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Introduction

Information technology is one of the biggest and most rising
industries in the world. We all use information technology every
day and almost all day, e.g., computers at work and at home,
smartphones and tablets. On all these devices we use applications
like social networks, databases like search engines and cloud
computing for access to all our personal data anywhere, anytime.
This leads to an enormous increase of data we have to store.
For this reason we need huge data centers with lots of servers
with more and more advanced data storage technology. Our
requirements for sophisticated data storage include high density
of information per space unit, low access times and preferably
low need of energy.

However, the largest portion of energy needed in a data center
is used for cooling. The gigantic production of wasted heat is one
of the biggest issues in data processing. Information technology,
for instance, is dominated by semiconductor electronics. The
electron is the dominant information carrier and with it its charge.
Electron collisions produce heat. This calls for a new method of
information transport and for a meaningful use of wasted heat to
reduce further energy consumption.

The first stage for that was set by spintronics. In spintronics
the spin, i.e., the angular momentum of the electron, a property to
be understood in terms of quantum mechanics is used. The spin
is connected with a magnetic moment and can be manipulated
by magnetic fields. Research of materials for applications and
devices which use the spin is rising at the same rate as information
technology. Currently, the most common spintronic application
can be found in reading heads for hard discs where the giant
magnetoresistance effect (GMR)? was used as a spin valve. This
led to a drastic increase of data storage. Meanwhile, it has been
replaced by the more sophisticated tunnel magnetoresistance effect
(TMR)3. It is another purpose of further spintronic research to use
the TMR to develop the so-called magnetoresistive random access
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memory (MRAM)#, a non-volatile memory with fast reading times.
These devices are available but not yet profitable. New aspects
are, e.g., the racetrack memory in nanowires>, or optical storage
arrays® which should replace hard drives completely.

In further basic research it is not the spin combined with
a charge current that is of broad interest but the generation of
a pure spin current accompanied by a significant reduction of
wasted heat. Pure spin currents are mostly provoked by spin
waves and their quanta, the magnon. This opens a new branch
in spintronics which is called magnonics.

Material science is crucial for progress in advanced spintronic
devices. However, basic research is important to explore new
ways and methods of the advantages of the spin. Furthermore,
heat is the most frequent form of energy which arises almost
everywhere. A logical step is to combine the utilization of the
spin in information technology with manipulation by heat. This
combination is now known as the branch of spincaloritronics (or
spin calorics).

This thesis

What this thesis is about focuses on one of the key effects pro-
moting this branch of research, i.e., the Spin Seebeck Effect (SSE). It
provides a detailed investigation of the SSE and all related trans-
port phenomena in a broad range of different magnetic materials.
Magnetic means, in the context of this thesis, that a collective
magnetization is present which is known as ferromagnetism. In
this work we also use ferrimagnetic materials, but for the sake
of simplicity we will include this type when we talk about ferro-
magnetic materials.

In the next chapter we will give an introduction and detailed
description of all relevant thermoelectric, spintronic and spin
caloric transport phenomena of which we need to discuss all
presented data. Understanding the symmetry of the described
effects is important in order to understand the origin of the results.
Our investigations include a combination of different contribu-
tions we have to disentangle carefully. The almost established
spintronic effects we will present have to be examined in order to
determine whether their origin, behaviour and appearance can
be adapted to their thermal counterparts.

In the following three chapters we are going to present our
data obtained in three different magnetic systems such as metal-
lic, insulating and semiconducting material. One chapter will
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be devoted to each of these materials. We started with the in-
vestigation of permalloy thin films, which were used in the first
SSE reports in the literature. This helped us to get a first under-
standing of most of the unintended transport phenomena in SSE
experiments. Furthermore, we were able to improve the mea-
surement techniques for our further investigations. After that,
we proceeded with the SSE investigation on a material system
with semiconducting properties like NiFe,O4 and on an insula-
tor like Y3Fe50;, to gradually cancel all unintended transport
phenomena which occurred as side effects. Finally, we found
that adjusting the measurement conditions presented us with
further opportunities to disentangle all side effects from the in-
tended SSE. We will give a detailed explanation of how these side
effects can be separated and what transport phenomena are the
dominant ones in the given material classes and measurement
configurations.

Since the focus of this thesis is on transport measurement, we
will not present methods or data for sample characterization. The
samples used here were already characterized regarding their
structural properties, which was mostly reported in previous
publications which we will refer to. We will point out the sam-
ple properties whenever they are important for the origin and
disentanglement of the observed transport phenomena.

Most of the results presented in this thesis have already been
published in peer-reviewed journals or presented in open access
reports. We will refer to these articles and reports in the relevant
sections.
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Theoretical background

The aim of this chapter is to provide the theoretical background about
all important transport phenomena. Most of phenomena we are dealing
with are present in transport measurements which were realized in the
course of our work. The driving forces are almost potential differences
to generate a charge current or a temperature gradient. Various effects
can be observed with and without external magnetic fields. Here, we are
going to introduce all relevant (thermo) electric and spin (calori)tronic
effects related in this thesis. This will help the reader to understand the
results presented in later chapters.

General relations of transport phenomena

In the linear response regime all transport phenomena can be
described by reciprocal relations as presented by Lars Onsager in
1931 for irreversible processes like thermoelectric phenomena.”
These Onsager reciprocity relations can be generally expressed as
currents ] and forces X/ related by a linear response matrix L7 to

J'=LiX (i,j=1,2,3,..,n). (1)

For i = j the currents generated are associated with their driving
forces, whereas for i # j the different currents and forces are con-
nected to each other. The main theorem of Onsager’s reciprocity
relations is the symmetry relation

Li =L}, (2)

In this thesis, the main interest lies in the conduction of heat,
charge and spin accompanied with the relation between them.
Therefore, we can rewrite Eq. 1 into®

-

TC 5CC 5CS 5cq E
Ts = ¢ 55 g9 |[.| v " (3)
T4 g &r 6" -VT

7 L. Onsager. Physical Re-
view 37 (1931) 405

8 G. E. W. Bauer et al. Na-
ture Materials 11 (2012)
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Figure 1: Measurement con-
figuration of the Hall effect.
A charge current density 7
is applied along a sample
with an out-of-plane mag-
netic field H. The voltage V
is measured in the transverse
direction.

with the charge current density J¢, the spin current density T,
the heat flow 7‘7 , the electric field I_-f, a fictitious field Vu,, which is
connected to the spin density, and the temperature gradient VT.
The matrix elements are the linear responses between the currents
and the forces and, furthermore, they are tensors to satisfy the
condition that all transport phenomena can be anisotropic. Eq. 3
is all we need to express the most relevant transport equations
for this thesis.

Hall effects

The first term of Eq.3 where the charge current density Je is
connected to the electric field E is known as Ohm’s law in the form
J¢ = 6°E. The matrix 5 is the conductivity tensor. We can write
Ohm’s law in the following component notation:

x Oxx Oxy Oxz E,
Iy [=] oy oy 0y || Ey (4)
] zZ OZX OZy GZZ EZ

When an external magnetic field is applied perpendicular to
a charge current, a transverse motion of the charge carriers is
observed due to the Lorentz force.?'° This is well known as
the Hall e]j‘ect (Fig.1). In Hall effect investigations the charge
current J is the applied parameter and the electric field E is the
measured quantity in form of a voltage V for an open circuit
condition. Therefore, Ohm’s law can be converted in the form E=
ﬁ“T with the resistivity tensor p«. We consider a ferromagnetic
conductor with a magnetization in z-direction. Then we can write
the resistivity tensor in the form™

pp pa O
pe= -pg pL O (5)
0 0 py

with the Hall resistivity py and the resistivities p, and p|, per-
pendicular and parallel to the magnetization M, respectively. For
the Hall effect we obtain E, = —pp], with the magnetization in
z-direction. In general, the Hall effect can also be observed in non-
magnetic conductors and the electric field E is a cross product
given by ~ o

E=-uRyJ xH (6)

with the magnetic field H, the magnetic permeability 1y and the
Hall coefficient Ry;. The free charge carriers are deflected due to
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the Lorentz force. The voltage V is proportional and, therefore,
antisymmetric with respect to the magnetic field H (Fig.2). In
what follows, we will call this effect the ordinary Hall effect (OHE).
In ferromagnetic conductors a second term of the Hall effect can
be defined which is proportional to the magnetization vector M
of the material. This effect is called the anomalous Hall effect (AHE)
and is much larger than the OHE. The AHE is given by

E=Rg]xM (7)

with a material dependent anomalous Hall coefficient Rg. In ferro-
magnetic materials the observed voltage V describes a hysteretic
curve which is antisymmetric with respect to H. Furthermore, V
reaches saturation for large enough magnetic fields (Fig. 3). In
general, the OHE and AHE are entangled when the voltage is
measured in the configuration of Fig. 1. The result is a superposi-
tion of two contributions with an increasing voltage V due to the
OHE (Fig. 4). The origin of the AHE is divided into extrinsic and
intrinsic effects. The extrinsic mechanisms are the side jump?
and screw scattering'3 and caused by scattering on impurities
or disorder of the material accompanied by spin-orbit coupling
which promotes these scattering effects." The intrinsic effect is
described by a Berry phase of the Berry curvature which can
be described as a magnetic field in k-space.’> This occurs even in
perfect crystals without disorder or impurities and is produced
by the electronic band structure.®

Anisotropic magnetoresistance

The next effect introduced is produced by the difference of the
resistivity parallel and perpendicular to the magnetization direc-
tion in a ferromagnetic conductor. This effect is called anisotropic
magnetoresistance (AMR). The origin of the difference in resistivi-
ties can be explained in different scattering cross-sections of the
conduction electrons. The atom orbitals in ferromagnetic mate-
rials are not spherically symmetric due to spin-orbit interaction.
Hence, the atom orbitals overlap in the direction perpendicular
to the magnetization. This leads to a smaller resistivity perpen-
dicular to the magnetization.

Now, we consider a sample with a magnetization M in the X-y-
plane with an angle O relative to the current density J and electric
field E which are also in the same plane. We can divide these
quantities into || and E parallel and |, and E, perpendicular

17

Figure 2: The ordinary Hall
effect in all conducting ma-
terials. The voltage V is
proportional to the magnetic
field H.

N

Figure 3: The anomalous
Hall effect in ferromagnetic
conductors. The voltage V
as a function of the magnetic
field H shows a hysteretic
curve which is antisymmet-
ric with respect to H.
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Figure 4: The sum of the or-
dinary and anomalous Hall
effect in a ferromagnetic con-
ductor. The voltage V de-
scribes a hysteretic curve
which is antisymmetric with
respect to H, but with no
saturated value. The volt-
age V increases proportion-
ally with H.

M
Pas
Lx J,E

Figure 5: The magnetization
M, the current density | and
the electric field E lie in the
same plane. | and E can be
divided into a parallel and a
perpendicular part with re-
spect to M.

> H

Figure 6: The voltage V as a
function of the magnetic field
H in an AMR and PHE con-
figuration. V is symmetric
with respect to H.

to M (Fig.5). We use the derivation from Thompson et al.'7 to
get expressions for E, and E, when a charge current ], is applied.
Then with E| = pyJyand E; = p ], we get

E, = Ejcos(0) + E, sin(0)
E, = E sin(60) — E | cos(0)

Ey = pyJjcos(0) + p, ], sin(0)
E, = p) sin(0) ] cos(0) — p cos(0) ], sin(0)

E, =] (p) cos?(0) + p sin*(6)) (8)
E, =] (p) — p1)sin(6) cos(6). 9)

For the longitudinal electric field E, we can use the equation
sin?(0) + cos?(0) = 1 which gives us

Ev=TlpL + (py = py) cos*(0)]. (10)

The AMR occurs in a longitudinal resistivity measurement along
the charge current density when the angle 0 changes during a
magnetic field loop. This is the case when magnetic anisotropies
are present. Furthermore, the AMR varies in a cos?(6) shape
when an external magnetic field large enough to saturate the
sample is rotated in the plane given by J and M.

The transverse component E, (Eq. 9) is called planar Hall effect
(PHE). Planar means that all vectors lie in the same plane. The re-
markable behaviour of the PHE is that the effect disappears when
Mis parallel or perpendicular to J and it shows its maximum at
an angle 0 = 45°.

The AMR and the PHE show no change of sign in the voltage
when the polarity of the magnetization is changed. Therefore,
the polarity of the electric field E, or the experimentally more
convenient unit of voltage V, is symmetric with respect to the ex-
ternal magnetic field H shown in Fig. 6. The product sin(0)-cos(0)

can be expressed as % sin(20) which also shows the symmetry of
this effect. The curve shape of Fig. 6 is a typical behaviour for
a sample with an in-plane magnetic anisotropy. The voltage V
changes when the angle 0 between the current density J, and the
direction of the magnetization M changes. When the external
magnetic field H is applied in a direction different from the easy
axis a variation in V can be observed when H decreases. The
magnetization vector M changes its direction from parallel to
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H into the easy axis. A special case occurs when H is applied
in the direction of this easy axis. The magnetization M will be
oriented parallel or antiparallel independently of the magnitude
of H. Hence, 0 does not change and therefore V' does not change.
This results in a straight line of V' as a function of H. We would
like to emphasize that the appearance of symmetric dips or peaks
depends on the movement of the magnetization vector M.

Nernst effects

In this section we start to introduce the thermal transport equa-
tions given by Eq.3. A charge current J° can be driven by a
temperature gradient VT which is connected by the tensor 7 to

J¢ = —G“VT. (11)

In an open circuit a thermopower Eis generated by the tempera-
ture gradient VT and we obtain the equation E = ~SVT with the
Seebeck tensor®

S Sy O
S=| -sy S o | (12)
0 0 S,

This tensor looks very similar to the resistivity tensor (Eq. 5).
When a temperature gradient is applied along a conductor, charge
carriers with a higher thermal energy diffuse into the direction
with lower thermal energy. In an open electrical circuit this charge
current is compensated by the generated electric field. This is
known as the Seebeck effect'®, which is a thermoelectric effect and
given by

E,=-5VT, (13)

with the material dependent Seebeck coefficient S.?° When two
materials with different Seebeck coefficients are connected, it can
be used as a temperature sensor. This is known as a thermocou-
ple. The open ends of the thermocouple have to be at a known
reference temperature. Then the measured voltage at the open
ends give information about the temperature at the connected
ends. Thermocouples are used in most experiments in this thesis
to determine the temperature differences.

Now, let us consider the Hall effect conﬁguration presented
in Fig.1. When the applied charge current | is exchanged by a
temperature gradient VT, a transverse motion still exists when
an external magnetic field is present. This is called the first

19
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2t A. von Ettingshausen and
W. Nernst. Annalen der
Physik 265 (1886) 343

22 V. D. Ky. physica status
solidi (b) 17 (1966) K207

Ettingshausen-Nernst effect named after Albert von Ettingshausen
and Walther Nernst (simply referred to as Nernst effects in what
follows).** Similarly to the Hall effects there are different types
of Nernst effects. In a very simple picture, the analogy between
the Nernst and Hall effects lies in the thermally driven charge
currents due to the Seebeck effect compared to the applied charge
currents. In an open circuit condition the transverse motion of
the thermally driven charge carriers generates an electric field.
The observed electric field E is a cross product of the temperature
gradient VT and the external magnetic field H in the form

E = g NygVT x H (14)

with the Nernst coefficient Nyg. This is known as the conven-
tional or ordinary Nernst effect (ONE). The measured voltage is
proportional to the external magnetic field H (cf. Fig.2). In a
ferromagnetic conductor we can find a similar effect to the AHE
which is called the anomalous Nernst effect (ANE) and given by
the equation

E = NyneVT X M. (15)

The cross product between the temperature gradient VI and the
magnetization M results in a hysteretical curve of V which is
antisymmetric with respect to the external magnetic field H (cf.
Fig.3).

For the thermally driven counterparts of the AMR and PHE
we only have to modify Eq. 8 and Eq. 9 by changing ], to VT,.**
We end up with similar equations in the form

E, = VT, (p) cos®(0) + p, sin*(0)) (16)
Ey = VT, (p, — p1)sin(0) cos(0). (17)
The counterpart of the AMR (Eq. 16) is known as anisotropic mag-
netothermopower (AMTP), and the counterpart of the PHE (Eq. 17)

is the transverse AMTDP, which is also known as the planar Nernst
effect (PNE).
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Spintronics

Spin-dependent charge currents

In a conducting material a charge current TC (Fig.7 (a)) is spin
polarized when there is a majority of electrons with a parallel
spin T% flowing in one direction (Fig.7 (b)). Even when there
is a minority of electrons with a spin in the opposite direction
Tj we will have charge transport as well as spin transport. In

terms of the formalism of Eq. 3 we get a spin current JF = 7% - Tj

accompanied to the charge current Je = T% + Ti’ These currents
can be used in a broad range of spintronic applications.?> The
most famous example is the giant magnetoresistance effect (GMR)
discovered independently by Albert Fert and Peter Griinberg in
1988.%4 A layer stack of two ferromagnetic electrodes (FM layers)
separated by a non-magnetic metal (NM layer) of nanometer
thickness acts as a spin valve. When the magnetization of the
FM layers is aligned parallel the resistance for a charge current
through the layer stack is smaller compared to an antiparallel
alignment of the FM layers. The MR ratios*> are in a range of
about 10 % at room temperature. The different resistances are
caused by a scattering of the charge carriers depending on their
spin orientation relative to the magnetization direction of the
FM layers. This effect is used in reading heads in hard drives for
more efficient data storage.

After its discovery, the GMR effect opened the triumphal
procession of further spintronic investigations. When the non-
magnetic metal is replaced by a nanometer thin insulator (IN) like
Al,O3 or MgO the MR effect is called tunnelling magnetoresistance
(TMR). Here, the spin-dependent charge current is tunnelled
through the insulating barrier with a spin-dependent tunnelling
probability. This can be explained by a different amount of free
states at the Fermi energy for the transmitted electrons with spin
directions parallel and antiparallel to the magnetization of the
entered FM layer. This was discovered by Michel Julliere*® as
early as in 1975 but was not noted as much as the discovery of the
GMR because of the relatively small MR ratios below 1 %. Today,
the TMR is in the focus of recent research for the next technique
of advanced data storage due to MR ratios of over 600 % at room
temperature®” and nearly 2000 % at 4.2 K.28 These FM/IN/FM
layer stacks can be structured in so called magnetic tunnel junctions
(MT]) with dimensions down to 20 nm X 20 nm. These MT]Js are
switched from a parallel to an antiparallel state and reversed with
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Figure 7: (a) A charge cur-
rent TC with the same amount
of spin up and spin down
electrons. (b) A spin polar-
ized current with a majority
of charge carriers with spin
in one direction.
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Figure 8: The magnetiza-
tion M describes a precession
around H and Mﬁxed. The
relaxation is represented by
the damping. The spin trans-
fer torque (STT) increases the
precession of M.
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an external magnetic field. This magnetic field switches one of
the FM layers. The second FM layer has to get a larger coercive
field or has to be pinned by an adjacent antiferromagnetic layer.
Then it can be switched into an antiparallel state.

It becomes obvious that these MTJs are favoured for future
data storage of one bit depending on the two states of resistance
(low and high resistance equivalent to o and 1). Future progress
in the research of MT]Js will be the evolution of miniaturized de-
vices and the disappearance of mechanical parts like, e.g., read-
ing heads which move over the surface in hard drives. These
mechanical parts limit reading times. One promising possibil-
ity of handling the latter issue is the so called spin transfer torque
(STT) switching introduced by Slonczewski.? A sufficiently large
charge current which will be spin polarized in the first FM layer
and transmitted through the IN barrier should change the mag-
netization direction of the second FM layer into the opposite state.
The magnetization dynamic in these processes can be described
by the Landau-Lifshitz-Gilbert (LLG)3°/3" equation

-

8M — — —
— = ~yM X (uoHeg) + % [M X
5

IM
T —] (18)

at

with the gyromagnetic ratio y, the magnetization in saturation
Mg, and the damping parameter ;. The first term on the right
hand side describes the precession of M around an effective mag-
netic field ﬁeﬁ (Fig.8) and the second term stands for the re-
laxation of the precession which is called damping. For the STT,
Slonczewski*? extended the right hand side by an additional term
to describe the effect of the spin polarized charge current I from
a fixed layer with fixed magnetization Miiyeq into a free layer with
magnetization M. The additional term is given by, e.g., Ralph
and Stiles3' in the form

IM S
S = LN (VX Miea) (19)

with the charge I, the Bohr magneton g, the elementary charge
constant ¢, the volume V of the free layer and a layer structure
parameter 7. A high spin polarization P at the interface between
the FM and IN layer is important for a large TMR effect as well as
for small charge current densities during STT switching. The spin
polarization P is defined as the ratio between the difference of spin
up and spin down electrons divided by the sum of all electrons
at the Fermi energy.3* The best STT also occurs when the spin
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orientation of the spin polarized charge current is perpendicular
to the magnetization of the target FM layer (free layer). Then, the
most angular momentum is absorbed in tilting the magnetization
direction. The STT may also be reversed. This will be mentioned
in the next section about pure spin currents.

Spin currents

A pure spin current can be created when an amount of electrons
with one spin flows in one direction simultaneously to the same
amount of electrons with the opposite spin flowing in the oppo-
site direction (Fig. 9). In our formalism we have a spin current
= T% —Tj # 0, but J© = T% +Tj = 0. There is no net charge
current, only a pure spin current. Here, the spin is transported
directly by moving electrons. A pure spin current can even exist
without moving electrons in magnetic insulators, for instance.
This spin current is produced by the generation of magnons -
the quanta of spin waves. Here, spin transport is described by
a current of angular momentum in one direction without any
moving electrons.

The generation, manipulation and detection of spin currents
are big challenges in spintronics. For the generation of pure spin
currents there are some well established technique, for example
the so called spin pumping effect33 generated by, e.g., the ferromag-
netic resonance (FMR).34 The spin pumping effect is the reversal
of the previously mentioned spin transfer torque. Here, a ferro-
magnetic/non-magnetic metal bilayer (FM/NM) is placed in a
microwave cavity with a static external magnetic field H, applied.
The spin polarization of the ferromagnet is now aligned along
Hy. After that, a microwave AC magnetic field perpendicular to
the static field excites a precession of the spins in the ferromagnet
around Hy. This precession is accompanied by a generation of
magnons. The excitation is called ferromagnetic resonance due to
a resonant absorption of electromagnetic energy in the ferromag-
netic system. This absorption leads to a magnetization dynamic
which can be described by the Landau-Lifshitz-Gilbert equation
(Eq.18). The precession of M is now around the static magnetic
field HO in place of ﬁeﬁ of Eq.18. The generated magnons are
moving in the direction of the NM. The spin pumping arises at
the FM/NM interface where a fraction of the spin current is trans-
mitted into the NM material. The pumped spin current?sp TP ca
be rewritten as35

n
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Figure 9: When the same
amount of spin up and spin
down electrons are moving
in opposite directions a pure

spin current J° occurs.

33 Y. Tserkovnyak et al.
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35 Y. Tserkovnyak et al.
Physical Review Letters 88
(2002) 117601
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P = s M s gl (20)
Here, gI Land gZ-Tl are the real and the imaginary part of the spin
mixing conductance.3® This factor describes the quality of the
interface for the spin current transmission. Tserkovnyak et al.3”
point out that the adjacent NM is not a perfect spin sink and a
back flow spin Current;;bad‘ has to be considered. When both
spin currents are not equal - this is the case for the steady state -
we obtain a resulting spin current

75 — ]SPumP ]S!oack (21)

which flows through the NM.

Another method for spin current generation is the spin Hall
eﬁect (SHE) which can be found in Eq. 3 in the connection of
J* = 6°E. The idea was first mentioned by Dyakonov and Perel
in 1971.3% The electrons of an electrical charge current are scat-
tered depending on their spin due to the spin-orbit-coupling of
the material. For Hirsch3 this scattering was mainly caused by
impurities, which refers to the same reasons already mentioned
for the AHE and ANE. These are the skew-scattering and the
side-jump effects. Instead, for Sinova et al.#° this scattering can
also be purely intrinsic, which is caused by the band structure of
the material. However, the scattering is transverse to the charge
current7C and perpendicular to the spin polarization direction
8.4 In a non-magnetic material the spins of all free electrons
are equally distributed in all directions. Therefore, we will get
the same amount of electrons scattered in opposite directions
but with opposite sign of 3. This leads to a pure transverse spin
current. The generated spin accumulation at the edges transverse
to the charge current could be observed optically in semiconduc-
tors.4>

The reverse process of the SHE is the inverse spin Hall effect
(ISHE)*3 when a pure spin current is converted into a transverse
charge current. In terms of the Onsager relations and Eq. 2 and 3
we have the connection J© = 6°Vu,. The ISHE is one of the most
important methods to detect spin currents in spintronics by now.
Furthermore, it is also the method for spin current detection in
this thesis. The relation in the conversion between the spin and
charge currents can be described as the so-called spin Hall angle
Ogy which is given by44

O‘Xy e

Ocer =
SH = o 7 (22)
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with the longitudinal charge conductivity 0%, and the transverse
spin Hall conductivity o%,. The ISHE was firstly measured in
nanometer thin Nig Fe o /Pt bilayers.43 Here, the spin current
was generated with the above mentioned method of FMR + spin
pumping from the ferromagnetic Nig;Fe,g into the paramagnetic
Pt film, which exhibits high spin-orbit-coupling. In the Pt the
spin currentj_s) which has a spin orientation § parallel to the static
external magnetic field Hy is converted into a charge current4>

o 2e »
Je = Osu ﬂ]s XS (23)

with the contact area A of the FM/NM interface. However, in an
open circuit condition the imbalance of charge carriers in the NM
builds up an electric field which counteracts the driven charge
current. This electric field can be written in the following form

E st = Dgypje X 8 (24)

with the material dependent ISHE efficiency D gyg. This efficiency
consists of the prefactors in Eq. 23 in addition to the electrical re-
sistivity p of the NM film. Eq. 24 is consistent with the formalism
of Eq. 3 and corresponds to the term J® = 6E.

A spin current through a non-magnetic metallic film which
exhibits high spin-orbit coupling operates like a spin detector
by only measuring an electrical voltage perpendicular to ]_; and
the spin orientation 3. The layer thickness of these spin detector
materials is limited by the material dependent spin diffusion
length Ayq. This is a characteristic mean free path within the
spin flips randomly due to collisions of the electron with other
particles. The absolute value of the spin current j; decays on its
way through the NM layer when it is transmitted through the
interface. The reduced spin current with a distance z from the
interface can be written as#®

()= 0 sinh((z — fx)/Asq)
IS =0 Sinh(ty/As)

(25)

with the thickness ty; of the NM layer. The spin current decreases
rapidly in the NM material. Other important properties for the
detection of spin currents are available in FMR measurements.
The previously mentioned spin mixing conductance g™ can be
determined with the linewidth#” AHj, of the ferromagnetic reso-
nance peak by4®

47TyMstFMAHSp

SHpw

g = (26)
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with the gyromagnetic ratio y = ge/2mc, the thickness tgy; of
the FM layer and the microwave angular frequency w (cf. Hoff-
mann# and Mosendz et al.>°). The linewidth AH,, depends
linearly on an effective damping parameter aeg = agp + . This is
a sum of the Gilbert damping parameter «, we have introduced
in the LLG equation (Eq. 18) and a spin pumping damping param-
eter agp. Then, the linewidth is given by AH, = a.gw/y. When
the FM film is investigated by FMR without NM layer on top we
obtain the Gilbert damping a, by measuring AH.

Accompanied by the spin Hall effect there are many other
effects and possible applications such as spin-torque switching.5!
Here, a charge current through a Ta film which is non-magnetic
and exhibits high spin-orbit coupling generates an out-of-plane
spin current due to the SHE. This spin current is used to switch
the magnetization of the lower FM layer of a MT] which is placed
on top of the Ta film. The switching can be reversed by changing
the sign of the charge current. This effect is equal to the previously
mentioned STT but the spin torque is accomplished by a pure
spin current instead of a spin polarized charge current.

For the sake of completeness we would like to give a short
overview of the connection between the magnetization M and a
pure spin current J;. The spintronic phenomena described by the
LLG, STT, spin pumping and spin conductance can be combined
in a response matrix (Fig.10).5* H.g was introduced in Eq.18
and the spin driving force V4 results from the difference of the
spin-dependent chemical potentials u! — u! which creates spin
accumulation and a driving force into regions with lower spin
accumulation. It becomes obvious by Onsager’s symmetry rela-
tion (Eq. 2) that spin pumping and the STT are complementary
to each other and connect the spin current with the motion of
magnetization.

A very recently observed phenomenon which is based on an
interplay between the SHE and its reversal process, the ISHE,
is the so called spin Hall magnetoresistance (SMR).53>4 This is a
new kind of MR effect. When a charge current flows through a
non-magnetic material with a high spin-orbit coupling there is
a transverse spin current due to the SHE. The spin orientation
is perpendicular to the charge current and the spin current di-
rection. At the edges these spin currents are reflected due to the
boundary conditions. After the reflection the ISHE converts this
spin current back into a charge current which flows in the same
direction as the applied charge current. An adjacent film of the
magnetic insulator yttrium iron garnet can absorb the spin cur-
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rent by STT when the magnetization of the yttrium iron garnet
is perpendicularly aligned to the spin orientation. The magne-
tization is controlled by an external magnetic field which is too
low to influence the spin orientation of the spin current in the Pt.
When the magnetization is parallel to the spin orientation of the
spin current there is a reflection. The absorption and reflection of
the spin current and the interplay of SHE and ISHE correspond
to the two states of high and low resistance. This could be shown
in collaboration with Althammer et al.5* in similar yttrium iron
garnet and nickel ferrite films which were used in this thesis.

Spincaloritronics

The generation of pure spin currents with heat is described by the
tield of spincaloritronics.5> We already described thermoelectric
effects where the electric field was exchanged by a temperature
gradient and Ohm'’s law (Eq. 4) changes into the Seebeck effect
(Eq.13). The context becomes clear by Eq. 3 and the Onsager
relations. The Seebeck effect connects the temperature gradient
VT with a generated electric field E by a material dependent pro-
portionality factor - the Seebeck coefficient S. It is well known, in
a simple image, that thermal energy can activate the motion of
particles as well as quasi particles. Phonons are an example of a
thermally induced flow of quasi particles. Furthermore, the gen-
eration of thermally driven magnons is relatively new and of great
interest in research at present. This is the connection JF = —6%VT
in Eq. 3. In the following passage, we will explain the rising of the
spin Seebeck effect during the last years in chronological order.
A theoretical point of view will be presented which is used in
later discussions and arguments concerning the appearance of
the spin Seebeck effect in the materials investigated.

Spin Seebeck effect

One of the main goals in spincaloritronics is the generation of
thermally mediated spin currents. The key experiment in this
branch is the spin Seebeck effect (SSE). The first observation of the
SSE was reported in 2008 by Uchida et al.5® in 20 nm thin permal-
loy (Py, Nig;Fey9) films with a 10 nm thin Pt strip as a spin detector.
They considered a conventional thermocouple as reference. This
reference is adopted to a ferromagnet where they considered
the two spin channel model.5” Each spin channel represents one
conductor with its distinct Seebeck coefficient. Therefore, an im-
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Figure 11: The two spin chan-
nels of a ferromagnet were
considered as a thermocou-
ple.

Figure 12: (a) First SSE config-
uration with Pt strip on the
hot side of a Py film on a sap-
phire or MgO substrate. (b)
The voltage V at the Pt strip
as a function of the external
magnetic field H.

balance of the spin was predicted in the ferromagnetic film when
an in-plane temperature gradient VT, was applied (Fig. 11).

This imbalance was expected between the hot and the cold
side of the FM layer with an in-plane spin orientation when an
external magnetic field lay parallel to VT,. For the detection of
the spin accumulation a thin Pt strip was used with a thickness
of 10nm, which is in the region of the spin diffusion length. It
was not entirely reported what kind of driving force was exactly
responsible for a spin current flowing perpendicularly from the
Py layer into the Pt strip. Nevertheless, the ISHE in the Pt was ex-
pected to convert the spin current into a transverse charge current.
An electromotive force described by Eq. 24 was expected to arise
along the Pt strip which should be measurable as an electrical
voltage. Therefore, the required orientations are the spin polari-
sation vector $ aligned by the external magnetic field, which is
parallel to VT,, and an out-of-plane spin current ]_S) A detailed
explanation for the driving force of this out-of-plane spin current
was missing. The combination of an FM/NM layer system im-
plies a diffusion of the spin from a region of spin accumulation to
a region with no spin accumulation accompanied with the spin
pumping effect from an FM into an NM layer.

However, the reported observations were a measurable volt-
age in a range of a few microvolt with a temperature difference
AT, of about 10K over a length of 170mm. The most striking
behaviour was the variation of the voltage depending on the lo-
cation of the Pt strip along the Py film (Fig 12 and Fig13). The
voltage decreased when the Pt strip was moved from the hot side
to the cold side of the Py. In the middle of the Py film the ISHE
voltage vanished completely. After that, a sign reversal in the
voltage could be observed and the absolute value increased until
the Pt strip reached the cold sample side. What was responsible
for this sign reversal was the reversed spin current into the Pt
between the hot and the cold sample ends. When the external
magnetic field H was reversed the spin orientation 3 changed its
sign simultaneously. This behaviour could be observed in mag-
netic field loop measurements. The obtained V —H curves looked
like typical M — H hysteresis curves due to the magnetization
switching of the FM layer. These V — H curves were reversed
when the Pt strip was placed from the hot to the cold sample side.
Therefore, Uchida et al. concluded that this sign reversal has to
come from a reversal of the spin current ]_;

However, the first explanation by Uchida et al. was a sign
change in § due to the imbalance of the spins with opposite direc-
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tion between the hot and the cold sample side. This behaviour
was not carefully explained. When the magnetization of the FM
layer is in saturation all spins should be parallel aligned. After
all, there is no difference in the observation when there are two
spin currents with an antiparallel spin orientation in the same
direction or two spin currents with a parallel spin orientation in
opposite directions.

Furthermore, the cross product of Eq.24 (ISHE) could be
further confirmed by measurements involving rotation of the
external magnetic field in the sample plane. The observation was
a cos function when the magnetic field direction started from
parallel to the temperature gradient. The sign of this cos function
changed when the Pt strip moved from the hot to the cold sample
side. When the voltage was measured directly on the Py film
the ISHE voltage vanished completely even at the sample edges
when the spin detector was missing.

This spin accumulation thermocouple analogy was contro-
versially discussed. It is based on the two spin channel model
which has to withstand over a lengthscale of a few millimeters,
the length of the Py film. This is much longer than the above
mentioned spin diffusion length of a few, tens, or even hundreds
of nanometers depending on the material, but still smaller. An
alternative and theoretically motivated explanation was given by
Xiao et al. in 2010.5° They criticised the view that the two spin
channels should be short circuit due to spin-flip scattering along
the millimeter scale. They proposed a difference between the
sub-systems of the magnon temperature T, in the FM layer and
the electron temperature T, in the NM layer. The latter should
be equal to the phonon temperature T, in the NM layer due to a
strong electron-phonon interaction. This difference was assumed
as the driving force for a thermally activated spin pumping effect.
A more detailed description of the magnon-phonon interaction
due to their relaxation behaviour was given by Sanders and Wal-
ton.? The explanation by Xiao et al.5® is mostly based on their
work.

We would like to reduce the complete theory to the main
arguments. In the work of Xiao et al.>® the magnetization Min
the FM layer is represented by a single domain in the so-called
macrospin model. At a non-zero temperature T the magnetiza-
tion M is thermally activated and therefore M # 0.° This leads to
—pumy
Js

a spin pumping driven spin current P given by Eq. 20. This is

accompanied by a back flow spin current?back and can be written
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Figure 13: (a) First SSE config-
uration with Pt strip on the
cold side of a Py film on a sap-
phire or MgO substrate. (b)
The voltage V of the Pt strip
as a function of the external
magnetic field H.
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by Xiao et al.® as
; MV - -
Jrre(t) = ===y M) x H( (27)

with a random magnetic field H, which acts on the thermally
activated magnetization. The spin currentﬁ)ump is proportional
to the magnon temperature T, in the ferromagnet and the back
flow spin current?ﬁ,’“k is proportional to the electron temperature
T, in the non-magnetic material. Regarding Eq. 21 which tells us

that the resultant spin current is the sum of both we obtain
75 « Ty =Te = AT e (28)

When Eq. 23 for the ISHE is used a formula for the measured SSE
voltage can be created which was later drafted by Schreier et al.®
from Xiao et al.®* in the form

T
Vssg = %ATIHQ : %QSHPI - % tanh (%) : (29)
In the first fraction there are all properties concerning the FM
layer. There are the real part of the spin mixing conductance gl !
(cf. Eq. 20 and Eq. 26), the gyromagnetic ratio y, and the magnetic
coherence volume V, (cf. Xiao et al.®* and Schreier et al.®?). AT,
is the temperature difference between the magnons in the FM
and the electrons in the NM. The NM layer properties are the
spin Hall angle Oy (cf. Eq. 22), the electrical resistivity p and the
distance | between the voltage contacts. The constant 7 stands
for a back flow correction factor for a spin current which diffuses
back from the NM into the FM layer. The last terms describe
the penetration depth with the spin diffusion length A and the
thickness t of the NM layer.%2

Transverse spin Seebeck effect

The SSE on Py as it was measured by Uchida et al.®3 in 2008 was
obtained in the so-called transverse configuration (TSSE), because
the detected spin current which is usually out-of-plane to the
FM/NM system is transverse to the applied temperature gradient.
In what follows the spin Seebeck effect in this configuration will
be called TSSE.

After the first observation in Py films, two further material
systems came into the focus of TSSE investigations at the same
time. In 2010 Uchida et al.%# investigated the TSSE in the magnetic
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insulator yttrium iron garnet (YIG). The observed behaviour of
the voltage measured on the Pt strip was the same compared to Py
which led to a similar interpretation of the TSSE. In this sample
system there are no free charge carriers in the ferromagnet, only
thermally activated magnons. The theory by Xiao et al.%> that
the driving force of the spin current is the difference between the
magnon temperature in the FM and the electron temperature in
the NM could still explain the observations.

Moreover, in the same year Jaworski et al.®® investigated the
ferromagnetic semiconductor GaMnAs. The behaviour of the
transverse voltage observed at a Pt strip was also mostly the same
compared to the investigation on Py by Uchida et al.®3 The most
striking additional contribution of this publication was a cut of the
FM layer in the middle of the sample. There was no connection
between the hot and the cold sample side of the FM layer except
through the insulating and non-magnetic GaAs substrate. A
sign reversal of the observed ISHE voltage between the hot and
the cold side of the sample was still obtained. Therefore, the
dominant effect was attributed to the TSSE. They claimed that a
connection between both sides could only be realized by phonons
in the substrate.

Furthermore, Jaworski et al.%® presented the first concerns
about unintended side effects which where investigated as fol-
lows. Instead of Pt strips they used Pt point contacts at the sample
ends transverse to the temperature gradient. The transverse volt-
age was measured at these Pt contacts. Moreover, they used
GaMnAs samples with an out-of-plane magnetization. They ob-
served an effect which they attributed to the ANE given by Eq. 15.
There was no sign reversal between the hot and the cold sample
end. The effect completely disappeared when Pt strips instead
of point contacts were used. They assumed that the Pt shorted
out the effect, because the Pt had a much smaller resistance than
the GaMnAs. After that, they deposited Pt point contacts on
GaMnAs films with an in-plane magnetization and observed an
ANE added by a PNE (Eq. 17). Again, a sign reversal between the
hot and the cold end was not observed. They concluded that the
ANE was a result of spurious out-of-plane temperature gradients.

In 2011 Bosu et al.®7 presented a TSSE investigation in the
highly spin polarized Heusler compound Co,MnSi with an adja-
cent Pt strip near one sample edge. They did measurements on
Co,MnSi/Pt and on Py /Pt as a reference to compare the results
with the work of Uchida et al.®3 The observations were mostly the
same, but they also considered an unintended ANE in addition
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to the ISHE voltage due to spurious out-of-plane temperature
gradients. However, they obtained a sign change in the voltage
between the hot and the cold sample ends measured at the Pt
strip. The voltage was proportional to the temperature difference
but the slope of this proportionality was dissimilar between the
hot and the cold side. They tested the same measurements on Py
samples without Pt on top and obtained a voltage proportional
to the temperature difference with the same sign on both sample
ends but also with different slopes at the hot and the cold end,
respectively. They observed the same behaviour for Co,MnSi as
well as Py films. Furthermore, a series of thicker Co,MnSi sam-
ples showed an increase of the unintended ANE. They concluded
that this was due to a superposition of a TSSE which shows a
sign reversal and an ANE which shows no sign change in the
voltage when the Pt strip changes from the hot to the cold side.
They could not observe a significant influence of the high spin
polarization of Co,MnSi compared to a conventional FM alloy
like Py.

In 2013 Wang et al.”® reported an attempt to separate the ANE
and TSSE contributions by measuring and comparing Py /Py /Pt
and Py/Pt/Py structures. In the latter structure they expected
that a possible TSSE would cancel itself out by contributions
from the top and bottom Py films which should have opposite
signs. They could observe a clear PNE with about 64 % of the
measured voltage. In reference measurements they estimated
an ANE contribution due to an unintended out-of-plane tem-
perature gradient of about 26 %, and the remaining 10 % were
attributed to a possible SSE. However, the authors were not able
to attribute these 10 % unequivocally to the TSSE. It is very likely
that the difference in the voltage measurement for the comparison
samples is a result of a mutable out-of-plane temperature gradi-
ent obtained by mounting the samples on the copper heaters, by
different contacting and a result of different spin-mixing conduc-
tances of the interfaces due to variations within the preparation
process. All this will be described in more detail in the following
experimental chapters. Furthermore, when this voltage contri-
bution can be attributed to the SSE it was not completely ruled
out that it is generated by the out-of-plane temperature gradient
which also causes the ANE. This is a different SSE configuration
which will be described in the next section.

Last year, Siegel et al.® reported TSSE observations in Bi-
YIG/Pt bilayers. However, they have not shown the characteristic
sign change between the hot and cold sample side. This would
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have been important for an unequivocal attribution of the effect
to the TSSE. It is highly probable that their observations are due
to unintended out-of-plane temperature gradients.

The previously mentioned publications by Uchida et al.7® for
TSSE investigations on Py /Pt and YIG/Pt, Jaworski et al.”* for in-
vestigations on GaMnAs/Pt and Bosu et al.”> for investigations on
Co,MnSi /Pt were obtained in only two different setups.”’3 These
publications are the only reports about the SSE in the configura-
tion of a transverse measured voltage (i.e. TSSE) at an adjacent
spin detector material with an in-plane temperature gradient
along different FM materials. Further reports of measurements
in this configuration were obtained in the same groups.

The TSSE reported by Uchida et al.7® attracted great atten-
tion in the communities of spintronics as well as thermoelectric
science. The high number of citations (over 430 since 2008) conjec-
tures the number of groups in the world who tried to reproduce
the results, first of all in Py thin films with an adjacent Pt strip.
In Tab. 1 a compilation of all reports is listed for all attempts to
reproduce the measurements from the first reports of the TSSE
in different material systems. Of course, this list only regards at-
tempts which were published afterwards. However, the number
of different groups and setups shows how many physicists took
an opposite point of view on the observed results.

Longitudinal spin Seebeck effect

The advantage of a magnetic insulator with no free charge carriers
was used by Uchida et al.74 in 2010 to investigate the SSE in a sec-
ond configuration. The magnetic insulator YIG was completely
covered by a thin Pt layer. This bilayer was sandwiched between
a heat bath and a heat sink. They could report that an applied
out-of-plane temperature gradient drives a parallel spin current
with a spin orientation controlled by an external magnetic field
which is applied in the sample plane. This spin current enters
the Pt layer and is converted into a measurable voltage due to
the ISHE. The fact that the detected spin current is parallel to
the temperature gradient is why it is called the longitudinal SSE.
The spin Seebeck effect in this configuration will be called the
LSSE in the following. The theory by Xiao et al.”> can be adopted
for the LSSE. Here, the explanation of the driving force given
by the difference between the magnon temperature in the FM
and the electron temperature in the NM is more intuitive for a
longitudinally generated spin current.
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Although, the TSSE is generally controversially discussed, in
ferromagnetic metals like Py as well as in magnetic insulators
like YIG, the LSSE configuration is now well established and
was reproduced by many groups. It was also observed in many
different garnets and ferrites which served as a magnetic insulator
material (e.g. Uchida et al.7%).

There are different methods of heating which can be used to
generate an out-of-plane temperature gradient. In 2012, Weiler et
al.”7 presented the LSSE in YIG /Pt with a laser heating technique
instead of copper block heating. The laser-spot with a diameter
of 10 pm scanned the landscape of the Hall-bar patterned YIG/Pt
bilayer. Another heating method was introduced by Schreier et
al.7® in 2013. They used a charge current through the Pt layer for
heating the sample. A heat sink at the bottom ensured the gener-
ation of an out-of-plane temperature gradient. However, a large
contribution of an unintended side effect which was symmetric
with respect to the magnetic field had to be disentangled. The so-
lution was a reversal of the charge current through the Pt. A sign
reversal of the symmetric contribution could be observed, but the
LSSE kept its sign while the direction of the temperature gradient
did not change. The symmetric contribution was assumed to be
the SMR effect. This contribution could be removed by taking
the sum of both charge current directions. The remaining voltage
was the LSSE contribution.

A community of four groups did LSSE as well as FMR spin
pumping experiments on similar YIG /Pt samples to compare the
sign of their results by using the same convention of vector direc-
tions for their measurement configuration (temperature gradient,
external magnetic field and the polarisation of the multimeter).
The work of Schreier et al.”® has shown that the sign was equal
between all groups for the ISHE voltage observed in LSSE and
FMR spin pumping experiments, respectively. Afterwards, they
defined the spin Hall angle of Pt with a positive sign to decide
between materials with positive (e.g. Pt) and negative (e.g. Ta)
spin Hall angles in the future literature.

For the investigation of the time and length scales of the gen-
erated spin current Agrawal et al.® presented time resolved LSSE
measurements. They used a 6.7 um thick YIG film with a 10 nm
thin Pt layer on top and found a diffusion length of about 500 nm
for thermal magnons which propagate into the Pt. They used
a modulated laser beam to heat up the sample from above and
a heat sink below the sample ensured the generation of an out-
of-plane temperature gradient. They monitored the evolution
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time of the LSSE signal and observed that the effect arises in the
tirst microsecond. Due to the fact that this rising time is different
from the rising time of the laser (200 ns) and the rising time of the
temperature gradient over the interface (20 ns) they concluded
that the LSSE is a sum of an interface and a bulk contribution.
The interface contribution comes from the difference between
the magnon temperature Ty, in the FM layer and the electron
temperature T, in the NM layer. The bulk contribution, however,
comes from thermally excited magnons generated in the whole
FM film. The sum of both contributions is described by Agrawal
et al.® as

0 [ -
Visse) e | VI, 0y +6 [ VT, 0 e (T )y (o)

with the out-of-plane temperature gradient VT, the thickness
I of the FM layer, the effective magnon diffusion length L and
the effective thickness 0d of the interface. Here, « is a parameter
for magnon-electron coupling between the FM and NM layer
and f is a parameter for the magnon-magnon interaction in the
FM layer. After that, they extracted an intrinsic time evolution
constant of about 343 ns for the LSSE based on simulations of the
temperature gradient evolution in the sample.

Roschewsky et al.5! were also able to report time resolved
LSSE measurements, but on thinner YIG(t < 65nm)/Pt(t <
2o0nm) bilayers. They could not verify the magnon diffusion
length reported by Agrawal et al.® due to their thinner YIG films,
but they have shown by lock-in measurements with modulation
frequencies up to 30 MHz that there is no decay of the SSE for
times larger than 5ns. The deviation in the magnon diffusion
length of 500nm reported by Agrawal et al.®° and 110nm re-
ported by Kehlberger et al.32 can be explained by their different
measurement methods, the sample thicknesses and sample prop-
erties like different magnetic damping of the YIG and different
interface conditions.

Recently, there were investigations reported by Geprags et
al.?3 on the magnetic insulator Gd;Fes;O;, (GIG) which is closely
related to YIG. However, GIG shows a very interesting temper-
ature dependent behaviour of the magnetization. Instead of
the non-magnetic yttrium in YIG it was replaced by gadolin-
ium which is ferromagnetic at temperatures below 290 K. The
gadolinium contributes a magnetic sublattice to the two magnetic
iron sublattices. The magnetization of the gadolinium sublattice
is temperature dependent. Therefore, GIG shows a compensation
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point where the net magnetization of the sum of all sublattices is
zero. Below this compensation point the net magnetization of the
GIG rises again due to increasing magnetization in the gadolin-
ium sublattice at lower temperatures. Below the compensation
point the magnetization is aligned antiparallel to the magneti-
zation above the compensation point. However, in an external
magnetic field it can be aligned parallel to H at above and below
this compensation point. First theoretical ideas about the LSSE
in antiferromagnets and compensated ferrimagnets were pub-
lished by Ohnuma et al.34 in 2013. They gave rise to the question
whether each magnetic sublattice drives a spin current generated
by the LSSE or whether the net magnetization drives only one
spin current. In GIG the spin current is presented by thermally
excited magnons in the magnetic and insulating material. Accord-
ing to the report by Geprégs et al. they performed experiments
independently in two groups and two setups with two similar
samples which were also prepared independently. They surpris-
ingly observed two changes in sign of the measured ISHE voltage
instead of only one, which they had expected, while the magne-
tization shows only one compensation point in the range of the
temperature investigated. There is no clear explanation up to now,
but suggestions lead to a Gd-Gd-exchange around 8o K where
the second sign reversal can be observed. However, the results
give rise to the conclusion that the observed spin currents due
to the LSSE in the ferrimagnet investigated do not mirror the net
magnetization. Therefore, investigation on other garnets which
also show compensation points in their ferrimagnetic behaviour
will become very interesting in view of further investigation of
magnetic sublattices. In general, the LSSE as a technique of in-
vestigating magnetic sublattices represents a breakthrough in
the research of magnetic materials which opens a new field of
research.

Magnetic proximity effect in magnetic insulator/
Pt bilayers

Further, we would like to discuss the issue of spin polarization at
the interface of magnetic insulator/Pt bilayer systems. This issue
is one of the most critical problems, which is also controversially
discussed in the recent literature about SSE investigations, when
Pt is used as a spin detector. It is one of the most popular spin
detector materials which is known as a heavy metal with a rela-
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tively high spin orbit coupling. Furthermore, the deposition of Pt
is a very simple step in the whole sample preparation compared
to compounds with larger predicted spin Hall angles. However,
the reported spin Hall angles of Pt range from 0.012 + 0.002 re-
ported by Feng et al.%5, obtained in spin pumping experiments,
and 0.1 + 0.08 reported by Althammer et al.®, achieved by SMR
experiments. Nevertheless, spin diffusion lengths vary from
(8.3 £ 0.9)nm to (1.5 + 0.5) nm, respectively. A very thin Pt layer
in the range of 1 — 10 nm is sufficient for spin detection.

Pt nearly fulfills the Stoner criterion for ferromagnetic order-
ing.%7 The product of the exchange coupling | and the density of
states at the Fermi energy N(Ef) should satisfy

JN(EF) > 1. (31)

For Pt the density of states at the Fermi energy exhibits a relatively
large value of =1.74 s’cates/eV/spin.88 When Pt comes into contact
with a ferromagnetic material, the first monolayers can become
spin polarized. Spin polarized Pt could be observed in Ni/Pt and
Fe /Pt multilayers with magnetic moments of about 0.2 g/atom
and 0.5 g/atom, respectively.® The measurement technique typ-
ically used for the investigation of magnetic moments is x-ray
magnetic circular dichroism (XMCD) which was presented by
Schiitz et al.%° in 1987 (cf. De Groot9'). In XMCD the difference
in the absorption of left- and right-circular polarized light with
the element specific absorption energy gives information about
the magnetic moment in the investigated element. However, the
observed magnetic moment is a mean value for the whole inves-
tigated film which makes it difficult to measure spin polarization
at the interface of a bilayer system. This difficulty is reflected in
the recent discussion triggered by the reports of Geprags et al.9*
who did not observe any evidence of a magnetic proximity effect
in YIG/Pt and Lu et al.93, who detected a spin polarization of
the Pt at the interface. Both positions are supported by XMCD
measurements.

A more beneficial method for this issue is x-ray resonant mag-
netic reflectivity (XRMR) presented by Geissler et al.%* in 2001
on Co/Pt bilayers (cf. Macke and Goering?). In conventional
x-ray reflectometry (XRR) measurements the interference of the
incident beam and the reflected beam at the surface and the inter-
faces is used to determine the film thicknesses of the layers and
the surface roughness. In XRMR the incident beam is left or right
circular polarized which gives rise to dichroism if the investi-
gated element is spin polarized. The observed magnetic moment
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is thickness independent and only regards the spin polarization
at the interface. For this reason we investigated the interface of
FM /Pt bilayer systems (e.g. NiFe,O,/Pt) with XRMR to deter-
mine a possible spin polarization of the Pt film at the interface to
consider proximity Nernst effects in our transport measurements.
The results are presented in more detail by Kuschel et al.%°. The
conclusion from these investigations is that a possible magnetic
moment of Pt is below the measurement sensitivity limit (e.g.
0.02 up per Pt atom in NiFe,O, /Pt bilayers). However, calcula-
tions by Schreier et al.97 and Weiler et al.?8 for YIG/Pt indicate
that Pt should have an anomalous Nernst coefficient three or-
ders of magnitude larger than Ni even when a completely spin
polarized Pt film is assumed which would be extremely large.
Furthermore, Kikkawa et al.?9 have shown that a possible ANE
contribution due to magnetic proximity effects is negligibly small
compared to the observed LSSE signal.

Side effects in SSE measurements

The overview of the SSE given so far represents the beginning
of this thesis. We investigated the TSSE as well as the LSSE in
all kind of FM systems - metals, materials with semiconducting
properties, insulators. For FM metals we will present the results
already published.**® This will be supplemented by our collabo-
rators work in collaboration with Schmid et al.’°* The main idea
behind further measurements in terms of the TSSE despite the
already existing publications was the detailed investigation of all
unintended side effects like the PNE and ANE which appeared
desultorily in all reports of Tab. 1. We investigated these Nernst
effects in terms of a misinterpretation of the TSSE in FM metals.
This was done parallel to works published by other groups in

First report of TSSE

no TSSE found

metal

insulator

Uchida, K. et al. Nature 455 (2008) 778

semicondutor Jaworski, C. M. et al. Nature Mater. 9 (2010) 898

Uchida, K. et al. Nature Mater. 9 (2010) 894

Huang, S. Y. et al. Phys. Rev. Lett. 107 (2011) 216604
Avery, A. et al. Phys. Rev. Lett. 109 (2012) 196602
Schmid, M. et al. Phys. Rev. Lett. 111 (2013) 187201
Meier, D. et al. Phys. Rev. B 88 (2013) 184425
Bui, C. T. and Rivadulla, F. Phys. Rev. B 90 (2014) 100403(R)

Soldatov, I. V. et al. Phys. Rev. B. 90 (2014) 104423

Meier, D. et al. Nat. Commun. 6 (2015) 8211

Table 1: Publications on TSSE experiments in different materials. Comparison between the first reports and reports
with no TSSE in similar experiments.
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the recent years. We will discuss these reports and compare their
results with our observations. For semiconductors Soldatov et
al.’* just recently presented a paper for GaMnAs and did not
observe a TSSE either. Instead, they also observed unintended
Nernst effects. For TSSE measurements in magnetic insulators
like YIG Uchida and co-workers were the only people who re-
ported an observation. In our own work, we set a further focus on
magnetic insulators because Nernst effects are suppressed due
to the absence of free charge carriers.'®3 Furthermore, we have to
consider the possibility of magnetic proximity effects in Pt when
it is in contact with a FM layer. Pt is near the Stoner criterion
of a ferromagnet. This can lead to spin polarization of the Pt at
the interface. This results in magnetic proximity induced Nernst
effects which will be called proximity Nernst effects (anomalous
Nernst as well as planar Nernst).

In Fig. 14 both SSE configurations are shown: on the one hand
the transverse configuration with a temperature gradient VT typ-
ically aligned in the film plane (Fig. 14 (a)) and on the other hand
the longitudinal configuration with VT typically aligned out-of-

(@) symmetry with pure in-plane temperature gradient
respect to the PNE  [proximity PNE[ TSSE
external magnetic ENI with .
in-plane field H: | NM magnve\:ltlic FMM Wt'f‘h
: FMM ¢ magnetic
anisovony| ooy | )
NM and spin
EMM/EMI FNI\|>I/|I polarization "
pure out-of-plane temperature gradient
proximity
(b) ANE imity ANE]  LSSE vT
NM (semi-) 3
FMM conducting ) y
material spin-
polarization NM
NM in the NM . FMM/EMI X
FMI “H >
(c) in-plane and additional unintended out-of-plane temperature gradient
ANE proximity ANE| LSSE PNE proximity PNE| TSSE
NmM | unintended| unintended FMM with | MM with
Fmm fout-of-plane] out-of-plane | ynintended | Ma9Netic [ magnetic
temp. grad.| temp. grad. | out-of-plane [_@MISOUOPY | anisotropy ?
NM and_ spi_n temp. grad. and spin -
EMI polarization polarization
in the NM in the NM

Figure 14: Summary of effects in SSE experiments for FMM/NM and FMI/NM
bilayers and given symmetry with respect to the external magnetic in-plane field
H for antisymmetric magnetization reversal processes. (a) Pure in-plane VT
for TSSE measurements. (b) Pure out-of-plane VT for LSSE measurements. (c)
In-plane and unintended out-of-plane VT.
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plane (Fig. 14 (b)). In both configurations the external magnetic
field H lies in the film plane. The ISHE voltage is measured
perpendicularly to H in both cases. For the transverse configura-
tion the NM layer is limited to a strip which is located near the
edge of the FM layer, whereas the NM layer in the longitudinal
configuration can cover the FM layer completely.

The effect zoo we have considered in our research on FM/NM
bilayer systems is listed in Fig. 14 and coded by a coloured scheme
to distinguish its symmetry with respect to H or even its appear-
ance. We also distinguish between NM layers on ferromagnetic
metals (FMM) and magnetic insulators (FMI). In the transverse
configuration (Fig. 14 (a)) for FMM/NM bilayers the effect of in-
terest is the TSSE which can easily be separated from unintended
PNE and proximity PNE contributions by its different symmetries.
In FMI/NM bilayers the PNE can be neglected, but a proximity
PNE may occur which is also easy to disentangle from a TSSE. For
the longitudinal configuration the ISHE voltage due to the LSSE
in FMM /NM bilayers can be overlapped by contributions of the
ANE as well as proximity ANE. The separation is much more
complicated due to the same symmetry with respect to H. In
FMI/NM bilayers, instead, an ANE can be neglected while a prox-
imity ANE should be considered. We have to add up both lists
of possible effects when there is a mixture of in-plane and out-of-
plane temperature gradients (Fig. 14 (c)). For FMM/NM bilayers
the complete zoo of effects is possible and has to be included in the
evaluation of experimental results. Therefore, both symmetric as
well as antisymmetric contributions are possible, but each con-
tribution also contains different effects, which makes it tedious
to separate each part according to its origin. For FMI/NM it be-
comes much easier to distinguish between the effects. ANE and
PNE can be neglected due to the lack of charge carriers in the FMI
layer. The proximity PNE is the only effect which is symmetric
with respect to H. Next it has to be determined if the NM layer is
spin polarized or not to exclude a proximity ANE contribution
from an LSSE in the measured ISHE voltage.

Our present work contains experiments to investigate the
contributions of all these effects when in-plane and out-of-plane
temperature gradients on FMM/NM and FMI/NM bilayers are
applied.
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Spin Seebeck effect in permalloy

In this chapter we will present the investigation of the spin Seebeck effect
in thin Py films. The material will be illustrated very briefly and we
will give an overview of the previous investigation. The main part of
this chapter is dedicated to the experimental results and their discussion,
which will be completed by a short outlook into the future of ferromag-
netic metals for spin caloric applications. Most of these results were
published in 2013."°%

Permalloy

Permalloy (Py) is a ferromagnetic compound of about 81 % nickel
and 19 % iron. It shows very high magnetic permeability. The
relative permeability is about 100 000.'°> Therefore, it is used
as a magnetic core material or magnetic field shielding. A very
low coercive field of a few Oersted makes it a very soft magnetic
material. Py can obtain a small uniaxial magnetic anisotropy due
to the deposition process.'®® Itis also a very interesting material in
spintronics, especially for spin pumping experiments. In Py /Pt
bilayer systems the ISHE were used to observe spin currents
generated by spin pumping in the Py for the first time, which
was done in 2006.'°7 The use of Py /Pt bilayers to investigate spin
dynamics by spin pumping is still very up-to-date.'*® Since these
experiments the appearance of spin currents in these sample
systems has been well understood. Therefore, Py /Pt was one of
the most favoured sample systems for the first spincaloritronic
experiments, especially for the spin Seebeck effect.

The Py films in this thesis were deposited via e-beam evap-
oration and magnetron sputtering on MgO (oo1) and sapphire
(0o01) substrates. Uchida et al.’* decided to use sapphire sub-
strates. They claimed that the thermal conductivity of their sub-
strates was similar to the thermal conductivity of the deposited Py
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films. This should reduce any out-of-plane temperature gradients
due to different thermal conductivity values. We used sapphire
substrates with a thermal conductivity of 0 = 42Wm™K™ at
25°C and MgO substrates with 0 = 30 Wm™ K™ from CrysTec
GmbH."*° Compared to Py with a thermal conductivity of about
46.4 Wm™ K™ reported by Ho et al."** sapphire is the preferred
substrate with a lower mismatch. However, we investigated Py
films on both substrates. Furthermore, we carried out different
surface treatments of the substrates like Ar* etching before the
Py deposition to investigate the influence of different interface
conditions.

Previous reports

In Tab. 1 the first reports of TSSE in metals, semiconductors and
insulators are listed. They are opposed to reports on investiga-
tions in the same and similar material systems with no TSSE
observation. The first of these opposite reports was the work
of Huang et al.™* about temperature gradients in thin films on
substrates. The focus was set on the assumption that the sub-
strate was much thicker than the thin film, which can lead to
unintended out-of-plane temperature gradients when the ther-
mal conductivities are different. They investigated Py films of
20nm to 300 nm thickness patterned in Hall bars deposited on
500 pm thick Si substrates. For the in-plane temperature gra-
dient they used a resistive heater near the Py Hall bar on one
sample side and a Cu block as a heat sink on the opposite side
of the sample. Their observation was an antisymmetric voltage
with respect to the external magnetic field, but without any sign
change between the hot and the cold side of the sample. When
the heater was placed closer to the Hall bar a sign change in the
voltage was obtained on the hot side but the cold side kept its
sign. However, they observed the same sign and sin function
symmetry in magnetic field rotation measurements by reversal
of the temperature gradient. This leads to the conclusion that
the observed effect was driven by an out-of-plane instead of an
in-plane temperature gradient. It should be emphasized that
this observation was done without any spin detector material on
top of the Py film. An observation of a possible TSSE could be
excluded. Then the main effect can be attributed to an ANE in
the ferromagnetic Py layer. A PNE could be neglected because a
contribution symmetric with respect to H was not obtained. In
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further measurements an additional Pt layer on top of the Py/Si
system could not lead to any different observations except for
a small reduction of the magnitude. There was no TSSE con-
tribution in Py films with Pt strips at all. They recommended
using free standing films without substrates. Only a pure PNE
in 20 pm thin Fe foil confirmed a solely in-plane temperature
gradient. However, they used a heater located on top or at the
bottom of the bilayer systems, which makes it difficult to get a
pure in-plane temperature gradient without any out-of-plane
contributions.

One year later Avery et al."'3 reported TSSE measurements in
20 nm thin Py and Ni films on 500 nm thin suspended Si-N. They
assumed a zero substrate limit to reduce the heat flow through the
substrate underneath. The samples contained Pt strips at the ends
of the Py and Ni films to detect possible spin currents. However,
the observed voltage could be attributed to a pure PNE and no
TSSE contribution was obtained. The voltage was symmetric
with respect to the external magnetic field, which was supported
by a sin - cos symmetry given by Eq. 17 when the magnetic field
was rotated in the sample plane. They estimated an upper limit of
a possible TSSE driven ISHE voltage, if there is any contribution
hidden in the measurement signal. This was the experimental
error of about 5nV.

The work of Schmid et al."*4 in 2013 was done in collaboration
with our group. The samples used were identical to the samples
presented in our work. Generally, they observed two different
features in their TSSE investigations. The first one was a symmet-
ric contribution of the voltage with respect to the magnetic field
which showed a sin - cos symmetry when the magnetic field was
rotated in the sample plane. This contribution can be attributed
to the PNE. The second contribution showed an antisymmetric
voltage with respect to the magnetic field and a cos function in
a magnetic field rotation. This could be attributed to the ANE
as well as the TSSE. However, they have shown that the antisym-
metric part increases monotonically when the temperature Tp,
at the Pt strip increases in a range below and above room tem-
perature. This behaviour was independent of the temperature
gradient direction (AT = +25K) and was even observed when
no temperature gradient was applied (AT = 0K). Therefore, the
antisymmetric part could not be attributed to the TSSE but to the
ANE. The reason for the generated ANE has to be an out-of-plane
temperature gradient produced by the Peltier elements which
were used for heating. The samples were not clamped, either.
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Figure 15: TSSE configura-
tion: The temperature gra-
dient VT and the external
magnetic field H are paral-
lel aligned and applied in the
sample plane. The voltage V
is measured transversely at
the ends of the Pt strip.

Their conclusion was supported by reference measurements on
samples with a Cu strip instead of a Pt strip. For these samples
the same behaviour was observed. However, there should be no
ISHE voltage signal detectable in Cu. Schmid et al. also revealed
an upper limit for a possible TSSE which was about 20nV in
Py /Pt samples, which is within their experimental error.

Experimental results

The first SSE report in 2008 by Uchida et al."*> describes investi-
gations on thin Py films in the transverse geometry (Fig. 15). The
first step in our investigations is to reproduce this experiment.
The temperature gradient VT, is applied along the sample plane
parallel to an external magnetic field H. The sample is located
between two copper blocks. While Uchida et al. fixed the sam-
ple ends on top of the copper blocks, we clamped the sample
ends between the copper blocks and copper plates to promote
in-plane thermal flux and avoid unintended out-of-plane temper-
ature gradients. The substrate was not fully covered by the Py to
prevent electrical contact between the metallic film and the cop-
per clamps. Here, the Py film of 5 X 3 mm? in lateral dimensions
and 20 nm of thickness was deposited via e-beam evaporation on
top of a 10 X 10 mm? substrate. The spin current detector was a
100 pm wide Pt strip of 10 nm thickness which was deposited via
magnetron sputtering on one side of the Py film. The strip was
aligned perpendicularly to the temperature gradient VT, over
the complete substrate of 10 mm.

In-plane temperature gradients

Thermoelectric measurements are very sensitive concerning un-
intended heat flow which can appear in all parts of the mea-
surement system. Among these sensitive parts are the electrical
contacts we have to use to measure the voltage. In the case of
the spin Seebeck effect the ends of the Pt strip have to be con-
tacted. The best way to reduce unintended heat flow through the
wiring is to use very thin tips or wires with a small contact area
on the Pt strip. Therefore, we started using Au bonding wires
with a diameter of 25 pm. The contacting was done by ultrasonic
wedge bonding with a Hybond Model 572A Wedge Bonder. The Au
wire was pressed with an ultrasonic pulse of 62 kHz to remove
contamination between wire and sample. A low force between
0.15 — 2N was used to promote diffusion between the materials,
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for a time between 20 — 400 ms. This leads to a contact area of
about 25 — 50 pm in diameter without any considerable damage
to the Pt film.

For further prevention of thermal conduction and convection
between the sample and the sample holder with the surround-
ings we performed the first measurements in vacuum. Thermal
fluctuation could be minimized and can be attributed to ther-
mal radiation and low thermal conduction due to the connection
between the sample holder and the chamber.

In Fig. 16 - Fig. 18 the voltage signal V' at the ends of the Pt
strip is shown as a function of the external magnetic field H. For
each graph we changed the direction of the in-plane magnetic
field with a fixed azimuthal angle @ with respect to the x-axis
(elongated sample direction). In the TSSE configuration VT,
should also lie along the x-direction. For each a the magnetic field
H was changed starting at —100 Oe to 100 Oe and back to —100 Oe
again for a complete magnetic field loop. This measurement
reveals the symmetry of the appearing effects. For a TSSE we
expect an antisymmetric behaviour of V with respect to H when
we switch the magnetization directions. This can be compared
to Eq. 24 (ISHE) because the cross product is responsible for the
angle dependency. The temperature difference in Figs. 16 to 18
was fixed at AT = 35K and the angle a was varied between
0 —90°. The Pt strip was located on the hot side of the Py film.
The reference temperature T,y was defined by the cold sample side
and fixed at room temperature. Air cooling through the copper
block ensured the maintenance of T, despite heat dissipation.

In Fig. 16 (a) the external magnetic field H was intentionally
applied parallel to VT, in the sample plane (@ = 0°). The ob-
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Figure 16: Transverse voltage V as a function of the external magnetic field
H which is aligned in-plane with a fixed angle a with respect to the in-plane
temperature gradient VT,. (a) for @ = 0° and (b) @ = 15°. The temperature
difference was fixed at AT = 35K.
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tained voltage signal V is symmetric with respect to H. For large
absolute values of H the same saturated voltage V, is reached
(=35.8 uV). There are two peaks around o Oe which do not over-
lap. Furthermore, they do not have exactly the same height. For
zero field there is a crossing point of the two branches at —35.4 V.

The reason for the different heights of the peaks is the step
size of the magnetic field sweep during the measurement. Here,
the step size was 1 Oe with a delay time of 1s between each mea-
surement step. The voltage was measured with a Keithley Nano-
voltmeter 2182A with an adjusted integration time of 20 ms of the
A /D converter inside the multimeter. The multimeter was also
adjusted in the moving average mode with a stack of 50 values to
obtain the best signal filtering. Here, the multimeter determines
the average about the last 50 measured values. Therefore, an
integration time of 20ms leads to a delay time of 1s between
each magnetic field step to get a genuine signal V for a certain
magnetic field value H. Now we changed the angle between the
long sample axis (x-direction) and the magnetic field vector Hto
a = 15° (Fig. 16 (b)). The observed curve shows a nearly straight
line around -35.5 wV. Small peaks around o0 Oe can be assumed
and there is no difference between the left and the right hand
side for V,;; except for a small difference due to a thermal drift of
the voltage between the start and the end of the measurement.
When we change the angle to @ = 30° and a = 45° (Fig. 17 (a)
and (b)) we observe two minima instead of two maxima around
0Oe. The saturated voltage V,; increases and the minima are
more distinct for both angles, respectively. The crossing point
of about —35.4 uV of the two branches is the same compared
to the measurements with the previous angles «. When we in-
crease « to 75° and 9o° (Fig. 18) there are still two minima with a
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Figure 17: Transverse voltage V as a function of the external magnetic field
H which is aligned in-plane with a fixed angle a with respect to the in-plane
temperature gradient VT,. (a) for @ = 30° and (b) @ = 45°. The temperature
difference was fixed at AT = 35K.
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Figure 18: Transverse voltage V as a function of the external magnetic field
H which is aligned in-plane with a fixed angle a with respect to the in-plane
temperature gradient VT,. (a) for @ = 75° and (b) @ = 90°. The temperature
difference was fixed at AT = 35K.

crossing point at —35.4 V. However, when the magnetic field H
is increased in both directions there are local maxima of about
—35.0 V. This is remarkably the same voltage as the saturated
value for @ = 45°. For larger magnetic fields H a saturated value
is obtained. In the range between —100 Oe to —90 Oe and 9o Oe
to 100 Oe the average voltage was calculated and plotted as a
function of the angle a shown in Fig. 19 (a). The saturated voltage
shows a significant part of a twofold sin curve of a. Therefore, a
complete 360° rotation of H was done in the sample plane with
an absolute value of 100 Oe. The curve obtained can be fitted by
a function in the form of A - sin(2(a + ay)) with an amplitude of
A =7oonV and a phase shift of @ = —7° (Fig. 19 (a)). For a better
comparison of the switching behaviour three particular curves
for a (0°, 15° and 45°) are plotted in Fig. 19 (b). The switching
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Figure 19: (a) The transverse voltage Vg, in saturation as a function of the angle «
between the magnetic field H and the x-direction where the in-plane temperature
gradient VT, is applied for an absolute value |[H| = 100 Oe and a temperature
difference AT = 35K (solid line) compared to a fit sine function (dashed line),
added to the saturated voltage from Figs. 16 to 18 (squares). (b) The voltage V as
a function of H for different angles & and AT = 35K.
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behaviour is different for angles below and above 15°.

All measurements in Fig. 16 - Fig. 18 are symmetric with re-
spect to the external magnetic field H. Therefore, we can exclude
the TSSE which shows an antisymmetric behaviour with respect
to H. There was no reproducible difference between the satu-
rated voltages for positive and negative magnetic fields inside
the experimental sensitivity limit which could lead to a TSSE con-
tribution. There is not even an unintended ANE due to parasitic
out-of-plane temperature gradients. Therefore, we can assume
that we have created a completely in-plane temperature gradi-
ent VT, without any out-of-plane components VT,. The results
shown in Fig. 16 - Fig. 18 can be perfectly explained by the PNE.
Here, the absolute voltage depends on the angle ¢ between the
magnetization vector M and the temperature gradient in the film
plane VT,. The field rotation measurement in Fig. 19 (a) already
verifies the sin(g)cos(¢p) characteristic of the PNE (Eq. 17). Here,
it can be assumed that the magnetization vector M of the Py film
is completely saturated and aligned parallel to the magnetic field
vector H with an absolute value of 100 Oe. For this reason the
angle a is comparable to the angle ¢. A twofold sin curve reflects
the symmetry of the observed effect. When « is fixed we can
also achieve a voltage signal symmetric with respect to H. When
H is large enough we can find the same voltage we obtain in
the field rotation measurement for a certain a (= ¢). When the
absolute value of H is decreased M rotates in the film plane and
both ¢ and V vary. For o = 15° (Fig. 16 (b)) we can observe no
considerable variation in the voltage signal compared to other
angles a. We can assume that we found the magnetic easy axis
of a uniaxial magnetic anisotropy (UMA) along this direction.
For any value of H the magnetization vector M of the Py film is
aligned along this direction and the angle ¢ does not change. Due
to the symmetry we obtain the same voltage signal for @ = 195°.
Now we understand how ¢ and V change for a # 15°. The mag-
netization M is aligned parallel to the magnetic field vector H
for sufficiently large field values. When the absolute value of H
decreases the magnetization vector M rotates into the magnetic
easy axis. It depends on the direction of H (and therefore on the
angle o) whether the angle between M and VT, (i.e. @) decreases
or increases when the magnetic field H is decreasing. This leads
to the appearance of either voltage maxima or minima during a
magnetic field sweep. For angles a larger than 45° we observe
both maxima and minima. Here, the magnetization vector M
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crosses ¢ = 45° where the voltage signal V reaches its maximum.

However, in the sin?(a) fit function we achieved a phase shift
of oy = —7°. This can be explained by a tilt of the temperature
gradient VT, off the x-direction. In Fig. 20 (b) the exact directions
of VT, the UMA and the external magnetic field H are sketched
with respect to the sample orientation. It is possible to calculate
the angle ¢ between VT and M during the magnetization rever-
sal process for each measurement in Fig. 16 - Fig. 18. We take
Eq. 17 for the PNE in the form V o sin2¢VT. The voltage can be
normalized (V,orm) such that the maximum voltage corresponds
to the value 1 for ¢ = 45° when sin (2 - 45°) has its maximum.
Furthermore, the saturated value (at H = 100 Oe) for ¢ = a —7°
is related to sin (2 - (@ —7°)). In case of & = 75° the saturation
value is related to sin (2 - (75° = 7°)) = 0.7. Now, we can calculate
the angle ¢ = %arcsin(Vnorm) and plot it against H (Fig. 20 (a)).

Regarding the range of the %arcsin function only angles between
0° and 45° can be accessed. For the dashed box in Fig. 20 (a) we
can find a multi domain state. In this area the magnetization
vector M remains in the direction of the UMA. The magnetic
moments of individual domains switch step by step. In this area
the voltage caused by the PNE acts the same way as though the
magnetization vector was still rotating until it reaches ¢ = 0° and
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g 157 I 7 multi
0 ' 4, domain
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-100 -50 0 50 100
magnetic field H (Oe)

Figure 20: (a) The angle ¢ of the magnetization Mwith respect to VT as a function
of the external magnetic field H applied at an angle o = 75° with respect to the

x-axis. The calculated range of ¢ is limited from 0° to 45° due to the Larcsin
function we used. In the multi-domain state M decreases without changing ¢
(dashed box). (b) The reversal process of M during the variation of H applied
along a = 75°. When H decreases M rotates coherently from no. 1 via no. 2
into the magnetic easy direction (no. 3). In magnetic remanence (no. 4) the
total magnetization is zero due to the multi-domain state. When H increases the
mono-domain state is reached (no. 5). After that, M rotates coherently via no. 6
tono. 7.
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the PNE voltage vanishes. When the magnetic moments of all
domains have switched, we leave the multi domain state area
and the magnetization vector rotates genuinely with the denoted
angle ¢. Nevertheless, it is possible to reconstruct the complete
magnetization reversal process (cf. Fig. 20 (b)).

We can conclude that we are able to apply a reliable in-plane
temperature gradient in this kind of setup which solely produces
a PNE in the Py film. The crucial indicator for this conclusion
is the measured voltage which is completely symmetric with
respect to the external magnetic field H. A missing ANE guaran-
tees that an unintended out-of-plane temperature gradient can
be neglected. Therefore, we can also neglect difficulties in the
separation of overlapping voltage contributions from different
effects. However, when an antisymmetric contribution is missing
it can be concluded that there is no TSSE within the experimental
sensitivity limit.

The main differences in measurement technique between
Uchida et al.*® and the one we used for the results presented
are contacting the Pt strip with a micro probing system and the
ambient conditions. Uchida et al.’® used a micro probing system
with thin tungsten tips (W tips) instead of bonding wires. Next
we would like to check if there are any differences in the mea-
surements when we also use W tips in a micro probing system
to contact the Pt. In addition, this is performed under ambient
conditions.

W tips with a general diameter of 500 um and a contact area
of about 10 um in diameter were used to contact the ends of
the Pt strip. The measurements presented in what follows were
performed under ambient conditions. The sample was again
clamped between two copper blocks with copper plates on top to
apply carefully a completely in-plane temperature gradient and
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Figure 21: Transverse voltage V as a function of the external magnetic field H for
different in-plane temperature gradients. (a) for AT = oK, (b) for AT = 7.5K.
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neglect out-of-plane components. One block was heated with a
resistive Joule heater, the other one could be kept at room tem-
perature by an air cooling system through the block to use it as a
heat sink. The temperatures were measured on both blocks with
K-type thermocouples, simultaneously. In Fig. 21 and Fig. 22 you
can see the results for different in-plane temperature gradients.
A temperature difference of AT = oK in Fig. 21(a) shows no
significant effect considering the experimental accuracy which is
noisier than the results we obtained in vacuum with a bonding
wire contacting. By applying various temperature differences,
you can achieve a series of completely symmetric voltage curves.
The voltage can be compared to the measurement in Fig. 16 (a)
obtained with the same fixed angle @ = 0°. The different prop-
erties are the offset voltage V4 at 0 Oe and the magnitude Vg
of the effect (the difference between the saturated voltage Vi,
and the maximum voltage around 0 Oe). V ;¢ is proportional to
the temperature difference AT between the copper blocks which
is shown in Fig. 23. These measurements are also consistent
with the PNE we already observed in the vacuum setup with
a bonding wire contacting. The proportionality of the magni-
tude with the temperature difference verifies the PNE as well as
the symmetry of the voltage as a function of the magnetic field.
There is also no evidence of a TSSE as well as an ANE which
would result in an antisymmetric contribution. Therefore, we
can conclude that our setup with a micro probing system and
measurements under ambient conditions is accurate enough to
verify the obtained results previously in vacuum with a bonding
wiring. Again, a reliable in-plane temperature gradient VT, was
applied and there is no evidence for an unintended out-of-plane
temperature gradient VT, which would result in an ANE and
therefore in an antisymmetric contribution of the voltage.
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Figure 22: Transverse voltage V as a function of the external magnetic field H for
different in-plane temperature gradients. (a) for AT = 11.6K, (b) for AT = 16.6K.
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Figure 24: TSSE configura-
tion: Temperature gradient
VT, and the external mag-
netic field H are parallel
aligned and applied in the
sample plane. The voltage
V is measured transversely
at the ends of the Pt strip.
An out-of-plane temperature
VT, can be intentionally in-
duced by the electrical con-
tacts on the Pt strip.

Out-of-plane temperature gradients

In several publications for TSSE measurements on Py /Pt films
when an antisymmetric contribution of the measured voltage
was observed it could be explained by an ANE due to a miss-
ing sign change shown by a reversal of the in-plane temperature
gradient (cf. Tab.1)."”7 The reported ANE was induced by un-
intended out-of-plane temperature gradients due to improper
sample mounting. In most cases the sample was not clamped
between copper block and copper plate but only positioned on
top of copper blocks. The substrates are much thicker than the
thin films on top and - due to different thermal conductivities of
the different layers - there are temperature drops at the interfaces.
This can cause an out-of-plane temperature gradient and an ANE
arises.

Now, we want to investigate what happens when an out-of-
plane temperature gradient VT, is intentionally applied (Fig. 24).
This way we can study the behaviour of the antisymmetric con-
tribution in the voltage measured. This will also answer the
question whether an unintended VT, generates an ANE which
can be misinterpreted as a TSSE.

We want to keep a precisely controllable in-plane tempera-
ture gradient. Therefore, the sample is still clamped between the
copper blocks. For an intentionally applied out-of-plane temper-
ature gradient we use the contact tips on the Pt strip. By using
thicker tips and increasing the contact area between tip and Pt
strip we obtain a second heat sink for the heat flow in the sample.
Both an in-plane heat flow between the copper blocks and an
out-of-plane heat flow from the sample into the contact tips are
expected. In comparison to thinner contact tips this heat flow
should be large enough to generate a measurable ANE in the
Py film. In the following experiments, we used Au tips with a
general diameter of 1 mm and a contact area of about 0.28 mm?
which varied depending on the angle of the tip with respect to
the sample plane, the pressure of the contacting and the shape of
the sharpened tip. Therefore, the absolute value of the heat flow
through the tip was not precisely controllable and could vary for
each new contacting of the sample.

In Fig. 25 the voltage V at the ends of the Pt strip is plotted
as a function of the external magnetic field H for two different
in-plane temperature gradients. In Fig. 25 (a) the temperature
difference is AT = 10K and in Fig. 25 (b) we applied AT = 20K
between the sample ends. The absolute voltage range is different
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Figure 25: Transverse voltage V as a function of the external magnetic field H
for different in-plane temperature gradients VT, in addition to an intentionally
induced out-of-plane temperature gradient VT, through the contact tips. (a) For
AT =10k, (b) for AT = 20K.

for both measurements, but the relative scaling range is equal
for a better comparison of the magnitudes. The magnitudes for
measurements with an antisymmetric contribution are defined
as the voltage in saturation (V,;) minus the offset voltage (V).
Therefore, both saturated voltages in a range between —100 Oe to
—90 Oe (V) and 90 Oe to 100 Oe (V) were averaged and Vg, =
(Vaat — Vaar) / 2 was calculated. The offset voltage was averaged by
Voit = (Ve + Vaar) /2. In Fig. 26 the antisymmetric part (a) and the
symmetric part (b) of Fig. 25 were separated mathematically and
plotted separately. Each plot contains the curves for AT = 10K
and 20 K together with the reference measurement for AT = oK.
The offset voltage Vi was removed to compare the curves in the
same range. One can see that V; of the antisymmetric part is
proportional to AT as well as V¢ of the symmetric part. We
already defined V¢ in the previous section as the difference
between the voltage in saturation V,; and the maximum voltage
which can be found around o0Oe. The symmetric part can be
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Figure 26: Mathematical separation of the transverse voltage V into an antisym-
metric part (a) and a symmetric part (b) as a function of the external magnetic
field H for different in-plane temperature gradients VT,.
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properly attributed to the PNE driven by the applied in-plane
temperature gradient VT,. The antisymmetric part is now an
additional contribution caused by using thicker contact tips on
the Pt strip. In the previous section we have shown measurements
with Au bonding wires on the Pt strip. These measurements
were dominated by a symmetric signal and no antisymmetric
contribution could be observed. Therefore, we can assume that
the antisymmetric part in Fig.26 (a) is not effected by the tip
material used (Au or W), but a result of a second heat sink due to
a larger contact area and an unintended out-of-plane temperature
gradient VT, as a consequence. For this reason we can attribute
the antisymmetric part to the ANE described by Eq. 15.
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Figure 27: (a),(b) Experimental data of the transverse voltage V as a function of
the external magnetic field H for AT = 10K and AT = 20K, respectively. V was
measured with and without Au tip heating with a power of 0.0y W and 0.15 W,
respectively. (c),(d) The antisymmetric part of the experimental data. (e),(f) The
symmetric part of the experimental data.
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In the next step, we influenced the out-of-plane temperature
gradient by heating one of the Au tips with a glued 1.5 k() resistor
(Fig. 28). This resistor is only thermally connected to the tip and
electrically insulated. By voltages up to 35V heating powers up
to 0.8 W can be created.

In Fig. 27 the graphs previously shown (cf. Fig.26) with in-
plane temperature differences AT = 10K and AT = 20K were
taken and compared with measurements with the same AT com-
bined with a heated Au tip. In the case of AT = 10K it was
heated with a power of 0.0y W and for AT = 20K with a power
of 0.15 W in order to see an influence. The antisymmetric and the
symmetric contributions were also separated mathematically. It
becomes obvious that V,; in the antisymmetric part decreases
for a heated Au tip. The symmetric part, however, does not show
any significant change. Since we did the same external magnetic
field reversal measurement we can assume that the Py film went
through the same magnetization reversal process. Therefore, we
can conclude that the in-plane temperature gradient VT, shows
no significant change but the out-of-plane temperature gradient
VT, was varied regarding Eq. 15. The curves with tip heating
indicate a reduction of V. The intentionally produced heat flow
from the Au tip counteracts the heat flow produced in the heated
Cu block which goes through the sample. The temperature gradi-
ent VT, is reduced and the ANE is depressed. The PNE instead
is not significantly influenced, which means that the temperature
gradient VT, is not significantly dominated by the tip heating.

Now, we will confirm the direction of the heat flow by eliminat-
ing the in-plane temperature gradient and set AT, = 0 K, but keep
on the tip heating with a power of 0.0y W. Fig. 29 again shows
the measured voltage V as a function of the external magnetic
tield H. In Fig. 29 (a) one can see the voltage signal measured.
In Fig. 29 (b) the voltage is plotted in the absence of V,¢¢. The
value achieved for V; shows the opposite sign to V,, in Fig. 27.
This can be attributed to the fact that the out-of-plane heat flow
component generated by the heated sample from the in-plane
temperature gradient is cancelled. The out-of-plane heat flow
is only produced by the heated tip. Therefore, the effective out-
of-plane temperature gradient shows a reversal compared to the
initial situation. The change of sign in the ANE driven voltage
due to a reversal of the out-of-plane temperature gradient can
be misinterpreted as the expected change of sign in the ISHE
voltage of the TSSE which is expected as a result of a reversal of
the in-plane temperature gradient. In all realized experiments no
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Figure 28: TSSE configura-
tion with tip heating: Tem-
perature gradient VT, and
the external magnetic field
H are parallel aligned and
applied in the sample plane.
The voltage V is measured
transversely at the ends of
the Pt strip. An out-of-plane
temperature VT, can be in-
tentionally induced by an at-
tached resistor R at the elec-
trical contacts on the Pt strip.
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Figure 29: (a),(b) Experimental data of the transverse voltage V as a function of
the external magnetic field H with no in-plane temperature gradient VT, but
with a heated Au tip to produce an out-of-plane temperature gradient VT,. (a)
Experimental data with offset, (b) the same measurement without offset voltage
(centered around o pV) plotted at a larger scale for better comparison to the
previous data.

change of sign could be observed by moving the Pt strip from the
hot to the cold sample end. Furthermore, when an unintended
out-of-plane temperature gradient VT, appears with a different
sign from one sample end to the other, an unintended ANE with
different sign could appear which would be misinterpreted as a
TSSE. This fact shows that utmost care is required by realizing
this kind of experiment.

Discussion

In all measurements we induced a solely in-plane temperature
gradient by clamping the samples between two copper plates on
each side. Furthermore, we achieved a pure PNE when thin W
tips or thin Au bonding wires were used. There was no signifi-
cant and consistent difference between the saturated voltages for
positive and negative magnetic field which would produce a mea-
surable ANE signal. This would even be expected for small out-
of-plane temperature gradients. This unintended out-of-plane
contribution could only be obtained by using thicker needles
with a larger contact area to get a second heat sink for the heat
produced on the hot side of the sample. Then a measurable
antisymmetric contribution was achieved with respect to the
magnetic field. The antisymmetric voltage contribution can be at-
tributed to the ANE considering that this contribution could not
be observed by using thinner Au bonding wires. However, this
effect was obtained at the ends of a Pt strip on top of the Py film
when a possible TSSE can be detected. Huang et al.’® have only
investigated Py films without Pt or with a complete Pt film on
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top. The latter would short-circuit the complete sample. Jaworski
et al.""” reported to suppress this effect when they measured the
voltage on the Pt strip instead of Pt point contacts on GaMnAs.
We could not observe a complete suppression of the ANE signal
by using a Pt strip.

Avery et al.*, in their work, estimated an upper limit for the
TSSE which was the experimental error of about 5nV. In our
investigations we can also estimate a possible upper limit for the
TSSE. We take the measurement shown in Fig. 16 (a) obtained
with a temperature difference of AT = 35K where the noise was
among the samllest we obtained. We can estimate a difference in
the saturated voltage for positive and negative magnetic fields.
A difference of about 30nV can be obtained. Nevertheless, the
sign of this difference was not consistent when several measure-
ments with the same parameters were compared. No significance
was found in this difference. Moreover, Uchida et al."™** reported
an ISHE voltage per Kelvin of temperature difference measured
on a 4mm long Pt strip of about 2.6 X 1077 VK™. For a TSSE
contribution of about 30nV we would obtain a value of about
0.008 57 X 1077 VK™ on a 5 mm long Pt strip with the same width
and thickness of 100 pm and 10 nm, respectively. The tempera-
ture gradient was applied over the same length of 10 mm and the
Py thickness was also the same of about 20 nm.

The work of Schmid et al.’** reveals an upper limit of about
20nV for the TSSE in Py /Pt samples which is inside their exper-
imental error. This corresponds to a value of 0.008 X 1077 VK™
when a temperature difference of AT = 25K is applied between
the sample ends. The samples used where identical to the sam-
ples presented in this work.

Wang et al."3 managed to present the same contributions
of PNE and ANE compared to our results in Py/Pt films. It
can be assumed that their unintended out-of-plane temperature
gradient was caused by mounting the sample on copper blocks
without clamping, large areas of electrical contacts which were
not further described except for the use of silver paste for the
Cu wires, and radiation into the atmosphere. The attempt to
separate the antisymmetric voltage into an ANE and a possible
SSE contribution cannot exclude any experimental error by com-
paring different samples or the existence of the LSSE instead of
the TSSE. Our measurements show the enormous effect of the
measurement conditions which can influence the voltage signal
by adding unintended side effects.
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When different Py /Pt samples are compared which are used
in TSSE investigations one of the most important properties is the
spin-mixing conductance g'. A small or even suppressed spin-
mixing conductance at the interface can keep the spin current
from entering the spin detector material. Then, no ISHE voltage
can be measured and the TSSE is not detectable. For the inves-
tigated Py /Pt samples in this work both the Py and the Pt were
deposited in-situ with no vacuum break. Schmid et al.**4 did
spin pumping experiments on identical samples and were able to
determine a value of ¢'* = 2 X 10'>m~2. This value is four orders
of magnitude smaller than theoretically predicted and experi-
mentally confirmed values of about g™ = 2 X 109 m~2 reported
by other groups.'?> This is, of course, one of the main points of
criticism in the argument for a suppressed TSSE. Unfortunately,
there are no reported values of the spin-mixing conductance in
the first and only reports of the TSSE in Py /Pt samples.

However, our investigations summarize the appearance of
unintended Nernst effects for different contacting methods. We
were able to obtain and assign measurements with solely in-plane
temperature gradients but with no TSSE in the voltage. After
that, we managed to induce an out-of-plane temperature gradient
to produce voltage contributions which are antisymmetric with
respect to the external magnetic field. These antisymmetric con-
tributions can seem like a TSSE, but we were able to distinguish
between a genuine TSSE and an unintended ANE. The antisym-
metric contribution was, therefore, attributed to the ANE and a
significant TSSE contribution could definitely not be observed.

The ferromagnet Py itself and in combination with an ad-
jacent spin detector like Pt are still very interesting for further
investigations in spintronics. These investigations include the
generation of spin currents due to spin pumping experiments
and the detection of these spin currents due to the ISHE in the
Pt. Spin dynamics and of course all related parameters such as
spin diffusion length, spin mixing conductances of the interface
and spin Hall angles of different spin detector materials can be
measured very easily with Py. It turned out that spincaloritron-
ics experiments, especially the generation of pure spin currents
driven by heat, are very difficult to perform. However, Py and
ferromagnetic conductors in general are not out of the game in
spincaloritronics. Further investigations and new techniques for
distinguishing between spin currents and spin-dependent charge
currents are required.



Spin Seebeck effect in yttrium iron
garnet

This chapter deals with the investigation of the spin Seebeck effect on the
magnetic insulator yttrium iron garnet (Y 3FesO1,, YIG). In the begin-
ning we introduce the sample system and give an overview of the main
physical properties. Furthermore, the main advantages of this material
for spin caloric applications will be illustrated. In the main part of this
chapter the experimental results are presented. After that, these results
are discussed in terms of the observed effects and their importance for
spin caloritronics. We complete this chapter with a short conclusion
and an outlook on further applications of magnetic insulators. Most of
the results were published in 2015.12°

Yttrium Iron Garnet

The magnetic insulator yttrium iron garnet (Y;Fe50,,, YIG) is a
compound of 160 atoms per unit cell with a lattice constant of
1.238 nm. Each unit cell contains 8 formula units of Y;Fe50;,. It
is a network consisting of alternating Fe**O,-tetrahedrons and
Fe3+O6-octahedrons which share common corners. Inside this
tetrahedron-octahedron network one can find Y** ions which
form Y**Og-dodecahedrons. The Y>* ions have no unpaired elec-
trons, which causes in S = 0 and L = 0 for the total spin and total
orbital angular momentum, respectively. They do not contribute
to the net magnetization. The Fe** ions have five unpaired elec-
trons in d orbitals which lead to S = 5/2 and L = 0. The Fe>* sub
lattices are antiparallel aligned due to a super exchange interac-
tion through the oxygen ions. For each formula unit there are
two Fe®* on the octahedral sites which contribute with 10u and
three Fe®" on the tetrahedral sites which contribute with 1545 in
the opposite direction. This results in a ferrimagnetic state with
Sup at o K.*?7
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Property Value Unit  Ref.
Lattice constant a, 1.238 nm (a)
Curie temperature T 272 °C (a)
Saturation magnetization 1700 gauss (a)
Ferrimagnetic resonance 0.2 to 7.0 Oe (a)
line width AH

Damping constant 8.58 X 107> (b)
Resistivity 3 X 10" OQcm (a)

Table 2: Main properties of YIG taken from (a) T. H. Ramsey and (b) H. Chang et
al.*?® The damping constant by H. Chang et al. is currently the lowest damping
for nanometer thick FM films.

A summary of the most important properties of YIG is pre-
sented in Tab. 2 taken from T. H. Ramsey and H. Chang.’?® Due
to the large number of atoms in the unit cell YIG has a very large
lattice constant of about 1.238 nm. A Curie temperature of about
272 °C assures a stable magnetic state at room temperature. Fur-
thermore, YIG is a very good insulator with a band gap of about
2.7 eV which results in high resistivity."*9

For deposition processes the substrates typically used are
gadolinium gallium garnet (Gd;Gas0O;,, GGG) and yttrium alu-
minium garnet (Y3Al;O;,, YAG). GGG exhibits the same lattice
constant which makes it one of the most popular substrates for
YIG fabrication. Unfortunately, one of the disadvantages is that
YIG and GGG are almost indistinguishable in x-ray diffraction
© - 20 scans, which are often used for characterisation during
the fabrication process. Furthermore, GGG shows a large param-
agnetic contribution in magnetization measurements. However,
one alternative method for evaluating its crystallinity is FMR.
YIG has got the lowest magnetic damping factor known up to
now with values of about 1 X 1073 in thin (6 nm to 27 nm) sput-
tered films'3° and 6.7 X 1075 in 1.3 pm thick films'*? deposited by
liquid phase epitaxy. Thus, YIG films which have grown more
crystalline show a smoother FMR peak with a narrow linewidth
which is proportional to the damping constant. Instead, YAG
substrates are not paramagnetic, but at high temperatures, which
are necessary for crystalline film growth, aluminium can diffuse
into the YIG. This diffusion can cause two sublayers, YIG and
Y;Fes Al Oy,, which can both show an exchange coupling.'3!

Due to extremely low damping and the lack of charge carriers
YIG offers a high potential for investigations on magnons, the
quanta of spin waves. This field of research is called magnonics.*3*
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The utilization of YIG as a waveguide for spin waves with a
relatively long propagation distance leads to spin-wave logic
devices like magnon transistors'33 which give rise to magnonic
based computers.'34

The first results of YIG films we are presenting were investi-
gated in terms of the SSE in the transverse configuration. There-
fore, a temperature gradient VT, was applied in the in-plane
direction with a parallel aligned external magnetic field H as
shown before for Py/Pt. The YIG films we used were mostly
tabricated by pulsed laser deposition (PLD) from a stoichiometric
polycrystalline target. During the growth process the substrate
was heated at a temperature of about 710 °C and for the oxidation
an oxygen pressure of about 10 mTorr was fixed. The laser beam
had a frequency of 10 Hz and an energy density of 0.8 cm™.

Experimental results

TSSE measurements on YIG/Pt

For the TSSE measurements a 180 nm thick YIG film deposited
on 5 X 5 mm* GGG (111)-oriented substrates by PLD were used.
A 10nm thin Pt strip was deposited on top by magnetron sput-
tering through a split mask on one side of the YIG film with a
width of 100 pum. The YIG film shows a saturation magnetization
of Mg = 120kAm™ and a coercive field of about 100 Oe. Mea-
surements in the TSSE configuration on YIG /Pt were obtained in
vacuum and under ambient conditions. For the measurements
in vacuum the Pt strip was contacted by Au bonding wires with
25 pum in thickness. Furthermore, for the measurements under
ambient conditions the Pt strip was contacted by W and Au tips
with different diameters and contact areas. Therefore, a micro
probing system was used which was introduced for the inves-
tigations on Py /Pt films. It could be shown that both setups
have the ability to apply a pure in-plane temperature gradient
without any unintended out-of-plane contributions when the
sample is clamped and thin tips or needles with a sufficiently
small contact area are used for measurements under ambient
conditions. First of all, the sample was measured in vacuum to
get the best resolution in the voltage measurement as obtained
for Py /Pt films when Au bonding wires were used. Therefore,
the sample was clamped between two copper blocks to apply the
in-plane temperature gradient. No further electrical insulation
was needed due to the insultating GGG substrate below as well
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Figure 30: Transverse voltage V as a function of the external magnetic field H
measured in vacuum with thin Au bonding wires on the Pt strip (right sketch)
for different in-plane temperature gradients VT,. (a) Pt strip on the hot side, (b)
Pt strip on the cold side of the sample.

as the insulating YIG film on top of the sample. The Pt strip was
placed near the hot sample side which was contacted by the Au
bonding wires to measure the transverse voltage as a function
of the external magnetic field which was applied parallel to AT,.
This measurement was done for various temperature differences
including AT, = oK (Fig. 30). We could not observe any signifi-
cant variation in the voltage within the sensitivity limit of about
+20nV when the magnetic field was varied. This was obtained
for Pt strip on the hot (Fig. 30 (a)) as well as for Pt strip on the cold
sample side (Fig. 30 (b)). These results exclude the appearance of
all effects listed in Fig. 14 we are considering. In particular, there
is no evidence of the TSSE within the sensitivity limit.

In the next step the sample was mounted in the setup for
measurements under ambient conditions. Here, the micro prob-
ing system was used to contact the Pt strip. At first, the Pt strip
was contacted with thin W tips with a contact area of about
A = 0.003 mm?. Much attention was paid to contact the Pt very
carefully to prevent any out-of-plane temperature gradient con-
tributions. This was successful for Pt strip on the hot sample
side, which can be seen in Fig. 31 (a). There is no significant effect
within a measurement sensitivity limit of about +40nV. For each
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Figure 31: Transverse voltage V as a function of the external magnetic field H
measured under ambient conditions with thin W tips on the Pt strip (right sketch)
for different in-plane temperature gradients VT,. The W tips were carefully
contacted to reduce a large contact area. (a) Pt strip on the hot side, (b) Pt strip
on the cold side of the sample.

AT, the standard deviation of the voltage ranges between 25nV
for AT, = oK and 4onV for AT, = 21K. These values are in
the order of the typical signal-to-noise-ratio recorded by using a
Keithley 2182 A Nanovoltmeter and a micro probing system for
sample contacting. It can also be compared to the sensitivity limit
we achieved for Py /Pt films.

However, for Pt strip on the cold side (Fig. 31 (b)) we can ob-
serve an antisymmetric effect in the voltage V with respect to H
for the largest temperature difference (AT, = 15K). The differ-
ence between the saturated values for large positive and negative
magnetic fields (V) is evidence for one of the antisymmetric
effects listed in Fig. 14 for FMI/NM bilayer systems. In YIG no
Nernst effects can appear due to the absence of charge carriers.
Furthermore, XRMR measurements on YIG/Pt films showed no
evidence of magnetic proximity effects and thus no spin polar-
ization of the Pt at the interface.’3> Therefore, we can neglect
any Nernst effects evoked by a spin-polarized Pt layer. The only
possible effect we can consider from Fig. 14 should be a TSSE
generated by the in-plane temperature gradient when we assume
that there are no unintended out-of-plane contributions. Never-
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theless, there is no observable effect for Pt strip on the hot side,
especially no effect with a reversed sign. Therefore, we exclude
the appearance of the TSSE and attribute the antisymmetric effect
to the LSSE produced by an unintended out-of-plane temperature
gradient due to careless and stronger contacting.

For proving this assumption we investigated the behaviour
of different W and Au tips with different contact areas to ma-
nipulate the out-of-plane heat flow. In Fig. 32 measurements are
displayed for Pt strip on the hot and the cold sample side which
was contacted with W and Au tips with different contact areas
A. It can be seen that the antisymmetric effect in the voltage V
with respect to the external magnetic field H which was obtained
for a large in-plane temperature gradient in Fig. 31 was strongly
increased. This was achieved even for the same W tips but with
stronger contacting. Furthermore, the effect generally increases
when the contact area A increases. This is observed for W as well
as Au tips and for Pt strip at the hot and the cold sample side.
However, the antisymmetric effect is larger for Pt strip on the hot
side compared to Pt strip at the cold side when the same tips are
used. Nevertheless, the sign of V,, is the same for both sample
sides. Vg = (Vaot — Vaar)/2 was already defined for previously
shown measurements on Py. For YIG the region for the determi-
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Figure 32: Transverse voltage V as a function of the external magnetic field H measured under ambient conditions
on the Pt strip (right sketch) with W and Au tips of different diameters and different contact areas A for AT, = 15K.
The W and Au tips were strongly contacted to produce a large contact area. Pt strip on the hot side contacted with
W tips (a) and Au tips (b), Pt strip on the cold side contacted with W tips (c) and Au tips (d).
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Figure 33: The ISHE voltage magnitude V,; as a function of the heated Au tip
temperature Tyecqie for different in-plane temperature gradients VT, and Pt strip
on the hot and the cold side of the sample.

nation of V;; was extended between 500 0e < H < 600 Oe and
—-6000e < H < —500 Oe for Vg and Vg, respectively. Therefore,
we can again exclude the TSSE and find further evidence of the
previously mentioned assumption of a generated LSSE driven
by an out-of-plane temperature gradient induced by heat flow
through contact tips with a large contact area.

In Fig. 33 the voltage in saturation taken from all curves in
Fig. 32 are plotted as a function of the contact area A for the W
and Au tips. Due to the fact that the real attached contact area
could not be reproduced sufficiently we estimated the average
between the possible maximum contact area and a sufficiently
low area. This leads to relatively large error bars. However, for
Pt strip on the hot and the cold side the sign of V,; is the same.
Furthermore, the absolute value of V,; decreases for smaller
contact areas of the tips used for both materials (W and Au). It is
obvious that the temperature difference between the sample and
the contact tips is responsible for the magnitude of V,; which is
larger on the hot compared to the cold sample side as well as the
size of the contact area which causes a considerable heat sink for
an out-of-plane heat flow.

For further investigation of the out-of-plane temperature gra-
dient we tried to intentionally control the out-of-plane heat flow.
Therefore, we used the thickest Au tips with A = 0.28 mm? and
the glued resistor for heating one tip. Measurements with Pt strip
on the hot and cold side of the YIG film were performed as well
as measurements with various in-plane temperature gradients
and various out-of-plane temperature gradients with intentional
heating of the Au tips. The results of these measurements are
presented in Fig. 34 (a) to 34 (d) and Fig. 36 (a) to 36 (d).



The voltage again shows antisymmetric behaviour with re-
spect to the external magnetic field which could not be attributed
to the TSSE. The most adequate test to prove this fact is again
to change the in-plane temperature gradient direction which is
equal to changing the Pt strip from hot to cold. In Fig. 34 (a) to
34 (d) the red curves indicate when thick Au tips are used without
any heating. Each curve shows a hysteretical behaviour with a
magnitude V,; with the same sign. In Fig. 34 (a) the effect nearly
vanishes but a clear sign of the magnitude can be determined
(AT, = 10K). The magnitude increases with larger temperature
differences to AT, = 30K (Fig. 34 (b)). On the hot side even a
temperature difference of AT, = 5K is large enough to gener-
ate a distinct magnitude (Fig. 34 (c)). This magnitude increases
remarkably for AT, = 10K (Fig. 34 (d)).

Now, we can intentionally influence this out-of-plane heat
flow by heating one Au tip. This heating was done for all previ-
ously used in-plane temperature gradients with the Pt strip on
both sample sides. The temperature of the Au tip is denoted in
terms of the room temperature RT = 296 K added by a value x for
a particular amount of heating. The temperature of the tip was ob-
tained in a reference measurement achieved with a thermocouple
on the Au tip. In Fig. 35 this temperature T} eeq1e is shown as a func-
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Figure 34: Transverse voltage V as a function of the external magnetic field H measured with Au tips on the cold
side with AT, = 10K (a) and 30K (b). Measurements with Au tips on the hot side with AT, = 5K (c) and 10K (d).
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tion of the applied resistor power Ppceq1e. An almost proportional o RT+30

behaviour can be observed regarding heat loss over the whole = RT+20

needle into the environment, which explains a deviation of the g RT+10

data for larger heating powers from the linear fit function. If we 0o 04 os
now increase the heating power P, c.qie Of the Au tip for a certain Pneedie(W)
in-plane temperature gradient AT,, we can observe a decreasing Figure 35: Au tip tempera-
magnitude which results in a change of sign and an increasing ture Theedle for different heat-
magnitude in the opposite direction. A generic measurement ing powers Prex at a glued re-
for this behaviour is shown in Fig. 36 (c). We start with a mea- sistor.

surement without heating the Au tip (RT + 0 K). When we heat

the tip slightly the magnitude decreases (RT + 3 K) and changes

its sign when the heating power increases (RT + 17 K). This can

be further increased by a larger Au tip temperature (RT + 31 K).

When we estimate V,; for all measurements in Fig. 36 it can be

plotted against the Au tip temperature T .41 (Fig. 37). For each

in-plane temperature gradient the sign of V,; is the same when

the Au tip is not heated (cf. Fig. 37 at RT). Furthermore, the sign

is the same for Pt strip located on the hot side as well as on the

cold side of the YIG. The value of V, increases with T ceqle in

all cases but with different slopes. The slope is larger for Pt strip

located on the cold side. Here, the out-of-plane heat flow due to

the heated sample is much smaller on the cold side compared to
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Figure 36: Transverse voltage V as a function of the external magnetic field H measured with Au tips on the cold
side with AT, = 10K (a) and 30K (b). Measurements with Au tips on the hot side with AT, = 5K (c) and 10K (d).
For each AT, one Au tip on the Pt strip was heated to a temperature Ty eeqie = RT + XK.
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Figure 37: The ISHE voltage magnitude Vg, as a function of the heated Au tip temperature T ,eeqie for different
in-plane temperature gradients VT, and Pt strips on the hot and the cold side of the sample.

Figure 38: Bilayer stack of the
investigated samples: Pt as
a spin detector material on
top of the YIG deposited on
a GGG or YAG substrate.

the hot side. It is easier for the heated Au tip to counteract this
heat flow. This results in a faster increase of V. For all AT, and
Pt strips on the cold side and on the hot side there is a needle
temperature Tpeeqie Where Vg, vanishes completely. Here, the
heat flow generated by the heated needle and the heat flow due
to the heated sample must be the same with the opposite sign.
The different slopes lead to the location for this crossing point on
the zero line of V. For larger AT, this point is found at larger
needle temperatures.

LSSE measurements on YIG/Pt

For LSSE measurements it is not necessary to have structured
samples like Pt strips or Hall bars. Therefore, the investigated
samples mostly consisted of a bilayer of a thin YIG film and an
ultra-thin film of a normal metal as the spin detector. Here, this
normal metal was usually Pt due to the high spin orbit coupling
which is preserved for many established deposition techniques.
For fundamental investigations of the LSSE behaviour the sample
was simply clamped between two copper blocks from the top
and the bottom side of the film plane to generate an out-of plane
temperature gradient VT,. The YIG films in this part were grown
on insulating GGG as well as YAG substrates, but on top a piece
of sapphire substrate was used for electrical insulation between
the Pt and the upper copper block. The upper side was not
completely covered to allow enough space for electrical contacting
of the Pt on the edges of the bilayer film. An external magnetic
field was applied perpendicularly to both, VT, and the direction
of the electric field which was measured between the electrical
contacts (y-direction). Therefore, H was applied along the x-
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Figure 39: LSSE measurement on YIG/Pt: The ISHE voltage was measured at the
ends of the Pt strip for various out-of-plane temperature gradients VT, (a). (b) The
proportionality of the voltage in saturation Vg, as a function of the temperature
difference AT, between the copper blocks.

direction (Fig. 38). All LSSE measurements on YIG/Pt were done
in vacuum.

Next we measured the LSSE directly on the YIG /Pt sample
which we used for measurements in the TSSE configuration in
the previous section. The two layers had a thickness of 18onm
and 1onm for the YIG and Pt, respectively. The sample was
clamped between two copper blocks with a 0.5 mm thick sapphire
substrate on top of the sample. The copper block on top acted
as a heat source while the copper block at the bottom was the
heat sink. The temperature difference was measured between
the copper blocks with two K-type thermocouples. The external
magnetic field could be applied and rotated in the film plane up
to 10 kOe.

In Fig. 39 (a) LSSE measurements for three exemplarily chosen
out-of-plane temperature gradients are shown. The voltage V
measured at the ends of the Pt strip is plotted as a function of the
external magnetic field H which fulfills the cross product of Eq. 24
for a detected LSSE due to the ISHE. For large external magnetic
fields the spin polarization vector ¢ of the YIG is perpendicular to
the electrical contacts, and the thermally driven spin current7 is
parallel to the temperature gradient VT, (Fig. 38). The reversal of
0 accompanied by the reversal of H leads to the sign change of V.
The voltage in saturation Vg, is shown in Fig. 39 (b) for various
out-of-plane temperature differences AT,. It clearly shows the
proportionality as assumed for the LSSE. These results support
our observations of the LSSE due to unintended out-of-plane tem-
perature gradients in the TSSE configuration on the same sample
which was presented in the previous section. In the next step
another YIG film with a thickness of 130 nm deposited by PLD
with two 8 nm thick Pt strips on top was measured (Fig. 40). The
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voltage V is shown as a function of the external magnetic field
H for various angles a between H and the x-direction. The satu-
rated voltage in Fig. 40 vanishes for @ = 9go® when His aligned
parallel to the electrical contacts viz. along the Pt strip. This is
consistent with the ISHE where the voltage should vanish when
M accompanied by the spin direction of the thermally driven
spin current is aligned parallel to the electrical contacts.

Apart from the expected LSSE which is indicated in the volt-
age in saturation there are maxima and minima around H = 0 Oe.
One possible explanation for the appearance of these maxima
and minima is a movement of the magnetization vector into a
magnetic easy axis due to a magnetic anisotropy in the film plane
of the YIG. The electrical contacts are sensitive to measure a large
ISHE voltage when the magnetization vector is close to 0° with
respect to the x-direction. The observed voltage is larger around
H = 0 Oe when the magnetization rotates into the easy axis. This
happens when the magnetic easy axis is closer to the x-direction
than the magnetic field direction. Here, the magnetization vec-
tor M made a complete rotation of 360° (antisymmetric reversal
process). M crosses the magnetic easy axis twice but in opposite
directions. Three of the curves are magnified in a smaller voltage
range in Fig. 40 (b) to make their switching behaviour more visi-
ble. The switching behaviour between different angles a cannot
be compared in exact detail because the maxima and minima can
differ depending on the step size of the magnetic field.

In the next step we investigated a 4 pm YIG film grown on a
6 X 2mm?* GGG substrate with 0.5 mm in thickness with a 10 nm
thin Pt film on top. In Fig. 41(a)-(f) the voltage between the
two electrical contacts on the Pt film along the y-direction is
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Figure 40: LSSE measurement on YIG/Pt: The ISHE voltage was measured at the ends of one of the Pt strips for
various angles « of the external magnetic field H with respect to the x-direction. The out-of-plane temperature
difference AT, between the copper blocks was fixed at 14 K.
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Figure 41: LSSE measurement on YIG/Pt: The ISHE voltage was measured at the ends of the Pt film for various
angles « of the external magnetic field H with respect to the x-direction. The out-of-plane temperature gradient was

varied with the result that AT, between the copper blocks was increased.

shown as a function of the external magnetic field H applied in
the film plane with an angle a with respect to the x-direction
for various temperature differences AT,. In Fig. 41 (a) one can
see the hysteretical behaviour of the voltage V, antisymmetric
with respect to H. Vg is clearly proportional to the temperature
difference between the copper blocks (Fig. 42). When we change
the angle a of the external magnetic field H with respect to the
x-direction the saturated voltage V,; decreases until @ = 9o°
where the ISHE voltage (V,;) vanishes completely (Fig. 41 (d)).
The entire angle dependency of the ISHE voltage can be seen in
Fig. 43. The data were obtained with an absolute value of 1kOe
for H and a temperature difference of AT, = 26.9 K. We get a cos
function as expected from the ISHE (Eq. 24).
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Additional LSSE measurements are shown in Fig.44 in a
smaller magnetic field range for three different in-plane tempera-
ture gradients for & = 0°. The switching of V with the magnetic
field H can be clearly observed. We can estimate a coercive field
H¢ of the YIG film of about 5 Oe.

Furthermore, for angles & # 0° we can find two maxima
around H = 0 Oe. The magnitudes of these peaks were estimated
from the symmetric part of the curves. They are the difference be-
tween the peak value and the value in saturation. These maxima
grow when AT, increases (Fig. 45). The increase is not propor-
tional with AT, but similar for all @. This effect cannot be related
to the PNE because YIG is an insulator and Pt shows no spin
polarization. However, there is one condition under which sym-
metric behaviour occurs. The magnetization vector has to rotate
symmetrically during the reversal process. This means that it
only rotates back and forth on one side of the film plane (0°-180°)
instead of doing a complete rotation (0° - 360°), which is the case
for the YIG /Pt sample with the much thinner YIG film presented
in Fig. 40.

Discussion

First, we would like to discuss the measurements in terms of
the TSSE. In YIG/Pt bilayers the driving force for a thermally
activated spin current is the difference between the magnon tem-
perature T, in the YIG and the electron temperature T, in the Pt.
Xiao et al.’3® discussed the temperature difference AT, of the ori-
gin of the thermally induced spin current in the same year when
the TSSE was firstly observed in YIG/Pt bilayers. We want to
determine this temperature difference to estimate a possible TSSE

contribution. AT, can be inferred from the recorded voltage
asl37
Vsat Tt MS Va tpt

9.7 kp e Osy ppy Ipe A tanh(t/21)
Here, V, is the magnetic coherence volume, g, is the real part of
the spin mixing conductance, y is the gyromagnetic ratio, kg is
the Boltzmann constant, ¢ is the elementary charge, Ogy is the
spin Hall angle, and A is the spin diffusion length of the NM
material. The two temperature model has proved successful in re-
lating AT, to the phonon temperature, accessible in experiments
(Schreier Schreier et al.'37 and Flipse et al.’3%). We simulate the
phonon and magnon temperatures assuming 1D transport in our
films and disregard the influence of thermal contact resistance

ATme = (32)
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Fig. exp. ATy exp. |Vgl  cale. [ATy|  calc. |AT,

at RT (K) (nV) (LK) LSSE (mK)
34 (a) 10 50 0.5 2.0
34 (b) 30 170 1.8 6.7
34 () 5 130 1.4 5.1
34 (d) 10 300 3.2 12

Table 3: The calculated values of AT, for the measured values of V,; taken from
Fig. 34 (a) to 34 (d) and the corresponding AT, (LSSE).

other than the coupling between magnons and electrons. This
yields a value AT, the (phonon) temperature drop across the YIG
tilm, for which the experimentally measured V,, is obtained. We
assume pp; = 40 pf) cm. All material dependent YIG parameters
were taken from Schreier et al.’37 In Tab. 3 we present the calcu-
lated AT, for Vg, taken from Fig. 37 at RT (Fig. 34 (a) to 34 (d))
and the corresponding AT, (LSSE). The AT, obtained are of the
order of a few millikelvins. It is reasonable to assume that such
values can be induced by, e.g., thick contact tips, especially con-
sidering that our initial simplifications should lead to an overesti-
mation of AT, (cf. Schreier et al.’37). The transverse spin Seebeck
configuration was investigated in detail by Schreier et al.’37 It was
found that for AT, = 20K the obtained AT, is well below 1 pK,
even at the very edge of the sample where AT, is maximized.
This further supports the notion that spurious out-of-plane gra-
dients are responsible for the voltages observed in our samples.
This out-of-plane gradient can generate an ANE, proximity ANE
or LSSE. However, an ANE is not possible due to the lack of free
charge carriers in the YIG and the non-ferromagnetic Pt region
which is not in contact with the FM layer. The proximity ANE due
to possible spin polarized Pt which is in contact with the YIG can
also be excluded by XRMR measurements at identical samples'3?
as well as XMCD measurements by Geprégs et al."4° which con-
firm the XRMR data. However, Kikkawa et al.’4* were able to
show that a potential contribution of a proximity ANE additional
to an LSSE is negligibly small. They measured their YIG/Pt bi-
layer system in two configurations and changed the directions
of the temperature gradient and the external magnetic field. For
an out-of-plane temperature gradient and an in-plane magnetic
tield there is an LSSE as well as a possible proximity ANE signal
in the transverse voltage on the Pt film. When the temperature
gradient is applied in-plane with an out-of-plane magnetic field
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experimental data

the proximity ANE is the only contribution, because an LSSE
driven spin current cannot be detected. They determined an up-
per limit of a possible proximity ANE contribution of less than
5 % of the measured voltage. This supports our conclusion that
the main antisymmetric contribution in our measurements is the
LSSE, which is driven by an out-of-plane temperature gradient.
The required temperature differences which are necessary for an
LSSE (cf. Tab. 3) confirm that the observed magnitudes in the
ISHE voltage are in a realistic range of order. This is consistent
with the measurements in direct LSSE configuration from Fig. 39.
In these measurements a few kelvins are necessary to obtain ISHE
voltages in the same range. However, we took into account that
the measured temperature difference is obtained between the
copper blocks. These blocks are separated not only from the YIG
film but also by a 0.5 mm thick sapphire substrate on top and a
o.5 mm thick GGG substrate at the bottom of the YIG.

We do not observe any symmetric contribution for VT, with-
out tip heating (Fig.34). Therefore, PNE and proximity PNE
contributions can also be excluded. Nevertheless, we find a small
symmetric contribution for strong tip heating as demonstrated in
Fig. 36 (b) for AT eeqie = RT+31K. In the region of H- small peaks
are visible under symmetrization of the voltage (Fig. 46 (a)). This
can be extracted by a numerical separation of the experimental
data into the antisymmetric and the symmetric part (Fig. 46 (b)
and (c)). The symmetric part hints at the existence of an ad-
ditional magnetothermopower effect potentially induced by a
temperature gradient VT, along the Pt strip. This is evidence
of being thermally driven SMR (cf. Nakayama et al.*#* and Al-
thammer et al.*43). This would not be a combination of SHE and
ISHE but a spin Nernst effect (SNE) accompanied by an ISHE.
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Figure 46: (a) Experimental data of the voltage V as a function of H taken from Fig. 36 (b) with AT, = 30K and a
needle temperature Tpeeqie = RT + 31K separated numerically in the antisymmetric part (b) and the symmetric part

(c).
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Here, we have no induced charge current that drives an SHE but a
temperature gradient which generates a thermally driven charge
current. This produces the analogy between the SHE and SNE.
The reflected spin current at the interface and conversion into a
measurable charge current, or electrical voltage, should still be
the ISHE. Further investigations should answer the question if a
reflected spin current due to the SNE gives rise to an inverse SNE
(ISNE) which would be the conversion of a transverse heat flow
out of a thermally induced spin current due to the SNE. However,
further investigations beyond this work are needed to identify
the real origin of the observed phenomena in Fig. 46 (c).

Recently, Wegrowe et al.'#4 used anisotropic heat transport as
an interpretation for the measured voltages using in-plane tem-
perature gradients. In their work, they derived the anisotropic
tield-dependent temperature gradient in metallic as well as in-
sulating FM materials from the Onsager reciprocity relations.'45
Therefore, the thermocouple effect between the FM, the NM and
the contacting tips can generate field-dependent voltages if there
is a difference in the Seebeck coefficients. In our investigated
systems, the Seebeck coefficients are indeed different for YIG, Pt
and the contact tips. However, since we do not observe a field-
dependent variation of the ISHE voltage by using thin W tips,
any anisotropic field-dependent heat transport can be excluded
as the reason for the observed voltages.

The antisymmetric effect in our measurements with intention-
ally applied in-plane temperature gradient can be identified as the
LSSE which was verified by controlling the needle temperature
and varying the out-of-plane temperature gradient. Taken to-
gether, in all our experiments in TSSE configuration on magnetic
insulators, we thus only observe LSSE-type signatures. These
LSSE voltages can be reminiscent of a TSSE-type response if an
unintentional (or intentional) VT, is present. This shows that the
utmost care is required if one is to interpret magnetothermopower
effects in terms of the TSSE.

Our observations on YIG /Pt in the TSSE configuration (Fig. 36)
were measured using the convention presented by Schreier et
al.4® and we obtained the same sign of the spin Hall angle in
Pt with our explanation of the temperature gradient directions.
In all our LSSE investigations we can find the same sign for the
spin Hall angle in Pt. We want to emphasize that this is not a
sufficient but a necessary condition to address the voltage signal
to a converted ISHE voltage due to a detected spin current driven
by the LSSE.

75

144 J. E. Wegrowe et al. Phys-
ical Review B 89 (2014)

094409

45 L. Onsager. Physical
Review 37 (1931) 405

146 M. Schreier et al. Jour-
nal of Physics D: Applied
Physics (2014) 025001



147 A. Kehlberger et al.
arXiv.org (2013). arXiv:
1306.0784v1

148 A Kehlberger et al. Jour-
nal of Applied Physics 115

(2014) 17C731

In our LSSE investigations we used YIG films of different
thicknesses in the range of about 6o nm up to bulk like thick-
nesses of about 4 pm. In the paper of Kehlberger et al.*#7 from
2013 they tried to find out whether the LSSE is a bulk or an
interface effect. For this reason they carried out thickness depen-
dent measurements which have shown a saturation of the LSSE
signal normalized by the YIG thickness. They concluded that
there is a characteristic propagation length of thermally excited
magnons in the YIG. These magnons can reach the Pt where they
are detected in terms of the ISHE. They evaluated a propagation
length of about 110 nm. However, they had to use YIG /Pt sam-
ples which were prepared equally in such a way that the interface
for samples of the same series is equal in that it prevents different
spin-mixing conductances. In our case all the YIG films were
not prepared in the same manner, nor was the adjacent Pt film.
Therefore, the comparison of ISHE voltages between samples of
different thicknesses is not favourable. We have to assume differ-
ent interfaces for each sample. This leads to different spin-mixing
conductances, which makes it impossible to compare the results
across all samples. Furthermore, the thermal contact between
the heater and the samples can differ for all samples. That is one
critical point why the work of Kehlberger et al. is controversially
discussed. Later we will mention some solutions to this kind of
problem.

In Eq. 24 it becomes obvious that the ISHE voltage reaches its
maximum when the external magnetic field is aligned perpen-
dicular to the electrical contacts on the NM layer. Otherwise, the
ISHE voltage decreases in a cos form, as Fig. 43 has shown for
angles a between the external magnetic field and the x-direction
which lies perpendicular to the electrical contacts. Kehlberger
et al.1® used the LSSE to investigate the magnetic properties in
YIG films. They used the fact that the ISHE voltage due to Eq. 24
mirrors the projection of the magnetization to the direction per-
pendicular to the electrical contacts viz. the x-direction in our
case. When a magnetic field is swept in both directions with a
certain angle a one can see the reversal process of the magnetiza-
tion vector in low magnetic fields. This reversal process depends
on anisotropies of the FM material accompanied by hard and
easy axis for the magnetization. We could use the same argu-
mentation for the Py /Pt films and the reversal process of the
magnetization in Py which gave us the change in voltage due to
the PNE. Therefore, the PNE and the LSSE are good methods
for the investigation of these reversal processes in ferromagnetic
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metals and insulators, respectively.

We have shown angle dependent LSSE measurements in Fig. 40
and Fig. 41. For the voltage in saturation we could see the typ-
ical cos behaviour of the LSSE which has its maximum for a
magnetization perpendicular to the electrical contacts and its
minimum for magnetization parallel to the contacts. In the range
with lower magnetic fields we can see a different behaviour for
both samples. This difference is apparent in an antisymmetric
and a symmetric magnetization reversal process for the YIG films
with thicknesses of 130nm and 4 pm, respectively. This can be
realized by a complete rotation of the magnetization M for the an-
tisymmetric reversal process and by a rotation between 0°-180°
back and forth for the symmetric reversal process. The appear-
ance of an antisymmetric reversal process is an argument against
a possible PNE due to a spin polarized Pt interface or a possible
SMR driven by the generated ISHE voltage which is still present
when the external magnetic field H is parallel to the electrical
contacts. The PNE as well as the SMR are symmetric effects with
respect to H and the symmetric reversal process in Fig. 41 for the
4 pm thick YIG film could be misinterpreted by one of these phe-
nomena. However, the PNE could be neglected previously. The
SMR, nevertheless, can also be neglected by regarding the direc-
tion of the maxima for angles a above and below 9o°. The ISHE
voltage would change its sign and the generated SMR would
change from maxima to minima.

An antisymmetric magnetization reversal process could be
observed by Kehlberger et al.'#® in 300 nm and 20 nm thin YIG
tilms prepared by PLD, whereas Weiler et al.*# have observed
a symmetric magnetization reversal process in a 10 nm thin YIG
film which was also prepared by PLD. A thickness dependency
cannot be recognized when our measurements are compared to
the literature data. However, angle dependent LSSE measure-
ments are helpful in determining magnetic properties such as
anisotropies on magnetic insulators. Even on very thin films
where other magnetometry methods have the disadvantage of in-
fluence by simultaneously measuring the substrate. For instance,
a perpendicularly magnetized YIG film would cause the ISHE
voltage to disappear with a small external magnetic field. In this
direction the electrical contacts are not sensitive to any spin cur-
rents because Eq. 24 would result in zero when the spin current
and the spin direction are parallel.
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In conclusion of this chapter, we have shown different mea-
surement configurations for the spin Seebeck effect on the mag-
netic insulator yttrium iron garnet (YIG). In the transverse config-
uration, which was already used for the ferromagnetic conductor
Py, no spin Seebeck effect (TSSE) could be detected. However,
we obtained contributions of the longitudinal spin Seebeck effect
(LSSE) due to unintended out-of-plane heat flows caused by the
electrical contacts. Other side effects which were possible in this
measurement configuration could be neglected. The LSSE, in-
stead, could be investigated directly in more detail. We have
shown the typical behaviour of this effect and have discussed it
in more detail in the context of the current literature.

The future of magnetic insulators in spintronics, magnonics
and especially spincaloritronics is wide-ranging from further ba-
sic research of pure spin currents, material science in finding
and tailoring new magnetic insulators for applications to the
adaptation of this material class into devices and logics for in-
formation technology. The spin Seebeck effect, especially in the
reproducible configuration of the LSSE, is well established in
magnetic insulators like YIG. Therefore, it can be used for the
investigation of magnetic properties in this material class. The
focus will be set on the investigation of magnetic sublattices of
antiferromagnets and compensated ferromagnets as described,
e.g., by Ohnuma et al.*>°



Spin Seebeck effect in nickel ferrite

This chapter deals with the investigation of the spin Seebeck effect on the
ferrimagnetic compound nickel ferrite (NiFe,O4, NFO). In this thesis
we investigated NFO films which showed semiconducting behaviour
due to a reduced band gap and, therefore, thermally activated charge
carrier transportation. We will introduce the material system and give
an overview of the main physical properties. Furthermore, the main idea
to use this material for the investigation of spin caloric effects will be
illustrated. The main part of this chapter is devoted to presenting the
experimental results. After that, we will discuss the results in terms of
the observed effects and their importance in spin caloritronics. Most of
these results were published in 2013 and 2015.*5"

Nickel ferrite

The ferrimagnet nickel ferrite (NiFe,O,, NFO) is a compound be-
longing to the spinel group but with the inverse spinel structure.
Materials with the inverse spinel structure AB,O, consist of two
tetrahedrons with half of the B** cations occupied at the A sites
and one octahedron with the A** and the other half of the B**
ions equally distributed at the B sites.’>* As in the case of YIG
there are 8 formula units in one unit cell. Each unit cell consists
of 56 atoms. This results in a lattice parameter of about 0.834 nm.
The magnetic moment comes from the Ni** ions on the B sites
while the magnetic moments from the Fe>* cations on the A and B
sites are antiferromagnetically coupled through a super exchange
interaction over the oxygen atoms.">3 This results in a ferrimag-
netic state with 2up per formula unit. The NFO films which were
used in this thesis were prepared by direct liquid injection chem-
ical vapour deposition (DLI-CVD). In the DLI technique a liquid
solution of two precursors [Ni(acac), and Fe(acac)z] in the molar
ration of 1:2 and the solvent N,N-dimethyl formatted (DMF) are
vaporized at a temperature of 175 °C to obtain a film growth rate
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Property Value Unit  Ref.

Lattice constant a 0.834 nm (@)

Curie temperature T =~ 860 °C (b)

Saturation magnetization 3100 to gauss (a)
3800

Damping constant 4.5%X1073 (c)

Resistivity (1.13—2.66)x10* QOcm  (d)

Table 4: Properties of NiFe,O, taken from (a) Li et al., (b) Dionne, (c) Yager et al.
and (d) Rai et al.*54

in a range of 10 to 18 nmmin™. NFO films with thicknesses of 1
to 1.2 pm were deposited at substrate temperatures between 500
to 800 °C. Here, MgAl,O4 (MAO) (100)-oriented substrates were
used which have a lattice parameter of 0.808 nm. The mismatch
between the NFO and the MAO substrate leads to tetragonal
distortion and horizontal stretching of the lattice parameter.'>>

Recent optical spectroscopy measurements show an indirect
band gap of about 1.6 €V in the minority channel and a direct band
gap of about 2.4 to 2.8 €V for NFO films of thicknesses between
150 to 270nm.*® Other experimental data for the optical band
gap range from 0.33 €V to 3.7 eV for thin films as well as for the
bulk.'>” Further relevant parameters are shown in Tab. 4.

The prepared and investigated NFO films in this thesis show
semiconducting behaviour with low activation energy of about
0.09€V for thermally excitable charge carriers. The electrical
conductivity is controllable by varying the temperature due to
the semiconducting properties. Therefore, the ANE induced by
a conductive NFO film can be suppressed at low temperatures.
This makes it very interesting for the investigation of spin caloric
transport phenomena.

TSSE measurements on NFO/Pt

First of all, TSSE measurements on NFO /Pt were done in vacuum
at room temperature. A 5 X 10 mm? NFO film of 1 pm thickness
with a 10nm thin Pt strip on one sample side was investigated.
This sample was contacted and measured in the same way as
we investigated the YIG/Pt film in terms of the TSSE in vacuum.
Therefore, the ends of the Pt strip were contacted with 25 pm thin
Au bonding wires and glued to copper wires with silver paste
for the voltage measurement. The sample was clamped between
two copper blocks for the in-plane temperature gradient. The
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Figure 47: Measurements on NFO/Pt in the TSSE configuration for different
in-plane temperature gradients performed under vacuum. The Pt strip was
contacted with 25 pm thin Au bonding wires and was located (a) on the hot side
and (b) on the cold side.

in-plane temperature difference AT, was determined between
the copper blocks.

In Fig. 47 the measurements for Pt strip on the hot and the
cold side are displayed. The transverse voltage V is plotted as a
function of the external magnetic field H. No significant effect
can be observed within a sensitivity limit of about +20nV, which
is comparable to the measurements on YIG /Pt we also performed
in vacuum. We find no TSSE nor any other antisymmetric side
effects which were driven by an unintended out-of-plane temper-
ature gradient.

In the next step, the influence of an out-of-plane heat flow on
NFO /Pt induced by contact tips has to be investigated in detail to
get an impression of induced magnitudes of V. Therefore, the
next measurements were performed under ambient conditions
and the Pt strip was contacted by the same tips we used for the
YIG /Pt bilayers. The Pt strip is contacted by the thinnest W tips
with a contact area of A = 0.003mm?*. The measurements are
shown in Fig. 48. A clear antisymmetric effect is obtained with
the Pt strip located on the hot side, whereas a possible effect
with the Pt strip on the cold side is hard to imagine within the
measurement sensitivity. However, a strong contacting of the Pt
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Figure 48: Measurements on NFO/Pt in the TSSE configuration performed under
ambient conditions. The in-plane temperature difference AT, was fixed at 15K
with Pt strip located on the hot side (a) and the cold side (b). The voltage V was
measured by using thin W tips with a contact area A = 0.003 mm?.

strip is assumed to be the reason for the observed effect. This
promotes a larger contact area and, therefore, the appearance of
an out-of-plane temperature gradient which leads to one of the
effects presented in Fig. 14. The absence of sign change reversal
leads to the absence of the TSSE which could also not be observed
even when the Pt strip was contacted by sufficiently thin Au
bonding wires. A temperature gradient VT, out-of-plane would
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Figure 49: Measurements on NFO/Pt in the TSSE configuration performed under ambient conditions. The in-plane
temperature difference AT, was fixed at 15K and the Pt strip was contacted by different W and Au tips for Pt strip
locations (a), (b) on the hot side and (c), (d) on the cold side. The contact areas are A = 0.28 mm? and A = 0.06 mm?
for the thick and thin Au tips and A = 0.27 mm? and A = 0.003 mm? for the thick and thin W tips, respectively.
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cause an LSSE, ANE or proximity ANE (Fig. 14).

The influence of different tips with different contact areas A
were also investigated on NFO/Pt in the same way we did on
YIG/Pt. In Fig. 49 measurements for Pt strip located on the hot
and the cold side are plotted. The Pt was contacted with thick
and thin Au and W tips, respectively. An antisymmetric effect
with the same sign in V depending on H is obtained for all Pt
strip locations and tip combinations. The magnitude of Vg, is
reduced for smaller tip contact areas and decreases as expected
when the temperature difference between the tip and the sample
gets smaller. This decrease happens especially when the Pt strip
is located on the cold side of the NFO compared to the setting
where it is on the hot side.

In the next step, we wanted to investigate the behaviour of
the antisymmetric effect when the out-of-plane heat flow is in-
fluenced intentionally. Therefore, the ends of the Pt strip were
contacted with heatable Au tips and without an in-plane tem-
perature gradient and intentional heating of one of the Au tips,
respectively. The measurements in Fig. 50 (a) and 50 (b) were
carried out with Pt strip on the hot sample side. Without any tem-
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Figure 50: Transverse voltage V as a function of the external magnetic field H measured with Au tips on the hot
sample side with (a) AT, = oK and (b) 30 K. Measurements with Au tips on the cold sample side with (c) AT, = 0K
and (d) 30K. For each AT, one Au tip on the Pt strip was heated up to a temperature Tpeeqe = RT + 31 K.
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Figure 51: Transverse voltage V' as a function of the external magnetic field H
measured with Au tips located on the hot side with AT, = 12 K and different Au
tip temperatures.

perature gradients (AT, = 0K) and no Au tip heating (RT + 0 K)
there is no observable effect as expected. When the Au tip is
heated at RT + 31K and an out-of-plane temperature gradient
is generated we can observe an LSSE with a magnitude Vg, of
about 1.8 pV. When we switch off the Au tip heating and apply
an in-plane temperature gradient with AT, = 30K we obtain
a magnitude of Vg,;; = —1.6 uV (Fig. 50 (b), RT + 0K). The sign
of V. has changed, which is caused by a reversal of the out-of-
plane heat flow driven through the Au tip. When the tip is heated
(Theedle = RT + 31 K) we can observe a decreasing of the absolute
value of the magnitude to V,; = —0.65 uV.

When the Pt strip is located on the other side of the NFO film
we can observe the same behaviour when there is no in-plane
temperature gradient and no tip heating (Fig. 50 (c)). There is no
observable effect as expected. A magnitude of Vg, = 1.1 puV is
obtained when the Au tip is heated up to Tpeeqie = RT +31K. On
both sides of the NFO film we get the same sign of magnitude
when only the Au tip is heated. This indicates a good control-
lability of the tip heating and the generation of an out-of-plane
heat flow.

In the next step, the in-plane temperature gradient is turned
on (AT, = 30K, Fig.50(d)). Now we achieve an LSSE with a
magnitude of about Vg, = 2.8V which can be decreased to
Vsat = 2.4V when the Au tip is again set to a temperature
Theedle = RT + 31 K. Compared to Fig. 50 (b) we get a larger mag-
nitude on the cold sample side when the same in-plane temper-
ature gradient is applied. We have to take into account that the
contact area of the Au tip on the sample can slightly differ when
the sample is contacted again. The contact area seems to be larger
for the Pt strip on the cold side. However, the magnitude can be
decreased by heating the Au tip. We cannot find any evidence
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for a possible TSSE which would cause this behaviour, since no
TSSE was observed when very thin tips were used.

To support the previous argument we applied a smaller in-
plane temperature gradient VT, and heated up the Au tip again
in order to change the heat flow direction of the out-of-plane tem-
perature gradient and change the sign of V,;. This behaviour is
shown in Fig. 51. Without Au tip heating the antisymmetric effect
has the same sign compared to previous measurements where
the heat flows from the sample into the tip. For Teeqie = RT+12K
the effect almost vanishes. When the needle temperature is fur-
ther increased to Tpeeqie = RT + 24 K we obtain an antisymmetric
effect with a reversed sign which is further increased for a needle
temperature T ,ceqe = RT +31K.

LSSE measurements on NFO/Pt

In 2013, we showed the presence of the LSSE in semiconducting
NFO which will be presented in this section.’>® In the same year
Ramos et al.’>® presented LSSE measurements in Fe;O, above
and below the Verwey transition.’® In both materials, NFO and
Fe;O,, there are unintended side effects, like the ANE. However,
the ANE and the LSSE contribution could be separated in both
materials by measuring with and without Pt on top at room
temperature and low temperatures. The ANE could be switched
on and off with the conducting behaviour of the semiconducting
materials, controlled by different temperatures.

LSSE investigations on NFO films were done at room temper-
ature and at low temperatures. The advantage of the films used
was the opportunity to switch on and off the electrical conductiv-
ity by changing the temperature and, therefore, the contribution
of the unintended ANE.

For a characterization of the magnetization properties of the
NFO used we performed vibrating sample magnetometry (VSM).
In the first measurements, an NFO film of 1 pm thickness with
a 10nm thick Pt film on top was investigated. The film was de-
posited on 8 X 5 mm?* MgAl,O, (1) substrates by DLI-CVD. In
Fig. 52 (a) the magnetic moment u is presented and was nor-
malized to the saturation value pg,. A coercive field of about
(165 + 25) Oe could be achieved which is the same switching field
of the observed ISHE voltage on the Pt strip. In Fig. 52 (b) the
coercive field and the squareness of the NFO/Pt sample is plotted
as a function of the angle a which lies in the sample plane. Both
graphs indicate a fourfold magnetic anisotropy caused by the cu-
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Figure 52: (a) Normalized magnetic moment p/pig,; of NFO compared to the ISHE
voltage V in the LSSE configuration which shows the same switching behaviour
with respect to the external magnetic field H. (b) The squareness and the coercive
field H, as a function of the angle « of the sample alignment.

bic inverse spinel structure of the NFO. Two easy axes are found
for @ = 45°/225° and a = 135°/315°. This is in correspondence
to the crystallographic structure of the NFO in (110) direction.
For the LSSE investigations, the NFO /Pt system was clamped
between two copper blocks with a 500 pm thick sapphire sub-
strate for electrical insulation. A small amount of thermal grease
between the sample, the sapphire substrate and the copper blocks
supported the thermal conduction between the layers and com-
pensated missing contact due to the materials’ roughness. The
bottom copper block was heated and cooled by a Peltier element.
We measured the temperature difference between the copper
blocks by means of two T-type thermocouples. First, we applied
a temperature difference AT, in a range of —10 K to 10 K between
the two copper blocks. The voltage V was measured on the Pt
film transversely to the external magnetic field H up to 1kOe
which was applied in the sample-plane. In Fig. 53 the voltage V
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Figure 53: Transverse voltage V as a function of the external magnetic field H for various out-of-plane temperature
gradients VT, (a) with the hot side on top and (b) the hot side at the bottom of the sample.
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is shown as a function of H for various AT,. The graphs show
hysteretical behaviour antisymmetric with respect to H for each
AT,. For AT, = oK the voltage signal disappears. The voltage
in saturation Vg, changes its sign depending on the tempera-
ture gradient direction. This is shown in Fig. 55 (a) as well as the
proportionality between Vi, and AT,. Furthermore, the angle
dependency of H in the sample plane was investigated, which
is shown in Fig. 54 for various angles @ with respect to the x-
direction (cf. sketch in Fig. 54). In Fig. 55 (b) V,, is plotted as a
function of a. The individual measurements for a certain angle
show a decrease of V.. However, even for o = 90° a voltage
signal with two minima around the coercive field can be found
which is symmetric with respect to H.

Fig. 53 to Fig. 55 describe the characteristics of the LSSE, e.g.,
the proportionality of the ISHE voltage with AT, and therefore
the magnitude of the driven spin current as well as the sign
reversal depending on the temperature gradient direction. The
dependence of H describes the direction of the spin polarization
vector which also changes the sign of V. Furthermore, the angle
dependency is given by the cross product of Eq. 24 which shows
a sin curve for the defined angle a (Fig. 55 (b)).

We investigated the conductivity of the pure NFO film with-
out Pt on top to estimate the possibility of an ANE contribution
in the LSSE measurements. For this reason, two contact lines
consisting of 5nm Ta and 5nm Au with a width of 100 pm were
deposited on a NFO film of 1 pm in thickness. By contacting
the ends of each Ta/Au strip we were able to measure the resis-
tance of the NFO film in a four-point-geometry. This was done
for different temperatures from room temperature down to 50K
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Figure 54: Transverse voltage V as a function of the external magnetic field H for different angles @ with respect to
the electrical contacts in the y-direction. (a) For an out-of-plane temperature difference AT, = 10K and (b) for a
reversed temperature gradient with AT, = —10K.



inside a closed-cycled helium cryostat. The resistance R was
measured with a Keithley 2000 providing a range up to 120 G(.
At room temperature a resistance of about (336.7 + 0.6) k() was
obtained. For lower temperatures the resistance increased to a
value of about (83.3 + 6.9) G() at 50 K. These values correspond
to conductivities ¢ of about (4.7529 + 0.0085) Q™' m™ at room
temperature and (19.2 + 1.7) X 10 ° Q" m™ at 50 K. In Fig. 56 the
conductivity o is plotted against the inverse temperature 1/T)
to prove an extrinsic semiconducting behaviour. The equation

EM . . L .
0« exp(ﬁ) leads to a linear fit function in the region between
B

the corresponding temperatures of 100K to 300K regarding a
logarithmic scale for 0. The slope of this linear function is equal
to the exponent of the exponential function which allows us to
determine the thermal activation energy ES for charge transport
in the NFO. We get a value of E&* = 0.09 eV. Therefore, we took
into account that the previously measured ISHE voltage (Fig. 53
to Fig. 55) includes a contribution of the ANE due to thermally
activated charge carriers.

In the next step, the NFO/Pt sample was kept at low tem-
peratures to suppress the ANE contribution. Figure 57 shows
LSSE measurements for the base temperatures T, = 50K and
Ty = 100K for various out-of-plane temperature differences AT,.
All curves show a hysteretical behaviour of the voltage V which
is antisymmetric with respect to the external magnetic field H.
The magnitude increases with larger AT, for both base temper-
atures. However, the voltage in saturation does not seem to be
proportional to AT,. A reason for this contradiction compared to
previous measurements is the issue of proper adjustment of the
heating on top of the sample. The sample was clamped between
the cooling head of the cryostat and an upper copper plate with
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Figure 55: (a) The voltage in saturation Vg, as a function of the out-of-plane
temperature difference AT (squares) shows proportional dependence (linear fit).
(b) Angular dependency of V, from the angle @ with respect to the x-direction.
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Figure 56: The NFO conductivity o obtained in a 4-point-measurement geometry
shown as a function of the inverse temperature T (circles). A linear function is
fitted in the extrinsic region of semiconducting behaviour to calculate the thermal
activation energy.

a glued resistive heater. This upper copper plate was separated
by a piece of sapphire substrate for electrical insulation. The
cooling head of the cryostat has a 27 () rthodium iron resistance
thermometer for low temperatures down to 1.5 K. The upper
copper plate was instead equipped with a thermocouple during
the measurements. The thermocouple voltage was calibrated by
a temperature measurement on top of the cooling head in order
to estimate the temperature on top of the sample in all further
measurements. Simultaneously, the resistance of a pure NFO
film without Pt was recorded. Figure 56 makes it possible to cal-
culate the temperature of the sample surface to compare it to the
temperature obtained with the thermocouple on top of the upper
copper plate. However, one can assume a large experimental
error for AT, in order to explain the major derivation from the
proportionality of the saturated voltage in Fig. 57 with the out-
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Figure 57: Transverse voltage V as a function of the external magnetic field H
for different out-of-plane temperature gradients VT, for the base temperature (a)
Ty = 50K and (b) Ty = 100K.
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Figure 58: (a) Transverse voltage V' as a function of the external magnetic field H
for different out-of-plane temperature gradients VT, and base temperatures T.
(b) The voltage in saturation Vg, as a function of the out-of-plane temperature
difference AT, for different base temperatures Tj. The slopes of the linear fits are
equivalent to the spin Seebeck coefficient for each Tj.

of-plane temperature difference. For this reason, we assumed a
sufficient experimental error of AAT, = £5K. A further evidence
of a derivation of the estimated AT, is a non-vanishing magnitude
for AT, = oK in Fig. 57 (b). Nevertheless, a clear signal is still
observed at low base temperatures when the conductivity of the
NFO is decreased. However, it is obvious that the magnitude for
AT, = 50K is generally smaller compared to AT, = 100K despite
similar or even higher temperature differences. We can assume
a temperature dependent behaviour which we want to consider
in more detail. In Fig. 58 (a) representative measurements with
certain temperature differences AT, for various base tempera-
tures are plotted. Due to a difficult adjustment of AT, we obtain
a range of 8 K to 17 K in the temperature difference between the
lowest base temperature T, = 50K and Ty = 200K, respectively.
In spite of a double in the temperature difference an increase of at
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Figure 59: NFO conductivity ¢ obtained in a 4-point-measurement geometry shown as a function of Ty compared to
the spin Seebeck coefficient V,/AT, against Tj. o decreases over six orders of magnitude and V,,/AT, decreases

only one order of magnitude.
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least an order of magnitude in the voltage arises. This supports
the assumption that the effort of a more detailed investigation
of the temperature dependency would be worthwhile. However,
regarding the large experimental error in AT, we applied various
temperature differences for each base temperature T in order to
obtain a proportionality factor for each T|,. This proportionality
factor can be called the spin Seebeck coefficient with the assumption
of neglecting any contributions of, e.g., an ANE or other unin-
tended side effects. Figure 58 (b) shows the voltage in saturation
for at least three varied temperature differences at distinctive base
temperatures T. The error bars denote the experimental error of
the estimated temperature difference as well as the accuracy of
the voltage measurement. Considering the fact that the effects
vanish for AT, = oK we used a linear fit function in the form
y =ax to calculate the spin Seebeck coefficient for each T,.

The calculated spin Seebeck coefficients V,/AT, of the NFO/
Pt sample are plotted together with the conductivity o of the pure
NFO film against the base temperature T (Fig. 59). The logarith-
mic scale was used to show the drastic decrease of ¢ of about
six orders of magnitude compared to the slower decrease of the
spin Seebeck coefficient of about one order of magnitude. This
proves the fact that the spin Seebeck coefficient is independent
of the charge transport in the NFO at least for low temperatures.
Consequently, the ANE is not the dominant contribution in the
voltage measured. Moreover, we can attribute the main contri-
bution to the LSSE considering that magnetic proximity effects
at the interface and therefore proximity ANE in spin polarized
Pt can be neglected, which was shown by Kuschel et al.*** in
XRMR measurements. This argumentation can be supported by
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Figure 60: (a) Transverse voltage V measured at a pure NFO film without Pt
on top as a function of the external magnetic field H with AT, = 10K. (b) V
measured on a pure NFO film compared to V measured on an NFO/Pt bilayer
system with an out-of-plane temperature difference of AT, = 10K.
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a direct measurement of the ANE on the pure NFO film without
any spin detector material on top. This measurement was done
at room temperature and plotted in Fig. 60. The voltage V was
measured at two points on top of the NFO film transverse to the
external magnetic field H applied along the film plane driven by
an out-of-plane temperature gradient with a temperature differ-
ence AT, = 10 K between the copper blocks. Figure 60 (a) shows
the ANE of pure NFO with a saturated voltage of about 400nV.
A poor signal-to-noise ratio due to a temperature sensitive resis-
tance of the NFO made it necessary to take an average of about
40 measurements. In Fig. 60 (b) the ANE is compared to the ISHE
voltage of NFO/Pt obtained with the same temperature gradient
applied. Here, the saturated voltage reaches a value above 4 pV.
This leads to the conclusion that an ANE contribution, if there
is any, is below 10 % of the achieved voltage in NFO/Pt at room
temperature. This fraction should decrease rapidly regarding the
temperature dependent conductivity of NFO (Fig. 59).

Discussion

Measurements on NFO films with an in-plane temperature gra-
dient showed no evidence of the TSSE. The first measurements
in TSSE configuration were done under very careful conditions,
e.g., using very thin contact wires and measuring in vacuum to
prevent thermal convection. There was no characteristic sign
change in the observed voltage when the temperature gradient
was reversed. For the previously used materials (Py - metal, YIG
- insulator) we saw that unintended side effects due to out-of-
plane temperature gradients are present. However, even when
side effects are observed a TSSE contribution could still be present
and hidden under the obtained voltage. In Fig. 50 on both sides
(hot and cold) the same sign of V,; was obtained, but with differ-
ent magnitudes. As sketched in Fig. 14, there are four possible
effects, ANE, proximity ANE, LSSE and TSSE which are anti-
symmetric with respect to H. Effects which are symmetric with
respect to H could not be detected due to either absence of mag-
netic anisotropy, parallel alignment of magnetic easy axis and H
or vanishing PNE coefficient. For the first two cases, the angle be-
tween the magnetization and the temperature gradient does not
change and the voltage remains at the same value. The PNE as
well as the proximity PNE only change voltage when the angle be-
tween the magnetization and the temperature gradient changes.
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However, proximity effects in NFO/Pt can be neglected by XRMR
measurements presented by Kuschel et al.’®2 If we focus on the
saturation voltages V,, we can ignore possible PNE contribu-
tions anyway, since the PNE contributes in the form of an offset
voltage which is cancelled out in the V,; determination.'3

Therefore, we can reduce the number of possible effects to
the intended TSSE and to an unintended ANE and LSSE. Fur-
ther measurements were necessary to distinguish between these
different effects. However, Fig. 50 shows that there is no TSSE
without any side effects. The dominant effect has to come from
an unintended out-of-plane temperature gradient when these
measurements are compared to the observations for very thin Au
bonding wires. In Fig. 50 we presented measurements performed
in the same way as for YIG films. For YIG we have seen that
the observed effects are driven by an out-of-plane temperature
gradient. This was proved by changing the Au tip temperature
and turning on and off the in-plane temperature gradient. We
could observe a sign change in the voltage when only in-plane
VT, or only Au tip heating were applied. This was proof of the
reversal of the out-of-plane VT,. When a fixed in-plane VT, was
applied we could change the magnitude of V, by changing the
Au tip temperature. No sign change was observed as a result
of changing the Pt strip position. The only inconsistency is the
larger magnitude of V,, for Pt strip on the cold side compared
to Pt strip on the hot side with an in-plane temperature gradient.
For YIG films we have shown that the magnitude decreases when
the Pt strip moves from the hot to the cold side. On the cold side
the heat flow through the contact tips is much smaller and the
magnitude decreases. For the NFO films it can be explained by a
larger contact area due to new contacting of the sample when it
is rotated in the sample holder to move the Pt strip. The contact
area changes when the contact tips are touching the sample at a
different angle. Furthermore, the pressure of the micro probing
system may differ, which also changes the contact area when the
tip is bent on the sample.

When the TSSE can be neglected as well as magnetic proxim-
ity induced Nernst effects, there are only two possible remaining
effects, the ANE and the LSSE. By measuring in the LSSE con-
tiguration (out-of-plane temperature gradient applied) we again
achieve a purely antisymmetric voltage with respect to the exter-
nal magnetic field (Fig. 53). The magnitude is proportional to the
temperature difference between the top and the bottom and the
sign of voltage changes when the temperature gradient direction
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is reversed (Fig. 55 (a)). Furthermore, the magnetic field rotation
in the sample plane proves the cross product of the ISHE which
converts the thermally driven spin current into electrical volt-
age (Fig. 55 (b)). The separation between the ANE and the LSSE
could be implemented by using the semiconductive behaviour of
the NFO. The cooling of the sample down to 50K has shown a
rapid drop of the conductivity of about 6 orders of magnitude
((19.20 + 0.17) X 107 Q™' m™), whereas the saturated ISHE volt-
age divided by AT,, which we define as the LSSE coefficient only
decreases by one order of magnitude. Therefore, we can attribute
the main contribution of the voltage to the LSSE.

In 2013 Ramos et al.'%4 investigated the LSSE in magnetite thin
films with Pt on top (Fe3O,/Pt). This material shows a transition
from metallic to an insulator at around 120K called the Verwey
transition.*> This transition can distinguish between a pure LSSE
and a mixture of LSSE and ANE according to the temperature
below or above the Verwey transition, respectively. Their investi-
gation included measurements in the LSSE configuration with
and without Pt on top of the magnetite film with an increased
magnitude with a factor of 4 when Pt is on top. Furthermore,
when the mean temperature is decreased to 105K below the Ver-
wey transition the observed voltage is an order of magnitude
smaller. In contrast to our work on NFO they managed to also
switch the ANE on and off by cooling the sample to temperatures
where the Fe;O, is insulating accompanied by a reduction of the
LSSE.

Even in 2010 Uchida et al. reported an LSSE in Mn-Zn fer-
rite ((Mn,Zn)Fe,0,)**® a material comparable to NFO. They did
measurements at room temperature and used Pt on top as a spin
detector for the ISHE. They claimed that the given antisymmetric
V — H dependency is generated by the LSSE. An ANE or prox-
imity ANE were not taken into account, they only claimed that
the Mn-Zn ferrite is an insulator. In our work on NFO we could
show that side effects like the ANE or proximity ANE have to
be regarded and neglected in reference measurements until an
LSSE can be definitely found to be the dominant effect.

We have also shown the ANE contribution in an NFO film
without Pt on top (Fig. 60) which is below 10 % of magnitude
compared to the ISHE voltage obtained with Pt on top. Uchida et
al.’7 have shown that for single-crystalline YIG/Pt an enhanced
magnitude of V,/AT around Ty = 50K appears but is absent
for polycrystalline YIG/Pt. They claimed the reason for this en-
hancement is a phonon mediated process due to an increase of
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the phonon lifetime around this temperature.’®® An enhanced
magnitude could not be observed for NFO /Pt from room temper-
ature down to 50 K using temperature steps of 50 K. The step size
was relatively large. Therefore an enhancement of the magnitude
could be hidden in the gap of the observed temperatures or below
50 K.

The angle dependent behaviour for the LSSE was shown in
Fig. 54 for a fixed temperature difference of AT, = 10K and vari-
ous angles a between the magnetic field H and the x-direction.
The typical LSSE behaviour was produced by the saturated volt-
age Vg, which vanished for a magnetic field parallel to the electri-
cal contacts. However, a symmetric effect with respect to H could
be seen for angles a around 9o° when H is aligned along the elec-
trical contacts (Fig. 54). This is similar to the observed symmetric
effect in YIG/Pt in equal experiments. This symmetric effect is
no PNE but a consequence of the magnetization reversal process
of the NFO. During this process the voltage measurement is sen-
sitive to the LSSE caused by the projection of the magnetization
on the x-axis which fulfils the ISHE configuration.

For NFO we could demonstrate by angle dependent VSM mea-
surements (Fig. 52 (b)) two magnetic easy axes induced by the
fourfold magnetic anisotropy of the cubic inverse spinel structure.
Hence, for @ = 0° the voltage signal for small external magnetic
tields H receives a symmetric contribution when the magnetic
moment of the NFO change its in-plane orientation and flips
into the direction of the next magnetic easy axis. When a small
ANE contribution exists in our NFO/Pt films a PNE contribution
would be expected even for angles around o = 0° when the mag-
netization vector M rotates into these easy axes. Nevertheless, no
PNE could be observed. From this one can infer that unintended
Nernst effects such as the PNE are negligibly small in the NFO /Pt
films used and that the PNE coefficient for NFO regarding Eq. 17
is too small for this effect to be observed within the measured
ISHE voltage.

In conclusion of this chapter, we can summarize our results
as follows: we found similar behaviour of NFO/Pt compared to
YIG/Pt in comparable TSSE and LSSE experiments. In the longi-
tudinal configuration we have been able to prove the existence of
the LSSE resulting in a thermally driven spin current which could
be detected. The LSSE was the dominant effect accompanied by a
small contribution of the ANE due to thermally activated charge
carriers in the NFO. Other side effects due to magnetic proximity
effects could be neglected by XRMR measurements.
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This knowledge can be used for the experiments in the trans-
verse configuration. Here, the behaviour was in agreement with
YIG/Pt. No TSSE could be detected within the same measure-
ment sensitivity limit. The obtained voltage which was anti-
symmetric with respect to the external magnetic field can be
attributed to the LSSE as the dominant effect accompanied by
a small contribution of the ANE. Both effects are also driven by
an unintended out-of-plane temperature gradient caused by the
electrical contacts.

The ferromagnet NFO as well as other spinels are promising
candidates as good alternatives to the well established magnetic
insulator YIG. Depending on the application, NFO exhibits a
few noticeable advantages. For example, with their high Curie
temperatures, NFO and other spinels can be used as spin filter
materials for applications at room temperature and higher tem-
peratures. In contrast to conventional FM/IN/FM stacks in TMR
measurements a magnetic insulator can be placed between an
NM and an FM layer. The magnetic insulator acts as a spin valve
and a tunnel barrier at the same time. Magnetic insulators are a
rising material class in spintronics. Most material systems, espe-
cially ferrites and garnets, have already been known for decades.
However, their advantages for the investigation of spin currents,
spin waves and magnons, at least in magnetic insulators, can-
not be denied. Therefore, garnets like YIG and ferrites like NFO
will stay in the focus of future research in spintronics and spin
caloritronics.



Summary

In conclusion, we can sum up our work as follows: we investi-
gated the spin Seebeck effect in different material systems, i.e.,
metal, semiconductor and insulator. During these investigations
we were confronted with different side effects we had to identify
and to disentangle from the intended phenomena of the thermally
driven spin current.

In the beginning, Py /Pt bilayers were used and measured in
the transverse configuration of the spin Seebeck effect (TSSE). In
accordance with other reports presented in Tab. 1 and discussed
in the corresponding chapter it can be concluded that there is
no detectable TSSE within the measurement sensitivity limit. A
previous project showed no improvement by using different in-
terface treatments of the Py /Pt bilayer or different deposition
techniques.'® The dominant and solely appearing voltage con-
tribution was produced by a planar Nernst effect (PNE). The
voltage on the spin detector material (Pt) measured as a function
of the external magnetic field shows symmetric behaviour which
is contrary to the antisymmetric occurrence of the TSSE. The PNE
was investigated in more detail; this is the thermally driven coun-
terpart of the AMR, a spin-dependent phenomenon. Therefore,
the PNE is a spincaloric effect and a significant element of our
work.

Furthermore, the occurrence of spurious out-of-plane tem-
perature gradients was investigated. These contributions of heat
flow, which can emerge due to the electrical contacts, the sur-
roundings and the heating conditions, can influence the voltage
and can cause an antisymmetric effect with respect to the external
magnetic field. This antisymmetric voltage can be misinterpreted
as a TSSE. Therefore, we investigated the impact of an intended
out-of-plane heat flow by influence over the electrical contacts.
We have seen that an antisymmetric voltage contribution can be
added to the symmetric part of the PNE only by using thicker
contact needles. The larger contact area between Pt and needles
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creates a second heat sink for the heat produced. The in-plane
heat flow from one sample side to the other generates the PNE.
The out-of-plane heat flow from the sample into the needles is
the origin of an anomalous Nernst effect (ANE). This effect is also
a spin-dependent phenomenon and, therefore, of considerable
interest for spincalorics. Furthermore, the ANE is important to
understand in terms of SSE experiments, since it can occur as an
unintended effect. We were able to identify and disentangle an
ANE in our measurements when intentional (or unintentional)
out-of-plane heat flows were involved.

In the next step, we investigated the SSE in the magnetic insu-
lator YIG. In this material class we expected to be able to neglect
spurious Nernst effects due to the lack of charge carriers. How-
ever, due to the spin detector material of Pt on top of the YIG,
a magnetic proximity effect was assumed. A spin-polarized re-
gion in the Pt at the interface of the bilayer system could lead
to proximity induced Nernst effects. This issue was investigated
by XRMR, an interface sensitive method for measuring magnetic
moments. This method showed no magnetic moment in the Pt
within the limit of sensitivity. A controversial discussion with
contrary XMCD results reported by other groups does not elim-
inate this issue completely. However, it could also be shown
numerically and experimentally by groups like Schreier et al.'7°
and Kikkawa et al.'7* that possible proximity Nernst effects are
negligibly small in SSE measurements. Therefore, the expected
effects in our measurements in the transverse SSE configuration
were the TSSE itself and an LSSE due to spurious out-of-plane
heat flow contributions.

In the TSSE configuration we were able to show that there isno
evidence of any TSSE contribution within the sensitivity limit of
the voltage measurement. However, we could again influence the
electrical contacts to evoke an antisymmetric voltage with respect
to the external magnetic field. This antisymmetric effect could
be attributed to the LSSE. A misinterpretation of the observed
ISHE voltage as a TSSE is possible when a disentanglement of
both effects is not implemented in the investigations. We have
shown a detailed procedure of this disentanglement.

Furthermore, the LSSE was investigated in more detail in
YIG/Pt bilayers. The results were discussed in the context of
the current literature. In conclusion, the LSSE in YIG/Pt is a
well established effect which can be used for the investigation
of magnetization directions, thermally induced spin currents
and, in future, for the investigation of magnetic sublattices in
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more complex systems, such as antiferromagnets or compensated
ferrimagnets.

In the last experimental chapter we set the focus on NFO/Pt
bilayers. The NFO films investigated in this part of our work
have shown a semiconducting character. The conductivity which
was dominated by thermally activated charge carriers could be
reduced drastically by measuring at low temperatures. This gave
us the opportunity to investigate the LSSE and ANE in more
detail. The ANE could be switched on and off by varying the
base temperature. It was shown that the conductivity of the
NFO decreases much faster than the LSSE when the temperature
drops. The contribution of the ANE in our LSSE measurements
at room temperature could be estimated by measurements with
and without Pt on top of the NFO. The ANE which was measured
on a pure NFO film is in the order of 10 % of the ISHE voltage in
an NFO/Pt bilayer. In the TSSE configuration, instead, we could
observe the same behaviour compared to YIG/Pt. No TSSE could
be found. However, we could influence the measurements via
the electrical contacts and obtained an LSSE/ANE combination
as was expected after the previous investigations on all material
systems.

In sum, our work has shown that there is no evidence for
a TSSE in all investigated material classes. Instead, we have
shown that spurious contributions of an out-of-plane temper-
ature gradient can result in unintended side effects which are
easily misinterpreted as a TSSE. Our investigations have shown
that experiments of this kind should be performed in a more
careful way, as reported before. Our contributions in this field
provide a better insight in the opposing point of view to the very
tew TSSE reports. Furthermore, the investigation of Nernst effects
in ferromagnetic conductors have also contributed to a better un-
derstanding of thermally driven charge currents by adding some
results of publications in this branch. The investigations of the
LSSE in magnetic insulators and semiconductors have led to a bet-
ter understanding of the characteristics of the effect which leads
to a reliable disentanglement of this effect and unintentional side
effects.

The LSSE is a well established and powerful tool for the inves-
tigation of thermally driven spin currents. Future investigations
will focus on magnetic sublattices in, e.g., antiferromagnets or
more complex ferrimagnets. At the moment, magnetic insulators
or at least semiconductors are the kind of material classes where
the LSSE is the dominant effect and the data interpretation is
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straightforward. For the investigated NFO films a further impor-
tant question is still left unanswered which concerns the spin
transport. Is the spin transport accomplished by spin polarized
charge transport or by magnons? In further work, NFO can be
investigated by techniques which can uncover this issue.

The proof of the LSSE in ferromagnetic conductors will be
more challenging due to difficult disentanglement of the domi-
nant side effects. The profit of this attempt will benefit material
systems like Heusler compounds or multilayer systems which
exhibit a bunch of interesting properties for spintronics. This will
be part of future investigations.
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