Non-planar thin film structures
for spintronics

Dissertation zur Erlangung des akademischen Grades
Doctor rerum naturalium
(Dr. rer. nat.)

vorgelegt von

Sebastian Sailler

an der

Universitat Konstanz
Mathematisch-Naturwissenschaftliche Sektion

Fachbereich Physik

Universitat ===
Konstanz

:f:%::
=

Konstanz, 2025

Konstanze©Online-Publikations-Syste(KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1b7d1m9m63»



Tag der miindlichen Priifung 24.10.2025

Erstgutachter (Betreuer) Prof. Dr. Sebastian T. B. Goennenwein

Zweitgutachter Prof. Dr. Lukas Schmidt-Mende









EIDESSTATTLICHE VERSICHERUNG GEM. §6 DER
PROMOTIONSORDNUNG DER UNIVERSITAT
KONSTANZ

1. Beider eingereichten Dissertation zum Thema "Non-planar thin film structures for spin-
tronics" handelt es sich um meine eigenstdndig erbrachte Leistung.

2. Ich habe nur die angegebenen Quellen und Hilfsmittel benutzt und mich keiner
unzuldssigen Hilfe Dritter bedient. Insbesondere habe ich wortlich oder sinngemafs
aus anderen Werken tibernommene Inhalte als solche kenntlich gemacht.

3. Falls ich textgenerierende KI-Tools als Hilfsmittel verwendet habe, ist mir bewusst,
dass ich allein fiir die inhaltliche Richtigkeit von KI generierten Textpassagen und
die Kennzeichnung von Formulierungen und Ideen anderer Personen gemaf} den
Grundsétzen der guten wissenschatlichen Praxis verantwortlich bin. Die Arbeit
oder Teile davon habe ich bislang nicht an einer Hochschule des In- oder Auslands
als Bestandteil einer Priifungs- oder Qualifikationsleistung vorgelegt.

4. Die Richtigkeit der vorstehenden Erkldarungen bestitige ich.

5. Die Bedeutung der eidesstattlichen Versicherung und die strafrechtlichen Folgen
einer unrichtigen oder unvollstindigen eidesstattlichen Versicherung sind mir
bekannt.

Ich versichere an Eides statt, dass ich nach bestem Wissen die reine Wahrheit erklirt
und nichts verschwiegen habe.

Konstanz, 30.07.2025 {,(é 'l/

Ort, Datum Unterschrift







ABSTRACT

Progress in materials science is one of the main enabling forces for the technological
advance, especially in electronic based devices. In the light of this evolvement, the field
of spin-orbitronics has become a prominent research field, aiming to exploit not only the
charge of an electron but also its angular moment for increased functionality. A promising
route is the utilisation of pure spin or orbital currents, which can be generated in spin or
orbital Hall active materials, like Pt or Ti. In combination with a magnetically ordered
material, the resulting structures allow to generate spin-waves in the adjacent magnetic
layer or exert spin-orbit torques on its magnetisation. The most commonly used material
to study the transport of spin information on a fundamental level is crystalline yttrium
iron garnet (YIG). However, the majority of studies focuses on planar layers, as these are
readily available from standard deposition methods. While non-planar geometries pose a
challenge in deposition, they are predicted to host interesting physical phenomena, like
curvature or topology induced effects. In order to probe such samples, magnetotransport
experiments could be envisioned. This commonly applied technique enables the injection
and detection of spin-waves at both levels of non-planar samples in Pt strips. Therefore,
magnetotransport constitutes one pathway to study non-planar geometries.

This thesis aims to provide a platform for the investigation of non-planar YIG geometries
using transport experiments. To that end, the first part of the thesis details the sample
fabrication of non-planar YIG films. In the second part fundamental magnetotransport
experiments in prototypical materials and bilayers are described.

Part I presents the sputter deposition and subsequent annealing of amorphous YIG,
which yields single crystalline, non-planar structures. YIG is the material of choice due
to its excellent properties, like its low magnetic damping and electrically insulating na-
ture. However, to obtain these properties crystalline YIG is necessary. To achieve single
crystalline YIG out of the amorphous phase, specific substrates and high annealing temper-
atures need to be employed. To characterise the dependence of the crystallisation process
on the annealing temperature, the crystallisation dynamics of YIG on different, planar
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substrates are initially investigated. The results lead to an all-encompassing description of
the crystallisation process of YIG with concrete crystallisation velocities depending on the
temperature. This knowledge enables the development of single crystalline, non-planar
YIG on top of an artificial SiO, mesa. With these devices at hand, the first aim of the thesis
is achieved.

Non-planar spin transport experiments in YIG can now be conceived. To that end, spin
or orbital currents need to be generated. Here, prototypical materials are Pt and Ti. These
materials are characterised by a large interconversion efficiency of a charge current to a
pure flow of spin or orbital angular momentum. In combination, i.e., bilayers of YIG/Pt,
the angular moments in Pt can be injected into the YIG layer. For an adequate interaction
of the spin current with the adjacent magnetisation in YIG, a well defined and consistent
interface is essential.

In part II ground laying magnetotransport experiments are conducted, first, to study
the charge to spin (orbital) current conversion in metal layers and second, to thoroughly
characterise the interface quality and influences of the underlying crystal structure. To
that end, in the beginning the spin- and orbitronic properties of typical materials are
investigated. A similar scaling with resistivity and crystallinity is observed in single layers
of Pt and Ti, implying a close connection of the subfields of spintronics and orbitronics. In
conjunction, spin and orbital Hall active films could drastically increase the spin current
injection into a magnetic film, like YIG. Knowing the optimal parameters to maximise
the generation of pure spin and orbital currents, the transfer of the angular momentum
into the magnetic layer needs to be optimized. Hence, a process of obtaining an optimal
interface is developed. This process is confirmed by a statistical analysis of the spin transfer
across the interface. These statistical measurements not only confirm the interface quality,
but also showcase an influence of the crystal direction on the magnetotransport response.
A dependency of angular moment injection and transport on the crystal orientation needs
to be carefully considered in non-planar studies, as the crystal direction naturally changes
in these geometries. Therefore, both the statistical distribution and the influence of the
underlying crystal structure affect the observed transport response and are of fundamental
importance for non-planar experiments. Hence, the groundwork for magnetotransport
experiments in non-planar structures is laid in the second part of the thesis.

The results presented in this work, not only demonstrate a fabrication pathway for non-
planar magnetic structures out of crystalline YIG, but also lay the experimental foundation
for magnetotransport experiments in these structures. Taken together, the results of this
thesis pave the way for investigating spintronic devices in non-planar geometries using
magnetotransport.



KURZFASSUNG

Materialwissenschaftliche Entwicklungen sind eine der wichtigsten Triebkréfte fiir den
technologischen Fortschritt, welcher in elektronischen Gerdten besonders stark bemerkbar
ist. Angesichts des rasant ansteigenden Bedarfs hat sich das Feld der Spin- und Orbitronik
entwickelt, in dem nicht nur die Ladung des Elektrons, sondern auch sein Drehimpuls
ausgenutzt wird, um eine erhohte Funktionalitdt zu erreichen. Ein vielversprechender
Ansatz ist das Ausnutzen von reinen Spin- oder Orbitalstromen, die in Materialien wie
Pt und Ti durch den Spin- beziehungsweise Orbital-Hall-Effekt erzeugt werden kénnen.
Durch Kombination mit einem magnetisch geordneten Material, wie zum Beispiel Yttrium-
Eisen-Granat (YIG, Englisch: yttrium iron garnet), konnen in diesem Spinwellen erzeugt
oder ein Drehmoment auf die Magnetisierung ausgetibt werden. Jedoch konzentriert
sich die Forschung iiberwiegend auf planare Schichten, da solche in Standardprozessen
hergestellt werden konnen. Nichtplanare Schichten stellen zwar eine Herausforderung an
die Herstellung, aber in diesen sind interessante physikalische Phdnomene theoretisch
vorhergesagt, die durch die Kriimmung oder Topologie der nichtplanaren Strukturen
hervorgerufen werden. Eine geeignete Methode um solche Effekte zu vermessen sind
Transportexperimente. Diese hdufig verwendete Technik erlaubt eine Injektion und Detek-
tion von Spinwellen durch Pt-Streifen auf beiden Niveaus der nichtplanaren Struktur. Mag-
netotransportmessungen stellen daher eine geeignete Moglichkeit dar, um nichtplanare
Strukturen zu untersuchen.

Ziel der Arbeit ist es, eine Plattform fiir die Untersuchung von nichtplanaren YIG-
Strukturen mittels Transportexperimenten zu etablieren. Dazu wird zuerst die Herstellung
von nichtplanaren YIG Diinnfilmen beschrieben und daraufhin die an prototypischen
Materialien durchgefiihrten Magnetotransportmessungen.

Teil I befasst sich mit der Sputterdeposition und anschliefSfender Auslagerung von
amorphem YIG, woraus nichtplanare, einkristalline Strukturen hergestellt werden. YIG
ist das Material der Wahl auf Grund seiner herausragenden Eigenschaften, wie zum
Beispiel einer geringen magnetischen Ddmpfung. Um diese Eigenschaften zu erreichen, ist
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jedoch kristallines YIG erforderlich. Dieses kann in einkristalliner Form aus der amorphen
Phase mittels geeigneter Substrate sowie hohen Auslagerungstemperaturen hergestellt
werden. Um die Temperaturabhingigkeit des Kristallisationsprozesses zu untersuchen,
wird anfanglich die Dynamik der Kristallisation von YIG auf verschiedenen, planaren
Substraten untersucht. Die Ergebnisse resultieren in einer allumfassenden Beschreibung
des Kristallisationsverhalten von YIG. Dieses Wissen ermoglicht die Entwicklung und
Herstellung von einkristallinen, nichtplanaren YIG-Strukturen auf kiinstlich definierten
SiO, Stufen.

Die hergestellten Strukturen er6ffnen die Moglichkeit, nichtplanare Spin-Transport-
experimente zu konzipieren. Hierfiir miissen Spin- oder Orbitalstrome erzeugt werden.
Zwei prototypische Materialien sind Pt und Ti, die sich durch ihre hohe Umwandlungsef-
fizienz von Ladungsstrom zu Spin- bzw. Orbitalstrom auszeichnen. Eine Kombination
von YIG und Pt Bilagen erméglicht den Ubertrag von Drehimpuls an der Grenzflache. Fiir
eine gute Ankopplung der Spinakkumulation in Pt mit der Magnetisierung des YIG ist
eine wohl definierte, saubere Grenzflache essenziell.

Teil IT der Arbeit beschreibt grundlegende Magnetotransportmessungen, wobei zuerst
die Umwandlung von Ladungsstrom in Spin- oder Orbitalstrom in metallischen Diinn-
filmen untersucht und anschlieffend die Qualitidt der Grenzfldche, sowie der Einfluss der
Kristallstruktur an YIG/Pt-Bilagen charakterisiert wird. Anfanglich werden dafiir die
charakteristischen Eigenschaften von Spin- oder Orbital-Hall-aktivem Material untersucht.
Hierbei weisen Pt und Ti eine vergleichbare Abhéngigkeit zum spezifischen Widerstand
und der Kristallinitit auf, was auf eine enge Uberschneidung der Teilbereiche Spintronik
und Orbitronik deutet. Eine Kombination von solch Spin- und Orbital-Hall-aktiven Ma-
terialien konnte eine drastische Steigerung der injizierten magnetischen Momente in
ein angrenzendes, magnetisch geordnetes Material, wie YIG, ermoglichen. Da jetzt die
optimalen Parameter zur Maximierung der Erzeugung reiner Spin- und Orbitalstréme
bekannt sind, muss nun die Einkopplung des Drehimpulses in die magnetische Schicht
optimiert werden. Dafiir wird zundchst ein Prozess fiir eine optimale Grenzfldche ent-
wickelt. Dieser Prozess wird durch eine statistische Analyse des Spintransfers iiber die
Grenzflache verifiziert. Die Messergebnisse bestédtigen nicht nur die Qualitdt der Grenz-
flache sondern zeigen zudem einen Einfluss der unterliegenden YIG Kristallstruktur auf
die Transporteigenschaften des Pt auf. Eine Abhédngigkeit der Einbringung und des Trans-
ports von Spinmomenten von der Kristallorientierung muss vor allem in nichtplanaren
Experimenten beriicksichtigt werden, da sich die Kristallrichtung in diesen Geometrien
unvermeidlich &ndert. Daher sind sowohl die statistische Verteilung sowie der Einfluss
der Kristallstruktur von grundlegender Bedeutung fiir Magnetotransportexperimente in
nichtplanaren Strukturen. Damit legen die hier durchgefiihrten Versuche den Grundstein
fiir Transportexperimente in komplexen YIG-Geometrien.

Die in dieser Arbeit vorgestellten Ergebnisse zeigen nicht nur einen Herstellungsweg
fiir nichtplanare Strukturen aus einkristallinem YIG auf, sondern legen zusétzlich die
Grundlagen fiir Magnetotransportexperimente in solchen Strukturen. Insgesamt gesehen
ebnen die Ergebnisse dieser Arbeit den Weg fiir die Untersuchung von nichtplanaren
spintronischen Proben mittels Magnetotransport.
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Chapter 1

INTRODUCTION

Modern materials science has been crucial in paving the way for the technological
progress in the last century in virtually every area in our lives [9]. This technological
advance is especially noticeable in electronic devices, where new processing techniques
and material optimisation have resulted in smartphones, computers and smart devices. At
the heart of this lies the semiconductor industry with its capability to manufacture silicon
based chips at nanometre precision. The advancement in semiconductor technology has
been historically guided by Moore’s Law, which predicts the doubling of transistor density
approximately every two years [10]. In order to enable this self fulfilling law, precise
deposition techniques and optical lithography to define nanoscale features are required.
The most recent technology nodes — with feature sizes reaching below 7 nm — demand
rigorous control over material deposition, the patterning process as well as the etching
[11].

The focus of this thesis lies in thin film deposition, which is one of the key steps
facilitating today’s semiconductor devices. Not only does the deposition have to come
with atomic precision, but it also needs to be conformal over the complete wafer, scalable
and yield high purity films. To that end, different physical as well as chemical vapour
deposition techniques, like sputtering [12], atomic layer deposition [13] or molecular beam
epitaxy [14] have found their way into the manufacturing process. Deposited materials
range from semiconductors over metals, dielectrics and oxides [15].

While high precision deposition techniques and the introduction of extreme ultraviolet
lithography [16] made a downscaling towards several nanometres possible, fundamental
physical limits are reached [17, 18]. These limitations stem from the finite size of the
individual atoms and the need for continuos nodes. Further, an increasing power dis-
sipation stemming, e.g. from leakage currents by tunnelling are expected to develop at
single digit nanometre structural sizes. With the semiconductor miniaturisation reaching
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a fundamental limit, one concept being firmly pursued is the 3D integration [19], which
improves the lateral downscaling of MOSFET structures.

A different approach to improve scaling, power consumption, and data processing
speed is attempted to be reached via spintronics. While the conventional semiconductor
industry focuses on controlling the flow of electrons, spintronics aims to additionally
interconvert electrical and magnetic signals [20]. The roots of spintronics can be traced
back to the observation of the giant magnetoresistance (GMR), an effect resulting from
spin orientation dependent electron scattering [21]. Magnetoresistive effects, like the
GMR, found application in magnetic storage devices, i.e. in hard disk drives (HDD’s)
[22]. While nowadays HDD'’s are mostly replaced by the faster solid state drives (SSD) in
computers and laptops, they still play a crucial role in data storage of clouds and servers
due to their long term stability [23]. Advancing magnetic storage [24] led to the recent
commercialisation of a spintronics based spin transfer torque random access memory
(STT-MRAM), further highlighting the potential of the field [25]. More efficient and faster
performance is expected to be reached via spin orbit torques (SOT), a concept where the
torque is provided from a non-ferromagnetic material [26, 27].

Both the spin transfer (STT) and the spin orbit torque (SOT) can be used to control the
magnetisation in a magnetic layer. The STT arises, e.g. in Co/Cu or Fe/Cr multilayers [28]
and is utilised in spin valves [29, 30] or in magnetic tunnel junctions (MTJ]), where the
prototypical tunnel barrier consists of insulating single crystalline MgO [31]. In contrast,
SOTs originate from materials with large spin-orbit coupling like Pt, W and Ta [32] and
do not require a magnetic layer for their generation. Instead spin currents emerge from
the spin Hall effect [33, 34] or the Rashba-Edelstein effect [35], which in turn can cause a
torque on the magnetisation and subsequently, a switching of an adjacent magnetic layer
[26]. The SOT is expected to be more energy efficient and not limited in the amount of
angular momentum which can be transferred per electron [32].

Next to the spin degree of freedom utilised in spintronics, the orbital degree of freedom
has recently gained significant interest with the respective field dubbed as orbitronics. The
microscopic description is similar and orbital effects are predicted to be large and prevalent
in a multitude of materials [36, 37]. Several nanometres of comparably cheap materials like
CuO, have already been shown to significantly improve the torque or injection efficiency of
existing spintronic devices [38-40]. Implementing the ideas from orbitronics successfully
would lead to an increased efficiency of future devices aiming to utilise more than just the
charge of the electron at low costs.

Improving these existing and finding new promising concepts has always been the
scope of fundamental research. The basis of research, progress and technological advance
are suitable materials and samples. In spintronics research, two materials are prominently
employed due to their remarkable properties: Pt and yttrium iron garnet (YIG). Pt is
known for its large intrinsic [41] charge to spin conversion [42] of up to 10 % [43, 44],
depending on its electrical properties [45]. These spin currents can be injected into an
underlying magnetic material. Here, YIG, a synthetic ferrimagnet, is the material of choice,
as it has a large bandgap of roughly 2 eV [46], making it electrically insulating, which
allows for the investigation of pure spin currents [42, 47]. Furthermore, YIG exhibits an
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exceptionally low ferromagnetic damping in the order of 10~° [48-50], which allows for
long distance spin transport [51-53] as well as investigations into magnetisation dynamics
[50, 54]. In orbitronics different materials are currently being investigated with examples
being Ti [37], Mn [55] or Cr [56].

Due to the exceptional properties, YIG is considered for applications in spin wave
computing [57, 58]. Similarly, non-planar structures of YIG would allow for an increased
lateral downscaling and could further host interesting new physics, stemming from cur-
vature or topology induced effects [59, 60]. Hence, non-planar YIG is of fundamental
interest and continued advancements in materials science will be essential for realising
the full potential of next-generation electronics.

Content of this thesis and personal contributions

The thesis follows the overarching goal of elevating spintronic research from planar
thin films to non-planar geometries. The first part of the thesis details thin film deposition,
crystallisation and the successful fabrication of single crystalline, non-planar YIG. To
that end, the crystallisation behaviour of YIG films on various substrates and at different
temperatures are extensively studied (cp. Fig. 1.1(a)(1) and chapter 3). From these
experiments, distinct crystallisation windows depending on the substrate material can be
defined and the results described in a general crystallographic model for the (vertical)
crystallisation of YIG. The insights gained from the vertical crystallisation are the key
to obtain single crystalline YIG on an artificial mesa. This lateral crystallisation (cp.
Fig. 1.1(a)(2)), its temperature windows and velocities are then detailed in chapter 4.

The second part of the thesis delves into magnetotransport experiments, representa-
tively depicted as a Hall bar in Fig. 1.1(b). Here, a detailed investigation into the pro-
totypical spin and orbital Hall active materials of Pt [61] and Ti [37] is conducted. The
results in chapter 6 highlight a generic scaling of the occurring magnetoresistances in
both materials, suggesting a close relation between the subfields. Afterwards, bilayers of
YIG/Pt are considered (see Fig. 1.1(c)), and the first statistical investigation of the magne-
totransport in YIG/Pt is conducted in chapter 7. A narrowly distributed magnetoresistance
effect is observed, which sensitively depends on the interface. Furthermore, a previously
unrecognised dependency on the underlying crystal structure is described.

Lastly, the thesis is summarised and concluded. With this thesis, the tools and samples
available for spin transport experiments on non-planar YIG structures were significantly
advanced. The research I conducted during the course of the PhD so far resulted in 3 first
author manuscripts and 1 in preparation. The individual contributions are stated at the
start of each chapter, which details the work in my own words.

Beyond the scientific contributions, I established the structural characterisation and
the sputtering processes of several materials, including YIG, Pt and Ti, in our group. I
was further in charge of several cryogenic systems. Lastly, I advised the Bachelor’s theses
of Rony Werner and Denise Reustlen, the student internships of Anna Schwarz, Robin
Swoboda, Denise Reustlen, Davina Schmidt, Rony Werner and Thorben Bielewski, as well
as the Master’s thesis of Gregor Skobjin, Akis Rachoutis and Denise Reustlen. While I
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Figure 1.1: Content overview of this thesis: (a) Non-planar yttrium iron garnet (YIG) structure fabricated
and discussed throughout the thesis. To achieve these step like structures, first a vertical crystallisation of YIG
starting from the interface with the single crystalline substrate needs to take place (1). Afterwards, the YIG
continues to crystallise laterally over the SiO, mesa, yielding a single crystalline, non-planar YIG thin film
structure (2). (b) Transporting information in the YIG thin film is then usually achieved by injecting spin
currents from a Pt strip (3). Knowledge about the transport properties of Pt is therefore crucial. From the
Pt strip the spin current needs to interact with the underlying YIG (c). Therefore, the interface is a crucial
parameter determining how well spin information can be transferred from the Pt into the YIG (4).

instructed the students in acquiring the data, the final evaluation, analysis and visualisation
of all data presented in this thesis was performed by myself. The interpretation of the data
was conducted together with all co-authors.



PART I: CRYSTALLISATION DYNAMICS

One main objective of the thesis is to fabricate non-planar structures for spintronic devices.
Therefore, the first part of the thesis focuses on the deposition of yttrium iron garnet
(YIG) thin films. Despite YIG being the prototypical material for spintronic research,
experiments rely almost exclusively on planar thin films [48-50, 62]. While other magnetic
compounds have been manufactured in 3D geometries [63] and pose promising effects, e.g.
in curved geometries [59], they are typically based on polymer matrices which support
the magnetic compound [60]. This approach can be used for example for Ni or Co, which
exhibit magnetic properties when deposited at room temperature. However, the concept
cannot be easily applied to YIG as its complex crystal structure only forms at elevated
temperatures [64-66] and the crystalline phase is required for YIG’s magnetic properties
[67]. Furthermore, high quality YIG films are only obtained on specific, lattice matched
substrates, as they enable the formation of single crystalline YIG [50]. Hence, in order
to crystallise YIG in non-planar geometries, precise knowledge about the crystallisation
behaviour as well as a temperature stable template is needed [68, 69].

In the next chapter, YIG is firstly introduced followed by suitable deposition techniques
yielding high quality YIG thin films. Afterwards, the material and methods used in this
part of the thesis are detailed. Chapter 3 then describes the crystallisation behaviour of
YIG on different substrates. The results are the enabling step for the newly established
method of the lateral crystallisation of YIG, described in chapter 4.
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Chapter 2

FUNDAMENTALS OF THIN FILM DEPOSITION AND
CRYSTALLISATION

In this chapter, firstly YIG is introduced, as it is the material of choice throughout
the first part of the thesis. Afterwards, a brief introduction into deposition techniques is
given, with the focus on sputter deposition. Subsequently (lateral) solid phase epitaxy is
described and the materials and methods utilised in this part are presented.

2.1 Yttrium iron garnet (YIG)

The material of choice in spintronics research is yttrium iron garnet (Y;Fe5O1,, YIG), an
electrically insulating ferrimagnet, which crystallises in a cubic lattice with Ia3d symmetry
[70]. Its unit cell with the position of the atoms are given in Fig. 2.1. The ferrimagnetism
arises from the differently coordinated Fe>* atoms, as three of five Fe* atoms occupy
tetrahedral sites, while the remaining two are situated on octahedrally coordinated sites
[71]. The two Fe sublattices then are aligned antiparallel to each other, resulting in an
effective magnetic moment of S = 5/2 in the direction of the tetragonally coordinated
Fe atoms [72]. The dodecahedrally coordinated Y*>* atoms do not carry any magnetic
moment. This configuration leads to the ferrimagnetic properties of YIG, with a Curie
temperature of Tc = 559 K and a room temperature saturation magnetisation of Mg, =
143kA/m [64, 73].

YIGs combination of electric and magnetic properties render it a prototypical candidate
for fundamental research. The insulating nature accompanied by a long spin diffusion
length, make YIG an ideal material for studies revolving around pure spin currents [43, 47,
51]. Moreover, YIG exhibits an exceptionally low Gilbert damping and a small coercive field,
which allows investigations of magnon dynamics through techniques such as ferromagnetic
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8 2.2. DEPOSITION TECHNIQUES AND CRYSTALLISATION OF YIG THIN FILMS

Figure 2.1: Unit cell of yttrium iron garnet.

resonance [50, 54, 74-76]. These remarkable properties have led to extensive research
on and with YIG establishing it as a model system in spintronics. Here, the majority of
samples utilised are planar thin films grown on suitable substrates, which is detailed in
the following section.

2.2 Deposition techniques and crystallisation of YIG thin films

For over half a century, numerous studies employing various deposition techniques
have demonstrated that single crystalline YIG thin films with excellent quality can be
obtained on lattice matched substrates, like gadolinium gallium garnet (GGG) [48-50,
62, 65,77,78]. The most commonly used mechanism resulting in single crystals is called
epitaxy. Here, the (thin film) crystal grows in an ordered manner starting from the
substrate with a well defined relation to it [79, 80]. When material is epitaxially grown on
a substrate of the same material, the process is referred to as homoepitaxy. If substrate
and thin film differ the respective process is called heteroepitaxy. As epitaxial thin films
take on the orientation and crystalline structure of the underlying substrate, it is essential
that film and substrate are compatible in that regard. This condition is inherently satisfied
for homoepitaxy, whereas for heteroepitaxy a careful selection of the substrate material is
required to ensure compatibility. The matching degree between thin film and substrate is
characterised by the lattice mismatch € of the respective lattice parameter ag,,, and agpstrate
as given by Eq. (2.1) [81]:

Afiim — @
€ = film substrate .100% (2'1)
Asubstrate
The driving force of an epitaxial process is the lower free energy of the system, i.e.,
the interfacial energy of a nearly continuous interface at the boundary between film and
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substrate. Even if the interfacial energy increases with the lattice mismatch, it is often
small compared to the energy needed for dislocations or for nucleation [82]. Different
growth modes exist depending on the free energy of the system and can be characterised
in island growth, layer by layer growth or a mixture of both [83]. For very large lattice
mismatches or if no lattice is given at all, a thermodynamically stable nucleus needs to
form for a crystallisation process to start. As nucleation is thermally activated, elevated
temperatures result in many different nuclei and, by that, the formation of a polycrystalline
thin film.

Depending on the deposition technique, different forms of epitaxy are possible. The
oldest technique for obtaining single crystalline YIG is called liquid phase epitaxy (LPE)
[50, 72,77, 84-86]. Here, a YIG crystal forms onto a single crystalline substrate out of a
fluxed solution of precursors via an epitaxial process as described above. Due to the direct
formation out of the liquid phase only closely lattice matched substrates are utilised and
the resulting YIG films typically exhibit excellent crystal quality and magnetic properties
[50]. More recently developed deposition techniques utilising a solid, stoichiometric
YIG target are pulsed laser deposition (PLD), [49, 62, 87-92] and radio-frequency (RF)
magnetron sputtering [48, 65, 67, 93-107]. PLD uses a laser to ablate material from the
YIG target, while sputtering utilises a plasma to accelerate ions of a process gas onto the
target, which forces atoms out of it. In both processes, a layer forms on a given substrate.
Depending on the temperature and substrate, direct epitaxial growth, crystallisation via
solid phase epitaxy (SPE), as well as nucleation plus crystallisation can be observed [65,
67,95]. SPE describes the phase transition in the solid state from an amorphous film to
a single crystalline one (cp. chapter 3). Lastly, methods using gaseous precursors like
atomic layer deposition (ALD) or metal organic deposition have emerged in the last years
[78, 108, 109]. Here, the combined precursors consist of the nominal composition of YIG,
with the YIG crystal only forming in a subsequent annealing process.

While each technique has their advantages and limitations, the resulting film quality is
comparable between the deposition methods [48-50, 78]. Here, sputter deposition is used
and the solid phase heteroepitaxy of YIG studied in chapter 3.

2.3 Lateral solid phase epitaxy

Solid phase epitaxy (SPE) has been investigated in many different materials and ma-
terial combinations [110, 111]. Here, the prototypical elements are Si and Ge, stemming
from their similarity and technological relevance for the semiconductor industry [112].
Their (homo)epitaxy is therefore extensively studied, e.g. by amorphisation due to ion
implantation and subsequent crystallisation [113-116]. Using transmission electron mi-
croscopy (TEM) with an in-situ heating stage, the propagation of a moving crystallisation
front at the interface of crystalline to amorphous material can be monitored [117]. In
these experiments, the crystal orientation, different dopants, implanted atoms as well as
the ion-dose and even hydrostatic pressure are reported to influence the velocity of the
propagating crystal front [111, 116, 118, 119].

Lateral solid phase epitaxy (LSPE) describes a variation of SPE, where the propagation
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of the crystallising front is perpendicular to the seed surface provided by the substrate [120,
121]. Much like for SPE, the prototypical material investigated is Si, crystallised over SiO,,
so called silicon on insulator (SOI) structures. These SOI based devices are more robust,
allow for an increased performance and reduce short circuit effects in comparison to bulk
Si structures [122]. Their technological relevance is highlighted by their commercial use
in large scale wafer manufacturing starting from 1998 and consistent appearance in the
international technology roadmap for semiconductors (ITRS) [112, 122]. The basis for
the technological application is the materials research and engineering that went into the
LSPE of Si with the aim of controlling and enhancing the crystallisation over insulator
structures, while maintaining highly crystalline Si [120, 121, 123].

Therefore, lateral solid phase epitaxy enables the formation of single crystalline material
in non-planar structures and is utilised in chapter 4.

2.4 Experimental techniques and substrate materials

The deposition technique used throughout this thesis is magnetron sputtering, a
commonly applied physical vapour deposition technique. Here, the sputtering targets, i.e.
the materials to be deposited, are placed in an (ultra) high vacuum chamber, as depicted
in Fig. 2.2. During the sputter deposition, an inert gas (typically Ar) is introduced into the
sputtering chamber with 1073 to 1 x 1072 mbar and a plasma is generated by applying a
high voltage between cathode and the anode. Here, the sputter target acts as the cathode
(cp. Fig. 2.2(c)). Due to the electrical field Ar" ions are accelerated towards the target,
where they eject (sputter) atoms from the surface by momentum transfer. At the same
time, due to the bombardment of the target with Ar™ ions, electrons are generated and
accelerated away from the target, colliding on the way with the inert gas. Inelastic collisions
of both ions and electrons cause further ionisation of the gas and by that give rise to a
self sustaining plasma. By applying a magnetic field near the target surface, the efficiency
of the sputtering process can be enhanced, hence named magnetron sputtering. This
magnetic field confines electrons close to the target in a cycloidal path giving rise to higher
deposition rates.

When sputtering, two different methods can be distinguished: direct current (DC) and
radio-frequency (RF) magnetron sputtering. DC sputtering works with conducting target
materials and typically yields high deposition rates, however, falls short of sputtering
oxides due to the accumulation of positively charged ions at the surface. One possibility
to counteract this is to use RF sputtering, where an alternating electric field accelerates
electrons in the negative cycle and positively charged ions in the positive cycle. This
alternation prevents a charging of the target and allows electrical insulators like YIG to be
sputtered.

Regardless of RF or DC sputtering, the ejected atoms condense onto a provided sub-
strate, forming a film made out of the atoms from the sputter target. As detailed before a
suitable substrate for the target material - in this case YIG - needs to be chosen.

The substrates investigated in this part of the thesis include yttrium aluminum garnet
(YAG, Y3Al50y,, CrysTec) and gadolinium gallium garnet (GGG, Gd3GasO;,, SurfaceNet),
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Figure 2.2: (a) AJA International Orion sputtering system used throughout this thesis. (b) Open lid with
the five sputtering guns of which one is opened and the built in target visible. (c¢) Schematic depiction of
magnetron sputtering, adapted from Ref. [124].

as well as thermally oxidized silicon wafers (SiO,, MicroChemicals). If not noted otherwise,
the crystallographic (111) direction is perpendicular to the surface of GGG and YAG
substrates. The oxide layer thickness of the SiO, was 500 nm, the crystal orientation of the
Si below the oxide being (100). Both GGG and YAG crystallise in the same cubic space
group (Ia3d) as YIG, and exhibit similar lattice constants agcg of 1.2376 nm [125] and ayag
of 1.2009 nm [126], respectively, compared to ayig of 1.2380 nm [127]. The lattice mismatch
€ to YIG, calculated according to Eq. (2.1), is 0.03 % for GGG and 3.09 % for YAG, meaning
that both substrates can be considered as lattice matched. In contrast, the amorphous
nature of the thermally oxidized SiO, means that no template is given for an epitaxial
crystallisation. Furthermore, due to the fundamentally different space group (Fd3m) and
lattice parameter (0.543nm) of the Si crystal, no influence on the crystallisation of the
YIG film is anticipated. Therefore, the SiO, substrates are considered and treated as an
arbitrary, non lattice matched substrate.

Prior to deposition, all substrates were subjected to ultrasonic cleaning for five min-
utes in both acetone and isopropanol, followed by one minute in de-ionized water. The
deposition was then performed in a sputtering chamber (Orion, AJA International) with
a base pressure better than 1.3 x 107 mbar. All YIG thin films were deposited at room
temperature onto various substrates using magnetron sputtering from a YIG sinter target
at 2.7 x 1073 mbar argon pressure with 80 W RF power. The rate of the deposition was
0.0135nm/s and the nominal thickness of YIG films investigated in chapter 3 33 nm. The
subsequent annealing was carried out under ambient air in a single zone furnace.

The SiO, layer required in chapter 4 was deposited at 2.7 x 10~3 mbar process pressure,
either from a SiO, sinter target in Ar atmosphere using 17 sccm flow, at 150 W with a rate
of 0.0208 nm/s or reactively from a Si target with 13sccm Ar and 4 scem O, flow, 100 W
and a rate of 0.0172nm/s.
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In this part of the thesis, structural characterisation by X-rays is conducted in a Rigaku
Smart Lab diffractometer using Cu K, radiation. Here, both X-ray diffraction measurements
(XRD) as well as X-ray reflectivity (XRR) measurements were performed. XRD yields
information about the crystal structure and quality of the thin film [128], whereas XRR can
be utilised to investigate the thickness, roughness and density of the YIG thin films [129].
Surface morphology and microstructure were further analysed via a scanning electron
microscope (SEM) (Zeiss, Gemini SEM) and inbuilt energy-dispersive X-ray spectroscopy
(EDX) and electron backscatter diffraction (EBSD) detectors. To that end, the insulating
garnet samples were coated with 5nm carbon and contacted with silver paste, to ensure
some conductivity and reduce the drift during imaging and mapping.

The in-situ XRD measurements shown in section 3.5 were performed by Michaela
Lammel during a visit at the Université de Bretagne Occidentale in Brest (France). The
XRD utilised for this study is an Empyrean XRD from Panalytical with a DHS1100 heating
stage from Anton Paar, both provided by F. Michaud and J. Ben Youssef from Brest. As
the XRD has no monochromator, the Cu-K,, ; and Cu-K,, , peaks appear in the diffraction
data (cp. Fig. 3.19(a)).

The magnetic characterisation of the YIG films were studied using the magneto-optical
Kerr effect in longitudinal geometry (L-MOKE) in a commercial Kerr microscope (Evico
Magnetics. With L-MOKE a quick, spatially resolved, magnetic characterisation of the
YIG thin films is possible. However, as L-MOKE only qualitatively probes the magnetic
hysteresis, superconducting quantum interference device (SQUID) magnetometry was
conducted in a Quantum Design MPMS-XL5 SQUID at room temperature to complement
the L-MOKE data. To further extend the magnetic characterisation by the linewidth of the
Kittel mode as well as the Gilbert damping, broadband ferromagnetic resonance (bb-FMR)
experiments were performed via a Keysight N5225B vector network analyser (VNA). To
that end YIG films were placed onto a co-planar wave-guide with a 180 pm thick centre
line in an electromagnet and measured at room temperature.

To monitor the lateral crystallisation in chapter 4 each sample was investigated using
the SEM, where the crystalline region was analysed via EBSD. To complement this data,
transmission electron microscopy (TEM) investigations were conducted by Darius Pohl
and Alexander Tahn using a JEOL JEM F200 at 200 kV acceleration voltage, equipped with
a GATAN OneView CMOS camera for fast imaging. Here, a conducting Au/Pd/Pt layer
was deposited on top of the sample, which strives to mitigate charging effects and prevent
amorphisation of the YIG during the ion beam processing.

The listed materials and techniques are used for depositing and characterising the
planar and non-planar YIG thin films throughout part 1.



Chapter 3

CRYSTALLISATION DYNAMICS OF AMORPHOUS
YTTRIUM IRON GARNET THIN FILMS

This chapter details the deposition, characterisation and crystallisation of yttrium
iron garnet (YIG) on different planar substrate materials as a first prerequisite for the
fabrication of non-planar YIG. All YIG films are obtained by magnetron sputtering at room
temperature, which requires a subsequent annealing step to induce crystallisation. The
formation of crystalline YIG thin films out of the amorphous phase is monitored and the
typical structural and magnetic properties of the so deposited and crystallised YIG thin
films characterised.

With this information at hand an extended picture of the crystallisation dynamics of
YIG at different temperatures and annealing times will be presented. The results provide
a general crystallographic description of the crystallisation process out of the solid phase
for YIG thin films and summarize the crystallisation parameters found in the literature.
The insights on the crystallisation dynamics allow to define different crystallisation win-
dows depending on the substrate material. The knowledge of these dynamics is crucial
for obtaining single crystalline YIG on a mesa structure and lay the foundation for the
fabrication of non-planar yttrium iron garnet (YIG).

This chapter is partially reproduced from S. Sailler et al. [6] "Crystallization dynamics of
amorphous yttrium iron garnet thin films”, Phys. Rev. Mater. 8, 043402 (2024) with the permission
of APS Publishing. For this publication I deposited the YIG thin film samples and characterised
them structurally and magnetically or advised students in the deposition and characterisation. I
then evaluated the data, refined the individual crystallisation windows for YIG on all substrates
and modelled the crystallisation behaviour of YIG on each substrate. Lastly, I illustrated the data
and wrote the first draft of the manuscript. All authors contributed to the scientific discussion and
helped to improve the manuscript.

13
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3.1 Room temperature sputtering and subsequent annealing

Magnetron sputtering allows to deposit both, amorphous and crystalline YIG thin films,
depending on the substrate and its temperature during the sputtering process [65, 66].
Sputter depositing YIG at room temperature results in amorphous films independent on
the underlying substrate [48, 65-67, 93-99, 101-107]. In contrast, for the deposition of YIG
onto gadolinium gallium garnet (GGG, cp. section 2.4) substrates - a material with a lattice
mismatch of € = 0.03 % with respect to the YIG - direct epitaxial growth can be observed
for process temperatures of 700 °C and above [65, 66, 130]. This distinct behaviour can
be traced back to the thermal energy the system needs to arrange in a crystalline order.
However, as the composition of the deposited film is not expected to change with the
deposition temperature, obtaining single crystalline YIG from the amorphous material
gained via room temperature deposition, is also possible.

The process describing the phase transition of an amorphous solid to its crystalline
form while in contact with a crystalline substrate of a similar or identical lattice parameter
is called solid phase epitaxy (SPE) [111]. SPE is a subset of epitaxy (cp. chapter 2.4)
and describes a crystallisation starting from the interface of a thin film with a matching
substrate. As the film is already in a solid form, diffusion and energy minimization are
the two driving forces, while the requirements for epitaxy remain the same. To induce a
crystallisation via SPE, thermal energy needs to be introduced into the system, which is
commonly achieved by a subsequent annealing process of the amorphous film [67, 106].
The SPE process is schematically illustrated in Fig. 3.1(a) and (b). Here, the lattice matched
substrates enable the formation of single crystalline YIG via SPE causing a crystallisation
front to propagate through the amorphous material [111, 113, 131]. Despite the large
lattice mismatch in Fig. 3.1(b), the SPE is still favoured in comparison to nucleation.

In contrast, for substrates with substantial lattice mismatch (> 3 %) or substrates lack-
ing crystalline order, SPE is not possible due to the lack of a seed. Here, the subsequent
annealing process is always necessary, due to the absence of a matching interface [132].
Further, the crystallisation is initiated through the formation of nuclei from which crystalli-
sation proceeds. The initial nucleation typically leads to randomly oriented grains, which
continue to crystallise until they encounter either another grain or the physical boundary
of the sample. Regardless of whether crystallisation proceeds via SPE or nucleation, the
process requires thermal activation at a temperature characteristic of the specific thin
film/substrate combination [133].

The annealing process itself is commonly conducted in air [67, 102] or reduced oxygen
atmosphere [95, 106, 108, 134] to compensate for potential oxygen vacancies in the YIG
lattice. In the case of amorphous YIG thin films deposited via PLD, the subsequent
annealing in inert argon atmosphere did not have any deteriorating effects [89]. However,
annealing crystalline YIG thin films obtained from sputter deposition in vacuum could be
associated with a degradation of typical material characteristic properties like the spin Hall
magnetoresistance in YIG/Pt heterostructures [134]. Moreover, the annealing process itself
can induce an interdiffusion of the constituent ions of YIG and the respective substrate at
the interface [102, 135]. This inter-diffusion can give rise to a magnetic dead layer [86, 102,
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Figure 3.1: Influence of the underlying substrate on the crystallisation of amorphous YIG thin films obtained via
room temperature magnetron sputtering. The as-deposited (a.d.) films crystallise via solid phase epitaxy (SPE)
on lattice matched GGG (Gd;GasOy;) (a) and YAG (Y;3AL;0;;) (b) (cp. section 2.4). Here, a homogeneous
crystallisation front is initiated at the interface between substrate and film and propagates towards the upper
thin film border. For non lattice matched substrates as in (c), the formation of nuclei is necessary for a crystal
to form, which is thermally activated with the nuclei being randomly oriented. Depending on the substrate
either a single crystalline (sc) thin film (a) and (b) or a polycrystalline (pc) YIG film is obtained.

135], as well as an increase of the ferromagnetic resonance linewidth, particularly at low
temperatures [88, 136], meaning a deterioration of the YIG quality.

Among the different deposition methods for YIG thin films, each comes with its advan-
tages and limitations. The direct epitaxial growth of YIG films on GGG via LPE requires
no post annealing and by that suppresses a Gd interdiffusion, yielding an atomically sharp
interface [86]. However, LPE faces challenges in terms of scalability and flexibility. In
contrast, vapour based methods like room temperature sputter deposition [48] and atomic
layer deposition [78] support wafer-scale fabrication, but require a subsequent annealing
step. For efficient processing and minimal interdiffusion of Y and Gd, this annealing step
must be carefully optimized towards a minimal time which still yields a fully crystalline
film. Naturally, the substrate drastically influences the crystallisation behaviour and the
resulting microstructure of the YIG thin film.

However, the concrete dynamics of YIG thin films crystallising during the subsequent
annealing step remain insufficiently characterized in the literature. Most reports only
provide the annealing temperature and duration which result in a fully crystallised thin
film without detailing intermediate stages or the exact mechanism. In the following, the
structural and magnetic properties of YIG on three different substrates - GGG, YAG and
SiO, - are characterised. Afterwards, the crystallisation dynamics of YIG on the respective
substrates are explored.
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3.2 Structural characterisation

The quality of any YIG thin film is inherently dictated by its structural properties. A
careful characterisation is critical to ensure that high quality YIG thin films are obtained
by deposition plus annealing.

X-ray reflectivity (XRR) measurements were continuously conducted to determine the
thickness of the YIG thin films. Each sample was analysed after deposition (as dep) and
after the annealing step with the corresponding results for typical YIG films on GGG, YAG
and SiO, being depicted in Fig. 3.2 (a)-(c), respectively. The annealing temperature for
YIG films on GGG and YAG were 600 °C and for YIG SiO, 800 °C, while the annealing time
for all films was 48 h. This combination will be used as typical samples for the following
evaluations. As confirmed in the following, this annealing time plus temperature are
enough to yield fully crystalline YIG films. To access the thickness, a fast Fourier transform
(FFT) approach was used as described in Lammel et al. [137]. Here, the oscillatory
patterns observed at angles beyond the critical angle 6, are evaluated by the FFT after the
subtraction of a * background. The resulting, respective FFT amplitudes as a function
of film thickness are shown in Fig. 3.2 (d-f). A Lorentzian fit given in Eq. (3.1) is then
applied to the FFT data:

a
L+ ((Pmax — P/ (w/2))?

Here, p is the position of the variable, i.e., in this case the film thickness, p,,,., the position
of the maximum, 4 the amplitude and w the full width at half maximum (FWHM).

The fit (solid line) to the FFT data (dotted) with the extracted YIG thickness is shown
in Figure 3.2(d-f). Minor variations in the film thickness between the samples can be
traced back to deposition in different sputtering processes (cp. Fig. 3.2(d-f)). After the
annealing step a reduction in thickness is observed, which is attributed to a compacting of
the YIG during crystallisation, resulting in a lower volume. The extracted thickness values
are used to monitor the sputtering process throughout the chapter and will be needed
for the quantification of the amount of crystalline YIG particularly on GGG substrates as
described in section 3.4.

X-ray diffraction (XRD) was further employed to access the structural properties of
YIG films using a symmetric 6 — 26 scan. The results for again nominally identical samples
are depicted in Fig. 3.3(a)-(c). The as deposited YIG films only exhibit a peak from the
respective substrate, as indicated by the grey dashed lines. After annealing, additional
peaks emerge in the spectra: On GGG so called Laue oscillations appear, signalizing high
structural quality (cp. Fig. 3.3 (a)). On YAG a distinct diffraction peak becomes visible
(cp. Fig. 3.3 (b)), whereas on SiO,, no peaks attributable to YIG can be observed. As no
epitaxial growth is expected (see section 3.1), a section including the nominally highest
intensity YIG peak of (420) is plotted. Here, the only peak in Fig. 3.3(c) at 32.96° is visible
both in the as deposited and the annealed film and further is too sharp to stem from the
film. This peak corresponds to the forbidden Si (200) peak due to detour excitation in the
substrate [138]. This observation is in contrast to literature reports, where polycrystalline

L(p) =

(3.1)
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Figure 3.2: X-ray reflectivity (XRR) data of YIG thin films on GGG (a),(d), YAG (b),(e) and SiO,(c),(f). The
as deposited films are depicted in black, whereas the annealed films are coloured. The annealing temperature
of YIG on GGG and YAG was 600 °C and on SiO, 800 °C and the annealing time for all 48 h. (a)-(c) depicts
the measured intensity versus the 26 angle, while (d-f) show the result of the fast Fourier transform (FFT)
analysis. A Lorentzian fit (solid line) to the FFT data (dotted) then yields the film thickness. A decrease in
YIG film thickness is observed after the annealing step, which can be understood as a compacting due to
ordering as well as crystallisation.

YIG was reported on SiO, using lower annealing temperatures than the 800 °C for 48 h
in Fig. 3.3(c) [67, 95, 132]. However, these films were significantly thicker as the ones
investigated here. Furthermore, no peaks could be resolved for any annealing time and
temperature pair for 30 nm thick YIG films. Thus, the YIG layer on SiO, is not expected to
remain amorphous, as confirmed in the subsequent analysis and later via the magnetic
properties in chapter 3.3.

To obtain structural information from YIG on SiO, the complementary structural tech-
nique of electron back scatter diffraction (EBSD) was carried out. With this technique
Kikuchi patterns are detected and later evaluated. The Kikuchi patterns form from elec-
trons whose last scattering process was Bragg diffraction, with a typical Kikuchi pattern
being depicted in Fig. 3.4(a). Each of the observed lines corresponds to a lattice plane
with the spacing between the lines being correlated to the diffraction angle, i.e., the crystal
structure. Intersecting lines form points which represent a crystal orientation. A measured
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Figure 3.3: (a)-(c) XRD investigation of YIG on the three exemplary substrates as before. The literature
positions of substrate and YIG are indicated by the grey and black dashed lines [125-127, 139]. For the as
deposited YIG only the substrate appears in the diffraction data. Upon annealing, crystalline YIG becomes
visible on GGG as Laue oscillations (a) and a peak on YAG (b). No feature stemming from YIG can be
observed on SiO,, where the additional peak marked with Si(200) comes from a detour excitation from the
substrate.

Kikuchi pattern is indexed as seen in Fig. 3.4(b), which yields the orientation of the crystal.
This structural information comes from lattice planes close to the surface with the reported
signal depth being 10 to 40 nm [140]. A major advantage of this technique is the nanometre
resolution, which will become important in the next chapter 4. Note, that instead of EBSD
an analysis via grazing incidence XRD in theory would also be possible to investigate YIG
on SiO,, but was omitted due to the advantageous local resolution of EBSD.

(a) detected (b) indexed pattern

Figure 3.4: (a) Detected and (b) indexed Kikuchi pattern of a YIG (001) crystal measured via electron
backscatter diffraction (EBSD).

Investigating the as deposited YIG films via EBSD did not yield any Kikuchi patterns
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Figure 3.5: (a)-(c) EBSD investigation of the annealed YIG thin films already investigated via XRD in Fig. 3.3.
Depicted is the inverse pole figure along the surface normal direction extracted from the Kikuchi patterns for
a direct comparison with XRD.

on any of the three substrates. This observation means that the as deposited films are
indeed amorphous upon deposition. Furthermore, this confirms the information depth of
several nanometres and that any patterns observed from annealed samples originate from
the YIG film and not the lattice matched substrates of GGG and YAG.

Figure 3.5(a)-(c) then depicts the EBSD results for the annealed YIG on GGG, YAG
and SiO,, respectively. The analysed samples are those already investigated via XRD
in Fig. 3.3. For a direct comparison, the inverse pole figure depicts the crystallographic
orientation along the surface normal direction. For YIG on GGG (cp. Fig. 3.5(a)) and
YAG (cp. Fig. 3.5(b)) a single colour is extracted over the whole area, which confirms
a crystallisation along the (111) direction, consistent with the findings from XRD (cp.
Fig. 3.3). The results corroborate a crystallisation via SPE from the substrate and further
confirm EBSD as a suitable method.

In contrast, YIG films on SiO, exhibit a variety of colours corresponding to a variety of
orientations (cp. Fig. 3.5(c)). The random nucleation observed yields a polycrystalline
microstructure which is accompanied by distinct cross shaped areas, indicating anisotropic
crystallisation velocities. This preferential crystallisation along (110) or higher indexed
orientations like (112), aligns with earlier findings for YIG and other rare-earth garnets
[93, 141-143] as well as PLD grown bismuth iron garnet [87].

Lastly, the absence of YIG peaks in the XRD is now discussed, which presumably
stems from a limited coherent scattering volume, as discussed before [100, 103, 109]. A
typical cross shaped grain contributing to the diffraction intensity of YIG on SiO, has an
estimated volume of 0.5 pm?3, derived from a lateral size of about 15 pm? (as obtained
from SEM and EBSD, Fig 3.5(c)) and a YIG thickness of 32nm (as extracted via XRR,
Fig.3.2). In contrast, in a single crystalline YIG thin film, the whole area contributes to one
peak with a six orders of magnitude larger volume, in comparison to one grain on SiO,,
of 7 x 10° pm3. Another effect influencing the intensity of the data, is X-ray fluorescence
(XRF), which the Cu-K, induces in iron and its oxides. The XRF of Fe causes a larger
background in the diffracted data with a reduced intensity in the peaks, which is why
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typically Co tubes are used for the investigation of Fe based compounds [144, 145]. In
consequence, the diffraction intensity of the polycrystalline YIG on SiO, is insufficient to
generate a discernible peak for 30 nm thick films. This interpretation is corroborated by
the observation of a YIG (420) peak in films with a thickness of 40 nm or greater using
Co-radiation in Dresden.!

In conclusion, the structural properties of YIG on GGG and YAG can be probed and
analysed via XRD and XRR, where a high crystalline quality was found for YIG on GGG.
With EBSD, a method for the quantitative assessment of the crystalline fraction for YIG on
SiO, with high spatial resolution has been established. These methods lay the basis for the
extraction of the crystallisation window in section 3.4. Before coming to that, the magnetic
properties of the YIG thin films are now presented.

3.3 Magnetic characterisation

The structural quality, as introduced beforehand, closely influences the magnetic prop-
erties of the YIG thin films. As the magnetic properties are important for the technological
relevancy [57, 146], a profound magnetic characterisation is also necessary, to confirm the
excellent properties known from YIG, as introduced in section 2.1.

A first magnetic characterisation of the YIG thin films was carried via the longitudinal
magneto-optical Kerr effect (L-MOKE) as seen in Fig. 3.6(a)-(c). The same samples as in
the XRD and EBSD in the previous section were investigated here, allowing for a direct
comparison. Similar to the structural characterisation the L-MOKE measurements enable a
clear distinction between as deposited (amorphous) and annealed (crystalline) YIG films.
In the as deposited state, the amorphous YIG exhibits a linear L-MOKE response, which is
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40 aln '
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Figure 3.6: Kerr microscopy data taken via L-MOKE on a central spot of the thin film for YIG on (a) GGG, (b)
YAG and (c) SiO. Similar to the structural properties, no signal attributed to the YIG can be observed in the
as deposited films, whereas a hysteresis opens when probing an annealed film. The change in gray value
corresponds to the magnetisation of the YIG thin film, which differs significantly between the three substrates.

1These measurements were performed by H. Schlorb.
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Figure 3.7: Superconducting quantum interference device (SQUID) magnetometry data of YIG films annealed
for 48 h at 600 °C on GGG (a) and at 800 °C for YIG on YAG (b,d) and SiO, (c,e). All data is taken at 300K
and a linear background caused by the substrate removed. (a)-(c) depicts the response of YIG on each
substrate for the external field applied in plane (ip), whereas (d,e) depicts the respective out of plane (oop)
values. YIG on GGG could not be resolved in the oop configuration due to the large paramagnetic background
caused by the GGG. The gray lines act as a guide to the eye, whereas the coloured lines indicate the respective,
extracted saturation magnetisation.

subtracted in the following. After annealing the now crystalline YIG develops a magnetic
hysteresis on all substrates, indicating the onset of long ranging magnetic order. Among
the substrates, the sharpest hysteresis loop is observed for YIG on GGG and the broadest
for YIG on SiO,(cp. Fig. 3.6(a)-(c)). The polycrystalline nature of YIG on SiO, naively
suggests that domains with differently oriented easy axes exist, resulting in an increased
coercive field. This behaviour is reflected in our data and consistent with literature reports
[49, 95, 101, 147]. Specifically, YIG films on GGG typically exhibit coercive fields below
0.1mT [49, 101] whereas YIG on SiO, is reported to show significantly larger values of
2.2-3mT [95, 147]. The emergence of an hysteresis upon annealing confirms the formation
of a magnetic phase, regardless of the substrate.

However, L-MOKE falls short in providing absolute magnetisation values, as only
a change in gray value is measured. Hence, SQUID magnetometry data is included in
Fig. 3.7. Measured were YIG films on all three substrates both in out of plane (oop) and in
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Figure 3.8: (a) L-MOKE data for a YIG film on YAG annealed at 800 °C for 4 h. Next to the open hysteresis
a change in gray value of + 3 can be seen as a noise level (shaded in gray). (b) Comparing the hysteresis
loops of four nominally identical samples annealed at different temperatures shows no significant changes in
absolute gray level or coercive field. All samples are expected to be fully crystalline, as later discussed, see
section 3.5

plane (ip) geometry, with ip and oop referring to the orientation of the external magnetic
field relative to the film plane. The oop magnetisation of YIG on GGG could not be resolved
due to the strong paramagnetic background of the substrate. From the ip measurements
saturation magnetisations of 99 kA /m, 55 kA /m and 110 kA /m for YIG on GGG, YAG and
SiO,, respectively, can be extracted (cp. Fig. 3.7(a)-(c)). All samples show an in plane
magnetisation with curve shapes similar to those observed via L-MOKE (cp. Fig. 3.6).

Notably, the saturation magnetisations of all films fall below the theoretical bulk value
of 143 kA /m at room temperature [73]. Generally, films with thicknesses below 100 nm
are often reported to exhibit a lower saturation magnetisation compared to the bulk value
[148, 149]. One reason can be a so called magnetic dead layer, which effectively lowers
the magnetisation. This layer can form during the annealing step by interdiffusion at the
interface and occupy 4-6 nm of the film [86, 102, 135]. Therefore, a 6 nm magnetic dead
layer in a 30 nm film reduces the saturation magnetisation by 20 %. Lastly, changes in the
composition could also significantly alter the magnetic properties and could stem from
anisotropic sputter yield during the deposition. Here, no changes in composition could
be resolved using XRD when sputtering under identical conditions. This observation is
corroborated by the reproducible results obtained in the following.

The saturation magnetisation and the coercive fields could be reproduced in multiple
samples and for different annealing temperatures. This observation is also independent
on the substrate and measuring technique, i.e., MOKE and SQUID magnetometry. Ex-
emplarily shown in Fig. 3.8 is the L-MOKE response of YIG films on YAG annealed at
different temperatures for 4h. The 800 °C curve is present in Fig. 3.8(a) and (b) for an
easier comparison. Deducted from the measurements is a noise level of 4+3 in gray value.
Within this noise, no significant changes in the absolute gray level in Fig. 3.8(b) can be
observed. This observation suggests, that the magnetic properties of the YIG thin films on
one particular substrate are - once fully crystallised - mostly independent on the annealing
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Figure 3.9: Broadband ferromagnetic resonance (bb-FMR) data for the typical YIG films annealed for 48 h
at 600 °C for GGG (a,d) and 800 °C for YAG (b,e) as well as SiO, (c,f). Panel (a-c) exemplary show the
characteristic FMR response for YIG on each substrate. Here, the transmission parameter S, is plotted over
the frequency of the microwave field f. Each measurement is conducted at a fixed external magnetic field
B, which was chosen to show resonance frequencies around 10 GHz. For visibility, S,, is normalised with
respect to the value measured at the highest B,,,. Each resonance curve is then fit by a Lorentzian function
(see Eq. (3.1)) to extract the full width at half maximum (FWHM) which is taken as the linewidth Af. Panels
(d-f) depict the extracted behaviour of the linewidth as a function of the frequency of the resonance f. A
linear fit was applied to the data to extract the Gilbert damping « from the slope. Reasonable values can be
extracted for YIG on GGG and SiO, [97, 134, 136], whereas on YAG no meaningful Gilbert damping could be
obtained. The latter is due to the pronounced inhomogeneous broadening of the linewidth at low frequencies,
stemming from the lower crystalline quality of YIG film on YAG (e) [150].

temperature. This holds true for the here tested temperatures of up to 900 °C and will be
further investigated in the following.

The dynamic magnetic properties of YIG thin films are of utmost importance for
technological application [57, 146]. These properties can be probed using broadband
ferromagnetic resonance (bb-FMR), which is therefore conducted for the sputtered YIG
films. Figure 3.9 displays the results for YIG on the three exemplary substrates at the
typical annealing temperature and time combinations used previously (GGG, YAG: 600 °C,
48h and SiO,: 800 °C, 48 h). In the experiment, the transmission (scattering) parameter
S,1 is measured as a function of external magnetic field B, and frequency f of the applied
microwave field. As the resolution in f exceeds that of B the consecutive analysis of the
linewidth Af and the Gilbert damping « is conducted in the frequency domain.
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Figure 3.10: (a)-(d) Extracted linewidth Af versus resonance frequency of YIG films on GGG with different
annealing parameters as indicated above each figure. A linear fit is applied to the data to extract the Gilbert
damping a. Here, no significant dependence on the annealing time nor on the annealing temperature can be
observed.

The top row of Fig. 3.9(a)-(c) depicts the normalised S,; parameter for YIG on all sub-
strates versus f, with an applied external magnetic field B.,; of roughly 0.3 T. By choosing
this magnetic field, the data is comparable to typical X-Band resonators. To enhance the
visualisation, the S, parameter is normalized with respect to the data at the highest B,;.
Widely different curve shapes can be observed for YIG on the different substrates, with a
distinct dip appearing at the resonance frequency on all substrates, as seen in Fig. 3.9(a)-
(c). To evaluate the dip, a Lorentzian function, as introduced earlier with Eq. (3.1), is
fitted to the data where the linewidth Af is then extracted as the full width at half maxi-
mum (FWHM). The linewidth for YIG on GGG is the narrowest with Afgg = 32.7 MHz
(ApoHggg = 1.2mT), while the amplitude aggg = 0.041 is the highest (Fig. 3.9(a)). In
contrast, YIG films on YAG (Fig. 3.9(b)) and SiO, (Fig. 3.9(b)), show significantly broader
resonance dips with the linewidths being Afyag = 414.7 MHz (ApgHyag = 14.8mT) and
Afsiox = 424.9MHz (ApgHsio, = 15.2mT) and respective amplitudes in the resonance of
ayag = 0.002 and ag;n, = 0.005. The here obtained linewidths align well with the previous
structural properties (see section 3.2) and with the existing literature, where YIG films
on GGG show the highest crystal qualities and narrowest linewidths [88, 100, 103, 107,
150]. The broader values observed for YIG on YAG and YIG on SiO, have previously
been attributed to a lower film quality [103, 150]. Here, the connection to the structural
properties becomes evident: as the crystallisation of YIG via SPE on GGG results in an
almost perfectly single crystalline film, the radio frequency response is uniform over the
hole film, resulting in the narrow linewidth. Due to the large lattice mismatch with YAG,
large strain and defects were reported to be the cause of the broadening of the linewidth
for YIG films on YAG [150]. Later, rocking curves for YIG films on YAG showing a large
mosaicity of the crystal will be discussed, see section 3.4, Fig. 3.12. Similarly, for YIG on
SiO, the different crystal orientations of the polycrystalline film contribute differently to a
broader dip.
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The Gilbert damping parameter « can be extracted out of the evolution of the linewidth
Af over multiple frequencies, as depicted in Fig. 3.9(d-f). The slope of a linear fit to the
data yields the a with the respective values detailed in the plot. For YIG on GGG a value
for a of 2.5 x 1073 is extracted (cp. Fig. 3.9(d)), which is in good agreement with literature
values for sputtered YIG films [97, 134, 136]. For YIG on YAG on the other hand no Gilbert
« could be extracted (cp. Fig. 3.9(e)). Especially at low frequencies a large inhomogeneous
broadening of the linewidth can be observed, which was previously reported and traced
back to strain stemming from the large lattice mismatch [150]. Lastly, on SiO,, YIG exhibits
a larger Gilbert damping of 4.6 x 1073 (cp. Fig. 3.9(f)). The lowest damping combined
with the narrow linewidth make GGG the preferred substrate for YIG thin films in the
literature [48-50, 86, 88, 97, 106, 136].

Similar to the L-MOKE (Fig. 3.8), the influence of the annealing temperature onto the
FMR properties is discussed below. Due to the significantly better properties, this analysis
is conducted on YIG films on GGG, where all films are confirmed to be fully crystalline
via XRD. Fig. 3.10 depicts the evaluated bb-FMR data for YIG on GGG. Across different
annealing conditions ranging from 537 °C to 800 °C and 4 h to 110 h no significant change
in Af or a can be observed. These findings suggest that an ideal stoichiometry of the YIG
is a crucial parameter for films with low damping, while annealing time and temperature
are of secondary importance. As demonstrated recently in Ref. [130], the optimisation of
YIG films towards a wanted magnetic property lies in the deposition process itself and by
that the composition.

Optimising the deposition process itself, however, is not straight forward. Due to
the manifold of different parameters, larger series would be needed which could not be
performed in the shared sputtering system. Varying the parameters given in section 3.1
only yielded samples with a worse Gilbert damping. The only parameter exhibiting a clear
trend within these series was the sample position on the sample holder. Changing the
position while keeping the sample holder static, i.e., no rotation, led to an improvement of
a, which was, however, not pursued further due to the inhomogeneity of the thickness
over one sample.

Importantly, however, the magnetic properties do not change with the annealing pa-
rameters. This observation opens the path to analyse the crystallisation behaviour while
maintaining the magnetic properties of the individual films.

3.4 Onset of crystallisation and extraction of the crystalline per-
centage

The previously described structural and magnetic characterisation is the foundation
to investigate and describe the crystallisation behaviour. With these methods YIG films
can be distinguished as amorphous, partly and fully crystalline and the evolution of the
crystallinity monitored over time. The most suited methods for tracking the crystallisa-
tion are the diffraction based techniques or the L-MOKE due to their ability for a quick
quantification of the amount of crystalline material.
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Figure 3.11: Observation the crystallisation of YIG on (a) GGG at 537 °C and (b) YAG at 600 °C. (a) After
deposition (0h) no intensity of the YIG can be observed. For YIG on GGG, Laue oscillations start to appear
with an increasingly tighter spacing, signalizing more diffracting planes. The spacing of the diffracting planes
can be utilised to extract the thickness of the YIG. By comparing the thickness of contributing diffraction
planes with the thickness of the whole film as extracted by XRR (cp. Chapter 3.2), the percentage of crystalline
YIG can be extracted. (b) For YIG on YAG, the area under the peak increases until the film is fully crystalline.
Then even further temperature treatment does not cause a difference in the peak (further confirmed with
Fig. 3.16). By extracting the area of the peak via Eq. (3.3) and normalising it with the saturated area, the
percentage is extracted.

Initially, the quantification of crystalline YIG will be described using structural char-
acterisation methods. Due to the different behaviour of the YIG, see section 3.2, the
percentage of crystalline YIG is extracted differently for each substrate:

On GGG, the Laue oscillations (cp. Fig 3.11(a)) are evaluated to calculate the degree
of crystallinity. With increasing annealing temperature, the spacing of the secondary
maxima becomes narrower, which in turn represents an increase of crystallised material.
Since the Laue oscillation frequency is directly correlated to the number of coherently
diffracting lattice planes, the amount of crystalline YIG can be extracted, which is described
via Eq. (3.2) [151]:

sin(%Qa)2
sin(%Qa)2

Here, I is the intensity, Q the scattering vector and N the number of coherently diffract-
ing planes with a lattice plane spacing a. The scattering vector is connected to the 26 angle
of the XRD measurements via Q = 27t/d, where d is the lattice spacing. Using Bragg’s law,
Q can then be calculated as (471/A) x sin(6/2). A describes the wavelength of the X-rays,
which for Cug , equals 0.154 056 nm. The periodicity of the Laue oscillations then follows

I(Q) (3.2)

AQ = % By evaluating the 260 angles of the secondary maxima, the thickness of the
interfering lattice planes can be calculated [151]. Together with the absolute film thickness
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Figure 3.12: (a-d) Rocking curves of YIG thin films on YAG annealed for 4 h at increasing temperatures.
The intensity I is depicted versus the change of the incident angle Aw. The left column shows the raw data,
which exhibits a sharp peak as well as a broader one. To fit the data, two pseudo-Voigt (PV) functions were
utilised. The first sharp peak modeled by PV1 corresponds to high quality YIG, which grew epitaxially from
the substrate. The broader peak (PV2) is attributed to a region of high mosaicity. The sum of both pseudo
Voigts exactly resembles the measured curve in (e)-(h).

obtained via XRR (section 3.2, Fig. 3.2) the progress of the crystallisation of YIG on GGG
can be monitored.

On YAG, the amount of crystalline YIG is obtained from the Bragg peak, as depicted in
Fig. 3.11(b). To access the area under the peak, a pseudo Voigt function is fit to the data,
as given by Eq. (3.3):

PV(p) = v x [ ] +(1—-2)x [a N e_(ln(2>)x2] (3.3)

a
14 x2
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The pseudo Voigt is a weighted sum of a Lorentzian and Gaussian curve shape, with x
being x = £ ;)p/r;ax, a being the amplitude, p the position, p,,,, the position of the maximum,
w the full width at half maximum (FWHM) and v a weighing factor € [0,1]. By integrating
the fit, the area under the peak is extracted. With each annealing step the area under the
peak, i.e., the amount of crystalline YIG increases until reaching a maximum, where the
area saturates as the film has become fully crystalline, see Fig. 3.11(b). This saturated
value is then taken to normalise the area, giving the percentage of crystalline YIG after

each annealing step.

However, by integrating the area under the peak of the symmetric §-26 scan, not all
crystalline YIG is captured, as this scan is only sensitive to the out of plane lattice constant.
This is illustrated nicely by the rocking curves in Fig 3.12. Here, the 26 value is kept fix and
only the w value changed, with Aw = 0° being the value seen in the symmetric -26 scan.
All samples in Fig 3.12 stem from the same sputtering process, exhibit the same thickness
of 30nm and were annealed for 4 h at different temperatures, ranging from (a) 600 °C to
(d) 900 °C. Especially in Fig 3.12(a) and (b) two peaks can be seen in the rocking curves.
The sharper peak corresponds to a highly crystalline area with low mosaicity, whereas the
broader peak stems from an area of high mosaicity, i.e., slightly titled crystals with respect
to the (444) direction. With increasing annealing temperature, the rocking curves broaden
continuously, indicating an increase in mosaic spread [128].

Using the sum of two pseudo-Voigt (PV1 + PV2) functions allows to fit and model
the two areas in the YIG film. Especially the FWHM values support the hypothesis of
increasing mosaicity as these values increase in both PV functions: At 600 °C the FWHM
value is 0.06° for PV1 (sharp peak) and 0.59° for PV2 (broad peak), which increases to 0.16°
for PV1 and 0.62° for PV2 at 900 °C. This mosaic spread is not captured in the extraction
of the crystalline percentage, likely resulting in an underestimated value of crystalline
YIG. Only for the fully amorphous and crystalline films this poses no problem. Hence,
for the extraction of the crystalline percentage for YIG on YAG, especially towards higher
temperatures, the mosaic spread needs to be kept in mind, as discussed later within this
section.

On SiO,, acting as an arbitrary substrate, EBSD mappings were taken and evaluated
to extract the percentage of (poly)crystalline YIG. Exemplarily, a SEM analysis of a YIG
film annealed for 8 h at 700 °C is depicted in Fig 3.13, with (a) showing the SEM image
of the Inlens detector and (b) the EBSD mapping of the same region. In Fig 3.13(a),
circular regions exhibiting a darker contrast are visible across the image along with a
few rectangular regions. The latter arise from adjusting the focal plane at that spot. The
subsequent EBSD mapping in Fig 3.13(b) confirms that the circular regions correspond to
(poly)crystalline YIG with small individual crystallites, while the surrounding area remain
amorphous. This observation suggests a nucleation driven crystallisation (cp. section 3.1,
Fig. 3.1), starting from a nucleation centre in the middle of a circle. The crystallisation
then proceeds outward radially until the crystalline areas reach a boundary, i.e., another
crystal or the sample boundary, eventually forming a fully crystalline film. The uniformity
of the circular regions implies that the temperature allows stable nuclei to form and that
the crystallisation velocity is similar along all directions.
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(b) EBSD mapping

o

Figure 3.13: (a) SEM image as captured by an In-lens detector and (b) processed EBSD mapping of a YIG film
annealed at 700 °C for 8 h. The rectangular shapes in (a) stem from adjusting the focus planes, whereas the
circular regions indicate the crystalline phase. The EBSD mapping in (b) confirms the partly (poly)crystalline
YIG in the circular regions and non-crystalline YIG around. The typical EBSD colour code represents the
orientation of the individual crystallites parallel to the surface normal direction.

The EBSD mapping now provides a means to quantify the amount of (poly)crystalline
YIG on SiO,. Evidently, the YIG film in Fig. 3.13(b) is only partly crystalline, whereas
the YIG film annealed at 800 °C for 48 h in Fig. 3.5(c) appears to be fully crystalline. By
monitoring the amount of crystallites, as quantified by the percentage of detected Kikuchi
patterns, the percentage of crystalline YIG is extracted. Importantly, the magnification and
step size of the SEM rasterising needs to be identical for each sample or annealing step.

Comparing the two YIG films on SiO, reveals that while the individual crystallites
of YIG are of comparable size the microstructure differs. The sample annealed at 800 °C
(Fig. 3.5(c)), has much smaller grains due to the elevated temperatures and the conse-
quently easier nucleation in comparison to 700 °C (Fig. 3.13(b)).

With Fig. 3.11 and Fig. 3.13(b) a means to quantify the percentage of YIG on each
substrate has been found. This will be the preferred method, as it allows for an unam-
biguous determination of the amount of crystallised YIG. However, knowing that the
crystalline, ferrimagnetic phase is indeed YIG, similar results to the structural methods
can be obtained via L-MOKE, as presented now.

Fig.3.14(a) depicts a Kerr-microscopy image of a partly crystallised YIG on SiO, sample
with an external magnetic field of 20mT applied. Similar to the previous SEM image (cp.
Fig. 3.13(a)), a circular gray shaded contrast arises. In order to analyse the areas with
respect to the contrast, different regions of interest (ROI) as indicated by the rectangles
were defined within the image. The hysteresis loops measured locally in these rectangles
show that darker regions (orange rectangles) exhibit a magnetic hysteresis while lighter
(gray rectangle) do not (cp. Fig. 3.14(b)). Correlating the hysteresis loop shapes to the
ones in section 3.3 and the EBSD in Fig. 3.13(b), reveals that the lighter areas consist of
an amorphous, magnetically inactive YIG, whereas the darker, circular areas consist of
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Figure 3.14: (a) Kerr-microscopy image of the YIG film on SiO, annealed at 700 °C for 8 h. Similar to the SEM
(cp. Fig. 3.13), circular regions are visible which correspond to polycrystalline YIG and which appear darker
than the non-crystalline areas around them. For defined areas, given by the rectangles labelled 1 to 4, local
L-MOKE measurements were conducted. (b) shows the obtained hysteresis loops for the four defined regions.
Each loop recorded in a dark circular area in (a) exhibits a hysteresis whereas the third in the brighter area
(rectangle 3) does not. Local L-MOKE measurements therefore allow to distinguish between crystalline and
non-crystalline YIG on SiO.

(poly)crystalline YIG with a magnetic hysteresis. This observation indicates that L-MOKE
allows to reliably differentiate between amorphous and crystalline YIG via the contrasting
magnetic properties of the two phases. Furthermore, these results highlight the spatial
resolution gained by EBSD and MOKE.

It should be noted, that due to the fine grain sizes of the individual YIG crystals in
the polycrystalline film (cp. Fig. 3.13(b)) the obtained L-MOKE signal integrates over all
crystalline directions. Therefore, no significant differences in gray level or coercive field
are observed between the areas. Attempts to define even smaller ROIs did no longer result
in a magneto-optical response. Consequently, the L-MOKE data shown here and in 3.3 are
always the result of an averaged magnetic response and qualitatively match the SQUID
magnetometry data.
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Figure 3.15: L-MOKE hysteresis loops obtained on partially crystalline YIG films on (a) GGG, (b) YAG and
(c) SiO,. The percentage in each figure corresponds to the value extracted from the structural analysis (cp.
Fig. 3.11 and Fig. 3.13(b)). As described in section 3.3, the gray level is in first order correlated to the saturation
magnetisation. One observes a clear correlation between the absolute gray level and the extracted amount of
crystalline YIG on each substrate.

Next to the spatial resolution, L-MOKE further allows to extract a percentage value
corresponding to the magnetically active material by comparing the absolute gray value
(without ROIs). This correlation is possible on all substrates as depicted in Fig. 3.15. The
percentages are displayed in Tab. 3.1 and stem from the structural analysis (cp. Fig. 3.11
and Fig. 3.13(b) ), which corroborate the L-MOKE data. While the curve shape of each
loop is comparable within each substrate, the absolute gray value changes. The differences
in gray value qualitatively track the degree of crystallinity, as the gray level is correlated to
the saturation magnetisation (cp. section 3.3), which in turn is only finite in the crystalline,
ferrimagnetic phase. By normalising the absolute gray level with respect to the maximum
observed contrast, i.e. the fully crystalline sample, the percentage of magnetically active
YIG value is extracted on each substrate as summarised in Tab. 3.1.

The correlation between magnetic and structural properties is evident from Tab. 3.1.
The magnetic properties arise once crystalline YIG has formed, which is captured in the
extracted percentages. For example, a YIG film annealed for 1h at 600 °C yields 41 %
YIG on GGG and 0% YIG on YAG via L-MOKE. These values are in excellent agreement
with the percentages extracted via structural methods, suggesting a coherent extraction
of the crystalline percentage. However, the values cannot always be perfectly correlated.
For a YIG film on YAG annealed for 4h at 587 °C 44 % crystalline YIG is obtained via
XRD and 61 % via L-MOKE. Similar differences are obtained on YAG, when the film is
partially crystalline. A possible reason is the previously mentioned underestimation of the
crystalline percentage via XRD (section 3.2, Fig. 3.12). However, some difference might
also arise from the calibration of the Kerr-microscope which is performed separately for
each sample and cannot be completely ruled out as a source of error. While both structural
and magnetic characterisation are valid options to monitor the crystallisation, the structural
methods are utilised in the following.

To investigate the crystallisation behaviour, the onset temperature at which YIG starts
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Table 3.1: Percentages of crystalline YIG obtained via structural methods (XRD cp. Fig. 3.11, EBSD cp. Fig. 3.13)
and via magnetic characterization (L-MOKE cp. Fig. 3.15).

extracted % via \ GGG \ YAG \ SiO,
XRD + EBSD 41 % | 87 % | 100 % 0% | 44 % | 100 % 35 % | 100 %
L-MOKE 42 % | 67 % | 100 % 0% |61 % | 100 % 24 % | 100 %

to crystallise needs to be determined. Since the crystallisation is thermally activated, it
depends exponentially on the annealing temperature, resulting in a narrow window in
which the onset of crystallisation can be observed, as depicted in Fig. 3.16. As the onset
temperature is substrate dependent [133], the value differs between 550 °C for YIG on
GGG (Fig. 3.16(a)), 575°C for YIG on YAG (Fig. 3.16(b)) and 700 °C for YIG on SiO,
(Fig. 3.16(c)). At these temperatures, a sudden increase in the crystallinity of YIG is
observed.

This observation suggests, that on YAG and GGG fully crystalline YIG films can be
obtained at roughly 600 °C, whereas on SiO,, temperatures of approximately 700 °C are
necessary. The AT of 100 °C already indicates the additional thermal energy required to
form a nucleus (cp. Fig.3.13 and Fig. 3.1).

Beyond these temperatures, the degree of crystallinity either saturates or slightly
decreases, indicating the formation of a fully crystalline YIG film. Especially on YAG and
GGG, this decrease in intensity is pronounced (cp. Fig. 3.16(a)+(b)). This observation can
be understood via the emergence of another crystallisation mechanism next to the SPE. As
nucleation gets more pronounced with higher annealing temperatures (cp. Fig. 3.16(c)),
polycrystalline YIG could form and thereby degrade the crystalline quality. Furthermore,
due to the high lattice mismatch between YIG and YAG lattice defects likely form at these
elevated temperatures. This reduction in crystal quality was clearly visible in the rocking
curves (cp. Fig. 3.12) and likely causes the underestimation of crystalline percentage
extracted via XRD. As all films are from the same sputtering process and of the same
thickness, a lower intensity due to thickness variations can be ruled out.

With the onset temperature of crystallisation found, the evolution of the crystallisation
over time can now be studied. The lower panel in Fig. 3.16 depicts this exemplarily for the
YIG thin films on all three substrates. Each of the samples was annealed repeatedly, for up
to 48 h. Independent on the substrate, the extracted value saturates, confirming the onset
temperatures on the respective substrate and further confirming that the reduced value in
Fig. 3.16(a)+(b) does not originate from a partially crystallised film. With this at hand,
the dynamics will be analysed and modeled in full detail in the next section.

3.5 Crystallisation behaviour of amorphous YIG thin films

In the following, the process of extracting a diagram of the phase transition from amor-
phous to crystalline for YIG on each substrate is described. To that end, a mathematical
description of the crystallisation process at an arbitrary temperature is derived, starting
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Figure 3.16: Evolution of the crystallinity as a function of the annealing temperature for a constant annealing
time of 4h (a,b,c) and for different times at a constant temperature of 600 °C on GGG, YAG (d,e) or 800 °C
on SiO,(f). The dotted lines act as a guide to the eye.

with the Avrami equation (sometimes also called JMAK-equation), which is derived from
classical nucleation theory [152-155]:

6. =1—ekt" (3.4)

Here, 0. is the fraction of material transformed from amorphous to crystalline and ¢ the
annealing time. The k describes the rate constant, while n depends on the dimensionality of
nucleation and growth, meaning both can be expressed as a sum k = ky + kg, n = ny +ng)
[155]. For instantaneous, controlled nucleation ny; is 0, whereas for continuos or random
nucleation ny equals 1. For mixed nucleation, ny can take on values between 0 and 1,
accordingly. The growth part ng depends on the growth mechanism (interface-controlled
or diffusion controlled) and the dimensionality, i.e., can take on values between 1 and
3 [155]. Hence, values for n between 1 and 4 are expected and commonly observed in
material science.

The rate constant k will be modelled using a standard Arrhenius dependency [156], as
given in Eq. (3.5):
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Figure 3.17: For all substrates, the crystalline fraction 6, is normalised to 1 to allow a description via Eq. (3.4).
(a) depicts the time evolution of the YIG crystallisation on GGG and YAG at 600 °C and (b) the same for YIG
on SiO, at 700 °C, where each data point was extracted from XRD or EBSD as detailed in section 3.4. A fit
to the data of Eq. (3.4) is depicted as the solid line with the respective Avrami exponent 7. As discussed in
Fig. 3.1, nucleation and crystallisation is expected to differ between the substrates, which is represented by
the different annealing time and temperature combinations as well as extracted 7 values. Performing the
same experiment as in (a) and (b) for multiple temperatures allows to extract the respective rate constants
k(T) at that temperature, depicted by the symbols in (c). By plotting the logarithm of the rate constants
over the inverse temperature, the pre-factor k, and activation energy E, for YIG on each substrate can be
extracted from a linear fit to the data according to Eq. (3.5). (d) Same as in (c), while taking a modified
Avrami equation into account, where the rate constant also depends on the exponent, i.e., (k)".

,EA

k = koe*sT (3.5)

Here, k is the pre-factor and E, the activation energy, whose values are characteristic
for the investigated system [133]. The resulting rate constants k characterise the crystalli-
sation velocity, or to be more precise, the nucleation and growth of the crystalline YIG
phase, in units of [t] = h~!. Using both the Arrhenius (Eq. (3.5)) and the Avrami equation
(Eq. (3.4)), the crystallisation of YIG on all substrates can now be described. For this
analysis the fraction of crystalline YIG 6, as determined in Fig. 3.16, was normalised to 1
and then fit using Eq. (3.4). For the fitting routine, fixed boundaries for n between 1 and 4
were utilised.
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Fig. 3.17(a) depicts the results for YIG on GGG (red) and YAG (orange) at 600 °C,
where the symbols correspond to the extracted crystallinity and the solid lines represent
the fit using Eq. (3.4).

YIG films on GGG being to show an immediate onset of crystallisation, where the
fit to the data yields a k of 1.96h~! and a n of 1. The value of n means, that nucleation
is instantaneous (1 = 0) and that the growth proceeds in one spatial direction (ng =
1), which corroborates the expected SPE behaviour. Moreover, this growth behaviour
is comparable to the layer-by-layer growth in the classical epitaxial picture. For a 30nm
thick YIG film, the extracted rate constants corresponds to an initial growth velocity of
0.98 nm/min, which slows down as the film extends towards its physical boundaries.

In contrast, the crystallisation of YIG on YAG exhibits an initial temporal delay, before
the onset of crystallisation (see Fig. 3.17(a)). This difference is reflected in the lowered
k of 0.10h~! and the larger corresponding exponent of n = 3.8. Especially the high
exponent suggests, that the crystallisation does not follow a standard SPE behaviour and
that additional nucleation processes occur (15, > 0). However, the YIG films on YAG were
single crystalline (cp. Fig. 3.3(b) and Fig. 3.5(b) ), meaning that the nucleation suggested
from 7 is needed to form a YIG nucleus on YAG. The broadening in the rocking curves
also suggests a large mosaicity and competing nucleation processes (see Fig. 3.12). This
crystallisation behaviour fits to the island growth, which, as a growth type, was reported
for substituted YIG films on YAG [124], corroborating the results here. The difference
in crystallisation behaviour between GGG and YAG most likely stems from the large
lattice mismatch of 3 % (cp. section 2.4), which requires nucleation or the formation of
energetically costly strains [157]. To translate the rate constant into a crystallisation velocity
the n-th root is taken, yielding a velocity of 0.27 nm/min for a 30 nm film.

Fig. 3.17(b) represents the crystallisation data for YIG on SiO, at 700 °C. In comparison
to GGG and YAG (cp. Fig. 3.17(a)), a higher annealing temperature was needed on SiO,
to observe crystalline YIG, highlighting the different mechanism (cp. Fig. 3.1). Fitting
the data points in Fig. 3.17(b) yields a k of 9.9 x 107> h~! and 7 equal to 4. The exponent
of 4 confirms the random nucleation (ny = 1) and subsequent 3D growth (ng = 3),
which requires temperatures of 675 °C and above for the nucleation and crystallisation
of polycrystalline YIG to be observable at reasonable time scales. The elevated annealing
temperature highlights the additionally required energy for the nuclei to form.

Transferring the rate constant to an actual crystallisation velocity can be achieved by
analysing the EBSD data. Assuming that the crystallisation of YIG on SiO, originates from
a nucleus in the middle of a cross shaped feature, as seen in cp. Fig. 3.5(c) and proceeds
until encountering either an adjacent crystallite or the samples boundary, allows to extract
a crystallisation distance. This distance is influenced by the number of nucleation sites
and the crystallographic orientation. Different annealing temperatures hence influence the
microstructure and the size of the individual crystallites, whereas the orientation needs to
be taken into account for the comparison with YIG on GGG and YAG. Therefore, only YIG
crystallites on SiO, growing along (111) are evaluated here, reaching lengths of 10 pm after
a minimum of 12 h at 700 °C. Translating this value into a crystallisation velocity yields
16.7 nm/min on an arbitrary substrate along the (111) direction. While a comparison at
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Figure 3.18: Annealing time vs temperature diagram showcasing the phase transition from amorphous to
crystalline YIG for time and temperature combinations on (a) GGG, (b) YAG and (c) SiO,. Each symbol
corresponds to a fully crystalline sample as determined via XRD/EBSD. The open symbols are used in the
fitting routine via Eq. (3.7), which determines the boundary separating single crystalline (sc) or polycrystalline
(pe) YIG from amorphous or partially crystalline YIG (white region). For the fit, a crystalline fraction of 0.999
is utilised in combination with the substrate dependent parameters summarised in Tab. 3.2 as extracted from
Fig. 3.17(c). The full symbols represent additionally investigated samples not included in the fit. Using any
annealing time and temperature combination from the respective coloured areas is expected to yield a fully
crystalline YIG.

600 °C would be preferred, no YIG crystallites could be obtained at that temperature. On
the other hand, the larger crystallisation velocity extracted for YIG on SiO, is due to the
elevated temperatures compared to GGG and YAG.

To enable a direct comparison of the crystallisation velocities, the temperature depen-
dence of k needs to be taken into account. Knowing the parameters of the Arrhenius
dependency (cp. Eq. (3.5)) for YIG on each substrate, allows to calculate the crystallisation
rate for an arbitrary temperature. To extract ky and E,, the natural logarithm of each
rate constant k is plotted over the inverse temperature. The resulting data is depicted in
Fig. 3.17(c), to which a linear fit can now be applied, yielding the pre-factors and activation
energies from Eq. (3.5) for YIG on each substrate, as summarised in Tab. 3.2. With this at
hand, the crystallisation velocities of YIG on GGG and SiO, can now be compared at the
same temperature. Extracting the respective crystallisation rates for 700 °C indicates, that
the crystallisation rate would be approximately 30 times greater on GGG in comparison to
that on SiO,.

The extracted value for E5 of 3.98¢€V (cp. Tab. 3.2) for the crystallisation of YIG on
GGG aligns well with previously reported literature values. For instance, the formation
of bulk YIG with oxide powder precursors revealed an activation energy of 5.08 eV [158],
while for polycrystalline YAG a value of 4.5 eV was reported [159]. The latter is expected to
be comparable as YAG and YIG share the same crystal structure with similar elements and
lattice parameters (cp. section 2.4). The lower E 5 value of 3.98 eV extracted here reflects
the reduced energy needed for crystallisation on the almost perfectly lattice matched GGG
substrate, i.e., the provided seed layer.

In comparison, the activation energies determined for YIG on YAG and SiO, are sig-
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nificantly higher than on GGG (cp. Tab. 3.2). Despite the largely different values, the
annealing times and temperatures needed for a fully crystalline YIG film are comparable.
Especially on YAG, only a slightly higher activation energy (or lower pre-factor) was
expected as a single crystalline YIG film forms after aln contrast to the Avrami equation
described above (cp.Eq. xX)I khanna et al. proposed a modified Avrami equation, Where
the rate constant short time delay. Despite this expectation, the E, on YAG is comparable
to the one on SiO, instead of GGG. While in both cases, for YIG on YAG and YIG on SiO,, a
kinetic hindrance needs to be overcome, the activation energies appear unreasonably high,
especially in comparison to the differences of 1-2 eV discussed in the previous paragraph
and with the literature [133, 158, 159]. Plausible reasons for this are discussed in the
following.

In contrast to the Avrami equation described above (cp. Eq. (3.5)) Khanna et al.
proposed a modified Avrami equation, where the rate constant also depends on the Avrami
exponent, see Eq. (3.6) [160]. As the Avrami exponent is not affected, the conclusions
regarding nucleation and growth extracted there remain identical.

6. =1—e kD" (3.6)

Khanna et al. [160] argue that the modification seen in Eq. (3.6), allows to compare
the rate constants of systems with a different Avrami exponent. Intuitively, this was
already done for the comparison of the crystallisation velocities in nm/min extracted from
the constants, where the units needed to be matched. However, for the evaluation of
the activation energies in Fig. 3.17(c), this modification was initially not considered. To
compare the difference between these two Avrami equations, an analogous analysis as
previously described for Fig. 3.17(c) is conducted, which now considers a weighted rate
constant as obtained in via Eq. (3.6).

Fig. 3.17(d) depicts the resulting diagram and the extracted k; and E 5, when consid-
ering Eq. (3.6). For the crystallisation of YIG on GGG no difference is obtained, as the
exponent equals to 1, i.e. the description is identical. The previous discussion for YIG on
GGG is therefore unchanged. For YIG on YAG and SiO,, the extracted value changes sig-
nificantly, as effectively the 4-th root is taken of each k value. This way, activation energies
of 4.13eV and 4.09 eV are extracted on YAG and SiO,, respectively. The YAG curve now
always lies slightly below GGG, highlighting the crystallisation at similar temperatures
with a lower rate, as previously described by the crystallisation velocity. The likeness of the
E , values now captures the energy required for the formation of YIG. The main difference
in crystallisation velocity between SPE and nucleation lies in the rate constant. The slightly
higher energy needed for random nucleation on YAG and SiO, might be attributed to
the additionally required nucleation, as indicated by n > 1. However, as the values are
accompanied by a large uncertainty (cp. Tab. 3.2), further experiments would be needed
to confirm, e.g. if the activation energy of YIG on YAG actually lies above the one of SiO,.

The so extracted values appear to capture the behaviour better and yield activation
energies comparable to literature [133, 158, 159]. However, the crystallisation diagram
(cp. Fig. 3.18) and the following evaluation based on the values extracted from Eq. (3.6)
would only qualitatively be affected, as the mathematical description differs. The message
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and the resulting boundaries remain the same.

Furthermore, some deviations are expected from the experimental procedure of the
annealing adding to the uncertainty mentioned in Tab. 3.2. By annealing the sample step
by step, the extracted data always includes the heating up and down cycles. These steps
cause the crystallisation to begin before reaching the set temperature and also continuing
for a while upon cooling the furnace down.

An elegant way of monitoring a continued crystallisation process can, e.g. be achieved
via in-situ x-ray diffraction. An exemplary data set of a 100 nm thick YIG film is depicted
in Fig. 3.19. The measurements were performed by M. Lammel during a stay in Brest on a X-ray
diffractometer without a monochromator, see section 2.4.

Figure 3.19(a) depicts the temporal evolution of the (444) YIG peak over time at
650 °C. Initially, much like in Fig. 3.17(a), an initial delay is observed before the onset of
crystallisation after roughly 3h. To determine a crystalline fraction, two pseudo-Voigt
functions (see Eq. (3.3)) are fit to the data and the area under the Cu-K,, ; peak extracted.
The area is then normalised with respect to the value at 14 h, yielding the crystalline
fraction ..

In Fig. 3.19(b), 6. is plotted versus the annealing time At. Here, the Avrami equation
(Eq. (3.4)) can be applied to the data, resulting in a rate constant of k = 1.38 x 1073 h~*
with an Avrami exponent of n = 4.

The n and k from the in situ extracting corroborate the data from the annealing experi-
ments in Fig. 3.17. The Avrami exponent of n = 4 + 0.32 corroborates the values extracted
from the ex-situ annealing for YIG on YAG of 3.80 + 0.36 and therefore the crystallisation
behaviour described earlier. Therefore, the crystallisation behaviour is not influenced by
the annealing method. To compare the rate constants, the n-th root is taken of k, trans-
lating into a crystallisation velocity of 0.32nm/min by taking the thickness of 100nm
into account. Surprisingly, this value extracted at 650 °C is similar to the 0.27 nm/min
extracted in Fig. 3.17 at 600 °C. Due to the exponential dependency of Eq. (3.4), this cannot
be reconciled via the thickness difference of the samples and more likely comes from a
temperature calibration error. As the in-situ XRD was not calibrated, the temperature at the

Table 3.2: Summary of the activation energies E, and pre-factors k, for YIG on all substrates. The first two
columns represent the values as determined via Eq. (3.5) from the data obtained via Eq. (3.4) in Fig. 3.17(c),
whereas the following two columns describe the data extracted via Eq. (3.6) from Fig. 3.17(d). The last column
gives the Avrami exponent, which is the same for the two variations.

EA via ko via EA via ko via
Eq. (3.4) Eq. (3.4) Eq. (3.6) Eq. (3.6) n
(eV) (1/h") (eV) (1/h)
YIG on GGG 3.98 + 0.32 2.0-10% 3.98 + 0.32 2.0-10%3 1

YIG on YAG  15.70 + 1.59 2.6-10% 413 + 042 3.4-10% 3.8
YIG on SiO,  16.37 + 0.85 8.4-10%° 4.09 + 0.21 1.7-10%° 4
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Figure 3.19: In-situ XRD study of a 100 nm thick YIG film on YAG at nominally 650 °C. The measurements
were performed by Michaela Lammel. (a) Evolution of the (444) YIG peak over time, showing an inital delay
and an onset of crystallisation after approx. 3h. Due to the missing monochromator, both K, ; and K,, , are
visible. By fitting two pseudo-Voigt functions (cp. Eq. (3.3)) to the data the area under the YIG peak can be
extracted. The area is then normalised with respect to the last value extracted at 14 h yielding the crystalline
fraction 6. (b) 6. as a function of the annealing time, allowing a fit by Eq. (3.4). The extracted rate constant k
and Avrami exponent 7 are given next to the fit.

sample likely differs, resulting in the temperature offset of almost 50 K. While this value
appears large, similar temperature differences occur in the sputtering chamber, where the
thermocouple is near the heater and not the sample.

The in-situ study demonstrates that the crystallisation behaviour, i.e., the Avrami
exponent, is consistent over multiple methods. As the access to this device was limited
and a large temperature difference suspected, no further experiments were conducted.
The difference in k can only be reconciled via a large temperature offset, which needs to
be carefully considered in similar measurements. A comparison of this value is therefore
complicated, even after taking the n-th root. However, by using the in-situ XRD, the
evolution of the YIG peak can be observed without the crystallisation starting early or
continuing during the heating up and cooling down steps of the furnace. For the exact
understanding of the activation energy and its separation into rate constants for nucleation
and crystallisation, further experiments would be required, where further in-situ studies
should be considered.

Based on the results of Fig. 3.17, a crystallisation diagram illustrating the annealing
time and temperature combinations yielding a fully crystalline film can be constructed (cp.
Fig. 3.18). For a quantitative description, Eq. (3.4) is combined with Eq. (3.5) enabling
an expression of the crystallinity of YIG as a function of annealing time and temperature,
as given by as given by Eq. (3.7) [6], where all symbols represent the previously defined
variables.
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Note, that a slightly different equation would be obtained when using the modified
Avrami equation (cp. Eq. (3.6)) to derive the dependence on ¢, cp. Eq. (3.8):
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However, when using the corresponding values extracted via Eq. (3.4) and Eq. (3.6)
given by Tab. 3.2 and inserting these into respective equation, i.e., Eq. (3.7) or Eq. (3.8),
the description and extracted curves are identical.

Figure 3.18(a)-(c) summarises the annealing time and temperature study on GGG, YAG
and SiO,, respectively. Each symbol in Figure 3.18 represents a fully crystallised YIG film,
as obtained from section 3.4. Of these, the open circles represent those samples utilised in
the fitting routine in Fig. 3.16(c), whereas filled circles are samples, which were obtained
with 6, of 100 %. Hence, the rate constant and annealing time could not be unambiguously
determined and the points are only used to corroborate the diagram. Equation (3.7),
in combination with the values of 1, ky and E, from Tab. 3.2 and a crystalline fraction
6. of 0.999, now allows to determine a region in the time- temperature space where the
parameters yield fully crystalline YIG. It should be noted, that a value of 6. = 0.999 is
needed to avoid the divergence of the logarithm in Eq. (3.7). A lower 6, value would
exhibit a qualitatively similar curve shape of the boundary, which would be shifted to the
left. The so determined crystalline regions depend on the substrate and are shaded in the
respective colour (cp. Fig. 3.18(a)-(c)). As expected, the formation of polycrystalline (pc)
YIG on SiO, (cp. Fig. 3.18(c)), acting as a typical non-lattice matched substrate, requires
significantly higher annealing temperatures compared to the SPE of single crystalline (sc)
YIG on GGG or YAG (cp. Fig. 3.18(a)+(b)).

The differences in annealing time and temperature required for crystallisation arise
from the substrates. For both GGG and YAG, the lattice of the substrates serves as a single
crystalline seed which replaces the need of a nucleus. The deviation in crystallisation
behaviour between the two substrates is, therefore, attributed to the different lattice mis-
match with respect to the YIG. Due to the much larger lattice mismatch on YAG, higher
strain is induced and nucleation is partly necessary for the crystallisation to start. As
a result, slightly elevated annealing temperatures are needed on YAG in comparison to
GGG. When comparing the lattice matched substrates to SiO,, one observes that notably
higher annealing temperatures are required for the crystalline YIG to form. The additional
thermal energy is need for the YIG crystals need to form by nucleation due to the absence
of a crystallisation seed from the substrate. The thermally activated process of nucleation
explains the higher temperatures as well as the formation of polycrystalline YIG on SiO,.

(3.8)

The extracted regions yielding fully crystalline YIG films align well with previous
publications, see Fig. 3.20. This match does not only include sputtered YIG films [48, 65,
67,93-99, 101-107], but also amorphous YIG films obtained by pulsed laser deposition
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Figure 3.20: Crystallisation diagrams as in Fig. 3.18 with a reduced annealing time axis, to enhance the
visibility. As indicated by the black symbols, the extracted crystallisation windows are compared to other
studies on sputtered YIG films [48, 65, 67, 93-99, 101-107]. It should be noted, that, while not shown here,
YIG films obtained by pulsed laser deposition (PLD) and subsequent annealing also fit into the shaded areas
[49, 62, 87-91], indicating a generally valid description of the crystallisation of YIG thin films.

and subsequent annealing [49, 62, 87-91]. As such, the annealing time and temperature
diagram in Fig. 3.18 serves as a general description of the phase transition from amorphous
to crystalline YIG.

3.6 Summary: Crystallisation dynamics of YIG thin films

In conclusion, sputtered YIG thin films were thoroughly investigated using structural
and magnetic characterisation methods. The as deposited films show no signs of a crys-
talline phase or magnetic order. Upon annealing at a suited temperature and time frame,
crystalline YIG forms in a single crystalline manner on GGG and YAG, and polycrystalline
on Si0,, acting as an arbitrary substrate. The highest quality YIG films are obtained on
GGG and are comparable to sputtered YIG films in the literature. Furthermore, no signifi-
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cant impact of the annealing parameters on the magnetic properties is observed for the
times and temperatures tested here.

The evolution of the crystallisation of YIG thin films on the different substrates was
then thoroughly monitored using structural methods. Here, YIG films on GGG films
follow a typical SPE behaviour, i.e., layer by layer growth, whereas a more complicated
behaviour involving nucleation is found on YAG. On SiO,, the polycrystalline YIG always
requires nucleation and forms at higher temperatures in comparison to GGG and YAG.

Extracting the activation energy and the pre-factor allows to establish an annealing
time and temperature diagram indicating where crystalline YIG films are obtained. These
values are summarised in Tab. 3.2 and allow to set boundaries after which fully crystalline
YIG films form (cp. Fig. 3.18). Furthermore, with these parameters, the crystallisation
velocity for YIG on each substrate at any temperature can be extrapolated. Within these
boundaries, a fully crystalline YIG film could be obtained on GGG at a temperature of
537 °C after annealing for 110h. On arbitrary, non-lattice matched substrates like SiO,,
nucleation is not expected to set in below 660 °C within a time scale of days.

With this chapter, a complete description of the phase transition of YIG from amorphous
to crystalline on three different substrates has been obtained. Not only do these results
allow to optimise the annealing process, e.g. in regard of speed [108] or reduction of
interdiffusion [135], but it also lays the foundation for the investigation of the lateral
crystallisation of YIG in the next chapter. There, the difference in annealing temperature
depending on the substrate found here will be exploited to observe the lateral crystallisation
of non-planar YIG thin films.



Chapter 4

LATERAL SOLID PHASE EPITAXY OF YTTRIUM IRON
GARNET

In this chapter, the fabrication of non-planar YIG using sputter deposition will be
described. Crucial for any further experiments on the non-planar structures is to maintain
a single crystalline YIG film across the whole non-planar structure. Grain boundaries or
other defects, which act as scattering centres, would significantly reduce the transport
properties of the YIG. To achieve non-planar YIG, an artificial mesa structure is defined on
a lattice matched substrate onto which amorphous YIG is deposited. The crystallisation
dynamics of YIG on different substrates detailed in the previous chapter are the essential
ingredient to obtain single crystalline YIG.

The process of obtaining single crystalline YIG over an artificial mesa is achieved via
lateral solid phase epitaxy (LSPE), which is quantitatively described and analysed in the
following. From systematic annealing experiments the activation energy as well as the
crystallisation velocity are extracted allowing for a full description of the LSPE of YIG.

This chapter is partly reproduced from S. Sailler et al. [7] ”Lateral solid phase epitaxy of yttrium
iron garnet”, Phys. Rev. Mater. 8, L020402 (2024 ) with the permission of APS Publishing. For
this publication, I modified the lateral crystallisation experiments to the suited temperature range
and then deposited, microstructured and annealed multiple samples for this purpose. Afterwards,
I investigated each sample using SEM and EBSD obtaining the data sets for the publication. A
transmission electron microscopy study was conducted by Alexander Tahn, Darius Pohl and Bernd
Rellinghaus, which confirmed the results from Konstanz. I then created all figures and wrote the
first draft of this paper. All authors contributed to the scientific discussion.
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4.1 Lateral crystallisation experiments

The fundamental experiments in Si and Ge led to a mathematical description of the
SPE and LSPE (cp. section 2.3). As there procures fall into the category of homoepitaxy,
the description slightly differs to the one used in chapter 3. At a given temperature T,
the propagating front between crystalline and amorphous material is expected to move
linearly in time with a constant (lateral) crystallisation velocity v. The dependency of v on
the temperature follows a modified Arrhenius equation [111, 116, 131]:

—Ea
v = vges’ (4.1)

Here, v, represents the maximal crystallisation velocity, kg the Boltzmann constant
and E, the activation energy. In comparison to chapter 3.5, the rate constant is replaced by
a velocity, effectively assuming that the sample’s boundaries do not influence the velocity
of the propagating crystal front. The resulting v therefore only depends on the system
specific vy and E5 and then scales exponentially with temperature.

LSPE experiments have recently started to emerge in more complex compounds con-
sisting of multiple elements. Examples include oxides of Baj Srj 4TiO3 [161], Nb:TiO,
[162] and SrTiO5 [163]. This chapter now complements the list with the description of the
LSPE of YIG by extracting the descriptive parameters introduced in Eq. (4.1). Previous
knowledge about the crystallisation of non-planar YIG existed in the form of a bridge
structure, fabricated by Heyroth et al. [90] using a coated resist template and pulsed
laser deposition. In the subsequent annealing step at 800 °C for 3 h they obtained a single
crystalline YIG bridge, showcasing the feasibility of the process. However, no investiga-
tion into the crystallisation dynamics, such as the crystallisation velocity was conducted.
Furthermore, as detailed in the previous chapter, polycrystalline YIG begins to form at
elevated temperatures of 660 °C and above, making the scaling and transferring of their
process challenging.

In order to study the lateral crystallisation, a mesa structure is patterned onto a lattice
matched substrate. Here, GGG substrates with #|[(001) and #||(111) were utilised. All
other experimental details of sample preparation and sputtering parameters are described
in chapter 2.4. The complete processing is then depicted in Fig. 4.1. For LSPE experiments,
a nominally 20 nm thick artificial mesa structure out of SiO, is added on top of YAG or
GGG (cp. Fig. 4.1(a)).

Initially, different paths yielding a SiO, mesa structure were pursued. The simplest
method consists of using Kapton tape on a cleaned garnet substrate, SiO, deposition and
subsequently ripping off the Kapton tape. However, the edges obtained this way are com-
parably rough and hard to characterise. By using optical lithography, the edge roughness
can be improved significantly, which is utilised throughout the chapter. Here, the substrate
is coated with a photoresist (maP-1205) (cp. Fig. 4.1(b)) into which the structures are
then defined (cp. Fig. 4.1(c)) using a Smart Print system (Smartforce Technologies). Later
use of the Nanowriter Advanced (Polos) led to even better edges due to sub ym resolution.
The defined layout is then transferred by physical etching in an PlasmaPro 80 RIE (Oxford
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Figure 4.1: Sample processing for the LSPE experiments: (a) Initially, a lattice matched garnet substrate is
coated by a roughly 20 nm thick SiO, layer, (b) onto which a photoresist is spun, (c) into which a pattern is
defined using optical lithography. (d) The layout is then transferred via etching and the varnish removed. (e)
After baking the garnet/SiO, stack at 700 °C, the YIG layer is then deposited in (f). (g) By annealing at a
temperature between 600 °C - 650 °C, the vertical crystallisation process begins from the garnet substrate.
After reaching the sample surface in (h), the single crystalline YIG acts as a seed for the LSPE indicated in (i),
which could ideally continue until the YIG is fully crystalline (j).

YIG (as dep)

GGG/YAG

Instrument) system (cp. Fig. 4.1(d)). For the etching, both a SF¢ plasma as well as an Ar
plasma proved to be suitable, with the SFq yielding much faster etching rates. Here, the
SiO, layer needs to be completely etched away, since the garnet substrates act as the seed
for the later crystallisation of YIG. As the YAG / GGG surface was bombarded with ions,
the garnet/SiO, stack was annealed at 700 °C for 4 h to negate any potential damage to the
garnet crystal structure at the surface (cp. Fig. 4.1(e)). Furthermore, chemical etching
using buffered HF was tested, when the RIE was out of order, yielding a comparable
edge roughness. Here, the annealing step was omitted, as no damage was expected on
the substrate. However, later analysis concluded that the SiO, layer becomes more com-
pact upon annealing, similarly to the thickness reduction described in Fig. 3.2, which can
cause problems in later processing steps. The annealing steps should therefore always be
performed, regardless of etching technique.

To observe lateral crystallisation of YIG on top of the mesa, the YIG layer needs to be
continuos over the mesa edge. To that end, the nominal thickness of YIG was at least twice
the height of the SiO, mesa, here about 45 nm. It should be noted that in later experiments
a stack consisting of a 90 nm SiO, mesa layered with 105nm YIG, i.e., a factor 1.16 did also
show LSPE over the edge. Hence, the conditions for LSPE are, that the as deposited YIG in
the defined trench must be in direct contact with the garnet substrate acting as a template
for SPE and simultaneously to some extend continuous over the edge.

The crystallisation of YIG is then induced by annealing the complete stack at tempera-
tures between 600 °C and 650 °C in a tube furnace under air. Initially, single crystalline YIG
forms at the garnet substrate interface, crystallising vertically via SPE (cp. Fig. 4.1(h) and
chapter 3.2). Upon reaching the top boundary, the single crystalline YIG now acts as the
seed layer for lateral solid phase (homo)epitaxy of YIG on the SiO, mesa (cp. Fig. 4.1(i).
As described in chapter 4.1, a single crystalline front is expected to propagate through the
amorphous YIG, until reaching the sample boundaries (cp. Fig. 4.1(j)).
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4.2 Observation of the lateral solid phase epitaxy of YIG

For observing the LSPE of YIG, choosing the ideal annealing temperature is essential.
To that end, the findings of the previous chapter will be exploited (cp. chapter 3.5), where
the annealing time and temperature combinations for a fully crystalline film on different
substrates were extracted (cp. Fig. 3.18). The SPE from lattice matched GGG and YAG was
found to occur at lower temperatures in comparison to the nucleation driven crystallisation
on SiO,. This difference is crucial, as polycrystals would hinder the propagation of the
single crystalline YIG from as depicted in Fig. 4.1(h), in the worst case making it unobserv-
able. By annealing at temperatures lower than 660 °C, the nucleation of polycrystalline YIG
should be significantly hindered, ideally suppressed. Yet, thermodynamically stable nuclei
may still statistically form. These nuclei then continue crystallising with the velocity for
that respective temperature. External nucleation sites like dirt particles cause nucleation
to occur more often than expected from the description in chapter 3.5. Furthermore, when
the SiO, layer was not annealed as mentioned earlier, the compacting of the layer led to an
increased nucleation of YIG.

As both nucleation and crystallisation exhibit an exponential dependency on the
temperature (cp. Eq. (3.4), Eq. (3.5) and Eq. (4.1)), the optimisation process is inherently
complex. While lowering the temperature reduces the nucleation probability, it also affects
the SPE or LSPE. This dependency was evident from the SPE of a YIG film on GGG
annealed at 537 °C, which took roughly 110 h to become fully crystalline. Note that after
this time only 30 nm of single crystalline YIG had formed. For the LSPE, the crystallisation
velocity exponentially shrinks as described by Eq. (4.1). However, for further experiments,
several pm of single crystalline YIG on the mesa structure are needed to enable processing
or contacting of the lateral YIG. Furthermore, the LSPE must be experimentally detectable,
i.e. several 100 nm of single crystalline YIG would be desirable. Therefore, the study of the
LSPE of YIG is confined to temperatures between 550 °C and 660 °C, reducing nucleation
as much as possible while maintaining reasonable crystallisation velocities.

Initially, the LSPE of YIG is confirmed via SEM analysis and EBSD data, see Fig. 4.2. To
that end, a YIG film on YAG was annealed at 600 °C multiple times and characterised each
time. Fig. 4.2(a) depicts the crystallisation front after 96 h as seen via the secondary electron
detector. Above the SEM image, the expected behaviour is schematically illustrated, as
described in Fig. 4.1. After vertically crystallising via SPE from the YAG substrate, a
laterally propagating YIG crystal front is expected on top of the mesa. The mesa edge
is clearly visible in the centre of the SEM image (cp. Fig. 4.2). On the right side of the
mesa, YIG crystallised on YAG, where a slight contrast is visible, most likely stemming
from the physical etching during the processing. Towards the left of the mesa edge, the
crystallisation front of the LSPE of YIG is expected moving from right to left. Here, a gray
contrast can be observed in the SEM (cp. Fig. 4.2), which is attributed to the formation of
single crystalline YIG and the consequential change in density and height of the material
in the probed area.

To further corroborate this interpretation, the SEM image is superimposed with the
corresponding colour of the inverse pole figure along the out of plane direction extracted by
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Figure 4.2: Observation of LSPE of YIG on YAG over a S5iO, mesa structure after annealing at 600 °C for 96 h.
(a) Schematic of the expected crystallisation behaviour (side view) and SEM image near the SiO, mesa edge
as obtained via a secondary electron (SE) detector (top view). As described in Fig. 4.1, YIG begins to start
crystallising vertically via SPE at the interface to YAG, which causes the as deposited (a.d.) YIG to become
single crystalline (sc). The respective area is seen on the right side of the SEM image, where a slight contrast
can be observed, which is attributed to the physical etching during the previous processing. After the vertical
crystallisation is complete, the YIG crystallises laterally via LSPE over the elevated mesa edge in the centre
of the image. Here, a clear gray contrast can be observed which is attributed to the change in density upon
crystallisation. (b) Overlaying the SEM image from (a) with data from the EBSD mapping confirms the
interpretation from (a). Here, the colour correlates to the out of plane direction of YIG as extracted from the
inverse pole figure and corroborates the SPE of YIG on YAG and the LSPE over the SiO, mesa. (c) The TEM
analysis was conducted by D. Pohl and A. Tahn and corroborates the data obtained from the SEM and gives
insights into the crystallisation near the mesa edge.

EBSD (cp. Fig.4.2(b)). The monochrome colour of the overlay confirms a single crystalline
YIG starting from the YAG, which then acts as a seed for the lateral crystallisation over
the mesa. The (111) out-of-plane orientation, as given by the blue colour, is taken on from
the orientation of the YAG substrate. The in plane directions spanning the coordinate
system are known from notches in the substrate as (110) and (112). The EBSD data further
allows to exclude the formation of polycrystalline YIG on top of the mesa for this annealing
time and temperature combination. The combined SEM plus EBSD analysis confirms
the successful observation of LSPE over a 18 nm high mesa. After 96h at 600 °C, the
LSPE of YIG propagated roughly 1 um, corroborating the slow dynamics expected for this
temperature. Furthermore, at this annealing time and temperature pair no polycrystalline
YIG was detected. However, for longer times and/or higher temperatures, nucleation
started to become more prevalent, as expected from Si or other oxides [120, 121, 162, 163].

Moreover, the sample was then investigated via TEM, see Fig. 4.2(c), which further
verifies the LSPE of YIG. Via TEM, a cross-sectional view of the mesa structure with YIG on
top can be obtained, which resembles the schematics in Fig. 4.2(a + b). The TEM images
reveal a sharp edge of the SiO, mesa structure and a more rounded edge of the overlying
YIG. Furthermore, the atomic pillars observed via TEM corroborate the SPE of YIG on
YAG and the continuing LSPE of YIG over the SiO, mesa as previously evaluated via SEM.
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(b)

Figure 4.3: (a) Fast Fourier transforms (FFT) of two TEM images at the marked locations: (i) near the end of
the lateral crystallisation front and (ii) near the mesa edge. The zone axis is along [110] and the peaks of
two YIG planes along (110) and (112) are marked. A clear rotation of the YIG crystal with respect to the
underlying YAG can be observed at the end of the laterally crystallised YIG in (i) in comparison to near the
edge in (ii). The imperfections seen in Fig. 4.2(c) are expected to cause this rotation which then transfers
into the YIG grown via LSPE. (b) EBSD mapping with an in plane pole figure along a (112) direction after
annealing at 650 °C for 150 h.

Upon closer analysis of the TEM images, some imperfections and a rotation in the
crystalline orientation of the LSPE of YIG can be resolved. Near the mesa edge the atomic
pillars are not perfectly ordered, possibly influencing the LSPE (cp. Fig. 4.2(c)). The
rotation of the YIG can be quantified by a fast Fourier transform (FFT) of two TEM images
obtained near the mesa edge (cp. Fig. 4.3(a)(i)) and towards the end of the crystallisation
front (cp. Fig. 4.3(a)(ii)). The zone axis of the respective FFT is along [110] and two
reflections along (110) and (112) are marked for identification purposes. In both FFTs, a
lateral distortion of the YIG peaks can be observed, stemming from the lattice mismatch
of YIG and YAG. Additionally, near the mesa edge a rotation emerges in the FFT of the
TEM image (cp. Fig. 4.3(a)). The imperfect crystallisation near the mesa may cause this
rotation, which is then transferred and continued in the LSPE since the YIG at the mesa
edge acts as its seed.

However, the rotation observed in TEM is too small to be prevalent in the colour code
of the superimposed EBSD data in Fig. 4.2(b). Still, the rotation persists in further laterally
crystallised YIG and then also becomes visible in the EBSD. Figure 4.3(b) depicts the
inverse pole figure along a [112] in plane direction of YIG as extracted via EBSD. The
results corroborate the rotation detailed from the TEM and prove that it can be resolved via
EBSD as well. Here, however, the rotation completely changed the direction of the crystal,
so that on top of the mesa the crystal rotated by 90°. However, this sample was annealed
at 650 °C for 150 h resulting in a lateral crystallisation of roughly 20 pm. The much larger
extend of the crystallisation and higher temperature do not allow for a direct comparison
to Fig. 4.2(b). In all evaluated cases, the crystal rotation could only be observed along the
[112] and [111] directions, not along the [110] direction of YIG. Furthermore, no rotation
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Figure 4.4: Extraction of the lateral crystallisation velocity for YIG on YAG and GGG at 600 °C. Each sample
was annealed several times and the progression of the LSPE monitored. For each annealing time, multiple
lateral crystallisation distances were extracted from SEM images at different points on the mesa and their
mean values plus standard deviations plotted. For each temperature and substrate, a temporal offset was
calculated based on the dynamics of the vertical crystallisation (cp. chapter 3.5). A linear fit was then applied
to the data, yielding the lateral crystallisation velocity. A difference in LSPE velocity can be observed, where a
value of 10.3 nm/h is obtained for YAG in comparison to the 21.5nm/h on GGG.

could be observed on GGG substrates with the surface normal direction parallel to [100].
The exact reason for this rotation and its selective appearance in some crystal orientations
remain subject to further studies.

In summary, both SEM and TEM allow to obtain the lateral crystallisation distance
[ of YIG on top of the mesa structure. Due to the significantly faster preparation and
measurement via SEM, the following analysis of the LSPE and the extraction of  will be
conducted with SEM and EBSD.

4.3 Description and dynamics of the lateral solid phase epitaxy
in YIG

In the following, the dynamics of the LSPE of YIG will be analysed. To that end, a
sample is annealed multiple times for a defined annealing time ¢ at a given temperature T.
The mean crystallisation distance / and its standard deviation for each annealing time and
temperature combination is extracted from multiple SEM images across the mesa edge.
As detailed in Fig. 4.1(g)-(i), the vertical crystallisation is required for the lateral to start.
Here, the 20 nm height of the SiO, mesa needs to be overcome before the LSPE can start.
Therefore, the annealing time offset, after which 20nm YIG have vertically crystallised,
is calculated with the findings from chapter 3.5. At 600 °C, the SPE of YIG on GGG was
determined to be roughly 1 nm/min and therefore a 20 min offset.

Figure 4.4 depicts the results of the LSPE study at 600 °C for YIG on YAG and GGG,
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where for both substrates the (111) orientation is along the surface normal direction.
Each data point is extracted as described before and the lateral crystallisation velocity
U}t determined by a linear fit to the data. On YAG, this velocity is v}t yag = 10.3nm/h,
whereas on GGG a value of vy, ggg = 21.5nm/h is obtained.

This extracted difference in vy, stands in stark contrast to the expectation. As YIG
crystallises via lateral homoepitaxy on both substrates, the velocity is expected to be
identical or comparable. A possible explanation for the differences in vy, stems from the
substrates themselves. As detailed in chapter 3.1, the lattice mismatch of YIG to GGG
is small and high quality films are obtained (cp. chapter 3.2). The higher quality of the
vertically crystallised YIG on GGG in comparison to YAG then acts as the seed for the
LSPE and could influence vy,;. Furthermore, imperfections in the SPE of YIG near the
SiO, mesa in Fig. 4.2(c) were observed, which could also influence the seed quality and
resulting propagation velocity. Lastly, impurities in the sputtering target or slight changes
in composition of the film might further affect quality and velocity of the LSPE. However,
the exact cause could not be determined suggesting that further detailed experiments will
be necessary.

Next to the deviation in v),; between the substrates, a difference is also discovered
between vertical and lateral crystallisation. To that end, the vertical crystallisation velocities
Uyer reported in chapter 3.5 will be compared to the ones extracted from Fig. 4.4. For the
SPE of YIG on GGG, v,,; was 58.8 nm/h, a value 3.6 times higher than the v},; of 21.5nm/h.
Similarly, the extracted vertical velocity on YAG was 16.2nm/h, 1.6 times faster than the
lateral value of 10.3nm/h. Despite the near perfect vertical crystallisation via SPE for YIG
on GGG and thereby comparability to the LSPE, the latter is significantly slower. While this
is unexpected, a similar behaviour was reported in the prototypical Si, where the LSPE was
4-8 times slower in comparison to the vertical value [120]. Here, the behaviour was traced
back to the formation of facets and defects during the LSPE. A similar observation was
made here, see Fig. 4.2(c) and Fig. 4.3, where defects or a rotation was visible. Therefore,
the crystal quality of YIG appears to sensitively impact the crystallisation velocities.

Another possible influence not discussed thus far is the underlying crystal orientation.
In Si large differences in v, depending on the direction of growth are reported [113, 114]
and known to also transfer into v}, [123]. Similarly, for v, of YIG, a crystal orientation
dependence has also been reported [141, 142, 164] and briefly mentioned earlier (cp.
Fig. 3.5(¢)).

Here, the vertical crystallisation in chapter 3.5 was along [111], whereas the LSPE is
perpendicular to it, in this case along the [112]. The third complementing direction is the
[110]. These directions can be inferred from the substrate, as these are specifically cut with
notches indicating the [110] direction.

For a better comparison of vertical and lateral velocity, the values should be compared
along the same crystal orientation. This approach allows to evaluate whether the direction
dependence accounts for the factors of 1.6 or 3.6 on YAG and GGG, respectively. Fur-
thermore, by annealing multiple samples at different temperatures, the dynamics of the
crystallisation could further be compared and the exponential dependency, as described
in Eq. (4.1), confirmed.
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Figure 4.5: Mean lateral crystallisation distances for YIG on GGG as extracted by SEM and EBSD for different
temperatures and crystal orientations. A linear fit is applied for each combination of temperature and
orientation, yielding the respective crystallisation velocity.

To that end, multiple GGG samples with either the [001] or the [111] direction parallel
to the surface normal were prepared, as described in Fig. 4.1. One in-plane crystal direction
of the GGG is further known, allowing to calculate the third direction perpendicular to
both. Therefore, the two substrates enable the investigation of the LSPE along four well
defined directions, [100] and [010] (_L[001]), as well as [110] and [112] (L[111]). Due to
the cubic crystal structure of YIG (cp. chapter 2.1), [100] and [010] are equivalent and
will be referred to as (100). While the other two directions differ, they will also be referred
to as their equivalent (110) and (112) in the following. The dependence on the crystal
orientation is then extended by extracting vy,; at several annealing temperatures of 600 °C,
625°C, 637 °C and 650 °C.

Figure 4.5 depicts the results for these temperatures and the direction along which the
LSPE front propagated. As before, multiple images were analysed and the mean lateral
crystallisation distances with its error plotted at the respective temperature. The initial
delay was calculated for each temperature and a linear fit applied to the data, yielding a
U)a¢ for each temperature and crystal orientation. The lateral velocities range from 18 nm/h
at 600 °C to 180nm/h at 650 °C and exhibit similar values at each temperature. The data
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Figure 4.6: Semi-logarithmic plot of the crystallisation velocities of YIG on GGG along different crystalline
directions versus the inverse temperature. By a linear fit to the data the activation energy E 4 and the maximum
velocity v, are obtained. An activation energy of E , = 3.0 €V is extracted for YIG. The crystal orientation only
exhibits a small influence on the respective maximal velocities with v, (<100>) = 6.5x 10 nm/s, v,(<110>)
=6.5x 10" nm/s and v,(<112>) = 6.9 x 10*nm/s.

clearly corroborates the linearly propagating crystal front as expected for LSPE.

As discussed before, a higher annealing temperature leads to an increased lateral
crystallisation velocity, but the formation of polycrystalline YIG also starts to become more
prevalent. The increase of the LSPE rate with the annealing temperature becomes apparent
from the reduced time after which comparable lateral distances are reached (cp. Fig. 4.5).
Here, the random nucleation could present an obstacle for the propagating LSPE front,
which ideally would continue over the whole sample (cp. Fig. 4.1(j)). While some grains
were observed via SEM, these did not hinder the propagation of the crystallisation front,
nor the extraction of the crystallised distance. The longest laterally crystallised distance
observed during this study was 2.2 pm, whereas later samples as the one seen in Fig. 4.3(b),
yielded lateral growth of over 20 um. However, for the latter, the elevated temperature
and the long distance also led to a small decrease in crystal quality, as seen in the SEM
image.

Figure 4.6 presents the lateral crystallisation velocities as a function of annealing temper-
ature and the propagation direction. Each data point is derived from the fit in Fig. 4.5. The
semi-logarithmic plot reveals a linear relationship between v},, and T~1, as expected from
Eq. (4.1). This observation further corroborates the crystallisation of YIG via LSPE and
mathematically describes the increase of v}, with T from 21.5nm/h at 600 °C to 173.1 nm/h
at 650 °C observed in Fig. 4.5. All data points are fit simultaneously, as the activation energy
is material characteristic and only the pre-factor is expected to differ along the directions
[114-117,131]. This linear fit yields an activation energy of E5 = 3.0 + 0.2 €V for the LSPE
of YIG.

For each crystal orientation, the pre-factor of the LSPE v, is now extracted by a linear fit
and depicted in Fig. 4.6. With an E of 3.0 eV, these values are v;((100)) = 6.5 x 10! nm/s,
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00((110)) = 6.5 x 10 nm/s and v, ((112)) = 6.9 x 10'*nm/s.

Unlike previous findings for the crystallisation of bulk YIG, [142] the crystallisation
velocity appears to be nearly independent of the crystal direction (cp. Fig. 4.6). This
observation can be reconciled for the (110) and (112) directions, as their facets are reported
to be the thermodynamically most stable while also displaying similar growth behaviour
[142, 164, 165]. Their crystallisation velocities were also reported to be comparable with
the (112) direction being slightly faster, which is also observed here [142]. No qualitative
information could be found for the (100) direction, but the data also suggest a comparable
behaviour to the (110) direction. Further, the largest difference in (vertical) crystallisation
velocity was observed for the (111) direction, exhibiting a value roughly 10 times larger
than along (100) [142, 164]. Unfortunately, no substrates were available where the (111)
direction was in the film plane, therewith preventing to study the LSPE of YIG along this
direction. While Fig. 4.6 does not suggest a significant dependency on the crystal direction,
further studies including the lateral crystallisation along the (111) direction are required
to resolve the orientation dependence of YIG.

The activation energy E, and the respective pre-factors v, describing the LSPE of
YIG are summarised in Tab. 4.1 and align well with those reported for the LSPE of other
materials in the literature. When compared to model systems such as Si, Ge and SrTiO;,
YIG exhibits a higher E, with vy values comparable to Si and Ge. Thus, the LSPE of YIG
more closely resembles the LSPE behaviour of the prototypical elements Si and Ge than
that of the oxide compound of SrTiOs;.

Furthermore, the E5 of 3.0eV + 0.2 eV extracted for the LSPE of YIG is consistent with
studies of other epitaxial materials and the previous chapter. In section 3.5, the activation
energy for YIG on GGG was extracted to be 3.98 eV, and higher on the other substrates
of YAG and SiO, (cp. Tab. 3.2). Further, for polycrystalline, bulk YIG obtained via oxide
powder precursors a value of 5.08 eV was reported [158]. The higher E, for heteroepitaxy

Table 4.1: Summary of activation energies E, and prefactors v, for the LSPE of YIG in this chapter in
comparison with the prototypical materials Si and Ge for epitaxial studies as well as the prototypical oxide
compound of SrTiO;.

Material Ref Orientation E, (eV) vy (nm/s)
YIG this work <100> 3.0+ 0.2 6.5 x 1014
YIG this work <110> 3.0 + 0.2 6.5 x 1014
YIG this work <112> 3.0 + 0.2 6.9 x 1014

Si Csepregi[131] <100> 23 4+ 0.1 1.5x 1013

Si Csepregi[131] <110> 23 4+ 0.1 6.4 x 1012

Ge Johnson[116] <100> 2.15 + 0.04 2.6 x 1010
SrTiO; White[110] <100> 0.77 5x 10°

SrTiO; Chen[133] <100> 0.7 7.8 x 102
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or polycrystalline YIG reflects the additional energy required due to the lattice mismatch
or nucleation, which is not present in the lateral homoepitaxy here. Similarly, Chen et
al. [133] find, that epitaxial SrTiO; exhibits an E, roughly half of that obtained from
nucleation and polycrystalline growth, reflecting the reduction observed here between
(homo)epitaxial and polycrystalline YIG.

4.4 Summary: Lateral solid phase epitaxy of YIG

The LSPE of YIG was investigated and crystallographically described in this chapter.
To that end, SiO, mesas were defined onto lattice matched garnet substrates onto which
amorphous YIG was deposited by room temperature magnetron sputtering. In a subse-
quent annealing step YIG initially crystallises from the garnet substrates and then proceeds
to propagate laterally on top of the SiO, mesa. The LSPE can be monitored via EBSD by
annealing in a temperature range of 600 °C-650 °C, where nucleation is slow as discussed
in the previous chapter. The respective lateral crystallisation velocities of YIG at these
two boundary temperatures are 21.5nm/h and 173.1 nm/h, highlighting the exponential
temperature dependence. At 650 °C a LSPE could be observed which had propagated over
20 pm.

The analysis of the LSPE over a range of annealing temperatures and along different
crystallographic orientations confirmed the expected exponential dependency on T de-
scribed by Eq. (4.1). The dynamics of the LSPE of YIG are characterised by the variables
summarised in Tab. 4.1. The activation energy was found to be in good agreement with the
literature and the previous chapter, while the pre-factor appeared to be mostly indepen-
dent on the crystal orientation along which the LSPE propagated. These insights provide
a method of obtaining non-planar, micrometer-scale, single crystalline YIG on arbitrary
mesa structures.

Further materials science based interest lies in the crystallographic direction depen-
dence and if the LSPE velocity could be improved by doping, as it does for Si or Ge
(cp. chapter 4.1). One possible dopant or substitution element would be Bi, as this si-
multaneously increases the optical activity, [67] which would also enable (or improve)
magneto-optical experiments on the mesa structures.

With the LSPE approach for the fabrication of non-planar structures described in this
chapter, two promising directions can be pursued: First, the LSPE paves the way for
achieving free-standing, easily detachable single-crystalline YIG. By using SiO, mesas, a
selective etching using HF can be applied to remove the mesa, resulting in free-standing
YIG. Further, after crystallising laterally, the single crystalline YIG could be detached,
e.g. by focused ion-beam cutting, which would enable experiments that are otherwise
constrained by the substrate [166-168]. Second, the LSPE provides a route to achieve
non-planar YIG films for magnon-transport based experiments or futuristic spin-wave
based computing interconnects [57, 58, 167, 169, 170].

Hence, with this chapter, one key goal towards non-planar spin transport is achieved. In
the next part of the thesis, a platform enabling the investigation into non-planar geometries
using magnetotransport experiments will be established.



PART II: MAGNETOTRANSPORT
EXPERIMENTS

The non-planar YIG thin films - as established in the two previous chapters - can now
act as a template for spintronic experiments. The second part of the thesis focuses on
magnetotransport experiments. Magnetoresistance measurements are an indispensable
tool in condensed matter physics and probe the electrical properties under the influence
of a magnetic field. Magnetotransport experiments allow to infer information about the
spin transport and its interactions, i.e., the spin polarisation of a current [21], the spin
accumulation [171], the spin-transfer torque [42] or magnon mediated effects [51]. Hence,
these type of experiments have become a staple of spintronic research and are envisioned
for the non-planar YIG.

Performing transport experiments in the electrically insulating YIG is achieved by
depositing a conducting metal on top, which is typically characterised by a large charge to
spin current conversion. The latter can then interact with the adjacent magnetisation of
the YIG. Therefore, the precise knowledge of the individual metal layer and its spintronic
properties are essential. By additionally using orbital Hall active materials, characterised
by a charge to orbital current interconversion, larger spin injections or spin-orbit torques
are expected to manifest. The interface then crucially defines the resulting interaction of
a spin or orbital current with the underlying magnetisation of a magnetically ordered
layer. Thus, the interface between YIG/Pt is carefully optimised and the influence of the
underlying YIG crystal structure statistically evaluated, as changes in the crystal structure
naturally arise in the non-planar thin films.

In the next, introductory chapter, the basic concepts and parameters appearing in
spintronics and orbitronics are reviewed and the connected magnetoresistances introduced.
Chapter 6 then presents an in depth study of the intrinsic magnetoresistances occurring in
Pt and Ti thin films. Chapter 7 follows up on the previous chapter by considering YIG/Pt
bilayers. The spin transfer across the interface as seen in magnetotransport experiments
is statistically analysed. A precise knowledge of the magnetotransport properties of Pt,
intrinsic and in combination with YIG, are essential for future experiment in non-planar
structures.
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Chapter 5

FOUNDATIONS OF SPIN-ORBITRONICS AND
MAGNETOTRANSPORT EXPERIMENTS

In this chapter, the fundamentals of spintronics and orbitronics are briefly introduced.
Afterwards, the focus lies on magnetotransport experiments, which is the measuring
technique used throughout the second part of the thesis. Here, the focus lies on the
ordinary, the Hanle and the spin Hall magnetoresistance.

5.1 Spintronics and orbitronics

Spintronics describes the research field which aims to extend conventional electronics
from using only the charge of an electron by additionally manipulating its spin [172, 173].
Here, the spin orbit coupling (SOC) is essential, as it links charge and spin degree of free-
dom. This coupling opens the possibility to exploit both degrees of freedom for spintronic
devices [174-176] and correlates a conserved quantity (charge) with a non-conserved
quantity (spin) [177]. For the last two decades, the field has been rapidly developing as
captured in numerous review articles, e.g. Refs. [44, 173, 175, 177, 178]. Furthermore,
spin transfer torque MRAMSs have recently found their application in magnetic storage
[25], while currently pursued concepts include spin-orbit torque magnetic random access
memories (SOT-MRAM) or spin Hall nano-oscillators [26, 179-182].

For fundamental research, the spin Hall effect (SHE) and its inverse (ISHE) are of
utmost importance, as they lead to a charge to spin current conversion and vice versa [33,
34,177]. Both, the SHE and the ISHE, are commonly generated, detected and exploited in
transport or optical experiments or in a combination of both [44, 177]. The SHE was first
experimentally confirmed using optical methods in semiconductors [183] and the ISHE
later directly observed in electronic measurements [184].

57
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Figure 5.1(a) and (b) show a schematic of the SHE and the ISHE, respectively, arising in
a material with SOC. An electrical current J _ in such a material can give rise to a transverse,
pure spin current J, which is polarised (s) perpendicular to both charge and spin current
(cp. Fig. 5.1(a)). Analogous, a pure spin current can generate a charge current with the
same geometrical dependencies (cp. Fig. 5.1(b)). This interconversion is described by
Eq. (5.1) [34, 43], where the spin Hall angle 6 describes the efficiency:

=65 1 (51)

The SHE arises due to extrinsic as well as intrinsic effects which are both extensively
discussed in the literature. Initially, the SHE was theoretically predicted in 1971 [33] on
the basis of (Mott) skew scattering [185]. The skew scattering mechanism describes the
asymmetric deflection of electrons due to their spin and ascribed as the main mechanism
in Ref. [183]. However, theoretical prediction [186, 187] and experiments in semicon-
ductors [188, 189] suggested a SHE effect arising intrinsically from an internal spin-orbit
force without the need of skew scattering. Therefore, extrinsic and intrinsic regimes are
distinguished depending on the purity of a sample [45].

Experimentally, two material characteristic parameters are descriptive of the spin Hall
properties of a material: The conversion efficiency of a charge to spin current is given by
the spin Hall angle 65 (cp. Eq. (5.1)) and the lifetime or propagation distance referred
to as the spin diffusion length A, [190]. Out of all (stable) elements, Pt has become the
prototypical material for generating spin currents [36]. This is due to the relatively large
6, values of 1 to 10 % in Pt, which can be correlated to the resistivity of the Pt film [45, 61].
These spin Hall angles can be attributed the intrinsically large SHE predicted in Pt [41].
Similar to the SHE, A, is reported to vary between 1 to 10nm in Pt [45, 61]. Therefore, Pt
thin films of several nanometres are used in experiments.

The spin Hall effect was recently complemented by an orbital analogue: the orbital
Hall effect (OrbHE) [191]. The phenomenological description closely resembles that of the
SHE, with an orbital diffusion length A} and an orbital Hall angle 6, describing propagation
and conversion efficiency, respectively. The complementing field aims to generate and
manipulate orbital currents and is dubbed as orbitronics. While orbital currents were
already discussed almost 20 years ago [192], the field of orbitronics only recently started
to gain significant interest.

Go et al. [191] theoretically describe an intrinsic OrbHE stemming from orbital texture,
which is induced due to the non-equilibrium generated from an applied electrical field.
They show, that passing a charge current through a material induces a non-zero orbital
angular momentum. Specifically, the OrbHE also arises without SOC and even when the
orbital angular moment is completely quenched in equilibrium [191].

Figure 5.1(c) and (d) depict the OrbHE and its inverse (IOrbHE). Analogous to the
SHE, a charge current generates a transverse orbital current and vice versa. Here, an orbital
polarisation 1is used to define the direction of the orbital angular moment. The OrbHE
was experimentally confirmed in transport experiments on Mn thin films [55] and via
optical methods in Ti and Cr [37, 56]. The experimental data confirms that the OrbHE
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Figure 5.1: Schematic visualisation of (a) the spin Hall effect (SHE), (c) the orbital Hall effect (OrbHE) and
their respective inverse effects (b) and (d). In materials with large spin orbit coupling, the SHE is more
prevalent whereas in material with weak spin orbit coupling, the orbital Hall effect dominates. These effect
cause a charge current to be partially converted to either a spin or orbital current, depending on the dominating
mechanism in a material, resulting in a spin or orbital accumulation at the edges of a thin film. (e) In either of
these materials, a magnetic field perpendicular to the spin / orbital accumulation causes a torque and by that
a precession of the spin / orbital moment. This effect is known in optics as the Hanle dephasing and gives rise
to the so called Hanle magnetoresistance (HMR). The occurrence of the HMR is a clear indication of a spin or
orbital Hall active material. (f) depicts the coordinate system used throughout the thesis.

arises in various materials with weak SOC [36-38, 55, 56], as contrasted in Fig. [36]. In
contrast, spintronics relies on a few selected heavy metals with large SOC [193].

This newly arising topic of orbitronics describes and utilises orbital currents, in a
similar way to the effects known in spintronics. Orbital Hall active materials, like Ti, in
combination with, e.g. Pt, could help to improve the efficiency of spintronic devices or
pave the way for new concepts, as many OrbHE active material are readily available at
low cost and therefore contemplated for application.

Probing the spin or orbital Hall properties of a material is achieved in various meth-
ods. Here, the focus lies within transport experiments. An extraction of typical spin or
orbital Hall parameters without an adjacent magnetic material can be achieved via the
Hanle magnetoresistance [171], as discussed in chapter 6. This setup ensures that the
extracted properties are not altered by the presence of a magnetically ordered material
[194]. In combination with a magnetically ordered material, a magnetisation dependent
spin current flow occurs at the interface of, e.g. YIG/Pt. This so called spin Hall magnetore-
sistance is the content of chapter 7. The following section introduced the basic concepts of
magnetotransport experiments.
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5.2 Magnetotransport experiments

This section gives an introduction into magnetoresistances arising in spin or orbital
Hall active materials, intrinsically and in combination with a magnetic layer below. The
coordinate system used throughout the chapter is depicted in Fig. 5.1(f). Here, j denotes the
direction along the current, n the surface normal direction of the sample and t the direction
transverse to it. Throughout the thesis, longitudinal and transversal magnetoresistances
(MR) are distinguished. The MR is generally defined via Eq. (5.2) [195].

MR = PB) —po _4p
Lo Po

Here, p is the resistivity, B the external magnetic field and p the resistivity at 0 T. A
longitudinal MR is extracted from the voltage drop V| along j, whereas a transversal MR
refers to the voltage drop V' perpendicular to j, irrespective of the direction of B. The
electrical contacts and Hall bar geometry of width w, thickness t and separation length of
contacts [ are detailed in Fig. 6.2(a) and are used to calculate the resistivity (cp. Eq. (5.3)):

(5.2)

U wt
P=ETT (5:3)

5.2.1 Hanle magnetoresistance (HMR)

The Hanle magnetoresistance (HMR) arises from the joint action of the SHE and the
ISHE and highlights the non-conserved nature of the spins. Initially described theoretically
in 2007 [196] for spin accumulation, the HMR was experimentally confirmed in the heavy
metals Pt and B-Ta in 2016 [171]. Starting from the SHE, a charge current is converted to
a spin current, which is accompanied with a spin accumulation at the boundaries of the
sample (cp. Fig. 5.1(a)). Due to the separation of spin species, a gradient in the (spin)
chemical potential arises, which causes a backflow of spins. The ISHE acts upon these
spins and causes a reconversion into a charge current (cp. Fig. 5.1(b)). The simultaneous
action of SHE and ISHE describes the steady state of the system, in which the resistivity is
unaffected.

An external magnetic field B can disrupt the steady state by interacting with the spin
accumulation at the edges of the sample. The direction of the spin polarisation s, as
described in Fig. 5.1(a)+(b), is now essential. If B and s include a finite angle, e.g. in the
plane spanned by J, and J ., a torque acts upon the spins. These start to precess around the
magnetic field and, due to their diffusive nature, become dephased. This so called Hanle
dephasing is depicted in Fig. 5.1(e). This phenomenon is named after Wilhelm Hanle,
who described the influence of a magnetic field on the polarisation of light [197] in the
1920’s. In the used coordinate system (cp. Fig. 5.1(f)), the relevant spin accumulation is
along t, meaning that the HMR is expected to arise for B||j and B|n.

Due to the precession and Hanle dephasing, the total spin accumulation is reduced
in contrast to the steady state. A lower spin accumulation causes a smaller backflow, i.e.
a smaller J; and therefore a reduced ISHE (cp. Fig. 5.1(b)). Experimentally, this can be
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observed as an increase in the resistance, as less charge current is generated in comparison
to the steady state.

From magnetoresistance data, the spin Hall properties of Pt can be extracted, as the
longitudinal HMR Ap; /p, is described via Eq. (5.4), initially derived in Ref. [171]:

Apr, [)‘s ( tpt ) [ A tpt ”
200 _ 9g2 | Zstanh 22 ) — %t | S tanh (-) 5.4
20 ° | tpe 2A4 tpt 2A (54)

Here, 6, and A, are the spin Hall angle and diffusion length, as defined previously, and
tp; the Pt thickness. Next to these parameters, the diffusion coefficient D in the material

significantly impacts the HMR and enters the equation via A=t = {/1/A2 + /A2, and A, =

VDh/gugB, where # is the reduced Planck constant, g the gyromagnetic ratio and yp the
Bohr magneton [171].

Next to the longitudinal MR, a transversal HMR can also arise [55, 171, 198]. This
effect is measured as a voltage arising transverse to the current direction, i.e. where the
ordinary Hall effect occurs. As depicted in Fig. 6.1(b), the transverse component is only
arises for B|jn. This observation can be understood from the dephasing discussed earlier
(cp. Fig. 5.1(e)). Due to the precession, the spin polarisation now includes a component
along the current direction, from which a current is generated via the ISHE. This current
can then be detected via transverse contacts in the measurement. Due to the geometry of
the experimental setup, the effect is only apparent for B|n.

The transverse HMR is described by Eq. (5.5),

20 _ g2 | e ()]
o 2057 = tanh A (5.5)

where Apy is the transverse resistivity arising from the Hanle effect. The remaining
parameters are as introduced beforehand in Eq. (5.4) [171].

Figure 5.2 depict the typical curve shape of the longitudinal (a) and transversal (b)
HMR. In theory, the HMR arising in longitudinal and transverse geometry should yield
the same values for all three parameters 6, A; and D, which is experimentally not always
observed [55, 171, 198].

Furthermore, the HMR strongly depends on the thickness of the Pt film, as evident
from the mathematical description (cp. Eq (5.4) and Eq (5.5)). Since the spin diffusion
length describes a mean length before the spin relaxes, an optimal thickness of the Pt
exists. The dependency is visualised in Fig. 5.2(c), where a clear peak can be observed
at tp; of 7.9 nm for the longitudinal and at 5.6 nm for the transversal HMR. Below and
above, the HMR effect is smaller. For small magnetic fields, the maximum of the HMR
is expected at 4.56A¢ and 3.28A, for the longitudinal and transversal HMR, respectively
[171]. Large external fields cause a strong precession of the spins, which influences A,
and hence, influences the position of the maximum. While the upper limit of the prefactor
is 4.56 (or 3.28), the value becomes smaller under strong precession, i.e. the peak occurs
earlier. Directly inferring A, from the maximum can therefore be erroneous. However, due
to the scaling with B (cp. Fig. 5.2)(a) + (b), strong magnetic fields are often needed to
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Figure 5.2: Visualisation of the HMR. (a) depicts the longitudinal and (b) the transversal HMR as a function
of the external magnetic field for a fixed film thickness. (c) illustrates the both longitudinal and transversal
HMR versus the thickness of the Pt film for a fixed external magnetic field of 6 T. A significant influence on
the amplitude can be observed, with a distinct maximum at a characteristic thickness for both the longitudinal,
as well as the transversal HMR. The maximum correlates to the diffusion length in the material.

resolve the effect.

The HMR has been dominantly investigated in spin Hall active materials like Pt and Ta
[171]. Sala et al. [55] extended this spin Hanle picture to an orbital Hanle effect in Mn thin
films. The description is analogue to the spin picture, where now an orbital accumulation
arises at the sample boundaries, which can again interact with the external field, resulting
in a Hanle effect and an HMR (cp. Fig. 5.1(e)). While the extracted 6, and A, are attributed
to the orbital Hall effect, the mathematical description of the HMR remains identical [55].

5.2.2 Ordinary magnetoresistance (OMR)

A second magnetoresistance can arise in thin metallic films solely due to the influence
of a magnetic field. The longitudinal variant is the so called ordinary magnetoresistance
(OMR), which arises in all metals and has been investigated thoroughly in the last century
[199]. The OMR exhibits largely different values depending on the metal in question and
is especially small in thin films, causing recent publications to commonly omit this MR.
Nevertheless, the OMR was reported to occur parallel to spin current induced MR effects
in Refs. [198, 200].

The transversal MR arising in analogy is the well known ordinary Hall effect (OHE).
Here, a magnetic field causes a Lorenz force onto a moving charge carrier when their
respective vectors enclose a finite angle. This force in turn causes a build up of electrons
perpendicular to j, which can be detected as a Hall voltage in transversal geometry (cp.
Fig. 6.2). The dependency on the magnetic field is described by Eq. (5.6):

Uyt B
Here, py is the Hall resistivity, Ryy the Hall coefficient, n the charge carrier density and
e the elementary charge.
Both the OHE and the OMR can be motivated using a simple free electron gas model
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Figure 5.3: Schematic motivating the occurrence of the ordinary MR. The electrons drift motion is depicted
in (a) without and in (b) under the influence of an external magnetic field. The effective mean free path is
reduced to the magnetic field. A complete circular motion as sketched by the dotted line can only be observed
in pure samples at low temperatures. Figure adapted from Ref. [195].
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[195]. The main discussion will revolve around the lesser known OMR. When applying
an electrical field, the electrons drift because of this external force and scatter along their
path, which is schematically depicted in Fig. 5.3(a). To describe this behaviour, a mean
free path I/ and time between scattering events 7 is utilised. The electrical conductivity ¢ is

derived as 5

ne’t  ne?l
c=——=— (5.7)
m MUg
with n and e as defined before, m being the mass and v the Fermi-velocity [195].

Under the influence of an uniform magnetic field B, the electrons are forced into a
circular motion between the scattering events, as indicated by the dotted line in Fig. 5.3(b).
Their motion is given by the cyclotron frequency w,. = eB/m. The magnetic field can be
interpreted as a reduction in mean free path resulting in a positive MR and be characterised
by a mean angle turned between each collision w.. In combination with Eq. (5.7) the

following Eq. (5.8) can be derived [199]:

Bo
WT = — (5.8)

This equation already illustrates the most basic dependencies governing the OMR. The
better the conductivity or the larger the external magnetic field, the larger the mean angle
turned. A w.T > 11is a good criterion under which the OMR is observed, as the magnetic
field now considerably changes the conduction process [199].

A quick calculation for Pt suggests that no large OMR is expected. From the literature
value of Ryy of 24.4pQmT~! [201], the charge carrier density of 2.56 x 10> m~3 can be
extracted, which in combination with the bulk resistivity (0 = 1/0) of 105nQm [202]
yields a w.T of 2.3 x 1073 at 10 T. In comparison, Launay et al. [203] obtain a w,.T of 28
for pure Cu at 4.2K for the same value of B, prompting them to observe a large MR of
over 100 %. Here, the electrons are forced onto four full rotations, as depicted with the
dotted line in Fig. 5.3(b) and influence of the magnetic field largely outweighs that of the
scattering.

Equation 5.8 further allows to estimate on when to expect a large OMR. On the one
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hand, the larger the magnetic field, the stronger the influence. On the other hand, the
better the conductivity the larger the mean angle turned. Therefore, ultra pure samples
at low temperatures give rise to the highest OMR [199, 203]. The dependency on the
conductivity further explains, why the OMR is commonly disregarded in Pt thin films (cp.
Eq. (5.8)). Due to an increased influence of the surface [204, 205], among other defects,
the resistivity of thin films is commonly 3-10 times higher than the bulk value [43, 171].
Furthermore, many spin dependent experiments are conducted at room temperature. The
properties of Pt in the experimental setting cause a diminishing OMR response in typical
spintronic experiments [171].

However, Eq. (5.8) cannot predict the scaling with the magnetic field, nor the amplitude.
Furthermore, the free electron gas does not show an ordinary MR and cannot explain
the experimental findings of a MR for BJ|j, which is in contrast to experimental findings
[206]. To reconcile these issues in the simple free electron model, the electrons need to
be considered in their crystal environment. To that end, the real Fermi surface and the
effective mass has to be taken into account [199].

Depending on the Fermi surface and the type of charge carriers, the OMR can exhibit
different dependencies on the magnetic field [207]. Most commonly observed is either a
saturation with increasing B, i.e., Apy /py « B° or a quadratic increase, i.e., Apy /oo < B.

The equation phenomenologically describing the OMR % is the so called Kohler’s rule,
which is most commonly given in a quadratic form as in Eq. (5.9) [199]:

2
Ao _ A (E) = F((w,T)?) (5.9)
Lo Lo

Here, A; is a material dependent factor, B; the external magnetic field with i describing
the respective direction, j,tn (cp. Fig. 6.2(a)). The scaling is in direct correlation to
Eq. (5.8), corroborating the previously discussed dependencies.

However, experimentally many deviations from Kohler’s rule are observed, with the
exponent ranging from 0 to 2 [199, 200, 207, 208]. One reason is the complex interplay of
field and current direction with respect to the crystal orientation and, by that, geometry of
the Fermi surface. As in the following polycrystalline materials are investigated, Eq. (5.10)
is applied.

A
L _ 4

B \"
; (—‘) (5.10)
Po Po
Here, the exponent n can exhibit values of n € [0,2] [199, 206-208], capturing all

contributions. A similar approach was taken in Ref. [200].

Both, the OMR and the previously introduced HMR will be discussed as the occurring
magnetoresistances in chapter 6.
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5.2.3 Spin Hall magnetoresistance (SMR)

The spin Hall magnetoresistance (SMR) occurs in bilayers consisting of a magnetic
layer (F) and a normal metal (NM) layer [42]. For the NM, heavy metals like Pt or Ta are
commonly used, as they feature a large spin orbit coupling and, thus, a large spin Hall
effect [41, 171]. Ferrimagnetic insulators like yttrium iron garnet (YIG) are the prototypical
magnetic layers, as charge currents then only flows in the NM layer, which simplifies the
analysis.

The basis for the SMR is the spin Hall effect (SHE) arising in a NM, as introduced in
the previous section. Here, a charge current is converted into a spin current and a spin
accumulation arises, now at the NM/F interface (see section 5.1, Eq. (5.1)). This adjacent
magnetic layer can now disrupt the steady state of SHE and inverse SHE in the NM and
give rise to the SMR.

The SMR is then modelled in terms of a magnetisation orientation (M) dependent spin
transfer across the NM/F interface [42, 43, 209]. To control the direction of M, an external
magnetic field is utilised. In YIG, several few mT usually suffice to saturate M in plane
and roughly 100 mT out of plane (cp. chapter 3.3). For the SMR, small magnetic fields
often suffice to observe and saturate the effect, in contrast to the HMR in chapter 6. If M
encloses a finite angle to s, spin angular momentum can be transferred to the magnetic
layer, as described by the spin transfer torque (STT) tgrr in Eq. (5.11) [209].

Torr X M x (M x 8) (5.11)

The maximal STT is reached for MLs (cp. Eq. (5.11)). In a microscopic picture, a
direction spin current flows across the surface, which effectively acts as a dissipation
channel. Similar to the HMR, a decrease in spin accumulation and therefore, the ISHE,
gives rise to an increase in resistivity p. As s is fixed due to the Hall bar geometry along
t (cp. chapter 5.1), the projection of M onto this axis m; = Mt/|M| determines the SMR
effect. Thus, in experiments the external magnetic field, and, by that, the magnetisation, is
either swept [42] or rotated [43] with respect to the t direction.

In chapter 7, so called angle dependent magnetoresistance (ADMR) measurements will
be performed. The fingerprint of the SMR obtained from ADMR experiments is presented
in Fig. 5.4. The three rotation planes are perpendicular to either n, j, t, described by the
angles a, B and 7y and depicted in (a), (b) and (c), respectively. For M||s the effect vanishes
while it is maximal for M Ls. Hence, a modulation can be observed in Fig. 5.4(a) and (b),
whereas the resistivity is always increased in (c). In a model system with a single domain
and M always following B, the SMR can be written as [43]:

Bp _pr(A—mp) _ pi(1—sin’($)) _ pi(cos®(¢))
o o o o

Equation 5.12 follows the typical MR description (cp. Eq. (5.2)), with p; describing the
amplitude of the SMR. Further, Eq. (5.12) incorporates the projection onto t, as explained
above, where m? can be expressed as sin?(¢), with ¢ € &, B, using angular dependencies.

It should be noted that for an in plane rotation using transversal contacts, the SMR also

SMR =

(5.12)
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Figure 5.4: Angle dependent magnetoresistance (AMDR) signature of the SMR effect, as measured in longitu-
dinal geometry. The coordinate system used throughout this section for the ADMR measurements is shown
in the sketched Hall bars with for a rotation (a) in plane, (b) in the planes perpendicular to j and (c) t. The
SMR can be observed as a cos?(¢) with ¢ € &, B in (a) and (b), where the resistivity p, is increased when
M s. Hence, in (c), the resistivity is always increased as M is always perpendicular to s.

arises, in theory yielding the same amplitude p; [43]. The SMR amplitude can then be
expressed as Eq. (5.13) to characterise intrinsic parameters of the NM/F bilayer.

pr _ 22AD)p5 Grtanh® (5 (5.13)
Po 1+ ZASpOG,coth(/\i) '

The microscopical description of the SMR is similar to the HMR, with only one param-
eter differing. This so called spin mixing conductance G = G, + iG; characterises the spin
transfer across the interface and is crucial for the SMR amplitude. The other parameters
are the spin Hall angle 6, and diffusion length A  of the NM (cp. chapter 5.1), its resistivity
po and thickness t.

The SMR was first described in YIG/Pt [42, 43] and has since then become an indis-
pensable tool in spintronics research. Due to the large amount of experimental studies,
the SMR is continuously refined [210-213]. The SMR will be the topic of chapter 7.

5.3 [Experimental techniques
The substrates used in chapter 6 are MgO (n|[(100), CrysTec), YAG (Y3Al50,, n|[(111),

CrysTec), thermally oxidized Si wafers (SiO,, 1024 nm, amorphous, Microchemicals) and
Sapphire (Al,O3, CrysTec). In chapter 7, commercially available YIG (Y3Fe50;,, Innovent)
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substrates are used, with either n|[(111) or (001). Before the deposition, the utilised
substrates were cleaned for 5 min in acetone and isopropylalcohol using an ultrasonic bath.
The additional cleaning step for YIG is described in chapter 7.2.

All metal films presented in this chapter were deposited in the AJA International Orion
sputtering chamber as described previously. The base pressure of the system was better
than 1.5 x 10~7 mbar, with the deposition performed at room temperature using an Ar
flow of 17 sccm, a process pressure of 2.6 x 1073 mbar and radio frequency (rf) magnetron
sputtering. Pt was deposited at 50 W resulting in a rate of 1.8 nm min~!, while Ti was
sputtered with 100W at 1.4nmmin~'. A SiN, capping layer was sputtered reactively
using a Si target, an Ar flow of 13 sccm, a N, flow of 4scem, at 100 W resulting in a rate of
1.0nm min~1.

After the deposition, Hall bars are defined and patterned into the metal films (cp.
Fig.6.2(a)). To that end, optical lithography (Nanowriter Advanced, Polos) and subsequent
Ar ion etching (Plasma Pro 80 RIE, Oxford Instruments) was performed, with the Hall bar
dimensions being | = 480 pm and w = 50 pum. Afterwards, the Hall bars were contacted
using Al wedge bonding and characterised using a 3D vector magnet (Oxford Instruments),
with a maximum B of 6 T.

X-ray diffraction experiments were conducted using Cu-K, radiation in a Rigaku
SmartLab. In this part, only symmetrical 6-26 scans are presented.



68

5.3. EXPERIMENTAL TECHNIQUES




Chapter 6

COMPETING MAGNETORESISTANCES IN SPUTTERED
METAL THIN FILMS

One avenue in spintronic research deals with pure spin currents, which can be generated
in several ways, e.g. via the spin Hall effect. Hence, the next chapter will focus on the
prototypical material for generating spin currents: Pt. Here, the Hanle magnetoresistance
proved to be a powerful tool for probing the intrinsic spintronic properties. In this chapter,
the ordinary and Hanle magnetoresistance are found to occur simultaneously in Pt, with
the electronic and structural properties determining the prevalent magnetoresistive effect.
This discussion is then extended to Ti thin films, a material proposed to host a large orbital
Hall effect. Orbital currents are an additional way of generating flow of pure angular
momentum from a different intrinsic mechanism.

This chapter successfully shows that in all materials with a spin or orbital Hall effect
the Hanle MR and the ordinary MR coexist and the purity and crystallinity of the metal
film determines the dominating effect. Furthermore, the experimental results highlight
a close relation between spintronics and orbitronics, despite their different microscopic
origin.

This chapter is partly reproduced from S. Sailler et al. ”Competing ordinary and Hanle
magnetoresistance in Pt and Ti thin films”, Phys. Rev. B 111, 104421 (2025) with the permission
of APS Publishing. For this publication I deposited the Pt and Ti samples from Konstanz. Denise
Reustlen performed the optical lithography of the Hall bar devices on these samples during her
Bachelor thesis under my advisory. Giacomo Sala provided several samples, which were electrically
characterised in Zurich and are used to compare the properties of the different thin films. I then
electrically and structurally characterised all remaining films and evaluated the data. After scientific
discussion with all co-authors, I illustrated all figures and wrote the first draft of the manuscript.

69
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6.1 Hanle magnetoresistance experiments in Pt thin films

Due to its intrinsically large charge to spin current interconversion [41], Pt has mani-
fested itself as the prototypical material in spintronic research. The Hanle magnetoresis-
tance (HMR) of spin Hall active materials has therefore also been dominantly researched
in Pt [55, 171, 198, 214, 215] and probes the intrinsic spin Hall properties by as a dephasing
of the spin accumulation (cp. section 5.2.1).

Figure 6.1 depicts the experimental observation of the HMR in 5 nm as detailed in Sala
etal. [55]. Depicted in Fig. 6.1(a) is the longitudinal HMR as the change in resistivity Ap;.
normalised by the resistivity of the Pt p, for field sweeps along j, t, n. As expected from
HMR theory (cp. section 5.2.1), no MR can be observed for B||t, whereas a similar MR
is be observed for B along the other two directions. Further, a transverse contribution in
addition to the ordinary Hall effect arises for B along n (cp. Fig. 6.1(b)). A simultaneous
fit to the data yields 6, of 3.3 %, A, of 2nm and D of 4.5 mm?s~!, coherently describing the
MR via Hanle theory [55].

However, despite seemingly identical experimental conditions in Refs. [55, 171, 198,
214, 215], the amplitude of the HMR and extracted parameters vary significantly. Several
factors influencing the amplitude and the HMR parameters Ay, 6, and D are discussed.
These include the resistivity of the Pt [45] and the substrate material [171, 198, 214].

More recently, the influence of the orbital Hall effect (OrbHE) to the properties of Pt is
discussed [216, 217]. Pt is theoretically predicted to simultaneously host the SHE and the
OrbHE [36]. If Pt would show both effects separately, contributions stemming from the
orbital Hall effect and from orbital to spin conversion might arise in addition to the known
spin Hall contribution [171]. Under these assumptions, two different peaks should arise
in the thickness dependence (cp. Fig. 5.2(c)), corresponding to the spin A4 and orbital A;
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Figure 6.1: Observation of the Hanle magnetoresistance (HMR) in 5nm Pt as detailed in Ref. [55]. (a) The
longitudinal HMR arises for BJ|j or n as described by Eq. (5.4). (b) An additional transverse component can
arise for B|ln and is mathematically expressed by Eq. (5.5). The transverse HMR cannot be observed along
other directions due to the experimental setup. The data in this figure was obtained and provided by G. Sala.
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diffusion length.

However, despite the extensive use in spintronics, no unambiguous features stemming
from the OrbHE in Pt have been reported so far [216, 217]. These results can be traced
back to the large SOC in Pt. Due to the coupling, the OrbHE is converted into the SHE
in these materials [191] and only one effective diffusion length is expected to arise [218].
Nonetheless, Pt is known to be able to absorb and convert orbital angular moment, which
results in larger accumulations, torques and transport effects [38, 39]. Hence, the absolute
amplitude of the HMR could be affected by the orbital Hall effect. Magnetoresistance
experiments over a wide range of thicknesses could be a means to resolve the orbital
contribution in Pt.

In the following, the magnetotransport properties of Pt thin films on isolating substrates
will be thoroughly investigated. Here, signatures of the SHE are expected to manifest in
the HMR and contributions of an OrbHE discussed. The results are then extended to light
metal Ti, which is predicted to host a large OrbHE and a negligible SHE. In both cases,
signatures of the spin or orbital Hall effect are found in samples without apparent (or with
low) crystalline order and high resistivity, whereas crystalline, low resistivity samples do
not show a measurable Hanle MR.

6.2 Competing ordinary and Hanle magnetoresistance in Pt thin
films

This section details the transport results of Pt thin films of various thicknesses, from
two different places of fabrication and on various substrates. If not explicitly specified,
all Pt films discussed in this section were deposited in Konstanz. When comparing these
films to other Pt samples they are thus referred to as "Pt from Konstanz” (Kp;). This Pt is
thoroughly characterised in the next subsection and afterwards analysed following Hanle
and ordinary MR theory. The dominant effect in Pt from Konstanz is the ordinary MR,
while in seemingly identical samples, the Hanle MR dominates. As a comparison, Pt from
Zurich is utilised. A typical film 5nm thick film is depicted in Fig. 6.1, which is referred
to as Zpy(5) throughout the section. The material parameters influencing the prevalent
magnetoresistance are evaluated and discussed throughout this section.

6.2.1 Structural and electrical characterisation of Pt thin films

After the deposition, each Pt film from Konstanz is electrically characterised. The
coordinate system and convention was introduced in chapter 5 and is depicted again in
Fig. 6.2(a). Transverse and longitudinal contacts are used to measure the respective voltage
drop and extract the corresponding resistivity p as well as the MR, via the geometrical
lengths known from section 5.3. Figure 6.2(b)-(d) depict the results for a 8 nm thick Pt
film deposited on a MgO substrate. The measurements were performed at 300K, with
magnetic field sweeps measured along the current (j), parallel to the surface normal (n)
and perpendicular to both (t) for up to + 6 T. The MR is then calculated as given by
Eq. (5.2).
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Figure 6.2: Electrical characterisation scheme for a 8 nm thick Pt film deposited on MgO. (a) Hall bar, with
the dimensions defined by lithography (width w, length L and thickness ¢p,), as well as electrical contacts
(longitudinal and transverse voltage drop V; and V; and source current I'). The coordinate system is spanned
by j,tn. (b) Longitudinal and (c) transversal MR for an external magnetic field B applied along each coordinate
axis. A parabolic increase can be observed in the data for the longitudinal MR, whereas the transversal MR
only exhibits a linear slope for B|In. Possible constant longitudinal offsets in (c) were subtracted for visibility
reasons. The linear slope in (c) can be attributed to the ordinary Hall effect (cp. Eq. (5.6)). After subtraction
of a linear contribution, no residue is observed in (d). The observations in (b) and (d) are in contrast to the
Pt films detailed in section 5.2.1, Fig. 6.1.

The longitudinal MR response is shown in Fig. 6.2(b), where a parabolic increase is
observed for B along all three coordinate axis with the MR amplitude increasing from j
over t to n. Contrary to the expectation from the Pt thin films presented in the introduction
in Fig. 6.1(a) (Zp;(5)), the curve shape and direction dependencies differ. Furthermore,
the MR for Pt from Konstanz (Fig. 6.2(b)) is almost an order of magnitude smaller at the
same B values in comparison to MR for Pt from Zurich (cp. Fig. 6.1(a)).

In Fig. 6.2(c) the corresponding transversal resistivity is depicted. Here, a possible
offset, stemming from a longitudinal contribution to the signal, is subtracted for better
readability. Only for BJn, a linear dependency on the magnetic field can be obtained. In
the utilised geometry, this is expected and explained by the ordinary Hall effect, as given
by Eq. (5.6). After applying a linear fit and subtracting it from (c), no residue can be
observed, as shown in Fig. 6.2(d). A possible HMR contribution is expected to exhibit a
non-linear dependency on B. Hence, the transversal MR in Fig. 6.2(c) also differs to the Pt
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from Zurich in Fig. 6.1(b), where a tanh like shape could be observed for B|n.

The Pt thin films deposited in Konstanz (Fig. 6.2(b)) exhibit a MR contrasting the
expectation from section 5.2.1 and the recent literature (cp. Fig. 6.1). The data from Sala et
al. [55] is coherently explained using HMR theory (see section 5.2.1), where longitudinal
and transversal MR corroborate each other. The MR data obtained for Pt from Konstanz
exhibits a parabolic scaling in Fig. 6.2(b), which hints towards the OMR (see section 5.2.2).
This interpretation is supported by the absence of an tanh(B) type residue after subtraction
of the OHE in Fig. 6.2(d), as the HMR should be observable in both longitudinal and
transversal geometry. However, the absence of a residue in Fig. 6.2(d) does not allow for
a definite conclusion, as the curve shape is determined by A, ; and D and can be linear
within the detection limit [171]. Therefore, a contribution of the HMR to the longitudinal
data cannot be ruled out and a unambiguous identification of the occurring MR will be
conducted in the following.

6.2.2 Analysis of the occurring magnetoresistance following Hanle magnetore-
sistance theory

To identify the MR contributions observed in the Pt thin films from the previous
section, both evaluations following Hanle and ordinary MR theory are conducted. Now,
the Hanle MR is considered. To that end, multiple Pt thin films with thicknesses between
4nm and 120 nm are measured as described in Fig. 6.2. This series allows for a thickness
evaluation, which should shed light into a possible HMR contribution, as a characteristic
peak is expected for a multiple of Ay ; (see Fig. 5.2(c)). Both the longitudinal as well as the
transversal resistivity is extracted and depicted in Fig. 6.3.

Figure 6.3(a) depicts the longitudinal MR Ap; /pg at 6T, as a function of the film
thickness for BJ|j, t and n. A non-trivial, non-monotonous thickness dependence can be
observed along all field sweep directions. However, the thickness dependence exhibits
the same features in all three field sweep directions. This observation contradicts the
expectation from the HMR, where comparable amplitudes are expected for B|lj and n,
whereas no MR is expected for BJ|t. The thickness dependence supports the earlier findings
that the MR cannot be explained via (spin) HMR theory alone.

In order to approximate the value of the HMR contribution and isolate it from the
OMR, the scaling reported by Sagasta et al. [45] is utilised to calculate the expected spin
diffusion length A via Eq. (6.1),

As = Clpo (6.1)

as well as the spin Hall angle 6, via Eq. (6.2):
6, = ol x py (62)

Here, C is a constant linear slope of 0.61 x 10715 m?, ¢i" the intrinsic spin Hall
conductivity of 1.6 x 10° O 'm~! and Po the resistivity at 0T [45]. In order to gain a
representative py, the mean value is calculated from the resistivity of the samples between
4nm and 15nm, as for these thicknesses, the HMR is typically observed [171, 198]. The
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Figure 6.3: (a) Longitudinal MR Ap; /p, as a function of Pt film thickness fp, for B-field sweeps along j,
t, n. The MR is extracted according to Eq. (5.2) at 6 T. For B along all directions, the MR exhibits a non-
trivial dependency on tp.. To analyse a HMR contribution, the expected longitudinal HMR (cp. Eq. (5.4))
is calculated using 6, = 4 %, A, = 2.4nm (by following Eq. (6.2) and Eq 6.1, derived by Sagasta et al. [45])
and D = 3.1 x 1075 m?/s (extracted from a simple model detailed below in Fig. 6.11(b)) and plotted in
the black curve. For BJjj, these parameters reasonably capture the MR for Pt films with tp, below 20nm,
whereas thicker films show substantial deviation from the calculated HMR. Furthermore, from HMR theory,
comparable amplitudes of the MR for B||j and n are expected, which is in contrast to the data. An additional
MR contributing to B|ln would be required to explain this. Additionally, no MR is expected for B along t,
meaning that also here, a contribution in addition to the HMR is required. (b) Transversal resistivity o of
Pt simultaneously measured for the samples depicted in (a). Each point corresponds to the linear slope at
1T extracted from a fit to the data shown in Fig. 6.2(c) and is in good agreement with the bulk value of the
ordinary Hall effect of Pt depicted in blue [201]. Using the same spin Hall parameters as in (a), the transverse
HMR (cp. Eq. (5.5)) can be calculated and is given by the respective black curve. For tp below 40nm, a
complex behaviour of p; with the thickness is observed, which was previously reported for bilayers of YIG/Pt
[219]. Above 40 nm, p; can coherently be described via the ordinary Hall effect. This observation suggests
that for these thicknesses, no further contribution to p; from Hanle physics arises.

mean p, value is 249 nQ) m, which translates into a A, of 2.4nm and a 6, of 4 %. For the
diffusion coefficient D, a value of 3.1 x 107> m?/s is used. This value is extracted from a
simple model linking D to p, presented later in this chapter (see Fig. 6.11).

Using the extracted parameters, Eq. (5.4) can be modelled for a spin induced HMR, as
visualised by the black line in Fig. 6.3(a). For Pt films with tp; below 20 nm, the calculated
HMR is in reasonable agreement with the MR observed for B||j, however, above 20 nm,
the calculated curve deviates from the data. After reaching a maximum, a decrease of
the HMR amplitude towards higher tp, is expected, which is not seen within the data.
Additionally, the calculation only captures the data for B|lj, suggesting at least one further
contribution in addition to the HMR stemming from spin Hall physics.
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The transversal data acquired simultaneously should host a signature corresponding
to the longitudinal data and is now discussed. To analyse the contribution, the transversal
resistivity pr is depicted in Fig. 6.3(b). Each point corresponds to the ordinary Hall
resistivity at 1T, obtained from the slope by a linear fit to the transversal data for B|n (cp.
Fig. 6.2(c)). The blue line represents the literature value of —24.4pQm T~ for Pt [201].
Next to the OHE, a contribution stemming from the HMR can arise in this geometry (cp.
Eq. (5.5)). For tp, below 40 nm, the data points deviate from the bulk value and show a
complex dependency on the thickness, a behaviour previously reported for yttrium iron
garnet (YIG) /Pt bilayers in Ref. [219]. In contrast, all samples with tp; > 40 nm nicely fall
onto the literature value of Pt.

Similarly to the above discussion on Fig. 6.3(a), the transversal (spin) HMR contribution
can also be approximated to analyse a possible influence on pr. To that end, the same
spin Hall parameters are applied (py = 249nQm, Ay = 2.4nm, §; = 4% and D = 3.1 x
107> m?/s) and the corresponding transverse HMR Eq. (5.5) depicted as the black curve
in Fig. 6.3(b). Here, only a noticeable contribution to the OHE could be expected for tp,
below 20 nm, where the data already exhibits a complex behaviour. Above 20 nm, the spin
HMR negligibly influences the data and furthermore, the data is conclusively captured by
the OHE.

Therefore, the transversal data corroborates the conclusion that no orbital HMR is
present, while the spin HMR can neither be fully confirmed nor ruled out. If the orbital
HMR with a different A; gave rise to the longitudinal MR in Fig. 6.3(a), the py value should
deviate from the literature value of Pt as well, depicted as the solid blue line in Fig. 6.3(b).
As this is not the case, a A} corresponding to the orbital Hall effect can be ruled out. For
films below 20 nm, neither a subtraction nor addition of the transverse HMR (Eq. (5.5))
to the bulk pr value fully captures the shape of the data. However, due to the complex
behaviour, the spin HMR cannot be fully ruled out.

Combining the information from Fig. 6.3(a)+(b) allows to exclude the HMR as a major
contribution to the observed MR. For tp; larger than 40 nm, pt is described via the OHE
(cp. Fig. 6.3(b)), suggesting that the longitudinal MR (Fig. 6.3(a)) for these thicknesses
needs to arise from a different contribution. For lower thicknesses, the HMR cannot be
ruled out completely. However, only the longitudinal MR for the first five samples for Bllj
can be explained by HMR theory, while the complex behaviour of the transversal data
does not unambiguously corroborate the HMR. Additionally, the MR for B||t cannot be
reconciled via the HMR and a different MR must arise (cp. section 5.2.1). Hence, the
ordinary magnetoresistance (cp. section 5.2.2) is now considered.

6.2.3 Analysis of the occurring magnetoresistance following ordinary magne-
toresistance theory

The same Pt data presented above in Fig. 6.2 is now analysed following OMR theory
(see subsection 5.2.2). To that end, the longitudinal MR obtained at 6 T is plotted versus
oy in Fig. 6.4(a), as a scaling of the MR with ¢ = 1/p is expected from Eq. (5.8) and
Eq. (5.10). Here, the MR is larger for samples with a lower resistivity. Therefore, the data
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Figure 6.4: Longitudinal MR Ap, /p, as derived from Eq. (5.2) at 6 T as a function of (a) p5! for B along all
three coordinate directions and (b) B/p, for BJ|t. (a) highlights the scaling with the inverse resistivity, as
previously suggested from the MR on different substrates (cp. Fig. 6.8). (b) depicts the data in a so called
Kohler-plot. For the MR along t, no HMR is expected (cp. section 5.2.1), meaning an analysis via OMR
theory following the dependency from Kohler’s rule (cp. Eq. (5.10)) is justified (cp. section 5.2.2). A colour
code from dark blue to gray is used to illustrate the respective thicknesses from 4 nm to 120 nm, respectively.
Despite the varying thickness, the all samples depict a similar dependency on B/p,.

corroborates the expected scaling from the OMR.

Figure 6.4(b) displays the so called Kohler-plot of the MR for Bj|t [208]. This direction
is chosen, as no HMR is expected here (cp. section 5.2.1) and all contributions should
stem from the OMR (cp. section 5.2.2). By plotting the longitudinal MR as a function of
B/py, the dependency of Eq. (5.10) is immediately achieved. Furthermore, a comparison
of different samples and at varying temperatures is possible, as changes in resistivity
are considered this way [208]. The different thicknesses of the samples are given by the
colour code gradually changing from dark blue (4nm) to light gray (120nm). Despite the
differences in thickness, the scaling of the MR with B/ is similar over all samples, which
leads to the conclusion that the OMR is the main magnetoresistive effect for BJ|t.

In the following, the contributions to the MR for B||j and n are discussed. The MR
along n cannot be conclusively understood as a combination of HMR (BJ|j) and OMR (B||t)
for the first samples in Fig. 6.3, as their amplitudes do not add up to yield the observed
MR (BJIn). Additionally, for samples thicker than 20 nm, the HMR theory was not enough
to describe the thickness dependence (cp. Fig. 6.3).

Therefore, each individual sweep for B along j, t and n was fit with Eq. (5.10), to
determine if the OMR represents the dominant effect along all directions. Figure 6.5
presents the results of this analysis as a function of Pt thickness tp;. The resistivity of each
sample is depicted in Fig. 6.5(a), where a thickness dependence can be observed, which
is well known and commonly modelled using an extended Fuchs-Sondheimer model, as
given by Eq. (6.3) [43, 204, 205].

= 1 3 l 1 6.3
£0,pt = Pinf +m[inf]( -p) (6.3)
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Figure 6.5: (a) Resistivity at 0 T p,, (b) amplitude A; as well as (c) exponent #; of the respective Kohler fit
versus the sample thickness. The resistivity for the bulk value is derived using an extended Fuchs-Sondheimer
model [43, 204, 205]. The parameters obtained from fitting Eq. (5.10) to each individual sample along j, t, n,
are almost identical for all samples and independent of the thickness. The mean values for A; are 3.35, 3.58
and 3.75 (aQm/T)Y" and 1.67, 1.72 and 1.76 for n along j, t and n, respectively.

Here, h is the surface roughness amplitude, p the scattering parameter at the surface,
Oin the resistivity and ;¢ the mean free path for an infinitely thick film, respectively. For
the fitting routine, tp; > h is required and the diffusive limit of p = 0 is utilised, resulting
in bulk resistivities p;,¢ of 160.1nQ2 m, 160.0n(2m and 160.1 nQQ m for Pt measured along
j, tand n, respectively. The fit to the data is depicted with the dashed line in black in
Fig. 6.5(a), nicely reproducing the behaviour of the resistivity.

Figure 6.5(b)+(c) depict the amplitude A; and the exponent n; as obtained from
fitting Eq. (5.10) to the data. Both, A; and n; exhibit the lowest values for BJj, increase
for Bt and show the largest values for B|in, with i describing the respective direction.
However, the value only changes slightly across all samples, yielding mean amplitudes A;
0£3.35 (aQm/T)''", 3.58 (aQm/T)"/" and 3.75 (aOm/T)"/" and exponents n; of 1.67, 1.72
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and 1.76 for B along j, t, n, respectively. The extracted exponents are in good agreement
with a n,, value of 1.8 previously reported for Pt in Ref. [200]. Moreover, A; and n; only
show a negligible dependence on tp;, indicating that the MR of all samples and along all
directions is governed by the OMR.

Figure 6.5(b)+(c) showcase that the OMR amplitude and exponent vary for BJjj, t,
n, indicating a directional anisotropy of the OMR and, more importantly, a finite value
for BJj. The latter seems unintuitive, as no OHE arises for this case. However, the oc-
currence of the OMR for B||j was experimentally observed multiple times [199, 206] and
can be reconciled by taking the current flow in the crystal into account, as detailed in
section 5.2.2. As a result, defining a measured MR for B||t as the OMR and subtracting it
from simultaneously occurring effects, like the HMR along other directions, is insufficient
for correctly identifying the individual contributions. This issue has been overlooked
previously [198]. Additionally, the complex interplay of field and current direction with
respect to the crystal orientation further complicates the analysis, meaning that amplitudes
and exponents cannot be easily transferred. Only films without apparent structural order
or those with current and field direction along highly symmetric crystal orientations are
expected to yield similar values. This crystallographic direction dependence is further
the cause of the anisotropy in A; and n; observed here (cp. Fig. 6.5(b)+(c)), as our films
exhibit a (111) texture along n (cp. Fig. 6.8(d)). Even when assuming a coherent texture in
plane, the respective crystallographic directions must differ from the out of plane direction.

Figures 6.4(a) and 6.5 demonstrate that the longitudinal MR Ap; /p, in Pt consistently
scales with py" as described by Eq. (5.10) and not with the film thickness, as previously
implied by Fig. 6.3. As p, differs between the samples, the resulting MR changes with it
and thereby with the thickness. The fluctuations in p, (cp. Fig. 6.5(a)) artificially cause
the thickness dependence previously discussed for B|lj. Specifically, the reduced p, of
the Pt films with fp; of 15nm and 60 nm, in comparison to the surrounding samples, is
the reason for a larger OMR resulting in the apparent peaks in Fig. 6.3. Additionally, the
Pt films with the lowest resistivity (cp. Fig. 6.5(a)) are those that exhibit the largest MR
observed in Pt on MgO (cp. Fig. 6.3), fully in line with OMR theory (cp. section 5.2.2).
This observation further solidifies the conclusion that the here investigated Pt samples are
dominated by the OMR.

The dependence of the HMR on pg is more complicated (cp. Eq. (5.4)), as indicated by
Vélez et al. [171]. Here, they discuss different regimes, but extract no clear scaling. A more
systematic approach is achieved by taking the established intrinsic scaling of A; o< 1/p,
(cp- Eq. (6.1)) and 65 x pg (cp. Eq. (6.2)) into account in combination with D o 1/p
derived later in Fig. 6.11(c). Taking these dependencies into account, results in a minimal
influence of py on the absolute HMR amplitude, with only the maximum value shifting
to lower (higher) Pt thicknesses with an increase (decrease) of p,, due to the changing
Ag (cp. Eq. (6.1) and Fig. 5.2). However, in order to explain the maximum observed in
Fig. 6.3 at 60nm, a A of 13.1 nm would required. Using Eq. (6.1), this would require p, to
be below the bulk resistivity of Pt [202]. Since no scaling on p is expected for the HMR
the previous analysis is further corroborated.

The different scaling is further highlighted in Fig. 6.6. In (a), the Kohler-plot for the
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Figure 6.6: Kohler plot depicting a sample governed by (a) the HMR (same Pt film as in Fig. 6.1) and (b) the
OMR (60 nm Pt on MgO).

Pt film from Zurich (Zp;(5)) showing a MR consistent with Hanle physics is depicted
(cp. Fig. 6.1, while in (b) the low resistivity 60 nm Pt film on MgO is illustrated. One
immediately notices the differences in the slopes, especially between the field sweep
directions. Despite the similar MR amplitudes, the dependency on B/p,, as well as the
values reached on the B/p axis, differ largely. AsB/py < w,.T (cp. Eq. (5.8)), the scattering
behaviour is different between the samples, validating the two different dominating MR
effects. For the HMR, lower w,.T seem to be favourable, whereas the opposite is true for
the HMR. Furthermore, if the HMR was dominant in thin Pt films on MgO (as suggested
by the calculated HMR in Fig. 6.3), a deviation from A; and #; in comparison to the thicker
samples should be visible. The consistent values in Fig. 6.5(b)+(c) further suggest that
even the thin Pt samples are fully dominated by the OMR.

Lastly, the temperature dependence of Pt on MgO for B||n is depicted in Fig. 6.7, which
corroborates the previous findings. Here, Fig. 6.7(a) depicts the resistivity, which decreases
as a function of temperature, in a typical manner for Pt [171, 214]. Figure 6.7(b) depicts
the corresponding longitudinal MR versus the absolute temperature. In comparison with
(a), a direct scaling between MR and resistivity can be observed, which is characteristic for
the OMR, as detailed in section 5.2.2 (cp. Eq. (5.8)). The OMR was routinely investigated
at low temperatures as the effect then becomes large [199]. In contrast, spin (orbital)
current induced effects exhibit the opposite behaviour, as fewer spin (orbital) dependent
scattering occurs, reducing, e.g. the MR amplitude with lower temperatures [55, 171, 214].

The thorough investigation and careful analysis of Pt from Konstanz on MgO leads
to the conclusion that the OMR is the dominant magnetoresistive effect in these samples.
The HMR contribution cannot fully be ruled out for the MR along j in these films, but is
excluded as the dominant contribution. These results now raise the question, why the
HMR is negligible for Pt from Konstanz, while a large HMR is observed on comparable
samples (cp. Pt from Zurich Fig. 6.1 and Refs. [55, 171]). The differences in substrate and
capping layer between the samples will be discussed in the next subsection.
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Figure 6.7: (a) Resistivity and (b) longitudinal MR at 6 T with B along n versus temperature for a typical
sample. A decrease in resistivity is accompanied by an increase in MR amplitude towards lower temperatures.
This linked behaviour highlights the scaling of the MR with o~" and further corroborates the OMR to be
the dominant effect. In comparison, for spin (orbital) current induced effects, like the HMR, a decreasing
amplitude with decreasing temperature is most commonly observed [55, 171, 214].

6.2.4 Influence of substrate and capping layer on the resulting MR

Several differences between the Pt deposited in Konstanz are now discussed in com-
parison to Pt from Zurich [55] and other studies [198, 214]. This analysis aims to rule out
influences which are not intrinsic to the Pt.

The Pt thickness of 8 nm of the sample from Konstanz (Kp;) in Fig. 6.2 differs slightly
to the 5nm of Zp(5) in Fig. 6.1. While the thickness exhibits a large influence on the HMR,
the maximum of the HMR for typical Pt parameters, i.e. 65, A; and D is expected near tp;
of 8nm (cp. Fig. 5.2). Further, the HMR amplitude falls off slower towards thicker films,
ruling the Pt thickness out as a main reason for the differences in the MR response.

Further, different substrates are utilised throughout HMR studies of Pt, which is why
the influence of the substrate is now specifically investigated. Both the HMR and the OMR
are intrinsic to the Pt and, hence, should not depend on the substrate. However, a substrate
is needed for thin films studies and an interface inevitable. Further, Li et al. [198] observe
a large HMR due to a reduced diffusion coefficient D, which they attribute to the Al,O;
substrate. Other groups commonly use thermally oxidised Si wafers [171, 214, 218], where
they find a MR in accordance with HMR theory. In contrast, the Pt films from Konstanz
discussed in the previous subsections were deposited on MgO.

In order to analyse a possible influence of the substrate, 20 nm of Pt is deposited onto
four different substrates during a single sputtering process. The substrates are MgO, YAG,
Sapphire and SiO, as introduced in section 5.3, allowing for a good comparison with the
literature. The longitudinal MR of Pt on all four substrates is depicted in Fig. 6.8(a)-(c),
with the field sweeps along j, t, n shown in (a),(b),(c), respectively. The MR response is
comparable to the one in Fig. 6.2 and overall very similar on all substrates. The resistivity
of the Pt film on MgO, YAG, Sapphire and SiO, is 176 n(Qm, 180nQ2 m, 183n() m and
220nQm, respectively. The highest resistivity of Pt on SiO, corresponds to a slightly
reduced MR observed there in comparison to the other three substrates. This observation
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Figure 6.8: (a)-(c) Influence of the substrate on the longitudinal MR, as well as the crystalline quality probed by
X-ray diffraction (XRD) in (d)+(e). Here, 20 nm of Pt are deposited onto YAG, MgO, Sapphire and SiO, (see
section 5.3) during a single process and characterised at room temperature. Overall, the transport response
of Pt is comparable on all substrates along all directions j,t,n in (a),(b),(c), respectively. A slightly higher
resistivity of 220 nQ) m is obtained for Pt on SiO,, which corresponds to a lower MR in comparison to Pt on the
other three substrates (with 176 n(Qm, 180 nQQ m, 183 nQ) m on MgO, YAG and Sapphire, respectively). The
resistivities correlate well to the intensity of the Pt (111) peak as obtained via XRD. After normalisation with
the intensity of the substrate, a reduced signal is obtained for Pt on SiO,, signalising a correlation between
structural and electrical properties. However, a change in structural quality on the different substrates does
not change the curve shape or field dependency of the observed MR, ruling the substrates out as a major
contribution to the MR.

indicates a scaling with the resistivity, as suggested by OMR theory (cp. section 5.2.2).

In Fig. 6.8(d), the X-ray diffraction (XRD) data of each Pt film on each substrate is
depicted. Here, a peak near 39.6 deg is evident, which corresponding to Pt (111) orientation.
Figure 6.8(e) further depicts Pt on MgO over an extended scan range, where next to the Pt
(111) peak also the Pt (200) is included. However, only the (111) peak is visible, which
suggests a strongly textured Pt film. This out of plane texture is well known for Pt and
expected for room temperature deposition processes [220].

The out of plane texture arises on all substrates in Fig. 6.8(d). Here, the Pt peak intensity
on YAG, Sapphire and MgO is comparable. Further, on these substrates, Laue oscillations
can be observed in the X-ray data, signalising a high crystalline quality. On the amorphous
SiO,, the intensity of the Pt peak is reduced in comparison to the other three. Therefore,
Fig. 6.8 illustrates that the substrate can exhibit an influence on the Pt layer in the form
of its crystal quality, which corresponds to a higher resistivity. The dependency on the
crystallinity of the metal layer will be discussed again later in subsection 6.2.6. However,
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Figure 6.9: Longitudinal MR of Pt on SiO, for a (a) capped film and (b) an uncapped one. Both films have
comparable thicknesses of 6 nm and 5nm and resistivities of 398 n() m and 421 n() m, respectively. The
transport response appears unchanged by an electrically insulating capping layer.

no significant influence on curve shape nor amplitude of the MR can be obtained by using
a different substrate.

Lastly, a capping layer was utilised on Zp;(5) by Sala et al. [55], which was not routinely
done for the Pt films from Konstanz. Analogue to the substrate, no influence of the capping
layer is expected. However, Pt is known to oxidise at the grain boundaries when not
capped [221], which theoretically could influence the MR. To rule out an influence of the
capping layer, two additional samples were deposited, as shown in Fig. 6.9. The 6 nm Pt
thin film in Fig. 6.9(a) is capped and exhibits a resistivity of 398 n() m, while the 5 nm film
in Fig. 6.9(b) is uncapped and shows a resistivity of 421 nQ)m. The transport response of
both samples is very comparable to the previous ones in Fig. 6.2 and Fig. 6.8 and suggests
that a continuous, electrically insulating capping layer does not significantly change the
MR of the thin film.

The characterisation of Pt thin films indicates that the MR is reproducible and intrinsic
to the metal layer. Neither a fully insulating SiN, capping layer (cp. Fig. 6.9) nor different
substrates (cp. Fig. 6.8) changed the MR amplitude or the field dependencies in a significant
manner. The resistivity and structural properties appear to influence the MR, but only in
amplitude. The curve shape and field dependency for Pt from Konstanz are reproduced
over many different films in Fig. 6.2, Fig. 6.8 and Fig. 6.9, and always appear to follow
ordinary MR theory. The intrinsic properties causing the dominant MR will be discussed
in the next section.

6.2.5 Prevalence of ordinary and Hanle magnetoresistance in Pt thin films

Despite Pt being the prototypical material in spintronics with a large spin Hall effect
[222], no signs of an HMR, induced by spin or orbital accumulation, was observed in
the previous section. The conditions under which the HMR contribution is expected to
dominate is now determined and the missing HMR signal reconciled, where the discussion
revolves around the resistivity pg and the diffusion coefficient D.
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To that end, the resistivity of the Pt films is analysed in more detailed, since a different
scaling in py was extracted for the OMR and HMR and a strong influence on the dominant
MR was suggested. A comparison with Pt films from the literature is summarized in
Tab. 6.1 and reveals that the HMR was exclusively reported in films exhibiting higher
resistivities than those measured in this study [55, 171, 214, 215]. For the clean, low
resistivity Pt from Konstanz, only the OMR is observed, whereas in contrast for moderately
dirty, high resistivity Pt (o9 > 500nQ)m [55, 171, 214, 215]) only the HMR is observed.
For Pt films with a resistivity in between, both the HMR and OMR were reported to occur
simultaneously [198]. From this observation, the naive rule of thumb can be extracted,
that Pt thin films with a py of roughly five times the bulk resistivity of pp; = 105nQdm
[202] commonly exhibit a dominating HMR effect.

However, a scaling in resistivity alone cannot fully explain the observed behaviour,
nor predict the dominant MR alone. This observation becomes evident from the p, of
341 nOm for 4nm Pt on MgO (cp. section 6.2.2) and the 421 n() m for 5nm Pt on SiO,
(cp. Fig. 6.9). Both films exhibit a MR consistent with OMR theory, whereas in this p,
range, the HMR and OMR were reported to occur simultaneously (cp. Tab. 6.1) [198].
This observation indicates, that the resistivity alone cannot be the sole factor determining
a dominant HMR (OMR). Considering the scaling of A, o p5! and 6, « p, as given by
Eq. (6.1) and Eq. (6.2) [45], respectively, reveals that the diffusion coefficient D is the sole
free parameter influencing the HMR in Eq. (5.4) and Eq. (5.5) and additionally the only
variable where no definite scaling with p (¢) was reported.

Before discussing the influence of the diffusion coefficient D, it should be pointed
out that the Pt from Konstanz is spin Hall active and spin current induced effects can be
observed. When measuring the spin Hall magnetoresistance (SMR) [42, 209] on a bilayer
consisting of YIG and 4 nm Pt, a large SMR of 3.5x 10~ can be measured. This SMR value is
comparable to literature [43] and reproduced multiple times in the following chapter 7.1. A
spin Hall inactive Pt can therefore be excluded. Asboth 6, and A appear in the microscopic
description of the HMR (cp. section 5.2.1) and the SMR (cp. section 5.2.3), the diffusion
coefficient D is the only differing parameter between the two magnetoresistances. Hence,
D must exert a significant influence on the HMR amplitude and vary between the Pt from
different groups.

A differing D value for the Pt from Konstanz can be motivated by the following calcu-

Table 6.1: Comparison of different studies on the HMR in Pt thin films. Depending on the resistivity of the Pt
at zero field, either the OMR or the HMR dominate, with a range where both effects are observable.

Ref 0o (N m) MR
this work 151-341 OMR
Li [198] 200-500 OMR + HMR
Wu [214] 505 HMR
Sala [55] 580 HMR
Vélez [171] 631-1059 HMR

Maruyama [215] 500 - 7000 HMR
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Figure 6.10: Influence of the diffusion coefficient D on the longitudinal HMR. (a) HMR at 6 T reported
by different groups (cp. Tab. 6.1) versus D, where the HMR is larger in samples with a low D. (b) HMR
calculated exemplarily with 6, of 2.3 % and A, of 2nm for a small (large) D resulting in a strong (weak)
interaction with B. For large B values in combination with a slow diffusion (i.e. large 7,) the HMR saturates
as seen for a small D, fully corroborating the literature of (a).

lation for the 4 nm Pt thin film with py of 341 nQd m. By assuming a Pt specific D [214] of
3.4 x 107®m?/s extracted for Pt in [171] allows for an approximation of the HMR. To that
end, the theoretical A; of 1.8nm (cp. Eq. (6.1)), as well as 6 of 5.5% (cp. Eq. (6.2)) are
calculated. At 6T, these parameters would result in a longitudinal HMR of 1.6 x 10~# in
contrast to the 2.6 x 10~° observed for B|jj in Fig. 6.2. This deviation clearly indicates that
D strongly influences the HMR amplitude and that its value can differ between films.

Figure 6.10(a) depicts the longitudinal HMR at 6 T for thin Pt films (<7 nm) from the
literature (cp. Tab. 6.1) versus D. All data is extracted for Pt films with tp, between 2-7 nm
at room temperature, with the exception of the data from Vélez et al. [171], which was
measured at 100 K. The data highlights the largely differing values of D in Pt thin films
and the strong influence on the amplitude. Generally, a lower D is accompanied by a larger
HMR.

The influence of D on the HMR is given by A, = yDh/gugB [171], which directly
influences the amplitude of Eq. (5.4) and Eq. (5.5) through the 9% and J part, respectively.
The diffusion coefficient exhibits the inverse effect as the magnetic field B, meaning an
increase in D is met with a decrease in HMR amplitude. Via Eq. (6.4) [55, 198]

7, = A2/D (6.4)

the diffusion coefficient D and spin relaxation time 7, are connected. 7, is commonly
used to describe the interaction of the spin accumulation with B [196]. Hence, for a
constant A, a large (small) D suggests a small (large) 7,, which manifests in a weak
(strong) interaction with B, as depicted in Fig. 6.10(b). Material systems with 7 values
above roughly 1 ps then exhibit a large HMR effect accompanied with a characteristic
saturation towards large B values in the longitudinal (cp. Fig. 6.10(b)) and a strong
tanh(B) dependency in the transversal MR data (cp. Fig. 6.1(b)) [198].

The HMR and the respectively extracted parameters are further analysed in Fig. 6.11
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Figure 6.11: Literature comparison of the typical HMR parameters as a function of conductivity ¢ for reports
from Tab. 6.1. (a) Longitudinal HMR at 6 T, (b) spin relaxation time 7, = A2/D, (c) diffusion coefficient D
and (d) 7, again on a smaller scale as in (b). To reconcile the different behaviour in HMR amplitude, not only
the resistivity but also D (or 7,) need to be considered. For both, a scaling with ¢ is expected since 7, = A2/D
and A, o o [45,223]. From Eq. (5.7) a linear scaling of T, « ¢ is assumed, which then leads to D « ¢. This
linear behaviour is checked for the data in (c) and (d). Here, open symbols represent the values as detailed
in the paper. However, due to different assumptions in the paper, a comparison is challenging. To that end,
D and T, are calculated by taking the established scaling from Eq. (6.1) and Eq. (6.2) into account, which
leaves D as the only free fit parameter of Eq. (5.4). The so extracted D and 7, = A2/D are depicted by the full
symbols and a linear fit is applied to the recalculated data from Vélez et al. [171]. The slope in (c) yields
9.06 x 10-12Om>s~!, which was used to calculate D for the HMR shown in Fig. 6.3(a) and (b). The linear
behaviour in (c) and (d) highlights a scaling in ¢, which can consistently explain the HMR parameters from
one group. However, to reconcile the differences in extracted parameters for the HMR between groups, an
additional contribution to the HMR besides o (p) is required.

to investigate the interplay of D with the resistivity p,. The values are extracted from the
same works as in Tab. 6.1 and Fig. 6.10. By taking the previously described dependencies
into account, i.e., A, o (cp. Eq. (6.1)) [45,223], T, = A2/D (cp. Eq. (6.4)) in combination
with the Drude-model ¢ « 74 (cp. Eq. (5.7)), a proportionality of D « ¢ and 74 « o
is expected. Hence, all parameters are depicted as a function of conductivity o = 1/p.
Fig. 6.11(a) illustrates the HMR amplitude at 6 T, (b) the spin relaxation time 7, (c) the
diffusion coefficient D and (d) a detailed section of (b). No direct scaling of the HMR with
the resistivity can be observed in Fig. 6.11(a). This observation is reconciled by inserting
all dependencies in Eq. 5.4. Then only a shift in the maximum towards different thickness
is evident, which corroborates Fig. 6.11(a) and the earlier discussion that the HMR does
not depend on p, (cp. section 6.2.3).

No obvious dependency of D or 7, on ¢ can be observed throughout Fig. 6.11(b)-(d)
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between the groups, indicating that a simultaneous description is challenging and a scaling
of D beyond the resistivity needs to be considered. In Fig. 6.11(c)+(d), open symbols are
used for values directly extracted from the paper (cp. Tab. 6.1). However, depending on
the reference, different assumptions were made, i.e., either 6, [171], A; [55] or D[214] are
fixed during the fitting routine. To account for these differences, A, and 6, are recalculated
via Eq. (6.1) and Eq. 6.2, respectively and then utilised to fit the HMR with D as the
only free parameter. The so extracted values for D and 7 are given by the filled symbols
in Fig. 6.11(c)+(d). Despite the recalculation, no clear trend can be observed between
different publications, implying that an additional contribution to D exists.

However, the HMR extracted from multiple samples by Vélez et al. [171] obtained
after recalculation depicts a scaling in ¢ and is further evaluated in the following. Here, a
linear fit is applied to the data given by the full symbols of D over ¢ in Fig. 6.11(c) with
no y-axis offset being utilised. The fits result in a slope of 9.06 x 10-12m’s~! for D/c
as illustrated by the dashed line in Fig. 6.11(c). By using the slope known from Eq. (6.1)
of C = Ay/o of 0.61 x 107> (Ym? [45], a slope of 4.1 x 10729 Oms is obtained, which is
depicted in Fig. 6.11(d). These results indicate that all Pt films from one group (Vélez et al.
[171]) exhibit a linear scaling of both 7, and D in ¢, in addition to the scaling in ¢ applied
via Eq. (6.1) and Eq. (6.2), suggesting a consistent description of their HMR with ¢.

In contrast, D and 7, for the remaining groups do not fall onto the linear extracted
scaling in ¢ (cp. Fig. 6.11(c)-(d)), at times differing by orders of magnitude, highlighting
an additional contribution to D. Several possible influences are discussed in the following.

A contribution to D from thickness or roughness differences between the films can be
excluded. Variations here would only lead to a different p, (or o) and could also not explain
the large deviations in D nor the amplitude of the HMR. To fully exclude the thickness
and roughness as a parameter, the p;,; value extracted from the Fuchs-Sondheimer model
[43, 204, 205] in Eq. (6.3) should be compared. However, this data is only available for the
Pt from Konstanz and further represents a scaling in p. Therefore, another contribution to
D must be considered, which is not directly included in the resistivity.

A similar argument as before can be made for the interface, as indicated by the findings
in section 6.2.4. Neither different substrates (cp. Fig. 6.8) nor capping layers (cp. Fig. 6.9)
exhibited a significant effect. This observation can be reconciled by the fact that the HMR
is governed by the (back) diffusion, i.e. the ISHE in Fig. 5.1(b). Even if a larger spin
accumulation arises due to the emergence of a Rashba-Edelstein effect stemming from the
interface [35], the relevant parameter for the HMR, D, is unaffected by this. Hence, the
mechanism needs to be intrinsic to the Pt as well.

Further, a direct dependency from the deposition technique itself is unlikely. Sputtering
was utilised here and in Refs. [55, 171, 214] as the deposition technique, yet the resulting
films exhibit largely values in amplitude, D and 7, (cp. Fig. 6.11(a)-(c)). Further, across
all, the same substrates were utilised, corroborating the previous point.

Another influence could stem from the orbital Hall effect (OrbHE) in Pt [36], which
could be contributing to the large HMR amplitude reported in Refs. [55, 198]. In Pt, only
one effective A is expected to arise [191, 218] due to the large spin orbit coupling in Pt,
meaning a contribution to the HMR could not be resolved independently. However, as the
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back diffusion is not obviously affected by an additional contribution, the HMR might still
not be observed and OrbHE alone cannot be the only contribution to D. Furthermore, the
(inverse) OrbHE cannot be differentiated from the (I)SHE within the experimental setup.

While impurities from the deposition chamber or the target material can impact D,
they are challenging to analyse. The deposition chamber can be excluded as a source of
impurities for Pt from Konstanz, as many different users frequently used the system and
no significant changes were observed for Pt over time. The purity of Pt itself is challenging
to analyse. First of all, multiple targets are not economic and could not be tested. Second,
impurities in the percent or permille range of nanometre thick Pt films are tough to quantify.
Hence, the influence on this parameter cannot be fully resolved. Ref. [224] report surface
states, which effectively trap the electrons resulting in a low D (high 7;), which could stem
from impurities or interaction at the interface.

It should be noted that magnetic substrates exhibit a large influence on the MR. In
Refs. [171, 214], the HMR observed on YIG! is much larger than the respective HMR on
SiO, or Pyrex. Furthermore, Pt on amorphous YIG [225] exhibits a large MR despite no
long range magnetic order in the YIG layer. While the MR is attributed to the spin Hall
MR in Ref. [225], a large contribution from the HMR is feasible, stemming from a trapping
of electrons, due to an interaction with local magnetic moments in the amorphous YIG.
This interpretation is corroborated by the field dependency of the MR. However, this
interplay can neither explain the differences in HMR amplitude observed in Fig. 6.11 nor
the unresolvable HMR in the Pt from Konstanz, unless magnetic impurities were present
in the Pt film or the substrates in Refs. [55, 198].

All aforementioned influences and parameters can theoretically impact the resulting
MR, but are hard to quantify. In the following, an apparent influence of crystalline order
is described and analysed.

6.2.6 Influence of crystallinity on the dominating MR

In the following, an influence of the crystallinity of the Pt thin films is proposed to
be a contribution to D, as it differs between the Pt films in the literature [55, 171, 198]
and further is quantifiable in contrast to, e.g. the purity. While deposition technique
and (diamagnetic) substrates might not directly influence the HMR, both can impact the
crystalline quality of Pt. High temperature deposition can lead to single crystalline Pt on
the right substrate [220], while the influence of the substrates was already seen in Fig. 6.8.
However, on all substrates Pt grew with a (111) texture, signalising that this change was
narrow. A change in crystalline quality or crystallinity, i.e. amorphous vs polycrystalline
vs single crystalline, should influence D, as both the diffusing species as well as the host
material are known to influence the resulting D value at one given temperature [156].

To allow for the best possible comparison of crystallinity and MR, two sputtered Pt
films with tp; of 5 nm are compared on SiO, substrates. Hence, the sample from Konstanz
Kp;(5) introduced earlier in Fig. 6.9(b) is compared to Zp(5), the sample from Zurich
used throughout the section from Fig. 6.1. The structural and electrical characterisation

Here, the HMR is detected as an MR increasing with B on top of the spin Hall MR contribution.
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Figure 6.12: Characterisation and comparison of Pt from Zurich (left column, sample Z.(5), same as in
Fig. 6.1 and Pt from Konstanz (right column, sample Ky, (5), same as in Fig. 6.9(b). Both samples consist
of 5nm Pt on SiO,, for better comparability. In (a) the intensity obtained via X-ray diffraction (XRD) in
symmetrical a @ — 26 scan is depicted. (b) illustrates the longitudinal MR and (c) the transversal resistivity
after subtracting the linear ordinary Hall contribution (cp. Fig. 6.2) of Z(5) along the relevant direction for
the HMR, B|in. (d)-(f) same for sample Ky, (5). A pronounced (111) peak can be observed in (b) in contrast to
a small increase in intensity for (a). A correlation between crystallinity and HMR is plausible, where the less
crystalline Pt (Zp,(5)) depicts an MR consistently described by Hanle theory [55], while the highly crystalline
Pt ((Kp(5))) exhibits the ordinary MR. The difference in crystallinity will be discussed again for Ti in the
following section 6.3.1.

was performed on two nominally identical samples samples where no lithography was
performed.

The crystallinity is probed via X-ray diffraction (XRD) in symmetrical 6 — 26 scans and
shown in Fig. 6.12(a) and (b), for Zp(5) and Kp;(5), respectively. A pronounced Pt (111)
peak can be observed for Kp,(5) in comparison to the significantly lower intensity exhibited
by Zp(5). For Fig. 6.12(a) it is arguable if any relevant structural order formed. The Pt
from Konstanz in Fig. 6.12(b) in any case exhibits more crystalline order, comparable to
the earlier findings for 20 nm Pt in Fig. 6.8. Additionally, high crystalline quality Pt was
obtained on crystalline substrates, exhibiting Laue oscillations on the (111) peak.
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The transport properties of the two films were already discussed in great detail and
are summarised with Fig. 6.12(b)-(f). Kp(5) exhibits a py of 421 n(2 m in comparison to
the 580 nQY m of sample Zp(5). Despite being nominally identical, the magnetotransport
response significantly differs. Figure 6.12(b) and (c) depict the longitudinal HMR and
the transverse resistivity (after subtracting the ordinary Hall contribution from pt) for
Zp(5) (same as Fig. 6.1). As discussed previously, the longitudinal and transversal data
corroborate each other and the MR of Zp,(5) is consistently explained in the Hanle picture
[55]. In contrast, Fig. 6.12(e) and (f) depict the same for Kp;(5), where an amplitude of the
longitudinal MR for BJj lower than 1 x 107¢ at 6 T is extracted (for a better visualisation
of the MR refer to Fig. 6.9(b)). The curve shape and amplitude of Ap; /py as well as the
missing tanh(B) contribution in pr are consistent with the findings in section 6.2.3 and
show also in Kp;(5) the dominating MR is the OMR.

Despite Kp(5) and Zp(5) being nominally identical and exhibiting only slightly dif-
ferent resistivity values, the dominating MR as well as the order of magnitude of the
effect vary substantially (cp. Fig. 6.12). Since the Pt from Konstanz can be consistently
understood via OMR theory and no HMR is observed, an influence of crystallinity and
crystal quality is proposed, where a high crystallinity corresponds to a high diffusion
coefficient. This proposition is corroborated by the theoretically expected D value for
Pt from Konstanz of 3.1 x 107> m?/s. When observing the HMR, lower values of D in
the order of 1 x 107 m?2/s to 6 x 10~®m?/s are commonly reported in the literature [55,
171, 198], which correspond to a larger HMR (cp. Fig. 6.10). Further, as the D for the Pt
from Konstanz of 3.1 x 107> m?/s was extracted from the p, scaling in Fig. 6.11(c), it only
represents a lower limit. The exact value must be even higher, since the HMR could not be
resolved. The observation is consistent with the previously described findings and with
HMR theory (cp. Fig. 6.10).

The dependency on crystal quality is corroborated by a comparison with the available
literature. For example, Vélez et al. [171] report barely any intensity for Pt and Sala et
al. [55] investigate Mn films with no apparent structural order. Both observe an (orbital)
HMR effect. Li et al. [198] report a highly crystalline Pt in which they observe both the
HMR and the OMR. Their XRD data, however, is obtained for a 40 nm Pt film, which makes
a direct comparison challenging. The simultaneous observation of ordinary and Hanle MR
can be reconciled by attributing the OMR to the low resistivity and high crystalline quality
of their Pt, whereas (magnetic) impurities would be needed to explain the resulting HMR
and the extraordinary large 7, values (cp. Fig. 6.11(b)). An attempt to reproduce the large
HMR and 7 solely due to the substrate was unsuccessful (cp. Fig. 6.8), which shows that
impurities could be the subject of further study:.

In conclusion, both the OMR and (spin) HMR arise in Pt layers, where the resistivity
can be used as a rule of thumb, but alone is not enough to predict the dominating MR. A o,
of roughly 5 times the bulk resistivity of Pt is commonly reported to lead to a dominating
HMR. However, the crystallinity appears to exhibit an influence on the diffusion, which in
turn can lead to low HMR values. Hence, even high resistivity films might not show the
HMR. In contrast, the OMR becomes more prevalent the lower the resistivity. Here, the
crystalline quality has a direct influence on o, and thereby on the MR. The OMR effect is
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small in Pt and can be further reduced by investigating high resistivity films.

The next section follows up on the influence of crystallinity and the interplay of ordinary
and Hanle MR, where these characteristics are investigated and extended to the orbital
Hall active material Ti.

6.3 Competing ordinary and Hanle magnetoresistance in Ti thin
films

Orbitronics has become of major interest in recent years in recent years due to the large
amount of materials expected to host an orbital Hall effect [36], which could be a means to
improve, e.g. the spin-orbit torque efficiency [38]. In particular, the orbital Hall effect was
experimentally observed in Ti [37] using optical methods (cp. section 5.1). However, no
transport experiments were reported for Ti up to now. In order to characterise Ti regarding
a possible orbital HMR, samples from Zurich and Konstanz are investigated, which are
both sputtered on SiO, substrates to ensure comparability, where Zr;(26) describes the
sample from Zurich with t1; = 26 nm and K;(30) a sample from Konstanz with t; =
30nm.

6.3.1 Structural and electrical characterisation of Ti thin films

The electrical and structural properties are characterised as in the previous section (cp.
section 6.2.1) and are detailed in Fig. 6.13, where the left (right) column represents the
data from Zurich (Konstanz). In the XRD data (cp. Fig. 6.13(a)+(d)), a strong peak is
observed for Z;(26) near the Ti (002) peak position, which is the highest intensity peak
for bee-Ti, suggesting a (poly)crystalline film. In stark contrast, no crystalline order is
observed for K;(30) over the full scan range, signalising a completely amorphous film.
Despite the similar thicknesses, strong differences in crystallinity are observed between
the two films. The structural data can again be correlated to the electrical characterisation
in Fig. 6.13(b)+(c) and (e)+(f), which corroborates the crystallinity as a key parameter
influencing the dominant MR.

Figure 6.13(b)+(c) depict the longitudinal MR and the transversal resistivity of Z;(26),
respectively. This sample exhibits a resistivity of 1.31 pQdm and a Ap; /py of roughly
1.5x107° at 6 T with a parabolic increase along all three sweep directions (cp. Fig. 6.12(b)),
hinting at the OMR. The OMR is further supported by the absence of a residue in pr
stemming from an HMR contribution after subtraction of the ordinary Hall effect (cp.
Fig. 6.12(c)). Due to the similarity to the previously discussed Pt films in Fig. 6.12(b)+(c),
the transport response of the crystalline Ti film is therefore attributed to the OMR.

In contrast, Fig. 6.13(e)+(f) depicts Ap; /pg and pt of K;(30). This sample exhibits a
resistivity of 2.49 pQ)m and a large longitudinal MR of 1.4 x 10~ for B along j and n. This
MR is almost 10 times larger than the value obtained for Z;(26) in (b) and the data begins
to saturate towards high B values, suggesting a dominant HMR effect. Additionally, the
MR for Bj|t is comparably small, signalising a negligible OMR contribution. Furthermore,
the strong tanh(B) residue corroborates the interpretation via HMR theory. Due to the
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Figure 6.13: Characterisation and comparison of Ti from Zurich (left column, sample Z;(26) and Pt from Kon-
stanz (right column, sample Ky;(30)). (a)+(d) The XRD analysis shows significant differences in crystallinity,
where Zr,(26) exhibits a strong peak near the (002) position of Ti, whereas no structural order can be observed
on Ky;(30). (b)+(e) Longitudinal MR for BJj,tn. In (b), the MR of Z;(26) exhibits a small amplitude along
all directions with a parabolic increase in B, similar to the OMR discussed for Pt (cp. Fig. 6.12). In contrast
K1;(30) in (e) shows a large MR which saturates towards larger B values with a field dependency as expected
for the HMR. The longitudinal data is corroborated by the transverse resistivity in (c)+(f), where no residue
below the ordinary Hall signal can be found for Z;(26), in contrast to the tanh(B) shaped signal observed in
Kr;(30). Further, the longitudinal and transversal data of K;(30) corroborate each other, as highlighted by
the simultaneous fit in (e)+(f) depicted in black (see main text for parameters), suggesting an MR consistent
with HMR theory. Similar to Pt, the crystalline sample exhibits a MR according to OMR theory, whereas the
amorphous Ti can be understood via HMR theory. This observation confirms the first observation of the
HMR in Ti and furthermore corroborates the scaling with crystallinity, as suggested by Fig. 6.12.

large orbital Hall and insignificant spin Hall effect theoretically expected [36], the MR
response of Kr;(30) is ascribed to the orbital HMR.

It should be noted that the samples additionally differ in their ordinary Hall effect,
as visible in Fig. 6.14. Here, pt is shown as measured, where only along B||n a signal is
obtained. A negative slope is obtained for the crystalline Z;(26) in Fig. 6.14, whereas a
positive slope with a roughly 10 times larger amplitude is observed for the amorphous
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Figure 6.14: Transversal resistivity o1 as measured for (a) Z;(26) and (b) K;(30). The standard geometry
introduced in Fig. 6.2(a) is utilised for both samples. Nonetheless, two contrasting slopes are obtained, where
Z+;(26) exhibits a negative slope with a smaller amplitude in comparison to the positive slope of Ky;(30). Hall
coefficients of different size and sign have previously been reported for Ti and traced back to temperature,
impurities and crystalline texture [226]. Hence, the differences in p; between (a) and (b) are attributed to the
structural differences observed in Fig. 6.13(a)+(d). Additionally, a non-linear contribution is observed for
K1(30), which further influences the amplitude. In contrast, no non-linear residue is found for p; of Z;(26),
as previously depicted for both samples after subtraction in Fig. 6.13(c)+(f).

K1;(30) in Fig. 6.14(b). Variations in the Hall slope and its sign are known for Ti and have
previously been attributed to temperature, impurities and crystallographic texture [226].
The temperature can be excluded as a factor, as both samples were characterised at 300 K.
However, their crystalline properties differ significantly, as depicted by Fig. 6.13(a)+(d).
Therefore, the contrasting p response is mainly attributed to the structural differences.
Additionally, a non-linear contribution is superimposed on the ordinary Hall effect in
K1i(30), whereas no residue remains for Z;(26) (cp. Fig. 6.13(c)+(f)), further influencing
the amplitude. In section 6.3.2 impurities are further discussed, which are also thought to
influence pt here.

To quantify the orbital Hall effect of K;(30), a simultaneous fit of the HMR to the data
is conducted, as seen in black in Fig. 6.13(e)+(f). To that end Ap; /pg (cp. Fig. 6.13(e))
is fit with Eq. (5.4) and Apt/pg (cp. Fig. 6.13(f)) with Eq. (5.5), yielding a set of orbital
Hall parameters 6, of 2.3 %, A; of 7.0nm and D of 1.8 x 107> m?/s, which are descriptive
of both fits. The obtained parameters are in reasonable agreement compared to other
materials probed via the HMR [55, 198]. However, the extracted A of 7.0nm is well
above the typical A values reported for Pt of 1-2nm [45, 171], but below the 50 to 60 nm
estimated in Choi et al. [37] for Ti. It should be noted that depending on the starting
parameters, multiple combinations of D, A} and 6, allow the fit to converge, as two data
sets are fit with three free parameters. In order to avoid this ambiguity, one value is
commonly set as fixed during the fitting routine (see discussion of Fig. 6.11 and Refs. [55,
171, 198]). Another possibility is the evaluation of the thickness dependence, where a
distinct maximum arises (cp. section 5.2.1). However, even as a function of thickness, an
unambiguous determination of A is challenging as discussed in the next section. This
circumstance is further complicated as even in one sample different values for A; were
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observed in Ti [227]. Using fixed minimal (maximal) A; values of 2nm (60 nm), allows to
determine an upper (lower) boundary of 4.3 % (1.5 %), which translates into an orbital Hall
conductivity ooy = (h/e)6)/pr; of 17403 (h/e) (Qm) ™" (5957 (h/e)(Om) ™). The gy is in
good agreement with experimental results [37] but well below the theoretical prediction
[36].

The Ti characterisation signals that the amorphous Ti (sample K;(30)) exhibits a
transport response in accordance with Hanle MR theory, whereas the crystalline Ti (sam-
ple Z1;(26)) is dominated by the ordinary MR. Furthermore, in comparison to the bulk
resistivity of Ti o 1; of 450n() m, the HMR is observed in K;(30) with 2.49 pQ)m, and
the OMR in Zr;(26) with 1.31 pQ m, which follows the trend proposed for Pt, where the
HMR is observed at 5 x pp,,1. These observations suggest a similar scaling in resistivity
and crystallinity in the orbital Hall material of Ti in comparison to the well established
spin Hall material of Pt described in subsection 6.2.6. Before reconciling and summarising
the observations in Pt and Ti, complementary data for the orbital HMR of Ti in K;(30)
and the challenging extraction of A; will be discussed in the next chapter.

6.3.2 Thickness and temperature dependence of the Hanle MR in Ti

Section 6.3.1 detailed the first observation of the orbital HMR in Ti. To corroborate the
HMR, its dependence on thickness and temperature were extracted and are discussed in
this section. The temperature dependence can be used to support the occurring MR (cp.
subsection 6.2.3). Hence, the evolution of the transport characteristics of sample Kr;(30)
are illustrated in Fig. 6.15. In contrast to Pt (cp. Fig. 6.7, neither the HMR, the Hall slope nor
the resistivity significantly change with the sample temperature (cp. Fig. 6.15(a),(b),(c),
respectively). The obtainable residual resistivity ratio (RRR), i.e., p300x / 050k 2, is calculated.
For Ti, this yields a value of RRRy; = 1.02, indicating a negligible change in py and, therefore,
a very disordered sample. In contrast, the RRRp; is roughly 4 and corroborated by the linear
decrease of py from 300K to 50K in Fig. 6.7. Hence, the scattering is initially dominated
by phonons and impurities only become relevant for low temperatures, signalising more
order in the Pt. Similarly, the Hall slope extracted in Fig. 6.15(b) only changes narrowly
with temperature.

The large disorder extracted for Kr;(30) from the temperature dependence of p, in
Fig. 6.7(c) is in good agreement with the structural data and corroborates the observed
HMR. A large number of defects can be correlated to the amorphous appearance of Kr;(30)
in the XRD (cp. Fig. 6.13(d)). For both the OMR and the HMR, the resistivity dependence
was discussed in the respective chapter. However, as the changes in p are insignificant, the
MR also is not subject to change (cp. Fig. 6.15(a)). Due to the obtained structural disorder,
the OMR can be excluded, corroborated by a small w7 of 0.0016 at 10 T, approximated
by the Hall slope and p, via Eq. (5.8). The disorder instead correlates to many scattering
events, which again translates into more spin or orbital dependent scattering, as captured by
Eq. (6.2). While the temperature dependence is unexpected, the HMR can be understood

ZUsually, the RRR is calculated as the ratio from room temperature to 0K [195]. However, for Ti, only the
data down to 50 K was available. Thus o5k / 050k is used for the comparison of both, Pt and Ti.
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Figure 6.15: Temperature dependence of (a) longitudinal and transversal HMR, (b) Hall constant Ry; and (c)
resistivity of Ti (Ky;(30)). The HMR does not seem to change with temperature, which can be understood by
a nearly constant resistivity in (c). The temperature dependence corroborates the structural disorder of the
sample and rules out a dominant OMR contribution.

due to many scattering events corroborated by the highly disordered sample.

To further discuss the MR in Ti, the thickness dependency is now presented and
discussed, as it is commonly applied to extract A; from the characteristic peak (cp. sec-
tion 5.2.1). Figure 6.16(a) depicts the thickness dependence extracted from multiple
samples of the longitudinal and transversal MR (p1 /pg and pr/p). The data points are
extracted as the mean value for B||n at + 6 T, with the error extracted as the deviation of
the mean value. Similar to other studies [55, 198], the largest HMR is observed at the
same thickness for both the longitudinal and transverse resistivity. This is in contrast to
theory [171], where the longitudinal and transverse HMR reach the respective maximum
at different thicknesses.

In Fig. 6.16(b), the resistivity of each individual sample at 0T is depicted. Samples
below 10 nm were too high in resistivity to yield a measurable MR, while samples grown
with Ti thicknesses above 45 nm started to become crystalline, exhibiting a peak in the
XRD measurements at a similar 26 value as seen in Fig. 6.13(a) for Z;(26). For these
thicker samples, the MR response was inhomogeneous over multiple devices on the same
sample, with many showing different amplitudes and curve shapes, while generally a
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Figure 6.16: (a) Thickness dependence of the HMR in Ti for the longitudinal data (coloured red) and
transversal (purple). A maximum is observed at 30 nm for both data points. The solid lines are the fits of
Eq. (5.4) and Eq. (5.5) to the respective data points. (b) Resistivity of the individual samples. The difference
in resistivity is expected to influence the HMR amplitudes in (a), causing deviations from sample to sample.

strong MR for B[t arose. Due to the difficulty in entangling the different contributions,
these samples are not included. However, the occurrence of further MR contributions
upon observing crystalline order again stress that the structural properties sensitively
influence the resulting MR.

Fitting the thickness dependence of the MR, as described by Eq. (5.4) and Eq. (5.5), of
the remaining samples results in the behaviour depicted by the solid lines in Fig. 6.16(a).
A simultaneous fit of both data sets did not converge, which is why for each direction the
respective equation, Eq. (5.4) and Eq. (5.5) are fit to the data. The resulting parameters are
summarised in Tab. 6.2. Here, a good agreement of the longitudinal (transversal) data of
the orbital Hall angle 6, = 1.5 % (1.45 %) and the diffusion length in Ti A} = 19nm (25nm)
can be found. The diffusion coefficient D, however differs by one order of magnitude to
achieve a good fit to the data. A similar behaviour was also found in Mn [55], with the
reason remaining unclear.

The values extracted for A, from the thickness dependence differ to those of the simul-
taneous fit in Eq. (6.13) (h)+(j), as summarised by Tab. 6.2. The evaluation is complicated
by several reasons, as the thickness series of Ti is far from ideal. First of all, thicker samples
would help in obtaining a clearer thickness dependence and help with a simultaneous
tit. However, as the samples become crystalline, additional contributions cannot be ruled
out and the MR cannot be conclusively attributed to the HMR. Furthermore, the changes
in resistivity seen in Fig. 6.16(b) are expected to influence 6, A; and D of the samples,
when assuming a similar scaling with the resistivity in Ti, as described for Pt in section 6.2.
The reduced MR of the lower resistive samples with fr; of 19 nm and 39 nm appear to
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Table 6.2: Extracted parameters by fitting Eq. (5.4) and Eq. (5.5) to the thickness dependence of the longitudinal
and transversal data. Additionally, the values extracted from the simultaneous fit detailed in Fig. 6.13(e)+(f)
are added as HMR(B). The asterisk marks the fixed parameter during the fitting.

extracted via 6,(%) A (nm) D (m?/s)
longitudinal 1.50 19 3.7 x10~°
transversal 1.45 25 1.3 x10~4
HMR(B) 4.3 2% 1.6 x107°
HMR(B) 2.3 7 1.8 x107>
HMR(B) 1.5 60* 5.4 x1075

corroborate this scaling. However, the large variations in p, strongly impact the thickness
dependency of the HMR.

Additionally, it should be pointed out again that extracting an unambiguous A; from
the thickness dependence is only possible when A2, o % is small compared to Ay (see
section 5.2.1). As this is not the case here, the maximum of the HMR in the thicknesses
dependence no longer lies at 4.561; (3.28];) for the longitudinal (transversal) HMR, as
described in section 5.2.1. Instead, only a lower limit of A; can be estimated from the maxi-
mum at 30 nm, as the largest prefactor reachable is 4.56/;. For the Ti series in Fig. 6.16(a)
this correlation translates into a minimal A; of 6.6 nm, with larger values being possible
as listed in Tab. 6.2. The dependence of A; on the peak position further shows that a A;
of 2nm cannot be plausible for Ti. While parameters can be found, which describe the
field dependence in Fig. 6.13, these parameters fail to capture the thickness dependence
in Fig. 6.16(a). Lastly, Ref. [227] recently showed that A, can differ by up to a factor 3
at different interfaces in the same sampl. This observation could impede the evaluation
further, as the HMR probes the dephasing of a spin or orbital accumulation at both film
edges, which would result in an superimposed signal. Two different dependencies would
imply twice the number of fit parameters, which adds upon the already high complexity
of the HMR description (cp. section 5.2.1).

The above mentioned reasons make the unambiguous determination of the diffusion
length in Ti difficult and explain the challenges inherent to fitting the thickness dependence.
However, a reasonable range can be extracted by field and thickness dependence, which
describe the orbital Hall parameters of Ti, as summarised in Tab. 6.2.

6.4 On the occurrence of the ordinary and the Hanle MR in metal
thin films

This final section summarises and compares the findings for Pt and Ti thin films on
the prevalence of OMR and HMR. The resistivity is a good indicator for the expected MR,
where the HMR is dominantly observed at 5 x pp,,;.. However, deviations from this rule of
thumb are observable in Fig. 6.11 and Fig. 6.16.

Other parameters next to p, need to be considered, of which external factors like the
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deposition technique the respective parameters can be excluded. Throughout the chapter,
all samples were fabricated by sputter deposition, where some process details differ, yet
the resulting MR was unaffected by these differences. Neither the capping layer nor the
substrate impact the resulting MR significantly, as discussed for Pt in subsection 6.2.4 and
6.2.5. This observation is further validated by Tab. 6.3, where the sputtering details for the
Ti films are added. Neither type of sputtering, power nor rate of deposition appears to be
a major influence on the resulting MR (cp. Tab. 6.3) and no changes in deposition were
sufficient to change the dominating MR. Further, the MR is not linked to a device and the
cause of the difference in transport response needs to be intrinsic to the metal layer.

To reconcile the quantitative differences in dominant MR and its amplitude, the con-
tribution of the diffusion coefficient D is essential next to py. The analysis of Fig. 6.11
concluded that D is influenced by p,, as captured by the Drude model describing the bulk
electronic properties. However, an influence not directly included in p is required and in-
troduced over via structural properties, namely the crystallinity. Both Pt (cp. section 6.2.6)
and Ti (cp. section 6.3.1), suggest that D becomes larger with increasing crystallinity of
the metal layer. Crystalline order exhibits a crucial role in the theoretical framework of
the orbital Hall effect (OrbHE) [191, 228]. Intriguingly, the sizeable orbital HMR in Ti
(cp. Fig. 6.13(e)+(f)) emerges despite the lack of structural order in the sample. This
interpretation suggests that the arising orbital accumulation is conserved without defined
structural order, which could be associated to a reduced orbital quenching stemming from
the the crystal field [229].

Assuming that the orbital diffusion and spin diffusion resemble each other, an analogue
scaling as in Pt of py o 6; and o 1/A, is expected for Ti. A lower 6, is thus accompanied
with a larger A;. In combination with a fast diffusion in the crystalline samples, the quanti-
tative differences in the transport response could be reconciled. While in the crystalline Ti
films, a robust orbital accumulation is theoretically expected [37, 191], the interaction with
B is negligible due to the fast diffusion (cp. Fig. 6.10). The scaling explains the vanishing
HMR contribution in the crystalline samples (cp. Fig. 6.12 and Fig. 6.13).

A large intrinsic spin or orbital Hall effect in, e.g. Pt [41] or Ti [36], does not automati-
cally result in an occurring HMR. Therefore, it is essential to consider the crystallinity of
the film, as the structural properties impact the scattering within. In turn, this dependency
implies that the scattering mechanism in the thin film significantly influences the resulting
properties, which is corroborated by the theoretical discourse on the relevance of lattice
defects impacting the OrbHE [228, 230].

Thus, in all metals with a spin or orbital Hall conductivity the HMR and OMR are
proposed to coexist. Observing only one MR does not exclude the other in the same
material, while the dominant contribution to the overall MR is highly sensitive on specific
parameters. In clean, crystalline metal films, characterised by a low resistivity, high struc-
tural order with few impurities and a high diffusion coefficient, the OMR likely prevails.
In contrast, the HMR dominates amorphous, moderately dirty thin films, characterised by
a high resistivity, the absence of structural order combined with more impurities and a
low diffusion coefficient. This scaling appears to exist in both spin and orbital Hall active
materials, displaying that the fields are intrinsically connected.
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The experimental distinction between both HMR and OMR can be challenging. A
longitudinal MR with comparable values for B along j and n in combination with a notably
smaller MR for B||t is a strong indicator for the Hanle MR. The Ap; /p, for the OMR can
exhibit a complex field dependency with respect to crystal and current direction. However,
the MR along j is typically reduced in comparison to the MR perpendicular to j [231].
Further, when the OMR is evaluated in a Kohler plot, matching prefactors A; and exponents
n; along the sweep directions are expected over multiple samples and temperatures [208].
To eliminate the crystal dependency, the measurements should ideally be performed along
highly symmetric crystallographic directions or in amorphous films. Lastly, the OMR
exhibits a characteristic scaling with B/p", which is often quadratic, i.e. pg 2 whereas the
HMR is in first order independent on p, but instead can be identified over its characteristic
thickness dependence (cp. Fig. 5.2). Due to the difference in scaling with the resistivity,
another way of validating the MR is over its temperature dependence. As the OMR scales
with p™", its amplitude typically increases with decreasing temperature (cp. Fig. 6.7),
whereas MR effects from spin or orbital Hall physics commonly exhibit smaller amplitudes
towards lower temperatures [55, 171, 214].

The transversal resistivity should then be evaluated in order to corroborate the longitu-
dinal MR. Obtaining a linear slope in py points towards the ordinary Hall effect (OHE)
complementing the OMR. Additionally observing a tanh(B) type signal on top of the
OHE can support an HMR contribution. However, a linear transversal HMR contribution
can arise in thin films with a large D value, which is then hard to differentiate from the
OHE. On the other hand, a non-linear OHE can also stem from multi-band transport.
Finding spin (orbital) Hall parameters which satisfy both the longitudinal (Eq. (5.4))
and transversal HMR (Eq. (5.5)) is, therefore, a strong sign of a consistent MR response
within one sample. In addition, a characteristic thickness dependence in both longitudinal
and transversal geometry, as described by HMR theory (cp. Fig. 5.2), is then a robust
indication of the HMR.

Table 6.3: Summary of the deposition parameters used for sputtering of the different metal thin films on SiO,
substrates (RF=radio frequency, DC=direct current). No clear trend stemming from the deposition can be
derived.

Sample Type P(O‘:/VV(;T Tgepo (K) (nr;a;triin) Capping MR

Kp(5) RF 50W 300K 1.8 - OMR
Kp¢(6) RF 50 W 300K 1.8 SiN (7) OMR
K1 (30) RF 100W 300K 1.3 - HMR
Zp(5) DC 4W 300K 2.0 SiN (8) HMR

Z:1:(26) DC 11w 300K 12 SiN (8) OMR
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6.5 Summary: Competing ordinary and Hanle MR in metal thin
films

This chapter detailed the structural and transport properties of the prototypical ma-
terials for spin- and orbitronics: Pt and Ti. Initially, various sputter deposited Pt films
with thicknesses of 4 nm to 120 nm are investigated by following HMR and OMR theory.
A complex dependence of the MR on the film thickness is obtained, which cannot be
consistently explained by an HMR stemming from either a spin or orbital Hall effect.
Instead, careful analysis concludes that the observed MR in Pt on MgO arises from the
OMR, which is in contrast to previous reports of Pt thin films [55, 171, 198, 214]. The OMR
is anisotropic with respect to the external magnetic field, which highlights a characteristic
that needs to be carefully considered in MR studies.

After establishing the dominant MR in these thin films, different Pt and Ti films were
analysed. In Pt, the HMR is prevalent in samples with a resistivity roughly five times
the bulk value or above, but the resistivity alone is not enough to predict the dominant
MR. Further, a comparison with various reports on the HMR reveal that discrepancies in
extracted parameters cannot be resolved within a simple Drude model. This observation
implies that the mechanism governing the diffusion and dephasing of a spin (orbital)
accumulation are not yet fully understood. In Ti, a large orbital HMR is obtained in samples
characterised by low structural order and large amounts of defects. The relationship
between crystallinity of the sample and dominating MR in Ti qualitatively resembles that
of Pt, despite the different intrinsic mechanisms causing the spin and orbital Hall effect.
This correlation implies that the HMR is predominantly observed in thin films exhibiting
a high resistivity and no structural order, which implies a scattering dominated transport
and slow diffusion.

From this comparison, the coexistence of the HMR and OMR in metal thin films
exhibiting a spin or orbital Hall conductivity is proposed. The dominant MR is determined
by the resistivity and the diffusion coefficient of the specific thin film, which in turn
depends on the crystallinity and purity of the sample. In clean, crystalline materials the
OMR dominates, whereas moderately dirty samples with a high resistivity and without
apparent structural order promote the occurrence of the HMR. In order to differentiate
between the coexisting magnetoresistive effects in metal thin films without magnetic order,
distinct characteristics are highlighted and can be used as a guideline to correctly identify
the MR and possible spin (orbital) Hall contributions.

The results of the chapter reveal a generic scaling with resistivity and crystallinity
in spintronics and orbitronics, connecting both subfields. This correlation is especially
intriguing as it arises in materials with strong as well as weak spin orbit coupling, which
per se is unintuitive and could be subject to further studies. Additionally, this dependency
of crystallinity on D could impact studies using the magneto-optical Kerr effect, as similarly,
spin (orbital) accumulations become more difficult to probe in samples characterised by a
high D. From a materials science perspective this correlation between the resistivity and the
crystalline quality opens up new paths to optimise the spin (orbital) Hall parameters of a
material by optimising films towards lower structural quality or by introducing impurities



100 6.5. SuMMARY. COMPETING ORDINARY AND HANLE MR IN METAL THIN FILMS

in a controlled manner.

With this chapter, the intrinsic properties of Pt have been thoroughly investigated. Pt is
the second required ingredient for non-planar spintronic devices based on the structures
from part 1. In the next chapter, planar YIG and Pt thin films (from Konstanz) will be
combined and characterised as a preparation for the non-planar experiments. In these
bilayers another magnetoresistive effect arises, the so called spin Hall magnetoresistance
(SMR). The results of this chapter allow to approximate the contributions of the OMR and
the HMR in the metal layer and to quantitatively set them in relation to the SMR.



Chapter 7

STATISTICAL STUDY OF THE SPIN HALL
MAGNETORESISTANCE

This chapter focuses on fundamental magnetotransport experiments in planar YIG/Pt
heterostructures and represents the next important step towards spin transport experi-
ments in non-planar YIG structures. In these bilayers, the transfer of spin momentum
across the YIG/Pt interface is crucial. Therefore, a well-defined interface is required, which
can be challenging to obtain when utilising commercial YIG samples. Similarly, the non-
planar YIG described in part I is obtained by ex-situ annealing, causing the surface to
become contaminated during the process. To work around this issue, at first the surface
treatment is optimised to yield a reproducibly good YIG/Pt interface, under which a robust
spin Hall magnetoresistance (SMR) arises. The SMR serves as a measure for the efficiency
of spin transfer into the YIG. Insights into its variations across a sample contain pivotal
information for non-planar experiments, as relevant changes in the transport response can
be evaluated and differentiated from spurious statistical deviations from the mean value.

Therefore, the SMR is systematically studied over numerous samples in hundreds of
devices. A narrowly distributed SMR with a standard deviation of roughly 10 % of the
mean value is obtained. Afterwards, the Pt Hall bars are rotated with respect to the crystal
orientation of the YIG film and the differences are evaluated. In YIG(n|[(001)) samples, a
previously undiscovered crystal dependency of the SMR can be observed via this statistical
approach. The orientation dependence is then modelled in terms of a crystal orientation
dependent magnon occupation, which influences the magnetisation and hence, the SMR.

For this chapter, I deposited the Pt films, optimised the surface treatment for a reproducibly
good interface and wrote the first draft for a manuscript (in preparation) [1]. Denise Reustlen
and Richard Schlitz built the automated measuring setup. Denise Reustlen further performed the
lithography and the measurements during her Master’s thesis, which I advised. All measurements
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in section 7.3 were conducted by Davina Schmidt during her student internship. The scientific
discussion and interpretation of the data was conducted together with all co-authors.

7.1 Spin Hall magnetoresistance

After the initial discovery in YIG/Pt [42, 43] and theoretical description [209], the SMR
has been extensively studied in many systems. Next to the prototypical bilayer of YIG/Pt,
the SMR has been investigated in all types of magnetically ordered materials like ferro-
magnets [232], ferrimagnetic insulators [43], canted ferrimagnets [233], antiferromagnets
[234-236], the newly found class of altermagnets [2] and paramagnets [237]. Further,
more complex ferrimagntic structures like spinal oxides [200] or spin spiral-multiferroics
have been probed [238, 239] where the SMR proved to be a powerful tool to investigate
the surface magnetisation or spin states in chiral magnets.

However, some aspects of the SMR remain under discussion, including the amplitude
and the different contributions to it. Notably, the amplitude of the SMR can differ by orders
of magnitude, especially between different bilayer combinations [2, 43, 236]. Moreover,
even in the prototypical material combination of YIG/Pt, the SMR effect varies significantly
in the literature [43, 240, 241]. These differences can be traced back to multiple parameters
determining the amplitude, e.g. the spin Hall properties of Pt [45], the thickness of Pt [43]
and the interface [241-243] (cp. Eq. (5.13)).

Out of the mentioned parameters, the Pt thickness, crystalline orientation and resistivity
can be controlled well via the deposition process [220]. The crystalline structure of the
underlying magnetically ordered material depends on the fabrication technique, but is
also generally well defined. However, even if both layers are well controlled, the interface
quality between them can differ significantly. Depending on the processing, the YIG/Pt
interface is either obtained in an in-situ [43] or ex-situ process [243]. The largest SMR in
YIG/Pt was observed for an in-situ interface [43]. While an in-situ interface is preferred, the
fabrication is not always feasible. For ex-situ deposition processes, the surface treatment
significantly impacts the SMR, as the effect size sensitively depends on the quality of the
interface [241-244]. Therefore, differing SMR values between samples needs to be carefully
evaluated.

Next to the interface quality, magnetic frustration [241] and magnonic effects can
additionally affect the amplitude of the SMR [52, 245]. From non-local experiments, the
magnonic contribution can be approximated to several 10 %, but an exact determination
in the local SMR is challenging [51, 246].

Furthermore, the crystal orientation of both the metal layer and the magnetic layer are
reported to influence the SMR. For Pt, large differences in the spin Hall angle, spin diffusion
length or spin torque efficiencies have been reported as a function of the underlying crystal
[247-251]. Though, in some cases, e.g. for epitaxial Pt, contradictory results exist regarding
the anisotropy or isotropy of the crystalline orientation dependency [194, 252]. One
possible explanation is an interaction with the underlying magnetic layer, which influences
the Pt at the interface and, therefore, its properties.

The magnetic layer is also reported to exhibit a dependency on the crystalline direction
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in, e.g. the ferrimagnetic spinel oxide CoFe,O, [222] or the altermagnetic Ba,CoGe,O,
(BCGO). Here, crystal orientation dependent spin mixing conductances and magnonic
contributions are discussed. In YIG/Pt bilayers, no systematic studies of the underlying
YIG crystal orientation were conducted. A study on YIG/Pt by Wu et al. [253] report
different SMR amplitudes, which they also attribute to a crystalline dependency of the
spin mixing conductance G (cp. section 5.2.3). However, the effect is extracted from three
different samples. Due to the strong influence of the interface on the SMR, an unambiguous
extraction of parameters is challenging and no statistical errors are given, meaning that
these results need to be viewed with caution. Further, a crystalline dependency complicates
the disentangling of the individual effects, especially in epitaxial systems. Similar to
the magnonic contributions, the differences in amplitude stemming from the crystalline
orientation are usually of the size of several 10 %.

Despite the large differences in amplitude, the amount of parameters and effects
described previously, the SMR amplitude is commonly extracted from a single Hall bar.
This value is then taken as representative for the respective material combination. This
assumption can be misleading, given the large impact of the interface on the SMR amplitude.
Furthermore, not much is known about the reproducibility and the statistical deviations
over a single sample. In order to discuss changes in the SMR between multiple samples
and effects in the order of several % contributing to the amplitude, a statistical study is
required.

This chapter describes the first statistical analysis of various YIG/Pt bilayers. To thatend,
commercially available YIG substrates are used, which means that the Pt is deposited in
an ex-situ process. To that end, Refs. [242, 243] describe an optimal YIG surface treatment,
to which some adjustments were made, as detailed in section 7.2. The functioning pre-
cleaning process is then confirmed by a quantitative analysis of the SMR in YIG/Pt. Here,
the statistical distribution of the SMR is evaluated for 225 nominally identical Hall bars (cp.
section 7.3). Afterwards, Pt Hall bars rotated with respect to the YIG crystal orientation
are investigated (see section 7.4). The statistical approach enables a clear differentiation
between occurring effects and statistical differences, especially when the effect size is of
several percent.

7.2 Optimisation of the interface quality

Firstly, the interface optimisation process will be detailed under which a robust, re-
producible and large SMR value can be observed. Prior to this optimisation, the SMR
value was found to vary from 1 x 107° to 5 x 10~* between samples and, at times, even
on the same sample between different devices [254]. Such variations would impede any
statistical analysis and comparison between samples.

In the literature, two different surface treatment processes are described. Piitter et
al. [243] achieve the best ex-situ SMR value after cleaning the surface with piranha acid
(H,SO4H50,). Jungfleisch et al. [242] further test different surface cleaning procedures
using typical process gases Ar and O,. The exact parameters are, however, not disclosed.

In order to replicate the different surface treatment options, several samples are pre-
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pared, as summarised in Tab. 7.1. All samples were initially cleaned in acetone and
isopropyl alcohol for 5min to remove any residues from the packaging. Samples S1 to
S5 were then additionally etched using piranha acid for 45 s, which dominantly removes
carbon contaminations from the atmosphere and also etches non crystalline YIG. After the
etching the samples are stored in purified water until being dry blown and loaded into the
sputtering system.

For samples S5 and S9, no further surface treatment was conducted before the Pt
deposition. The deposition parameters are disclosed in chapter 5.3, with a standard
process yielding 5.5 nm Pt. In contrast, samples S1 and S2 were annealed for 30 min in the
sputtering chamber before the deposition, at 200 °C and 150 °C, respectively. This heating
aims to remove any desorbed water at the surface. Samples S3 and S7 were simultaneously
physically etched using Ar ions in the sputtering chamber and 54 and S8 using a 1:1 mixture
of Ar and O, at elevated pressures of 26 x 10~2 mbar. Afterwards, Pt was deposited onto
theses samples as described before. S6 was stored in DI water for two weeks in order to
investigate if this delay has any deteriorating influence. Following the delay, sample S6
was then processed identically as S1.

For a quick analysis of the samples’ electrical properties, a four point measurement of
the whole film is conducted in a Halbach magnet array. To that end, four probes are placed

Table 7.1: Summary of surface treatment parameters before Pt deposition for samples S1 to S10. The surface
treatment follows a temporal order from left to right. Initially, all samples were cleaned in an ultrasonic bath
for 5 min in acetone and isopropyl alcohol (IPA), which is therefore not mentioned in the table. The Ar etching
step before the piranha dip was introduced with the re-usage of samples S5, S7 and S8. Sample S6 was kept
in DI water for two weeks before the sputtering proces. The last surface treatment was conducted in the
sputtering chamber. The resulting SMR effect was approximated via a wafer prober by contacting the four
corners of the rectangular sample.

. sputter N

sample Ar etch piranha chamber SMR =
S1 - 455 200 °C, 30 min 3.6x10°%
S2 - 455 150 °C, 30 min 0.6x10~*
S3 - 45s Ar (26 pbar) 0.4 x 1074

Ar:0, 1:1 _
S4 - 455 (26 pbar) 0.3x10%
S5 - 455 - 0.3x1074
S6 - 455 200 °C, 30 min* 0.3x10%
S7 - - Ar (26 pbar) 0.4 x 104
Ar:0O, 1:1 _4

S8 - - (26 bar) 0.2x10

S9 - - Aceton + IPA 0.2x10~*
S5v2 - 45s 200 °C, 30 min 7x1074
S7v2 3 min 45s 200 °C, 30 min 17 x 10~4
S8v2 3 min 45s 200°C, 30 min 12x 10~

S10 3min 45s 200°C, 30 min 20 x 1074
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at the corners of the rectangular sample and the magnet rotated in plane (cp. Fig. 5.4).
This way, a quick examination of the resistivity and the SMR can be performed without
requiring lithography. However, as the current path is not clearly defined, the SMR is
slightly exaggerated in comparison to the obtained values via the defined Hall bars in the
following sections. This overestimation is also partly due to the simultaneously occurring
transversal SMR effect. Nonetheless, the SMR values obtained clearly separate good from
bad interfaces.

The largest SMR out of all samples S1 to S9 is obtained for sample S1, which exhibits
a value comparable to other ex-situ YIG/Pt samples [243]. All other samples show SMR
values below 1 x 10~%. The heating treatment at 200 °C appears to be crucial in order to
obtain a large SMR amplitude. The temperature of 150 °C should in theory suffice to desorb
all water. However, as the thermocouple is below the sample holder in the sputtering
system, the temperatures at the sample itself did not reach above 100 °C. Sample S6 was
utilised to test the reproducibility of the surface treatment of S1. However, the sample was
stored in DI water in two weeks and the large amplitudes could not be reproduced here.

In an attempt to check if samples could be reused, S5, S7 and S8 were processed again.
In the case of S5, the backside was simply used, following the processing of S1. Samples
S7 and S8 were instead etched using the RIE Plasma Pro80 (cp. section 5.3). This way, the
Pt was physically removed from the YIG layer using Ar ions. Additionally, the YIG film
below was further etched for roughly 3 min, in order to make sure no residues from the
Pt and previous processing were left. After etching, the samples were treated identically
to S1, differing only in the Ar etch step mentioned before. These three samples are now
dubbed S5v2, S7v2 and S8v2 (cp. Tab. 7.1) to indicate the recycling.

After the second Pt deposition and electrical characterisation, these samples now
exhibit larger SMR values than their first versions. Interestingly, the SMR is also larger
than for sample S1. This effect is especially notable for S7v2 and S8v2, which only differ
in the processing prior to the piranha. Hence, a positive influence of the physical etching
in combination with the chemical etching on the interface quality appears evident. To
validate this effect, a fresh sample (S10) is prepared. Here, the Ar step is conducted before
the Piranha dip following the sample preparations of S7v2 and S8v2. Again, a large SMR
value is measured on this device (cp. Tab. 7.1). Therefore, all samples prepared after 510,
are prepared identically to S7v2, S8v2 and S10 and exhibit a reproducible SMR of roughly
1to 2 x 1073 (not shown here).

The influence of the Ar pre-etch is not fully understood but could be attributed to
several interactions. Foremost, the physical etching step helps to remove any residues
on the surface. Since piranha predominantly etches organic residues, the Ar* ions might
help in removing other, e.g. inorganic residues. Due to the Ar* bombardment, the first
YIG layers also become amorphous [244] and are chemically etched afterwards, resulting
in a fresh surface, which imitates an in-situ interface. A clean interface with a defined
crystal structure is achieved, which then also exhibits comparable SMR values [43]. A
direct influence of the Ar™' surface treatment is also discussed in the literature, where
an increase in the real part of the spin mixing conductance G, of 1.3 [241] to 5 times
[255] compared to the untreated value was reported. Here, the binding energy [255] and
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changes in the crystal structure at the interface [244] or the magnetic ordering [241] are
discussed. However, in these publications the Ar treatment is usually performed after the
piranha dip, suggesting that the dominating contribution for samples S7v2 to S10 is the
clean surface.

Further, Qui et al. [244] report the formation of an amorphous layer and a smaller
ISHE across the interface due to the Ar bombardment. The small SMR observed in samples
S3-S8 could be attributed to such an amorphous layer, as these samples were cleaned
in-situ using a plasma after the piranha etch. However, the detailed influence of the Ar
treatment is not further investigated here, but its importance and the correct sequence
becomes evident from the order of magnitude larger SMR values in samples S7v2 and
below (Tab.7.1).

Therefore, all samples prepared afterwards (S11-S14) were processed like sample
510 and checked using the probe station before patterning. The established pre-cleaning
process is now confirmed over a 30 mm? sample using a statistical analysis approach.

7.3 Statistical investigation of the spin Hall magnetoresistance
in 225 devices

In this section, the first systematic statistical study of the spin Hall magnetoresistance
(SMR) is conducted. To that end, 225 Hall bars are defined into the Pt via optical lithogra-
phy onto the GGG/YIG/Pt sample S8v2 (cp. Tab. 7.1). The crystallographic directions
utilised throughout this chapter always refer to the single crystalline YIG/GGG, as the
crystal orientations are well defined. The Pt again exhibits an out of plane texture along
(111), as presented in chapter 6 (cp. Fig. 6.8) and polycrystalline grains in the plane.

The crystallographic directions of the YIG layer are therefore taken into account in
the following and can be identified as depicted in Fig. 7.1(a). In this section, the current
is always applied along [110]|j, while the magnetic field is rotated in the sample plane
spanned by [110] and [112]. Figure 7.1(b) depicts a microscopic image of the patterned
device with a grid of 1-18 describing the rows and A-Y the columns. For maximum coverage
of the YIG surface, the devices are shifted, meaning devices from, e.g. column A (B) appear
every other row in uneven (even) rows. This layout allows for a fully covered sample with
225 individual devices (cp. Fig. 7.1(b)).

The electrical characterisation is conducted in a custom build probe station. In this
section, the four probes were placed manually in a four point measuring scheme, as
depicted in Fig. 7.1(a). A Halbach array provides a magnetic field of 70 mT, which is rotated
from 0 deg to 360 deg and back. The longitudinal voltage drop is measured, allowing for
the evaluation of the SMR.

To estimate the systematic error of the measuring scheme, several devices were mea-
sured 10 times in a row. The results of one devices (91) is depicted in Fig. 7.1(c). Over
these devices, the resistivity and MR amplitude exhibit very similar values. Fitting the 10
data sets with Eq. (5.12) yields a resistivity of 269 n()m, which is also in good agreement
with the Pt obtained in the previous chapter 6. The simultaneously extracted SMR value
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Figure 7.1: (a) Hall bar on top of the YIG samples with the in plane rotation angle «, as defined in Fig. 5.4(a).
The current is always applied along j|I[110] with respect to the crystallographic directions of the underlying
YIG/GGG. (b) Microscopic images depicting the upper part of the sample. The devices are shifted with respect
to each other for maximum coverage of the sample, resulting in 225 devices patterned onto the 5x6 mm? wafer.
(c)-(d) depict two device measured 10 times in a row to account for the repeatability of the measurement,
with the SMR being 4.0 x 10~* and 3.8 x 107%, respectively. (e) shows the results for device H8, which
was contacted anew before each of the 15 total measurements. (f) illustrates the same data as in (e) after
normalisation with p,,, which accounts to small deviations in temperature and contacting. The SMR amplitude
is 3.8 x 10~* and its error from the simultaneous fit (purple) 0.4 %.

is 4.0 x 10~ and the obtained fit is given by the solid dark gray line in Fig. 7.1(c). The
error in SMR amplitude is extracted as 3.1 % for device 91, whereas the error in resistivity
is five orders of magnitude smaller than the value itself. For the other devices, comparable
resistivities, SMR values and errors are extracted (not shown). This analysis highlights
that a single measurement yields representative values.

Furthermore, the contacting process was tested with device 8H, as depicted in in
Fig. 7.1(d) and (e). For each measurement, the probes were lifted from the pads and
contacted again, to simulate the measuring process across the whole sample. Here, devia-
tions in the resistivity between measurements can be observed (cp. Fig. 7.1(d)). These
likely stem from deviations in room temperature and the contacting. However, when
normalising with p,, the SMR is very comparable over all data sets (cp. Fig. 7.1(e)). This
is corroborated by the fit to all data sets depicted in dark gray, which yields a SMR value
of 3.8 x 10~* and a very narrow error in the extracted amplitude of 0.4 %, highlighting the
reproducibility of the contacting.

The repeated measurements suggest that the setup yields reproducible data with a
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Figure 7.2: Statistical analysis of the SMR from 225 devices patterned on sample S8v2. The measurement of
each device is evaluated and fitted as introduced in Fig. 5.4(a) and Fig. 7.1(c)-(e), and plotted in a heat-map,
where each diamond corresponds to a Hall bar and its row and column index (cp. Fig. 7.1(b)). (a) depicts the
SMR value and (b) the resistivity as given by the colour code of each individual device. Areas which remain
white correspond to broken or shorted device from which no reasonable parameters could be extracted. A
good reproducibility of the SMR over the sample can be observed. However, towards the left of each heat-map
in (a) [(b)] an accumulation of large SMR [low resistivity] values can be observed.

small error and is suited for the statistical analysis. However, the data also implies that
changes of a few percent can stem from the measurement or the devices. With a few
individual devices analysed and the systematic error of the setup discussed, now all 225
devices are considered.

Figure 7.2 depicts the extracted values of SMR (a) and resistivity (b) presented in
a heat-map covering all devices. Each diamond corresponds to a Hall bar presented in
Fig. 7.1(b). The individual SMR value and resistivity is encoded in the respective colour
map. White spaces signalise broken or shorted devices which correspondingly do not
appear in the evaluation. In total, 16 faulty devices exist, which is roughly 10 % of the total
devices, signalising a reasonable yield. Additionally, seven outliers were excluded, which
optically appeared intact but exhibited strong deviations in resistivity or SMR value. This
preprocessing of the data ensures that the heat-maps and histograms are not dominated
by a single device.

The heat-maps depict robust transport properties over the whole YIG/Pt sample. This
observation signalises that the position on the wafer exhibits no significant influence on
the SMR or p and in turn implies that extracting the SMR from a single device can be
representative for the specific normal metal / magnetic layer combination. Further, the
data suggests that no obvious systematic errors are introduced via deposition, lithography
and etching.

However, a trend of p and SMR can nevertheless be observed in the colour over the
heat map (cp. Figure 7.2(a)+(b)). A slightly brighter area, corresponding to a larger
SMR value can be observed towards the left (rows 3-10 and columns A-I), which can be
correlated to a lower resistivity, appearing darker for the same devices. This correlation is
supported by Fig. 7.3(a), where the SMR versus the resistivity is depicted, which nicely
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Figure 7.3: (a) Evaluation of the resistivity versus the SMR of each device depicted in Fig. 7.2. The trend of a
larger SMR with a lower resistivity is supported by this illustration. (b)-(c) Theoretical expectation for the
SMR from Eq. (5.13) as a function of resistivity p, thickness fp, and the real part of the spin mixing conductance
G,. In (b) a G, of 1 x 10> ™' m~2 is utilised and the thickness varied. For 6, and A, the intrinsic scaling of
the Pt [45] is taken into account as introduced in chapter 6.2.2. In (c), fp,, 6, and A are kept constant and only
G, (in Q' m™2) is varied. A slight influence of o, on the SMR is evident, which is largely outweighed by G,.
From these naive calculations, the opposite trend to (a) would be expected for the p versus the SMR.

captures the mentioned behaviour.

Since pg is one of the parameters describing the SMR in Eq. (5.13), a dependency on
p is feasible. However, from the naive expectation, the opposite trend would arise (cp.
Fig. 7.3(b)). For this estimation, G, is assumed to be 1 x 10'° Q™' m~2, which roughly
reproduces the amplitude of Fig. 7.3(a). Next, the scaling introduced by Sagasta et al. [45]
(cp. previous chapter, section 6.2.2, Egs. 6.1+ 6.2) is used to calculate 6, and A, leaving the
thickness as the last parameter. Exemplarily the expected dependency of the SMR on p of a
4,5 or 6 nm thick Pt is depicted in blue, purple and amber (cp. Fig. 7.3(b)). The calculated
behaviour exhibits the opposite trend for all three thicknesses, suggesting further, that the
behaviour cannot be reconciled from thickness fluctuations.

However, even when calculating one characteristic 65 and A4 for the Pt from the bulk
resistivity (cp. Fuchs-Sondheimer theory [204, 205], section 6.2.3), the SMR would still
increase with a higher resistivity for a constant G, and tp; (see Fig. 7.3(c)). This way
the intrinsic 6; and Ay arise from the bulk properties Pt and a change in p,, stemming
from thickness fluctuations and surface roughness, would not contribute a change in the
properties. Nevertheless, the trend in Fig. 7.3(c) exhibits the opposite dependency as in
the data. Thus, only variations in the interface, i.e. G,, can explain the scaling observed
in Fig. 7.3(a). A better interface corresponds to a larger SMR, as seen in Fig. 7.3(c). One
possible explanation is that a smooth surface is accompanied by a sharp interface, and,
therefore, exhibits a large G, [244], as well as a low resistivity, as described by the Fuchs-
Sondheimer model (cp. Eq. (6.3)). A correlation of py with G, might overshadow the
dependencies of Fig. 7.3(b). However, the trend could not be reproduced in subsequent
samples and sections, after the setup was optimised and automated. Therefore, this
interaction is not further discussed.

To further discuss the statistical analysis, the SMR and resistivity are presented in
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Figure 7.4: Illustration of all previously discussed devices with their (a) SMR and (b) resistivity values in
a histogram. Here, 25 bins were utilised, where the SMR values (a) exhibit a slightly broader spread than
the resistivity (b). By analysing the data using a Gaussian distribution, the mean value y and standard
deviation o can be extracted, as given in the respective histogram. After adjusting the amplitude, the Gaussian
distribution using y and ¢ can be added, as given by the dark gray curves. The Gaussian distribution appears
to capture the data reasonably well.

histograms, see Fig. 7.4. This illustration captures the statistical distribution and allows for
more precise statements about the spread of the respective parameter (SMR or p). When
analysing both parameters in the context of a Gaussian distribution, the mean value y and
the standard deviation ¢ can be extracted from the data. By normalising the amplitude,
the Gaussian distribution can be visualised in the histogram, which is given by Eq. (7.1).

Trx—u)?

exp (_E[ > ] ) (7.1)

Here, the distribution of a measured parameter x (i.e. the SMR or p) is described by
f(x) with y and ¢ corresponding to mean value and standard deviation, as introduced
above. The Gaussian distributions in dark gray capture the two histograms reasonably
well, which suggests that the data is Gaussian distributed and the values representative.

The SMR in Fig. 7.4(a) exhibits a comparably broad distribution in comparison to the
resistivity in Fig. 7.4(b). This observation is corroborated by the standard deviations ogyg
and 0, of 0.26 x 10~* and 7.79 nQ) m from the mean values ygyr and p o 0f 3.54 x 10~* and
275nQOm. In turn the coefficient of variation ¢ /u for the SMR is 7 % and 3 % for p, which
confirms the slightly broader distribution in Fig. 7.4(a) compared to (b). However, in both
cases, the spread is narrow, corroborating the robust value over the whole sample.

Additionally, the SMR amplitude of 3.54 x 10~* + 0.26 x 10~* is in good agreement
with the literature. Similar SMR values of roughly 3 x 10~# were obtained in ex-situ YIG/Pt
interfaces, also using piranha acid [243]. In comparison to the 1 x 1073 of an in-situ
interface [43] the SMR is smaller, but larger than 5 x 10> for samples without prior surface
treatment [241]. This leads to the conclusion that the sample exhibits a representative
SMR value. Additionally, the standard deviation of this representative SMR value over

fx) =

2702
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a large sample is now established. The SMR now can be discussed under the extracted
coefficient of variation o /u of 7 %.

In comparison to the statistical error from a single device measured multiple times (see
Fig. 7.1(c)-(e)), the values for the standard deviation obtained in Fig. 7.4 are larger. This
suggests that slight variations in the final device geometry and the individual interface
further add onto this error.

In conclusion, the statistical distribution of the SMR was investigated in 225 devices on
a single sample in combination with the corresponding resistivity. A narrow, Gaussian
distributed SMR and resistivity was found, with the standard deviation being smaller than
10 % of the mean value. The mean SMR value gy of 3.54 x 10~# is robust over the whole
sample and in good agreement with the literature, suggesting that ogyg of 0.26 x 107 is
representative for the SMR. Therefore, an extracted value of the SMR is descriptive for
this combination within the here presented statistical error. The results highlight, that
changes in the range of several percent attributed, e.g. to the crystal structure, need to
be carefully considered. Using the statistical approach, the influence of the underlying
crystal structure of YIG will be analysed in the following.

7.4 Pt Hall bars rotated with respect to the YIG crystal direction

With the statistical distribution of the SMR evaluated, Pt Hall bars rotated with respect
to the underlying YIG single crystal are considered in the following. This is because in the
non-planar geometries, the Pt strips can be defined with respect to different YIG crystal
orientations. Further, the crystalline direction changes inevitably in the non-planar struc-
ture, suggesting that a crystalline dependency should be carefully considered. Recently, a
strong dependency of the SMR amplitude was reported in bilayers of the altermagnetic
candidate material Ba,CoGe,O, (BCGO) /Pt [2]. The amplitude of the SMR changes up to
100 % depending on the orientation of the Hall bar with respect to the crystal orientation.
This difference cannot be reconciled via the interface, the resistivity or statistical variations
of the SMR over a sample. The Hall bars in BCGO/Pt were defined on a single sample,
ruling the interface quality between samples out as an influence. Further the resistivity
exhibited no trend on the SMR [2], which is why the effect is attributed to the crystal
structure of the BCGO. Therefore, in the following, the influence of the crystal orientation
on the SMR in YIG/Pt is investigated using the statical approach.

7.4.1 Pt Hall bars rotated in the plane spanned by YIG [110] and [112]

To investigate the influence of the underlying YIG, its crystal orientation is used to
define the coordinate system. This definition is depicted for a Hall bar in Fig. 7.5 (a), where
the (111) orientation is aligned along the surface normal and the two in plane directions
are (112) and (110).

In order to separate between the rotation of the external magnetic field B and the
rotation of the Hall bars, a second angle ¢ is defined. a describes the rotation of the
external magnetic as before, while ¢ describes the angle between the current direction j of
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Figure 7.5: Concept of rotated Hall bars. (a) depicts the GGG/YIG wafer with well defined crystal orientations,
which are used to define the coordinate system. The Pt Hall bars are rotated with respect to the YIG crystal.
(b) coordinate system and definition of the angle ¢, describing the rotation of the Hall bars. (c) micrograph
of the patterned sample. (d)-(f) measured SMR for three typical devices of sample S12. Due to the rotation of
the Hall bars, the SMR is shifted by ¢ with respect to the static crystal orientation and magnetic field rotation
«. The extracted angle ¢ of the corresponding Hall bars are given by the inset.

the Hall bar with respect to the crystal orientation of the YIG (cp. Fig. 7.5(b)). An image
of the patterned sample is depicted in Fig. 7.5(c), clearly illustrating the rotation.

As the YIG crystal orientations are fixed and the magnetic field is rotated from the same
starting point, the orientation of the Hall bar becomes evident in the transport response.
The SMR extracted for three rotated Hall bars is depicted in Fig. 7.5(d)-(f). Here, the
SMR amplitude is comparable for the three devices, while enclosing different ¢ values. To
account for this a cos?(« + @) dependency is fit to the data, where ¢ now represents the
rotation of the Hall bar, as depicted by the insets.

The results of the whole probed area are presented in Fig. 7.6, where each device
corresponds to a position on the sample. Overall, a robust SMR is observed over the
probed area (cp. Fig. 7.6(a)). The mean resistivity is larger than in the previous sample,
but its value consistent across the sample itself (cp. Fig. 7.6(b)). The extracted angle ¢
acts as a control and follows the layout from Fig. 7.5(c). Due to the 7t periodicity of the
cos?(a), the 90 deg and —90 deg devices cannot be distinguished by the fit, which can be
seen in the transition from black to yellow. However, the ambiguity is no issue, as the
crystallographic orientations of the cubic YIG are also 7 periodic, meaning that ¢ is always
correctly attributed to the YIG crystal orientation.

No systematic change in the SMR is observable over the sample. This observation
suggests that the SMR amplitude in the (110) - (112) plane is unaffected by the YIG crystal



CHAPTER 7. STATISTICAL STUDY OF THE SPIN HALL MAGNETORESISTANCE 113

@ FEn m w55 ®) g anEn Sl (B SiE B
c 3@ B B =N T H EEE - NEEEE 5,
S ENEEEEN i EEEEEEN c IEEEEN =~
= EEE EE 50 S NEEE_ NN 550 & [[EEE_EE >
¢ OENN BENN C EEE EEEE ¢ EEE EEEE {0 o
S EE N c EEE B EH (. iEE E N =
Y EE SEEENfl, s = EEE EEEN S HEE N B <
-3EEE B N 20 EEE H N 1 ] —-50
NEE =N HEE EE N {450 NEE B
-3 0 3 -3 0 3 -3 0 3
X-position X-position X-position

Figure 7.6: Evaluation of the rotated Hall bars of sample S12 as given by the heat map. The x and y position
correspond to the device on the sample (cp. Fig. 7.5(c)). (a) depicts the SMR, (b) the resistivity and (c) the
angle of rotation ¢ of all measured Hall bars. White spaces correspond to defect devices or large outliers. No
systematic change in SMR can be observed and no correlation to p or ¢ is evident.

structure below. An influence of the YIG crystal orientation would be visible as a systematic
change over the diagonals, which is not the case. Further, no scaling with p is observed in
this sample when comparing the two heat maps (cp. Fig. 7.6(a)+(b)). The result is also
consistent with the literature [194, 256 ], where no change in amplitude was detected in a
magnetic layer with n||(111).

To support the results from Fig. 7.6 two more samples were investigated and their
histograms and ¢ dependence evaluated. All three samples are summarised in Fig. 7.7.
The left column depicts the histogram of the SMR distribution and a fit according to
Eq. (7.1), while the right column shows the corresponding dependence on the rotation
angle ¢. In all cases, the SMR histogram can be described via a Gaussian distribution,
with slight differences in mean value and standard deviation. Sample S11 was utilised to
adjust the wafer prober and the raw signal was worse in comparison to all other samples.
While the mean value y is comparable to section 7.3, the large standard deviation ¢ is not
representative. In contrast, the other two samples show a large mean SMR and a relative
error below 5 % of the mean, making them ideal to investigate a possible crystal orientation
dependence.

Figure 7.7(d)-(f) now depict the SMR versus ¢, corroborating the previous results from
Fig. 7.6. Here, the heat maps visually imply that the SMR is independent on the crystal
orientation for YIG with n|[(111). This result is confirmed by the randomly scattered SMR
over ¢ in the right column. Here, the mean SMR value from the corresponding histogram
is depicted as a solid line and the 1¢ interval given by the dashed ones. Within this interval,
no systematic change of the SMR as a function of the rotation is discernible.

It should be noted that the resistivity was evaluated identically (not shown here). Simi-
larly, no dependence on ¢ could be extracted and the histogram was in first order Gaussian
distributed. An influence of p on the SMR is therefore excluded for this subsection.

The samples with n|[(111) investigated up to now are summarised in Tab. 7.2. The
mean value, its standard deviation and the resistivity are listed and the individual sample
name given. As the SMR does not depend on ¢, sample S8v2 from the previous section 7.3
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Figure 7.7: (a)-(c) Histograms of the SMR for the three samples measured in the [110]-[112] plane and
(d)-(f) the SMR versus the angle of rotation ¢. The solid line represents the mean and the dashed lines the
1o interval. Within the data and this interval, no influence of the underlying crystal is apparent.

is also added.

Table 7.2 highlights a consistent SMR value over the sample with a narrow standard
distribution. The resistivity of the individual samples vary, which might stem from thick-
ness deviations or the processing itself. However, the resistivity values are comparable to
the literature [43]. Further, the SMR amplitude is only slightly affected by p, as discussed
with Fig. 7.3, which is evident by the mean values of roughly 3 to 5 x 10* (cp. Tab. 7.2).
With the exception of sample 510, which showed a spread in acquired data points, the
standard deviation is roughly multiple samples.

In conclusion, the SMR in YIG((111)) /Pt bilayers can be reproduced within a relative
uncertainty of 10 %. Within this uncertainty, no systematic influence between the crystal
orientations (110) and (112) can be extracted. In order to extend this study to other
directions, YIG substrates with n|[{001) are discussed in the next section.
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7.4.2 Pt Hall bars rotated in the plane spanned by YIG [100] and [010]

In addition to the previous samples, YIG/Pt bilayers with n||[[001] are now considered.
These samples allow for the investigation of (100) directions in comparison to (110). Within
this plane, a strong anisotropy of the SMR was reported in epitaxial Co/Pt [248] and larger
anisotropies are expected in YIG [256].

The processing is identical to the samples of the previous subsection. After the surface
cleaning procedure from section 7.2, 5.5 nm Pt are deposited on the YIG films and Hall bars
patterned with respect to the crystal orientation, as sketched in Fig. 7.5(a). The YIG crystal
orientation is again used to define the coordinate system, which now rotates from [110] to
[110], as depicted in Fig. 7.8(a). The evaluation of the SMR is analogue to Fig. 7.5(d)-(f)
and the results are directly discussed.

Figure 7.8(a) depicts the evaluated heat maps of the transport response of a YIG((001))
/Pt bilayer, referred to as S13. The extracted angle ¢ in Fig. 7.8(b) nicely resembles the
arrangement on the sample, acting as a proof for the fit. Further, the SMR and resistivity
exhibit robust amplitudes of roughly 4.4 x 10~* and 411 nQ)m, see Fig. 7.8(c)+(d) respec-
tively, making the sample comparable to previous ones. Additionally, the absolute change
in both SMR and p is small, indicating a narrow distribution and a well suited sample for
the investigation of a dependence on ¢.

By comparing the three heat maps in Figure 7.8(b)-(d), a trend can be observed between
the angle ¢ and the SMR. Along the diagonals, a similar colour is apparent, suggesting
that the SMR exhibits a similar value for a given angle ¢. However, darker and lighter
diagonals are evident, meaning that the SMR varies with ¢. This trend cannot be observed
within the colour code of the resistivity (cp. Fig. 7.8(d)). .

To corroborate a crystallographic influence, the histogram of the SMR as well as the
dependence on ¢ are now analysed. Figure 7.9(a) depicts the histogram of the SMR
obtained from S13. Here, two peaks are apparent, one at roughly 4.34 x 10~% and a second
at 4.46 x 10~%. Due to the additional modulation with ¢, a Gaussian distribution does
not suffice and a bimodal distribution consisting of two Gaussian distributions is utilised,
effectively convoluting two delta functions with a Gaussian. The curve is obtained by
initially fitting the minima and maxima in Fig. 7.9(b) and then the bimodal distribution

Table 7.2: Summary of the investigated samples with the YIG (111) crystal orientation along the surface
normal direction n. The mean value gy, its standard deviation ogyr, as well as the mean resistivity ., of
the investigated samples is listed.

sample orientation HSMR OSMR #, (nOm)
S8v2 n | (111) 3.45x 1074 0.26 x 104 275
S7v2 n || (111) 4.65x 1074 022 x 1074 313
S11 n || (111) 3.74x 1074 1.1x 1074 407

S12 n | (111) 4.85x 1074 0.25 x 104 493
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Figure 7.8: Evaluation of 117 rotated Hall bars on a YIG((001)) /Pt bilayer (sample S13). The concept of the
rotated Hall bars is identical to Fig. 7.5, with the exception of the underlying YIG crystal orientation. (a)
depicts the coordinate system for samples with n|[(001) and the rotation angle ¢ of the individual Hall bars.
(b)-(d) depict the results in the form of the heat maps for S13. In (b), ¢ imitates the layout, confirming
the analysis. The SMR in (c) exhibits a robust value over the sample. Along the diagonals, a trend can be
observed, suggesting a robust value for a given ¢, but a change with ¢. This correlation cannot be found
within the resistivity (d), implying an influence of the underlying YIG crystal orientation on the SMR.

using a single standard deviation. This ¢ exhibits an exceptionally low value of 0.043x10~4.
The two mean values y and g then describe the positions of the two SMR levels.

The modulation with the underlying crystal structure is supported by Fig. 7.9(b),
depicting the SMR as a function of ¢. Here, the fourfold symmetry becomes apparent from
the data. Hall bars aligned with a (110) direction, i.e. at —90 deg, 0 deg, 90 deg, exhibit
larger SMR values in comparison to those along a (100) direction at —45 deg and 45 deg.
The two mean values from Fig. 7.9(a) are depicted as the solid lines, capturing the two
levels of the SMR. The fourfold symmetry can be understood from the cubic symmetry of
the YIG crystal.

To rule out an influence of the resistivity, its histogram and variation with ¢ are also
illustrated in Fig. 7.9(b)+(e). The resistivity exhibits a very good agreement with a
Gaussian distribution, as illustrated by the fit with a mean value of 411n{)m and its
standard deviation of 2.33 n(2 m. In contrast to the SMR, no double peak can be observed.
Further, no systematic change of p with ¢ is evident from Fig. 7.9(e) within the 1¢ interval.
Therefore, p is excluded as a parameter influencing the SMR modulation in Fig. 7.9(a).

To further corroborate the modulation of the SMR with ¢, a second sample S14 was
fabricated and evaluated. Similarly to the previous sample, the resistivity is Gaussian
distributed with y, of 344n(0m and ¢, of 3.8n(0m. Additionally, no influence on the
SMR was apparent, which is why the p is not shown here.



CHAPTER 7. STATISTICAL STUDY OF THE SPIN HALL MAGNETORESISTANCE 117
(a) (d) [110] [110] [110]
m T T T _ | T T x ]
(O] < X
O | X X
S = _§_L§ o %—i—g "
= > R
o S 4.2+ X X o X ]
o 0 X xx X X X

0 L L
4.2 4.4 4.6 -90 0 90
(b) SMR (107%) (e) ¢ (deg)
0 X ]
0]
O
o :
£ o
(O]
O
1)
0 405 410 415 420 -90 0 90
(c
(7]
]
O
c
g
5
|9
O
o
03.4 3.6 3.8 4.0 4.2 -90 0 90
SMR (107%) ¢ (deq)

Figure 7.9: (a)+(c) Histograms of the SMR for the two samples measured in the [100]-[010] plane. (d)+(f)
respective SMR versus the angle of the rotation ¢. (b)+(e) depict the corresponding resistivity distribution of
sample S14 from (a)+(d). Here, a modulation of the SMR with the underlying YIG crystal can be observed.
Along the (110) orientations of YIG the SMR is larger than along a (100) direction. (b) and (e) underline
that the effect is not artificially stemming from the resistivity. Hence, in (a), a bimodal distribution with two
mean values and one standard deviation is used for the fit. The two levels are given with the lines in (b).
The standard deviation is not depicted for visibility (c) and (f) depict a sample reproducing the effect. Here,
fewer devices were probed and the modulation is less prevalent for negatively rotated Hall bars.

Figure 7.9(c)+(f) depicts the SMR as a histogram and as a function of ¢, respectively.
In the histogram, the double peak feature is not as apparent as in Fig. 7.9(a), and the data is
coherently described in one Gaussian distribution. For this sample, the standard deviation
is much larger than the amplitude of the modulation, meaning that the two Gaussians
overlap and result in a single peak. The increased standard deviation becomes apparent,
e.g in Fig. 7.9(f), where one notices that the data for negative ¢ values varies significantly
more than for positive angle. While fewer Hall bars were measured in this sample, the
reduced quality of the modulation is not clear and has to be investigated further.
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However, the cos(4¢) modulation observed in Fig. 7.9(d) can be reproduced. Near
Odeg and 90 deg, the SMR is larger than at —45 deg and 45 deg, imitating the dependency
from S13 (cp. Fig. 7.9(d)) and following the YIG orientations of (110). The dependence of
the SMR on the underlying YIG((001)) crystal structure is thereby confirmed.

The observation of a cos(4¢) dependency has not been previously reported in SMR
experiments and underlying influences are now discussed. Out of possible factors, the
Pt can be ruled out, as the modulation only appears along specific YIG orientations. No
modulation was apparent in section 7.3, where nominally identical Pt films were used, but
on a different substrate. Further, the Pt films were confirmed to be textured out of plane
but polycrystalline in plane, regardless of the substrate (cp. Fig. 6.8).

In short, the SMR in YIG((001)) /Pt bilayers was statistically investigated. A robust
mean value with a narrow standard deviation of 1 % gave rise to a modulation with respect
to the underlying YIG crystal structure. Hence, the influence is attributed to the underlying
YIG crystal structured and modelled in the following.

7.4.3 Semi-quantitative model for the SMR modulation with the underlying
YIG crystal orientation

The only parameter contributing to the SMR not intrinsic to the Pt is the spin mixing
conductance G (cp. in Eq. (5.13)). G characterises the spin current transport across the
interface of the magnetic and normal layer [257]. Relevant for its size are the contributing
magnetic moments [211, 258], which implies a characteristic G for each pairing. This
correlation suggests that changes in the magnetisation are reflected in G and, therefore, in
the SMR.

A change in magnetisation occurs in magnetically ordered materials, e.g with temper-
ature or under the influence of an external magnetic field [259]. These changes can be
attributed to the magnon occupation in YIG. Magnons are the quasiparticle of the spin
structure and describe its excitation and, therefore, follow the Bose-Einstein statistics:

1
exp(E/(kgT)) — 1

n(E) = (7.2)

Here, n(E) is the expected number of magnons at a given energy E, kg the Boltzmann
constant and T the absolute temperature. The occupation then depends on the density of
states of the material in question. For YIG, the magnon spectrum is very complex [74, 260],
due to the large number of atoms in the unit cell (cp. Fig. 2.1). In order to approximate the
effect, a parabolic dispersion relation w(k) k? is assumed, which is accurate for small
parts of the Brillouin zone [74] and, therefore, serves as a good first approximation. For a
fully quantitative model all bands and exact dispersion relations would have to be taken
into account. The corresponding density of state (DOS) g(E) in 3D can be expressed as
[261]

1 1)\2
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where A is the spin wave stiffness and A the magnon energy gap. A is commonly given
as [261]
_hw ] ASa?
Kk

where |, is the exchange integral, 7 is the reduced Planck constant, S is the spin angular

(7.4)

momentum, and a the lattice parameter. Typical values for A are, e.g. 281 meVA” for Fe,
which corresponds to 4.5 x 104 Jm? [261]. The spin wave stiffness was modelled for YIG
in Ref. [73], where values between 2 and 6 x 10—40 ]m2 are extracted, agreeing well with
the previously mentioned order of magnitude.

A more recent report finds an exchange stiffness D of 5.2 x 10717 Tm? or exchange
constant K of 3.76 x 10~12]/m [262]. Here, a similar A can be found by reconciling the
units using the gyromagnetic ratio ¢, #, S =5/2 and D = 2K /M,

h 2hyK  2Khya®  Ka®
M 8gupS 10

=3 (7.5)

which yields the same dependency for A as described in Ref. [73]. With a of 1.2376 nm
and K of 3.76 x 10712]/m, a spin wave stiffness A of 7.12 x 1040 ]m2 is extracted, which
also nicely falls into the correct order of magnitude. ! Therefore, all extracted spin wave
stiffnesses are suited and the three different A values reported in Ref. [73] are used in
the following evaluation (cp. Fig. 7.11), as the largest value is similar to the one from
Ref. [262].

With the distribution (Eq. (7.2)) and all parameters of the density of states (Eq. (7.3))
at hand, the magnon population Ny, can be calculated by solving the following integral:

INAL 0 L E-4 7.6
magh 472 | A L\ exp(E/ (kgT)) — 1 (7:6)

Here, all parameters are as before. It should be noted that the numerical integration
was conducted from A (lower bound) to 10eV (upper bound), due to a divergence in
the numerical integration. However, the extracted magnon number was unaffected by an
upper limit larger than 1 eV, suggesting a correctly calculated magnon occupation.

Figure 7.10 illustrates the previously described concepts. In Fig. 7.10(a), the Bose-
Einstein distribution (Eq. (7.2)) is given in dark gray and the DOS (Eq. (7.3)) for two
different A values is depicted, where a larger gap correlates to a shift on the energy axis
to the right. Calculating the product of Eq. (7.3) and Eq. (7.2) results in the solid curve
depicted in Fig. 7.10(c). The magnon population Np.., (Eq. (7.6)) correlates to the area
under the curve, i.e. the value of the integral in Eq. (7.6) (shaded in Fig. 7.10(c)). As
each magnon reduces the saturation magnetisation M, by #7y, resulting in a reduced
magnetisation M, qq4:

1Tt should be noted that D and K yield slightly different results due to the extraction and recalculation at
room temperature. For a direct comparison with Ref. [73], K is utilised here.
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Figure 7.10: Theoretical expectations for the SMR amplitude. (a) and (b) illustrate the Bose-Einstein distri-
bution n(E) (Eq. (7.2)) and the density of states g(E) (Eq. (7.3)). In (a), the gap is caused by an external
magnetic field B, whereas in (b), the gap is caused by the underlying crystal structure due to a crystal
anisotropy. In YIG, a four fold symmetry as described by rotation angle ¢ is expected for n||(001). (c) and (d)
depict the product of n(E) x g(E). The shaded area under the graph represents the integral, i.e. the number
of magnons resulting from the different gaps. (c) and (d) depict the expected behaviour of the SMR, when
taking a scaling with M? into account. The different fields B; and B, or crystal orientations ¢, (45 deg) and
@, (90deg) are depicted within the expected SMR scaling.

Mred = MO - hr)/Nmagn (7'7)

Depending on A, the value of M changes, which can be probed via the SMR, due to its
scaling with o M? [43,211, 245]. From Eq. (5.12),

SMR o m? = (M,eq/My)? x cos?(¢) (7.8)

is derived. Hence, even at a fixed field, i.e. a constant ¢ € «, B (cp. Fig. 5.4), the SMR
changes.

The expected behaviour of the SMR as a function of the external magnetic field B is
depicted in Fig. 7.10(e). A larger magnetic field B, corresponds to a larger (Zeeman)
gap, resulting in a lower magnon occupation and, hence, a larger magnetisation. The
curve shape of the SMR as a function of B is thereby non-linear, due to the exponentially
increased occupation for lower energies (cp. Eq. (7.2) and Fig. 7.10(a) n(E)).

A similar argument can now be made for crystal anisotropies causing a magnon gap.
For YIG (cp. Fig. 2.1), a cubic anisotropy is expected from the crystal structure, when



CHAPTER 7. STATISTICAL STUDY OF THE SPIN HALL MAGNETORESISTANCE 121

considering the plane spanned by (100)-(010). This anisotropy is then the cause of the
modulation with the rotation angle ¢ observed in Fig. 7.9. Now, the cubic anisotropy
causes two energetically distinct levels, which are represented by ¢, along (100) and ¢,
along (110) (cp. Fig. 7.10(d)). The two different gaps from the anisotropy now similarly
result in different magnon occupations and therewith, different M, .4 values. The difference
of Mieq 110 and Mg 190 is then measured in the SMR, which manifests as a modulation
with respect to the underlying crystal structure. For a cubic anisotropy, a cos(4¢) shaped
modulation is then obtained in the SMR, as depicted in Fig. 7.10(d).

In order to quantitatively describe the data, a description of the gap A is required. Here,
the energy of the collective excitation of the magnetic system, as described by ferromagnetic
resonance (FMR, cp. chapter 3.3, are utilised [263, 264 ]. These can be obtained from a free
energy density calculation and analytically solved for certain directions. For a cubic lattice
and an in plane magnetisation, the energy of the gap A = fiw = hf can be extracted along
(110) as [264]:

2K. 2K 2K
A= m\J (Bext + HoM, — WL‘ + M”) x (B — M”) (7.9)
S S S

and along (100) as [264]:

2K, 2K 2K
A= m\J (Bext UM, = T+ M”) x (B + M”) (7.10)
S S S

Here, g is the vacuum permittivity, K ; the first cubic anisotropy constant, K, the
uniaxial anisotropy and B the external magnetic field. For the calculation of the gap
Ain YIG, a K4 of —610]/m3 and K, of O]/m3 are employed. Lastly, both equations
include a Zeeman contribution via B,,; and hence capture both dependencies visualised
in Fig. 7.10(a) and (b).

By inserting Eq. (7.9) or Eq. (7.10) into Eq. (7.6), a full description of the system via a
A(B, @) is achieved. Here, the angle of rotation ¢ is modelled via K ; for 0 deg with Eq. (7.9)
and for 45 deg with Eq. (7.10). At low external fields, the cubic anisotropy strongly affects
the value of A(B, K. 1), as evident by the calculated gaps at 40mT, A(B = 0.04T, ¢ = O deg)
of 1.17x 107> eV and A(B = 0.04T, ¢ = 45deg) of 0.94 x 107> eV, respectively - a difference
of roughly 20 % between the two ¢ values. Towards higher fields, the Zeeman term
dominates and the difference becomes negligible, as evident from A(B = 4T, ¢ = 0deg)
of 473 x 107 eV and A(B = 4T, ¢ = 45deg) of 47.2 x 107> eV, i.e. 0.2% change in gap
between the crystal orientations. The extracted gaps are further in good agreement with
literature values for YIG [265].

The presented model now predicts two aspects: First, a dependency of the SMR
on B should be evident, which should be non-linear towards lower magnetic fields (cp.
Fig. 7.10(c)). Secondly, the anisotropy in the crystal orientation dependent SMR should
also scale with B and is expected to be more prevalent towards smaller B values.

In order to test the expectation, a Hall bar from sample S14 is bonded and measured
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Figure 7.11: (a) Different M(T) curves as modelled via Eq. (7.6) with the spin waves stiffnesses A; to A;
from Ref. [73]. Here, A, captures the room temperature magnetisation the best. Additionally, the M(T') for
YIG from Ref. [266] is depicted, highlighting the shortcomings of the T%/? law from Eq. (7.6). (b) Room
temperature SMR measurements on S14 at different magnetic fields of identically oriented Hall bars. At each
B value, a rotation is measured and the SMR amplitude extracted. Lastly, all values are normalised to the SMR
at 2 T. The expected curve shape calculated via Egs. 7.6, 7.10 and 7.7 with A;, A, and A, from (a) are the
depicted in the respective (M,.q/M,)? curve. A, nicely captures the data, whereas A; and A5 overestimate
(underestimate) the data.

in the cryostat at room temperature. Here, the magnetic field can be swept at controlled
conditions. The results are depicted in Fig. 7.11(b). Here, the SMR is normalised to the
maximum value at 2T, where the largest SMR is observed. The change in SMR amplitude
becomes steeper towards lower B values, confirming the expectation.

To model the B field dependence, the spin waves stiffnesses needs to correctly capture
the change in magnetisation of YIG. Modelling this is challenging, as the M(T) T3/2 law
described by Eq. (7.6) is only valid for low temperatures in YIG. Hence, often higher order
correction terms are introduced to capture the behaviour [266]. Figure 7.11(a) depicts the
M(T) curves calculated using Eq. (7.6) and Eq. (7.7) for the three spin wave stiffnesses
Ay, Ay and A, from Ref. [73] of 2.24 x 10740Jm?, 2.98 x 1040 Jm? and 6.46 x 10~%0 Jm?.
Additionally, the M(T), as extracted by ferromagnetic resonance in Ref. [266], is depicted
in dark gray and yellow. The yellow curve highlights the short comings of the T3/2 law
and that higher order terms are required to correctly model the M(T) of YIG.

Nonetheless, using A, results in a magnetisation of YIG of 141 kA m~! at room temper-
atures, which almost exactly resembles the literature value of bulk YIG (cp. section 2.1).
While A; overestimates the magnonic contributions, A; largely underestimates them.
Therefore, for the room temperature measurements, A, is expected to correctly estimate
the change in magnetisation, which is corroborated by the modelled curves Fig. 7.11(b).
Here, M, of 198 kA m~! is reduced by a number of magnons (cp. Eq. (7.7)), which depends
on the temperature (cp. Eq. (7.6)) as well as the value of the external field (Eq. (7.9)).

2 _
The calculated change (AA%:) = (—MOM]:JArEd

the solid lines. Similar to Fig. 7.11(a), A, nicely captures the behaviour of the data, while

2
) obtained for the three A values is given by
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Figure 7.12: Evolution of the modulation in S13 (YIG((001))/Pt). For each rotation angle ¢ the value of the
SMR is averaged and depicted in (a). Due to the fourfold symmetry in the rotation plane, a cos(4¢) function
is fit to the data to extract the amplitude. The amplitude of the modulation normalised by the SMR value
is depicted in (b). Here, an increase in amplitude can be observed towards lower magnetic fields, whereas
the modulation cannot be resolved for larger fields. The dependency can be quantitively understood via the
difference in magnon occupation and magnetisation depending on A(B, ¢).

Aq (Aj3) overestimates (underestimates) the SMR(B) dependency.

Note that the qualitative curve shape in Fig. 7.11(b) can be excellently reproduced
by plotting (M,.q/My)? (cp. Eq. (7.7)) for any of the A values, if an additional scaling
factor is included. When basing the calculation on the spin wave stiffness A, of 2.99 x
1074 Jm?, which correctly reproduces the room temperature magnetisation in Fig. 7.11(a),
the amplitude of the SMR(B) is immediately correctly captured without the need of
a scaling factor. Thus, despite the tremendous simplification, the derived theory can
quantitatively explain the experimental observations.

Now, the crystallographic dependency is touched upon again. If the modulation of
the SMR stems from the magnonic contribution (cp. Fig. 7.10(d)), the difference between
the crystal directions should increase with smaller external magnetic fields, as effectively
the difference of the SMR(B) curves (see Fig. 7.10(c)) of the underlying crystal structure
is measured. Therefore, several Halbach arrays were built and the device measured at
external magnetic fields of 20 mT to 300 mT. For each array, a statistical measurement
series was conducted and the results evaluated as before (cp. Fig. 7.9). Here, each angle ¢
is binned and the median and its standard deviation calculated.

Figure 7.12(a) shows the results of the field dependent statistical evaluations. The
magnetic fields increase from 20mT for the bottom curve (red) to 300mT at the top
(vellow). The mean SMR is subtracted and the curves are shifted with respect to each
other for better visualisation. The largest differences between ¢ of 0deg (|[(110)) and
45deg (|l<100)) is observed at the lowest field. The earlier discussion yielded A(B, (110)) >
A(B,(100)), where the influence of K. ; was evident towards low external magnetic fields.
Further the gaps result in M1y > Moy, which coherently captures the data. Hence, the
variation in ¢ is also attributed to different magnon populations based on the underlying
crystal structure, i.e. the differing gap due to the cubic anisotropy.



124 7.4. Pt HALL BARS ROTATED WITH RESPECT TO THE YIG CRYSTAL DIRECTION

A cos(4¢) is fit to the data in order to extract the amplitude. This amplitude, normalised
by the SMR value is then plotted as a function of B in Fig. 7.12(b). 2 In dark gray, the
theoretical expectation is illustrated, using A, for the calculation of the difference in M, .4
(cp. Eq. (7.7)) between the (110) and (100) direction. The curve shape of the calculation
resembles the data points well, implying a coherent explanation of the results in this
chapter stemming from changing magnon occupations.

However, to obtain a good agreement with the data, a correction factor of 20 had to be
applied. Figure 7.12(b) depicts the experimentally extracted change in SMR between the
crystal directions in the left ordinate axis, whereas the predicted change is given at the right
ordinate axis. The theoretical prediction strongly underestimates the effect. This disparity
can partially be attributed to the complex magnon spectrum of YIG, which deviates from

the quadratic dispersion relation [74, 260]. Hence, the VE approximation does not capture
all magnon modes, in particular at low energies where the Bose-Einstein distribution has
the largest occupations, as evident from the M(T) contributions in Fig. 7.11(a). Further,
dipolar interactions are not included, which heavily influence the magnon occupation at
low energies [267]. Hence, the magnon occupation and the change in magnetisation is
underestimated by the present theory. Lastly, the non-local magnon mediated magnetore-
sistance Refs. [51, 52] also contributes to the amplitude and is not factored in. While the

data cannot be fully reconciled using the naive g(E) o VE assumption, the curve shapes
are in good agreement with the data, which supports the interpretation.

These results confirm the dependency of the SMR on the underlying crystal structure
and present the first conclusive observation of this effect in a single YIG/Pt bilayer. How-
ever, a modulation could only be observed in specific directions. No changes in the SMR
are expected if the free energy density of the probed plane is identical, or if the differences
are to narrow to be resolved. Considering that the plane perpendicular to (111) is one
where the magnon gap does not change [194, 263 ], the absence of an SMR modulation for
this crystal cut (cp. subsection 7.4.1) is expected.

It is important to emphasize that the observed scaling of the magnetoresistance with
M?, as well as the presented magnon framework, extends beyond the experimental results.
Firstly, the statistical approach enabled access to the occupation statistics of the dynamic
excitations of the magnetisation using transport experiments. As the basis of the mod-
ulation lies within the magnetisation, a similar dependency on M? is also expected for
other magnetoresistances, which depend on M?, like the anisotropic magnetoresistance
(AMR) [268]. Additionally, in the non-local analogue of the SMR [51, 52], the described
anisotropies are expected to be even more prominent and potentially enhanced by a crys-
tal orientation dependent damping [256]. Therefore, when considering the non-planar
geometries, the direction of the Pt strip with respect to the crystal structure needs to be
carefully chosen and a possibly stronger influence of the crystal orientation on the magnon
propagation studied. The results and the model presented in this section, therefore, have
implications over a broad spectrum of magnetoresistances.

However, when coming back to the crystal orientation dependent changes in the

2The fit function is Acos(4¢)+C, where C captures the offset, i.e. the mean SMR. As for x = cos(4¢), x €
[-1,1], 2A/c is plotted in Fig. 7.12(b) to capture the full amplitude.
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SMR in BCGO/Pt from the first section [2], the effect in YIG/Pt is small in comparison.
Furthermore, the data and modulation of the SMR in Ref. [2] is measured at 2T and 2 K.
At this temperature and field, magnonic contributions are mostly suppressed and the
modulation is likely of a different origin in comparison to the one here. This conclusion
suggests that several factors can lead to a crystalline dependency of the SMR.

7.5 Summary: Statistical evaluation of the spin Hall magnetore-
sistance

In summary, multiple samples of YIG/Pt bilayers were statistically investigated. To that
end, numerous devices were patterned onto each sample and measured using a custom
built wafer prober. In a first sample with 225 devices, a robust SMR value was obtained over
a 5x6 mm? sample. The mean value ygyR is 3.45 x 10~% and the corresponding standard
deviation ogyg 0.26 x 1074, A ogyr/Hgmr Tatio of less than 10 % can be derived, which is
reproduced over multiple samples. This statistical study confirms a narrowly distributed
and reproducible SMR over the complete sample. However, differences in the SMR value
in the order of 10 % need to be carefully discussed in the future.

Afterwards, the Hall bars were rotated with respect to the underlying crystal structure
of YIG(n|[(001)) and YIG(n|[(111)). When rotating Hall bars in the plane perpendicular
to (111), no dependence of the SMR on the rotation angle ¢ could be resolved within the
statistical variations. However, in the plane along (100) and (110), a modulation with
the crystal orientation arises. The resistivity and the Pt are ruled out as possible factors
influencing the modulation, whereas an exceptionally low ogyR ratio of 0.04 x 10~# enabled
the detection of the effect.

The modulation can be understood via different magnon occupations and correspond-
ing magnetisations, as a change in M is reflected in the SMR. To model this effect, the
magnon occupation was calculated by taking a field and crystal dependent gap into ac-
count. This gap is based upon the collective excitation of the magnetic system as described
by the ferromagnetic resonance. The predicted curve shape is in excellent agreement with
the data and fully corroborates the model.

The measured results have wide ranging implications, as dynamic excitations of the
magnetisation were probed using DC transport experiments. Hence, the extracted de-
pendency on M? and the scaling with field and anisotropy are expected in all material
combinations giving rise to an SMR. More importantly, the results are expected to be trans-
ferred to other magnetoresistances which sensitively depend on M?, like the AMR. Further,
in the non-local variant of the SMR [51, 52], the crystal dependent anisotropies should be
even more pronounced. Hence, when conducting transport experiments in non-planar
YIG/Pt geometries, the consequences of this chapter need to be carefully considered.
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Chapter 8

SuMMARY AND CONCLUSIONS

The goal of this thesis was to provide a platform for non-planar spintronic experiments,
using the prototypical materials of the field: YIG and Pt. Non-planar YIG structures pave
the way for magnon-transport based research or futuristic spin-wave based computing
interconnects [57, 58, 167, 169, 170]. One way of investigating non-planar structures
are magnetotransport experiments, using Pt as a means to induce spin currents. This
thesis covered both aspects separately: the successful sample fabrication of non-planar
YIG and magnetotransport experiments in Pt, Ti and YIG/Pt bilayers. The established
sample preparation routine and transport results lay the foundation for spintronic research
experiments in non-planar geometries.

Part I focused on the sample growth and crystallisation. In order to obtain non-planar,
single crystalline YIG structures via room temperature sputtering and subsequent anneal-
ing several requirements need to be fulfilled. First of all, for the non planar geometry,
a temperature stable template [69] in combination with a lattice matched substrate is
required. In addition, profound knowledge of the crystallisation behaviour of YIG on the
mentioned stack is crucial. Therefore, chapter 2 introduced the basic concept of YIG, sput-
ter deposition and crystallisation. Then, in chapter 3, a thorough structural and magnetic
characterisation of the sputtered YIG was performed. The obtained data corroborates that
a process yielding high quality YIG films has been established in Konstanz.

With these results at hand, an extensive time and temperature series was conducted
in chapter 3, granting insights into the crystallisation dynamics of YIG. On a non-lattice
matched substrate, like SiO,, nucleation is always required in order to form crystalline
YIG. In contrast, on lattice matched GGG substrates, YIG crystallises in a coherent solid
phase epitaxy picture. On YAG, which exhibits a large lattice mismatch to YIG, a more
complex crystallisation behaviour is found. Thus chapter 3 presents a full description
of the crystallisation process of amorphous YIG on lattice matched (GGG, YAG) and
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non-lattice matched SiO, substrates. The crystallisation parameters extracted allow for
an approximation of crystallisation velocities and to determine the temperature window
where crystalline YIG films can be obtained.

The different crystallisation windows of lattice matched and non-lattice matched sub-
strates can now be exploited, as detailed in chapter 4. The non-lattice matched SiO, is
utilised as a temperature stable, artificial mesa structure, which partially covers a lattice
matched substrate, like GGG. Onto the GGG/SiO, stack, an amorphous YIG layer is subse-
quently sputtered. By annealing in the correct temperature window, YIG first crystallises
vertically from the GGG and then laterally over the mesa. This process is called lateral solid
phase epitaxy, which was thoroughly described in the chapter. The results present the
dynamics of the lateral solid phase epitaxy in YIG for the first time and further demonstrate
the successful fabrication of non-planar, single crystalline YIG on top of an artificial mesa.

This new sample preparation route opens up a simple method for obtaining YIG in
non-planar geometries in addition to the previously reported methods in Ref. [69, 90].
Investigating such structures can be envisioned by measuring the time resolved magneto
optical Kerr effect on top of the step or conducting magnetotransport experiments on and
across the step [51, 52]. To enable such transport experiments, a fundamental investigation
into typical injector materials was conducted and the interface between YIG/Pt optimised
and afterwards statistically characterised.

In part II of the thesis, Pt, Ti and YIG/Pt bilayers were investigated using magnetotrans-
port experiments, paving the way for future experiments. Chapter 6 describes the intrinsic
magnetoresistances in the two prototypical materials for spin- and orbitronics: Pt and Ti.
In contrast to the expectation, a dominant ordinary magnetoresistance (OMR) contribution
is found in Pt samples deposited in Konstanz. This OMR is dominant in low resistivity
samples exhibiting clear crystalline order. In Ti, a large orbital Hanle magnetoresistance
(HMR) is observed for the first time in samples characterised by low structural order and
large amounts of defects. The relationship between crystallinity of the sample and dominat-
ing MR in Ti qualitatively resembles that of Pt, despite the different intrinsic mechanisms
causing the spin and orbital Hall effect. Therefore, the results highlight a close connection
of the subfields of spintronics and orbitronics. With chapter 6 a broader understanding of
the intrinsic magnetoresistances in Pt and Ti is achieved. The chapter highlights, that while
the HMR is a great tool for semi-directly detecting the spin or orbital Hall effect, it is only
dominant in structurally disordered, high resistive samples. In contrast, the coexisting
OMR can become dominant in low resistivity, high purity samples and overshadow the
HMR. Lastly, clear guidelines in differentiating the two magnetoresistances are given at
the end of chapter 6.

Combining spin and orbital Hall active materials provides a means to increase the
exerted torque on the magnetic layer [32] or the injection and detection of magnons
[39]. The exact knowledge of the intrinsic parameters allows for further optimisation of
effect sizes. Further, the contributions of the OMR and HMR in addition to the spin Hall
magnetoresistance (SMR) in bilayers of YIG/Pt can be approximated and incorporated
in the analysis. The SMR in turn characterises the angular momentum transfer from
YIG into Pt and, therefore, comprises the last important step for non-planar transport
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experiments. The distribution and reproducibility of the SMR as well as its dependency
on the interface and underlying crystal structure are pivotal information, as changes in
the transport response due to the non-planar sample geometry can therewith be correctly
identified.

Hence, chapter 7 focuses on establishing the statistical distribution of the SMR in planar
structures. To that end numerous samples were probed, each consisting of hundreds of
Hall bar devices. The results clearly indicate how to obtain the best possible ex-situ
YIG/Pt interfaces. Further, the SMR amplitude is extracted to be robust over a single
sample with a standard deviation of roughly 10 % of the mean. Between samples the
absolute value can vary much stronger than the individual standard deviation. Future
experiments reporting SMR changes on the order of several 10 %, such as those attributed
to the crystal orientation [248-250, 253], need to be interpreted with caution and take
the statistical distribution into account. With the statistical approach, a crystallographic
dependence of the SMR could be resolved. For the YIG orientations (100) and (110) in the
plane, a modulation of the SMR is found, which mimics the symmetry of the YIG crystal.
The modulation is then modelled via different magnon occupations and corresponding
magnetisations, as a function of field and crystal orientation. The measured results have
wide ranging implications, providing access to the occupation statistics of the dynamic
excitations of the magnetisation in transport measurements. In turn, a similar influence
is also expected in other magnetoresistive effects which are sensitive to changes in M2.
Furthermore, this crystalline dependency is expected to be more prominent in the non-
local magnetoresistance [51, 52], which could be a tool to probe the non-planar YIG from
the first part of the thesis. Hence, the non-local magnetoresistance should be investigated
and the crystalline orientation of YIG in the non-local devices carefully considered.

Overall, the goal of this thesis was to elevate YIG research to the next dimension,
which has been achieved. The newly established method of fabricating non-planar YIG
provides a means of studying non-planar geometries. When envisioning magnetotransport
experiments in these structures, the way has been paved from the insights gained into the
intrinsic effects in spin and orbital Hall active materials as well as the statistical distribution
in bilayers.
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