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Abstract

The spin Seebeck effect presents a novel spin caloric effect which possesses promising
properties for spintronic and thermoelectric applications. Currently the effect leaves open
questions about its origin and dependences.

In this thesis, we present a comprehensive study of the spin Seebeck effect in insulating
magnetic garnets providing answers to its controversially discussed origin. To fulfill this task
we probed the dependence of the spin Seebeck effect on the thickness of the ferromagnetic
material, the temperature, the magnetic strength field, the interface and the detection
material as well as combinations of the afore mentioned parameters. In order to be able to
exclude influences of the insufficient sample material quality, we optimized the growth of
investigated magnetic garnets and performed a comprehensive analysis of the crystalline
and magnetic material parameters. Furthermore the magnetoresistance of the detection
layer, previously claimed to be the origin of the effect, has been determined and a systematic
study of the self-designed and constructed setups is presented to rule out parasitic signal
contributions. Thus our experimental results are of high quality and show a characteristic
saturation of the spin Seebeck effect with increasing thickness of the used ferromagnetic
material. The observed saturation additionally depends on the temperature as the length
scale increases with decreasing temperature. Further temperature dependent studies reveal
the occurrences of a thickness, temperature, and magnetic field dependent peaking of the
spin Seebeck effect signals, which also can be shifted to different temperatures by the detector
material. For measurements performed at high magnetic fields we find a suppression of
the spin Seebeck signals. Our observed signal features are in agreement with the results
of numerical simulations of a magnon based spin Seebeck effect, highlighting that the spin
Seebeck effect is based on magnonic spin currents emitted by the bulk of the ferromagnetic
material. In the last part of this thesis we present measurements in a so far not investigated
ferrimagnetic material, revealing two sign changes of the spin Seebeck effect as a function of
temperature. These novel signal features highlight that the spin Seebeck effect originates
from a complex interplay of the magnonic modes of the material, strongly depending on the
detection material.

Thereby our results and findings are able to a provide valuable answers to the origin of the
spin Seebeck effect and reveal novel, so far unknown effects, opening up a new interesting
chapter for the field of spin caloritronics.



Zusammenfassung

Der Spin Seebeck Effekt reprasentiert einen neuartigen Spin kalorischen Effekt mit vorteil-
haften und aussichtsreichen Eigenschaften fiir Anwendungen in den Gebieten der Spintronik
und Thermoelektrik.

In dieser Arbeit prasentieren wir eine umfangreiche Untersuchung des Spin Seebeck Effekts
in isolierenden, magnetischen Granaten und geben Antworten zum kontrovers diskutierten
Ursprung des Effekts. Um dieses Ziel zu erreichen, haben wir die Abhéngigkeit des Spin
Seebeck Effekts von der Dicke des Ferromagneten, der Temperatur, der Stirke des mag-
netisches Feldes, der Grenzflachen und des Detektormaterials, sowie Kombinationen dieser
Parameter gemessen. Im Zuge dessen haben wir das Wachstum der untersuchten magnetis-
chen Granate optimiert und eine umfassende Analyse der strukturellen und magnetischen
Parameter durchgefiihrt, um Einfliisse der Probenqualitédt auszuschlief3en. Des Weiteren
zeigte eine Untersuchung des magnetoresistiven Effekts, welcher als mogliche Ursache des
Effekts galt, in Kombination mit einer Studie des Messaufbaus, dass parasitdre Einfliisse
auf das Messergebnis ausgeschlossen werden kénnen. Unsere Ergebnisse zeigen, dass der
Spin Seebeck Effekt mit zunehmender Dicke des Ferromagneten eine Sattigung des Signals
aufweist. Diese hdngt zudem von der Temperatur ab, da mit abnehmender Temperatur die
Sattigung erst bei dickeren Filmen auftritt. Auferdem fanden unsere Messungen ein Maxi-
mum des Spin Seebeck Effekts fiir Temperaturen unterhalb der Raumtemperatur, welcher
sowohl von der Dicke des Materials als auch der Magnetfeldstdrke und dem Detektormaterial
beeinflusst wird. In Messungen bei hohen magnetischen Feldstdrken beobachteten wir eine
Unterdriickung des Messsignals, dessen Ursache mithilfe von Simulationen auf den magnon-
ischen Ursprung des Spin Seebeck Effekts zuriickgefiihrt werden kann. Dies unterstreicht,
dass der Effekt auf vom Ferromagneten emittierten Magnonen basiert. Im letzten Abschnitt
dieser Arbeit prasentieren wir Messungen in einem bislang nicht untersuchten ferrimagnetis-
chen Material, welche zwei Vorzeichenwechsel des Spin Seebeck Effekts als Funktion der
Temperatur aufzeigen. Dieses bisher unbekannte Signalverhalten betont, dass der Effekt aus
einem komplexen Zusammenspiel der magnonischen Moden resultiert und zuséatzlich vom
Detektormaterial abhingt.

Somit tragen unsere Ergebnisse und Beobachtungen im hohen Malde zur Beantwortung
der Frage nach dem Ursprungs des Spin Seebeck Effekts bei und zeigen neuartige bisher
nicht beobachtete Effekte, welche ein neues Kapitel fiir das Gebiet der Spin Kaloritronik
eroffnen.



Contents

1

Introduction 1

1.1 Listof abbreviations . . . . . . . . .. . . ... e 5

Theoretical description of magnetism, spin dynamics and spintronics 7

2.1 Thermoelectric transport . . . . . . . ... ... oo oo 8

2.1.1 Seebeckeffect . . . . . . . ... ... 8

2.1.2 Thomson effect and Peltier effect . . ... .. ... ... ....... 9

2.1.3 Thermal conductivity . . . . . . . .. ... .. 10

2.1.4 Nernst effect and magnetoresistance effect . . . . ... ... ... .. 11

2.2 Magnetostatic and magnetodynamic concepts of magnetism . . . . ... ... 13

2.2.1 Magneticfreeenergy . . . . . . . . . . . e 14
2.2.2 Landau-Lifshitz equation for magnetization dynamics and ferromag-

NetiC TESONANCE . . .« . & v v v v v v e e e e e e e e e e e 19

2.2.3 Landau-Lifshitz-Gilbert damping . . . . . . .. ... ... ... .... 20

224 Magnons . . . . . ..t e e e e e e e e e e e e 21

2.3 Spintronic effectsand concepts . . . . . .. ... o 23

2.3.1 Spinpumping . . . . . . . . ... 23

2.3.2 Spin Hall effect and inverse spin Hall effect . . . . ... ... ... .. 25

2.3.3 Spin Hall magnetoresistance effect . . . . ... ... ... ...... 26

2.4 Spincaloritronics . . . . . .. ... 28

2.4.1 Spin dependent and magneto-thermoelectrics . . ... ... ... .. 28

2.4.2 Introduction to the spin Seebeck effect . . . .. ... ... ...... 29

2.4.3 Numerical approach for the magnonic spin Seebeck effect. . . . . . . 33

Materials and fabrication techniques 35

3.1 Characterization and deposition techniques . . . . . . .. ... ... ... .. 36

3.1.1 Pulsed laser deposition . . . ... ... ... ... ... ... 36

3.1.2 Magnetron sputtering and lithography . . . ... ... ... ..... 38

3.1.3 Xraydiffraction . . . . . ... 40

3.1.4 SQUID magnetometry . . . . . . . . .. vttt 44

3.1.5 Ferromagnetic resonance SpectroSCOPY . . . « « « v v v v v v v o o .. 45

3.1.6 Magnetooptic MiCrOSCOPY . + v v v v v v v v v e e e e e e e e e 48

3.2 Materials development . . . . . ... ... ... .. ... 50

3.2.1 Yttriumiron garnet . . . . . . . .. .0 e e e e e e e e e e e 50



Vi

3.2.2 Cerium substituted Yttrium Iron Garnet . . . . . . . . . . . . .. ... 56

3.2.3 Gadolinium Iron Garnet . . ... ... ... ... ... ... 61
3.3 Conclusion of the materials development . . . . ... ... ... ....... 66
4 Spin Seebeck effect in Yttrium Iron Garnet 67
4.1 Principles of the SSE and application as a probing tool for the sample magne-
CZAtiON . . . . o v o e e e e e e e e e e e e e e e 68
4.1.1 Measurement concepts for the spin Seebeck effect . . . . . . ... .. 68
4.1.2 Room temperature measurement setup for the longitudinal SSE . . . 70
4.1.3 Dependence of SSE on applied temperature differences . . . . .. .. 72
4.1.4 Low magnetic field dependence . ... ................. 75
4.1.5 Probing the sample magnetization . . . . .. ... ........... 76
4.1.6 Determination of the absolute spin Seebeck efficiency . . . . ... .. 80
4.2 Origin of the spin Seebeck effect . . . . . . ... ... ... ... ....... 85
4.2.1 Material characterization and measurement methods . .. ... ... 86
4.2.2  YIG thickness dependent measurements. . . . . ... ... ... ... 87
4.2.3 Finite thermal magnon propagationlength . . . ... ... ... ... 89
4.3 Temperature dependence of the spin Seebeck effect . . ... ... ... ... 92
4.3.1 Measurement methods for low temperature investigations . . . . . . 93
4.3.2 Combination of thickness and temperature dependence of the spin
Seebeckeffect . . . . .. ... Lo 97
4.4 High magnetic field suppression of the spin Seebeck effect . . . . . ... ... 105
4.4.1 Magnetic field suppression at room temperature . . . . ... ... .. 106
4.4.2 Temperature dependence of the magnetic field suppression . . . . . . 111
4.5 Conclusionofthe SSEinYIG . .. ... ... ... ... ... ... 114
5 Spin Seebeck effect in Gadolinium Iron Garnet 115
5.1 Probing the spin Seebeck effect in a compensated ferrimagnet . . . . . . . . . 116
5.1.1 Measurement of the compensation point . . . ... ... ....... 120
5.1.2 Second sign change at low temperatures below the compensation
POINE . . . o o o e e e e e e e e e e e e e 123
5.2 Conclusionof SSEin GIG . . ... ... ... . ... ... 129
6 Conclusion 131
6.1 Outlook and openquestions. . . . . . . .. ... ... ... ... 132
7 List of own and involved publications 135
Bibliography 137



Introduction

Thermoelectric effects are the result of an interaction between the heat and the charge carrier
transport in conductors. The first experimental reports of thermoelectric effects range back to
the beginnings of the 19th century, where in 1821 [1] T. Seebeck reported the occurrence of
a magnetic polarization of metal circuits induced by a temperature difference. In his original
concept Seebeck assumed that the heat flow creates magnetic moments in the metal, which
would characterize the effect as thermomagnetic. Later it could be shown that the appearance
of magnetization resulted from a magnetic field by a thermoelectrical current in the metallic
circuit loop, which is known as the Seebeck effect. The comprehension that the effect allows
to convert the heat flow of a system into an electric potential difference, has led to the
development of several applications, such as the usage as thermocouples or as thermoelectric
generators. More than ever the effect is of high relevance for current technologies, as the
demand for more efficient technologies and concepts led to an increasing request for waste
heat recovery [2]. Thus current aim of research is to maximize its efficiency by a reduction
of the heat transport while maintaining the conduction properties [3]. Furthermore the
understanding of the involved physical processes allowed to identify the Peltier effect [4] as
the reciprocal process [5] describing the control of the heat flow by the electrical currents.
Thus the thermometric description of a conducting system enables one to link charge carrier
flow with the heat transport, while the expansion of the conventional electronics by the
spin degree of freedom represents the field of Spintronics. The field was boosted by the
discovery of the giant magnetoresistance (GMR) which led to the development of modern
data storage technology. The state of the art industrial applications are based on the tunnel
magnetoresistance (TMR) which is also employed in the magnetic random access memory
(MRAM). The recent aim of Spintronics is to develop a replacement technology of current
charge based electronics by exploiting pure spin currents. In contrast to architectures for
charge carriers Spintronics utilizes the spin as carrier of the information. This concept makes
use of the fact that pure spin currents can evade some of the problems limiting further
miniaturization of conventional electronics. e.g. the need for high current densities for
movement of magnetic domain walls. However the challenge of this concept relies on
an efficient interaction between the spin current and the magnetization as well as on the
requirement to generate a pure spin current by a low amount of energy. Research in this
direction has led to the discovery of new phenomena like spin pumping and the spin Hall
effect. Spin pumping describes the transfer of angular moment of a microwaves excited,
precessing ferromagnet into an adjacent non magnetic metal. On the other hand the spin Hall
effect is identified as a transport phenomenon, which causes a spin dependent charge carrier
separation by a conventional current in conductors. It has been shown that the combination
of both effects allows to convert a charge current into an angular moment and vice versa [6].
Now the effects that provide the possibility for the generation of spin currents by thermal
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excitations are gathered in the novel research field of spin caloritronics. The effects involve an
interplay between the electrons, their spins, the magnetic and the crystal lattice as illustrated
in Fig. 1.1.

Fig. 1.1: Schematic of involved processes per research field.

A milestone for the spin caloritronics meant the discovery of the spin Seebeck effect in 2008
by Uchida et al. [7], who reported the possibility to create a pure spin current by temperature
gradient in magnetic metals. The first theoretical concept of the effect described it as the
spin current equivalent of the classical Seebeck effect, leading to the naming of the effect.
Like for the Seebeck effect, later experiments could show that the initial explanation cannot
provide a sufficient explanation for the experimentally observed results. Furthermore the the
original experiments could not be reproduced, which triggered the discussion about the origin
of the spin Seebeck effect. While the discussion is still ongoing, the search for the origin
led to the discovery of the spin dependent expansions of the classic thermoelectric effects.
Especially the discovery of the spin dependent Seebeck effect could show that the effect
named as spin Seebeck effect must originate from other mechanisms than initially assumed
as it had been also detected in magnetic semiconductors and even insulators. Despite the
unknown origin various applications have been suggested such as the spin thermoeletric
coating [8], which makes use of the fact that the thermoelectrically produced power scales
with area of the material. This allows one to simply coat the material in order to increase the
output in contrast to the elaborate scaling of conventional thermoelectric power generators,
which scale with number of used modules. Furthermore the output of the effect can be
enhanced by a thermopile [9] geometry on macroscopic scale or be used as a nanosized
power generator [10]. Its combination of heat, magnetization and area scaling enables the
application as heat position [11] or magnetic sensor. For the emerging amount of applications
the current contradicting explanations of the effect limit further progress. Several possible
mechanisms have been put forward to explain the effect either by the temperature difference
between the ferromagnet and detection layer [12], the magnons emitted from the bulk of
the ferromagnet [13] or even parasitic Nernst effects [14, 15].

The aim of the thesis is to determine the origin of the spin Seebeck effect and thus to push
the prospering development of spin caloritronics. To gain further insight we present a com-
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prehensive study of the spin Seebeck effect and its dependences on temperature, interface
quality, detection material and magnetic field strength. The development of deposition
techniques to grow high quality thin film materials enables us to probe the correlation
between the spin Seebeck effect and the thickness of the ferromagnetic materials. We show
that our experimental results can be explained by a theoretical approach based on atomistic
simulations of the thermally driven magnetodynamic processes in the material itself. This
allows us to conclude that the effect must originate from the thermally excited ferromagnet,
consisting of magnetic spin waves which propagate within the magnetic lattice. Our final
results of the spin Seebeck effect in more complex materials provide an outlook for further
research.

The thesis is structured as following:

Chapter 2 presents an overview and brief introduction to the relevant theoretical background
for the understanding of the results presented in this thesis. The chapter is subdivided into
four parts in which we discuss thermoeletric transport 2.1, the magnetostatic and magne-
todynamic concepts of magnetism 2.2 as well as an overview of effects within the field of
spintronics 2.3. The last part 2.4 focuses on a more detailed introduction to the spin Seebeck
effect and spin caloritronics. We furthermore present the simulation model, which has been
used to derive the later discussed theoretical results of the thermally excited magnons. The
method and model have been developed by our collaborating group of Prof. Ulrich Nowak
from the University of Konstanz.

The first section 3.1 of Chapter 3 gives a summary and technical details of the most im-
portant experimental methods applied to determine the materials properties. The second
section 3.2 introduces the materials class of magnetic garnets, which have been used for
the investigation of the spin Seebeck effect in magnetic insulators. We explain in detail
the optimal deposition conditions for three different types of magnetic garnets, which have
been developed in collaboration with the group of Prof. Caroline Ross at the Massachusetts
Institute of Technology (MIT) in Boston. Our results of the optimization of the growth of
Yttrium Iron Garnet are published in Ref. [p2], while the discussion about Cerium substituted
Yttrium Iron Garnet and Gadolinium Iron Garnet is work in progress of the publications
[p3] and [p8]. The magneto-optic Kerr effect loops have been measured at the University of
Bielefeld in the group of Prof. Giinter Reiss.

Chapter 4 discusses the spin Seebeck effect in Yttrium Iron Garnet out as a central theme
and is separated into two parts. The first part 4.1 explains the measurement principles and
basic dependences of the effect using the magnonic interpretation of the effect. After this we
show that the spin Seebeck effect can be used as a novel method to investigate the magnetic
anisotropy of insulating ferromagnets and present an approach developed to determine the
absolute signal amplitude. The concept and results of using the spin Seebeck effect as a tool
for the detection of the magnetic anisotropy are part of the publication [p4].

The second part of Chapter 4, section 4.2 focuses on the origin of the spin Seebeck effect.
We present our findings obtained by probing the thickness dependence of the spin Seebeck
effect at room temperature and 50 K. Our combined experimental and theoretical approach
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unambiguously reveals that the spin Seebeck can only be explained by magnonic spin currents
emitted by the bulk of the ferromagnetic material. The work presents collaboration between
the University of Konstanz, the MIT and the University of Mainz and is part of publication
[p5]. Phrases of the publication have been taken over, while small modifications of language
and adaptations to the current context have been performed to improve the readability
without further notice. The following section 4.3 focuses on the combined temperature and
thickness dependence of the spin Seebeck effect. Our results reveal the occurrence of a peak
of the spin Seebeck signals at lower temperatures, which depends on the ferromagnetic
film thickness and the detection layer. We show that the thickness dependence can be well
explained by our concept of thermally excited magnons. The thermal conductivity results
presented in this section are taken from the publication [p9], while the experimental SSE
data are part of publication [p10]. The last section 4.4 of this chapter addresses the magnetic
field suppression of the spin Seebeck effect. In collaboration with the University of Konstanz,
we can show that the observed behavior agrees with expectations from the thermal magnon
propagation and strengthens our theory of magnonic spin Seebeck effect. The results of the
numerical simulations and room temperature measurements are part of the publication [p6].
Chapter 5 presents our temperature and thickness dependent results of the spin Seebeck
effect in Gadolinium Iron Garnet. We observe two sign changes of the effect, one close to
magnetic compensation point and one at lower temperatures. In our international collabo-
ration between Walther-MeiBner-Institut (WMI), the Tohoku University and University of
Mainz, we are able to show that the found sign changes originate from a complex interplay of
the magnetic sub-lattices of the material. Results presented in this chapter have been taken
from publication [p7] as well as from publication [p8], which present work in progress.

The first author publications [p3], [p4] and [p5] have been written by A. Kehlberger with
comments and suggestions from all authors. The investigated YIG and Ce:YIG grown PLD
have been produced at the MIT in the group of Prof. C. A. Ross by M.C. Onbasli, D.H. Kim and
A. Kehlberger. The presented sample characterization by XRD, XRR, SQUID and VNA-FMR
as well as the Pt deposition, the SSE and the MR measurements of the PLD grown YIG and
Ce:YIG films have been done in Mainz by A. Kehlberger and G. Jakob. The SSE and VNA-FMR
measurements setups have been designed and partially constructed by A. Kehlberger. The
numerical simulations and the magnonic model have been performed and developed by the
group of Prof. U. Nowak at University of Konstanz. The MOKE measurements have been
carried out by G. Gotz and T. Kuschel at the University Bielefeld. The MOKE microscopy
images have been taken in Mainz by K. Richter and A. Kehlberger. The thermal conductivity
measurements have been performed by C. Euler. The SSE measurements on the LPE samples
have been done by E.J. Guo and A. Kehlberger. The GIG samples have been produced by E.J.
Guo, C. Mix and A. Kehlberger. The GIG sample characterization and SSE measurements
have been done by E.J. Guo, A. Kehlberger and T. Schulz.

Chapter 1 Introduction



1.1 List of abbreviations

Effects

(SSE) Spin Seebeck effect

(TSSE) Transverse spin Seebeck effect

(LSSE) Longitudinal spin Seebeck effect

(SHE) Spin Hall effect

(ISHE) Inverse spin Hall effect

(ANE) Anomalous Nernst effect

(PNE) Planar Nernst effect

(MR) Magnetoresistance

(SMR) Spin Hall magnetoresistance

(LLG) Landau-Lifshitz-Gilbert

(FMR) Ferromagnetic resonance

Materials

(YIG) Yttrium Iron Garnet (Y3Fe;012)

(Ce:YIG) Cerium substituted Yttrium Iron Garnet (CeYsFe;042)
(GIG) Gadolinium Iron Garnet (GdsFe;012)
(GGG) Gadolinium Gallium Garnet (Gd3Gas0:2)
Techniques

(PLD) Pulsed laser deposition

(XRD) X-ray diffraction

(XRR) X-ray reflectivity

1.1

List of abbreviations
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(RSM) Reciprocal space map
(SQUID) Superconducting quantum interference device
(VNA) Vector network analyzer

(MOKE) Magneto-optic Kerr effect

6 Chapter 1 Introduction



Theoretical description of
magnetism, spin dynamics
and spintronics

The spin Seebeck effect (SSE) involves a complex interplay between the magnetic and
crystal lattice and relies on concepts from classic thermoelectric as well as on novel effects
like the spin Hall effect (SHE). In the following theory chapter we will provide a mostly
phenomenological overview of the relevant mechanisms, that is necessary to understand the
later discussed properties of the SSE. An appropriate theoretical description of presented
effects exceeds the scope of this experimental thesis, therefore we point the interested reader
to the cited literature in each section.

The theory chapter is divided into four thematic sections, where the first three sections
provide the basic knowledge and the last chapter presents a more detailed overview of the
emerging research field of spin caloritronic.

The first section introduces the classical thermoelectric effects and thermal transport in
crystals, illustrating the correlation between charge carriers and heat flow in a system.
Furthermore the section includes a description of the Nernst effect, which presents an
important thermoelectric effect for the correct interpretation of the SSE signals.

The second section gives a basic introduction to concepts of magnetism and the underlying
magnetic interactions. On the basis of the interactions we will introduce the Landau Lifshitz
Gilbert equation and use it to explain the ferromagnetic resonance. We illustrate that the
excitation of the magnetic lattice leads to spin waves in the magnetic lattice, which are
fundamental for the later understanding of the SSE.

The third section focuses on the spintronics concepts related to magnetodynamics, such
as spin pumping, which is used in most theories of the SSE. After this we explain the spin
Hall and inverse spin Hall effect (ISHE), which is used as the detection mechanism for spin
currents. Furthermore we present the concept of the spin Hall magnetoresistance (SMR)
effect.

In the last section we introduce the novel research field of spin caloritronics and the so
far discovered spin equivalents of the conventional thermoelectric effects. To provide a
better understanding of the difficulties and challenges of the research of the SSE, a detailed
introduction explains the inconsistencies between theory and experiments encountered for
the SSE. As a last point a brief introduction to the numerical model used for the simulation
of thermally excited magnons is given.
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Thermoelectric transport

The thermoelectric effects have been studied since the mid of the 19th century and are of
high relevance for current technologies due to the demand of waste heat recovery. In the
following section we will show that it is possible to correlate the heat flow and charge carrier
transport in conductors, which allows to explain all experimentally observed thermoelectric
effects by the Onsager reciprocal relations. For a further reading we recommend the standard
textbooks [16-18].

Seebeck effect

The Seebeck effect describes the concurrence of an electrical field in presence of a temperature
gradient in conducting materials. To understand the effect we have to take a look on the
charge carrier density distribution at the Fermi energy Er. Fig. 2.1 illustrates the occupation
number at the hot and cold end of a conducting material in case of an applied temperature
gradient, resembling the Drude-Sommerfeld model [18].

Cold

VT
E

n

Q

Fig. 2.1: Tllustration of theoretical concept of the classical Seebeck effect. The graphics
for the hot and cold end show the occupation number n = [ D(E)f(E,T)dE of
energy states, where D(E) describes the density of states and f(E,T) the Fermi-Dirac
distribution.

At the hot end the distribution shows a larger spread to high and low energy states around the
Fermi edge Fr compared to the cold end, causing an equilibration of the energy by diffusion.
This heat current () carried by the charge carriers represents the electronic contribution to
the thermal conductivity. In the case of equal conductivity for all Fermi levels, the charge
currents from both sides cancel one another.

Only in the case of energy dependent conductance the thermal imbalance leads additionally
to a net flow of electrons. Fig. 2.1 illustrates this situation for higher conductance for states
above the Fermi level, causing a net electron flow from the hot to the cold side [19].
Depending on the majority carrier mechanism the Seebeck effect builds up a positive voltage
difference for holes and negative one for electrons. In applications it is convenient to make
use of this and to enhance the effect by using two different materials with different charge

Chapter 2 Theoretical description of magnetism, spin dynamics and spintronics
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carriers. This allows for measuring the temperature difference between the joined part of
both materials using a voltmeter only and thus using the effect as a thermometer.

The generated electric field and hence the voltage follows the linear dependence of V' = S AT,
where S marks the so called Seebeck coefficient. The coefficient defines the generated voltage
per Kelvin of temperature difference and thus marks the efficiency of the effect. For joint
materials, S is defined as the difference between the Seebeck coefficient of both. Generally
Pt is used as a reference system, which itself has a coefficient of ~ 5 uV/K [20, 21]. Since
beside Pt, additionally Copper, Gold and Constantan (a Nickel Copper alloy) wires are used
in later described experimental setups, it should be pointed out that these materials possess
non negligible coefficients of several uV/K [21].

Thomson effect and Peltier effect

From description of the thermally driven charge carrier flow, we have already seen that it is
accompanied by the heat flow ). The Thompson and Peltier effect, discovered in 1848 [22]
and 1834 [4], describe the reciprocal phenomena between an electrical current I and the
heat current (). Using the model of Fig. 2.1, it easy to understand that current between the
hot and cold end of the material will cause conduction charge carrier flow, which additionally
transports thermal energy from one side to the other. This effect of a thermal transport by
the electric current within one material is called Thomson effect. Usually the Thomson effect
by itself only causes a small thermal drag and can be neglected. The Peltier effect also makes
use of this drag of thermal energy by the electric current but in the combination of two
different materials. By joining to two different materials at one interface as shown in Fig. 2.2,
it is possible to make use of the differences within the dragged heat currents. If Q5 > Q4
the sum of the heat currents leads to a heat flow away from the interface, the cooling is
proportional to the applied current.

Fig. 2.2: Tllustration of concept of the classical Peltier effect. Two materials A and B are
electrically and thermally connected at one joined interface. The applied electrical
current I causes a net heat current, which carries energy away from the interface.

Like the Seebeck effect, the Peltier effect can be described by a linear relation Q = II I, where
IT denotes the Peltier coefficient. Since the Peltier effect scales only linearly with the applied

2.1 Thermoelectric transport
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current, it can easily be surpassed by the Joule heating, which is proportional to 2.

The Onsager reciprocity [5, 23] allows to connect heat and charge flow in conductors,
using the intrinsic properties of electrical o and thermal s conductivity. A consequence of
the Onsager reciprocity is the connection between the Seebeck and Peltier coefficient via
the Kelvin-Onsager relation IT = ST [24]. The investigation of spin based thermoelectric
phenomena, such as the spin dependent Peltier effect [25], have shown that the Onsager
reciprocity can be expanded to include the spin of electron, and derives the same reciprocity
for the spin dependent effects [26] (see Sec. 2.4.1).

Thermal conductivity

From the description of the heat transport in the last section it could be seen that the
thermal conductivity is related to flow of electrons within the system and thus influences
the thermoelectric effects in the system. To understand the temperature dependence of the
thermoelectric effects it is therefore important to understand the different mechanisms, which
influence the thermal conductivity of the system. For conductors the thermal conductivity can
be divided into a contribution by the charge carrier and the lattice of the solid. The electronic
contribution can be sufficiently described by the Drude-Sommerfeld model, which derives the
Wiedemann-Franz law as relation between the thermal and electrical conductivity of charge
carriers [18]. At high temperatures the Wiedemann-Franz law [18] holds, as the electron
scattering is isotropic and independent of their energy. At low temperatures a momentum
transfer from the phonon to the electron system (phonon-drag) lead additional to a pile up
of electrons density enhancing the Seebeck coefficient [18].
The crystal lattice transports the thermal energy via waves that can be described by a bosonic
quasi-particle concept, the phonon [16,17]. The phonon results from the strong elastic
interaction between neighboring atoms in the crystal lattice. A thermal excitation of one
lattice atom out of the equilibrium position leads to a coupled response. A semi-quantum
mechanical treatment of a coupled three dimensional lattice [18] derives the following
notation for the phonon heat conductivity

Rp = —é?T =1/3 /OOD/T C(z)v\(zx)dr, == thwT, 2.1)
where C(x) marks the specific heat of the lattice within the Debye approximation, 6p the
Debye temperature, w, v and A(x) the phonon frequency, velocity and mean free path. The
derived formulae for thermal conductivity and mean free path obey a complex temperature
dependence, which can be best explained by a graphical illustration, as shown in Fig. 2.3 for
the case of crystalline insulator. For high temperatures the mean free path of the phonons
is mainly limited by scattering processes with other phonons, causing the so called Normal
and Umklapp scattering. The latter process describes a phonon-phonon interaction with
energy high enough to invert the momentum of the phonon. Decreasing the temperature
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increases the mean free propagation path for the phonons, since less energy and phonons for
the scattering processes are available.

A A

T

Fig. 2.3: Thermal conductivity x, mean free path A and specific heat C' of the crystal lattice
as a function of temperature for a crystalline insulator with logarithmic y-axes. The
plot follows an illustration of [18].

The thermal conductivity therefore follows the increase of the mean free path. At even
lower temperature the mean free path approaches a limit governed the boundary and defect
scattering of the phonons. For thin films the boundary can be given by the film thickness
itself, as the phonon propagation length matches the film thickness. Around the tempera-
ture where the boundary and defect scattering start to dominate, the thermal conductivity
reaches a maximum. For lower temperature one additionally has to consider that the thermal
capacitance C(x) roughly follows C(T) «x T? causing a decrease of the thermal conductivity
in this temperature range. Thus the peak for the thermal conductivity of the lattice can be
well explained by the quasi-particle concept of the phonon, arising from a propagation and
interaction within the lattice. In Sec. 4.3.2, we will see that this argumentation can also be
applied to the temperature dependence of the SSE to derive its origin.

Based on the earlier discussed phonon-electron interaction, the peak within the thermal
conductivity of the crystal lattice leads additionally to a peaking of the Seebeck effect, the so
called phonon-drag [27].

Nernst effect and magnetoresistance effect

In conductors the presence of external magnetic field, applied perpendicular to the current
flow, leads to the accumulation of charge carries perpendicular to current flow and magnetic
field, which is called ordinary Hall voltage [17]. The effect occurs due to the Lorentz force
on the conduction electrons causing a directed deflection of the charge carrier transverse
to the current flow, which gives rise to a transverse magnetoresistance. By replacing the
conventional current with a thermally excited charge carrier flow, we obtain the configuration

2.1 Thermoelectric transport
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described by the Nernst effect [27]. The inverse effect of a thermal flow caused by a charge
carrier flow within the magnetic field is called Ettingshausen effect [27]. In magnetic
conducting materials further contribution to the Hall voltage can be detected, which depends
on the magnetization of the material, the anomalous Hall effect (AHE) [28]. The analog
to this the thermoelectric counterpart is called anomalous Nernst effect (ANE) [29], shown
Fig. 2.4a). The origin of the AHE / ANE effect is explained on basis of a spin-orbit interaction
dependent scattering theory [28], which gives rise to an additional magnetoresistance
component in the transverse configuration.

>

Fig. 2.4: Schematic of the angular dependence between magnetization M and electric field
E for a) anomalous Nernst and b) planar Nernst configuration.

The angle dependence of the ANE can be described by
Eang o< M x VT, (2.2)

revealing a sinusoidal dependence on the angle # between magnetization and thermal
gradient. As depicted in Fig. 2.4a) the ANE can be measured if the temperature gradient is
applied in the out-of-plane direction with an in-plane magnetic field and voltage contacts
on top of the material. Fig. 2.4b) illustrates the situation by changing the out-of-plane
temperature gradient to an in-plane. For this geometry one expects a vanishing ANE effect,
as the resulting E ANE points out-of-plane. In contrast to this expectation one will detect in
this geometry a thermal voltage, which is described as transverse thermopower or planar
Nernst effect (PNE) [30,31]. The PNE follows a second order angular dependence of

EPNE X M X (M X ﬁT), (23)

which yields V, o sin(26,,). The combination of both thermal voltages, which are unavoid-
ably present in magnetic conductors means that only in situation of M || V7' no magnetic
field dependent thermal voltage should be detected [32]. The corresponding Hall effect for
the PNE is called pseudo or planar Hall effect, which arises due to anisotropic scattering
and is related to the anisotropic magnetoresistance (AMR). The origin of this AMR effect
results from the spin orbit interaction caused energy band mixing, which depends on the
magnetization of the material [33].
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2.2 Magnetostatic and magnetodynamic concepts
of magnetism

Materials can be separated into two groups depending on their reaction on a magnetic field,
described by the magnetic susceptibility x = M/H. Diamagnetism categorizes materials
which show an induced magnetic moment opposite oriented to the applied magnetic field
(xp < 0, |[xp| < 1), illustrated in Fig. 2.5a). The effect is present in all materials but
dominates only for materials which have no unfilled electronic shells [16].

The second category consists of materials with a finite magnetic moment, which couples posi-
tively with an external magnetic field (x > 0). In case of a negligible coupling between the
individual magnetic moments the material is described as a paramagnet (|xp| << 1), leading
to an in average zero magnetic moment of the whole material in absence of a magnetic field.
A quantum mechanical treatment of the system shows that the magnetization follows the
Brillouin function as reaction to the external magnetic field for a given temperature [16].
In case of a finite coupling between the moments the material establishes a collective mag-
netism causing a magnetic ordering at zero magnetic field. The ordering allows to further
classify the materials into ferromagnetic, ferrimagnetic and antiferromagnetic. Magnetic mo-
ments of a ferromagnet possess a positive interaction coupling, favoring a parallel alignment
of the moments(|x | >> 1). The magnetic field dependence of a ferromagnet, illustrated in
Fig. 2.5a), shows that the material can maintain a finite magnetic moment without external
field, the Remanence.

a) b) v
M N A
—— Diamagnet I I — Mg
1.0
—— Paramagnet J— —
—— Ferromagnet Meerri = MA+MB|
0.5—\_[ 4
2] H >
= 0.0 ~ T T >
s 7 Tcomp Tc T
0.5 J
HR
-1.0- M J
10 Ms Hg
8 -4 0 4 8

External magnetic field H (a.u.)

Fig. 2.5: a) Illustration of the magnetization of diamagnetic (green), paramagnetic (blue)
and ferromagnetic (red) material. b) Temperature dependence of a ferrimagnetic
material (red) and the two antiferromagnetically coupled sub-lattices (green and
blue).

The coupling between the individual moments can cause collective switching of the magneti-
zation (Hg, switching Field) into the saturated state at which all moments are aligned with
the magnetic field (saturation magnetization My).

Antiferromagnets have a negative neighbor interaction causing an antiparallel alignment of
the neighboring moments (|xar| < |xp|). Since the moments are equal in magnitude, the
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moments within the material compensate one another, allowing only possible uncompensated
moments at the surfaces. The last class of ferrimagnets describes materials with a more
complicated substructure. In contrast to both previous classes, ferrimagnets must consist
of at least two individual ferromagnetic sub-lattices with different moments in magnitude.
The two sub-lattices couple antiferromagnetically causing a reduced moment for the whole
material.

The coupling strength of the lattice in a ferromagnet (antiferromagnet) determines its Curie
temperature T (Néel temperature, T) at which the thermal excitation is too high to allow
any collective ordering of the moments. At 7 the lattice undergoes a second order phase
transition to a paramagnetic ordering, causing the loss of any order due to the ferroic coupling.
The competition between two different sub-lattices, which have an different temperature
dependence, can lead in ferrimagnets to the occurrences of a compensation point Teomyp
of the magnetization, at which the moments of both sub-lattices compensate another, as
shown in Fig. 2.5b). The magnetic interaction not only defines previous presented magneto
static properties but also determines the magnetodynamic properties of the ferromagnet. We
will use the concept of the magnetic free energy, which is defined as the sum the internal
energy of the system plus the energy obtained in external magnetic field, to explain the main
contributions to our following description of the magnetization dynamics.

Magnetic free energy

A ferromagnetic material, placed in external magnetic field, tries to minimize its free energy
F = [, e(7)d7 across the whole sample volume V' by aligning its magnetic moments into
the direction of the minimum of the free energy, where e represents the free energy density.
Depending on the contributing terms, this minimum does not have to be parallel to the
external field. The free energy density can be decomposed into

€ = €cg T Edipol T €Cryst + €uni + €mag.el T €Zeeman 1 - 2.4

where the first term e.,. labels the usually isotropic energy resulting of the exchange coupling.
The four following terms, €gipoi, €Crysts €unis €mag.el, Mark anisotropic energy terms, which
despite their small contribution are the origin of the magnetic anisotropy of the macroscopic
system. The last term €zceman describes the energy contribution resulting of the Zeeman
effect [34]. Fig. 2.6 illustrates the coordinate system which will be used in the following
definition of the individual terms. It is important to point out that the axes of the system
need to resemble the lattice structure of investigated system. For our later discussion
we will describe the terms on a basis of a cubic crystal with the [001] direction pointing
out-of-plane.
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Fig. 2.6: Coordinate system used for the description of the free energy density in a [001]
oriented system. 6,; (fy) marks the polar angle between out-of-plane [001]
direction and the magnetization M (external magnetic field H). ¢ marks the
azimuth angles between the [001] in-plane direction and M or H.

Exchange coupling

The exchange or so called spin-spin interaction results from the Pauli exclusion principle
requiring an anti-symmetric total wave function for the electrons regarding the spin flip
operator. This leads to a neighbor S; neighbor S; spin-interaction causing an energy differ-
ence between the parallel and antiparallel alignment for neighboring spins. The exchange
interaction in an n-electron system can be described by the Heisenberg Hamiltonian model

n
Heo = -2 JES; - S;, (2.5)
i>j
where J{* marks the isotropic exchange constant. A positive value for J;" favors a parallel
alignment of S; and S;, which corresponds to ferromagnetic coupling, while a Jf* < 0 causes
an antiparallel orientation and thus marks an anti-ferromagnetic coupling. Based on its
quantum mechanical origin the exchange interaction presents an interaction only relevant on
short length scale, which allows to apply the approximation of the next neighbor interaction.
The resulting formula for the free energy is in the continuum approximation for a slowly
changing magnetization M (7) given by

cealF) = 3 (V- JE(P)P, 2.6)

where A labels the exchange constant that follows the same sign dependence as the exchange
integral. From the equation one can see that the exchange energy shows an isotropic
behavior and thus cannot give by itself an explanation for the occurrence of favored axis for
the magnetization. The exchange coupling represents the highest energy contribution to the
free energy with 10 — 1000 meV per atom [35] and thus for Curie Temperature.

In the later description we will encounter more complex systems. Especially in the case of
magnetic oxides the exchange between different sub-lattices cannot be explained by a direct
exchange as the separation between the lattice sites is too large. In these ionic solids the so
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called superexchange [36] allows an indirect interaction between two metal ions bond to the
same non-magnetic oxygen ion. In most cases the oxygen ion mediates an anti-ferromagnetic
coupling between the two sub-lattices as will be later seen for Yttrium Iron Garnet (YIG) (see
Sec.3.2.1).

Dipolar coupling

A magnetic moment can be described as a magnetic dipole ;7 and has in presence of another
dipole p9 an energy of

Egipot(T) = — O iy - oo — ﬁ(ﬁl - 7)(fig - T)| 2.7)

where r marks the separation between the dipoles and corresponds to the vacuum perme-
ability jio = 47 1077 [36]. The 1/r3 dependence of the energy term shows that compared
to the exchange interaction the dipole-dipole coupling presents a long range interaction from
one might think that it is also relevant for paramagnets. A rough estimation of the order
of magnitude for the energy yields ~ 60 peV, which corresponds to 1K temperature [36]
and thus illustrates that dipole-dipole by itself, plays only an important role for the magnetic
ordering at low temperatures. Since the dipolar coupling is a long-range effect, it can lead
to an effective magnetic anisotropy. To understand this behavior we assume the situation
where all spins are parallel aligned within the material. In this configuration neighboring
dipoles compensate one another leading to the fact that only the dipoles at the surface of the
material are uncompensated and generate stray fields. These stray fields are responsible for
the shape anisotropy. By using the Maxwell equations for electrostatic case one obtains a
correlation between the stray field H,; and the magnetization M of

—

Hy(7) = =N - M (7). (2.8)

N describes the demagnetization tensor and resembles the shape of the sample with tr(N)= 1.
Since our studies are limited to thin film samples, where the in-plane expansion of the film
can be treated as infinite surface compared to the film thickness, only the out-of-plane
component needs to be considered (N = Nigo1) = 1). Thus the free energy of the dipole
coupling can be expressed as €40 () = —“—20]\2 (7) - Hy(7). For a homogeneous magnetized
sample the equation can be simplified to

Edipol (T) = %Mg cos?(Anr), (2.9)
illustrating that the dipole coupling causes an in-plane orientation of the magnetization,

since the energy gets minimized for § = 90 °.
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Crystalline and uniaxial anisotropy

Most materials show a complex magnetic anisotropy, which cannot be explained solely by
the shape of the material. Especially for the case of crystalline materials the ordering of the
magnetic moments within the crystal lattice structure induces a favoring of certain directions.
In the case of ferrimagnetic insulating oxides, the so called single-ion model [37-39] is
able to explain most occurring anisotropies within these materials. The model is based on
an interplay between a crystal field and the orbital state and exchange interaction of the
magnetic moments [37,40]. The model derives a uniaxial K, and cubic K; anisotropy
constants [37,41] for these systems, showing an agreement with experimental bulk material
studies [42].

Phenomenologically one can describe the anisotropies by a power series which yields for the
uniaxial anisotropy

€uni(T) = Ky Sin2(g0M) + K sin4(<pM) +..., (2.10)

where sin?(p);) assumes an in-plane easy axis along the [100] direction. Depending on the
orientation of the uniaxial anisotropy the angle of eq. 2.10 has to be adapted to match the
experimentally encountered orientation of the anisotropy. For the cubic anisotropy the power
series can be written in the form

cupic(T) = K1(ata3 + a3ai + a2al) + Kealalal + ..., (2.11)

where «; = M;(7)/M; presents the direction cosines of the magnetization. For an in-plane
cubic anisotropy in the system defined by Fig. 2.6, the first term of eq. 2.11 can be rewritten
as

1
E€cupic(T) = ZKl (sin?(26,7) + sin (0a7) sin®(2¢07)) + . . ., (2.12)

where a positive value for K corresponds to an easy axis along the [010] and [100] direction
and a negative value to a by 45 ° rotated easy axis along [110]. The anisotropy can be either
determined by ferromagnetic resonance measurements, which will be explained in Sec. 2.2.2
and 3.1.5, or extracted from hysteresis measurements. Fig. 2.7 shows two examples for the
shape of the hysteresis obtained when the system is probed along the easy and hard axis in
case of a) uniaxial and b) cubic anisotropy.

The characteristic difference between both types of anisotropy can be best seen by probing
the magnetization along the hard axis, revealing a higher remanence for the cubic anisotropy.
It can be shown [37] that saturation field Hx can be used to calculate the anisotropy constant
K, /1. Tab. 2.1 gives a list of the anisotropy field formulae used in this thesis.

2.2 Magnetostatic and magnetodynamic concepts of magnetism
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Fig. 2.7: Tllustration of magnetic hysteresis loops for the easy (red) and hard axis (blue) for
system with a) uniaxial and b) cubic anisotropy, draw for the Stoner—Wohlfarth

model [36].
{Plane} | <Axis> (in-plane direction) | Hx (in-plane)
{100} | <100> (0°,90°) 2K, /M,
<110> (45°) —2K, /M
{111} <211> (0°,60°) — Ky /3M,
<01T> (30°,90°) — K, /3M,
Uniaxial 2K, /M

Tab. 2.1: Magnetocrystalline anisotropy fields for a cubic and uniaxial symmetry, taken
from Ref. [37].

In case of an occurrence of a combined uniaxial and cubic anisotropy, which match in their
orientation for the hard axis, the anisotropy field represents the combination of both fields
(HK = Hl + Hu)

Zeeman energy and electron paramagnetic resonance

Up to now we considered only internal magnetic fields, which result from the interaction
of the magnetic moments. The Zeeman effect [34] term describes the response of the
magnetic moments to the external magnetic field. The field causes a splitting of the energy
levels between the spin orientations of AE « H. The Zeeman free energy term is equal
t0 €zee(7) = —po M (7) - H(F), illustrating that its contribution gets minimal for a parallel
alignment of magnetization and external field. For a homogenous magnetized sample one
can simplify the equation to

—\

€zee(T) = poHMs(cos(0p) cos(Oar) + sin(0p) sin(Oar) cos(pr — war)). (2.13)
In absence of the other contributions to the free energy, this term describes the paramagnetic
response of the magnetic moments to the external field. For a single electron the energy

difference between the spin up and down state is given by AF = gjupuoH [34], where
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gy marks the Landé g-factor and up the Bohr magnetron. One can now make use of
this transition and resonantly excite the paramagnet by a second weaker electromagnetic
microwave field AF = hwraermor- The resonance frequency is described as the Larmor
frequency, which drives the transition between spin up and down state. This technique is
called electron paramagnetic resonance (EPR) and is used for the spectroscopy of elements.

Landau-Lifshitz equation for magnetization dynamics
and ferromagnetic resonance

The magnetization dynamics of a ferromagnet can be described like the EPR, using two
simplifications. At first we can treat the combination of the external field and the internal
(Hipy = —1 / #06 7€) as an effective field ﬁe ff = H,yy + Hypy. Further the magnetic moments
will not be considered independently but as the whole coupled magnetization M, due to the
exchange interaction.

The concept of the magnetic free energy has already illustrated that a minimum for the
energy is achieved when the magnetic moments are aligned parallel to the effective magnetic
field. Thus an applied effective magnetic field causes a torque on magnetic moments, leading
to a precession of the moment around the field vector. The precession of magnetization can
be derived from a classical model resulting in the Landau-Lifshitz (LL) equation

—

%—Af = — o [M x ﬁeff} : (2.14)
which describes a Larmor precession of the whole magnetization [37] using the gyromagnetic
ratio v of the electron. Like the Larmor frequency this precession possesses an eigenfrequency,
at which the system can be excited, known as the ferromagnetic resonance (FMR). To
calculate the FMR from eq. 2.14 one can make use of the angle definition presented in
Fig. 2.6. Using the polar and azimuthal angle it has been shown [35,43] that the FMR can

be expressed as a function of second derivatives of the free energy density of the system by

1
v 0% 0% B Foals ?
27 Mg sin(6ay) 89]2\4 8(,0%4 000100 s

frvMRr = (2.15)
with |y|/27 ~ 28 GHz/T. As an example we introduce the Kittel equation, which is the
solution for an anisotropy free system under the assumption that the exchange contribution
can be neglected, since we assume a uniform precession of the material [44]. Thus the free
energy only contains the dipole and Zeeman term € = €zceman + €4- Furthermore we only
consider the case of an in-plane (6 = 90 °) oriented external magnetic field along the [100]
axis (g = 0°). For an external field high enough to saturate the material, we can further
simplify the formula by assuming 0y = 0y, and o = @)

2.2 Magnetostatic and magnetodynamic concepts of magnetism
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These boundary conditions yield the so called Kittel equation

fFMR(Hezt) = QJMO\/(HemtxHezt + MS)7 (2.16)

which describes the FMR frj/r as a function of the external magnetic field H.,;. By adding a
cubic F,.,; and uniaxial in-plane magnetic anisotropy ¢,,; to the free energy density, solving
eq. 2.14 for the same direction results in

fFMR(Hewt) = QJNO\/(Hext + HKl)(Hezt + HKl + Ms - HKu)7 (217)

where Hp corresponds to the cubic and H, to the uniaxial anisotropy field, presented
in Tab. 2.1. Eq. 2.17 illustrates that a magnetic anisotropy of a material causes a deviation
from eq. 2.15, allowing to use FMR as a probing tool for the anisotropy. The FMR resonance
frequency can be, as the EPR, excited by an additionally applied microwave frequency field,
which needs to be perpendicular oriented to the external field, since the excitation uses a
dipole transition. The experimental realization is discussed in Sec. 3.1.5.

The precession we discussed so far represents a dissipationless motion, which alters the
azimuthal angle of A/ but will never align along H. ;. This description is not in agreement
with the experimental observation, which finds a decay of the excited precession over time.

Landau-Lifshitz-Gilbert damping

To consider the energy loss of the precession motion over time, the original equation has been
extended by a phenomenological damping term, which takes this discrepancy into account.
The extended formula is called Landau-Lifshitz-Gilbert equation [45] and has the form

M - = a , - OM
— = —Ylo |:M X Heffi| + 7(M X W),

5 YR (2.18)

where « labels the dimensionless Gilbert damping parameter. The motion of the magne-
tization is illustrated in Fig. 2.8a), highlighting the contributions of the first and second
term.

Phenomenologically the damping can be understood as an energy and angular momentum
transfer from the main uniform FMR to phonons of the crystal lattice via spin orbit coupling,
scattering with electrons, excited eddy currents within conducting systems and the decay
into non-uniform magnetic spin waves [46,47].

Following a description of Ref. [37], it can be shown that the response function of the
magnetization on the applied excitation field can be expressed by the complex susceptibility
tensor Y. The additional damping term leads to broadening of this response function at
FMR, which can be decomposed into a real and imaginary part. The real part of the tensor
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Fig. 2.8: a) Illustration of the precession of the magnetic moment due to the effective mag-
netic field H.ys. The first term of eq. 2.18 is represented by the pink arrow, which
marks the identical precession as described in eq. 2.14. The green arrow indicates
the second term of eq. 2.18, which illustrates damping causing a alignment of M
parallel to H.s¢. b) Real (green) and imaginary (red) part of the susceptibility
tensor y as a function of applied field / frequency.

corresponds to the derivative of a Lorentz profile, while the imaginary part is expressed by
Lorentz profile, shown in Fig. 2.8b) [37]. The response profile is valid for probing the FMR
either as a function of the applied field for a static excitation frequency [37] or for a fixed
external field and a variable excitation frequency [48].

Since the FMR FWHM line width is directly related to the decoherence rate of the system, it
is possible to correlate FWHM with the Gilbert damping parameter [37,48]

drafruR

AH =~
Y10

(2.19)
This formula provides only a limited description of the line width broadening due to the
damping and only holds for materials of high homogeneity [37]. A better approximation is
provided by the empirically [49, 50] found formula dependency

drafrymr

H(frmr) = AHop +
\’Y’Mo

; (2.20)
that includes an additional offset contribution to damping AH,. « describes the intrinsic
magnetic damping, attributed to above mentioned mechanisms. AHj is considered to be
an extrinsic contribution to the damping attributed to frequency independent scatter mech-
anism like defects or inhomogeneities within the sample, which cause an inhomogeneous
broadening.

Magnons

For FMR we have used the macrospin model to derive the dynamics for the whole ferro-
magnetic lattice. Like the phonon for crystal lattice, we can introduce a quasi-particle, the
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magnon, which describes quantized spin waves of the magnetic lattice. At zero Kelvin the
magnetic lattice is completely ordered. Higher temperatures can now lead, as in the case of
crystal lattice, to coupled excitations of the magnetic lattice which carry energy and, due to
the dipole nature of the magnetic lattice, an angular momentum. This concept is based on an
idea of Bloch [51], who illustrated that a bosonic spin-wave model for coupled excitations
in magnetic lattice results in a temperature dependence of magnetization similar to the
Heisenberg model, depending on the exchange interaction and ordering of the lattice. The
model leads to a temperature dependence of the spontaneous magnetization « 7/2, which
describes well the behavior for low temperatures.

The wavelength of a magnon is defined as the phase difference between neighboring spins,
which precess with the same frequency. This allows to classify two types of magnons,
depending on range of the important interaction, as shown in Fig. 2.9.

VA A A AAVAA A ATAAV

Fig. 2.9: Tllustration of a magnon in a one dimensional lattice. The red arrows present the
precessing individual spin, while the blue arrow indicates the wavelength of the
magnon.

Short wavelength magnons are defined as exchange-dominated spin waves, since the energy
resulting from the displacement of neighboring spins mainly originates from the exchange
interaction. The energy of long wavelength magnons results of the dipole interaction as the
phase difference for neighboring spins can be neglected.

Our later discussion of the SSE focuses on experimental geometry with in-plane magnetic
field and expects a magnonic wavevector in the out-of-plane direction perpendicular to
the applied field. For dipole modes this situation only allows the excitation of surface spin
waves [52]. For theoretical description of the SSE we will present an atomistic magnonic
model, which only considers the exchange interaction since it is limited to only a few unit
cells, where contributions of dipoles mode with typical wavelength in order of um [53] are
negligible. Thus the investigated system differs significantly from microwave spin pumping
experiments where in most cases dipole modes play a dominate role [53]. Furthermore, the
thermal excitation causes a locally limited perturbation of the magnetic lattice, therefore only
a significant contribution is expected to result from the short range exchange interaction.
In contrast to phonons, which show a linear dispersion relation w « k [16], exchange-
dominated spin-waves follow

hew (k) = 4J]S|(1 — cos(ka)), (2.21)

where J denotes the exchange constant, |S| the magnetic moment of the spin and a the
lattice constant [36]. A magnetic anisotropy will contribute as offset for zero k [54] while
the magnetic field will add a linear term to dispersion relation [37], opening an energy gap
AFE = guppoH [55]. Taking both contributions into account it is most likely that phonon
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and magnon dispersion will show a crossing-point at low temperatures < 1K allowing direct
magnon-phonon scattering [56,57] besides higher order effects. At low temperatures this
strong interaction leads to significant contribution of the magnetic lattice to the thermal
transport in the system [55,56,58,59] [p9]. To determine the magnonic contribution to
the thermal conductivity one can make use of the dispersion relation, which allows one to
suppress the thermal excitation of magnons by increasing their energy by a high external
magnetic field. Thus the difference between thermal conductivity with and without magnetic
field can reveal the magnonic thermal conductivity [55,56,58,59] [p9].

Furthermore the thermal conductivity of magnons shows the same temperature dependence
as the one observable for phonons, revealing a peak for bulk films around 10K [59] and a
slightly higher peak for pum thick films at 15K [p9]. These results hint to complex temperature
dependence of the thermal magnon propagation length caused by further scatter mechanism
such as the magnon-magnon interactions [59].

Spintronic effects and concepts

In the first part of the theory we focused on the interplay between electrons and phonons,
only considering the electrical charge of the electron. The field of spintronics represents
the expansion of the classical electric concepts by considering additionally the spin of the
electron and magnetic lattice for an explanation of transport phenomena.

In the following section we will present a brief overview of the effects and concepts within
the field of spintronics, which are relevant for SSE and theories discussed in this thesis. As a
first concept, we present the idea of spin pumping, which is used to describe the interaction
between a precessing ferromagnet in proximity with a non-magnetic layer. Ideas and models
from coherent spin pumping have been transferred and adapted in order to describe spin
caloritronic phenomena and are therefore fundamental to understand the later theories.
Afterwards we introduce the SHE and ISHE, which are closely related to spin pumping, as
these effects can be used for excitation and detection spin currents. Especially the ISHE
marks an important effect for this thesis as its development and understanding is strongly
related to the one of SSE. The last effect that will be presented in this section is the SMR,
which represents a magnetoresistance arising due to the SHE. Since its origin and actual
mechanism are topic of current research it is unclear if it can be solely attributed to SHE. To
highlight its importance for the SSE we present a more detailed description.

Spin pumping

Spin pumping (SP) is defined as the generation of spin currents due to precision of the
magnetization, which identifies SP as the reciprocal effect of the spin transfer torque (STT) [6,
60], where the angular moment of a magnonic or electric current is acting as torque on the
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magnetization. In the following we will present a phenomenological overview of SP, while a
comprehensive theoretical description can be found in Ref. [61].

The concept of SP has been motivated by experimental observations of an enhanced Gilbert
damping, which occurs if a ferromagnetic material (FM) is in contact with a non-magnetic
metal [62]. The original idea of Tserkonvyak et al. [63] was to explain this phenomenon by
an additional damping term A« in the LLG eq. 2.18, originating from a pumped spin current
from the ferromagnet into the normal metal (NM). In this macrospin model the precessing
magnetization excites a spin current oriented perpendicular to magnetization within the NM
due to the exchange interaction at the interface [6,60]. The conductance electrons of the
NM thus absorb an angular momentum from the FM and become spin polarized, depending
on the orientation of the FM as illustrated in Fig. 2.10.

NM

Fig. 2.10: Schematic of the spin pumping process in a ferromagnetic normal metal bilayer.
The ferromagnet, precessing in the xy-plane, injects a spin current j, into the at-
tached normal metal layer, due to a exchanged coupled interface, whose coupling
strength is defined by the spin mixing conductance g'*.

One spatial component, of the dc part of the excited spin current density of j, can be
described [64, 65] by

1/f
. fh / 4 { dM(t)]
Js = e yE J g |M(t) x ~— ydt, (2.22)

where [M(t) X dl\gt)] marks the y component, which is oriented along the magnetic preces-
sion direction (see Fiyg.2.22), and f its frequency. The important parameter of this formula
is the real part of spin mixing conductance ¢g'¥, which is the sum over a scattering matrix
for the reflection and transmission channels at the interface [63]. In most experimental
situations, the transmission channels can be neglected, allowing one to only consider the
real part [63], although this assumption might not hold for magnetic insulators [66]. Since
excited spin current in the NM is proportional to g™+, the spin mixing conductance experi-
mentally represents a measure of the interface quality.

As can be seen from the form of eq. 2.22, this transfer of angular momentum from the
ferromagnetic towards the normal metal can be taken into account by using an effective
damping arr = o + A in the description of the LLG eq. 2.18, where « labels the original
damping of the material.

In cooperation with the University of Kaiserslautern this theory of additional damping due to
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proximity between ferromagnet and normal metal has been tested within this thesis [p1].
Our results show that the theoretically predicted thickness dependence of the additional
damping term, determined by spin pumping experiments, follows the theoretical model of

o= 47€MMidgN, (2.23)
where d labels the thickness of the FM. Additionally we observe a nonlinear power depen-
dence of the spin pumping signals with increasing film thickness, which we attribute to
magnon-magnon interactions that are suppressed in thinner films. Since the derived results
are not related to the main topic of this thesis we refer the interested reader to Pub. [p1].
Most spin pumping experiments make use of the ISHE, as it allows to detect the injected spin
current by converting it into a detectable voltage. In the following section we will explain
this effect together with a related variant, the SHE.

Spin Hall effect and inverse spin Hall effect

A spin dependent separation of a charge current perpendicular to its direction of flow in a
non-magnetic material is called spin Hall effect (SHE) [67], shown in Fig. 2.11a). The effect
occurs in the absence of a magnetic field and can be used to generate a pure diffusive spin
current if the emitting material is in contact with a further conductor. The inverse case of a
conversion of an injected spin current into a charge carrier separation and by this detectable
voltage is the inverse spin Hall effect (ISHE) [68], shown in Fig. 2.11b).
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Fig. 2.11: Illustration of the a) SHE and b) ISHE. A charge carrier current j. encounters a
spin dependent scattering towards the boundaries of the material. Vice versa a
spin current j, is converted into charge current j., which gives rise to an electric
potential difference E;syr depending on the polarization of the charge carriers
o and propagation direction of j,.

The progress within the theoretical description of the AHE [28] allows us to split the effect into
an intrinsic and extrinsic contribution. A similar approach using the same theoretical concepts
of Berry Phase theory for the intrinsic and Mott scattering for the extrinsic contribution can
be applied on the SHE / ISHE [69]. An explanation of the important mechanism extends
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the length of this thesis and does not contribute to the understanding of the SSE. Therefore
we recommend the review articles [69,70] for a deeper understanding. In the following we
will present only the empirical derived results for the ISHE, which have an impact on our
measurements of the SSE. The dependence of the resulting charge current by the ISHE can
be described [65] by

- 2e - =
Je= —0supjs X 0, (2.24)

h

where 7, marks the spatial diffusion direction of the spin current density and & its polarization
vector. fsyp marks the dimensionless material dependent parameter, the spin Hall angle,
that labels the conversion efficiency of the spin current. The absolute value of the parameter
is roughly proportional to the atomic order parameter |0y | o< Z* [71] as it labels the
strength of the spin orbit coupling. For a more accurate estimation one has also to take the
d-orbital configuration [72] into account, which can also explain the appearance of negative
spin Hall angle for Tantalum and Tungsten compared with one for Pt [71].
While the scaling and sign for the ISHE can be explained and predicted by this model, the
absolute value derived from different experimental methods shows a broad variety. Only for
Pt, the absolute value of s differs more than one order of magnitude, since values from
0.01 up to 0.1 have been determined [70,73]. This can be understood by taking into account
that experimental approaches, like spin pumping experiments, rely on a proper estimation
of g™ as well as on the spin diffusion length. The first parameter is strongly influenced by
the interface quality, the deposition method and additionally the emitting material, while
the second parameter is highly sensitive to the quality of the ISHE material itself and leads
to an exponential thickness dependence of the penetration depth of the spin current in the
NM [65,74-76].
Thus one has to consider that, beside the material, the interface, its thickness and additionally
measurement geometry influence the signals. The last point originates from the fact that the
experimental detected voltage results [65] of

Visue = %ZIC = MTMHSHE%/\Z‘,GTL}L(%) 39, (2.25)
where p marks the resistivity, [ the length, w the width and A = dyw the cross section area
of the used geometry. dy labels the thickness of the ISHE layer, A the spin diffusion length
and ;Y the spin current density at the interface.

Spin Hall magnetoresistance effect

Like the AHE, the SHE possesses a resulting intrinsic resistance [69], which should not be
mistaken with the following spin Hall magnetoresistance effect (SMR). The SMR only occurs,
in contrast to all other magnetoresistance effects, only in bilayer systems, consisting of a
spin Hall layer in contact with a ferromagnet. The first experimental report, which was
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interpreted as the SMR, was the detection of magnetoresistance effect in Pt in proximity with
YIG [77].

Up to now its origin is topic of current research, since Pt marks a special material. Pt is
near the Stoner ferromagnetic instability, which allows to magnetize Pt in contact with a
ferromagnet, known for Pt/Fe [78]. This induced magnetic moments would give rise to a
proximity induced conventional AMR effect in the Pt as discussed by the community [14, 15].
X-ray magnetic circular dichroism measurements of the YIG/Pt bilayer contradict one another.
Lu et al. [79] observe a proximity induced moment while Geprags et al. [80] do not find any
evidence for such an induced moments at the interface. Further studies reveal a dependence
of the magnetoresistance (MR) signals on the deposition method [81], hinting towards an
interface induced origin.

Experimentally the key point to distinguish the AMR from the SMR effect is to perform out-
of-plane angle dependent measurements of the MR. As described in eq. 2.3 the AMR follows
a double cross product relation, leading to p,, o cos(2v) dependence of the longitudinal
resistance p,, if probed as a function of the out-of-plane angle ~ in the xz-plane, as illustrated
in Fig. 2.12a). In contrast to this the SMR effect shows a constant signal with no angular
dependence. All further angular dependences are identical for both effects. Nakayama et
al. [77] highlighted this elemental difference between both effects and additionally were
able to show that the MR does not vanish even if a copper layer is inserted in between YIG
and Pt making a proximity induced magnetization impossible.

a) 74y b)
*AMRl ’\/"‘ NM
— SMR -
1.0 M / FM
_ 05
= 0.0
0.5 ’-\ ............. R NM

0 50 100 150 200 250 300 350

7 (°)
Fig. 2.12: a) Angular dependence of the AMR and SMR of the MR measured in the xz-plane
as illustrated in the schematic above the graph. b) STT between magnetization

and spin current in the NM|FM bilayer for two different alignments of the
magnetization of the ferromagnet.

Phenomenologically one can understand the effect by a STT between the magnetization of
the ferromagnet and the spin current, resulting of the SHE. The SHE leads to spin dependent
separation of the charge carriers at the edges of the sample, as illustrated in Fig. 2.11a)
and 2.12b). If this spin current at the interface with the ferromagnet experiences a STT,
due to the exchange interaction, this current is either absorbed or reflected, depending on
the orientation of magnetization of the ferromagnet, as shown in Fig. 2.12b). Since the
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spin current flow is connected to the charge carrier flow, the absorption of one spin channel
raises also the longitudinal resistivity [77,82]. A STT is only possible in a non-parallel
configuration between magnetization and polarization of the spin current, leading to no
resistance change for the longitudinal out-of-plane configuration. From a phenomenological
point of view its concept matches with the observation of a STT induced by the SHE in FMR
experiments [6, 83].

The development of the concept of the SMR and its origin proceeded in parallel to the work
of this thesis. In the next section of spin caloritronics we explain why research of the SMR
effect was originally triggered by the spin caloritronic community as a MR effect in the ISHE
layer raises fundamental questions about the origin of the SSE.

Spin caloritronics

The development of research topic of spin caloritronics is closely related to the one of the SSE.
The initial experiments of Uchida et al. in 2008 [7] meant a breakthrough for the field and
triggered the discovery of many other effects. Up to now the spin dependent Seebeck [84]
and Peltiers effect [25], the magneto-Seebeck [85] and Peltier effect [86] as well as the spin
Seebeck [7] and the possible reciprocal spin Peltier [87] effect have been discovered. The
spin dependent and magneto-effects are limited to magnetic conductors as they represent
the spin dependent expansion of the classical thermoelectric charge effects [19]. The SSE
has been observed in conductors as well as in insulators [88], while the spin Peltier [87] has
been recently discovered in magnetic insulators. Since the origin of the SSE is still topic of
current research, it is unclear whether the spin Peltier effect can be solely described as the
reciprocal effect.

In the beginning of this section, we will give a brief introduction to spin dependent and
magneto-Seebeck effect and illustrate that the effects can be understood by including the
spin of electrons into the concept of the Onsager reciprocity. Compared to the spin dependent
effects, the SSE represents a novel thermoelectric effect, which cannot be described by
a charge carrier model. Its origin is debate of current research and motivated the work
presented in this thesis. As the development of the research of this effect reflects very well
its up to now controversially discussed origin, we will first give a brief overview about first
results and current state of the research on the SSE. As a last point of this section we present
an overview of the main theoretical model that has been used to describe our obtained results
of the magnonic origin of the SSE.

Spin dependent and magneto-thermoelectrics

The magneto-thermoelectric effects represent an expansion of the classic thermoelectric
effect by a two current model for spin up and down electrons [19]. Thus the magneto-
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Seebeck effect can be most efficiently measured in magnetic tunnel junctions [85,89], where
it is possible to suppress one type of spin polarization of the tunneling currents by the
respective alignment of FM|I|FM junctions. The magneto-Peltier effect thus presents the
magnetoresistive dependent thermal transport, which as well can be observed easiest in
tunnel junctions [86], where the thermal flow carried by the tunneling electrons can be
blocked depending on their spin polarization.

The spin dependent Seebeck effect (SDSE) describes a more complex situation where only
an electron mediated spin current is thermally excited, without a net charge current. The
first detection of such a thermal diffusive spin current has been achieved in a lateral spin
value structure [84]. A high density charge current is applied to the FM, in order to generate
a temperature gradient along a FM|NM junction perpendicular oriented to the charge carrier
flow. Since the conductivity and density between different spin states differ in the FM, a
Seebeck current excited by the thermal gradient is spin polarized. In the spin valve geometry
of the FM |NM junction, the spin polarized charge current flowing from the FM to the NM is
compensated by a non-spin polarized current from NM to FM. Thus only a thermally excited
diffusive spin current flows into the NM. This spin current can be detected by a second

ferromagnet attached to the NM, by probing the pin accumulation due to a voltage difference.

The length scale of the SDSE depends on the spin diffusion length of the material. In the
ferromagnet the diffusion length limits the effect to a length scale of several nm, while the
diffusion into the NM allows detecting the effect on a length scale of 100 nm [90].

The reciprocal effect, the spin dependent Peltier effect, has been detected in lateral spin
value FM |NM |FM structure combined with an electrically isolated thermocouple thermally
attached to one of the ferromagnets [25]. A current sent through this junction will cause
a conventional Peltier effect within the stack. By comparing the parallel and antiparallel
configuration for the spin value, it is possible to determine a temperature difference, which
can solely be attributed to the heat current only carried by the spin current. Thus the
magneto-and spin dependent effects only differ as a net charge carrier flow is needed to be
taken into account for the magneto-thermoelectric effects, while the spin dependent effects
are solely attributed to the spin current. All four above described effects can be described
by the expanded two current model concept for thermoelectric effects, which as well as the
classical model fulfills the Onsager reciprocity [19, 26].

Introduction to the spin Seebeck effect

The first report of the SSE was the measurement of a thermally excited spin current in
a NigiFe19 (Permalloy, Py) film detected by the ISHE signal in a Pt layer [7] in 2008. In
this first report the authors presented the concept, as shown in Fig. 2.13a), that a thermal
gradient applied along a ferromagnetic metallic layer leads to the excitation of a pure spin

current within the ferromagnet, similar to the later discovered spin dependent Seebeck effect.

This measurement geometry for the SSE was later denoted as the ’transverse geometry’ or
transverse spin Seebeck effect (TSSE) as the temperature gradient is applied in the plane
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of the sample. Fig. 2.13b) shows the principle of the transverse geometry measurement
method, while a detailed explanation of the experimental realization and challenges of SSE
measurements is given in Sec. 4.1.1.

Phenomenologically the temperature gradient excites a parallel directed spin current that
partially diffuses into Pt stripes, where it is converted into a detectable voltage. In contrast
to the SDSE, the TSSE shows a dependence on the probing position over several mm, as
illustrated in Fig. 2.13c). The signal amplitude linearly changes as a function of the probing
position on the sample, leading to an opposite signal sign between hot and cold side and a
vanishing signal in the middle of the sample. Based on the model of the SDSE one would
expect a signal amplitude depending on the temperature of the Pt layer, which would in case
of the presented geometry lead to a position independent signal.
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Fig. 2.13: a) Illustration of the spin Seebeck effect. A temperature gradient V excites a
thermal spin current .J, antiparallel to it. b) Sketch of the measurement geometry
used for detection of the TSSE, which uses an in-plane temperature gradient. c)
Position dependent signals of the TSSE, sketched according to the measurements
of Uchida et al. [7].

To probe the spin current origin of the signal, it was shown that the signal vanishes without
the ISHE layer and that the signal is correlated to the magnetization of the sample and heat
flow within the system. Originally the same theoretical concept as for the explanation of the
SDSE was used to describe the TSSE, which does not hold as the length scale for the usual
spin diffusion length of electrons is of the order of several nm in magnetic metals [90] in
contrast to the observed mm.

After these first experiments other groups [31, 32,91, 92] were not able to reproduce the ini-
tial data in similar samples and geometries. Instead it could be shown that measurements in
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metallic systems can be accounted by signals of the PNE, which shows an identical dependency
on the temperature gradient. Sec. 4.1.1 describes in more detail that transverse geometry is
additional very likely accompanied by out-of-plane temperature gradients [91,93], which
cause thermoelectric signals by the anomalous Nernst effect (see Sec. 2.1.4). Since ANE and
TSSE show the same dependence on M and AT, only comparison measurements in samples
with and without Pt detection layer allow to distinguish between both effects, which beside
the initial results could have never been reproduced.

While partially the community focused on the measurements in magnetic metals, in later
experiments the SSE was also measured in Heusler compounds [94], magnetic semiconduc-
tors [95,96] and even magnetic insulators [88], raising doubts about the electron based
origin of the effect. Since the signal in insulators should in principle not be superimposed by
signals from the ANE, like in metallic systems, it was possible to change the measurement
geometry from an in-plane temperature gradient to an out-of-plane geometry, the longitu-
dinal SSE (LSSE) [97] shown in Fig. 2.14. In Sec. 4.1.1 we explain in detail that the LSSE
provides a more robust concept, as an in-plane heat flow can be neglected. In contrast to
TSSE, the thermally excited spin current directly propagates into the detection layer in the
LSSE configuration, as it is parallel oriented to the heat flow direction. Therefore one can
think of the TSSE as the non-local detection of the LSSE.

(V)
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Fig. 2.14: Illustration of the LSSE. In the LSSE configuration V is applied out-of-plane,
causing a direct flow of J, into the detection layer.

The discovery of the SSE in magnetic insulators inspired theories based on a magnon inter-
pretation of the thermally excited spin current [12,13,19,60,66,98-104], since contributions
to the SSE by conduction electrons should be negligible in insulators. The list of theories
is not complete and can only illustrate the huge variety of approaches to explain the SSE.
Further experiments in semiconductors [95] and metals [105] revealed, that TSSE mains
its position dependence over several mm, although the ferromagnetic layer on top of the
substrate had been separated by gaps, pointing towards a more complicated phonon interac-
tion of the effect. The same conclusion resulted from the observation of a peak in the SSE
signals [106-108] if probed as a function of temperature. The measurements were performed
in the TSSE [96,106,108] and LSSE configuration [104,107,108]. Since the SSE signal peak
temperature below 100 K is close to the peak temperature of the phonon thermal conductivity,
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it is currently being attributed to a drag effect between magnons and phonons [104, 106].
As our own results discussed in Sec. 4.3.2 will show, this first interpretation of a direct
magnon-phonon drag needs to be further expanded to explain our observations.

Up to now most magnonic theoretical approaches [12,66,101], which partially consider
the phonon heat bath in order to explain the gap and drag experiments, can explain most
room temperature experiments for the LSSE. In contrast to this the theories cannot derive
the observed length scale for TSSE of several mm, which has been observed for metals [7]
and insulators [97]. An optical experiment [109] tried to directly probe the theoretically
predicted difference between the magnon and phonon lattice temperature in YIG [66]. The
experiment did not find a difference between the two temperature bathes and was thus
only able to provide an estimate for the upper limit of the length scale of the TSSE of
0.47 mm, which marks an order of magnitude lower value than predicted by theory and TSSE
experiments.

The non-reproducibility of the initial experiments and the incompatibility with magnonic
theories and the length scale of the TSSE raised the question in the community whether
the TSSE can be treated as a special case of the LSSE or can even be solely explained by
thermal artifacts in the system, causing a local occurrences of the LSSE [110]. Therefore a
better understanding of the easier to determine LSSE can give an answer to the fundamental
questions of the existence of the TSSE.

Although the magnonic theories can give explanations for the experimentally obtained signal
dependences of the LSSE, the physical origin of the effect is still under discussion. The
magnonic theories can currently be separated into two groups. The first group attributes the
SSE to magnons emitted from the bulk of the ferromagnetic material [13, 54,66,102,103],
while the second group assumes only thin interface layers [12,101] between ferromagnet
and detection material as the origin of the effect. Up to now a direct measurement of the
magnonic origin of the SSE has not be possible, which even led to discussion of existence of
the LSSE.

While the discussion about a parasitic superposition of the SSE signal with Nernst effects in
metals is unavoidable, the signals determined in magnetic insulators seemed to be unaffected
by this. In 2012 the detection of a MR effect in Pt [14,111], obtained in the proximity
with YIG, led to the discussion if a Nernst effect(see Sec. 2.1.4) causes or superimposes the
SSE even in insulators. Recent experiments could show that this novel MR effect, partially
described by the community as the spin Hall magnetoresistance [77] (SMR, see Sec. 2.3.3)
does not follow the expected angular dependence of a typical AMR effect, which allows to
distinguish between both. Still its origin and contribution to the SSE is under discussion,
raising the question if not all observed signals can be explained by a Nernst effect of the
interface [14,15]. To eliminate the Nernst contribution, experiments using Au as detection
layer have been performed [112], while other experiments tried to estimate the Nernst signals
by a comparison of the transverse and longitudinal case of the temperature gradient [113].
Both types of experiments could, in parallel to our own experimental approach presented in
Sec. 4.2, show that observed signals cannot be explained by an ANE effect of the detection
layer but must have a different origin as shown in Chapter 4.2. Using our approach it was not
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only possible to show the negligible contribution of the Nernst effect but also to determine
this origin by probing the SSE as a function of the ferromagnetic material thickness, revealing
a novel signal feature that can be attributed to a magnonic spin current from the bulk of the
material.

Numerical approach for the magnonic spin Seebeck
effect

For the theoretical description of the SSE we work in collaboration with the group of
Prof. Ulrich Nowak from the University of Konstanz. The following theoretical description
reproduces the work of U. Ritzmann [114]. The group of Prof. Nowak specialized on the
numerical simulation of the stochastic Landau Lifshitz Gilbert equation (see. Sec. 2.2.3)
in either macro- [115] or atomistic spin models [54]. In the following we give a brief
introduction to their work and principles of their simulations.

For our description of the intrinsic origin of the SSE we use the atomistic model, where each
unit cell of the material is represented by a localized, normalized spin S; = u,/us, where
1s marks the magnetization of one cell. The spins are placed in a three dimensional simple
cubic lattice, with a spacing of a reflecting the crystal lattice constant, as shown in Fig.2.15.
The system boundaries in the yz- and xz-planes are treated as open, while the zy-planes at
the beginning and end of the system absorb incoming waves.

Fig. 2.15: 3D render image of the spin configuration for 4 x 4 x 512 system, having a
temperature step after the first layer. The image has been taken from Ref. [114],
by kind permission of the publisher.

The dynamic precession of the individual spins is described by the LLG eq. 2.18, including
the phenomenological damping term « and the effective magnetic field H,,,. The effective
magnetic field consists of

OH
off = 78, +&(1), (2.26)
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where the first term is the derivative of the interaction Hamiltonian #. For the study of
thermally excited magnons we only consider the exchange interaction, a uniaxial anisotropy
parallel to the longest axis of the system and the Zeeman energy due to the external magnetic
field. The second term ¢&;(¢) is the thermal white-noise contribution, which introduces the
temperature influences to the system. The white-noise term fulfills the condition of (£(¢)) = 0
and

<£f7(0)£2}> = W(Sij&pe(s(t), (2.27)

where i and j denote the lattice sites and ¢ and 6 Cartesian components of the spin, as
shown in Fig. 2.6. T),(z) describes the phonon temperature for the spins in the zy-layers
along the z-axis of the lattice, which allows to include different temperature profiles to the
system such as a step function [54] or a linear temperature gradient, see Fig. 4.12a). Thus
the phonon heat bath provides a constant temperature background, which interacts with the
magnetization but not vice versa. The lateral size of phonon distribution must be chosen
small enough to minimize influences by the finite size of the system.

The stochastic LLG equation is solved numerically by the Heun method [116]. In order to
determine the thermal fluctuation of the system, the system is initialized in parallel state
to the easy axis along the z-axis, which allows to define a starting magnetization mq(z) per
xy-plane. In the higher temperature levels of the system, thermal magnons are excited,
which propagate through the system. The initial aligned moments get perturbed by these
magnons, leading to a relaxation of the system into a quasi-stationary state. In this state the
mean fluctuation of the individual spins gets time independent for the investigated timescale,
which allows to determine its deflection Am(z) as

Am(z) = moy(z) — m(z), (2.28)

where m(z) denotes the averaged magnetization per xy-layer. Using the Am(z), it is possible
to calculate a magnon temperature of the system Am = /7.T,,, where 3 is the critical
exponent obtained by fitting the system magnetization as a function of temperature using
m(Ty) =~ 1— T% [57]. T, describes the Curie temperature, which is as well determined from
the simulations. Thus one obtains from the numerical calculation the essential parameters
T, T), also derived from the linear response theory of Xiao et al. [66]. This theory attributes
the temperature difference AT = T,,, — T}, as the origin for the thermally excited magnons
and derives, using the spin pumping model (see Sec. 2.3.1), a functional dependence between
the experimentally detected ISHE voltage in the NM and the temperature difference between
magnon and phonon bath in the ferromagnet or respectively the normal metal, whose
electron and phonon heat baths are assumed to be in equilibrium with the one of phonons in
the ferromagnet.

Chapter 2 Theoretical description of magnetism, spin dynamics and spintronics



Materials and fabrication
techniques

The introduction already pointed out that the SSE presents a novel yet up to now not well
understood spincaloric effect, whose origin is attributed to thermally excited magnons. Many
studies of the SSE focus on specific topics and neglect to present a comprehensive picture
of the material and its magnetic or crystalline properties. As the origin of the SSE and its
dependence on the material is still under discussion, these studies are essential to provide
insights. An example for this is given by the fact that the SSE has been reported for bulk as
well as for thin films of the same material. While the material properties vary for different
thicknesses, the SSE maintains a similar amplitude of signal. For a comprehensive study of
the origin and the dependence of the SSE, it is therefore necessary to know and to be able
to control the material parameter. Having access to the growth of the investigated material
provides an ideal opportunity for this possibility.

Due to this it was part of this PhD thesis to establish the growth of the material class of
garnets by pulsed laser deposition in Mainz in collaboration with the Massachusetts Institute
of Technology (MIT) in Boston. This allowed to specifically study the influence of the
thickness and modification of the material on the SSE. To provide a comprehensive picture of
the material properties for theses studies, the possibilities for sample characterization already
available in Mainz were extended by a Vector Network Analyzer-FMR (VNA-FMR) setup.
The development and construction of the setup was also part of the thesis. In the following
chapter will therefore provide an overview of the growth techniques for our investigated
stack of material and describe the used methods for the analysis of the material properties.
We will describe in detail the technique of pulsed laser deposition used for the growth of the
ferromagnetic material and magnetron sputtering for the growth of the detection layer. An
introduction to the analysis of the crystal structure by x-ray diffraction is given as well as
example measurements and evaluations of magnetic properties by SQUID magnetometry and
VNA-FMR. In the last part of this section focuses on the to magnetooptic characterization,
which allowed not only to study the magnetic structure of the material, but will also be of
use for future experiments following this PhD thesis.

In the next section we will make use of the techniques and methods described in this section
and present the results of our material development.
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Characterization and deposition techniques

Pulsed laser deposition

The research within the field of spin caloritronics led to the need of high quality thin films of
an insulating magnetic material. For our research we choose magnetic garnets, as they are
highly insulating and possess a Curie temperature ~ 280 K above room temperature, which
makes them easy to handle (see Sec. 3.2). The drawback of magnetic garnets is their complex
stoichiometry, which necessitates a long optimization process for deposition methods like
radio frequency sputtering. Pulsed laser deposition (PLD) describes a thin film deposition
method, which is making use of an instant ablation of target material by a laser pulse. This
instant ablation allows nearly exact stoichiometric transfer of the target material onto the
substrate. Further advantages of this method are its high flexibility, as usually only one
target per material is required, and the high achievable crystalline quality especially for oxide
materials [117], such as garnets.

Two different PLD chambers have been used for the deposition of the garnet materials,
presented in this thesis. Both chambers, the one at the MIT, a commercial system by Neo-
cera [118], and the custom build system in Mainz [119], use the same model of ablation
laser and only differ in the heating method for the substrate. Thus, we will only discuss
the basic principles of PLD, based on the chamber concept in Mainz. Fig. 3.1a) shows a
sketch of the basic components of the PLD chamber in Mainz. The chambers use two stage
pumping systems, to reach a base pressure of ~ 10~® mbar and allow to control the processes
gas pressure by mass flow controllers. A KrF (A = 248 nm) excimer laser (CompexPro 205,
Coherent) generates a high energy laser pulse in the energy range of 250 mJ to 450 mJ with a
pulse length of 20 ns. The laser pulse is guided by a mirror system to the PLD chamber and
is optimized on its path by beam optics, such as an aperture to block divergent parts and a
lens system to focus the laser on the ablation target. As the CompexPro initially provides
a rectangular shaped spot profile, with sharp intensity boarders, an optimized beam optics
should reproduce the rectangular sharped spot on the ablation target. This way the final
spot on the target has a uniform intensity distribution, leading to a uniform ablation of the
material. Depending on the area and selected energy of the pulse, the energy density on the
target can be varied between 0.2J/cm? and 20J/cm?.

In order to provide a high exploitation of the target and to prevent the occurrence of droplets
on the film [117], the target is rotated during the deposition. This rotation is coordinated
with the repetition frequency of the laser.

The high energy density of the laser leads to heating rates of up to 10''K/s [120,121] within
the vicinity of the spot on the surface. Most energy is absorbed in the upper layer of the
target material, leading to only little thermal damage in the surrounding. However the
extreme conditions within the spot, cause an element independent ablation. This process
should not be mistaken as evaporation, which would occur at different rates for the different
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target elements. All components of the target material are removed forming a plasma, which
contains a mixture of molecules, atoms and ions, allowing for a stoichiometry transfer [121].
The plasma expands adiabatically perpendicular to the target surface into the direction where
the substrate is placed. Depending on the working pressure the kinetic energy of the material
gets reduced due to collisions with the gas molecules. This way the gas type and pressure
can influence properties of the deposited film. Especially for the case of oxides, oxygen is a
preferential preferred gas as it reduces or even prevents the formation of oxygen vacancies
within the film. A sketch of the plasma and film growth is shown in Fig.3.1b).
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Fig. 3.1: a) Sketch of the PLD system in Mainz. b) Illustration of the marked region of a). c)
Picture of a 150 nm thick YIG film on grown GGG with 1 cm? millimeter paper for
scale.

The target material that reaches the surface of the substrate is adsorbed and starts the
formation of the film. Different growth modes, classifiable in layer by layer, island growth
and mixed growth, can occur, which may also depend on the substrate temperature during
deposition [122]. Heating of the substrate is achieved by a second continuous wave laser
(A = 976 nm), aiming on the backside of the substrate holder. A calibrated pyrometer reads
the temperature of the substrate holder and a feedback loop controls the laser power to
stabilize the substrate temperature.

From the description of the laser ablation we can identify the crucial parameters for the
deposition, which have also been marked in Fig. 3.1b). Important parameters of the used laser
are the energy density, the wavelength and the repetition frequency. Material transfer and

3.1 Characterization and deposition techniques

37



3.1.2

38

growth can be influenced by the type and pressure of the process gas, the target to substrate
distance, the substrate temperature and finally the substrate itself. The crystallographic
quality of the produced films can additionally be influenced by an annealing step after the
deposition. This step can consist of a higher temperature and pressure, which the sample is
exposed to, leading to a self-ordering of the crystal and a reduction of oxygen vacancies.
Partial work of this thesis was to optimize the epitaxial growth of Yttrium Iron Garnet (YIG)
on Gadolinium Gallium Garnet (GGG) [p2] and to establish the growth of other interesting
garnets [p3][p7][p8] by PLD, as will be described in Sec. 3.2, where we will also give details
for the deposition parameters. An example for a 150 nm thick film YIG on grown GGG is
shown in Fig. 3.1c). The yellow material presents the film itself, while the white areas are
uncovered parts of the GGG substrate. The reason for the uncovered parts is the substrate
holder at the MIT, which uses a deepening to provide a glue free mounting of the film. The
drawbacks are uncovered areas and a thickness gradient of 200 um length at the edges of the
substrate.

A disadvantage of PLD is the limitation in the film thickness that can be grown. While high
quality thin film samples can easily be grown with up to 100 nm thickness, the deposition
time for films of 200 nm is more than 6 h. Furthermore a high amount of damage is induced
to the ablation target and deposition conditions start to drift as the gas of the excimer laser
fatigues. Due to this we limited our thin film grown by PLD to a film thickness of 300 nm and
used liquid phase epitaxy grown samples for thicknesses beyond.

As we now have discussed the preparation of the ferromagnetic layer, we will give a overview
of the deposition of the metallic layer used for the detection of the SSE.

Magnetron sputtering and lithography

Magnetron sputtering

While PLD presents a superior technique for the deposition of oxides, it has several disadvan-
tages regarding the deposition of metallic materials [117]. In contrast to PLD, magnetron
sputtering provides an easier and more reliable solution for the deposition of pure or simple
materials. Another advantage presents the fact that the sputter chamber used in Mainz, pro-
vides the possibility to deposit up to 8 10 mm x 5 mm samples simultaneously. This presents
an important feature, as an identical interface can only be ensured by a simultaneous in-
terface preparation and film deposition. Our work in Sec. 4.2 will show that the interface
strongly influences the SSE and that we can only ensure a comparability between different
samples by an identical interface treatment.

As the sputter deposition and its parameters mark an important step in our material prepara-
tion, we will shortly present the principles of magnetron sputtering.

For the deposition of a conducting material we need to apply a high negative voltage
(200 — 600V) with respect to substrate holder and dark shield of the cathode, as shown in

Chapter 3 Materials and fabrication techniques



Fig. 3.2a). As for the oxide PLD, the chamber is filled with an process gas. In case of the
deposition of noble metals, argon is best suited. A initial ionization of a argon gas atom
within the applied electric field, caused by a random event like cosmic background radiation,
leads to a chain reaction. The ion gets accelerated towards the cathode due to the applied
potential and collides with the cathode, causing the expel of secondary electrons. Due to
their charge the expelled electrons get attracted to the substrate holder and dark shield and
strike on their path other gas atoms forming more ions and by this the plasma [123]. In
contrast to conventional sputtering, the excited plasma is compressed to a torus for mag-
netron sputtering. Magnets in the sputter cathode are used to generate a magnetic field that
forces the electrons on an additional circular motion in the plane of the target surface. The
increased density by the confinement, leads to a higher ionization rate and therefore allows
to work at lower pressures than normal sputtering and also increases the sputtering rate. The
sputtering process itself is a ballistic process, where the argon ions collide with the target
surface and thus cause the erosion of the target material. Ejected target atoms diffuse to the
substrate and start the formation of the film layer. Like in PLD the growth mode is strongly
influenced by the substrate temperature and can be classified into the same three different

types.

Substrate holder b)

Anode potential

Dark shield

Target atoms

(200-600 V)

Fig. 3.2: a) Nlustration of the sputter process. b) Image of a structured Pt film on YIG (Pt
(6nm), YIG (190nm), GGG (sub)) with 1 cm? millimeter paper for scale.

For the used sputter chamber in Mainz (base pressure 5 x 10~ mbar), we optimized the Pt
deposition at room temperature. The optimal conditions were found to be argon pressure
of 1 x 102 mbar, a target to substrate distance of 5cm and a cathode current of 15mA
(~ 300V). For these settings we obtain a growth rate of ~ 0.077 nm/s and surfaces with
roughness below 0.2 nm (see. Fig. 3.4), which is lower than the usual surface roughness of
the coated YIG films, which have a roughness below 0.5 nm (see Sec. 3.2.1)

The chamber furthermore allows cleaning or etching of the interface in-situ prior the de-
position by a plasma source (Gen 2, Tectra). The source can be operated with oxygen and
argon, where oxygen should preferentially be used for oxygen materials in order to prevent
a reduction of oxygen in the surface layers. For the YIG cleaning we use a oxygen working
pressure of 4 x 10~*mbar, a plasma source current of 25 mA, an extraction voltage of —300V
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(< 0.5A) and an accelerator voltage of 125V (5 mA). For these conditions we find an etching
rate of less than 0.5 nm in 20 min for YIG at angle 0 ° of incidence. For cleaning of the YIG
surface we use a angle of incidence of 45 ° and an etching time of ~ 20's, which allows for
removing carbon contamination by oxidation from the surface. The carbon contamination
can arise from the ex-situ sample transfer from PLD to sputter chamber, making the interface
treatment prior the deposition important, as it ensures a similar interface for different films.
Additionally the YIG is heated up prior to the oxygen etching to 200 °C for 30 min to remove
residual water, also caused by the ex-situ transfer.

After the deposition the Pt/YIG/GGG stack provides a robust material, as neither Pt nor the
garnets show a hydrophobic behavior or show any other degradation, such a diffusion of
oxygen at room temperature.

As the Pt/YIG interface needs to be as clean as possible, we have chosen not to perform a
lift-off process for structuring of the Pt but a controlled etching, which we will now discuss.

Lithography

Each detection layer, for which in most cases we use Pt, is structured by optical lithography
and ion etching into two separate stripes. The stripes allow to define a precise in-plane angle
between the magnetic field and comparable position for voltage contacts (see Sec. 4.1.1).
This is important as the ISHE has a linear dependence on the gap size between the voltage
contacts (see Sec. 2.3.2). Two stripes enable us to control the SSE setup for mounting
errors and also to increase the statistics of our measurements. Additionally the structuring
is necessary, as not the whole sample surface is coated with YIG. Any conducting material
on GGG, which is in contact with the detection layer on YIG, will inhibit the charge carrier
separation but will allow a backflow of the electrons, which short circuits the ISHE-voltage
(see Sec. 2.3.2). A picture of the Pt stripes is shown in Fig.3.2b), while the precise dimensions
of a Pt stripes are shown in Fig. 4.1c). Additionally we use a protective layer to prevent the
inner part of the stripes from scratches, which may be caused by the mechanical nature of
the setup (see Sec. 4.1.2). This layer consists of a scratch resistant positive photoresist SU-8
and can be see in Fig. 3.2b) as the brighter rectangle in the middle of the sample.

Each sample is also characterized by x-ray diffraction to determine the crystallographic
quality and actual layer thickness. In the following section we give a short introduction to
the principles and analysis.

X-ray diffraction

The x-ray diffraction (XRD) analysis of our material allows us to determine structural param-
eters, like the dimensions of the unit cell and crystallographic quality. Most measurements
present in this thesis have been done, using a commercial high-resolution x-ray diffraction
(HD-XRD) device (Bruker D8 Discover). The basic principles of the devices, which operates
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in the Bragg-Brentano geometry are sketched in Fig. 3.3a). In this geometry the detector
and emitter are placed on a circle, with the center on the sample [124]. The setup uses a
copper cathode for the emission of x-rays with the wavelength of Cu-K,; = 1.5406 A and
Cu-K,5 = 1.5444 A . The next beam element is a parabolic Gobel Mirror, which makes use
of diffraction of the incoming radiation to parallelize the beam. The mirror by this not
only monochromatizes the beam but also increases the brilliance, as the preferred wave-
lengths of the beam are corrected from a divergent beam from the source into a parallel
one. Additionally a parallel beam reduces errors caused by misalignment of the sample. YIG
and GGG have similar lattice constants leading to very close peak positions of the lattice
reflexes. In order to be able to resolve the difference a monochromator is placed in the beam
path. By selected diffraction it suppresses Cu K2 within the beam and by this increases
the resolution [124]. The monochromatic and parallel beam is scattered at the sample
and then detected by a scintillator. Variable slits on the beam path, allow to adjust the
angle resolution. A XRD scan corresponds in this geometry to a combined scan of 20 and w,
allowing the use of the Bragg equation to calculate the lattice constant from the peak position.

a) : . b)
Goniometer circle .
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Gobel-mirror
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X-ray
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Sample ) ) ) U o

Monochromator

Fig. 3.3: a) Illustration of the XRD components used for HD-XRD. b) Sketch of the reflection
condition for the Bragg equation.

The condition for constructive interference is given by nA = 2djy; sin(6), where the path
difference of the scattered light 2d; sin(6) is equal to an integer manifold n of the wave-
length \ of this light. 6 corresponds to the angle of incidence with respect to the lattice
planes of the as marked in Fig. 3.3b), while dj,;; describes the lattice spacing. Fig. 3.4a)
shows an example for a 260 — w scan of a Ce:YIG sample grown on GGG (001). The figure
also contains a reference measurement of a GGG (001) substrate, which helps to identify
artifacts from the substrate. From the scan we can identify the peak of the Ce:YIG (004)
reflex at 28.368° from which we calculate an out-of-plane lattice constant of dgg; = 1.257 nm,
and the GGG (004) reflex at 28.830° = dyg; = 1.238 nm. The GGG substrate shows the same
lattice constant as its literature value (1.2383 nm [125]), while the Ce:YIG shows a larger
lattice constant, than the substrate. This combined with the knowledge of the material, (see.
Sec. 3.2.2) and further information about the in-plane lattice constants of the films (see
Ref. [p3]) allows us to conclude that the Ce:YIG must grow under tetragonal distortion on
the GGG, leading to a strain in out-of-plane direction. The peak labeled with AF1 at 26 = 26°
is the result of residuals of other wavelengths within the diffractogram. The peak position
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matches the wavelength of Cu-Kg; = 1.3922 A, which we can therefore identify as the origin
of the reflex. Cu K2 is well suppressed by the monochromator, as it would lead to reflexes
slightly higher than the substrate peak at 20004y = 28-900. AF2 corresponds to the reflex
of (006), which should be forbidden as GGG has a cubic unit cell. Despite this, the peak can
arise from a non perfect atomic ordering of the GGG substrate and due to the mere existence
of a surface (surface truncation rod). No further peak can be observed within the spectra,
showing that the film only consists of a Ce:YIG phase. This is an important results and will
be in depth discussed in Sec. 3.2.2, which focuses on the growth of high quality Ce:YIG. In
case of films of a high crystalline quality another feature can be observed from XRD scans.
Fig. 3.4b) illustrates the occurrence of oscillations around the film peak, which are called
Laue oscillations. These oscillations are the higher order maxima of the x-ray interference
pattern of the crystal lattice. The interference pattern can only be observed if the film is
highly ordered and has a smooth layer to layer interface. Like for the classical interference
pattern, one can calculate from the oscillations the distance and number of the crystal layers
causing the pattern and therefore the thickness of the epitaxial layer. As the discussion of the
evaluation could show, we are able to obtain valuable information about the crystal structure
of the film by XRD.
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Fig. 3.4: a) 20 — w scan of a Ce:YIG / GGG (001) sample. The data are part of Ref. [p3].
b) 260 — w scan of the film and substrate (444) peak of a 100 nm thick YIG / GGG
(111) sample.

Rocking curve

Further information about the crystallographic quality can be determined by so called
rocking curve measurements. For this measurement the detector is fixed at a certain 26 value
corresponding to a Bragg reflex, while the film is "rocked” by rotating w. The width of a
rocking curve of a reflex is influenced by the spread of the crystallite orientations within the
film. This spread can be caused by dislocations, curvature of the film or a mosaicity [124].
In extreme cases this can lead to the observation of two separate peaks, which hints to two
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separate crystals with different orientation within the film. An example for a rocking curve is
shown in Fig. 3.5a) for the Ce:YIG(004) reflex. A Gauss peak model fit, yields a FWHM of
0.0194°, which needs to be compared to width of the rocking curve of the substrate peak of
the GGG(004), which shows a FWHM of 0.0073°. The substrate peak width represents the
optimal value that can be obtained if the films growths fully epitaxial on the substrate. The
found increase by a factor of 2.7 compared between Ce:YIG and GGG presents an example of
a high epitaxy between film and substrate, while also the narrow absolute value highlights
the good quality of the film. In the further discussion of the film quality in Sec. 3.2, we
spare a detailed presentation of rocking curves, and will only discuss the interpretation of
the measurements.

X-ray reflectivity

X-ray reflectivity (XRR) describes a technique that allows to determine the thickness, interface
and surface roughness and density of a material. The x-ray beams hits the sample under
a grazing incidence angle, leading to a partial reflection of the x-rays at the interface of
film and substrate and the surface of the film [124]. The principle of this method can be
compared to the light interference pattern obtained by a slit blend. Thus, the minima of the
observed oscillation contain information about the thickness of the investigated material,
while the decay can be attributed to the roughness of both interfaces. The critical angle is
dependent on the electron density of the material. Fig. 3.5b) shows an example measurement
including the curial parameters that can be obtained from the measurement. For fitting of the
curve we use a commercial software (LEPTOS 7) that is based on the Parratt algorithm [126].
For the shown example of a Pt (film) / MgO (substrate) sample, used for the calibration
of the Pt deposition rate, we determine a Pt thickness of 13.73 nm with a roughness below

0.1 nm.
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Fig. 3.5: a) Rocking curve of a Ce:YIG (004) reflex. The curve shows the fit of a Gauss model
to the peak. b) XRR scan of a Pt / MgO sample. The black curve corresponds to
the data, while the red curve to the XRR fit. The fit yields a thickness of the Pt
13.73 nm with a surface roughness of 0.23 nm and a interface roughness of 0.21 nm.
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SQUID magnetometry

For detection of the static magnetic properties, we use a commercial superconducting
quantum interference device (SQUID) magnetometer (Quantum Design MPMS XI. SQUID-
Magnetometer). SQUID magnetometry represents one of many well established meth-
ods [127], such as vibrating sample magnetometry (VSM) and alternating gradient magne-
tometry (AGM), to determine the magnetic properties of a thin magnetic film. The original
SQUID concept as well as magnetometry devices themselves have been further developed
and optimized, leading to the point that a description of the working principles of a SQUID
go well beyond the scope of this thesis. Due to this we refer the interested reader to the
literature [128,129] and only discuss the evaluation of the raw data, which is important for
the understanding of the presented results.

A typical example for a hysteresis measurement is shown in Fig. 3.6a). The black curve
presents the raw signal of a 130 nm thick YIG film grown on a GGG substrate. GGG itself has
a high paramagnetic moment, leading in combination with a substrate thickness of ~ 500 pm
to a strong background signal. This paramagnetic background can be best described by a
Brillouin function (see Sec. 2.2), which, for small field values, is sufficiently approximated by
a linear function. Since YIG is a soft magnetic material, we can use the linear approximation
to subtract the background signal by the GGG. By applying a linear fit for the region of (H »
H.), we obtain a value for the paramagnetic contribution by the GGG and can subtract this
from the raw signal as shown for the red curve in Fig. 3.6a).
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Fig. 3.6: a) The black curve presents the raw signal of a 130 nm thick YIG on a GGG substrate.
The background signal by the GGG substrate has been subtracted for the red curve.
b) Volume and shape corrected hysteresis measurement of the same sample.

Further data evaluation requires to know that SQUID magnetometry is an inductive method
that detects the magnetic stray fields of a sample. These fields are shape dependent and
a correction factor needs to be applied to the data in order to obtain the correct absolute
moment [130]. The used SQUID is calibrated to the stray field of a point dipole making it
necessary to scale the presented data by a factor of 1.14, which corresponds to a sample
shape of 10 mm x 5 mm.
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To determine the magnetization per volume, we furthermore need to estimate the real film
volume. The real film area may slightly differ from 10 mm x 5 mm due to deviations of the
substrate size or covered areas while the deposition, as discussed in Sec. 3.1.1. We calculate
the actual area using the number of pixels for the film compared to the number of pixels of
reference 1 cm? from a desk scanner picture as shown in Fig. 3.1c). Film thicknesses below
120nm can in most cases be determined by XRR, as discussed in Sec. 3.1.3. Above 120 nm
the film thickness can either be determined by profilometer measurements or estimated
by the deposition rate. The volume estimation yields the biggest error for the later result,
as the thickness and area uncertainty contribute to the volume. Using the information
of the volume one can calculate the magnetization per volume, as done for the example
YIG/GGG film in Fig. 3.6b). From the data we can extract a saturation magnetization of
M, = 140 kA/m= 5 kA/m, which matches well with the literature value of 140 kA/m [131]
for bulk YIG at room temperature.

Unless noted otherwise, all further saturation magnetization values have been obtained using
the above described procedure.

Ferromagnetic resonance spectroscopy

To carry out the necessary characterization of the magnetodynamic properties such as the
Gilbert damping parameter « (see Sec. 2.2), FMR is used to investigate the material. The
method of ferromagnetic resonance spectroscopy allows one to study FMR by the excitation
of the magnetic lattice using a microwave field. By studying the FMR, one can determine
fundamental material parameters, discussed in Sec. 2.2.2, such as the saturation magnetiza-
tion, the magnetic anisotropy constant and furthermore obtain an estimation for the Gilbert
damping parameter. Since no appropriate setup was available in the beginning of this PhD
thesis, one of the tasks of this PhD thesis was the design and construction of a setup for
ferromagnetic resonance spectroscopy and to provide a model for the interpretation of the
data. While the theoretical description is given in Sec. 2.2.2, we will focus in this section on
the experimental realization.

For the experimental realization we have chosen a vector network analyzer FMR (VNA-FMR)
setup, which presents a novel FMR detection method that became possible due to the devel-
opment of the vector network analyzer (VNA). In contrast to conventional microwave sources,
the VNA not only provides the possibility to emit, but also to detect, microwave signals at the
same or different ports, at the same time. This feature allows a simple realization of a FMR
setup [132]. A schematic of the VNA-FMR components is shown in Fig. 3.7a).

In our experiments, we operate the VNA in the transmission mode S»;, which means that we
use port one as source and detect the incoming signal at port two. The microwave signal
emitted by the VNA is fed via a high frequency, phase stabilized cable to a custom designed
grounded coplanar waveguide (GCPW), optimized for frequencies up to 50 GHz. The GCPW
can be understood as a halved co-axial cable that allows for a near field interaction between
the sample and the antenna of the GCPW. During the measurement, the sample is placed face
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down on the GCPW signal line, which leads to an interaction between the magnetic moments
of the sample and the high frequency field H,; generated by the microwave signal, as shown
in Fig. 3.7b). Additionally, an external magnetic field H.,; perpendicular oriented to H, s
needs to be applied, to align the magnetic moments of the sample. This is necessary as H,s
drives a dipole Zeeman transition for the excitation of the ferromagnetic lattice, which is max-
imized for this configuration [34]. Depending on the measurement mode, the magnetic field
or applied frequency can be tuned to fulfill the FMR condition. In the resonance condition,
the transmitted signal So; shows a minimum, due to the signal absorption by the ferromagnet.
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Fig. 3.7: a) Schematic of the used VNA-FMR setup, showing the basic components. b)
Intersection sketch of the waveguide and sample, illustrating the electromagnetic
field lines.

A VNA allows for two different, but in principle equivalent, measurement concepts of the
FMR. In the first variant, the VNA is used in the continuous wave (cw) mode, providing a fixed
frequency signal. The external magnetic field is swept in order to measure the resonance,
which is similar to FMR cavity experiments, but not limited to certain frequencies given by
the geometry of the cavity. Vice versa the VNA can sweep the frequency of the S,; signal,
while the external magnetic field is kept constant, allowing to scan the FMR by frequency.
The latter measurement method provides the advantage that the measurement time and
resolution increases, since the VNA is capable of performing broad frequency sweeps in range
from 10 MHz to 40 GHz with the precision of several Hz. The first method has the advantage
of an easier data evaluation, as less material parameters influence the fit of the magnetic
damping. At the cost of a longer measurement time and a lower resolution, as the magnetic
field can only be tuned in this setup with a precision of ~ 0.8 Oe, which is comparably large
to the normal FWHM line width of 2 — 3 Oe for YIG. Taking this into account, the frequency
sweep method presents a more appropriate detection method for YIG and will be described
in detail for a 80 nm thick YIG film.

As mentioned in the beginning, both methods can considered to be equivalent as it is possible
to convert the A f to AH using the following relation [132]

Ofrmr(Hext)

Af=AH
f 8L[eact

) 3.1
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where ‘%gHRie(gm) is the derivative of eq. 2.15. An example of a frequency sweep mea-
surement of a 80 nm thick YIG film grown on GGG(001), is shown in Fig. 3.8a), measured
at H.,; = 270mT. It is important to note that one needs to first subtract the background
signal Sy /..y from the FMR data Sy;,p R, in order to obtain the response signal of the
ferromagnetic layer. Both raw signals are plotted in the inset of Fig. 3.8a). Sy, /.y should be
measured at a higher field than S5, /55, to ensure an off-resonance measurement of the
background signal by the system.

Sy1 consists of a set complex numbers, which allows one to obtain amplitude and phase of
the signal. This allows to use different approaches to determine the line width from the
resonance. The first approach, having a direct relation to the theoretically derived model is
to decompose the signal into real and imaginary part. This decomposition has the problem
that the real and imaginary part show a frequency dependent inter mixture. Since the
VNA-FMR is preferentially designed for frequency sweep measurement, a decomposition of
the signals might lead to artifacts. Furthermore a direct correlation between the scattering
matrix parameters and the susceptibility tensor is only given for a completely determined set
of S parameters [133]. Thus we use a simplified approach by fitting fitting |S2; | to determine
the line width. Using |S2; | provides a good value for high magnetic fields > 100 mT [133],
where the shape of the signal is less influenced by inhomogeneous broadenings. For lower
fields this approach might yield an overestimation from the more precise value, determined
from a full set of S-parameters, of up to 10 % [133]. In order to provide a fast but precise
data evaluation, we limit our FMR study to the field range from 100 mT to 450 mT. Thus
we determine the FWHM line width Af and fry/r by fitting of a Lorentz profile to | S|
for a certain magnetic field uoH. If we now measure f,.s for different magnetic fields, high
enough to align the magnetic moments of the sample, we can plot the resulting fra/r as a
function of the applied magnetic field, as shown in Fig.3.8b). The field dependence of this
YIG sample is well described by the Kittel eq. 2.16, which assumes no magnetic anisotropy.
From the fit we derive a M, of 139.5 kA/m+ 0.7 kA/m, showing a good agreement with the
value of the SQUID measurement of 143 kA/m=+ 7kA/m. We can use the relation of

Af(f) = (';T'quHo + 2af> \/ 14 ('7‘4”7:};’”)2 (3.2)

to describe the frequency dependence of the data of A f [132,134,135]. This equation only
provides a rough approximation as no magnetic anisotropy is taken into account. By plotting
Af for the corresponding frequency frysr, shown in Fig. 3.8c), we can apply the equation to
to our data, using the M, value of the Kittel fit as fixed value for the fit. A fixed value for M
should always be used, due to the fact that more than one combination of o and M, present
a minimum for the fit algorithm. This leads to the necessity of an independent procedure
to determine M like the Kittel fit or SQUID measurements. The fit yields a value for the
Gilbert damping parameter « of (2.3 & 0.1) x 10~* and 1.4 Oe 4 0.1 Oe for H,. This value
for « represent one of the lowest reported values for PLD grown YIG films and highlights as
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Fig. 3.8: a) Example for a frequency sweep measurement. The inset shows the raw signal
data that needs to be subtracted in order separate the FMR response from the
waveguide signal. b) Resonance frequency as a function of the applied magnetic
field. The red curve corresponds to a fit of the Kittel eq. 2.16 for no magnetic
anisotropy. ¢) Af as a function of the resonance frequency. The red curve cor-
responds to a fit of eq. 3.2. d) Converted AH as a function of the resonance
frequency. Eq. 2.20 has been used to obtain the fit, shown as the red curve.

well as the low value of Hj the good sample quality. In Sec. 3.2.1 we give a more detailed
comparison to other YIG films as well as in publication [p2].

To provide a complete and comparable picture of the film, we will convert the data to
AH using eq. 3.1, as most literature sources only provide the magnetic line width value at
~ 10 GHz. Fig. 3.8d) shows the converted data in combination with a fit of eq. 2.16. For H|
the fit yields the identical value of 1.4 Oe 0.1 Oe, while we obtain a slightly lower value
for o of (2.2 4+ 0.1) x 10~* which is within the error of the fit of eq. 3.2. This discrepancy
possibly results from the numerical inaccuracy of the conversion and approximation of the
model system. Therefore, we can determine a value for A at 10 GHz of 2.97 Oe, which again
represents one of the lowest line widths for a PLD grown thin film.

Magnetooptic Microscopy

As a last characterization method, we introduce an optical magnetometry method, based
on the magneto optic Kerr effect (MOKE) [36]. The MOKE of magnetic materials causes a
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rotation of the polarization of the reflected light, depending on magnetization of the material,
while a rotation of the polarization of the transmitted light is called the Faraday effect [136].
Based on the longitudinal MOKE configuration, we will explain the basic concept of a MOKE
setup [137], shown in Fig. 3.9a). In order to use the MOKE as a magnetometry method the
light from a source (either a laser or a white LED light source) needs to be linearly polarized.
As the polarized light is reflected by the surface layers of the sample, its polarization will
undergo a rotation. This rotation, the Kerr rotation, depends on the magnetic orientation
of the material and can therefore be used to determine magnetic properties of material. A
high sensitivity for this rotation can be achieved by setting the analyzer to a perpendicular
polarization with respect to polarizer. The transmitted light thus only corresponds to the Kerr
effect and is afterwards detected by a photodetector [137]. In chase of the MOKE microscopy
an objective is additionally mounted in front of the analyzer, allowing the use of an area
resolving CCD-sensor to image the surface. MOKE measurements can be separated into three
different configurations [36]. The transverse and longitudinal configuration can be used to
detect the in-plane magnetization of the sample. In case of the longitudinal configuration
the magnetization is aligned in-plane parallel to the path of the incoming light, while in the
transverse case the magnetization is in-plane perpendicular oriented. Fig. 3.9a) shows the
longitudinal configuration. If the angle of incidence for the light is close to x = 0° one is sensi-
tive to the out-of-plane magnetization. This configuration is called polar MOKE configuration.

b)

a ) Light source Detector

Polarizer Analyzer

Light Magnet
polarization| (| L= 4
D

Fig. 3.9: a) Sketch of principles of a longitudinal MOKE setup. b) MOKE microscopy image
of a 300 nm thick YIG film on GGG(001). The magnetic domain structure has been
highlighted in the right picture.

The MOKE magnetometry measurements presented in Sec. 3.2.2 were carried out at the
University of Bielefeld using an extended longitudinal MOKE setup [138] and a rotatable
Wollaston prism combined with two photo-diodes for polarization detection [139]. For the
presented MOKE microscopy imaging of the surface domain structure, we used a EVICO-
ZEISS Imager (D2m). The microscope uses a white light LED source, which provides a
continuous spectrum of light in the visible range. The magnetic contrast in the MOKE
microscopy images is obtained by digital image processing. A background image is taken
in the saturation state of the ferromagnet and subtracted from the image of remanent state.
Fig. 3.9b) shows an example for such a differential MOKE microscopy image of an 300 nm
thick YIG film grown on GGG (001). YIG possesses in general a small Kerr rotation for
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optical wavelengths, but a large Faraday rotation. The shown image exploits this effect,
as the analyzed film was coated with a reflecting Pt-layer. As YIG is transparent at optical
wavelength, the light crosses the YIG film twice, allowing to use the Faraday effect to
detect the magnetic domain structure. The domain structure shows three different magnetic
contrasts and a clear 45 ° shaped pattern. Both features hint to a cubic magnetic anisotropy
of the sample, which is to expected from YIG sample grown on a GGG (001) substrate, as
well be discussed in the following section 3.2.1. Later in chapter 4 we will present SSE
measurements of the same sample in Sec. 4.1.5 and Fig. 4.6a), which can also confirm this
cubic anisotropy within the sample. In Sec. 3.2.2 we will show that a Cerium substitution
into YIG increases the MOKE, which then allows to directly use the Kerr effect to image the
magnetic domain structure in even thinner samples.

Materials development

In the last section we established the growth and evaluation methods for the material, which
we use in the SSE experiments. Within this section we will give an introduction to the
important magnetic garnets that have been studied and present our results of the growth
and optimization of these materials.

First we will present our results obtained for the growth of Yttrium Iron Garnet (YIG), which
is considered as the model system for magnetic insulators. Using the previous described
magnetometry and structure analysis methods we can show that we are capable of growing
high quality epitaxial thin films, which exhibit comparative quality to those reported in
literature [p2]. These films will be later used in the SSE experiments, where an exact
knowledge and control of the material properties are crucial to rule out influences of other
sources. After the description of YIG, we will discuss how a substitution of Yttrium by Cerium
(Ce:YIG) affects magnetic and magnetooptic properties. The shown enhancement of the
MOKE in Ce:YIG will be of further use for future spin caloric experiments, as it allows for
easy imaging of thermally driven domain wall motion. As a last material we will introduce
Gadolinium Iron Garnet (GIG), which in contrast to YIG shows a ferrimagnetic magnetization
behavior. The more complex temperature dependence of the magnetization of this material
enables us to show correlations of the SSE with the magnetic sub-lattices of the material,
showing limitations of current theories which only consider the total magnetization of the
material.

Yttrium iron garnet

YsFe5012 or YIG is an artificial created insulating magnetic garnet, synthesized as a bulk
material first in 1956 [140,141]. Its discovery meant a milestone for microwave research and
helped to advance many concepts and applications in magnetism. Kittel called it "the fruitfly
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of magnetism" pointing out its importance for the community [142]. After this boom in the
investigation of garnets the interest decreased over the years. Recent discoveries in the field
of spintronics led to a revival in the investigation and optimization of the YIG growth. Among
those was the first magnonically transmitted electric signal [6] and by thermal excitation
generated pure magnonic spin currents, the SSE.

For commercial application the growth of YIG has been optimized by using liquid phase
epitaxy (LPE). As the name of the process implies, the film is grown by dipping a garnet
substrate, in most cases Gadolinium Gallium Garnet (GGG , Gd3Gas012) into a saturated
melt of FeoO3/Y203 and PbO/B203 at temperatures around 1000°C [143-145].

The progress in the development of thin film deposition techniques like PLD, makes it nowa-
days possible to produce high quality YIG films with thicknesses of only a few unit cells [146].
For the research on the SSE it is crucial to have access to both, um and only few nm thick
YIG films to investigate the origin and dependence of the SSE. Additionally the films need to
be of comparable quality in order to avoid influences on the SSE by changes in the material
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Fig. 3.10: a) Illustration of an YIG unit cell. b) Schematic of the different lattice site within
the eighth of a YIG unit cell.

With its large cubic unit cell of 1.2376 nm [147,148], containing 160 atoms, YIG is a complex
material to grow. Four different sub-lattices {c3}[a2](d3)(O12) can be identified based on
the symmetry group (230) Ia3D for the garnets. 96 O?~ ions are located within each cell
leading to a part-ionic and part-covalent character of the chemical bonds [149]. The high
oxygen concentration easily allows for the occurrence of oxygen vacancies as a defect, which
influences the lattice constant and the electrically insulating properties of YIG [150] (bandgap
of 2.66eV). Y>T is non magnetic and is placed on the dodecahedral {c3} lattice site, leading
to 24 atoms within a unit cell. The Fe?* ions occupy the octahedral [a,] site with 16 atoms
and tetrahedral (ds3) site with 24 atoms. Each Fe?>* has a magnetic moment of 5u3. Since
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the [as] and (d3) site are antiferromagnetically coupled via superexchange by an 0%~ ion,
the net moment is reduced. Fig. 3.10b) illustrates the arrangement of the different lattice
sites with respect to one another. The net moment of a unit cell thus consist of 40, which
corresponds to a volume saturation magnetization of M, = 191 kA/m at 4.2K [131] and
M, = 140kA/m [131] at 300 K. Due to the ferrimagnetic lattice character, YIG shows slightly
different temperature dependence of the magnetization [37] compared to the M (T') oc T—3/2
of a ferromagnet, with a Curie temperature at around 560K [131,151]. Bulk YIG in general
possess only a very weak cubic magnetic anisotropy with the easy axis along the (111)
direction [37,152]. The origin of this cubic anisotropy cannot directly be linked to the lattice
structure, due to the ferrimagnetic sub-lattices. The antiparallel oriented sub-lattices show
no simple arrangement for magnetic moments along the simple cubic axes (100),(110) or
(111) [37], as shown in Fig. 3.10b). Substitution experiments of bulk material could show
that the anisotropy can be easily disturbed and thus results from a complex interplay of all
lattice sites [37].

The most important of all material properties is the low Gilbert damping «, which is for
bulk material in the order of o = 10~° [151]. This marks the lowest reported value of the
damping parameter for all magnetic materials, being the reason that most studies of magnons
are carried out in YIG [53]. Thus YIG represents also an ideal material for the investigation
of thermally excited magnons, as a long magnon propagation length enables a simplified
study of the possible correlation between SSE and the magnetic lattice.

To make use of this opportunity, one needs to have access to thin YIG films. This requirement
resulted in one of the main subjects of this thesis, to establish the YIG growth by PLD in
Mainz and to optimize its properties. In collaboration with the group of Prof. Ross at MIT we
were able to publish a paper about high quality epitaxial YIG thin films, with near bulk film
properties [p2]. The results of this paper will be presented in the following.

YIG growth by PLD

A stoichiometric YIG target! with 1" diameter is used for the deposition of the films. The
target itself is prepared by mixing Y,03 and Fe;O3 powder in the stoichiometric ratio of YIG,
followed by mixing and milling using ZrO, balls for 24 hours and consecutive sintering at
1400 °C for 10 h. The last heating step consists of a calcination of the target at 1150 °C for
24 h, causing a formation of the YIG phase. The films are deposited on single crystalline
GGG substrates, chosen because of the small lattice mismatch between bulk YIG and GGG
(1.2383nm [125]) of 0.05 %. For the deposition the substrate is heated to 650 °C at an oxygen
pressure of 2.67 x 10~2mbar. A laser energy of 400 mJ, repetition rate of 10 Hz and a target
to substrate distance of around 6 cm yields a growth rate of ~ 3 nm/min. After the deposition
the films are annealed ex-situ by rapid thermal annealing (RTA) for 120s at 800 °C, which

IThe target has been produced by D. H. Kim from the MIT.
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reduces the amount of oxygen vacancies.

We chose for our studies films with thicknesses ranging from 17 nm to 190 nm, in order to
control relaxation induced processes in the crystal lattice. First we will take a look at the
crystal structure by evaluating the XRD scans of the film peaks. Fig. 3.11a) shows three
examples for YIG films grown on GGG (001) substrates. From the scans one can see that for
each film Laue oscillations of the YIG reflex are observed.
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Fig. 3.11: a) 20/w scan of three YIG films and GGG substrates peak. b) 20/w scan (black
curve) of the YIG film peak and the GGG substrate combined with a simulation
scattering on the different lattice layers (red curve). c) Film thickness determined
by XRR and the Laue oscillations for the estimated film thickness by the number
of laser pulses. A slight decrease of the deposition rate can be detected due to a
deposition of material on the view port of the ablation laser.

Thus the presence of these oscillations marks an epitaxial layer by layer growth of the mate-
rial and indicates a high crystalline quality. A simulation model derived by Gerhard Jakob
allows one to calculate the average lattice parameter and the thickness of the epitaxial layers
from the separation of the fringes. Fig. 3.11b) shows an example of such a simulation for a
34 nm film. Using this simulation method, for our samples grown in optimized conditions,
we derive a thickness of the epitaxial lattices. The determined value agrees within the error
with the film thicknesses obtained by XRR, corroborating the high crystalline quality without
the presence of a dead interface layer, shown in Fig. 3.11c). The simulation model enables
us to estimate the film peak position despite the fact that actual reflex is too close to the
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substrate peak to be separately resolvable, as presented in Fig. 3.11a). Furthermore the
model can include growth induced strain, which will lead to a shift and asymmetry of the
film peak. An example for such a growth induced strained sample, possibly caused by oxygen
vacancies, is shown in Fig. 3.12a). As can be seen in Fig. 3.11a) our films grown at the
optimized conditions exhibit only a small compressive in-plane strain, possibly originating
from epitaxial growth on the GGG substrate.

Our results reveal that the film’s out of plane lattice constant exhibits a 0.005A variation
around 12.400 A, indicating a stable crystal growth without any lattice relaxation for high
film thicknesses. This behavior is contrary to findings for YIG grown on Yttrium Aluminum
Garnet, where the larger lattice mismatch leads to lattice relaxation for films with a thickness
of even 40 nm [153].

The surface roughness has been analyzed by Atomic Force Microscopy (AFM) measurements
revealing a RMS roughness around 0.2 nm, which is in agreement with results from the
XRR measurements that can only detect a surface roughness below 0.5nm. Fig. 3.12b)
shows an example measurement for a 79 nm thick YIG film. More information about the
crystallographic structure and additional x-ray analysis are given in Pub. [p2]. In summary
the x-ray analysis demonstrates the high crystal quality of the films and allows us to obtain a
detailed knowledge about the crystalline sample structure.
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Fig. 3.12: a) 20/w scan (black curve) of the highly strained YIG film. The red curve simulates
a 216 nm thick YIG film, with a strain relaxation of over ~ 28 nm and largely
expanded lattice constant of 1.2546 nm. b) XRR measurement of a 79 nm thick
YIG film on GGG (001) indicate a smooth surface with a roughness below 0.5 nm.

The thickness information gathered by XRR are used to calculate the volume magnetization
from the magnetometry measurements with SQUID (see Fig. 3.13a)). The films show a
constant, bulk like saturation moment of 140 kA/m 4+ 5kA/m. Only the 17 nm film shows a
14 kA/m lower value. Later experiments showed that a higher moment can be achieved by
a slower growth rate, from which we conclude that the deposition rate of ~ 3nm/min is
too high to allow a proper rearrangement of the material within the first layers. Our FMR
investigation of the samples is based on the techniques presented in Sec. 3.1.5. Fig. 3.8
shows an example evaluation of a 80 nm thick YIG film, discussed in the same section. A
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summary of all measured M, values is shown in Fig. 3.13a), which confirm the bulk like
saturation magnetization and the trend of a smaller value for the thinnest sample. To obtain
these values we used the Kittel eq. 2.16 without magnetic anisotropy. The good agreement
with the SQUID values reveal that the samples can only possess a small magnetic anisotropy
similar to bulk material.
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Fig. 3.13: a) M, values obtained by SQUID and FMR as a function of the YIG film thickness.
b) Gilbert damping constant « as a function of the film thickness. The inset shows
the A Hj as a function of film thickness.

The evaluation of the Gilbert damping parameter « reveals a decrease with increasing film
thickness up to 50 nm. Thicker films show an arbitrary variation without correlation to the
film thickness (see Fig. 3.13b)). One determines an average value of & = 3.2 4+ 0.8 x 107*
for this thickness range, pointing out that the films are among the highest quality thin films
grown by PLD [154,155] and possess a damping comparable to the thinnest LPE grown
films of ~ 200nm [156,157]. As discussed in Sec. 3.1.5, AHj allows to estimate the density
of magnetic defects in the sample, as it marks the intrinsic contribution to the damping
(see Sec. 2.2.2). From our measurements, shown in the inset of Fig. 3.13b), we can only
observe an arbitrary scattering around 1.6 Oe + 0.4 Oe for the films thicker than 34 nm. Since
extrinsic and intrinsic damping are both higher for the 17 nm film, we can conclude that
the influence of strain or surface roughness induced by the GGG starts to worsen magnetic
properties. Despite this, the small absolute value for the thick films confirm the good sample
quality and allows us to use these samples for our SSE measurements. It is important to
point out that thickness independent values for the saturation magnetization as well for «,
are requirements for the interpretation of our thickness dependent SSE data that will be
presented in Sec. 4.2.1.

Thus we could show that our optimization of the YIG film growth allows us to produce
high quality epitaxial YIG films. Furthermore, the investigation of the magnetic properties
revealed that neither M, nor « scale with the film thickness. Further information on the
magnetic coercivity and the in-plane relaxation of the lattice, is given in Pub. [p2]. We will
now discuss the effect of substituting Cerium in YIG, as this turns out to be a way to tailor
the magnetic anisotropy of the material and to enhance the magnetooptic properties.
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Cerium substituted Yittrium Iron Garnet

For our future studies of the thermally driven domain wall motion by the SSE, a material with
a higher magnetooptic effect than YIG is desirable, since the magnetooptic properties of YIG
complicate a magnetooptic imaging of domains in thin films [37]. It is known for bulk as well
as for thin films that the substitution of Yttrium by Cerium leads to an enhancement of the
Faraday effect in Ce:YIG [158-162]. While the probing method by the Faraday effect provides
an elegant solution for magnetometry measurements, the magnetooptic Kerr effect is more
robust and allows to study thin films independent of the used substrate (see Sec. 3.1.6).
Using MOKE microscopy of thin films furthermore enables one to probe the magnetic domain
wall motion even in structured geometries and by this to obtain more information than
provided in proof of principle experiments in um thick material [163]. The magnetodynamic
properties of Ce:YIG have only be sparsely studied in literature but they are essential for a
deeper understanding of the SSE in this material. Thus, we present a detailed study of the
magnetooptic and magnetic properties of epitaxial Cerium substituted YIG thin films, in order
to assess, if the material is suitable for further spin caloritronic experiments. In the following
we will show that the substitution by Cerium does not only increase the MOKE but also
increases the magnetic anisotropy, making it possible to tailor the properties of the garnet
by the amount of substitution. The presented work is part of the joined publication [p3]
between the MIT, the University of Bielefeld and the University of Mainz.

Analogous to the YIG deposition by PLD, we use a mixed powder target in the stoichiometry
Ce1YsoFe;014, which is identically prepared. While the laser parameters are identical, we use
a heater temperature of 815 °C and a lower oxygen pressure of 6.67 x 10~ mbar. The RTA
treatment is left out, to preserve a homogeneous Cerium distribution in the film.

The XRD analysis for films grown under these conditions is shown in Fig. 3.14. The substrate
surface orientation either (001) or (111) is transferred to the deposited film. Like the YIG
samples, the Ce:YIG films show, independent of their crystalline orientation, Laue fringes
indicating a highly coherent scattering from the epitaxial film. From the peak position of the
films, we extract a lattice constant of 1.257 nm for both films. A reciprocal space map (RSM)
of non-specular reflexes enables us to determine the in-plane and out-plane lattice constants
with respect to the substrate. Fig. 3.14d) shows the RSM of the (228) peak of a Ce:YIG / GGG
(001) sample. Mismatched different in-plane lattice constants for film and substrate indicate
a relaxation of the film. Additionally the scan finds a larger in-plane constant compared to
the out-of-plane constant for Ce:YIG revealing a tetragonal distortion of the cubic unit cell.
The 20 /w scan shows no formation of a secondary Ce2O phase, which is important since
this phase would influence the magnetic film properties negatively [159,164]. An example
for a wide range 26/w scan for one of Ce:YIG film orientations is shown and discussed in
Sec. 3.1.3. From the rocking curves we derive a FWHM of around 0.022° for both orientations,
which is as narrow as our YIG films, confirming a high quality epitaxial structure of the
films. Both surface evaluation techniques, XRR and AFM, indicate a surface roughness below
0.7nm. Fig. 3.14c) shows the corresponding XRR measurements, while more detailed in-
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formation about the AFM measurements and the rocking curves are given in publication [p3].
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Fig. 3.14: 260 /w scan of Ce:YIG grown on GGG (001) a) and GGG (111) b). ¢) XRR measure-
ments of Ce:YIG (001), black curve, and (111), red curve, with the corresponding
XRR fit curves deriving a thickness of 111 nm and 112 nm. The fits have been per-
formed assuming a stoichiometry of Ce;YsFe;012. d) RSM of the (228) substrate
and film reflex.

From the lattice structure analysis we can see that despite the high Cerium substitution, the
samples show an epitaxial growth on the substrate. Next we will investigate the influence of
the Cerium on the magnetic properties. We can use the thickness values obtained by the XRR
measurements, of around 110 nm, to calculate the volume magnetization from our SQUID
measurements, shown in Fig. 3.15. The measurements reveal only a slightly increased M
155 kA/m for both Ce:YIG films. This increase by 15 kA/m, compared to undoped YIG, results
from the substitution by Cerium. Ce37 in contrast to Y? possesses a magnetic moment,
which couples ferromagnetically to the d-site Fe3* ions [159,165,166]. This coupled moment
increases the net magnetic moment and furthermore confirms the absence of a Ce;O phase,
as that would lead to a reduction of the moment [159].

The magnetic coupling of the Ce3* influences also the magnetodynamic properties. Our
VNA-FMR can show that the line width increases by two orders of magnitude due to the
substitution, resulting in a Gilbert damping of o ~ 1072 for both films. Compared to normal
YIG, this means an enhancement of « by two orders of magnitude, which indicates that the
films have a magnetic damping comparable to magnetic metals. The corresponding frequency
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line width as a function of the resonance and the fit of eq. 3.2 are shown in Fig. 3.15c). In
addition to the irregular magnetic perturbation of the Fe sub-lattice by the Ce", also the
tetragonal lattice distortion contributes to the increased magnetic damping. A more detailed

analysis of the VNA-FMR data of Ce:YIG is presented in Pub. [p3]
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Fig. 3.15: SQUID hysteresis loops for Ce:YIG (001) a) and CeYIG (111) b) together with
measurements of normal YIG. The graphs additionally show SQUID loops along
different in-plane orientations of the Ce:YIG samples. c¢) Frequency line width
as a function of the resonance frequency for both Ce:YIG samples. The lines
correspond the fit using eq. 3.2.

Our study of the magnetic anisotropy in the films strengthens the conjecture of a strong
influence of magnetostrictive contribution to the anisotropy. Using angle dependent SQUID
measurements, shown in Fig. 3.15, we find for both crystalline orientations an increased
magnetic anisotropy compared to undoped YIG. For Ce:YIG grown on GGG(001), we observe
a hard magnetic axis for 0° and 90 ° and an easy axis for 45 °, as shown in Fig. 3.15a). This
behavior corresponds to a fourfold symmetry, which we can attribute to an in-plane cubic
anisotropy. 45 ° corresponds to the [110] direction, which shows that the cubic anisotropy
of Ce:YIG is identical oriented to the one of the unsubstituted YIG thin films. In these thin
film samples, the shape anisotropy causes a shift of the bulk cubic easy axes along the (111)
direction towards an in-plane projection along the (110) directions. Using eq. 2.1, we extract
from the saturation field of H;, = 175 Oe, a cubic anisotropy constant of K; = —1.3-103 J/m3.
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For our pure YIG thin film, we derive a value of K; = —0.5 - 103 J/m3, being a factor of 2.6
smaller.

The film grown on GGG substrate along the [111] direction exhibits a more complex
anisotropy behavior. Based on the symmetry of the crystal, one would expect a sixfold
in-plane anisotropy, since the film is grown on the {111} plane. Our SQUID hysteresis
measurements cannot confirm this type of anisotropy, but reveal a magnetic hard axis along
135° and a magnetic easy for 45 °, shown in Fig. 3.15b). This two fold symmetry corresponds
to a uniaxial anisotropy, which is not oriented along any of the high symmetry axes of the
crystal. The origin of the uniaxial anisotropy can be explained by a further x-ray analysis
of the sample, shown in the supplementary information of Ref. [p3]. The w-scan of the
substrate peak with respect to the surface normal of the sample reveals the presence of a
miscut. The measurements find a maximum of this miscut perpendicularly oriented to the
easy axis, which confirms our assumption of substrate induced anisotropy. A miscut of the
substrate leads to the formation of terraces on the surface of the sample, oriented along
the direction of the miscut. As the terraces can be compared to a structured surface, the
magnetic free energy is minimized if the magnetization is perpendicularly to the steps of
the terraces. Thus we can explain the origin of the unusual anisotropy being caused by the
substrate. As this type of anisotropy results from the substrate quality we forego a detailed
comparison with YIG (111). However, from a comparison of the coercive fields for the [211]
axes of both (111) oriented samples, one would again expect a higher anisotropy for Ce:YIG
than for the unsubstituted YIG. In Sec. 4.1.5 we will show that also the SSE can be used as a
tool to investigate the magnetic anisotropy of the material, confirming and expanding our
results obtained by the SQUID measurements.

Next we investigate the change of magnetooptic properties resulting from the Ce substitution.
In Fig. 3.16 we show longitudinal MOKE hysteresis of YIG and Ce:YIG measured with two
different wavelengths. First we take a look on the results for a laser wavelength of 406 nm,
which represents a higher energy than the bandgap of 2.66 eV = 466 nm for pure YIG. From
the MOKE measurements, shown in Fig. 3.16a), we obtain a Kerr rotation of 16 mdeg for both
YIG crystalline orientations. For Ce:YIG we find a twofold larger Kerr rotation of 37 mdeg for
Ce:YIG (001) and 46 mdeg for Ce:YIG (111). These results show that the enhancement of
the magnetooptic effect by Cerium is not only valid for the Faraday effect but also the magne-
tooptic Kerr effect. To emphasize the exceptional feature obtained by the Cerium substitution,
we additionally study the MOKE at 635 nm, which represents a wavelength with an energy
lower than the bandgap of YIG. The MOKE for pure YIG is vanishing at this wavelength as
can be seen in Fig. 3.16b). We can only detect a Kerr rotation of around 2 mdeg, while the
Kerr effect in Ce:YIG shows a high signal of up to 26 mdeg for (001) and 38 mdeg for (111).
635 nm presents a wavelength more suited for most nonreciprocal magnetooptic devices
than 406 nm, highlighting that this material is well suited for applications. A more detailed
spectral analysis is required to obtain a better understanding of the wavelength dependence
for this material and will be done in the future collaboration with the University of Bielefeld.
Despite the change in stoichiometry, Ce:YIG maintains the good insulating properties of YIG,
which, in combination with the enhancement of the MOKE for optical wavelength, allows to
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study the influence of thermally excited magnons on magnetic structures.
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Fig. 3.16: a), b) Kerr rotation for Ce:YIG and YIG as a function of the magnetic field for two
different wavelength a) A = 406 nm and b) A = 635 nm.

As an example measurement we present two MOKE microscopy measurements for both
Ce:YIG samples in Fig. 3.17. The differential image of Ce:YIG (001), taken in the remanent
state in the longitudinal in-plane MOKE configuration, exhibits a clear magnetic contrast,
although the sample has only a thickness of 110 nm. This is not possible for pure YIG films, as
discussed in Sec. 3.1.6. Magnetic domains with three different contrasts can be distinguished,
the shape of which hints to a more complex anisotropy than derived from the SQUID mea-
surements. Moreover the pattern indicates a combination of cubic and uniaxial anisotropy;,
which can be verified by further magnetometry measurements using the SSE discussed in
Sec. 4.1.5. For Ce:YIG (111) we are able to detect a magnetooptic contrast in the polar
MOKE configuration, as shown in Fig. 3.17b). The triangular shaped domain pattern hints
to a uniaxial anisotropy in the sample, which seems to be partially oriented out-of-plane,
allowing to obtain a contrast in this configuration. For a more comprehensive statement
about the anisotropy of this sample, a full in- and out-of-plane magnetometry measurement

would be required which is beyond the scope of our work.

With the presented work we are able to show that the Cerium substitution allows one
to modify the magnetic and magnetooptic properties of YIG. Besides the enhanced total
magnetic moment, one can also use Cerium to tailor the magnetic anisotropy, which presents a
desirable opportunity for magnetooptic applications, such as sensors [167,168]. Furthermore,
our results demonstrate that the magnetooptic Kerr effect is strongly enhanced by Ce-doping,
thus enabling MOKE magnetometry measurements even at optical wavelengths, which is not
possible for conventional YIG. This allows us to determine the magnetic domain structure by
MOKE microscopy, which will be of further use for the study of thermally induced domain
wall motion.

In this section we have shown the effect of a partial substitution of Yttrium by Cerium in YIG.
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Ce:YIG (111)

Fig. 3.17: a), b) MOKE microscopy images of both Ce:YIG samples. The picture presented
in a) has been recorded in the longitudinal MOKE configuration and b) in the
polar MOKE configuration.

In the following section we will show the outcome of a complete exchange of Yttrium by
Gadolinium.

Gadolinium Iron Garnet

Despite its antiferromagnetic oriented two Fe sub-lattices, YIG possesses a net magnetiza-
tion, which shows a roughly ferromagnetic temperature dependence [37]. By exchanging
the Yttrium on the {c3} lattice site with Gadolinium one obtains a ferrimagnetic material
(Gd3Fe5012, GIG). Bulk GIG maintains the Néel temperature at around 550 K and shows a
magnetic compensation point at Ty, = 288K [37,169,170]. The complex temperature
dependence of the magnetization enables us to study the influence of the competing interac-
tions of the magnetic sub-lattices on the SSE. We will show in Sec. 5 that our temperature
dependent SSE measurements in GIG reveal that the assumption of a simple correlation
between the SSE and total magnetic lattices of the samples does not hold. Our analysis will
show that only a model, which considers the magnetization as result of interacting magnetic
sub-lattices can give a description of the observed behavior, pointing out its relevance for
other SSE experiments.

In this section we will introduce the material and discuss its growth and optimization. We also
present our results for temperature dependent magnetization measurements of the material,
which reveal an unexpected influence of the film thickness on the magnetic compensation
point.

As for YIG and Ce:YIG we grow our GIG films by PLD using a pressed powder target of
GdsFe;0;2 stoichiometry. Compared to YIG we find a wider range of the oxygen pressure
from 0.5 to 1 x 10~! mbar allowing the growth of high quality films. For the deposition
we use a ~ 200K higher substrate temperature of 820 °C and a lower laser pulse energy of
1J/cm?. The outcome is a slow growth rate of around 2000 pulses per unit cell at a target
to substrate distance of 7cm. An annealing step after the deposition does not change the
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magnetization, and only slightly decreases the lattice parameter, indicating that our GIG
films, in contrast to YIG have no significant oxygen vacancies.

Using these deposition conditions we obtain an epitaxial film growth, indicated by the Laue
fringes observed in the XRD scan. In Fig. 3.18 we present multiple XRD scans of the (004)
reflex of GIG films of different thicknesses.
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Fig. 3.18: 260 /w scans of GIG films with varying thickness grown on GGG (001) substrates.

The (004) GIG film peak for films thinner than 150 nm corresponds to an out-of-plane lattice
constant of 1.2665 nm, which is ~ 0.02 nm larger than the literature value of 1.2472nm [171].
Reciprocal space maps show a match with the GGG substrates, as shown for the (228) of
GIG / GGG (001) in Fig. 3.19a).

This result illustrates that the GIG growth takes place under a compressive in-plane strain,
causing a tetragonal distortion of the film. For samples thicker than 150 nm we can observe a
shift of the out-of-plane lattice constant to smaller values of around 1.2635 nm indicating a
relaxation of the film. Under the assumption of volume conservation the tetragonal growth
on GGG, should lead to an out-of-plane lattice constant of 1.2652 nm, using the bulk value
for GIG and GGG. Our derived lattice constant agrees with this value within less than 0.2 %,
highlighting that an off stoichiometry of our samples is unlikely.

The presence of high concentration of oxygen vacancies can be excluded as an annealing
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Fig. 3.19: a) RSM of a 41 nm thick GIG film grown a GGG (001) substrate. b) XRR measure-
ment of a 41 nm thick GIG sample combined with a XRR fit using the material
density of GdsFe;019. ¢) 260/w scans of a 41 nm thick GIG film before and after
annealing.

after the deposition at 950 ° for 3 h shows only a small influence on the lattice constant, as
shown in Fig. 3.19¢). This description of the film stoichiometry will provide a background
for the further analysis of the SQUID results.

From our XRR measurements, we can observe oscillations even for high angles, demonstrat-
ing the smooth surface of the film, which can be quantified by the fit to less than 0.5 nm
roughness, similar to the other garnets. An example XRR measurement for a 41 nm thick GIG
film is shown in Fig. 3.19b).

Next we will discuss the magnetic properties of the GIG. In contrast to Y?*, Gd3* possesses
a magnetic moment, due to the partially filled 47 shell. In contrast to Ce3* the Gd** ions
are antiferromagneticlly oriented to the Fe3* on the d-lattice site and only weakly exchange
coupled to the Fe3* on the a-side [172]. At room temperature this leads to a reduction
of the total magnetic moment, as shown in the SQUID measurement of Fig. 3.20a). For
300 K we obtain a saturation magnetization of around 28kA/m + 4kA/m. As we decrease the
temperature also the saturation moment decreases, with a minimum at 145 K. We identify this
temperature as the compensation point 7y, of the material, where the net magnetization of
the sample vanishes for bulk material. For our thin films the signal to noise ratio is influenced
by the background signal of the GGG substrate, which at this temperatures is three orders of
magnitude larger than the film’s contribution. Due to the strong temperature dependence of
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the GGG signal, even a small drift in temperature of 0.1K leads to a large change in moment
compared to the absolute moment of the GIG film. At temperatures lower than the magnetic
compensation point M increases again, as shown in Fig. 3.20b) where we plot the extracted

M values as a function of the temperature.
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Fig. 3.20: a) SQUID hysteresis measurements for a 53 nm thick GIG/GGG(001) sample
at different temperatures. b) Saturation magnetization M, as a function of
temperature.

In order to understand the temperature dependence we have to take an independent look at
the three magnetic sub-lattices, illustrated in Fig. 3.21. For high temperatures T >> Teomp
the net magnetic moment is dominated by the two Fe?* sub-lattices, leading to a Néel
temperature (T = 556 K) similar to the Curie temperature (Toyrie = 551 K) of the YIG.
Decreasing the temperature increases the magnetic moment of the Gd** ions [172].

Gd*  Fe*

Fig. 3.21: Illustration of the three magnetic sub-lattices in GIG for T" < Ttomp and T > Tomyp.
The picture shows the magnetization M in the presence of a finite external
magnetic field H.

At a certain temperature the combination of the parallel oriented Gd*>* and Fe** on the a
lattice site equals the magnetic moment of the Fe3* ions on the d-site. At this temperature,
the compensation temperature (7¢.mp), the magnetic moments compensate one another,
leading to a total magnetic moment of zero for the whole material. By decreasing the
temperature further the total magnetic moment is dominated by the Gd on the ¢- and the
Fe on the a-lattice, leading to an inversion of the magnetization of GIG [169,172]. In a
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finite magnetic field, magnetic moments of the material have to reorient as the material itself
maintains its ferromagnetic coupling, indicated in Fig.3.21 for T' > T.omp and T’ < Teomp. A
further decrease of the temperature causes an increase of the magnetic moment beyond the
one of YIG. This increase indicates that the main contribution to the magnetization at low
temperatures is given by the magnetization of Gd3*.

In our thin film samples we find a dependence of the magnetic compensation on the thickness
of the GIG film and deposition conditions. The compensation point is at lower temperatures
than the reported literature value of 288 K for bulk material [169-171]. Fig. 3.22a) shows an
example for three different samples with varying GIG thickness. The SQUID measurements
indicate a shift of the compensation towards the bulk value the thicker the GIG films are.
Furthermore the T¢,,,, can be influenced by the oxygen pressure during the deposition, with
higher pressures leading to increased T¢,,, for the identical thickness (see Fig. 5.6a)). From
our x-ray analysis we can conclude that only a negligible amount of oxygen deficiency is
present for films deposited at lower pressures, as an additional annealing of the sample
showed only a minor influence on the out-of-plane lattice constant 3.19¢). The presence or
lack of oxygen is a crucial property of magnetic garnets, since the orbital superexchange of
the Fe3* and Gd?* over the 0%~ ions determines the magnetic properties of these materials.
To strengthen our conjecture of a negligible difference in the oxygen concentration between
both deposition pressures, we compare the magnetization of a sample deposited at a lower
oxygen pressure before and after the annealing. The corresponding SQUID magnetometry
measurements are shown in Fig. 3.22b). This direct comparison of T, reveals no influence
of the annealing within the resolution of our measurement. Since the difference for 7.,
between both deposition pressures marks 100K for these film thicknesses (see Fig. 5.5), the
origin cannot be the amount of oxygen within the samples.

Taking the tetragonal distortion into account, we assume that the lattice expansion in the
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Fig. 3.22: a) SQUID magnetization measurements for three different GIG/GGG samples with
different film thicknesses. b) SQUID hysteresis before and after the annealing of
the sample.

out-of-plane direction causes a finite size effect combined with a slight off-stoichiometry

of Gds;_, and Fes_,. Both effects in combination might lead to the observed behavior, al-
though studies of the influence of strain on the compensation point in GIG are yet to be
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done. It is known that a Nd doping leads to a reduction of the compensation point in bulk
material [171], which is comparable to our assumption of a small off stoichiometry. For our
thin films we can verify a lack of Fe by probing the Néel temperature for the films, where a
reduced Fe concentration will lead to a deviation from the literature value. Currently we have
not probed the stoichiometry of the Gd concentration. Our usually used energy-dispersive
x-ray spectroscopy (EDX) has a probing depth in the range of 2 um, meaning that we also
measure the Gd3Gas;0Oq5 substrate.

Although we cannot fully explain the origin of the thickness dependence of the compensation
temperature, this behavior offers a unique possibility for our SSE measurements, as it allows
us verify the correlation between the magnetic compensation point and the SSE, shown in in
Sec. 5.

Conclusion of the materials development

In this chapter we presented our work on the growth, the characterization and optimization
of magnetic, insulating garnets by PLD. In collaboration with the group of Prof. Ross at MIT
we investigated the deposition of epitaxial YIG thin films and presented optimized growth
parameters. As a result we were able to deposit samples with identical magnetostatic and
magnetodynamic properties independent of the thickness of the thin film. Furthermore the
investigated samples possess a high crystalline quality and bulk like magnetostatic properties
in addition to Gilbert damping values in line with the best reported films in literature. Our
results on the investigation and growth of epitaxial Ce:YIG thin films have shown that the
substitution by Cerium enhances the magnetic anisotropy. Furthermore MOKE measurements
carried out by T. Kuschel from the University of Bielefeld revealed that the magnetooptic Kerr
effect is enhanced by a factor of 20 compared to YIG at optical wavelengths. Both properties
are desirable for future spintronic applications and will be of use for further research in the
field of spin caloritronics. In the last part of this chapter we presented a detailed study of the
growth of GIG, which exhibits as the bulk material a magnetic compensation point. Like the
other garnets, our by PLD grown GIG thin films show a high crystalline quality in addition
to a smooth interface, which is important for the reproducibility of our spin caloritronic
experiments. SQUID magnetometry finds a thickness and deposition pressure dependence of
the compensation point.

The knowledge about the thickness independence of the magnetic material parameters of
YIG enables us to study the SSE as a function of the film thickness in order to investigate its
origin in the following chapter.
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Spin Seebeck effect in Yitrium
lron Garnet

In the last chapter we introduced the insulating magnetic garnets, which provide an ideal
material for the investigation of the magnonic origin of the SSE. YIG represents one of the
most simple material combinations for magnetic garnets, as it can be sufficiently described
by a simplified ferromagnetic model, which allows us to explain basic principles of the SSE.
Its insulating properties furthermore allow us to neglect contributions of the Nernst effects
caused by the material itself and to focus on the magnonic picture, which will be used to
explain the observed experiential dependences.

In the beginning of this chapter we will explain the measurement principles of the SSE and
influences on the signals, which can solely arise caused by the setup and not the effect.
Following the measurement methods, we will introduce the basic dependences of the SSE on
the magnetic field and the applied temperature gradient in Sec. 4.1. Afterwards a detailed
analysis of the low magnetic field dependence of the SSE will demonstrate that the effect can
be used as a novel probing tool for the magnetic anisotropy of the emitting ferromagnet. In
Sec. 4.1.5 we will explain this application based on several examples.

Having established the basic principles of the SSE, we present studies probing more complex
dependences of the effect, which enables us to test the concepts of its magnonic origin. A
main result of this thesis is the observed dependence of the SSE on the thickness of the
emitting ferromagnet, shown in Sec. 4.2. Experimentally we derive a finite length scale
of the SSE, which we explain solely by using a atomistic magnetic model (see Sec. 2.4.3).
From this, we derive the conclusion that the effect is based on magnons from the bulk of the
ferromagnetic material. To exclude further influences by other sources like the interface or
material variation, we present a comprehensive analysis of the corresponding material and
interface parameter.

To extend our understanding of the effect and to further test the magnonic concept, we
probe the SSE as a function of temperature in Sec. 4.3. Our results highlight that the so
far established model of the magnon-phonon drag cannot give sufficient description of the
observed behavior. Based on the magnonic origin we discuss other possible mechanisms. The
last part of the chapter illustrates the high magnetic field suppression of the SSE (Sec. 4.4),
which as well as the other found dependences must originate from a magnonic origin.
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Principles of the SSE and application as a
probing tool for the sample magnetization

So far, the SSE has only been described as an thermoelectric effect which leads to the
excitation of a spin current detected by the ISHE. In the following sections we present a more
detailed picture of the SSE, using the later derived magnonic model to explain the observed
dependences on the sample magnetization and the applied temperature gradient. Since
these measurements require a detailed knowledge about the used experimental setups to
exclude contributions of parasitic effects, we will first give an introduction to the used setups
and measurement principles of the SSE. The explanation of the two different measurement
geometries used will additionally highlight that the LSSE geometry presents a more robust
and reliable measurement geometry for the effect. Using this geometry we will show, that it
is possible to use the SSE to investigate the magnetic anisotropy of the sample itself. The
last part of this section addresses the difficulty in determining an absolute value for the SSE
and comparing the effect in different setups, which relies on the knowledge of the actual
temperature gradient applied to the YIG layer. We will present our approach to solve this
problematic topic and derive the order of magnitude of the absolute SSE signal.

Measurement concepts for the spin Seebeck effect

Measurement geometries for the SSE can be divided into two basic concepts. The first
concept is the so called transverse spin Seebeck effect (TSSE) [7]. In this geometry the
temperature gradient is applied along the ferromagnetic layer, which leads to an excitation of
a spin current [101], as shown in Fig. 2.13b). In order to generate an in-plane temperature
gradient, the sample needs to be mounted at its edges so one side can be heated while the
other one is cooled. To generate only an in-plane temperature gradient without contributions
from an out-of-plane gradient has proven to be hard to achieve experimentally. This is of
major importance as an out-of-plane temperature gradient will lead to the generation of
signals by the ANE in metallic systems (see Sec. 2.1.4) or to contributions by the LSSE in the
case of insulators [110]. Both additional effects cannot be distinguished from the TSSE in
this geometry. Systematic studies of the TSSE have shown that a small misalignment of the
sample can lead to noticeable changes in the signal due to the formation of an out-of-plane
temperature gradient [91,92]. Another source for an out-of-plane gradient is the mismatch
between thermal conductivity of the substrate and the thin ferromagnetic film. As the sub-
strate is usually four orders of magnitude thicker (~ 500 um) than the ferromagnetic layer
(~ 50nm), its thermal conductivity is dominating the thermal flow of the setup [30,31]. A
large contrast in the thermal conductivity, will cause the ferromagnetic layer at the surface to
either function as a heat sink or as an thermal insulator. Both lead to the formation of an
out-of-plane gradient [91]. Another source for an unintentional temperature gradient [93]
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is temperature difference between sample and environment, which is of most relevance for
setups operating in cryostat using a He-flow cooling. The situation of thermal mismatch of
substrate and film, as well as temperature difference with the environment, are illustrated in
Fig. 4.1a).

If we now only consider the case of an in-plane temperature gradient, the thermal excitation
is meant to generate a spin current J,, which partially diffuses into the detection layer at
the surface of the ferromagnet. The detection layer consists of a nonmagnetic material with
a spin Hall angle, for which Pt is very well known (see also Sec. 2.3.2). The Pt layer is
structured into stripes oriented perpendicular to the temperature gradient, in order to avoid
influences of the position dependence of the TSSE. An external magnetic field Heyxe needs to
be applied in-plane to align the magnetization of the sample. Similar to the thermal gradient,
a misalignment or inhomogeneity of the magnetic field with small out-of-plane components
will cause contributions by the ANE.

The above mentioned experimental challenges, as well as the current interpretation of the
SSE as a magnonic effect, led to the decision to investigate the SSE only in magnetic insula-
tors in the more robust longitudinal geometry. Furthermore the experimentally found issues
raised the question, if the experiments of the TSSE might actually be measurements of the
LSSE in a non-local geometry [110] (see Sec. 2.4.2).
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Fig. 4.1: a) Sketch of the out-of-plane temperature gradients generated by the environment
or mismatch in the thermal conductivity. The arrows indicate by this mechanism
caused additional components of the thermal gradient in film and substrate. b)
Mlustration of the measurement concept of the longitudinal SSE. c¢) Technical
drawing of a Pt stripe used for the detection of the SSE.

The so called longitudinal geometry [97] makes use of an out-of-plane temperature gradient.
While in the transverse geometry the direction of the spin current is still under discussion,
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the situation is simpler for the LSSE. The thermally generated magnon flow is considered to
be antiparallel to the temperature gradient and thus parallel to the heat flow of the phonons
within the system, as depicted in Fig. 4.1b). In this simple picture the thermal magnons are
directly pumped into the detection layer. As the ISHE signal scales linearly with the length of
the detection layer (Sec. 2.3.2), also the SSE signal can be enhanced by a simple increase
of one dimension of the sample size. In all following experiments we use a sample size of
5mm x 10 mm, with the two Pt stripes structured in parallel to the long side of the sample.
Fig. 4.1b) shows an illustration. Sec. 3.1 gives a further description of the deposition of the
YIG and Pt detection layer. Each Pt stripe has a width of 100 um and a length of 4 mm with a
triangular shaped contact pad at the end of the stripe, as shown in Fig. 4.1c). Two separate
detection stripes allow us to control the heat flow within the setup, the interface preparation
and homogeneity of the sample, since a difference in the signal amplitude between both
stripes is caused by one of the listed effects. The usage of stripes facilitates the alignment of
the voltage contacts with respect to the external magnetic field ﬁext.

Having established the fundamentals necessary to detect the SSE, we will introduce the
measurement setup, which was designed and constructed to perform room temperature
measurements of the longitudinal SSE.

Room temperature measurement setup for the
longitudinal SSE

One challenge of the measurement concept for the LSSE is to allow a four point measurement
of the Pt stripes, while having an effective heat flow through the sample. Furthermore the
heat flow needs to be invertible in order to validate basic features of the SSE. Figure 4.1b)
presents the concept of the LSSE, while Fig. 4.2a) illustrates the basic components of the
room temperature setup, that are necessary to understand the working principle of the
design.

To allow an out-of-plane uniform heat flow through the sample, it is sandwiched in between
two copper blocks, which can be heated and cooled independently. The cooling is achieved
via mechanical connection of the copper blocks to the surrounding poles of a water cooled
magnet, while a cartridge heater (25 W) embedded in each block is used for heating. Pt-100
elements attached to each copper block provide an accurate temperature measurement,
which are read by Lakeshore 330 controllers that regulate the power of the cartridge heaters
to drive the temperature of the system. As the cooling of the setup is provided by the water
cooling of the magnet, the lower temperature of the system is given by the temperature
of the cooling water, and stabilized by the heater. 500 um thick sapphire substrates above
and below the sample insulate the copper blocks electrically from the sample and provide
a smooth surface for mounting. Additionally, thermal conductive tape or thermal grease
is used to compensate misalignments occurring from the assembly and to reduce damage
of Pt stripes due to mechanical contact of the sample surface. As the thermal conductivity
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across the whole stack is very sensitive to the applied pressure while mounting, the complete
setup is pressed together by four springs to guarantee reproducible conditions, as shown
in Fig. 4.2b). Depending on the sample size the setup can generate a stable temperature
difference of up to 15K between the copper blocks. Higher temperature differences are
inefficient and hard to control, due to the thermal connection of the brass rods between the
top and bottom block, which act as a thermal shortcut. This temperature difference is used as
a reference for the system and for the calculation of the spin Seebeck coefficient in Sec. 4.2.
The actual temperature difference generated through the YIG film is expected to be smaller
and is discussed in detail in Sec. 4.1.6
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Fig. 4.2: a) Concept sketch of the setup for LSSE at room temperature. b) Picture of a 50 um
thick YIG film with two connected Pt stripes on the bottom block. ¢) Picture of the
mounted setup attached to the magnet.

The mechanical connection with the water cooled magnet does not only provide the heat
sink for the system but also serves as an alignment of the setup with respect to the external
magnetic field. Using guiding grooves it is possible to rotate the setup in-plane in reproducible
15 ° steps, which allows one to identify the in-plane dependency of the SSE and the magnetic
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anisotropy of the samples, discussed in Sec. 4.1.4. As indicated in Fig. 4.1b), © denotes
the in-plane angle between the Pt stripes and the external magnetic field ﬁext. 0° marks
parallel and 90° perpendicular in-plane alignment of external magnetic field with the Pt
stripes, respectively.

A PCB, mounted on the lower half of the sample holder, allows for contacting of up to twelve
coaxial connections. For this purpose copper wires are soldered on the board, while the
contact to the Pt pads is established with conductive Silver epoxy glue. As shown in Fig. 4.1b)
and Fig. 4.2b), a two terminal configuration is used to detect the thermally generated voltage
with a Keithley 2182a nanovoltmeter. For all shown resistances a four terminal measurement
is performed using a Keithley 2400 sourcemeter, unless indicated otherwise. All devices are
computer controlled via VEE HP Lab programs, which provide an automatic measurement
scheme for the MR and the SSE at selectable magnetic field strengths and temperature
differences.

Dependence of SSE on applied temperature
differences

As a thermally driven effect the SSE shows a characteristic dependency on the applied
temperature difference of the system and is not existing if the sample is in thermal equilibrium.
Using a standard measurement procedure for the SSE, we will give examples for these key
characteristics.

In the case of the room temperature setup a stable temperature difference between the two
copper blocks and thus over the sample is generated by heating one and cooling the other
copper block. When the temperature difference is stable within a range of 5 mK the external
magnetic field is swept in both field directions, until a saturation of the thermal voltage
signal can be observed. As a consequence the obtained signal shows a hysteresis like shape,
as shown in Fig 4.3a) for a temperature difference of AT = 11 K. The hysteresis shape of
the signal already points towards a correlation between the SSE and the magnetization of
the sample, which will be explained in Sec. 4.1.5. For now we will first discuss the origin
of the saturated signals. The shown measurements were carried out using a 200 nm thick
YIG sample and perpendicular in-plane orientation between the external magnetic field and
the voltage contacts (© = 90°,270°). For this alignment, the SSE obtains a maximal voltage
in saturation of the sample, as will be explained in detail in Sec. 4.1.4. The ISHE-voltage
(Visur) generated by the SSE is defined as

Visue = AV/2, (4.1)

where AV denotes the difference between the signal amplitude measured in saturation of
the signal for both magnetic field directions, as indicated in Fig. 4.3a). The measurement
measured voltage has a constant offset of ~ 150 nV. This voltage can have several origins.
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As different metals are used to contact the sample, a conventional SE can be generated
by temperature differences along the two point connections. The second source can be
a small offset voltage in the electrical ground connection of the setup, which serves as a
reference for the voltmeter. The third source can be the calibration of the Keithley 2182A
itself. In order not to measure a thermal offset voltage generated by the device itself, a
calibration measurement at a stable room temperature is needed. Any difference in room
temperature between the time of calibration and measurement causes an offset. Since an
offset is independent on the magnetic field, it is not related to the signals originating from
the SSE and can be neglected. If present, any offset of this kind was subtracted from the
data, which has no influence on AV..

If we now probe the SSE as a function of AT applied to the system, we observe a linear
increase of the signal difference AV'. Fig. 4.3b) shows six measurements for different tem-
perature differences. The measurements show that the signal strength is increasing with
increasing temperature difference and vanishes at zero temperature difference of the setup.
A key feature of an ISHE-signal is its sensitivity to the direction of the converted spin current
J; (see eq. 2.24). If the propagation direction of the spin current changes from parallel to
antiparallel, the detected ISHE-voltage should also change sign. In the case of the thermally
excited spin currents of the SSE, this situation resembles the inversion of the thermal gradient.
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Fig. 4.3: a) Thermally generated voltage as a function of the applied external magnetic field,
example for an SSE hysteresis measurement. The signals that can be attributed
to the SSE have been marked by AV. b) SSE hysteresis loops for six different
temperature differences between the copper blocks. Each color represents one
stable temperature difference. The measurements were performed for © = 90°
and with the hotter block above the sample. All signals have been measured on
the same sample (Pt(8.5 nm)/YIG(200 nm) grown on a GGG(001) substrate).

To understand this behavior we make use of the magnonic model [13] for the SSE, which iden-
tifies thermally excited magnons as the spin current. At finite temperatures, thermal magnons
are generated in every part of the ferromagnetic layer and diffuse randomly. The higher the
temperature the higher is the number of thermally excited magnons (See Sec. 2.2.4). If a
temperature gradient is applied over a ferromagnet, the magnon density will be higher in
the hotter part, leading to a diffusion of the majority of the thermally excited magnons from
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the hotter to the colder part. This diffusion thus defines the direction of the thermal spin
current J;, which is antiparallel to the temperature gradient V7. The dependence derived
from the magnonic model [13] agrees with expectations based on the energy equilibrium
picture [13] and matches the concept of a macrospin model, which only assumes a magnonic
origin [12,66,101]. Using the idea of thermally excited magnons it is now easy to understand,
why an inversion of the temperature gradient then also leads to an inversion of the SSE

signal, as shown in Fig. 4.4a).
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Fig. 4.4: a) Two SSE hysteresis for parallel and antiparallel heat flow, using a temperature
difference of 5K. b) SSE voltage for each used temperature difference, for both
direction of the thermal gradient. The blue function indicates the linear fitting
function of y = 0.037 + 0.52 % . All signals have been measured on the same
sample (Pt(8.5nm)/YIG(200 nm) grown on a GGG(001) substrate).

If one now plots the extracted ISHE-voltage of the SSE as a function of the applied tem-
perature difference, one obtains a linear dependency between the signal amplitude and
the temperature difference of the system, as shown in Fig. 4.4b). This dependency can be
described by

V(AT)ISHE = agscAT + AT(), 4.2)

where the slope assc defines the spin Seebeck coefficient (SSC). It describes the thermal
voltage generated per degree of temperature difference AT in the out-of-plane direction and
thus represents the efficiency of the SSE. The intercept AT, marks the quality of the setup, as
a non zero value indicates a systematic error in the temperature calibration of the setup. For
the shown 200 nm thick YIG sample with a Pt detection layer of 8.5 nm, the linear fit yields an
SSC of 0.522 uV /K + 0.003 1V /K and an intercept of 0.04 uV £ 0.02 uV. The obtained value
for the SSC is in line with SSE measurements reported by other groups [8,88,97,106,111].
The intercept value indicates a small and compared to the SSC signal negligible error in the
system, either due to a small deviation in the calibration between the two used thermocouples
or a small deviation between the parallel and antiparallel case for the heat flow in the out-
of-plane direction. The SSC shows that the setup as well as our sample fabrication and
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preparation yield SSE signals of the same magnitude compared to measurements of other
groups [11,104,111] using similar setups and samples. In Sec. 4.1.6 we explain the challenges
of a direct comparison of the SSE signals obtained by different setups.

It is interesting to note at this point, that the found linear correlation for the SSE and the
temperature difference applied to the setup is not obvious. Other experiments using different
heating methods and therefore different scaling values, like the applied heating power of the
Laser [111], or the power of the heating current [173] to calculate the SSC, derive the same
linear dependence. Up to now no deviation from this linear behavior could be observed, even
at low temperatures, as shown in Sec. 4.3. Based on the theory of a magnonic excitation, one
would expect a deviation from this behavior, for high temperature differences AT > 50K or
measurements of the SSC close to the Curie temperature [174]. These deviations are expected
since the amount of thermally created magnons follows the Bose Einstein distribution of
exchange magnons, which have the dispersion relation x k2 (see eq. 2.21). Therefore we
assume that the linear increase only represents an good approximation for small AT, while
for higher AT we expect an deviation from this behavior.

Low magnetic field dependence

Each thermal magnon carries a certain angular momentum and hence a polarization &
obtained by the emitting ferromagnetic lattice. Due to the momentum conservation, the
polarization of the momentum of the magnon is negative with respect to the lattice mo-
mentum. As the magnetization of the sample switches by inverting the magnetic field, also
the polarization & of the magnons is inverted and the thermal voltage switches as seen in
the SSE hysteresis loops in Fig. 4.5a). Furthermore the detection mechanism of the ISHE is
sensitive to the angle © between the polarization vector ¢ (for magnetic fields high enough
to saturate the magnetization of the film) and the voltage contacts EISHE, as defined in
eq. 2.24. The highest signal amplitude is measured for a perpendicular alignment of the
voltage contacts (Pt stripe) with respect to the external magnetic field (© = 90°). Since the
electric field vector Ejsyg follows the polarization of the spin current and thus the orientation
of the external field, a deflection from 90° causes a weaker signal. Fig. 4.5a) shows this
dependence. It can be seen that the measurements for a smaller angle between the field and
the Pt stripes yield a smaller saturated signal amplitude above 50 Oe. In agreement with the
assumption of a signal caused by a spin current converted by the ISHE, we detect a minimal
signal for parallel alignment of Pt stripe and magnetic field (© = 0°). The cross product
correlation between the spin current js and its polarization vector & (see also Sec. 2.3.2)
leads to an inversion of the signal when the sample is rotated by 180 ° in-plane. Fig. 4.5b)
shows an example for this case. The complete in-plane angular dependency of the Visyg for a
fixed temperature gradient is shown in Fig. 4.5¢). Each data point represents a complete SSE
hysteresis measurement. The signals follow the expected sinusoidal behavior based on the
assumption of a converted spin current detected by the ISHE.
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Fig. 4.5: Tllustration of the magnetic field angle dependency of the SSE. a)
SSE measurements for four different in-plane orientations of the sample
(Pt(8.5nm)/YIG(200nm) grown on a GGG(001) substrate). b) SSE hysteresis
measurements for 30 ° and 210 °, highlighting the signal inversion resulting of an
in-plane sample rotation by 180°. c¢) Visygr as a function of the in-plane angle
between the voltage contacts and the external magnetic field. b) and c) have been
measured on the same sample (Pt (8 nm)/YIG (300 nm) grown on a GGG(001)
substrate).

Probing the sample magnetization

Up to now we have only discussed the behavior of the SSE signals for magnetic fields high
enough to align all magnetic domains of the ferromagnetic layer for which the SSE generates
a constant signal. In the following we will show that the SSE can be used as a magnetometry
method to probe the magnetic anisotropy of a sample by investigating the low field behavior
of the SSE signals, which is subject of the publication [p4]. In the magnonic SSE picture, this
feature results of the spin polarization & of the thermally excited magnons that follow the
orientation of the magnetization of the emitting ferromagnet (see Sec. 4.1.4). Thus the field
and angle dependence of the SSE signals below the saturation field can be used to probe the
magnetization of the sample. Like for magnetometry measurements different characteristic
fields can be determined from hysteresis measurements and used to determine the rotational
symmetry and thus magnetic anisotropy of the sample.

First we will use the SSE signal at zero external field Sy to illustrate its dependence on
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the sample magnetization, indicate in Fig. 4.6a). Coming from the saturated state, the
magnetization of the sample will partially relax to the magnetic easy axes zero external
magnetic field and form a multidomain state, depending on the direction of the saturated
state. YIG marks a special material, since it is a very soft magnetic material with a coercive
field of only a few Oe [37]. Thus the magnetization has to overcome no higher energy to
partially relax to easy axis, which enables us to interpret SSE signals S at zero magnetic
field to give an estimation for alignment of the easy axes of the sample.

As an example we will discuss the properties of the 300 nm thick YIG shown in Fig. 4.6a).
Independently from the in-plane angle ©, the amplitude of the Sy yields a non-zero value of
Sk = 0.88uV + 0.06 wV. Considering a simple model for the magnetization (see Fig. 2.7),
one would expect a minimum for Sp in an angular range of 90 ° induced by either a uniaxial
or cubic anisotropy. The observed behavior therefore indicates the decay of the magnetization
into a multidomain state at zero field. Within the resolution of our measurement we cannot
determine a clear minimum in the an angular range from © = 0° to © = 90 °, which would
hint to a cubic or similar anisotropy. By comparing the value of S with the value measured
for the saturated signal at high fields, one can estimate the orientation of the remanent
magnetization with respect to the Pt stripes. The complete in-plane angle scan of this sample
is shown in Fig. 4.5¢), and has been recorded for the same temperature difference as the data
in Fig. 4.6a). Using the sinusoidal fit that has been used to highlight the angular dependence
of the data, we obtain an angle of © = 47° 4+ 3°, yielding the same signal amplitude as the
remanent state. The value © = 45 ° corresponds to the in-plane lattice vector of (110), as the
YIG film is grown on a GGG (001) substrate with primitive cubic axes along the edges of the
sample (© = 0° corresponds to (100)). It has been shown in Sec. 3.2.1 that magnetic garnets
in general possess a cubic magnetic anisotropy along the (111) axes [37]. In particular
it is expected for thin film samples, that the additional shape anisotropy causes the cubic
anisotropy to favor an in-plane with the easy axes along (110), as discussed for the Ce:YIG in
Sec. 3.2.2. Thus we exclude an out-of-plane orientation as the reason for the smaller S and
assume that Sg results from an easy axes along of © = 45°

Another method to probe the magnetic anisotropy of a sample is using the coercive field of
SSE signal S¢ for different angles. For the sample shown in Fig. 4.5¢), a clear difference
between the © = 0° coercive field and the other directions can be identified. From the
measurements, we can determine a field of ~ 15 Oe necessary to reach the coercive field
point S¢ compared to ~ 1.5 Oe for the other probed directions. The higher coercive field
and the signal shape hints towards a uniaxial magnetic hard axis along 0 °. To understand
this behavior one has to be reminded of the soft magnetic character of YIG, usually leading
to small coercive fields [37]. Using the SSE as a probing tool, we have to consider that the
ISHE signals we detect have a sinusoidal in-plane dependence. Furthermore we know from
the previous discussion, that the investigated sample has an easy axis along 45 °. Starting at
Sr, the magnetization will be rotated to the direction of the increasing external magnetic
field and switch into the direction of the magnetic field. For a hard axis, higher magnetic
fields are needed to align the magnetization along the applied field direction. For this
reason, also the SSE signal shows a switching and saturation of the signal at higher magnetic
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fields. In the case of a perfect alignment along the hard axis of the uniaxial anisotropy, one
expects no switching of the SSE signal but a signal shape similar to the absolute value of
the magnetization of the hard axis (see Fig. 2.7a)). Therefore our © = 0 ° measurements
indicate a slight misalignment between the hard axis of the uniaxial anisotropy and the
probing direction.
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Fig. 4.6: Example measurements showing the possibility to probe magnetic anisotropy by
the SSE. a) Measurements for a 300 nm thick YIG grown on GGG (001) showing a
pronounced uniaxial anisotropy combined with a cubic anisotropy of the crystal
lattice. The upper graph shows the miscut of the substrate with respect to the
surface normal, which can give an explanation for the observed uniaxial anisotropy.
The data are part of Ref. [p4]. b) SSE magnetometry measurements in a Ce:YIG
sample showing the same magnetic anisotropy as observed for other magnetometry
methods as discussed in Sec.3.2.2.

Thus using the saturation fields Ss presents, like for magnetometry, a possibility to determine
the anisotropy from the SSE hysteresis loops. Compared to the other orientations we observe
for © = 0° higher fields necessary to saturate the SSE signal. In combination with the
discussed higher coercive field this hints to a uniaxial anisotropy. Taking the found cubic
easy axis along © = 45° into account, © = 0° corresponds to a combined hard axis for
cubic and uniaxial anisotropy. Using the values Sg = 200e and Sg = 400Oe for © = 90°
and © = 0° respectively, we can estimate the cubic K; and uniaxial anisotropy constants
K,. Sg for © = 90° can solely be attributed to the cubic anisotropy and derives a value
of K1 = 112J/m3, using eq. 2.1 and M, = 112kA/m (measured by SQUID). To determine
K,, we need to subtract the value obtained for K; from the determined anisotropy field for
© = 0°, yielding a value of K, = 112J/m? for the uniaxial anisotropy constant.

While the origin of the found cubic anisotropy can be explained by the crystal symmetry,
the uniaxial anisotropy might result of a miscut from the substrate. The upper graph in
Fig. 4.6a) shows rocking curves with respect to surface normal of the substrate along the two
orientations perpendicular to another. As already discussed for Ce:YIG samples in Sec. 3.2.2,
a miscut can lead to the formation of terraces on the sample surface causing preferential

Chapter 4 Spin Seebeck effect in Yttrium Iron Garnet



orientation of the domains along them. The miscut measurements for this sample do not
reveal a clear preferential orientation as for the Ce:YIG(111) sample but indicate an irregular
surface structure. Both found angles for the miscut of 0.6 ° and 1.1 ° are large compared to
substrates of good quality. Additionally further x-ray measurements reveal an increase of the
out-of-plane lattice constant by 1.17% compared to bulk leading to an tetragonal distortion
of the lattice. As a source for the uniaxial anisotropy one has to mention that YIG is likely to
suffer a oxygen deficiencies within the growth process. The deficiencies, as well as a lattice
distortion, are known to cause a growth-induced uniaxial anisotropy in garnets [38,39].
As a next example, we discuss the SSE in Ce:YIG, which shows a more pronounced magnetic
anisotropy due to the Cerium substitution (see Sec. 3.2.2). Fig. 4.6b) shows an example
measurement for a ~ 100 nm thick Ce:YIG sample grown on a GGG(001) substrate. From
the measurements one can see that the SSE for © = 45° and 315 ° yields the same signal
shape, showing only a switching of the signal but no further increase or decrease of the
signal for higher magnetic fields. Combined with the signal amplitude for zero field we can
identify this behavior as a cubic in-plane magnetic anisotropy that has also been found to
be pronounced in other Ce:YIG(001) samples. The difference between the saturation field
for 0° and 90 ° resembles the situation observed for YIG in Fig. 4.6a). Using this knowledge
we can identify this behavior as uniaxial anisotropy with magnetic hard axis close to the 0°
orientation. As expected for Ce:YIG, the anisotropy is larger by a factor of ~ 20 compared to
YIG, possibly due to the larger tetragonal lattice distortion.
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Fig. 4.7: SSE magnetometry measurements of a 20 nm thick YIG showing the agreement be-
tween SSE and MR measurements. a) Thermally generated voltage as a function of
the applied external magnetic field for parallel and antiparallel in-plane orientation
for a temperature gradient of AT = 9K. b) MR measurement of the Pt stripe as a
function of the applied external magnetic field for parallel and antiparallel in-plane
orientation, using a probing current of 100 pA. The data are part of Ref. [p4].

Up to now we have only discussed samples with a thickness of more than 100 nm. As an
example for thinner films, we will briefly present the behavior observed in a 20 nm thick
YIG film grown on a GGG(001) substrate, shown in Fig. 4.7a). Compared to the previous
samples, this one shows a more isotropic behavior, as the saturation field Ss for both probing
directions match. We cannot observe a difference between the two coercive fields, which
suggests the absence of a uniaxial anisotropy in this sample. An additional measurement
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along 45 ° is needed to entirely exclude an in-plane uniaxial anisotropy. The zero field value
Spg yields 0.77 uV £ 0.06 wV for SSE, while the 90 °© measurement gives a SSE amplitude in
saturation of 1.08 uV £ 0.02 uV. If we calculate the easy axis by making use of the sinusoidal
behavior for the SSE, we obtain an angle of © = 45° 4+ 3°. Like the other sample, this YIG
film has been grown on a GGG (001) substrate, where a cubic magnetic anisotropy along
the (110) directions is expected for this sample. It has to be emphasized that despite the
film being a factor of 15 thinner compared to the sample shown in Fig. 4.6a), we are able to
detect a signal of up to 1 uV in amplitude. In Sec. 4.2 it will be shown that the SSE obeys a
characteristic thickness dependence leading to a decrease of signal with the thickness of the
investigated ferromagnet. This disadvantage can be overcome by optimizing the interface
quality between the ferromagnet under investigation and the probing layer, which optimizes
the spin mixing conductance can therefore increase the signal strength (see Sec. 4.2). In
contrast to the 300 nm sample in Fig. 4.6a) the interface of the 20 nm sample was treated by
Ar-ion etching prior to the deposition of the Pt detection layer in order to improve the quality.
This strong influence of the interface quality on the signal strength will also be subject of the
sample comparison in Sec. 4.2.

Beside the SSE signal, also the novel MR effect [77] of the detection layer can be used to
probe the magnetization within the sample. Fig. 4.7b) shows the MR measurements for the
20 nm sample. The origin of this novel MR is still subject of current research and is discussed
in detail in Sec. 2.3.3. For the further discussion it suffices to known that, independent of the
origin, both common theories [77,79,175] predict a correlation between the measured MR
and the sample magnetization, which should allow to probe the sample magnetization by
the MR. Our measurements can confirm this correlation as the MR shows a mirrored signal
shape, if one compares the perpendicular measurement with the parallel one. The magnetic
field dependence of the MR signal resembles the one from the SSE and shows the same
saturation field values, highlighting that the same interpretation can be used to extract the
anisotropy information from this probing method. It is interesting to note that the resistivity
increases with the magnetic field for the perpendicular orientation and lowers for the parallel
orientation. This behavior is identical to the behavior expected from a normal AMR [176]. In
order to distinguish a normal MR from the novel MR effect, one would also need to measure
the out-of-plane angular dependence. Independent of its origin, we can confirm that the MR
of the detection layer as well as the SSE can be used to probe the magnetic anisotropy of
the ferromagnetic layer free from contributions of the used substrate. Thus both methods
present novel methods for magnetometry and provide a new toolkit for the investigation of
thin film samples where conventional magnetometry is difficult.

Determination of the absolute spin Seebeck efficiency

Up to now the temperature difference (A7) between the copper blocks was used as a measure
for the thermal gradient across the sample. As AT strongly depends on the design of the SSE
setup, the derived SSC is different for each setup. Furthermore, for a qualitative comparison
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with predictions from theory it is essential to know the actual temperature difference and
thus the gradient across to the Pt/YIG stack. Up to now, the only estimation of the actual
temperature gradient has been given by finite element simulations [12] or by changing the
description of the SSC from voltage per degree of temperature difference to voltage per
heat flux [177]. The first approach relies on thermal conductivity data for bulk material,
although studying only nm thin films. Since thin films are known to have a higher defect
concentration, the actual value might strongly deviate. Furthermore, the first method can
only provide an estimation of the temperature on the backside of the sample and thus only
provide assumptions of thermal resistance of the interfaces, which are taken into account
for model description of the effect [12]. The second approach [177] uses a 4 um thick YIG
film and assumes a bulk like thermal conductivity as well. Additionally the experiment is not
able to detect any temperature directly on any of the sample surfaces, causing an error as the
thermal resistance of the setup interfaces are not negligible.

Our approach to this problem is the simultaneous measurement of the temperature of the
Pt stripe on the surface of the YIG, used for the detection of the SSE, and the temperature
on the backside of the GGG substrate. Using a double side polished substrate GGG, we can
additionally deposit and structure a second Pt stripe on the backside. To connect this stripe,
we use an Al;O3 substrate with four ~ 100 nm thick Au pads on the surface and indium foil
as illustrated in Fig. 4.8.

Frontside sample stack Backside sample
Sample
\ o

o -] Pt stripes top

see—
Al,0, substrate " ’

\ ™,
Indium foil
GE-Glue Au pads

Fig. 4.8: The left image shows an illustration of the sample stack, used for the determination
of the temperature difference of the sample. The right image shows the backside
of the GGG substrate with the Pt thermometer.

The thermal contact in the mid part of the sample is established by thermally conductive but
electrically insulating GE glue. Since the position of the Pt contacts highly affects the signal
height of the SSE, the Pt-contact Pads have been coated with a 50 nm thick Au layer, which
short circuits every SSE signal generated within the pad. This provides an identical geometry
for the SSE contacts, independent of the contact position on the Au pads, caused by the ISHE
(see Sec. 2.3.2).

First we take at look on the SSC derived from the temperature difference (AT) of the setup,
as presented in the previous sections. Fig. 4.9a) shows the SSC obtained for both heating
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directions in the room temperature setup. The graph contains as well the linear fit of eq. 4.2,
which yields the SSC and intercept presented in Tab. 4.1. The results reveal SSCs of around
0.09 uV/K, which are identical for both heat flow directions within the error. The SSC values
are smaller compared to other measurements performed in the same setup (see Sec. 4.1.3
and 4.2.2), although the sample has a similar layering (Pt 5.5nm / YIG 65nm / GGG (111) ).
In contrast to the previous shown samples, this stack of three substrates bears the problem
of a more complicated heat flow, especially since the GGG backside to Al;O3 interface is
separated by a larger gap, due to the indium foil contacts. Thus we expect that the smaller
signals result from the higher thermal interface resistance. For heating from below, we
obtain a larger zero ATy offset, which further confirms our assumption of a higher interface
resistance below the sample. Furthermore, one has to consider that despite the similar
SSC, both measurement directions yield a different absolute value for the SSE for the same
temperature difference, as can be seen in Fig. 4.9a). This indicates a temperature offset
within the system and an asymmetric heat flow. Since the SSC is similar for both heat flow
directions, the actual temperature difference per target temperature step of 2K must be
comparable.

Temperature difference | Heat flow || SSC (uV/K) | ATy (uV)
Setup above 0.088(1) -0.012(1)
Setup below 0.089(1) -0.051(1)
Sample above 0.98(3) -0.02(1)
Sample below 0.87(2) 0.02(1)

Tab. 4.1: Linear fitting values for the SSE as a function of temperature difference of the
setup and sample.

To obtain the real AT applied to the sample, the Pt resistances are measured for each
temperature step. Calibrated with a temperature sweep measurement without magnetic field
and thermal gradient, one can calculate the corresponding AT of the sample for respective
applied AT of the setup. The derived values are shown in Fig. 4.9b). From the evaluation
we obtain a factor of ten smaller AT across the sample compared to AT of the setup.
For heating from above we obtain a negligible offset for no applied temperature gradient,
while a linear fit yields an offset ATy = —0.08K for heating from below. This negative
temperature difference explains the smaller absolute SSE signals, as the setup intrinsically
has a temperature difference for this heating configuration. This offset is possibly caused by
the thermal coupling to the environment due to the Au and indium pads below the sample.
By comparing the difference between both heating direction for AT across the sample as
a function of AT across the setup, it can be seen that the difference decreases for higher
AT across the setup. This behavior points to an asymmetry in the heat flow of the setup,
which can arise from higher heat conductivity of the metal contacts below the sample. For
AT = 10K of the setup, the heating from below measurements yield a higher AT for the
sample than for heating from above, which matches to the observation of the difference
between the SSE signals for both directions. Taking this offset in the temperature difference
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into account, one can understand the behavior we derived for the SSE as a function of the
AT over the sample, shown in Fig. 4.9¢).
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Fig. 4.9: a) SSE signal as a function of AT measured for the setup. b) Calculated AT
over the sample as a function of AT of the setup. c¢) SSE signal as a function of
calculated AT of the sample.

For heating from above the linear fit yields a SSC of 0.98 uV/K, highlighting that the actual
SSE efficiency is a factor of ten higher than the SSC derived from AT of the setup. The exact
values are given in Tab. 4.1. The discussed asymmetry for the heat flow and the negative
offset for AT for heating from below lead to a lower SSC of 0.87 uV/K for the other direction
of the temperature gradient. Still both values for the SSC show an increase by one order of
magnitude compared to the SSC derived from the setup. Thus point out the importance of
determination of the actual temperature difference used for the calculation of the absolute
SSE coefficient, the SSC. These results not only present the first measurements of the
temperature difference over the sample in the longitudinal configuration, they also emphasize
that for a comparison of absolute SSE signals between different setups, a knowledge of the
actual AT over the sample is essential. The sample shown is the first standardized sample,
that is sent to different research groups around the world within the "Round Robin" project.!
The next step for a more accurate determination of the SSC, is the calculation of the actual AT
applied over the YIG layer. For this, not only a measured value for the thermal conductivity
of the thin YIG layer is necessary but knowledge about the interface resistances. Additionally,

IThis is part of the European Metrology project "SpinCal".
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our measurements revealed an asymmetry within the heat flow of the used setup, due to
metal contacting of the backside, requiring to take environmental temperature into account
for an accurate calculation. A finite element simulation of the sample layers would provide
a solution for this problem but is beyond the scope of this thesis. A rough estimation of
the YIG temperature gradient can be given using the definition for the heat flow rate [27]
of Q = A’\IAT, where A denotes the area, [/ the thickness and )\ the thermal conductivity of
the material. For our approximation we assume an equal heat flow through the YIG and
GGG layer by Qcce = Qyr¢. Using a GGG thickness [ = 500 um, a YIG thickness [ = 65 nm,
thermal conductivities [p9] of A = 8 W/mK and A = 9W/mK for GGG and YIG respectively,
for AT = 1K over the sample, we derive AT of 0.12mK across the YIG layer. This leads to
an increase of the SSC by a factor of 8500, leading to a SSC of ~ 8 mV/K. Despite the high
error of this estimation, it shows the order of magnitude, which should be expected for the
absolute value of the SSC.

The best comparison of this value, should be given by bulk measurements of the SSE, where

the smallest error of the temperature difference is expected. Compared to the SSC measured
in bulk samples, our value overestimates the SSC by more than three orders of magnitude,
since literature sources only detect signals of several uV [11,97]. Hence, a fundamental
characteristic of the SSE must lead to a limitation of the signals. In the next chapter we will
show that this discrepancy between expected signal strength for bulk and thin film can be
explained by a pure magnonic feature of the effect, which determines its characteristic length
scale.
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4.2 Origin of the spin Seebeck effect

All previous shown dependences of the SSE can either be explained by a magnonic model
from the bulk [13,54,66,104] or only small interface layers [12,101]. Taking the proximity
magnetization of the Pt layer into account, a Nernst effect arising from it would present a
further explanation to the observed dependences and signals [14,15]. In parallel to our
own experiments, two type of attempts were pursued to provide answers to the question of
the origin of the effect. The first type of experiment was already described in the historical
introduction of the SSE (see Sec. 2.4.2). In this type the focus is to distinguish between a
Nernst origin of the effect and a magnonic, by either changing the ISHE layer to material
less likely to be magnetized by the YIG, such as Au [112] or by a comparison measurement
geometries in which only Nernst effect contribution are expected with the LSSE geometry
where a Nernst and SSE signal is expect. Both experimental approaches could indirectly
show that only a part of the signal should be caused by the Nernst effect. Our results in
contrast to this, do directly show that only a negligible part of the signal can be attributed to
the Nernst effect.

The second approach aims to determine whether the SSE originates from the bulk or the
interface by performing time resolved experiments [178-180] of the SSE. The time resolution
should allow to determine a finite rise time of the signals, which in combination with
simulations of the time evolution of the thermal gradient within the system, should allow one
to determine the probing depth of the SSE. Thus an instant rise time can only be explained
by a pure interface effect. The experiments performed up to now obtain contradicting results,
since the results from only nm thick films are not able to detect any cut off frequency [178],
while experiments on um thick films find a characteristic rise time hinting to a bulk origin
of the effect [179,180]. Both experimental approaches rely on a detailed knowledge about
the response characteristic of the used electronic circuit, as a capacitive coupling can be
misinterpreted as an intrinsic feature. Furthermore the simulation of the probing depth relies
on known parameters such as the thermal conductivity of the system and propagation speed
of magnons, which allow for a wide range of interpretation of the data.

As we will show in the following, our approach of investigating the thickness dependence of
the SSE bears the advantage of a clear data interpretation, as any dependence on the thickness
of the ferromagnetic material hints towards a bulk origin of the effect. In order to verify these
results we additionally present a comprehensive study of the magnetic material parameters
and the interface MR, which allows us to exclude signal variations by either the sample
quality or the interface itself. This strengthens our results of thickness dependence of the
effect, which we can attributed to the bulk origin of the SSE. For the further interpretation of
the observed behavior we use the atomic magnetic simulation model, of our collaboration of
the University of Konstanz, introduced in Sec. 2.4.3, which allows us to explain the thickness
dependence by the finite magnon propagation length of thermally excited magnons.

The sentences and data of the following sections are taken from Ref. [p5].
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Material characterization and measurement methods

All Y3Fe5014 samples with a thickness below 1 um were grown by pulsed laser deposition
(PLD) on Gd3Gas012 (001) substrates (film thicknesses 20 nm - 275 nm). The PLD samples
were characterized by x-ray diffraction and x-ray reflectivity, revealing an epitaxial growth of
the films in the (001) orientation and surface roughness below 0.5 nm [p2]. The um thick
samples were cut from industrially (Matesy) produced 3 inch wafers, grown by liquid phase
epitaxy on GGG (111) substrates, ranging from 1.5 um to 50 um in thickness.

Pt, used for the detection by the ISHE, was deposited by DC-magnetron sputtering up to
thickness of 10 nm and lithographically structured into stripes. A schematic depiction of the
final sample structure is shown in the inset of Fig. 4.1b). The PLD samples are sorted into
series, indicating an identical interface treatment and simultaneous Pt deposition, leading to
an identical interface for all samples within a series.

Magnetometry shows constant magnetic properties for the films, except for the 20 nm films,
shown in Fig. 4.10a).
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Fig. 4.10: Saturation magnetization a), Gilbert damping parameter « for PLD grown sam-
ples b) and LPE grown samples ¢) and MR ratio Ap/p d) as a function of the YIG
film thickness for the samples grown by PLD.

To characterize the magnetodynamic properties of our samples, the Gilbert damping parame-
ter « for the samples of series 2,3 and 4 was investigated by VNA-FMR measurements (see
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Sec. 3.1.5). A similar behavior to M, is observable for a. Only the 20 nm thin films shows a
significant increase of damping parameter, while thicker films vary independent of the film
thickness around a value of 3.5 x 10~%, we obtain a mean value of a = 4.5 x 10~ for all
samples, shown in Fig.4.10b). The value « of the LPE grown samples, shown in Fig. 4.10c),
has been estimated from a § H at 3.1 GHz measurements, provided by the delivery company
(Matesy), using eq. 2.19. Thus the « value contains contributions of an extrinsic part. The
determined damping parameter shows no correlation with the film thickness and yields a
mean value of a = 2.5 x 10~%. To estimate the influence of the YIG/Pt interface coupling,
we checked the magnetic field dependence of the Pt resistivity. The MR effect, which was
observable in every sample, shows a dependence on the magnetization direction as well as an
in-plane angular dependence that can be explained by the novel SMR effect (see Sec. 2.3.3).
To determine the correlation with the YIG film thickness, we probe the MR for in-plane
perpendicular p, and parallel p; magnetic field orientation with respect to the contacts on
the Pt. From this data we calculate Ap/p = 2(p; — pr)/(pL + pj|), shown in Fig. 4.10d)
for samples of series 2 and 3. Example measurements for the shape of the MR curves are
shown in Fig. 4.7b). For both series Ap/p shows only a slight variation, independent of the
YIG film thickness. Due to the identical interface conditions for samples of one series, we
can deduce that the MR effect amplitude exhibits no significant dependence on the YIG-film
thickness as expected for an interface-dominated effect. The changes of the absolute MR
signal between the different series can be explained by the change of the Pt-thickness and a
residual variation of the interface quality.

YIG thickness dependent measurements

The LSSE measurements are performed at RT (see Sec. 4.1.2 for details of the RT setup) and
in a cryostat at 50K (see Sec. 4.3.1 for details of the cryostat setup). We characterize the
strength of SSE in our samples, using the SSC, which describes the SSE signal strength per
degree of temperature difference applied on the system and provides a more robust value,
than the absolute SSE signal (see Sec. 4.1.3).
First we will discuss our results obtained for the SSC in the PLD grown samples at room
temperature, shown in Fig. 4.11a). Films below ~ 90 nm show an increase of the signal
amplitude with increasing thickness, which is in agreement with observations for polycrys-
talline Bi substituted YIG [8]. Looking at our epitaxial pure YIG films we find for larger
thicknesses a decreasing slope, which leads to a saturation of the signal. The samples of
series 3 generated signals a factor of two lower than the other series, attributed to the lack
of interface etching prior to the Pt deposition, which leads to a less transparent interface
for the magnons and, therefore, a smaller spin mixing conductance [181]. This observation
underlines the importance of the interface conditions for the comparison of different samples,
but the absolute trend of the thickness dependence is not affected.

In order to understand the origin of the signal, we compare the thickness dependence of
the SSC with the thickness dependence of possible underlying mechanisms: Firstly, from the
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Fig. 4.11: Spin Seebeck coefficient as a function of YIG layer thickness for samples produced
by PLD a) and LPE b). The series sorting for the PLD samples highlights an
identical interface. Data points of each series are connected for clarity. The
inset of a) shows a schematic depiction of the sample structure and the used
measurement configuration for the SSE.

thickness dependence of the MR effect of the Pt, shown in Fig. 4.10d), one would expect a
constant contribution to the measured signals independent of the YIG film thickness. This
offset can be understood if the MR effect in combination with a thermal gradient leads to a
Nernst effect, which might provide an additional constant contribution to the signals that we
measure. As the MR is independent of the YIG film thickness, the resulting contributions to
the signal will also be constant. The increase with increasing YIG film thickness, observed for
the SSC, must therefore have a different origin. This is of major importance as it allows us
to conclude that the source of the observed signals is not the currently discussed proximity
effects at the interface [14] and that the clear thickness dependence points to an origin in
the bulk of the YIG.

Secondly, we compare the thickness dependence of the magnetic material parameters of the
film with the one observed for the SSC. From the M, data shown in Fig. 4.10a) we see that
only the 20 nm thick films shows a noticeable reduced M;, which could have an influence
on the SSC. Thicker films show only a negligible variation, which furthermore exhibits no
correlation with the thickness dependence of the SSC, which shows a steep signal increase
with increasing film thickness up to 100 nm. The same assumption is valid for the Gilbert
damping of all films, as the measurements shown in Fig. 4.10b) for PLD and Fig. 4.10c) for
LPE samples, find no correlation with the YIG film thickness. Thus both materials parameters
show in the important thickness range between 50 nm to 300 nm only small and random
variations, while the SSC is strongly and consistently increasing and leveling off. Thus
we conclude that the observed thickness dependence of the SSC cannot be attributed to a
thickness dependence of the magnetic properties of the films.

To show that the observed behavior is a generic property of the SSE and not limited to
PLD-grown samples, we next investigate LPE grown YIG, which is generally accepted to have
the highest quality and can be grown to larger thicknesses (we use up to 50 um), shown in
Fig. 4.11b). While the LPE samples used have a {111} surface texture different compared to
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{100} of the PLD samples, we have also done measurements for both orientations for the
same thicknesses, which have shown no noticeable difference for the SSE signals, allowing
us to compare the behavior of both sets of samples. At room temperature the SSC is constant
for thicknesses above 1.5 um showing that the signal is saturated at those thicknesses. This
saturation behavior matches with our expectation obtained from the PLD samples, which
suggest the increasing signal with YIG thickness can only be observed for samples thinner
than 1 um. However at a lower temperature of 50 K, we find a thickness dependence qualita-
tively similar to the PLD samples. The lower graph in Fig. 4.11b) shows the signal increase
with YIG thickness, with a levelling off above a thickness of 20 um.

Finite thermal magnon propagation length

To understand this universal behavior of an increasing and saturating signal with increasing
film thickness, we assume for the following theoretical calculations that the influence of
the YIG thickness on the SSE might be due to a finite length scale for magnon propagation
in the YIG material. In order to investigate this, we simulate the propagation of thermally
excited magnons in a temperature gradient using an atomistic spin model, which is able to
describe the full magnons frequency spectra®. Our generic model contains a ferromagnetic
nearest-neighbor exchange interaction J and a uniaxial anisotropy with easy-axis along
the z-direction and anisotropy constant d, = 0.1J. We investigate a cubic system with
8 x 8 x 512 spins, which are initialized parallel to the z-axis. The dynamics of the spin system
is calculated by solving the stochastic Landau-Lifshitz-Gilbert equation numerically with the
Heun-Method [116]. The phonons provide a heat-bath for the spin system assuming a linear
temperature gradient over the length L in the z-direction as shown in Fig. 4.12a). This
temperature profile remains constant during the simulation. Here, for simplicity, we assume
that the temperature of the cold area, acting as the contact to the nonmagnetic material, is
zero. After an initial relaxation, the local, reduced magnetization m(z) is determined as an
average over all spins S; in the corresponding z-y-plane and, additionally, as an average over
time.

Due to the temperature gradient, magnons propagate from the hotter towards the colder
region leading to deviations of the local magnetization m(z) from its local equilibrium
value mg(z), which would follow from the local temperature 7},(z) of the phonon sys-
tem. A temperature dependent calculation of the equilibrium magnetization mg(T") for a
system with constant temperature allows us to define a magnon accumulation Am(z) =
m(z) —mo(Ty(2)) [54]. Fig. 4.12a) exemplifies this magnon accumulation Am as a function
of spatial coordinate z in a system with a damping constant of &« = 0.01 and a linear tem-
perature gradient of VT = 107°.J/(kpa) over two different lengths L, where a is the lattice
constant of the cubic system. At the hotter end of the gradient magnons propagate towards

2All simulations were carried out by U. Ritzmann and the group of U. Nowak at the University of
Konstanz.
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the cooler region and this increases the local magnetization. On the other side, at the cold
end of the gradient, magnons arriving from hotter parts of the system decrease the local
magnetization. The resulting magnon accumulation is symmetric in space and changes its
sign at the center of the temperature gradient.
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Fig. 4.12: a) Magnon accumulation Am as a function of the spatial coordinate z in units
of the cubic lattice constant a for a given phonon temperature 7}, including a
temperature gradient over two different lengths L. b) Numerical data of the
temperature difference T;,, — T at the cold end of the temperature gradient in
units of the Curie temperature 7, as a function of the length L of the temperature
gradient for two different damping constants «. The solid lines corresponds to a
fit using eq. 4.3.

The absolute value of the magnon accumulation at the cold end of the gradient increases
with increasing length L. The temperature difference Ty, — T at the cold end of the gradient
can be calculated from the local magnon accumulation. Following Xiao et al. [66] this
temperature difference can be related to the magnonic spin current, which is propagating to
the detector material and then measured in experiments. Fig. 4.12b) shows this temperature
difference dependent on the length L of the temperature gradient for two different damping
constants. For small length L the temperature difference increases with increasing thickness
until a saturation value is reached. The characteristic length scale of the saturation depends
on the damping constant. Previously we have shown that the propagation length of the
magnons scales theoretically with 1/« [54]. In a temperature gradient, where a broad
distribution of frequencies contributes, the mean value of the propagation length scales
similarly, to first order. The magnon spin current can be understood as the averaged sum of
magnons, reaching the end of the gradient. As illustrated in Fig. 4.13a) only those magnons
from distances smaller than their propagation length contribute to the resulting magnonic
spin current at the cold end of the temperature gradient. Therefore a saturation of the
magnonic spin current sets in if the length (sample thickness for our geometry) overcomes
the mean propagation length of the magnons.
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Fig. 4.13: a) Illustration of a finite magnon propagation length. The net magnon current
carries angular momentum antiparallel to the thermal gradient. Only magnons
excited at distances smaller than their propagation length contribute to the
detected signal, leading to a saturation effect. b) Normalized SSC data and
corresponding fit functions plotted as a function of the YIG thickness for PLD and
for the LPE sample at 50K in the inset. The SSC data have been normalized to the
saturation value for an infinitely large system. The lines show the fit via eq. 4.3.

Tm—1In x (1 —exp(—L/E)), (4.3)

where ¢ describes the mean propagation length of the magnons. A fit of the numerical data
is included in Fig. 4.12b) as solid lines and can describe the observed saturation behavior
and the dependence on the damping constant. Due to the large computational effort of the
performed simulation, it is not possible to simulate the YIG system. To compare the value for
the mean propagation length with the experimental results, we extrapolate the numerical
data towards lower damping and lower anisotropy. From measurements of the damping
measurements, we obtain a mean damping constant of a = 2.5 x 10~ for the LPE films and
o = 4.5 x 10™* for the PLD samples at 300K [p2]. To take into account the temperature
dependence of the damping parameter, we use in the 0 K simulations a damping parameter
of a = 1 x 104, We expect that the dominant anisotropy contribution is given by the
shape anisotropy and using the value for the saturation magnetization we use an anisotropy
constant of about d, = 10~%.J, where .J is the exchange constant. Using a 1/a-scaling of the
mean propagation length and including the dependence on the frequency gap and therefore
on the anisotropy reported by Ritzmann et al. [p6] we extrapolate a mean propagation length
of about 10 um from the numerical calculations.

We analyze our experimental data using eq. 4.3. Each series is evaluated separately as can
be seen in Fig. 4.13b). We obtain a mean magnon propagation lengths between 90 nm and
140 nm for the PLD samples, while for the LPE samples at room temperature we can only
give an upper limit for propagation length of 1 um, in agreement with the results of time
dependent measurements [179,180]. For 50K the fit yields a value of 8 um, which is close to
the value estimated from the simulations for 0 K.

We would like to point out, that our result of a finite volume of the YIG contributing to
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the measured SSE signals allows us to link our thin film measurements to the published
bulk results: Since only a few hundred nanometers of YIG close to the Pt contribute to the
measured SSE signals at room temperature, it is not surprising that we obtain SSC signals for
our thickest samples of the order of 1.5 uV/K, which is in line with measurements of bulk
materials [97,182], which use a similar definition of the temperature difference within their
setup.

In conclusion, we have shown that the SSE features a characteristic increase and saturation
of the signal with increasing YIG film thickness. As we observe changes in the spin Seebeck
signal with changing thickness, even within a series of samples that have identical magnetic
properties such as the saturation magnetization, we can rule out a dominating influence
of magnetic properties or the MR effect in the Pt detection layers. Instead we present a
model based on atomistic simulations that attributes this characteristic behavior to a finite
propagation length of thermally excited magnons, which are created in the bulk of the
ferromagnetic material. An increase and saturation of the SSC with increasing YIG film
thickness has also been predicted by a theory of S. Hoffman et al. [103], who attribute a
saturation of the SSE signal for large thicknesses also to the finite propagation length of
thermally excited magnons. From the evaluation of our data at room temperature measured
in samples grown by PLD, we obtain a mean propagation length of the order of 100 nm for
thermally excited magnons, which is in agreement with other studies predicting a finite
propagation length of thermally excited magnons of the order of 100 nm [99]. For LPE grown
samples, we can observe a constant signal at room temperature in line with a propagation
length below 1 um. Measurements at 50K reveal that the magnon propagation length is
coupled to the absolute system temperature as we find a length of 8 um. This thermal
magnon propagation length is in quantitative agreement with the results of our simulations,
which estimate in the limit of low damping a propagation length of order 10 um for low
temperatures showing that our model can reproduce the observed results.

Temperature dependence of the spin Seebeck
effect

Up to now we only discussed SSE measurements at room temperature and at 50 K. In the
TSSE [96,106] and LSSE [104,107,108] configuration, a maximum of the SSE signal as a
function of temperature is found at low temperatures. The appearance of this peak is currently
attributed to a phonon-magnon drag effect. In the theory of the thermal conductivity (see
Sec. 2.1.3), we explained that the competition between different scattering mechanisms for
phonons leads to the occurrence of a peak of the thermal conductivity for lower temperatures,
shown in Fig. 2.3. Thermal conductivity measurements of the samples used for the TSSE
measurements reveal that this peak is close to the peak of the SSE voltage [96,106]. Thus a
strong phonon-magnon interaction would enhance magnon propagation at this temperature,
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as the phonons drag the propagating magnons along their path causing an increase of
the SSE signal. While this concept holds for low temperatures, a strong magnon phonon
interaction would consequently cause a strong decrease of magnon propagation length for
higher temperatures. Boona et al. [59] performed low temperature (< 12 K) measurements
of the thermal conductivity of the magnetic and phononic lattice. Based on their results
they concluded that magnons, responsible for the heat transport of the magnetic lattice,
and corresponding phonons must have a similar propagation length at these temperatures.
Furthermore they concluded that this strong coupling between magnons and phonons would
limit the magnon propagation mean free path to a few nm at room temperature, in contrast
to our findings presented in the last section. Additionally this model contradicts findings
of the magnetic field suppression of the SSE [113], which are presented in the Sec. 4.4.
This discrepancy is currently explained by so called sub-thermal magnons [59, 102, 183],
which are considered to have lower interaction probability with phonons. If the SSE can be
mainly attributed to sub-thermal magnons, then a decrease of the phononic mean free path
should influence the magnon propagation length less, allowing a longer propagation at room
temperature.

In the following section, we present our systematic study on the concept of a strong magnon
phonon interaction by probing the SSE as a function of temperature and thickness of the YIG,
which will be published in Ref. [p10]. In the beginning we introduce the two methods and
setups that have been developed in this project to probe the SSE at variable temperatures
in a cryostat. Having established the measurement principles, we show our results for
temperature dependent measurements of the SSE in LPE grown YIG. Additional thermal
conductivity x measurements of the same samples, in detail described in Ref. [p9], reveal that
the interpretation based on the magnon-phonon drag cannot provide a complete description
of our combined results for SSE and . We present another concept based on the propagation
of thermal magnons with weaker magnon-phonon interaction, that can explain the occurrence
of the peak and thickness dependence of the SSE signals at low temperatures.

Measurement methods for low temperature
investigations

The measurement of SSE in a cryostat bears several additional challenges compared to
measurements at room temperature. The temperature range from 300K to 4 K excludes the
usage of Peltier elements, as their efficiency rapidly decreases below 150 K. Thus one has
to make use of the He flow in the variable temperature inset (VTI) of the cryostat. The He
flow cools one side of the setup, while the other side is heated. For an efficient processes this
side needs to be shielded from the environment. Two setups, which both make use of this
principle, have been developed and used in this thesis. The first setup, shown in Fig. 4.14,
is similar to the room temperature setup as it sandwiches the sample between two copper
blocks. The surface area of the copper blocks has been maximized to increase the cooling
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efficiency. A cartridge heater and a Pt-100 element are mounted in each copper block to
adjust the temperature and AT. This setup is developed for invertible SSE measurements
from 10K to 330K and can be inserted into the VTI of a 3D vector magnet cryostat.

_Cartridge
Heater

Al,0,

Fig. 4.14: Picture of the sample mounting for the 3D cryostat setup. The sample is glued on
the Al,O3 substrate of the bottom part. The top part is guided by the three brass
rods and pressed by springs onto the bottom part.

The second setup is a compact design for a smaller VTI. A picture of an assembled sample is
shown in Fig. 4.15a) and Fig. 4.15b), while Fig. 4.15c) gives a schematic illustration compo-
nents. The idea of this design is to mount the sample between a heater and a thermometer
substrate to determine the temperature difference. The heater substrate is glued on top of
the sample and consists of an 10 mm x 5 mm AlyO3 single crystalline substrate, covered with
a 10 nm-20 nm thick Pt film, structured into a meander pattern. Since Pt possesses a strong
temperature dependent resistance the element can also be used as a thermometer at the
same time. The heater area of the Al;O3 is covered by a piece of Teflon to reduce the thermal
connection to the He environment. A second Al,O3 substrate with a size of 10 mm x 10 mm is
attached to the backside of the sample. Using a diagonal orientation for the Pt stripe on the
surface of this substrate, it is possible to connect the stripe and use it as a thermometer. All
three films are glued together with GE-VARNISH, which ensures a homogenous heat contact.
The stack itself is glued and pressed by a screw mount onto a larger copper block, functioning
as a heat sink.

Both setups enable us to perform two types of measurements. The first method consists of
hysteresis measurements at a stable temperature, which is identical to the measurement
principle at room temperature. For this the VTI is set to a specific temperature, while a
heating current is applied to the heater substrate. After a steady state has been reached the
magnetic field is swept and the SSE signal is measured (see Sec. 4.1.3). The 500 um thick
Al,O3 substrate isolates the Pt detection stripes from the heating meander. To prevent any
influence of capacitive coupling, each data point for a fixed field is measured for negative and
positive heating current. Beside the thermovoltage, the resistance of the Pt heater as well as
the resistance of the second Pt stripe on top of the YIG and the resistance of the Pt stripe
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Fig. 4.15: a) Picture of the sample stack, allowing to measure the SSE in the 12T magnetic
field cryostat. b) Picture of the connected sample, pressed by a brass holding bar.
¢) Illustration of the mounting principle of the sample stack shown in b).

below the sample are recorded. Using a temperature sweep for calibration, it is possible to
determine the temperature difference applied to the sample and the temperature on top of
the YIG from these three resistances. Fig. 4.16a) shows four example measurements for a
~ 200 nm thick YIG sample. The advantage of this method is that the SSE can be clearly
separated from other effects, such as conventional Seebeck voltages. These parasitic voltages
occur due to the temperature difference along the connection path from sample to voltmeter
and the used cable material, which consists either of Cu, Au or Constant, with Seebeck coeffi-
cients of several uV/K for both materials [21]. Additionally, other high magnetic field effects
can influence the measurement, as the SSE voltage is sensitive to changes in the Pt stripe
resistivity and can thus be influenced for instance by the Lorentz magnetoresistance [184].
Other setup parameters like the He environmental pressure play only a minor role, as the
detection of the actual temperature difference over the sample allows one to scale the data.
A disadvantage of this method is the time necessary to acquire data points for different
temperatures. Each hysteresis measurement, shown in Fig. 4.16a), including the optimized
temperature sweep takes up to 3 h, however one obtains multiple AT data sets.

The second measurement method directly makes use of the temperature sweep of the whole
system. For these measurements the temperature of the VTI is swept, while the magnetic
field is set to a fixed value and a constant current is applied to the heater above the sample.
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Fig. 4.16: a) SSE hysteresis measurements for four different temperatures. b) Temperature
sweep measurements of the detected thermovoltage for 250 mT (black curve)
and —250 mT (red curve). The blue curve corresponds to SSE voltage 2 - Vsgp =
VasomT — V_250mT- ¢) Comparison of the SSE signals obtained by the hysteresis
measurements (black curve) and sweep measurements (red curve). The red
solid lines correspond error of the sweep measurement, which are not shown for
the following measurements to provide a better overview. Both data have been
normalized for the SSE signals at 174K to allow a qualitative comparison.

The measurement has to be performed for both magnetic field directions, as only one branch
of hysteresis is probed by each temperature scan. Fig. 4.16b) shows the temperature sweep
measurements for the same sample. It is crucial that the magnetic field is high enough to
saturate the SSE signal, but low enough to prevent influences of the magnetic field depen-
dence of the SSE (see Sec. 4.4) and the magnetoresistive effects of the Pt stripe. The field
values are obtained from hysteresis measurements at the highest and lowest temperature. In
order to extract the SSE signal from the positive and negative magnetic field temperature
sweep measurements, it is essential to use the same He pressure, sweep rate and heating
current. Otherwise both measurements contain different background signals caused by para-
sitic thermovoltages of the setup. Since these voltages do not solely depend on the applied
temperature difference but also on the pressure and other conditions, different measurement
conditions make it impossible to separate the SSE signals.

In case these requirements are fulfilled for both measurements, one needs to use the simul-
taneously recorded resistance to calibrate both measurements to the actual temperature
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of the system. Afterwards the two signals can be subtracted from each other, yielding the
SSE voltage shown as blue curve in Fig. 4.16b). The obtained voltage signal corresponds
to the difference AV (see eq. 4.1) of the hysteresis measurements. The advantage of this
probing method is the continuous measurement of the SSE as a function of temperature,
which provides a better overview of the signal trend.

A qualitative comparison of the methods is shown in Fig. 4.16c). The data have been
normalized for the SSE voltage measured at 174K, as different heating powers have been
used. A quantitative comparison of both methods is discussed in Sec. 5.1.1 and presented
in Fig. 5.3 for a GIG sample. Independently from the applied power, both methods show
the same temperature trend for the SSE signals for lower temperature, revealing that both
methods provide the same results. Starting at around 180K, the SSE signals measured by
both methods decrease rapidly upon cooling until ~ 50K to about 8% of the signal at 180 K.
Below this temperature the signal decreases more slowly.

A general decrease of the SSE signal with lower temperatures could be caused by other
sources than an intrinsic dependence of the effect, as the thermal conductivity and capaci-
tance of the setup are decreasing. Since many different components are used in the setup, it
is expected that the thermal resistance at the interfaces between the components changes
with temperature. The thermal flow determines the actual signal height, thus the decrease of
the SSE voltage might originate from the setup itself. In order to provide more meaningful
results, it is necessary to use the SSE coefficient (SSC, see eq. 4.2), which takes this change
of the temperature gradient as a function of temperature into account and is therefore used
for the presentation of the following results. Additionally it should be pointed out that
the signals show no peak in the investigated temperature range, in contrast to the results
reported for bulk YIG samples [107]. To understand this discrepancy we investigate the SSC
for a wider range of YIG film thicknesses.

Combination of thickness and temperature dependence
of the spin Seebeck effect

Tests of the concept of the magnon-phonon drag

For our systematic study of the thickness and temperature dependence of the SSE, we use
um thick LPE grown samples, cut out of industrially produced wafers (Matesy), as presented
in Sec. 4.2.1. The YIG wafers’ thicknesses range from 150 nm to 50 um. Additional mea-
surements have been performed using a 1 mm thick single crystalline YIG sample. On all
samples, 6 nm Pt has been sputtered and structured into two Pt stripes (see Sec. 4.1.1). For
the measurement of the SSE as a function of temperature we use the temperature sweep
method. The advantage of this method is that we obtain an almost continuous set of data
points compared to the hysteresis measurements, which allows us to clearly determine the
temperature of the expected peak. Fig. 4.17 shows the SSC as a function of temperature for
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10 LPE YIG samples with different thicknesses and the bulk sample. The used temperature
is calculated from the resistance of the Pt stripe on the YIG surface. For the calculation of
the SSC, the temperature difference between Pt on the YIG surface and Pt on top of AlyO3
substrate below the YIG film has been used (see Fig. 4.15c¢)).

B YIGsingle crystal 1 mm

W YIG 50.66 pm O YIG 1.51 pm
45+ B YIG2283um W YIG0.87 um

0O YIG 12.02 pm B YIG0.63 pm
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Fig. 4.17: SSC as a function of temperature of the Pt stripe on the YIG surface.

From the measurements one can see the occurrence of a clear peak of the SSE in samples
thicker than 0.87 um, while thinner samples show a signal decrease for lower temperatures.
The observed temperature dependence of the SSC for the 150 nm and 300 nm thick LPE grown
samples is the same as determined for SSE signals of the 200 nm PLD grown sample shown
in Fig. 4.16c¢). Therefore the signal decrease for lower temperatures cannot be dominated
by variations of the setup parameters but must originate from the SSE. An explanation
for the intrinsic origin of the signal decrease as a function of temperature can be given by
the decreasing amount of thermally excited magnons, since less energy is provided by the
thermal excitation at lower temperatures. To determine the amount of thermally excited
magnons, one additionally needs to take into account their dispersion relation, which is topic
of Sec. 4.4.

However, the appearance of a peak for the SSC at lower temperatures cannot be solely
explained by the amount of thermally excited magnons. The peak is more pronounced for
thicker YIG films, showing a clear maximum for the bulk sample, while the LPE grown films
show a broader width of the peak and a linear signal increase upon cooling down from room
temperature. The peak temperature shifts to lower values, as the film thickness increases.
For our bulk sample we determine a maximum at 75°F = 74K+ 5K, which is 25K higher

pea

than the temperature of T:55F = 50K reported by Uchida et al. [107] for a 1 mm bulk sample.

peak
A better agreement of TioF = 130K+ 10K of our 7.78 um thick LPE film is found with the
value of T55F = 130 K+ 20 K reported by Rezende et al. [104] for a 8 um thick sample. Tests

of the dependence of the peak position on the applied temperature gradient, reveal no shift
of the peak within the resolution of our measurements. The peak height scales linearly with
AT as known for the SSE signals, which hints to an intrinsic relation to the SSE.
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To determine the origin of this peak we test the concepts of different models. We first
investigate the mechanism of the magnon-phonon drag. In order to test this correlation, we
determined « for several LPE samples, using a novel method to evaluate the thermal conduc-
tivity of this complex system. More information about the data evaluation and the used 3w
measurement method? is given in Ref. [p9]. Here we focus on the obtained temperature for
the maximum of K,,42, shown in Fig. 4.18. For an easier comparison we also include 735F

peak
to the Figure.
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Fig. 4.18: Maximum temperature of ,,,, and T}fézkE of the SSC in LPE grown YIG samples

as a function of the film thickness. The data of the thermal conductivity have
been taken from Ref. [p9]. The data have been linearly connected as guide to the
eye.

The data of the thermal conductivity measurements reveal no monotonous dependence on
the film thickness but only show an arbitrary variation. If no crystal defects limit the phonon
propagation, the peak position of x,,,, only depends on the film thickness, as the boundary
scattering is determined by the sample size. A decrease of the film thickness reduces the
maximum of the phonon’s mean free path and therefore shifts the peak of «;,,, to higher
temperatures (see Sec. 2.1.3). The observed thickness independence must therefore originate
from other defect scattering sources than the boundary limit. A possible origin might be Pb
impurities, which result from the LPE growth process (see Sec. 3.2.1).

Furthermore our findings for x do not agree with to the concept of a strong magnon-phonon
coupling, which expects a similar temperature shift for x,,,, with increasing thickness as
observed for Tge*zf of the SSE. Additionally the found temperature difference between both
maxima is raises questions about influence of the magnon-phonon drag on the SSE peak. For
the thickest LPE film of 50 um, we determine a peak temperature of 777, = 40K+ 1K, which
is 60 K lower than the corresponding SSC maximum of 7'55F = 100 K=+ 5 K. A similar discrep-

peak

ancy is found for our 1 mm thick bulk sample, showing a maximum at T;iif = T4K+5K,

which is 50 K higher value than the reported literature value of 77, = 25K [59]. Since T},

3The thermal conductivity measurements and data evaluation has been done by C. Euler.
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reveals no obvious thickness dependence, the temperature difference between the peaks for
x and T};qegf increases for the 1.51 um film up to ~ 110 K. This temperature difference is in
contradiction to findings only determined for the TSSE [96,106,108]. By comparing our
results of the LSSE geometry with the TSSE, one has to consider that the substrate cannot be
neglected in the TSSE configuration as for the LSSE, which leads to a different experimental
situation for both geometries. This contrast between TSSE and LSSE for the magnon-phonon
drag has also been pointed out by Siegel et al. [108]. In their experiments using a 50 nm thick
Bi:YIG film, they were only able to observe a peak in the TSSE but not the LSSE configuration.
They explain this difference by assuming that in the TSSE configuration the phonons of
substrate and film couple to another, due to the parallel heat transport. In contrast to this, in
the LSSE configuration the phonons of substrate cannot cause a drag of the phonons in the
film and therefore of the magnons. Since no additional thermal conductivity measurements
were provided [108], the absence of the peak for the LSSE was attributed to the thickness
of the sample, which is assumed to be too thin to allow the occurrence of the drag effect.
Our results represent to our knowledge the first combined thermal conductivity and SSE
measurements in the longitudinal configuration. This allows us to show that the explanation
of Siegel et al. needs to be expanded as our measurements, shown in Ref. [p9], yield a
pronounced peak for x even for the 200 nm thick YIG sample grown by PLD. The presence of
a peak for « shows that a drag effect could take place, but cannot be detected in our SSE
measurements in the same sample, as shown in Fig. 4.16c¢).

In conclusion our combined thickness and temperature dependent thermal conductivity and
SSE measurements find no agreement with the prediction of the phonon-magnon drag model
neither for temperature nor the thickness dependence of both parameters. Therefore our
results do not agree with the interpretation of a dominating magnon-phonon drag that leads
to the peak of the SSE as a function of temperature.

Temperature dependence of the magnon propagation length

Next we focus on a solely magnonic picture of the SSE, which considers only a phononic
excitation of the magnons. Using our model of thermally excited magnons (see Sec. 4.2),
we can extract the magnon propagation length from our temperature dependent SSC data.
Fig. 4.19a) shows exemplary, the fit of eq. 4.3 for three temperatures, while their magnon
propagation length as a function of temperature is plotted in Fig. 4.19b). Additionally to
the LPE samples used in the measurements in Sec. 4.2, we include thinner LPE grown films
to allow a better extrapolation of the propagation length at higher temperatures. Since the
films have an up to a factor of four higher Gilbert damping, the error of our derived magnon
propagation length is larger. The magnon propagation length shows an increase with lower
temperatures, as expected from our results discussed in Sec. 4.2. Additional to our previous
findings we obtain a more complete picture, which indicates that the magnon propagation
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length is proportional to 1/7’, as indicated by the fit in Fig. 4.19b). Following our theoretical
model, the propagation length ¢ is expected to be proportional to 1/«. FMR measurements
have shown that « follows in highly pure YIG an almost linear decrease as a function of
temperature [185-188]. Considering { « 1/«(T), this dependence quantitatively fits to
our observation of an increasing magnon propagation length with decreasing temperature.
We can now use this concept of the thermal magnon propagation length to explain the
appearance of a peak for SSE solely by a competition between the magnon propagation
length and the amount of thermally excited magnons, which is decreasing with temperature.

a) b)
200 K » .
3r . 126 Vgee ~ 1-exp[-L/x(T)]
] Exp. g x(T)~ 1T
— —Fitting e
x 0 = ' % € ol
3 3| 120K & W g =
= C
8 [ ] E‘xp. o ? 6
» o *Fl}mng § g
3+ 2 3t
=
Exp.
0 L 1 L ! Flimng 0 L L L L 1 I
0 10 20 30 40 50 50 100 150 200 250 300
Thickness (um) Temperature (K)

Fig. 4.19: a) SSC as a function of film thickness for three different temperatures. The solid
line corresponds to a fit of eq. 4.3. The determined thermal magnon propagation
length ¢ for more temperatures is shown in b). The solid line shows the fit of
y=a/T" (a = 1099(109) um K, b = 1.17(2)).

Therefore this phenomenological concept is analogue to the one of phonons (see Fig. 2.3).
The thickness dependence of Tlfeif can therefore be explained by the propagation length of
the thermal magnons, which increases with decreasing temperature and reaches a maximum
determined by the boundary scattering. For even lower temperatures the magnon propagation
length stays constant. In parallel, the amount of thermally excited magnons decreases for
lower temperatures. Their number can be calculated by N = [ D(E) f(E,T)pgrdE, where
D(FE) marks the magnonic density of states and f(E,T)pr the Bose-Einstein distribution.
Since YIG is a ferrimagnet with an interaction between two magnetic sub-lattices, the material
might exhibit a temperature dependent magnonic density of states. For this reason the best
approximation for the number of thermally excited magnons is given by the experimentally
accessible heat capacity ¢, of the magnetic lattice, which as well depends on the number
of thermal magnons. For low temperatures thermal conductivity measurements find ¢,
T3/2 [59], yielding a rapid decrease of the amount of thermal magnons. This decrease of
thermal magnons leads to a signal decrease, which competes with the signal increase caused
by the increasing number of magnons, which reach the detection layer due to a longer
propagation length . Since ¢ is limited at a certain temperature, a peak for the SSE signal
is expected to occur as a function temperature. This phenomenological concept explains
well the shift of the peak position to higher temperatures for thinner films, as the boundary
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scattering limits £ at higher temperatures.

Additionally one can understand the absence and reduction of the peak in thinner films.
At room temperature the magnon propagation length of our fit yields a mean propagation
length of & ~ 1.2 um, which represents the mean value of the broad thermally excited
magnon spectrum. In the next section we show that the propagation length is also frequency
dependent, which is important for this concept as we find that thermal magnons with a high
frequency have a shorter ¢ than low frequency magnons. As now the temperature decreases,
the magnon propagation length for all magnons increases until ¢ equals the thickness of the
film. For films around 1 um thickness and thinner, some parts of the thermal magnon spectrum
have a mean free path longer than the sample thickness already at room temperature. Thus
only a smaller fraction of the magnon spectrum can increase and then be limited at lower
temperatures by the boundary scattering, leading to a less pronounced peak closer to room
temperature in thinner films. As a result the peak is shifted to higher temperatures and
the broader distribution of thermally excited magnons at these temperatures, due to the
Bose-Einstein distribution, broadens as well the peak width for the SSE, as can be seen
in Fig 4.17. For thicker films, like the bulk sample, the magnon propagation length never
reaches the actual sample size. Instead it is expected that the magnon propagation length is at
very low temperatures and thick films limited by defect scattering within the materials, which
represents the extrinsic contribution AHj to the Gilbert damping. The scattering at defects
and crystal boundaries dominates over the intrinsic contribution in polycrystalline material,
which explains the results of Uchida et al. [107] who observed no peak in polycrystalline
bulk films. Thus our phenomenological model, based on weak interaction between thermal
magnons contributing to the SSE and phonons, can give an explanation for the observed
temperature and thickness dependence of the SSE.

Two additional points have to be mentioned. Firstly it has to be pointed out that our model
is based on the observed 1/T dependence for o measured by FMR experiments. The origin
of the 1/T dependence of « is attributed to the intrinsic relaxation rate of the Fe?* sub-
lattices [187], which takes magnon-phonon and magnon-magnon scattering into account.
Since FMR experiments are performed at a stable temperature an influence of a phonon drag
effect cannot be detected. Furthermore already a small percentage of rare earth impurities
can lead to a divergence of « in the temperature range of 30 — 100K [187], which gives
another explanation for the appearance of the peak.

Secondly the found 1/7 is similar to the propagation length dependence of phonons [18,59].
In case of a strong interaction the thermal magnon length propagation would therefore just
follow the phononic one. Our model finds that the magnon important for the SSE differ
from the thermal magnons probed in thermal conductivity measurements [59], since we
determine a peak in x and the SSE at different temperatures and an orders of magnitude
longer mean free path than expected for magnons transferring the heat [59]. Additionally
the peak of the magnetic thermal conductivity, equivalent to the one of phonons, is usually
found in the temperature range from 10K to 50K [59] [p9]. This difference in the peak
temperature gives a further hint for a difference between the magnons contributing to the
thermal conductivity and the magnons important for the SSE [102].
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Independent of the explanation, the occurrence of a peak in the SSE signals as a function of
temperature indicates, that the SSE is a transport phenomenon [104] from the bulk of the
ferromagnet, as an interface based origin can give no explanation for the observed peak and
the additionally derived thickness dependence.

Influence of the interface on the SSE temperature dependence

As the last point for the temperature dependence of the SSE, we study the influence of the
interface and detection material, since the SSE is always measured in combination with a
certain detection layer. In addition to the standard Pt layer we investigate two different sce-
narios using always a 50 um thick YIG samples cut from the same wafer. The first test sample
uses 6 nm Palladium (Pd) as a detection layer, which allows to determine the peak position
for a different spin Hall angle. Our second test sample we separate the YIG and Pt layer by a
2nm thick Cu layer. This layer allows us to exclude possible proximity magnetization effects
in the Pt. Fig. 4.20 shows our results of the temperature dependent SSC measurements for
all three probed interface configurations. The measurements show a clear difference for the
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Fig. 4.20: SSC voltage (darker color) and current (brighter color) as a function of tempera-
ture. Black and blue represents the YIG / Pt, orange and red YIG / Cu / Pt and
light and dark green the YIG / Pd sample.

signal amplitude and peak position, for the different used detection materials. The signal
decrease with the additional Cu layer can be explained by the layer itself, since the Cu layer
shortcuts the spin accumulation in the Pt. Pd is known to have a lower spin Hall angle [189]
than Pt, which explains the lower signals. To allow the comparison of the different detection
layers one needs to divide the SSC data by the temperature dependent resistance of the de-
tection stripe, since otherwise contributions unrelated to the intrinsic origin are not excluded.
Fig. 4.20 shows the SSC current corrected for the resistance, revealing only small shifts
towards lower temperatures. The peak position of the YIG/Pt is shifted by more than 5K to a
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lower value. It should be mentioned that the shift due to the resistance of the detection layer
does not affect our results on the magnon propagation length of the last section, since all
used samples have a Pt layer. This leads to an identical shift for all samples, which does not
alter the determined magnon propagation length.

The resistance corrected data yield SSE peak temperatures of T55¢ = 94K+ 5K and

T55E — 65K+ 5K for YIG/Pt and YIG/Cu/Pt respectively. For YIG/Pd the measurements

peak
SSE _
Tpeak -

cannot explain this discrepancy, since the intrinsic properties determining the magnon propa-

show an even lower peak temperature of 51 K+ 5 K. Our purely magnonic model,
gation length are identical for the samples and therefore the peak temperature should not be
affected by the interface or detection material.

The correction of the resistance revealed that a temperature dependent parameter can alter
the temperature of the peak. As only the detection layer has been changed, we exclude any
influence by the YIG. Therefore the only parameters, which could cause these differences
are the spin mixing conductance ¢'* and the spin hall angle fsy£. Based on the theoretical
model, the spin mixing conductance should describe an temperature independent scatter-
ing parameter of the interface. Experimental results on this topic are limited and always
correlated to influences of the spin Hall angle. Recent results of Meyer et al. [190] find no
significant temperature dependence of g™ or 0%}, in YIG/Pt in agreement with results of
Marmion et al. [191]. The temperature independence of %%, . has also been confirmed by
spin diffusion experiments [192], allowing us to exclude further temperature influences
in our YIG /Pt samples. No experimental reports on YIG/Pd but only on Py/Pd [193] are
available. The results show a clear temperature dependence of §5¢, ; with a linear increase
of 05%, ;> by a factor of two as the temperature decreases from room temperature to 120 K.
A correction of our SSC data, based on eq. 2.24, for the sample YIG / Pd yields a SSE peak
temperature of T2 = 55K+ 5K, which is still lower than the one with the Pt.

Based on our current knowledge, we cannot explain the observed discrepancy of the SSE
peak temperature even when taking the above mentioned additional temperature dependent
parameters into account. A solely bulk based explanation expects the same peak tempera-
tures for all three samples. This assumption is valid for our magnonic concept, as well as
for the magnon-phonon drag. The interface dependence of the peak position can explain
the difference between our results and the LSSE results reported by Uchida et al. [107],
and highlight that the close peak position for YIG/Pd to the peak of 7]}, is no indication
for a correlation. In case of an influence of the detection layer on the ferromagnet, an
explanation can be given by the additional damping parameter. This additional damping
would be smaller for Cu/Pt and Pd than for Pt, yielding a longer propagation. Still this model
should only be valid for the macrosspin concept (see Sec. 2.3.1), which is only valid for FMR
experiments. In Sec. 5, we present our results on the SSE in GIG, showing a more complex
temperature dependence compared to the SSE in YIG. In this material as well we observe
a strong influence of the detection layer on the investigated effect. Since YIG has been
treated as ferromagnet so far, a possible discrepancy of this behavior might originate from the
ferromagnetic picture, since it is actually a ferrimagnet. Further temperature dependent and
thickness dependent studies of a true ferromagnetic material and different detection layers
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are needed to provide a more comprehensive picture of the origin of this low temperature
behavior of the SSE.

In conclusion, our temperature and thickness dependent SSE measurements find a charac-
teristic temperature dependence, which can only result from a transport dominated effect,
confirming the bulk origin. Our combined results of the SSE and thermal conductivity raise
questions about the strength of magnon-phonon interaction, and about the origin of the
observed peaking of the SSE signals at low temperatures which is in literature attributed
to the magnon-phonon drag. Our model of the finite magnon propagation length derives
a 1/T dependence for the mean magnon propagation length, which we can quantitatively
explain by the temperature dependence of the Gilbert damping parameter. Furthermore
a phenomenological expansion of the model allows for an understanding of the observed
temperature and thickness dependence of the SSE peak. By changing the detection layer and
interface, we find a strong change of the SSE peak position, which is in contrast to results
expected from the magnon-phonon drag model, as well as from our solely magnonic picture,
revealing the limitations of our simple model. To explain the results one would either need
to take into account a significant temperature dependence of the ISHE or the spin mixing
conductance, which has not been determined so far. Further research of the ISHE and SSE is
necessary to understand the found complex dependence of our signals. In the following we
present another characteristic dependence of the SSE, which confirms the magnonic origin
of the effect but indicates that the effect shows an even more complex behavior for high
magnetic fields.

High magnetic field suppression of the spin
Seebeck effect

The discussion of the thickness and temperature dependence of the SSE revealed that a
thermally excited magnonic spin current from the bulk of the ferromagnet can explain
the observed dependences, while interface related theories are not capable deriving both
behaviors. From the discussion of the theory of the magnons (see Sec. 2.2.4), a further signal
feature can be predicted for high magnetic fields, which should lead to signal suppression in
case of a magnonic origin of the SSE. To understand this behavior we have to include the
magnetic field and magnetic anisotropy, which expands the in eq. 2.21 presented dispersion
relation for exchange magnons to

hw(k) = 4J[S|(1 = cos(ka)) + guppoH + 2d, (4.4

where the second term presents energy shift by the external magnetic field and the third
term the energy change by an magnetic anisotropy (here uniaxial). Both terms cause to
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a frequency gap at k = 0 for the thermally excited magnons, which allows us to shift the
dispersion relation to higher frequencies. While its difficult to selectively tailor the anisotropy,
the magnetic field enables us to actively suppress the thermal magnon excitation. Thus
behavior has been observed for thermal conductivity measurements of the magnetic lattice
at temperatures < 30K (see Sec. 2.2.4). In contrast to thermal conductivity measurements,
the SSE is only sensitive to contribution of the magnetic lattice and should therefore be
more sensitive to changes of the thermal magnon flow within the system. Still the results
reported by Kikkawa et al. [113] are surprising as they find a magnetic field suppression
of the SSE at room temperature. An extrapolation, based on the knowledge of the thermal
conductivity measurements, predicts that a suppression should not be observable at room
temperature [59], since the amount of suppressed magnons should negligible. Kikkawa et
al. [113] focus in their investigation of the suppression only on the Pt thickness dependence.
Since they are not able to determine any influence on the suppression, they conclude that
the behavior can be attributed to material itself and not the interface.

Our in the following shown study takes up their results and presents a more systematic
investigation of the field suppression combined with a explanation based on the numerical
simulations of the atomistic LLG equation (see Sec. 2.4.3 and 4.2), performed by U. Ritzmann
of the group of Prof. U. Nowak of the University of Konstanz.

The following sections presents work in progress of the joined publication [p6].

Magnetic field suppression at room temperature

The SSE measurements shown so far were limited to magnetic fields of up to 30 mT, for
which we did not observe any signal suppression by the magnetic field, as shown in Fig. 4.3.
The determined signal behavior revealed only a dependence on the sample magnetization,
leading to a saturation at magnetic fields high enough to completely align the magnetization
(see Sec. 4.1.5). To observe a noticeable influence of the field suppression at room tempera-
ture, we found that it is necessary to use magnetic fields higher than 0.2 T. An example of a
high field measurement up to 9T of a 50 um thick YIG sample is shown in Fig. 4.21a). All
measurements have been performed in the cryostat setup described in Sec. 4.3.1. The signals
show a non-linear decrease with increasing magnet field strength down to 70 % of the low
field signal. The inset of Fig. 4.21a), shows the low field behavior, indicating that the signal
dependence does not result from a misalignment of the sample. A misalignment leads to
signal decrease for small fields up to ~ 180 mT, which corresponds to the saturation field for
YIG (M = 140kA/m), but has no effect on the signal for higher fields.

We investigate a second sample of YIG/Cu/Pt with an additional copper layer to determine
the influence of MR of the Pt layer and interface on the field suppression. The 2 nm thick
copper layer allows to exclude any proximity magnetization in the Pt layer. The measure-
ments, shown in Fig. 4.21b), are normalized to the low field value, since the 2 nm thick Cu
layer reduces the signal amplitude by 38 %. The sample shows the same field dependence as
the first sample, indicating that the origin of the observed field suppression must originate
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from the ferromagnetic material.
For better comparison, the inset of Fig. 4.21b) shows only the positive magnetic field
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Fig. 4.21: a) SSE hysteresis measurement of a 50 um thick LPE grown YIG film, using Pt as
the detection layer. The grey line indicates the initial voltage signal directly after
the switching of the magnetization. The region indicated by the red rectangle
marks the so far discussed low magnetic field region, also shown in the inset. b)
Comparison between SSE hysteresis measurements for YIG/Pt and YIG/Cu/Pt,
normalizing the signals to the maximum signal determined at low magnetic fields.
The inset shows a close up of the positive field region. The difference between
the two branches for the YIG/Pt signals results from a temperature drift. The data
have been linearly connected as guide to the eye.

region. Both signals agree within the experimental measurement error, substantiating our
assumption. The observed behavior agrees with the theory of the SMR (see Sec. 2.3.3)
and our results of the thickness dependence of the SSE (see Sec. 4.2), which expect no
further contribution to the SSE signal for fields higher than the saturation field. Since we
can rule out the interface as the source of the observed behavior, we probe the dependence
of the field suppression on the YIG film thickness. Fig. 4.22a) shows the normalized high
field SSE hysteresis measurements for 8 different thicknesses ranging from 300 nm to 50 pm.
The data have been normalized to the maximum voltage for a better comparison, since
the thickness dependence of SSE (see Sec. 4.2) and variations of the interface quality lead
to different signal heights unrelated to the field suppression. Our measurements find a
systematic thickness dependence of the high field suppression of the SSE signals. For thicker
films we observe a higher suppression than for thinner films, leading to no visible suppression
for the 300 nm thick film, as shown in Fig. 4.22b). In all samples the field suppression shows
a non-linear behavior, indicating a leveling off at much higher fields than accessible with our
experimental setups.

Using the numerical simulation model introduced in Sec. 2.4.3 and 4.2, we can give a qualita-
tive explanation of the observed behavior. Besides the exchange interaction, we additionally
consider the magnetic field dependence. Identical to the thickness dependence simulations,
the magnon accumulation Am at the end of the temperature gradient is determined for
different lengths L of the temperature gradient, corresponding to variations of the sample
thickness in the experiments. The temperature gradient is kept identical, independent of its
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length, which yields for the simulated system a propagation length of £ = 72 a, where a is
the lattice constant of the cubic system (see See. 4.2).
Fig. 4.23a) shows the influence of an additional external magnetic field on the magnon accu-
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Fig. 4.22: a) SSE hysteresis measurements for LPE grown YIG for film thickness of 300 nm to
50 um. b) Close up of the positive field region using the same color code for the
thickness of the films. The data have been linearly connected as guide to the eye.

mulation. For increasing field strength the total amount of magnon accumulation detected at
the end of the temperature gradient decreases. Furthermore we derive from the fit a decrease
of the mean magnon propagation length with increasing field strength. This shorter mean
propagation length leads to a smaller signal amplitude for higher fields, since less magnons
reach the detection layer. To provide a better comparison with our experimental probing
configuration we plot the magnon accumulation as a function of the magnetic field, as shown
in Fig. 4.23b). To eliminate the influence of the non field dependent propagation length
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1 = uB,=03J . . . g 1.0 . . ; .
£ e pB,=005J c —=—20a
g 0.0084 WB =023 §=72a A o —e—-50a
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c

L (a) magnetic field u B, (J)

Fig. 4.23: a) Magnon accumulation Am as a function of the length L of the temperature
gradient. The black points correspond to the simulation without applied field. For
the red and blue simulations magnetic field of 0.05.J and 0.2 .J, in units of the
exchange constant ./, has been used. The solid lines correspond to fits of eq. 4.3.
b) Magnon accumulation Am normalized for the zero field value as a function of
the applied field. Each color represents a different length L of the temperature
gradient. The data have been linearly connected as guide to the eye and have
been taken from Ref [p6].
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(see Sec. 4.2.3), which causes the shift of Am for zero field, we normalize the data to the
zero field value. The accumulation shows a decrease with the magnetic field similar to the
one observed in the experiments, shown in Fig. 4.22b). Since the magnetic field alters the
magnon propagation, the accumulation depends on the length L of temperature gradient
as seen in the experiments. To provide a more qualitative comparison, we determine the
functional dependence of the field suppression. As can be seen in Fig. 4.24, the simulated, as
well as the experimentally observed field suppression can be described by an exponential
decay. The simulations show a more pronounced saturation than experimentally observed
for the SSE signals.
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Fig. 4.24: Normalized simulated magnon accumulation a) and experimentally determined
SSE signal b) as a function of external magnetic field. The solid line corre-
sponds to a fit of y = yo + A - exp(—x/B), which yields yp = 0.363(4) Am, A =
0.61(6) Am, B = 0.04(1) a and y = 0.64(2), A = 0.36(1), B = 7.5(5) T for the
simulation and the experimental data, respectively.

This difference results from the fact that 3B, = 0.2 J roughly corresponds to 200 T, which
is beyond our experimental capabilities. To compare the thickness dependence of the
experiments with the one obtained from the simulation, one needs to plot the normalized
accumulation and SSE signal for a fixed field as a function of the film thickness, as shown
in Fig. 4.25.  Qualitatively the simulated and measured data show the same behavior
as a function of the thickness following an exponential decay with the film thickness. The
functional agreement for the field and thickness dependence indicates that the intrinsic origin
of the suppression can be explained by our magnonic simulations, although the relation
between the functional parameters and intrinsic mechanisms causing the exponential decay
is currently unclear.

To obtain a deeper understanding, we change to an analytical description of the propagation
length. Using the solution of the linearized LLG, one is able to show [54] [p6] that the
magnon propagation length can be related to the frequency gap of the dispersion relation in
eq. 4.4.
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Fig. 4.25: a) Normalized magnon accumulation Am and as a function of the length L
of the temperature gradient for 0.2.J. b) normalized SSE signal as a function
of the YIG film thickness for pgH = 9T. The solid line corresponds to a fit of
y =yo + A-exp(—x/B), which yields yo = 0.328(4) Am, A = 0.314(5) Am,B =
60(3) L and yo = 0.66(2), A = 0.33(2), B = 16(3) pum for the simulation and the
experimental data, respectively.

The analytical model yields a propagation length of

VT2 = (3 (hwg — Beomin) — J)2
Cuwy = i, : (4.5)

for a magnon of a certain frequency w,, where wy,;, = psB. + 2d, marks the frequency gap
caused by the magnetic field and uniaxial anisotropy. Since the dependence on w,y, and w,
is not directly obvious from eq. 4.5, it is plotted as a function of w, and wy;, in Fig. 4.26.
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Fig. 4.26: Calculated magnon propagation length £ as a function of the magnon frequency
wq a) and as function of frequency gap wmi, b) using eq. 4.5, in units of the
exchange constant .J. All graphs have been calculated for a fixed Gilbert damping
value of o = 0.001.

For ¢ as a function of the magnonic frequency it can be seen that the ¢ is very small for
low frequency magnons and steeply increases with frequency and shows a peak, shown in
Fig. 4.26a). The increase and peak shift towards higher energies as w;,;, increases, which
corresponds to a higher applied magnetic fields or magnetic anisotropy. In contrast to this
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the propagation length for magnons with a higher frequency is less affected by w;,in, as all
curves converge at high values. For a fixed magnon frequency, one can see in Fig. 4.26b), that
the magnon propagation length ¢ decreases as the frequency gap wy,;, or respectively the
magnetic field increases. Furthermore the plot reveals that magnons with a low frequency
propagate further, but are more affected and therefore earlier suppressed the field gap than
magnons with a higher frequency. This information is important for a deeper understanding,
as the shown simulations only contain information about the mean magnon propagation
length, which averages over all contributing magnons. Ref. [p6] contains a more complex
analysis of the contributing magnon spectrum based on a Fourier analysis of the magnetic
excitations in the simulations, which yields a similar result to the analytical description.
Based on the knowledge of frequency dependence of the field suppression, one can under-
stand the signal suppression for higher magnetic fields. The higher magnetic fields not only
reduce the amount of thermally excited magnons by a gap in the spectrum but also reduces
the length of magnonic propagation, the more the lower the frequency of the magnon. The
propagation length of high frequency magnons is less affected by the magnetic field than
the one of low frequency magnons, leading to a faster signal reduction for low magnetic
fields and levelling for higher fields. In contrast to a shifted cut-off frequency, which just
reduces the total amount of magnons, this explanation holds for all temperatures and can
therefore explain our observation of a field suppression at room temperature. Additionally
this concept can explain the weaker field suppression in thinner samples, as the propagation
length even for low frequency magnons is closer to the sample thickness. Thus for higher
fields, the amount of magnons which are hindered from reaching the Pt interface is lower
in thin film samples than in samples thicker than the mean propagation length. The high
percentage of field suppression of 40 % indicates that magnons which dominate the SSE
signal are different from magnons transferring the heat in the system. As mentioned in the
beginning, less then 2 % [59, 194] of these magnons are expected to be suppressible at these
high temperatures assuming that the magnon gap opening dominates the SSE. Like the low
temperature measurements this indicates that the measured magnons [102] are different
from the thermal conductivity magnons and can be qualitatively described by the model
developed by the group of Prof. U. Nowak.

To obtain a more complete picture of the influence of the magnetic field suppression and its
correlation with the frequency gap, we present in the following our results on the combined
temperature and high magnetic field strength measurements.

4.4.2 Temperature dependence of the magnetic field
suppression

For our investigation of the temperature dependence of the magnetic field suppression we use
an LPE grown YIG 50 um/Cu 2 nm/Pt 6 nm sample. We perform SSE hysteresis measurements
at different temperature up to a magnetic field of 9 T. Fig. 4.27a) shows the complete field
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dependence for different temperatures, while Fig. 4.27b) depicts only the positive field region
for better overview.

a) b)
107 T T T T T T T T
—— 30K
——50K
« 0.5 100K i «
g —— 150K g
> 250K >
; 0.04 —— 300K i B
(o)) (o))
8 3
S .05 J o
> >
250K
4 —— 300K
T T T T 0.6 T T T T
2 4 6 8 0 2 4 6 8
HH (T) HoH (T)

Fig. 4.27: a) SSE hysteresis measurements for an LPE grown YIG film coated with a Cu/Pt
detection layer. The hysteresis loops are normalized to the low field signal. b)
Close up of the positive field region. The data have been linearly connected as
guide to the eye.

Our experimental results reveal a weaker SSE signal suppression for lower temperatures
than for higher temperatures. This finding is in contrast to the concept of the frequency gap,
which expects the inverse behavior if this effect was dominating, since more magnons can be
suppressed by the magnetic field, the lower the temperature [59]. It furthermore underlines
the difference between the magnons responsible for the heat transport and the ones of the
SSE. To emphasize our results we plot the normalized SSE signal at 9T as a function of
temperature in Fig. 4.28a).
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Fig. 4.28: a) SSE signal normalized to the zero magnetic field value as a function of tempera-
ture for an applied magnetic field of 9 T. b) Temperature sweep SSE measurements
for different applied magnetic fields.

The data clearly indicate that the magnetic field suppression is reduced for lower temper-
atures. From our concept this can be understood as a result of the increasing propagation
length {(T") < 1/T with decreasing temperatures (see Sec. 4.3.2). On the other hand the
high magnetic field counteracts this trend by reducing the magnonic propagation length.
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Therefore the ratio between the suppressed and the initial length for propagation changes as
a function of temperature, which results in a similar signal trend for thicker samples at low
temperatures and thinner samples at higher temperatures. Thus we determine an equally
high field suppression at 30K in our 50 um sample and in our 3 um sample at room tempera-
ture. This interpretation is in agreement with the thermal conductivity measurements, which
expect no noticeable reduction of the total magnonic spectrum at both temperatures [59].
Another indication for the validity of our concept can be obtained from the temperature
sweep measurements at fixed high magnetic fields, shown in Fig. 4.28b). The SSE peak
shifts to lower temperatures the higher the applied magnetic field. This observation cannot
be explained by a pure magnon-phonon drag model, which expects no shift. However, the
concept of suppression and increase of the propagation length can explain the measured
behavior. At room temperature the propagation length is reduced by the magnetic field,
explaining the lower signal for higher fields. Therefore the propagation length can increase
upon cooling until it is limited by the intrinsic boundary scattering mechanism. Since the
propagation length increases with 1/7" independent of the applied field, the peak tempera-
ture is determined by the initial propagation length and therefore shifts the peak to lower
temperatures for higher fields.

In conclusion we have shown that the magnetic field dependence of the SSE can be under-
stood by our model of the thermal magnon propagation length. The model finds an influence
of the magnetic field on the propagation length, showing a reduction for higher magnetic
fields. We can furthermore link our model to the frequency gap in the magnonic dispersion
relation, which by itself can neither explain the found behavior at room temperature nor the
temperature or thickness dependence. In contrast to this, the propagation length model can
qualitatively explain our results from the thickness and magnetic field strength dependent
measurements and phenomenologically describe the combined magnetic field strength and
temperature dependence. This highlights the advantages of our model compared to other
concepts like the magnon-phonon drag, which are unable to explain all of the observed
effects.

Further high field measurements at even lower temperatures could strengthen our model,
since at temperatures of 10K and lower the thermal conductivity is dramatically reduced
by the frequency cut off, presumably causing a sharper reduction of the SSE signals. Such
measurement would give an insight to the correlation between magnons responsible for
the thermal conductivity and the ones for the SSE. Additional combined high field and low
temperature measurements with different detection materials will provide a better under-
standing of the detection mechanism itself, since the high field suppression allows one to
select the contributing parts of the magnonic frequency spectrum. This might explain the
found shift of the peak position caused by the detection material.

4.4 High magnetic field suppression of the spin Seebeck effect
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Conclusion of the SSE in YIG

The work presented in this chapter aims at enhancing the understanding of the SSE. Based
on the magnonic concept of the SSE, we explained the basic dependences of the SSE like
the linear increase with applied temperature difference and that the magnonic spin current
follows the orientation of the magnetization of the sample. Exemplarily we showed that
this allows one to probe the magnetic anisotropy of the ferromagnetic, which presents a
novel application of the SSE. A first concept for the determination of the absolute SSE
efficiency was presented, which is of major importance for future applications. After these
basic introductions, we used thickness dependent measurements at room temperature to
show that the SSE can be explained by thermal magnons excited in the ferromagnetic layer,
which confirms the magnonic model used so far. The results of our combined temperature
and thickness dependent SSE and thermal conductivity measurements yield a disagreement
in the peaking of both effects. Using a phenomenological extension of our magnonic concept
we are able to explain the observed behavior, which highlights its advantages compared
to current concepts like the magnon-phonon drag. Further measurements with different
detection materials find a significant influence pointing out limitations of the simple magnonic
model. Our systematic and comprehensive study revealed that, as expected from a magnonic
origin, the magnetic field has a non-negligible influence on the magnetization dynamics of
the ferromagnet. The magnonic model derives a qualitative agreement with the magnetic
field suppression over the complete investigated temperature range. Furthermore the low
temperature and the high magnetic field strength measurements yield that the magnons
contributing to the SSE must differ from the magnons responsible for the thermal conductivity
of the magnetic lattice. Our work presents an important contribution to the understanding
of the origin and complex dependences of the SSE as we undoubtedly show that the effect
can be understood by the concept of magnonic spin currents emitted by the bulk of the
ferromagnet.

In the following and last chapter of this thesis, we present results of SSE measurements in
a ferrimagnetic material, which again highlight that not only our magnonic concept holds,
but also that the true ferrimagnetic nature of the material has to be considered in order to
provide a sufficient explanation of the SSE in more complex materials.
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Spin Seebeck effect in
Gadolinium Iron Garnet

Most experimental investigations of the SSE in insulators have been performed in ferromag-
nets, such as CoFe,0,4?, or ferrimagnets that show a temperature dependence similar to a
ferromagnet like YIG or substituted garnets, such as Bi:YIG [108]. Despite the ferrimagnetic
order of YIG, the theoretical description of the SSE in insulators commonly relies on ferro-
magnetic models. These models derive a direct correlation between the SSE and the net
magnetization of the material. The presented low temperature experiments for YIG could
show that the SSE does not follow the temperature dependence of the magnetization but
rather can be described by magnons emitted by the magnetic lattice. Recent high temperature
experiments measuring the SSE up to Ty, of YIG [174], revealed a similar discrepancy
between the magnetization of the material and the SSE amplitude. Both types of experiments
pointed out that a description by a solely ferromagnetic model is not sufficient to explain all
observed dependences of the SSE.

In the following we will present temperature dependent SSE measurements in the insulating
ferrimagnetic garnet Gadolinium Iron Garnet (GdsFe;012, GIG). GIG exhibits a ferrimagnetic
temperature dependence of the magnetization, showing a magnetic compensation point
(Tomp) for the bulk material at around 280 K. A detailed introduction to the origin of the
magnetic properties and the growth of thin film GIG is given in Sec. 3.2.3. Our measure-
ments reveal a correlation between the SSE and the magnetic compensation point, as well
as an additional second signal feature hinting to a more complex behavior of the SSE than
explainable by a simple magnetization model.

In the beginning of this chapter we first give an overview of the complete temperature
dependence for the SSE measured in thin GIG films, which shows two sign changes as a
function of temperature. Our study of the first sign change at higher temperatures reveals
that its temperature is close to Ti,mp. This correlation is investigated for different Tty
and interface materials showing good agreement between the temperatures of both features.
Afterwards the dependence on the detection material and the interface for the second sign
change is presented, revealing another mechanism as the origin. At the end of this chapter
we introduce two theoretical models, which are both able to explain our experimentally
observed signal features by a competition between the magnetic sub-lattices of the material.
The results presented in this chapter are part of the joined publication [p7] by the Walther-
Meif3ner-Institute, the Tohoku University and of the University of Mainz and partially belong
to work in progress for publication [p8].

lprivate communication
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Probing the spin Seebeck effect in a
compensated ferrimagnet

As a first example we present our initial results of the temperature dependent measurements
of the SSE in GIG, which triggered our further investigation of the correlation between the
SSE and the magnetic sub-lattices of GIG. For our measurements we use a 100 nm thick GIG
film grown by PLD on a GGG (001) substrate, using an oxygen pressure of 2 x 10~ 2mbar at
650°C. The deposition conditions for this sample deviate from the later presented samples, as
beam optics, pressure sensors and substrate heating processes of the PLD chamber had been
further developed after this first sample. The Pt detection layer of 8 nm was not patterned
leading to small signal artifacts due to misalignment of the voltage contacts with respect to
the applied magnetic field. For our measurements we use the 3D low temperature setup
introduced in Sec. 4.3.1. Identical to the SSE measurements in YIG, we record SSE hysteresis
loops at different temperatures, to extract the SSE signal as the voltage difference of the
saturated signal. The measurements yield the typical hysteresis shape for the thermoelectric
signal, which follows the magnetization of the sample. Fig. 5.1a) shows three of these SSE
hysteresis measurements for 285K, 165K and 45 K.
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Fig. 5.1: a) SSE hysteresis measurements for three different temperatures. b) SSE signal as
a function of temperature. The shown temperature dependence is part of Ref. [p7].
The hysteresis measurement for 285 K and 45 K show a similar field dependence but an order

of magnitude smaller signal amplitude for the lower temperature. For a sample temperature
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of 165K, the measured SSE signal exhibits a mirrored behavior compared to the other two,
which results in an inversion of the SSE signal. By repeating the measurements shown in
Fig. 5.1a) for further temperatures, we obtain a more detailed picture of the temperature
dependence of the SSE, shown in Fig 5.1b). The entire temperature dependence of the SSE
signals, reveals two sign changes as a function of temperature. The first sign change appears
at a temperature of around 257 K, causing an inversion of the signal compared to room tem-
perature. For lower temperatures of around 82K we observe a second sign change, restoring
the SSE signal sign to the one observed at room temperature. To determine the correlation
to the sample magnetization, we probe the magnetization by SQUID magnetometry, which
reveal a temperature of about 285K 4+ 5K for the magnetic compensation point. Compared
to the first sign change of the SSE this means a temperature difference of 25K. Based on
net magnetization, one expects an agreement in temperature between 7., and the first
sign change. Since our initial sample design and temperature measurement have not been
optimized to provide a high temperature accuracy, we cannot exclude that a systematic error.
To exclude our measurement method as the origin of this temperature discrepancy and
to obtain a more detailed picture of the temperature dependent behavior of the SSE, we
improved the measurement method by changing from the hysteresis to the temperature
sweep measurement method, using a more compact sample stack geometry (see Sec. 4.3.1).
The almost continuous measurement provides a more coherent picture of the SSE signal as a
function of the temperature and by this allows us probe the temperature width of the sign
transitions.

The second sample used for the comparison measurements is a 100 nm thick GIG sample
grown by PLD in on GGG (001) substrate at the optimized growth conditions discussed in
Sec. 3.2.3. To minimize the influence of the geometry, we structured the 5.5 nm thick Pt
layer into two stripes, which enables us to simultaneously probe the SSE and the surface
temperature of the GIG. To verify our data and to exclude systematic errors we perform
additional SSE hysteresis measurements at selected temperatures. Fig. 5.2a) shows four SSE
hysteresis measurements at different temperatures.
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Fig. 5.2: a) SSE hysteresis measurements at four different temperatures. b) The red and
black curve correspond to the raw signals of the temperature sweep measurements
for 1 T and —1T. The purple curve marks the signal difference Vi — V_; .
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The corresponding sweep measurements are shown in Fig. 5.2b). A magnetic field strength
of 1 T has been used for the positive and negative magnetic field for the sweep measurements
to guarantee a saturation of the SSE signals. From the SSE hysteresis loops in Fig. 5.2a)
we can see that the field is sufficient to saturate the magnetization of the GIG film. We use
the temperature determined from the Pt stripe on top of the GIG and below the substrate,
to normalize the SSE signal of both measurements methods to the applied temperature
difference, shown in Fig. 5.3. The data show an agreement of signal amplitude, sign and
transition temperature within the measurement errors, highlighting the validity of our sweep
measurement.

In order to allow a better comparison between the SSE signals and the net magnetization of
the sample, the SQUID magnetometry data are shown in the top of Fig. 5.3.
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Fig. 5.3: Combined SSE signals of the results from the hysteresis measurements and sweep

mode measurements as a function of temperature. The top graph shows the mag-
netic moment as a function of temperature determined by SQUID magnetometry.

Starting at 300 K, both measurement methods yield a SSE signal strength of around 600 nV,
which decreases as the temperature decreases. Close to Ttm, = 180K+ 5K the signal rapidly
goes to zero and undergoes the first sign change, as in our first sample. We determine the
same temperature of 180 K+ 5K, for the sign change and magnetic compensation. This good
agreement in temperature, determined with our more detailed analysis, highlights that our
first results might be influenced by a systematic temperature offset. This offset can result
from inhomogeneities in the GIG film and voltage contact misalignment, which both are
caused by the unstructured Pt layer. Another reason for the offset could be the omitted
correction of temperature using the Pt detection stripe on top of the film.
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After this first sharp sign change of the SSE signal, the amplitude decreases further until it
again goes to zero at ~ 80 K. This temperature marks a second transition as the signal ampli-
tude rises again for lower temperature but shows the same sign as for temperature above
the first sign change. From the temperature dependence of the total magnetization, one
would expect only a signal decrease below T, identical to the temperature dependence
observed for YIG (see Sec. 4.3.1). The measured second sign change at 80 K thus presents a
novel feature, which clearly deviates from the expectation of a ferromagnetic model, which
only considers the total magnetization.

In order to verify that the found signal features results for the SSE and not from other
parasitic effects within our setup, we test two fundamental dependences of the SSE. Since
these dependences do not change the signal shape of the SSE, the two tests should not
influence the two sign changes.

As a first control of the origin of these two sign changes, one needs to investigate the depen-
dence on the applied temperature difference. Since the compensation point marks an intrinsic
material parameter, its temperature will not be affected by the applied temperature gradient.
On the other hand parasitic thermoelectric effects will increase with increasing temperature
difference, causing a shift of the temperatures of the two observed sign changes.
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Fig. 5.4: a) SSE sweep measurements for different applied heating currents. The resulting
temperature difference over the sample is proportional to I2. b) SSE signal ampli-
tude as a function of the applied temperature difference for 7' = 250K (red) and
T = 165K (blue). The solid line correspond to linear fits of the data.

The measurements shown in Fig. 5.4a) find no influence of the applied temperature difference
on either the first or the second sign change, allowing us to conclude that both sign changes
must originate from the SSE of the GIG film. A second verification of the thermal spin
current origin of the signals, is provided by controlling the signal’s scaling with the applied
temperature difference to the sample. From the previous measurements we expect a linear
amplitude increase, where a deviation of this behavior hints to another influence on the
measured signals. Using the resistance of the Pt stripe on the substrate below and the Pt
stripe on top of the sample, we calculate the temperature difference applied to the sample for
the different heating currents (see Sec. 4.3.1). Fig. 5.4b) shows the SSE signal strength as a
function of the derived temperature difference above (7' = 250K) and below (T = 165K)
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the magnetic compensation point and first sign change. For both temperatures, we find the
expected linear dependence of the signal amplitude on the applied temperature difference,
which is a characteristic feature of the SSE (see Sec. 4.1.3). Thus both tests allow us to
exclude other signal sources than the SSE as an origin for the observed two sign changes.

Measurement of the compensation point

The agreement between the temperature of the magnetic compensation point and the first
sign change of the SSE hints to a direct correlation. In order to verify this dependence, the
possibility to tailor T¢,,, with the thickness of the GIG film provides an ideal tool to probe
this conjecture (see Sec. 3.2.3). The combined results of SQUID magnetometry and SSE
measurements of four GIG films with different thicknesses, deposited at different oxygen
pressures, are shown in Fig. 5.5. The films, shown in Fig. 5.5a), belong to batch 1, which
has been produced at an oxygen pressure of 5 x 10~2? mbar, while the doubled pressure of
1 x 10~! mbar has been used for batch 2, shown in Fig. 5.5b). As discussed in Sec. 3.2.3,
the higher oxygen pressure during the deposition increases 7., by 100K for the samples
thinner than 100 nm. From our x-ray and SQUID analysis we could only exclude oxygen
vacancies as the origin of the shift, while other sources like an off-stoichiometry need to be
investigated.

Despite its unknown origin, the difference for T¢,,,, allows us to highlight that the tem-
perature of the first sign change of the SSE essentially agrees with the temperature of the
compensation point. This behavior seems to be independent from the deposition condition
or from the film thickness. For films shown in Fig. 5.5a) the first sign change shows a sharp
transition for both the thin and thick films. For the 41 nm thick film the first sign change is
10K higher than 7,,,,, while for the 155 nm sample we observe the first sign change 10K
lower than T.,,,. The observed temperature difference between T¢,,, and the first sign
change is within the combined errors of the SQUID and our SSE measurement. For the
films grown at an oxygen pressure of 1 x 10~! mbar, shown in Fig. 5.5b), we as well find
an agreement of T¢,,,, and the first sign change within the accuracy of both methods. The
28 nm film of this batch shows a much broader first transition than the similar thick 41 nm
film, which was deposited at half the oxygen pressure. Despite the thinner film thickness
but similar Pt thickness the 28 nm GIG film shows an in general higher signal than the 41 nm
with a maximum voltage of ~ 0.7 uV compared to ~ 0.4 uV. Similarly the 130 nm thick film
of batch 2 has twice the SSE signal amplitude at 300K of the 155 nm thick samples of batch
2. Taking the higher T.,,,, and the higher magnetic moment for temperatures below 100K,
seen in the upper part of both graphs of Fig. 5.5, into account, we attribute this behavior
to a difference in stoichiometry between both batches. Since 7.,y results from the ratio of
the Gd to Fe concentration, a higher T,,,, might be caused by a higher concentration of Gd
within samples of batch 2.

Further SSE and SQUID measurements for more samples are summarized in Fig. 5.6a). All
investigated samples show an agreement between the temperature of the first sign change
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Fig. 5.5: The upper graph shows the magnetic moment, while the lower graph contains the
corresponding SSE signals as a function of temperature. Films shown in a) have
been deposited at 5 x 10”2 mbar, films in b) at 1 x 10~! mbar. The vertical line
indicates the temperature of the first sign change.

and Ti,m, within the tolerance of 10K of both measurement methods. A hint that this
temperature difference only results from our experimental accuracy, is given by the fact that
the difference shows no systematic trend for a higher or lower value. However we cannot
exclude a systematic shift within our errorbars.
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Fig. 5.6: a) Magnetic compensation point temperature and temperature of the first sign
change as a function of the GIG film thickness for two series of GIG samples.
Samples colored in green have deposited at an oxygen pressure of 1 x 10~! mbar,
samples in orange at 5 x 10”2 mbar. b) Absolute value of the SSE signal in YIG
and GIG as a function of the temperature. The both signals have been normalized
for value measured at 270K to allow a better comparison.

Our results highlight, as the previous measurements, the correlation between the magnetic
compensation point and the first sign change, independent of the temperature compensation
point.

To explain the correlation between the SSE and the compensation point, we can again make
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use of the magnonic picture of the SSE based on a theory of Ohnuma et al. [195]. GIG
consists in contrast to YIG of three coupled magnetic sub-lattices. The Fe ions on the a and d
site are antiferromagnetically coupled, while the Gd on the c site is antiferromagnetically
coupled to the a site Fe and ferromagnetically to the d site, as illustrated in Fig. 3.21. The
model of Ohnuma simplifies this situation to a two sub-lattices model, by combining the Fe
on the a and d site to one joined sub-lattice, which competes with the Gd on the d site. As in
the real lattice, the different temperature dependences of the magnetic moments for the Fe
and Gd, lead to the occurrence of T¢,,,. Additionally the interaction between the sub-lattice
leads to the appearance of two magnon modes, which can be excited thermally. These two
modes possess opposite sign, resulting from the sub-lattices. Since the ISHE does not allow
for distinguishing between both modes, only the sum of both modes is detected.

In this first model, this sum of spin currents is temperature independent and switches its
sign at the temperature of the magnetic compensation point. The switching should only
be observable in a finite magnetic field, since only this field causes a reorientation of the
magnetic lattice at which the Fe and Gd lattice exchange roles.

In Sec. 4.1.5 we explained in detail, that the signal of the SSE is coupled to the orientation
of the emitting ferromagnet. Since the orientation of the magnetic lattice switches at Ty,
also the sign of the SSE reverses.

Furthermore the model predicts an abrupt switching, with the same signal amplitude above
and below the compensation temperature. To compare this with our experimental results,
we have to neglect the temperature dependence of the magnonic spin current, which is
considered of the model of Ohnuma. Therefore we plot in Fig. 5.6b) the normalized absolute
value of the SSE signal as a function of the temperature for a 100 nm thick GIG film in
comparison with a 300 nm thick YIG film. From the comparison one can see that GIG shows
for temperatures above and close to the first sign change a similar temperature dependence
as YIG. Since the GIG signal approaches before and after the first sign change the signal of
YIG, we can conclude that it possesses the same amplitude, as predicted by the model.

In contrast to the theoretical prediction, we do not observe an abrupt sign change for the
first sign transition but a gradual symmetric change with a finite temperature range for
all our samples. The same broadening of the transition is also detected for samples of our
collaboration with the WMI. As can be seen in the measurements in Fig. 5.5, the width of
the transition does not dependent on the temperature of the compensation point nor on
the momentum increase of the magnetization close to the compensation point. A possible
explanation of this finite width of the transition is given by variations of the interface quality
with the detection stripe, leading to a smearing of the transition. In the next section our
measurements will show that this assumption does not hold, since the first sign change
remains unaltered by changes of the interface quality between detection layer and GIG and
other detection materials.

A second theory based on calculations of spin wave power spectra of GIG and is discussed in
more detail at the discussion at the sign change. For the discussion of the first sign change, it
is only important to know that this model explains the occurrence of the first sign change
as well as the first theory by a switching of the orientation of the magnetic sub-lattices at
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the compensation point. Although this model only considers the magnetic film properties
combined with a thermal excitation of magnonic modes of the film, the second model cannot
explain the smearing of the first sign change.

Up to know we have only discussed the lattice magnetization itself. Beside the magnetic
compensation point, ferrimagnets additionally possess an angular moment compensation
point. At this point the angular moment (Mp./qa/Yre/cq) Of the sub-lattices chancel each
other, leading to vanishing net angular momentum of the material. At this temperature
the Gilbert damping parameter exhibits a peak [196-198]. Taking the detection method of
the ISHE into account, one might understand that the smearing is somehow related to the
angular moment compensation point of the material. The detection method by the ISHE
does not allow one to distinguish between the different orientations or magnon modes. The
detected voltage thus only depicts an integral of the converted spin currents as a voltage.
At the angular moment compensation point, the momentum of magnons of the different
modes chancel another, which could as well lead to zero signal. This assumption is in
contrast to expectations of the model of Ohnuma et al. [195], which expects a vanishing
SSE signal only at the magnetic compensation point. While for GdFeCo the magnetic and
angular momentum compensation point are known to have different temperatures [197],
there are no experimental reports for GIG. Therefore observed temperature difference
between T¢,m,, and the angular momentum compensation point might results of its actual
correlation to the angular momentum compensation point. A detailed investigation of the
angular moment compensation point for GIG is missing up to now, and presents an elaborate
study beyond the scope of this thesis. Based on our derived results the assumption of an
identical temperature for angular and magnetic compensation points seems valid presents an
explanation. Thus further studies for materials with a known difference between angular
and magnetic compensation point might allow to further enhance the understanding of the
SSE in ferrimagnetic materials.

Second sign change at low temperatures below the
compensation point

The second sign change occurring below 130 K appears to have no direction correlation with
the temperature of magnetic compensation point. Films, shown in Fig. 5.5a), show a shift of
the second sign change in line with a shift of the first sign change to higher temperatures,
while the opposite behavior is observed for the films presented in Fig. 5.5b). Additionally
the second sign change appears to have a more gradual transition over a wider temperature
range, than the first sign change, as can be seen in Fig. 5.6b). At temperatures below Tt
the magnetometry measurements of the total sample magnetization give no hint for a possible
correlation, since only a constant increase of the moment with decreasing temperature can
be detected, see Fig. 5.5.

So far we have only discussed the magnetic compensation point, which can be derived from
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classical magnetometry measurements. Neutron scattering experiments on bulk GIG samples,
found a magnetic phase transition below 100K [199]. This phase transition is the ferro-
magnetic self-ordering of the Gd sub-lattice. At room temperature, the exchange coupling
strength of the Gd sub-lattice itself can be neglected and considered to be paramagnetic
"exchange-enhanced" coupled [172]. The coupling strength between the Gd lattice sides
increases with decreasing temperatures, leading to a change from paramagnetic to ferro-
magnetic ordering at the so called Gd ordering temperature [199]. X-ray magnetic circular
dichroism measurements of the Gd -L3 edge, performed by our collaborators from the WMI,
reveal an increase of the magnetic contrast with decreasing temperature. The observed
temperature dependence of the Gd -L3 edge agrees with the stronger signal decrease for
the GIG signals starting at 150K to lower temperatures, compared to the one of YIG, as
can be seen in Fig. 5.6b). This concept of a temperature dependent contribution from an
effective rare earth sub-lattice coupling, matches with the assumption of two competing
magnetic sub-lattices. In this scenario the Fe sub-lattices dominates the emitted spin wave
spectra above the Gd ordering temperature. At lower temperatures the Gd influence of
the magnon spectra becomes gradually more important. The Gd sub-lattice is antiparallel
aligned to the dominating Fe sub-lattice. Therefore the Gd influence will favor the emission
of magnons with an opposite sign to Fe sub-lattices, leading to a graduate decrease in net
signal as observed. Since detected ISHE-signals represent a sum of the whole magnonic
accumulation at the interface, it is impossible to identify individual contributions of different
modes. However as the Gd and Fe have different spin mixing conductance ¢'¥, an influence
of the interface of the second transition might be possible as it determines the coupling
strength between emitter and detector.

To probe such a dependence, one can test the consequences of a change in the interface
quality or the detection material on the second sign change. First we will discuss the influence
of a change in the interface quality. To exclude an influence of the sample quality variations,
the measurements are performed on the identical GIG sample, that has been cleaved into
two pieces prior the deposition of the detection layer, thus the GIG film is identical. One part
of the sample has been treated by an oxygen plasma etching prior the Pt deposition, while
this step has been omitted for the other half. Since the plasma etching step is only performed
for 20, a resulting change on the bulk properties of the material can be excluded. To ensure
an identical Pt layer, the same deposition condition have been used for both pieces of the
sample.

From the measurements shown in Fig. 5.7a), one can see a weaker signal strength for the
etched sample compared to the untreated sample, which confirms that the etching must
have altered the interface. We observe no influence on the first sign change within the
resolution of our setup, which strengthens our previous finding of a correlation between the
magnetic compensation point and this sign change, as the bulk properties are not affected by
the etching. In contrast to this, one can observe a difference of ~ 30K for the second sign
change between both samples, which hints to a dependence of the interface. For a second
test of the interface influence, one can alter the detection material. Similar to the previous
measurements, the sample has been cleaved into two pieces prior to the deposition of the
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detector material. One half of the sample is coated by Pt, while we use Pd as a detector
layer for the second half. The SSE measurements of both parts are shown in Fig. 5.7b).

a) [ (41 nm) GIG / GGG (001) | b) [ (100 nm) GIG / GGG (001) |
1.04 1 1 1 B untreated
| | . H_etched | 0.50+
_ 0.5+ : 0.251 !
?—? < 0.004°
w 0.0 g2 e \
3 | w -0.25+
> [ &
-0.51 | > .0.50
-1.0- 3 -0.754
— : — : : -1.00 — T — T
50 100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)

Fig. 5.7: SSE measurements as a function of the temperature for different interface treat-
ments a) and different detection layers b). The black curve in plot a) corresponds
to the untreated part, while the red curve shows the results of the etched interface
of the same sample. Pd has been used as a detection layer for the data shown as a
black curve in b), while Pt has been used for the detection of the red curve.

The first sign change reveals no dependence on the detection material, which confirms its
correlation to the compensation point. For the second sign change we find a temperature
difference of ~ 20 K between the two detection layers. Furthermore for high temperatures,
the sample with the Pd detection layer shows a weaker signal strength than the one with Pt.
The lower signals are due to the smaller spin Hall angle of Pd [189] compared to Pt, while
the low temperature behavior is the result of a more complex interplay as we will explain in
the following.

In order to understand the origin of the two sign changes observed for the SSE in GIG, we
explain now more in detail the previously briefly introduced two theories.

The original two sub-lattices model of Ohnuma et al. [195], only an equal spin pumping
efficiency of the two competing magnonic sub-lattices was considered and a temperature
independent net spin current, revealing no second sign change. In an extension of this linear
response model, presented in Ref. [p7] and Fig. 5.8, it is shown that a difference in the spin
pumping efficiency between the two sub-lattices leads to the occurrence of a second sign
change. In detail the model starts again with the assumption of two antiferromagneticly
coupled sub-lattices, consisting of the combined Fe sub-lattices and Gd lattice. Using this
approach, two main modes can be identified, which are of relevance for the thermally excited
magnons. I% represents the magnons emitted by a soft-mode, whose major contribution is
given by the Gd lattice. The spin current labeled by IP results mode separated by an energy
gap from the first mode. The gap Ag originates of the exchange coupling between the two
sub-lattices, which leads to a temperature dependent contribution of this mode. The major
contribution to this mode is given from the Fe sub-lattices. Fig. 5.8 illustrates the temperature
dependence of both emitted spin currents and the detected sum.
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Fig. 5.8: Spin currents I%, I and the sum I'**?! as a function of temperature for n = 0.13 a)

and n = 0.01 b), based on the calculations by Ohnuma et al., taken from [p7].

To understand the behavior shown, one has to consider that I¢ and I? possess the opposite
sign due to the antiparallel alignment of the Fe and Gd sub-lattices. The higher contribution
of 18 is explained by an higher interface exchange constant .J;., for magnons emitted by I?,
which is equal to a higher spin mixing conductance for the Fe lattice. As the temperature
decreases, Ap leads to a decrease of the magnonic population of I? and thus less emitted

magnons. For the shown situation of J5, << J 3

1., the second sign change occurs at lower

temperatures than the first sign change, showing a gradual transition. As discussed in the
section of the first sign change, the occurrence of it is attributed to the reorientation of the
sub-lattices at the compensation point.

Thus the theoretically obtained temperature dependence of the net spin current qualitatively
agrees with our experimental observation of a more gradual second sign change and steady
signal decrease with temperature. Furthermore the model derives two parameters, which
allow us to understand the temperature shift of the two sign changes. The first parameter
is the gap Ag, defined by the exchange coupling between Fe and Gd. Since this coupling
strength depends on the Fe to Gd ratio of the material, a change in stoichiometry alters the
temperature of the compensation point. As pointed out in our material analysis, further
knowledge about our thin film composition is necessary to correlate this parameter with the
observed shifts of the first and second sign change between the different batches. The second
parameter is the relative interface exchange coupling strength n = J©X_/J Pez between the
two modes. 7 is an important parameter as it allows us to understand the observed behavior
in our experimental tests of the different interface treatments and detection materials, shown
in Fig. 5.7. A change of n roughly corresponds in our experimental situation to an altering
of the ratio between the different spin mixing conductance ggd / g}t We assume that in
the interface treatment experiment we modified ggid / g;}e by the etching. The etching is an
element dependent process and thus leads to a difference in the interface stoichiometry
compared to the untreated sample part. Hence the etching step alters the ratio ggid / g}t
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at the interface between GIG and Pt, which explains the observed shift of the second sign
change. A similar situation applies for the experiments with different detection materials.
The ¢™ marks an element specific parameter (see Sec. 2.3.1), which is different for element
combinations, which occur at the interface, leading to four unique combinations. The Fe-Pt
interface spin mixing conductance g}t_ p differs from g}t_ pa » which both differ from the
corresponding Gd ggd_ p; and ggd_ pq» Tespectively. This can lead to a difference in the ratios
ggd_ pi/ g}tf pp and ggd_ pal g}ﬁ_ pa » Which could then be responsible for the shift of the
second sign change.

The theory can therefore give an explanation for our experiential observation of temperature
shift for the second sign change by altering the interface, either by its treatment or the
detection layer. According to the theoretical model one would expect a lower temperature
for the second sign change for a smaller contribution of spin currents emitted by I, as shown
in Fig. 5.8b). Since we cannot verify the different ¢™* of our samples, we only can identify
that this situation corresponds to the experimental investigation of the untreated interface
and the usage of Pd as detection material.

As a second theoretical approach, we present a theoretical model developed by Barker
et al. [p7], which only considers the GIG sub-lattices and does not take into account the
interface. The model is based of numerical calculations of the GIG spin wave power spectra,
using the atomistic spin model of the LLG equation. In order to differentiate between the
influence of the spin-lattice coupling and the magnon-magnon coupling, the model assumes a
temperature independent Gilbert damping and exchange constant. Based on this, the model
derives three main modes within the spin wave spectra, illustrated for £ = 0 in Fig. 5.9a) for

low temperatures.
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Fig. 5.9: Spin wave power spectra at k = 0 for different temperatures based on simulations
by Barker et al., taken from [p7]. The spectra shown in a) ranges from 20K to
160K and contains a labeling of the important modes, while the high temperature
spectra is shown in b).

5.1 Probing the spin Seebeck effect in a compensated ferrimagnet

127



128

The first mode, the x-mode, which can be identified as the FMR-Goldstone mode of the
whole ferrimagnetic lattice, is considered to lead to the "normal" sign spin current, compared
with YIG. The second mode, a gapped optical 3-mode, is attributed to the Gd momentum
influenced by the exchange field of the two Fe sub-lattices. The gap between the second and
third mode, is caused by the Fe-Gd exchange coupling and will be important for temperature
dependent discussion of the mode spectra. The third mode, a parabolic shaped ~ band, is
attributed to the ordered Gd sub-lattice at low temperatures. To understand the temperature
dependence of this picture one has to take into account that only magnons within a certain
energy range can be thermally be excited. The thermal excitation responds to approximately
1THz per 50K, highlighting that at very low temperatures only the FMR mode can be
excited. As the temperature increases higher modes can be populated within the spectrum.
Additionally the weakening Gd moment causes a red shifting of the v mode and increases
its amplitude. At the temperature of the second sign change the magnons of the «,
and v mode compensate one another, while for even higher temperatures, the combined 3
and v dominate of the FMR « mode. Again it is assumed that magnons of « and v mode
possess opposite polarization, while the contribution of the 3 mode can be neglected. At
temperatures close to the magnetic compensation point, the strong temperature dependence
of the Gd moment leads to a decrease of the v and  mode amplitude as can be seen in
Fig. 5.9b). At 7., the v and « branches exchanges roles, causing the reorientation of
magnetization and of the sign change of spin current. The model itself does not take into
account any influence of the interface as it only describes the mode spectra within the GIG.
Thus the model does not explain the interface dependence which we observed. Compared
to the model of Ohnuma et al., the model derives similar results, as the « mode of Barker
corresponds to the I mode of the first model, and the v and its temperature dependence,
matches with Ag and IP.

Chapter 5 Spin Seebeck effect in Gadolinium Iron Garnet



5.2 Conclusion of SSE in GIG

In conclusion we were able for the first time to probe the SSE in a magnetic material,
which shows the characteristic magnetization behavior of a ferrimagnet. We observed two
consecutive sign changes of the SSE as a function of temperature. The first sign change
is found to be close to the magnetic compensation point of the material, while the second
sign change occurs at temperatures below 100K. To determine the origin of both sign
changes we performed SSE measurements for systematic variations of the compensation
point temperature and interface qualities as well as for different detection materials. The
measurements revealed an interface and detection material independence for the first sign
change, which agrees with the interpretation of a correlation with the magnetic compensation
point, while the second sign change can be strongly influenced. Two different theoretical
approaches, developed by our collaboration in Tohoku, demonstrate that these sign changes
originate from the complex interaction of the magnetic sub-lattices and the interface exchange
coupling to the detection material. Thus the SSE does not simply follow the net magnetization
of the material but can be attributed to magnonic spin currents, which mimic the complex
temperature dependent interplay of the sub-lattices.
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Conclusion

In this thesis, we have investigated the origin of the spin Seebeck effect in magnetic insulators.
We presented a comprehensive study of the dependences of the effect and employed a model,
developed in collaboration with the University of Konstanz, based on thermally excited
magnons to explain our observations.

In detail we first studied the growth of different types of magnetic garnets in order to gain
control about the magnetic material parameter. In collaboration with the group of Prof.
Ross at MIT, we have shown that we are capable of growing high quality YIG thin films
by PLD, which allowed us to study the SSE as a function of the YIG film thickness. In
combination with YIG films grown by LPE, and a systematic study of the magnetic material
parameters, we have shown that the SSE features a universal dependence on the thickness
of the ferromagnetic material that cannot be explained by interface effects. For increasing
thickness of the ferromagnet the SSE signals show a saturation, which shifts for lower
temperatures to higher thicknesses. A model of thermally excited magnons, developed by the
group of Prof. U. Nowak in Konstanz, yields a quantitative agreement with our experimental
results. Therefore we attributed the found behavior to a finite magnon propagation length
for thermally excited magnons. Our results unambiguously show that the SSE originates
from magnonic spin currents emitted by the bulk of the ferromagnetic material.

A more detailed investigation of the temperature and thickness dependence of the SSE
revealed a peaking of the SSE signals as a function of temperature. The measured peak
shifts with increasing film thickness to lower temperatures. Additional thermal conductivity
measurements found no corresponding behavior for the phonon peak, which indicates that
the SSE peak position is not dominated by magnon-phonon drag only. The solely magnonic
model however yields a quantitative agreement between expected behavior of the thermal
magnon propagation length and our data. Using a phenomenological expansion of the
model, we could explain the observed behavior as a competition between the amount and
the mean free path of thermal magnons. Independent of the applied model, the behavior can
only be described by a transport phenomenon and additionally suggests that the majority
of magnons responsible for the SSE must differ from the magnons transferring the heat
in the magnetic lattice. Further measurements using different detection materials found
a dependence of the SSE signals on the detection layer. These results are not explainable
purely by magnon-phonon drag or purely by the magnonic model, indicating that a further
expansion of the theoretical description SSE is necessary to understand this behavior by
taking into account the temperature dependence of the spin transport across the interface.
By probing the high magnetic field strength dependence of the SSE, we observed a suppression
of the signals even at room temperature, independent of the interface. The suppression
decreases with decreasing film thickness as well as for lower temperatures. Based on the
theoretical model of U. Ritzmann, we were able to qualitatively explain this behavior by a
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magnetic field dependence of the thermal magnon propagation length.

Our improvements in the deposition of garnet by PLD enabled us to study the SSE in GIG,
a compensated ferrimagnet, in collaboration with the Walther-Meil3ner-Institute and the
Tohoku University. The experiments find two consecutive sign changes of the SSE as a
function of temperature, one close to the magnetic compensation point and one at lower
temperatures. Exploiting the thickness dependence of the magnetic compensation point, we
could confirm a correlation between the first sign change and the magnetic compensation
point, while measurements with different interface qualities and detection materials yielded
a dependence of the second sign change. Two theoretical models developed by Ohnuma et al.
and Barker et al. explain the first sign change by the switching of the magnetization at the
compensation point, while the second sign change results from a complex interplay of the
magnonic modes in combination with the interface exchange coupling strength.

In summary, the experimental results and observations reported in this thesis not only reveal
the origin of the SSE as a bulk effect, but also show that the detected thermal magnons are
the result of a complicated interaction between the thermal phononic excitation and the
magnetic sub-lattices. Furthermore our findings point out that a comprehensive theoretical
description of the effect also needs to take the detection layer into account to be able to
explain all observed features of the SSE.

Outlook and open questions

Our pioneering work revealing the magnonic origin of the SSE and therefore its spin current
nature allows to think of novel spintronic applications and devices such as nanoscale magnetic
engines [200]. Theoretical predictions propose an all magnonic thermal domain wall
motion [13], which drags the domain wall from the cold to the hot end of the material due
to the STT caused by the thermal magnons [201]. With the confirmation of the presence of
thermal magnon currents, our work inspires further research on this topic. Furthermore our
work on the growth and optimization of epitaxial Ce:YIG presents a starting point for the
research on the direct imagining of the thermal domain wall motion in garnets by using Kerr
microscopy. While the pure thermal motion might be too inefficient, one might also think of
thermal assisted motion. In this concept the actual device is either in contact with the thermal
spin current source or is itself exposed to a thermal gradient, which leads a contribution of
the thermal magnons to the current induced domain wall motion. As our results have shown,
the efficiency of this contribution strongly depends on the interface quality and type of
material, motivating future experimental and theoretical work to improve the understanding
of the interplay between the ISHE and the SSE. Additionally our understanding of the effect
confirms already found observations [202], which can only be explained by thermal spin
currents but has lacked of further evidence. Future work is necessary to determine the impact
of phonon magnon interaction, since the detected thermal magnons can only be excited by
phonons. As our results suggest a weaker coupling than originally predicted, future work
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should aim to investigate the SSE at even lower temperatures in order to probe the effect at
temperatures where phonons and magnons can be decoupled.
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