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Abstract

Recent advances in artificial intelligence algorithms have led to a widespread adop-
tion of artificial intelligence-driven applications in industry and research. How-
ever, increasingly powerful algorithms require large amounts of energy. In com-
bination with a proliferation of use cases the feasibility of energy production and
cost to meet demands in the future is in doubt.

In an attempt to sustainably meet the needs of developing artificial intelligence
systems and reduce power consumption, the emulation of biological systems is
extended from the software level to the hardware level. Because the physical de-
scription of magnetization reversal aligns with the non-linear dynamics of neural
networks, magnetic materials are suitable for a material-based approach.
Spintronics, which utilizes both the spin and charge degree of freedom of electrons,
shows great promise for overcoming the limitations of conventional semiconduc-
tor circuits. Antiferromagnets possess ultra-fast dynamics, optimal downscaling
and increased stability. The roadblock that hinders their utilization is the challeng-
ing readout of their magnetic state. The next step is to combine the known manip-
ulability of ferromagnets with the advantageous properties of antiferromagnets in
antiferromagnetic-ferromagnetic hybrid systems. This thesis focusses on study-
ing the interface effects on magnetization ground state and dynamics in antiferro-
magnetic-ferromagnetic bilayers.

Because magnetic phenomena root in quantum mechanics, while their manifes-
tation also takes place in classical physics, their study requires a multiscale ap-
proach. In this thesis we use phenomenological descriptions and numerical meth-
ods. The computational approaches employed throughout this thesis are micro-
magnetic and atomistic spin dynamics simulations.

First, it is demonstrated that ferromagnetic vortex textures can be imprinted into



Abstract

the adjacent antiferromagnetic layer via interface exchange coupling. In partic-
ular, the antiferromagnetic Néel vector can be controlled via the ferromagnetic
state, thereby providing read-out options. In this collaborative project, the role of
the author was to lead and execute the theoretical modeling of the experimental
data and coordinate the exchange between theory and experiment. A model was
provided, which describes the stability of the imprinted antiferromagnetic vortex
state. Both a phenomenological model and micromagnetic simulations succeed at
supporting experimental results from the NiO(111)-Fe (110) (6 nm) model system.
Hence, it was shown that NiO-Fe hybrid systems are suitable for hosting magnetic
vortices as fundamental logical units for computing that benefit from antiferro-
magnetic properties, while, at the same time, the ferromagnetic layer facilitates
the readout.

Furthermore, the coupled magnetization statics and dynamics of Mn;Au-NigoFez
(Py, Permalloy) thin film hybrids are explored as part of the German Research
Foundation (DFG) project - TRR 173 Spin + X: spin in its collective environment
(project B12 and A05). The author’s task was to coordinate the exchange with the
collaborators, model experimental results that were obtained within the collabora-
tion and extract the observed interface exchange coupling strength from the exper-
imental data. A phenomenological model reveals that interface exchange coupling
in Mn,Au-Py causes an imprinting of the antiferromagnetic domain texture on the
ferromagnetic layer. This alignment, that enables the readout of the antiferromag-
netic state, is shown not only analytically, but also using atomistic spin simula-
tions. Interface exchange coupling leads to coupled spin dynamics in Mn,Au-Py
and a frequency enhancement and a frequency splitting of the ferromagnetic reso-
nance mode in the Py. Such dynamic effects have their origin in the exceptionally
strong interface exchange coupling, which so far was only observed in the mate-
rial system presented here. Experimental data from ferromagnetic resonance and
Brillouin light scattering experiments on Mn, Au-Py thin films agrees well with the
theoretical model. Finally, atomistic spin dynamics simulations demonstrate that
domain wall motion with a high domain wall velocity can be initiated by acting on
the ferromagnetic magnetization with magnetic fields. In summary it was shown
that by combining antiferromagnets and ferromagnets in hybrid systems, the dy-
namics of the ferromagnet can be significantly enhanced through the presence of
the antiferromagnet while retaining their conventional accessibility. Additionally
the emergence of a split mode shows that the antiferromagnet’s intrinsic proper-

ties have been successfully synergized with the ferromagnetic dynamics.
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Kurzzusammenfassung

Auf Grund aktueller Fortschritte wird kiinstliche Intelligenz in einer Vielzahl von
Anwendungsmoglichkeiten, sowohl in der Wirtschaft, als auch in der Forschung,
eingesetzt. Die zunehmende Leistungsfahigkeit der kinstlichen Intelligenz geht
jedoch mit einem ansteigenden Energiebedarf der Rechnerinfrastruktur einher. In
Kombination fithren der steigende Energieverbrauch und die stark zunehmende
Anzahl von Anwendungsfille langfristig zu enormen Kosten und letztendlich zur
Frage, wie ausreichend Energie zu einem wirtschaftlichen Preis zur Verfiigung
gestellt werden kann.

Um die Nachfrage nach kiinstlicher Intelligenz langfristig zu bedienen und deren
Energiebedarf nachhaltig zu senken, bietet es sich daher an, nicht nur die Software
an biologischen Konzepten zu orientieren, sondern auch ein dhnliches Schema auf
der Hardware-Ebene anzuwenden. Ein Ansatz zur Restrukturierung der Hardware
nach biologischem Vorbild kann materialbasiert mit magnetischen Materialien er-
folgen, denn die physikalische Beschreibung von magnetischen Materialien gleicht
der nicht-linearen Dynamik neuronaler Netzwerke.

Die Spintronik verwendet sowohl das magnetische Moment, also den Spin, als
auch die Ladung von Elektronen um Informationen zu speichern und zu berech-
nen. Antiferromagnete weisen schnellere Dynamik auf, ermoglichen kleinere Spe-
icherelementen und besitzen erhohte Stabilitdt im Vergleich zu Ferromagneten.
Dennoch steht die nur schwer mogliche Auslese des antiferromagnetischen Zu-
standes der Verwendung von Antiferromagneten als aktive Komponente in rev-
olutioniren Datenspeichern im Wege. Somit zeichnet sich das Zusammenfiihren
der bewahrten Manipulierbarkeit von Ferromagneten mit den vorteilhaften Eigen-
schaften von Antiferromagneten in antiferromagnetisch-ferromagnetischen Hy-

bridsystemen als nachster Schritt ab.
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Kurzzusammenfassung

Diese Doktorarbeit widmet sich der Untersuchung von Grenzflichenphdnomenen
im Kontext des magnetischen Grundzustandes und der magnetischen Dynamik in
antiferromagnetisch-ferromagnetischen Hybridsystemen.

Auf Grund der quantenmechanischen Natur magnetischer Phanomene, deren Man-
ifestation aber auch in der klassischen Physik geschieht, ist ein Multiskalenansatz
zu deren Beschreibung notwendig. In dieser Arbeit verwenden wir sowohl pha-
nomenologische, als auch numerische Methoden. Es werden sowohl atomistische,
als auch mikromagnetische Simulationen angewendet.

Zunichst wird demonstriert, dass mit Hilfe der Schnittstellenaustauschwechsel-
wirkung ferromagnetische Strudeltexturen auf eine angrenzende antiferromag-
netische Schicht gepragt werden konnen. Insbesondere kann der antiferromag-
netische Néel Vektor durch den ferromagnetischen Zustand beeinflusst werden,
wodurch das Auslesen des antiferromagnetischen Zustandes ermoglicht wird. In
diesem kollaborativen Projekt bestand die Aufgabe des Autors darin, sowohl die
theoretische Modellierung experimenteller Daten zu leiten und auszufiihren, als
auch den Austausch zwischen Experiment und Theorie zu koordinieren. Es wurde
ein Modell entwickelt, welches die Stabilitat des eingepréagten antiferromagnetis-
chen Strudelzustands beschreibt. Sowohl ein phanomenologisches Modell, als auch
mikromagnetische Simulationen werden zur Hand genommen, um damit erfolgre-
ich experimentelle Ergebnisse im NiO(111)-Fe(110) Modellsystem zu nachzubilden.
Damit wurde gezeigt, dass NiO-Fe Hybridsysteme dazu geeignet sind, magnetische
Strudel als fundamentale logische Einheiten fiir Rechnungszwecke aufzuweisen.
Dabei werden nicht nur die Vorteile antiferromagnetischer Dynamik integriert,
sondern auch das konventionelle Auslesen des magnetischen Zustandes iiber den
Ferromagneten erméoglicht.

Weiterhin wird der gekoppelte magnetische Grundzustand und die gekoppelte
Magnetisierungsdynamik in hybriden Mn,Au-Nig,Fey (Py, Permalloy) Diinn-
schichtfilmen analysiert. Dieses Projekt fand statt im Rahmen des Transregio Son-
derforschungsbereiches der Deutschen Forschungsgesellschaft (DFG) Projekt-TRR
173 Spin + X: spin in its collective environment (Projekt B12 und A05). Die Rolle
des Autors gestaltete sich darin, dass er den Austausch mit den Kollaborateuren
koordinierte, die experimentellen Daten modellierte und daraus die gemessene
Starke der Schnittstellenaustauschwechselwirkung berechnete. Mit Hilfe eines
phanomenologischen Modells wird gezeigt, dass die Schnittstellenaustauschwech-
selwirkung in Mn, Au-Py zu einer Einpragung der antiferromagnetischen Domanen-

struktur auf die ferromagnetische Schicht fithrt. Diese Ausrichtung ermoglicht das
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Auslesen des antiferromagnetischen Zustandes und wird nicht nur mittels Ana-
lytik, sondern auch mit atomistischen Spin-Simulationen belegt. Im dynamischen
Regime fithrt die Schnittstellenaustauschwechselwirkung zur gekoppelten Spindy-
namik und hat zur Folge, dass die ferromagnetische Resonanzmode des Py nicht
nur mit hoherer Frequenz auftritt, sondern auch in zwei Moden geteilt wird. Diese
dynamischen Effekte, die aus einer sehr stark ausgepragten Schnittstellenaustausch-
wechselwirkung herriithren, sind einzigartig und wurden bisher nur in dem gezeig-
ten Materialsystem nachgewiesen. Dies ist belegt durch die Ubereinstimmung ex-
perimenteller Daten aus ferromagnetischen Resonanz und Brillouin Lichtstreuex-
perimenten mit der theoretischen Modellierung. SchliefSlich werden atomistische
Spin-Simulationen angewandt um zu demonstrieren, dass eine gekoppelte Doma-
nenwandbewegung mit hoher Geschwindigkeit durch Anwendung eines Magnet-
feldes an die ferromagnetische Komponente des Hybridsystemes initiiert werden
kann.

Zusammenfassend wurde gezeigt, dass durch die Kombination von Antiferromag-
neten und Ferromagneten in Hybridsystemen die Dynamik des Ferromagneten
durch die Prasenz der antiferromagnetischen Schicht signifikant beschleunigt wer-
den kann, wahrend die konventionelle Manipulierbarkeit erhalten bleibt. Zusaztlich
zeigt die Aufspaltung der ferromagnetischen Resonanzmode, dass eine Synergie
mit den intrinsischen Eigenschaften des Antiferromagneten und der ferromag-

netischen Dynamik geschaffen wurde.
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While depictions of sentient beings created by humans reach back to 700

BC, when Hesiod described his Talos, our current understanding of ar-
tificial intelligence (Al) is strongly rooted in ideas conceived during the
twentieth century [1]. In 1950 Alan Turing published his seminal work
on “Computing Machines and Intelligence” in which he defines how to
test the cognitive capabilities of human-made objects and Isaac Asimov
wrote his novel "I, Robot” in which he coined the three laws of robotics.
Al gained traction through the 1956’s conference "Dartmouth Summer
Research Project on Artificial Intelligence”, hosted by John McCarthy and
Marvin Minsky, in which the feasibility of Al algorithms as we know them
today was laid out [2]. Contributing significantly to the public perception
of AL, Marvin Minsky was also the lead designer of the HAL 9000 sentient
computer in the 1968 science fiction movie “2001: A Space Odyssey” by
Stanley Kubrick [3].

The capability to compute has been a catalyst to human development. Already
in ancient times the first cornerstones for the development of Mathematics were
laid out in Mesopotamia, India and China, which later significantly drove the de-
velopment of the hellenic society of ancient Greece [4]. Since the founding of
modern universities in the late medieval period in Europe, the influence of the sci-
entific method on society and the accompanying necessity to compute has become
indispensable.

Today we witness another revolution: our society transitions from being infor-
mation driven to being intelligence driven. For the first time in history, humans

have access to enough computing power to shape a new kind of intelligence, AL



Chapter 1. Preface

Al enables new possibilities, that can be harnessed most efficiently when many
components to which we are in contact in our lives are interconnected in the in-
ternet of things (IoT). In doing so, large amounts of data are generated and need to
be processed - this is what is called big data. Al IoT and big data herald a digital

revolution that will influence the life of everybody in a digital society.

1.1 The Rise of Artificial Intelligence and its Chal-
lenges

Studying and mimicking perceptual and cognitive intelligence requires intelligent
computing. Understanding of human intelligence is crucial to drive the devel-
opment of autonomous intelligence and human-machine synergy. Key areas of
application for Al lie in drug discovery, medical research and treatment, defense,
education and finance [5-7].

Despite recent successes of Al also challenges loom ahead. AI needs to improve
its interpretability, generality, evolvability and autonomy [7]. Simultaneously, ad-
vances in Al have been accompanied by increasing power consumption. For ex-
ample, ChatGPT consumes 500 000 kWh per day (200 million requests) [8] and the
training of OpenAI’s GPT-4 has cost $100 million in electricity alone [9]. In order
to sustain AI's current rate of development, available power needs to double every
100 days [10]. The annual growth rate of the energy demand is projected to be
26%-36% [5].

Actually, Al requires 80% of its lifecycle resource demand not during the initial
training phase, but during the inference phase [5]. As the number of applications
of Al steadily increases, this share will also grow. At the same time, computers
do not only need to become more energy efficient, but also more computationally
powerful. In 2018 OpenAl conducted a study to track the growth of the largest neu-
ral networks (NNs) based on computing power, shown in Fig. 1.1 [11]. What they
found is that the amount of computing power required for a breakthrough model
scaled with Moore’s law until 2015; that is the doubling of computing power every
two years. And the rate of change drastically increased since then.

One reason for the struggle of modern computers to keep up with the increasing
demands of more powerful Al algorithms is the von-Neumann architecture they
employ: data is processed and stored in different devices [12]. Whenever an al-
gorithm executes a computation, data is transferred between the memory device

and the processor. The limited bandwidth of the memory-processor interconnec-




1.2. Spintronics - A Tool for Progress

tion is called von-Neumann bottleneck [13]. As the performance gap between the
processor and the memory widens, the need for in-memory computing becomes
conspicuous.

Software inspired by biological NNs has significantly contributed to recent ad-
vances in Al using conventional computing hardware [6] and it can help make
in-memory computing a reality. However, today’s heavily parallelized graphical
processing units (GPU), still operate using orders of magnitude more power than
the human brain per operation and require supervised training [6]. So a solution is
to extend the approach driven by biological concepts from the software level to the
hardware level. An alternative to the von-Neumann architecture of today’s com-
puters is neuromorphic computing, that utilizes neurons and synapses to control
memory and processing, akin to the human brain [6, 7, 11].

Mitigation of the performance gap between biological and computational systems
can follow in the form of a material-based approach. Dynamically, the components
of a NN follow the same non-linear physical description as that of the magnetiza-
tion reversal in magnetic materials [6]. In order to describe magnetic systems,
the spin degree of freedom of the electron has to be taken into account. In com-
bination, the revolution in terms of computing architecture and the evolution of
computing devices in terms of computing efficiency fosters a hybrid approach to

tackle today’s Al and computing challenges.

1.2 Spintronics - A Tool for Progress

Spintronics describes the study of the spin degree of freedom of the electron and
the connected magnetic moment in solid state systems [14]. The history of spin-
tronics has been written by several key breakthroughs. Commonly the discovery
of the giant magnetoresistance effect (GMR) simultaneously by A. Fert and P. A.
Griinberg, that describes a large change in the electrical resistance of metallic layer
systems upon magnetization reorientation in the ferromagnetic (FM) layers with
respect to one another using a magnetic field, marks the beginning of the field of
spintronics in 1988 [15, 16]. They were awarded the 2007 Nobel Prize in Physics
for their discovery [17-19]. Thanks to commercialization studies and material opti-
mization by S. Parkin, GMR became the industry standard technology for magnetic
sensing in hard disk drive read heads by 1996 [20, 21].

Another success of spintronics was the wide adoption of magnetic tunnel junctions
(MT]Js) using tunneling magnetoresistance (TMR) as the basic unit of magnetic

storage and sensing in the early 2000s [22, 23]. In an MT]J the tunneling current
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Figure 1.1: Increasing computing power demand. The computing performance
(in the number of petaFLOP operations performed in a day) required for the real-
ization of a breakthrough Al model has doubled every two years until 2015, akin
to Moore’s law for the number of transistors on a chip. This rate of progress has
increased to a doubling approximately every two months today. This figure was
taken from [11].

between two FM electrodes separated by a thin oxide layer is controlled by an
external magnetic field and it can be used as a non-volatile storage element. M.
Julliére first discovered the TMR effect in 1975 [24] and J. Moodera and T. Miyazaki
confirmed its existence in 1991 and 1994, respectively [25, 26]. In many fields such
as automotive, consumer electronics, healthcare and industry magnetic sensors
based on the GMR effect are used [27], while magnetic random access memory
(MRAM) based on the TMR effect has long replaced embedded flash and static
RAM (SRAM) [14, 28].

Writing information in MRAMs has been achieved using magnetic fields, electric
currents and through the conversion of the electronic spin and charge degrees of
freedom in spin transfer torque MRAM (STT-MRAM) [29]. STT-MRAM provides
storage that is non-volatile, because power to the device is only required during

operation and the saved memory state is stable without applied power in standby.
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STT-MRAM does not need as much power and, as a side effect, less power distribu-
tion infrastructure, such that devices shrink by up to 80% in size compared to non-
STT-MRAM technology [30]. Smaller devices revolutionized standalone memory
in wearable electronics, 10T, always-on processors and Al computing [14]. Indus-
try acceptance of STT-MRAM has been quick because the materials used in the
devices can be manufactured using known complementary metal oxide semicon-
ductor (CMOS) techniques [30].

Moreover, the applicability of STTs reaches beyond STT-MRAM. In racetrack mem-
ory devices, magnetic domain walls (DWs), vortices and skyrmions represent fun-
damental logical units and are driven by STT or its orbital sibling, spin orbit torque
(SOT) [14, 31-33]. And the non-linear spiking behavior of STT nano-oscillators
suits well the leaky integrate-and-fire statistics of neuromorphic computing [34].
In fact, more than one approach within spintronics is set to realize neuromorphic
computing. In magnonics, information is encoded within the amplitude and phase
of a fundamental excitation, also called a magnon or a spin wave, of the magnetic
metal or insulator [14]. Then, signals between neurons propagate as spin waves.
As spin waves possess intrinsically non-linear dynamics, their interactions can
naturally represent the weighted signal processing in neuromorphic computing
and perform pattern recognition [14]. Additionally, spin waves propagate without
Joule-heating losses, making them very energy efficient [14].

In neuromorphic computing, artificial neural networks (ANNs) are the computa-
tional realization of NNs designed to model the human brain [6]. Neurons in these
networks are units that aggregate incoming signals before generating an output
signal based on their activation function [6]. Neurons are arranged in layers and
interconnected by synapses, which modulate signals according to trained weights
that update with every revision of the NN [6]. Because of this structure, the
synapses in NNs represent multilevel memory and the NN itsself intermixes logic
and storage. These properties make NNs incompatible with the von-Neumann ar-
chitecture.

One way to tackle the incompatibility issues is the manufacturing of dedicated
CMOS circuits that perform only one specific kind of computational task, e.g. a
tensor processing unit (TPU) which calculates high volume, low precision matrix
calculations during synaptic weight training [6].

Memory cells, whose stable state can be used as memory, i.e. which are non-
volatile, and which have more than two stable states, which makes them ideal

for storing synaptic weights, are called memristors [6]. Memristors change their
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conductance based on their magnetic texture. In similarity to synapses, memris-
tors modulate the electrical current between neurons [6]. Multilevel, progressive
current-driven switching by SOT of the FM layer has been observed in antiferro-
magnetic-ferromagnetic (AFM-FM) bilayer systems [6]. On the contrary, a FM
alone does not exhibit memristive behavior, which arises due to exchange bias
and is, thus, rooted deeply within the presence of the antiferromagnet (AFM)
[6, 35]. Hence, the AFM part of the bilayer is responsible for non-volatile, mul-
tilevel switching. Based on the performance of AFM-FM hybrid systems the ques-
tion arises whether AFMs alone could be used as memristors, or in other words,

whether AFMs could be used as the active component in spintronic devices.
1.2.1 Antiferromagnetic Spintronics

AFMs provide natural, ultra-fast dynamics in the THz regime, and they are very
energy efficient [36]. In equilibrium their magnetic state is compensated. As a
result, AFMs provide optimal spatial downscaling potential due to the absence of
stray fields [37]. Finally, they are impervious to external magnetic fields, which
reduces crosstalk between devices [14].

In today’s spintronics devices, FMs are the active components. Magnetic fields and
electric currents are used to manipulate the FM state. However, the FM state can
also influence the AFM state, for instance through exchange bias [35]. Still, the
readout of the compensated AFM state with no net magnetization remains chal-
lenging.

AFM-FM bilayers aim to unify the intrinsic benefits of AFMs with the known ma-
nipulability of FMs. While the AFM can be the source of a spin current and of
interface exchange coupling, the readout could be facilitated by the FM by conven-
tional means. At the same time, the intrinsic properties of AFM dynamics could
be made accessible through the manipulability of the FM. In order to harness the
potential of both FMs and AFMs in hybrid systems, a thorough understanding of
the interface effects taking place between the AFM and the FM layers is key. This
emphasis on interface effects is ubiquitous in spintronics, as many functionalities
are obtained from interfaces and hybrid systems [14]. As an example, interfacial
effects dominate the GMR and TMR effects [14]. This thesis covers the study of the
static and dynamic effects of interface exchange coupling between AFM and FM

layers in AFM-FM hybrid bilayer systems.




1.3. Outline of the Thesis

1.3 Outline of the Thesis

In this thesis we present four primary chapters, a conclusion chapter and the ap-
pendix. Chapters 3 and 4 present our key findings, which have been published as
described in Sec. B.1. The thesis is organized as follows.

In Chapter 2 we introduce the fundamental concepts behind the work presented
in this thesis. First, we discuss the concept of magnetic order and a phenomeno-
logical model is introduced to describe both static and dynamic effects. Within
this framework we derive the Landau-Lifshitz-Gilbert (LLG) equation. We con-
tinue with the description of AFMs, magnetic excitations and interface exchange
coupling. The computational approaches employed throughout this thesis are mi-
cromagnetic and atomistic spin dynamics simulations. We address the transition
between the continuum description of a magnetization field in the micromagnetic
model and the discrete atomistic spins in the atomistic spin model. Finally, we
consider the limitations of each of the models.

We start presenting our research results in Chap. 3. In this chapter we demon-
strate how a FM vortex texture can be imprinted onto the adjacent AFM layer via
interface exchange coupling in AFM-FM hybrid bilayer systems. In particular, we
report a change of the AFM ground state configuration. We phenomenologically
calculate the conditions under which the AFM transitions from its homogeneously
oriented ground state into a vortex state as a function of the interface exchange
coupling strength and the AFM layer thickness. Using micromagnetic simulations,
we analyze the stability of the imprinted AFM vortex state. Finally, we report good
agreement of our results with experimental data from the NiO(111) (4 nm) - Fe (110)
(6 nm) model system.

In Chap. 4 we report our key research findings for the AFM-FM bilayer system
Mn;,Au-Py. We explore the coupled magnetic statics and dynamics of Mn,Au-Py
thin film hybrids. We utilize a phenomenological model to reveal that interface
exchange coupling in Mn,Au-Py causes an imprinting of the AFM domain texture
on the FM layer. Furthermore, we find that interface exchange coupling leads to
coupled spin dynamics in Mn,Au-Py, a frequency enhancement and a frequency
splitting of the FM resonance (FMR) mode in the Py. Changing of the FM layer
thickness enables control over the FMR frequency and dispersion of Py. We re-
port good agreement of our results with experimental data from FMR and Brillouin
light scattering (BLS) experiments on Mn,Au-Py thin films. Moreover, we consider

the coupled DW motion in Mn;Au-Py. Our atomistic spin dynamics simulations
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demonstrate that DW motion can be initiated by acting on the FM magnetization
with magnetic fields and find a limiting DW velocity of 8.5 km/s.
Finally, we summarize our key findings in Chap. 4.5 and give a short perspective

on the future prospects of this field of research.




Fundamentals and Methods

This chapter introduces the fundamental concepts behind the work pre-
sented in this thesis. After exploring the fundamental concepts of mag-
netic order, a phenomenological model is used to describe both static and
dynamic effects. Within this framework we derive the LLG equation. Spe-
cial emphasis will be given to the description of AFMs, magnetic excita-
tions and interface exchange coupling. The computational approaches
employed throughout this thesis are micromagnetic and atomistic spin
dynamics simulations. The transition between the continuum descrip-
tion of a magnetization field in the micromagnetic model and the discrete
atomistic spins in the atomistic spin model is addressed. Finally, the lim-
itations of each of the models are considered. !

2.1 Magnetic Order

Some materials possess an intrinsic magnetic order below an ordering tempera-
ture and in absence of an external magnetic field. In the ordered phase microscopic
magnetic moments align to form a net magnetization. Going through the ordering
temperature the system looses its magnetic order in the high temperature phase.
The magnetic order is called collective magnetism.

In the classical description an electric current in a closed loop generates a magnetic
moment [40, 41]. Analogously, the atomic magnetic moments result from the orbit-
ing electron. This is the Rutherford-Bohr model [42, 43]. Simultaneously, the mass

of the electron generates an angular momentum. The theoretical description was

IFor this chapter inspiration was taken from the theses of Severin Selzer [38] and Marijan Beg
[39].
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Figure 2.1: Magnetic Ordering. (a) Magnetic moments (blue dots) on a lattice,
which order ferromagnetically (arrow). (b) Magnetic moments of two magnetic
sublattices (blue and red dots) on a lattice, which order antiferromagnetically (ar-
rows). The color is associated with the orientation of the spin. (c) Altermagnetic
order. Additionally to (a) and (b), the local crystallographic environment of the
two magnetic sublattices (red, blue) is not isotropic (non-magnetic atoms shown
in black).

confirmed through the Einstein-de-Haas experiment, which found the existence of
an associated angular momentum and first uncovered that the electron’s magnetic
moment and its angular momentum are always antiparallel [44-46]. However, the
fundamental fault of the theoretical description lies therein, that the electron’s ve-
locity vector continually changes its direction as the electron orbits the nucleus.
This change in direction would result in electromagnetic radiation, thereby violat-
ing energy conservation.

In order to explain intrinsic magnetic moments and very short range magnetic
interactions one needs to apply a quantum mechanical description. Bohr first pos-
tulated the quantization of angular momentum [42]. Thereby, the smallest unit of
angular magnetic moment came to be known as the Bohr magneton. Bohr stated
that the angular momentum results from the electron’s wave function in the cen-
tral potential of the nucleus. The Stern-Gerlach experiment discovered an addi-
tional kind of angular momentum: the intrinsic spin [47]. Hence, the total atomic
angular momentum is composed of both the orbital angular momentum gener-
ated by the orbiting electrons and the electron’s intrinsic spin. Developments in
the emerging field of orbitronics have shown that the orbital degrees of freedom
can play an important role for transport phenomena [48]. However, for many ef-
fects in magnetism the orbital degrees of freedom are suppressed such that only
the spin is considered. Henceforth, a single atomic magnetic moment is usually
referred to as a spin. This description is valid for isolated atoms. Embedding the
atom into a crystal lattice leads to modifications, which can be incorporated in ef-

fective descriptions.
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2.1. Magnetic Order

The interaction of spins and the associated static and dynamic effects can be de-
scribed by the exchange interaction. It results from the overlap of the electron’s
wave functions in combination with the Pauli exclusion principle [49]. For the
relation between the spin alignment and the energy two conflicting pictures can
be chosen: the Heisenberg picture [50], that considers localized electrons and the
Stoner picture [51], that considers delocalized electrons.

For elevated temperatures thermal fluctuations lead to disorder. The Curie temper-
ature is the the ordering temperature of a FM, above which no net magnetization
is formed, or in other words, the alignment of the magnetic moments that charac-
terized the ordered state is lost [52]. On the one hand, in the Heisenberg picture in
the high temperature regime, the magnetic moments remain, but their orientation
is disordered. In the Heisenberg picture, magnetic excitations are transverse spin
waves, which we will discuss later.

On the other hand, the Stoner picture considers magnetic excitations as spin flips.
But the Stoner model overestimates the Curie temperature and fails to accurately
resemble the temperature dependence of the FM ground state, also called the Curie-
Weiss law [53]. Thus, the Stoner model is suited more to the description of the
electronic structure of delocalized electronic systems at low temperatures. The
Heisenberg model succeeds at describing magnetic insulators, but also works well
for some systems with delocalized electrons, like 3-d transition metals and lo-
calized f-electron systems [54, 55]. Henceforth, in this thesis we work with the
Heisenberg picture.

Depending on the local environment and the exchange interactions of the mag-
netic moments in a material, different forms of magnetic order can arise. Each
kind of magnetic order is a phase described by an order parameter. In collinear FM
materials the magnetic moments align in parallel, such that below the Curie tem-
perature, a net magnetization is formed [50]. We show the FM alignment schemat-
ically in Fig. 2.1. The magnetization is the order parameter. Going through the
Curie temperature the FM undergoes a phase transition and the net magnetization
vanishes. Above the Curie temperature, the FM enters a paramagnetic phase. In
this phase, the material still exhibits magnetic moments, but their orientation is
disordered, such that no net magnetization arises [40].

Because a FM possesses a net magnetic moment it couples efficiently with an ap-
plied field. In order to reduce the Zeeman energy, which we will introduce below,
the magnetic moments rotate until all magnetic moments align with the applied

magnetic field and the magnetization is saturated. The magnetization value of the
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material is called the saturation magnetization.

After an applied field is withdrawn, the FM magnetization reduces to its nonzero
remanent magnetization. Only when the applied magnetic field is subsequently
applied in the opposite direction and its magnitude surpasses a threshold called
the coercive field does the FM magnetization flip into the opposite direction and
into alignment with the external field. The existence of a remanent magnetization
is due to magnetic hysteresis [40]. If the external field is applied perpendicular to
the magnetization it induces a rotation.

AFMs on the other hand possess magnetic ordering, but no net magnetization in
equilibrium. The magnetic moments are organized into magnetic sublattices. In-
side these magnetic sublattices, the magnetic moments interact ferromagnetically
and assume parallel alignment. However, in AFMs two exchange interactions are
at play. Additionally to the intra-sublattice exchange interaction, that orders fer-
romagnetically (O(100 T)) [56], the much stronger inter-sublattice exchange inter-
action orders spins of different sublattices (O (1000 T)) [56] such that the magnetic
moments compensate in equilibrium and the net magnetization vanishes. In prin-
ciple an AFM material can have more than two magnetic sublattices, but in this
thesis we concentrate on collinear AFMs with two magnetic sublattices. Thus, the
inter-sublattice exchange interaction orients spins of different sublattices antipar-
allel, as shown in Fig. 2.1. Because the net magnetization vanishes in equilibrium,
we use the difference of the sublattice magnetizations, called the Néel vector, as
the order parameter for the state of the AFM [57].

Above the Néel temperature the magnetic moments loose their alignment, the Néel
vector vanishes and the AFM enters the paramagnetic phase. Treatment of AFM
dynamics can be complicated. Out of equilibrium the variation of the Néel vector
in time gives rise to a finite, dynamic magnetization that results from the temporal
misalignment of the magnetic sublattices. The presence of a net magnetization in
the other wise compensated AFM leads to a rich spectrum of phenomena. Since
the strong inter-sublattice exchange interaction wants to mitigate the net magne-
tization in order to restore compensation, it induces dynamics in the THz range.
This phenomenon is called exchange enhancement [56, 58] and defines AFM dy-
namics, see Sec. 2.3.3.

Altermagnets are magnetically compensated like AFMs, because their spins alter-
nate in orientation for neighboring atomic sites. However, their electronic bands
are not Kramers degenerate [59, 60]. This particular set of properties stems from

the crystal environment of each atomic site, where atoms with opposing magnetic
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Figure 2.2: Multiscale modeling methods used in computational magnetism. For
each method the applicable time, frequency and space scales are shown. The flow
of parameters from one model to the next is indicated. Figure recreated from [61].

moment can be transformed into one another by a crystal rotation, see Fig. 2.1. In
the case of AFMs, the transformation is either by translation or inversion.
Ferrimagnets differ from AFMs by having different magnetization magnitudes in
the sublattices, such that they are not fully compensated. Both altermagnets and
ferrimagnets exhibit a unique blend of properties from both FMs and AFMs, while
at the same time introducing proprietary phenomena.

There are also non-collinear forms of magnetic order. But in this thesis we concen-
trate on collinear FMs and AFMs. In every magnetic phase, lattice defects, material
structures and magnetostatic interactions induce magnetic domains. These do-
mains are regions in which the magnetic order parameter orients homogeneously.
Such magnetic domains are separated by magnetic DWs, that are excitations over
the homogeneous magnetic ground state, as we show in Sec. 2.3.2. Treatment of
such excitations, as well as magnetization dynamics and the influence on transport

phenomena are the main tasks of computational magnetism.

2.2 Computational Magnetism

The description of magnetic phenomena is a multiscale problem: The interactions
between magnetic moments that give rise to interaction strengths and anisotropies
are of relativistic and of quantum origin and take place on a subatomic level. Mi-
croscopic magnetic spins interact on the atomic level and domains lead to magne-
tization dynamics on macroscopic length scales.

Ab-initio calculations within the frame work of density functional theory are used

13
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to examine the electronic band structure of materials and to estimate exchange
interactions and crystal anisotropies, as well as transport coefficients. Taking the
material parameters from ab-initio calculations, the magnetization dynamics can
be simulated in the nano meter range using atomistic spin dynamics simulations.
Larger areas and collective phenomena require a coarse grained ansatz, which is
called the micromagnetic framework. We display the time, frequency and spatial
scale of each approach in Fig. 2.2. We indicate in Fig. 2.2 how parameters can flow
from one method to the next in order to form a multiscale modeling of magnetic
phenomena. In this thesis we concentrate on atomistic spin dynamics and micro-
magnetic simulations.

In atomistic spin dynamics simulations each magnetic atom is associated with a
magnetic moment of fixed length. The interaction of the magnetic moments is de-
scribed by the LLG equation for spin dynamics, which we will present in Sec. 2.3.2.
Thermal effects can be included using the Landau-Lifshitz-Bloch equation [62].
The parameters for this theory are taken from ab-initio calculations or fitted phe-
nomenologically to experimental data. This approach is used for the description
of magnetic phenomena in the nano meter range and on pico to nano second time
scales, as shown in Fig. 2.2. Atomistic spin dynamics simulations are especially
suited for the simulation of temperature dependent response functions, like the
magnetic susceptibility, or non-equilibrium phenomena, like magnetic phase tran-
sitions [61]. Another unique advantage is the implementation of the internal prop-
erties of the material, like the crystal structure, into the model. Likewise, combi-
nations of different materials into heterostructures can be replicated realistically.
The major drawback for atomistic spin dynamics simulations is that the tempera-
ture dependence of the magnetization is estimated incorrectly due to the classical
statistics of the thermal bath [63]. In reality the spin is quantized and does not
vary continuously on the unit sphere. Furthermore, the fixed length requirement
for the spin makes atomistic spin models not apt for describing induced magnetic
moments in heavy metals like Pt or materials with Stoner-like excitations like in
Ni, in which the length of the magnetic moments changes significantly [64]. Small
ensembles suffer most from these effects, as for larger systems these influences can
be averaged out. Furthermore, the degeneracy of the AFM ground state can lead
to paramagnetic behavior even at low temperature if the simulated ensemble is
too small. Finally, atomistic spin simulations have a high computational cost that
stems most of all from the computation of the long range magnetostatic interac-

tions. Most simulations are limited to N < 10® spins.
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In order to simulate larger systems a coarse graining approach can be used, in
which the magnetization is averaged over a finite volume element. In the macrospin
approximation all magnetic moments in a volume element are reduced to a single
spin with constant moment, the macrospin. Then, the interactions and dynamics
of several macrospins can be studied.

In the micromagnetic approach, the magnetization is a continuous vector field
that varies in time and space. Subsequently, the magnetization field is discretized
into cells for the numerical evaluation of the equation of motion. For both the
macrospin and the micromagnetic models the LLG equation in its continuum for-
mulation, see Sec. 2.3.3, is used to describe the magnetization dynamics. Some pa-
rameters that were obtained through ab-initio calculations and used for atomistic
spin dynamics simulation can be converted into a continuum formulation. How-
ever, this translation is only possible in general for bec crystal lattices, see Sec. 2.3.3
[65]. In most cases, effective parameters are obtained through phenomenological
models that fit experimental or simulation data.

Due to the averaging process, we loose the information about all influences that
occur on length scales below the averaging length, like for instance the crystal
structure. Furthermore, the micromagnetic approach requires the magnetization
field to vary slowly in time and space. This is problematic, especially in the case
of AFM dynamics, where the inter-sublattice exchange plays a dominating role or
in multilayer systems with atomically thin layers. Furthermore, the description
of thermal effects is challenging. Near the phase transition point the correlation
length diverges and thereby exceeds the averaging length. Thus, near phase tran-
sitions and when large thermal fluctuations occur the micromagnetic model loses
its validity.

Like for atomistic spin dynamics simulations, the Landau-Lifshitz-Bloch equation
can be used. In this frame work also the longitudinal relaxation of the average
moment is included [62]. However, micromagnetic simulations are much more ef-
ficient compared to atomistic spin dynamics simulations and they can be used to
model systems in the micro meter to milli meter range at nano second to milli sec-
ond time scales [61]. Their unique use case is the modeling of experimental results
at controlled temperatures and in large, multi domain systems. Also the dynamics
of magnetic excitations like DWs and skyrmions can be understood from a micro-
magnetic approach, as we will see in Sec. 2.3.2. The limits of micromagnetic sim-
ulations stem from the coarse graining towards smaller scales and shorter times

and from computational cost toward larger scales and longer times.
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2.3 Methods

In the previous sections we have seen the fundamental concepts of magnetic order.
Furthermore, the multiscale approach of computational magnetism was outlined.
In the following sections we will present the methods that were applied throughout
this thesis. First, in Sec. 2.3.1 we will consider the phenomenological theory of
classical atomistic spins that is based on the work of Landau and Lifshitz [66].
The resulting LLG equation is used for both the atomistic spin dynamics model in

Sec. 2.3.2 and the micromagnetic model in Sec. 2.3.3.
2.3.1 Phenomenological Model

In Sec. 2.1 we have seen that the motion of magnetic moments in the presence of
an external magnetic field is associated with angular momentum. The equation of
motion is the LLG equation, that we will derive now.

In the Heisenberg picture the time evolution of a time-dependent quantum me-
chanical operator A(t) is [41]

d i
340 = 1

where H is the system’s Hamiltonian. Consider now the rate of change of the x

H, A(t)], (2.1)

component of the angular momentum operator

d i
a Je = % [H, Jx] (2.2)
i (OH OH OH
=% ((9_]x s> J] + 8_Jy Uys Jx] + 9% [z Jxl ) (2.3)
OH OH
= 8_Jyjz - a—JZ]y. (2.4)

In Eqn. (2.3) we used the quantum mechanical identity [ f(A), B] = d f/0 A[A, B],
and in Eqn. (2.4) we used the commutation relation for the angular momentum op-
erator [J;, J;] = i€ Ji [41]. Proceeding analogously for the other components
we find

o
a]’
where 0H /0] = (OH /0 J, OH /0 Jy, OH /0 J.)T. We remember from Sec. 2.1

that the magnetic moment of the electron p is antiparallel to its angular momen-

d
EJ = -JX (2.5)
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tum J, such that we can write u = —y J, where y is the gyromagnetic moment of
the electron. As stated in Sec. 2.1 we refer to a single atomic magnetic moment of
magnitude ys as a spin S. Hence, we can write

d oOH

ES:ALSSXK. (2.6)
We define the effective field Heg, Begr := g1 Hegr such that

dg o Yig h, (2.7)

dt Hs
The right-hand-side of Eqn. (2.7) describes the torque acting on the spin. This
equation is called the Bloch equation and describes the precessive motion of a
spin around the effective field vector [67]. By multiplying Eqn. (2.7) by S we find
that it is spin conserving d*/dt*S = 0.
When we consider a system of spins, we obtain a system of coupled equations,

where each spin is described by one equation

d
asi - L (Si X Beg({Si})) = Ti, (2.8)
s

where the interaction of the spins (internal torques) is given by the second term
on the left-hand-side of the equation and the right-hand-side represents external
torques that are generated by external stimuli, like applied fields and currents.

In Sec. 2.3.2 we will use the atomistic spin dynamics model and show that the LLG

equation Eqn. (2.9) for discrete spins results from the Bloch equation

d S Y

- = —"

dt (1 + aé) HUs
where ag is the Gilbert damping and B; = —9dH /9S; + m);(t) is the effective field
for spin ;. Within the Landau-Lifshitz-Bloch model, thermal noise 7;(¢) can be

(Si X (Bl + agS; X Bl)) , (29)

incorporated into the model [62].
In Sec. 2.3.3 we apply a continuum transformation S; — M(r, t) to translate the
LLG equation into a formulation for the magnetization field

d 0 Y

—M=-—M
dt ot Mg

where we have omitted the dependencies of the magnetization for clarity and Mg

(M X Beff) > (2.10)

is the saturation magnetization. The effective field B.g results from the functional

variation of the energy density functional.
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2.3.2 Atomistic Spin Dynamics Model

The atomistic spin dynamics model makes the following assumptions:

1. Adiabatic approximation: The spin system is independent from the electronic

band energies and the crystal lattice. Influences from these sources are treated

via effective interactions, e.g. are contained in the interaction constants.

2. Localized magnetic moments: We approximate magnetic moments (spins) or

magnetization densities by localized classical atomistic spins. This approx-
imation fits well for 4f states in rare earths and the delocalized, itinerant
electronic 3d states in transition metals. Furthermore the length of the clas-

sical atomistic spins is assumed to be constant.

The Heisenberg model describes the interaction of classical atomistic spins

with the exchange Hamiltonian [68]

1 2 : T
7-(exch = _E Si Jij Sj, (2-11)
i#]
where S; := p;/ps is the normalized magnetic moment at site i, J;; is the exchange

tensor and the sum runs over all sites j except site i.

In magnetic multilayer systems, such as the AFM-FM bilayers investigated in this
thesis, the exchange interaction can also couple spins of two different materials
through an interface. In this case the Spin S; would belong to one magnetic ma-
terial, while all other spins S; considered in the summation belong to the other
material. Computationally, a cutoff would be used to set how far into the material
the interface exchange coupling would be considered, as it is an interface effect.

The exchange tensor has three contributions

Jij = Ty 1 + 35 + J5; (2.12)

where the first term is the isotropic exchange Ji;; = 1/3Tr(J;;) (1 is the identity
matrix),_]‘?j =1/2 (J,-j+_]};) — Jij 1is the traceless symmetric and_];.‘]‘. = 1/2(Jy —]ﬁ)
is the antisymmetric part.

The isotropic exchange dominates over the other contributions in most cases, such

that the exchange Hamiltonian becomes
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Hexeh = —% ;JU Si§; ~ —];P Si - §;. (2.13)
The sign of J;; determines the type of magnetic ordering: For J;; > 0 the magnetic
ground state is FM and for J;; < 0 AFM. In the collinear AFM case the ground
state will be degenerate and the magnetization compensated. For the AFM case
the exchange tensor can be separated into three contributions. The first contri-
bution accounts for S; and S; belonging to the same sublattice A (intra-sublattice
exchange). The second contribution accounts for spins of the same sublattice B
(intra-sublattice exchange). Finally, the third contribution considers spins belong-
ing to different sublattices A and B (inter-sublattice exchange). The full exchange
matrix can be obtained from ab-initio calculations and used in the atomistic spin
dynamics simulation. Oftentimes it is sufficient to consider nearest neighbor ex-
change, such that only the spin neighbor pairs < ij > are included; the factor 1/2
is introduced to avoid double counting. The exchange tensor then reduces to an
effective exchange constant J.
In systems with broken inversion symmetry the antisymmetric part of the ex-
change tensor Jf} is non-zero. The symmetry analysis that revealed the existence
of the antisymmetric exchange interaction and the phenomenological description
was developed by Dzyaloshinskii [69], while Moriya later found spin-orbit cou-
pling to be the cause of this relativistic interaction [70]. Hence, antisymmetric ex-
change is known as the Dzyaloshinskii-Moriya interaction (DMI). The DMI leads
to chiral magnetic textures, where spins are oriented perpendicularly to each other

in equilibrium and we can write the DMI Hamiltonian as
1 1
WDMI = —5 Z S?Jﬁ Sj = —5 Z Dl‘]’ (Sl X S]) s (2.14)
i#] i#]

where the components of the DMI vector D;; are

Dy = % (]gz _ ]l_{y), (2.15)
By = 5 (5 - Jy). @19
-t

The traceless symmetric part of the exchange tensor ]fj is sometimes also re-
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ferred to as the twosite anisotropy or anisotropic exchange and can result from in-
teractions of the magnetic atom with its (non-magnetic) neighbors [71, 72]. Terms
of the sum, for which i = j are treated as shown as follows.

Relativistic spin orbit coupling leads to magnetic anisotropy, which are written by
terms of the kind }; Sl.T K; S;, where K; is the anisotropy tensor at site i. One kind
of magnetic anisotropy is the magnetocrystalline anisotropy, which gives the spins
a preferred orientation with respect to the crystallographic high symmetry axes.
In general, the magnetic anisotropy is given by an expansion in even powers of

spin components

Hanis = = 3, (ki (D7 + ki (51)" + ki (5D)7) (2.18)
- (ki,xx S + kg (89)" + ki (55)4) (2.19)
= D% (ki (S7Y)" + e (57597 + e (8955)°) (220)

= > Kixye (STSY S (2.21)
i

Eqn. (2.18) represents systems in which cetrain magnetic easy axes are energeti-
cally favored (e.g. for k; » > 0, k;y = 0, k; ; = 0 the x axis is a magnetic easy
axis) and the anisotropy is uniaxial. For k; , < 0 the spins lie in the plane perpen-
dicular to the x axis and the anisotropy is easy plane. Both Eqns. (2.19) and (2.21)
are higher order contributions that can be included depending on the present mag-
netic symmetries.

Also more complicated crystal structures and their resulting anisotropies can be

obtained. For instance, a tetragonal anisotropy is given by

Hanis = = 3 kiz (52 = > kiy (S757)". (2.22)

with k; , < 0 such that the spins lie in the plane and k; x, > 0 such that the easy
axes are the diagonals of the xy plane.

The magnetic moments of the spins create stray fields, that are magnetic field lines
outside the magnet. Because magnetic moments are dipoles, they interact via the

classical dipole-dipole interaction [73]
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3 (S; ;i) (15 - S; .S,

5 b (Simy) (r5-8)  si-5;

7'{dipole—dipole = - 5 B - 3 , (2.23)
i Tij Tij

where p;; == ps i ps, j plo/ (4 ) with the vacuum permeability 1o and the connecting
vector between the positions of site i and j is r;;. The dipole-dipole interaction is
weak, but long range, as its sum does not converge. In order to reduce the energy
loss through stray fields the magnetic moments at the boundary of the system align
in parallel with the border to form a closed loop. If a closed loop configuration is
not possible, a DW can be induced. Here, the dipole-dipole energy compensates
the energy penalty through the exchange interaction of the DW. Dipole-dipole
interactions vanish in systems without net magnetization, like AFMs.

The Zeeman energy gives the interaction of spins with an external magnetic field
[73]

Hreeman = = ), fisiBi-Ss (2.24)
i

where B; is the external field.
The total Hamiltonian of the system is given by the sums of the individual Hamil-

tonians that were presented in this section

H = 7_(exch + Hpmr + 7_{anis + 7_{dipole—dipole + 7_{Zeeman- (2-25)

Atomistic spin dynamics are phenomenologically described by the Landau-Lifshitz

equation [66]

*

Si = - Vi S; xH; — % S; X §; X H;, (226)
Hs, i Hs, i
where H; = —0H /0S; is the effective field, y; is the absolute value of the gyro-

magnetic ratio and ary, is a damping constant. The first term stems from Bloch
equation (2.7), which describes a torque that is perpendicular to the spin and tan-
gential to its precessive motion, as shown in Fig. 2.3. The second term was added
phenomenologically by Landau and Lifshitz to account for the dissipation of en-
ergy to the electronic and lattice degrees of freedom in an otherwise conservative
motion. It creates a torque that is perpendicular to the spin and to its trajectory, as
shown in Fig. 2.3. Thereby, the amplitude of the spin’s precession is reduced and
it eventually relaxes into a state parallel to the effective field H; = —9H /dS;. Be-

cause both terms create torques that are perpendicular to the spin, the spin length
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Figure 2.3: Precession of a classical atomistic spin S; around the effective field H;.
The field-like (green) and damping-like (red) terms of the LL equation are indicated.

is conserved. However, the Landau-Lifshitz equation leads to unphysical results
at high damping [74, 75]. Gilbert introduced another phenomenological damping
term in what is known today as the LLG equation [76, 77]
S; = - S;xH; + aS; XS;, (2.27)
Hs,i
with typical values of the Gilbert damping constant « being between 0.001 and

0.01. In fact, the Landau-Lifshitz equation can be recovered from the LLG equation
by rescaling the gyromagnetic ratio as y* = y/(1 + a?) and the damping as ag1 =
ya/(1 + a?).
Brown united the LLG model with Langevin temperature-driven dynamics [78] by
adding a stochastic noise term to the effective field

o= 28 g (2.25)
&; depends on the type of noise of the system. One popular choice is Gaussian
noise, which means that the noise is not correlated in space or time and the first
average moment of &; vanishes [73]. Furthermore, the variance of &; has to be
adjusted such that the fluctuation dissipation theorem is fulfilled and the resulting
spin configuration is Boltzmann distributed.
In this work we use the well tested, open source atomistic simulation software
VAMPIRE [79].
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Figure 2.4: (a) Bloch DW. (b) Néel DW.

Magnetic Excitations

As soon as a system exhibits an ordered magnetic ground state, the possibility
of magnetic excitation over the ground state arises. We consider two types of
excitations: DWs and spin waves.

A magnetic DW is the interface region that connects magnetic domains [40]. In
the DW the magnetization performs a gradual reorientation in order to match the
magnetization orientation of the adjacent domains. The angle through which the
magnetization rotates characterizes the DW. We consider either a rotation with
an angle of 90° or 180° that connects the magnetic domains. In addition there
are two kinds of rotation of the magnetization. On the one hand, in a Bloch DW
the magnetization rotates in a plane parallel to the plane of the DW, as shown in
Fig. 2.4 (a). Bloch DWs are found in the bulk of a material, where the system size
is considerably larger than the DW width. On the other hand, in a Neel DW the
magnetization rotates in a plane perpendicular to the plane of the DW, as shown
in Fig. 2.4 (b).
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Figure 2.5: View along the profile of a magnetic vortex. The local magnetization is
shown by arrows, whose orientation is given by the color code on the right [80, 81].

A DW forms because of defects in the magnetic and crystal lattice system or dipole-
dipole interactions. We have discussed before, that the dipole-dipole interaction
can favor the formation of domains in order to reduce stray fields in FMs. The
DW width is finite because of competing magnetic interactions. The exchange
interaction favors parallel alignment of the magnetization and thus drives the DW
width towards infinity. However, the magnetocrystalline anisotropy stops the DW
from unwinding, because it prefers if the magnetization orients along the magnetic
easy axes and favors an atomically sharp DW. That way, the magnetization does

not intermittently point along a magnetic hard axis. As a compromise, the DW

width for a 90° DW is
A
Xpw = T E, (2.29)

where A is the exchange stiffness and K is the magnetocrystalline anisotropy con-
stant [40], as they will be defined in Sec. 2.3.3. The energy per unit area of the DW

is given by

opw = m VAK. (2.30)

DWs also exist in AFMs, where the role of the magnetization is played by the
sublattice magnetization. As a result, there are intertwined DWs; one for each
sublattice. Collectively, the Néel vector profile is then similar to the magnetization
profile of a DW in FMs. Because there are no dipole-dipole interactions in AFMs,
AFM DWs nucleate at lattice defects.

If we now consider a square microscopic region that is bounded from four sides, in
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a FM dipole-dipole interactions would dictate that the magnetization aligns with
each boundary. It becomes evident, that DWs would arise connecting every side
with its opposite neighbor. As a consequence, the magnetization direction forms a
circle along the edges in either a clockwise or counterclockwise sense of rotation.
A problem arises at the center, where the magnetization’s in-plane direction is de-
generate. Thus, it will point out of the plane, as shown in Fig. 2.5. This magnetic
texture is a vortex. Looking at the vortex magnetization texture as a magnetiza-
tion field, we cannot smoothly translate it into a texture, where the magnetization
does not rotate at all other than unwinding the texture. Topological textures are
characterized by their winding number. It means that the vortex is a quasiparticle
that cannot be annihilated without some energy input. This is called topological
protection. Both DWs and vortices are candidates for information carriers in novel
computing architectures because of their stability and manipulabilty [34].

Spin waves are elementary excitations of the Heisenberg model, where the spins
perform a collective precession with a constant phase shift between neighboring
spins [82]. We show an illustration of a spin wave in Fig. 2.6. Spin waves can
also be derived in a quantum mechanical picture, where they are spin 1 bosonic
quasiparticles, that are quantized. They are also called magnons - in analogy to
their lattice-vibrational counterpart - phonons [82]. We can classify spin waves
according to their dispersion. In FMs, and for small wave vectors k, the dispersion
is quadratic: @ ~ k? [82]. This dispersion gives the FM magnon an effective mass,
in analogy to real particle excitations. While for AFMs, the dispersion is linear
in k: w ~ k [58, 82]. The difference stems from the inherently different AFM
dynamics, which we will consider in Sec. 2.3.3. The dispersion of magnetic excita-
tions gives an indication for how fast information can be transmitted through the
system. When, for instance, magnetic domains are used in data storage devices,
the magnetization direction in a domain yields information. In order to access or
modify the stored information, the magnetization direction must be switched. The
achievable frequency of this switching determines how fast the device can write
and read information. This frequency is related to the dispersion of the material
[34].

2.3.3 Micromagnetic and Macrospin Models

For computationally expensive simulations of larger magnetic systems on larger
time scales, a coarse-grained approach on the atomistic LLG model is used. This

model is called the micromagnetic model and contrary to its name, the microscopic
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Figure 2.6: Spin wave. The spins perform a collective precession with a constant
phase shift between neighboring spins

properties of the system are not taken into account, but rather averaged out. In this
model we do not consider spins of individual atomic sites, but rather a continuous
magnetization field. Similarly, the macrospin model averages the magnetization
over a finite volume element, but then associates a single discrete macro spin with
each volume element.

For the micromagnetic model we take the following assumptions:

1. Overdamped Approximation: The magnetization field M(r, t) is continuous

and slowly changing in both time and space. M(r, t) is defined as the density

of atomic magnetic moments.

2. The magnitude of magnetization is constant and both time and space in-
variant. We can write the magnetization as M(r, t) = Msm(r, t), where
M is the saturation magnetization that gives the magnitude of the available
magnetization and m(r, ¢) the reduced magnetization, which is a unit vector

field.

These assumptions can essentially be translated into the requirement that lo-

cally the magnetic moments are mostly parallel and, thus, that we are dealing with
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a system that is dominated by the exchange interaction on short length scales. The
treatment of AFMs will be discussed in more detail in Sec. 2.3.3.

For the numerical solution of the micromagnetic model the vector field has to be
discretized into equally spaced volume elements. The cell size should not be below
a critical length scale that is given by the system parameters in order to not aver-
age out important information. This critical length scale is the exchange length,
below which the exchange interaction will dominate over all other interactions.
The exchange length is given by Iy, = VA/K, where A is the exchange stiffness
constant and K is the anisotropy constant [83]. In order to transform the atomistic
model into a continuum theory we replace all sums by integrals over the volume
of the magnetization vector field. As a consequence, the model parameters become
thermodynamic, temperature-dependent densities. While a Hamiltonian describes
the energy eigenstates of the atomistic model, the free energy density becomes the
energy potential that describes the state of the magnetization field.

We will now proceed by transforming the atomistic Hamiltonian’s contributions
into micromagnetic free energy densities. We consider nearest neighbor exchange
(Eqn. (2.13))

Q)2
7’[exch = _.] Z Si S = _.] Z 1 - @, (2.31)

<> Sij>
where we have used 2S; - S; = S§% + S? — (Si — Sj)®. We can now replace the

atomistic spins by the magnetization field

m(r) -m(r + dr) =1 — %(m(r) — m(r + 6r))*
~1 - % a;y Z (61 -V, m(r))2, (2.32)

where we have taken into account that differences in first order expansions can be
expressed as spatial derivatives and omitted temporal dependencies for clarity.

The exchange contribution to the free energy density becomes [84, 85]

dm\” 0’°m
Wexch = Z A (V(x Il'l)2 = Z A (%) = Z Am - W’ (2.33)

a=x,y,z a=x,y,z a=x,y,z

where A is the magnetic exchange stiffness. More details on the conversion from
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the exchange constant to the exchange stiffness are given in Tab. 2.1.
The conversions of the DMI, uniaxial anisotropy (along the unit vector direction

Z) and Zeeman contributions give

wpmi =dm - (VXm), (2.34)
Wanis = —K; (m-2)* = Kz (m-2)* — .., (2.35)
WZeeman = — M - Beyt. (2.36)

We refer to Tab. 2.1 for the conversion of the parameters d, K,, K,. Other
anisotropies can be transformed accordingly.

In the micromagnetic model the Zeeman contribution accounts for the interaction
of the magnetization field with an external magnetic field. At the same time, the
coarse grained contribution of the microscopic dipole-dipole interactions leads to
a magnetostatic energy that is generated by the interaction of the magnetization
field with their intrinsic magnetic field [65]. Because magnetostatic interactions
favor states with reduced stray fields, they lead to a demagnetization field Bgemag:

The demagnetization field can be found by considering Maxwell’s equations [65]

V Bdemag = — o V- M, (2.37)
V X Bgemag = 0. (2.38)

The free energy density of the demagnetization field is

1
Wdemag = _5 M- Bdemag- (2.39)

In the micromagnetic approach the interface exchange coupling of a FM and an
AFM layer is described by the coupling of the FM magnetization within one volume
element in the FM material with the AFM Néel vector in the adjacent volume ele-
ment of the other material. We phenomenologically introduce interface exchange
coupling such that it favors parallel alignment of the FM magnetization with the
AFM Néel vector and vice versa. Such a phenomenological description cannot ac-
count for the reason why such an alignment is favored. It was experimentally and
theoretically shown, that for Mn;Au-Py, the very smooth surface morphology at
the interface between the two layers contributes to such a strong alignment of the

magnetization and the Néel vector [86, 87]. It was further shown experimentally
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that such a coupling scales linearly with the thicknesses of the layers in the bilayer
system [88], suggesting an interface effect. Thus, we can model interface exchange

coupling as an effective interface exchange

int.exch = —Jexch 'fm -1, (2'40)

where Jexch is the interface exchange coupling strength, & is a length parameter
that limits the influence of the coupling to the interface region and n is the AFM
Neéel vector.

The total free energy of the magnet is a functional in terms of the magnetization

vector field, as shown below.

3
W[m] = f (wexch + @wpMr t+ @Wanis + Wdemag T @Zeeman) d’r + (2.41)
\

f Wint. exch d2 r, (2.42)
A

where A is the surface area of the sample and V is the volume. Because inter-
face exchange coupling is a surface effect, it is integrated only over the area of the
sample along the surface normal under consideration. Also the contributions from
multiple surfaces can be summed up.

The conversion of the atomistic model constants into micromagnetic parameters
in general is not straightforward, as it depends on the density of magnetic atoms in
the material and is, thereby, dependent on the crystal structure under considera-
tion. Furthermore, the micromagnetic model assumes an even spacing of magnetic
moments throughout the system, which can be assumed in many cases, but makes
calculation of effective parameters challenging. Oftentimes, the temperature de-
pendence and the value of micromagnetic parameters is obtained from fitting ex-
perimental data. In Tab. 2.1 we show the conversion for a cubic lattice structure
with FM exchange at zero temperature.

The time evolution of the magnetization vector field is given by the LLG equation
(66, 77]

Ih:—meHeff+am><1i1, (2.43)

S
where « is the Gilbert damping parameter [76, 77] and the effective field Heg =
Befr/ o is the functional variation of the free energy density with respect to the

magnetization field
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Table 2.1: Conversion of atomistic constants and micromagnetic parameters for
a cubic lattice structure with FM exchange at zero temperature. a is the lattice
constant, c is the number of atoms per unit cell (csc = 1, chee = 2, cee = 4) [65].

Atomistic Micromagnetic Conversion
Magnetic Moment yg in JT™!  Sat. Magn. Mg in Am™! Mg = £
Exchange Constant J in ] Exchange Stiffness A in Jm™! A= ;—{1
DMI Matrix Element Din]  DMI Constant in Jm™! d = %
Anisotropy Constant k in]  Anisotropy Constant K in Jm™> K = ‘;—‘31

H = 1 SW[m(r, t)] (2.44)

poMs  Sém(ro, )
In this work we use the well tested, open source micromagnetic simulation soft-

ware Mumax® [89].

Antiferromagnetic Dynamics

We consider now a two-sublattice collinear AFM. We can write down a set of equa-
tions in the micromagnetic model, where each magnetic sublattice is represented

by its own magnetization field m,(r) = M,(r)/Ms o, @ = 1, 2 [90]

Ml — YHeX M2 X M1 — M1 XHeff’l = Tl, (245)

M2 - YHex M1 X M2 — M2 X Heff,z = Tz, (246)

where Ms 1 = Ms, ;. Here we introduced the inter-sublattice exchange field Hey,
that keeps the magnetic sublattices collinear. Heg , are the internal torques that
result, e.g., from anisotropies and T, are externally applied torques.

At this point it is instructional to consider the hierarchy of interactions. Within
the magnetic sublattice act intra-sublattice exchange fields, that have strengths of
0(1000 T) and are responsible for the Néel temperature [56]. Because we consider
an AFM, the two equations (2.45), (2.46) are connected by the exchange field Hey,
that acts between the magnetic sublattices. These inter-sublattice exchange fields
have strengths of the order of 100 T and determine the susceptibility of the mate-
rial [56]. In equilibrium, the collinear AFM is compensated. However, torques in-

duced by external fields can cant the sublattice magnetizations out of their collinear
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Figure 2.7: Spin flop transition. (a) The external magnetic field is applied
collinearly with the magnetic sublattices of the AFM in equilibrium. (b) If the field
strength surpasses the spin flop field, the magnetic sublattices flip out of their AFM
ordering. For even stronger fields the magnetic sublattices align with the applied
field.

alignment. This generates a small net magnetization associated with an angu-
lar momentum. In fact, the canting of the sublattice magnetization is connected
with a phase transition. If an external magnetic field is applied parallel to one of
the sublattice magnetizations, as shown in Fig. 2.7 (a), and its strength surpasses
a threshold, the AFM system suddenly snaps into a configuration as shown in
Fig. 2.7 (b). This is called a spin-flop transition [40]. The associated spin flop field
Hg = VA Hapis (Ais the intra-sublattice exchange field and Hays is the anisotropy
field) is the smallest of the AFM interaction strengths and is of the order of 1T.
As the external field strength is increased even further, the angle between the two
sublattice magnetizations diminishes until the two sublattices are aligned with the
external field and AFM order is lost.

Eqns. (2.45) and (2.46) are given in the sublattice representation. But they can also
be converted to the symmetry representation. In order to do so, we use two or-
der parameters: the Néel vector n = M; — M; and the net AFM magnetization
mar = M; + M,. Furthermore, we note that both n and mar do vary in length,
but we require n-mar = 0and n? + miF = 1. If one starts from a discrete model
and then transforms the atomistic spins into micromagnetic vector fields, the av-

eraging has to take place over cells that contain at least one spin of each sublattice.
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As a result we can write

n—2yHegmarXn + ynxB, =0, (2.47)

with B, being the internal torques for the Néel vector. The total angular momen-
tum remains conserved.
By taking the cross product of the Néel vector with Eqn. (2.47) we find

mpp n><n—+an (2.48)

Y Hex

In Eqn. (2.48) we can identify that AFM dynamics are intrinsically coupled to a
small net magnetization mar, which is directly proportional to the net angular
momentum generated by canted sublattice magnetizations.
Now we proceed to find a closed equation for the Néel vector. We add Eqns. (2.45)
and (2.46) and use the symmetry derived definitions of n and mar [57, 91] to find

fap — gann - T. (2.49)

where T is the sum of the torques T,. We can now insert Eqn. (2.48) into Eqn. (2.49)
and find

nXi — Hyy’nxB, = yHy T. (2.50)

By pulling the intra-sublattice exchange term out of the internal Néel vector torques
B, we can reformulate the equation of motion and find the AFM LLG equation for

the Néel vector

n x (ﬁ - ¢t An) — Hey yzann = Yy H T, (2.51)

with the AFM magnon velocity ¢ = y VA Hey.

Eqn. (2.51) and Eqn. (2.43) directly showcase the differences between FM and AFM
dynamics. The FM LLG describes the precessional motion of the magnetization.
The scale of the frequency of the precession is given by the anisotropy field and
the motion is non-relativistic. In contrast, AFM dynamics obey the laws of Newto-
nian dynamics because, due to the second-order time derivative, an inertia term is
present in the equation of motion. Also every torque term is multiplied by the ex-
change field H.y, and thereby enhanced in frequency. This exchange enhancement
is the defining characteristic of AFM dynamics, which is responsible for the THz
dynamics that make AFMs so attractive for applications [56, 58]. Lastly we iden-
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tify the Lorentz-invariant relativistic dynamics through the term n x (ﬁ - c? An),
that fundamentally alter the magnon dynamics in AFMs, as discussed in Sec. 2.3.3.
In contrast to the FM LLG equation, the AFM LLG equation has second order
derivatives of the order parameter. As a result, it is difficult to solve in general
and special cases have to be considered and appropriate approximations have to
be taken [91]. In particular AFMs can be simulated micromagnetically in the static
case. In equilibrium a collinear AFM is compensated. As a result, the AFM mag-

netization mur vanishes and Eqn. (2.47) is solvable akin to the FM case [57].

Macrospin Model

There are cases when the micromagnetic description of a system can become un-
feasible: for example particle clusters with particle sizes of the order of the ex-
change length or multilayer systems with very thin layers. In such cases the single-
domain approximation leads to a simplification of the model such that the system
can be solved analytically. Often such a simplified model already provides enough
information such that the physical behavior can be investigated in the limiting
cases. In the single-domain approximation, the magnetization of Néel vector or-
der parameter is coarse grained over a finite volume element. Subsequently, a
macro spin with constant length is associated with this region. The macrospin m
is connected with the atomistic spin S; and the micromagnetic magnetization field

m(r) via

N
mmgy = Z Us.iSi = Ms f m(r, t) dV, (2.52)

i=1
where my is the absolute value of the total magnetic moment.
For a macrospin the intra-sublattice exchange interaction and DMI are averaged
out of the model, such that for a FM with uniform order parameter, the free energy
consists just of anisotropy and external field terms. For AFMs, additionally the
inter-sublattice exchange interaction has to be taken into account. The dynamics

of the macrospin are described by the FM and AFM LLG equation, respectively.

33



Chapter 2. Fundamentals and Methods

34



Interface-Exchange Mediated Vortex Imprinting
in NiO-Fe

In this chapter we demonstrate how a FM vortex texture can be imprinted
onto the adjacent AFM layer via interface exchange coupling in AFM-FM
hybrid bilayer systems. We find that the interplay between the interface
exchange coupling and the AFM anisotropy facilitates an alignment of
the Néel vector with the FM vortex magnetization texture. In particu-
lar, we succeed at locally reorienting the Néel vector out-of-plane at the
center of the vortex texture in an in-plane AFM. We phenomenologically
calculate the conditions under which the AFM transitions from its homo-
geneously oriented ground state into a vortex state as a function of the
interface exchange coupling strength and the AFM layer thickness. Us-
ing micromagnetic simulations, we analyze the stability of the imprinted
AFM wvortex state. Furthermore, our simulations elucidate the influence
of the interplay of the AFM anisotropy and the interface exchange cou-
pling on the size of the vortex core. Specifically, we explain why the AFM
vortex core is larger than the FM one. Finally, we report good agreement
of our results with experimental data from the NiO(111) (4 nm) - Fe (110)

(6 nm) model system.!

In Sec. 2.3.2 we have seen that topologically protected vortices show great poten-
tial for being the basic elements of unconventional computing [93, 94] and data

storage [95, 96]. Therefore, it is desirable to stabilize vortices in magnetic systems.

'The following chapter and its sections have been transcribed from [92] and its supplemen-
tary material, with the second author of this reference being the author of this thesis. Individual
contributions are detailed in Appendix B.1.
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Figure 3.1: Vortex structure of the magnetization texture. The direction of the
magnetization is encoded in color, as demonstrated by the color diagram in the
bottom right corner (adapted from [80, 81]). The magnetization texture was ob-
tained through micromagnetic simulation of a FM system.

Vortices like the one shown in Fig. 3.1 are commonly observed in FMs [97], while
they are challenging to stabilize in AFMs [98]. But not only the creation of AFM
vortex states is challenging, also their detection requires advanced methods.
Recently, the characterization of the magnetic properties of AFM materials at the
nanoscale has garnered increased momentum through new developments of two
experimental techniques: X ray linear magnetic dichroism (XMLD) [99, 100] and
photoemission electron microscopy (PEEM) [101-105]. These techniques have
made the detection of the topologically protected AFM textures such as vortices
possible [106-110] and open up new opportunities to experimentally show the
theoretical results we develop in the following chapter.

Our approach to stabilize and tune AFM vortex states is to first create vortices in a
FM layer and then imprint the existing magnetization texture onto the AFM Neel
vector distribution, where AFM properties such as imperviousness to magnetic
fields and THz dynamics [106, 111, 112] add functional value to the vortex state.
We use interface exchange coupling of the AFM Néel vector to the FM magnetiza-
tion in order to transfer the vortex state form the FM to the AFM, as schematically

shown in Fig. 3.2.

Interface exchange coupling describes the direct coupling between neighbor-

ing spins in the AFM and FM layers, as we discussed in Chap. 2. Both collinear
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Figure 3.2: AFM-FM vortex imprinting. The bottom layer depicts the FM material,
where both the color and the arrows demonstrate the orientation of the magneti-
zation. The top layer is AFM; the color and double-arrows show the direction of
the Néel vector [81].

exchange coupling in NiFe-MnyAu [86, 88], cf. Chap. 4, and perpendicular spin
flop coupling in Co-NiO [113] have been reported. Interestingly, a spin reorienta-
tion transition in Fe leads to collinear interlayer exchange coupling for a thin Fe
layer (thick NiO layer) and perpendicular spin-flop coupling for a thick Fe layer
(thin NiO layer) in NiO-Fe [103, 104, 114]. Similar results were found for com-
plex oxide AFM-FM systems [115] and CoO-Fe [116]. It was also found that strain
induced from the substrate can reorient the NiO’s Néel vector out-of-plane in NiO-
Fe [105, 117]. Interlayer exchange coupling has often been reported in connection
with a shift of the out-of-plane hysteresis of the coupled FM, a so called exchange
bias [98, 102, 116, 118]. A shift of the hysteresis curve along the field axis occurs
because of uncompensated moments in the AFM at the interface to the FM, that
give a preferential direction of the FM magnetization in equilibrium. More rarely,
also systems without a shifted hysteresis, specifically NiFe-Mn,Au, can exhibit
strong interface exchange coupling. This is due to an especially smooth surface
morphology at the interface, such that no uncompensated moments occur and the

FM couples to only one AFM sublattice [86, 88], as we will discuss in Chap. 4.

In continuous films it has been shown, that the AFM domain structure can be
imprinted onto the magnetization texture of a coupled FM layer [86, 88, 107, 119,
120]. More commonly patterning is used to induce a shape anisotropy that aids the

imprinting of a texture. For example, a FM vortex has been transferred to an AFM
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in patterned, um-sized discs of IrMn-NiFe [98, 102, 118] or CoO-Fe [101, 116]. In
particular, interface exchange coupling has been used to imprint FM vortices from
Fe onto AFM CoO and NiO patterned microstructures [101].

The gap that is left vacant by the previous research is the stabilization of vortex
structures in AFM nanoparticles. Also the influence of interface exchange cou-
pling on the properties of the imprinted vortex state has not been studied so far.
In the following chapter we will develop a phenomenological model to describe
conditions under which the AFM Néel vector follows the magnetization of an ex-
isting FM texture. Then, we will use micromagnetic simulations to numerically
replicate the imprinting of a FM vortex magnetization texture onto an AFM. We
will continue by analyzing the stability of the imprinted AFM vortex phase and
provide a phase diagram of the AFM Néel vector orientation. We define the region
of a vortex, in which the spins possess an out-of-plane component, as the vortex
core. Our model will be extended and used to provide insight on the role of inter-
face exchange coupling on the size of the imprinted AFM vortex core. Finally, we
compare our numerical and analytical results to experimental data from NiO-Fe.
The experimental data was provided by our collaborators Dr. Michal Stezak, Dr.
Anna Koziol-Rachwal and Prof. Dr. Tomasz Slezak from the AGH University of

Krakow in Poland.

3.1 Influence onthe Antiferromagnetic Ground State

In this section we will analyze the space of parameters of the AFM system spanned
by the interface exchange coupling and the thickness of the AFM layer. The phase
of the AFM is characterized by the the Néel vector.

We use a phenomenological model and considering an AFM-FM bilayer sys-
tem with interface exchange coupling, as shown in Fig. 3.3a). The FM material is
Fe(110), while the AFM is NiO. NiO is an AFM insulator and has a tetragonal crys-
tal structure, as shown in Fig. 3.3b). The spins lie in the {111} easy planes along
the < 112 > symmetry equivalent directions. We assume that the NiO’s [111]
crystallographic direction is aligned with the vertical stacking axis of the bilayer,
such that the ferromagnetically ordered sublattice planes are layered atop the FM.
This arrangement facilitates strong FM interface exchange coupling between the
Fe atoms and the NiO atoms of the sublattice closest to the interface.

In the FM, the FM exchange interaction energy is minimal for a homogeneously

oriented magnetization throughout the sample. However, the magnetostatic inter-
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(b)

Figure 3.3: (a) Bilayer structure. Fe nanostructures were prepared on a W sub-
strate. On top a continuous thin film NiO layer was deposited. (b) Crystal structure
of NiO. Green atoms represent Ni, while blue atoms show nonmagnetic oxygen.
The spins, colored appropriately to their AFM sublattice (red and blue), lie in the
{111} easy planes.

action energy becomes smallest, when the magnetization is locally aligned with
the edges of the sample, such that stray fields are minimized. As a result from the
competition between the exchange interaction and the magnetostatic interaction,
vortex states naturally appear in FMs. At the vortex center the FM magnetization
points out of the sample plane. We assume that the FM magnetization stays in the
vortex state and from now on only consider the AFM. The AFM energy density is

given by

1 1
WAFM = (E Aarm (Vn)? + 5 Karm ni) tArM — Jeoup M - I, (3.1)

where Aapm is the magnetic stiffness, Kapy is the AFM easy (111) plane anisotropy,
tapm is the AFM layer thickness, n is the Néel vector and m is given by the structure
of the underlying FM vortex.

For now we concentrate on the equilibrium position of the AFM Néel vector near
the vortex center. The vortex has radial symmetry in the plane. Thus, we can
parametrize the Néel vector in polar coordinates, such that 6 is the out-of-plane

angle. The energy density simplifies to

1
WAFM = EKAFM tarm 05”0 — Jooup Mpm cOs 0, (3.2)

where Mgy is the FM saturation magnetization. Minimization of the energy den-
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/2

/4D

Jeoup [107* J/m’]

Figure 3.4: Phase diagram for the in-plane AFM that is coupled to a FM vor-
tex texture. The data was obtained through analytical calculations. The color bar
shows the Néel vector out-of-plane angle 0. Insets show the n, component in color
and the in-plane Néel vector orientation with arrows from micromagnetic simu-
lations of the imprinted AFM vortex state. The location of the insets in the space
of parameters correlates to the material parameters used for each simulation, see
Appendix A.1.1.

sity yields two solutions: & = 0 for Jeoup < Karmtapm and 0 = /2 for Jeoup >
Karm tarm. We identify the AFM layer thickness as an experimentally accessible
parameter to effectively alter the AFM out-of-plane anisotropy. Thus, we map the
space of parameters of the AFM ground state, spanned by the AFM layer thickness
tarm and the interface exchange coupling Jeoup in Fig. 3.4. For the calculation of the
phase diagram we use the out-of-plane anisotropy of NiO Kapy = 1.25 X 10°Jm™>
for an AFM layer thickness of tapy = 4nm (Kapy = 5X 10°Jm™3 for tapy =
1nm) [121]. Please refer to Tab. 3.1 in the next section for more details on the

magnetic parameters in our calculations.

In the phase diagram Fig. 3.4 we can observe two distinct phases. For large AFM

layer thickness, the AFM anisotropy dominates and the Néel vector lies in-plane,
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0 = 0. We call this phase the anisotropy-dominated phase, shown in white in
Fig. 3.4. However, if the interface exchange coupling strength energy is larger than
the anisotropy energy, the AFM transitions into the interface exchange-dominated
phase, as shown in green in Fig. 3.4. Accordingly, the Néel vector assumes align-
ment with the FM magnetization, § = x/2. With increasing AFM layer thick-
ness the relative influence of the AFM anisotropy on the AFM ground state in-
creases and the Néel vector prevails in-plane for larger interface exchange coupling
strengths. Accordingly, we observe the phase transition point at Kapm - tapm =
Jeoup- For a 4nm thick AFM layer we calculate a critical interface exchange cou-
pling strength of Jooup 2 6 X 107*Jm™2. We conclude that the transition from the
uncoupled AFM to the imprinted phase is mainly determined by the interface ex-
change coupling strength and the influence of the AFM anisotropy, weighted by
the AFM layer thickness.

The insets in Fig. 3.4 show the imprinted AFM vortex state. Each inset was posi-
tioned according to the values of the AFM anisotropy and the interface exchange
coupling used in the respective micromagnetic simulation. How these micromag-
netic simulations were performed and which insights into the stabilization of the

imprinted AFM vortex state were gained is subject of the following section.

3.2 Stabilization of Antiferromagnetic Vortex States

In the previous section we used a phenomenological model to characterize the in-
fluence of interface exchange coupling on the AFM ground state. In the next step,
we would like to look at the full texture of the imprinted vortex state. The tool we
employ for this approach is numerical: a micromagnetic simulation.

We aim to investigate the stability of the vortex state in the AFM layer by itera-
tively varying the effective AFM anisotropy? and the interlayer exchange coupling
strength and in each case determining the state of the AFM Néel vector. Addi-
tionally, we repeat our study for various system sizes in order to stabilize more
than one imprinted vortex. For our micromagnetic simulations we use the open
source micromagnetic software Mumax® [89, 122]. We model the bilayer system as
two layers of dimension 128 nm X 128 nm X 1 nm each (for the single vortex case;

other cases will be discussed later). The system is discretized with a mesh size

2The AFM out-of-plane anisotropy’s influence on the bilayer is weighted by the AFM layer
thickness. Instead of varying the thickness of the simulated layer, we vary the effective anisotropy
constant.
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of 1nm X 1nm X 1nm *® and the boundary conditions are open. For the bottom,
FM layer we include the exchange interaction energy (exchange stiffness Agyy), de-
magnetization energy and in-plane uniaxial anisotropy (anisotropy constant Kgy;).
For the AFM layer we include the exchange interaction energy (exchange stiffness
Aarm) and in plane uniaxial anisotropy (anisotropy constant Karyy). The two layers
couple via interface exchange coupling, which is of the form J.oup m-n, where Jeoup
is the interface exchange coupling, m is the FM magnetization and n is the AFM
Néel vector. The material and simulation parameters are given in Tab. 3.1 and the

Mumax® code is given in Appendix A.1.2.

Table 3.1: Values of the micromagnetic parameters and other conditions utilized in
the simulations. Note, that the implementation of the out-of-plane anisotropy in
Mumax® uses the opposite sign from this work. The AFM out-of-plane anisotropy
is given for an AFM layer thickness of topp = 1nm.

Boundary Conditions open
Damping 0.01
Demagnetization FM layer only
Saturation Magnetization (both Mapyv and Mgy) 5.00 - 10® A/m [121]
Exchange Stiffness (both Aapv and Apy) 2.10 - 107! J/m [121, 123]
Fe out-of-plane anisotropy Kgy 1.25 - 10° J/m® [124]
NiO out-of-plane anisotropy Karm 5.00 - 10° J/m?® [121]

We carry out two steps in order to obtain imprinted AFM vortex states. First,
we only consider the FM layer and choose a vortex-like magnetization texture as
the initial state, as shown in Fig. 3.5. The magnetization is arranged into four tri-
angular domains, such that the domain boundaries form diagonal lines in the xy
plane of our system, as we show in Fig. 3.5. For the leftmost vortex, the top do-
main’s magnetization points along -x, in the bottom one along +x, in the left one
along -y and in the right one along +y. At the center of the sample, where the
domain boundaries cross, we add a circular domain of radius 5 nm, in which the
magnetization is oriented along +z. We alternate the sense of rotation for neigh-
boring vortices in accordance with out experimental observations in Sec. 3.4. The

magnetization is homogeneous along the z axis throughout the system.

Then we minimize the energy of the FM layer using the relax() and minimize()

3For simulations that were used for visualizations, a mesh size of 0.5 nm X 0.5 nm X 0.5 nm was
used.
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Figure 3.5: Micromagnetic FM initial and final state. The magnetization direction
is encoded in color, as depicted in the color diagram (adapted from [80, 81]).

functions provided by Mumax®. The magnetization relaxes into a vortex texture.
We obtain similar results for initializing the magnetization in a vortex pattern
given by Mumax® and subsequently minimizing the energy.

In the second step we fix the FM magnetization in its vortex texture and add the
AFM layer. In equilibrium, a compensated AFM does not produce any net mag-
netization. Thus, the sublattice magnetization and the Néel vector can be treated
as equal entities. We initialize the Néel vector to point along +x throughout the
AFM layer. This conforms to the ground state of an easy-plane AFM. For a strong
enough interface exchange coupling to the FM magnetization, the AFM Neéel vec-
tor transitions from its easy-plane ground state, which we called the anisotropy-
dominated phase in our phenomenological considerations, into a mapping of the
FM vortex structure, the interface exchange-dominated phase. A visualization of

the imprinted state from our micromagnetic simulations is shown in Fig. 3.6.

In the previous section we concluded that the stability of the interface exchange
dominated phase is determined by the interplay of the interface exchange coupling
strength and the AFM anisotropy, that is weighted by the AFM layer thickness. By
iteratively changing the interface exchange coupling strength and the AFM thick-
ness (effective anisotropy) and repeating the above micromagnetic simulations we
probe for the critical coupling strength at which the AFM vortex imprinting be-
comes stable. We define a stable imprinting by two criteria: The out-of-plane Néel
vector at the center of the AFM vortex should point into the same direction as the
out-of-plane magnetization of the FM vortex. Furthermore, we check the topolog-

ical charge of the vortex structure by applying

q = L n- (6_n X 8_n) dx dy, (3.3)
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Figure 3.6: Micromagnetic simulation [89, 122] of AFM-FM vortex imprinting.
The system is comprised of two layers with dimensions 128 nm X 128 nm X 1 nm
each. In the left column, the out-of-plane components are shown in color, while
the in-plane components are shown with arrows. In the center and right column
the in-plane components are shown in color as indicated.

where q is the topological charge and n is the Néel vector field. The vortex has
topological charge 1/2. These two criteria enable the numerical classification of a
stable imprinting in our simulations.

In Fig. 3.7 we present the results from our micromagnetic simulations. The data
points indicate the critical interface exchange coupling for which stable imprint-
ing of the AFM vortex state has been reached. Thereby, the area above the linear
fit lines corresponds to the anisotropy-dominated phase, and below lies the inter-
face exchange-dominated phase, in which we observe the imprinting of the vortex
states. A vortex has cylindrical symmetry and, thus, we use a square sample. When
we connect multiple square areas into a rectangle, more than one vortex can be
stabilized. We stabilize and imprint one, two, three, four and five vortices, arranged
side-by-side. We repeat the mapping of the phase space for each number of vor-
tices. In each case we aim for an imprinting of all vortices into the AFM layer. In
accordance with topology, the out-of-plane component of the vortex texture alter-

nates between neighboring vortices.

In Fig. 3.7 we find that the critical interface exchange coupling strength has
a linear dependence on the AFM layer thickness. The phase transition happens
when the effective AFM anisotropy energy is roughly equal to the interface ex-
change coupling energy. This result is in agreement with our phenomenological

model. Furthermore, the stability of the imprinted state does not depend on the
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Figure 3.7: AFM phase diagram for the imprinting of multiple vortices. The AFM
layer thickness tapy and interface exchange coupling Jeoup are the model parame-
ters that determine the state of the AFM. Each data set represents a micromagnetic
simulation with the number of imprinted vortices as indicated. The stability area
of the imprinted AFM vortex states lies below the lines. More details on the the
simulations can be found in Appendix A.1.2.

number of imprinted vortices.

Interestingly, the vortex core size in the AFM and the FM are different, cf.
Fig. 3.8. Thus, there is a local mismatch between the FM magnetization and the
AFM Neéel vector despite the direct coupling by interface exchange. In the next

section we develop a phenomenological model to find the cause of this effect.

3.3 Properties of the Imprinted Antiferromagnetic
Vortex State

We define the region of a vortex, in which the spins possess an out-of-plane com-
ponent, as the vortex core. It can be interpreted as the two-dimensional version
of the DW width in the sense that it provides a characteristic length scale for the
system. In order to analyze the size variation of the vortex core, we return to our

phenomenological model Eqn. 3.1
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Figure 3.8: Vortex profiles. The top panel depicts the AFM Neéel vector component
n, profile along the in-plane direction x. The bottom panel shows the same for
the magnetization component m,. All data points were fitted with a Lorentzian
function and the full width half maximum is shown. The inset shows a larger
range along x, such that the overall size of the AFM and FM vortex structures can
be compared. Details on the simulations can be found in Appendix A.1.2.

1 1
WAFM = (5 Aarm (Vn)? + EKAFM ni) tAFM — Jeoup M - M. (3.4)

The vortex has an in-plane rotational symmetry in real space. That allows us to
rewrite the problem as a 2D problem in spin space, that upon energy minimization
in the Euler-Lagrange-formalism will yield a 1D solution.

The Néel vector in real space is parametrized by

Neea] = NxX + nyy + ny 2, (3.5)

where a hat signifies a unit vector. We can define the Néel vector in the spin space

by its radial and out-of-plane component only

NNgel = npﬁ + n;Z, (3-6)

where p is the radial part, such that
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ny = n, cosd@, (3.7)
n, = n, sing,

n, = sind,

n, = cos9.

¢ is the in-plane angle of the Néel vector. The solution for the Néel vector will
be independent from ¢. 6(p) is the out-of-plane angle of the Néel vector and de-
pends on the radius from the center of the vortex. The parametrization yields the

following differentials

df _ofop ofo¢ _ Of singdf
& “dpax agox P8y T T, a4 (3.8)
df af dp _ of 99 af  cos$ Of
d_y_8p8y+8¢(9y_sm¢(9p+ PR (3.9)

where f is a trial function. The application of the parametrization on the exchange

term of the energy density gives

(Vn)? =(Vne)? + (V ny)2 + (Vny)?%, (3.10)
O Gin0cosgp + -2 sindcosgd + 2 sino ¢A2
ap sinf cos ¢ p - 39 sin 6 cos 5, Smo cospi

+ 9 sinf sing p + 19 sin 0 sin¢q’3 + 9 sin @ sin ¢ Z :
ap P8 0z
d 19 9 2
+ (% cosfp + /—)% cos@qb + e cos@z) ,
2
:( —cos¢p+ lsm@( singﬁ)q?))
p
1 2
+(c0s9—sm¢p+;sm9cos¢q§)
(—st— )

00
= cos’ 0 (—) cos®
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2 2
1 1

+—= sin® 0 sinng + cos® 6 (8—9) sin2¢ + — sin’@ c052¢ + sin’ @ (8—6) ,
p dp dp

p?

2

= (@) + L sin® 6.
dp p’

Eqn. 3.4 thus reads

1 90\ 1, 1 )
WarM = —Aarmtarm [ | =— ] + — sin 0] + = Kapm tapm cos” 6 (3.11)
2 dp p 2

= Jeoup (sin 0 cos ¢ sin Oy cos ¢ + sin 6 sin ¢ sin Oy sin¢g + cos O cos Opn),

where Oy is the FM magnetization’s out-of-plane angle. The contributions of mag-
netostatic interactions and the variation in the anisotropy strength and between
the FM and the AFM change only the out-of-plane components of the order pa-
rameters. Thus, the in-plane angle ¢ of the FM magnetization and the AFM Néel
vector is the same. In our calculations, we constrain the mismatch between the
two order parameters to the out-of-plane component.

We will now calculate the functional derivative, where 6(p) is our generalized co-

ordinate

0L d(9£:0

_— - — 3.12
00  dp 9¢ (3.12)

That the Lagrange function in spin space is defined as
L = f warMm p dp d¢ dz, (3.13)

where we have taken the Jacobian determinant p for the transformation from real

into spin space into consideration. For the equation of motion we obtain

5 1 0 00 xlz)w . .
— - — ] + -1 + == 0 0 + he 0 — =0,
XPw p > sin ¢ cos T sm( GFM)

(3.14)

where xpw = VAarm/Kapm is the DW in the isolated AFM layer and heg :=
Jeoup/ (Karm tapm) is an effective field in dimensionless units induced by the inter-
face exchange coupling to the underlying FM layer.

Far away from the vortex center (p > xpw) the FM magnetization lies in-plane
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Opm = /2. Then, Eqn. 3.14 can be approximated as (sin @ + heg) cos€ = 0. For
the AFM Néel vector we obtain the solution 8 = 7/2 or 8 = m + arcsin(heg) (the
second solution is not valid as e > 0and 6 is only defined from 0 to 7); hence, the
Neéel vector also lies in-plane, as expected. Close to the vortex center (p < xpw),
the FM magnetization points out-of-plane 6gpy — 0, and also the AFM Néel vector
is largely out-of-plane 6 < 1. For small  we can expand sin @ cos§ ~ 6. In order

to find a solution for Eqn. (3.14) we insert the ansatz 6 ~ p” and regroup the terms

x? x2
—n? 2X 4+ 2NN 0 + (heg — 1) sin6 = 0. (3.15)
p p
While the first two terms cancel for n = 1, the last two terms determine the

stability of the solution. We obtain a stable vortex state for heg > 1. As we de-
fined hegr := Jeoup/(Karm tarm), We associate the effective AFM anisotropy with
Kan = Jeoup/tarm — Kapm. This effective AFM anisotropy introduces a modifi-
cation to the magnetocrystalline anisotropy of the AFM material by an additional
term that stems from the interface exchange coupling. Such a modification then
also leads to a change in the characteristic length scale and thus the vortex core
size. To summarize: The vortex core size is individually determined in each layer
by the intrinsic properties of the material, just we discussed for the case of a DW in
Sec. 2.3.2. For example, a stronger AFM anisotropy or a thicker AFM layer leads to
a smaller vortex core size. Additionally, the interface exchange coupling modifies
the characteristic size of the AFM vortex core. Below we will see that for stronger
interface exchange coupling the AFM vortex core size approaches the FM vortex
core size.

As we previously noted from Figs. 3.4 and 3.7, close to the critical interface ex-
change coupling strength Kapn-tarm ~ Jeoup holds true. In the interface exchange-
dominated phase Karm - tarm < Jeoup- For increasing Jeoup the effective anisotropy
Kan increases. As a consequence, the vortex core size X¢ore ~ 1/ VK decreases.
We have seen before, that the vortex core size in the FM is smaller compared to
the AFM vortex core size for the given material parameters. Hence stronger inter-
face exchange coupling reduces the difference between the AFM vortex core size
and the FM vortex core size. We will use this result to analyze our micromagnetic
simulation results below.

In order to analyze the size of the vortex core, we fit a Lorentzian function to the
m, magnetization profile as shown in Fig. 3.8. For our purposes we take the full

width half maximum of the Lorentzian fit function for the vortex core size. For a
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Figure 3.9: Scaling of the vortex core size with the interface coupling strength for
different AFM layer thicknesses.

4nm thick AFM layer we calculate a vortex core size of 9 nm for a sample size of
128 nm X 128 nm X 1 nm. Fig. 3.9 shows how the vortex core size changes through-
out the phase diagram*. In agreement with our phenomenological calculation, the
critical interface exchange coupling increases with increasing AFM layer thick-
ness. Moreover, the vortex core size decreases for increasing interface exchange
coupling strength, as we expected. We fitted the data points with linear functions,
corresponding to 1/x2,..(Jeoup) = 1/(Aarmtarm) - Jeoup — Karm/Aarm. Close to
the phase transition point, where our approximations are valid, we find a good fit
to the data.

With these theoretical considerations in mind, we turn ourselves towards the ex-
perimental realization of imprinted AFM vortex states, which will be discussed in

the next section.

3.4 Comparison to Experimental Data

In the following section we present the experimental realization of imprinted AFM
vortex states in NiO(111) (4 nm) - Fe (110) (6 nm) as obtained by our collaborators

4The data in Fig. 3.9 has been transformed, such that a linear function could be fitted. For
ease of qualitative interpretation we provide a plot of the untransformed data in Fig. A.1 in the
Appendix A.1.3.
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Figure 3.10: Experimental results. (a) Sample setup. (b), (c) XMCD- and XMLD-
PEEM images of NiO-Fe nanostructures. The white dashed arrows indicate two of
the magnetic vortices within the central nanostructure. Two yellow (b) and green
(c) dashed and solid rectangles mark regions selected for magnification shown in
(d)-(g) White and black arrows schematically depict the local in-plane orientation
of magnetic moments in Fe and double arrows for the Néel vector for NiO vortices,
respectively.

Dr. Michal Slezak, Dr. Anna Koziol-Rachwal and Prof. Dr. Tomasz Slezak from the
AGH University of Krakow in Poland.

The main result from their experimental work is shown in Fig. 3.10. Panel (a).
shows the structure of the sample. They prepared the sample by growing eight
continuous monolayers of Fe (110) by molecular beam epitaxy on a single crystal
W (110) substrate at room temperature. Subsequently, they post annealed the iron
at 800 K such that self-organized Fe nanostructures remain on top of a Fe mono-
layer. The nanostructures are several hundred nano meters long and > 6 nm high.
The areas between the Fe nanostructures are again covered using pseudomorphic
Fe. They deposited the AFM NiO (111) layer on top by reactive vapor deposition
of Ni in a partial Oxygen atmosphere of 1 X 10° mbar.

In Fig. 3.10 b-g the magnetic texture of both the FM and AFM components of NiO-
Fe nanostructures are imaged using PEEM combined with X ray magnetic circular
and linear dichroism (XMCD and XMLD) techniques. In Fig. 3.10 (b) and (c), we
present XMCD- and XMLD-PEEM images of selected 4 um X 2.5 pm regions, that

showcase the general magnetic configuration in NiO-Fe islands °. In the XMCD im-

SXMCD was performed at the L;-edge of Fe (~ 700 eV photon energy) and XMLD at the L,-
edges of Ni (868.9 eV and 870.2 eV photon energy). Both experiments were conducted at 120K at
the spectroscopic photoemission and low energy electron microscope (SPELEEM) at the end station
of the nanospectroscopy beamline at the Elettra synchrotron (Trieste, Italy).
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age (Fig. 3.10 (b)) we observe elongated Fe nanostructures surrounded by the pseu-
domorphic Fe monolayer that covers the W substrate. The nanostructure regions
with in-plane easy-axis orthogonal to the propagation direction of the incoming
radiation appear in neutral gray, since no magnetic contrast arises in such a con-
figuration. The white and black areas correspond to local magnetization vectors
parallel or antiparallel to the in-plane beam propagation direction, respectively.
Two yellow, dashed and solid rectangles in Fig. 3.10 (b) mark the regions where
the narrow nanostructure hosts multiple FM vortex states along its longitudinal
axis. Such magnetic vortex structures are directly imprinted into the AFM NiO,
as seen in the corresponding XMLD image presented in Fig. 3.10 (c), where the
analyzed vortices are marked by dashed and solid rectangles. In Fig. 3.10 (d)-(g),
these regions are magnified. In these images white arrows and black double arrows
schematically depict the local spin structure in Fe and NiO sublayers, respectively.
The local orientation of the spin structure reveals an alternating sense of rotation
for neighboring vortices. XMLD is not selective with regard to parallel or antipar-
allel directions of the in-plane Néel vector. Only the Néel vector axes aligned with
and orthogonal to the incident radiation axis produce contrast. Thus, instead of
three distinct intensity levels, corresponding to antiparallel, parallel and orthog-
onal alignment between the magnetization and photon polarization vectors, only
two are observed in the AFM layer.

In principle, the in-plane magnetic domain structures imaged by PEEM make the
identification of vortex states possible, but the limited spatial resolution of 30 —
50 nm does not allow us to visualize the vortex structure in detail.

The computed spin structures that we presented in the previous sections not only
reproduce well the experimental distribution of the in-plane magnetization and
Néel vector components (Fig. 3.10 (f), (g) but also prove the presence of the out-
of-plane magnetic moments around the vortex center with alternating spin orien-
tation for adjacent vortices that is accompanied by the opposite sense of rotation

of the in-plane spin texture, in perfect agreement with experimental data.

3.5 Conclusion

In conclusion, we demonstrated the stabilization of topological vortex textures in
the in-plane AFM NiO(111) at zero external magnetic fields.

Our analytical calculations revealed that interface exchange coupling between the
AFM and the FM layers causes the Neéel vector to align with the FM magnetization

at the vortex center. Our micromagnetic simulations demonstrated that the stabil-
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ity of such vortex states can be tuned by the AFM layer thickness. We constructed
a phase diagram that takes into account the interplay between interface exchange
coupling and the AFM layer thickness. The phase diagram remained consistent
regardless of the number of imprinted vortices.

We found that the minimal interface exchange coupling strength required to tran-
sition into the stable AFM vortex state phase increases with AFM layer thick-
ness. Specifically, for an AFM layer thickness of 4 nm, as studied in our exper-
iments, we calculated the minimum critical interface exchange coupling Jeoup 2
6 X 107 Jm~2. Moreover, depending on the AFM layer thickness and interface ex-
change coupling strength we predict possible significant differences between the
AFM and FM vortex core sizes. We found good agreement of our theoretical results
with the experimental measurements of our collaborators. Our results indicate the
exciting possibility of inducing localized out-of-(111)-plane AFM moments in the
well-known in-plane AFM NiO(111) system.
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Interface-Exchange Coupling of Spin Dynamics
in Mn,Au-Py

In this chapter we explore the coupled magnetization statics and dynam-
ics of MnzAu-NiggFe,y (Py, Permalloy) thin film hybrids. Our phenomeno-
logical model reveals that interface exchange coupling in Mn,Au-Py causes
an imprinting of the AFM domain texture on the FM layer. As a conse-
quence, the magnetization in the FM locally aligns in parallel with the
AFM Néel vector. We show this alignment not only analytically, but also
using atomistic spin simulations. We find that interface exchange cou-
pling leads to coupled spin dynamics in Mn,Au-Py and a frequency en-
hancement and a frequency splitting of the FM resonance (FMR) mode in
the Py. Changing of the FM layer thickness enables control over the FMR
frequency and dispersion of Py. We report good agreement of our results
with experimental data from FMR and BLS experiments on Mn,Au-Py
thin films. In combination with these experimental results our model al-
lows for the independent estimation of the interface exchange coupling
strength to 1.6 Tnm and the study of AFM magnon frequencies without
the need for THz spectroscopy. Moreover, we consider the coupled DW
motion in MnzAu-Py. Our atomistic spin dynamics simulations demon-
strate that DW motion can be initiated by acting on the FM magnetization
with magnetic fields. We find a high limiting DW velocity of 8.5 km/s.
We conclude that interface exchange coupling enables the controlled ma-
nipulation of coupled DWs and thereby the AFM Néel vector. !

'The following chapter and its sections have been transcribed from [88, 126] and its supplemen-
tary material, with the second author of these references being the author of this thesis. Individual
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AFM: Mn,Au

Figure 4.1: Mn,Au-Py model system. (a), (b) Visualization of the unit cells of
bce-Py and Mn,Au [125]. (c) Visualization of the Mn; Au-Py hybrid system [86].

In order to harvest the advantages of FMs, e.g. manipulability, and of AFMs,
speed and robustness, they can be combined in hybrid bilayer systems. We study
FM and AFM materials in hybrid systems that are coupled by interface exchange
coupling. The FM component facilitates magnetic control and manipulation, while
the AFM material is integrated for high-frequency and ultra-fast dynamics. The
key advantage of this approach is that the readout of the magnetic signal is facili-
tated via the FM, using conventional techniques.

In such an application, the fundamental challenge is the manipulation of the Neel
vector. We consider an applied field that manipulates the FM magnetization, which
in turn acts on the AFM Néel vector through interface exchange coupling. Another
important approach, which we do not consider in this work, is to apply short cur-
rent pulses that induce Néel spin-orbit torques (NSOTs) in the AFM. As NSOTs
manipulate the Néel vector [56, 127], the FM magnetization follows coherently
through interface exchange coupling [86, 88, 126].

NSOTs can be generated at interfaces with heavy metals or directly in the bulk of a
metallic AFM [128, 129]. CuMnAs and MnjyAu are two AFM materials that exhibit
the required crystallographic and magnetic structure in combination with strong
spin-orbit-coupling, such that a bulk NSOT can act on the Néel vector [106, 129-
131]. However, MnyAu is better suited for spintronic applications due to its metal-

lic conductivity. Additionally, its high Néel temperature, moderate magnetocrys-

contributions are detailed in Appendix B.1. The Bachelor thesis of Martin Miinzenberg was super-
vised by the author of this thesis as part of this project.
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talline anisotropy and large coercive field (5000 Oe in Mn,Au-Py [86] compared
to Fe-CuMnAs 200 Oe [132]) leads to long-term room-temperature stability of the
Néel ordered state [86, 129]. NSOT switching of the Néel vector has been the-
oretically simulated [133] and experimentally shown for Mn,Au [129, 134, 135].
Therefore, we choose the Mn;Au-Py material system.

This system is special among AFM-FM hybrids, as it has a well defined surface
termination [86]: The Py layer is polycrystalline, but due to termination require-
ments we can assume a bcc ordering near the interface [86, 126], which we show
in Fig. 4.1 (a). Mn2Au has a tetragonal crystal structure in which the ferromagnet-
ically ordered sublattices are stacked in layers along the z axis, as shown in Fig. 4.1
(b). When Py is deposited atop the MnyAu layer, the easy-plane AFM terminates
such that the atoms at the interface all belong to the same sublattice. Hence, the
Py interface atoms couple directly to MnyAu atoms of only one sublattice, which
enables an especially strong coupling. The system exhibits no exchange bias [86],
but the FM magnetization and the AFM Néel vector align in parallel, as shown in
Fig. 4.1 (c). This alignment prevails even when magnetic fields reorient the FM
magnetization: Fields as low as O(1T) achieve magnetic control over the AFM
Néel vector at room temperature, while pure MnyAu remains field-stable up to
30 T [86, 134].

While interface exchange coupling alters the magnetic state in an AFM-FM sys-
tem, it can also have significant influence on the magnetization dynamics. The FM
spin wave dispersion in the GHz regime can be modified by interface exchange
coupling in FM-FM, chiral FM-FM and AFM-FM heterostructures [88]. Experi-
ments have shown that the magnetization dynamics in Mn,Au are complex [134].
Both NSOTs and thermal effects can contribute to the change of orientation of the
Néel vector. However, it was also shown that in the hybrid system the interface
exchange coupling is very strong [86, 88]. Since we consider the magnetization
dynamics only in the case of an applied magnetic field, we can neglect other inter-
face effects.

But how can the THz magnons of AFM influence hybrid spin wave modes in AFM-
FM hybrids? Can interface exchange coupling be used to leverage control over the
spin wave dispersion of hybrid spin wave modes? And which magnetic and mate-
rial parameters influence the hybrid spin wave dispersion?

In Secs. 4.1 we answer these questions by demonstrating that interface exchange
coupling causes the coupling of AFM and FM modes. We start by determining the
critical applied field under which the AFM Néel vector and the FM magnetization
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align with an applied magnetic field. We compare a phenomenological analytical
calculation with atomistic spin dynamics simulations 2. In Sec. 4.2 and 4.3 we ad-
vance towards the dynamic regime. We use a phenomenological model to describe
the hybrid eigenmodes of the hybrid system. We assume that while the Py is ex-
cited to its spin wave resonance, only evanescent spin wave modes protrude from
the Py layer into the Mn;Au layer. In MnyAu these evanescent waves can couple to
the two non-degenerate modes of the AFM. As a result the exchange enhancement
of the AFM mode elevates the FM spin dynamics frequencies [88]. Furthermore,
the AFM dynamics can be made visible in the GHz regime, such that they can be
studied without requiring THz spectroscopy equipment. We compare our phe-
nomenological results to experimental data from FMR and BLS experiments and
find good agreement. The experiments were performed by Hassan Al-Hamdo and
Prof. Dr. Mathias Weiler at the RPTU Kaiserslautern, Germany.

In Secs. 4.4 we progress from uniform magnetization dynamics to DW motion. We
simulate the field-driven coupled AFM-FM DW motion. We find a maximum DW
velocity of 8.5kms™!.

4.1 Influence on the Ferromagnetic Ground State

The first step towards understanding the coupled MnyAu-Py model system is to
analyze the magnetic ground state in the presence of interface exchange coupling.
Py is a metallic alloy and, in our samples, consists out of 80% Nickel and 20% iron.
It orders ferromagnetically and has a small out-of-plane anisotropy [136]. How-
ever, the stability of its magnetic state is considered quite weak, which makes it
ideal for studying the influence of interface effects. The crystal structure of Py is
amorphous, but can be considered bcc in the interface region of the bilayer [86].
On the other hand, Mn;Au has strong anisotropies, both out-of-plane that push
the Néel vector into the plane, and in-plane that yield four easy axes along the
< 110 > directions in accordance to experiment [137] and theory [138]. Mn,Au is
a metallic, collinear AFM with a tetragonal crystal structure, as shown in Fig. 4.1
(b).

First, we use a Monte-Carlo simulation with the atomistic model to find the mag-
netic ground state of 8 nm X 8 nm X 5nm of pure MnyAu. We find that in the low

temperature ground state of MnyAu the spins of the two magnetic sublattices are

2The atomistic spin dynamics simulations of the hybrid system were performed by Dr. Sarah
Jenkins at the Johannes Gutenberg-Universitit and the Universitit Duisburg Essen, Germany.
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Figure 4.2: Energy surfaces of a Mn,Au-Py hybrid. Numeric data was obtained
from atomistic simulations and analytical data from phenomenology. The critical
field is B, ~ 0.7555 T. The Mn;Au thickness was 5 nm, the Py was 1 nm thick.

oriented 180° apart along the [110] and [110] directions, as shown in Fig. 4.1 (b).
Details for the simulations are given in Appendix A.2.1.

Secondly, we add 1 nm of Py on top of the Mn,Au. We use interface exchange cou-
pling of the form Jey., m - n to directly couple the FM magnetization and the AFM
Néel vector. Here, Jexch is the exchange coupling strength [86, 88]. Because Py has
a weaker anisotropy compared to MnyAu we assume that in the strong coupling
and thin film limit the FM magnetization will align with the adjacent AFM Neel
vector. Thus, we can define an effective order parameter that aligns with the FM
magnetization and with one of the AFM sublattices and goes throughout the bi-
layer. This effective order parameter makes the angle ¢ with the [100] direction.
In order to find the ground state orientation of the effective order parameter we use
simulations and analytical calculations. For the simulations we use a constrained
Monte-Carlo technique [139]. We fix the direction of one of the sublattices of Mn,

while all other spins are allowed to freely relax into their corresponding ground
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state. The calculations use a phenomenological model with the energy density for

the static magnetic state as

w(p) = Eo + cpkg cos(4¢) — cpppy Bext cos(¢p — ), (4.1)

where the constants cs and cg depend on the system. ¢, is the AFM effective
anisotropy multiplied by the layer thickness of the Mn;Au and cp is the FM ef-
fective anisotropy times the layer thickness of the Py. E, is the energy of the sys-
tem without the four-fold in-plane AFM anisotropy and the Zeeman term. The
second term corresponds to the AFM in-plane magnetocrystalline anisotropy, that
has four-fold rotational symmetry in-plane with easy-axes along < 110 > direc-
tions [137, 138, 140] and the anisotropy constant is k;, > 0. The magnetic field
Bext couples to the magnetization, i.e. the average spin moment of Py per atom
pipy, as shown in the third term. The external field is applied in-plane, where ¥ is
the in-plane angle.

In Fig. 4.2 we present the energy per atom as a function of the angle ¢ both
from simulations and from the calculation. The magnetic field along [110] lifts
the four-fold degeneracy of the ground state. The energy is lowest for the mag-
netization that points along the magnetic field, ¢ = x/4 = . For magnetic
domains in which the magnetization points perpendicularly to the magnetic field,
¢ = 3/4r and 7/4 7, the energy is independent of the strength of the magnetic
field. ¢ = 5/4 7 is energetically unfavorable. When the magnetic field strength is
increased beyond the critical switching field, Bext > B, the metastable states at
¢ = 3/4m and 7/4 r disappear. The reason being, that at B, the local minima near
¢ = 3/4 7 and 7/4 & shift and turn into saddle points, with dw(¢) / d¢ |¢:g§ = 0,
0*w($) [ 0¢*1,_5 = 0and ’w($) /3¢*|,_; # 0. Solving these equations close
to ¢ = 3/4 x, we obtain

16 V6 kyc
B, = ———2 2 (4.2)

9 ypy CB
with g{; = 3/4m — ¢ = 1.9357 being independent of the model parameters,
as the saddle point condition is entirely controlled by the superposition of the

trigonometric functions in the energy density. Using the parameters kgAnzAu =

8.00109 x 10*° J/atom [138], pupy = 1.6 pp, we obtain from the simulation results
Ey ~ —34.1264 - 10%! J/atom, ¢s ~ 0.8375 and cg ~ 0.2603. For the critical field
value, for which the AFM-FM system aligns with the magnetic field, we obtain

B, =~ 0.7555T, which agrees with experimental observations [86].
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Figure 4.3: Coupling of the FM and AFM modes. Spin waves, that are excited in
the FM lead to coupled evanescent waves in the AFM due to interface exchange
coupling.

Thus, we find that due to interface exchange coupling in Mn,Au-Py relatively low
magnetic fields can alter the coupled AFM-FM state. In the next section we will
continue to develop our description of interface exchange coupling and advance

our phenomenological model towards the dynamic regime.

4.2 Enhancement of the Ferromagnetic Resonance
Frequency

Previously we have seen how interface exchange coupling can enhance the influ-
ence of a magnetic field on the AFM Neéel vector. In this case, the the FM magneti-
zation mediated the action of the magnetic field. We now investigate the resonant
magnetic dynamics of thin-film poly-crystalline Py deposited on single-crystalline
thin-film Mn,Au.

The idea for our model is the following: We consider the lowest energy zero wave
vector FM spin wave, shown in grey in Fig. 4.3. In absence of interface exchange
coupling, the boundary conditions for this mode are of von-Neumann type: At the
surfaces of the FM layer, the oscillation of the spin waves has to have nodes. The
novelty in our model lies in the modification of these boundary conditions due to
interface exchange coupling. The FMR mode can protrude for a finite length into
the AFM layer, where the momentum of the excitation is dissipated. An evanes-
cent mode, which does not oscillate in space, but decays by nature, is excited in the
AFM. The AFM evanescent mode is governed by the intrinsic properties of the AFM

- exchange and anisotropy strength. These properties give the evanescent wave a
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Figure 4.4: Setup of the phenomenological model.

characteristic decay length, that is the inverse of the excitation k vector. Because
Mn;Au has two resonance modes, corresponding to the in-plane and out-of-plane
anisotropy energies [138], there are two evanescent modes, that the FM can couple
to. Consequently, the FM mode is split in two. In the process, the FM wave vector
kr (subscript omitted in Fig. 4.3) vector is modified to a non-zero value, shown as
the black mode in Fig. 4.3, because the length scale of the oscillation changed.

Consider a hybrid system, where the AFM occupies the lower half space from
—darm — dpm/2 to z = —dpyv/2. The FM is situated from z = —dgp/2 to
z = dpm/2, cf. Fig. 4.4. We build the model starting from the phenomenological

z

energy density. In the long wavelength limit we consider only terms up to second
order for the gradient expressions. Magnetization and Néel vector have a normal-
ized length of |m| = Mgy and [n| = Mapy, respectively. We assume an isotropic
system in x and y, such that we can use effective two-dimensional model in the
yz plane. We model the Py using a weak in-plane and an out-of-plane anisotropy.
The MnyAu has a strong negative out-of-plane anisotropy, forcing the Néel vec-
tor orientation to lie in the xy plane (easy plane), where a fourth order rotational
anisotropy governs the easy axis directions. To this end, the energy density is

given by

1 1 1
WARM = EHﬁ\ ny + Eang + 5 Jarm [(Vny)2 + (V nz)z], (4.3)

1 1 1
WEM = EHﬁ: m; + EHE mg + E]FM [(V my)z + (V mz)z]

— Mgy po(Hy my + Hymy), (4.4)
1, 1, 1 , 1,
Wint = Jexch € Marm Mpm [myny + myn; — Emy - Eny - Emz - Enz
d
5(2 + %) (4.5)
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where the AFM energy density wapy is comprised of in-plane and out-of-plane
anisotropy fields H|’|4 = KIJIV Marm and Hf = Kf Marm, exchange and coupling

to an external magnetic field. Kﬁv

and KY are the anisotropy constants. i is the
magnetic field constant. The FM energy density wgy consists of in-plane and out-
of-plane anisotropy terms HIJID = Kljlw Mgy and HY := KM Mgy, exchange and
coupling to an external magnetic field. The external field H couples to the FM mag-
netization. We model the coupling between the AFM and the FM layers by wiy,
which is given by direct coupling of the FM magnetization and the AFM Néel vec-
tor, that favors parallel alignment of the two. Here we introduce the phenomeno-
logical length scale ¢, that gives the thickness of the interface region in which the
interface exchange coupling influences the magnetization.

We neglect damping, the effect of an external field on the AFM and linearize the

equations of motion

fiy + wﬁony — EzAny =0, (4.6)
i, + wio”z - &An, =0, (4.7)
my = wapmMm; — ¥y JsmAm, + y po Hymy, (4.8)
M. = —wipamy + y JamAmy — y pio Homy, (4.9)

where y is the gyromagnetic ratio of the electron, Jrsm = Apv/Mpym is the FM ex-

2
change stiffness, w|o = 27 fjo, w10 = 27 fio, f||20 = (ZYT)zBexKﬁ‘, f||20 =
2
_(zyﬂ)z Bey Kf the AFM resonance frequencies and w1 pm = 27 fipm, Wopm =

27 form, 1M << w2rm the FM resonance frequencies. We estimate the magnon
velocity ¢ = 2mc withce = % \/AAFM Bex/(Marm), where Aapy is the AFM ex-
change stiffness, Bey is the AFM exchange field and Mapy is the AFM saturation

magnetization, to ¢ ~ 22.49 kms™! [141]. Other values are given in Tab. 4.1.

We use the boundary conditions imposed on the system by the interlayer coupling
to determine those FM magnons that are influenced by the coupling to the AFM
layer. Without coupling, the boundary conditions at the surfaces of the FM layer
are of von-Neumann type. Through the terms that are introduced by the interface

exchange coupling Jexch the boundary condition at the interface is relaxed, such

that the FM excitation can penetrate the interface at z = —dFTM
drm
z = T 3 Jim 0; my = 0, Jm 0, my =0, (4.10)
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Table 4.1: Model parameters.

Parameter Value Reference
Menm 8.6-10° 2  [136]
pJ
Arm 10.0 2 [142]
Marm 1.6-10° 2  [143]
Anrm 20.12 (144, 145]
Bey 1300 T [137]
firo 0.3THz This work
fro >1THz  This work
K1 0.09 ﬁ This work
K2 > Ky This work
JexenMapm € 1.6 Tnm  This work
dpm
Z=- Apm Oz My + Jexch § Mapm|nyg — my) = 0,  (4.11)
Apm az m; + Jexch gMAFM(nZ - mz) =0, (4'12)
—Aarm 0, ny + Jexch fMFM(my - ny) =0, (4.13)
—AARM Oz nz + Jexch € MFM(mz - nz) =0, (4.14)
darm + dem
B e— Jarm 0z ny = 0, Japm 0z n; = 0. (4.15)
We parametrize the FM magnetization and the AFM Neéel vector as follows
m(z, t) = X + dm(z, t), (4.16)
0
Sm = | ei27 fimt m];” (2) |, (4.17)
ei2ﬂfFMt m’;lr(z)
n(z, t) = x + dn(z, t), (4.18)
0
én = | e2mfiot pii(z) |. (4.19)

ei27rfl0t n§2(z)

In Mn,Au the out-of-plane anisotropy pushes the Néel vector in-plane. The in-
plane anisotropy leads to a four-fold degeneracy of the in-plane easy axes along

the < 110 > directions. We choose our coordinate system such that the Néel
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4.2. Enhancement of the Ferromagnetic Resonance Frequency

vector points along the x direction in equilibrium. Due to the interface exchange
coupling, also the FM magnetization points along x in equilibrium. We study out-
of-plane oscillations perpendicular to this equilibrium orientation and restrict our
study to the lowest energy mode. The wave vectors of the magnon modes are given
for each component: kj, k, , k1 and ky; 7 is either 1 or 2, depending on the mode
coupling considered between the FM and the AFM. We assume that the coupling
between the AFM and the FM layers concerns only the out-of-plane excitations of
the FM, which is why we now focus on k ;.

When we consider a low energy excitation, we can assume evanescent modes in
the AFM layer. That means, that only in the FM a magnonic mode is excited. In
this case, the oscillating magnons in the FM decay exponentially upon entering

the AFM at the interface. We parametrize the perturbation as

mh(z) = a [eik(z—dFM/Z) 4 e—ik(z—dpM/z)], (4.20)
nZ(Z) = ¢ [eK(z+dAFM+dFM/2) + e_K(Z+dAFM+dFM/2)] ) (421)
ar and ¢, denote the coefficients of the perturbation to the order parameter. o de-
notes the spatial components and k and k are the wave vectors according to the
spatial component under consideration. By inserting the ansatz Eqns. (4.20), (4.21)

into the boundary conditions Eqns. (4.10)ff, we obtain for the boundary condition

on the wave vectors at z = —dpy/2

Arm ki ¢ sin(ky  dem) — Jexch Marm & cos(ky - dFM)] a
+ Jexch Marm € cosh(k; dapm) ¢ = 0, (4.22)

Jexch Mem & cos(ky - dpm) a + | — Aapm k sinh(x; dapm)

— Jexch Mpm & cosh(k, dAFM)] c =0, (4.23)

from which we extract a condition on k, ,

— Arm Aarm ko ¢ k7 sin(ky ;- dpvi) sinh(x; dapm )
— Apm k7 sin(k | ¢ dpm) Jexch Mem &€ cosh(x; dapm)
+ Aarm K sinh(k; dapm) Jexch Marm & cos(ky - dpv) = 0. (4.24)
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For simplicity we omit the indices of the coefficients a and c. We approximate the
AFM wave vector (f < fjo, fLo0)

K1 = fHZO _ fz = \/ﬁ
Ky = fio = f* ~ \/E. (4.25)

With the relation between the resonance frequencies and the AFM wave vectors

we can simplify the condition on k; ;

kJ_ r Kr tan(kJ_ T dFM) tanh(rcr dAFM)

_ Jexch §

= [ — Jam ko - tan(ky - dpm) + Jarm k. tanh(x; dAFM)], (4.26)
Arm AARM

= ki Ji Oélo tan(k . 1/2 drm) tanh(f” OC/LO dAFM)

_ Iﬁ [ — Jem k12 tan(ky 1/2 dpm)
+ Jarm fiosso tanh(f|| 0/L0 dAFM)] (4:27)
I Cc

These relations are not solvable analytically, which is why we solve them graphi-

cally. For this we rewrite them into a single transcendental equation

eXC. M
J hAFl\/ZFMf dent fuoc/m tanh(ﬁloc/lo dAFM)

ki 12 dpmtan(ky 12 dpm) = (4.28)

filo/ Lo fios1o Jexch Min £
a— tanh a— dAFM + —AAFM

Fig. 4.5 shows schematically how the allowed wave vector values, that solve the
transcendental equation, can be visualized. The left-hand-side of Eqn. (4.28) has
periodicity in k, while the right-hand-side is constant. Because Mn,Au has two
non-degenerate modes with different x vectors, there are two values the right-
hand-side of Eqn. (4.28) can assume. Eqn. (4.28) has periodic solutions at the inter-
sections of the left-hand-side equation with these lines in Fig. 4.5.

For the parameter values of this experiment, which are given in Tab. 4.1, we can
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Figure 4.5: Graphic solution of the transcendental equation Eqn. (4.28). The blue
line shows k dpy tan(k dpy), while the orange curve shows the right-hand-side of
Eqn. (4.28) for fjo = 10''Hz and the green curve shows the right-hand-side of
Eqn. (4.28) for f, o = 10'*Hz.

approximate tan(x) ~ x, Mapm & Mpm and tanh(x) ~ 1

L Jexch ‘_EAAFM K1,2 1
Jom (Japm K12 + Jexch &) Vg

With Eqn. (4.29) we are now able to find the k vectors that contribute to the hybrid

modes in the bilayer system. By inserting these values into the Kittel equation, we

(4.29)

kJ_l/Z =

will find the corresponding frequencies, as described in the next section.

In summary, we find that interface exchange coupling leads to a frequency en-
hancement and splitting of the FM magnon spectrum. The direct coupling of the
AFM and FM spin dynamics modifies the standard boundary conditions. When a
FM magnon is excited, it possesses a characteristic k vector. If this k vector cor-
responds to a solution of the transcendental equation, the FM magnon couples to
an AFM evanescent spin wave. Associated with the coupling is a modification of
the length scale of the FM oscillation and thereby its k vector. As a result the fre-

quency of the FM magnon does not only increase, but the resonance mode splits
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Figure 4.6: The FM has quadratic dispersion, and allowed k vectors (blue) can
couple to the lowest energy AFM magnon modes (orange).

into two branches. Each branch couples to a different mode of the AFM, as shown
in Fig. 4.6. As a result, the FMR signal consists of two resonances, instead of the
single pure FM mode.

So far we have developed a novel model, which describes the coupled magnon
dynamics in Mn;Au-Py. Does the model agree with the experiment? And how ac-
curately can material constants be determined using the model? In the next section

we will answer these questions by applying our model to experimental data.

4.3 Coupled Magnon Dynamics

In the previous section we developed a model to describe the coupled magnon
dynamics in MnyAu-Py. In this section we will apply this model to experimental
data from our collaborators Hassan Al-Hamdo and Prof. Dr. Mathias Weiler at the
RPTU Kaiserslautern, Germany.

For the experiment our collaborators epitaxially grew 40 nm thick Mn,Au thin
films on Al,O3 substrates. These were then covered with Py thin film layers with
thicknesses of 2nm < dpy < 30 nm [86, 144, 146].

They performed FM resonance spectroscopy using a coplanar wave guide. In such
an experiment the sample is glued onto a microwave guide. The wave guide is a
microwave resonator through which an oscillating electromagnetic field can prop-
agate. Because the sample is mounted directly on the resonator, the spatial distri-
bution of the oscillating field throughout the sample is homogeneous, such that

a homogeneous excitation of spin waves can be achieved. In addition, the copla-
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Figure 4.7: (a) Spectrum FMR signal of a MnyAu (40 nm)-Py (10 nm) sample. The
dashed line indicates the expected FMR for a bare Py thin film. (b) Resonance
frequencies f; and f, vs. external magnetic field H, obtained from fitting data in
panel (a). The lines are fits to the modified Kittel equation from our model (see
text) with Mgy = 1 T as a fitting parameter. (c) Same as (b) but for a Mn,Au (40
nm)-Py (5 nm) sample.

nar wave guide with the sample mounted is placed inside an electro magnet such
that a static magnetic field can be applied in the sample plane. The coplanar wave
guide can be rotated around the out-of-plane axis in the static magnetic field. This
means that the static magnetic field can be applied along an arbitrary in-plane di-
rection of the sample. In our case, the field is applied in-plane, in parallel with the
sample’s magnetization and Néel vector. A coil detects the response signal that
the excited spin waves emit and the data post processing, that involves a Fourier
transformation of the signal reveals the spin wave frequency spectrum including
the resonance.

In Fig. 4.7 (a) we present the FMR spectrum [147] that was measured using a Py (10
nm)-MnyAu (40 nm) sample. The dashed, green line indicates the signal of pure in-
plane isotropic polycrystalline Py. For the bilayer system, however, we find two

resonance modes with non-degenerate frequencies f; and f,, both of which are
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enhanced by O(10 GHz) over the pure Py mode. The f, > f; mode is stronger
and higher in frequency compared to the f; mode. Thus, we find both a frequency
enhancement and a frequency splitting of the FMR mode, as we show in Fig. 4.7
(b).

The measurement was repeated in a series for all samples with different thicknesses
of the FM Py layer. We found that when the FM layer thickness becomes smaller,
the frequency enhancement over the pure Py mode and the frequency splitting
between f; and f, become larger, as shown in Fig. 4.7 (c) for a Py (5 nm)-Mn;Au
(40 nm) sample. The thickness dependence of the frequency splitting suggests the
interfacial origin of the interface exchange coupling that we use in our model. The
lines in Fig. 4.7 (b) and (c) are fits using Eqn. (4.30). Below we explain how we
apply our model from the previous section Sec. 4.2 to model these results.

We use the dipolar exchange spin wave dispersion in a tangentially magnetized
FM thin film [148, 149] to fit our data

flko, k) = % vVBL By, (4.30)

with the effective out-of-plane stiffness field

By = poHy + Jom (k% + ki) + pto Ment Go, (4.31)

and in-plane stiffness field

B = poHo + Jem (kT + ki) + pto Mt (1 = Go). (4.32)

Here, Mpy is the saturation magnetization of the FM. The external magnetic field
Hy is applied in the film plane parallel to the magnetization m. Jpm = Apv/Mem

with exchange stiffness Apy. The factor

1 - eXp(—k” d)
k,d

accounts for the effects of dipole-dipole interactions [149], where k| is the in-plane

Go = (4.33)

wave vector. In our FMR experiments only FMR modes corresponding to out-of-
plane k vectors are excited as the coupled spin waves propagate along the out-of-
plane direction through the FM and into the AFM. Hence, k; = 0,butk, # 0as
sketched in Fig. 4.8 (a).

In our experiments, spin waves are excited in the FM by the oscillating field of the

FMR setup. No spin waves are excited in the AFM, as the applied frequencies are
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Figure 4.8: (a) Sketch of the sample structure and coupling of modes. The FMR
with frequency fem couples to the two AFM modes in the AFM. This results in
hybrid modes with frequencies f; and f; with perpendicular wave vector k; ; . The
Néel vector excitations decay within 1/x; (see text). (b) The effective stiffness fields
resulting from the mode coupling exceed 0.6 T for Py thickness dpy < 5 nm.

much below the magnon frequencies of Mn;Au, as we will see later. However, the
interface exchange coupling between the AFM and the FM leads to a modification
of the boundary conditions for the excited FM spin wave. In contrast to the pure Py
case, where the spin wave cannot protrude the boundaries of the FM, the interface
exchange coupling allows the dissipation of the energy of the FM spin wave into
the AFM layer. In the AFM, no oscillating spin wave is present, but an evanescent
wave, which does not oscillate space, but rather decays with a characteristic decay
length , cf. Eqn. (4.21). This means that only those FMR modes are excited, whose
k vectors allow for coupled modes in the bilayer system. These k vectors satisfy
Eqn. (4.29).

We sketch the coupling of the modes in Fig. 4.8 (a): The figure consists of three
columns. In the leftmost column, the uncoupled, pure Py spin wave is shown. In

the other two columns, interface exchange coupling leads to a modification of the
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k vector of the FM spin wave, as it protrudes into the AFM layer. The distance it
can protrude into the AFM layer is governed by the decay oc exp (—xz), where k is
the decay constant. This modification of the FMR k vector consequently leads to a
frequency enhancement.

In MnjyAu the out-of-plane anisotropy pushed the Néel vector into the plane, while
the in-plane anisotropy favors the in-plane easy axes directions. Because of this
tetragonal symmetry, two non-degenerate resonance modes can be excited in the
in-plane AFM. These modes correspond to an in-plane mode where the Néel vector
oscillates in-plane with f; and a stronger out-of-plane mode, where the Néel vector
oscillates out-of-plane with f)(. The FM spin wave couples non-degenerately to
both of these modes, which leads to a splitting of the FMR mode into two modes

with different frequencies. The frequencies are given by

fiarm :\/ fiy + (kL + ki), (4.34)

fuami =y[f% + (2 + kD). (4.35)

Here, 27c is the magnon velocity in the AFM which depends on the AFM exchange
stiffness Aapm and the exchange field Bey that keeps the antiparallel alignment of
magnetic sublattices in the AFM

Aarm B
c = Y [ZARM Dex (4.36)
2r Marm

The out-of-plane mode is strongest f1o > fjo > frm, and we neglect the effect
of the dc magnetic field Hy on the AFM spectra. We show a quantitative calcula-
tion of the coupled modes in Fig. 4.9, where the different decay lengths of the two
evanescent modes in the AFM and the corresponding wave length of the FM spin
wave are clearly visible. The top panel shows the uncoupled, pure Py case, while
the bottom two panels show the coupled modes.

In Eqn. (4.25) we have shown that the decay length x depends on the eigenfre-
quency of the AFMR mode and is different for in-plane and out-of-plane branches

flizo - i

[

(4.37)

_ L
K1 = I~ s
Cc

72



4.3. Coupled Magnon Dynamics
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Figure 4.9: Numerical visualization of the coupled modes. Non-zero interface
exchange coupling leads to the continuation of the FM spin wave as an evanescent
mode in the AFM. The top panel shows the uncoupled case, while the bottom two
panels show the two non-degenerate modes that arise in the coupled case.

2 2
_ fJ_O_f‘Z’VE

Cc c

K2 (4.38)

The eigenfrequencies f; := f(kj, ki) and fo = f(kj,k,.) are calculated from
Eqn. (4.30) by substituting those values of wave vectors k;; and k;, that satisty
the boundary conditions in Eqn. (4.10)ff. For estimating k;, and k;,, we focus
on the lowest modes with k;,,k;; < 7/dpyv that have larger overlap with the
homogeneous oscillating magnetic field than the other modes.

We now want to compare our results to previous measurements of the interface
exchange coupling in this system [86] and estimate the AFM magnon frequencies
from our data. From Eqn. (4.30) we can define the effective stiffness field induced

by the coupled AFM-FM spin dynamics

B = o K2 (4.39)
BT = Ja K2 (4.40)
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The stiffness fields scale linearly as 1/dpy as shown in Eqn. (4.29). Furthermore,
they are proportional to the exchange coupling Jeyc, between FM and AFM layers.
We obtain values for the stiffness fields from fitting f; and f; vs. Hy by Eqn. (4.30),
as shown in Fig. 4.8 (b) (data points). The lines are linear fits in accordance with
the scaling expected from Eqn. (4.29). We show the detailed fitting procedure in
Appendix A.2.2.

In order to relate our results to the coercivity measurements in Bommanaboyena
et al. [86] it is instrumental to understand, that on the one hand, we calculate the
coupling strength from dynamic measurements of the resonance frequency. On
the other hand, coercivity measurements measure the interface exchange coupling
from a static magnetization texture in the magnetic ground state. But we can relate

the coercive field yy H. of our sample series within experimental uncertainty to B;’ff

4 & Ban Jexch Mem darpm 1
4 Bandarm + € Jexch Mem dim’
where By, is the AFM in-plane anisotropy field. This expression corresponds to
Eqn. (2) of Ref. [86]. Bgﬁ is related to the out-of-plane anisotropy of Mn,Au, which

due to the experimental geometry is not accessible in the static measurements [86].

B ~ yoH, = (4.41)

Using Eqn. (4.41) for fitting the experimentally determined poH, [86], we determine
EJexehMem = 1.6 Tnm. This interface exchange coupling is stronger compared to
reports on the insulating AFM/metallic FM bilayers Co-LaFeOs3 [119] or Fe-NiO
[104]. Moreover, while frequency enhancement was found by earlier studies the
mode splitting remains a novelty in AFM-FM bilayers [150, 151].

Using the fitting of the effective fields B‘;H = Jrm k12 , and Bgff = Jrm kg L asa
function of the inverse FM thickness, as shown in Fig. 4.8 (b), we further determine
BSH/B‘;'H ~ 2.4. This ratio is inserted into Eqn. (4.29)

ff
Bi' k2 kiJarm + & Jexch Mpm

= . (4.42)
Bt ki k2 Jamm + € Jexch Mem
From Eqn. (4.42) we can estimate
1 3 Beff
— - == (=2 -1 _ A, (4.43)
K1 K3 B‘l3 g]exch Mem

Taking into account that k; < k; and using the value of magnon velocity 27 ¢ =
22.49kms™!, we estimate fio = 0.3 THz, which is about a factor two larger than
previous direct THz measurements of magnons in MnyAu films grown by a dif-

ferent technique [152]. Thus, our model provides the possibility to independently
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Figure 4.10: 90° DW in Mn,Au-Py [126]. (a) Bilayer structure. (b) Top view.

determine the magnon frequency in Mn,Au, which is in the THz range, without

the experimental equipment required to measure THz frequencies.

4.4 Coupled Domain Wall Dynamics

In the previous chapter we have studied the coupled uniform spin wave dynamics
in MnyAu-Py. However, while computing and data storage technologies rely on
the switching of the magnetization as the principle carrier of information, this is
done in regions - or domains. As we presented in Chap. 2, magnetic domains are
separated by DWs. The reading and writing of information can be facilitated by
displacing DWs using DW motion.

In this section we want to look at the stabilization of coupled DWs in Mn;Au-Py.
Moreover, we develop a model to analyze the atomistic spin dynamics simulations
done by Dr. Sarah Jenkins, that study the effect of a driving magnetic field on the
DW dynamics in the system.

We consider an AFM-FM hybrid, where the AFM occupies the lower half-space
z < 0 and the FM occupies the upper half-space z > 0. We calculate the DW
profile in the coupled AFM-FM system by using the energy density [138]

0 tr
L = f Ladxdz + f f Lrdxdz + Lint 6(2), (4.44)
—tA 0

Ms
2 Hey y2

1 1
wa = Ax (V) + (V4 sin(6)) + - HE Ms cos?(0)

Ly =

(93 r g2 sinZ(GA)) — wa, (4.45)
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- iHﬁ‘Ms sin*(04) cos(4 ¢4), (4.46)
Ly = %@:(1 ~ cos(0)) — wr, (4.47)
we =2 A (V66 + (V$p)2 sin?(8p)) + - H Mp cos*(6)

- iHlf Mg sin*(0F) cos(4 ¢r), (4.48)
Lint = =wint = =(Joxcn M Ms £ (c05(04) cos(r)

+ sin(04) sin(6r) cos(pa — ngF))), (4.49)

where the Lagrangian and energy densities with subscripts 4 denote the AFM part
of the system (—t4 < z < 0 with the AFM layer thickness t4) and subscripts
denote the FM part of the system (0 < z < tr with the FM layer thickness tr).
y is the gyromagnetic ratio of the electron, Hey is the exchange field of Mn;Au,
Ay is the exchange stiffness and the AFM anisotropies are given by an out-of-
plane field H4 and an in-plane field Hl‘l“. For the FM we implement the exchange
stiffness Ar, the out-of-plane anisotropy H. and the in-plane anisotropy Hlf . The
interface exchange coupling is characterized by a coupling constant Je., and a
length scaling factor £&. We parametrize the FM magnetization in spherical coor-
dinates: m, = Mfpcos(¢r)sin(0r), my = Mprsin(¢r) sin(0p), m, = Mp cos(0F).
Analogously we parametrize the AFM Néel vector as: n, = Mg cos(Pa) sin(6a),
ny, = Mssin($a) sin(64), n, = Mscos(64). All angles depend on the spatial coor-
dinates x, z and the time t. Both the saturation magnetization of the AFM Mg and
the FM MF are per unit volume.

We have seen previously that Mn,Au is an in-plane AFM and because we assume
strong coupling, the AFM Neéel vector and the FM magnetization align in-plane.

For a 90° DW along x, as shown in Fig. 4.10, the boundary conditions are

z=0: $a = ¢r, 04 = 0O, (4.50)
T 3 T

X — 00: pa — —or—m, 04 > —, (4.51)
2 2 2
T 3 T

— —or-m, 0OfF — —, 4.52

Pr ) F 5 (4.52)
3 T T

X > —00: s = —mor—, 0G4 > —, (4.53)
2 2 2
3 T T

— —wor—, 0O — —. 4.54

PF 5 5 F 5 (4.54)
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4.4. Coupled Domain Wall Dynamics

We assume that in equilibrium the DW profile ¢4 r is only dependent on x. The
spatial dependence is carried implicitly and not explicitly denoted for simplicity.

Functional minimization of the Lagrangian yields

- Hﬁ: MF Sil’l4(9F) sin(4 ¢F) - % sin(QF) QF + AF Sil’lz(@F) Ang
+ Apsin(2gr) (VOp) (Vr) = 0, (4.55)

M . 1
—F QSF Siﬂ@p - E AF (V¢F)2 Sin(zep)
Y

1
+ EHE Mp sin(20F) + H|}|7 Mp COS(4(]5F) Sil’13(9F) COS(QF) + ApABr = 0. (4.56)

for the FM energy and
— Hi M sin* (64) sin(4 ¢) — = S = gasin®(64) , + A sin®(04) Ada
ex Y
+ Ay sin(204) (V6,) (Véa) = 0, (4.57)
Mg

; 1
B,y Pasin(26a) = 5 44 (V)" sin(26,)

1
+ > Hf Ms sin(260,4) + Hl’l“ Ms cos(4pa) sin®(04) cosfa + Aa AG4

Ms

Y 4 = 0. (4.58)

for the AFM energy. At the interface the boundary terms give the conditions

Ap 0,04 = Jint Ms Mp & ( — sinf4 cosOr + cosly sinfp cos(pa — ¢F)) =0,
(4.59)

—AfF0,0F — Jint Ms Mpf(— cosfy sinfr + sinfx sinfr cos(pa — ngp)) =0,

(4.60)

Apsin®0, 0, ¢ + Jint Ms My € sinfy sinfp sin(pa — ¢r) =0,
(4.61)

—Apsin®0p 0, ¢r — Jint Ms Mr & sinfr sinfy sin(¢pa — ¢r) =0.
(4.62)

Thus, the equation of state is
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— H Mssin(4$4) + Aa (92 + 02) pa = 0, (4.63)
Ap0;¢a + Jint Ms Mp Esin(pa — ¢r) = 0, (4.64)
— Hf Mpsin(4¢p) + Ap (02 + ) ¢r = 0. (4.65)

Assuming strong coupling (¢4 = ¢r) this gives the solution of the DW profile:

X — XO
arctan(exp( = )), (4.66)
Xpw

- X
arctan(exp(x = 0)), (4.67)
Xpw

where X) is an integration constant that is used to shift the DW in the AFM and
the FM part in order to match their lateral positions. The widths of the DWs are
denoted by xSW = [Aa/(4 Hﬂ“ Ms) and xgw =, /AF/(4Hﬁ: Mp) and, due to the
AFM’s stronger anisotropy, the DW width in the AFM is smaller than in the FM.

Due to interface exchange coupling a surface anisotropy is induced at the interface

Pa

¢r

between the two layers, that modifies the DW width in both layers. We analyze
this influence using atomistic spin dynamics performed by Dr. Sarah Jenkins using
the open-source package VAMPIRE [79]. Specifically, we simulate Mn;Au-Py with
a 90° DW from [110] to [110] along the [100] direction, as shown in Fig. 4.10. The
system has the dimensions 1000 nm X 40 nm X (5nm (Mn;Au) + 1nm (Py)) and
the DW is located initially at x = 100 nm. The DW is initialized in both layers and
the magnetization dynamics of the two layers are coupled by interface exchange
coupling. Although Py is amorphous in the bulk [136, 142, 153], we assume a bcc
ordering near the thin film interface region, to which we restrict our investigation.

The Hamiltonian H of the Mn, Au-Py comprises four terms:

H = 7_(MnZAu + 7_{Py + Hint + Hext, (4.68)

where the terms are in order: AFM contribution, FM contribution, interface ex-

change coupling term, Zeeman term. Individually, the terms are given by

i = = 3, (SIS + 230 s7)

i<j
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" e

—

Figure 4.11: Exchange interactions in Mn,Au up to the third nearest neighbor.

" Z (Kymeme 55y + s (s S1)2) + Ha, (469

'HPy == Z S‘JU Z (54 + 54 + 54) + Hy, (4.70)
i<j i

Hie = = ) SIS + Ha (4.71)
i<j

7‘{ext = - Z Hs Si - Bext, (4-72)

where S; are unit vectors that describe the atomistic spins, J\'" nAU s the exchange

ij
JMR2AU s the two-ion anisotropy constant [71], ks < 0 is the

interaction matrix, ]
AFM out-of-plane anlsotropy constant and k4 > 0 is the AFM in-plane anisotropy
constant. H; is the magnetostatic field. The out-of-plane anisotropy dominates
and pushes the spins into the easy-plane, while the in-plane anisotropy picks the
symmetry-equivalent < 110 > directions as easy-axes. We set the cutoff for the ex-
change interaction after the third nearest neighbor. As can be seen in Fig. 4.11, the
first (coupling constant J;, distance 2.180 A) and second nearest neighbors (cou-
pling constant J,, distance 2.853 A) are coupled ferromagnetically, while the third
nearest neighbor (coupling constant J, distance 3.327 A) is coupled antiferromag-
netically. For the interface exchange coupling we consider a coupling constant
of 0.31 x 1072 J/link, which is 20% of the bulk value of the Mn,Au exchange in-
teraction, as proposed in Ref. [86, 88]. For all simulations the damping constants

Apy = AMn2au = 0.01 were used, unless stated otherwise. Please refer to Tab. 4.2
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Chapter 4. Interface-Exchange Coupling of Spin Dynamics in Mn;Au-Py

for the parameters that were used for the simulation.

In the FM Hamiltonian ]Ey is the FM exchange stiffness and kf ¥ is the FM cubic
anisotropy constant. The interface exchange coupling constant is given by]i.}“t, and
it couples directly the FM and adjacent AFM spins at the interface between the two
layers. An external field B¢y can be coupled to the system by using the Zeeman
term Hey; with the spin moment of the respective spin y;.

The equilibrium state of the coupled DW was simulated using a Monte-Carlo in-
tegrator for one million time steps at zero temperature. Fig. 4.12 (a) shows the
height averaged magnetic order parameter along x of this simulation in compari-
son to pure Mn,Au. This means that we averaged the FM magnetization and the
AFM Neel vector along the stacking axis of the hybrid and denoted this effective
order parameter as n. The profile of this order parameter is fitted with Eqn. (4.66).
From the fit we determine a 30% increase of the DW width in Mn,Au: 29.3 nm for
pure MnyAu, 38.2 nm in MnyAu-Py.

This shows that the z dependence of the effective anisotropy in the coupled system
cannot be neglected. Throughout the stacking axis of the hybrid the relative influ-
ences of the AFM and FM anisotropies vary. Consequently, the DW width varies
as a function of z. In the limiting cases, the DW width at the top of the FM layer
approaches the value for pure Py, while at the bottom of the AFM layer the value
for pure Mn;Au can be found. Due to the boundary condition of strong interface
exchange coupling at the interface, a continuous variation of the DW width takes
place along the z axis, such that the DW width connects smoothly at the interface.
Such a smooth profile was obtained from atomistic spin dynamics simulations for
varying FM layer thickness and is shown in Fig. 4.12 (b). We observe that the DW
in Mn,Au is narrower than in Py, as was expected from Eqns. 4.66, 4.67. Further-
more, the thicker the FM layer is, the stronger is the variation of the DW width.
For a thin FM layer the coupled system is dominated by the AFM. However, as
the two layers approach equal thickness, the effective anisotropy for the coupled
system is equally influenced by both the FM and the AFM anisotropy, such that
the interface exchange coupling strongly modifies the DW width.

We will use a magnetic field, that couples strongly to the FM part of the coupled
DW, to set the DW into motion. We will see, that while the FM is set into motion,
the interface exchange coupling will lead to coupled DW motion throughout the
hybrid system.

The role of heating is a very important, albeit complicated, aspect of magnetization
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4.4. Coupled Domain Wall Dynamics

Table 4.2: Model parameters for Mn,Au used in the simulations. Isotropic
exchange parameters are taken from Khmelevskyi et al. [145] and magnetic
anisotropies are taken from Shick et al. [138]. The magnetic moment of the Mn

sites is taken from experimental measurements of Barthem et al. [137].

Interaction Jex Jyy Jez Unit
YA 1094296 -1.094296  -1.086911 1072 J (per link)
YA 1469234 -1.469234  -1.459319 1072 J (per link)

gy 0318261 0318261  0.318261 1072 J (per link)
J; nzAu 0.0 0.0 0.007385 10~%° J (per link)
A 0.0 0.0 0.009915 1072 J (per link)
JeAu 0.0 0.0 0.318261 1072 J (per link)
JY 0.009915  0.009915  0.009915 10~2° J (per link)
Jin 0.318261  0.318261 0.318261 107%° J (per link)
Parameter Value Unit
a,b 3.327 A
c 8.539 A
HMn 4.0 HB
Hpy 1.6 UB
kymA ~1.60218 x 1074 J/atom
k;\fnzA“ 8.00109 X 10725 J/atom
KLY 1.0 X 10726 J/atom
AanAu 0.01 -
Apy 0.01 -
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Figure 4.12: (a) DW profiles for n, of a MnyAu-Py (1 nm) (5 nm) and a pure Mn,Au
(5nm) system. The DW width §,, increases for the bilayer system. (b) DW width
variation along the stacking axis of the hybrid.

dynamics in Mn;Au, and consequently Mn,Au-Py. Experiments have shown that
both NSOTs and thermomagnetoelastic effects can not be excluded from contribut-
ing to Néel vector switching in Mn,Au [134]. Because of its high Neel temperature,
the Neéel state of Mn,Au is regarded as very temperature stable. But because the
interface exchange coupling observed in experiments is very strong [86, 88], we
can neglect other interface effects. Suturin et al. discovered thermally driven short
range fluctuations in nanometre spatial ranges in FMs [154]. We study the magnon
spectra in our model system, but the role of thermal effects remains inconclusive.
In order to still give a first indication on the influences thermal fluctuations could
have on our results, we included simulations with different damping in the follow-
ing (cf. Figs. 4.13, 4.14). The maximum DW velocity is not affected by the damping
and the dynamics converge in the limit of strong driving fields. Our results hold
qualitatively. Further studies of the role of heating unfortunately remain out of
scope of this work and would require a dedicated study in order to clearly discern
the contributions from thermomagnetoelastic and NSOT effects.

We consider a system of lateral dimensions 1000 nm along x and 40 nm along y.
Furthermore, the Py layer is 1nm and the Mn,;Au layer is 5nm thick. We start
from a relaxed 90° DW from the [110] direction to the [110] direction, centered at
x = 100 nm. We apply a magnetic field along the [110] direction to the hybrid sys-
tem, such that the domain on one side of the DW becomes energetically favorable.
Coupling of a magnetic field to the FM is much more efficient than to the AFM,
as the FM possesses a large net magnetization. Hence, energetically, one FM do-

main is preferred and grows. This sets the FM DW into motion. Due to the strong
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Figure 4.13: Shift of the equilibrium orientation of the order parameter under an
applied field. Atomistic spin dynamics simulations and the analytical calculation
agree.

interface exchange coupling, the FM DW drags the AFM DW with it, resulting in
coupled DW motion.

But an applied field does not only cause DW motion. Additionally, it shifts the
equilibrium orientation of the effective order parameter of the bilayer, as we have
seen in Fig. 4.2 in Sec. 4.1. The shifted value of the order parameter in the [110]
domain becomes n, = —1/V2 + 8n, and Sn, = 1/V2 — cos(8¢ — /2). In order to
obtain an analytical expression for the relation between the shift in the magnetic
in-plane angle ¢ and the applied field B¢y, we differentiate the energy functional
Eqn. (4.1) once with respect to ¢, and equalize the result with zero. In this way we
can track the position of the extremal points of the energy spectrum. The resulting

expression is

cpky  sin(44)

= CB Hpy Sin(¢ _ %)

(4.73)

Thus, we can calculate our analytical expression for the shift §¢ as a function of
the applied field B¢y as
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sin (4 (5¢ - %))
cos ((5(;5 - %) + %)
In Fig. 4.13 we show the shift §¢ versus the applied field both from our analytical

Bext (5¢) = 49 (4-74)

calculation and from the atomistic spin dynamics simulations. For the analytical
model we used the model parameters from Sec. 4.1: kg/lnzAu = 8.00109 x 107%°
J/atom [138], ppy = 1.6pup, Ey ~ —34.1264 - 10721 J/atom, ¢y ~ 0.8375 and
cg ~ 0.2603. The simulation data and the analytical calculations fit. This is in
agreement with our calculations in Sec. 4.1, where the magnetic field induced a
shift §¢ in the position of the energy minimum for the domain oriented approxi-
mately perpendicular to the applied field.

In Fig. 4.14 we show the DW velocity, measured for the averaged order parameter,
as a function of the applied field strength. The velocity is calculated for steady
DW motion after an initial stabilization period. Previously, we have calculated the
critical switching field, for which the AFM Neéel vector and the FM magnetization
reorient parallel to the applied field, cf. Sec. 4.1. The critical switching field acts as
the limit for the maximum DW velocity, as it causes the system to become mono
domain and the DW vanishes. The AFM magnetic moments pin the FM magnetic
moments at the interface. As a result the applied field strengths required in order to
set the DW into motion in the bilayer are higher compared to the pure Py case. We
have fitted the data using Eqn. (3) from Ref. [155] with a velocity of ¢ ~ 8.5kms™!.
As expected, the DW velocity increases with greater applied field. We observe the
maximum velocity threshold in Fig. 4.14 at B. = 0.7555T with a maximum DW
velocity of around 8.5 km s™!, independent from the damping that was used for the

simulation.

4.5 Conclusion

In this chapter we investigated the coupled magnetization dynamics in Mn; Au-Py.
In contrast to the previous chapter, Chap. 3, not the FM magnetization texture was
imprinted onto the AFM, but rather the AFM domain structure dominated the hy-
brid system. In the static regime we used a phenomenological model to show the
imprinting of the AFM domain texture onto the FM magnetization, as had been
previously shown in the experiment [86]. By applying a magnetic field we showed
that the effective magnetic field that is needed to reorient the AFM Néel vector in
the MnyAu-Py system is lower than for pure Mn;Au. The critical switching field
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Figure 4.14: Stabilized DW velocity vs. external field.

amounted to B, = 0.7555T. This results was verified using atomistic spin dynam-
ics simulations. Then we progressed into the dynamic regime by analyzing both
the uniform magnetization dynamics and coupled DW motion. We conducted our
study of the uniform magnetization dynamics in Mn;Au-Py in cooperation with
our collaborators Hassan Al-Hamdo and Prof. Dr. Mathias Weiler. We found that
interface exchange coupling facilitates the control of the hybrid mode resonance
frequencies and spin wave dispersion through the FM layer thickness. The un-
perturbed Py resonance splits into two non-degenerate modes with a strong en-
hancement of the frequencies in the hybrid system. As the cause we attributed
the coupling of the Py dynamics to the in-plane and out-of-plane modes of the
easy-plane AFM Mn;Au. Our phenomenological model fits well to the observed
vector network analyser-FMR (VNA-FMR data). It revealed that the magnitude
of the frequency enhancement depends on the strength of the interface exchange
coupling and on the AFM magnon frequencies. Furthermore, we were able to use
our model to independently estimate the interface exchange coupling strength to
& Jexeh Mpv = 1.6 Tnm and with it the AFM magnon frequencies, which were
within a factor of 2 of the literature values [152]. Our study showed that we can
exploit THz AFM dynamics to control sub-THz hybrid spin dynamics. In Sec. 4.4
we concentrated on coupled DW motion in MnyAu-Py. The DW motion can be

driven by magnetic fields acting predominantly on the FM. Due to the strong in-
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terface exchange coupling, the FM drags the AFM with it. We find a limiting DW
velocity of 8.5km s™!. Our results fulfill the requirement of controlled Néel vector
manipulation in order to enable AFM-based high-density information storage and

efficient computing techniques.
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During the time research for this thesis began, the first experimental observations
of interface exchange coupling of unprecedented strength emerged in Mn;Au-
Py [86]. A further novelty of these findings was the absence of exchange bias,
that usually accompanies interface exchange coupling in AFM-FM hybrid systems.
These findings opened up new avenues for controlling and reading out the AFM
state in the hybrid system, which are essential for the application of AFMs as ac-
tive components in novel computing devices. In this thesis we investigated the
influences of interface exchange coupling on the magnetic ground state and its
excitations in the dynamic regime of AFM-FM hybrid systems.

In Chapter 3 we demonstrated the stabilization of topological vortex textures in
the in-plane AFM NiO(111) through interface exchange coupling to the FM Fe(110)
at zero external magnetic fields. First, the vortex state naturally appears in the FM
layer through magnetostatic interactions that depend on the boundaries of the
grown nanostructures. Then, interface exchange coupling is responsible for over-
coming the AFM anisotropy. In its isolated state, the Néel vector of NiO(111) lies
in-plane. Through interface exchange coupling to the FM with the vortex in place,
the FM vortex texture imprints onto the AFM Neéel vector texture, such that the
spatial distribution of the Néel vector is inhomogeneous and, at the vortex core,
fully out-of-plane.

In a multiscale approach we use an analytical model, which was derived from phe-
nomenological considerations in the macrospin approximation, and micromag-
netic simulations. Our analytical calculations revealed that interface exchange
coupling between the AFM and the FM layers causes the Néel vector to align with

the FM magnetization at the vortex center. These results indicate the exciting pos-
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sibility of inducing localized out-of-(111)-plane AFM moments in the well-known
in-plane AFM NiO(111) system.
Furthermore, we demonstrated using micromagnetic simulations that the stability
of the imprinted vortex states in the AFM can be tuned by the AFM layer thick-
ness. While interface exchange coupling is the driving force behind the imprinting,
the AFM anisotropy can be effectively varied through the AFM layer thickness,
which is experimentally accessible. We constructed a phase diagram that takes
into account the interplay between interface exchange coupling and the AFM layer
thickness. The phase diagram remained consistent regardless of the number of im-
printed vortices.
We proceeded with an analysis of the minimum requirements for an imprinting of
the vortex state and its size dependence on the system’s parameters. We found that
the minimal interface exchange coupling strength required to transition into the
stable AFM vortex state phase increases with AFM layer thickness. Specifically, for
an AFM layer thickness of 4 nm, as studied in our experiments, we calculated the
minimum critical interface exchange coupling Jeoup = 6 X 107*Jm™2. Moreover,
depending on the AFM layer thickness and interface exchange coupling strength
we predict possible significant differences between the AFM and FM vortex core
sizes. We found good agreement of our theoretical results with the experimental
measurements of our collaborators.
In our models we neglected magnetoelastic effects, which are known to play a
role in the magnetization dynamics of NiO [156]. The implementation of the mag-
netoelastic interaction into our model would be a viable extension in the future.
The logical next step would be to investigate the dynamics of the imprinted vortex
state. Such a study would pave the way towards more applications-based research
for computational devices. It was recently shown that magnetic skyrmions can be
used as the basic units of computation [157, 158]. In this context not only vor-
tices, but also DWs and skyrmions could be considered in NiO-Fe. Furthermore,
the interaction between imprinted topological states would be of interest for the
application in neuromorphic computing.

In Chapter 4 we investigated the coupled magnetization dynamics in Mn,Au-
Py. We used a multiscale approach involving phenomenological models and atom-
istic spin dynamics simulations. First, we considered the influence of interface
exchange coupling in the AFM-FM hybrid system on the magnetic ground state.
We used a phenomenological model to show the imprinting of the AFM domain

texture onto the FM magnetization, as had been previously shown in the experi-
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ment [86].

In its isolated form, the AFM Mn;,Au requires large magnetic fields to reorient its
Néel vector. Through interface exchange coupling to Permalloy, which is very sus-
ceptible to magnetic fields, this critical switching field was found to be lower in the
AFM-FM hybrid system, compared to the pure AFM. The critical switching field
amounted to B, = 0.7555 T. We also used atomistic spin dynamics simulations to
show this result, and the results from both methods agree.

Then we progressed into the dynamic regime by analyzing both the magnon dy-
namics and coupled DW motion. We conducted our study of the uniform magne-
tization dynamics in Mn,;Au-Py in cooperation with our collaborators Hassan Al-
Hamdo and Prof. Dr. Mathias Weiler. Our investigation was directed towards cou-
pled magnon excitations. While pure Permalloy exhibits a standard FM magnon
dispersion, MnyAu exhibits two non-degenerate magnon modes that stem from
its in-plane and out-of-plane anisotropies. We found, using a phenomenologi-
cal model, that interface exchange coupling facilitates a hybrid mode resonance
and spin wave dispersion. The unperturbed Py resonance splits into two non-
degenerate modes with a strong enhancement of the frequencies in the hybrid
system. As the cause we attributed the coupling of the Py dynamics to the in-
plane and out-of-plane modes of the easy-plane AFM Mn,Au. We found that the
frequency enhancement and splitting can be controlled by the experimentally ac-
cessible FM layer thickness. Our phenomenological model fits well to the observed
VNA-FMR data. It revealed that the magnitude of the frequency enhancement de-
pends on the strength of the interface exchange coupling and on the AFM magnon
frequencies.

Furthermore, we were able to use our model to independently estimate the inter-
face exchange coupling strength and with it the AFM magnon frequencies. Our
study showed that we can exploit THz AFM dynamics to control sub-THz hybrid
spin dynamics in an attempt to speed up computational devices. Simultaneously,
AFM dynamics significantly influence the hybrid system’s behavior through fre-
quency splitting and enhancement. This meets a key requirement for the applica-
tion of AFM-FM hybrid systems in neuromorphic computing.

We further concentrated on coupled DW motion in Mn,Au-Py utilizing atomistic
spin dynamics simulations and a phenomenological model. The DW motion can
be driven by magnetic fields acting predominantly on the FM. Due to the strong
interface exchange coupling, the FM drags the AFM with it. We find a limiting DW

velocity of 8.5km s™!. Our results fulfill the requirement of controlled Néel vector
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Summary and Outlook

manipulation in order to enable AFM-based high-density information storage and
efficient computing techniques.

Although further understanding of the MnyAu-Py material system was gained
through the research conducted in this thesis, many questions remain open and
many interesting research directions are possible. For instance an ab-initio study
on the strength of interface exchange coupling could shine light on its origin in
the electronic system and, thereby, make it possible to identify further material
candidates that exhibit equally strong coupling. In our phenomenological models
we neglected magnetothermal effects on the coupled magnetization dynamics. It
was recently shown experimentally, that in competition with Néel SOTs, thermo-
magnetoelastic effects play a dominant role in the current-induced switching of
MnjAu [134]. Such influences will also show up in the hybrid system and could be
studied using atomistic spin dynamics simulations. Experimentally, DW motion

in Mn,Au-Py would provide an interesting opportunity for study.

In conclusion, we have shown that interface exchange coupling is key to cou-
pled magnetization states and dynamics in AFM-FM hybrid systems and enables

functionalities in line with the needs of novel computing devices.
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Appendix

A.1 Supplementary Material for Interface-Exchange
Mediated Vortex Imprinting in NiO-Fe

A.1.1 Parameters of Insets in Fig. 3.4

In Fig. 3.4 we show visualizations of the imprinted AFM vortex state from micro-
magnetic simulations. The position of the insets is qualitative with respect to the
axes of the plot. In Tab. A.1 we present the corresponding parameters that were

used for each simulation.

Table A.1: Model parameters.

Picture Inset  Kapm [10° J/m®]  Jeoup [107* J/m?]  tapm [nm]

A 1.0 1.4 0.8
B 5.0 5.0 4.0
C 8.0 9.9 6.4
D 1.0 5.0 0.8
E 5.0 9.9 4.0
F 1.0 9.9 0.8

A.1.2 Mumax’ Code

In the following we show Mumax® code that was used to first relax a vortex state
in the FM, then to load the system’s initial configuration with the FM in the vortex
state and the AFM in-plane and finally to study the stability of the imprinted AFM
vortex state under the variation of the AFM anisotropy and the interface exchange
coupling. In all three code examples we use the version that imprints five vortices

in each layer.
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/*

; Vortex State in FM

4

24

3

)

Y/

Author: T. Wagner, adapted from V. K. Bharadwaj
Date: 07.02.2023
Description: Relax a five vortex state in a single layer FM

using demagnetising fields.

// System size

3 NX @

ny :
s NzZ

7 dx

dy :
dz :

1x :

ly :
1z :

640
128
2

le-9
le-9
le-9

nx*dx
ny*dy
nz*dz

»» SetGridSize(nx,ny,nz)
; SetCellSize(dx, dy, dz)

27 OpenBC = true

28

20

3(

// Material Constants taken from paper https://aip.scitation.org/

Ki

// Ki

7 Aex

Kul

//Msat
Alpha

doi/10.1063/1.4867597
satmag := 5e6 // A/m

//satmag := 1.77e7 // A/m
» Kz

5e5
0.0
:= 19369.2

; AnisU = vector(0,0,1)
2.1e-11 // J/m

Kz
= satmag
= 0.01

Enabledemag = True
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<
™)

, //cl

s BodyCuboidFelayerOnly :

A.1. Supplementary Material for Interface-Exchange Mediated Vortex Imprinting
in NiO-Fe

// Custrom Fields: Fourth order in-plane anisotropy
//Ki4 := Ki

Constvector(1,0,0)

//c2 := Constvector(0,1,0)

//anisField := Add( Mul( Const(-0.25 * Ki4 / (satmag)), Mul(Mul(
Mul (Dot(c1, m), Dot(cl, m)), Dot(cl, m)), cl1) ), Mul( Const
(-0.25 * Ki4 / (satmag)), Mul(Mul(Mul(Dot(c2, m), Dot(c2, m)),
Dot(c2, m)), c2) ) )

5. //anisEdens := Dot(anisField, m)
> //AddFieldTerm(anisField)
; //AddEdensTerm(anisEdens)

; // Custom Initial Magnetization Configuration three Vortex State
7 body := cuboid(lx, ly, 1z)

s angle := pi/4

5981 1= sqrt(2* (ly/2)* (ly/2))

BodyCuboidFelayer = cuboid(s1, s1, 1le-9).transl( 0, 0, -0.5
e-9 )

BodyCentreCylinder = cylinder(10e-9, 1le-9).transl( 0, O, -0.5
e-9 )

BodyCuboidNiO2layer := cuboid(lx, ly, 1e-9).transl( 0, 0, 0.5
e-9 )

body. sub (BodyCuboidNiO2layer)

7 setgeom(BodyCuboidFelayerOnly)

o // defregion(0, body)

defregion(1l, BodyCuboidFelayer.rotz(angle).transl( -(4*1x/10)+(1x
/10)+1e-9, 0, 0) )

7 defregion(2, BodyCuboidFelayer.rotz(angle).transl( -(4*1x/10)-(1x

/10)+1e-9, 0, 0) )
defregion(3, BodyCuboidFelayer.rotz(angle).transl( -(4*1x/10)+1e
-9, ly/2-1e-9, 0) )

7» defregion(4, BodyCuboidFelayer.rotz(angle).transl( -(4*1x/10)+1e

-9, -ly/2+1e-9, 0) )

5 defregion(5, BodyCuboidFelayer.rotz(angle).transl( -(2*1x/10)+(1x

/10)+1e-9, 0, 0) )
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7 defregion(7, BodyCuboidFelayer

8(

8

8

85

86

88

100

101

102

; defregion(6, BodyCuboidFelayer

Appendix A. Appendix

-9, 1ly/2-1e-9, 0) )

-9, -ly/2+1e-9, 0) )

» defregion(8, BodyCuboidFelayer.

0, 0) )
defregion(9, BodyCuboidFelayer.
0) )

.rotz(angle).

.rotz(angle).

rotz(angle).

rotz(angle).

transl( -(2*1x/10)+1e

transl( -(2*1x/10)+1e

transl( (1x/10)-1e-9,

transl( O,

ly/2-1e-9,

defregion(10, BodyCuboidFelayer.rotz(angle).transl( 0, -ly/2+1le-9,

0) )

defregion(11, BodyCuboidFelayer.

/10)-1e-9, 0, 0) )
defregion(12, BodyCuboidFelayer
-9, 1ly/2-1e-9, 0) )
defregion(13, BodyCuboidFelayer
-9, -ly/2+1e-9, 0) )

7 defregion(14, BodyCuboidFelayer.

/10)-1e-9, 0, 0) )

defregion(15, BodyCuboidFelayer.

-9, 1ly/2-1e-9, 0) )

defregion(16, BodyCuboidFelayer.

-9, -ly/2+1e-9, 0) )

defregion(17,
defregion(18,
defregion(19,
defregion(20,
defregion(21,

BodyCentreCylinde

rotz(angle)

.rotz(angle)

.rotz(angle)

rotz(angle)

rotz(angle)

rotz(angle)

r)

ayer)

.transl(

.transl(

.transl(

.transl(

.transl(

.transl(

(2*1x/10)+(1x

(2*1x/10)-1e

(2*1x/10)-1e

(4*1x/10)+(1x

(4*1x/10)-1e

(4*1x/10)-1e

BodyCentreCylinder.transl(-(4*1x/10)+1e-9, 0, 0))
BodyCentreCylinder.transl(-(2*1x/10)+1e-9, 0, 0))

BodyCentreCylinder.transl((2*1x/10)-1e-9, 0, 0))
BodyCentreCylinder.transl((4*1x/10)-1e-9, 0, 0))
s // defregion(6, BodyCuboidNiO21

m.setRegion(1, uniform(0, 1, 0).Add(0.1, randomMag()) ) // Right
m.setRegion(2, uniform(0, -1, 0).Add(0.1, randomMag()) ) // Left
m.setRegion(3, uniform(-1, 0, 0).Add(0.1, randomMag()) ) // Top
m.setRegion(4, uniform(1, O, 0).Add(0.1, randomMag()) ) //
Bottom
m.setRegion(5, uniform(0, -1, 0).Add(0.1, randomMag()) ) // Right
m.setRegion(6, uniform(1, O, 0).Add(0.1, randomMag()) ) // Top
m.setRegion(7, uniform(-1, 0, 0).Add(0.1, randomMag()) ) //
Bottom

94



107

108

109

110

111

140

s Msat.setRegion(1, satmag
»» Msat.setRegion(2, satmag

» Msat.setRegion(5, satmag
3 Msat.setRegion(6, satmag

, Msat.setRegion(9, satmag
7 Msat.setRegion(10, satmag )
s Msat.setRegion(11, satmag )

A.1. Supplementary Material for Interface-Exchange Mediated Vortex Imprinting
in NiO-Fe

m.setRegion(8, uniform(0, 1, 0).Add(0.1, randomMag()) ) // Right

m.setRegion(9, uniform(-1, 0, 0).Add(0.1, randomMag()) ) // Top

m.setRegion(10, uniform(1, 0, 0).Add(0.1, randomMag()) ) //
Bottom

m.setRegion(11, uniform(0, -1, 0).Add(0.1, randomMag()) ) //
Right

m.setRegion(12, uniform(1, 0, 0).Add(0.1, randomMag()) ) // Top

m.setRegion(13, uniform(-1, 0, 0).Add(0.1, randomMag()) ) //
Bottom

, m.setRegion(14, uniform(0, 1, 0).Add(0.1, randomMag()) ) // Right

m.setRegion(15, uniform(-1, 0, 0).Add(0.1, randomMag()) ) // Top

;s m.setRegion(16, uniform(1, 0, 0).Add(0.1, randomMag()) ) //

Bottom

2 m.setRegion(17, uniform(0, 0, 1).Add(0.1, randomMag()) ) //

cylinder at the centre
m.setRegion(18, uniform(0, 0, -1).Add(0.1, randomMag()) ) //
cylinder at the centre

> m.setRegion(19, uniform(0, 0, 1).Add(0.1, randomMag()) ) //

cylinder at the centre

»» m.setRegion(20, uniform(0, 0, -1).Add(0.1, randomMag()) ) //

cylinder at the centre
m.setRegion(21, uniform(0, 0, 1).Add(0.1, randomMag()) ) //
cylinder at the centre

x // m.setRegion(6, uniform(0, 0, 0) )y //

NiO2 layer

Msat.setRegion(3, satmag
Msat.setRegion(4, satmag

Msat.setRegion(7, satmag
Msat.setRegion(8, satmag

N N NN NN N N NS

Msat.setRegion(12, satmag )
Msat.setRegion(13, satmag )
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Msat.setRegion(14, satmag
: Msat.setRegion(15, satmag
Msat.setRegion(16, satmag
Msat.setRegion(17, satmag
s Msat.setRegion(18, satmag
» Msat.setRegion(19, satmag
7 Msat.setRegion(20, satmag
Msat.setRegion(21, satmag

N N N N NN N\

// Msat.setRegion(6, 0.0 ) // NiO2 layer

//

Simulate

SaveAs(m, sprintf(”’micustomfivevortexKz%.2f Ki %.1f.ovf”, Kz

» Ki))

55 relax()
s minimize()
7 tablesave()

SaveAs(m, sprintf(”’mfcustomfivevortexKz%.2f Ki %.1f.ovf”, Kz

» Ki))

print(Kz, Ki, Eexch, Eanis, Edemag, EZeeman, Etotal)

/*

Vortex State in AFM

Y/

//

nx

ny :

nz

; dx
7 dy

dz

1x

Author: T. Wagner, adapted from V. K. Bharadwaj
Date: 07.02.2023
Description: Map the FM five vortex state into the AFM layer.

System size
1= 640

128

2

le-9
le-9
le-9

nx*dx
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ny*dy
nz*dz

a ly
2 1z

SetGridSize(nx,ny,nz)

» SetCellSize(dx, dy, dz)
2 OpenBC = true

3

// Material Constants taken from paper https://aip.scitation.org/
doi/10.1063/1.4867597

satmag := 5e6 // A/m

51 Kz 1= -5e5

2 Kl := 0.0

53 AexIntra := 2.1e-11 // J/m

55 AnisU = vector(0,0,1)

s Aex = AexIntra // J/m

v

7 Kul = Kz

33 Msat = satmag

»» Alpha = 0.01

o Enabledemag = False

> // Custrom Fields: Fourth order in-plane anisotropy
; Ki4d := Ki

// c1 := Constvector(1,0,0)

s // c2 := Constvector(0,1,0)

7 // anisField := Add( Mul( Const(-0.25 * Ki4 / (satmag)), Mul(Mul(
Mul (Dot(c1, m), Dot(cl, m)), Dot(cl, m)), c1) ), Mul( Const
(-0.25 * Ki4 / (satmag)), Mul(Mul(Mul(Dot(c2, m), Dot(c2, m)),
Dot(c2, m)), c2) ) )

s // anisEdens := Dot(anisField, m)
// AddFieldTerm(anisField)
// AddEdensTerm(anisEdens)

53 BodyCuboidNiO2layer := cuboid(lx, ly, 1e-9).transl( 0, O, 0.5
e-9 )

s defregion(6, BodyCuboidNiO2layer)
57 m.loadfile(”initialcustomfivevortex1.out/

mfcustomfivevortexKz -500000.00Ki10000.0.0vf”)
//m.setRegion(6, randommag() ) // Nio2
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layer
m.setRegion(6, uniform(1, 0, 0).Add(0.1, randomMag())
) // NiO2 layer

// define a region for every layer, needed for interlayer exchange
coupling

:» for i:=0; ijnz; i++-

defRegion(i, layer(i))

s save(regions)

7 AexInter := 2.1le-2

scale := (AexInter * dz) / (2 * AexIntra)

o for j:=0; jinz-1; j++-

extscaleExchange(j, j+1, scale)

; frozenspins.setregion(0, 1)

s // Simulate

7 SaveAs(m, sprintf(’miFefivevortexNirandKz%.2fKi %.1

80

8

8

84

fJinter%.2f.ovf”, Kz, Ki, AexInter))

7 print(Kz, Ki, AexInter, Eexch, Eanis, Edemag, EZeeman, Etotal

)

relax()

> minimize()

tablesave()

; SaveAs(m, sprintf("mfFefivevortexNirandKz%.2fKi %.1

fJinter%.2f.ovf”, Kz, Ki, AexInter))
/*
Vortex State in FM

Author: T. Wagner, adapted from: V. K. Bharadwaj

Date: 07.02.2023

Description: Study stability of five vortex state mapping in
AFM layer from five vortex state in FM layer.
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*/

» // System size

//nx := 640
//ny := 128
s //nz = 2

;7 //dx := le-9

//dy := 1le-9
o //dz := 1e-9
nx := 1280
> ny := 256
» Nz 1= 4

s dx := 0.5e-9
. dy := 0.5e-9

7 dz := 0.5e-9

1x := nx*dx
ly := ny*dy
lz := nz*dz

3 SetGridSize(nx,ny,nz)

. SetCellSize(dx, dy, dz)

OpenBC = true

7 // Material Constants taken from paper https://aip.scitation.org/

doi/10.1063/1.4867597

satmag := 5e6 // A/m

o AexIntra := 2.1e-11 // J/m

Aex = AexIntra // J/m

» Msat = satmag

Alpha = 0.01
Enabledemag = False

» BodyCuboidNiO2layer := cuboid(lx, ly, 1e-9).transl( 0, O, 0.5

e-9 )

7 defregion(6, BodyCuboidNiO2layer) // NiO2 layer

// define a region for every layer, needed for interlayer exchange
coupling
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si //for 1:=0; ijnz; i++-

2 //

53

54

58

59

60

64

//

defRegion(i, layer(i))

s defRegion(0, layer(0).add(layer(1l)))
s defRegion(1, layer(2).add(layer(3)))

save(regions)
o1 //KzMin = 1le5
« //KzMax = 8e5
¢ //Kzstep := 0.5e5
¢s KzMin = 6e5
o KzMax = 6e5
« Kzstep := 0.5e5

68

o for K1:=Kzmin; K1j=Kzmax; Kl+=Kzstep-

70

71

72

80

81

82

83

84

85

86

// Setting the anisotropy parameter and direction
Kz := K1
Kul = -Kz

AnisU = vector(0,0,1)

Keff := K1 - (0.5*MUO*satmag*satmag)

Ki := 0.0

/ /RKKYmin = 0.9e-4
/ /RKKYmax = 12e-4
//RKKYstep = le-5
RKKYmin = 6e-4
RKKYmax = 6e-4
RKKYstep = le-5

for RKKY1:=RKKYmin; RKKY1;=RKKYmax; RKKY1+=RKKYstep-

m.loadfile(”initialcustomfivevortex2smallcs.out/
miFefivevortexNirandKz -500000.00Ki 0.0Jinter0.02.0vf

)

AexInter := RKKY1
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9 scale := (AexInter * dz) / (2 * AexIntra)
94 //for j:=0; jinz-1; j++-

05 // extscaleExchange(j, j+1, scale)

% //

9 for j:=0; ji2; j++-
o8 extscaleExchange(j, j+1, scale)

101 frozenspins.setregion(0, 1)

102 //m.setregion(1, uniform(-1, 0, 0).Add(0.1, randomMag()))

103 //m.setregion(1l, randomMag())

104 SaveAs(m, sprintf(”miFevortexNiuniXKz%.dKi%.1
fJinter%.6f.ovf”, Kz, Ki, AexInter))

105

106 relax()

107 minimize()

108

109 SaveAs(m, sprintf("mfFevortexNiuniXKz%.dKi %.1
fJinter%.6f.ovf”, Kz, Ki, AexInter))

112 print(Kz, Ki, AexInter, Eexch, Eanis, Edemag, EZeeman,
Etotal)

A.1.3 Original Data for Fig. 3.9

In Fig. 3.9 the data was transformed such that a linear fit function could be used.

In Fig. A.1 we show the original, untransformed data.
A.2 Supplementary Material for Interface-Exchange
Coupling of Spin Dynamics in Mn;Au-Py

A.2.1 VAMPIRE Input Code for Mn;Au

We atomistically simulated the magnetic ground state of MnyAu using the follow-
ing input code for VAMPIRE.
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DO DN
o [N}

—
[oe}

—_

Vortex Core FWHM [nm]
= >

—_
-
(e}

tapm = 0.8 nm
tapm = 1.6 nm
tapm = 2.4 nm
—t— tapy = 3.2nm
—#— tapy = 4.0 nm
—— tapy = 4.8 nm
—4— tapy = 5.6 nm
—4— tapy = 6.4 nm

Jeoup [107* J/m?]

Figure A.1: Scaling of the vortex core size with the interface coupling strength for
different AFM layer thicknesses.

dimensions:system-size-x=5 !nm

dimensions:system-size-y=5 !nm

dimensions:system-size-z=5 !nm

#dimensions:unit-cell-size=2.866

material:file=Mn2Au.mat

sim:
> sim:
sim:
sim:
5 sim:
sim:
sim:

time-step=1.0E-16
time-steps-increment=1000
cooling-time=0.1!ns
cooling-function=linear
total-time-steps=1000000
minimum-temperature=0
maximum-temperature=1000

'A

s material:unit-cell-file=Mn2Au.ucf
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anisotropy:enable-bulk-neel-anisotropy
anisotropy:surface-anisotropy-threshold=20

2 anisotropy:surface-anisotropy-nearest-neighbour-range=0.4!nm

sim:program=field-cool

55 sim:integrator=11g-heun

output:real-time

: output:temperature
s output:material-magnetization

output :mean-magnetisation-length

5 output:magnetization

s material[1]:material-name="Mn”
7 material[1]:damping-constant=1.0

material[1]:atomic-spin-moment=3.79!muB
material[1]:material-element="C”

» material[1]:density=1.00
» material[1]:initial-spin-direction=random
: material[1]:exchange-matrix[1]=6.67!mRyd

material[1]:exchange-matrix[2]=6.67!mRyd

: material[1]:uniaxial-anisotropy-constant = -9e-24

s material[2]:material-name="Mn”
; material[2] :damping-constant=1.0
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material[2]:atomic-spin-moment=3.79!muB
» material[2]:material-element="Mn”
material[2]:density=1.00
material[2]:initial-spin-direction=random
material[2]:exchange-matrix[1]=6.67 !mRyd
material[2]:exchange-matrix[2]=6.67 !mRyd
s material[2]:uniaxial-anisotropy-constant = -9e-24
s material[3]:material-name="Au”
» material[3]:non-magnetic
Unit cell size:
.54 3.54 3.54
Unit cell vectors:
.0 0.0 0.0
.0 1.0 0.0
.0 0.0 1.0
Atoms num, id cx cy cz mat lc hc
0.50.50.501 2
Interactions n exctype, id i j dx dy dz Jij
0
00100 11.2e-21
00-100 11.2e-21
00010 11.2e-21
00O0-10 11.2e-21
00001 11.2e-21
0000 -111.2e-21

A.2.2 Fitting Procedure of the Kittel Equation

We fit Eq. (4.30) to the experimentally determined resonance frequencies as a func-

tion of Hy for each FM layer thickness with k; ; and k; ; as fitting parameters. For

this we use the fitting formula

2 =p(1)x* + p(2)x + p(3).

(A1)

This equation is related to the Kittel equation Eqn. (4.30) in the following way

fZ

A A
(%ﬂoH'i‘ Y sz)(£ﬂ0H+2L—Fk2+f‘2

27 My 7 My

) (A2)

104



A.2. Supplementary Material for Interface-Exchange Coupling of Spin Dynamics
in Mn,Au-Py

Y Ar Y Ar
+ﬂM_Mk2(ﬂM_Mk2+f2) (A.3)
= fE+ fu(for + fr2) + fr1 fro- (A.4)

e . . AF 1.2 . AF 1.2
We use x = poH, fg = %,uOH,fFl = %A/I—Lk s fr2 = %A/I—Lk + f,. Thus

we can identify:

2

_ Y
p(1) = 2 (A.5)
p(2) = (2}/—”) (fr1 + fr2)a (A.6)
?p(3) = fr1 fr2a. (A7)

By dividing by the appropriate power of ;- we can convert the fitting constants

from GHz (the unit of the experimental data of f) into

pl = a, (A.8)
p2 = a(fr1 + fr2), (A.9)
p3 = a fr1 fra (A.10)

where a is an arbitrary scaling constant. Here, p1 is the dimensionless scaling
constant that originates from the experiment, p2 has the unit Hz and p3 Hz*. We

combine the above relations for p1, p2, p3

2
fr1 = i—l = fF2, (A.11)
2 + \/p22 — 4p3pl
fra1p2 = b2 = NP il . (A.12)

2p1

By division of fr;/(y/(2 7)) we convert fr; into Tesla. From the evaluation of the

frequencies we can now determine the FM k vector

b =\ fin (A.13)

By inserting this k vector into the transcendental equation
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Appendix A. Appendix

ktptan(k tp) =

2
) My
]int MN 5 MZ
Ax AR

Aa

Z

%F % tanh(“’%A ta)

, A.14
Jint M3, £2 1 ( )

Wi1A Wi1A
- tanh(T tA) + AL £

and solving for J;,; we determine the thickness dependence of the interlayer cou-

pling strength Ji,; My in T. We determine the FM k vectors for each resonance fre-

quency branch f; and f,. From the boundary conditions and Eq. (4.30) we obtain

the approximate expression in Eqn. (4.29). We determine ¢ JexchMpm = 1.6 T nm.
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Other Information

B.1 Contributions

In this section we detail the contributions of the author to the projects presented

in this work (names of collaborators removed for data privacy).

B.1.1 Revealing the ultra-fast domain wall motion in Mn,Au

through permalloy capping

« Simulation and numerical data evaluation by the author and -

« Phenomenological model and calculations by the author, supported by - and

« Manuscript writing by the author, - and -, supported by -

B.1.2 Coupling of ferromagnetic and antiferromagnetic spin

dynamics in Mn;Au/NiFe thin-film bilayers

« Phenomenological model and calculations by the author, supported by -
« Manuscript writing by the author and -, supported by - and -

B.1.3 Imprinting of Antiferromagnetic Vortex States in NiO-

Fe Nanostructures

« Simulation and numerical data evaluation by the author, supported by -

« Phenomenological model and calculations by the author, supported by -
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