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Abstract
Collective spin excitations propagating in magnetically ordered materials are called spin

waves (SWs) or magnons. They are promising for low-power and beyond-CMOS information

processing, which do not suffer from the ohmic losses. SWs in ferromagnets (antiferromagnets)

cover the few GHz (hundreds of GHz to few THz) frequency regime and possess wavelengths in

the range of few tens of nanometers which is about five (four) orders of magnitude shorter than

electromagnetic waves of the same frequency. This property makes SWs an ideal candidate for

applications in microwave and THz technology, essential for on-chip processing of wireless

telecommunication signals. Of particular interest are the SWs in antiferromagnets (AFMs)

because of the two following properties. First, they offer high group velocities due to negligible

net magnetization and dipolar effects. Second, their high frequencies due to strong exchange

interaction can be utilized to close the THz gap (overcoming the lack of small-sized solid-

state THz sources). In this thesis, we investigate SWs in AFMs regarding their potential for i)

microwave and ii) THz magnonic devices.

i) Yttrium iron garnet (YIG) has been considered the "fruit fly" of magnonics since 1961 due

to its low magnetic damping. However, being a ferrimagnet, dipolar interactions cause its

magnon band to be inherently anisotropic leading to a reduction of the SW group velocity

by an order of magnitude to below 1 km/s in thin film form. Here we report the dispersion

relation of the low-frequency SW branch of the natural mineral hematite in its canted AFM

phase. We determine the damping coefficient of 1.1×10−5 from broadband GHz spectroscopy

measurements at room temperature. The SW group velocities amount to a few 10 km/s

measured by means of wave vector resolved inelastic Brillouin light scattering (BLS). We

estimate the SW decay length at small magnetic field of 30 mT to be 1.1 cm. With such a fast

SW speed and low damping, our results promote hematite as an alternative and sustainable

basis for AFM magnonic devices based on a stable natural mineral.

ii) The advancement of compact and adaptable sources of THz-frequency electromagnetic

signals would pave the way for a myriad of novel applications. AFM spintronics has introduced

the AFM spin-Hall nano-oscillator (AFM-SHNO), which generates THz signal via the combina-

tion of spin-orbit torque (SOT) induced self-sustained THz spin dynamics, spin pumping and

the inverse spin Hall effect. In contrast to previous studies on AFM-SHNOs that only examined

uniform excitations in the macrospin approximation, we conducted theoretical and micro-

magnetic simulations on nano-constriction (NC) based SHNOs with uniaxial anisotropy AFM.

Our results demonstrate the excitation of propagating SWs by SOT and predict a minimum

threshold current with respect to NC size achievable by current nanotechnology. Additionally,

v



Abstract

we found that the output power of the THz signal generated by uniaxial AFM-based NC-SHNOs

is three orders of magnitude higher than that of biaxial AFM-based uniformly excited SHNOs.

Our findings highlight the potential of uniaxial AFMs for THz SHNOs, which were previously

considered unsuitable. This research advances the understanding of current-driven SWs in

AFM-SHNOs, leading to the optimization of practical devices in terms of material, geometry,

and frequency. The propagating SWs offer remote terahertz signal generation and efficient

synchronization of SHNOs for high-power applications.

Key words: Antiferromagnetic Magnonics, Antiferromagnetic Spintronics, Hematite, THz spin-

Hall nano-oscillator

vi



Zusammenfassung
Kollektive Spinanregungen, die sich in magnetisch geordneten Materialien als Spinwellen

(SWs) oder Magnonen ausbreiten, sind vielversprechend für die Informationsverarbeitung mit

niedriger Leistung und jenseits von CMOS, die nicht unter dem ohmschen Verlust leidet. SWs

in Ferromagneten (Antiferromagneten) existieren in einem Frequenzbereich von wenigen

GHz (Hunderte GHz bis wenige THz) besitzen Wellenlängen im Bereich von wenigen zehn

Nanometern, was etwa fünf (vier) Größenordnungen kürzer ist als elektromagnetische Wellen

derselben Frequenz. Diese Eigenschaft macht SWs zu einem idealen Kandidaten für die

Anwendung in der Mikrowellen- und THz-Technologie, die für die On-Chip-Verarbeitung von

drahtlosen Telekommunikationssignalen unerlässlich ist. Von besonderem Interesse sind die

SWs in Antiferromagneten (AFM) wegen der beiden folgenden Eigenschaften. Erstens bieten

sie aufgrund vernachlässigbarer Nettomagnetisierung und der Vermeidung von dipolaren

Effekten hohe Gruppengeschwindigkeiten. Zweitens können ihre THz-Frequenzen aufgrund

der starken Austauschwechselwirkung genutzt werden, um die THz-Lücke zu schließen (und

den Mangel an miniaturisierten Festkörper-THz-Quellen bekäupfen). In dieser Dissertation

untersuchen wir SWs in AFM-Materialien hinsichtlich ihres Potenzials für i) Mikrowellen- und

ii) THz-magnonische Geräte.

i) Yttrium-Eisen-Granat (YIG) gilt aufgrund seiner geringen magnetischen Dämpfung seit

1961 als „Fruchtfliege“ der Magnonik. Da es sich jedoch um einen Ferrimagneten handelt,

führen dipolare Wechselwirkungen dazu, dass seine Magnonband struktur inhärent anisotrop

ist und zu einer Verringerung der SW-Gruppengeschwindigkeit um eine Größenordnung auf

unter 1 km/s in dünnen Filmen führt. Hier berichten wir über die Dispersionsbeziehung des

niederfrequenten SW-Zweigs des natürlichen Minerals Hämatit in seiner kanten AFM-Phase.

Aus Breitband-GHz-Spektroskopiemessungen und SW-Gruppengeschwindigkeiten von eini-

gen 10 km/s, gemessen mittels wellenvektoraufgelöster inelastischer Brillouin-Lichtstreuung

(BLS) bei Raumtemperatur, ermitteln wir den Dämpfungskoeffizienten von 1.1×10−5. Wir

schätzen die SW-Zerfallslänge bei einem kleinen Magnetfeld von 30 mT auf 1.1 cm ab. Mit

einer so schnellen SW-Geschwindigkeit und geringen Dämpfung fördern unsere Ergebnisse

Hämatit als alternative und nachhaltige Basis für AFM-Magnonikgeräte auf der Basis eines

stabilen natürlichen Minerals.

ii) Die Weiterentwicklung kompakter und anpassungsfähiger Quellen von THz-Frequenzsignalen

würde den Weg für eine Vielzahl neuartiger Anwendungen ebnen. AFM-Spintronics hat den

AFM-Spin-Hall-Nanooszillator (AFM-SHNO) herorgebradt, der ein THz-Signal über die Kom-

bination von Spin-Orbit-Torque (SOT)-induzierter selbsterhaltender THz-Spindynamik, Spin-
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Pumpen und dem inversen Spin-Hall-Effekt erzeugt. Im Gegensatz zu früheren Studien zu

AFM-SHNOs, die nur gleichförmige Anregungen in der Makrospin-Näherung untersuchten,

führten wir theoretische und mikromagnetische Simulationen auf Nanoeinschnürungs(NC)-

basierten SHNOs mit uniaxialer Anisotropie-AFM durch. Unsere Ergebnisse zeigen die Anre-

gung sich ausbreitender SWs durch SOT und sagen einen minimalen Schwellenstrom in Bezug

auf die NC-Größe voraus, die durch die aktuelle Nanotechnologie erreichbar ist. Darüber

hinaus fanden wir heraus, dass die Ausgangsleistung des THz-Signals, das von uniaxialen

AFM-basierten NC-SHNOs erzeugt wird, drei Größenordnungen höher ist als die von zwei-

achsigen AFM-basierten gleichmäßig angeregten SHNOs. Unsere Ergebnisse unterstreichen

das Potenzial von uniaxialen AFMs für THz-SHNOs, die zuvor als ungeeignet galten. Diese

Forschung fördert das Verständnis von stromgetriebenen SWs in AFM-SHNOs und führt zur

Optimierung praktischer Geräte in Bezug auf Material, Geometrie und Frequenz. Die sich

ausbreitenden SWs bieten eine ausgedehnte Terahertz-Signalerzeugung und eine effiziente

Synchronisation von SHNOs für Hochleistungsanwendungen.

Stichwörter: Antiferromagnetische Magnonik, Antiferromagnetische Spintronik, Hämatit, THz-

Spin-Hall-Nanooszillator
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Résumé
Les excitations collectives de spin se propageant dans les matériaux ordonnés magnétique-

ment sont appelées ondes de spin (SW) ou magnons. Ils sont prometteurs pour le traitement

de l’information à faible consommation d’énergie et au-delà de la technologie CMOS, qui ne

souffrent pas de pertes ohmiques. Les SW dans les ferromagnétiques (antiferromagnétiques)

couvrent le régime de fréquence de quelques GHz (de quelques centaines de GHz à quelques

THz) et possèdent des longueurs d’onde dans la plage de quelques dizaines de nanomètres,

soit environ cinq (quatre) ordres de grandeur plus courts que les ondes électromagnétiques

de même fréquence. Cette propriété fait des SW un candidat idéal pour les applications dans

la technologie des micro-ondes et des THz, essentielle pour le traitement intégré des signaux

de télécommunication sans fil. Les SW dans les antiferromagnétiques (AFM) sont particuliè-

rement intéressants en raison des deux propriétés suivantes. Premièrement, ils offrent des

vitesses de groupe élevées en raison de l’aimantation nette négligeable et des effets dipolaires.

Deuxièmement, leurs hautes fréquences dues à l’interaction d’échange forte peuvent être

utilisées pour combler le vide THz (en surmontant le manque de sources THz à l’état solide de

petite taille). Dans cette thèse, nous étudions les SW dans les AFM en ce qui concerne leur

potentiel pour i) les dispositifs magnoniques de micro-ondes et ii) THz.

i) Depuis 1961, la grenat d’yttrium et de fer (YIG) est considérée comme la "mouche du

vinaigre" de la magnonique en raison de sa faible amortissement magnétique. Cependant,

en tant que ferrimagnétique, les interactions dipolaires entraînent une anisotropie inhérente

de la bande de magnons, ce qui réduit la vitesse de groupe des ondes de spin d’un ordre de

grandeur, en dessous de 1 km/s sous forme de film mince. Nous présentons ici la relation de

dispersion de la branche à basse fréquence des ondes de spin de la phase antiferromagnétique

inclinée du minéral naturel hématite. Nous avons déterminé le coefficient d’amortissement

de 1.1×10−5 à partir de mesures de spectroscopie GHz à large bande à température ambiante.

Les vitesses de groupe des ondes de spin atteignent quelques 10 km/s, mesurées au moyen

de la diffusion inélastique de Brillouin résolue par le vecteur d’onde (BLS). Nous estimons la

longueur de décroissance des ondes de spin à un petit champ magnétique de 30 mT à 1.1 cm.

Avec une telle vitesse rapide et un faible amortissement des ondes de spin, nos résultats font

de l’hématite une base alternative et durable pour les dispositifs magnoniques AFM basés sur

un minéral naturel stable.

ii) L’avancée des sources compactes et adaptables de signaux électromagnétiques à haute

fréquence THz ouvrirait la voie à une multitude d’applications novatrices. La spintronique

AFM a introduit l’oscillateur nano spin-Hall AFM (AFM-SHNO), qui génère un signal THz

ix
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via la combinaison de la dynamique de spin auto-soutenue induite par le couple spin-orbite

(SOT), le pompage de spin et l’effet Hall inverse. Contrairement aux études précédentes sur

les AFM-SHNO qui ont seulement examiné les excitations uniformes dans l’approximation du

macrospin, nous avons mené des simulations théoriques et micromagnétiques sur des SHNOs

basés sur des nano-contraintes (NC) avec une AFM à anisotropie uniaxiale. Nos résultats

démontrent l’excitation d’ondes de spin propagatives par SOT et prévoient un courant seuil

minimum par rapport à la taille des NC atteignable par les nanotechnologies actuelles. De

plus, nous avons constaté que la puissance de sortie du signal THz généré par les NC-SHNOs

basés sur l’AFM à anisotropie uniaxiale est trois ordres de grandeur supérieure à celle des

SHNOs uniformément excités basés sur l’AFM à anisotropie biaxiale. Nos résultats mettent

en évidence le potentiel des AFMs uniaxiales pour les SHNOs THz, qui étaient auparavant

considérées comme inadaptées. Cette recherche fait progresser la compréhension des ondes

de spin entraînées par le courant dans les AFM-SHNOs, conduisant à l’optimisation des

dispositifs pratiques en termes de matériau, de géométrie et de fréquence. Les ondes de spin

propagatives offrent une génération de signal THz à distance et une synchronisation efficace

des SHNOs pour les applications à haute puissance.

Mots clés : Magnonique antiferromagnétique, Spintronique antiferromagnétique, Hématite,

Nano-oscillateur spin-Hall THz
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1 Motivation and context

Modern technologies rely on materials with magnetic order (magnetic materials). Applications

for these include energy-harvesting windmills, microwave components and non-volatile data

storage. Nowadays, wireless communication is essential in modern society, especially as

we move towards an internet of things (IoT) [3] where an increasing number of devices is

connected and shares information in real time. By the end of 2019, it was estimated that there

were about 8 billion active IoT devices, with a projection for this number to triple in the next

10 years [4]. Furthermore, data traffic in wireless communication networks is experiencing an

explosive growth. It was estimated to account for more than 60% of the overall Internet traffic

by 2021 [5]. Current research is focused on optimizing power consumption and miniaturizing

microwave and THz devices to overcome these challenges. In case of microwave electronics,

multi-band microwave receivers are required, but the use of fixed filter technology in their

construction significantly increases the cost, size, and energy consumption of these devices

[6]. To overcome the associated capacity challenges, wireless communication networks will

need to exploit frequency windows of THz spectrum. However, currently there are no scalable

and efficient THz sources and detectors in the frequency range of 0.1-10 THz, which is known

as the THz gap [5, 7, 8].

Here, magnonic devices [9–13] offer the potential for unprecedented downsizing and low

energy consumption as they employ spin waves (SWs, magnons). Spin waves are collective

spin excitations in magnetically ordered materials. They typically offer frequencies in the GHz

range for ferro- and ferrimagnets (FMs) and THz range for antiferromagnets (AFMs). Magnons

can facilitate information transport and processing without moving electric charges, hence,

avoiding joule heating. Magnons offer significantly shorter wavelengths at GHz frequencies

compared to electromagnetic waves in air. This unique property is a key aspect of magnonics-

based microwave technology. Furthermore, SW excitations in AFMs offer frequencies which

cover perfectly the THz gap. These materials can be utilized to close the THz gap in terms

of antiferromagnetic spintronic and magnonic devices [5–30]. Antiferromagnetic materials

have interesting properties which could help to advance both of the abovementioned areas.

This thesis addresses SWs in antiferromagnetic materials regarding their applicability in mi-
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Chapter 1. Motivation and context

crowave and THz magnonic devices, which are contextualized in the following two sections.

We reconsider arguments from our own works [14, 15].

1.1 GHz antiferromagnetic spin waves: high speed and long decay

length

The development of energy efficient magnonic circuits requires isotropic spin wave dispersion

relations, high group velocities, and low magnetic damping. The artificial garnet Y3Fe5O12

(YIG) has long been central to the study of magnonics functionalities. In 1961, M. Sparks et

al drew a comparison between the importance of YIG in ferromagnetic resonance research

and the significance of the fruit fly in genetics research, highlighting the essential role that

YIG plays in this field [16]. This was especially true for wafer scale high-quality YIG grown

using liquid phase epitaxy. However, in a ferromagnetic material like YIG, magnon bands

in the regime of small wave vectors and low GHz frequencies are inherently anisotropic due

to the dipolar interaction between spins. Furthermore, moving from bulk and thick films

to nanometer thin films, which is a necessary step for miniaturization of devices, the group

velocity and decay length of magnons drop from about 30 km/s and 14 mm to less than

1 km/s and few 100 µm, respectively. To compensate performance reduction, researchers

have developed microwave-to-magnon transducers that allow for the excitation of exchange-

dominated spin waves in thin films with isotropic properties and larger group velocities. Some

of these transducers involved additional ferromagnets and showed either narrow excitation

bands [11, 12] or required an applied field of up to 0.1 T [13] to enable fast spin waves in thin

YIG. There is a need for materials that offer spin waves with high speed over a broad range

of frequencies and wave vectors, that can be accessed with standard transmission lines and

coplanar waveguides (CPW) and without needing extra ferromagnetic parts.

In AFMs, the dispersion relation of spin waves is primarily determined by the huge exchange

interaction, even at small wave vectors. Due to the lack of net magnetization in these materials,

dipolar interactions have a negligible impact on the spin wave dispersion. Research has found

that spin waves can exhibit high group velocities in antiferromagnetic materials, with reported

values being comparable to those in thick YIG and as high as 30 km/s. Strikingly, one magnon

branch of the canted antiferromagnet hematite (α-Fe2O3) provide SWs in GHz frequencies

at room temperature. Because of this promising feature for GHz magnonics, hematite has

got a lot of attention in recent years. Its strikingly low magnetic damping (7.8×10−6) enabled

already incoherent long distance spin transport and enhanced spin pumping. However, there

was no experimental report on its GHz magnon band structure in wave vector ranges relevant

for magnonics at the start of this PhD thesis. Exactly these considerations are the starting

point for the experimental investigation of the natural mineral hematite.
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1.2 Spin-Hall nano-oscillators as THz generators: propagating THz

antiferromagnetic spin waves

The generation of terahertz (THz) radiation is a subject of ongoing research and development,

with a variety of methods proposed and implemented to date. These include the use of free-

electron lasers [17, 18], quantum cascade lasers [19, 20], superconductor Josephson junctions

[21], backward-wave oscillators [18, 22], and electro-optic rectification of laser radiation [23],

among others. However, it is important to note that each of these methods is associated with

certain limitations and challenges, such as complex experimental setups, low temperature

requirements, or large device dimensions. These factors can restrict the applicability of these

methods in practical scenarios, underscoring the need for further research and development

in this field. Therefore, there is an urgent need to develop small-sized solid-state THz sources

and detectors.

One of the most novel sources is introduced in the field of AFM spintronics. It is called AFM

spin-Hall nano-oscillator (AFM-SHNO). In an AFM-SHNO device, a spin current is generated

through the spin-Hall effect (SHE) in the adjacent heavy metal (HM) layer, which subsequently

enters the AFM layer and exerts a torque known as the spin-orbit torque (SOT). Theoretical

studies show that above a certain threshold current, SOT can compensate the damping and

induce self-sustained THz spin dynamics. The combination of the spin pumping [24, 25]

and inverse SHE [26, 27] can then generate electric currents oscillating at THz frequencies.

These studies suggest a great potential for AFM-SHNOs not only as dc-current driven THz

sources and detectors [2, 25, 28–40] but also as ultra-fast artificial neurons that generate

picosecond spikes [41, 42] which would facilitate ultra-fast neuromorphic computation [43–

46]. A comparison of AFM-SHNOs with other THz sources is presented in table 1.1 [2].

Table 1.1: Frequency range and output power of AFM-SHNOs compared to other THz sources.
For more detailed comparison see Ref. [2].

THz Source Frequency Range Output Power
AFM-SHNO 0.1-10 THz 0.1-1 µW [2]

Free Electron Laser 1-4 THz 1 W-10 kW [17, 18]
Quantum Cascade Laser 0.5-3 THz 0.1-1 µW [19, 20]

Superconducting Josephson Junction 0.1-1 THz 1 nW-1µW [21]
Backward-wave Oscillator 0.03-1.5 THz 1 mW-1 W [18, 22]

Electro-optical Laser Rectification 0.1-1 THz 1 µW-1mW [23]

It is known from the stablished knowledge of ferromagnetic (FM) SHNOs that generally these

devices provide low output power. To solve this issue, a huge effort has been put into devel-

oping a synchronization scheme for FM-SHNOs which is considered the primary vehicle to

achieve a sufficient signal for applications. One of the best developments with record high

synchronization efficiency and number of synchronized oscillators is the use of propagating

spin waves traveling from one oscillator to another. The focus of the literature on AFM-SHNOs

was so far on the uniform excitations. A study on the excitation of propagating waves is
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lacking. Furthermore, the existing studies have not considered a realistic SHNO incorporating

a nano-constriction (NC). NCs are essential for FM-SHNOs which excite propagating SWs

and enable the efficient synchronization of the oscillators granting sufficient signal quality for

applications. From macrospin studies which disregard spin wave ecxitations [2, 25, 28–42] it

was concluded that uniaxial AFM based SHNOs cannot generate THz output. Therefore, these

studies suggested the use of biaxial AFMs, which suffer from a high threshold current.

1.3 Thesis outline

This thesis is organized as follows: In chapter 2, we will present a general overview of the

principles of magnetism, with a focus on the specific concepts relevant to the research outlined

in this thesis. We will cover various energy terms for a canted antiferromagnet. Then we

introduce antiferromagnetic magnons in uniaxial and canted antiferromagnets.

In chapter 3, we describe the experimental methods and setups used in this thesis, including

the broadband microwave spectroscopy using vector network analyzer (VNA), Brillouin light

scattering and micromagnetic simulations. We also introduce sample preparation and thin

film growth of Hematite.

In chapter 4, we present spin wave spectra measured in different phases of bulk hematite using

VNA and BLS. In Sec. 4.1 we investigate the GHz magnon band of hematite. We measured

spin wave group velocities as high as 23.3 km/s and estimated decay length up to 11 mm for

relevant wave vectors for magnonic applications. In Sec. 4.2 we report on the sub-THz spin

waves of bulk hematite (α-Fe2O3) measured by BLS below its Morin temperature.

High quality epitaxial thin films of hematite are required to realize GHz and THz applications

mentioned in Sec. 1.1 and 1.2. In chapter 5 we present characterization of the grown epitaxial

hematite thin films and BLS measurements on GHz magnons at room temperature for these

samples. Here, we attempted to develop a recipe for growth of such thin films. We measured

the GHz SWs in our grown thin films. The results indicate that despite epitaxial growth of the

films, the ideal SW properties were not achieved due to substrate clamping and magnetoelastic

effects. This poses significant material science challenges in the path to realize AFM magnonic

devices which needs to be addressed by the community.

In chapter 6 we present our theoretical and micromagnetic study of NC based AFM-SHNOs.

We investigate NC based SHNOs with uniaxial anisotropy AFM. We evidence excitation of the

propagating SWs by SOT in this devices. Furthermore we show that not only the uniaxial AFMs

can generate THz outputs when used in NC based SHNOs, but also the generated output is

three order of magnitude larger compared to biaxial AFM based uniformly excited SHNO. This

is a significant improvement on both the power consumption and the output signal of the

AFM-SHNOs and draws the attention to the abandoned uniaxial AFMs which were considered

not suitable for THz SHNOs.

8



2 Theoretical background and literature
review

In this chapter we introduce the essential theoretical concepts required in the course of this

thesis. In Sec. 2.1 we provide a brief introduction to magnetism and magnetically ordered

materials. In order to develop a theory for canted antiferromagnets in general and hematite

in particular, we introduce the various energy terms for a two sublattice model in Sec. 2.2.

Then an analysis of the Morin transition [47, 48] is introduced in In Sec. 2.3 based on the

magnetic free-energy formalism. In Sec. 2.4 we introduce the spin dynamics of hematite for its

different magnetic phases. In Sec. 2.5 we briefly introduce spin to charge interconversion and

spin-orbit torque effects. In Sec. 2.6 we review current status of research concerning structural

and magnetic properties of epitaxial thin films of hematite grown by different techniques.

2.1 Introduction to Magnetism

Following quantum electrodynamics, a microscopic magnetic moment µi is attributed to

the spin and orbital angular momenta of electrons. The total magnetic moment m =∑
i µi is

directly proportional to the total angular momentum J via

m = γJ , (2.1)

where γ = −µ0eg
2me

is called the gyromagnetic ratio [49, 50]. Here µ0 = 4π · 10−7 N/A2 is the

vacuum permeability, e and me are the magnitude of charge and mass of electron, respectively

and g is the Landé factor. Most magnetic materials are typically governed by the spin angular

momentum with J ≈ S and g ≈ 2. For an electron the spin angular momentum projected

along any given direction amounts to 1
2ℏ, where ℏ is the reduced Planck constant. Thus the

associated magnetic moment of an electron is given by µB = ℏ|e|
2me

= 9.274 ·10−24 J/T and is

denoted as Bohr magneton. Despite the quantized nature, a classical continuum approach

can be used to describe most of the magnetic properties of solids.

In a solid, spin Si gives rise to a microscopic magnetic moment mi which leads to the magneti-

zation M =∑
i mi /V , that is the magnetic moments per volume V . The response of a magnetic
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material to an applied magnetic field H is given by

M = χ̂H , (2.2)

where χ̂ is the magnetic susceptibility tensor. Magnetic materials can be classified by their

response to an external field. Diamagnetic materials possess no permanent magnetic mo-

ment and χ is negative and very small on the order of 10−5. Paramagnetic materials possess

magnetic moments which are not ordered. By application of an external field the magnetic

moments are aligned into the field direction, resulting in a small macroscopic magnetization.

Here, χ is positive and on the order of 10−4. Ferromagnetic, ferrimagnetic and antiferromag-

netic materials possess permanent magnetic moments which are ordered also without the

application of an external magnetic field. The ordering is due to the quantum-mechanical

exchange interaction between neighboring angular momenta. The energy of the exchange

interaction is in the range of 10 to 100 meV and exceeds by far the energy of the classical

dipolar interaction amounting to about 0.1 meV [50]. In ferromagnetic materials neighboring

magnetic moments favored to align parallel to each other by the exchange interaction. The

relative susceptibility of a strong ferromagnet is on the order of 106. Ferrimagnetic materials

possess two different magnetic sublattices. Neighboring magnetic moments are aligned in an

anti-parallel fashion, however their magnitude is different. Hence ferrimagnets show a spon-

taneous magnetization and their macroscopic magnetic behavior is similar to ferromagnets.

Due to the partial cancelling of magnetic moments the saturation magnetization of ferrimag-

nets is typically smaller than for ferromagnets. In antiferromagnetic materials the exchange

interaction favors an anti-parallel orientation of identical magnetic moments resulting in a

vanishing macroscopic magnetization. The susceptibility of antiferromagnetic materials is

positive but very small, as an external field has to act against the exchange interaction. As the

antiferromagnets are at the core of the studies in this thesis, we review three main types of

antiferromagnetic order in Fig. 2.1. In a C-type antiferromagnet (Fig. 2.1(a)), the coupling

between spins in neighboring planes (inter-plane coupling) is ferromagnetic and the coupling

within each plane (intra-plane coupling) is antiferromagnetic. In an A-type antiferromagnet

(Fig. 2.1(b)), the inter-plane coupling is antiferromagnetic and the intra-plane coupling is

ferromagnetic. In an G-type antiferromagnet (Fig. 2.1(c)), both the inter-plane and intra-plane

couplings are antiferromagnetic. In the next section we will introduce different terms of the

free energy of a prototype A-type antiferromagnet called hematite (α-Fe2O3) which is studied

in this thesis.

2.2 Magnetic free energy of hematite: two sublattice model

The insulating antiferromagnet, hematite (α-Fe2O3) is the stable form of iron oxide. The

crystal structure of hematite shown in Fig. 2.2 is trigonal and it belongs to the rhombohedral

crystal system. It has corundum structure with the space group of R3̄c which has both three-

fold rotational symmetry and inversion symmetry within the rhombohedral unit cell. This

structure may be indexed hexagonal as well. The oxygen anions lie in hexagonal close-packed
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2.2 Magnetic free energy of hematite: two sublattice model

Figure 2.1: Schematics of different types of antiferromagnetic ordering.

layers and the iron cations occupy two thirds of the octahedral interstices in a symmetrical

fashion. However, the six nearest neighbor oxygen ions of an iron ion suffer a slight distortion.

Also, the four iron ions that surround each oxygen ion do not form a regular tetrahedron [48].

Bulk hematite has a Néel temperature TN ≃ 955 K. The magnetic moments lie in the c-plane

above the Morin temperature [47, 48] (TM ≃ 263 K for pure α-Fe2O3), and along the c-axis

below that temperature, as shown in Fig 2.2. We will discuss the Morin phase transition with

more detail in Sec. 2.3.

Exchange interaction

As hematite is an electrical insulator, the electrons are highly localized. Since hematite is

an antiferromagnet, the most important magnetic interaction must be the exchange. The

Heisenberg Hamiltonian is assumed to express the exchange interaction between a pair of

ferric ions, i and j , as

Hi j =−Ji j Si .S j , (2.3)

where Ji j < 0 for antiferromagnetism. By summation over a unit volume, V , the magnetization

of each sublattice can be described as

Ml =
1

V

∑
k

ml k , (2.4)

where mlk is the magnetic moment of k th ion in the l th sublattice with l = 1, 2. Now the

exchange free energy density is given by

Fe = Je M1.M2, (2.5)

where Je is the mean field coefficient relating the exchange mean field, HE , to the sublattice

magnetization.
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Dzyaloshinskii-Moriya interaction

hematite possesses a small spontaneous magnetization at room temperature and above

although it is basically an antiferromagnet. This weak ferromagnetism originates from a

small canting of the sublattice magnetization, M1 and M2. This canting is caused by the

Dzyaloshinskii-Moriya (DM) interaction [51–53] (or antisymmetric exchange interaction)

which its energy density is given by

FD = D . (M1 ×M2) , (2.6)

where D is the DM vector that lies along the c-axis. Therefore, if M1 and M2 lie along c-axis,

FD = 0 and if M1 and M2 lie in the c-plane FD is maximum. DM interaction originated from the

combination of spin-orbit coupling and lack of inversion symmetry in the magnetic material.

Anisotropy energy

The anisotropy free energy density for a rhombohedral (hexagonal) structure such as hematite

has different contributions. Along the c-axis there is a first- and second-order anisotropy given

by

FK1 =−K1

2

(
cos2θ1 +cos2θ2

)
, (2.7)

FK2 =−K2

2

(
cos4θ1 +cos4θ2

)
, (2.8)

where K1 and K2 is the first- and second-order anisotropy constant, respectively. θ1 and θ2

are the polar angles that the sublattice magnetizations M1 and M2 make with the c-axis of

hematite. A change in the sign of K1 will then account for the Morin transition at zero field

as we will discuss in Sec. 2.3. There is also another 6-fold crystalline anisotropy in the basal

plane (c-plane) of hematite given by

FB = KB

2

(
sin6θ1 cos6

(
φ1 +β

)+ sin6θ2 cos6
(
φ2 +β

))
, (2.9)

where KB is the small basal plane anisotropy constant, φ1 and φ2 are the azimuthal angles of

M1 and M2 and β is an angle from some crystallographic axis in the basal plane. It is expected

that KB ≪ K2 ≪ K1.

Magnetoelastic energy

The magnetostriction effects lead to an additional basal anisotropy term with strength of KME

and the minimum lying along a line perpendicular to the azimuthal axis

FME =−KME

2

(
sin2θ1 sin2φ1 + sin2θ2 sin2φ2

)
. (2.10)
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2.3 Morin phase transition

Zeemann energy

The interaction of the applied external magnetic field H with the sublattice magnetization

provides the Zeeman term as

FH =−H . (M1 +M2) . (2.11)

Total free energy and effective fields

The total magnetic energy density of hematite can be written as

FT = Je M1.M2 +D . (M1 ×M2)− K1

2

(
cos2θ1 +cos2θ2

)− K2

2

(
cos4θ1 +cos4θ2

)
+KB

2

(
sin6θ1 cos6

(
φ1 +β

)+ sin6θ2 cos6
(
φ2 +β

))
−KM

2

(
sin2θ1 sin2φ1 + sin2θ2 sin2φ2

)−H . (M1 +M2) . (2.12)

It is convenient to introduce equivalent effective fields defined as HE = Je M , HD = DM ,

HK1 = K1/M , JK2 = K2/M , HB = KB /M and HME = KME /M , where M = |M1| = |M2| and

D = |D |. We assume an applied magnetic field in the xz-plane as H = H (sinξx̂ +cosξẑ) where

ξ is the angle between H and c-axis. The reduced total energy density fT = FT /M is given by

fT ≡ FT

M
= −H

[
sinξ

(
sinθ1 cosφ1 + sinθ2 cosφ2

)+cosξ (cosθ1 +cosθ2)
]

+HE
[
sinθ1 sinθ2 cos

(
φ2 −φ1

)+cosθ1 cosθ2
]

−HD sinθ1 sinθ2 sin
(
φ2 −φ1

)
−HK1

2

(
cos2θ1 +cos2θ2

)− HK2

2

(
cos4θ1 +cos4θ2

)
+HB

2

[
sin6θ1 cos6

(
φ1 +β

)+ sin6θ2 cos6
(
φ2 +β

)]
−HME

2

(
sin2θ1 sin2φ1 + sin2θ2 sin2φ2

)
. (2.13)

2.3 Morin phase transition

The Morin transition is the temperature-driven transition from the antiferromagnetic (Fig.

2.3a) to the weak ferromagnetic state (Fig. 2.3b) or visa versa at zero field [47, 48]. It is known

that KB does not play a role in this transition. This phase transition was first explained by a

change in the sign of the uniaxial anisotropy K1 by temperature so that K1 > 0 for T < TM and

K1 < 0 for T > TM . In this explanation HD and HK2 in Eq. 2.13 were neglected and the transi-

tion happens when K1 = 0. This behaviour would occur if there was two main microscopic

contributions to K1 that have opposite signs and different temperature dependencies. These

two microscopic interactions were modeled as the magnetic-dipole (MD) and single-ion (SI)
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(a) (b)

a

c

b

T<TM T>TM

Figure 2.2: Crystal structure of hematite produced using VESTA [1]. Pink and gold spheres
indicate O and Fe atoms, respectively. Magnetic ordering of hematite below (a) and above (b)
The Morin temperature,TM ≃ 263 K. Blue and red arrows represent two sublattices M1 and M2,
respectively.

anisotropies. The mean-field approximation for the temperature dependence are given by

HMD = HMD (0)B 2
s (x), (2.14)

HSI = HSI (0)
[

2(S +1)−3Bs(x)coth
( x

2S

)]
. (2.15)

Bs(x) is the Brillouin function. The magnetic-dipole anisotropy at absolute zero, HMD (0)

can be calculated by a summation over the hematite magnetic structure. Artman et al [47]

obtain the value µ0HMD (0) = −1.0045 T. The single-ion anisotropy is then calculated by

µ0HSI (0) = µ0(HK1 − HMD (0)) = 1.0268 T. Equations 2.14 and 2.15 are ploted in Fig. 2.3a.

HK1 = 0 is indicated as intersection point with T /TN = 0.281. This model predicts a Morin

temperature within a few degrees of that observed. However, this good agreement clearly

must be somewhat fortuitous since HD and HK2 are not negligible. The origin of K2 is solely a

single-ion contribution and is temperature dependent. The temperature dependence of the

anisotropy constants is shown in Fig. 2.3b. To consider DM and the second order anisotropy,

one needs to obtain the spin-flop transition for T < TM when an external field is applied along

c-axis from the total free energy density 2.13. These calculations are tedious and we do not

present them here, but a detailed derivation is presented in Ref. [48]. The spin flop transition

of hematite is given by

HC || = 2HE
(
HK1 +HK2

)−H 2
D . (2.16)
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2.4 Spin waves in hematite

This is the external field needed to apply along c-axis to switch the magnetic moments from

being along c-axis to lie in the c-plane. The Morin transition happens at zero field i.e. HC || = 0

which results in

H M
K1

= H 2
D −2HE HK 2

2HE
. (2.17)

TM is obtained as the temperature where HK1 (TM ) = H M
K1

. From Ref. [48], for µ0HE = 920 T,

µ0HD = 2.1 T and µ0HK2 = 3.6 T one obtain: µ0HK1 =−1.1 mT. This value is indicated in Fig.

2.3a which corresponds to T /TN = 0.282. For TN = 965 K it results in TM = 269 K which is very

close to the experimental value of TM = 263 K. In Sec. 4.2 we obtain the Morin transition by

measuring the sub-THz spin waves for T < TM .
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Figure 2.3: Temperature dependence of (a) single-ion (red) and magneto-dipolar (blue) contri-
bution to the anisotropy field HK1 , (b) first-order (pink) HK 1 and second-order (green) HK 2

fields. Gray indicates HK1 +HK2 . Figures reproduced from Ref. [48].

2.4 Spin waves in hematite

Magnetic ground state from free energy

The magnetic free energy in Eq. 2.12 is a function of the angular coordinates (θ1,φ1) and

(θ2,φ2) of the two sublattice magnetizations M1 and M2, respectively. The possible equilibrium
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configuration of M1 and M2 can be found from the relations

∂FT

∂θ1
= ∂FT

∂θ2
= ∂FT

∂φ1
= ∂FT

∂φ2
= 0. (2.18)

The dynamics of the sublattice magnetization Mi (i = 1,2) is governed by the Landau-Lifshitz-

Gilbert (LLG) equation

d Mi

d t
=−γMi ×Hi ,e f f +

α

M

(
Mi × d Mi

d t

)
, (2.19)

where Hi ,e f f =− δFT
δMi

is the effective field of sublattice i and α is the Gilbert damping. Neglect-

ing the damping term the equation of motion in the polar coordinates is given by

dθi

d t
= γHφi e , (2.20)

sinθi
dφi

d t
= γHθi e , (2.21)

where Hφi e =−∂FT
∂φi

and Hθi e =−∂FT
∂θi

are the φ and θ components, respectively, of the effective

field along the sublattice i . In other words, Eq. 2.18 means that at equilibrium the effective

sublattice fields vanish. Equation 2.18 is a necessary but not a sufficient condition for the

minimum of the free energy. In order to ensure an energy minimum solution, together with

Eq. 2.18 the determinant of the second derivatives must satisfy the following condition∣∣∣∣∣∣∣∣∣∣
FTθ1θ1 FTθ1θ2 FTθ1φ1 FTθ1φ2

FTθ2θ1 FTθ2θ2 FTθ2φ1 FTθ2φ2

FTφ1θ1 FTφ1θ2 FTφ1φ1 FTφ1φ2

FTφ2θ1 FTφ2θ2 FTφ2φ1 FTφ2φ2

∣∣∣∣∣∣∣∣∣∣
> 0, (2.22)

with FT x y = ∂2FT /∂x∂y being the second derivatives of FT . A detailed derivation is presented

in Ref. [48]. Here, we review the result. For the antiferromagnetic state (AFS) when T < TM

and H < HC || applied along the c-axis (ξ= 0), energy minimization leads to θ1 =π, θ2 = 0 and

tan
(
φ2 −φ1

) = −HD /HE . For the weak ferromagnetic state (WFS) when T > TM and for an

arbitrary ξ, the equilibrium state is given by θ1 = θ2 = θ with θ ≃π/2, φ2 =φ, φ1 = 2π−φ with

φ≃π/2. Considering the orders of magnitude of the different effective fields (in T) as below

HE (∼ 103) ≫ H(∼ 10−1 to 10) ≃ HD (1),

H , HD ≫ HK1 (10−2) ≃ HK2 (∼ 10−3 to 10−2),

HK1 , HK2 ≫ HME (10−4) ≃ HB (10−5). (2.23)
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2.5 Spin to charge interconversion and spin-orbit torque

The values of θ and φ are given by

cosθ = H cosξ

2HE
and (2.24)

cosφ= H sinξ+HD

2HE
. (2.25)

Spin waves

If the deflections from equilibrium δθi = θi (t)−θ0i and δφi =φi (t)−φ0i are small one can

write the equation of motion as

−M sinθ1δφ̇1/γ= FTθ1θ1δθ1 +FTθ1θ2δθ2 +FTθ1φ1δφ1 +FTθ1φ2δφ2,

−M sinθ2δφ̇2/γ= FTθ2θ1δθ1 +FTθ2θ2δθ2 +FTθ2φ1δφ1 +FTθ2φ2δφ2,

M sinθ1δθ̇1/γ= FTφ1θ1δθ1 +FTφ1θ2δθ2 +FTφ1φ1δφ1 +FTφ1φ2δφ2,

M sinθ2δθ̇2/γ= FTφ2θ1δθ1 +FTφ2θ2δθ2 +FTφ2φ1δφ1 +FTφ2φ2δφ2, (2.26)

where δθ̇i = dθi /d t , δθ̇i = dφi /d t . This system of homogeneous equations has periodic

solutions of the form δθi (t ) = δθi (0)e iωt and δφi (t ) = δφi (0)e iωt with the frequency ω. These

frequencies can be determined by setting the determinant of equation 2.26 equal to zero. For

the AFS, the resonance frequencies of two modes are given by

f1 =
( γ

2π

)√
2HE

(
HK1 +HK2

)−H 2
D +H and (2.27)

f2 =
( γ

2π

)√
2HE

(
HK1 +HK2

)−H 2
D −H . (2.28)

In the WFS the resonance frequencies of the modes are as follows

f1 =
( γ

2π

)√
H sinξ (H sinξ+HD )+2HE

(
18HB cos6β+HME

)
and (2.29)

f2 =
( γ

2π

)√
HD (HD +H sinξ)+H 2 cos2 ξ+2HE

(
3HB cos6β−HK1 +HME

)
. (2.30)

In this thesis we study the mode in Eq. 2.29 at room temperature in Sec.4.1 for a bulk sample

and Sec. 5.2 for thin films of Hematite. The high frequency mode in WFS Eq. 2.30 was not

observed in our Brillouin light scattering (see methods Sec. 3.2) measurements. We also study

the modes Eq. 2.27 and 2.28 at zero field at cryogenic temperatures for the bulk sample.

2.5 Spin to charge interconversion and spin-orbit torque

Spin Hall effect

The spin Hall effect (SHE) is a phenomenon where a transverse spin current, js , is generated

in response to a longitudinal electric current, jc , flowing through a non-magnetic material
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with strong spin-orbit interaction e.g heavy metals (HM). The effect was first predicted by

D’yakonov and Perel in semiconductors [54] and later rediscovered by Hirsch and Zhang in

metals [55, 56]. Such spin current results in the accumulation of spins, µs , on the edges of the

material as indicated in Fig. 2.4(a). This effect arises as the spin-orbit interaction causes the

electrons to deflect perpendicular to the direction of the electric current flow in the opposite

direction depending on their spin orientation. There exists a reverse phenomenon in the

same material called inverse SHE (ISHE) in which a spin current injected into HM generates a

transverse charge current as depicted in Fig. 2.4(b).

SHE is a central phenomenon in modern spintronics as it allows the spin to charge current

interconversion which facilitates electrical creation and detection of pure spin currents. The

conversion efficiency between the charge current, jc = j↑+ j↓, and the spin current, js = j↑− j↓,

where j↑(↓) represents the current of spin up (down) electrons is called the spin Hall angle, θSH .

The spin to charge interconversion is given by

js ∝ θSH
(

jc ×p
)

, (2.31)

jc ∝ θSH
(

js ×p
)

, (2.32)

where p is the spin polarization direction of the spin current.

Figure 2.4: (a) Schematics of SHE in a HM. A charge current, jc , (black arrow) generates a
transverse spin current, js , (cyan arrow) flowing in perpendicular direction with spin polar-
ization, p . Red and blue curved arrows indicate the deflected trajectories of spin up and spin
down electrons. Small straight red and blue arrows indicate spin accumulations generated
on the surfaces of the HM layer. (b) Schematics of ISHE in a HM. An injected spin current, js ,
(cyan arrow) with spin polarization, p , generates a transverse charge current, jc , (black arrow)
flowing in perpendicular direction.
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2.6 Hematite thin films in the literature

Spin-orbit torque and spin pumping

In seminal papers in 1996, Slonczewski [57, 58] and Berger [59, 60] independently predicted

that current flowing perpendicular to the plane in a metallic multilayer comprised of alternat-

ing magnetic and non-magnetic metals can generate a torque on the magnetization of the

magnetic layers by transferring spin angular momentum to the localized moments via s-d

exchange coupling. This torque called spin transfer torque (STT) [61, 62] is strong enough to

reorient the magnetization in the magnetic layer. Such torque can also result from the spin

current generated via SHE and injected to an adjacent magnetic material. In this case the

torque is called spin-orbit torque (SOT) [63–66]. In both cases of STT and SOT the torque

acting on sublattice i of the magnetic material is given by

τs,i =β( jc ) Mi ×
(
Mi ×p

)
. (2.33)

Here, β( jc ) is the applied electric perpendicular to the plane of multilayer or in the HM layer

in case of STT or SOT, respectively. β( jc ) is directly proportional to the applied current density

jc and has different prefactors for STT and SOT. In this thesis we focus on SOT where the

prefactors will be given in chapter 6. Mi is the magnetization of sublattice i in the magnetic

material and p is the spin polarization of the current or the spin accumulation for STT and

SOT, respectively.

When a normal conductor is adjacent to a magnetically ordered material, the spin dynamics

in the magnet generates a flow of spin angular momentum from the magnet into the normal

conductor through the interface, resulting in the creation of spin current. This phenomenon

that is called spin pumping first predicted and observed by Silsbee [67] and later reformulated

in Refs. [68, 69] can enhance the magnetic damping. The spin current generated by sublattice

i of the magnetic material via spin pumping is given by

jsp,i =Gr

(
mi × dmi

d t

)
−Gi

dmi

d t
, (2.34)

where mi is the direction of the sublattice magnetization and Gr (Gi ) is the real (imaginary)

part of the spin mixing conductance that describes the spin conductivity of the interface

between the magnet and the normal conductor [68, 69]. Often Gi is negligible compared to

Gr .

2.6 Hematite thin films in the literature

There are many reports on epitaxial growth of hematite thin films in the literature. Here

we review some of these literature in terms of the structural and magnetic properties of the

grown films. All the methods used c-plane Sapphire (Al2O3) as substrate. Fujii et al [70]

reported epitaxial growth of hematite thin films using reactive vapor deposition at 450 ◦C.

They annealed the grown films ex-situ in air for one day. The films showed a high level of

epitaxy both in plane and out of plane and did not show any Morin transition. Reactive dc
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magnetron sputtering was used by others [13, 71, 72] with substrate temperature in the range

300-800 ◦C with the best results at 600 ◦C. Here highly strained films obtained for thicknesses

below 16 nm and no Morin transition observed. Park et al [73] demonstrated strain control of

Morin transition by growing a 15 nm Cr2O3 buffer layer between hematite thin film and the

substrate. The α-Fe2O3 (Cr2O3) films were grown by consecutive cycles of Fe (Cr) evaporation

under O2 and following 60 min post-oxidation in O2 at 630 ◦C. In each cycle, a 3 nm thick

layer was grown. Morin temperature in these films was in the range of 360 K to 250 K for

the film thicknesses of 3 nm to 24 nm, respectively. No Morin transition was observed for

non-buffered films. Shimomura et al used reactive radio-frequency (RF) magnetron sputtering

[74, 75] with a substrate temperature of 500 ◦C where they observed a Morin transition of 180

K for 100 nm thin films. Others have reported epitaxial films grown by off-axis sputtering

from a stoichiometric target at 500-640 ◦C [76–79]. No Morin transition was reported on

these films. In case of Ref. [79] the substrate clamping effect on the magnetic texture was

reported. Here the authors showed that despite having a relaxed growth of the 10 nm across

the thickness of the film, at the substrate-film interface it was experiencing a strain due to

clamping on the substrate. They showed that the formation of domains did not follow the

hexagonal crystal symmetry of the c-plane and was predominantly driven by destressing fields.

They also reported a non-homogeneous distribution of strain in the film. For the thin films

grown by pulse laser deposition the Morin transition is reported [80–83]. In Ref. [80] where

the deposition is done at 800 ◦C, the transition takes place over a relatively broad temperature

rang which is correlated with a variation in the out-of-plane axis of the film. In Ref. [82] the

transition was reported to be very sharp in films with thicknesses of (20-45 nm) and was shown

that it can be controlled by Hydrogen doping. In Ref. [81] Jani et al report observation of

antiferromagnetic half-skyrmions and bimerons in the same films. They also showed that

despite having a relaxed growth of the film, the full saturation of the hematite film was not

possible for the fields up to 500 mT and there was some remaining noncolinear texture in

the magnetic structure even at such fields. In Ref. [83] Kan et al report a triaxial magnetic

anisotropy in 70nm thin films. The reported Morin temperature depended on the substrate

temperature during the growth. Zhang et al [84] reported hematite thin film growth by RF

magnetron sputtering from a stoichiometric target at room temperature and annealing in a

furnace for 60 min in 50% N2 and 50% O2 at 900 ◦C. These films did not show Morin transition.
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3 Experimental and Numerical Methods

In this chapter we present experimental techniques and numerical methods used in this

thesis: Sec. 3.1 introduces the broadband microwave spectroscopy using vector network

analyzer (VNA). In Sec. 3.2 we present Brillouin light scattering (BLS) at room and cryogenic

temperatures. In Sec. 3.3 we introduce the micromagnetic simulations used in this thesis. In

the Sec. 3.4, the fabrication process for epitaxial thin films of hematite is presented.

3.1 Broadband microwave spectroscopy

In this thesis we apply broadband microwave spectroscopy in the flip-chip configuration with

a coplanar waveguide (CPW) [Fig. 3.1]. By means of the CPW a high frequency magnetic field,

hrf, is applied while the absorption is being measured by a vector network analyzer (VNA).

The CPW (see Fig. 3.1(b)) is a type of transmission line made up of a central conductor or

signal line (SL) that is sandwiched between two parallel shielding conductors, often referred

to as ground line (GL). The geometry of the CPW is optimized to match the impedance of the

measurement system, which in this case is 50Ω for the VNA. The calculation of the impedance

of a CPW can be found in reference [85]. I used a CPW with SL and GL widths of 165 µm and

295 µm, respectively with a gap width of 30 µm. We received different pieces of the same

hematite bulk crystal from Prof. J.-P. Ansermet and Dr. M. Bialek at EPFL. The sample was an

a-plane natural crystal of hematite which is available commercially at SurfaceNet GmbH [86].

Figure 3.1(a) illustrates a sketch of the VNA measurement setup used. The VNA equipment

model is Agilent PNA-X N-5242A. The VNA allows the application of microwave signals within

a wide range of frequencies, from 10 MHz up to 26.5 GHz, at its two RF ports. Additionally, it

has the capability of detecting incoming voltages with high precision in both signal level and

phase.

The VNA measures scattering (S) parameters between port 1 and port 2. The S-parameters for
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𝜃𝐻

Figure 3.1: (a) Sketch of the VNA setup in a typical measurement configuration. Port 1 and 2 of
a VNA are connected with RF cables and tips to a CPW placed under the sample. Microwave
absorption is characterized by measuring scattering parameters S11 and S21 with the VNA.
A magnetic field µ0H is applied in any in-plane angle θH by using a two-axis electromagnet
system. The field is calibrated by a Hall-sensor placed directly under the device under test
(DUT). (b) Schematics of DUT where the sample is placed on the CPW in flip-chip configura-
tion. Ends of the CPW are connected to VNA via RF tips.

a two-port network are defined by a scattering matrix as [87]:(
V −

1

V −
2

)
=

(
S11 S12

S21 S22

)(
V +

1

V +
2

)
. (3.1)

V +
1 (V +

2 ) is the voltage applied by the VNA at port 1 (port 2), while V −
1 (V −

2 ) represent the

voltage detected at port 1 (port 2). If the output at port 2 is switched off (V +
2 = 0), Eq. 3.1 leads

to S11 = V −
1 /V +

1 and S21 = V −
2 /V +

1 . Such parameters detected as a function of frequency f

give rise to the spin-were spectra presented in this work. Note that S-parameters are unitless

complex numbers and are either described by magnitude |Si j | and phase Φi j , or by its real

part Re(Si j ) and an imaginary part Im(Si j ).

In a the flip-chip configuration, both ports are connected via microwave cables and RF tips to

the CPW. When the microwave signal is applied to CPW, a microwave current passes through

it and creates a dynamic magnetic field, hrf, in its vicinity. hrf exerts a torque on the magnetic

moment in the sample. When the resonance condition is met, absorption increases and

measured both in reflection, S11, and transmission, S21. hrf generated by a CPW is displayed

in Fig. 3.2(a). In plane and out of plain components of hrf underneath the CPW are sketched

in Fig. 3.2(b).

The magnet system consisted of two perpendicularly mounted electromagnets, allowing for a

field H application in all in-plane angles θH (Fig. 3.1(a)). Each of the two field axes is driven by

a Kepco bipolar power supply, respectively. The power supplies enabled a seamless transition
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3.2 Brillouin light spectroscopy

Figure 3.2: (a) Sketch of the cross-section of a CPW in the xz-plane. Black arrows represent
hrf(x, z) where the length of the arrows represents logartithmically scaled |hrf|. The current in
the signal line (red) is flowing in the opposite direction of the current in the ground lines (blue).
(b) The blue and orange curves are the line plot of x and z component of hrf, respectively, at
z = 0 underneath the CPW (green dashed line in (a)). The picture is adopted from the PhD
thesis of K. Baumgärtl [88].

of the output currents applied to the field coils, resulting in a smooth transition of the magnetic

field from positive to negative values across zero field without interruption. The magnetic

field is continuously monitored by a two-axis Hall-sensor, which is mounted directly beneath

the sample location. The Hall voltages are amplified and utilized as a feedback mechanism

for the power supplies. The control computer inputs a set voltage which corresponds to the

desired magnetic field µo H . The power output is adjusted to bring the set and reference values

in alignment. This feedback loop utilizing the Hall sensor allows for precise control of the

applied magnetic field and minimizes nonlinear effects in the pole shoes such as hysteresis.

The control computer allows to program automatic field sweeps and angle sweeps and reads

the measured S-parameters from the VNA. The magnet system supports a maximum field of

|µ0Hmax| = 90 mT.

3.2 Brillouin light spectroscopy

Brillouin light scattering spectroscopy (BLS), also known as Brillouin-Mandelstam scattering,

is an optical spectroscopy technique. It is named after Brillouin [89] and Mandelstam [90],
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Figure 3.3: Illustration of a the Stokes scattering process, in which a magnon is generated b and
the anti-Stokes scattering process, in which a magnon is absorbed. c Sketch of the employed
measurement configuration for wave vector resolved BLS in reflection geometry. Laser light
impinges on the sample surface with an incident angle θ. Back-reflected light with ks ∥ ki is
guided to the interferometer and analyzed. In the scattering process, the photon wave vector
parallel to the sample surface was changed by −∆k∥, which is transferred to the generated
magnon. ∆k∥ can be adjusted by changing θ and reaches maximally two times the photon
momentum for θ = 90◦. The picture is adopted from the PhD thesis of K. Baumgärtl [88].

who independently predicted light scattering from acoustic phonons in the 1920s. BLS is

usually differentiated from Raman scattering by the relevant frequency range [91]. While

Raman grating spectrometers measure shifts of the photon energy in the tens of THz regime,

BLS refers to the detection of energy shifts of the scattered light in the GHz regime [91]. High

frequency resolution and high contrast spectrometers are required to distinguish between

GHz-shifted light from elastically scattered Rayleigh light. An optimized multipass Fabry-

Pérot interferometer developed by J. Sandercock [92] makes BLS detection feasible down to

frequency shift of 0.5 GHz. Nowadays it is widely used in BLS setups for the investigation

of spin waves (SWs). Details on the working principle of the interferometer can be found in

Refs. [93, 94]. The aim of this section is to decribe the basic working principles of BLS and the

BLS setup used in this thesis, located in the LMGN laboratories. We discuss the wave vector

resolved BLS and the cryogenic BLS microscopy setup used in this thesis.

Magnon-photon scattering

In a quantum mechanical framework, the scattering of photons with magnons can be seen as

the interaction of quasiparticles, as illustrated in Fig. 3.2. The incident photon, possessing

energy ℏωi and wave vector ki , can either create or annihilate a magnon with energy ℏω and

wave vector k. The creation process is referred to as Stokes scattering, while the annihilation

process is referred to as anti-Stokes scattering. In the former, the scattered photon loses energy,

while in the latter, it gains energy. As energy and momentum are conserved in both scenarios,

the scattered light carries information about the probed magnon. The energy ℏωs and wave
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3.2 Brillouin light spectroscopy

vector ks of the scattered light is given by

ℏωs = ℏωi ±ℏω, (3.2)

ks = ki ±k . (3.3)

The wave vector conservation stated in Eq. 3.3 applies in the presence of translational in-

variance. In the course of the thesis we study bulk or thin film hematite with a penetration

depth of 75 nm [95] for the green laser used. Here only the wave vector component parallel

to the sample surface is conserved. Figure 3.3c shows a typical measurement configuration

for wave-vector resolved BLS on a reflective sample. Monochromatic laser light is focused on

the sample with an incident angle θ defined in respect to the surface normal of the sample.

According to the law of reflection, elastically scattered light is reflected on the opposing side of

the surface normal. The angle between incident and elastically reflected beam amounts to

2θ. Instead, in the used measurement configuration, light scatters with ks ∥ ki is collected and

analyzed. Here the photon wave vector parallel to the sample surface k∥ was changed during

the scattering process. The transferred momentum ∆k∥ is given by [96]

∆k∥ = 2ki sinθ. (3.4)

∆k∥ is either absorbed or transferred by a magnon depending on whether the Stokes or anti-

Stokes process is considered. The magnitude of the wave vector of the incident light is given

by ki = 2π/λL, where λL is the laser wave length. Measurements in this thesis were conducted

with solid-state lasers with λL = 532 nm. Photons can maximally transfer two times their wave

vector which amounts to kmax = 23.6 rad/µm for the used laser wave length. Usually the signal

strength in wave-vector resolved BLS measurements drops significantly above θ = 70 degrees.

Due to the elongation of the laser spot, the transferred wave vector is not well defined. The BLS

setup at LMGN is equipped with a piezoelectric rotary positioner (SmarAct SR-2013-S-NM)

which enables an angular resolution of 25 µdeg for θ. Equipped with an objective lens with

numerical aperture of 0.18, the spot size for wave vector resolved BLS with green light is 1.5

µm. In order to discriminate between magnons and other collective excitations like phonons,

the scattered beam is sent through a polarization analyzer and only the cross-polarized light

(with respect to the incident beam) enters the interferrometer. This is because magnons

transfer their angular momentum to the scattered photon which results in a 90 degree rotation

of the polarization of the scattered photons. Magnetic field and temperature dependent

measurements can also discriminate between magnons and phonons. The magnon frequency

changes with magnetic field and in most cases with temperature, whereas phonon frequencies

often are insensitive to these external parameters.
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Cryogenic micro-focus Brillouin light scattering microscopy

We use a Mitutoyo M Plan Apo SL 100x objective lens with NA = 0.55 (numerical aperture)

and WD = 13 mm (working distance) that focuses the laser light on a sample residing in a

cryostat (Fig. 3.4). At the same time, the optical images are taken by a CCD camera so we can

locate the laser position during the measurements. Combined with the piezoelectric stages

underneath the sample, a scanning function is achieved to explore micro- and nanostructures.

A cryostat with a closed-loop helium circle was integrated with the BLS setup for exploring spin

dynamics at cryogenic temperatures (Fig. 2.7). The basement is cooled by the compressed

helium gas down to about 4.5 K. It further cools down the whole stage as a cold finger. Both

the basement and the holder stage are made of Cu to guarantee good thermal conductivity.

The sample is placed on top of the holder stage consisting of a three-axis piezo-positioner and

the temperature controlling chip carrier. I integrated the computer control of the piezoelectric

stages of the cryostat into the LabView VI of the BLS setup. The chip carrier contains a thermal

sensor and a heater. They are directly buried underneath the sample so the control of the

sample temperature is achieved by varying a proportional–integral–derivative controller. In

this thesis we use the set nominal temperatures for all the discussions. The green laser is

incident normal to the top surface of the sample and focused through a window.

Figure 3.4: Illustration of the cryostat installed on the BLS setup in incorporating a piezoelectric
scanning stage. Picture is adopted from PhD thesis of P. Che [97]
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3.3 Micromagnetic simulations

At the time that we started the study presented in chapter 6 there was no micromagntic

simulation packages developed for AFM materials. There were few studies that used the

Object Oriented MicroMagnetic Framework (OOMMF) [98], a micromagnetic code that solves

the Landau-Lifshitz-Gilbert (LLG) equation based on the finite difference method and is

widely used to study FM materials. For micromagnetic simulations on AFMs a negative

exchange constant was introduced [99, 100]. In chapter 6 we use the same approach and

employ OOMMF to study the AFM-based spin-Hall nano-oscillators. The relation between

this negative exchange constant and the effective homogeneous and non-homogeneous

exchange interaction of an AFM was not clear in the beginning. In Appendix A.2 we show the

mathematical equivalence between the energy terms that OOMMF is dealing with and a two

sublattice model for an antiferromagnet and obtain the relation of this negative exchange in

OOMMF with the exchange terms of a two-sublattice model AFM. Latter a micromagnetic

simulation package called Boris Computational Spintronics that incorporates a two sublattice

AFM model was developed by S. Lepadatu [101]. Boris is a multi-physics magnetisation

dynamics and spin transport simulation software. Below we report an excellent agreement

of the analytical results and OOMMF simulations with the two sublattice micromagnetic

simulations done by Boris for a standard micromagnetic problem (namely the calculation

of the spin wave dispersion). These simulations together with our derivations in Appendix

A.2 proves that the negative exchange model of OOMMF is mathematically, numerically and

physically equivalent to a two sublattice G-type (Fig. 3.5) antiferromagnet.

Micromagnetic simulations performed via OOMMF and Boris and their comparison

Below we show a snapshot of the magnetic configuration of a stripe with dimensions 4 µm×
20 nm×1 nm [along x, y and z direction] after energy minimization by OOMMF in Fig. 3.5.

The simulation material parameters are given in Sec. 6. Uniaxial anisotropy direction (x) is in

the x y-plane and along the long edge of the picture. Orange and green squares represent the

cells with dimensions of 1 nm×1 nm×1 nm corresponding to two different sublattices of the

two sublattice antiferromagnet. Blue and red arrows represent the magnetization vectors in

each cell which as expected, arrange antiferromagnetically and are parallel to the easy axis.

This magnetic configuration is a G-type antiferromagnet.

In order to further verify our micromagnetic simulations, we solve a standard micromagnetic

problem using OOMMF and a reference micromagnetic simulation package. Boris [101] solves

the full two sublattice model. Following Eq. 2.19, the micromagnetic equations for the two

sublattice model are given by [34, 101]

dmi

d t
=−γmi ×Hi ,e f f +

α

Ms

(
mi × dmi

d t

)
, (3.5)

where we use mi as the unit vector along the sublattice magnetization. The exchange effective
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x

y

Figure 3.5: Snapshot of the magnetic ground state of the antiferromagnet after energy mini-
mization with OOMMF. Each square represents a simulation cell of 1 nm×1 nm×1 nm and
the uniaxial anisotropy is along the x-axis. Green and orange colors indicate cells of the two
sublattices.

field is given by [34, 101]

Hex,i =
2Ab

i

Ms
∇2mi −

4Ab
h,i

Ms
mi ×

(
mi ×m j

)+ 2Ab
nh,i

Ms
∇2m j . (3.6)

Here i ̸= j , Ab
i , Ab

h,i and Ab
nh,i are intra-lattice, homogeneous and non-homogeneous exchange

constants (b stands for Boris), respectively, for the two sublattice model implemented in Boris

[101].

We calculate the spin wave dispersion of an AFM stripe with the dimensions mentioned

above. We compare the results of the negative exchange approach in OOMMF with the results

obtained with Boris for which the full two sublattice model with the equations 3.5 and 3.6 are

implemented. In both cases, we use the cell size as mentioned earlier. We apply a sinc pulse

in time and space with the cutoff frequency and wave vector of fc = 0.9 THz and kxc = 0.2

rad/nm, respectively, and amplitude of 100 mT. We perform the simulations for two cases of

easy axis along the long side (x-axis) and along the short side (y-axis) of the stripe in x y-plane

(Fig. 3.5). The spin wave dispersion of the continuum two sublattice model [with free energy

Eq. A.80] obtained by fully solving the dynamic Eqs. A.2 and A.3 without damping is presented

in [102] as

f (k) = γ

2π

√(
2HE +HA − 2Anh

Ms
k2

)(
HA + 2Anh

Ms
k2

)
. (3.7)

k is the SW wave vector. In the exchange limit, we obtain the following equation for the

dispersion of spin waves

f (k) = γ

2π

√
(2HE +HA)

(
HA + 2Anh

Ms
k2

)
. (3.8)
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In the above mentioned Eqs. 3.7 and 3.8, the exchange field is given by HE = 2Ah/Ms . From

the two sublattice model equations implemented in Boris [Eqs. 3.5 and 3.6], they obtain the

following equation for the spin wave dispersion [101]

f (k) = γ

2π

√√√√(
2HE +HA −

(
2Ab + ∣∣Ab

nh

∣∣)
Ms

k2

)(
HA +

(
2Ab + ∣∣Ab

nh

∣∣)
Ms

k2

)
, (3.9)

with HE = 4Ab
h/Ms . Comparing the definition of the exchange field, HE , between the contin-

uum two sublattice model and the implementation in Boris, we obtain the relation between

the homogeneous exchange coefficient in our continuum model and the one used in Boris

as Ah = −2Ab
h . By comparing the magnon dispersion [Eqs. 3.7 and 3.9] we find that the

non-homogeneous exchange constant in our continuum model is related to the one in Boris

as 2Anh =−Ab
nh . An intra-sublattice exchange coefficient in our continuum model and Ref.

[102] is not considered so Ab = 0. Therefore, our negative exchange model in OOMMF with

Aex =−10 pJ/m is equivalent to our two sublattice continuum model with Ah = 40 MJ/m3 and

Anh = 10 pJ/m and a two sublattice model in Boris with Ab
h = −20 MJ/m3, Ab

nh = −20 pJ/m

and Ab = 0. The result of micromagnetic simulations for an anisotropy along the x-axis, which

represents a wave vector k parallel to the anisotropy axis or Néel vector (k||n), is shown in Fig.

3.6. The result for an anisotropy along the y-axis (k ⊥ n) is shown in Fig. 3.7. The parameters

mentioned above are used for simulations with OOMMF [Figs. 3.6(a) and 3.7(a)] and Boris

[Figs. 3.6(b) and 3.7(b)]. The sublattice magnetization and anisotropy values are the same as

those used later in chapter 6. The red dashed lines represents the Eq. 3.8, which is the spin

wave dispersion obtained from our continuum model with the exchange limit approximation.

From these simulations we prove that: i) a negative exchange model in OOMMF physically rep-

resents a two sublattice micromagnetic model as it was proven by the derivations in Appendix

A.2 and the direct two sublattice model simulations, ii) our exchange limit approximation in

chapter 6 is in very good agreement with both micromagnetic simulation results. The second

conclusion is because in the exchange limit where the exchange interaction is very large, the

contribution of k dependent term in the first bracket of Eqs. 3.7 and 3.9 is negligible compared

to k dependent term in the second bracket.
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Figure 3.6: Spin wave dispersion for k||n using OOMMF (a) and Boris (b). The red dashed line
represents the spin wave dispersion obtained from the continuum model in the exchange
limit.
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Figure 3.7: Spin wave dispersion for k ⊥ n using OOMMF (a) and Boris (b). The red dashed
line represents the spin wave dispersion obtained from the continuum model in the exchange
limit.
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3.4 Thin film growth

Of all the growth methods reviewed in Sec. 2.6 the available techniques at CMi were reactive rf

sputtering from a Fe target as well as rf magnetron sputtering from a stoichiometric target.

Most of the reviewed deposition methods involved substrate heating to temperatures ranging

from 300 ◦C to 800 ◦C. The sputtering machine in CMi did not support any substrate heating

and I was limited to room temperature deposition. Therefore, a post deposition annealing

step was applied. I tried both reactive and stoichiometric depositions at room temperature

and combined them with post annealing steps. In the begining I tried furnace annealing

at 800-900 ◦C for 24 hours. The recipes resulted in epitaxial thin films evidenced by XRD

measurements with thicknesses between 15nm and 200 nm with both deposition methods.

However, the grown films did not show any magnon spectra in BLS measurements. Inspired

by Ref. [73] suggesting successive ultra-thin film depositions combined with intermediate

annealing and by Refs. [103, 104] I decided to use rapid thermal annealing instead of furnace

annealing. Fixing the annealing temperature to 900◦C, I tested different durations (2-5 min)

and repetitions (1-4 times) of annealing step. Here, I report the most successful recipe in the

following. I should note that all the annealing recipes resulted in epitaxial films evidenced by

XRD. But only the films grown by the following recipe showed magnon spectra.

Smooth thin films of α-Fe2O3 with rms roughness of 0.2-0.4 nm have been sputtered on

sapphire substrates (0.11 nm rms roughness). Samples are grown with different Ar/O2 partial

pressure and sputtering rf power (in order to control the deposition rate) on a c-plane sapphire

substrate at room temperature from a stoichiometric Fe2O3 target. The growth conditions are

indicated in Table 3.1. Samples are grown in a layer-by-layer fashion in which we deposit 5 nm

of Fe2O3 and for every layer it is annealed twice via a rapid thermal annealing (RTA) recipe. RTA

recipe consists of two successive annealing steps of 5 minute long at 900 ◦C under the constant

O2 and N2 flow of 1400 sccm and 600 sccm as shown in Fig. 3.8. The temperature ramp rate

was 200 ◦C/s. We repeated this successive deposition and annealing steps for three times and

obtained an epitaxial thin film of α-Fe2O3 with thickness of 15 nm. The XRD characterization

and BLS measurements on these thin films will be presented in chapter 5.

Table 3.1: Sputtering condition for α-Fe2O3 thin film growth.

Sample Name Atmosphere: Ar/O2 (sccm) Power (W) Depisition Rate (Å/s)
SB1 30/15 200 0.112
SB2 30/15 150 0.075
SB3 10/20 200 0.1
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Figure 3.8: The rapid thermal annealing recipe used for epitaxial growth of α-Fe2O3 thin films
originally deposited at room temperature. (a) The setpoint (gray) and actual sample tempera-
ture (red) profile during annealing. (b) Annealing atmosphere in the chamber consisting of O2

(green) and N2 (magenta) gas flow. Samples are annealed twice with this recipe after every 5
nm deposition of α-Fe2O3 at room temperature.
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4 Antiferromagnetic spin waves in bulk
canted antiferromagnet Hematite
α-Fe2O3
This chapter constitutes a substantial part of my thesis, namely the investigation of antiferro-

magnetic spin waves in bulk hematite crystal. In Sec. 4.1 we report on broad band microwave

spectroscopy of quasi-ferromagnetic (qFM) mode at k = 0. From this we obtain material

parameters including exchange, anisotropy and magnetoelastic fields as well as the damping.

Then we report wave vector resolved BLS measurements from which we obtain the dispersion

relation of the qFM mode. The VNA and BLS results combined indicate that qFM mode in

hematite has extremely large group velocities and long decay length in the range of 23.3 km/s

and 11 mm, respectively. All these measurements are performed at room temperature. Moving

on we present cryogenic BLS measurements for the bulk crystal and a lamella prepared from

the bulk sample in the temperatures below Morin temperature where hematite is in the uniax-

ial AFM state. Sub-THz spin waves with frequencies in the range of 60 to 200 GHz observed in

the temperature range of 265 to 10 K.

4.1 Spin wave dispersion of ultra-low damping hematite (α-Fe2O3)

at GHz frequencies

M. Hamdi, F. Posva and D. Grundler

arXiv 2212.11887 (2022)

doi: arXiv 2212.11887

Reproduced from arXiv 2212.11887 (2022) under the license "CC BY: Creative Commons Attribu-

tion". For uniformity the layout was reformatted and the references were integrated into the

thesis’ bibliography.

My contribution to this paper included the broad band microwave spectroscopy and Macro-

BLS measurements and data analysis. Preliminary broad band microwave spectroscopy

measurements were conducted with the help of F. Posva. I wrote the draft of the manuscript.
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Chapter 4. Antiferromagnetic spin waves in bulk canted antiferromagnet Hematite
α-Fe2O3

Abstract

Low magnetic damping and high group velocity of spin waves (SWs) or magnons are two

crucial parameters for functional magnonic devices. Magnonics research on signal processing

and wave-based computation at GHz frequencies focussed on the artificial ferrimagnetic

garnet Y3Fe5O12 (YIG) so far. We report on spin-wave spectroscopy studies performed on the

natural mineral hematite (α-Fe2O3) which is a canted antiferromagnet. By means of broad-

band GHz spectroscopy and inelastic light scattering, we determine a damping coefficient of

1.1×10−5 and magnon group velocities of a few 10 km/s, respectively, at room temperature.

Covering a large regime of wave vectors up to k ≈ 24 rad/µm, we find the exchange stiffness

length to be relatively short and only about 1 Å. In a small magnetic field of 30 mT, the decay

length of SWs is estimated to be 1.1 cm similar to the best YIG. Still, inelastic light scattering

provides surprisingly broad and partly asymmetric resonance peaks. Their characteristic

shape is induced by the large group velocities, low damping and distribution of incident angles

inside the laser beam. Our results promote hematite as an alternative and sustainable basis

for magnonic devices with fast speeds and low losses based on a stable natural mineral.

Main part

Introduction

Spin waves (magnons) are collective spin excitations in magnetically ordered materials. They

exhibit promising functionalities for information transmission and processing at GHz fre-

quencies [9, 12, 105]. To realize energy efficient magnonic circuits [9–12, 106] isotropic spin

wave (SW) dispersion relations, high group velocities, and low magnetic damping are essential.

Until today, the artificial garnet Y3Fe5O12 (YIG) [107] played a key role for the exploration of

magnonics functionalities [108]. Already in 1961, M. Sparks et al. coined the term that YIG

was to ferromagnetic resonance research what the fruit fly was to genetics research [16]. This

was particularly true for high-quality YIG grown by liquid phase epitaxy on the wafer scale

[108, 109]. However, in a ferrimagnetic material like YIG, magnon bands in the regime of small

wave vectors, k, and low GHz frequencies are inherently anisotropic due to the dipolar inter-

action between spins. To overcome this, a lot of effort has been put into the development of

microwave-to-magnon transducers which allow for the excitation of exchange dominated SWs

with isotropic properties at high frequencies [110–112]. The transducers suffer however from

typically a narrow bandwidth or require an applied magnetic field in contrast to conventional

transmission lines and coplanar waveguides (CPWs).

In antiferromagnetic (AFM) materials, exchange interaction dominates the dispersion relation

already at small wave vectors k. The dipolar interactions are virtually absent due to net zero

magnetization. Still, SWs can propagate with high group velocities. Values similar to thick

YIG [108, 113] and as high as 30 km/s have been reported [114–117]. However, the challenge

with most AFMs is their net zero magnetization and sub-THz frequencies which make on-chip

integration hard due to lack of efficient CPWs and THz sources (THz gap) [7, 8]. Recently, the

natural mineral and canted antiferromagnet hematite (α-Fe2O3) [48] gained particular atten-
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tion for magnonics [118, 119] after the observation of long distance spin transport [120, 121]

and enhanced spin pumping [122]. It is known that, due to extremely low anisotropy in the

basal plane [47, 48, 123], in the canted phase [Fig. 4.1(a) and (b)] one branch of the magnon

modes resides at around 10 GHz at small k. Depending on the purity of hematite crystals, a

damping coefficient as low as 7.8×10−6 was reported for the magnetic resonance [124]. The

hematite’s finite net magnetization and strikingly small damping of below 10−5 make it hence

suitable for magnonic applications. They allow for inductive coupling to CPWs and long-

distance SW transport, respectively. However, there is no experiment reporting a measured

SW dispersion for k values accessible by CPWs with integrated microwave-to-magnon trans-

ducers [110–112]. The dispersion measured over a large wave vector regime is of fundamental

importance as it allows one to quantify the exchange stiffness length le with large precision. le

is the key parameter to estimate the maximum possible spin-wave velocity of hematite in the

GHz frequency regime.

Here, we study the magnon band structure of bulk hematite at different wave vectors k by

means of broadband microwave spectroscopy and k-resolved inelastic Brillouin light scat-

tering (BLS) (Fig. 4.1). All the measurements are performed on an a-pane natural crystal

of hematite commercially bought from the company Surface Net. Using a CPW in flip-chip

configuration we extract a magnetic damping parameter of 1.12×10−5 which is similar to the

best YIG reported in Ref. [125]. Still, the measured spectra with BLS show broad linewidths.

Our modelling substantiates that the linewidth is explained by the SW dispersion relation, the

large SW velocity and the Gaussian profile of the laser used for inelastic light scattering. The

data substantiate a high group velocity of 10 km/s for k = 2.5 rad/µm which are excited easily

by a micron-sized CPW [119, 126]. In an applied field of 90 mT, the velocity increases to 16

km/s near k = 5 rad/µm and levels off to 23.3 km/s for k ≥ 25 rad/µm. The latter value has

routinely been realized by transducers. Our findings substantiate hematite as a very promising

candidate for a sustainable future of magnonics as its growth avoids the lead-based synthesis

route used for high-quality YIG [107, 125].

Properties of hematite

We first briefly review the relevant magnetic properties of α-Fe2O3. Hematite is the stable end

product of oxidation of magnetite [127] and known for its great abundance as well as stability

in an aqueous environment [128]. It is an insulating antiferromagnet (AFM) with a corundum

crystal structure. The arrangement of the magnetic atoms of Fe in the crystal is shown in Fig.

4.1(a) [129]. At room temperature and above the Morin transition temperature of TM = 262 K

the Fe+3 magnetic moments lie in the c-plane due to an easy plane anisotropy, HA, and stack

antiferromagnetically along the c-axis [Fig. 4.1(a)] [47, 48]. Within the c-plane, there is a weak

6-fold anisotropy around the c-axis, Ha, which favors the magnetic moments to align with the

a-axes [Fig. 4.1(b)]. The magnetic moments of the two AFM sublattices are slightly canted

away from the a-axis by the Dzyaloshinskii-Moriya (DM) interaction (Fig. 4.1(b)), resulting

in a weak magnetic moment, m, perpendicular to both a- and c- axes at equilibrium [47, 48].

The magnetization amounts to about 2 kA/m [127]. The domain nucleation and propagation
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(b)(a)

(c)

(d)

(e)

Figure 4.1: Hexagonal unit cell of the crystal structure of hematite from (a) the side and (b) top
view. The cyan spheres and red arrows indicate the Fe atoms and the spins associated with
them, respectively (oxygen atoms are not shown). We depict the canted antiferromagnetic
state above the Morin temperature for which the sublattice spins lie in the c-plane along the
a-axis with a small canting. They give rise to sublattice magnetization vectors M1 and M2. (c)
Sketch of the low frequency quasi-ferromagnetic mode where a small magnetization (green
arrow), m, precesses elliptically around the applied field (black arrow), H. (d) Schematics
of the flip-chip VNA measurement. The sample (gray disk) is placed on a CPW. The static
magnetic field, H, is applied in the a-plane and with an angle, θH , to the normal of the c-axis of
the crystal. The rf magnetic field (orange double-headed arrow), hrf, of the CPW is parallel to
the c-axis. (e) Sketch of the BLS configuration. The magnetic field, H, is applied perpendicular
to c-axis in the a-plane. The laser light (green) forms a Gaussian beam and is focused on the
surface of the sample (gray). The cone angle of the objective lens is θ. The incident laser light
with an incidence angle, ϕ is scattered by magnons. We measure in back-scattering geometry
(dashed green arrow).
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in bulk hematite crystals are sluggish. Vigorous wall displacements only begin in earnest in

negative fields, once a threshold field is exceeded. It is shown that for an applied field of ≈2.5

mT the domain structure was removed except in localized regions that are probably the sites of

crystal defects [130–134]. The magnetization dynamics of hematite in this weak ferromagnetic

state offers two modes namely the quasi-ferromagnetic mode (qFM or low frequency mode)

and quasi-antiferromagnetic mode (qAFM or high frequency mode) [47, 48, 123].

The study of qAFM mode on our sample is reported in Ref. [135]. Here, we explore the qFM

mode schematically depicted in Fig. 4.1 (c). The canted AFM sublattice magnetization vectors

precess elliptically around their equilibrium direction. This results in an elliptical precession

of the weak magnetic moment, m (green arrow in Fig. 4.1 (c)), around the applied field, H

[47, 48, 123]. The frequency of the qFM mode was derived by Pincus [48, 123] according to

fr =
∣∣γ∣∣µ0

2π

√
H sinξ(H sinξ+HD)+2HE(Ha +HME), (4.1)

where, γ, µ0, HE, HD and HME is the electron gyromagnetic ratio, vacuum permeability,

exchange, DM and spontaneous magnetoelastic effective field, respectively. ξ=π/2−θH is

the polar angle between H and the c-axis (z-direction). We define θH in Fig. 4.1(d). Fink [136]

derived the dynamic susceptibility χzz ( f , fr ) for the qFM mode. The real and imaginary parts

read

Re
[
χzz ( f , fr )

] =
(

f 2
r − f 2

)
f 2

r(
f 2

r − f 2
)2 +∆ f 2 f 2

and (4.2)

Im
[
χzz ( f , fr )

] = f f 2
r ∆ f(

f 2
r − f 2

)2 +∆ f 2 f 2
, (4.3)

respectively. Here, f is the frequency of the radiofrequency (rf) magnetic field hrf (Fig. 4.1 (d)).

The frequency linewidth, ∆ f , is related to the magnetic damping parameter, α, by

∆ f ≈ 2αHE(γ/2π), (4.4)

for H ≪ HE. Unlike ferromagnets and uniaxial antiferromagnets, the resonance line width of

a canted antiferromagnet does not depend on fr and is governed by the field-independent

exchange frequency. Following Turov [114, 115], the SW dispersion of the qFM mode for

hematite near k = 0 is given by

fm(k) =
∣∣γ∣∣µ0

2π

√
H(H +HD)+2HE(Ha +HME + Ak2), (4.5)

where A = HEl 2
e is the dispersion coefficient and le is the effective magnetic lattice parameter

or exchange stiffness length. For Eq. 4.5, we considered the experimental geometry for

k-resolved BLS measurements with an angle ξ=π/2 as described below.
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Experimental techniques

The broadband microwave spectroscopy was conducted at room temperature above TM (Fig.

4.1(d)). The disk-shaped a-plane α-Fe2O3 crystal had a diameter of 2.3 mm and thickness

of 0.5 mm. Measurements were done in flip-chip configuration for which the sample was

placed on a CPW with signal (ground) line width of 165 µm (295 µm). The a-axis of the crystal

was perpendicular to the disk plane. The c-axis was in the plane and perpendicular to the

CPW axis. Injecting a radio-frequency (rf) current, I in
rf , into the CPW by port 1 of a vector

network analyzer (VNA) induced the dynamic magnetic field hrf (orange double-head arrow).

The rf current was collected on the other end of the CPW by port 2 of the VNA (I out
rf ). The

static magnetic field, H, was applied in the a-plane of the crystal in all VNA measurements

(y z-plane in Fig. 4.1 (d)). For the angle dependent measurements an external field of 90

mT was applied and the angle, θH, was varied in steps of ∆θH = 2◦. In case of field sweep

measurements, the applied field angle was perpendicular to the c-axis and in the a-plane of

the crystal (θH = 0 deg). The field amplitude was varied in steps of ∆H = 0.5 mT.

Wave vector-resolved BLS measurements were done for θH = 0 deg on a piece of the same

crystal in back-scattering geometry (Fig. 4.1 (e)) using a green laser with wavelength, λ =
532 nm and wave vector k0 = 2π/λ= 11.81 rad/µm. The external field was applied in the a-

plane and perpendicular to c-axis. The sample for BLS was irregularly shaped. We ensured that

it was tilted with respect to the incident laser beam along the y-axis in such a way that the laser

beam remained in the xz-plane formed by the a- and c-axis. Since the penetration depth of

the green laser in hematite is on the order of 75 nm [95], linear momentum conservation holds

only for the in-plane component of the transferred wave vectors. Therefore, we define the

transferred momentum from the light to magnons along the c-axis as kz = 2(k0 sinϕ+k
′
x cosϕ),

where ϕ is the angle between the incident beam and the normal to the plane of the sample

(a-plane) [137]. We assume a Gaussian beam profile giving rise to a Fourier transform of the

beam intensity I as

I (k
′
x ) = ek

′2
x w 2

0 /2, (4.6)

with w0 = 2
k0NA . N A is the numerical aperture of the lens [138, 139]. The momentum k

′
x has a

projection on z-direction due to the focusing of the beam.

Broadband microwave spectroscopy data

Field-dependent VNA spectra are shown in Fig. 4.2 (a). We depict the imaginary part of the

quantity U ( f , H) = i ln
[
S21( f , H)/S21( f , H = 0)

]
in a color-coded plot, where S21 is the com-

plex scattering parameter measured by the VNA at a given field, H . We identify two branches

which we label f1 and f2 for positive fields. For a detailed analysis, we consider that the param-

eter U contains the susceptibility χ of the sample [140, 141] and the electromagnetic response

of the rf circuit used in the flip-chip method. To account for the different contributions, we
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Figure 4.2: (a) Color-coded field dependent Im(U ) parameter measured on the sample as
indicated in Fig. 4.1(d) with θH = 0 deg. Solid red circles and wine triangles are the frequencies
extracted by fitting Eq. 4.7 on the data. Blue solid line is obtained by fitting Eq. 4.1 with
extracted f1 values. (b) Imaginary and (c) real part of Uexp (red symbols) and Ufit (black curves)
for 70 mT, respectively. (d) Imaginary and (e) real parts of χ1 (red curve), χ2 (blue curve) and
their sum (gray curve) for 70 mT, respectively.

follow Refs. [140, 141] and fit the measured U with

Ufit =C [1+χ0 +χ( f , f1,∆ f1)e iφ1 +χ( f , f2,∆ f2)e iφ2 ], (4.7)

as shown in Fig. 4.2(b) and (c) (black lines). C is a real-numbered scaling parameter, χ0 is

a complex-numbered offset parameter, and φi are phase shift adjustments (i = 1,2). Using
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Eq. 4.7, we extract the resonance frequencies and linewidths ∆ fi for the two modes labelled by

f1 and f2. In Fig. 4.2 (b) and (c), we display the measured imaginary and real parts of U with

red symbols. In Fig. 4.2 (d) and (e), we show the extracted real and imaginary parts together

with the total susceptibilities (gray lines) from which the two resonant modes are identified.

Their frequencies extracted for different H are depicted in Fig. 4.2 (a) with solid red circles and

magenta triangles. We focus on fields larger than 50 mT to ensure a saturated state.

The blue line in Fig. 4.2(a) results from fitting Eq. 4.1 to branch f1 with ξ = π/2. From the

fit, we obtain µ0HE = 1003.61 T, µ0HD = 2.34 T and µ0(Ha +HME) = 88.64 µT. Using Eq. 4.4

and the experimental value of ∆ f1 = 0.63 GHz for branch f1, we extract a damping parameter

of α= 1.12×10−5. This value is similar to the best value reported for YIG in Ref. [125]. The

branch f2 will be discussed later.

Angle-dependent VNA spectra are shown in Fig. 4.3. To enhance the signal to noise ratio, we
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Figure 4.3: Color-coded neighbor subtracted angle dependent VNA-FMR spectra measured
on the sample as indicated in Fig. 4.1(d) with µ0H = 90 mT. Orange curve depicts Eq. 4.1 by
extracted material parameters.

depict ∆ |S12| = |S12(H +∆H)−S12(H)|. For such data, a zero-crossing (highlighted by the red

curve) represents the resonance frequency. The spectra show a 2-fold symmetry as expected

for the c-axis being in the plane of the applied magnetic fields. Introducing the extracted

parameters discussed above, Eq. 4.1 models well the resonance frequency of branch f1 as a

function of angle θH (red line). The angular dependency is hence consistent with the effective

anisotropy field extracted from the field-dependent data.
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BLS data

The BLS spectra for different values of incident angle, ϕ, are shown in Fig. 4.4 (a). Black

symbols in Fig. 4.4 (b) depict the frequency position of the maximum BLS peak as a function

of wave vector calculated from the incidence angles shown in the legend of Fig. 4.4 (a). The red

curve in Fig. 4.4 (b) is obtained by considering first the material parameters obtained from VNA

measurements and then fitting Eq. 4.5 to the black symbols in the same graph. We obtain a

dispersion coefficient of µ0 A = 9.153×10−6 T.µm2 which leads to an exchange stiffness length

of le = 0.955 Å. Using Eq. 4.5 and the obtained parameters we calculate the SW group velocity,

vg, for µ0H = 90 mT [blue line in Fig. 4.4 (c)]. The velocity vg increases significantly with k and

levels off at 23.3 km/s. Such a high group velocity is the direct result of the strong exchange

interaction and at the same time vanishingly small net magnetization. Microstructured CPWs

used in magnonics offer spin-wave wave vectors around k = 2.5 rad/µm [119, 126]. For such a

value k, the qFM spin wave in hematite exhibits a group velocity of vg = 10 km/s similar to

SWs in thick YIG and about a factor of 10 larger compared to ultra-thin YIG [142]. The decay

length of the SWs is given by ld = vgτ, where τ= (1/2πα fm(k)) is the relaxation time of the SW.

For 30 mT applied field and k = 2.5 rad/µm we calculate vg = 13.4 km/s and τ= 840.6 ns which

leads to ld = 11.3 mm, again similar to thick YIG. This is due to low damping and high group

velocity of the qFM spin waves in hematite. Despite the small damping of the hematite sample

measured by the VNA, the resonance peaks of the qFM mode in the BLS spectra show a large

width of 10 to 20 GHz. Furthermore, the BLS peak taken at nearly normal incidence of the laser

beam (e.g. at ϕ= 0 or 5 deg) shows a strong asymmetric shape. As ϕ increases, the intensity of

the prominent peak reduces and it becomes more and more symmetric. To understand these

observations, we calculated the partial density of states (pDOS) by considering the magnon

dispersion relation and the Gaussian beam profile according to

pDOS( f ,ϕ) =− 1

π

∫ +∞

−∞
dk

′
x cosϕ Im

[
I (k

′
x )

f − fm(k)+ i∆ f

]
. (4.8)

Assuming only fully back reflected light we have k = 2(k0 sinϕ+k
′
x cosϕ). ∆ f is the resonance

broadening due to the damping given by Eq. 4.4. The numerical aperture of the objective lens

was N A = 0.18. The calculated pDOS for different incident angles is plotted in Fig. 4.4 (d).

Comparing Figs. 4.4(a) and (c), the experimental BLS peaks are broad because they contain

a certain frequency regime of the band structure which is determined by the Gaussian wave

vector distribution of k = 2k0 sinϕ+∆k. The central wave vector is kc = 2k0 sinϕ and the

distribution function for ∆k = 2k
′
x cosϕ is given by I (k

′
x ) (Eq. 4.6). We attribute the broad BLS

peaks hence to the high group velocity of magnons which leads to a peak width proportional

to vg ×∆k. The asymmetry of BLS peaks for small ϕ can be understood in terms of the Van

Hove singularity of the pDOS near k = 0. As ϕ increases, the part of the band structure which

is relevant for the collected light shifts away from k = 0. Consequently, the peak gets more

symmetric with ϕ. The peak intensity reduces with ϕ due to the factor cosϕ in Eq. 4.8. We

note that Eq. 4.8 does not include all possible scattering processes. Still it provides a good

qualitative understanding about the contributions giving rise to the characteristics shape and
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Figure 4.4: (a) BLS spectra for different incident angles, ϕ, measured as indicated in Fig. 4.1(e)
with µ0H = 90 mT. (b) Extracted peak maxima frequency (black squares) as a function of
corresponding transferred wave vector, k and fitted dispersion relation (red curve) by Eq. 4.5.
(c) Group velocity (d) partial density of states and obtained from fitted magnon dispersion at
µ0H = 90 mT. Inset in (d) depicts pDOS for ϕ= 0 degree.

signal strength of BLS peaks as a function of ϕ.
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Discussion

The branch of mode f2 in Fig. 4.2(a) is higher by about δ f = 1 GHz than f1 at the same field H .

A second branch was reported also in Ref. [135]. Here the authors studied the qAFM mode

at zero field and assumed a distribution of magnetic domains. We applied a large enough

magnetic field to avoid domains. A domain formation can not explain our second branch.

Another possibility for f2 is a standing wave along the thickness of the sample or a SW excited

with a discrete wave vector coming from the CPW. However, for these cases a quantitative

estimate based on the magnon dispersion obtained with BLS (Eq. 4.5) led to a frequency

separation of much smaller than 1 GHz.

The remaining explanation for f2 is a nonuniform magnetoelastic field in the sample induced

when fixing the sample on the CPW. We attribute the observed frequency splitting to different

strains in different parts of the sample that is either in contact with the CPW conductors or

floating on the CPW gaps. A difference of δHME = 24µT would account for δ f = f2− f1 = 1 GHz.

The effect of magnetoelastic interaction by unidirectional compression, p, in the basal plane of

the crystal, on the qFM mode is given by replacing HME with H ′
ME = HME−Rp cos2ψ [143, 144].

Here, R = 287 µT/bar [144] is a coefficient determined by the elastic and magnetoelastic pa-

rameters of the crystal and ψ = π/2 is the angle between p and H. Using δHME = Rp we

obtain p = 0.084 bar. This value corresponds to a force of 14.6 mN on the parts of the crystal

that are in contact with the CPW conductors. The evaluated force is one order of magnitude

smaller than the weight of our sample and indicates the known sensitivity of hematite towards

magnetoelastic effects.

From our experiments, we do not determine Ha and HME separately as they enter Eq. 4.1 in

the same way. To separate the small Ha from HME an angle dependent VNA measurement

with the magnetic field applied in the c-plane of the crystal would be required. The existing

sample was not suitable for that.

Our BLS data were acquired on a seven times larger wave vector regime compared to the data

used in Ref. [119] where, the authors extracted an exchange stiffness length le of 1.2 Å. From

our extended dataset, we evaluate the value le = 0.96 Å. The precise determination of le is of

key importance as it determines the SW group velocity. Contrary to the ferrimagnetic YIG,

dipolar effects are not expected to play an important role in SW dispersion of hematite. Hence,

hematite thin films can provide similarly large spin-wave velocities as reported here for the

bulk crystal. As a consequence, they potentially outperform YIG thin films concerning speed

and decay lengths at wave vectors which are realized by the state-of-the-art transducers. Fur-

thermore, hematite is based on earth abundant elements and as an end product of oxidation

of magnetite a stable natural mineral suggesting sustainable synthesis routes.

Conclusion

We have measured the magnon dispersion relation of hematite for wave vectors k which are

relevant for timely experiments in magnonics. The damping coefficient of the studied natural

crystal was 1.1×10−5 at room temperature. This value is only 40 % larger than the best value
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reported for pure hematite and is already as good as the best YIG. The estimated spin-wave

decay length for k = 2.5 rad/µm is larger than 1 cm in a small magnetic field. In optimized

thin films, current microwave-to-magnon transducers are expected to achieve larger group

velocities in hematite than in YIG. The reported properties suggest that hematite can become

the fruit fly of sustainable modern magnonics.

Note added

While completing the manuscript about our experiments on hematite [118], we became

aware of Ref. [119]. The authors measured group velocities and the spin-wave dispersion via

integrated CPWs for 1 rad/µm ≤ k ≤ 3.5 rad/µm. Our BLS measurements cover a seven times

larger regime of k values enabling an improved evaluation of the parameter le . This parameter

is decisive to estimate the saturation velocity of GHz SWs in hematite.

The scientific colour maps developed by Crameri et. al. [145] is used in this study to prevent

visual distortion of the data and exclusion of readers with colour-vision deficiencies [146].
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4.2 Sub-terahertz spin waves in bulk and micron sized lamella of

hematite below Morin temperature

Characterization of (sub-)THz SWs in AFMs is an essential primary step in designing AFM-

SHNOs. Due to THz gap indicated above, such characterizations is so far mostly done with an

optical pump-probe method. Recently an all-electrical method based on solid-state frequency

extenders is developed. However, it is difficult to characterize integrated on-chip magnonic

devices like SHNOs by such methods. The inelastic Brillouin light scattering (BLS) is widely

used to study FM-SHNOs in the GHz range due to its spatial resolution of few 100 nm. There

are very few BLS studies in (sub-)THz frequency range. Here, we study the sub-THz spin waves

of bulk hematite (α-Fe2O3) below its Morin temperature.

We investigated the magnons in bulk hematite (α−Fe2O3) in AFS below the Morin temperature.

The results of temperature dependent BLS measurements on the (11-20) surface of the crystal

(a-plane) using the green laser is shown in Fig. 4.5(a). We observe at least three peaks in

the spectra (marked by a black diamond, blue triangle and red aster). The temperature

dependencies of the peaks are depicted in Fig. 4.5(b). The first peak (black diamond) at ≈60

GHz does not change much with temperature and indicates a phonon mode or a laser side

peak. The second (blue triangle) and third (red aster) peaks evolve with temperature and

indicate the magnon modes below a Morin temperature of TM = 260 K which is in agreement

with the reports in literature [147, 148]. After these measurements on the bulk sample we

fabricated a lamella with lateral dimensions of ≈24×11 µm2 with a thickness of ≈4 µm using

a Ga focused ion beam (FIB). After performing temperature dependent BLS measurements

on this lamella we thinned it down to ≈800 nm and measured again. An scanning electron

microscopy (SEM) image of the transferred lamella on a substrate is shown in Fig. 6.3(c). The

temperature dependent BLS data (Fig. 6.3(d)) shows that the Morin temperature is decreased

to ≈245 K in the ≈4 µm lamella. Comparing the observed magnon spectra for bulk crystal, 4

µm and 800 nm thick lamellas indicated that by moving from bulk to 4 µm lamella, magnon

frequencies reduce. However similar reduction is not observed for further thinning the lamella

to 800 nm. We attribute these reductions in Morin transition and magnon frequency to

possible Ga doping in the surface of the lamella while using Ga-FIB to prepare the lamella

which is consistent with previous studies [148].
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Figure 4.5: (a) µBLS spectra taken at different temperatures (indicated on the right) (b) tem-
perature dependent peak positions extracted from of TD-µBLS performed on bulk hematite
α−Fe2O3(11-20). (c) SEM image of a 800 nm thick hematite α−Fe2O3(11-20) lamella, and
(d) comparison of temperature dependent peak positions of TD-µBLS for bulk, 4 µm and 800
nm thick lamellas. The high frequency mode above Morin transition was not observed in BLS
spectra.
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High quality epitaxial thin films of hematite are required to realize GHz and THz applications

mentioned in Sec. 1.1 and 1.2. Here, we report the High-resolution X-ray diffraction (HR-XRD)

characterization of epitaxialα-Fe2O3 thin films grown as described in Sec. 3.4. The XRD results

in Sec. 5.1 indicate the full epitaxial growth of thin films. Reciprocal lattice maps indicate that

the growth is pseudomorphic and strained. We report the measurements on GHz SWs in our

grown thin films in Sec. 5.2. The results indicate that despite epitaxial growth of the films, the

ideal SW properties were not achieved since there is finite mosaicity in the films. This indicate

the significant material science challenges in the path to realize AFM magnonic devices which

needs to be addressed by the community.

5.1 Thin film growth and characterization

Al2O3 has the corundum structure, and the lattice parameters are a = b = 4.76 Å and c = 12.99

Å , and γ= 120◦. The lattice mismatch between a-Fe2O3 and Al2O3 is about 5.8% and applies

compressive strain to the film layers. The out of plane (θ−2θ) XRD profile is shown in Fig. 5.1

for three samples SB1, SB2 and SB3. (0006) reflections of α-Fe2O3 is observed at 2θ = 39.5◦

for all grown films. This is δ2θ = 0.25◦ larger that the bulk value 2θ0 = 39.25◦ which leads to a

compressive strain of 0.65% along c-axis of the hematite thin film. Figure 5.2 shows the φ-scan

profiles for the (104) reflection for theα-Fe2O3 thin film (sample SB3 as an example) and Al2O3

substrate in red and blue, respectively. For all films investigated here, (104) reflection peaks

are seen every 120◦ in φ and their positions are identical to those for the (104) Al2O3 reflection

of the substrates. These observations ensure that our α-Fe2O3 films are fully epitaxial single

domain without crystallographic twin formation.

We also carried out reciprocal space mapping (RSM) measurements around the (104) reflection

of Al2O3 shown in Fig. 5.3. As the peaks corresponding to substrate and the film lie on the

same vertical line, it indicates a pseudomorphic growth i.e. the film takes the in-plane lattice

constant of the substrate. This means that the grown thin films are fully strained. Therefore,

there is a compressive strain of 5.8% in the in-plain direction. The spreading of the peaks
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Figure 5.1: θ−2θ XRD profile of the grown thin films.
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Figure 5.2: φ-scan profiles for the (104) reflection of α-Fe2O3 thin films (red) and Al2O3

substrate (blue) for sample SB3 as an example.

in horizontal direction extracted from RSM data (Fig. 5.4) indicates the mosaicity. The data

indicates that the sample SB1 (SB3) has the lowest (highest) SB3 mosaicity among the three

samples.
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Figure 5.3: Reciprocal space mapping for the (104) reflection of Al2O3 for sample (a) SB1, (b)
SB2 and (c) SB3. Legends represent XRD intensity.
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Figure 5.4: Line plot of the RSM spreading for the (104) reflection of α-Fe2O3 thin films.
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5.2 Brillouin light scattering spectroscopy of thin film hematiteα-

Fe2O3

The BLS spectra measured at room temperature on qFM mode on samples SB1, SB2 and SB3

are shown in Figs. 5.5 , 5.6 and 5.7 respectively. Panels (a) and (b) in these figures show the

BLS spectra obtained on two different spots with lateral separation of 5 µm. In all samples the

spectra obtained on two separate spots differ greatly indicating magnetic non-uniformity. In

each spot, multiple SW modes are observed. The frequencies of these modes do not strictly

follow the field dependent behavior measured in the bulk sample reported in Sec. 4.1. The

frequencies of the prominent peaks in Figs. 5.5(a), 5.6(b) and 5.7(b) are depicted in Fig. 5.8.

The qFMR mode given by Pincus’ Eq. 4.1 is plotted for comparison. The effective field values

obtained in Sec. 4.1 are used for estimating the bulk mode. The modes observed in our thin

films often show sudden jumps in the low field regime (12-40 mT). Figure 5.5(a) contains

spectra closest to the bulk sample in terms of the observed frequency range.

In Ref. [79] the authors report what they call "substrate clamping" in which, the film expe-

riences strain due to clamping on the substrate at the substrate-film interface. This cause

the magnetic anisotropy not to follow the crystal symmetry of α-Fe2O3, but fluctuate. This

leads to an overall isotropic distribution of the Néel order vector with locally varying effective

anisotropy in α-Fe2O3 thin film. Such description can also explain our BLS observation. As it

is clear from the XRD results discussed in Sec. 5.1, our films are under a great compressive

strain in the c-plane due to lattice mismatch. Furthermore, there is a certain mosaicity in the

grown films, which is created by slight misorientations of different crystals as they nucleate

and grow on the substrate. When the crystals join to form the film, they form low energy

boundaries. This would cause a certain spatially non-uniform strain in the film as reported

in Ref. [79]. As it was discussed in Sec. 4.1, the magneto-elastic effects are very strong in

hematite [143, 144]. Therefore, the internal magnetoelastic anisotropy will be affected by the

in-plain compressive strain and mosaicity pattern and have a non-uniform spatial distribution.

This spatially non-uniform anisotropy in turn would result in different magnetic resonance

frequency as in is observed by BLS measurements.
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(a)

(b)

Figure 5.5: BLS spectra measured on 15 nm α-Fe2O3 (sample SB1) on two different spot
separated by 5 µm.
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(a)

(b)

Figure 5.6: BLS spectra measured on 15 nm α-Fe2O3 (sample SB2) on two different spot
separated by 5 µm.
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(a)

(b)

Figure 5.7: BLS spectra measured on 15 nm α-Fe2O3 (sample SB3) on two different spot
separated by 5 µm.
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Figure 5.8: BLS peak positions (resonance frequencies) of the prominent peaks extracted from
Fig 5.5(a) (black squares), Fig. 5.6(b) (red circles) and Fig. 5.7(b) (blue triangles) for samples
SB1, SB2 and SB3, respectively. The green curve is the Pincus’ equation 4.1 with effective field
values extracted from the bulk sample in Sec. 4.1.

To furthere elaborate, in the following we recall some aspects of magnetoelastic effects in bulk

hematite from Refs. [144, 149]. Considering the two sublattice model reviewed in Sec. 2.2

and the fact that our thin films are in the weak ferromagnetic state (WFS), we suppose the

sublattice magnetizations M1 and M2 in the x y-plane (c-plane of the crystal) are given by the

azimuthal angles φ1 and φ2, respectively (Fig. 5.9), from the applied field direction along x-

axis. The direction of total magnetization vector, M = M1+M2 can be determined by the angle

φ= (φ1 +φ2)/2 and its length can be defined with angle ψ= (φ1 −φ2)/2 as |M | = 2M0 cosψ

with M0 = |M1| = |M2|. We assume that a magnetic field H and an external stress σxx = −p

are applied along the x-direction. This direction can be chosen arbitrarily in basal plane as

we neglect the 6-fold crystalline anisotropy in the basal plane for the sake of simplicity. The

mechanical stress is compressive when p > 0 and tensile when p < 0. The pressure-associated

effective field is given by Hp = Rp as discussed in Sec. 4.1. It is instructive to define another

effective field as H∗
p = H(H+HD)

2HE
, which reflects the strength of the external field.

It can be shown that there are two equilibrium cases depending on the strength Hp and

H∗
p as follows. (1) For the case of Hp ≤ H∗

p , the magnetization vector, M , is parallel to the

external field, H , and φ = 0. By increasing the applied field the canting angle increases by

∆ψ=π/2−ψ= (H+HD)/2HE. (2) For Hp > H∗
p and p > 0, one obtains cosφ= H HD

2HE(Hp−H∗
p )+H HD

and ∆ψ = Hp

H cosφ. Therefore, an orientational phase transition occurs depending on p at

Hp = H∗
p . Further increasing p results in further rotation of M from the direction M ||x to the

perpendicular direction M ||y when Hp −H∗
p ≫ H HD/2HE. For p < 0 only state (1) is relevant.

An analogous orientational phase transition can happen at a given pressure p > 0 by sweeping
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Figure 5.9: Sublattice magnetizations (red and blue arrows) in the canted state of hematite. Net
magnetization (green arrow) makes an angle φ with the applied field direction (gray arrow).
Angle φ is defined between the sublattice magnetizations and the net magnetization.

the applied field strength and hence, H∗
p . In this case, at H = 0 the magnetization vector aligns

perpendicular to the direction of p , i.e. M ||y . By increasing H the magnetization rotates from

φ=π/2 to φ= 0 for the field range of 0 ≤ H ≤ H∗, with H∗ =
√

(HD/2)2 +2HEHp −HD/2. For

H ≥ H∗, state (1) is retrieved with M ||H ||x after overcoming the in-plane anisotropy created

by p .

The qFMR mode for the state (1) with Hp ≤ H∗
p is given by

fr =
∣∣γ∣∣µ0

2π

√
2HE(HME +H∗

p −Hp ). (5.1)

For the state (2) with Hp ≥ H∗
p is given by

fr =
∣∣γ∣∣µ0

2π

√√√√2HE

[
HME +

2HEHp −H 2 +H HD

2HEHp −H 2 (Hp −H∗
p )+HM sin2φ

]
. (5.2)

HME is the intrinsic magnetoelastic field and HM =µ0M0

(
H+HD

HE

)2
is the dipolar field due to

the canting in response to a strong external field. From these equations, the qFMR frequency

as a function of H (p) when a given p (H) is applied has a minimum at the phase transition

point where H = H∗ (Hp = H∗
p ). This frequency is given by the intrinsic magnetoelastic field

as fME =p
2HEHME. A schematic illustration of Eqs. 5.1 and 5.2 as a function of H is shown in

Fig. 5.10. The qFMR branch can have a more complicated form than shown in Fig. 5.10 and in

particular, it may contain jumps [144].

Our thin films are, as mentioned earlier, under compressive strain from the substrate. This

strain can be in-homogeneous as reported in Ref. [79]. Therefore, a spatial variation of SW

spectra measured at different spots can originate from a local variation of Hp in the films.
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Figure 5.10: Field dependent qFMR frequency under external strain for a compressive strain
(Hp > 0). Red (blue) curve indicates H ||p (H ⊥ p). The green curve represents Hp = 0.

Multiple peaks in the BLS spectra also can be explained by considering such a variation

(Hp = Hp (r )) in the measured laser spot. As Hp = Hp (r ), different parts of the sample might

be on different curves, fr (H), presented in Fig. 5.10. The mosaicity of the samples adds to the

complexity of the spectra since it means that crystallographic axis directions exhibit some

distribution as well. This is especially relevant as we have neglected the 6-fold anisotropy

in the basal plane. Adding this anisotropy and considering a local variation of the strength

and orientation of the net compressive strain from the substrate can result in a strain-defined

magnetic texture that can persist at fields as high as 500 mT as reported in REf. [81]. The

situation in our case would be even more pronounced as the thin films in Ref. [81] are relaxed

in contrast to our strained films.

We have applied a magnetic field perpendicular to the a-axis in the plane in our measurements

which is an easy axis direction for the 6-fold basal plane anisotropy. However, it is quite likely

that for a given position in the sample, the direction of the net local strain is either parallel or

perpendicular to the applied field direction. For example, the field dependency of the sample

SB1 in Fig. 5.8 suggests that in the measured spot on the sample, H was perpendicular to

Hp (r ) as the extracted fr behaves similar to the blue curve in Fig. 5.10. However, in case of the

spectra for SB2 and SB3 in Fig. 5.8, the behavior is similar to the red curve in Fig. 5.10 which

indicates H ⊥ Hp (r ) in the laser spot for those specific measurements. For a quantitative

analysis of the data we need micromagnetic simulations that support magnetoelastic effects

in hematite together with more detailed information about the microstructure of the grown

thin films. Unfortunately such a code is currently not available.
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Abstract

We study theoretically antiferromagnet (AFM) based spin-Hall nano-oscillators (SHNOs) con-

sisting of a nano-constriction (NC) in a thin-film uniaxial AFM. By solving the derived SW

equation we evidence radially propagating spin waves (SWs) at THz frequencies similar to

the Slonczewski SWs known at GHz frequencies for a ferromagnet-based SHNO. We predict a

minimum threshold current for a specific NC radius accessible by the state-of-the-art nan-

otechnology. The exchange interaction enhanced spin pumping for AFMs leads to a strong

thickness dependent threshold frequency. We show that the uniaxial AFMs generate ac elec-

trical fields via spin pumping that are three orders of magnitude larger than reported for

biaxial AFMs. Our work enhances the fundamental understanding of current-driven SWs in

AFM-SHNOs and enables optimization of practical devices in terms of material choice, device

geometry, and frequency tunability. The propagating SWs offer remote THz signal generation

and an efficient means for synchronization of SHNOs when aiming at high power.
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Main body

Introduction

Terahertz (THz) radiation attracts tremendous attention due to its several promising applica-

tions including ultrafast communication [150, 151], biosensing and imaging [7, 8]. However,

the widespread use of THz instrumentation is constrained, in particular, because of the lack

of efficient sources and detectors of THz radiation for frequencies in the range of 0.1-10 THz

(THz gap) [7, 8]. Therefore, there is an urgent need to develop small-sized solid-state THz

sources and detectors. Spin wave (SW) excitations in antiferromagnetic materials (AFMs) offer

frequencies which cover perfectly the THz gap. These materials can be utilized to close the THz

gap in terms of antiferromagnetic spintronic and magnonic devices [2, 24, 25, 28–42, 152–159].

One of the most promising devices is the AFM-based spin-Hall nano-oscillator (AFM-SHNO)

consisting of an AFM and a heavy metal (HM) layer [2, 25, 28–42]. In an AFM-SHNO, a spin

current generated by the spin-Hall effect (SHE) in the HM enters the AFM layer and exerts

the so-called spin-orbit torque (SOT) [57, 59, 61, 62]. It has been shown theoretically that

when the spin current exceeds a certain threshold, damping can be compensated, and the

magnetization starts self-sustained auto-oscillations. They can generate THz radiation via

the combination of spin pumping [24–27] and inverse spin-Hall effect [2, 25, 28–42]. The

AFM-SHNOs have potential not only as THz sources and detectors [2, 25, 28–40], but also as

ultra-fast artificial neurons which generate picosecond-duration spikes [41, 42] and enable

ultra-fast neuromorphic applications [43–46]. Howver, there has not yet been any report on

the experimental realization of an AFM-SHNOs.

All the theoretical studies mentioned above were carried out by considering an AFM in the

macrospin approximation. They described uniform antiferromagnetic resonance (AFMR)

excitation by a spin current in planar bilayer HM/AFM structures [2, 25, 28–42]. Still, there

have been few micromagnetic studies of SHNOs addressing the planar HM/AFM geometry

and AFMR excitation [34, 35]. These studies do not describe however a realistic AFM-SHNO

which incorporates a nano-constriction (NC) [160, 161]. NCs are essential for ferromagnet-

based SHNOs (FM-SHNOs) which excite propagating SWs [57, 162, 163]. These SWs enable

the efficient synchronization of FM-SHNOs [164–169] granting sufficient signal quality for

applications.

In this chapter, we study theoretically and by means of micromagnetic simulations an NC-

based AFM-SHNO and provide a fundamental understanding of its spin dynamics. We first

derive the SW equation for an insulating AFM layer subjected to a spin current in a circular NC.

We show that the solution to this equation is the antiferromagnetic counterpart of Slonczewski

SWs known for ferromagnetic SHNOs. The Slonczewski spin waves are radially propagating

waves generated by spin torque in a circular NC in a FM layer [57, 59]. We obtain the threshold

frequency and current for such THz antiferromagnetic Slonczewski SWs (THz-ASSWs) as a

function of the material parameters and the NC radius R. Our analytical results show good

agreement with the micromagnetic simulations. A unique feature of these THz-ASSWs is that

the threshold current exhibits a minimum with respect to the NC radius which allows one to

reduce the power consumption to a minimum. Interestingly, the minimum diameter 2R is
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in the range of few tens to few hundreds of nanometers for realistic material parameters and

is realizable by state-of-the-art fabrication technology. Moreover, our results infer that other

types of excitation such as the antiferromagnetic counterpart of the dynamic droplet soliton

[170–172] originally predicted by Ivanov et. al. [173] can be realized in AFM-SHNOs which

may lead to high power THz generation.

Theory

We consider an AFM-SHNO as a plane AFM film that is subjected to a spin current injected

locally in a circular region of radius R , as depicted in Fig. 6.1 (a). Such spin current is generated

by restricting the electric current in the adjacent HM into a nano-constriction [160, 161]. We

assume an AFM with a uniaxial anisotropy in the plane along the x-axis and a thickness,

dAF , smaller than the exchange length, λex =
√

a2ωE /4ωA . Thereby we avoid standing waves

along the thickness. Here, a is the magnetic lattice constant of the material and ωE = γHE

(ωA = γHA) is the exchange (anisotropy) field in the units of frequency with HE (HA) being the

exchange (anisotropy) field and γ is the electron gyromagnetic ratio. The Néel order vector and

average magnetization are defined as n = (M1−M2)/2Ms and m = (M1+M2)/2Ms , respectively,

where n.m = 0 and |n|2 +|m|2 = 1. Mi (i = 1,2) is the sublattice magnetization with saturation

value of Ms = |Mi |. We consider the polarization direction of the spin current, p̂, to be parallel

to n where the SOT has the highest efficiency [35]. There is no externally applied magnetic

field. The total magnetic free energy of the AFM is F = ∫
f dV , where the energy density, f , is

given by [24, 25, 102, 174]

f = Ms

γ

{
1

2
ωE

(
m2 −n2)− 1

2
ωA

(
m2

x +n2
x

)
−1

2
ωAλ

2
ex

[
(∇m)2 − (∇n)2] }

. (6.1)

The dynamics of m and n is governed by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)

equations with the spin-torque term as

ṁ =
[
ωm ×m+ωn ×n

]
+τD

m +τSOT
m , (6.2a)

ṅ =
[
ωm ×n+ωn ×m

]
+τD

n +τSOT
n , (6.2b)

where ωm =− γ
Ms

δF
δm and ωn =− γ

Ms

δF
δn are the effective fields in frequency units [24, 25, 102,

174]. The damping torques are given by τD
m =α(

m×ṁ+n× ṅ
)

and τD
n =α(

m× ṅ+n×ṁ
)

where α= α0 +αSP is the effective damping consisting of the Gilbert damping, α0, and the

enhanced damping due to spin pumping [24, 25], αSP = γℏgr

4πMs dAF
. Here, ℏ and gr are the

reduced Planck constant and interface spin mixing conductance, respectively. The spin-

torque terms are given as τSOT
m =ωs

[
m× (

m× p̂
)+n× (

n× p̂
) ]

H (R − r ) and τSOT
n =ωs

[
m×(

n× p̂
)+n× (

m× p̂
) ]

H (R − r ) where ωs = 2ℏγθSH Jcη
eMs dAF

with η = λN Gr tanh(dN /2λN )
σN+2λN Gr coth(dN /λN ) is the SOT
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strength in frequency units, H (R −r ) is the Heaviside step function and r is the radial distance

from the center of the NC. θSH , λN , σN , dN and Jc are spin-Hall angle, spin diffusion length,

electrical conductivity, thickness and applied electric current of the HM, respectively, and

Gr = e2gr /2πℏ where −e is the electron charge. We consider the ansatz n = n0x̂+n⊥
(
x, y

)
e iωt

with |n⊥
(
x, y

) |≪ 1 to derive the wave equation for small amplitude SWs excited by SOT. In

the exchange limit (ωA/ωE ≪ 1) which is the case for most antiferromagnets and the absence

of an external field, m ≃ (ωA/ωE )n⊥ ≪ n⊥ and |n0| ≃ 1. By keeping the linear terms in m and

n⊥ and eliminating m between the Eqs. 6.2a and 6.2b [175], we obtain two coupled equations

for two components of n⊥ as( ∓ω2

2ωE +ωA

)
nz(y) =∓ωAnz(y) ∓ iαωnz(y)

+ωsny(z) ±ωAλ
2
ex∇2nz(y). (6.3)

By defining the complex SW amplitude as u = ny + i nz , and the normalized distance r̃ = r /R

and by adding the dispersive dissipation term , iαωAλ
2
ex∇2u, which describes the increase

of the relaxation rate with the wave vector k of the excited SW [176, 177], we obtain the SW

equation as [175]

1

r̃

∂

∂r̃

(
r̃
∂u

∂r̃

)
+ Au + i Bu +αBu − iαCu = 0, (6.4a)

A =
(

R2

ωAλ
2
ex

)(
ω2

2ωE +ωA
−ωA

)
, (6.4b)

B =
(

R2

ωAλ
2
ex

)
ωs H (1− r̃ ) , (6.4c)

C =
(

R2

ωAλ
2
ex

)[
ω+ ω2

2ωE +ωA
−ωA

]
. (6.4d)

One can summarize Eqs. 6.4a-6.4d as 1
r̃
∂
∂r̃

(
r̃ ∂u
∂r̃

)
+k2

i u = 0, which is the Bessel equation with

complex wave vector k1 = p
A+ i B +α (B − iC ) for 0 ≤ r̃ ≤ 1 and k2 = p

A− iαC for r̃ > 1.

Following Slonczewski [58, 162, 178], we take a piecewise Bessel solution of the form

u (r̃ ) =


J0 (k1r̃ ) ; 0 ≤ r ≤ 1,

cH (1)
0 (k2r̃ ) ; r > 1, with c = J0 (k1r̃ )

H (1)
0 (k2r̃ )

,
(6.5)

where J0(x) and H (1)
0 (x) are the Bessel and Hankel functions of the first kind, respectively. The

continuity of the derivative of u at the NC boundary r̃ = 1, leads to a complex transcendental

equation whose real and imaginary parts determine two real eigenvalues ω and ωs at the

threshold [58, 175, 178]. By solving this equation we have derived the frequency of the excited

mode and required current density at the threshold as
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ωth = αA12 (2ωE +ωA)

2(1−αA12)

+
√[

αA12 (2ωE +ωA)

2(1−αA12)

]2

+ (2ωE +ωA)

[
ωA +

(
A0 +αA11

1−αA12

)(
ωAλ

2
ex

R2

)]
, (6.6)

Jc,th =
(

eMsdAF

2γℏθSHη

){(
αB12

1−αA12

)
ωth +

(
ωAλ

2
ex

R2

)[
B0 +αB11 +αB12

(
A0 +αA11

1−αA12

)]}
,(6.7)

respectively, where A0 = 1.428, A11 = −3.087, A12 = 0.815, B0 = 1.863, B11 = −1.581 and

B12 = 1.004.

Micromagnetic simulations

We use the Object Oriented MicroMagnetic Framework (OOMMF) [98] which solves the LLGS

equation based on the finite difference method to validate the analytical expressions de-

rived from the continuum model (Eqs. 6.6 and 6.7). These simulations are performed on a

cuboid-like mesa with dimensions of 2 µm×2 µm×1 nm, divided into 2000×2000×1 cells. A

circular NC with a radius of R is defined at the center of the device for spin current driven

excitations (Fig. 6.1(a)). In order to compare the simulations with our theoretical results,

we performed the simulations for different NC radii of R = 10, 25, 75 and 125 nm. In all the

simulations, we used Ms = 350 kA/m, Kx = 20 kJ/m3, α= 0.001 as the sublattice saturation

magnetization, magnetic anisotropy and Gilbert damping, respectively. In order to achieve

antiferromagnetic order, we used Aex =−10 pJ/m as the exchange stiffness in OOMMF sim-

ulations. This corresponds to a two-sublattice G-type antiferromagnet with homogeneous

(nonhomogeneous) exchange constant of Ah = −4Aex /a2 (Anh = −Aex ) with the magnetic

lattice constant a = 1 nm (See Supplemental Material [175]). These parameters correspond

to µ0HE = 228.57 T and µ0HA = 0.114 T which are in the range of material parameters for

the existing AFMs. For HM material parameters we considered dH M = 10 nm, θSH = 0.15,

λH M = 7 nm and σN = 2.083×106 Ω−1m−1. Considering gr = 6.9×1018 m−2 [24] results in

η = 0.18 for the interface. Absorbing boundaries were used to prevent back-reflection and

interference effects [179]. The time dependent Néel order vector of the AFM layer under the

d.c. current was sampled every 0.1 ps for a total number of 1000 samplings for each simulation.

Results and discussion

By taking the fast-Fourier-transform (FFT) of n we obtain the power spectral density (PSD) of

the magnetization dynamics. Varying the current density and extracting the peak position of

the PSD, we obtained the frequency versus current density curve of the SHNOs plotted in Fig.
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Figure 6.1: (a) Schematics of the studied system. The spin current with polarization p orig-
inates from the SHE of the electric current constrained in a circular NC of radius R in the
adjacent HM layer. The spin polarization of the spin current is assumed to be along the
Néel order vector. (b) Excitation frequency versus applied current density for the simulated
SHNOs with different NC radii R . The black upward (downward) arrow indicates the mode for
R = 25 nm at threshold Jc,th = 2.12×108 A/cm2 with fth = 0.3 THz (Jc,h = 11.3×108 A/cm2 with
fh = 1.2 THz) which is selected to calculate output electric fields due to spin pumping in Fig.
6.4. The slope β as a function of R2 is shown in the inset. Threshold current density (c) and
frequency (d) obtained from simulations (filled red circles) and Eqs. 6.7 and 6.6 (blue line),
respectively. Gray dashed lines indicate the plane film limit. Inset in (d) shows a snapshot
of current induced SW at threshold for SHNO with R = 50 nm (marked with red circle) and
simulation parameters given in the text.

6.1(b). The frequency variation for large currents is attributed to the excessive SOT beyond

threshold according to ω=ωth +β(Jc − Jth). The inset in Fig. 6.1(b) shows the SW frequency

shift coefficientβ= dω/d Jc as a function of the NC area. β as determined from micromagnetic

simulations increases with R and seems to asymptotically approach the macrospin limit. The

observed tunability of β goes beyond macrospin studies where β is a constant and can be

used to engineer NC performance.

Now we focus on the dynamics at the threshold. At the threshold, the PSD peak jumps from

zero to the threshold frequency. Here, the dynamics of the SHNO is in the linear regime.

The threshold current density and corresponding frequency decrease with the NC radius are

plotted in Fig. 6.1(c) and (d), respectively. The values Jc,th obtained from micromagnetic
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simulations (red symbols) are plotted with an offset of ∆J =−0.4×108 A/cm2. We attribute

this systematic error to the Taylor expansion of the complex transcendental equation that we

employed to solve the eigenvalue problem [175]. The fixed offset does not affect the main

conclusion of the comparison, i.e., the significant dependency of Jc,th on R making a geo-

metrical optimization of an NC device necessary. The inset in Fig. 6.1(c) shows a zoom in of

the region indicated by dashed rectangle. By considering the constant offset, the remaining

discrepancies amount to only -1% and 6% which can be due to the coarse sweeping of the

applied current in the simulations.

For large R ≫ λex the threshold current density Jc,th (frequency ωth) asymptotically ap-

proaches the AFMR limit in a thin film, Jc,th =
(

eMs dAF
2γℏθSHη

)
αω0 (ω0 =

p
(2ωE +ωA)ωA), indicated

by the gray dashed line in Fig. 6.1(c) (6.1(d)). The inset in Fig. 6.1(d) shows a snapshot of

the spin-current-generated spin wave simulated for R = 50 nm. For small R (below almost

λex = 22.3 nm), the exchange term dominates and the threshold current density and frequency

are large. One can understand the increase in threshold current density with decreasing R

by considering the energy flow away from the NC by outgoing SWs. The wave vector, k, of

the excited spin wave at the threshold is comparable to 2π/R. Therefore, by decreasing R one

increases k and the group velocity of the excited wave (following the dispersion in Eq. 6.6)

and hence, the propagating energy away from the NC. To sustain this energy flow, a higher

threshold current is necessary.
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Figure 6.2: (a) Threshold current, Ith, as a function of R for the parameters used in Fig. 6.1
(blue line). The orange line considers Cr2O3 material parameters with the same HM and
interface parameters as Fig. 6.1. NC radius (b), threshold current (c) and frequency (d) at the
minimum point of Ith(R) as a function of exchange and anisotropy fields. For all graphs we
considered dAF = 20 nm as well as the corresponding αSP. Red asterisks indicate the material
parameters used in Fig. 6.1. White circles highlight further AFMs.
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For practical applications the power consumption of the SHNO is of crucial importance.

Approximating the current passing part of the NC in HM as a resistance with the length

L = 2R and cross-sectional area S = 2RdN in the xz−plane one obtains its resistance as

∼ (L/σN S) = 1/σN dN which is independent of R. By multiplying Eq. 6.7 by S we obtain the

threshold current as

Ith(R) =αAωthR + (Bλ2
ex /R). (6.8)

The first term in this equation represents the current needed to overcome the damping which

grows linearly with R . The second term reflects the propagation energy which scales with R−1.

The combination of these two terms leads to a minimum threshold current, I min
th , with respect

to R. In Fig. 6.2(a) we depict Ith as a function of R for the parameters used in Fig. 6.1 (blue

line). For comparison, we display Ith(R) for the uniaxial antiferromagnet Cr2O3 (orange line)

with material parameters of Ms = 45.5 kA/m, HE = 490 T, HA = 0.035 T and a = 1 nm [47, 180].

Since ωth is a slowly varying function of R for R ≳ 2λex (Fig. 6.1(d)) away from the exchange

dominated regime, we neglect its dependency on R, for large R and obtain Rmin ≃
√

Bλ2
ex

αAωmin
th

where Rmin and ωmin
th are the NC radius and threshold frequency at the threshold current

minimum, respectively. This expression slightly underestimates Rmin. In Fig. 6.2(b), (c) and (d)

we depict Rmin, I min
th andωmin

th , respectively, as a function of HE and HA (for a set of parameters

that hold the exchange limit) which are numerically obtained by minimizing Ith(R). Figure

6.2 (b) shows that Rmin increases (decreases) by increasing HE (HA). However, I min
th (Fig. 6.2

(c)) and ωmin
th (Fig. 6.2 (d)) increase by increasing both HE and HA . The parameters used for

simulations is indicated with the red aster. White circles indicate some of the most interesting

materials for AFM spintronics [14, 26, 27, 47, 120, 121, 124, 136, 180–184] which all of them

fall in the exchange limit and our theory holds.

Due to the large exchange field in AFMs, the effect of damping on Ith(R) is enhanced (Eq.

6.7 and 6.8). Therefore, we evaluate the effect of AFM thickness which drastically influences

αSP. The intrinsic Gilbert damping, α0, is in the order of 10−6 − 10−4 for insulating AFMs

[14, 121, 124, 136, 183] which is negligibly small compared to αSP for thin films. Figure 6.3(a)

shows αSP for the AFM simulated in Fig. 6.1 and Cr2O3. Since Ms for Cr2O3 is small, αSP

depends prominently on dAF . Despite the large αSP for Cr2O3, its I min
th (orange curve) is

considerably smaller compared to the AFM with large Ms (blue curve) as is shown in Fig.

6.3(b). Though αSP decreases by increasing dAF , I min
th increases since SOT is an interface effect

and scales with d−1
AF . Rmin and ωmin

th as a function of dAF are shown in Fig. 6.3(c) and (d),

respectively. Rmin increases as a function of dAF (Fig. 6.3(c)) since Rmin ∝
√
α−1

SP ∝
√

dAF

and A and B are slowly varying functions of α. Despite having larger HE and smaller HA ,

Cr2O3 has smaller Rmin due to largerαSP andωmin
th . Though the AFMR frequency of Cr2O3 (164

GHz) is lower than the AFMR of Fig. 6.1 (202.5 GHz), the threshold frequency at I min
th is higher

for Cr2O3 (Fig. 6.3(d)). The higher frequency is a consequence of low Ms which results in a

significant change of αSP with dAF .

In the following we make use of the predicted spin dynamics and evaluate electrical signals

that arise due to spin pumping into an adjacent HM layer. The dynamic part of the Néel vector,

n(r, t), gives rise to spin pumping which scales with js = (n× ṅ)× ẑ [24, 28, 29]. By adding
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Figure 6.3: Spin pumping induced damping, αSP (a) threshold current I min
th (b), NC size Rmin

(c) and threshold frequency, ωmin
th (d) at the threshold current minimum as a function of AFM

layer thickness, dAF .

a HM layer either above or below the AFM, an ac electrical field is generated according to

E = E js = E (n× ṅ)× ẑ with E = ℏηθSH /edN [28]. Taking the complex SW amplitude, u, we

obtain the ac signal [175]

Eac(r, t ) = Enx ṅz = Eω
√

1−|u(r )|2 Re
{

u(r )e iωt
}

. (6.9)

We numerically calculated js = (n× ṅ)× ẑ for each cell at each moment in time from micro-

magnetic simulations. We took the FFT of this quantity, multiplied by E = 0.7×10−7 V.s/cm

and color-coded the absolute values as shown for two different currents Jc applied to an NC

with R = 25 nm in Fig. 6.4(a) and (b). Thereby, we evaluate the spin pumping at fth = 0.3

THz and fh = 1.2 THz, respectively. We display its spatially inhomogeneous characteristics

in units of V/cm. The panels of Fig. 6.4(a) and (b) hence show ac electric fields in the typical

HM assumed above. They allow for a straightforward comparison with the earlier reports on

spin pumping from biaxial AFMs. For the fth mode, the maximum spin pumping signal is

obtained in the NC, while for the fh mode, Eac vanishes under the NC. This result is explained

by Fig. 6.4(c) illustrating the spin-precessional motion at fth (blue) and fh (red) in the center of

the NC. For fth, the SOT excites a conically precessing Néel vector (See Supplemental video 1

[175]) with a well-defined elliptical polarization and a cone angle smaller than π/2. At large Jc

(SOT), the cone angle reaches π/2 and the Néel vector precesses entirely in the y z-plane (See

Supplemental video 2 [175]). In this case, the spin-precessional amplitude |u(r )| is maximum

(|u(r )| = 1). In Fig. 6.4(d) we depict the quantity js,ac = |u(r )|
√

1−|u(r )|2 as a function of

|u(r )|. The striking feature of js,ac is the maximum ac spin pumping at |u|max =
p

2/2. Consis-

tent with the macrospin approximation applied in Ref. [29], we observe zero spin pumping
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Figure 6.4: Spin pumping induced ac output electric field for modes (a) fth at threshold and
(b) fh above threshold. Red circule marks the NC. (c) Time dependent dynamic Néel vector
for fth (blue) and fh (red). The arrows indicate the direction of time. (d) The dimensionless
parameter js,ac = |u|

√
1−|u|2 as a function of the spin wave amplitude |u|.

inside the NC when a large Jc gives rise to |u(r )| = 1. But, the zero-spin pumping is no longer

true for the discovered Slonzweski waves propagating into the AFM. Outside the NC a region

is found where due to damping the amplitude |u|max =
p

2/2 is realized and maximum ac spin

pumping occurs remotely from the NC. The predicted excitation of propagating THz-ASSWs

makes uniaxial AFMs a promising material for SHNOs as they exhibit a lower threshold current

and enable 3 orders of magnitude larger values |Eac | than the earlier considered biaxial AFMs

[28, 29]. In Eq. 6.9, we find |Eac | to be proportional to the operational frequency ω, whereas

for biaxial AFMs one finds |Eac |∝ ωeωE

4
√
α2ω2

E+ω2
. The latter value is orders of magnitude smaller

due to small biaxial anisotropy ωe .
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Conclusion

We have derived and solved the spin wave equation for a realistic SHNO considering AFMs

with uni-axial anisotropy. We find propagating THz Slonzewski waves which allow one to

generate large ac electrical fields via spin pumping into an adjacent heavy metal film. At the

same time, synchronization between neighboring SHNOs via propagating SWs might arise.

The predicted waves hence open unprecedented pathways for dc current driven THz signal

generation by means of magnons in thin-film AFMs.
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7 Summary and Outlook

In this thesis we have addressed AFMs for their potential role in AFM magnonics, both in the

GHz and THz frequency regime. In this chapter I provide a short summary of the main results

and an outlook on possible future studies and challenges.

In Sec. 4.1 we studied the GHz branch of magnons in the canted antiferromagnet hematite at

room temperature. Employing broadband microwave spectroscopy in flip-chip configuration,

we extracted exchange, DMI and anisotropy field in hematite. From these measurements we

determined a damping coefficient of 1.1×10−5. By means of wave vector resolved inelastic

Brillouin light scattering we measured the magnon dispersion relation of the low frequency

branch for wave vectors k which are relevant for timely experiments in magnonics. We

observed magnon group velocities of up to 23 km/s for a large regime of wave vectors up

to k ≈ 24 rad/µm and obtained the exchange stiffness length to be relatively short and only

about 1 Å. We estimated a very large SW decay length of 1.1 cm in a small magnetic field of

30 mT similar to the best YIG. These observations put hematite in a rivalry position to be the

next "fruit fly" of magnonics instead of YIG. As hematite is an antiferromagnet, it is expected

that the effect of dipolar interaction will be absent that deteriorates the SW group velocities

in YIG thin films. Thus order of magnitude larger SW group velocities than in YIG thin films

are expected in hematite thin films. Such high group velocities not only eliminate the need

for extra magnetic elements e.g. magnetic grating couplers, but also promise high speed and

energy efficient magnonic devices.

In chapter 5 we investigated SWs in thin films of hematite. We developed a recipe for the

growth of high quality thin films by successive sputtering on sapphire substrate at room

temperature and successive rapid thermal annealing of ultra-thin (5 nm) layers of hematite.

We assessed the quality of thin films by means of θ−2θ, φ-scan and reciprocal space mapping

XRD, which indicated that a high level of epitaxy was established. The grown films were

highly strained without twin domains. We studied SWs in these thin films by means of BLS

spectroscopy at room temperature. To the best of our knowledge, we report here the first

BLS spectroscopy measurements done on antiferromagnetic thin films. Taking advantage

of the scanning function and high resolution of micro-focus BLS (300 nm), we detected a

pronounced spatial variation of the SW frequency in our thin films. Furthermore, we observed
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multiple SW modes whose frequencies did not strictly follow the field dependent behavior

measured in the bulk sample reported in Sec. 4.1. They often showed jumps in the low field

regime (12-40 mT). We attribute the large spatial variation, multiple modes and jumps in

the SW frequencies to the strain gradients in the film due to substrate clamping and the

magnetoelastic effects which are very strong in hematite. Our results showcase a crucial

unanticipated challenge for AFM magnonics, which is to obtain strain-free thin films. Such

magnetoelastically homogeneous thin films are essential to harvest a long decay length and

high group velocity of GHz SWs in hematite.

In chapter 6 we present a theoretical and micromagnetic simulation study of a uniaxial AFM

based SHNO consisting of a nano-constriction region. By solving the derived SW equation

we evidence radially propagating THz Slonczewski SWs. We show that these SWs possess a

minimum threshold current with respect to the NC radius accessible by the state-of-the-art

nanotechnology. We demonstrate that when used in the form of NC-based SHNOs, uniaxial

AFMs generate ac electrical fields via spin pumping that are three orders of magnitude larger

than suggested by biaxial AFMs. Our work provides a fundamental understanding of spin

dynamics in AFM-SHNOs and enables optimization of practical devices in terms of materials

choice, device geometry, and frequency tunability. Propagating SWs not only enable remote

generation of THz signals but also offer an efficient means for synchronizing SHNOs. We hope

that our results spark investigations of such synchronization schemes between AFM-SHNOs.

We expect that when excited in uniaxial AFMs with the right sign of second order anisotropy,

these AFM Slonczewski SWs would be modulationally unstable and convert to dynamical

droplet solitons as predicted in Ref. [185]. Surprisingly, second order anisotropy in hematite

fulfills the criteria for formation of such dynamical solitons. Therefore, one might be able to

excite the soliton mode in thin films of hematite in which the Morin transition is restored and

uniaxial phase is accessible.
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A Supplementary Information: Tera-
hertz Slonczewski propagating spin
waves and large output voltage in
antiferromagnetic spin-Hall nano-
oscillators
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My contribution to this paper included the derivation of analytical equations, micromagnetic

simulations and data analysis. I wrote the draft of the manuscript. Supplementary of the draft

have been reformatted, the content of Sec. A.1 and A.2 was not modified.

A.1 Slonczewski Spin wave

In this section we present a detailed derivation of the spin wave equation and the correspond-

ing solution of it for our system. We start with the magnetic free energy density of a uniaxial

antiferromagnet without the parity breaking term [24, 25, 102, 174] as

f = Ms

γ

{
1

2
ωE

(
m2 −n2)− 1

2
ωA

[
(m.û)2 + (n.û)2]− 1

2
ωAλ

2
ex

[
(∇m)2 − (∇n)2]} . (A.1)

We will show in Sec. A.2 the correspondence between this continuum model and the micro-

magnetic simulations. The equations of motion for m and n are given by
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ṁ =
[
ωm ×m+ωn ×n

]
+τD

m +τSOT
m , (A.2)

ṅ =
[
ωm ×n+ωn ×m

]
+τD

n +τSOT
n . (A.3)

All the parameters in Eqs. A.1, A.2 and A.3 are described in the main text. The effective fields

in frequency unit are given by the functional derivative of total free energy, F = ∫
f dV as

ωm = − γ

Ms

δF

δm
=− γ

Ms

[
∂ f

∂m
−∇.

∂ f

∂∇m

]
=−[

ωE m−ωA (m.û) û+ωAλ
2
ex∇2m

]
, (A.4)

ωn = − γ

Ms

δF

δn
=− γ

Ms

[
∂ f

∂n
−∇.

∂ f

∂∇n

]
=−[−ωE n−ωA (n.û) û−ωAλ

2
ex∇2n

]
. (A.5)

We consider the linear excitation of the form n = n0x̂+n⊥
(
x, y

)
e iωt with |n⊥

(
x, y

) | ≪ 1 to

derive the wave equation for small amplitude spin waves excited by spin-orbit torque. In the

exchange limit (ωA/ωE ≪ 1) which is the case for most of the antiferromagnets and in the

absence of an external field, m ≃ (ωA/ωE )n⊥ ≪ n⊥ and |n0| ≃ 1. By keeping only the linear

terms in n⊥, we consider the damping terms as

τD
m =α(m×ṁ+n× ṅ) ≃αn× ṅ, (A.6)

τD
n =α(m× ṅ+n×ṁ) ≃ 0, (A.7)

and the spin-orbit torque terms as

τSOT
m =ωs

[
m× (

m× p̂
)+n× (

n× p̂
) ]

H (R − r ) ≃ωs

[
n× (

n× p̂
) ]

H (R − r ) , (A.8)

τSOT
n =ωs

[
m× (

n× p̂
)+n× (

m× p̂
) ]

H (R − r ) ≃ 0. (A.9)

Applying these considerations and plugging in Eqs. A.4 and A.5 to Eq. A.3 results in
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ṅ = (ωm ×n+ωn ×m)

= (−ωE m+ωAmx x−ωAλ
2
ex∇2m

)×n+ (
ωE n+ωAnx x+ωAλ

2
ex∇2n

)×m

= (2ωE +ωA)n0 ×m. (A.10)

We take the time derivative of Eq. A.10 considering n = n0x̂+n⊥
(
x, y

)
e iωt which results in

n̈ =−ω2n⊥ = (2ωE +ωA)n0 ×ṁ. by taking the cross product between this equation and n and

rearrangement of the terms we obtain

ṁ =
[

ṁy

ṁz

]
=

(
ω2

2ωE +ωA

)[
−nz

ny

]
=

(
ω2

2E +ωA

)
n0 ×n⊥. (A.11)

Plugging Eqs. A.4, A.5, A.6 and A.8 into Eq. A.2 considering n× (
n× p̂

)= n⊥ we derive

ṁ = ωAn0 ×n⊥+ωAλ
2
ex∇2n⊥×n0 + iαωn0 ×n⊥+ωs H (R − r )n⊥

=

−ωAnz − iαωnz +ωs H (R − r )ny +ωAλ
2
ex∇2nz

ωAny + iαωny +ωs H (R − r )nz −ωAλ
2
ex∇2ny

 . (A.12)

By equating Eqs. A.11 and A.12 we obtain the following coupled equations for components of

n⊥ as

( −ω2

2ωE +ωA

)
nz =−ωAnz − iαωnz +ωs H (R − r )ny +ωAλ

2
ex∇2nz , (A.13)

(
ω2

2ωE +ωA

)
ny =ωAny + iαωny +ωs H (R − r )nz −ωAλ

2
ex∇2ny . (A.14)

We introduce complex spin wave amplitude as u = ny + i nz and its complex conjugate as

u∗ = ny − i nz which results in


ny = u +u∗

2

nz = u −u∗

2i

. (A.15)
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Plugging Eq. A.15 into Eqs. A.13 and A.14 we obtain the wave equation for u and u∗ as

(
ω2

2ωE +ωA

)
u = ωAu + iαωu − iωs H (R − r )u −ωAλ

2
ex∇2u, (A.16)

(
ω2

2ωE +ωA

)
u∗ = ωAu∗− iαωu∗+ iωs H (R − r )u∗−ωAλ

2
ex∇2u∗. (A.17)

Equation A.17 is the complex conjugate of Eq. A.16. Therefore, solving only one of these

wave equations is sufficient to describe dynamics of the system. By adding the dispersive

dissipation term [176, 177], iαωAλ
2
ex∇2u to Eq. A.16 we obtain

(1+ iα)ωAλ
2
ex∇2u +

(
ω2

2ωE +ωA
−ωA

)
u − iαωu + iωs H (R − r )u = 0. (A.18)

Dividing Eq. A.18 by 1+ iα and using the Taylor expansion of (1+ iα)−1 = 1− iα we obtain

ωAλ
2
ex∇2u + (1− iα)

(
ω2

2ωE +ωA
−ωA

)
u − (1− iα) iαωu + (1− iα) iωs H (r −R)u = 0. (A.19)

Retaining the linear terms in α, changing r to dimensionless variable r̃ = r /R and multiplying

by

(
R2

ωAλ
2
ex

)
we rewrite Eq. A.19 as

1

r̃

∂

∂r̃

(
r̃
∂u

∂r̃

)
+

(
R2

ωAλ
2
ex

){ (
ω2

2ωE +ωA
−ωA

)
+ iωs H (r̃ −1)+αωs H (r̃ −1)

− iα

[
ω+ ω2

2ωE +ωA
−ωA

] }
u = 0. (A.20)

Here, we consider the Laplace operator in polar coordinate as ∇2u = 1

r

∂

∂r

(
r
∂u

∂r

)
. Symmetry of

the problem indicates that u(r) = u(r ) is a radial function and independent of the polar angle.

We summarize Eq. A.20 for convenience as following

1

r̃

∂

∂r̃

(
r̃
∂u

∂r̃

)
+ Au + i B H (r̃ −1)u +αB H (r̃ −1)u − iαCu = 0, (A.21)
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with coefficients A, B and C defined as

A =
(

R2

ωAλ
2
ex

)(
ω2

2ωE +ωA
−ωA

)
, (A.22)

B =
(

R2

ωAλ
2
ex

)
ωs , (A.23)

C =
(

R2

ωAλ
2
ex

)[
ω+ ω2

2ωE +ωA
−ωA

]
. (A.24)

Equation A.21 can be written as

1

r̃

∂

∂r̃

(
r̃
∂u

∂r̃

)
+k2

i u = 0, (A.25)

which is the Bessel equation with the complex wavenumber, ki (i = 1, 2). Here,

k1 =
p

A+ i B +α (B − iC ) (k2 =
p

A− iαC ) for 0 < r̃ < 1 (r̃ > 1), i.e. inside (outside) the nano-

constriction. Following Slonczewski [58, 178], we take a piecewise Bessel solution of the

form

u (r̃ ) =


J0 (k1r̃ ) ; 0 ≤ r ≤ 1,

cH (1)
0 (k2r̃ ) ; r > 1, with c = J0 (k1r̃ )

H (1)
0 (k2r̃ )

,
(A.26)

where J0(x) and H (1)
0 (x) are the Bessel and Hankel functions of the first kind, respectively.

Requiring continuity of the derivative of u at the NC boundary r̃ = 1, leads to the follow-

ing complex transcendental equation whose real and imaginary parts determine two real

eigenvalues ω and ωs at the threshold [58, 178]

k1H (2)
0 (k2) J1 (k1) = k2H (2)

1 (k2) J0 (k1) . (A.27)

We solve this equation by expanding the wavenumbers in the small parameter α as

k1 = k10 +αk11 ≡
√

A0 + i B0 +α A1 +B0 + i (B1 −C )

2
√

A0 + i B0

,

k2 = k20 +αk21 ≡
√

A0 +α A1 − iC

2
p

A0
, (A.28)
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where

A = A0 +αA1 = A0 +α (A11 + A12C ) , (A.29)

B = B0 +αB1 = B0 +α (B11 +B12C ) . (A.30)

We plug Eq. A.28 into Eq. A.27 and match the terms of the order of O(1) and O(α) separately

which results in

O (1) : k10H (2)
0 (k20) J1 (k10) = k20H (2)

1 (k20) J0 (k10) , (A.31)

O (α) : k11

[
k10 J0 (k10) H (2)

0 (k20)+k20 J1 (k10) H (2)
1 (k20)

]
−k21

[
k20 J0 (k10) H (2)

0 (k20)+k10 J1 (k10) H (2)
1 (k20)

]
= 0. (A.32)

Numerical solution to Eq. A.31 gives A0 = 1.428 and B0 = 1.863. Using these values and we

solve Eq. A.32 which is a linear equation for A1 and B1 and obtain A11 =−3.087, A12 = 0.815,

B11 =−1.581 and B12 = 1.004. From Eqs. A.22 and A.29 we get

A = A0 +α (A11 + A12C ) = A0 +α
{

A11 + A12

(
R2

ωAλ
2
ex

)[
ω+ ω2

2ωE +ωA
−ωA

]}
=

(
R2

ωAλ
2
ex

)(
ω2

2ωE +ωA
−ωA

)
. (A.33)

Multiplying by

(
ωAλ

2
ex

R2

)
and rearranging the terms we obtain

(
ω2

2ωE +ωA
−ωA

)
−

(
ωAλ

2
ex

R2

)
(A0 +αA11)

−
(
ωAλ

2
ex

R2

)
αA12

(
R2

ωAλ
2
ex

)[
ω+ ω2

2ωE +ωA
−ωA

]
= 0. (A.34)

Rearranging the terms, we obtain the following equation the eigenvalue ω
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ω2 −
[
αA12 (2ωE +ωA)

1−αA12

]
ω− (2ωE +ωA)

[
ωA +

(
A0 +αA11

1−αA21

)(
ωAλ

2
ex

R2

)]
= 0. (A.35)

Solution to this equation gives the threshold frequency as

ωth = αA12 (2ωE +ωA)

2(1−αA12)

+
√[

αA12 (2ωE +ωA)

2(1−αA12)

]2

+ (2ωE +ωA)

[
ωA +

(
A0 +αA11

1−αA12

)(
ωAλ

2
ex

R2

)]
. (A.36)

Equating Eqs. A.23 and A.30 we obtain

ωs =
(
ωAλ

2
ex

R2

)
[B0 +α (B11 +B12C )] , (A.37)

and considering ωs = 2ℏγθSH Jc

eMsdAF
η we obtain the threshold current density as a function of the

coefficient C as

Jc =
(

eMsdAF

2γℏθSHη

)(
ωAλ

2
ex

R2

)
[B0 +α (B11 +B12C )] . (A.38)

We rewrite Eqs. A.24 and A.34 as

(
ω2

2ωE +ωA
−ωA

)
=

(
ωAλ

2
ex

R2

)
C −ω, (A.39)(

ω2

2ωE +ωA
−ωA

)
−

(
ωAλ

2
ex

R2

)
(A0 +αA11)−

(
ωAλ

2
ex

R2

)
αA12C = 0, (A.40)

respectively. By replacing the first term in Eq. A.40 with Eq. A.39 we obtain C as

C =
(

R2

ωAλ
2
ln

)(
ω

1−αA21

)
+ A0 +αA11

1−αA12
. (A.41)
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Plugging Eq. A.41 into Eq. A.38 we obtain the threshold current density as

Jc,th =
(

eMsdAF

2γℏθSHη

){(
ωAλ

2
ex

R2

)[
B0 +αB11 +αB21

(
A0 +αA11

1−αA12

)]
+

(
αB12

1−αA12

)
ωth

}
. (A.42)

A.2 Continuum model from micromagnetic formalism in OOMMF

In this section we employ a similar method to Ref. [186] to derive a continuum model free

energy from discrete micromagnetic energy terms used in OOMMF [98]. In this micromagnetic

code the standard 6-neighbor exchange energy density (Oxs_Exchange6Ngbr) for cell k is

given by

Ek,ex = ∑
l∈Nl

Akl
Sk . (Sk −Sl )

∆2
kl

, (A.43)

where Nl is the set consisting of the 6 cells nearest to cell k in 3D, Akl is the exchange coefficient

between cells k and l and ∆kl is the discretization step size between cell k and cell l . S is the

unit vector of magnetization in the cell. The exchange energy density of a pair of neighboring

cells is given by

E pair
ex (k, l ) = Akl

∆2
kl

Sk . (Sk −Sl )+ Al k

∆2
lk

Sl . (Sl −Sk ) . (A.44)

Considering Akl = Alk = Aex and ∆kl = ∆l k = a, the total exchange energy of this pair of

neighboring cells is given by

V E pair
ex (k, l ) = AexV

a2 × [Sk . (Sk −Sl )+Sl . (Sl −Sk )]

= AexV

a2 × [
S2

k −Sk .Sl +S2
l −Sl .Sk

]
= 2AexV

a2 × (1−Sk .Sl ) , (A.45)

where V = a3 is the volume of each cell. The first term in Eq. A.45 is a constant energy shift

and does not contribute to the dynamics of the system. The total exchange free energy term of

the whole system important for spin dynamics is given by
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Fex =
(
−2AexV

a2

) ∑
〈k,l〉

Sk .Sl = J
∑
〈k,l〉

Sk .Sl . (A.46)

This exchange energy describes a G-type cubic antiferromagnet with J =
(
−2AexV

a2

)
. We define

average magnetization and the Néel order vector as

m = Sk +S1

2
, (A.47)

n = Sk −Sl

2
, (A.48)

respectively. Using Sk = m+n and Sl = m−n, Eq. A.46 can be written as the system free energy

under the continuum approximation. We consider a quasi-two-dimensional system since

we have only one cell along the thickness of the simulated antiferromagnetic layer. To keep

the distance between sublattice pairs equal along both coordinate axes, we define m and n

in a rotated coordinate system x ′O y ′ which we call “continuum coordinate system”. x ′O y ′ is

rotated by θ = 45 degree counterclockwise with respect to xO y coordinate system which we

call the “discrete coordinate system”, as shown in Fig. A.1.

𝑥𝑥

𝑥𝑥′

𝑦𝑦

𝑦𝑦′

𝑎𝑎

𝑎𝑎

𝑺𝑺𝑘𝑘 𝑺𝑺𝑙𝑙𝜃𝜃

Figure A.1: Schematics of the studied system. The neighboring cells in the discrete micromag-
netic model are illustrated by transparent red and blue squares with the side length a (cell
size) and diameter a′. The neighboring spins corresponding to these cells are shown by solid
circles. Since the system represents a G-type antiferromagnet, the red and blue color of the
neighboring cells indicates that they belong to two opposing sublattices of the antiferromag-
net. The xO y and x ′O y ′ are the discrete and continuum coordinate systems.
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Plugging Sk = m+n into Eq. A.46 we obtain

Fex = J
∑ {(

mi , j −ni , j
)

.
[(

mi , j +ni , j
)+ (

mi+1, j +ni+1, j
)

+(
mi , j+1 +ni , j+1

)+ (
mi+1, j+1 +ni+1, j+1

)]}
, (A.49)

Fex = J
∑[

F (0)
i , j +F (1)

i , j +F (2)
i , j +F (3)

i , j +F (4)
i , j

]
, (A.50)

where subscripts i and j indicate the sublattice pairs in the continuum coordinate system and

F (0)
i , j = m2

i j −n2
i , j , (A.51)

F (1)
i , j = mi , j .

(
mi+1, j +mi , j+1 +mi+1, j+1

)
, (A.52)

F (2)
i , j =−ni , j .

(
ni+1, j +ni , j+1 +ni+1, j+1

)
, (A.53)

F (3)
i , j = mi , j .

(
ni+1, j +ni , j+1 +ni+1, j+1

)
, (A.54)

F (4)
i , j =−ni , j .

(
mi+1, j +mi , j+1 +mi+1, j+1

)
. (A.55)

To obtain the continuum model we replace differences with derivatives as given below

mi+1, j −mi , j = a′∂x ′m, (A.56)

mi , j+1 −mi , j = a′∂y ′m, (A.57)

mi+1, j+1 −mi , j = a′∂x ′m+a′∂y ′m, (A.58)

ni+1, j −ni , j = a′∂x ′n, (A.59)

ni , j+1 −ni , j = a′∂y ′n, (A.60)

ni+1, j+1 −ni , j = a′∂x ′n+a′∂y ′n, (A.61)

where a′ = a
p

2 is the distance of sublattice pairs in x ′O y ′ coordinate along both x ′ and y ′.

Using the vectorial identity v1.v2 = 1

2

[
v2

1 +v2
2 − (v1 −v2)2

]
we have e.g.
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ni , j .ni+1, j = 1

2

[
2n2 − (

a′∂x ′n
)2

]
,

ni , j .ni , j+1 = 1

2

[
2n2 − (

a′∂y ′n
)2

]
,

ni , j .ni+1, j+1 = 1

2

[
2n2 − (

a′∂x ′n+a′∂y ′n
)]

.

With the same argument for all the terms in Eqs. A.52-A.55 we obtain

F (0)
i , j = m2 −n2, (A.62)

F (1)
i , j =+

[
3m2 − 1

2

[(
a′∂x ′m

)2 + (
a′∂y ′m

)2 + (
a′∂x ′m+a′∂y ′m

)2
]]

, (A.63)

F (2)
i , j =−

[
3n2 − 1

2

[(
a′∂x ′n

)2 + (
a′∂y ′n

)2 + (
a′∂x ′m+a′∂y ′m

)2
]]

, (A.64)

F (3)
i , j =+[

3m.n+2m.
(
a′∂x ′n+a′∂y ′n

)]
, (A.65)

F (4)
i , j =−[

3m.n+2n.
(
a′∂x ′m+a′∂y ′m

)]
. (A.66)

Substituting these equations into Eq. A.50 and replacing discrete sum with
∑ → 1

V ′
∫

dV ′

(with V ′ = aa′2) we obtain the exchange free energy of the system in x ′O y ′ coordinate system

as

Fex =
(−2AV

a2

)
1

V ′

∫
dV ′

{
4

[(
m2 −n2)]−[(

a′∂x ′m
)2 + (

a′∂y ′m
)2 +a′∂x ′m.a′∂y ′m

]
+

[(
a′∂x ′n

)2 + (
a′∂y ′n

)2 +a′∂x ′n.a′∂y ′n
]
+

[
3m.n+2m.

(
a′∂x ′n+a′∂y ′n

)]
−

[
3m.n+2n.

(
a′∂x ′m+a′∂y ′m

)] }
. (A.67)

Since m.n = 0 we have

∂x ′ (m.n) = m.∂x ′n+n.∂x ′m = 0,

∂y ′ (m.n) = m.∂y ′n+n.∂y ′m = 0,
(A.68)

which results in −n.
(
a′∂x ′m+a′∂y ′m

)= m.
(
a′∂x ′n+a′∂y ′n

)
and we obtain
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Fex =
∫

dV ′
{

Ah
(
m2 −n2)− A′

nh

[ (
(∂x ′m)2 + (

∂y ′m
)2 +∂x ′m.∂y ′m

)
−

(
(∂x ′n)2 + (

∂y ′n
)2 +∂x ′n.∂y ′n

) ]
+Lm.

(
∂x ′n+∂y ′n

) }
. (A.69)

with

Ah = 4

(−2Aex

a2

)(
V

V ′

)
= 4

(−2Aex

a2

)(
a3

2a3

)
= −4Aex

a2 , (A.70)

A′
nh = a′2

(−2Aex

a2

)(
V

V ′

)
= (

2a2)(−2Aex

a2

)(
a3

2a3

)
=−2Aex , (A.71)

L = 4a′
(−2Aex

a2

)(
V

V ′

)
= 4a

p
2

(−2Aex

a2

)(
a3

2a3

)
=−4

p
2Aex

a
= −8Aex

a
p

2
, (A.72)

where Ah , A′
nh and L are homogeneous, nonhomogeneous and parity breaking exchange

constants. Since the micromagnetic simulations are describing the system in xO y , one needs

to transform Eq. A.69 to this coordinate system. Under the rotation transformation shown in

Fig. A.1 the homogeneous exchange term remains invariant. The rotation transformation is

given by

x = x ′ cosθ− y ′ sinθ,

y = x ′ sinθ+ y ′ cosθ.
(A.73)

Under this transformation the derivative operators transform as


∂x ′ = ∂x

∂x ′ ∂x + ∂y

∂x ′ ∂y = cosθ∂x + sinθ∂y ,

∂y ′ = ∂x

∂y ′ ∂x + ∂y

∂y ′ ∂y =−sinθ∂x +cosθ∂y .

(A.74)

Therefore, we have
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
(∂x ′m)2 + (

∂y ′m
)2 = (∂x m)2 + (

∂y m
)2 = (∇m)2 ,

∂x ′m.∂y ′m = ∂x m.∂y m
(
cos2θ− sin2θ

)− sinθcosθ
[

(∂x m)2 + (
∂y m

)2
]
=−1

2
(∇m)2 .

(A.75)

Similar equations stand for n as well. Applying these change of variables to Eq. A.69 we obtain

the total exchange free energy without the parity breaking term in xO y coordinate as

Fex =
∫

dV
{

Ah
(
m2 −n2)− Anh

[
(∇m)2 − (∇n)2]} , (A.76)

where Anh = A′
nh/2 =−Aex .

We consider the total uniaxial anisotropy energy (Oxs_UniaxialAnisotropy in OOMMF) for

the sublattice pair discussed above as

V Ean (k, l ) =−K V
[
(Sk .û)2 + (Sl .û)2] , (A.77)

where K is the anisotropy constant and û is the unit vector along the anisotropy axis. We

obtain the total anisotropy free energy of the antiferromagnet in x ′O y ′ coordinate system as

Fan = −K V
∑[

(Sk.û)2 + (Sl .û)2]=−K V
∑{

[(m+n) .û]2 + [(m−n) .û]2} (A.78)

= −2K V

V ′

∫
dV ′ [(m.û)2 + (n.û)2]=−Ku

∫
dV ′ [(m.û)2 + (n.û)2] , (A.79)

with Ku = 2K V

V ′ = 2K
a3

2a3 = K . Since the rotation transformation from x ′O y ′ to xO y does not

affect Fan , we obtain the free energy density of the antiferromagnet as

f = Ah
(
m2 −n2)− Anh

[
(∇m)2 − (∇n)2]−Ku

[
(m.û)2 + (n.û)2] . (A.80)

One can rewrite the free energy density of the form
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f =
(

Ms

γ

)(
γ

Ms
f

)
= Ms

γ

{
1

2

(
γ

2Ah

Ms

)(
m2 −n2)− 1

2

(
γ

2Anh

Ms

)[
(∇m)2 − (∇n)2]

−1

2

(
γ

2K

Ms

)[
(m.û)2 + (n.û)2] }

. (A.81)

By introducing the exchange and anisotropy fields in frequency units as following

ωE = γHE = γ
(

2Ah

Ms

)
= γ

(−8Aex

a2Ms

)
, (A.82)

ωA = γHA = γ
(

2Ku

MS

)
, (A.83)

ωAλ
2
ex = γ

(
2Anh

Ms

)
= γ


2

(
a2

4
Ah

)
Ms

= a2

4

(
γ

2Ah

Ms

)
= a2

4
ωE , (A.84)

λ2
ex = a2

4

ωE

ωA
, (A.85)

we obtain the free energy density as

f = Ms

γ

{
1

2
ωE

(
m2 −n2)− 1

2
ωA

[
(m.û)2 + (n.û)2]− 1

2
ωAλ

2
ex

[
(∇m)2 − (∇n)2]} . (A.86)

The free energy density of the form A.80 and A.86 obtained from the micromagetic energy

terms of OOMMF with a negative exchange parameter represents the free energy density

of a two sublattice antiferromagnet. Relation between the homogeneous and nonhomoge-

neous exchange constants of the antiferromagnet and the exchange coefficient introduced in

OOMMF (Aex ) is given by Ah = −4Aex

a2 and Anh =−Aex .
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