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1 Introduction

Thermoelectric effects describe the interplay of heat- and charge currents [9]. One
example is the (conventional) Seebeck effect [86]. Here, a temperature difference is
converted into an electric potential [32]. However, heat currents can also interact
with the intrinsic angular momentum (”spin”) of electrons [42, 87]. These phe-
nomena are investigated in the research field of spin caloritonics [9, 31]. The spin
Seebeck effect is the spin analogy to the conventional Seebeck effect. It describes
the generation of an electromotive force in a paramagnetic metal, attached to a
ferromagnet, by a temperature gradient [9, 106].

The spin Seebeck effect attracted a lot of attention due to possible applications,
allowing to convert thermal energy into electric energy with high efficiency. A sug-
gested application of the spin Seebeck effect is the so called spin-thermoelectric
coating [50]. This is a thin film structure, which utilizes the spin Seebeck effect for
power generation. The spin-thermoelecrtic coating has significant advantage over
the conventional Seebeck effect, since it provides easy scaling possibilities.
Nevertheless, the spin Seebeck effect is still a highly controversial topic. In litera-
ture, many contradicting results have been published [81, 83, 94, 96, 98, 106]. In
the following we will outline some key discoveries that constitute our understanding
of the spin Seebeck effect today. In addition, a number of recent publications on
the SSE will be presented.

In 2008 Uchida et al. [96] observed a magnetization orientation dependent ther-
movoltage in platinum stripes, which had been deposited on the ferromagnetic
metal permalloy. For the measurements, the so called transversal configuration
was used, in which the applied thermal gradient is parallel to the interface between
the platinum and the permalloy (cf. Fig. 1.1).

This was called "spin Seebeck effect” by Uchida et al. as it was assumed that, in

close analogy to the well known ”conventional Seebeck effect”, the observed voltage
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(a) Longitudinal configuration (b) Transverse configuration

paramagnetic metal

b O\
M

ferromagnet

Figure 1.1: Picture from Ref. [100]. Visualization of the longitudinal (a) and transverse
(b) spin Seebeck effect geometry. In the longitudinal configuration, the spin current
is measured parallel to the temperature gradient, while the spin current is measured
perpendicular to the temperature gradient in the transverse configuration. Nowadays
most spin Seebeck effect measurements are carried out in the longitudinal configuration.

was caused by a separation of the two spin species in the ferromagnet due to the
thermal gradient.

In 2010 the spin Seebeck effect was observed in ferromagnetic insulators [98] and
magnetic semiconductors [40] suggesting that spin waves play an important role in
the SSE due to the absence of free charge carriers in insulators.

In the same year Xiao et al. [106] published a theory of the spin Seebeck effect,
where the spin Seebeck effect was explained in terms of thermal spin pumping [95]
of thermally generated magnons. Xiao et al. predicted, that the spin Seeebck effect
is proportional to the temperature difference between the electrons in the normal
metal, used for spin detection, and the magnons in the ferromagnet, used for spin
pumping.

So far, all measurements, reported in literature had been carried out in the trans-
verse spin Seebeck effect geometry. However, in the same year Uchida et al. [97]
showed that a thermovoltage could also be observed in the so called longitudinal
configuration, where the temperature gradient is perpendicular to the interface be-
tween the spin detector and the magnetic material(c. f. fig. 1.1).

While contributions of magnons and electrons to the spin Seebeck effect were al-
ready discussed in literature, Adachi et al. [1] suggested an enhancement of the

spin Seebeck effect due to the so called phonon drag mechanism. Temperature de-



pendent measurements by Jaworski et al. [41] confirmed that phonons can indeed
drive a redistribution of spins.

In 2011, Uchida et al. [99] could show, that it is even possible to drive a spin current
by direct excitation of phonons with a piezo electronic actuator. This technique
was called acoustic spin pumping [22].

As mentioned at the beginning of this introduction, the spin Seebeck effect is a
controversial topic. It has been argued that the observed thermovoltages in the
longitudinal configuration could also be explained be the anomalous Nernst ef-
fect [38, 58, 81], even if magnetic insulators are used as the spin current source.
To separate the contribution from the spin Seebeck effect and the anomalous Nernst
effect, Ramos et al. [72] performed temperature dependent measurements on mag-
netite which posseses an metal /insulator transition at 7' = 115 K. At this so called
Verwey transition point of magnetite, the resistance of magnetite increases signif-
icantly, which should supress the Nernst contributions to the measured voltage,
while not affecting the spin Seebeck part. From their measurement Ramos et al.
concluded, that the contribution to the observed thermovoltage of the anomalous
Nernst effect is less than 3% at room temperature.

Huang et al. [38] pointed out, that even in experiments using magnetic insulators
the platinum, used for detection of the spin current in most experiments, can be-
come magnetic due to the magnetic proximity effect [58]. They suggested to use
gold instead of platinum as spin detector, with the former being diamagnetic and
thus essentially nonmagnetic even in the presence of a magnetic interface [71].
XMCD measurements, performed by Geprégs et al. [29], did not show proximity
induced magnetic moments at room temperature in samples, similar to the samples
used in this thesis.

To distinguish between contributions from the spin Seebeck effect and the anoma-
lous Nernst effect in ferromagnetic insulator/platinum samples, Kikkawa et al. [47,
48] performed spin Seebeck measurement in different magnetization/ temperature
gradient configurations. They found, that the anomalous Nernst effect is small, if

not experimentally insignificant, in YIG /Pt samples.

As mentioned above, the first observations of the spin Seebeck effect were made
in the transverse configuration [40, 41, 96, 98]. So far however, only two research

groups succeeded measuring the transverse spin Seebeck effect leading to an ongo-
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ing debate about the validity of these first experiments. Simulations of the spin
Seebeck effect further indicate, that the achieved temperature differences in the
transverse configuration might not be large enough to explain the measured volt-
ages [83]. Schmid et al. [81] explained the results of [96] with contributions from
the anisotropic magnetothermo power and the anomalous Nernst effect due to a
small out of plane temperature gradient. The tranverse SSE, as reported in 2008
by Uchida et al.., may thus be below the detection limit of today’s electronics.

In conclusion, the spin Seebeck effect is a very contested topic. While the first
measurements of the spin Seebeck effect were performed in the transverse config-
uration, only the longitudinal configuration is employed nowadays as these first
results could not be reproduced. While spin Seebeck effect measurements in metals
and semiconductors can be found in literature, current research mainly focuses on
magnetic insulators which circumvent most but not all issues present in the discus-
sion above.

Finally, the contribution of the anomalous Nernst effect due to proximity induced

magnetization in the platinum layer is still under discussion [29, 30, 38, 58].

The transient spin Seebeck experiments, which will be presented in this thesis,
contribute to the ongoing discussion outlined above. Since anomalous Nernst and
spin Seebeck effect hinge on fundamentally different microscopic processes, both
effects could be distinguished by time resolved measurements. Further, dynamic
measurements will help to understand the microscopic mechanisms of the spin See-
beck effect.

Further, a new experimental setup for spin Seebeck effect measurements will be
presented, which simplifies measurements which previously required sophisticated
experiment setups. Thus this technique can accelerate the development in the field

of spin caloritronics.



2 Theory of the spin Seebeck effect

This chapter outlines some key theoretical concepts relevant for the understanding
of the spin Seebeck effect. First, spin currents are introduced. Afterwards, the
spin Hall effect [36, 89], which converts spin currents into charge currents, will
be discussed. Next, the model given by Xiao et al. [106] for the spin Seebeck
effect will be presented, to give an intuitive understanding of this effect. Finally,
the transient response on an external (thermal) perturbation of coupled systems is

discussed, with a focus on time constants, relevant to the spin Seebeck effect.

2.1 Electron charge and spin currents

Electrons do not only carry a charge of —e, but also an intrinsic magnetic moment
("spin”). The spin of an electron is characterized by the spin angular momentum
operator S = h/2(0,,0,,0.)", with o; representing the Pauli matrices [10]. For the
electron spin pointing along the z-direction, the eigenvalues of the spin operator
are given as mg = £h/2 [10], where my is the spin magnetic moment.

It is possible, to define spin currents, carried by electrons in analogy to conventional
charge currents. However, the definition of such a spin current is not straightfor-
ward, since the electron spin is not a conserved quantity due to spin orbit cou-
pling [110].Consequently, it is not possible to set up a continuity equation for the
spin current.

In literature, different approaches are found for the definition of a spin current |7,
73, 88, 92, 93, 107, 110], however, most of these approaches contain involved math-
ematical formalisms and will therefore not be discussed in detail in this thesis. In
order to still give an intuitively understandable picture of spin currents, the situa-
tion in systems without spin orbit coupling will be described in a two spin channel

model [17]. Here, the particle currents of spin-up electron I+ and spin-down elec-



2 Theory of the spin Seebeck effect

@ N (b)

Figure 2.1: Sketch of spin (polarized) and charge currents. The intrinsic angular
momentum ("spin”) orientation of the electrons is color coded, as well as represented
as an arrow. Panel (a) shows a pure charge current. Since both electrons carry different
spin, the total spin angular momentum is zero and no spin information is carried. The
charge current in panel (b) has the same magnitude as in panel (a), however, the
total spin angular momentum is not zero. Therefore both spin angular momentum and
electric charge are transported. This is called a spin polarized current. Panel (c) shows
a pure spin current without charge transport, since the current directions for both spin
species are opposed.

trons I| are considered separately. Since spin-up and spin-down electrons carry the

same charge —e, the total charge current is given as:
IC = —B(IT + ]i) . (2.1)

With a spin magnetic moment of mg = +h/2, carried by one electron, a spin current

can be written as:

L= -1y). (22)

The different signs for I+ and I; are caused by the different directions of the spin
magnetic moment for spin-up and spin-down electrons. Figure 2.1 gives an intuitive
picture for spin and charge currents. In Fig. 2.1(a), I+ and I; have the same di-
rection and magnitude. Therefore the total charge current [Eq.(2.1)] is finite while
the spin current [Eq.(2.2)] is zero.

In Fig.2.1(b), I+ = 0, therefore the charge current as well as the spin current is
non vanishing. A pure spin current is depicted in Fig. 2.1(c), since I+ and I have
different sign but same magnitude (I+ = —1). Consequently /. will cancel out but

I, remains finite.



2.2 Magnonic spin currents

2.2 Magnonic spin currents
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(a) Visualization of a spin wave. (b) Dispersion relation of the spin waves in a linear

chain of spins.

Figure 2.2: Panel (a) shows the ground state of a one dimensional chain of magnetic
moments as well as two perspective views of an excited state. The excited state com-
prises a spin wave with ¢ # 0. In panel (b), the dispersion relation of the spin waves in
the one dimensional chain is depicted.

So far, spin current, carried by electrons were discussed. However, spin information
can be carried by spin waves (magnons) as well [60]. In ferromagnetic insulators,
no conduction electrons are available. In such systems the spin current is carried
solely by spin waves [43, 44, 63].

The physics of spin waves will be illustrated with the examples of a one dimensional
Heisenberg model® (a chain of magnetic moments with nearest neighbor interac-

tion) [10, 32, 39]. The Hamiltonian of the system is given as

N

H=-> Su-(Sm-1+Sms1) (2.3)

m=1

where J is the exchange coefficient. The magnetic moment, associated with a spin
is given as ji,, = —gup/h-S,,, where g is the g-factor and pg is the Bohr magneton.

It is assumed, that all magnetic moments point in the z-direction if the system is in

I'The model is semi-classical. Therefore, the spin angular momentum operator S will be replaces
by a vector S of length S = |S].
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its ground state. If a magnetic moment ., is deflected from the ground state, it will
experience a torque due to the molecular field By, associated with the magnetic
chain, and an external magnetic field Bg,. This torque equals the time derivative
of the spin angular momentum S, [39]:

dS,,  gus

The molecular field By, seen by the spin S,, is given as [32]:

J
gush

BM - — (Sm—l + Sm+1) (25)
Substituting this expression into Eq. (2.4) gives an equation of motion for S,,. Since
the deflection of S in z- and y-direction is assumed to be small, higher order terms
in S* and SY are neglected. Further S* ~ |S| = S. With the external field oriented

in z-direction (Bgy = B?), one obtains:

xr Bz
%in::_gﬂg 5%“%5(25%-5%4-—S%ﬂ), (2.6)
dsy, — gusB® . IS e e )
dt:‘Z Sm = 7z (285 = Si1 = Sman) (2.7)
dsz,
a (2.8)

This equations can be solved with an exponential ansatz [32]:

Sﬁz — g% ei(qmafwt) ,

SY = G . gilama—wt) (2.9)

Here, a is the distance between two interacting magnetic moments (lattice con-
stant). The solution, obtaind with the aforementioned ansatz is the dispersion
relation for spin waves [32]:
gupB* 2JS
w =

" + . (1 — cos(gqa)) . (2.10)

This dispersion relation is plotted in Fig. 2.2(b). Further it is found, that S* and
SY have the same magnitude but differ by a phase of 90°: SY = iS*. The physical
meaning of this relation is, that the magnetic moments precess in a circular motion

around their ground state position.



2.3 Spin Hall effect

Especially interesting is the uniform magnetic precession mode for ¢ = 0. If an
external magnetic field is applied, all moments will precess in phase with the fre-

quency

w:g'uTBBzszz : (2.11)
This is the Lamor frequency proportional to the gyromagnetic ratio . It is possible
to excite the uniform magnetic precession mode with microwave excitations in so
called ferromagnetic resonance experiments.
Naturally, the spin wave dispersion in a real system such as the ferrimagnetic insu-
lator yttrium iron garnet (YIG, Y3Al;012) is much more complex than in the simple
model presented here (¢f. Ch. 3). Fundamentally, however, spin waves can always

be understood in a semi-classical picture as a precession of magnetic moments.

2.3 Spin Hall effect

The spin Hall effect and the inverse spin Hall effect provide a bridge between con-
ventional electronics and spin electronics because they allows to convert charge
currents to spin currents and vice versa [36, 89]. Spin currents, for example gener-
ated by the spin Seebeck effect or spin pumping, are usually measured by utilizing
the spin Hall effect [67, 84, 97, 104]. The spin Hall effect converts spin currents in
charge currents which can be detected with conventional measurement electronics.
A microscopic picture for the understanding of the spin Hall effect was provided
by Dyakonov et al. [24] and later by Hirsch [36]. While electrons move through a
paramagnetic metal, they are scattered at e.g. charged impurities. Since skew scat-
tering and side jump scattering is asymmetric with respect to the spin orientation,
the probability of a certain electron path depends on the spin orientation [101].
This situation is depicted in Fig. 2.3. Here electrons with different spin orientation
are scattered in different directions, giving rise to a spin current perpendicular to
the charge current. In addition to scattering at impurities, the spin Hall effect can
also be caused by intrinsic mechanisms [66, 89].

So far, the spin Hall effect has been discussed, which describes the generation of a
spin current due to the flow of a charge current. However, the inverse process is

possible as well due to Onsager reciprocal relations [49]. This is called inverse spin
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Hall effect. The charge current I., generated by a spin current I is given by [106]:

2
I = +9H% L xo (2.12)

Here, e is the elementary charge, o is the spin polarization vector of the spin cur-
rent, I the spin current, /. the charge current and 6y is the spin Hall angle, which
is a measure for the conversion efficiency.

Experimental evidence for the spin Hall effect was found with different measure-
ment approaches. In semiconductors, the spin Hall effect was measured using Kerr
microscopy [45]. Valenzuela et al. [101] injected a spin polarized current into a nor-
mal metal via tunneling from a ferromagnetic electrode and detected the inverse
spin Hall voltage in the former. Finally Saitoh et al. [78] used the technique of spin
pumping to inject a spin current into platinum. Also this spin current was detected

via the inverse spin Hall effect.

Figure 2.3: Visualization of the spin Hall effect in a paramagnetic metal. Due to spin
dependent scattering rates, both spin species are scattered in different directions. This
causes a conversion of an unpolarized charge current j. into a pure spin current js. Spin
current, charge current and the spin polarization are perpendicular to each other.

10



2.4 Spin Seebeck effect

2.4 Spin Seebeck effect

\

Figure 2.4: Spin Seebeck effect in YIG/Pt bilayer according to the theory by Xiao et
al. [106]. Thermal energy leads to a precession of the magnetization in the YIG layer.
This gives rise to a spin current in the platinum via the mechanism of spin pumping.
The spin current in the platinum gets converted into a charge current due to the inverse
spin Hall effect.

In a ferromagnetic insulator /normal metal bilayer, a spin current between the fer-
romagnetic insulator and the normal metal can be excited under application of a
temperature gradient. Via the inverse spin Hall effect, this spin current can be
converted into a charge current. It is then possible to measure a voltage under
open circuit conditions. This is called spin Seebeck effect [9]. An intuitive picture
of the spin Seebeck effect is provided in the theory of Xiao et al. [106]. Thermal
energy leads to the precession of magnetic moments in a ferromagnetic insulator
which is characterized by the magnon temperature T;,. By the mechanism of spin
pumping [95], the precessing magnetization excites a spin current into the normal
metal. This situation is depicted in Fig. 2.4.

However, thermal noise in the normal metal layer leads to a spin current from the

normal metal into the ferromagnetic insulator. The electron temperature T, is a

11
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measure for the thermal energy of the electrons and thus for the spin current from
the normal metal into the ferromagnet.

In conclusion, the total spin current is a superposition of the spin pumping cur-
rent, depending on 7T, and the fluctuating spin current, depending on 7,. The

corresponding expectation value for the spin current is found to be [106]:
<]s> = Ls(Tm - Te) (213)

Thus the spin current is proportional to the temperature different between magnons
in the ferromagnetic insulator 7}, and the electrons in the normal metal T,. L is
the interfacial spin Seebeck coefficient. The direction of the spin current is per-
pendicular to the normal metal/ ferromagnetic insulator interface. If the electron
temperature in the normal metal 7; is higher as the magnon temperature in the
ferromagnet Ty,, the direction of the spin current will be from the normal metal
into the ferromagnet and vice versa. The origin of such a temperature difference
will be discussed in the next section.

The theory by Xiao et al. [106] presented here is based on the macro-spin approx-
imation. Thus, the collective mode dominates the dynamics and the spin current
generation in their model. It was explained in Sec. 2.2, that the wavenumber is
zero for these excitations. Newer theories are based on thermal magnon excita-
tions [74, 94]. As explained in Sec. 2.5, dfferent time constants are associated with
these different theoretical approaches. The objective of transient spin Seebeck ef-
fect measurements, performed in Ch. 4 of this thesis, is to distinguish between the

different theoretical approaches.

2.5 Temperature profiles in ferromagnetic insulator/

normal metal bilayers

As discussed in the previous section, the spin Seebeck effect is driven by a differ-
ence of the magnon temperature T;, in the ferromagnetic insulator and the electron
temperature 7 in the normal metal according to Xiao et al. [106]. This section will
address the question, how the temperature difference ATy, = T,, — T hinges on

the magnon-phonon interaction time.

12
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'Laser Tep Ri Trp
VRN # X # X
Pt Pt YIG YIG
electronic phononic phononic magnonic
system system system system

Figure 2.5: Dynamics of the spin Seebeck effect according to the theory by Xiao et
al. [106]. A temperature gradient is induced (e.g. via electromagnetic irradiation).
Excited, hot electrons in the platinum transfer heat via electron-phonon interaction,
into the platinum phononic system. The phononic systems of the platinum and the
YIG are coupled through the Pt/YIG interface with the thermal resistance Ry,. In the
YIG, energy is transfered to the magnonic system due to magnon-phonon interaction.
The heat transport due to the spin current across the YIG/Pt interface as well as heat
transport to the substrate are neglected.

In normal insulators, heat is carried by lattice excitations (phonons). However in
ferromagnetic insulators, heat can also be carried by magnetic excitations (magnons).
Experimental evidence for this phenomena was found in transport measurements
on YIG at low temperatures and in high magnetic fields [21]. It was reported, that
magnons contribute up to 66 % to the total heat capacity of YIG at low tempera-
tures [76].

To understand the dynamic processes leading to a temperature difference of elec-
trons in the platinum and magnons in the YIG under the application of a thermal
gradient, a simple model is introduced in Fig. 2.5 [83, 106]. In this model, the tem-
perature imbalance is generated via electromagnetic irradiation e.g. with a laser.
This electromagnetic irradiation couples strongly to the electronic system in the
platinum. Excited electrons will equilibrate with the phononic system [57]. This
process is associated with the elecron-phonon interaction time 7,,. Since the plat-
inum film is grown on YIG, the phonon system in the platinum is coupled to the
phonon system in the YIG via the YIG/platinum interface. A thermal resistance
Ry, is associated with the interface [83].

Coupling between the phonons and the magnons in the YIG gives rise to a heat

13
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current between both systems [83]. The coupling is characterized by the magnon-
phonon interaction time 7, [106]. In addition, the phononic system of the YIG is
also coupled to the phononic system of the substrate, which can be assumed as a
very large heat reservoir?.

In the model by Xiao et al., the heat flux carried by the spin current from the elec-
tron system to the magnon system, caused by thermal spin pumping, is neglected.
It is assumed that the interface magnetic heat conductance K/, is negligibly small.
Later studies [27, 37, 83], however, found this contribution to significantly impact
the magnon temperature.

Summing up, the electron temperature is changed directly via laser irradiation,
while the magnon temperature is altered via magnon-phonon interaction. Time
constants are associated with the electron-phonon equilibration process (7.,) as well
as with the magnon-phonon interaction (7). Under constant laser irradiation, a
steady state will be establish with constant temperature difference ATy, = T, —Te.
However, it can be expected that the temperature difference AT, will change, if
the laser intensity is modulated on time scales, close to or shorter as the time con-
stants mentioned above. Therefore transient spin Seebeck effect measurements can

be utilized to probe these time constants.

2For the experiments, insulating substrates were chosen. Thus the substrate acts as a heat sink
but has no further contribution to the experiments [82].

14



3 Samples for spin Seebeck effect

measurements

This chapter discusses of the properties and fabrication of the YIG/Pt thin film
samples on which the measurements discussed in this thesis were performed. All
samples, investigated in this thesis, were grown by Sibylle Meyer, Matthias Altham-
mer and Felix Schade at the Walther-Meifiner-Institute. The lithography process
was conducted by Michael Schreier, Sibylle Meyer, Matthias Althammer and the
author of this thesis, also at the Walther-Meifiner-Institute. At the end of this

chapter, an overview of the sample geometry will be given.

3.1 Yttrium lron Garnet

Yttrium iron garnet is a synthetic garnet [12]. It is often used for spin Seebeck
effect measurements as a spin sink or source [84, 97, 103] because it is not only fer-
rimagnetic at room temperature but also insulating. This special property allows
to perform spin Seebeck effect measurements without spurious contributions from
other thermo-magneto-electric effects such as the anomalous Nernst effect.
Reference [12] provides a good overview of the magnetic properties of YIG. The
structural formula of YIG is Y3Fe5015. It crystallizes in a bee structure with a
lattice constant of @ = 12.4 A. This large lattice constant implies already, that
YIG has a very complex unit cell, which consists of 80 atoms out of which 20 are
magnetic.

At T = 0K the 20 magnetic ions lead to 20 different magnon branches in the
magnon dispersion relation of YIG, as shown in Fig. 3.1. The arrow in Fig. 3.1
indicates the uniform magnetic precession mode which is commonly excited in fer-
romagnetic resonance experiments. The Curie temperature of YIG (T¢c = 560 K)

is well above room temperature.
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3 Samples for spin Seebeck effect measurements
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Figure 3.1: Picture from [12]. The magnon spectrum of YIG for the directions k||[110]
and k||[100] at 7" = OK. The 20 magnetic ions per unit cell lead to 20 different
magnon branches. The uniform magnetic precession mode, which can be excited in
ferromagnetic resonance experiments, is indicated with an arrow.

3.2 Sample fabrication

The fabrication process of the YIG/Pt samples is described in detail in Refs. [6,
29]. Single crystalline Y3Al5015 (yttrium aluminium garnet, YAG) or GdzGasOs

(gadolinium gallium garnet, GGG) substrates with (111) orientation were used for

epitaxial YIG growth!. YIG was deposited with pulsed laser deposition from a

polycrystalline stoichiometric target. A KrF laser with A = 248 nm was used for

the deposition.

Tt was found that both substrates do not influence the spin Seebeck effect measurements [82].
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3.3 Sample geometry

On top of the YIG film, a platinum layer is deposited in situ, without breaking
the vacuum, by electron beam evaporation. Due to the lattice mismatch between
platinum and YIG, platinum grows polycrystalline. The platinum layer is used as
a spin current detector, by means of the inverse spin Hall effect (cf. Sec. 2.3).

In order to perform spin Seebeck effect measurements on the YIG /Pt samples, the
samples were patterned with optical lithography. After the lithography process,

reactive ion etching was used to etch the platinum and YIG.

3.3 Sample geometry

All measurements, in Ch. 5 were performed on YIG/Pt samples, patterned with a
Hall bar structure, as shown in Fig. 3.2(b). The Hall bar consists of 10 bond pads
allowing to measure voltages along, both, the long and the short stripes. The size

of the long stripe is 1 mm x 80 pm.
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Figure 3.2: Schematic of the sample layouts, used for spin Seebeck effect measure-
ments. The dimensions in the figure are not to scale. Panel (a) shows the sample
geometry used in Sec. 4.3.2 for high frequency spin Seebeck effect measurements.
Here, two bond pads are connected via a 100 pm x 100 pm bridge. In panel (b), the
Hall bar structure, used for most measurements in this thesis is shown. Twp bond pads
are connected by a 80 pm wide, 1 mm long stripe, with four additional pairs of bond
pads giving access to transverse voltages via the short stripes.
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3 Samples for spin Seebeck effect measurements

sample # | lab name | dyjg [nm] | dp¢ [nm] | R (Ohm) | Substrate
1 YY21 61 19.5 309 YAG
2 YY43 48 4.9 876 YAG
3 YY63 55 16.8 47 YAG
4 YIG59 61 11 217 GGG
D YIG105 16.3 2.8 1430 GGG

Table 3.1: This tables gives an overview over the different YIG/Pt samples used for

measurements in this thesis. dy,g and dp; denote the thickness of the YIG and platinum
layer respectively.

In Ch. 4, a second structure was used for high frequency spin Seebeck effect mea-
surements. This structure is shown in Fig. 3.2(a). It consists of two bond pads,
connected by a 100 pm x 100 pm small bridge. Table 3.1 provides an overview over
the YIG samples used for measurements, performed within the framework of this

thesis.
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4 Time resolved spin Seebeck effect

experiments

In this chapter, the time resolved measurements of the spin Seebeck effect will be
discussed. For these experiments, a transient temperature gradient along a normal
metal/ ferrimagnetic insulator interface is established with laser heating. After a
motivation for time resolved spin Seebeck effect experiments, the chapter will begin
with a description of the experimental setup. Spatially resolved measurements
of the spin Seebeck voltage are discussed subsequently to illustrate the sample
geometry and the function of the setup. The time resolved measurements were
performed with a lock-in amplifier and with a digitizing card. Results, obtained
with both measurement techniques will be discussed and compared. From these
measurements it is concluded, that the spin Seebeck effect is not dominated by
small wavenumber magnons. Rather, the complete magnon spectrum has to be

considered.

4.1 Motivation: Time resolved spin Seebeck effect
experiments as a probe of magnon phonon

thermalization time

We investigate the spin Seebeck effect in YIG/Pt structures [77]. YIG is a ferri-
magnetic insulator, while Pt is a normal metal, used for the detection of a spin
current via the inverse spin Hall effect. In section 2.4 it was argued, that the spin
Seebeck effect is caused by a thermal non-equilibrium in the magnetic system. This

assumption is supported by recent spin Seebeck effect theories [2, 3, 14, 37, 94].

19



4 Time resolved spin Seebeck effect experiments

A thermal non-equilibrium situation is usually generated externally, e.g. by electro-
magnetic irradiation. In order to relax back to thermal equilibrium, heat currents
will emerge in the system. The heat current in YIG is carried by magnons and
phonons, while the heat current in Pt is carried by electrons and phonons. In ad-
dition, a heat current across the interface, carried by phonons and the spin current
will emerge. Thermal interaction times between the heat reservoirs determine the
dynamics of the spin Seebeck effect. A roll off in the spin Seebeck effect can be
expected, if the non-equilibrium will be generated on time scales, shorter as the
aforementioned interaction times.

The electron-phonon interaction time in the platinum layer is known to be in the
picosecond regime [57]. Experimental data of the time constant associated with
heat transport across the YIG/Pt interface was not reported in literature. How-
ever, in theory this time constant is assumed to be very small [106]. Therefore, the
dynamics of the spin Seebeck effect is ultimately limited by the magnon-phonon
interaction time 7y, in the YIG [106]. Transient measurements of the spin Seebeck
effect could thus enable an estimation of 7, and give insights in the dynamics of
the spin Seebeck effect.

Getting a better understanding of the dynamics of the spin Seebeck effect is es-
pecially important since recent spin Seebeck effect theories use very different as-
sumptions concerning the magnon-phonon interaction. Rezende et al. [74] as well as
Hoffman et al. [37] assume strong coupling between the magnetic system (magnons)
and the lattice (phonons) and as a consequence, equal magnon- and phonon tem-
peratures in the ferrimagnetic insulator, eg. 7, < 1ps. In the theory of Xiao et
al., it is assumed that &k = 0 magnons (uniform magnetization precession mode)
are relevant for the spin Seebeck effect [106]. The magnon-phonon interaction time
for the uniform precession mode in bulk YIG crystals was measured in ferromag-
netic resonance experiments and is on the time scale of 7, ~ 1ps [80]. Tikhonov
et al. [94] and Schreier et al. [83] consider a thermally distributed magnon spec-
trum with much smaller interaction times to be relevant for the spin Seebeck effect
(Tmp = 255 ps).

Agrawal et al. [4] attempted to measure the magnon- and phonon temperatures
in YIG, using an infrared camera and Brillouin light scattering from which one
can infer 7,,,,. However, theoretical calculations suggest, that the resolution of this

method may not be sufficient in order to obtain the desired information [83]. In this
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4.2 Experimental setup

chapter, transient measurements of the spin Seebeck effect will be presented, which
allow to distinguish between the different theoretical approaches mentioned in the
previous paragraph. An intensity modulated laser is used to establish a tempera-
ture imbalance on short timescales. For laser intensity modulation frequencies in
the range of 27 finoa &~ 1/7mp, We expect a change in the spin Seebeck voltage, since
magnons and phonons can not equilibrate with each other. As mentioned above,
Tmp 18 Of the order of 1ys for small wavenumber magnons [80], which corresponds
to a cutoff frequency fu.q of a few megahertz. Measurements will be presented
in this chapter, which show that no change in the spin Seebeck voltage is experi-
mentally observed up to laser intensity modulation frequencies of f,,q = 50 MHz.
Consequently, the contribution of large £ magnons must be important for the spin
Seebeck effect.

4.2 Experimental setup

All measurements discussed in this chapter were carried out in the longitudinal spin
Seebeck effect geometry [97]. This means that the temperature gradient is applied
perpendicular to the normal metal/ ferromagnet interface and the spin current is
parallel to temperature gradient.

Laser heating is used in this chapter to create a temperature gradient [5, 77, 102,
103]. Since a laser beam can be focused down to a few pm and thus the tem-
perature gradient is cr