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ABSTRACT

The flow of spin angular momentum is referred to as spin or mag-
netization current, just like the motion of electric charge is themed
charge current. In electrical conductors both quantities are linked to
each other via the spin Hall effect, which in turn allows to conve-
niently study and manipulate magnetic properties with conventional
electronic methods and devices. Of particular interest for the study
of spin currents is the conversion between electron based magnetic
currents and those carried by magnons, the quantized ,fundamental
excitations in a magnetic solid.

The focus of this thesis is on the broadband and coherent magnetiza-
tion dynamics in insulating magnetic solids under a bias imposed by
magnetization currents. To this end the coupling between magnetic,
electronic and phononic thermal conduction channels in magnetic
solids is investigated by means of analytical and numerical methods.
Experiments map out the energy distribution of the magnetic exci-
tation responsible for the emission of the magnetization currents in
broadband excitation experiments and demonstrate the efficient exci-
tation of coherent magnetization dynamics by electron based magne-
tization currents.

On a technical level, two novel techniques for the simple generation
of broadband magnetic excitations and the precise and robust mea-
surement of magnetization current based effects are introduced.

The thesis is complemented by the resolution of an often encountered
ambiguity in the literature pertaining the absolute sign of the spin
Hall effect.
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ZUSAMMENFASSUNG

Ein Fluss von Spin-Drehimpuls wird als Spin- oder Magnetisierungs-
strom bezeichnet, genauso wie der gerichtete Fluss von elektrischer
Ladung Ladungsstrom genannt wird. In elektrisch leitfdhigen mate-
rialien sind die beiden Grofien tiber den Spin-Hall-Effekt miteinan-
der verkniipft, was wiederum das Studium und die Manipulation
magnetischer Eigenschaften mit Hilfe konventionalle elektronischer
Methoden und Geriéte erlaubt. Von besonderem Interesse fiir die Un-
tersuchung von spinstromen ist die Umwandlung von auf Elektronen
basierenden Magnetisierungsstromen zu solchen, die von Magnonen,
den quantisierten, fundamentalen Anregungen magnetischer Festkor-
per, getragen werden.

Der Fokus dieser Dissertation liegt auf der Breitband- und kohéren-
ten Magnetisierungsdynamik in nichtleitenden magnetischen Festkor-
pern in einem durch Magnetisierungsstrome hervorgerufenen Nicht-
gleichgewichtszustand. Zu diesem Zwecke wird die Kopplung zwi-
schen magnetischen, elektronischen und phononischen thermischen
Leitungskandlen in magnetischen Festkorpern mit Hilfe numerischer
und analytischer Methoden untersucht.

In Experimenten wird die Energieverteilung der magnetischen Anre-
gungen, die die Emission der Magnetisierungsstrome bei Breitband-
anregungsexperimenten verursachen vermessen, und die effiziente
Anregung kohdrenter Magnetisierungsdynamik durch elektronenba-
sierende Mangetisierungsstrome demonstriert.

Auf technischer Seite werden zwei neuartige Methoden fiir die einfa-
che Erzeugung breitbandiger magnetischer Anregungen und fiir die
genaue und zuverldssige Messung von auf Magnetisierungsstrémen
basierenden Effekten vorgestellt.

Erganzend klart diese Dissertation auch die oft in der Literatur anzu-
treffenden Doppeldeutigkeit des absoluten Vorzeichens des spin Hall
Effekts.
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INTRODUCTION

Solid state systems are often modeled as an ensemble of harmonic
oscillators, i.e. by a group of particles orbiting some other group of
particles. This concept applies, within some limits, not only to the mi-
croscopic world but also describes the actions of certain macroscopic
objects. From point like particles the enumeration extends to planets
that orbit a star, stars that orbit the galactic core and galaxies that
orbit around a common barycenter (center of mass)'. Magnetism is a
phenomenon encountered on all these length scales, from magnetic
fields spanning multiple galaxies [7, 8] to the electron magnetic
moment or electron spin. Because microscopic and macroscopic
world are so similar conceptually, findings on one end of the length
spectrum may equally be relevant on the other. Nevertheless, each
end still provides its own unique set of phenomena awaiting to be
uncovered. This thesis revolves around the fundamental excitations
in magnetically ordered lattices and the transfer, manipulation and
transport of magnetic properties, the latter of which occurs on a scale
that often does not exceed some nanometers.

Magnetism on a microscopic scale is attractive for both fun-
damental research and technological applications, as some of its
quantum mechanical properties are easily accessible, even at room
temperature. In particular, spins and the related magnetic moments,
vectorial quantities in a semi-classical treatment, can be probed
and manipulated with relative ease, e.g. by conventional magnetic
fields. Thereby, an additional degree of freedom can be exploited
in fundamental research and for applications. Another important
point derives from the fact that electrons, the agents of conventional
electronics, are intrinsically magnetic and allow for convenient
coupling of the charge and spin degree of freedom. Conducting,
magnetically ordered materials have been exploited for this very
reason for some time in many applications and are still an active
area of fundamental research. Although the coupling of charge
and spin degree in conducting, magnetically ordered materials is a

1/r-type central potential problems can be transformed to mirror the harmonic os-
cillator by the Levi-Civita transformation in two dimensions [1] and similarly by the
Kustaanheimo-Stiefel transformation for the three dimensional Kepler problem (i.e the
effective potential formed by the gravitational —1/7 and 1/r* centrifugal term) as
discussed in Refs. [2-5] and briefly reviewed in e.g. Ref. [6].
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blessing on one side it also complicates design and interpretation
of devices and experiments on the other. Within the last decade,
however, it turned out that even magnetic insulators in which the
charge degree of freedom is completely frozen out are promising
for applications. Actually, since charge currents are frozen out
magnetic insulators represent clean model systems for studying
pure magnetization currents. Combined in heterostructures with
specific metals, the magnetic properties of the magnetically ordered
solid can be studied by probing the electrical properties of the metal.
Here, spin transfer torques provide an interface between localized
magnetic moments and magnetization currents, associated with the
motion of (quasi-)particles with a finite magnetic moment. Spin
transfer torques, for instance, couple the excitation of the magnetic
moments in the insulating, magnetically ordered material to the
spatial distribution of electron spins in an adjacent metallic layer. In
some metals, platinum being the prime example, this also affects the
electric properties of the metal and can therefore be detected with
relative ease. In this context, three effects exemplarily demonstrate
the relevance of spin transfer torques: spin pumping [9], spin See-
beck effect [10] and spin Hall magnetoresistance [11]. Spin pumping
covers the transfer of spin angular momentum from the insulating,
magnetically ordered material to the electrons in the metal, while the
spin Hall magnetoresistance is mainly concerned with the inverse
process, i.e. the absorption of spin angular momentum from the
electron system by the magnet. The spin Seebeck effect covers
both directions of spin angular momentum transfer through the
presence of a fluctuating spin current caused by thermal noise in the
metal [12] but is, in contrast to the aforementioned two, exclusively
an incoherent phenomenon.

This thesis aims to broaden the knowledge about magnetization
(spin) currents, covering both the state in the magnetic insulator as
well as in the metal under spin angular momentum transfer. Without
anticipating the more comprehensive listing of all results covered
in this thesis below, notable scientific contributions include: (i) the
design and implementation of experimental techniques for fast and
robust detection of spin current based effects and in-situ thermal
spin current generation and detection, (i) a numerical study of the
spatial distribution of thermally induced magnetic excitations in the
insulator, (iii) experimental insights into their spectral composition
derived from picosecond optothermal excitation experiments, (iv)
the resonant excitation of coherent magnetization dynamics, both
uniform and spatially varying, by means of electronically controlled
spin angular momentum absorption. The last-mentioned experiment
is noteworthy in particular, due to the simultaneous occurrence of all
the spin effects introduced above, which demonstrates the intricate
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relations that need to be considered when designing nanostructures
for applications.

Picking up on the notion that results in the microscopic world
are relevant for the macroscopic world and vice versa, the concept
of magnetization currents also applies to e.g. Earth orbiting Sun.
Earth’s property as a giant magnetic dipole has not only been
utilized by men for over 2000 years for navigation purposes but also
renders the time average of Earth’s passage around sun a closed spin
(and mass) current loop. By considering an extension of Maxwell’s
equations to include magnetization (dipole) currents [13, 14] this
spin current loop generates a peculiarly shaped electric field that
expels both positively and negatively charged ions from the center
of its orbit (see title illustration) with a strength that reaches several
mV /m for e.g Jupiter’s inner moons.

The detailed organization of the thesis is described in the following.

Chapter 2 serves as the starting point and introduces the key
concepts for spin transport in nanostructures. An emphasis is therein
put on the diffusive character of this type of transport, as well as the
various means to generate and detect spin accumulations.

Chapter 3 is a compact overview over the magnetic insulator
yttrium iron garnet that is employed for all experiments in this thesis.
Its physical properties and the fabrication of yttrium iron garnet
based samples are briefly discussed.

The first experimental chapter (Ch. 4) introduces a measurement
technique based on the utilization of continuously rotating magnetic
fields, implemented in experiment by mechanical rotation of a
permanent magnet assembly. This enables fast, sensitive and robust
measurements of spin current based effects. The mathematical model
underlying the analysis is derived, with a focus for application to
the spin Hall magnetoresistance but also generalized to other phe-
nomena. The setup is characterized and first experimental results are
discussed.

The spin Seebeck effect links heat and spin currents and is dis-
cussed in both the static as well as the dynamic regime in Ch. 5. The
tirst part of this chapter demonstrates how finite elements analysis
can be used to gain insight into the energy transfer between the
electronic, phononic and magnonic subsystems on a nanometer scale.
The simulation extends previous attempts to solve energy transfer
problems across interfaces and with coupled heat conduction chan-
nels. It makes a quantitative determination of the spatial thermal
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profiles of magnetic excitations possible also for complex geometries
or boundary conditions, or both. The simulation is verified by
comparison with recent experiments. The corresponding results have
been published in Phys. Rev. B 88, 094410 (2013) [15].

The second part of Ch. 5 deals with the spin Seebeck effect which
is studied in terms of its transient response to periodical heating
up to frequencies of several gigahertz. The impact of the yttrium
iron garnet film thickness is studied and compared to a theoretical
modeling of the magnon dynamics in the system. The results are
compared to recent experimental studies, which enables the formu-
lation of a qualitative model that connects the magnon dynamics in
the magnetic insulator to the transient voltage response measured in
experiment. These insights have been compiled into a manuscript
submitted for peer-review.

The last part of this chapter introduces an alternative experimen-
tal approach to conventional heating techniques in spin Seebeck
effect experiments on yttrium iron garnet/platinum samples. The
approach utilizes the metallic Pt layer as spin detector and as a
resistive heater simultaneously. It is then demonstrated how the
signal of interest is recovered below a vast spurious background
voltage signal. Experiments to verify the consistency of the method
as well as the behavior of the spin Seebeck effect under large external
magnetic fields and at low temperatures are presented. The tech-
nique has been published in Appl. Phys. Lett. 103, 242404 (2013) [16].

In Ch. 6 a didactic dilemma, inseparably connected with the
interpretation of experimental results, is addressed. The dilemma
concerns the absolute sign of the spin Hall angle, perhaps the most
central quantity for spin current based experiments. A theoretical
toy model is developed to unambiguously define the sign of the spin
Hall angle. Additionally, a guide to the experimentalist is given to
allow a clear and easy identification also in practical applications.
These efforts have been compiled into a manuscript published in J.
Phys. D: Appl. Phys. 48, 025001 (2015) [17].

Chapter 7 deals with the direct, resonant excitation of magnetiza-
tion dynamics by means of the spin transfer torque. The effect, which
had only been demonstrated on conducting magnetic materials so
far, is here validated also for the magnetic insulator yttrium iron
garnet. By exploiting the scaling of the spin transfer torque with the
magnetic layer thickness together with theoretical modeling of the
experiment the spin torque effects are identified and separated from
spurious contributions. The findings have also been published in
Phys. Rev. B 92, 144411 (2015) [18].

In an extension of this proof of principle experiment it is also
demonstrated how spin torque mediated magnetization actuation


http://dx.doi.org/10.1103/PhysRevB.88.094410
http://dx.doi.org/10.1063/1.4839395
http://dx.doi.org/10.1088/0022-3727/48/2/025001
http://dx.doi.org/10.1088/0022-3727/48/2/025001
http://dx.doi.org/10.1103/PhysRevB.92.144411
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can be utilized to excite standing spin waves and extract magnetic
properties of a sample in an all electrical measurement scheme.

To conclude the thesis, Ch. 8 briefly summarizes the main results
presented in the preceding chapters.

As already indicated, the results presented in chapters 5, 6 and 7.1
have previously been published or submitted for peer-review. The
corresponding text and figures in these chapters are, in large parts,
taken from the respective manuscripts (referenced prominently in
each chapter).
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THEORETICAL FOUNDATIONS

The Stern-Gerlach experiment [19, 20] demonstrated that particles
possess a quantum property that was later called spin. Provided the
particle may be attributed a finite diameter, a classical picture of a
particle’s spin is the rotation of the particle around a particular axis
through its center of mass. Indeed, the mathematical treatment of
the quantum mechanical spin follows the laws applicable to classical
angular momentum, which makes this picture particularly appeal-
ing. Fundamentally, however, it is important to distinguish between
a particle’s spin s and its angular momentum I. The quantity s is a
consequence of relativistic quantum electrodynamics which attribute
it a value of s = %0 (for spin-1/2-particles), with the Planck constant
i and the vector of Pauli matrices 0. The quantity I on the other
hand, is the well known classical angular momentum obtained from
the motion of a massive particle around a fixed point in space. At the
same time both quantities are linked to the magnetic moment p;,) of
the particle by means of the gyromagnetic ratio v = g/ (2m) with the
particle’s charge q and mass m by the relation p;5) = yI(s). For elec-
trons v = gug/Nh, with the Landé(-g)-factor ¢ and the Bohr magneton
KB-

The behavior of a magnetic moment in an external magnetic field B
can be derived from basic quantum mechanics. The time evolution of
the expectation value (0) of an operator o is given by the equation

Sl0) = 1 (1H,0]), @)

where H is the Hamilton operator of the system and [#{,0] denotes
the commutator of H and o. For the case at hand H = —u - B, i.e. the
Zeeman energy [21]. Utilizing the angular momentum commutation
relation [I;,1;] = ife;jly provides the Larmor equation

i<ﬂ> = —7(u) B, (2:2)

which describes a precessing motion of y around B.

In a solid with long range magnetic order many individual mag-
netic moments are tightly locked together and behave as one single,
large magnetic moment under application of the external field. The
quantized elementary excitations of such an arrangement are called
magnons. Conceptually, single magnons are described by plane waves

€ijx is the
Levi-Civita
symbol or totally
antisymmetric
tensor.
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Figure 2.1.: At zero temperature all magnetic moments are aligned
parallel to a direction imposed e.g. by an external mag-
netic field. The deflection of a single magnetic moment
(a), corresponding to an excited state of the ensemble
(i.e. a magnon) is energetically unfavorable and is redis-
tributed among the neighboring moments until the exci-
tation has spread throughout the entire magnetic lattice
(b-d).

and are thus fully delocalized within the magnetic lattice. In a real-
istic scenario, however, the deflection of a single (or more) magnetic
moment of the underlying lattice that leads to the generation of a
magnon will not only excite a specific vibrational (magnon) mode
but rather an entire collection of modes within a certain frequency
interval. The corresponding wave function, i.e. the superposition
of multiple plane waves, can then be localized to a volume that cor-
responds to Fourier transform of the frequency (momentum) inter-
val. Just as sometimes done for phonons it can then make sense to
treat magnons as localized particles — if only for a short time after
their creation. This viewpoint can be especially helpful in forming
an intuitive understanding for the interaction of magnons with other
particles, but is necessary to formulate a consistent theory. At any
rate, each magnon decreases the projection of the magnetic moment
along B, by inducing an oscillation of the magnetic lattice (Fig. 2.1).
Magnons thus posses a magnetic moment antiparallel to that of the
host material. Just like other particles magnons possess a character-
istic energy E that is related to its wave number g via the dispersion
relation w(q). Although the full dispersion may turn out to be much
more complex [22] in specific materials, a simple form is given by [23]

Dg? Dg? 12
w = [(’)/B + :) (’yB + 7{1 + YoM sin? 9)} (2.3)

with the so-called spin wave stiffness D, the vacuum permeability pg,
the magnetic field B, the magnetization figure M of the magnetic host
material, and the angle 6 enclosed by g and B. For many practical ap-
plications, Eq. (2.3) can be further simplified to the quadratic expres-
sion w = B + Dg?/h. The dispersion relation allows to deduce other
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quantities such as the propagation speed or specific heat for individ-
ual particles and an entire ensemble, respectively. As bosons with
spin 1, magnons in equilibrium are subject to Bose-Einstein statistics
giving their average occupation number.

The coupling of magnons across an interface to conduction electrons
in adjacent metallic materials is crucial for most effects discussed in
this thesis. This coupling enables an all electrical detection of mag-
netic properties which can take advantage of decades of optimization
of highly sensitive electronic measurement devices. The laws govern-
ing such purely electric transport are well established and will not be
discussed in detail in the following. However, even materials with-
out long-range magnetic order, i.e. para- or diamagnetic solids, can
host magnetization currents. In the following such (conducting) ma-
terials will be referred to as normal metals and the short term magnets
will be used for ferro-, ferri- and antiferromagnetic materials. While
most of the effects to be discussed in the following are expected to
be present in or in conjunction with all types of magnets, this the-
sis is exclusively concerned with the ferrimagnetic insulator yttrium
iron garnet, introduced in more detail in Ch. 3. The treatment of spin
transport in normal metals requires the introduction of some core con-
cepts and equations. In particular, when magnets and normal metals
are combined in heterostructures, a rich collection of effects can be
observed.

2.1 SPIN TRANSPORT IN NORMAL METALS

In normal metals, the distribution of the electrons spin orientation is
random. At elevated temperatures, this condition holds even in the
presence of large external magnetic fields which only bring about mi-
nuscule spin polarizations. In the absence of an external bias (e.g. an
applied voltage) the motion of the electrons can also be considered
random, that is it is well described by random walk behavior as de-
picted in Fig. 2.2a.

For t — oo the random motion negates any local deviation from the
equilibrium state and maximizes the system’s entropy (Fig. 2.2b). For
large ensembles of particles the random walk process is described by
the diffusion (heat) equation % = DAy, where ys is a chemical po-
tential, i.e. a measure for the total number of spin-o (or e) particles,
and D is the characteristic diffusion parameter of the system. Due
to spin flip processes during scattering events the total number of
spin-o (or e) particles is not conserved. This adds a term s/t with
the scattering rate 1/t (lifetime 7) to the diffusion equation above to
form a reaction-diffusion system

a]’ls — DA‘MS + ys

ot T’ (24)

In Pt a fraction of
about 10~ of all
conduction electrons
is polarized at a
magnetic field of 1T.
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Figure 2.2.: a In a naive picture the conduction electrons in a normal metal can be en-
visaged as a set of discrete particles. The motion of any individual particle
(spin-e or spin-o electrons) can be considered random and one does not need
to consider macroscopic forces to describe the system at large. It is important
to realize that random walk preserves the average particle density for large
particle numbers. b On large scales and over long time periods, random mo-
tion averages out any initial imbalance in the spin distribution. Considering
an initial surplus of spin-e in the center particles the random motion, on aver-
age, generates an outward spin-e current and an inward spin-o current until
the system is in equilibrium again.

which is commonly referred to as the spin diffusion equation [24-26].
The quantity ys thereby is the spin chemical potential and v Dt =
A is the spin diffusion length. The spin diffusion length typically
takes values between few nanometers up to few microns, depending
on the material. In practice, the exact numerical value for a certain
material is often contested as different experimental techniques often
yield vastly different numbers. This is further complicated by varying
impurity levels, crystalline quality and correction factors [27, 28] that
are not always accounted for in the analysis. Another point to note
is that the diffusion parameters are most often treated as scalars, i.e.
the diffusion process is assumed to be fully isotropic. Fundamentally,
however, factors such as crystallinity render the process anisotropic
and one should expect the spin diffusion length in particular to be
dependant on the chosen measurement geometry.

Quite often one is interested in spin currents (spin current density
js) rather than the spin chemical potential itself. Analogously to how
one obtains charge currents from the electric potential by taking the
negative of its gradient multiplied by the (electrical) conductivity ¢

10
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divided by the electron charge —e < 0, spin currents are derived from
the chemical potential as [29]

ho

IJs = _ngﬂs- (2.5)

Here the additional prefactor 71/ (2e) accounts for the different dimen-
sionality of spin currents compared to charge currents which is dis-
cussed in more detail in the following section. It is intriguing to
think of spin currents as a sort of directed motion of electrons with
a particular spin orientation. Microscopically, however, the spin cur-
rent is nothing else but a biased random walk process of countless
individual particles. Since this bias only acts on the spin degree of
freedom (particle density as a whole being conserved), the random
walk picture also explains why spin currents do not transport any
net charge, although the spin is tied to charged carriers. For the situ-
ation depicted in Fig. 2.2b the net flow of one spin species in a given
direction is counterbalanced by an opposing flow of the other spin
species, which cancels the charge transfer associated with the motion
of the individual particles. Spin currents as derived in Eq. (2.5) are
also called pure spin currents for this reason.

2.2 SPIN HALL EFFECT

While pure spin currents js do not transport any net charge, they are
tied to charge currents j. via the spin orbit interaction. Predicted by
Dyakonov and Perel [30], and picked up almost three decades later by
Hirsch [31], the spin orbit interaction renders the electron transport
spin sensitive, either due to spin selective scattering at impurities or
as a property of the band structure. The strength of these effects is
commonly compiled in a parameter sy which is referred to as the
spin Hall angle. In analogy to the conventional Hall effect the spin
Hall effect generates a spin current transverse to the original charge
current (Fig. 2.3). Correcting for dimensionality between js (in units
of [J/m?]) and j. (in units of [A/m?]) the spin Hall effect and its
inverse, the generation of a transverse charge current from a spin
current, are described by the equations [17]

. ho,
Js = +98H2761c A 0']'5, (26)
. 2e ,
je = +0su7 js Ao, (2.7)

where 0, is the spin polarization direction of js. This was first ex-
perimentally observed by Kato et al. [32] in a semiconductor, and has
since been observed in a large number of materials [33]. Scaling as
the proton atomic number to the fourth, the spin orbit interaction and
thus the spin Hall angle is particularly large in heavy metals such as
platinum, tantalum or tungsten. However, the exact relation between

11
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Figure 2.3.: In materials with non-vanishing spin Hall angle scatter-
ing processes are biased with respect to the electrons’
spin orientation. Over the course of several such scat-
tering processes the original charge current develops a
transverse spin current component.

the spin orbit interaction and the spin Hall angle is fairly compli-
cated and other heavy metals like gold or even uranium [34] have
much smaller spin Hall angles despite comparably or even much
larger atomic numbers. The spin Hall angle can take both positive
and negative values.

The experimental determination of the numeric value of the spin Hall
angle is unfortunately nontrivial. In most cases it requires knowledge
of at least the value of the spin diffusion length A which, as discussed
in Ch. 2.1, is itself subject to debate in the literature. Subsequently the
numerical values in literature, even for very commonly used materi-
als such as platinum, quite often vary by an order of magnitude [33].

2.3 SPIN HALL MAGNETORESISTANCE

Spin currents, generated e.g. by the spin Hall effect, also affect the
electrical properties of normal metals. For an intuitive understanding
of this phenomenon Eq. (2.4) has to be solved for a finite conductor.
The solution to this problem shows that the spin Hall effect gener-
ates a spin accumulation (nonzero spin chemical potential ) at the
edges of the conductor. The spin accumulation here counterbalances
the spin Hall effect induced spin current which, to first order, nul-
lifies the spin Hall effect generated spin current and thus leaves a
longitudinal charge transport unaffected. Contacting the edges of the
normal metal conductor with a magnet, however, enables tuning of
the spin accumulation via the spin transfer torque discussed further
below. More specifically, the spin transfer torque allows the spin ac-
cumulation to relax into the magnet, i.e. it negates the cancellation of
the spin Hall effect generated spin current. Due to the finite diffusion
length of spin currents they are dissipative in nature and thus con-
tribute a finite offset to the (electrical) resistivity in the normal metal.
The configuration comprised of a (thin) normal metal in contact with
a magnet serves as the model system for the remainder of the discus-
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2.3 SPIN HALL MAGNETORESISTANCE

sion in this chapter.

The absorption of the spin accumulation by the magnet which is me-
diated by the spin transfer torque occurs in the form of a torque acting
on the magnetic moments in the magnet. One distinguishes between
several types of spin transfer torques. Of particular interest to the ex-
periments in this thesis is the so-called Slonczewski-like torque [35-
38] which originates from the particle-wave duality of the electrons.
In a semi-classical picture the spin of an incident electron will start to
precess in the exchange field of the magnet [cf. Eq. (2.2)] upon pass-
ing into the magnet or scattering at its interface. Because electrons
may possess any wave number permitted by the fermi surface in the
normal metal, and thus the passage through the exchange field is
largely random, the spin component transverse to the magnetization
vanishes in the superposition of all possible scattered wave functions
at a short distance from the interface (Fig. 2.4) due to classical dephas-
ing [36, 39, 40]. At this point it is important to emphasize that spin
or magnetic moment orientation are quantum mechanical states of
angular momentum rather than simple vectors. Although this aspect
can sometimes be neglected for purely experimental purposes, it is
crucial to understand that the term “transverse” actually signifies (or
can be understood as) a particular linear combination of the two pos-
sible spin states, rather than a state that vanishes under projection on
any of the two like a simple vector would. Keeping this in mind, the
vanishing transverse electron spin (angular momentum) is accounted
for by a torque exerted on the magnetization. The inverse process in
which spare angular momentum in the magnet is used to align elec-
tron spins impinging on the interface with the magnetization will be
discussed in Ch. 2.4. For magnetic insulators in particular, another
important point is that the superposition of incident and reflected
electron wave function, each of fermionic character, can also be un-
derstand as the wave function of a single bosonic (spin o or 1), charge
neutral particle — a concept also employed for the description of scat-
tering events at normal metal/superconductor interfaces [41]. The
Slonczewski-like torque, associated with the dissipation of transverse
spin moment, is proportional to

TSlonczewski & Re (gu) Hsm A (m A U;ts)/ (28)

where 0, is the spin accumulation polarization vector, m is the
magnetization unit vector and g™ is the spin mixing interface
conductance [38], which is a measure of the spin flip scattering
rate of a given normal metal/magnet interface [42, 43]. For highly
reflective magnets (i.e. insulators) or ones that exceed the transverse
electron spin coherence length the spin mixing conductance can be
formulated solely in terms of the spin dependent interface scattering
coefficients [39, 40, 44]. The latter can be calculated from relatively
straight forward wave function matching at the interface as outlined
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Figure 2.4.: Toy model of the spin transfer torque at the normal
metal/magnet interface. The incident spin precesses in
the exchange field of the magnetic moments in the mag-
net which leads to dephasing of the transverse spin com-
ponent when considering the superposition of all possible
scattered electron wave functions. The lost transverse mo-
mentum is absorbed by the magnetic lattice where it may
either create or annihilate a quantum excitation of the lat-
tice (magnon).

in Ref. [39] or in a more exhaustive fashion in Refs. [45, 46].

In experiment, the application of an external magnetic field allows
tuning the magnetization with respect to the spin accumulation spin
polarization direction ¢, and therefore the magnitude of the torque.
For the electrical conductivity of the normal metal two cases need to
be considered. When the magnetization is aligned parallel to the spin
accumulation spin polarization the torque vanishes, retaining the
situation in which the spin accumulation at the interface counteracts
the spin Hall effect mediated increase of the resistivity. When magne-
tization and spin accumulation spin polarization are perpendicular
to each other (Fig. 2.4), the spin accumulation partly dissipates into
the magnet via the spin transfer torque. Hence, the spin Hall effect
induced spin current in the normal metal is not canceled out and
contributes to the resistivity of the normal metal as discussed above.
In real systems, due to fluctuations, the state at the interface will
always be a weighted superposition of all three cases depicted in
Fig. 2.4. Taken together, by application of an external magnetic field
one can control the magnitude of the Slonczewski-like torque and
thus the rate at which the spin accumulation in the normal metal
can be absorbed by the magnet. This enables control of the spin
current dissipation channel, i.e. the resistivity of the nonmagnetic
conductor via the external magnetic field and is called spin Hall mag-
netoresistance [11, 47, 48]. Since the spin accumulation also depends
on the spin transport parameters in the normal metal (A and 6sp)
this spin Hall magnetoresistance is only substantial (Ap/p ~ 107%) in
select geometries and materials, e.g. few nanometer thick Pt films on
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Figure 2.5.: a In spin pumping experiments the application of a mag-
netic field oscillating at the resonance frequency of the
magnetization generates a coherent excess magnon pop-
ulation in the magnet. b Electrons scattering at the inter-
face will predominantly absorb the quantized excitations
of the magnetic lattice (annihilate magnons) via the spin
transfer torque.

magnetic insulators.

2.4 SPIN PUMPING

The coupling between the electron spins in the normal metal and the
magnetic moments in the magnet via the spin transfer torque also has
to be considered in the description of the magnetization dynamics. By
accounting for the damping of the motion of the magnetic moments
in Eq. (2.2), the Landau-Lifshitz-Gilbert equation [49, 50]

tit = —ypo(m A Hegr) + am Atin, (2.9)

describes the time evolution of the magnetization unit vector in an
external magnetic field, where H is the sum of external, exchange
and anisotropy magnetic fields and « is a phenomenological damping
parameter, which aligns m parallel to Hg for t — oo. By explicitly ex-
panding the damping term (m A ) in Eq. (2.9) under reuse of Eq. (2.9)
itself the phenomenological analogy to the spin transfer torque in
Eq. (2.8) becomes apparent [38]. Thus, accounting for Slonczewski-
like spin transfer torques between the magnet and the normal metal
introduces an additional damping channel for the motion of the mag-
netization [37]. This phenomenon is referred to as spin pumping [9].
When the magnetization is in thermal equilibrium magnon annihi-
lation and generation are approximately equally likely and the fluc-
tuations of the magnetization will not generate a spin accumulation
in the normal metal. A sizeable spin accumulation can, however, be
generated when the magnetization is excited resonantly, e.g. by oscil-
lating magnetic fields.
Assuming a static external magnetic field Hey: along the z direction
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and an oscillating field along the x direction, Kittel [51] derived the
magnetization resonance condition as

Wres = TYHO \/[Hext + (Ny - NZ)MS] [Hext + (Nx - NZ)MS]/ (2.10)

where M is the net (saturation) magnetization of the magnet at a
given temperature and the N; are the demagnetization factors which
depend on the geometry of the magnet and add to unity. For the com-
mon case of a magnetic thin film with Hey in its film plane Eq. (2.10)
reads wres = YHo \/Hext [Hext + Ms]-

When the magnet is exposed to an oscillating magnetic field that
matches the resonance condition in Eq. (2.10), the magnetization is ex-
cited resonantly and a substantial excess magnon population can be
generated in the magnet. Electron scattering and spin transfer torque
at the interface now become biased towards the magnon annihilation
process and generate a spin accumulation and therefore a spin cur-
rent in the normal metal (Fig. 2.5). Employing the inverse spin Hall
effect [Eq. (2.7)] this spin current can also be detected electrically as a
voltage drop transverse to the interface normal and the magnetization
orientation in the normal metal. One further distinguishes between
the AC and DC components of the spin current (voltage), the latter
being easier to detect and thus more commonly investigated.

Spin pumping like effects had been observed experimentally ear-
lier [52] but didn’t receive much attention until the inverse spin Hall
effect was used to electrically detect the associated spin currents [53—
55]. Since then, electrically detected spin pumping has been per-
formed in a large variety of materials, including metallic [56, 57],
semiconducting [58] and insulating [59] magnets, or even above the
magnetization ordering temperature [60].

2.5 SPIN SEEBECK EFFECT

Other than the resonant excitation of the magnetization it is also pos-
sible to stimulate spin current emission from or into a normal metal
by the broadband excitation of the magnetization in an adjacent mag-
net. Uchida et al. [10] discovered that application of a thermal gradi-
ent across the normal metal/magnet interface generates a transverse
voltage in the normal metal. Accounting for its origin in the spin
accumulation at the interface, the observation was themed spin See-
beck effect, in analogy to Thomas Seebeck’s findings almost 200 years
before [61]. Albeit significant theoretical and experimental progress
since, details of the theoretical interpretation of these results are still
vividly debated [12, 62—69]. Much of the discussion revolves around
the composition and origin of the magnon accumulation at the in-
terface. From experiment it was inferred that the magnitude of the
effect is nontrivially connected to saturation [70] and sublattice [71]
magnetization of the host magnet and it was argued [72] that the rel-
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Figure 2.6.: a When the magnet is at a lower effective temperature
than the normal metal magnon generation, i.e. the excita-
tion of dynamics in the magnetic lattice, is the dominant
scattering process. This creates a spin accumulation polar-
ized antiparallel to the magnetization at the interface. b
In the opposite case, when the magnet is at a higher effec-
tive temperature than the normal metal, most scattering
processes annihilate magnons, generating a spin accumu-
lation in the normal metal which is polarized parallel to
the magnetization. In thermal equilibrium both processes
are equally likely and no spin accumulation emerges.

evant magnon accumulation is dominated by low-energy magnons.
Regardless of these open points, however, the spin transfer between
the normal metal and the magnet is expected to obey the principles
outlined in the previous sections.

Xiao et al. [12] investigated the spin pumping from a broad magnon
spectrum and developed a theory formulated in terms of deviations
from thermal equilibrium. Thermal equilibrium thereby refers to
equality between the electron temperature in the normal metal and
the magnon temperature in the magnet. Within this framework, the
magnon temperature measures the magnon population at the inter-
face, but does not necessarily have to reflect an actual physical tem-
perature, i.e. when the magnetic excitations are not in thermal equi-
librium with the lattice. Assuming this is the case, however, the laws
of thermodynamics allow for a formulation in terms of the heat equa-
tion which permits a relatively convenient, classical and macroscopic
treatment of the problem. Potential issues with this approach are dis-
cussed in more detail in Ch. 5.1. To attain thermal equilibrium or a
steady state, temperature differences are then harmonized out by ap-
propriately balancing magnon generation (injecting energy into the
magnet) or annihilation (taking energy from the magnet) processes.
When the magnet is situated at a lower temperature compared to
the normal metal (Fig. 2.6a) spin transfers that generate additional
magnons in the magnet are more likely than those that decrease the
number of magnons. This generates a spin accumulation at the inter-
face between the magnet and the normal metal, which in turn gener-
ates a spin current between the two.
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Figure 2.7.: a In the longitudinal spin Seebeck configuration the ther-
mal gradient is applied along the interface normals. b For
the transverse configuration the thermal gradient lies in
the film plane of the magnet, with several separate, thin
Pt strips patterned on top.

Conversely, when the magnet is at a high temperature, correspond-
ing to a large magnon population (Fig. 2.6b), the situation is reversed.
Spin transfer processes that decrease the number of magnons now
dominate the interface scattering. The spin accumulation and its as-
sociated spin current in this case are now polarized in the opposite
direction compared to the previous situation.

In thermal equilibrium magnon generation and annihilation are
equally likely and no spin accumulation emerges for the vanishing
net spin transfer across the interface.

The configuration described above, with the thermal gradient

aligned parallel to the interface normal (Fig. 2.7a) is also referred to
as longitudinal (spin Seebeck) configuration. In contrast, Uchida et al.
had originally [73, 74] proclaimed observation of the effect for a ther-
mal gradient in the film plane, i.e. transverse to the interface normal
(Fig. 2.7b). From the viewpoint of the theoretical framework outlined
above, the configurations depicted in Fig. 2.7 are identical, however,
recent findings [75-77] suggest that the characteristic length scale to
be micrometers rather than millimeters as reported by Uchida et al..
This explains why subsequent studies [15, 78] could not reproduce
these findings.
For this reason the longitudinal configuration is now employed al-
most exclusively in experiments. Unfortunately, it is prone to con-
tamination via the anomalous Nernst effect that generates a thermal
voltage with largely identical symmetry with respect to external mag-
netic fields. The use of insulating magnets in most experiments today
avoids this issue, although a careful choice of material combinations
or fabrication conditions or both [79-82] is still required to unequivo-
cally prevent contamination by spurious voltage signals.
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SPINTRONICS ON INSULATING MAGNETIC
MATERIALS

The strength of the magnetic field generated by magnetic insulators
(the saturation magnetization) is typically smaller than that generated
by the elementary ferromagnets Fe, Co and Ni. This diminishes the
practical use of the former for many applications but yields some in-
teresting benefits for others.

The redeeming quality of the ferrimagnetic insulator yttrium iron gar-
net (Y3Fe5012, YIG) is its extremely low magnetization damping that
makes it very well suited for microwave applications. YIG, first syn-
thesized in the 1950s [83, 84], has been intensively investigated in
the subsequent decades [22], however, interest diminished when spin
dependent (electron) transport in the solid state was popularized by
the discovery of the giant magnetoresistance [85, 86] in the late 1980s.
(Semi-)Conducting magnets today form the basis for most commer-
cial applications in which spin effects are utilized, such as hard disk
read heads or magnetic random access memory. They further profit
from the availability of sophisticated fabrication techniques that make
production of high quality, nanometer scale devices relatively straight
forward.

The interest in YIG was renewed, however, by the advent of pure
spin currents, triggered by the realization of the spin Hall effect, spin
pumping and other pure spin current generation schemes. YIG here
allows to separate the electric from the magnetic components of a
device in an elegant fashion. Not without its own challenges, the ab-
sence of mobile charge carriers in YIG allows for an easier, in some
sense cleaner and thus more robust, interpretation of experimental
data as already discussed in Ch. 2.5.

The crystal structure of yttrium iron garnet is fairly complicated
with 80 atoms in the unit cell (lattice constant ayig = 12.376 A). The
Curie temperature T¢ is commonly given as 560K [22], however the
value Tc = 550K is also reported in literature [9o]. The color of
large specimen is black due to the small but non negligible light ab-
sorption [91, 92] in the visible spectrum. Thin films or very small
specimen, on the other hand, are transparent and exhibit a yellow-
ish [93, 94] (see also Fig. 3.1) or greenish [94, 95] tint. The optical prop-
erties in particular differ significantly between publications [91, 96]
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Figure 3.1.: 3D rendered YIG crystal gemstones of various sizes. Im-
age generated using POV-Ray [87] and the spectral render-
ing using POV-Ray scripts [88], employing the refractive
index data from Ref. [89].

which might root in varying impurity concentrations as obtained by
different growth methods [91].

The magnetization of bulk YIG crystals is reported as M =
140 kA/m [97] along with a magnetization damping of the order of
a ~ 107* or even lower [98]. The YIG films grown at the Walther-
Meifiner-Institut have been optimized foremost for crystalline qual-
ity and typically feature magnetization values smaller by up to 30%
than the one given above. As a consequence of ongoing optimiza-
tion efforts, however, values between individual specimen can differ
substantially. This is also true for the magnetization damping that
routinely takes values of the order of 1073 [99].

The vast majority of samples investigated in this thesis are yttrium
iron garnet thin films, capped with a few nanometer thick platinum
layer. The YIG thin films are grown on [111] oriented gadolinium
gallium garnet (GGG) or yttrium aluminium garnet (YAG) substrates
by means of pulsed laser deposition at the Walther-MeifSner-Institut.
To guarantee high interface quality the Pt layers are deposited on the
YIG films, in-situ, without breaking the vacuum, by electron beam
evaporation. YIG samples have kindly been provided by Stephan
Geprags, Sibylle Meyer, Matthias Althammer, Michaela Lammel and
Stephan Altmannshofer. For detailed reports on the sample fabrica-
tion process the reader is referred to Refs. [48, 81, g9—101].
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ROTATING MAGNETIC FIELDS FOR SPINTRONICS
MEASUREMENTS

Measurements of the spin Hall magnetoresistance, like many other
spin current based phenomena, need to be conducted under precisely
controlled environmental conditions, that minimize the drift of the
ambient temperature, as well as electromagnetic noise or cable length,
to name only a few parameters that need to be considered for accu-
rate results. In the yttrium iron garnet/platinum samples featured
prominently in this thesis the temperature coefficient of the metallic
layer, i.e. the relative change of the resistivity per Kelvin, is of the or-
der of 1073 [102], while the resistivity modification attributed to the
spin Hall magnetoresistance attains this value only under ideal con-
ditions [11, 47, 48] but is typically (much) smaller. The characteristic
signature of the effect is then often masked by a temperature drift
induced resistivity change. The issue is amplified by long measure-
ment times (in excess of an hour), as dictated by the experimental
setup. Similar issues have to be faced in spin pumping and spin See-
beck effect experiments where the signals of interest quite often do
not exceed a few hundred nanovolts which puts the detection equip-
ment to the extreme limits of its sensitivity range.

This chapter presents a novel method for highly accurate measure-
ments of any effect whose magnitude is tied to the relative orien-
tation of an external magnetic field with respect to some particular
axis. The new measurement method in addition is much faster than
conventional measurement methods, with the values of interest avail-
able within few seconds to about a minute, instead of upwards of
an hour for cryostat based measurements. In particular, the chapter
will focus on the spin Hall magnetoresistance, but the approach can
also be applied to a large variety of other phenomena. The method
is based on the continuous modulation of the effect magnitude by
means of transient, rotating magnetic fields and detection based on
Fourier analysis. In essence, the method employs a modulation spec-
troscopy [103, 104] approach to grant a more direct access to the quan-
tities of interest. For the experiments a custom built benchtop rig,
incorporating a high field permanent magnet is utilized, for the me-
chanical design and construction of which the author is indebted to
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Figure 4.1.: a The (conventional) polar angles ¢ and 6 measure the
angle between a vector v (red) and the x axis in the plane
spanned by x and y and the angle between v and z, re-
spectively. b The angle « measures the angle between v
and an arbitrary axis in an arbitrary plane.

Thomas Brenninger and the workshop team at the Walther-Meifsner-
Institut.

4.1 MATHEMATICAL CONCEPT

The magnitude of spin current based effects, by virtue of spin Hall
effect and spin transfer torque (Ch. 2.2, Ch. 2.3), can often be con-
trolled by the relative orientation between an applied magnetic field
and a characteristic direction given by the sample design. Consider a
thin film sample in the xy-plane as depicted in Fig. 4.1. The voltage
Vy arising along the x direction can be decomposed into its Fourier
coefficients

Ve = EVZ(Q, (P) = Z Vi(‘x)/ (41)

i=0 i=0

where the second equality holds when considering the variation of
the external magnetic field orientation in a given plane. In that case
the angle « is a (potentially complicated) function of the conventional
polar angles 6 and ¢. Experimentally Eq. (4.1) is typically verified
by performing a series of measurements with the external magnetic
field Hey at angles a; and subsequently fitting the data with the ex-
pected modulation with respect to « (6, ). As each measurement
point Vy(a;) typically takes several seconds to record, even a mea-
surement in only a single plane will take several minutes to upwards
of an hour to complete, depending on the number of measurement
points, field strength Hey, and the magnet equipment used for the
experiment, not including any additional time required to achieve a
thermally stable state as discussed above. The long time required
per measurement point is largely determined by the time required
by the magnet to stabilize from its initial orientation &; to another
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orientation «; and the condition d;Hext = 0 during the actual volt-
age measurement as to exclude contamination by electromagnetic in-
duction (Faraday’s law [105]). Neglecting the later issue for a brief
moment, much shorter measurement times can be achieved if Hey; is
rotated steadily rather than stepwise with measurements taken con-
tinuously during the rotation. Mathematically it is then convenient to
first transform Eq. (4.1) to the time domain, i.e. « — a(t) = wt. The
accordingly adjusted Eq. (4.1) reads

Ve(t) = Y Vilt). (42
i=0

Expanding Eq. (4.2) in terms of its harmonic frequency components
yields

Ve(t) = Vo + Vi sinjwt + @1] + Vo sin2(wt +Po)] + -+, (4-3)

where it is convenient, but not required for a later analysis of ex-
perimental data, to chose the ®; such that V; > 0. A series of data
points Vy(t;) can thus be analyzed in terms of the harmonics of w to
obtain the individual series coefficients V;. In experiment this can be
achieved conveniently by a lock-in amplifier. Even for relatively small
w of the order of 1 Hz, in a short time, the lock-in averages over many
more rotation periods and at substantially higher sampling rates than
what is conceivable by the conventional, field-orientation stepping ap-
proach. As an added benefit, the short time required for a measure-
ments reduces thermal drift significantly which also enables measure-
ments under less than ideal environmental conditions.

To investigate the significance of the V; in Eq. (4.3) a comparison to an
actual physical effect is adequate. In the spin Hall magnetoresistance,
a current driven along x will generate a voltage drop Vi, along the
same direction. In coordinates of Fig. 4.1a, Vi, reads [47, 48]

Vix = Vixo + AV sin? @ sin? 6. (4-4)

For a continuous rotation of Hey in the xy-plane (0 = 71/2) Eq. (4.4)
can be written as

Vix = Vix0 + Ving sin(wt + ®ing) + AV sin?(wt + Ppy), (4.5)

where Vj,q accounts for the electromagnetic induction (Ving o 0;Hext)
and ®;,4 and Py depend on the offset between ¢ and a with ®py =
0 when a(t) = ¢(t). Employing the trigonometric identity sin®x =

3 — 1sin(2x + 71/2) and sorting terms, Eq. (4.5) can be reformulated
as
AV
Vxx =+ Vxx,O + 7

+ Ving sin(wt + ®ing)

+ ATV sin[2(wt 4+ ®py + 1/4)]. (4.6)
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The variation of Vy, with 2w (hereafter referred to as the second
harmonic) is thus directly proportional to AV and not contaminated
by the spurious inductive signal. This only holds, however, when
Hey: can be considered homogenous across the sample volume and
the electrical supply lines. In general, Vi,q will also leak into all
higher harmonics but at a much reduced magnitude for reasonably
homogeneous magnetic fields. Some further measures can also be
taken to reduce or even remove V4 in all relevant harmonics as is
discussed in the remainder of this section.

When the homogeneity of Hey: can not be guaranteed or the effect
to be investigated is itself expected to be dominant in the first
harmonic of w, the simplest approach is to scale either Vi 4 or the
effect magnitude AV with respect to each other. Since Ving & 9¢Hext,
it is a function of w as well and can be scaled in magnitude by
changing the field rotation frequency w. AV being unaffected by this
change an extrapolation to w = 0 from a series of measurements at
different w can be employed to separate AV from Vj,q. The same
can be achieved when it is possible to change the magnitude of
AV by a second parameter, e.g. the applied current in a spin Hall
magnetoresistance measurement.

The above constitutes the main idea of the suggested measurement
approach. Before discussing some remaining mathematical details, a
further generalization is conceptualized.

In some cases, e.g. when Vj,q vastly dominates AV, the scaling
approach proposed above may not suffice to identify the absolute
value of AV. An alternative approach then is to imprint a second
periodic modulation onto AV, via tuning of another parameter AV
is dependent on. In this case all of Eq. (4.4) is multiplied by a fac-
tor sin(Wmoq + Pmod) and by exploiting the trigonometric identity
sinxsiny = 3[cos(x —y) —cos(x +y)] = 3[sin(x —y +71/2) —sin(x +
v+ 1/2)] as well as accounting for the electromagnetic induction the
equivalent of Eq. (4.6) reads

AV .
Vix =+ (Vxx,O + 7) Sln(wmodt + (DmOd)
+ Ving sin(wt + ®ing)

AV .
+ e sSin[(2w — Wmed )t + (2Ppy — Prod) + 7]
AV .
+ - sin[(2w + Wmoa)t + (2®av + Prmod) + 71]- (4.7)

Notably, Vinq is unaffected by the additional modulation of AV.
Higher order terms of Vi,q (c sin2w,sin3w, ...) are thus at funda-
mentally different frequencies than AV, detected at either 2w — wpoq
or 2w + wmed- A more interesting case for this double modulation
scheme than the spin Hall magnetoresistance covered in Eq. (4.7),
is when the desired quantity itself is proportional to sinw before
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accounting for wpeq (e.g. spin Seebeck effect, spin pumping, or
spin Hall magnetoresistance in the presence of uniaxial magnetic
anisotropy). The detection frequency then analogously transforms
to W £ Whod. While straightforward mathematically, this procedure
adds some complexity experimentally in requiring detection and
data analysis at the mixed frequencies. This method is employed for
some of the data acquisition in Ch. 5.2.

Returning to the points left open in the initial discussion of the ro-
tating field scheme, the significance of the phases ®; and the constant
fractions of 7 adding to the total phase have to be clarified. In short,
the sign of AV or the angle « that maximizes AV (a) is encoded in
these parameters. A trivial example is when Ve, = AV cos ¢ with a
rotation of Hey in the xy-plane and Hex (t = 0) || x. Then a(t) = ¢(t),
ie. Dpy =0, and Vex = AV sin(wt — 71/2). The total phase of —7/2
signifies the rising slope zero crossing of Vex(¢) at ¢ = —m/2
and thus a maximum of Ve at ¢ = 0. Experimentally the relation
between «(f) and (¢, 0)(t) depends on details of the implementation
and has to be derived for the particular measurement configuration
at hand. In experiments the phase ®; in particular is sensitive to
contamination via spurious signals. However, by shifting ®; by
7t (e.g. by inverting the current in a spin Hall magnetoresistance
measurement), the true phase can be recovered by comparing the
measured phase values with and without the intentional phase shift.

Taken together the parameters V; and ®; represent the complex
(magnitude and phase) Fourier coefficients of V in Eq. (4.2) and (4.3)
and can, in principle, reconstruct any Vi(a), e.g. when strong
anisotropy distorts the modulation of Vi («). Factors limiting the pre-
cision of the method, besides the usual sources of noise, include the
dynamic range of the detection device, irregular w and wp,eq and
potentially a nonlinear feedback between effect magnitude and the
electromagnetically induced voltages.

4.2 EXPERIMENTAL REALIZATION

The perhaps most challenging part of the implementation of the
method outlined above is the generation of the continuously rotating
magnetic field Hext. As mentioned above, superconducting magnets
employed in e.g. cryostats are most often restricted to rather small
0tHext, resulting in very small w (far below 1Hz). Conventional,
resistive magnets can be driven much faster, but generally produce
smaller fields, in particular at large w due to the inductive reactance
of the magnet coils. Fundamentally, however, a pair of resistive coils
is well suited to provide the rotating field, provided the magnetic
samples of interest have low enough coercive and anisotropy fields.
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ROTATING MAGNETIC FIELDS FOR SPINTRONICS MEASUREMENTS
Figure 4.2.: Cross section through an eight segment circular Halbach

array in dipole configuration. The arrows indicate the
magnetization direction of each cylinder segment.

Unfortunately shape anisotropy in magnetic thin films easily exceeds
an equivalent of 100mT when the magnetic field Hex also is to be
rotated normal to the film plane. A solution to this problem was pro-
vided by Halbach [106], who elaborated on a phenomenon first dis-
cussed by Mallinson [107] and laid out designs for permanent magnet
arrays with very high field homogeneity and strength. By magnetiz-
ing and arranging a set of cylinder segments in a particular fashion
various highly symmetric field configurations can be achieved. The
particular configuration depicted in Fig. 4.2 generates a large and very
homogenous radial magnetic field in the inside of the cylinder while
the magnetic field on the outside of the cylinder is largely suppressed.
The field in the center of a N-segment circular Halbach array in this
dipole configuration is given by [108]

sin (22
|Bcenter| = Z(NN ) Br [log(rout/rin) - A] ’ (48)
N

lo+/12+ 712,

A= o — o +log | ——F———
2B+ 2\/B+7, Io+ /2 +72,

where B, is the remanent magnetic field of the cylinder shell material,
lo = 1/2 with the length I of the cylinder, ri, and 7oyt are the inner and
outer radius of the cylinder shell, respectively. The factor A corrects
for the finite length of the cylinder and vanishes in the limit [j — oo.
Circular Halbach arrays with inner radii i, as large as rj, = 25cm
at Beenter = 1T' or with field field strengths exceeding 4T [109]
(rin = 6mm) and 5T [110] (i, = 2 mm) have been built using NdFeB,
SmTe or SmCo based permanent magnets. For practical purposes,

Shin-Etsu  develops  the world’s largest-class  permanent magnet-type — mag-
netic circuit (April 8, 2008). Retrieved November 11, 2015, from
https:/ /www.shinetsu.co.jp/en/news/archive.php?id=156
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4.2 EXPERIMENTAL REALIZATION

circular Halbach array

optical breadboard
fan belt

one-way clutch electromotor

Figure 4.3.: Rotating Halbach cylinder assembly. CAD model kindly
provided by Thomas Brenninger.

however, high field strengths and large ri, have to be balanced with
size and weight of the magnet.

For the realization of the rotating magnetic fields in the follow-
ing a circular, 8 segment Halbach array built from N45 grade NdFeB
(By = 1.32T) with rjy = 20mm and an outer diameter 7, = 55mm at
a length | = 100 mm has been integrated into a custom built mechan-
ical rotation stage. It provides an experimentally verified maximum
field strength Bmnax = 1.15T, in good agreement with the theoretically
expected value of Beenter = 1.14T obtained by inserting the param-
eters above into Eq. (4.8). Given the maximum shape anisotropy of
yttrium iron garnet of ygMs ~ 175mT (almost) parallel orientation of
external magnetic field and sample magnetization are guaranteed for
rotations in any plane.

As depicted, in Fig. 4.3 the Halbach cylinder is fixed between three
rollers and driven by an electric motor, to which it is connected by a
fan belt via a gear rod. The motor speed can be tuned continuously
via a PC interface. At full speed the Halbach cylinder rotates with a
frequency of w ~ 6 Hz. Access to the inside of the cylinder is possi-
ble from both sides, allowing for e.g. laser illumination of a specimen
placed inside the cylinder.

A sample holder (Fig. 4.4) has been designed to accept specimens
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Hall probe fixture

chip carrier

in-plane sample
configuration

/),07 out-of-plane sample
configuration

Figure 4.4.: Chip carrier and sample holder for use in the Halbach
benchtop setup. Parts of the CAD model were kindly pro-
vided by Mathias Althammer and Thomas Brenninger.

mounted onto 20 pin chip carriers which can be placed in such a
manner as to allow to rotate the magnetic field in three perpendicu-
lar planes. The sample holder also includes a fixture in which a Hall
probe can be placed. The Hall probe provides a reference signal for
the data acquisition via a lock-in amplifier.

4.3 EXPERIMENTAL RESULTS

Test measurements on two YIG/Pt samples were made to test the
benchtop setup and verify the mathematical procedures outlined
in Ch. 4.1. Both samples are patterned into Hall bar mesa struc-
tures with dimensions 80um x 950 um of the central bar. The
spin Hall magnetoresistance hereby serves as the test effect for the
data acquisition. The quantities of interest here are the spin Hall
magnetoresistance magnitude Ap/p, as well as the magnetic field
angles (¢, 0) that maximize p. Measurements are performed using
a constant current source and a lock-in amplifier (Stanford Research
SR830) with differential input to perform four terminal voltage
(resistance) measurements. A multimeter, connected in parallel to
the lock-in amplifier, measures the constant voltage drop (= p), while
the lock-in measures the variation of the voltage drop (= Ap) at the
second harmonic of the magnetic field rotation frequency. While the
measured Ap will always be positive due to the lock-in detection
setting of magnitude and phase, the angles (¢max, Omax) can be
employed to determine the sign of Ap in Eq. (4.5) as described above.
For illustration purposes quite a large number of measurements
for each particular sample and field configuration will be recorded
here. The analysis will show, however, that one or two measurement
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Figure 4.5.: a Magnitude of the spin Hall magnetoresistance Ap/p in a 3nm thick Pt film
on YIG as determined from field rotations in the sample plane. The solid
line is a linear interpolation of the data points and the shaded region indi-
cates an error of £107° in Ap/p for comparison. The gray triangle indicates
the Ap/p value as obtained by the conventional, field-orientation stepping
method. b Corresponding angle ¢max that maximizes p(¢), determined from
the phase value by combining data for +1mA and —1mA applied current.
The solid line indicates the average of the values ¢max(f) > 2Hz. ¢,d Values
analogously determined for a rotation of the magnetic field in the plane per-
pendicular to the current. e,f Values analogously determined for a rotation of
the magnetic field in the plane spanned by current direction and film normal.

points should generally suffice to yield robust results.

The first sample is a 64 nm thick YIG film covered by a 3nm thin
Pt layer, such that a spin Hall magnetoresistance magnitude Ap/p
of around 1.3 x 1073 [48] can be expected. Figures 4.5a,b show the
results of rotations of the magnetic field in the film plane, i.e. 8 = 90°
and ¢ — ¢(t) in Eq. (4.4), at different field rotation frequencies f and
an applied current of 1 mA. Slightly varying with the magnetic field
rotation frequency the ratio Ap/p shown in Fig. 4.5a is measured
as approximately 1.31 x 1073 when extrapolated to zero frequency.
The shaded region is a +1 x 107> region around the extrapolated
value. All data points lie within this margin. Considering that the
shaded region constitutes an error of about 1%, this demonstrates
that a even a single measurement would be sufficient to determine
Ap/p with very reasonable precision. For the lock-in amplifier
settings employed in the measurement (time constant: 3s, roll off:
24 dB/oct) a single data point takes about 45 s to record. Using larger
rotation frequencies allows to decrease the value of the time constant,
which would further accelerate the measurement. The phase values
converted to the angle @max that maximizes p(¢) are shown in
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This is unlike the
second sample
(Fig. 4.7) discussed

below.
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Fig. 4.5b. To identify and eliminate the influence of spurious voltages
the measurements were performed for both positive and negative
currents and averaged subsequently. This eliminates, to first order,
any discrepancy caused by the inductive contributions to the voltage
signal. Immediately apparent is the drop in ¢max for f < 2Hz which
appears to be an issue with the lock-in amplifier as it is present also
in all subsequent measurements. When only considering the values
above 2Hz the resulting @max takes a value of about —3.7°, which
can be attributed to the mechanical misalignment between the Hall
probe providing the reference signal and the current path on the
sample. Set aside the small misalignment this value requires AV (Ap)
in Eq. (4.4) to be negative, which is indeed the case for the spin Hall
magnetoresistance [11, 47, 48].

Magnitude and phase as obtained from rotations of the mag-
netic field in the plane perpendicular to the current direction
[¢ =90°, 6 — 6(t)] are shown in Fig. 4.5¢ and Fig. 4.5d, respectively.
The dependence on the magnetic field rotation frequency remains
small also in this configuration, but surprisingly only reaches a value
of Ap/p = 1.24 x 1073, which is indicative of notable anisotropy
in this particular sample. This point is expanded on later in the
chapter. At any rate, the Ap/p ratio is still maximized at a field
angle Omax = —4° close to zero. It should be noted that, in principle,
also the mechanical misalignment alone can cause a reduced Ap/p
by a rotation of the magnetic field in an irregular plane which
then appears as “anisotropy” in the measurement. However, in
several measurements with intentionally magnified misalighment a
reduction as significant as observed here could not be reproduced.
The last field rotation plane spanned by current direction and film
normal yields a finite Ap/p ratio of 0.06 x 10~2 as shown in Fig. 4.5¢,
which is unexpected from Eq. (4.4), but qualitatively consistent
with the notion of anisotropy in this particular sample. The voltage
maximizing field angle is about —2.5°. Since Ap/p does not show a
pronounced dependence on the field rotation frequency, i.e. is not
purely a consequence of electromagnetic induction, this field angle
does indeed contain information on p(¢, 6).

An unexpected anisotropy that leads to a deviation from the
behavior described by Eq. (4.4) will introduce higher order terms
in p(¢,0). For symmetry reasons the anisotropy may only appear
at integer multiples of 2w in Eq. (4.4), i.e. in the 4w, 6w, ...signals.
However, all but the values of the first harmonic Ap4“’/ © shown in
Fig. 4.6 for the field rotating in the plane perpendicular to the current
direction are below the noise floor in the experiment. Correcting
for the moderate dependence on the rotation frequency Ap*”/p is
obtained as 0.12 x 1072 under an angle 022 = —4.2°. The finite value

max
here supports the notion that notable magnetic anisotropy is present
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Figure 4.6.: a First harmonic Ap*“/p of the magnitude of the spin
Hall magnetoresistance in a 3nm thick Pt film on YIG as
obtained from magnetic field rotation in the plane perpen-
dicular to the current direction. b Corresponding phase
data.

in this particular sample. These findings are further backed by a
comparison with the Ap/p values as obtained by the conventional
method (gray triangles in Figs. 4.5 and 4.6), kindly provided by
Sibylle Meyer.

In principle, the extracted Ap/p and ¢(6)max values could also be
used to quantitatively determine the magnetocrystalline anisotropy
constants of a particular sample. To this end a simulation of the
equilibrium magnetization orientation based on a free energy ansatz
(e.g. Refs. [101, 111]) can be performed and compared with the
experiment. This, however, is beyond the scope of this chapter.

The same set of measurements has also been performed on a sam-
ple with a thicker Pt layer (12.8 nm) resulting in a smaller magnitude
Ap/p of the spin Hall magnetoresistance. Another factor to take
into account here is that the absolute voltage levels on this sample
are only moderately larger than the inductive signal. The results of
field rotations in the film plane, shown in Fig. 4.7a show a small
slope in the Ap/p data, which when extrapolated to zero frequency
yields a value of Ap/p = 2 x 107*. All data points lie within the
+107° margin around the extrapolated value. The phase data shown
in Fig. 4.7b show the same drop below f ~ 2Hz but are otherwise
constant due to the combination of measurements with positive and
negative applied current. As expected, @max is in the vicinity of zero,
however, the mechanical alignment mismatch is slightly larger in this
sample.

The field rotations in the plane perpendicular to the current
(Fig. 4.7¢,d) show a significantly stronger influence on the rotation
frequency, which indicates that the sample holder in this position is
much more prone to electromagnetic induction. The extrapolation to
zero, however, yields almost the same value as for the field rotation
in the film plane. The minor difference is explained by measurement
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Figure 4.7.: a Magnitude of the spin Hall magnetoresistance Ap/p in a 12.8nm thick Pt

film on YIG as determined from field rotations in the sample plane. The solid
line is the average value of the data points and the shaded region indicates
an error of £107° in Ap/p for comparison. The gray triangle indicates the
Ap/p value as obtained by the conventional method. b Corresponding angle
Pmax that maximizes p(¢), determined from the phase value by combining
data for +7mA and —7mA applied current. The solid line indicates the
average of the values @max(f) > 2Hz. ¢,d Values analogously determined
for a rotation of the magnetic field in the plane perpendicular to the current.
e f Values analogously determined for a rotation of the magnetic field in the
plane spanned by current direction and film normal.

errors or anisotropy as in the previous sample, or because the linear
extrapolation is only an approximation that is, strictly speaking, only
valid when the inductive signals are small compared to the voltage
signal of interest. The misalignment (Fig. 4.7d) in this particular
plane is smaller and Omax is almost zero as expected.

Finally, the data for a field rotation in the plane spanned by current
direction and film normal also show the significant electromagnetic
induction in this sample holder position (Fig. 4.7e) and pin config-
uration. The extrapolation to zero frequency, however, yields the
expected ratio Ap/p ~ 0 predicted by Eq. (4.4). Since the signal here
is dominated by the inductive voltages the phase data in Fig. 4.7f give
the angle 0max that maximizes induction rather than p which explains

the unusual value of 0max = —59°. Despite this issue, however, all
Ap/p values agree well with those obtained by the conventional
method.

To further investigate the influence of the inductive voltages on
both the Ap/p and @max signal a set of measurements at f =2Hz as a
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Figure 4.8.: a Magnitude of the spin Hall magnetoresistance Ap/p in
a 12.8 nm thick Pt film on YIG as a function of the applied
current. For small current values the extracted Ap/p is bi-
ased by inductive voltages. b Corresponding phase data.
The solid line is a fit to both data sets simultaneously.

function of the applied current has been performed on the same sam-
ple in the configuration with the rotating field in the sample plane.
Clearly, both magnitude (Fig. 4.8a) and phase (Fig. 4.8b) strongly de-
pend on the applied current and saturate towards larger current val-
ues where Vj,q eventually becomes negligible compared to Ap (AV).
As mentioned above the absolute voltage levels in this sample are
only moderately larger than the inductive voltages even at the high-
est applied current value. To analyze the data also in this nonlinear
regime the data have to be modeled using the full expressions for
magnitude and phase. They read

A AV 1 : i
pP - = V\/(AVXSMR+AV;nd)2 + (AVSMR 4 AVind)2, (4.9)
AVSMR +Avind
* y y
Pmax = arctan AVSMR 1 Ayind |’ (4.10)

where AVSMR(ind)
x(y)

components generated by the spin Hall magnetoresistance and
electromagnetic induction, respectively. The asterisk in ¢, signifies
the pure phase signal as given directly by the lock-in amplifier rather
than the one converted to a field angle plotted in Figs. 4.5-4.8.
At a given frequency AV;I(‘}‘}) are constant and AVXS(I\Y/I)R and V in
Eq. (4.9) and Eq. (4.10) can be replaced by some constants times the
applied current. Since Eq. (4.9) and Eq. (4.10) share the same fitting
parameters, the data in Fig. 4.8 have to be fitted simultaneously,
which yields the solid lines in the same figure. Inserting the fitted
values for AVSMR into Eq. (4.9) and Eq. (4.10) and setting AV;I(‘}‘}) =0

refer to the in-phase (x) and out-of-phase (y)

x(y)
gives the electromagnetic induction free Ap/p = 0.20 x 103 and
Pmax = —10.3° in very good agreement with the linear extrapola-

tion performed in Fig. 4.7. The magnitude of the electromagnetic
induction is extracted as Vi,q = 111V, maximized under an angle
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Pmax = +46.8°.

4.4 SUMMARY

Using transient magnetic fields rather than static ones can yield
substantial speed-ups for measurements of e.g. the spin Hall
magnetoresistance. The results presented in this chapter show that
a single data point, which can be acquired within a few seconds, is
sufficient to determine the correct magnitude and angular depen-
dence, to within few percent. Using a combination of measurements
at different frequencies, or with different effect stimuli, in many
cases enables to cleanse the signals from spurious contributions
and further increase the precision of the results. While the method
is most conveniently employed for quantities that show a purely
sinusoidal variation with the direction of the applied magnetic field,
more complicated dependencies can also be reconstructed from the
higher order harmonics.

As presently implemented the precision limit for the detection of the
spin Hall magnetoresistance appears to be a few parts per million. In
practice the accuracy of the method is often limited by the accuracy
of the mechanical alignment which will often yield an error of a
few percent, perhaps larger than the precision level given above.
This point, however, is shared with conventional methods and not
exclusive to the continuously rotating field approach.

Further improvements to the method can be achieved by a variety
of means. Chapter 4.1 introduced how an additional modulation of
the desired quantity can be employed to obtain contamination free
signals from a single measurement. The challenge in implementing
herein lies in the phase-correct acquisition and analysis of the voltage
signals which, however, is mostly an instrumentation issue.

For the spin Hall magnetoresistance in particular the dynamic range
of the detection circuit (e.g. the lock-in amplifier) is often a limiting
factor. The separation of a few microvolt signal amidst a background
of about a volt is already pushing the limits of 24-bit analog to digital
conversion. A simple solution here is to, if perhaps only partly, com-
pensate the background voltage using e.g. an operational amplifier to
allow the detection device to run in a less taxing and therefore more
precise regime.

Another crucial factor is the electromagnetic induction. In a per-
fectly homogeneous magnetic field all but the 1w signal should not
contain any inductive contributions. In practice, especially at field
change rates of the order of a Tesla per second as in the experiments
above, however, inductive voltages in at least the 2w signal are hard
to avoid entirely. The setup has already been designed with this in
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mind and measures such as twisted pair wiring were taken to reduce
electromagnetic induction. Nevertheless, in practice the magnitude
of the electromagnetic induction still appears to vary appreciably
with sample position and chip carrier pin configuration in the exper-
iment. Based on initial investigations it seems possible to suppress
the present levels of electromagnetic induction by at least an order of
magnitude by reorganizing the sample holder wiring to avoid loops
which act as pick-up coils. Combined with a reduction of the back-
ground voltage as discussed above it appears possible, at least on
paper, to reach a sensitivity level of below one part per million.
Presently the setup is limited to measurements under ambient con-
ditions. Given the inner diameter of the Halbach array of 40 mm
it appears feasible to design a fitting cryogenic sample holder that
could also enable measurements at liquid nitrogen, if not liquid he-
lium, temperatures. If the available space turns out to be an issue,
Halbach arrays with the same magnetic field strength but with in-
ner diameters of up to 60 mm are still relatively compact and not
excessively expensive. A larger inner diameter would also allow the
sample to be mounted on a gimbal head. A gimbal head allows to
rotate the sample around two (in some cases three) axes and would
make field rotations in arbitrary planes possible and also reorient the
rotation plane in-situ, i.e. without remounting the chip carrier. One
could thereby also reduce mechanical alignment errors to an absolute
minimum.

The most severe limitation of the permanent magnet to overcome is
its fixed magnetic field strength. While electromagnets are an obvi-
ous substitute that solve this issue, they will generally provide much
smaller maximal field strengths. A solution to this challenge is to
assemble a circular Halbach array based on two concentric cylinders.
With each of them designed to provide the same field strength in
their center, their relative orientation can be used to continuously
vary the magnetic field strength from zero to twice the maximal field
of each individual cylinder. This concept is also employed commer-
cially, but these devices typically do not offer rotation speeds that
satisfy the practical requirements of the method. Certainly, such a
device is more challenging to integrate into a setup similar to the
one employed here, but even if compromises in the maximum field
strength or sample volume have to made this seems to be a promising
approach.
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STEADY STATE AND TRANSIENT SPIN SEEBECK
EFFECT

Thermoelectricity is the study of the interaction between heat and
charge currents. The pioneer in this field is arguably Thomas See-
beck with his discovery that charge and heat transport in conducting
solids are intertwined [61]. It took about 60 years until Nernst and Et-
tingshausen realized that this relation could be further influenced by
application of magnetic fields [112]. The magnetization in magnetic
materials can play a role quite similar to that of an external magnetic
field, eventually giving rise to a family of spin dependent thermoelec-
tric effects [113], such as the spin dependent Seebeck [114] or the spin
dependent Peltier [115] effect and are nowadays summarized in a field
titled spin caloritronics [116]. Maybe the most prominent member of
spin caloritronics, however, is the spin Seebeck effect introduced in
Ch. 2.5.

Although firmly established experimentally [10, 80, 82, 117-119], the
microscopic origin and details of the effect are still only partially un-
derstood. Verifying or refuting the large number [12, 62—69] of theo-
retical assumptions and propositions requires different experimental
approaches. This chapter is dedicated to the experimental investiga-
tion of the spin Seebeck effect and organized as follows: Ch. 5.1 out-
lines a numerical technique to investigate the thermodynamic state
of the coupled phonon, electron, and magnon systems in typical spin
Seebeck experiments. While the calculations presented therein are
tailored to the steady state spin Seebeck effect, they could also be
applied to other coupled systems and even transient problems. An
experimentally focused study of the transient, dynamic evolution of
the spin Seebeck effect is discussed in Ch.5.2. Using time varying ther-
mal excitation reveals information about the spectral composition of
the magnon spectrum at the YIG/Pt interface. The results yield a con-
sistent understanding of many other reports in the literature and cor-
roborate the notion that mostly low-energy magnons are at the origin
of the thermal spin currents measured in experiments. In Ch. 5.3, an
experimental technique is presented that allows for simple operation
of steady state spin Seebeck experiments with a minimum amount of
experimental equipment. The chapter closes with a short summary
of the state of affairs.
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5.1 COUPLED PHONON, ELECTRON AND MAGNON TEMPERA-
TURES IN NANOSTRUCTURES

In the spin Seebeck effect the application of a thermal gradient across
a normal metal/magnet stack induces a spin current flow across the
interface between the two. The established theory for the interaction
between spin currents in normal metals and magnets was outlined
in Ch. 2.3 and is based on a linear response formalism. In linear
response a finite difference in the (spin chemical) potentials on both
sides of the interface is required to stimulate the spin current flow.
Although the spin chemical potential for non-conserved bosonic
ensembles such as magnons is zero, a finite spin chemical potential
can be utilized to parametrize a non-equilibrium magnon population.
Provided the spectral composition of this non-equilibrium magnon
population follows a Bose-Einstein-distribution, it can be assigned
a magnon temperature which can be used equivalently to the (non-
equilibrium) spin chemical potential. In magnetic insulators, only
magnons and phonons need to be considered to describe the thermal
transport. For metallic magnets also electrons become important.
While the dominant source of energy for magnons in magnetic
insulators is by influx from (or rather exchange with) the phonon
reservoir they may also couple to electrons in an adjacent metal via
the spin transfer torque described in Ch. 2.3. If the coupling between
magnons and phonons is particularly strong, the two systems will
both be thermally distributed at all times. For certain sets of inter
and intra subsystem interaction times, however, a thermal gradient
may introduce other types of population distributions. Ritzmann
et al. [68] inferred from micromagnetic simulations that it is possible
that high-frequency magnons thermalize with the lattice much
faster than their lower energetic counterparts. Thus, when magnons
move along a thermal gradient with the aim of establishing thermal
equilibrium, the magnon population at the ends of the gradient
will have an inflated low-frequency magnon population, i.e. the
local magnon distribution deviates from a Bose-Einstein profile.
This conclusion is boosted by experimental findings by Kehlberger
et al. [75], Kikkawa et al. [120], Boona and Heremans [72], Jin
et al. [121] and those presented in Ch. 5.2 that are all compatible with
a spin Seebeck spin current dominated by the low-frequency end
of the magnon spectrum. Thus, the question of whether or not the
magnon population is Bose-Einstein like in typical experiments is
still debated in literature and will be discussed further in Ch. 5.2.

A deviation from a Bose-Einstein profile as suggested in some of the
literature appears to prevent a treatment of the magnon population
on basis of a thermal ensemble. However, there is sufficient evidence
to assume the deviation of the magnon spectrum to be small enough
as to still warrant the term magnon temperature and a treatment on
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the basis of the heat diffusion equation. On the numeric side, the
excess low-frequency magnon population calculated by Ritzmann
et al. amounts to a few percent at best, signifying that also at the
ends of the thermal gradient the magnon spectrum is still largely
thermal. While it is crucial to distinguish between elastic an inelastic
scattering processes this result is perhaps expected as also magnon-
magnon interaction times, while numerical values are still largely
speculative, are likely to be much shorter than other interaction
mechanisms [22]. This conclusion is supported by Brillouin light
scattering spectroscopy experiments by Agrawal et al. [122] who
investigated the magnon temperature and found no evidence for
the magnon temperature to deviate from the underlying, spatially
varying phonon temperature. If the excess low-frequency magnon
population was substantial one would have expected to observe
notable temperature differences as will be discussed in the following.

The spin Seebeck theory developed by Xiao et al. [12] derives the
spin current emitted into or from the normal metal under the as-
sumption that the magnon spectrum is described by a Bose-Einstein
distribution, and thus characterizable by a magnon temperature Ty,
at all times. The paragraph above argues that this remains viable
even in light of newer findings of an increased spectral weight of the
low-frequency magnons. However, it appears possible that the mea-
sured spin current originates dominantly from these low-frequency
magnons which is likely to require some corrections to the relation
between measured voltage and the magnon temperature viz. magnon
accumulation in the theory by Xiao et al..

Despite potential issues with the derived spin Seebeck voltage, Xiao
et al.’s approach enables to study in detail the intricate thermody-
namic relation between phonons, electrons and magnons which will,
in any case, exhibit the mutual relaxation described in the model.
The thermal coupling between electrons and magnons by spin pump-
ing, i.e. the spin transfer torque, in particular is of general inter-
est for thermal transport in magnetic nanostructures. From a micro-
scopic perspective, the theory also allows to infer the thermodynamic
state at the normal/magnet interface, whereas in experimental pub-
lications the average temperature gradient across the entire sample is
usually quoted. In the theory by Xiao et al. the thermodynamic state,
parametrized by the temperature difference ATme between the magnon
and the electron systems at the normal metal/magnet interface, mea-
sures the degree of non equilibrium i.e. the spin (magnon) chemical
potential difference that drives the spin Seebeck effect as discussed
above. The temperature difference ATy arises due to different ther-
mal properties and boundary conditions for the magnons, phonons
and electrons in the normal metal/magnet hybrids used in experi-
ments. The phonon (T), electron (Te) and magnon (Ty,) temperature
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Figure 5.1.: The temperatures of phonons T,, electron T, and
magnons T, determine the magnitude of the spin current
between the magnet and the normal metal and thereby
the voltage measured in experiment (¢f. Ch. 2.2). Due
to the different materials, boundary conditions and cou-
plings the temperature profiles can develop complex spa-
tial profiles.

profiles in a normal metal/magnet/substrate multilayer structure are
schematically depicted in Fig. 5.1. As detailed in the following, the
temperature profiles can show discontinuities at the material inter-
faces due to interface properties such as the Kapitza resistance [123].

In this chapter, the phonon, electron and magnon temperature
profiles in magnet/normal metal hybrid structures are modeled
and calculated, by solving the heat transport equations with appro-
priate boundary conditions. In particular, the heat current carried
by the pumped spin current through the interface is taken into
account. The discussion here is limited to hybrids based on the
ferrimagnetic insulator yttrium iron garnet, however, the approach
can easily be extended to other material systems. The calculations
are done analytically whenever possible, and are supplemented by
three-dimensional finite element (3D FEM) analysis (COMSOL). The
magnon temperature calculations are based on the work by Sanders
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and Walton [124] and Xiao et al. [12], with a focus on ultrathin
films in which interfacial effects become important for the thermal
transport. The temperature profiles thus obtained compare well
with the experimental results by Agrawal et al. [122] who find no
significant difference between magnon and phonon temperatures
under a lateral thermal gradient. The Tp, Te, and T, profiles in
Pt/YIG/substrate structures as used in most spin Seebeck experi-
ments and the issues with the inferred spin Seebeck voltage are also
discussed. The chapter expands on the results published in Phys.
Rev. B 88, 094410 (2013) (Ref. [15]) and extensively reuses text and
tigures.

5.1.1  Xiao et al.’s theory of the spin Seebeck effect

In contrast to spin pumping (¢f. Ch. 2.4), where magnons of a com-
mon frequency are considered, thermally excited magnons are dis-
tributed over all possible frequencies. By summing over all magnon
states, weighted by the Bose-Einstein distribution, Xiao et al. [12] ob-
tain the magnetic coherence volume

2 47D\ %2
Y= 37572) (km) ’ 51

where  is the Riemann Zeta function, D is the spin wave stiffness, kg
is the Boltzmann constant and Ty, is the temperature of the magnetic
system. At room temperature the magnetic coherence volume in YIG
(D =~ 5 x 10 Jm? [125, 126]) is about V, ~ (1.3nm)3. V, relates the
magnon accumulation to the emitted spin current as

. hk
Js,SSE = zggyT‘];ATme/ (52)
sVa

where g = Re (g™) is the real part of the spin mixing interface con-
ductance per unit area [127], 7 = &5 is the gyromagnetic ratio with
g as the Landé g-factor and the electron mass m, kg is the Boltzmann
constant, 71 is the Planck constant, M; is the saturation magnetization
of the magnet and finally ATne = Ty — T is the temperature differ-
ence between the magnons in the magnet and the electrons in the
normal metal at the magnet/normal metal interface. As evident from
Eq. (5.2), the spin Seebeck effect crucially depends ATpye. Te and Tr,
individually, however, are strongly coupled to the phonon tempera-
ture Tp,. In the following, the coupling between the three systems is
discussed in more detail and the equations governing the interaction
are derived.
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5.1.2 Heat transport in solids

On macroscopic scales, heat transport in a homogeneous material
with a single heat carrier (e.g. phonons) is described by the heat
diffusion equation [128]

veir— % =8 (5.3)

where Q is the heating power density, « is the thermal conductivity,
and k = x/¢oC is the thermal diffusivity, with ¢ as the mass density
and C as the heat capacity of the material. For simplicity, x, 9, and C
are assumed to be spatially homogeneous and temperature indepen-
dent. This assumption is valid as long as the considered temperature
changes are small. In a heterostructure consisting of several layers
stacked on top of one another, Eq. (5.3) has to be solved piecewise for
each layer [129]:
2 1

VT — K of = Bk (5.4)
with boundary conditions for the temperatures T; and T;;; on both
sides of an interface

dT; 1
—Kiafl = Rfﬁl - Tz‘-s-l] ’
X |interface th,i interface (5 5)
T4 1 '
—Ki+18;jL = T[Ti — Ti1] ’
interface th,i interface

where i is the index for the individual materials (or layers, i.e. the
normal metal, the magnet or the substrate), and Ry, ; is the interfa-
cial thermal resistance between layer i and i 4+ 1. In the steady state

Eq. (5.4) reduces to

Qi’. (5.6)
Solving Eq. (5.6) together with the appropriate boundary conditions
[Eq. (5.5)] leads to the temperature distribution.

It often suffices to consider phonons as the exclusive heat transporta-
tion channel in solids. In general, however, heat is not only carried
by phonons, but by electrons and magnons as well. To draw a com-
plete picture of the arising temperature profiles one therefore has to
take the coupling between the individual systems into account. While
both thermal magnons and electrons have relatively short interaction
times with phonons [131-133], in few nanometer thick films, equili-
bration between the individual systems might be incomplete. The
simulations in the following therefore treat phonons, electrons and
magnons separately.

VT, = —

5.1.3 Coupled magnonic and phononic heat transport

The thermal interaction between two subsystems was first formal-
ized by Kaganov et al. [134] for the coupled phonon-electron system.
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Sanders and Walton [124] transferred the approach to magnetic exci-
tations which serves as the basis for the generalization below.

Let ATmp denote the difference between the magnon temperature T,
and the phonon temperature T}, then the magnon-phonon relaxation
time Ty is defined as

d A Tmp

%ATmp = - Tonp ’ (57)

and the time evolution of Ty, and T, follows
dTp Cem Im —Tp

W - Ct Tmp !

8
dTw  cpTp— T (5:8)
dt ¢ Tmp

where ¢, Cp and ¢; = Cp +Cm denote the magnon, phonon and total
(sum of the two) heat capacity per unit volume. The heat flux Qmp
between the phonon and the magnon system is then given by

dTm
Qo) = e T2
~ plm Tp(x) — Tim(x) (5.9)
B Ct Tmp ’

where x is the position along the thermal gradient (¢f. Fig. 5.1 and
Fig. 5.2). According to Eq. (5.6), the magnon temperature obeys
PTm(x)  cplm 1
a2

[Tp(x) - Tm(x)] =0, (5-10)
where «, is the magnon thermal conductivity. The phonon tempera-
ture is given by
d*Tp (x) . Gplm 1
dx? Ct  KpTmp

[Tm(x) — Tp(x)] = 0. (5.11)

The equations are now applied to an insulating magnet (YIG) of
length d enclosed to the left L (x = 0) and right R (x = d) by two
nonmagnetic materials (i.e., the substrate on the left and the normal
metal on the right as shown in Fig. 5.2). To concentrate on the mag-
netic insulator the phonon temperatures Tf = const. for x = 0 and
TR = const. for x = d in the following. Further, when the mate-
rial on the left or right side of the insulating magnet is conducting,
Tur =T /v = If g for the sake of simplicity at this point. As noted
at the end of Ch. 5.1.2 this constraint will not be utilized for the 3D
FEM simulations in Ch. 5.1.6. According to Eq. (5.5) the boundary
conditions for the phonon temperature are

dT,(x) 1
~—p [TL_ Tp(o)] ’
ax |,._ th,L (5.12)
o O L )y ’
Py g Rig ot
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Figure 5.2.: Schematic phonon and magnon temperature profiles in a
layered structure. Phonon and electron temperatures are
assumed identical in the normal metal. a For vanishing
interfacial thermal resistance R = 0 and no spin medi-
ated heat current across the magnet/normal metal inter-
face [12], the temperature difference ATpe = Ty — Te =
Tm — Tp depends solely on the magnon-phonon interac-
tion. b Taking into account finite interfacial thermal re-
sistances for both spins and phonons results in a qualita-
tively different temperature profile.

with the appropriate interfacial thermal conductances (th,L)_l and
(RE, )" for the left and right interface (¢f. Ch. 5.1.4). Magnons
cannot exist in nonmagnetic materials. In spin pumping and spin
Seebeck experiments, however, the spin current, i.e., the transfer of
angular momentum (cf. Ch.2.3) across the magnet/normal metal in-
terface, is accompanied by an energy transfer [135] and thus an inter-
face magnetic heat current gme = (Rg‘l)fl ATnye proportional to the
interface magnetic heat conductance: [12, 64]

1 keT psksgs
(RR) ™ = 4~ 7;:}\;%;7/ (5.13)
sVvVa

where g is the Bohr magneton and 7 is the spin backflow correction
factor [cf. Eq. (5.35)]. In the macrospin approximation originally em-
ployed by Xiao et al. the characteristic energy in Eq. (5.13) is given by
the ferromagnetic resonance (FMR) frequency of the spin system [12].
However, in a system of thermal magnons this should be the temper-
ature of the magnons [64]. The boundary conditions for the magnon
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system are:
dTm(x) 1
~Km = [T — T (0)],
o K (5-14)
dx x=d Rth,R

With these boundary conditions, T (x) and Tp(x) can be calculated
from Egs. (5.10) and (5.11). The same set of equations was solved by
Xiao et al., however, with identical interfaces L and R. The present
approach enables the description of a large number of experiments
with very different boundary conditions for the substrate/magnet
and magnet/normal metal interface.

Fig. 5.2 sketches Tiy(x) and T, (x) profiles as obtained from Egs. (5.10)
and (5.11) in different limits. When the phonon interfacial thermal
resistance and interface magnetic heat current are disregarded, the
original result of Ref. [124] is recovered, in which ATy is exclusively
governed by the magnon-phonon interaction [Fig. 5.2a]. Taking into
account the phonon interfacial thermal resistance and the interface
magnetic heat conductance, qualitatively different temperature pro-
files emerge [Fig. 5.2b]. To calculate the temperature profiles for the
coupled phonon-electron systems in the metallic layer Eqgs. (5.10)—
(5.12) and (5.14) can simply be modified by substituting the magnon
parameters (T, ¢m, Km, Tmp, R?ﬁ,L /R) with the appropriate electron
ones (Te, Ce, Ke, Tep, thlL /R). It is also conceptually simple to derive
the temperature distributions in conducting magnets by considering
also the electron temperature analogously to Egs. (5.7)—(5.9) in the
model.

5.1.4 Thermal boundary resistance

Equation (5.13) introduced an explicit expression for the heat ex-
change mediated by the emission of a spin current. However, even
when considering only a single type of heat carrier there will be
a finite thermal (interfacial) resistance whenever there is a sudden
change in the heat transport parameters. For phonons the interfacial
thermal resistance is also referred to as thermal contact or Kapitza
resistance [123]. The heat flow g across an interface can be expressed
in linear response (“Ohm’s law”) by:

1

= —AT. 1
q R, (5.15)

If the transmission probability of the heat carriers across the interface
is I', the associated heat flow g, i.e. the amount of energy U trans-
ported across the interface per unit area A and unit time 6t can be

written as U
Adt Adt

I. (5.16)
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Combining Egs. (5.15) and (5.16) yields

ou 1

71 _ ou L
(Rpm) = oT Adt

= =gl (5-17)

where C = %—LTI is the heat capacity and vy = 5% is the group velocity
of the heat carriers.
The heat capacity per unit volume ¢ = C/V should be calculated for
each acoustic branch j:

cj= (‘:/] = ;;,/0 hwDj(w)n(w, T)dw, (5.18)
where Dj(w) is the phonon density of states and n(w, T) is the Bose-
Einstein distribution function. For the transmission probability I' two
models are generally used. The acoustic mismatch model [136] (AMM)
assumes that the phonons are scattered according to Snell’s law at
the interface while the diffusive mismatch model [137] assumes diffuse
scattering. The following adopts the acoustic mismatch model since
epitaxially grown interfaces can be considered flat on a length scale
corresponding to the wavelength of the relevant acoustic phonons. At
any rate, the interfacial thermal resistance obtained from the acoustic
and diffusive mismatch models agree with each other within one or-
der of magnitude for all interfaces examined in this chapter such that
choosing one over the other should not significantly alter the results
presented here.
The interfacial thermal resistance in the acoustic mismatch model
reads: [138]

. 1
(Ry) = QZUUFU
)
></ hw (D ()n(w )}dw, (5.19)
A T
/2
r,; = /0 oMM (9, 7Y cos 0 sin 0d6), (5.20)

4Q202,]' Cos 02']'

. 01v1; cosby;
52" (01)) = — (5:21)

szz/]‘ + cos 92/]' 2
0101, cosbj

where 0, ; is linked to 61 (the angle of the outgoing and incident
phonons) by Snell’s law of acoustic waves [139]

Uyjsinby; = vy;sinb, , (5.22)

where v; ; is the speed of sound, and j € {1,2,3} denotes the pressure
(j = 1) and shear wave (j = 2,3) phonon branches. The index i €
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{1,2} denotes the materials on the left and right side of an interface.
The full expression for a?™M(6y,) in Eq. (5.21) was adopted from
Ref. [136]. At T = 300K and using the Debye approximation [140]
the Debye frequencies w,;; are obtained from the longitudinal and

transverse speeds of sound v; ; by [141]

1
we,ij = (671;)3 v; j, (5-23)

where 7 is the atomic density of the material. The Debye model is
a good approximation for simple crystal structures and should be
appropriate for the long wavelength phonons, but is too crude to ac-
curately describe the often complex phonon dispersion at large wave
vectors.

Using Eq. (5.19) in the Debye approximation and the material pa-
rameters summarized in Table 5.1, the thermal contact resistances for

the relevant interfaces are: (Rf};Pt/ Y61 = 2,79 x 108W/(m2K) for

the YIG/Pt interface, (Rﬁ;YIG/ GGG)*l = 2.04 x 108 W/(m?K) for the

YIG/GGG interface and (Rg;YIG/ YAG)_l = 1.27 x 18 W/(m?K) for
the YIG/YAG interface, respectively. These results agree well with ex-
perimental data obtained for similar interfaces [142, 143], but should
only be considered an approximation to the actual values for factors
unaccountable for in the analytical treatment above.

5.1.5 One dimensional temperature profiles

In order to quantitatively calculate T, (x) and T (x) in YIG thin films
from Egs. (5.10)—(5.14) the magnon parameters cm, km, and Tmyp are
required. In YIG, unfortunately, they are only well established for
temperatures T < 10K.

The available low temperature data [72, 144-146] for the YIG magnon
thermal conductivity show that the magnonic contribution to the to-
tal thermal conductivity [124] is of the order of a few percent at low
temperatures. However, with the notable exception of spin ladder
and spin chain systems [147, 148], it is generally assumed that the
magnonic contribution to the total thermal conductivity at room tem-
perature [12, 149] is very small. Theory [150, 151] indeed predicts xm
to decay inversely proportional to T or even exponentially at elevated
temperatures due to increasing scattering processes [152]. Additional
support for very small xp in YIG comes from an analysis [153] of
the total thermal conductivity that does not show any significant fea-
tures around the Curie temperature where the relative change in the
magnon thermal conductivity should be large. Due to the aforemen-
tioned reasons and for lack of better data x, is here assumed to be of
the order of 1072 — 1073 W/ (mK), which is also supported by earlier
theoretical estimates for x, at elevated temperatures [149], and the
mean of the assumed range of ky, = 3 x 1073 W/(mK) is taken for
the calculations. The expression for xn, originally adopted by Xiao
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et al. is limited to the low temperature regime and yields values at
room temperature of k > 1 x 10* W/ (mK) which appear odd based
on the available data.

The magnon heat capacity is calculated [12, 154] from the spin wave
stiffness D = 8.5 x 1074 T m? (Ref. [22, 155]) as

15¢(5/2) | kK313
Cm = géz ) 7T§D3’ (524)

which yields a value of ¢, ~ 16750]/(m®K) at T = 300 K.

The magnon-phonon relaxation time Typ critically depends on the
specific magnon mode. While it is relatively large for microwave
magnons [156, 157] it decreases significantly for short wavelength
magnons [131] with an energy comparable to kgT(,). Assuming that
the majority of the magnetic damping in the YIG is due to the inter-
action with phonons, one can estimate Tmp from a comparison with

Eq. (2.9) by

op = (00) T (525)

where « is the Gilbert damping parameter of the bare YIG film.
As in Eq. (5.13), the expression for Typ differs for the macrospin-
approximation employed in Ref. [12] and for a broad magnon en-
semble, however, the above should be more appropriate in the case
of thermal magnons in an extended magnet. While there is a large
spread in of reported values for a ~ 1073 — 10> (Ref. [59, 64, 99, 158~
160]) higher values are generally found in thin films where two and
three magnon scattering processes contribute to the damping. Adopt-
ing « = 107* in the following one obtains a magnon-phonon relax-
ation time for thermal magnons of T, = 255ps. This value is also
supported by the results presented in Ch. 5.2.
The temperature profile obtained for a thermal magnon system is dis-
played in Fig. 5.3 for a 50nm thick YIG film with T} = 300K and
Tr = 301K using the material parameters listed in Tab. 5.1 and tak-
ing (RT) ~!and Tmp as estimated above. Due to the strong interaction
between magnons and phonons (o Tnj;) the magnon temperature ap-
proaches the phonon temperature even over very short length scales
and the interface magnetic heat current notably affects the magnon
temperature profile. In the formalism by Xiao et al.,[12] the magnetic
coherence length /V, ~ 1.3nm gives the length over which a given
perturbation is felt, or in other words, the effective width of the inter-
face and hence the length over which magnons can directly couple to
the electron spins in the normal metal. This results in a ATy of about
27 mK. The effect of the interface magnetic heat current gme on AT
scales inversely proportional with the thickness of the magnetic layer
up to a critical thickness. For the chosen parameter set, however, this
scaling is limited to few nm up to which any additional heat has fully
relaxed with the magnon reservoir.
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0 [kg/(m)] ¢ [I/(kgK)] ¢z [J/(kgK)]  xp [W/(Km)]

Pt 21450 @ 120 2* 10¢ g at
YIG 5170 b 570 © - 68
GGG 7080 © 400 © - gh
YAG 4550 4 625 © - 98

Ke [W/ (Km)] Ulong [m/s] Otrans [m/s]

Pt 64 of 3300 2 1700 @
YIG - 7170 P 3843 b
GGG - 6545 1 35311
YAG - 86001 49601

a Ref. [102] P Ref. [161] € Ref. [162] 9 Ref. [163] © Ref. [133] f Ref. [164]
8 Ref. [153] M Ref. [165] ! Ref. [166] J Ref. [167]

Table 5.1.: Mass density ¢, phonon specific heat capacity ¢, elec-
tron specific heat capacity c; (both at constant pressure),
phonon thermal conductivity xp, electron thermal conduc-
tivity xe, longitudinal speed of sound vj,ng and transverse
speed of sound virans used for the calculation of the phonon
temperature distribution in YIG/Pt-type hybrids. Elec-
tronic contributions to the values for the phonon heat ca-
pacity and the phonon thermal conductivity in platinum
have been separated using the quoted sources. Addition-
ally ¢ > cf, and «p > km (Ref. [12]) so that heat capacity
and thermal conductivity in the YIG can be considered es-
sentially free from magnonic contributions.

The magnetic coherence length /V; is closely related with the ther-
mal de Broglie length of the magnon system. In contrast to the bulk
magnon model considered by Xiao et al. [12], Hoffman et al. [64] pre-
sented an approach based on a minimal Landau-Lifshitz-Gilbert treat-
ment of films with arbitrary thickness. This approach proceeds from
the assumption that the magnon-phonon relaxation is described by
the Gilbert damping, but does not take into account the Kapitza re-
sistance. For sufficiently thick magnetic layers Hoffman ef al. find a
spin current js across the magnet/normal metal interface of

kBl _ 'YhVOHext 3/2
o= Z’W (‘3 - ) ksAT (5.26)
s 3 (1 + 4711\/%7:;11:)

where AT is the (phonon) temperature drop across the magnetic
layer of thickness dp and poHex with the vacuum permeability
fo = 47t x 1077 Vs/(Am) is the externally applied magnetic field.
Using identical parameters, the theory by Hoffman et al. agrees
with that of Xiao et al. within an order of magnitude. For the case
discussed above, the theory by Hoffman et al. yields smaller values,
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Figure 5.3.: Magnon and phonon temperature profiles for thermal
magnons calculated from Eq. (5.10) and Eq. (5.11) for a
50nm thick YIG film with T}, = 300K and Tz = 301K,
the material parameters from Tab. 5.1 and appropriate
(Rgn) ™! for both phonons and magnons. The interface
magnetic heat current g is limited to the right interface
here. The dashed line depicts the case when the interface
magnetic heat current g is not taken into account.

however, the calculations show that assuming equality between
phonon and magnon temperatures at the magnet/normal metal
interface is only an approximation.

In summary of this section, the interface magnetic heat conduc-
tance can have a substantial impact on Ty, in thin films. A com-
parison of the theories by Hoffman et al. [64] and Xiao et al. [12]
shows reasonable agreement and underlines the importance of the
magnon-phonon interaction. The numerical values calculated in this
section are certainly prone to some significant uncertainty as many
crucial material parameters (cm, km and Tymp) remain unknown at
room temperature and had to be inferred from theoretical calcula-
tions. The fact that the magnon temperature profile varies notably
over the magnetic coherence length could further indicate the lim-
its of the diffusive Sanders and Walton [124] approach. Reszende
et al. [168] improved on the theoretical derivation of ¢y, and xn, and
suggest that ¢, is slightly smaller and xp, larger than the values em-
ployed here. Although their absolute value for x, appears to be too
large to be compatible with the heuristic arguments brought forward
above, smaller ¢y, and larger xp,, in general, reduce the coupling be-
tween magnons and phonons and thereby further diminish ATpe. On
the other hand the employed damping value of 10~* is rather gener-
ous for thin films grown at the Walther-Meifsner-Institut as discussed
in Ch. 3 and Ch. 7.2. Since the effect of the adjusted x, and cy, and the
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larger damping compensate each other to some degree, no substan-
tially different results are expected when accounting for these newer
findings.

5.1.6  Comparison with experiments

For a first check of consistency the set of equations in Ch. 5.1.3 are
used to address the temperature profiles in a transverse measurement
geometry, i.e. in which the externally applied thermal gradient lies
within the YIG film plane.

To investigate claims by Uchida et al. [73] that this particular ge-
ometry also allows for a spin Seebeck effect, Agrawal et al. [122]
performed Brillouin light scattering (BLS) experiments on a
3mm X 10mm x 6.7pm YIG film (without normal metal stripes
on top). Probing the magnon density along the direction of an
applied thermal gradient via BLS enabled them to infer the magnon
temperature and validate if sufficiently large temperature differences
to observe a transverse spin Seebeck effect can be established. Based
on their data these authors conclude that magnons and phonons have
almost identical temperatures, as no systematic difference between
Tm and T, could be resolved in the BLS experiments. Figure 5.4
shows that by applying Egs. (5.10) and (5.11) to a sample in this
geometry this is a natural result: From the solution of the 1D heat
transport equations, one would not expect a difference between T,
and T, large enough to be detectable by BLS experiments. Using the
material parameters for YIG and Tg — Ty, = 100K as in the experi-
ment by Agrawal et al., a modeling based on the procedure outlined
in this chapter shows that the temperature difference between the
magnons and the phonons becomes substantial only very close to the
edges of the sample, with ATy, < 20uK. However, this temperature
difference is substantially smaller than the temperature stability of
+0.3K quoted by Agrawal et al.. Furthermore, according to the
calculation, ATy is reasonably large only over a length of about
20nm which is much less than the lateral resolution (40 pm) of the
BLS experiment. The calculations thus corroborate the experimental
observation that T, = T, in this geometry. Turning the argument
around, the agreement with the experiment supports the calculations
presented in this chapter.

For many experimental geometries a 1D temperature model may
not be sufficient. In this case it is appropriate to solve the temper-
ature distribution purely numerically e.g by the 3D finite elements
method (FEM). This is true in particular for a comparison with ex-
periments at the Walther-Meifiner-Institue, in which a focused laser
beam is used to locally heat YIG/Pt hybrid samples [118, 170], cov-
ered in the following.
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Figure 5.4.: Agrawal et al. [122] probed the magnon temperature in
a YIG film along a longitudinal thermal gradient by Bril-
louin light scattering (BLS). In the BLS experiment light
of frequency w is scattered inelastically at the magnons
in the YIG and reflected back to a detector. The separa-
tion 2wm, of the Stokes and Anti-Stokes peaks in the re-
flected light spectrum is proportional to the magnon en-
ergy, from which the temperature of the magnon ensem-
ble can be inferred [169]. The phonon and magnon tem-
perature profiles calculated as detailed in Ch. 5.1.3 for the
first 30nm of the 10 mm long YIG film (Tg — Ti, = 100K)
as investigated by Agrawal ef al.. Only very close to the
sample end at x = 0 (and x = 10 mm, not shown) a sub-
stantial temperature difference Ty, — T, arises which is,
however, still smaller than the experimental temperature
stability of £0.3 Kin the BLS experiment.

In the 3D FEM, the geometry of the problem is set up first (Fig. 5.5).
As with the purely analytical approach the 3D FEM allows to couple
the heat equations for the phonons, electrons, and magnons as given
by Egs. (5.10) and (5.11) and calculate the temperature profiles for the
three systems simultaneously. The heating by the laser light, which is
here assumed to be exclusively absorbed by the electrons in the metal,
is given by

i i—1 i1
Pinc,i(x/r) = Praser [ (1 - Rj)] exp [_,Bi <x - th> - Zﬁjtf]
j=1 j=1 j=1
2
X exp _Zaz) , (5-27)
Preti(x,7) = Pinci(ti,7)Riy1exp [,Bi (xi - Zh‘)] p (5-28)
j=1
‘ 2 [ 9Pnei(x,r) | OPresi(x,1)
Qi(x,r) = p [ T 5y , (5-29)
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ot QLaser X
116

60°

Figure 5.5.: a Depiction of the initial setup of the problem in the 3D
FEM (not to scale). The bottom of the substrate is fixed at
T = 300K, whereas the other outer borders are thermally
insulating. At the Pt/YIG and YIG/GGG interfaces the
interfacial thermal resistances calculated in Ch. 5.1.4 are
applied. b Cut through a typical result obtained from a
steady state simulation of the heat transfer problem with
a logarithmic and capped scale of the phonon tempera-
ture rise in the simulated sample.

which is a modified version of the expression found in Ref. [129] that
accounts for both the incident (Pin) and reflected (P.f) parts of the
laser light. Here P aser, Ri, Bi, ti, 4, x and r denote the initial (optical)
laser power, the reflectivity of the individual surfaces, the optical ab-
sorption coefficients (cf. Tab. 5.2), the layer thicknesses, the laser spot
radius and the two coordinates (x, ) of cylindrical symmetry, respec-
tively. The reflectivity R; at the interface of the layers i — 1 and i is
computed using the Fresnel equation for normal incidence [171, 172]

2

ni1— i (5.30)

Z‘ p—
ni1+n;

where n; denotes the complex refractive index (cf. Table 5.2) in layer
i. The laser spot radius in the experiments is a = 2.5um. However,
as long as the laser spot is fully contained within the metalized area,
i.e. the total deposited optical power remains the same, the measured
voltage signals do not depend on a.

As an additional boundary condition, the lower end of the substrate
is set to a fixed temperature of 300K to simulate the effect of the cop-
per heat sink the samples are attached to in experiment [118]. Black
body radiation and convective cooling are not taken into account as
their contributions in this particular geometry are much smaller than
the effect of heat flow within the sample, as evident from the follow-
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absorption refractive
coefficient index
B (m) n

Pt 82 x 1002 241 4+ 43i?
YIG 05 x 10°P 227 + 0.003iP
GGG ~0 x 10¢ 196 + 0.0id
YAG ~0 x 102 1.83 + 0.0i2

a Reference [173] P Reference [91]
¢ Reference [174] d Reference [175]

Table 5.2.: Optical material parameters at Apaser = 660 nm. The small
absorption coefficient of YIG has been neglected in the sim-
ulations.

ing estimations based on the Stefan-Boltzmann law and Newton’s law
of cooling: [176]

Prad = O-A(Tfample - Ténv)/ (531)
Peonv = hA(Tsample - Tenv)- (532)

Using the Stefan-Boltzmann constant ¢ = 5.67 x 1078W/(m?K*), the
Hall bar surface A = 80 x 950 um?, the heat transfer coefficient for
air h < 30W/(m?K) [176] and Tsample ~ 400K less than 0.1 mW are
lost due to radiation and convective cooling which is less than 1% of
the power absorbed by the sample for the typical experimental values
quoted above.

Figure 5.6 shows the phonon, electron, and magnon temperature
profiles at the center of the laser spot along the film normal. The in-
clusion of interfacial thermal resistance and the separate treatment of
electrons and phonons in the platinum lead to a substantial increase
in ATy by about an order of magnitude, however, AT, still remains
at a rather low level of the order of a few millikelvins at the center of
the laser spot which is barely visible in Fig. 5.6. The modeling also
reveals that in spite of the strong interaction between electrons and
phonons in the Pt the two are not at the exact same temperature, even
in the steady state.

The simulation further show that it is unlikely that the voltages mea-
sured in experiments stem from a proximity induced anomalous
Nernst effect as suggested by Huang et al. [79]. Using

2t [ dT.(x,r
VANE = _NNernst,qus; ea(x)rdr/ (533)

with the Nernst coefficient Nyemst, the simulation shows that

a Nernst coefficient of about Nyemst ~ 1x1073V/(KT) is
needed to explain the measured voltage of about 100nV in e.g.
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Figure 5.6.: a Phonon, electron and magnon temperature distribu-
tions along the optical axis of the laser beam at 10 mW
laser power in a GGG(500 pm)/YIG(54 nm) /Pt(7 nm) sam-
ple calculated via 3D FEM. b Closeup of the thin film re-
gion.

a YIG(56.5nm)/Pt(1.5nm) sample at Praer = 1mW. To exag-
gerate the anomalous Nernst effect it is here also assumed that
the entire platinum layer is evenly magnetized identical to the
YIG, ie. MP* = MYG = 140 x 10 A/m and does not decay ex-
ponentially within the first few monolayers as one would expect
for a static proximity polarization [177]. A Nernst coefficient of
Nnemst = 1 % 1073 V/(KT) is, however, orders of magnitude larger
than for instance the Nernst coefficient in bulk nickel of about
NN . = 5x1077V/(KT) (Ref. [178]) and cannot be motivated for
magnetized platinum. It should therefore be safe to assume that
potential contributions from the anomalous Nernst effect do not play
any significant role in such measurements as already predicted in
Ref. [118] and confirmed experimentally in Ref. [82].
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Lastly, the ATy extracted from the calculated temperature profiles
can also be used to predict the experimentally measured voltages. It
is important to note that the following hinges on the assumption that
magnons of all frequencies contribute to the measured spin currents
in the manner expected by Xiao et al.. The pitfalls and potential issues
with this approach have already been discussed above and are further
elaborated on in Ch. 5.1.7. Nevertheless, the evaluation in terms of
Xiao et al.’s assumptions, allows a further, if only approximate, com-
parison between simulation (theory) and experiment.

The samples in these experiment were fabricated as described in
Ch. 3, subsequently patterned into Hall bar mesa structures (width
w = 80um, length I = 950 um) using optical lithography and Argon
ion beam milling, mounted in a chip carrier system, and inserted into
a home-built 2D vector magnet. Here, a scanning focused, laser beam
is used to locally heat the samples [118]. All spin Seebeck effect ex-
periments were performed at room temperature.

To connect the experimentally measured voltages with the numeri-
cally calculated temperature profiles Eq. (5.2) is adjusted to account
for the inverse spin Hall effect (Ch. 2.2) and spin diffusion in the Pt
(Ch. 2.1) and then reads

_ 8Ttk (2 A N
Vsse = ZnMsVaATme hQSHPl 1 N tanh 1) (5-34)

where the backflow correction factor [28, 47]

27te? d !
1= |1+ 2g:pA=5— coth (;)] (5.35)

is taken from spin pumping as an expression for the spin Seebeck
effect has not been established yet. The notation in the equations
above follows that introduced in Ch. 2, i.e. fsy is the spin Hall an-
gle [179], p is the electrical resistivity of the sample, [ is the length
of the sample (the distance between the voltage contacts, ¢f. Ch. 6.2),
gr = Re (g™) is the real part of the spin mixing interface conductance
per unit area [127], ¥ = g5, is the gyromagnetic ratio with g as the
Landé g-factor and the electron mass m, e = |e| is the elementary
charge, kg is the Boltzmann constant, 7 is the Planck constant, M;
is the saturation magnetization of the magnet A is the spin diffusion
length in the normal metal, and dy is the thickness of the normal
metal film.

Since only a small area is heated in these experiments a single ATy
can not be given, due to the lateral spread of the temperature distri-
butions. Additionally, the charge current that is eventually created
by the spin Seebeck and inverse spin Hall effect is effectively short-
circuited by the non-heated region such that one needs to substitute
the term /AT in Eq. (5.34) by the integral expression

2

T
INThe = - /ATme(r)rdr, (5.36)
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Figure 5.7.: Comparison of the observed and computed spin Seebeck
voltages under local laser heating. Experimental and sim-
ulated data are normalized to an incident laser power of
1mW. The ATne in Eq. (5.34) is calculated with the sam-
ple parameters from Tabs. 5.1-5.3 and the magnon prop-
erties outlined in Ch. 5.1.5.

where w = 80um is the width of the Hall bar. Using this [ATye,
where ATy is averaged over the magnetic coherence length, just
as in the one-dimensional case, one can now compare the spin
Seebeck effect expected from theory with experiment. Note that
IATme = |IATme| is adopted in the following for clarity.

Figure 5.7 shows a comparison between the voltages measured
in the local laser heating setup and theoretical values obtained from
Eq. (5.34) for the YIG/Pt heterostructures listed in Table 5.3. For
e.g. a YIG(54nm)/Pt(7 nm) sample (also shown in Fig. 5.7), a voltage
Vsse = 74nV is observed for P,ser = 1 mW at the sample surface. Us-
ing gr =1 x 10 m=2 [47, 48], 0 = 0.11 [47, 48], A = 1.5nm [47, 48],
M, = 140 x 103 A/m [180], and the value IATne = 1.35 x 1072 Km
obtained for 1mW optical laser power from the numerical calcula-
tions, yields Vssg = 37nV from Eq. (5.34) in good agreement with the
experiment. Generally this approach seems to slightly underestimate
Vssg, but generally gives values that agree with experiment to within
a factor of two. Considering the uncertainties in the determination
of the magnon parameter set and the issues with the magnon spec-
tral distribution, the modeling seems to generate realistic temperature
profiles.

5.1.7 Summary

The calculations presented in this chapter enable to investigate tem-
perature profiles of several interacting subsystems on a nanometer
scale also in magnetic materials. The model has subsequently suc-
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Sample p(MOm)  [ATe (1077 Km)
GGG/ YIG(50)/Pt(7) 409.4 1.35
GGG/YIG(54)/Pt(7) 406.5 1.35
GGG/YIG(46)/Pt(3.5) 3066 0.96
GGG/ YIG(58)/Pt(2) 761.7 0.78
GGG/YIG(56.5)/PH(1.5) 1089.9 0.73
GGG/YIG(61)/Pt(11) 3345 1.63
GGG/YIG(53)/Pt(8.5) 3483 0.85
GGG/YIG(52)/Pt(17) 3317 1.90
YAG/YIG(59)/Pt(7) 4877 1.36
YAG/YIG(64)/Pt(3) 622.2 0.92
YAG/YIG(61)/Pt(19.5)  358.7 1.97
YAG/YIG(63)/Pt(6.5) 4120 131
YAG/YIG(60)/Pt(10) 429.0 158
YAG/YIG(60)/Pt(13) 4349 1.75

Table 5.3.: Samples used in this study. Numbers in parentheses in-
dicate layer thickness in nm (rounded to the next 5A).
[ATye denotes the integrated temperature difference be-
tween the magnons and the electrons at the YIG/Pt inter-
face at Ppaser = 1mW.

cessfully been used to investigate the spin Peltier effect [181] and time
resolved spin Seebeck experiments [182] by other authors. It should
be noted again that the modeling of thermally coupled heat reser-
voirs had originally been devised decades ago and was only com-
plemented with spin current based heat transport by Xiao et al. [12].
Nevertheless, the coupled magnon-phonon(-electron) system had not
been studied in complex, realistic geometries or implemented in a
manner that respects the details of spin current based heat transport.
Further, the significance of the spin current based heat transport was
originally dismissed by Xiao et al. but found to be essential when
realistic material parameters are employed. While the coupling in
the YIG/Pt samples investigated here is mostly restricted to two cou-
pled systems (with the coupling to the third realized via an interface
effect), terms of the form of Eq. (5.9) can easily be added for an ar-
bitrary number of interacting subsystems. While this may render a
analytic solutions of even simple cases impossible, numeric proce-
dures will only suffer some moderate increase in computational cost.
This makes the results particularly interesting for futures studies on
e.g. conducting magnets or materials with exotic forms of heat trans-
port. Numeric procedures, in principle, also allow to investigate the
transient evolution of the temperature profiles. When the timescales
approach the magnon phonon interaction time, however, a treatment
in terms of temperatures may not be appropriate anymore. Since the
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magnon phonon interaction time is not independent of the magnon
energy [cf. Eq. (5.25)] low-energy magnons will behave differently
from high-energy ones as discussed further in Ch. 5.2. Instead of
temperatures one would then need to consider the evolution of ar-
bitrary distributions that relax towards a Bose-Einstein (Fermi-Dirac)
profile for t — co. To account for the energy dependence of the inter-
action constants the governing differential equations will then form a
system of integro-differential equations. While all this appears feasi-
ble to do numerically, the lack of reliable information on the (energy
dependent) interaction times requires further theoretical modeling.
The micro magnetics approach by Ritzmann et al. [68] avoids some
of these issues and yields similar information, but is limited to the
simulation of small scale systems due to the rather extensive compu-
tational cost.

At the beginning of this chapter it was pointed out that more re-
cent results suggest that the inverse spin Hall voltage measured in
experiments originates from the low-energetic end rather than from
the whole magnon spectrum. Indeed, also the calculated tempera-
ture profiles show that the absolute temperature difference between
magnons and electrons at the magnet/normal metal interface is very
small. Thus additional care is required regarding the analysis of
the experimental data by comparison to model predictions. By only
considering low-energy magnons the temperature gradient induced
spin current and, in turn, the predicted spin Seebeck voltage would
be reduced considerably. At the same time, however, the effective
ATpe (ie. the accumulation of low-energetic magnons) is likely to be
much higher in this case due to the influx of additional low-energetic
magnons driven by the temperature gradient in the magnet. It is
clear that a more robust knowledge of the precise composition of the
magnon spectrum at the interface is required before further attempts
to model experimental voltages are to be undertaken. Current efforts
aimed at obtaining such information are discussed in the following
chapter.
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5.2 TRANSIENT SPIN SEEBECK EFFECT

The resonant excitation of the magnetization dynamics in a solid is
only possible for selected magnetic field-frequency combinations [cf.
Eq. (2.10)]. By the same argument, the magnons in spin pumping
experiments can unambiguously be identified from the experimental
conditions and their wave vector can be inferred from the dispersion
relation [Eq. (2.3)]. In a non-resonant excitation scheme used in spin
Seebeck experiments, however, magnons of all frequencies and wave
vectors contribute to the spin currents measured in experiment. The
model employed in Ch. 5.1 assumed the magnon distribution to be
described by a Bose-Einstein distribution, but it was pointed out that
this assumption may not be valid at the edges of a magnet, i.e. at
an interface. In the steady state it is difficult to distinguish between
magnons of different frequencies and thus infer the magnon distribu-
tion from measurement data. This severely limits the significance of
most of the experiments performed to date as they were performed
on time scales corresponding to the static regime. To get insight into
the spectral distribution of the involved magnons therefore requires
experiments in a transient regime, where the relevant relaxation times
become larger, or at least comparable to, the time scale probed in the
measurement.

Two independent studies aimed at quantifying the magnon-phonon
interaction time relevant for the spin Seebeck effect. They em-
ployed a modulated laser heating scheme, similar to that presented
in Ch. 5.1, allowing for the generation of temperature gradients on
a sub-microsecond scale. Unfortunately the results of these experi-
ments on yttrium iron garnet (YIG)/Pt samples were not conclusive.
On the one hand, Agrawal et al. [182] observed a roll-off frequency
of the spin Seebeck voltage below 1MHz in a several micrometer
thick film and attributed it to a finite “effective thermal magnon dif-
fusion length”. On the other hand, the experiments by Roschewsky
et al. [183] in much thinner YIG films suggest that the spin Seebeck
effect should be robust even beyond several 10 MHz.

To resolve this apparent disagreement an experimental study of the
transient behavior of the spin Seebeck effect on a series of samples
with YIG thicknesses 50nm < drg < 53 um has been performed in
collaboration with the Technische Universitit Kaiserslautern. The in-
vestigation reveals that the characteristic decay time of the spin See-
beck effect changes as a function of the YIG layer thickness. The spin
Seebeck voltages in the experiments show 3dB cut-off frequencies
as high as 0.35 GHz in the thinnest investigated YIG films, but drop
to below 1 MHz when the thickness of the YIG films exceeds 1pum.
This is consistent with the notion that the energies of the magnons
generating the measured spin Seebeck voltage increase with decreas-
ing the YIG film thickness due to confinement [120]. Furthermore,
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the evolution of the measured spin Seebeck voltage with the heating
modulation frequency and the thickness of the YIG layer provides fur-
ther evidence to reports in the literature [120] that the magnon spec-
trum stimulating the spin current emission characteristically changes
with the YIG thickness. The results strengthen the impression raised
throughout Ch. 5.1 that a simple diffusion model can only approxi-
mate the magnon distribution in systems with strongly wave vector
dependent interaction mechanisms.

This chapter is based on a manuscript on the same topic prepared for
submission for peer-review and adopts much of its text and figures.

5.2.1 Preparation of the experiment

The YIG films used in the experiments were fabricated using two
complementary methods which allow to cover a large range of YIG
film thicknesses. The growth of the thinner films (dg < 200nm)
follows the description outlined in Ch. 3 (pulsed laser deposition of
the YIG) with yttrium aluminium garnet (YAG) used as a substrate.
The Pt coverage (= 10nm) varies by a few nanometer from sample
to sample, but is not expected to have a significant impact on the
analysis. Thicker YIG films are commercially fabricated by means of
liquid phase epitaxy on gadolinium gallium garnet (GGG) substrates
and were subsequently covered with Pt. For the analysis in the
following potential spurious contribution due to the anomalous
Nernst effect are disregarded, in agreement with the notion that the
proximity polarization in Pt is negligible [81], i.e. at least two or-
ders of magnitude smaller than the spin Seebeck effect in YIG/Pt [82].
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Figure 5.8.: a Spin Seebeck voltage spectrum of the YIG(50 nm) sample recorded by the
spectrum analyzer for a microwave frequency fo = 2MHz and a static mag-
netic field poHext =~ 20mT. b Voltage spectrum for a continuously rotating
(fmod = 150Hz) magnetic field of the same strength. The formerly single
peak splits into two peaks of half the original height.
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Two different experimental approaches were employed to inves-
tigate the spin Seebeck effect dynamics. At the Walther-MeifSner-
Institut a continuous wave solid-state laser with a wavelength of
1550 nm is modulated at a frequency f by an electro-optical modula-
tor to generate a sinusoidal intensity modulation of the laser beam
with a peak-to-peak amplitude of about 30 mW and thus generates
a time-varying temperature gradient in the samples. The induced
time-varying spin Seebeck voltage is detected and averaged by a
spectrum analyzer. The amplifier used to drive the electro-optical
modulator, unfortunately, emits a large amount of electromagnetic
radiation at the microwave frequency f, which is picked up by
the wiring connected to the spectrum analyzer and contaminates
the measurement of the spin Seebeck signal detected at the same
frequency. To circumvent this issue the double modulation method
derived in Ch. 4 is employed. More specifically, in addition to a
modulation of the spin Seebeck voltage signal at the microwave
(laser heating) frequency f the magnetic field applied to the samples
is rotated continuously during the measurements at a frequency
fmod- In the same fashion as demonstrated in Eq. (4.7), the rotation
of the magnetic field splits the spin Seebeck voltage peak into two
sidebandes at f £ fy,,q, but leaves the frequency of the inductive
signal unaffected. This is exemplarily shown in Fig. 5.8 for the
YIG(50nm) sample at a microwave frequency f(= fp) = 2MHz.
While a single peak is observed for a static magnetic field in Fig. 5.8a,
the spectrum is composed of two peaks of half the original height in
Fig. 5.8b for a magnetic field rotating at f,,q = 150 Hz. The reamin-
ing voltage detected at the microwave frequency is the inductive
pick-up signal, which is small here, but can exceed several dozens
of microvolts at larger microwave frequencies. In addition to the
separation from spurious voltages the integrity of the voltage signals
is further validated via S-parameter measurements. The latter ensure
that bandwidth limitations of the electric circuit are not at the origin
of the observed frequency dependence.

At the Technische Universitdt Kaiserslautern (UniKL) samples are
placed on top of a microstrip line, covered by an insulating layer.
By application of 30 dBm microwave (fmw = 6.875GHz) pulses to
the microstrip line, eddy currents are induced in the Pt, which,
in turn, generate a time-varying temperature gradient across the
YIG/Pt interface [184]. After passing a low-pass filter, the voltages
are detected by a spectrum analyzer at the microwave modulation
frequency f.

Both experiments, upon repeating the procedure for different
modulation frequencies, directly yield the characteristic frequency
response transfer function |Vssg|(f), i.e. the magnitude of the voltage
response as a function of the frequency of the applied temperature
gradient. With applied magnetic fields of the order of 25mT the
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experiments are performed far below ferromagnetic resonance and
parametric excitation conditions.

5.2.2  Experimental results

The transfer functions |Vssg|(f) for samples YIG (50nm),
YIG(270nm), YIG(2800nm) and YIG(30000nm) are exemplarily
shown in Fig. 5.9. The absolute voltage levels scale with the thickness
of the YIG layer as reported in Refs. [75, 120], however, here the data
have been normalized to the respective DC value for each sample for
clarity. Evidently, the spin Seebeck voltage on the 50 nm film remains
at its DC level up to much higher frequencies as compared to the
other samples. Moreover, the voltage response for frequencies above
the 3dB point is markedly different for the various samples. For the
50nm and 270nm films the transfer function resembles a classical
tirst order low-pass, decaying as 1/f for f > fsqs. In contrast,
|Vsse|(f) measured for the 2800nm and 30000nm film decays at a
much lower rate. A gradual change of both the cut-off frequency as
well as the shape of the transfer function is observed as a function of
YIG thickness in the sample series.

Since the transfer functions of the investigated samples clearly cannot
all be modeled with the same approach (e.g. a low-pass as above),
the cut-off (3dB) frequencies f;4p for all samples are determined
solely by the frequency at which Vssg(f34) = Vsse(f — 0)/+/2. The
result is plotted in Fig. 5.10 and indicates a power-law like behavior
of the cut-off frequency fzqp o dlé as a function of the YIG film
thickness dr with an exponent g ~ —1.

The interpretation of the experimental results requires reiterating
some theoretical concepts. Within the spin mixing interface conduc-
tance formalism [38] an energy imbalance [185] between the two
sides of a magnet/normal metal interface leads to the flow of an-
gular momentum across the latter. For the spin Seebeck effect this
energy difference may be formulated in terms of a temperature dif-
ference between electrons in the normal metal and magnons in the
ferromagnet as detailed in Ch. 5.1. While the temperature differ-
ence in Ch. 5.1 was assumed to originate from diffusive [12] trans-
port, other scenarios, such as stochastic transport [68] or “subther-
mal” magnons [64, 66, 72], have also been proposed in the literature.
Irrespective of the modeling employed, however, low temperature
measurements [72] and the relatively long lifetime time of the small
wave number k magnons [156] even at room temperature suggest
that the thermalization process between magnons and phonons is
the limiting factor for high-frequency spin Seebeck excitations. It is
important to realize that the calculations in Ch. 5.1 are concerned
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Figure 5.9.: Normalized spin Seebeck voltage Vsgg(f)/Vssg(0) as a
function of the modulation frequency of the applied tem-
perature gradient for the 50nm and 2800nm thick YIG
films recorded at the WMI and the 270 nm and 30 000 nm
thick YIG films recorded at the UniKL. Offsets have been
added to the data for clarity. The dashed lines indicate
the 3dB points and the solid line depicts the behavior of
a 350 MHz low-pass for comparison.

exclusively with the steady state, where the shorter lifetimes of high-
energy magnons are much more relevant due to the mutual coupling
between magnons of different energy. The interaction with the other
thermal reservoir, the electrons in the normal metal, can be assumed
instantaneous in the experimentally accessed frequency range as spin
current emission has been demonstrated for much higher frequencies,
e.g. in spin pumping [56] or spin Hall magnetoresistance [186] exper-
iments.

To explain the observed frequency dependence of the spin Seebeck
voltage a steady-state model [64, 181] as in Ch. 5.1 is considered first.
The energy supplied to the Pt layer by the laser heating raises the
temperature of the Pt layer. Energy and angular momentum are then
transferred by the spin transfer torque from the electrons in the Pt to
the magnons in the YIG, raising the magnon temperature Ty,. Due
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Figure 5.10.: 3 dB roll-off frequency as a function of the YIG film thick-
ness. f3qp gradually decreases as approximately di ! in-
dicated by the dashed line.

to magnon-phonon scattering the energy is finally transferred to the
phonon system and the heat sink. In the stationary situation a steady-
state spin current is generated across the YIG/Pt interface which is
proportional to the temperature difference AT = ATye = Te — T
of the electrons in Pt and the magnons in YIG. It is obvious that a
finite AT and, hence, a finite spin Seebeck voltage is obtained only if
the magnons couple to the phonons as magnons and electrons would
equilibrate almost instantaneously otherwise (AT — 0). This is im-
portant for the non-stationary case. A finite ATy, is obtained only on
time scales longer than the characteristic magnon-phonon interaction
time Tpmp in YIG. On shorter time scales, the energy cannot be trans-
ferred from the magnon to the phonon systems resulting in AT — 0.
Following the derivation in Ch. 5.1, and disregarding any spatial vari-
ation, the time evolution of the temperature difference ATy, between
the magnons and phonons in YIG can be expressed in a relaxation
time approach as [124]

d A’1—‘mp

D ATy = — —P
ar— ™ Tmp

(5:37)

This is trivially solved by ATmp(t) o efﬁ, which transforms to
1
|ATmp (w)] —— (5-38)
1+ (WTmp)

in the frequency domain. The transfer function derived from this
model indeed describes the data of the 50 nm and 270 nm film reason-
ably well. Following this reasoning the cut-off frequency in the 50 nm
film thus corresponds to a characteristic interaction time between
magnons and phonons of Tmp = 1/(27f348) ~ 450 ps. This is consis-
tent with the estimate in Ch. 5.1 and others the literature [168] which
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put Tmp at a few hundred picoseconds for high-energy magnons. It
should be pointed out, however, that the extracted Tmp 18 @ weighted
average over the entire magnon spectrum contributing to the emis-
sion of the measured spin current. Keeping in mind that 7y is
expected to be strongly frequency dependent, further explains why
the transfer function for the thicker films deviates significantly from
Eq. (5.38).

In thermal equilibrium and in absence of any spatial variation of
the temperature, the magnon population is distributed according to
Bose-Einstein statistics and can be described with a single magnon
temperature Ty, as done in Ch. 5.1 where the YIG film thicknesses
did not exceed a few ten nanometers. A thermal gradient, however,
is accompanied by a flow of magnons along the same direction, with
the diffusion length of individual magnons decreasing with their en-
ergy [15]. The different diffusion lengths become important at the
edges (interfaces) of the magnetic layer at which only magnons closer
than their respective diffusion length can accumulate. Increasing the
magnetic layer thickness then favors lower energetic magnons with
their longer diffusion lengths in the interface accumulation. This
also implies that increasing the thickness of the ferromagnet leads
to a growing deviation from Bose-Einstein statistics right at the in-
terface and the concept of a single temperature is no longer well de-
fined [187]. According to numerical simulations [68] this effect is
small for our thinnest films but should be more significant in thicker
ones. At any rate, the magnon spectrum is expected to show an
exponential relaxation, similarly to Eq. (5.37). The lowest energetic
magnons (i.e. those with frequencies close to the ferromagnetic res-
onance frequency) feature interaction times with phonons exceeding
a microsecond. The shift of the effective cut-off frequency to lower
values in thicker YIG films observed in the experiment is thus ex-
pected from the model. More specifically, Etesami et al. [69] derive
the functional dependence of the 3dB roll-off frequency fs;4p for a
given magnon mode n € Ny on dr as

2Aex [ 2n70\?
B =7, .
0+ M. <dp >] (5-39)

Y
fiag = "‘E

where « is the magnetization (Gilbert) damping, < is the gyromag-
netic ratio, By is the external magnetic field, Ay is the exchange con-
stant, M is the saturation magnetization and n € Ny determines
the magnon wavenumber. The full transfer function is then a lin-
ear combination of the low-pass behavior of the individual magnon
modes. As dyig increases, the mode number 1 for magnons still ef-
fective at a given energy increases and more lower energetic modes
become available. Since these lower energetic modes feature smaller
f34p values [c¢f. Eq. (5.39)] the total f34p shifts downwards, at a rate
determined by the mode occupation number, i.e. the composition of
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the magnon spectrum. The di;! behavior observed in Fig. 5.9 is qual-
itatively consistent with an increased weight of the lower energetic
end of the magnon spectrum in thicker films. In any case, the f34p
values plotted Fig. 5.10 may be understood as approximate values of
the dominant magnon mode. It is important to emphasize that this
approximation becomes increasingly crude when many modes with
different f7,, values contribute similarly to the total signal in thicker
YIG films. With this caveat in mind f;4p in Fig. 5.10 is related to the
characteristic magnon energy stimulating the spin current emission
via

E=hw= ?deB- (5-40)

Considering the different damping characteristics of the films grown
by pulsed laser deposition (x =~ 1073 [99], Ch. 7.2) and liquid phase
epitaxy (« ~ 10~ [59, 64, 158, 159]) characteristic energies of the
order of 1meV are obtained in the thinnest films. Converting the
energy into an effective temperature yields To¢ ~ 17K in the 50nm
YIG film. This is in good agreement with the results by Boona and
Heremans [72] and Jin et al. [121] who give an upper temperature
limit for the magnons contributing to the spin current of 30K to 40K.
From a didactic perspective, however, it appears questionable to refer
to a subset of the magnon spectrum by means of its “temperature”,
rather than its energy. Although themed “low-energy magnons”
here, the characteristic frequencies of the magnons (up to few THz)
are substantially larger than those typically investigated in ferro-
magnetic resonance experiments (few GHz). Still, the characteristic
energies of the order of 1meV at best renders these magnons rather
low energetic compared to the energy scale suggested by the room
temperature measurements and considered in the calculations in
Ch. 5.1.

Finally, it is important to note that caution is required regarding the
values derived from the experiments. It is clear that there is some
leeway in the interpretation of the raw experimental data and that
the different sample fabrication methods and related variations in
e.g. magnetic damping in the films affect the accuracy of the derived
numerical values. Additionally the possible influence of a thermal
skin effect [188], i.e an attenuation and confinement of the heating
to the surface of the sample at high frequencies, is not explicitly
accounted for in the above analysis. The thermal skin effect arises
from the finite size and specific heat of the sample and attenuates
the magnitude of the temperature modulation with increasing the
heating frequency (which itself is left unaffected) as a function of the
distance to sample surface. If one takes the average heating within
the YIG layer as a measure for the magnitude of the spin Seebeck
effect then the larger heat capacity in thicker (more voluminous)
magnetic films alone may be sufficient to qualitatively explain the
observed 1/dr dependence. However, the thermal properties of the
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underlying and much thicker YAG or GGG substrates are not all that
different from those of YIG (cf. Tab. 5.1) and thicker magnetic layers
should thus only marginally affect the significance of the thermal
skin effect. Hence, the magnitude of the attenuation at each point
should be agnostic to the YIG film thickness and thus fundamentally
the same for all samples. Similarly the characteristic diffusion
length I, = 2vkt [189], quantifying the penetration depth of the
heating within a given time frame T for a material with diffusivity
k (kyic = 5.6 x 107°m?s~! [190]), is larger than the magnetic film
thickness for all samples and their respective 3dB time constants.
This estimate, however, is rather coarse and it may still be possible
that some of the observed attenuation in YIG films thinner than
the magnon mean free path [182] could be a residue of the above
phenomenon. All these issues aside, however, the extracted values
appear to be consistent with literature and are further supported
by the f345(500nm) value of some ten megahertz inferred from
numerical simulations in Ref. [69].

5.2.3 Summary

Chapter 5.2 investigated the frequency dependence of the spin See-
beck effect and identified characteristic response times which depend
on the thickness of the YIG layer. Specifically, it was found that the
characteristic response time scales approximately as the inverse thick-
ness of the films. This is consistent with recent experimental and theo-
retical studies and supports the notion that high-frequency magnons
dominate the effect in thin films but are less important for its absolute
magnitude and frequency dependence in thicker ones. The results al-
low to develop a consistent picture of the physics behind the spin
Seebeck effect, providing a link between several recent experimen-
tal [72, 75, 120, 121, 182, 183] and theoretical [68, 69, 168] results. They
could further help to refine the modeling by Xiao et al. [12] employed
in Ch. 5.1 and in the literature [168, 181], in a manner that it also cor-
rectly predicts the temperature (magnon distribution) at the interface
of thick magnetic films and promotes a more robust understanding
of the conversion into the voltages measured in experiments.

Going beyond the scope of the experiments presented here, further
insights might be gained by systematically studying the effect of large
magnetic fields and low temperatures on the dynamics. Large mag-
netic fields have already been demonstrated to affect the DC prop-
erties [120], an effect which should also translate to the transient
response. The approach presented here could also provide further
insight into the spectral composition of the thermally induced spin
currents in compensated garnets [71] with non-trivial contributions
from different magnetic sublattices.
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In most spin Seebeck experiments, the controlled generation and
quantification of temperature gradients represents a challenge. The
temperature gradients are most often established by clamping the
sample between two heat reservoirs, acting as heat source and
sink [10, 80, 82, 117, 119]. An important issue in this type of spin
Seebeck effect setup is good thermal coupling between the heat reser-
voirs and the sample. The laser heating technique [118] employed
in Ch. 5.1 and Ch. 5.2 circumvents this issue and brings along some
other benefits. However, the temperature gradients thus generated
can be quantified only by numerical methods as demonstrated in
Ch. 5.1. A fundamental issue with both techniques is that they re-
quire dedicated, often custom made or expensive, equipment to per-
form the experiments. This is particularly challenging when the ex-
periments are not to be performed at ambient conditions, e.g. in a
cryostat. Scaling these techniques towards larger or smaller samples
than what they were originally designed for is also not always possi-
ble.

This chapter presents an alternative, very simple technique to gener-
ate the temperature gradients required in spin Seebeck experiments.
The main idea is to use the normal metal layer (e.g. the Pt layer in
YIG/Pt) itself as an on-chip resistive heater. Although a large heating
current is driven through the normal metal, it is possible to simulta-
neously record the spin Seebeck magnetothermal (i.e. spin Seebeck)
voltage, by exploiting its dependence on an external magnetic field
and the heating current polarity.

This technique will be used for some of the data acquisition in
Ch. 6 and has already found widespread adoption in the commu-
nity [71, 76, 77, 191, 192]. This chapter is based on the results pub-
lished in Appl. Phys. Lett. 103, 242404 (2013) with extensive reuse of
text and figures.

5.3.1 Theoretical concept

As outlined in Ch. 2.5 and Ch. 5.1, the spin Seebeck effect is gener-
ated by the flow of heat in a magnet and through the magnet/normal
metal interface. By driving a large heating current I through the
normal metal the latter can act as a resistive heater and generates the
required thermal gradient (Fig. 5.11). For most experimental configu-
rations, the associated (resistive) voltage drop V4 along the direction
of current flow will, however, be far larger than the ensuing spin See-
beck voltage. On the other hand, most of V4 will be insensitive to
external magnetic fields, while the spin Seebeck effect voltage Vissg
is connected to the external magnetic field via the inverse spin Hall
effect as given in Eq. (2.7). A complication arises in the form of an
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Figure 5.11.: Sketch of the setup used for the current heating induced
spin Seebeck experiments. The samples consists of mag-
netic insulator (YIG) thin films on single crystalline GGG
or YAG substrates covered by a thin normal metal (Pt)
film. The YIG/Pt bilayer is patterned into a Hall bar
mesa structure. A DC-current source is used to drive
a large current Iy through the Hall bar while the volt-
age drop V; transverse to the current direction is mea-
sured with a nanovoltmeter. An external, in-plane, mag-
netic field is applied at an angle ¢ to the current direc-
tion. Due to the resistive (Joule) heating by I3 a tempera-
ture gradient across the magnet/normal metal interface
emerges, giving rise to the spin Seebeck effect.

additional magnetic field dependent contribution V,es due to magne-
toresistive effects such as the spin Hall magnetoresistance (see Ch. 2.3
and Ch. 4) Typically, these magnetoresistive voltages will be much
larger than the Visgg of interest. A method to increase the visibility of
Vissg with respect to Vj is to measure Visgg in the direction transverse
(along y) to the heating current, where V3 (along x) vanishes. How-
ever, even in this case the longitudinal voltage V4 can contribute to
Vi due to a slight misalignment of the transverse contacts, as will the
magnetoresistive voltages.

To eventually single out Vissg from Vs (Which is taken to include the
cross coupling of Vg from here on out) individually the dependence
on the current density Iy can be employed. Since the spin Seebeck
voltage Vissg depends on the dissipated electrical power (the Joule
heating) Pjoyle = Vyqlqg = Icle where R is the sample resistance it is
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proportional to the square of the driving current, while Vi is linear
in Iy. To summarize, one expects

Vissg o I3 cos ¢, (5-41)
Vies o< I3 cos2¢, (5.42)

for a measurement in the transverse direction (i.e. V; = Vigsg + Vies)
and where it was assumed that V;es originates from the spin Hall
magnetoresistance. Equations (5.41) and (5.42) show that the resistive
contributions and the cross-coupling obey Vies(+1q) = —Vies(—I4)
while the spin Seebeck voltage obeys Vissg(+14q) = +Visse(—1I4). Visse
can thus be obtained by adding Vissg(+14) to Vigsg(—1I4) such that

Vi(4+1a) + Vi(=1a) = Vies(+1q) + Vies(—14) +
Vissg(+14) + Visse(—1a)
= Vies(+1a) — Vies(+1a) +
Visse(+14) + Visse(+14)
= 2Visse(+1q) (5-43)

and analogously

Vi(+1q) — Vi(—1q) = 2Vres(+1q)- (5-44)

Eq. 5.41 and Eq. 5.42 are, strictly speaking, only first order approxima-
tions, since with increasing Iy, the sample’s resistance R = R(T) will
also increase due to the induced temperature changes. The higher
order terms, however, remain even (Vissg) and odd (Vies) powers
of I3 even in the limit of significant current heating induced resis-
tance modulation. As long as linear relations between resistance
and temperature as well as temperature and dissipated power, i.e.
R(T) = Ro+ R - T and T(Pjoute) = To + T - Pjouie hold, then

Icz1 (Ro + T05R)2

V.
iS5 (1—126ReT)2 <7
= | (Ro+ TodR)? Z n(6RST)" 113 ] cosp,  (5.45)
Id(R() + T()(SR)
v, SR 209R) s2
es 1-2oRoT 7

(Ro + ToéR) Z (6RST)" 113" 1] cos2¢  (5.46)

and Eq. (5.43) and Eq. (5.44) remain correct also in the limit of large
I4. The linear relation between resistance and temperature is a good
approximation of the behavior of most metals such as Pt over fairly
large temperature ranges, as is the linear relation between tempera-
ture and power in most solids. Equations (5.45) and (5.46) obviously
break down when I§5R(5T > 1 which is satisfied for I3 = 0.5 A in the
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structured thin film sample investigated here and thus far beyond
any value one might sensibly apply in experiment.

For an even larger signal-to-noise ratio an AC-current can be ap-
plied instead of the DC-current discussed in this chapter. Taking
Iy = Ipsinwt, with current magnitude Iy and the modulation fre-
quency w in Eq. (5.41) and Eq. (5.42) it is found that Vies & w and
Vissg o 2w to first order, which can be detected rather conveniently
using a lock-in amplifier [183, 191]. For large driving currents some
of the spin Seebeck (resistive) voltage will, however, be shifted into
the higher order terms as evident from Eq. (5.45) [Eq. (5.46)]. Again
this is only relevant for large driving currents but since the lock-in
is sensitive to only a single summand in Eq. (5.45) [Eq. (5.46)] rather
than their total this comes into effect a bit earlier when I3 is of the
order of a few ten milliamperes.

It should be noted that current (on-chip) heating techniques have
already been employed previously for spin Seebeck effect experi-
ments [193, 194] but the detection mechanism in these cases is un-
like the one discussed in this chapter. In much the same fashion as
presented here, the different symmetries with respect to the driving
current Iy are also used in some spin torque studies [195] to distin-
guish between Oersted field and spin torque induced magnetization
manipulation.

5.3.2 Experimental verification

The sample used in this study is a Pt/YIG/GGG thin film het-
erostructure, grown via pulsed laser deposition and subsequent Pt
evaporation as described in Ch. 3. The thickness of the YIG and Pt
layers are 61 nm and 11 nm, respectively. As depicted in Fig. 5.11 the
Pt and the YIG layers were patterned into a Hall bar mesa structure
(central bar length 950 pm, width 80 um) using optical lithography
and argon ion beam milling. Afterwards the samples were mounted
onto copper heat sinks.

The measurements in this chapter have all been performed in a
low pressure environment (p < 10mbar) in a cryostat with variable
temperature insert. If not noted otherwise, the sample was stabilized
at a base temperature of 250 K. While the controlled environment of
a cryostat yields better signal to noise ratio and abates thermal drift,
measurements under ambient conditions in an electromagnet at
room temperature are equally possible. By comparing the measured
voltages with a separately recorded pp; the Pt resistance can also be
used for on-chip thermometry [196, 197].

The Vissg extraction procedure is visualized in Fig. 5.12 for a fixed
angle ¢ = 45° between the Hall bar and the external magnetic field
(cf. Fig. 5.11). Here the transverse voltage is recorded as a function of
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Figure 5.12.: Recorded transverse voltage as a function of the external
magnetic field strength for ¢ = 45°. a For I3 < 0 a
positive offset voltage signal is recorded that exhibits the
typical features of the spin Hall magnetoresistance. b
Reversing the direction of I3 also inverts the observed
voltage signal. ¢ Adding Vi(+I4) and Vi(—I4) reveals
the much smaller, thermal (spin Seebeck) component.

the external magnetic field magnitude, which is varied from +0.4T
to —0.4T and back to +0.4T. For a pure spin Seebeck signal one
would expect the observed signal’s shape to closely mimic that of the
magnetic hysteresis loop of YIG, but apparently this is not the case.
Clearly the signal shown in Fig. 5.12a is dominated by the transverse
component of the in-plane spin Hall magnetoresistance [48], which
changes sign upon changing the current direction (Fig. 5.12b). Upon
adding the two curves, however, the hysteresis loop becomes visible
(Fig. 5.12c). The large additional peaks close to the coercive fields
are residues of Vs due to influence of the Oersted field generated
by I3. As evident from Egs. (5.41) and (5.42) both Vissg and Vies
depend on the angle ¢ between the external magnetic field and the
current path through the sample. The analysis further assumes ¢
to be identical for +13. The external magnetic field that determines
@, however, is superimposed by the Oersted field generated by Ij.

73



STEADY STATE AND TRANSIENT SPIN SEEBECK EFFECT

a N +1.50 .
T +1.45| /\
>"+1.40! Hoo =1T |
Id=-10 mA
+1.35
b .
< 1.35 AT
E 140 I, = +10 mA]
> 1.45/ \/
-1.50 -
c +1.0 - -
2 Vigse = Vil+lg) + Vi)
+0.5-‘\\ //
S
=
w 0.0
2
> \\*s-/
-05 Hext= 17
10 l,=+10 mA
0 90 180 270 360

¢ (deg)

Figure 5.13.: Thermal voltage as a function of the external magnetic
field direction ¢. The magnitude of the external mag-
netic field remains fixed at 1T throughout the entire
measurement. a For Iy < 0 a positive offset voltage is
recorded with the visible sin? ¢ variation stemming from
the spin Hall magnetoresistance. b Inverting the cur-
rent (I3 > 0) also reverses the voltage signal, but upon
adding up Vi(+I4) and Vi(—I4) and dividing the result
by two (c) a cos ¢ component remains, consistent with
the spin Seebeck effect as predicted by Eq. (5.41).

When the external magnetic field becomes small enough that the
Oersted field generated by Iy affects the total magnetic field the
magnetic layer is exposed to appreciably then ¢ is a function of
I3 as well. In that case adding the measured voltages for positive
and negative driving currents will no longer entirely cancel out
Vres. Since Vies > Vissp even small changes in ¢ due to the polarity
of Iy then become visible as residues of V5. This topic is further
expanded on in Refs. [183, 191].

To investigate the expected cos ¢ dependence of Visgg the applied
magnetic field is kept at a fixed value of 1T and the transverse
voltage V; is recorded while varying the field orientation with respect
to the Hall bar. The field value of 1T is chosen large enough to rule

74



5.3 CURRENT HEATING INDUCED SPIN SEEBECK EFFECT

E 320

G //
N=S

300 !

250 260 270 280 290 300

T (K)
I:)Joule(mW)
b QO 34 68 102 136 170
_ 1360
> 9 ®
= ° 1330 &
b — o — :
> ° 1300 =
e ¢ 270
° J
oﬂ. . . . .
0 100 200 300 400 500

12 (MA?)

Figure 5.14.: a The resistivity of the Pt film of as a function of tem-
perature. The slope is almost constant as expected for
Pt [198]. b Thermal component (Vissg) of the recorded
voltage (full symbols) and Pt temperature (open circles)
as a function of the square of applied current. To ob-
tain the individual Vissg(ly) data points the external
magnetic field was rotated at a fixed field strength of
1T, from which the spin Seebeck voltage is extracted
[Visse = Visse(¢ = 0°)] for each value of the driving cur-
rent £13. The observed Vissg scales quadratically with I
as does Tpi. Note that the Tp; value for the two rightmost
data points is an extrapolation.

out any remanent magnetic features of the YIG and ensure that its
magnetization is truly parallel to the external magnetic field. As
in Fig. 5.12a,b the measured signal in Fig. 5.13a,b is dominated by
the spin Hall magnetoresistance, featuring its characteristic sin® ¢
dependence, which reverses sign as the current direction is inverted.
Once again, by adding the signals obtained for opposite current
polarity the resistive effects cancel out and only the spin Seebeck
component remains (Fig. 5.13c). As predicted by Eq. (5.41) the signal
follows a cos ¢ dependence.

As a final check to confirm that the recorded signals indeed stem
from a thermal effect this procedure is repeated as a function of the
applied current. Figure 5.14b shows Vigsg = $[Vi(+14) + Vi(—14)] as
a function of I3. Visgg clearly shows a quadratic dependence on the
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applied current, supporting the notion of Eq. (5.41) that the measured
spin Seebeck effect should scale quadratically with I3. Moreover, the
effect quickly drops below the noise floor for small currents for which
the spin Hall magnetoresistance is still clearly visible in V;. Further-
more, by simultaneously measuring the resistance of the Pt Hall bar
along the current direction its temperature can also be inferred by
comparing the measured resistance value to a R(T) calibration curve
recorded separately at a small current value depicted in Fig. 5.14a. As
expected, the temperature increase of the Pt film is directly propor-
tional to Iﬁ as well. In other words, Vissg is directly proportional to
the temperature increase of the Pt film as suggested above.

5.3.3 High field and variable temperature data

With the measurements above performed in a cryostat it becomes
possible to also investigate the spin Seebeck effect at large external
magnetic fields and at low temperatures.

+3_¢=0°'
+2} 1, = £10 mA

Visse (V)

15 -10 -5 0 +5 +10 +15
l‘IOHext(T)

Figure 5.15.: Recorded spin Seebeck voltage as a function of the ex-
ternal magnetic field strength for ¢ = 0°. Visgg stays
constant for fields of up to 15T.

As mentioned in Ch. 5.1 and Ch. 5.2, Kikkawa et al. [120] showed
that the spin Seebeck effect is attenuated at large magnetic fields. The
attenuation, however, depends on the thickness of the magnetic layer
with thicker films showing a stronger attenuation at a given magnetic
field. Indeed, the data in Fig. 5.15 show that even at 15T external
magnetic field no attenuation can be observed in the 61 nm YIG film.
15T are equivalent to an energy of about 1.7meV (= 20K). In light
of the model put forward in Ch. 5.2 these values then represent
the lower limit for the dominant magnon species in this sample.
Considering that the dominant magnon energy in a comparably
thin sample in Ch. 5.2 was found to be above 1meV as well this
result should be expected, although it is surprising to observe no
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Figure 5.16.: Spin Seebeck voltage as a function of the cryostat base
temperature. The values are normalized to the product
of heating power and Pt resistivity to eliminate the tem-
perature dependent influence of the electrical properties
of the Pt layer on the results. The normalized voltage
drops to about half its 250K at low temperatures. The
lowest temperature values are likely compromised by in-
sufficient thermal coupling to the heat sink and hence do
not accurately represent the sample (YIG) temperature.

attenuation at all in Fig. 5.15. On the other hand, the magnetization
damping in these two samples might be rather different and the
exact relation of the attenuation and the applied magnetic fields is
not yet fully (in particular qualitatively) understood. It is possible
that the attenuation has a rather abrupt onset that prevents detection
below some critical thickness or field value.

Finally, Fig. 5.16 depicts the spin Seebeck voltage as a function
of the cryostat base temperature, normalized by the heating power
Pioule and sample resistivity pp;, which largely eliminates the in-
fluence of the Pt layer properties on the measurement. Here, the
normalized spin Seebeck signal stays approximately constant (or
increases slightly) down to 150K but drops to about half the room
temperature level by 50 K. The saturation observed for Tp,se S 40K
is most likely an artifact of a discrepancy between sample and
measured (cryostat) temperature, although the result does not
change appreciably if the Pt temperature instead of the cryostat
base temperature is taken for the analysis. Neglecting these few
data points, however, the behavior is otherwise consistent with that
reported in the literature [119, 120, 200] for thin films. In general, the
decreased response of the spin Seebeck effect at low temperatures
is commonly [12, 120, 200] explained by the diminishing number
of magnons when T — O0K. The interaction with the lattice can,
however, significantly affect the low temperature response in thicker
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films [120].

5.3.4 Summary

The current heating induced spin Seebeck effect technique demon-
strated in this chapter allows spin Seebeck effect measurements with
a minimal set of lab equipment. In principle, an appropriate sample,
a magnet and multimeter suitable for four point measurements are
sufficient to implement the technique. While labs are typically more
sophisticatedly equipped than the minimal example above, the sim-
plicity of the approach also allows to integrate spin Seebeck measure-
ments into a large variety of other setups. In particular, the possibility
to perform temperature dependent measurements has proven [71] to
be an invaluable tool in the study of compensated magnetic garnets.
As a side benefit, the technique also cuts measurement time in that e.g.
spin Hall magnetoresistance and spin Seebeck effect can be recorded
simultaneously on the same device.

An issue in many spin Seebeck experiments is the precise determina-
tion of the temperature drop across the magnetic layer. By using the
Pt layer as a resistive thermometer it is possible to infer the tempera-
ture on one end of the magnetic layer with much larger accuracy than
in experiments where e.g. copper heaters are used. Although only
the phonon temperature, rather than the magnon temperature, can be
measured this way this quantity still represents a crucial parameter
to infer the state of the magnetic system as demonstrated in Ch. 5.1.
Determining the temperature on the other side of the magnet remains
a challenge. However, Uchida et al. [70] presented measurements on a
Pt/YIG(bulk)/Pt sample that allow to infer the temperature on both
ends of the YIG film. For further quantitative studies it is thus de-
sirable to fabricate also thin film samples this way. In particular, this
would allow a far more robust extraction of the spin Seebeck voltage
at very low temperatures.
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5.4 SYNOPSIS

While the origin of the spin Seebeck effect is still not fully understood,
in the course of this thesis a consistent picture has been developed.
In particular the generation and spectral composition of the magnon
accumulation at the interface between the magnet and the normal
metal has been investigated intensively. In this context, the experi-
ments presented in Ch. 5.1 and Ch. 5.2 constitute crucial results.

The analytical and numerical studies in Ch. 5.1 suggest that the
magnon temperature in most of the magnet is close to that of the
phonons, but that the coupling between magnons and electrons via
the spin pumping process notably affects the magnon distribution at
the interface. More precisely, the effective magnon temperature fol-
lows that of the electrons much more stringently than assumed previ-
ously. While the magnon-phonon coupling, by virtue of the modeling
employed, is presently understood as a process that preserves the spe-
cific magnon distribution, it is intrinsically frequency-dependent and
likely to distort the magnon distribution. It appears, however, that
the distortion of the magnon spectrum is small and does not lead
to significant deviations from a Bose-Einstein distribution. Adding a
correction term to the standard thermal distribution may indeed be
sufficient to describe the magnon system as a whole. In summary,
the modeling is able to account for all coupling channels in the cor-
related phonon-electron-magnon-system and correctly reproduces a
number of experimental results [118, 122]. Nevertheless, more efforts
are necessary to make this approach a fully quantitative tool.
Although the distortion of the magnon spectrum is expected to be
small, it appears reasonable to assume that these small deviations
are, in fact, the most relevant for the spin currents measured in experi-
ments. To this end the study of the transient properties of the magnon
spectrum presented in Ch. 5.2 provides important insight into the
composition of the magnons that spawn the spin current flow be-
tween the magnet and the normal metal. The dependence of their dy-
namic response on the thickness of the magnetic layer demonstrates
that indeed the thermal state at the interface is more complicated
and not fully described by the simplest diffusion models. Rather it
is suggested that an energy resolved approach is necessary to cor-
rectly model the magnon transport in all details. In particular, the
overrepresentation of low-energy magnons and the experimental de-
termination of the magnon-phonon coupling of high energy magnons
are crucial results.

With tools such as laser (Ch. 5.2) or direct current (Ch. 5.3) heating
established, in parts, in this thesis an obvious next step is to extend
the material system from almost exclusively yttrium iron garnet, to
other magnetic insulators as well. This may either be compensated
garnets on which experiments [71] uncovered quite unusual behavior,
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Methods to increase
the figure of merit
have already been

proposed [203].
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or, at low temperatures in particular much simpler materials such as
europium oxide.

Additional methods such as time resolved Kerr [201] or Faraday [202]
effect could also be employed to investigate the magnon spectra on
timescales even shorter than accessible via laser heating. An alter-
native approach might also be nanostructuring of the samples, em-
ploying artificial lattices or Bragg reflectors to single out individual
magnon bands. This would enable a much deeper understanding
of how magnons interact with phonons and among themselves and
may even be sufficient to quantitatively determine the role of differ-
ent magnetic sublattices - both of which are necessary for a truly
complete picture of the spin Seebeck effect.

At any rate, the poor figure of merit of spin-caloritronic devices and
the poor controllability of thermal compared to e.g. electric transport
suggests that the spin Seebeck effect should be employed foremost
in cases where its broadband character of the excitation is an advan-
tage. In certain materials some magnetization modes might be in- or
poorly accessible by other means but of interest for applications or
fundamental research. In terms of practical applications in the near
future it is, however, likely that the spin Seebeck effect will mostly
play the role of a spurious effect that needs to be considered when
designing and characterizing devices.
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SIGN CONVENTION FOR THE SPIN HALL ANGLE

In Ch. 2.2 the spin Hall effect [30-32, 53, 204—209] and the spin
Hall angle sy relating the magnitude of spin and charge currents
to each another have been introduced. As evident from the sub-
sequent chapters, the (inverse) spin Hall effect is quite often essen-
tial for spin current based phenomena. Since the sign of Osy deter-
mines the sign of the induced transverse voltage in experiments in
which the inverse spin Hall effect is used to detect spin currents [53]
such as for spin pumping [56, 58, 210-213] or the spin Seebeck ef-
fect [10, 16, 73, 80, 214], the interpretation of experimental data hinges
on knowledge of the absolute sign of Ogyy.

In practice, however, the only convention with respect to the sign of
s had been to assume a positive value for Pt and thus a negative
value for e.g. Mo [56], Ta [215], and W [216]. The lack of a proper
definition for sgnfsy challenges scientists and authors to needless
additional care when conducting and interpreting experiments. The
issue is further amplified by a lack of care in manuscripts, missing or
glossing over the sign of other crucial parameters such as spin and
charge currents, magnetic field direction or simply measurement de-
vice polarity which are all required to infer sgn fgp.

To address this issue a collaboration between research groups from
the Institute for Materials Research, Tohoku University (IMR), Tech-
nische Universitdt Kaiserslautern (UniKL), Zernike Institute for Ad-
vanced Materials, University of Groningen (RUG), and the Walther-
Meifsner-Institut in Garching (WMI) was formed to establish a solid
definition of the sign of Osy. To this end, a theoretical toy model is
formulated and compared with experiment. The results have been
published in J. Phys. D: Appl. Phys. 48, 025001 (2015) (Ref. [17])
from which this chapter bountifully borrows text and figures.

6.1 THE MODEL DEFINITION

A practical definition of sgn fisy; has to be applicable to both theory
and experiment. To satisfy the former requirement and give actual
physical meaning to the definition a toy model is developed in the
following that relates sgn flsy to electron scattering at charged impu-
rities. While the toy model phenomenologically describes the extrin-
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Figure 6.1.: a The transverse deflection of polarized electrons gener-
ated by a fixed point charge g < 0 is associated with a
positive spin Hall angle. In the coordinate system em-
ployed here, electrons polarized along +z and moving in
the 4y direction are deflected in the —x direction. This
corresponds to a conventional current in the +x direc-
tion. b A magnetic field is positive when aligned with the
Earth’s magnetic field or as the magnetic field generated
by a negatively charged particle current flowing through
a coil when configured as sketched.

sic contribution to the spin Hall effect it is too crude to describe real
materials.

As introduced in Ch. 2 angular momentum is related to magnetic
moment by the relation y; = Iq/(2m) [217]. This magnetic moment
direction is also generated by two monopoles on the l-axis, the neg-
ative (south pole) just below and the positive (north) pole just above
the origin. The magnetic moment of the Earth points to the south,
so the geographic north pole is actually the magnetic south pole.
Hence, the geomagnetic fields on the surface of the Earth as measured
by a compass needle point to the north pole. For non-relativistic
electrons [218] whose charge is generally taken to be negative, i.e.
g = —e < 0, with spin s = %0 the corresponding magnetic moment
Us = —sge/(2m) = —vs. In solids, the Landé-g-factor ¢ depends on
both s and I and may take either sign. In most cases, however, ¢ and
therefore -y are positive.

Chapter 2.1 introduced spin currents js as the (linear) response to
a force given by the spatial derivative of the spin chemical poten-
tial. The direction of js therefore represents the flow direction of the
angular momentum (spin) current. The mathematical treatment of
spin currents often further requires knowledge of the polarization di-
rection 0, as demonstrated e.g. in Ch. 2.2. Both quantities can be

<
combined to form the spin current tensor Js consisting of column
vectors J¢ that represent the polarization of (spin) angular momen-
tum currents in the Cartesian a-direction and the row vectors Jsg

82



6.1 THE MODEL DEFINITION

represent the flow direction of angular momentum along B. Jsz is
identical to a js when o, = B, except for dimensionality, as Js 4 and
correspondingly J. are both defined as particle flow (units s~ 1) here
to avoid ambiguity. In this notation the spin Hall angle is the propor-
tionality factor in the phenomenological relations

Jop=0su  BAJc (6.1)
Jo =Osu)_Ji Aa (6.2)

where the &, B € {x,y,z} are Cartesian unit vectors.

The physical significance of sgn fsy is demonstrated in the following.
For an external point charge g at the origin in the weakly relativistic
electron gas the bare Coulomb potential at distance r is

ao(r) = o, 63)
where ¢ is the vacuum permittivity. In metals ¢o(r) is screened
by the mobile charge carriers to become the Yukawa potential ¢ =
@oe"/*. The screening length A serves to regularize the expectation
values, but drops out of the final results. The spin-orbit interaction of
an electron in the potential ¢ can be expressed in terms of an effective
magnetic field [219]

—e

so — m (VCP A P) ’ (6.4)

where c is the velocity of light. The force on the electron then reads

eh

Foo = —V (=t - Bg) = WV [c-(VoAnp)]. (6.5)

Focussing on a free electron moving in the y-direction (p = p,y) with
its spin pointing in the z-direction (0 = z0;) in an ensemble of ran-
domly distributed identical point charges with density n, the expec-
tation value (0;) = 1 and the average force is

n  deghm?

Fl5) = I
(Fo) 47teg 3m2c? Py

X. (6.6)

To define the positive spin Hall angle the charge is now chosen to be
negative (g < 0, repulsive). This then yields the following right-hand
rule: The electron with its spin pointing in the z-direction (thumb)
and moving in the y-direction (forefinger) drifts to the negative x-
direction (middle finger) [Fig. 6.1a]. A comparison with Eq. (6.1) and
using

C C
Jsz = —@Vﬂs = %<F¥§> (6.7)
and p
My
J. = P n.Cy (6.8)
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Figure 6.2.: a Typical setups for spin pumping experiments. An rf-
microwave field excites magnetization precession that re-
laxes by emitting a spin current into the adjacent Pt layer.
b In spin Seebeck experiments the spin current from the
YIG to the Pt is negative when the latter is hotter. In both
cases, the inverse spin Hall effect leads to a voltage be-
tween the contacts Hi and Lo.

where y; is the spin chemical potential, p is the resistivity, C is the
cross sectional area the currents are flowing through, and . is the
carrier density, leads to a spin Hall angle

n degh® m
4rteg 3m2c? e2pne’

Os = — (6.9)

Inserting numbers for fundamental constants yields 6sy =
+3 x 1071°Qm x n/(nep) for g = Fe.

For the experimentalist a more hands-on formulation of the above is,
however, more appropriate. The time-averaged spin current injected
by a steady precession around the equilibrium magnetization with
unit vector m is polarized along m. This spin pumping process [9]
is associated with energy relaxation of the magnetization dynamics
that increases the magnetic moment in the direction of the effective
magnetic field. When the g-factor is positive, the spin pumping cur-
rent through the interface is positive as well. Positive hereby refers to
the emission of a spin current polarized along m by the magnet. In
the spin Seebeck effect, when the temperature of the magnetization
is lower than that of the electrons in the metal, the energy imbalance
and, if g > 0, the spin current are opposite to that under ferromag-
netic resonance [12], leading to an opposite sign in the inverse spin
Hall effect voltage compared to the ferromagnetic resonance. Under
open circuit conditions the inverse spin Hall effect [Eq. (6.2)] leads to
a charge separation and an electrostatic field

—e
ES = TPGSH Us,m A m] ’ (6'10)

where A is the area of the normal metal/magnet interface and p is
the resistivity of the metal layer. This corresponds to an electromotive
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university tcaa tyig tpt l w
Garching 500pm 160nm 7nm 3mm 1mm
Kaiserslautern 500pm 4.1pym 10nm 4mm 1mm
Sendai 500pm 4pm 10nm 6mm 1mm

Groningen 500pm 200nm 6nm  600pm 30 pm

Table 6.1.: Substrate (fggg), magnet (tyjg), and normal metal (tpy)
layer thicknesses as well as sample length | and width w
for the specimen employed in the study.

force £ = —E; -1, where I is the length vector from the Lo to the Hi
contact in Fig. 6.2a,b. This figure sketches typical experimental setups
for spin pumping [Fig. 6.2a] and spin Seebeck experiments [Fig. 6.2b]
on yttrium iron garnet/platinum thin film (YIG/Pt) bilayers. In the
former, a normal metal/magnet stack is exposed to microwave radi-
ation with frequency f (typically in the GHz regime), while in spin
Seebeck experiments the bilayer is exposed to a thermal gradient as
demonstrated in Ch. 5. The direction or sign of the applied magnetic
tield is related to the current direction according to Ampere’s right
hand law as depicted in Fig. 6.1b. In practice, it is convenient to
use a compass needle for comparison with the Earth’s magnetic field.
Fig. 6.1b defines the positive field direction from the antarctic to the
arctic, i.e. along the geomagnetic field introduced above.

6.2 EXPERIMENTAL VALIDATION

To validate that the definitions derived in the previous section are
indeed consistent with the de facto standard of a positive spin Hall
angle in platinum spin pumping and spin Seebeck experiments were
performed by the participating experimental groups. The study was
performed using differently fabricated YIG/Pt samples for details
on which the reader is referred to Ch. 3 (WMI), Ref. [213] (RUG),
Refs. [220, 221] (UniKL) and Ref. [222] (IMR) and Tab. 6.1.

Fig. 6.3 summarizes the results of the participating groups. Note
that in each group both the spin pumping and spin Seebeck exper-
iments were performed on the same sample, without changing the
setup in measurement configurations equivalent to those depicted in
Fig. 6.2.

At the WMI, spin pumping experiments (first row) were carried
out in a microwave cavity with fixed frequency frs = 9.82GHz as
a function of an applied magnetic field Hey leading to resonance at
poHext = 270mT. The current heating induced spin Seebeck tech-
nique presented in Ch. 5.3 is used to generate a temperature gradient
(hot Pt, cold YIG) [16]. The inverse spin Hall effect voltages for both
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Figure 6.3.: Measured voltage signals for the FMR spin pumping (left)
and spin Seebeck (right) experiments obtained by the
contributing groups. The voltage signals have been nor-
malized to a maximum modulus of unity while the ap-
plied magnetic fields are in units of the FMR resonance
field Hyes given in the insets. The temperature difference
AT = Tp; — Ty is positive. Sample parameters are given
in Tab. 6.1.

spin pumping and the spin Seebeck experiments were measured by
the same, identically connected nanovoltmeter with microwave and
heating current separately turned on.

Results from the UniKL are shown in the second row in Fig. 6.3. A
microwave with fr.s = 7 GHz fed into a Cu stripline on top of the Pt
film excites the FMR at an external magnetic field of yoHext = 175mT.
The microwave current amplitude was modulated at a frequency of
fmod = 500Hz to allow for lock-in detection of the induced volt-
ages [221]. The spin pumping data show a small offset between pos-
itive and negative magnetic fields, which stems from Joule heating
in the Pt layer by the microwaves. Peltier elements on the top and
bottom (separated by an AIN layer) generated a thermal gradient for
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the spin Seebeck experiments that were reversed for cross checks, as
shown in the right graph.

The third row in Fig. 6.3 shows the results obtained at the IMR.
Here, the sample is placed on a coplanar waveguide such that at
fres = 3.8GHz ferromagnetic resonance condition is fulfilled for
poHext = 70mT. The thermal gradient for the spin Seebeck mea-
surements was generated by an electrically isolated separate heater
on top of the Pt.

The fourth row in Fig. 6.3 shows the RUG results. A coplanar
waveguide on top of the YIG was used to excite the ferromagnetic
resonance at a magnetic field of ygHext = 6 mT. The spin Seebeck ef-
fect was detected using the AC-variant of the current heating induced
spin Seebeck scheme introduced in Ch. 5.3.1.

In spite of differences in samples and measurement techniques, all
experiments agree on the sign for spin pumping and spin Seebeck
effect. All experiments measure negative spin pumping and positive
spin Seebeck voltages for positive applied magnetic fields that all
change sign when the magnetic field is reversed, consistent with the
theoretical expectations [9, 12, 30, 31].

These results now allow to infer the absolute sign of the spin Hall
angle. With external magnetic field Hext pointing in the z direction
m || z and Js || y for FMR spin pumping. According to Eq. (6.1),
when 0sy > 0 E || —x, which leads to a negative (positive) charge
accumulation at the —x (+x) edge of the Pt film and a negative spin
pumping voltage is expected as well as observed. In the spin Seebeck
experiments with Pt hotter than YIG, the spin current flows in the
opposite direction (Js || —y), and the voltage is inverted. Therefore,
the spin Hall angle of Pt is positive if defined as above. The nature
of the spin Hall effect in Pt is likely to be governed by its electronic
band structure [223], but it should be a helpful to know that the sign
is identical to that caused by negatively charged impurities.

6.3 SUMMARY

This chapter presented spin pumping and spin Seebeck experiments
for various samples and experimental conditions leading to gratifying
agreement of the results obtained by different groups. By carefully ac-
counting for the signs of all experimental parameters and definitions
relative and absolute signs of both effects could be determined. The
positive spin Hall angle of Pt was linked to a simple physical model
of negatively charged scattering centers, e.g. dopants, impurities or
defects. The relative signs of spin pumping and spin Seebeck effect
are consistent with theoretical predictions [12, 62, 64, 210]. The tech-
niques and samples used in this chapter are representative for a large
number of spin pumping and spin Seebeck experiments and may
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serve as a reference for other materials or sample geometries. With
similar figures in the literature any or all of incomplete, wrong or
unverified, Fig. 6.2 in particular has proven a handy helper for quick
validation of measurement results.
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SPIN ORBIT TORQUE DRIVEN FERROMAGNETIC
RESONANCE

The previous chapters demonstrated that spin transfer torques enable
a convenient interfacing between collective spin excitations in a mag-
net and the conduction electrons’ spin in a normal metal. Via the spin
Hall effect this also affects the electric transport in the normal metal.
All effects discussed so far covered the spin transfer torque mediated
conversion of the spin excitations in the magnet into a measurable
(voltage) signal in an adjacent normal metal. However, the genera-
tion of the spin excitations was left to other means, e.g. magnetic
tields generated by external coils, heating of the sample or exposition
to microwave radiation.

On the other hand, Ch. 2.3 already established that the spin trans-
fer between magnets and normal metals is realized by the manipu-
lation of the magnetization through a torque, i.e. a change of the
magnetization vector M. This implies that the flow of a spin current
from a magnet into a normal metal (or the other way around) has
to be reflected in a change of the magnetization state in the magnet.
A change of the projection of M on the quantization axis thereby
is equivalent to the creation or destruction of spin excitations po-
larized along the same. Other than the heat transfer examined in
Ch. 5.1, the changes in M were small and could be neglected with-
out impacting the final outcome of the experiments. However, in
some configurations the impact of the spin transfer torque on M, or
its unit vector m = M/|M]| is crucial for the experiment. When the
Slonczewski-like torque described in Eq. (2.8) is taken into account in
the Landau-Lifshitz-Gilbert equation [Eq. (2.9)] the Landau-Lifshitz-
Gilbert-Slonczewski equation' [40]

Tis Re (gﬂ)

tit = —ypo(m A Hegr) +am Nt — 2 Mody

mA(mAoy,), (7.1)
is obtained. Here, df is the thickness of the magnetic layer and s
is the amplitude of spin accumulation (i.e. proportional to the num-
ber of spin excitations) in the normal metal at the interface with the
magnet. The spin transfer torque induced changes in m can also

For a comparison of units recall that [y] = 1/Ts, [us] =J, [§¥] = 1/m?, [M] = A/m
and [d] = m, totaling a unit of s~! for the spin transfer torque term.
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be parametrized in terms of an effective magnetic field generated
by the spin accumulation ys in the o, -direction. The m A Heg and
m Aoy, terms in Eq. (7.1) are thus equivalent in terms of symme-
try and the m A (m A 0,;) term may also be written as m A i (since
m N\ Heg o< 1ir). In other words, accounting for the spin transfer torque
adds an additional magnetization (anti-)damping term to the descrip-
tion of the magnetization dynamics. For this reason the Slonczewski-
like torque is also often referred to as damping-like torque (cf. Ch. 2.4).
Generating a spin accumulation ys in the normal metal thereby af-
fects the transient properties of the magnetization and e.g. allows to
tune the linewidth in ferromagnetic resonance experiments. When
the Slonczewski-like torque is understood as a time-varying effective
magnetic field instead, it is straight forward to understand that the
modulation of this field at the resonance frequency of m can be used
to directly excite magnetization dynamics. For static spin currents
one generally considers the damping like character of the spin trans-
fer torque, which can also be used to stimulate magnetization dynam-
ics by overcompensation of the Gilbert damping [224].

The above makes the spin transfer torque attractive for spintronics
applications, such as torque-induced magnetization control in nan-
odevices [215, 216, 225], for sensing, data storage, interconnects, and
logics. Realization of these proposals, however, has mostly been lim-
ited to metallic magnets [226—230], while magnetic insulators received
much less attention [160, 224, 231]. As highlighted in this thesis (e.g
Ch. 3), however, yttrium iron garnet in particular offers many intrigu-
ing properties for spin (magnon) current based applications.

This chapter deals with the resonant excitation and detection of spin
orbit torque induced magnetization dynamics in yttrium iron garnet.
Chapter 7.1 details the proof of the excitation and detection of the fun-
damental (uniform precession) resonance mode via the spin transfer
torque in a magnetic insulator. Ch. 7.2 expands these fundamental re-
sults and covers the excitation of higher order perpendicular standing
spin wave mode.
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7.1 EXCITATION OF THE UNIFORM PRECESSION MODE

Magnetization dynamics are typically investigated by application of
an external, macroscopic and oscillating electromagnetic field to the
magnet. Since keeping magnetic fields fully local is rather challeng-
ing on the nanometer-scale, conventional strategies to generate mag-
netic fields may be considered rather clumsy. An alternative, more
elegant approach is to employ an oscillating spin transfer torque to
induce the magnetization dynamics [232]. The latter is restricted the
(arbitrarily small) interface area between magnet and normal metal by
nature of the spin transfer torque. To this end, a microwave-frequency
(GHz) charge current is applied to the Pt layer of a YIG/Pt sample,
which drives ferromagnetic resonance by the combined action of Oer-
sted fields and spin transfer torque. The ensuing magnetization dy-
namics in turn generates a DC voltage, which can be accounted for
by considering electrically detected DC spin pumping [9] (Ch. 2.4)
and rectification mediated by the AC spin Hall magnetoresistance
(SMR) [11, 233] (Ch. 2.3). Since the action of Oersted fields and spin
transfer torques on spin pumping and spin Hall magnetoresistance
rectification are intertwined in a nontrivial fashion, a comparison of
samples with different YIG film thicknesses enables to discern and
quantify the magnetization dynamics driven by the two aforemen-
tioned excitation processes and single out the spin transfer torque
contribution of interest here. The experimental data can be modeled
quantitatively using spin diffusion theory and quantum mechanical
interface boundary conditions [234, 235]. The analysis shows that in
very thin YIG films, magnetization dynamics indeed is driven by spin
transfer torque. In the thinnest investigated YIG film the latter are, in
fact, substantially more efficient than the Oersted fields at actuating
magnetization dynamics.

This chapter adopts the results published in Phys. Rev. B 92, 144411
(2015) (Ref. [18]) and shares much of the same text and figures.

7.1.1  Theoretical concepts

In conventional magnetic resonance studies with coplanar waveg-
uides the Oersted field B,. generated by a high-frequency current
is the exclusive generator of the magnetization precession in a nearby
magnet. In contrast, the high-frequency current in the experiments
discussed in this chapter is fed directly to the Pt layer of a YIG/Pt
sample, as depicted in Fig. 7.1, and enables another excitation mecha-
nism. The conventional high-frequency (Oersted) magnetic field gen-
erated by the charge current can be calculated as Bo. = jcdnpo/2,
where j. is the charge current density, dy is the thickness of the Pt
film, and pg is the vacuum permeability. The derivation of Bp. as-
sumes a placement on the surface of a laterally infinitely extended
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conductive
Ag paste

GGG (500 pm)

YIG (3-55 nm)
Pt (3-17 nm)

Figure 7.1.: Samples are placed across a gap in the center conductor
of a coplanar waveguide and contacted with conductive
Ag paste.

film and notably neglects any variation of Bp. as function of the
distance to surface, i.e. throughout the thickness of the magnet.
As demonstrated in Ch. 7.2, however, the deviations from the ac-
tual field values are insignificant for the geometry and sample size
employed here. Owing to the spin Hall effect [30, 31] a charge
current in Pt is, however, accompanied by a transverse spin cur-
rent (Ch. 2.2). At the magnetic insulator/normal metal interface,
this spin current exerts an oscillating spin transfer torque on the
magnetization [47] that can drive a magnetization precession as dis-
cussed above. An effective magnetic field, localized at the inter-
face between the magnet and the normal metal, can be employed to
parametrize the (anti-)damping torque [234] that varies with the angle
between spin accumulation and magnetization. Its maximum value
is Bsrr = Ospjchi/ (2eMsdg)1y, where gy is the spin Hall angle, dy is
the thickness of the YIG film and M is its saturation magnetization.
Furthermore, 7 = 2Ap Re(G™) tanh Z—IX /[1 +2ApRe(GW) coth dTN] de-
scribes the spin absorption efficiency [28] with the spin diffusion
length A, electrical resistivity p in the normal metal and the spin mix-
ing interface conductance G™ (in units of O ~'m~2. Note that g™ is in
units of m~2, i.e. G* = ¢ . 27e? /).

Conversely, when magnetization dynamics in the magnet is excited,
the normal metal provides an additional magnetization damping
channel via spin pumping as described in Ch. 2.4. The inverse spin
Hall effect makes detection of this spin current generated by spin
pumping possible in terms of a DC inverse spin Hall voltage Vsp [57].
Vsp is a measure of the power absorbed by the magnetic system and
therefore yields a purely symmetric resonance line shape [57], irre-
spective of the origin of the magnetization precession [236].

The spin transfer torque in addition also couples the magnetization

92



7.1 EXCITATION OF THE UNIFORM PRECESSION MODE

orientation of the magnet to the electrical resistivity of the normal
metal via the spin Hall magnetoresistance introduced in Ch. 2.3. Ow-
ing to spin Hall magnetoresistance the resistivity of the Pt film is mod-
ulated by Ap; = pb3;;(A/dn)7 tanh ‘%‘ as a function of the magneti-
zation orientation in YIG. In magnetic resonance, the high-frequency
precession of the magnetization induces a high-frequency oscillation
of p at the same frequency fmw as jo, which generates a DC rectifi-
cation voltage [237] (Vsmr). In contrast to the symmetric line shape
of Vsp, Vamr also depends on the specifics of the phase relation be-
tween microwave current and magnetization precession [236], such
that both symmetric and antisymmetric resonance line shapes are
possible. For spin torque actuated magnetization dynamics the recti-
fication voltage (i.e. the part of Vgyr depending on Bstr) resonance
line shape is purely symmetric [234], while for Oersted field induced
dynamics it is, in general, at least partially antisymmetric. Oersted
tields, however, are affected by the local sample configuration. This
may introduce a (DC magnetic field independent) phase offset é be-
tween j. and p which can render also the Oersted field induced Vsyr
largely symmetric [233, 236, 238]. Therefore, a line shape analysis of
the DC voltage detected in magnetic resonance in terms of symmetric
and antisymmetric contributions alone does neither allow to distin-
guish the individual contributions from spin pumping and spin Hall
magnetoresistance rectification, nor whether the dynamics stem from
Oersted fields or the spin transfer torque. In particular, the variation
of Vgp and Vgyr with the orientation of Beyt can not be employed
to distinguish between Oersted field and spin transfer torque actu-
ated dynamics as is commonly done for anisotropic magnetoresis-
tance based rectification [236]. Thus, in order to assess the importance
of the spin torque actuated dynamics, a more careful and elaborate,
quantitative analysis has to be performed. The corresponding expres-
sions for Vsp and Vgyr are discussed below. As a general guideline,
however, the spin transfer torque manifests itself as an increasingly
symmetric resonance line shape of Vpc = Vgp + Vsur for decreasing
thickness of the magnetic layer (since Bsrt o« 1/dg). The spin torque
induced spin Hall magnetoresistance rectification resonance voltage
peak is of opposite polarity compared to that origination from spin
pumping.

The mathematical modeling of the AC-DC conversion mechanism
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is discussed in detail in Refs. [234, 235]. Converting notation to SI
units, the DC spin pumping and rectification voltage read:

AB?
(Bext — Bres)* + AB2
AB?
(Bext — Bres)” + AB?
(Bext — Bres)AB

Vsp = Ssp cos ¢sin2¢, (7.2)

Vomr = [ SsMR

+Asmr (Bow — Broa)” + AB2 cos @sin2g, (7.3)
where
Ssp = Z)A]i(; [ C4 B + C-Birr
+C <(2 + a?) sind — a% cos (5) BOeBSTT] ,
SSMR = —% [CBsrr + (C siné + aC cos §) Boe |,

[Ao1]
AsMR = — 421; (C4 cosé — aCsind) Boe.

Before going into details below, it is advisable to point out some gen-
eral features of Eq. (7.2) and Eq. (7.3). The DC spin pumping voltage
Vep takes the form of a symmetric Lorentzian with magnitude Sgp
governed by the Oersted field Bo. as well as the effective magnetic
field parameterizing the (anti-)Jdamping torque Bgrr. On the other
hand, the DC rectification voltage Vsyr is composed of a symmetric
and an antisymmetric Lorentzian with magnitude Sgyr and Agmr, re-
spectively; the former depends on both Bp. and Bsrr while the latter
only depends on Bge.

The remaining parameters in Egs. (7.2) and (7.3) are as follows: I
is the length of the sample, ¢ is the angle between the current
and the applied in-plane magnetic field (¢f. Fig. 7.1) with modulus
Bext = MoHext, 0 is the constant phase offset between microwave cur-
rent and magnetization precession [233, 236, 238] as discussed above,
and the magnetic field AB = aw, /7 is the half width (half maximum)
of the resonance governed by the Gilbert damping constant & and
the excitation angular frequency w, = 27 fmw. C = @a/\/1+ @2
and C+ = 1+£1//1+@? where @, = 2w,/ (Msyuo) with the
gyromagnetic ratio . Furthermore, |¥ = hw,/(2ednp)bsun and
Bres = —Mspo/2 + \/(Mspo/2)? + (wa/7)?. Finally, the total damp-
ing is given by a = ag + vh*/ (2> Msdg) Re[G™ /(1 + 20AG™ coth &)],
where the parameter xp combines the intrinsic Gilbert damping of the
YIG film with its inhomogeneous broadening. Throughout this chap-
ter (Ch. 7.1) ag will thus be treated as a fitting parameter. A more
elaborate discussion and analysis of the damping in thin YIG films is
found in Ch. 7.2.
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Figure 7.2.: Circuit schematic used for the ferromagnetic resonance
experiments.  Equipment used: Rohde & Schwarz
SMF100A microwave source, Stanford Research SR830
lock-in amplifier, Inmet/ Aeroflex 8810EMF2-50 bias-tee.

7.1.2  Experimental methods

For the experiments YIG/Pt samples (cf. Ch. 3) are integrated into a
coplanar waveguide (CPW) structure with a characteristic impedance
of 502 and placed onto a 1.5mm wide gap in the center conduc-
tor [186] as depicted in Fig. 7.1. The sample dimensions are designed
to, as far as possible, impedance match the microwave circuitry, lead-
ing to an effective sample area of about 1.5mm x 1.5mm. The CPW
with the integrated sample is placed between the pole shoes of a ro-
tatable electromagnet. In the experiments, an intensity modulated
microwave source (fmw = 7 GHz) is used to feed the samples with an
AC charge current. The ensuing DC voltages are detected by a lock-
in amplifier as depicted in Fig. 7.2. All experiments were performed
under ambient conditions.

7.1.3 In-plane measurements and simulations

Ferromagnetic = resonance studies have been performed
for three samples with strategically chosen film thick-
nesses [YIG(55 nm)/Pt(17 nm), YIG(55nm)/Pt(4 nm) and
YIG(4nm)/Pt(3nm)] which allows to disentangle Oersted and
spin transfer torque contributions to Vpc. As shown in Fig. 7.3a a
mostly symmetric negative voltage peak is observed at the resonance
magnetic field poHext =~ 0.18 T for the YIG(55nm)/Pt(17 nm) sample.
To evaluate the importance of the spin transfer torque, the experi-
mentally observed voltages are simulated using the model described
in Ch. 7.1.1 [Egs. (7.2) and (7.3)]. The term simulation thereby signifies
that the data are not fitted numerically but that the free parameters
in the simulation are chosen by hand, as Egs. (7.2) and (7.3) are not
well-behaved with respect to typical minimization algorithms such
as the Newton or Levenberg-Marquardt [239, 240] method. It is also
important to acknowledge that the accuracy of the numerical values
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Figure 7.3.: a Measured DC voltage Vpc of YIG(55nm)/Pt(17nm) under an AC current
bias (full symbols). The solid/dashed red line is calculated from a simulation
based on Egs. (7.2) and (7.3) using § = —63°/6 = 0, respectively. The angle
between the (in-plane) external magnetic field and the microwave current is
@ = —35° [0 = 90°, Fig. 7.1]. b Contributions to the excitation by Oersted
field and spin transfer torque to Vpc, according to the simulation. The Oer-
sted fields dominate the magnetization actuation. ¢ Oersted field induced
contributions to Vgp and Vgyr. d Spin transfer torque induced contributions
to Vsp and Vgur.

given in the following is adversely affected by the large and partly
correlated parameter space of Egs. (7.2) and (7.3). Nevertheless,
any plausible parameter set will qualitatively yield very similar and
thus robust results regarding the contributions of Oersted field and
spin transfer torque. Moreover, most parameters are constrained (by
literature or other measurements) leaving only the charge current
density j. and the intrinsic damping parameter a as free parameters
in the model calculations. These, however, can also be estimated from
the applied microwave source power, impedance matching charac-
teristics and the damping parameters extracted from spin pumping
experiments on the YIG/Pt samples [185]. The spin transport
parameters are: spin diffusion length A = 1.5nm, spin Hall angle
fs = 0.11 and spin mixing conductance Re(G™) = 4 x 10" Q 'm~2
which have proven to be robust to variations of other sample pa-
rameters (Refs. [48, 185, 199]). The phase § = —63° is inferred from
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additional measurements with magnetic fields oriented at a slight
angle to the film normal (see Ch. 7.1.4). The saturation magnetization
M = 118 kA/m is determined from the magnetic resonance field,
and p = 445 x 1077 Om from DC resistance measurements. For
jo = 053 x10°A/m? and ay = 0.01, good quantitative agreement
between model and experiment [Fig. 7.3(a)] is obtained. The large
effective intrinsic damping «¢ in the samples can be understood in
terms of efficient magnon-magnon-scattering induced by roughness
in thin ferromagnetic films [241, 242], especially when magnetized in
the film plane [243].

After finding good agreement of the simulated and the measured
Vbc the simulation allows to infer the contributions due to the
Oersted field and spin transfer torque, as depicted Fig. 7.3b. The
excitation in this sample is dominated by the Oersted field as
expected for the comparably large YIG layer thickness. The largely
symmetric shape of the resonance peak is due to a significant spin
pumping contribution, with the spin Hall magnetoresistance being
small (Ap/p ~ 2 x 1074) [11, 48] for thick Pt films. Splitting Oersted
field and spin torque contributions further into spin pumping and
spin Hall magnetoresistance components shows that the Oersted
field approximately equally efficient excites spin pumping and spin
Hall magnetoresistance voltages (Fig. 7.3¢c) and that the spin transfer
torque contributes little to no spin pumping voltage (Fig. 7.3d). As
a note of caution, however, the spin pumping voltage (Eq. (7.2)
also contains terms mixing Oersted field and the effective magnetic
field parameterizing the (anti-)Jdamping torque which are then
unaccounted for in Figs. 7.3¢,d and the corresponding panels for the
other two samples below.

In the YIG(55nm)/Pt(4 nm) sample with its smaller Pt thickness, a
distinct asymmetric Vpc resonance line shape (Fig. 7.4a) is observed.
This particular sample shows a somewhat higher resonance field
and absolute voltage level due to a reduced saturation magneti-
zation and better impedance matching, respectively. Again, the
experimental data are well reproduced by the simulation using
Mg = 89KkA/m, jo = 4x10°A/m?, p =317 x 1077 Om, § = —55°
and a9 = 0.015. The spin Hall magnetoresistance is known to
be maximal for a Pt thickness of roughly twice the spin diffusion
length [48] dN ~ 2A = 3nm. The antisymmetric shape here then is
due to significantly increased spin Hall magnetoresistance rectifica-
tion as compared to the YIG(55nm)/Pt(17 nm) sample (Figs. 7.4c,d).
The smaller dy also enhances the effective field describing the
(anti-)Jdamping torque. However, since the YIG layer is still compa-
rably thick, the Oersted field still accounts for most of the excitation

(Fig. 7.4b).
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Figure 7.4.: a Measured DC voltage Vpc of YIG(55nm)/Pt(4nm) under an AC current
bias (full symbols). The solid/dashed red line is calculated from a simulation
based on Egs. (7.2) and (7.3) using 6 = —55°/6 = 0, respectively. The angle
between the (in-plane) external magnetic field and the microwave current is
@ = —35° [0 = 90°, Fig. 7.1]. b Contributions to the excitation by Oersted
field and spin transfer torque to Vpc, according to the simulation. While the
smaller dy benefits the effective field describing the (anti-)damping torque the
magnetization dynamics are still dominantly induced by the Oersted field. ¢
Oersted field induced contributions to Vsp and Vsyr. d Spin transfer torque
induced contributions to Vsp and Vgyg.

The YIG(4nm)/Pt(3 nm) sample behaves markedly different. Here,
a broad positive voltage peak which indicates spin transfer torque
excitation (Fig. 7.5a) is observed. With decreasing YIG film thickness,
the effect of surface roughness on the magnetization damping is
increased. This is taken care of in the simulations with Mg =
128kA/m, jo = 1.1 x 10° A/m?, p = 481 x 10 Om, § = —78° and
xg = 0.04. The symmetric line shape in Fig. 7.5b is caused by the
dominant spin transfer torque component, both for the spin pumping
and spin Hall magnetoresistance component of Vpc (Fig. 7.5¢,d).

As an additional sanity check of the modeling a rotation of the
external magnetic field as a function of the in-plane angle ¢ has also
been performed. The result depicted in Fig. 7.6 agrees well with the
behavior predicted by Egs. (7.2) and (7.3) and thus demonstrates that
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Figure 7.5.: a Measured DC voltage Vpc of YIG(4nm)/Pt(3nm) under an AC current bias
(full symbols). The solid/dashed red line is calculated from a simulation
based on Egs. (7.2) and (7.3) using § = —78°/6 = 0, respectively. The angle
between the (in-plane) external magnetic field and the microwave current is
@ = =35° [0 = 90°, Fig. 7.1]. b Contributions to the excitation by Oersted
field and spin transfer torque to Vpc, according to the simulation. The spin
transfer torque dominates the excitation of the magnetization dynamics due
to the very thin YIG layer. ¢ Oersted field induced contributions to Vgp and
Vomr. d Spin transfer torque induced contributions to Vsp and Vgur.

spurious effects and anisotropy are not significant for the in-plane
measurements, at least in this particular sample. It should be noted,
however, that behavior deviating from the expected cos ¢sin2¢ in
thicker YIG films has been reported in Ref. [244] and is also observed
and discussed further in Ch. 7.2.

7.1.4 Out-of-plane measurements and extraction of the phase offset

As discussed in Sec. 7.1.3, the measured DC voltages, especially their
dependence on the thickness of the YIG and Pt layer, are well repro-
duced by theory. As seen in Figs. 7.3, 7.4 and 7.5, the best match
between theory and experiment is achieved, however, only by allow-
ing for 6 # 0 in Egs. (7.2) and (7.3). Although good agreement is
obtained for § # 0, one has to keep in mind that the Oersted field-
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Figure 7.6.: Normalized = DC  voltage recorded on  the
YIG(4nm)/Pt(3nm) sample on resonance as a func-
tion of the external magnetic field orientation ¢. The
dashed line sketches the expected cos ¢ sin2¢ variation
of VDC-

induced spin Hall magnetoresistance rectification voltage [Eq. (7.3)]
then also contributes to the symmetric line shape. Therefore, the
phase offset 6 must be determined in order to conclusively establish
the role of the spin transfer torque vs. the Oersted field. While both
Vsp and Vsgur vanish for magnetic fields in the plane spanned by the
film normal and the charge current direction [236], i.e. ¢ = 0°, for any
other value of ¢ their magnitude is differently affected by the polar
(out-of-plane) angle 8 between the film normal and the magnetization
direction [235]. More specifically, the ratio R of the symmetric (S) to
antisymmetric (A) contributions to the line shape [233] changes char-
acteristically as a function of 6 for a given 4. A pronounced change in
R is observed for 6 — 0° i.e., for magnetization nearly perpendicular
to the film plane. Since the DC voltage vanishes for § = 0°, however,
it is not possible to take data with the magnetic field exactly per-
pendicular to the film stack. For all samples additional experiments
(Fig. 7.7) with the magnetic field applied at a small angle to the film
normal (0 =~ 5°, ¢ = 90°, Fig. 7.1.3) have thus been carried out. A di-
rect computation of the experimental out-of-plane resonance spectra
is unfortunately not possible as magnetocrystalline anisotropy other
than shape anisotropy is not accounted for in Refs. [234, 235] but af-
fects the resonance field in the out-of-plane measurements. The mea-
sured value may further be affected by the different sample position
in the magnet for the out-of-plane configuration. The line shape itself,
however, is hardly affected for typical crystalline anisotropy strengths
in these thin films. The phase offset § can then be determined by
extracting R for the in-plane and out-of-plane measurements and ad-
justing ¢ such that both the in-plane and out-of-plane R value are
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Figure 7.7.: Measured and fitted DC voltages for external fields ap-
plied at a slight angle 6 ~ 5° relative to the film normal
on the YIG(55nm)/Pt(17 nm), YIG(55nm)/Pt(4nm) and
YIG(4nm)/Pt(3nm) sample, respectively.

reproduced. This procedure is essentially the same as introducing
an artificial resonance field offset in the simulation to counteract the
effect of the unaccounted resonance field shifts. R = S/ A is obtained
by fitting the experimental data assuming a generalized Lorentzian,
ie.

5 AB?
(Bext - Bres)2 + ABZ
AB(Bext - Bres)
(Bext — Bres)? 4+ AB?’

Vbe

+A

(7-4)

where AB is the (half width half maximum) linewidth, By is the
resonance field, Bey: is the external field and S and A are the ampli-
tudes of the symmetric and antisymmetric contributions to the line
shape. For the simulation all terms associated with the imaginary
part of the spin mixing conductance have been disregarded and it is
assumed that the static magnetization is oriented along the external
field direction. Since the out-of-plane magnetic resonance fields are
of the order of 450mT (cf. poMs < 160mT), Re(GH) > Im(G*) in
the YIG/Pt samples [48] and the Oersted as well as the effective field
describing the (anti-)damping torque both lie in the film-plane when
6 — 0°, these assumptions are not expected to compromise the re-
sults.

The experimental R values are found as Rip = —3.2, Roop = —2.5
for the YIG(55nm)/Pt(17nm) sample, Rijp = —0.43, Roop = —0.35
for the YIG(55nm)/Pt(4nm) sample and Rip = 19, Roop = 25 for
the YIG(4nm)/Pt(3nm) sample. The subscripts ip and oop indicate
magnetic field in the film plane and (approximately) out of plane, re-
spectively.
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A comparison with the simulation based on Ref. [235] then yields
phase offsets of 6 = —63° [YIG(55nm)/Pt(17nm)], § = —55°
[YIG(55nm)/Pt(4nm)] and § = —78° [YIG(4nm)/Pt(3nm)], respec-
tively. The R value of the YIG(4nm)/Pt(3 nm) sample is most uncer-
tain causing a phase offset error of about £3°.

7.1.5 Summary

The pronounced dependence of the Vpc resonance spectra on the
thicknesses of the yttrium iron garnet and platinum layers (dr and
dn), observed in experiment and accurately reproduced by the model,
provides clear evidence for spin transfer torque driven magnetiza-
tion dynamics in thin yttrium iron garnet films. In particular, the
polarity change of the DC voltage in the thinnest film is a strong
indicator for spin transfer torque driven dynamics. From a differ-
ent perspective, the results presented above also show that AC spin
pumping [245-247] in magnetic insulators is reciprocal, as predicted
by the Onsager relations for the linear response regime. This corrob-
orates the notion that spin transfer torques provide an efficient link
between pure magnonic and conventional electronic circuits, in par-
ticular on the nanometer scale. While Oersted fields drive bulk mag-
netization dynamics, the spin transfer torque is linked to the interface
and is thus very effective for thin film structures. Magnetic insulators
specifically can be engineered for low saturation magnetization [248],
further increasing the effectiveness of spin transfer torque mediated
magnetization actuation. Recent results [224, 231] also indicate that
the spin transfer torque may be able to couple to the Néel order pa-
rameter in antiferromagnetic insulators which could allow for very
high-frequency dynamics. This opens new perspectives for the effi-
cient integration of ferro-, ferri-, and antiferromagnetic insulators, in
the form of e.g. spin transfer torque magnetic random access memory
(STT-MRAM) or and spin-wave based interconnects, into electronic
devices.

When this study was initially performed the origin of the phase offset
0 was not known. The more recent results in Ch. 7.2 give a number
of important insights into this issue but, unfortunately, do not allow
to eliminate 6 from the analysis of the fundamental (FMR) mode in a
simple manner.
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7.2 BROADBAND SPIN WAVE SPECTROSCOPY USING THE SPIN
TRANSFER TORQUE

Resonant excitation of magnetization dynamics as demonstrated in
the preceding chapter allows to encode information into a magne-
tostatic mode, e.g. in an amplitude modulation scheme. Resonant
excitation, however, is only possible at specific field-frequency com-
binations of which only a small subset has been explored in Ch. 7.1.
In principle, several modes, at different frequencies, can be excited at
the same field value simultaneously. To account for these additional
modes the theory of ferromagnetic resonance, introduced in Ch. 2.4
has to be extended. Magnetization dynamics can be described by
the phenomenological Landau-Lifshitz-Gilbert equation, from which
Kittel [51] first derived the ferromagnetic resonance condition. Spin
wave theory is a generalization of Kittel’s approach and also consid-
ers surface- as well as higher order volume modes. This gives rise
to a large spectrum of possible excitation states for the magnetic sys-
tem and has been explored in great detail for many different materi-
als [249, 250].

In spin wave theory one distinguishes between spin waves of
magnetostatic and dipolar exchange character. Although this dif-
ferentiation is not particularly well defined one may use the crite-
rion [250] (lexq*)? > 1, with the magnetic exchange length lox =
D/ (yuohMs) and the magnitude of the in-plane part of the wave
vector g%, to characterize the (dipolar) exchange regime. The out-
of-plane component g, (parallel to the film normal) is required to be
quantized by the boundary conditions of the magnetostatic equations
governing the problem. Due to the quantization the out-of-plane
wave vector takes the form of a standing wave. If the in-plane (or
propagating) character of magnetostatic spin waves is of interest one
further divides the possible configurations into three classes. Forward
volume waves describe the case of spin waves propagating in the plane
of a magnetic film, magnetized parallel to its surface normal. For an
in-plane magnetized film, backward volume waves describe the case
when the (in-plane) propagation is along the magnetization direction
and surface waves describe the case when the two are perpendicular
to each other.

The spin waves of interest in the following, however, are analyzed
only for their quantized component which is perpendicular to their
propagation in the film plane. With this in mind, the resonance fre-
quency of the perpendicular magnetostatic volume modes in a later-
ally infinite thin film with an external field in its film plane is found

as [249, 250]

fres = % \/[Hext + Mslgxcl%] [Hext + Ms - K + Mslgxq%]/ (75)
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Figure 7.8.: Perpendicular standing spin wave modes in a magnetic
film. The red lines indicate the dynamic magnetization
components perpendicular to the external magnetic field.

where Hey: is the magnitude of the external magnetic field, K is the
sum of the magnetocrystalline anisotropies, and g, = nt/dg is the
quantized part of the wave vector with dp the thickness of the film
and n the order of the mode. The Kittel formula [51] is recovered
from Eq. (7.5) by taking n = 0.

Whether or not a specific mode can be excited also depends
on its spatial profile. Figure 7.8 depicts the spatial profile of the
precession amplitudes and phases for the n = 0,1,2,3 mode in
the case of negligible surface anisotropy. Notably the phase of the
magnetization precession throughout the entire film thickness is
constant for the n = 0 mode but varies in sign for the n = 1 and
higher order modes. Hence a uniform force (such as the one exerted
by a spatially uniform Oersted field) acting on the magnetization
is limited to the excitation of the n = 0 mode and fails to couple
to the other modes for the net force vanishes under consideration
of the phase differences throughout the film. Note that for strong
surface anisotropy (pinned boundary conditions) this is only true for
the odd modes (n = 1,3,5,...). Since the spin torque acts only in
the immediate proximity of the interface, the mode profile within
the films does not affect the effectiveness of spin transfer driven
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magnetization excitation. In nanostructures in particular, where
Oersted fields can, in many cases, be considered homogeneous,
interface effects such as the spin transfer torque therefore represents
the only option to excite these modes. This is especially true for
insulating magnets, that can not efficiently screen Oersted fields as is
the case in metallic magnets.

It is worth noting that spin pumping affects the mode profiles [251].
For in-plane wave vectors g* ~ 0, relevant for the experiments in the
following, however, this effect is negligibly small.

A further point to consider is that the demonstration of spin torque
actuated magnetization dynamics in the preceding chapter and in the
literature [232, 244, 252—254] hinges on the analysis of the line shape
by comparison with theory [234-236]. While the latter provides
a powerful tool for the interpretation of the data or the design of
new experiments, the large parameter space of the corresponding
equations [¢f. Egs. (7.2) and (7.2)] can be an issue. Since the n > 0
modes in thin insulating films are largely immune to the influence of
the Oersted fields generated in the experiment, their mere detection
constitutes a direct proof of spin torque actuated magnetization
dynamics.

7.2.1 Spatial profile of the Oersted field

For the experiment a 105 nm thick YIG film covered by a 5nm thin Pt
layer is connected to a coplanar waveguide as depicted in Fig. 7.1 and
the experiment is performed analogously to Ch. 7.1. While thinner
magnetic films are beneficial for the magnitude of the spin transfer
torque, a thicker film permits more magnetostatic modes to be ob-
served within a given frequency window as evident from Eq. (7.5). To
facilitate measurements over a broad frequency range at reasonable
signal to noise levels, the output power of the microwave source is
adjusted between Py = 4 — 100mW as a function of the microwave
frequency to compensate for losses in the circuitry and to yield ap-
proximately the same DC voltage levels throughout the entire inves-
tigated frequency spectrum.

The magnitude of time varying Oersted field generated by the high-
frequency charge current is approximated in Ch. 7.1.1 by the constant
value Boe = jednpo/2, but its spatial variation can also be calculated
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Figure 7.9.: Magnitude of the Oersted field generated by a 1.5mm
wide, 5nm thick Pt strip at a constant current density of
je = 1 x 10 A/m?. The Pt strip is located outside of the
plotted region at —0.75mm < y < 0.75mm, —5nm <
z < Onm. The dashed (contour) lines give the relative
deviation of the field from its value at the interface.

analytically for a thin film, i.e. a rectangular conductor [255, 256].

Using?
~ _ Hoj h? + 2zoh Po
By(po,z0) = 47: [po log (1 + m + 2(zp + h) arctan "
—2zp arctan (Po) ] (7.6)
20

and

B.(po,z0) = Hoje zolog 1+p—% —(zo+h)log 1+ Piﬁ

’ 4r z3 (zo + h)?

—2pp arctan <ZO + h) + 2pp arctan <ZO>} , (7.7)
Po Po

the magnetic field at a given position (yo,zo) above the top edge
of the conductor is then given by B, .)(yo,z0) = Ey(z)(% + Yo,20) —
By(:)(—=% + y0,20). In the equations above, / is the height of the con-
ductor and w is its width.
Setting w = 1.5mm, h = dy = 5nm and assuming a constant cur-
rent density j. = 1 x 10° A/m? yields the profile depicted in Fig. 7.9.
In the center of the strip (y = 0) the field value from the full expres-
sion above agrees with the approximated value to within less than
The z-component of ~ a percent. This error becomes larger towards the edges of the film
the Oersted field has— due to the additional z-component of the Oersted field here. The

opposite sign for the o . . T .
left and right edge of variation of the magnitude of the Oersted field along the y-direction,

the Pt strip. 5 Magnetic field of rectangular conductor with current. Retrieved December 29, 2015, from
http:/ /www.ntmdt.com/spm-basics /view/magnetic-field-rectangular-wire
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Figure 7.10.: DC Voltage recorded at fmw = 18.5GHz and ¢ = 35°.
Modes up to n = 3 are clearly visible in the spectrum
(higher spin wave modes appear at lower magnetic field
magnitudes). The step in the DC voltage level at zero
tield, originates from the spin Seebeck effect.

however, does not lead to the excitation of the magnetostatic modes
of interest, which require a variation along the z-direction. The lat-
ter is very small as outlined by the dashed (contour) lines that give
the relative deviation of the Oersted field magnitude with respect to
its value directly at the interface. The deviation barely exceeds 10~*
throughout the YIG film thickness of 105nm, and the Oersted field
should thus not be expected to contribute substantially to the excita-
tion of the n = 1,2,3,... mode. Fundamentally, standing spin waves
are also possible in the other two directions, however, the large sam-
ple dimensions here prevent the detection of such modes.

The above discussion hinges on the assumption of a uniform current
distribution within the Pt layer, from which deviations are to be ex-
pected in the experiment due to nonuniform resistivity (e.g. edge
defects) and the skin effect. The latter results in an increased cur-
rent density at the far edges of the film at high frequencies. Both
phenomena are likely to increase the Oersted field inhomogeneity
overall but should have only limited influence on the variation along
the z-direction in the region of interest.

7.2.2  Voltage spectra analysis

The DC voltage on the YIG(105nm)/Pt(5nm) sample has been
recorded over a microwave frequency range of 5GHz < fnw <
18.5GHz in increments of 500MHz at an in-plane angle between
microwave current and external magnetic field of ¢ = 35°. A typical
DC voltage spectrum is depicted in Fig. 7.10 for fnw = 18.5GHz.

Both for positive and negative external magnetic fields four voltage
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peaks can be identified, as well as a step in the DC voltage around
zero external magnetic field. The sudden step in the DC voltage
arises from a Joule heating induced spin Seebeck effect as discussed
in Ch. 5.3. On very close inspection the voltage step at zero field
also coincides with a peak-like structure, which arises from the
superposition of Oersted and external magnetic field, similar to
the discussion in the same chapter. The resonance fields of the
other, more pronounced voltage peaks allow their identification as
the n = 0 (uniform precession) to n = 3 (perpendicular standing)
spin wave modes. Immediately apparent is the different polarity
of the n = 1,2,3 compared to the n = 0 mode. As discussed in
Ch. 7 the voltage peaks generated by spin pumping and spin torque
mediated spin Hall magnetoresistance rectification are of opposite
sign. By comparison with the results from Ch. 6 it becomes clear
that the voltage peak of the n = 0 mode can be attributed (at least
partially) to spin pumping, whereas the peaks for the n = 1,2,3
modes are due to spin torque mediated rectification. Upon closer
inspection (expanded upon later in the chapter) the n = 0 mode
also contains a substantial antisymmetric component, whereas the
n = 1,2,3 mode are largely symmetric. Since the antisymmetric
line shape is a hallmark of the excitation by the Oersted field this
observation is consistent with the expectation that only the n = 0
mode can be driven by the Oersted field. By the same argument also
the significant difference in the peak height, which is comparable
for the n = 1,2,3 mode, but much larger for the n = 0 mode can
be explained. In fact, the quite similar peak height of the n = 1,2,3
modes and their polarity (as discussed above) further supports the
notion of their spin torque driven origin. Even if the Oersted field is
assumed to be substantially more inhomogeneous than anticipated
the excitation efficiency should still be very different for each spin
wave mode. On the other hand, as long as the interfacial amplitude
of the magnetostatic modes remain unchanged for larger 7, the spin
transfer torque will excite all of them equally efficient. This topic
will also be discussed in more detail later in the chapter.

Although the discussion in the following will show that the inter-
pretation of the data can not be limited entirely to the simple case
proposed at the beginning of this chapter, it is reasonable to interpret
the observation of the higher order modes as an unambiguous proof
of spin transfer torque actuated dynamics.

Figure 7.10, in some sense, represents the culmination of this thesis,
in that it demonstrates all spin related phenomena discussed so
far (spin pumping, spin Seebeck effect, Spin Hall effect, spin Hall
magnetoresistance, spin transfer torque) in a single measurement.

To analyze this spectrum and the ones at other microwave frequen-
cies in more detail, including the higher order modes, the data are
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Figure 7.11.: Experimentally determined resonance frequencies of the
n =0,1,2,3 mode as a function of the external magnetic
field. The solid lines are a fit by Eq. (7.5) using the pa-
rameters given in the figure.

fitted in similar fashion to Eq. (7.4), i.e. each peak (spin wave mode
n) is analyzed in terms of its symmetric and antisymmetric contribu-
tions to the generalized Lorentzian

AB,?

Vie = Vi :
P VMM (Bext — Bl )2 + AB,
ABy(Bext — B!

+ nni mm 1'95) ’ 8
antisy: (Bext _ B;les)z + ABnZ (7 )

where Bext = poHext is the external magnetic field and AB,, is the half
width half maximum linewidth. Since the n = 0 and n = 1 mode are
very close to each other or even partially overlap at high frequencies
the fit is performed for the entirety of the positive (negative) external
magnetic field branch (i.e. for all four peaks of a given magnetic field
polarity) simultaneously. Resonance field and linewidth discussed in
the following are the mean of the fitted values for the positive and
negative external magnetic field branch (corrected for the negative
sign of the peak amplitudes).

The resonance fields B}, of the modes allows for the extraction of
a first set of information on the specimen. For ease of comparison
with theory [Eq. (7.5)] Fig. 7.11 plots the pairs (fmw, Blks) obtained
in experiment as (Bext, fres), which merely represents a change in
nomenclature and does not require any data manipulation. In the
investigated frequency range fres linearly increases with Hey as ex-
pected from Eq. (7.5) in the limit Hey¢ > M for the n = 0 mode and
in the entire external magnetic field range for the n = 1,2,3 modes.
Mode spacing and a linear extrapolation to Hext = 0 from the region
of large Hex allow to extract the magnetization Mg (Ms — K in the
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presence of anisotropy K) and exchange length l¢« by fitting the data
simultaneously. This yields Mg = 159kA/m and lex = 17nm under
the assumption of negligible surface anisotropy, i.e. K = 0 in Eq. (7.5).
The saturation magnetization in this particular sample is rather large
compared to some of the other samples investigated in this thesis
(cf. Ch. 7.1) and the literature value of M ~ 140kA/m [97], but not
unheard of in the literature [160]. The magnetic exchange length Iex
relates to the exchange constant A¢y of the magnetic material by [39]

2Aex
lov =g 79)
Inserting M and lex as determined above gives Aex = 4.6p]/m

which agrees with values (Aex =~ 4pJ/m) reported for YIG in the
literature [126, 257, 258], even if somewhat on the large side.

The discussion in the following will indicate that the assumption of
negligible surface anisotropy is likely only an approximation for this
particular sample. By allowing for K # 0 in Eq. (7.5) the wavevectors
gn are no longer integer multiples of 7r/dr but instead have to fulfill
the relation [259] Ks = Aexqn tan(qndr) where K/ (dppuoMs) = K is
the surface anisotropy. Unfortunately, a fitting scheme that imple-
mented this condition did prove to be rather sensitive to the starting
parameters and was thus unable to deliver robust results. In many
cases, however, the fit converged close to values Ms ~ 140kA/m,
Aex ~ 4pJ/m and Ks ~ 1x 107*]J/m? which appear compatible
with the literature and the experiment.

The linewidth AB, of a spin wave mode is determined by a num-
ber of magnetization damping mechanisms [260, 261]. In yttrium
iron garnet it is generally sufficient to consider only the frequency
independent inhomogeneous broadening ABY and a frequency de-
pendent component & (1) fmw27T/7y. As discussed in Ch. 7.1, a(n) is
the sum of the intrinsic damping « of the film, and a component due
to spin pumping asp = 77/ (2e>Msdr) Re[GM /(1 + 20AG™ coth dTN)]
With an experimentally determined resistivity of p = 375 x 107 Om
and the same spin transport parameters as in Ch. 7.1, the expected
damping due to spin pumping is aZ5° = 0.0006 for the fundamental
(n = 0) mode in the investigated sample. For the n = 1 and higher
order modes, however, the ratio of the precession amplitude at the
interface compared to the total mode volume is enhanced by a factor
of two which amplifies the coupling strength of the spin transfer
torque to the magnetization by the same factor [262]. While this
increases the effectiveness of the magnetization actuation by the spin
transfer torque, also the damping figure due to spin pumping is
twice as large, i.e. aZz® = 0.0013.

Figure 7.12 plots AB, as extracted from the fit to the experiment.
Clearly, the linewidth increases with mode the number for the
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Figure 7.12.: Linewidth (half width at half maximum) as a function
of the microwave (resonance) frequency. Solid lines are
linear fits to the data.

mode number n  a(n)  ABY (mT)

0 0.0025 0.12
1 0.0038 0.43
2 0.0022 2.58

Table 7.1.: Frequency dependent magnetization damping «(#) and in-
homogeneous broadening ABY values extracted from a fit
to the data in Fig. 7.12.

n = 0,1,2 mode. The solid lines fitted to the data show that the
inhomogeneous broadening ABY in particular rises significantly for
larger n. Inhomogeneous broadening is often explained in terms
of magnon-magnon-scattering [263—267], which is indeed expected
to also depend on the mode number. Details, however, depend on
factors such as sample geometry and roughness and prevent a more
in depth analysis of the inhomogeneous broadening at this point.
The n = 3 mode follows the same linewidth trend, however, the data
points unfortunately do not permit a meaningful fit to extract a(3)
and ABY. For the other modes the extracted values are summarized
in Tab. 7.1. While the increase in « from the n = 0 to the n = 1 mode
is qualitatively expected as discussed above, the low damping of the
n = 2 mode is surprising. Quantitatively also the damping figures of
the n = 0 and n = 1 mode behave differently than predicted. With
the a5 calculated above the intrinsic damping of the YIG film as
obtained from the fundamental mode is &y = 0.0019. Correspond-
ingly the total damping of the n = 1 mode is expected to take a
value of a(1) = 0.0032, notably smaller than the measured value.
Turning the argument around, the intrinsic damping experienced
by the individual modes takes values ocgzo = 0.0019, ocg:1 = 0.0025
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and =2 = 0.0009. These numbers indicate that the intrinsic
magnetization damping is not uniform throughout the film. Indeed,
each mode samples the intrinsic damping of the film according to its
oscillation magnitude profile (Fig. 7.8), which e.g. emphasizes the
damping towards the edges of the film in the n = 1 mode compared
to the n = 0 mode. To some extent the measured different damping
values then allow to reconstruct the magnetization damping profile
in the film. However, since the functions describing the magnitude
profiles do not form an orthonormal set, a unique solution can not
be inferred. Qualitatively, however, the observations are compatible
with a strongly decreased intrinsic magnetization damping at the
center (“in the bulk”) of the film compared to its edges. This might
arise from crystal defects due to lattice mismatch, stoichiometric
variations or roughness at the interfaces. Such behavior would, in
fact, explain the comparably large magnetization damping figures
measured in the films grown at the Walther-Meifsner-Institut (cf.
Ch. 7.1 or e.g. Ref. [99]), which rarely exceed few ten nanometers
and thus presumably overemphasize the large damping near the
surfaces or interfaces in ferromagnetic resonance studies.
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Figure 7.13.: Symmetric peak heights of the n = 1,2,3 modes, cor-
rected for the different linewidth of the individual
modes and normalized to the value of the n = 1 mode.

The detailed linewidth information can also be utilized to perform
a more elaborate analysis of the peak heights of the n = 1,2,3
mode. Upon closer inspection of the voltage spectrum in Fig. 7.10
(and the data in Fig. 7.15a) these modes, while indeed featuring
very similar peak heights, still slightly decrease in amplitude with
larger n. However, to determine the strength of the excitation not
only peak heights, but also the individual linewidths have to be
considered. An accurate measure of the excitation strength, i.e. the
power absorbed by each mode, is given by the area enclosed within
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Figure 7.14.: DC voltage recorded at fmw = 18 GHz at angles ¢ = 35°
and 90° of the external magnetic field.

the (symmetric) Lorentz peak. This requires the peak height to be
multiplied with the respective linewidth if different voltage peaks
are to be compared. The symmetric response accordingly obtained,
normalized to the V., AB, value of the n = 1 mode, is plotted in
Fig. 7.13. The comparison reveals that the values of both the n = 2
and n = 3 mode are on average about 20% larger than those of
the n = 1 mode. This implies that the n = 1 is also affected by an
excitation mechanism different from the spin transfer torque, which
diminishes the resonant voltage response. Data and discussion later
in this chapter will show that the smaller response value of the
n = 1 mode can be attributed to a small but notable Oersted field
component of the excitation.

To analyze the individual modes in more detail and confirm the
assumption of the dominantly spin transfer torque induced origin
of the n = 1,2,3 mode, voltage spectra have also been taken at
different angles ¢ of the external magnetic field with respect to the
microwave charge current in the film plane. Figure 7.6 previously
confirmed the angular dependence expected from theory [Egs. (7.2)
and (7.3)] for a 5nm thick YIG film, in which the spin transfer torque
dominates the magnetization excitation, even for the fundamental
mode. In the much thicker film here, however, the data show a
more complicated behavior as depicted in Fig. 7.14 exemplarily for
the two field angles ¢ = 35° and ¢ = 90°. While the spin Seebeck
contribution is maximized and the higher order modes vanish at
@ = 90° as expected [Egs. (6.10), (7.2) and (7.3)], the fundamental
mode is still clearly visible, with only a moderate reduction of the
peak height. For a more comprehensive analysis spectra like the
above are fitted as before, for a series of field angles ¢ at a constant
microwave frequency of finw = 18 GHz. The result for the symmetric
and and antisymmetric peak height values is plotted in Figs. 7.15a
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and 7.15b, respectively.
The full data set for the dependence of the symmetric lineshape
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Figure 7.15.: a Evolution of the symmetric (b antisymmetric) lineshape amplitude as a
function of the in-plane field angle ¢ at fmw = 18 GHz. Values for the n =
1,2,3 mode have been boosted by a factor of 10 for better comparability.

on ¢ in Fig. 7.15a reinforce the observations made in Fig. 7.14 and
show good agreement with the expected sin(2¢) cos(¢) behavior
[Egs. (7.2) and (7.3)] for the n = 1,2,3 mode but some qualitative
deviations for the n = 0 mode. Before addressing this point in more
detail, it is worth pointing out that the data in Fig. 7.15a also confirm
the different polarity of the n = 0 compared to the n = 1,2,3 mode
for all configurations of the external magnetic field in the film plane.
This is yet another strong indicator of the spin transfer torque driven
origin of these modes. Getting back to the n = 0 mode the data
show that at ¢ = 90° its amplitude only drops to about 60% of its
maximum value rather than to vanish as expected from the theory
in Ch. 7.1. Additionally, the peak heights for the different maxima
are slightly different for the n = 0 mode but are about the same
for the higher order modes. Before analyzing these findings more
exhaustively it is constructive to also investigate the antisymmetric
peak heights depicted in Fig. 7.15b. In contrast to the symmetric
contribution to the line shape, the antisymmetric contribution of
the n = 0 mode vanishes at ¢ = 90° as predicted by theory. Once
again the maxima show different heights, but it should be noted that
the antisymmetric contribution at this frequency is generally small
and the observed differences could be a fitting artifact. Interestingly
the n = 1 mode depends on ¢ similarly to the n = 0 mode, albeit
at a much smaller amplitude. The data for the n = 2,3 mode, on
the other hand, are essentially flat down to the limit of the noise
floor. The latter further strengthens the assumption that these modes
are (almost) exclusively of spin transfer torque origin, while the
former suggest that also the n = 1 mode is still partially affected by
the Oersted field. This notion is fully consistent with the smaller
(linewidth corrected) voltage signal of the n = 1 mode compared to
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Figure 7.16.: Reflected microwave voltage (S11) and DC voltage

recorded at fmw = 9GHz at an angle ¢ = 35° of the
external magnetic field.

the n = 2 and n = 3 modes in Fig. 7.13.

Further evidence for a partial contamination of also the higher
order modes by the Oersted field is provided by a measurement of
the reflected microwave power Sq; in Fig. 7.16. Si; assesses the AC
rather than the DC voltage response of the sample, but is expected
to be dominated by the mutual inductive coupling of the normal
metal and the magnet instead of a inverse spin Hall effect mediated
spin current signal. The precessing magnetic moments in the magnet
induce a (AC) voltage in the normal metal proportional to the total
dynamic magnetization of a mode. Due to the principal of reciprocity
S11 then also quantifies the excitation of the magnetization by the
Oersted field. Comparing S1; to Vpc recorded at the same frequency
(fmw = 9 GHz) reveals some remarkable difference in the two spectra.
Ignoring the line shape and focusing on the magnitude of the
voltage peaks it is obvious that the n = 1 and n = 2 mode are far
less efficiently excited than the fundamental mode (and the n = 2
mode even less efficient than the n = 1 mode). This is yet another
indicator that the higher order modes are predominantly spin torque
driven. In fact, the AC signal in S1; should even overemphasize the
Oersted field excitation compared to the DC voltage. This can be
motivated by the observation that the dynamic component of the
magnetization measured by Sq; is perpendicular to the equilibrium
magnetization orientation, i.e. S1; « sin® with the precision cone
angle © (sin©® < 1) [268]. The DC voltage, in contrast, is proportional
to the change of the magnetization along the equilibrium orientation
axis, i.e. Vpc o sin?@®. Note that Sy; also contains the AC spin
pumping voltage contribution of each mode in addition to the
inductive coupling. As mentioned above, however, the AC spin
pumping voltage signal should be smaller than the voltage due to
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the inductive coupling, in particular for the n = 0 mode.

The fact that also at least the n = 1 mode is, if only partially, affected
by the Oersted field allows for a number of interpretations. A first
possibility is that the Oersted field is far less homogeneous than cal-
culated in Ch. 7.2.1. By a simple estimate based on the peak heights
of the n = 0 and n = 1 mode in the S;; measurement, however, the
required inhomogeneity is of the order of a few percent or about a
factor of 100-1000 larger than calculated in Fig. 7.9, which makes this
conclusion somewhat less likely. A second option is that the mode
profile deviates from the one depicted in Fig. 7.8. Such a distortion of
the mode profile can be caused by surface anisotropy or potentially
by the large variation of the intrinsic damping figure throughout the
film. Based on the analysis of the resonance frequencies a moderate
surface anisotropy appears to be a likely candidate to explain the
observed behavior, however, further measurements are required to
confirm this assumption.

The unexpected finite signal for ¢ = 90° and the different maxima
heights for the fundamental mode have also been observed in
Ref. [244] and attributed to a combination of resonant heating and
unintentional out of plane magnetic fields, respectively. The data
presented above, however, do not fully support these conjectures.
The magnitude of the fundamental mode peak at ¢ = 90° would
imply resonant heating about as strong as the (non-resonant) Joule
heating, which appears excessive. Also, the fact that this effect only
occurs for the fundamental mode is not be expected from resonant
heating. Most significantly perhaps, at a field angle of ¢ = 90°
both (in-plane) Oersted field and spin transfer torque are, to first
order, unable to drive the magnetization, which rules out substantial
resonant heating in the first place. The out of plane magnetic fields
in Ref. [269] cited by Ref. [244] in support of their argument arise
from interface effects similar to the spin transfer torque and should
thus also affect the higher harmonics. This does not seem not to be
the case in the investigated sample here.

Alternatively the Oersted field generated by the microwave charge
current might produce a spatially extended out of plane magnetic
field. Although the sample geometry (Fig. 7.1) does does not favor
such fields orientations, at microwave frequencies current paths
can become complicated and produce rather unexpected electric
and magnetic field distributions. For an out of plane magnetic
field due to high-frequency effects, one would expect to observe
an pronounced dependence on the microwave frequency fmw. As
shown in Fig. 7.17a, however, the ratio of the symmetric voltage
peak height at ¢ = 90° to the symmetric voltage peak height at
@ = 35° stays relatively constant at a value of about 0.61. There
are a few somewhat more pronounced outliers in the data which

116



7.2 BROADBAND SPIN WAVE SPECTROSCOPY USING THE SPIN TRANSFER TORQUE

20

a b

1.0 - - - 2.0
RE 0.8 0 3
CL“;;?-% Oo 0 o Oo %ﬁ 1 .5 | ooOOO
> 0.6F "~ "®og o O;O—cooo—o- 1 < 10 6900900 000
~ ~ B
SE 0.4F ° &
1 os!
3’ 0.2t o v

<
0.0 1 1 1 0'0 1 1 1
0 5 10 15 20 0 5 10 15
fow (GHZ) frw (GHZ)

Figure 7.17.: a Ratio of the fundamental mode’s symmetric voltage peak height at ¢ = 90°
to ¢ = 35° as a function of the microwave (resonance) frequency. The dashed
line indicates the mean value over all data points. b Ratio of the fundamental
mode’s resonance voltage peak linewidth at ¢ = 90° to ¢ = 35° as a function

of the microwave (resonance) frequency.

could indicate resonances in the microwave circuitry, but the data
overall appear too flat to support such conjectures. Simultaneously
an oddity is observed in the linewidth of the symmetric voltage
peaks at ¢ = 35° and ¢ = 90°. Comparing again the ratio of the two
values in Fig. 7.17b shows that the peak for ¢ = 90° is significantly
broader than the one for ¢ = 35° at low frequencies, but approaches
the same value for higher frequencies. Analyzed on its own the
linewidth at ¢ = 90° yields a total damping of «(0) = 0.0023 and
an inhomogeneous broadening of AB) = 0.39mT. The different
values compared to those extracted in Tab. 7.1 could be caused
by magnetocrystalline anisotropy, however, the resonance fields
which are typically rather sensitive to anisotropy remain constant for
different external magnetic field angles ¢.

While interfacial or extended magnetic fields are thus unlikely to
be the cause of the finite signal at ¢ = 90° a sizeable, localized
out-of-plane magnetic field is generated at the far edges of the film
(Fig. 7.9), as noted in Ch. 7.2.1. Although the out-of-plane magnetic
tields at the left and right edge of the film are of opposite polarity
and thus not able to excite a uniform precession, the width (1.5 mm)
of the film far exceeds the exchange length (17nm) of the film and
thus also allows the magnetization to be excited locally. Since the
polarity of e.g. the DC spin pumping voltage is determined by
the static magnetization component rather than the phase of the
precession, these hypothetical spin pumping voltages would add
up rather than canceling out. Additionally, the out-of-plane edge
fields could also excite the transverse n = 1,2,3,... mode that add
to the observed DC voltage. The width of the sample here causes
the resonance fields of these modes to be largely identical to that of
the uniform precession mode. Since higher order modes appear to
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Figure 7.18.: Microwave power dependence of the resonance peak
voltages at fnw = 5GHz. Microwave power is given
in terms of the value at the microwave source and is re-
duced by a constant factor at the sample. Solid lines are
linear fits to the data.

feature broader resonance lines as discussed above,, this could also
explain the increased linewidth of the voltage peak at ¢ = 90°. In
any case, further theoretical modeling is required to verify if also
the rectification generated by such modes is purely symmetrical
as observed in the experiment. These modes could even show the
resonant heating argued for in Ref. [244], but the voltage signal
magnitude observed in the experiment still appears quite a bit too
large for this to be plausible.

It is likely that the process that generates the voltages at ¢ = 90°
is also present for other values of ¢. The effect on the ay and AB
values in Tab. 7.1 and the corresponding discussion is, however,
small or even negligible. Assuming a variation of the voltage signal
at ¢ = 90° as sin ¢ for symmetry reasons then this signal constitutes
about 35% to the total voltage at ¢ = 35°. Correcting for this
contamination yields a(0) = 0.0026 and AB) = 0.03mT as the true
damping and inhomogeneous broadening of the fundamental mode,
where the former value in particular is almost identical to the value
originally extracted.

Another cause for the signal at ¢ = 90° could be parallel pump-
ing [270, 271]. At large driving powers also Oersted fields along the
magnetization can drive a precession of the magnetization. Parallel
pumping, however, excites modes at half the driving frequency, i.e.
at a lower resonance field, which is not compatible with the experi-
mental observations. Additionally, parallel pumping is only possible
above a certain microwave power threshold which clearly is not the
case for the investigated sample as depicted in Fig. 7.18. The same
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measurements also confirm the linewidth to be microwave power in-
dependent within the margin of the fitting error, ruling out nonlinear
effects contaminating the analysis performed above.

7.2.3 Summary

The broadband ferromagnetic resonance spectroscopy presented
above establishes the spin transfer torque as a convenient tool to
study magnetic properties, some of them with spatial resolution, in
insulating magnetic thin films. Scaling favorably with the thickness
of the investigated specimen [Eq. (7.5)] a number of spin wave
modes can be observed of which all but the fundamental mode are
dominantly driven by the spin transfer torque. The fact that the
spin transfer torque excites all higher order modes equally efficient
can be a valuable feature for technological applications, allowing
for frequency multiplexing in future spin wave logic devices. In the
investigated 105nm YIG film specifically, four distinct modes can
be observed in a frequency window up to 18.5GHz. As expected,
the fundamental mode is driven largely by the microwave magnetic
tield but shows a dependence on the orientation of applied external
magnetic field not covered by present theories. This is in contrast
to the data in a much thinner, and thus mainly spin transfer torque
driven, YIG film in Ch. 7.1 which behaved according to theory in this
respect. The origin of the unexpected angular dependence could not
be fully verified, but previous attempts [244] to motivate this feature
could be ruled out by the extracted data. Potential candidates are
transversely quantized magnetostatic modes or such modes confined
to the edges in the YIG film. However, further theoretical modeling
and more experiments are required to verify the validity of these as-
sumptions. In light of these findings it appears likely that the phases
observed in Ch. 7.1 originate from similar features. This would affect
the quantitative decomposition of the DC voltages performed in
that chapter to some extent, but should not qualitatively affect the
findings. This is particularly true for the thinnest film where Oersted
fields can largely be ignored.

The higher order modes observed in the 105nm thick YIG film
are qualitatively compatible with theory and are found to be pre-
dominantly excited by the spin transfer torque, with only a faint
coupling to the Oersted field. Combining the resonance field data of
all modes allows to extract values for the saturation magnetization
and the exchange constant of the film. A moderately strong surface
anisotropy appears to be present in the sample, however, an exact
determination is unfortunately not possible at this point. The
linewidth and resulting magnetization damping figures imply a
significant variation of the intrinsic magnetization damping across
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the film, with the value at the edges much larger than in its center.

Further studies could find valuable information in experiments go-
ing beyond in plane external magnetic fields and should focus on sys-
tematically studying the resonances with the external magnetic field
applied along arbitrary (out of plane) directions to fully characterize
the evolution of the lineshape.

It would also be worthwhile to investigate the simultaneous excita-
tion of several modes at different frequencies to explore a potential
coupling between the modes and how, if at all, it affects the resonance
linewidths.

Another interesting aspect is the use of the mostly spin torque ac-
tuated modes for the demonstration of AC spin pumping. The AC
spin pumping experiments performed so far [245-247] suffer from
inductive coupling between the sample magnetization and the volt-
age signals measured in the Pt layers. These inductive signals require
elaborate methods to be eliminated from the signals of interest. This
coupling should be far less of an issue for the purely spin torque ac-
tuated higher order modes in magnetic insulators and could be used
both for the demonstration of AC spin pumping on magnetic insu-
lators in the first place, but also to verify some of the more unusual
interpretations [247] of the existing data.
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This thesis covered some of the most relevant spin current based

phenomena in normal metal/magnet thin film structures. The
obtained experimental results provide important insights into the
effect of a spin transfer torque exerted by one of the two materials
and the respective other. Significant contributions have also been
made to the experimental state-of-the-art with new measurement
techniques. Moreover, the long-standing issue regarding the sign
of the spin Hall angle has been resolved. In the following the key
results presented in this thesis are summarized and reviewed, before
concluding with some final remarks.

Chapter 4 is not so much concerned with investigating any
specific features of spin current based phenomena but rather with
establishing a new measurement method that drastically speeds up
measurements while simultaneously improving the robustness of the
measurement with respect to external perturbations. This is achieved
by shifting measurement and analysis from a purely static situation,
where a DC signal is averaged for a constant magnetic field direction,
to a dynamic situation, where the field direction is rotated and the
time-varying signal is averaged over many field rotations. Employing
continuously rotating magnetic field and subsequent Fourier analysis
the angular dependence featured by most spin current based effects
can be resolved at much greater higher than using the conventional
approach with static magnetic fields. Towards this end a device
based on a continuously rotating permanent magnet system was
conceived and implemented. The results show that the spin Hall
magnetoresistance can be measured by approximately an order of
magnitude (or even more) faster compared to measurements based
on static magnetic fields, while maintaining a very similar degree
of precision, even under much less ideal ambient conditions. While
not demonstrated experimentally, it is also outlined how other
phenomena, such as spin pumping or the spin Seebeck effect, could
be measured using the same device.

Chapter 5 covers the research performed towards a better un-
derstanding of the spin Seebeck effect. In Ch. 5.1 the established

121



REVIEW

two-temperature-model is extended and adopted to perform analytical
and numerical calculations of the coupled temperature distributions
of phonons, electrons and magnons in normal metal/magnet thin
film structures on the nanometer scale. The two central results are
that phonons and most magnons equilibrate over much shorter
distances than previously estimated in yttrium iron garnet (Fig. 5.4)
and that the coupling of the magnons in the yttrium iron garnet, via
the spin transfer torque, with the electrons in the Pt significantly
influences the magnon temperature distribution (Fig. 5.3). These
findings are supported by a comparison with experiments. The quan-
titative analysis of the experimental data in terms of a nonequlibrium
state at the normal metal/magnet interface which is described by an
effective two-temperature model should, however, be regarded as a
first approximation only, as indicated by the findings in Ch. 5.2 and
the results presented by others in the literature.

Chapter 5.2 presents an experimental study of the transient

behavior of the spin Seebeck effect in yttrium iron garnet films of
varying thicknesses. Using amplitude modulated heating, the trans-
fer functions, i.e. the evolution of the measured voltage magnitude
as a function of frequency, are mapped out and analyzed. The
transfer functions show an attenuation of the spin Seebeck voltage
with increasing the modulation frequency. Moreover, the degree
of this decrease and the shape of the transfer functions depend on
the yttrium iron garnet film thickness. Based on a survey of both
theoretical and experimental reports the data are interpreted in
terms of a dependence of the magnon spectrum on the thickness of
the yttrium iron garnet films. The interpretation allows to combine
the aforementioned theoretical and experimental results and draws a
consistent picture of some of the microscopic processes in (insulating)
magnets under a spatially varying temperature bias.
The experimental technique presented in Ch. 5.3 is meant to simplify
spin Seebeck measurements and, as an added benefit, allows integra-
tion into many preexisting setups. Instead of using some external
means to apply temperature gradients to the normal metal/magnet
samples used in all experiments, the Pt detector layer is used as an
integrated resistive heater. Exploiting the symmetry properties of the
resistive heating and spin Seebeck effect, the latter can be recovered
even in the presence of much larger background voltage signals. The
technique has already found widespread adoption in the community
and allowed the measurements at large external magnetic field
strengths and at low temperatures presented in this thesis.

Chapter 6 presents a collaborative work with the aim of resolving
conflicting reports on the sign of perhaps the central quantity in spin
current based research: the spin Hall angle. A theoretical toy model
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is developed that links the spin Hall angle to scattering at charged
impurities and, using careful bookkeeping of all signs involved, an
experimental guideline is given to determine the absolute sign of the
spin Hall angle.

Finally, Ch. 7 shows the experimental verification of spin transfer
torque induced, resonant magnetization dynamics in a magnetic
insulator. A detailed analysis of the DC voltage arising under an
AC current bias in yttrium iron garnet/platinum thin film samples
revealed the efficient excitation of resonant magnetization precession
by the spin transfer torque. This study was made possible by com-
paring samples with varying yttrium iron garnet and platinum layer
thickness with a theoretical model. The results represent the first
demonstration that the spin transfer torque also allows to resonantly
excite magnetization dynamics in insulating magnetic materials and
should stimulate further research in this direction.

The second part of the chapter (Ch. 7.2) extends the experiments to
the broadband investigation of perpendicular standing spin waves
in the same material. The demonstrated excitation and detailed
analysis of several spin wave modes in a yttrium iron garnet thin
film not only reaffirm the findings in the first part but allows a
much more in depth examination of the magnetic properties of
insulating magnetic thin films. In particular the spatial evolution of
the magnetization damping across the film can be inferred (Tab. 7.1
and corresponding discussion) and a voltage signal unforseen by the
theoretical modeling is explored exhaustively (Figs. 7.14, 7.15, 7.17
and 7.18).

The simultaneous occurrence of all relevant spin related phenomena
demonstrated in these experiments emphasizes the importance of
the research for technological applications, even for devices built
around only one of the spin effects.

Despite the multitude of results presented here, an in-depth un-
derstanding of spin transfer torque mediated phenomena has not yet
been achieved. One should expect many more insights in the years
to come, which will hopefully have benefited from the developments
put forward in this thesis.
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Figure A.1.: Annotated version of the mask used for the fabrication
of the coplanar waveguides in the spin torque resonance
experiments in Ch. 7. The circular shape is a standard
mini-SMP footprint. Design by Johannes Lotze.
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