Connected Papers | Literature re- | To find relevant | To find further
search papers connected  papers
throughout the
thesis
Perplexity Al Literature re- | To find relevant | Finding relevant pa-
search papers pers for the theory
and methods section
DeepL Translate First  trans- | Have an identi- | Abstract and Kurz-
lation of the | cal abstract ver- | zusammenfassung
abstract into | sion in German
German and English
KI-Chat@JGU Improving Better readability | Throughout the the-
language flow sis wherever results
and syntax were discussed
ChatGPT Improving Better readability | Throughout the the-
language flow sis when there were
and  syntax; no results discussed
improving
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