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1 Introduction

Thermoelectric effects describe the interplay of heat- and charge currents [9]. One

example is the (conventional) Seebeck effect [86]. Here, a temperature difference is

converted into an electric potential [32]. However, heat currents can also interact

with the intrinsic angular momentum (”spin”) of electrons [42, 87]. These phe-

nomena are investigated in the research field of spin caloritonics [9, 31]. The spin

Seebeck effect is the spin analogy to the conventional Seebeck effect. It describes

the generation of an electromotive force in a paramagnetic metal, attached to a

ferromagnet, by a temperature gradient [9, 106].

The spin Seebeck effect attracted a lot of attention due to possible applications,

allowing to convert thermal energy into electric energy with high efficiency. A sug-

gested application of the spin Seebeck effect is the so called spin-thermoelectric

coating [50]. This is a thin film structure, which utilizes the spin Seebeck effect for

power generation. The spin-thermoelecrtic coating has significant advantage over

the conventional Seebeck effect, since it provides easy scaling possibilities.

Nevertheless, the spin Seebeck effect is still a highly controversial topic. In litera-

ture, many contradicting results have been published [81, 83, 94, 96, 98, 106]. In

the following we will outline some key discoveries that constitute our understanding

of the spin Seebeck effect today. In addition, a number of recent publications on

the SSE will be presented.

In 2008 Uchida et al. [96] observed a magnetization orientation dependent ther-

movoltage in platinum stripes, which had been deposited on the ferromagnetic

metal permalloy. For the measurements, the so called transversal configuration

was used, in which the applied thermal gradient is parallel to the interface between

the platinum and the permalloy (cf. Fig. 1.1).

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

close analogy to the well known ”conventional Seebeck effect”, the observed voltage
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1 Introduction

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

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

thermal gradient.

In 2010 the spin Seebeck effect was observed in ferromagnetic insulators [98] and

magnetic semiconductors [40] suggesting that spin waves play an important role in

the SSE due to the absence of free charge carriers in insulators.

In the same year Xiao et al. [106] published a theory of the spin Seebeck effect,

where the spin Seebeck effect was explained in terms of thermal spin pumping [95]

of thermally generated magnons. Xiao et al. predicted, that the spin Seeebck effect

is proportional to the temperature difference between the electrons in the normal

metal, used for spin detection, and the magnons in the ferromagnet, used for spin

pumping.

So far, all measurements, reported in literature had been carried out in the trans-

verse spin Seebeck effect geometry. However, in the same year Uchida et al. [97]

showed that a thermovoltage could also be observed in the so called longitudinal

configuration, where the temperature gradient is perpendicular to the interface be-

tween the spin detector and the magnetic material(c. f. fig. 1.1).

While contributions of magnons and electrons to the spin Seebeck effect were al-

ready discussed in literature, Adachi et al. [1] suggested an enhancement of the

spin Seebeck effect due to the so called phonon drag mechanism. Temperature de-
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pendent measurements by Jaworski et al. [41] confirmed that phonons can indeed

drive a redistribution of spins.

In 2011, Uchida et al. [99] could show, that it is even possible to drive a spin current

by direct excitation of phonons with a piezo electronic actuator. This technique

was called acoustic spin pumping [22].

As mentioned at the beginning of this introduction, the spin Seebeck effect is a

controversial topic. It has been argued that the observed thermovoltages in the

longitudinal configuration could also be explained be the anomalous Nernst ef-

fect [38, 58, 81], even if magnetic insulators are used as the spin current source.

To separate the contribution from the spin Seebeck effect and the anomalous Nernst

effect, Ramos et al. [72] performed temperature dependent measurements on mag-

netite which posseses an metal/insulator transition at T = 115 K. At this so called

Verwey transition point of magnetite, the resistance of magnetite increases signif-

icantly, which should supress the Nernst contributions to the measured voltage,

while not affecting the spin Seebeck part. From their measurement Ramos et al.

concluded, that the contribution to the observed thermovoltage of the anomalous

Nernst effect is less than 3% at room temperature.

Huang et al. [38] pointed out, that even in experiments using magnetic insulators

the platinum, used for detection of the spin current in most experiments, can be-

come magnetic due to the magnetic proximity effect [58]. They suggested to use

gold instead of platinum as spin detector, with the former being diamagnetic and

thus essentially nonmagnetic even in the presence of a magnetic interface [71].

XMCD measurements, performed by Geprägs et al. [29], did not show proximity

induced magnetic moments at room temperature in samples, similar to the samples

used in this thesis.

To distinguish between contributions from the spin Seebeck effect and the anoma-

lous Nernst effect in ferromagnetic insulator/platinum samples, Kikkawa et al. [47,

48] performed spin Seebeck measurement in different magnetization/ temperature

gradient configurations. They found, that the anomalous Nernst effect is small, if

not experimentally insignificant, in YIG/Pt samples.

As mentioned above, the first observations of the spin Seebeck effect were made

in the transverse configuration [40, 41, 96, 98]. So far however, only two research

groups succeeded measuring the transverse spin Seebeck effect leading to an ongo-
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1 Introduction

ing debate about the validity of these first experiments. Simulations of the spin

Seebeck effect further indicate, that the achieved temperature differences in the

transverse configuration might not be large enough to explain the measured volt-

ages [83]. Schmid et al. [81] explained the results of [96] with contributions from

the anisotropic magnetothermo power and the anomalous Nernst effect due to a

small out of plane temperature gradient. The tranverse SSE, as reported in 2008

by Uchida et al.., may thus be below the detection limit of today’s electronics.

In conclusion, the spin Seebeck effect is a very contested topic. While the first

measurements of the spin Seebeck effect were performed in the transverse config-

uration, only the longitudinal configuration is employed nowadays as these first

results could not be reproduced. While spin Seebeck effect measurements in metals

and semiconductors can be found in literature, current research mainly focuses on

magnetic insulators which circumvent most but not all issues present in the discus-

sion above.

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

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

The transient spin Seebeck experiments, which will be presented in this thesis,

contribute to the ongoing discussion outlined above. Since anomalous Nernst and

spin Seebeck effect hinge on fundamentally different microscopic processes, both

effects could be distinguished by time resolved measurements. Further, dynamic

measurements will help to understand the microscopic mechanisms of the spin See-

beck effect.

Further, a new experimental setup for spin Seebeck effect measurements will be

presented, which simplifies measurements which previously required sophisticated

experiment setups. Thus this technique can accelerate the development in the field

of spin caloritronics.

4



2 Theory of the spin Seebeck effect

This chapter outlines some key theoretical concepts relevant for the understanding

of the spin Seebeck effect. First, spin currents are introduced. Afterwards, the

spin Hall effect [36, 89], which converts spin currents into charge currents, will

be discussed. Next, the model given by Xiao et al. [106] for the spin Seebeck

effect will be presented, to give an intuitive understanding of this effect. Finally,

the transient response on an external (thermal) perturbation of coupled systems is

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

2.1 Electron charge and spin currents

Electrons do not only carry a charge of −e, but also an intrinsic magnetic moment

(”spin”). The spin of an electron is characterized by the spin angular momentum

operator Ŝ = ~/2(σx, σy, σz)
T , with σi representing the Pauli matrices [10]. For the

electron spin pointing along the z-direction, the eigenvalues of the spin operator

are given as ms = ±~/2 [10], where ms is the spin magnetic moment.

It is possible, to define spin currents, carried by electrons in analogy to conventional

charge currents. However, the definition of such a spin current is not straightfor-

ward, since the electron spin is not a conserved quantity due to spin orbit cou-

pling [110].Consequently, it is not possible to set up a continuity equation for the

spin current.

In literature, different approaches are found for the definition of a spin current [7,

73, 88, 92, 93, 107, 110], however, most of these approaches contain involved math-

ematical formalisms and will therefore not be discussed in detail in this thesis. In

order to still give an intuitively understandable picture of spin currents, the situa-

tion in systems without spin orbit coupling will be described in a two spin channel

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

5



2 Theory of the spin Seebeck effect

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

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

same charge −e, the total charge current is given as:

Ic = −e(I↑ + I↓) . (2.1)

With a spin magnetic moment of ms = ±~/2, carried by one electron, a spin current

can be written as:

Is =
~
2

(I↑ − I↓) . (2.2)

The different signs for I↑ and I↓ are caused by the different directions of the spin

magnetic moment for spin-up and spin-down electrons. Figure 2.1 gives an intuitive

picture for spin and charge currents. In Fig. 2.1(a), I↑ and I↓ have the same di-

rection and magnitude. Therefore the total charge current [Eq.(2.1)] is finite while

the spin current [Eq.(2.2)] is zero.

In Fig.2.1(b), I↑ = 0, therefore the charge current as well as the spin current is

non vanishing. A pure spin current is depicted in Fig. 2.1(c), since I↑ and I↓ have

different sign but same magnitude (I↑ = −I↓). Consequently Ic will cancel out but

Is remains finite.
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2.2 Magnonic spin currents

2.2 Magnonic spin currents

(a) Visualization of a spin wave.
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(b) Dispersion relation of the spin waves in a linear
chain of spins.

Figure 2.2: Panel (a) shows the ground state of a one dimensional chain of magnetic
moments as well as two perspective views of an excited state. The excited state com-
prises a spin wave with q 6= 0. In panel (b), the dispersion relation of the spin waves in
the one dimensional chain is depicted.

So far, spin current, carried by electrons were discussed. However, spin information

can be carried by spin waves (magnons) as well [60]. In ferromagnetic insulators,

no conduction electrons are available. In such systems the spin current is carried

solely by spin waves [43, 44, 63].

The physics of spin waves will be illustrated with the examples of a one dimensional

Heisenberg model1 (a chain of magnetic moments with nearest neighbor interac-

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

H = − J
~2

N∑
m=1

Sm · (Sm−1 + Sm+1) (2.3)

where J is the exchange coefficient. The magnetic moment, associated with a spin

is given as µm = −gµB/~ ·Sm, where g is the g-factor and µB is the Bohr magneton.

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

1The model is semi-classical. Therefore, the spin angular momentum operator Ŝ will be replaces
by a vector S of length S = |S|.
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2 Theory of the spin Seebeck effect

its ground state. If a magnetic moment µm is deflected from the ground state, it will

experience a torque due to the molecular field BM, associated with the magnetic

chain, and an external magnetic field BEx. This torque equals the time derivative

of the spin angular momentum Sm [39]:

dSm

dt
= −gµB

~
Sm × (BM + BEx) (2.4)

The molecular field BM, seen by the spin Sm is given as [32]:

BM = − J

gµB~
(Sm−1 + Sm+1) (2.5)

Substituting this expression into Eq. (2.4) gives an equation of motion for Sm. Since

the deflection of S in x- and y-direction is assumed to be small, higher order terms

in Sx and Sy are neglected. Further Sz ≈ |S| = S. With the external field oriented

in z-direction (BEx = Bz), one obtains:

dSx
m

dt
= −gµBB

z

~
Sy
m −

JS

~2
(2Sy

m − S
y
m−1 − S

y
mx1) , (2.6)

dSy
m

dt
= −gµBB

z

~
Sx
m −

JS

~2
(2Sx

m − Sx
m−1 − Sx

mx1) , (2.7)

dSz
m

dt
= 0 . (2.8)

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

Sx
m = Sx · ei(qma−ωt) , Sy

m = Sy · ei(qma−ωt). (2.9)

Here, a is the distance between two interacting magnetic moments (lattice con-

stant). The solution, obtaind with the aforementioned ansatz is the dispersion

relation for spin waves [32]:

ω =
gµBB

z

~
+

2JS

~
(1− cos(qa)) . (2.10)

This dispersion relation is plotted in Fig. 2.2(b). Further it is found, that Sx and

Sy have the same magnitude but differ by a phase of 90°: Sy = iSx. The physical

meaning of this relation is, that the magnetic moments precess in a circular motion

around their ground state position.

8



2.3 Spin Hall effect

Especially interesting is the uniform magnetic precession mode for q = 0. If an

external magnetic field is applied, all moments will precess in phase with the fre-

quency

ω =
gµB

~
Bz = γBz . (2.11)

This is the Lamor frequency proportional to the gyromagnetic ratio γ. It is possible

to excite the uniform magnetic precession mode with microwave excitations in so

called ferromagnetic resonance experiments.

Naturally, the spin wave dispersion in a real system such as the ferrimagnetic insu-

lator yttrium iron garnet (YIG, Y3Al5O12) is much more complex than in the simple

model presented here (cf. Ch. 3). Fundamentally, however, spin waves can always

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

2.3 Spin Hall effect

The spin Hall effect and the inverse spin Hall effect provide a bridge between con-

ventional electronics and spin electronics because they allows to convert charge

currents to spin currents and vice versa [36, 89]. Spin currents, for example gener-

ated by the spin Seebeck effect or spin pumping, are usually measured by utilizing

the spin Hall effect [67, 84, 97, 104]. The spin Hall effect converts spin currents in

charge currents which can be detected with conventional measurement electronics.

A microscopic picture for the understanding of the spin Hall effect was provided

by Dyakonov et al. [24] and later by Hirsch [36]. While electrons move through a

paramagnetic metal, they are scattered at e.g. charged impurities. Since skew scat-

tering and side jump scattering is asymmetric with respect to the spin orientation,

the probability of a certain electron path depends on the spin orientation [101].

This situation is depicted in Fig. 2.3. Here electrons with different spin orientation

are scattered in different directions, giving rise to a spin current perpendicular to

the charge current. In addition to scattering at impurities, the spin Hall effect can

also be caused by intrinsic mechanisms [66, 89].

So far, the spin Hall effect has been discussed, which describes the generation of a

spin current due to the flow of a charge current. However, the inverse process is

possible as well due to Onsager reciprocal relations [49]. This is called inverse spin

9



2 Theory of the spin Seebeck effect

Hall effect. The charge current Ic, generated by a spin current Is is given by [106]:

Ic = +θH
2|e|
~

Is × σ (2.12)

Here, e is the elementary charge, σ is the spin polarization vector of the spin cur-

rent, Is the spin current, Ic the charge current and θH is the spin Hall angle, which

is a measure for the conversion efficiency.

Experimental evidence for the spin Hall effect was found with different measure-

ment approaches. In semiconductors, the spin Hall effect was measured using Kerr

microscopy [45]. Valenzuela et al. [101] injected a spin polarized current into a nor-

mal metal via tunneling from a ferromagnetic electrode and detected the inverse

spin Hall voltage in the former. Finally Saitoh et al. [78] used the technique of spin

pumping to inject a spin current into platinum. Also this spin current was detected

via the inverse spin Hall effect.

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

10



2.4 Spin Seebeck effect

2.4 Spin Seebeck effect

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

In a ferromagnetic insulator/normal metal bilayer, a spin current between the fer-

romagnetic insulator and the normal metal can be excited under application of a

temperature gradient. Via the inverse spin Hall effect, this spin current can be

converted into a charge current. It is then possible to measure a voltage under

open circuit conditions. This is called spin Seebeck effect [9]. An intuitive picture

of the spin Seebeck effect is provided in the theory of Xiao et al. [106]. Thermal

energy leads to the precession of magnetic moments in a ferromagnetic insulator

which is characterized by the magnon temperature Tm. By the mechanism of spin

pumping [95], the precessing magnetization excites a spin current into the normal

metal. This situation is depicted in Fig. 2.4.

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

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

11



2 Theory of the spin Seebeck effect

measure for the thermal energy of the electrons and thus for the spin current from

the normal metal into the ferromagnet.

In conclusion, the total spin current is a superposition of the spin pumping cur-

rent, depending on Tm and the fluctuating spin current, depending on Te. The

corresponding expectation value for the spin current is found to be [106]:

〈js〉 = Ls(Tm − Te) (2.13)

Thus the spin current is proportional to the temperature different between magnons

in the ferromagnetic insulator Tm and the electrons in the normal metal Te. Ls is

the interfacial spin Seebeck coefficient. The direction of the spin current is per-

pendicular to the normal metal/ ferromagnetic insulator interface. If the electron

temperature in the normal metal Te is higher as the magnon temperature in the

ferromagnet Tm, the direction of the spin current will be from the normal metal

into the ferromagnet and vice versa. The origin of such a temperature difference

will be discussed in the next section.

The theory by Xiao et al. [106] presented here is based on the macro-spin approx-

imation. Thus, the collective mode dominates the dynamics and the spin current

generation in their model. It was explained in Sec. 2.2, that the wavenumber is

zero for these excitations. Newer theories are based on thermal magnon excita-

tions [74, 94]. As explained in Sec. 2.5, dfferent time constants are associated with

these different theoretical approaches. The objective of transient spin Seebeck ef-

fect measurements, performed in Ch. 4 of this thesis, is to distinguish between the

different theoretical approaches.

2.5 Temperature profiles in ferromagnetic insulator/

normal metal bilayers

As discussed in the previous section, the spin Seebeck effect is driven by a differ-

ence of the magnon temperature Tm in the ferromagnetic insulator and the electron

temperature Te in the normal metal according to Xiao et al. [106]. This section will

address the question, how the temperature difference ∆Tme = Tm − Te hinges on

the magnon-phonon interaction time.

12



2.5 Temperature profiles in ferromagnetic insulator/ normal metal bilayers

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

In normal insulators, heat is carried by lattice excitations (phonons). However in

ferromagnetic insulators, heat can also be carried by magnetic excitations (magnons).

Experimental evidence for this phenomena was found in transport measurements

on YIG at low temperatures and in high magnetic fields [21]. It was reported, that

magnons contribute up to 66 % to the total heat capacity of YIG at low tempera-

tures [76].

To understand the dynamic processes leading to a temperature difference of elec-

trons in the platinum and magnons in the YIG under the application of a thermal

gradient, a simple model is introduced in Fig. 2.5 [83, 106]. In this model, the tem-

perature imbalance is generated via electromagnetic irradiation e.g. with a laser.

This electromagnetic irradiation couples strongly to the electronic system in the

platinum. Excited electrons will equilibrate with the phononic system [57]. This

process is associated with the elecron-phonon interaction time τep. Since the plat-

inum film is grown on YIG, the phonon system in the platinum is coupled to the

phonon system in the YIG via the YIG/platinum interface. A thermal resistance

Rth is associated with the interface [83].

Coupling between the phonons and the magnons in the YIG gives rise to a heat
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2 Theory of the spin Seebeck effect

current between both systems [83]. The coupling is characterized by the magnon-

phonon interaction time τmp [106]. In addition, the phononic system of the YIG is

also coupled to the phononic system of the substrate, which can be assumed as a

very large heat reservoir2.

In the model by Xiao et al., the heat flux carried by the spin current from the elec-

tron system to the magnon system, caused by thermal spin pumping, is neglected.

It is assumed that the interface magnetic heat conductance K ′m is negligibly small.

Later studies [27, 37, 83], however, found this contribution to significantly impact

the magnon temperature.

Summing up, the electron temperature is changed directly via laser irradiation,

while the magnon temperature is altered via magnon-phonon interaction. Time

constants are associated with the electron-phonon equilibration process (τep) as well

as with the magnon-phonon interaction (τmp). Under constant laser irradiation, a

steady state will be establish with constant temperature difference ∆Tme = Tm−Te.

However, it can be expected that the temperature difference ∆Tme will change, if

the laser intensity is modulated on time scales, close to or shorter as the time con-

stants mentioned above. Therefore transient spin Seebeck effect measurements can

be utilized to probe these time constants.

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

measurements

This chapter discusses of the properties and fabrication of the YIG/Pt thin film

samples on which the measurements discussed in this thesis were performed. All

samples, investigated in this thesis, were grown by Sibylle Meyer, Matthias Altham-

mer and Felix Schade at the Walther-Meißner-Institute. The lithography process

was conducted by Michael Schreier, Sibylle Meyer, Matthias Althammer and the

author of this thesis, also at the Walther-Meißner-Institute. At the end of this

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

3.1 Yttrium Iron Garnet

Yttrium iron garnet is a synthetic garnet [12]. It is often used for spin Seebeck

effect measurements as a spin sink or source [84, 97, 103] because it is not only fer-

rimagnetic at room temperature but also insulating. This special property allows

to perform spin Seebeck effect measurements without spurious contributions from

other thermo-magneto-electric effects such as the anomalous Nernst effect.

Reference [12] provides a good overview of the magnetic properties of YIG. The

structural formula of YIG is Y3Fe5O12. It crystallizes in a bcc structure with a

lattice constant of a = 12.4�A. This large lattice constant implies already, that

YIG has a very complex unit cell, which consists of 80 atoms out of which 20 are

magnetic.

At T = 0 K the 20 magnetic ions lead to 20 different magnon branches in the

magnon dispersion relation of YIG, as shown in Fig. 3.1. The arrow in Fig. 3.1

indicates the uniform magnetic precession mode which is commonly excited in fer-

romagnetic resonance experiments. The Curie temperature of YIG (TC = 560 K)

is well above room temperature.
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3 Samples for spin Seebeck effect measurements

Figure 3.1: Picture from [12]. The magnon spectrum of YIG for the directions k||[110]
and k||[100] at T = 0 K. The 20 magnetic ions per unit cell lead to 20 different
magnon branches. The uniform magnetic precession mode, which can be excited in
ferromagnetic resonance experiments, is indicated with an arrow.

3.2 Sample fabrication

The fabrication process of the YIG/Pt samples is described in detail in Refs. [6,

29]. Single crystalline Y3Al5O12 (yttrium aluminium garnet, YAG) or Gd3Ga5O12

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

epitaxial YIG growth1. YIG was deposited with pulsed laser deposition from a

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

the deposition.

1It was found that both substrates do not influence the spin Seebeck effect measurements [82].
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3.3 Sample geometry

On top of the YIG film, a platinum layer is deposited in situ, without breaking

the vacuum, by electron beam evaporation. Due to the lattice mismatch between

platinum and YIG, platinum grows polycrystalline. The platinum layer is used as

a spin current detector, by means of the inverse spin Hall effect (cf. Sec. 2.3).

In order to perform spin Seebeck effect measurements on the YIG/Pt samples, the

samples were patterned with optical lithography. After the lithography process,

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

3.3 Sample geometry

All measurements, in Ch. 5 were performed on YIG/Pt samples, patterned with a

Hall bar structure, as shown in Fig. 3.2(b). The Hall bar consists of 10 bond pads

allowing to measure voltages along, both, the long and the short stripes. The size

of the long stripe is 1 mm× 80 µm.

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

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

Table 3.1: This tables gives an overview over the different YIG/Pt samples used for
measurements in this thesis. dYIG and dPt denote the thickness of the YIG and platinum
layer respectively.

In Ch. 4, a second structure was used for high frequency spin Seebeck effect mea-

surements. This structure is shown in Fig. 3.2(a). It consists of two bond pads,

connected by a 100 µm× 100 µm small bridge. Table 3.1 provides an overview over

the YIG samples used for measurements, performed within the framework of this

thesis.
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4 Time resolved spin Seebeck effect

experiments

In this chapter, the time resolved measurements of the spin Seebeck effect will be

discussed. For these experiments, a transient temperature gradient along a normal

metal/ ferrimagnetic insulator interface is established with laser heating. After a

motivation for time resolved spin Seebeck effect experiments, the chapter will begin

with a description of the experimental setup. Spatially resolved measurements

of the spin Seebeck voltage are discussed subsequently to illustrate the sample

geometry and the function of the setup. The time resolved measurements were

performed with a lock-in amplifier and with a digitizing card. Results, obtained

with both measurement techniques will be discussed and compared. From these

measurements it is concluded, that the spin Seebeck effect is not dominated by

small wavenumber magnons. Rather, the complete magnon spectrum has to be

considered.

4.1 Motivation: Time resolved spin Seebeck effect

experiments as a probe of magnon phonon

thermalization time

We investigate the spin Seebeck effect in YIG/Pt structures [77]. YIG is a ferri-

magnetic insulator, while Pt is a normal metal, used for the detection of a spin

current via the inverse spin Hall effect. In section 2.4 it was argued, that the spin

Seebeck effect is caused by a thermal non-equilibrium in the magnetic system. This

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

A thermal non-equilibrium situation is usually generated externally, e.g. by electro-

magnetic irradiation. In order to relax back to thermal equilibrium, heat currents

will emerge in the system. The heat current in YIG is carried by magnons and

phonons, while the heat current in Pt is carried by electrons and phonons. In ad-

dition, a heat current across the interface, carried by phonons and the spin current

will emerge. Thermal interaction times between the heat reservoirs determine the

dynamics of the spin Seebeck effect. A roll off in the spin Seebeck effect can be

expected, if the non-equilibrium will be generated on time scales, shorter as the

aforementioned interaction times.

The electron-phonon interaction time in the platinum layer is known to be in the

picosecond regime [57]. Experimental data of the time constant associated with

heat transport across the YIG/Pt interface was not reported in literature. How-

ever, in theory this time constant is assumed to be very small [106]. Therefore, the

dynamics of the spin Seebeck effect is ultimately limited by the magnon-phonon

interaction time τmp in the YIG [106]. Transient measurements of the spin Seebeck

effect could thus enable an estimation of τmp and give insights in the dynamics of

the spin Seebeck effect.

Getting a better understanding of the dynamics of the spin Seebeck effect is es-

pecially important since recent spin Seebeck effect theories use very different as-

sumptions concerning the magnon-phonon interaction. Rezende et al. [74] as well as

Hoffman et al. [37] assume strong coupling between the magnetic system (magnons)

and the lattice (phonons) and as a consequence, equal magnon- and phonon tem-

peratures in the ferrimagnetic insulator, eg. τmp � 1 µs. In the theory of Xiao et

al., it is assumed that k = 0 magnons (uniform magnetization precession mode)

are relevant for the spin Seebeck effect [106]. The magnon-phonon interaction time

for the uniform precession mode in bulk YIG crystals was measured in ferromag-

netic resonance experiments and is on the time scale of τmp ≈ 1 µs [80]. Tikhonov

et al. [94] and Schreier et al. [83] consider a thermally distributed magnon spec-

trum with much smaller interaction times to be relevant for the spin Seebeck effect

(τmp ≈ 255 ps).

Agrawal et al. [4] attempted to measure the magnon- and phonon temperatures

in YIG, using an infrared camera and Brillouin light scattering from which one

can infer τmp. However, theoretical calculations suggest, that the resolution of this

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

chapter, transient measurements of the spin Seebeck effect will be presented, which

allow to distinguish between the different theoretical approaches mentioned in the

previous paragraph. An intensity modulated laser is used to establish a tempera-

ture imbalance on short timescales. For laser intensity modulation frequencies in

the range of 2πfmod ≈ 1/τmp, we expect a change in the spin Seebeck voltage, since

magnons and phonons can not equilibrate with each other. As mentioned above,

τmp is of the order of 1 µs for small wavenumber magnons [80], which corresponds

to a cutoff frequency fmod of a few megahertz. Measurements will be presented

in this chapter, which show that no change in the spin Seebeck voltage is experi-

mentally observed up to laser intensity modulation frequencies of fmod = 50 MHz.

Consequently, the contribution of large k magnons must be important for the spin

Seebeck effect.

4.2 Experimental setup

All measurements discussed in this chapter were carried out in the longitudinal spin

Seebeck effect geometry [97]. This means that the temperature gradient is applied

perpendicular to the normal metal/ ferromagnet interface and the spin current is

parallel to temperature gradient.

Laser heating is used in this chapter to create a temperature gradient [5, 77, 102,

103]. Since a laser beam can be focused down to a few µm and thus the tem-

perature gradient is created only locally, this technique allows position dependent

measurements. Further, a laser suits well to probe the dynamics of the spin Seebeck

effect, since it allows to change the temperature gradient on short timescales by

modulating the laser intensity.

The samples, used for the time resolved measurements are YIG(d1)/Pt(d2) struc-

tures on YAG substrates. Here, d1/2 denotes the corresponding film thickness in

nm. The fabrication process of the samples is described in Sec. 3.2. Two samples,

studied in this chapter are patterned with Hall bar mesa structures. Different film

thicknesses were investigated in order confirm the RC-lowpass model introduced

in Ch. 4.3. A different mesa structure design (cf. Sec. 3.3) was used for a third

sample, to avoid cutoffs, due to lowpass circuitry.
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4 Time resolved spin Seebeck effect experiments

Figure 4.1: Sketch of the experimental setup for spatially resolved spin Seebeck effect
measurements [103]: The laser beam is coupled into an optical fiber and focused by a
collimator pack at the end of the fiber. This collimator pack is mounted on a xyz-stage,
allowing to move the laser spot on the sample surface and to adjust the focus. In order
to measure the spin Seebeck voltage along x, a magnetic field has to be applied in the
y-direction, while the temperature gradient is along z. The close-up view shows the
YIG/Pt layer stack from the side. Note, that the temperature gradient, induced by the
laser is radially symmetric in the film plane.

The experimental setup to measure a spin Seebeck voltage with a laser is sketched

in Fig. 4.1. The laser (Toptica iBeam smart, λLaser = 645 nm) is coupled into an

optical fiber. A collimation pack, mounted on a xyz-stage, is used to focus the

laser beam and allows to position the laser spot on the sample. To obtain spatially

resolution, the laser is moved in the x- and y-direction, while the z-direction is

changed in order to control the focus.

Additionally, a magnetic field can be applied in y-direction. For all following mea-

surements, magnetic fields of µ0H = 70 mT were applied in order to align the mag-

netization of the YIG film along the external field (70 mT� µ0Hc, cf. Sec. 5.3.2).

The spin Seebeck voltage is measured in the x-direction, perpendicular to the tem-

perature gradient and the magnetic field. All experiments are carried out at room

temperature. Figure 4.2 shows a block diagram of the electronics, used in this

setup. The samples are contacted with Al bonds and glued on a chip carrier with
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4.2 Experimental setup

Figure 4.2: Block diagram of the experimental setup for spin Seebeck effect measure-
ments. The computer is used to control the magnetic field, the laser intensity and the
modulation frequency of the function generator. The function generator modulates the
laser intensity with a square wave function and provides a reference signal for the lock-in
amplifier or the Gage card. With the laser, a temperature gradient ∇T is applied to the
sample. The spin Seebeck voltage is preamplified and detected by the lock-in amplifier
or the Gage card.

silver paste. Coaxial cables are used to connect the sample carrier to a pream-

plifier (FEMTO HVA-200M-40-F for YIG(48)/Pt(4.9)1 and YIG(61)/Pt(19.5) or

FEMTO DHPVA-200 for YIG(55)/Pt(16.5), depending on the sample resistance).

After amplification, the signal is either recorded with a lock-in amplifier (Zurich

Instruments HF2LI ) or a digitizing card (GaGe Razor). The modulation signal

for the laser amplitude is provided by a function generator which also feeds the

detection electronics with a reference signal.

4.2.1 Spatial resolved spin Seebeck voltage

In section 2.4, it was argued, that the spin Seebeck effect is driven by an imbalance

between the electron temperature Te in the Pt, and the magnon temperature Tm

in the YIG [106]. This temperature imbalance is induced by laser heating in the

sample stack of YAG/YIG/Pt. The absorption coefficient of YIG is small for light in

1The numbers in brackets denote the film thickness in nm
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4 Time resolved spin Seebeck effect experiments

(a) Full voltage range image (b) Smaller voltage range image

Figure 4.3: Spatially resolved spin Seebeck voltage in false color representation. In the
full voltage range image (panel (a)), the Hall bar body appears as a red bar. However,
in the smaller voltage range image (panel (b)), the contact pads can be seen as well.
This effect is caused by the backreflection of laser light from the sample’s bottom side
which is then absorbed in the Pt layer. Since the transverse contact pads are essentially
intransparent to the laser light no signal is observed here.

the visible spectrum [85], so the laser light is mostly absorbed in the Pt. Therefore

the Pt is always warmer than the YIG and the spin current is flowing out of the Pt

into the YIG (cf. Sec. 2.4). By means of the inverse spin Hall effect in the Pt layer,

the spin current js gets converted into a charge current jc (cf. Sec. 2.3). Under

open circuit conditions for jc this leads to a charge accumulation at the ends of

the sample and thus a potential difference VISH between the measurement contacts.

This voltage is preamplified and detected with a lock-in amplifier.

To avoid voltage pickup of parasitic signals Vpara, e.g. caused by the conventional

Seebeck effect, the symmetry of the spin Hall voltage VISH with respect to the

magnetic field (Sec. 2.3) is used:

VISH(+B) + Vpara(+B) = −VISH(−B) + Vpara(−B). (4.1)

Inversion of the magnetic field will lead to an inversion of the spin Hall voltage,

while parasitic signals are not affected by the magnetic field direction. Thus, after

subtraction of signals measured for both directions of the magnetic field, only the

spin Seebeck voltage will remain. Since the measurements are performed with a
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4.2 Experimental setup

lock-in amplifier, both voltage channels Vx and Vy have to be considered2:

Vx = (VISH + Vpara) · cos(α), Vy = (VISH + Vpara) · sin(α) (4.2)

The phase α can be adjusted, such that all signal is contained in one channel.

Finally, the spin Seebeck voltage VSSE is defined as the difference in voltage after

inversion of the magnetic field. Assuming that the signal is contained in the x-

channel only we thus have:

VSSE :=Vx(−B)− Vx(+B) (4.3)

=2VISH (4.4)

It is necessary, that the phase α does not change during measurements because oth-

erwise the signal will not be contained in the x-channel only. This is usually true

for measurements with a fixed modulation frequency, such as position dependent

measurements. However, for measurements where the modulation frequency will

be changed (cf. Sec. 4.3), the discussed procedure will not be possible anymore.

Since the sample is only heated locally one can discriminate measurements at

different laser spot positions. This allows to record a spin Seebeck voltage map

VSSE(x,y). Such a map is plotted in Fig. 4.3 for the sample YIG(48)/Pt(4.9). Here,

the voltage was measured between the two contacts (x,y) = (100 µm, 450 µm) and

(1200 µm, 450 µm). For this measurement, the laser was modulated at a frequency

of fmod = 200 kHz. This allows short integration times for the lock-in amplifier.

Therefore the time limiting factor of the measurement was the positioning of the

collimator pack with the xyz-stage (≈ 0.5 s per data point). The number of data

points of the voltage map is approx. 0.5 MPixel.

The red bar in Fig. 4.3(a) correlates exactly with the size and shape of the Hall bar

body. This means, that a large voltage signal is measured whenever the laser spot

illuminates the Hall bar body. The size of the Hall bar body is 1000 µm × 80 µm.

The blue color next to the Hall bar indicates smaller voltages, when the laser does

not heat the Hall bar body.

2Please notice that Vx and Vy denote the x- and y- voltage channel of the lock-in amplifier
respectively, while V (x,y) denotes a position dependent voltage.
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In fig. 4.3(b) the same data are presented but with a different voltage scale. The

image shows, that a voltage signal can still be measured, when the laser hits the

YIG layer in proximity to the Pt Hall bar body. This voltage is one order of

magnitude smaller and can be explained with back reflections of the light from the

back of the substrate,since the laser light can pass the YIG and substrate layers

without being absorbed [85]. The reflected light can again heat the Pt layer of the

Hall bar body.

Further, no voltage is measured, when the laser is scanned across the contact pads

of the Hall bar. Here, the majority of the light is absorbed upon initial incidence.

While a spin Seebeck voltage is generated here as well, the geometry of the Hall

bar prevents any sizeable voltage difference to built up between the measurement

contacts [82, 103].

4.2.2 High frequency characterization of the setup

To understand the high frequency behavior of the lock-in amplifier, the output of

a frequency generator is connected directly to the lock-in amplifier via a coaxial

cable [cf. inset of Fig. 4.4(a)]. For different frequencies in the range of 100 kHz up

to 50 MHz, the magnitude Vpp and the phase of a sine wave with a peak to peak

amplitude of Vpp = 100 mV was recorded with the Zurich Instruments HF2LI lock-

in amplifier. Up to frequencies of about 20 MHz, the full peak amplitude Vpp of the

signal is recorded. The phase shift at 20 MHz is 60°. In the amplitude-frequency

response diagram [Fig. 4.4(a)], a maximum at 13 MHz indicates a resonance. For

frequencies above 30 MHz, the signal is attenuated. At 50 MHz, 60% of the unat-

tenuated signal is measured. The large phase shift of 180° at a frequency of 30 MHz

[cf. Fig. 4.4(b)] can be explained by the finite velocity of the electromagnetic signal

in the coaxial cable. The phase ϕ of an electromagnetic wave is given by [34]:

ϕ = ~k · ~r − ω · t.

~k is the wave vector, ~r is a position vector and ω is the wave number. During a

time t = L/v (L is a distance and v the speed of the wave) from the sample to the

26



4.2 Experimental setup

1 0 5 1 0 6 1 0 7 1 0 85 0

6 0

7 0

8 0
9 0

1 0 0
1 1 0

 

V PP
 (m

V)

F r e q u e n c y  ( H z )

T r a n s m i t t e d  S i g n a l

L o w p a s s  f i l t e r ,  
f c  =  5 0  M H z

T r a n s m i s s i o n  t h r o u g h  S M B  c a b l e

(a) Magnitude of the transmitted voltage signal

1 0 5 1 0 6 1 0 7 1 0 8- 1 8 0

- 9 0

0

9 0

L o w p a s s  f i l t e r ,  
f c  =  5 0  M H z

T r a n s m i s s i o n  t h r o u g h  S M B  c a b l e

Ph
as

e (
°)

F r e q u e n c y  ( H z )

l i n e a r  f i t ,
m  =  ( - 3 . 4 2 ± 0 . 0 2 ) 1 0 - 6  ° / H z

T r a n s m i t t e d  S i g n a l

(b) Phase of the transmitted voltage

Figure 4.4: (a) Bode diagram for the transmission of a peak to peak voltage of 100 mV
through a coaxial cable. The equivalent circuit is drawn in the inset. This measurement
provides information about the high frequency characteristics of the measurement setup.
For frequencies up to 20 MHz the transmitted signal is almost unattenuated. At higher
frequencies, the voltage is attenuated and a phase shift can be observed. The phase
shift (panel (b)) is caused by the finite signal speed. For comparison, the Bode diagram
for a low pass filter of first order is drawn as well.

detection electronics a phase of

∆ϕ = ∆ω · t = 2π ·∆f · t

builds up. Thus, by changing the modulation frequency f , the phase of the recorded

voltage signal is affected. The transmission time t of the signal through the cable

is independent of the modulation frequency3. To confirm this dependence, a linear

function was fitted to the data in Fig. 4.4(b). The theoretical curve (blue) is in

good agreement with the measured data.

In addition to the measured data, the frequency response of a low pass filter of first

order with a cutoff frequency of fc = 50 MHz is plotted in Fig. 4.4, since 50 MHz

is the maximum operation frequency of the Lock-in amplifier. At frequencies close

to or higher than fc there is a notable disagreement between the signal response

expected for such a filter and the actually recoded data. This indicates, that a

simple low pass filter is not a good model to describe the high frequency behavior

3The frequency of the laser light fLaser will not be changed for the experiments.
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of the lock-in amplifier. In addition, the phase shift of a low pass filter is is a

constant for f � fc (∆φ = 90°), while only the linear shift due to the finite signal

velocity is observed here.

In conclusion, the lock-in amplifier works well for frequencies smaller than 30 MHz.

For higher frequencies, the voltage magnitude is attenuated, however, a simple

low pass filter can not accurately describe the observed behavior. The phase on

the other hand is still constant. A phase shift could only be observed due to the

finite speed of the electromagnetic waves in the cable. In measurements of the spin

Seebeck effect, it will be important to correct for this phase shift by subtracting a

linear function.

4.3 Time resolved measurements

In this section, time dependent measurements of the spin Seebeck effect will be

discussed. The setup is sketched in Fig. 4.5. It is different from the setup discussed

in Fig. 4.1, since now the modulation frequency fmod of the laser is changed in

addition to the position of the laser spot on the sample surface. Still a lock-in

amplifier is used for the detection of the ac spin Seebeck voltage.

The transmission characteristic of the experimental setup is drawn as an equivalent

circuit diagram in Fig. 4.5. Due to the resistance R and shunt capacitance C

introduced by the sample and the wiring, respectively, the circuit can be modeled

as an RC low pass filter. Applying Kirchhoff’s laws, the differential equation,

describing the low pass filter is found as

RC
dVSSE

dt
+ VSSE = V0, SSE. (4.5)

V0, SSE is the generated spin Seebeck voltage, while VSSE is the voltage, which can

be measured, due to low pass filtering.

4.3.1 Frequency map

Figure 4.6 shows false color plots of transient spin Seebeck effect measurement. The

data were recoded by scanning the laser spot across the Hall bar in the y-direction

(cf. Fig. 4.5) at fixed laser modulation frequencies fmod. The Hall bar is located
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Figure 4.5: For the transient spin Seebeck effect measurements, an intensity modu-
lated laser is used in order to induce a time dependent temperature gradient ∇T across
the YIG/Pt interface. An external magnetic field is applied perpendicular to the mea-
surement direction and the temperature gradient ∇T . The generated spin current is
converted into a charge current in the Pt layer. This charge current causes a potential
difference at both ends of the Hall bar due to the open circuit geometry. After pream-
plification, the voltage is detected with a lock-in amplifier. In addition an equivalent
circuit diagram for the measurement circuit is sketched. This circuit diagram indicates,
that the measurements are limited by RC lowpass behavior.

between y = 50 µm and y = 130 µm. After each scan, the frequency was increased

and the same line (along y) was scanned again. The frequency range is 10 kHz

to 50 MHz. In order to visualize the data processing, the raw data for one field

direction (B = 70 mT) and both voltage channels of the lock-in amplifier is plotted

in Fig. 4.6(a) and Fig. 4.6(b).

In the low frequency range (. 1 MHz) a clear spin-Seebeck signal can be seen in

the x-channel voltage, indicated by a blue rectangle, which has the y dimension of

the Pt-bar (Fig. 4.6(a)). The signal decays for frequencies & 1 MHz. This can be

explained by a phase shift, since a spin Seebeck voltage is measured in the y-channel

for frequencies 1 MHz . fmod . 8 MHz (red patch in Fig. 4.6(b)). For even higher

frequencies (& 5 MHz), this voltage signal is superimposed by resonances in both

channels.
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4 Time resolved spin Seebeck effect experiments

(a) voltage at x-channel (b) voltage at y-channel

(c) even voltage signal (d) odd voltage signal

Figure 4.6: Frequency dependent measurements of the spin Seebeck voltage on the
sample YIG(61)/Pt(19.5). At a fixed modulation frequency fmod the sample was
scanned along a 200 µm long line in y-direction. After each line scan, the frequency
was increased and the procedure repeated. The Pt layer is located between y = 50 µm
and y = 130 µm. In panel (a) and (b), the raw signal of the lock-in amplifier is plotted
(x-channel voltage and y-channel voltage respectively). The even voltage (panel (c))
on the Pt stripe stays constant up to fmod ≈ 1 MHz and decays for higher frequencies
due to the RC low pass behavior of the measurement circuit. In the odd voltage, only
resonances are evident.
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4.3 Time resolved measurements

In order to get rid of the resonances, the even and the odd part of the signal have

to be calculates. Here, we use a modified version of Eq. (4.4) to account for the

frequency dependent phase of the measured signal:

Veven :=
√

(Vx(−B)− Vx(+B))2 + (Vy(−B)− Vy(+B))2. (4.6)

By using Eq. (4.2) and (4.1), this expression can be simplified and identified with

the spin Seebeck voltage, defined in Eq. (4.4):

VSSE =
√

(2VISH)2 · cos2(x) + (2VISH)2 · sin2(x) (4.7)

=2|VISH|. (4.8)

Veven thus only contains the spin Seebeck voltage after this operation. The reso-

nances do not depend on the magnetic field and thus cancel out. Consequently,

Veven, plotted in Fig. 4.6(c) does not show resonances. Instead, one can see a high

voltage of about 2 µV, when the laser spot hits the Pt layer. Next to the Pt, the

generated voltage is at least one order of magnitude smaller. This voltage is con-

stant for frequencies . 3 MHz. For higher frequencies, the voltage signal decays.

This decay is attributed to the lowpass behavior of the measurement circuit, as

discussed in Sec. 4.3.2.

On the other hand, it is also possible to calculate the odd voltage signal:

Vodd =
√

(Vx(−B) + Vx(+B))2 + (Vy(−B) + Vy(+B))2

=2|Vpara| .

After performing this operation, the spin Seebeck voltage will cancel out, while

signals which do not depend on the magnetic field remain. Figure 4.6(d) confirms

that only the resonances, which were already seen in the raw signal, appear in the

odd signal.
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4.3.2 Spin Seebeck effect in the frequency domain

To gain a better understanding of the voltage attenuation as a function of fmod,

observed in Fig. 4.6, the frequency dependence is measured at one fixed position at

the center of the Hall bar for different samples. The results are plotted in Fig. 4.7.

For the samples YIG(48)/Pt(4.9) and YIG(61)/Pt(19.5), the even voltage VSSE is

constant up to a certain cutoff frequency fc and attenuated for higher frequencies.

In addition, a phase shift of −90° can be observed for high frequencies.

As mentioned above, this behavior can be explained with a low pass filter model

as given by Eq. (4.5). This equation can be solved by performing a Laplace trans-

formation (V (t) = 0 ∀ t ≤ 0):

RC
dVSSE(t)

dt
+ VSSE(t) = V0, SSE(t) d t RC(sVSSE(s)) + VSSE(s) = V0, SSE(s),

The transfer function is given by:

H(s) =
VSSE(s)

V0, SSE(s)
=

1

1 +RCs
.

This transfer function has a pole at s = −1/RC. The cutoff frequency is defined as

the frequency, where half of the unfiltered voltage signal is attenuated. For a low

pass filter, the following cutoff frequency is obtained:

fc =
ωc

2π
=

1

2πRC
. (4.9)

The gain of a low pass filter is given by the absolute value of the transfer function.

Using s = jω and f = 2π · ω, it follows:

G(ω) = |H(jω)| = 1√
1 + (RCω)2

=
1√

1 + (f/fc)2
. (4.10)

Finally, the phase can be calculated [59]:

ϕ = arctan

(
Im(H)

Re(H)

)
= arctan(−RCω) = − arctan

(
f

fc

)
. (4.11)

In the following, the even voltages as calculated with Eq. (4.6), containing only the

spin Seebeck signal VSSE, are discussed. The odd voltages are artifacts from the
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Figure 4.7: Bode diagramms for the spin Seebeck voltage as a function of the mod-
ulation frequency fmod, measured at a fixed position of the laser spot on the Pt layer.
For the samples YIG(49)/Pt(4.9) and YIG(61)/Pt(19.5), the frequency characteristics
can be explained with a lowpass filter model. On the sample YIG(55)/Pt(16.8), no
characteristic cutoff is identifiable. The red circles represent the measured data while
the solid lines are a fit to the lowpass model.
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Sample fMagnitude
c (MHz) fPhase

c (MHz) R (Ohm) Cexp (pF)
YIG(48)/Pt(4.9) 1.57± 0.02 1.47± 0.05 876.4 119± 3
YIG(61)/Pt(19.5) 3.08± 0.06 3.7± 0.2 308.8 152± 6

Table 4.1: Summary of the cutoff frequencies for both RC limited samples. The cutoff
frequency of the sample YIG(55)/Pt(16.8) can not be estimated, since it is above the
frequency range of the lock-in amplifier (50 MHz). In addition, the resistances of the
samples are given. This allows to calculate the capacitance of the equivalent RC circuit.

circuitry and do not provide any insight to τmp. Figure 4.7(a) and 4.7(c) show the

frequency-amplitude characteristic (VSSE vs. fmod) of the samples YIG(48)/Pt(4.9)

and YIG(48)/Pt(19.5) respectively. In both cases, the voltage is constant for low

frequencies (. 1 MHz), but attenuated with a roll off of −20 dB/dec at higher

frequencies. This roll off is characteristic for a low pass filter of first order [59]. Fit-

ting the model in Eq. (4.10) to the aforementioned experimental data [solid line in

Fig. 4.7(a) and Fig. 4.7(c)] yields an excellent agreement with the observed behav-

ior. Note that the fit contains the cut off frequency fc as the only fitting parameter.

The phase response of the spin Seebeck effect plotted in Fig. 4.7(b) and 4.7(d) is

corrected for the phase shift due to the finite propagation speed of light in the

cables. To this end, a linear function was fitted to the data in a range, where the

low pass induced phase shift (cf. Eq. (4.11)) is almost constant (f � fc). The

linear function was then subtracted from the original data to get the result pre-

sented in Figs. 4.7(b), 4.7(d) and 4.7(f). The phase response of a low pass filter (cf.

Eq. (4.11)) was fitted to the data and plotted as well (once again, fc being the only

fitting parameter). As in the discussion of the frequency-amplitude characteristics,

the results of theory and experiment match well for the frequency-phase response.

The results for the different samples are summarized in Tab. 4.1. Using Eq. (4.9),

it is possible to calculate the corresponding capacitance of the detection cir-

cuit, since the sample resistance is known. We obtain a common capacitance of

C = (136± 5)pF, consistent with typical shunt capacitances of SMB and BNC ca-

bles [8, 79].

The conclusion drawn from the experiments depicted in Fig. 4.7(a) to 4.7(d) is

that the cutoff is caused by electric circuitry (the resistance of the sample and the

capacitance of the wiring act as a low pass filter) alone. In other words, the cutoff

is not intrinsic to the spin Seebeck effect. This means that the relevant timescale
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Figure 4.8: Spatially resolved false color VSSE image of a YIG/Pt pattern with 47W
resistance. The pattern is composed of two contact pads for bonding, connected with a
small bridge of 100 µm×100 µm. The red areas in the image indicate this bridge. When
the bridge is hit by the laser, a voltage is measured. Only a low voltage is measured on
the contact pads due to geometric factors and short circuiting, as discussed in [82].

for the interaction between e.g. magnons and phonons in the spin Seebeck effect is

shorter than ≈ 3 MHz.

In order to probe the dynamics of the spin Seebeck effect in a higher frequency

range, a new sample pattern was designed, in collaboration with Michael Schreier.

to reduce the sample resistance and thus obtain a higher electrical cutoff (cf.

Eq. (4.9)). The new design is composed of two contact pads for bonding and a

small bridge of 100 µm× 100 µm lateral dimension, connecting both contact pads.

Figure 4.8 shows a spatially resolved VSSE false color image of the structure. The

red bar in this image corresponds to the bridge. By decreasing the effective length

and increasing its width, the new Pt bar’s resistance is decreased to 47W. With

C = 140 pF, this yields a cutoff frequency of fc = 24 MHz. However it has to be

mentioned, that also the capacitance of the measurement setup changed, since a

different preamplifier and different cables were used.

Figure 4.7(e) shows the amplitude frequency response of this sample. While a com-

parison with the expected signal attenuation of a low pass filter with fc = 50 MHz

(the -3dB frequency of the lock-in amplifier) yields reasonable agreement up to

fmod ≈ 40 MHz, the phase [Fig. 4.7(f)] behaves notably different. More precisely,

the measured phase is flat throughout the entire measurement range and thus ex-
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4 Time resolved spin Seebeck effect experiments

cludes a low pass based origin of the amplitude attenuation. Since furthermore, an

attenuation of the recorded voltage above 40 MHz was already observed in previous

transmission experiments [Fig. 4.4(a)], the attenuation is most likely caused by the

lock-in amplifier. Of course the low pass model still holds for the measurements in

Fig. 4.7(a) to Fig. 4.7(d), since the sample resistance was significantly higher here

and thus a cutoff was observed at much lower frequencies, where no features could

be observed in the aforementioned transmission measurements [Fig. 4.4(a)].

No cutoff was observed at the frequency fmod = 24 MHz, calculated above, because

a different preamplifier was used as well as different cables. This changes the ca-

pacitance of the measurement circuit.

In conclusion, no intrinsic spin Seebeck effect cutoff could be observed in the exper-

imentally accessible measurement range of 50 MHz. This means that the magnon-

phonon interaction time relevant for the SSE in our samples must be shorter than

τmp = 1/(2π50 MHz) = 3.2 ns.

4.3.3 Resonances in the setup

As discussed in Sec. 4.3.1, resonances can be observed in the measured signals for

large frequencies fmod. To identify the source of these resonances, a comparison

between the measured signal with and without laser illumination was performed.

Figure 4.9(a) shows the even and odd signal of a spin Seebeck effect measurement

under laser illumination. For the measurement, the position of the laser spot on

the Hall bar was kept constant, while the frequency was swept from f = 10 kHz to

f = 50 MHz. Again, the even signal shows spin Seebeck voltage with the typical low

pass behavior, related to the sample resistance and the capacitance of the cables.

The odd signal on the other hand does show resonances. The amplitude of these

resonances increases with increasing frequency.

For the measurements in Fig. 4.9(b), all conditions were kept the same, only the

laser beam was blocked with a piece of paper, such that the laser light does not

reach the sample. The result is, that the spin Seebeck effect voltage vanished (even

signal). The noise in the even signal is two orders of magnitude smaller than the

spin Seebeck signal with the laser light illuminating the sample. However, the odd

signal did not changed owing to the blocked laser. Thus, the resonances are not

induced by the laser light, but are due to some electrical feedback or cross-talk in

the experimental setup.

36



4.3 Time resolved measurements

1 0 4 1 0 5 1 0 6 1 0 7 1 0 81 0 - 2

1 0 - 1

1 0 0

1 0 1

1 0 2 Y I G ( 6 1 ) / P t ( 1 9 . 5 )
L a s e r  s h i n i n g  o n  s a m p l e

 

 

Ma
gn

itu
de

 (µ
V)

F r e q u e n c y  ( H z )

E v e n  s i g n a l

O d d  s i g n a l

(a) Laser shining on sample.

1 0 4 1 0 5 1 0 6 1 0 7 1 0 81 0 - 2

1 0 - 1

1 0 0

1 0 1

1 0 2

Ma
gn

itu
de

 (µ
V)

F r e q u e n c y  ( H z )

L a s e r  b l o c k e d

O d d  s i g n a l
E v e n  s i g n a l

Y I G ( 6 1 ) / P t ( 1 9 . 5 )

(b) Laser blocked.

Figure 4.9: Frequency dependence of the even and odd parts of the recorded voltage
with (a) and without (b) laser illumination. For the measurements the laser spot was
kept at one fixed position of the Hall bar, while the modulation frequency of the laser
was changed. Under laser illumination, low pass behavior can be seen in the even signal.
In the odd signal, resonances appear, as discussed earlier. By physically blocking the
laser beam the experimental conditions remain identical to the previous measurement,
however, now only the resonances can be observed in the odd signal while the spin
Seebeck signal in the even part vanishes.

4.3.4 Spin Seebeck effect in the time domain

The measurements discussed so far were performed using a lock-in amplifier. The

lock-in technique is an integrating technique and yields the averaged signal over

several periods. The disadvantage of this approach is that the information about

the exact shape of the recorded signal is lost. For this reasons, measurements in

the time domain were performed, using a high speed digitizing card (Gage Razor).

As shown earlier, the characteristic voltage response recorded in the experiments

can be described with a low pass filter model. Assuming a perfect, square wave like

response of the spin Seebeck voltage to the laser heating Eq. (4.5) can be written

as

RC
dVSSE(t)

dt
+ VSSE(t) = V0 ·

∞∑
n=0

(−1)n Θ

(
t− n

2fmod

)
. (4.12)
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Here Θ(t) is the Heaviside step function and fmod is the modulation frequency of

the laser. Note that the representation of the square wave via a sum of Heaviside

functions simplifies the calculations as compared to a representation via a Fourier

series. To solve Eq. (4.12), a Laplace transformation is applied (V (t) = 0 ∀ t ≤ 0):

d tRCs · VSSE(s) + VSSE(s) = V0 ·
∞∑
n=0

(−1)n
e
− ns

2fmod

s
(4.13)

⇒ VSSE(s) = V0 ·
∞∑
n=0

(−1)n
e
− ns

2fmod

s(RCs+ 1)
. (4.14)

The solution in the time domain can now be obtained by applying a Laplace back

transformation to Eq. (4.14):

t dVSSE(t) = V0 ·
∞∑
n=0

(−1)n
(

1− e−
1

RC

(
t− n

2fmod

))
θ

(
t− n

2fmod

)
. (4.15)

Since fmod is known, the solution (Eq. 4.15), contains only two free parameters for

fitting, namely RC and V0. Therefore, by using Eq. (4.9), fc can be calculated

from the RC value obtained via a measurement in the time domain as well.

The advantage of this solution is that a full period is described analytically by

only two summands as compared to a Fourier based solution which is always an

approximation.

The measurement results are plotted in Fig. 4.10. For the measurement, the laser

spot position was kept constant in the middle of the Hall bar. However, in contrast

to the previous measurements, also the frequency was kept constant, while the

voltage was recorded as a function of the time with a Gage Razor digitizing card.

The digitizer card records the voltage with a sampling of 200 MSample/s. Due to

this high data acquisition rate, the signal could be averaged heavily (≈ 106) to

reduce the noise level.

The time traces for a modulation frequency of fmod = 200 kHz on the 3 different

samples (Fig. 4.10(a), Fig. 4.10(c) and Fig. 4.10(e)) are well described by a square

wave, as expected for a square wave excitation (laser switched on/off). Equation

4.15 is fitted to the data in order to determine the cutoff frequency. The agreement

between fit and measured data is excellent.
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Figure 4.10: Spin Seebeck voltage measured as a function of the time for laser intensity
modulation frequencies of 200 kHz and 2 MHz in the three different sample structures.
The laser spot was kept at one fixed position during the measurement. Additionally the
voltage response of a low pass filter was fitted to the data. This allows to determine
the −3 dB cutoff frequency fc.
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For a laser intensity modulation frequency of fmod = 2 MHz the measured voltage

response looks shark fin like on the samples YIG(48)/Pt(4.9) (Fig. 4.10(b)) and

YIG(61)/pt(19.5) (Fig. 4.10(d)). This behavior is well explained by the low pass

behavior of the measurement circuit. The slow rise in signal can be compared to

the process of a charging capacitor, while the decrease in signal corresponds to a

discharging one.

As shown in Sec. 4.3.2, the sample YIG(55)/Pt(16.8) is not RC limited in the

investigated frequency range. Consequently, the time trace at fmod = 2 MHz

(Fig. 4.10(f)) is still square wave like. As a guide for the eye, the time trace of

a low pass filter with a cutoff of fc = 50 MHz was plotted. With the given sampling

rate of the digitizing card, it is not possible to determine an exact value of the

cutoff frequency. However, the statement, that the cutoff is above 50 MHz agrees

with the data of this experiment.

4.4 Conclusions

As discussed in Sec. 4.1, the dynamics of the spin Seebeck effect is presumably

limited by the magnon-phonon interaction time. The magnon-phonon interaction

time for the uniform precession mode (k = 0) in bulk YIG samples at room tem-

perature has been measured in ferromagnetic resonance experiments. Spencer et al.

determined an interaction time of the order of a few 100 ns [90]. If the spin Seebeck

effect is driven at frequencies exceeding fmod = 1/(2πτmp) ≈ 1 MHz, a character-

istic change in the spin Seebeck voltage should be measured, provided that small

wavenumber magnons are dominant for the spin Seebeck effect. The reason for this

change is, that the magnons can not equilibrate with the phonons on this short time

scales and thus the temperature difference ∆Tme between electrons in the normal

metal and magnons in the ferrimagnetic insulator will be affected.

In this chapter, time dependent measurements were discussed, performed with a

lock-in amplifier (Sec. 4.3.2) and a high speed digitizing card (Sec. 4.3.4). Nei-

ther of these measurements showed any intrinsic spin Seebeck effect cutoff be-

low fmod = 50 MHz. The observed features could be attributed to RC low pass

behavior of the measurement circuit. This suggests, that the spin Seebeck ef-

fect is robust in the investigated frequency range. Consequently, the magnon-
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phonon interaction time relevant for the spin Seebeck effect must be shorter than

τmp = 1/(2πfmod) = 3 ns in our samples.

This experimentally obtained interaction time is by two orders of magnitude

smaller than conventionally assumed in the corresponding spin Seebeck effect liter-

ature [18, 106]. Therefore it is concluded, that small wavenumber magnons do not

play an important role for the spin Seebeck effect. Rather the full magnon spec-

trum has to be considered in which ”hot”, thermal magnons with much smaller

τmp dominate the angular momentum transport. Hereby it is assumed that τmp in

thin film samples is comparable to the value in bulk samples. Nevertheless, similar

conclusions were recently suggested in theoretical publications. [74, 83, 94].

While τmp is certainly the limiting experimental time constant for the SSE, the

magnon-magnon interaction time τmm could be relevant as well. Most notably,

recent SSE theories assume τmm to be smaller than τmp [14, 37, 74, 94, 106]. In

literature, values for the magnon-magnon interaction time are widely spread from

10 µs to 1 ns [19, 51, 108, 109]. Since the spin Seebeck voltage was constant up to

τ = 3 ns in the experiments described in this section, the magnon-magnon interac-

tion time is likely to be towards to short end of this range.

Lately, Agrawal et al. reported time dependent spin-Seebeck effect measurements

as well [5]. Similar to the experiment discussed in this section, they use an inten-

sity modulated laser to apply a transient temperature gradient to YIG/Pt samples.

However they found a time constant of τ = 343 ns, which they claim, is intrinsic to

the spin Seebeck effect.

It has to be noted that their experiments were carried out on a much thicker YIG

film of 6.7 µm. This could be the reason for a different time constant, because the

spin Seebeck effect might depend on the YIG film thickness due to a finite magnon

propagation length [46]. Only magnons within a certain distance away from the

YIG/Pt interface, can contribute to the spin Seebeck effect. For faster modula-

tion frequencies, this distance becomes smaller, which leads to a cutoff, since less

magnons can contribute to the spin Seebeck effect. On the other hand, if the YIG

film is thinner than the aforementioned traveling distance, a cutoff due the bulk

dependence of the spin Seebeck effect can not be observed.

However, within the model proposed by Agrawal et al., a cutoff at fc < 3 MHz,

corresponding to a time constant of τ > 50 ns, would be expected for the samples

used in this thesis with a YIG thickness of 50 nm. This is in contrast to results,
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presented in this chapter, which show a constant voltage signal on much shorter

timescales. Nevertheless, it might be worth to perform the measurements presented

in this section with samples of different YIG thickness in order to test, whether the

dynamics of to spin Seebeck effect depends on the YIG thickness.
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While transient spin Seebeck measurements, as presented in the previous chapter,

provide valuable insight into the dynamics of spin caloric processes, the steady state

spin Seebeck effect is still not fully understood. One major challenge for all spin

Seebeck experiments is a quantitative control or knowledge over the temperature

gradient and the sample (base) temperature. To this end a very simple measure-

ment scheme was developed at the WMI [20], which not only allows good control

over and direct access to the thermal gradient but is also easy to integrate into

standard magneto-transport cryostats.

In the beginning of this chapter, the experimental setup, where the temperature

gradient in YIG/Pt is generated and probed on-chip by a current through the nor-

mal metal layer, will be introduced.

The current driven spin Seebeck effect setup was used to measure the spin See-

beck effect as a function of the magnetic field and the temperature in YIG/Pt

hybrid structures. All results, obtained with this new measurement technique will

be compared to results, where the temperature gradient was established with laser

heating.

Finally, the evolution of the spin Seebeck effect as a function of magnetic fields

orientation will be discussed. Here, special features are observed, which can be

attributed to the Oersted field, generated by the current through the platinum

layer.

5.1 Motivation

As mentioned before, it is essential to create a temperature gradient across a

metal/ ferrimagnetic insulator interface for measurements of the spin Seebeck ef-

fect. In literature different approaches can be found to create the temperature
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gradient. One approach uses heat reservoirs (for example Peltier elements or re-

sistive heaters attached to Cu blocks) of different temperature at both sides of the

sample [4, 40, 48, 62, 71, 96–98]. Good thermal coupling between the Cu blocks

and the sample is necessary for large temperature gradients at the normal metal/

ferromagnetic insulator interface. On the other hand, the heat reservoir has to be

electrically insulated from the normal metal layer to avoid short circuiting of the

spin Seebeck voltage. For that reason, a small sapphire sheet [62] or thin silicone

rubber [100] is inserted between the heat reservoir and the sample, which causes an

additional drop in temperature and thus directly affects the actual gradient across

the normal metal/ ferromagnet interface. Another possibility to establish a temper-

ature gradient across the normal metal/ ferromagnetic insulator interface is laser

heating [5, 77, 102, 103]. This technique is described in detail in Sec. 4.2. While

laser heating suits well for dynamic and spatially resolved measurements of the spin

Seebeck effect, it has also some disadvantages. The temperature gradient caused

by laser heating is only accessible via numerical simulations [83]1, and optics are

generally challenging to integrate into cryostats. However, only a magnet cryostat

provides the environment for measurements at low temperatures or measurements

in high fields.

In this chapter, a third setup for spin Seebeck experiments will be discussed: The

current driven spin Seebeck effect [84]. A current is sourced through the normal

metal layer, inducing Joule heat [16, 69]. At the same time, the resistance of the

normal metal is monitored for on chip thermometry [75]. The setup is simple, since

no additional heater (Peltier elements or laser) is needed in order to establish the

temperature gradient. Most conventional magneto-transport setups can therefore

be used without any modifications for spin Seebeck effect measurements at low

temperatures or in high fields.

1In experiments, where heat reservoirs are used for creation of the temperature gradient, the
temperature gradient can be estimated, at least roughly, from the temperatures of the heat
reservoirs.
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5.2 Experimental setup

Figure 5.1: Sketch of the experimental setup for measurements of the current driven
spin Seebeck effect. A Hall bar structure is patterned into a YIG/Pt bilayer on a
substrate (YAG or GGG). The current Id is sourced through the long stripe of the Hall
bar. This induces a temperature gradient perpendicular to the YIG/Pt interface, along
z (inset). An external magnetic field Hext is applied in the sample plane while the
transversal voltage Vt, and the longitudinal voltage Vl are measured. The spin Seebeck
effect is detected via Vt and Vl is recorded for 4 terminal resistive measurements.2

The experimental setup is shown in Fig. 5.1. As in chapter 4, YIG(d1)/Pt(d2)

samples were used for all measurements (dn denotes the layer thickness), patterned

into Hall bar mesa structures. A dc current Id is pulled through the long strip of

the Hall bar for heating, using a Keithley K2400 Sourcemeter, thereby generating

a uniform temperature gradient ∇T at the Hall bar body, perpendicular to the

YIG/Pt interface. As explained earlier in this thesis, recent spin Seebeck theories

assume, that the spin Seebeck voltage is directly proportional to the difference ∆Tme

in electron temperature in the normal metal and the magnon temperature in the

ferrimagnetic insulator [106]. This temperature difference is not easily accessible in

experiments. Nevertheless, one can assume, that the temperature gradient across

the ferromagnet/ normal metal interface, which itself is directly proportional to the

temperature increase of the Pt layer is directly proportional to ∆Tme [83].

2Figure from [84] with additional modifications by the author (of this thesis).
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Following the arguments by Xiao et al. [106], ∆Tme will give rise to a spin current,

perpendicular the the YIG/Pt interface. The spin current js is converted into a

charge current jc by the inverse spin Hall effect in Pt (cf. Sec. 2.3).

Owing to the open circuit geometry for jc used in the experiment, this can be

measured as a voltage drop VISH along the Pt Hall bar. It is favorable to measure

this voltage along a short ”transverse” stripe of the Hall bar perpendicular to Id. If

the spin Seebeck voltage had been measured along the long side of the Hall bar, it

would have been superimposed by a large offset voltage due to the driving current.

Consequently, the spin Seebeck voltage will always be measured across two opposing

contact pads in the following chapter, using a Keithley 2182 Nanovoltmeter.

As shown in Fig. 5.1, a magnetic field Hext is applied in the sample plane. From

Eq. (2.12) it follows, that the recorded voltage should be largest, if α = 0°, since the

voltage is measured perpendicular to the magnetic field Hext and the temperature

gradient ∇T , whereas no voltage should be recorded for α = 90°. Two contact

pads along the Hall bar were used to record Vl, which allows 4 terminal resistance

measurements of the Pt film.

5.2.1 Pt thermometry

As discussed in Sec. 5.2, a current through the Pt is used in order to create a

temperature gradient perpendicular to a YIG/Pt interface. One advantage of this

technique is, that the Pt-layer can simultaneously be used for thermometry [15, 23,

33]. To calibrate the Pt thermometer first, the Pt resistance was measured as a

function of the base temperature of the cryostat (cf. Fig. 5.2). In order to avoid

heating effects, a Linear Research LR700 AC resistance bridge, which measures

the resistance employing very small driving currents, was used to perform this

measurement. No magnetic field was applied during the measurement.

Two different samples were investigated: YIG(61)/Pt(11) and YIG(16.3)/Pt(2.8).

For temperatures above T = 50 K, an almost linear dependence of the resistance as

a function of the temperature is observed for both samples. The resistance decreases

for lower temperatures, as expected for a metal. For temperatures below T = 50 K,

the R vs. T curves flatten. This behavior is in agreement with the literature [61].

For the sample YIG(16.3)/Pt(2.8), a minimum in resistance can be observed at a

temperatures of T = 12 K (cf. Fig. 5.2(b)). For lower temperatures, the resistance
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Figure 5.2: The4 terminal resistance of the Pt layer was measured as a function of the
cryostat temperature with an AC resistance bridge to avoid heating effects. For high
temperatures, the resistance shows almost linear dependence on the temperature and
becomes smaller with decreasing temperature. For temperatures below T = 30 K, the
decrease in resistance saturates. On the sample YIG(16.3)/Pt(2.8), a non monotonic
behavior can be observed. For temperatures below T = 12 K, the resistance increases
again [cf. inset in Fig. 5.2(b)].

is increasing with decreasing temperature. This behavior is not in agreement with

the usual low temperature behavior of pure, bulk Pt [61]. One possible explanation

for this behavior might be the Kondo effect [53]. The resistance as a function of

the temperature is given by the following expression, if the Kondo effect is taken

into account [52]:

ρ(T ) = ρ0 + bT 2 − cρ1 log T + aT 5 .

ρ0 is the residual resistance, −cρ1 log T the contribution from the Kondo effect, bT 2

is due to electron electron interaction [70] and the term aT 5 results from electron-

phonon scattering at low temperatures. This expression was fitted to the measured

data (red line in inset of Fig. 5.2). The agreement between theory and experiment

is good. The Kondo effect is caused by localized magnetic moments in the Pt.

Since the Stoner enhancement criterion [10] is fulfilled in platinum, the magnetic

moments could be induced by the magnetic proximity effect [38]. However, XMCD

measurements on similar YIG/Pt samples at room temperature did not show prox-
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imity polarized moments at the YIG/Pt interface [29]. On the other hand, Lu et

al. report an enhancement of the proximity effect in YIG/Pt structures at low

temperatures [58]. In order to clarify the role of interface effects, one could grow a

thin platinum film on a non magnetic insulating substrate. If the effect is indeed

caused by the magnetic proximity effect, it should not occur in platinum on non

magnetic substrates.

5.3 Experimental results

5.3.1 Angular dependence of spin Seebeck effect

Figure 5.4: Due to a small
misalignment of the feed lines
of the Hall bar, a poten-
tial differenence can be mea-
sured, while a current Id flows
through the Hall bar.

In this section, the magnetic field orientation depen-

dence of the current driven spin Seebeck effect will

be discussed. In the experiment, the orientation of

the magnetic field is rotated in the sample plane

as shown in Fig. 5.2. An angle α is enclosed be-

tween the magnetic field vector and the long stripe

of the Hall bar. The strength of the magnetic field

is µ0H = 1 T. This field is large enough to align the

magnetization of the sample always along the mag-

netic field vector. Thus, effects due to the remanent

magnetization or magnetic anisotropy of the sample

can be ruled out.

From the spin Hall effect, a cos(α) dependence is expected for the spin Seebeck

voltage (cf. Eq. (2.12)): ViSSE ∝ cos(α). In Fig. 5.3(a), the voltage drop along a

short stripe is plotted for two different directions of the driving current Id. It is

obvious, that the measured voltage is not caused by the spin Seebeck effect alone.

The angular dependence can be described as V ∝ cos(α) sin(α). This function was

also fitted to the data and describes the measurement well. In addition, a voltage

offset is observed and the sign of the voltage is changed by an inversion off the

current direction. Since the spin Seebeck effect only depends on the temperature

gradient caused by the current, it should not be affected by the current direction.

However the measured angular dependence as well as the inversion of the voltage

sign can be explained by magneto-resistive effects. The offset voltage is caused by
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Figure 5.3: The spin Seebeck voltage as a function of the magnetic field orientation
for a field strength of B = 1 T (panel (c) and (d)). The angle α between the long
stripe of the Hall bar and the magnetic field was varied while the voltage drop across the
short stripes was recorded (cf. Fig. 5.2). A corresponding cos(α) sin(α) (panel (a)) or
cos(α) (panel (b), (c) and (d)) dependence was fitted to the data. In addition angular
dependent measurements, performed with laser heating, are plotted (panel (b)).

a small misalignment of the feed lines of the Hall bar, as shown in Fig. 5.4. Due to

the finite resistance between the feed lines a potential difference will build up.

The cos(α) sin(α) angular dependence of the measured voltage can be explained by

the recently reported spin Hall magneto resistance (SMR) effect [6, 11, 68]. This
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5 Current driven spin Seebeck effect

resistive effect is caused by reflection and absorption of spin currents at the YIG/Pt

interface. This spin currents arise due to the spin Hall effect in the platinum. For

the SMR, it is expected that the voltage changes sign by inversion of the current

direction, since it is a a resistive effect.

In Fig. 5.3(b), the spin Seebeck voltage is plotted as a function of the magnetic field

direction. For this measurement, a laser3 was used to establish the temperature

gradient. Thus, no magneto-resistive effects occur and the voltage is proportional

to cos(α). This is confirmed by corresponding fits, which show good agreement

with the measured data.

The phase shift of π/2 between both measurements is cause by different measure-

ment directions of the voltage (Vl along the long stripe of the Hall bar and Vt along

a short stripe). The different magnitudes between Vl and Vt is caused by the differ-

ent effective width of the Hall bar for the different measurement directions. Since

the width of the Hall bar in longitudinal direction is smaller, a bigger voltage is

expected. Therefore, the ration between Vl and Vt is qualitatively correct. A quan-

titative analysis is not possible, since the voltage depends strongly on the laser spot

position on the sample surface [82].

Finally, it will be shown, that it is also possible to extract the spin Seebeck voltage

from the measurement of Vt in Fig. 5.3(a). To this end, one can employ the fact,

that the measured voltage is a superposition of a voltage due to the resistance of

the Hall bar Vres and the spin Seebeck voltage ViSSE:

Vt = ViSSE + Vres

The temperature gradient does not depend on the direction of the current Id and

consequently the spin Seebeck voltage ViSSE does not depend on the current di-

rection, while Vres is proportional to the current. After adding the voltages Vt,

measured for both directions of the current Id, the resistive voltage contributions

3The laser was not modulated, the voltage was detected DC with a Keithley K2182A Nanovolt-
meter.
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will cancel out4:

Vt(+Id) + Vt(−Id) = (ViSSE(+Id) + Vres(+Id)) + (ViSSE(−Id) + Vres(−Id)) (5.1)

= ViSSE(+Id) + Vres(+Id) + ViSSE(+Id)− Vres(+Id) (5.2)

= 2ViSSE(+Id) (5.3)

The result of this procedure is shown in Fig. 5.3(c) for the raw voltage signals

plotted in Fig. 5.3(a). The resulting voltage due to the spin Seebeck effect is 3

orders of magnitude smaller then the originally detected voltage Vt. It clearly

shows a cos(α) dependence as expected for the spin Seebeck effect/ inverse spin

Hall effect. Further it agrees quantitatively with the results obtained by the laser

induced spin Seebeck effect [Fig. 5.3(b)]. After normalizing the spin Seebeck voltage

to the heating power, one obtains for both measurements ViSSE/P = 0.04 µV mW−1.

As a control experiment, the same measurement was performed on a second sample

(cf. Fig. 5.3(d)). Again a cos(α) angular dependence of the VSSE voltage, derived

with Eq. (5.1), is observed.

In conclusion, the obtained angular dependence of the spin Seebeck effect on the

magnetic field, measured in the current induced spin Seebeck effect setup, does agree

quantitatively with results from laser induced spin Seebeck effect measurements.

However, in order to avoid magneto-resistive effects, it is important to use the

symmetry of the spin Seebeck effect: The spin Seebeck effect is even with respect

to the direction of the heating current.

5.3.2 Magnetic field dependence of the spin Seebeck voltage

The measurements in the previous section have all been done at high fields, in

magnetic saturation. However, it is also interesting to study the SSE in the low field

limit. Figure 5.5(a) shows the spin Seebeck voltage as a function of the magnetic

field amplitude, while the temperature gradient was induced via laser heating. The

measurement was performed at an angle of α = 0° between the long side of the Hall

bar and the external magnetic field. From Eq. (2.12) it can be concluded, that the

spin Seebeck voltage follows the spin polarization vector σ and thus the external

field direction. For this reason a hysteresis loop is observed. The coercive fields

4This procedure is known as ”Doblersches addieren”.
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Figure 5.5: Spin Seebeck voltage hysteresis loops on the sample YIG(16.3)/Pt(2.8).
The V vs. B curves were measured for different orientations of the magnetic field in the
sample plane. The magnitude of the driving current was kept constant at Id = 5 mA.
The upper part of panels (a), (b) and (c) show the raw voltage signals, while the lower
ones give the respective spin Seebeck voltages, obtained by adding the measurements
at +Id and −Id.

[inset of Fig. 5.5(a)] are rather small (Bc ≈ 0.2 mT). The sample is in the state of

saturated magnetization at fields of Bsat ≈ 1 mT.

Figure 5.5(b) shows the equivalent experiment in the current heating scheme. In

the upper panel of the figure, the voltage drop across the short stripe of the Hall

bar is shown for both current directions. Similarly to the measurements presented
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in the previous section, these raw voltage signals are dominated by resistive and

geometric effects. However close to the coercive field, peaks in the voltage are

observed. These peaks are hysteretic, since the peaks for up- and down sweep do

not overlap and can be explained by the SMR effect [6].

The spin Seebeck voltage is obtained by adding the voltages measured for both

current directions (lower panel of Fig. 5.5(b)). For magnetic fields |B| > 200 mT,

the voltage does depend only on the direction of the magnetic field but not on the

magnitude. This behavior was expected, since the sample is in full saturation at

such high fields. This behavior is identical to the laser induced spin Seebeck effect,

albeit saturation of the measured voltage in the latter is observed for much smaller

fields already. The features observed in small fields are cause by Oersted fields,

induced by the heating current and will be discussed in Sec. 5.3.6.

To verify, that the observed voltage signal in Fig. 5.5(b) can be attributed to the

spin Seebeck effect, the measurement was repeated for different orientations of

the magnetic field with respect to the long side of the Hall bar. For α = 45°,

the difference between the voltage for large positive and large negative magnetic

fields becomes smaller. This is in good agreement with the measurements shown in

Fig. 5.3. If an angle of α = 90° degrees is chosen, the spin Seebeck effect vanishes

completely, as expected, since magnetic and electric fields are in parallel in this

configuration. Only for small fields close to the coercive fields, peaks can be seen,

due to induced Oersted fields.

5.3.3 Power dependence of the spin Seebeck effect

In this section the heating power dependence of the spin Seebeck voltage will be

discussed. The temperature gradient is approximately linear with respect to the

dissipated power in the platinum film [83]. Since the spin Seebeck voltage scales lin-

early with the temperature gradient [106], a linear dependence between the power

and the spin Seebeck voltage is expected.

Figure 5.6(a) shows the dependence of the spin Seebeck voltage on the deposited

power with the laser heating technique5. The voltage is measured along the long

stripe (Vlong) and along a short stripe (Vtrans) of the Hall bar. For each value of the

power, the angle α between the long side of the Hall bar and the magnetic field,

5Again, the laser was not modulated and the voltage was recorded with standard DC technique.
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Figure 5.6: This figure shows, that the spin Seebeck voltage scales linearly with the
heating power. For each value of the power, a measurement of ViSSE(α) was performed.
By fitting, the corresponding spin Seebeck voltage was determined. In addition to the
spin Seebeck voltage, the corresponding platinum temperature is plotted.

was swept from α = 0° to α = 360°. By fitting a cos(α) function to the data, as

described in Sec. 5.3.1, the amplitude of the voltage signal was determined. Clearly,

the spin Seebeck voltage is proportional to the heating power. This confirms the

statement from the beginning of this section, that the temperature gradient is pro-

portional to the deposited power.

As discussed in Sec. 5.2.1, the current induced spin Seebeck effect allows to deter-

mine the platinum temperature while the spin Seebeck effect is measured. In Fig.
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5.6(b), the temperature of the platinum TPt is plotted as a function of the heat-

ing power. The platinum temperature is obtained by measuring the longitudinal

platinum resistance. With the aid of the results, obtained in Sec. 5.2.1, the corre-

sponding temperature is found. From this measurement it is possible to conclude,

that the platinum temperature scales linear with the heating power, as expected.

Finally, Fig. 5.6(c) and Fig. 5.6(d) show the spin Seebeck voltage due to current

heating, as a function of the heating power. It was possible to calculate the power,

since the resistance was measured for each applied current:

P = R(T ) · I2
d . (5.4)

Again, for each value of the power, the magnetic field orientation was swept by 360°

for both current directions. Adding up the results (cf. Eq. 5.1), a cos(α) dependence

was observed. The amplitude was then determined by fitting and plotted against

the power (cf. Sec. 5.3.1).

Figure 5.6(c) and Fig. 5.6(d) confirm, that the spin Seebeck voltage is proportional

to the heating power. Since the platinum temperature TPt as well as the spin

Seebeck voltage ViSSE are linear to the heating power, the spin Seebeck voltage

ViSSE must depend linearly on changes of to the platinum temperature TPt from

it’s usual (no heating) equilibrium value. By fitting the temperature increase with

respect to the heating power, TPt can be plotted simultaneously with the measured

voltage on the right axis of the Fig. 5.6(c) and 5.6(d).

Note that the power dependence of the spin Seebeck voltage measured with

laser heating and current heating agrees within the error interval for the sample

YIG(16.3)/Pt(2.8) [cf. Vt in Fig. 5.6(a) and Fig. 5.6(c)]. Further, the measure-

ments, performed in this section agree quantitatively with the measurements shown

in Sec. 5.3.1 and Sec. 5.3.2.

5.3.4 Temperature dependence of the spin Seebeck effect

In literature, the dependence of the spin Seebeck effect on the average temperature

did already attract some attention [1, 62, 72, 74, 100]. Adachi et al. suggested

an maximum of the spin Seebeck effect for low temperatures due to a mechanism,

called phonon drag [1]. Uchida et al. indeed published temperature dependent
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Figure 5.7: Temperature dependent measurements of the spin Seebeck effect, using
laser heating (a) and current heating (b), (c), (d) in order to establish a temperature
gradient. The wavelength of the laser was chosen below the bandgap of YIG. While the
spin Seebeck voltage measured with laser heating stayed almost constant, a decrease
in signal was observed in the experiments using current heating.

spin Seebeck effect measurements on single crystalline YIG, which showed a large

enhancement of the spin Seebeck effect at a temperature of around 50 K [100]. For

even lower temperatures, the spin Seebeck voltage vanished.
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Measurements, performed by Meier et al. on NiFe2O4/Pt films, however did

not show an enhancement of the spin Seebeck effect at low temperatures but a

monotonic decrease in the spin Seebeck voltage [62]. These measurements are in

agreement with the theory by Rezende et al. [74].

In collaboration with Yori Manzke from the Paul Drude Institute, Berlin a set of

SSE measurements using the laser heating technique in a 4He liquid flow cryostat

could be performed. The obtained results will be compared to temperature

dependent spin Seebeck effect measurements, using the current induced spin

Seebeck setup in this section.

A laser with a wavelength of λLaser = 1064 nm = 1.17 eV was chosen for the

temperature dependent measurements, which is below the band gap of YIG of

about 2.8 eV [64, 105].

In order to obtain the spin Seebeck voltage as a function of the cryostat tempera-

ture, full VSSE vs. H loops were recorded, as shown in Fig. 5.5(c), for 4 different

laser powers. The amplitudes of the hysteresis loops was determined by a fit from

which, by averaging the results, the spin Seebeck voltage normalized to the laser

power is obtained. This procedure is repeated for different cryostat temperatures.

The result is shown in Fig. 5.7(a).

This measurement suggest, that the spin Seebeck effect is constant as a function of

the temperature plotted as the red line in Fig. 5.7(a). Some noise can be seen for

the data points below T = 100 K (especially the point at the lowest temperature

was measured twice). This can be explained by a shift of the laser focus. The

result of a constant spin Seebeck voltage is surprising, since the spin Seebeck effect

depends on many parameters, which are temperature dependent themselves. For

example, Meyer et al. reported, that the spin Hall angle decreases by ≈ 35 % from

T = 200 K to T = 10 K [65].

Next, the temperature dependence of the current induced spin Seebeck effect will

be discussed. At each measurement point, a full angular sweep of the external

magnetic field orientation was recorded, as discussed in Sec. 5.3.1 with |µ0H| = 1 T.

The amplitude was determines by fitting a cos(α) function to the data. Afterwards

the result was normalized to the heating power. The temperature was controlled

in a 4He cryostat.

Figure 5.7(b) shows the spin Seebeck voltage as a function of the cryostat base tem-

perature TBase for two different heating currents on the sample YIG(16.3)/Pt(2.8).
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The points for both heating currents do not overlap, even though the spin Seebeck

voltage is normalized to the heating power. The reason is, that the measured

temperature is not identical with the temperature at the sample (the temperature

sensor is mounted a few cm away from the sample). Therefore, it is better to plot

the spin Seebeck voltage as a function of the Pt temperature. This temperature is

measured directly on chip, so the difference to the actual temperature should be

smaller.

Consequently, in figure 5.7(c), the normalized spin Seebeck voltage is plotted

as a function of the platinum temperature TPt for the same sample. Now, the

normalized results of the measurements with Id = 2 mA and Id = 5 mA do

agree. The observed temperature dependence is non monotonic. A maximum

V 175K
SSE = 1.2V 250K

SSE is reached at TPt ≈ 175 K and a minimum V 30K
SSE = 0.1V 250K

SSE

is reached for TPt ≈ 30 K. For low temperatures, the spin Seebeck amplitude

increases again. On the sample YIG(61)/Pt(11), a similar dependence can be

observed. However, the minimum at low temperatures is not as pronounced and

no maximum is observed in the measured temperature range.

These results are qualitatively different from the temperature dependence mea-

sured with laser heating (Fig. 5.7(a)). However, due to the noise in the laser

measurement, a minimum at low temperatures can not be excluded. Further, the

obtained temperature dependencies are also different from the results reported

so far in literature. Especially the increase in signal for very low temperatures is

remarkable. It has to be admitted, that the resistance of the platinum layer also

has a minimum at low temperatures and is increasing for very small temperatures

(compare to Sec. 5.2.1). However the minima of both measurements do not

occur at the same position. Even though both investigated YIG/Pt samples show

qualitatively the same behavior, they are quantitatively different. The reason could

be, that the temperature dependence is influenced by the thickness of the platinum

layer. Interface effects e.g. would be more pronounced in thinner samples.

The temperature dependent measurements, performed in this section, do provide

some insights into the theory of the spin Seebeck effect. First of all, no phonon

drag peak was observed, as reported in Refs. [1, 100]. However the results do

qualitatively agree with the theory of Rezende et al. [74] for temperatures above

50 K, especially on the sample YIG(61)/Pt(11).
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Phenomenologically the increase at low temperatures could be explained with an

additional contribution from the anomalous Nernst effect due to proximity induced

magnetic moments in the Pt. While no evidence of a proximity polarization in Pt

was observed on very similar samples at room temperature [29], an enhancement of

the proximity effect at low temperatures is reported [56, 58]. Additionally the ter-

mination of the YIG interface might play a role on whether or not a magnetization

can be induced.

5.3.5 Lock in detection of the spin Seebeck effect voltage

All voltage measurements of the current induced spin Seebeck effect so far were per-

formed with a Keithley K2182 nanovoltmeter using standard DC detection. How-

ever, AC current modulation and lock-in detection offers many advantages. First

of all, noise can be suppressed by lock-in detection, allowing lower heating currents.

Secondly, it is not necessary, to measure the voltage drop for two different current

directions separately and add both voltages afterwards (cf. Eq. (5.1)). Since also

current modulation frequencies in the kHz range are possible, the measurement

time can be reduced significantly.

In order to explain the AC measurements, it is important to discuss how the de-

posited power hinges in the heating current, because the temperature gradient and

consequently the spin Seebeck voltage is proportional to the heating power. This

will be done in the following paragraph: The heating power can be written as (cf.

Eq. (5.4)):

P = R(T ) · I2
d . (5.5)

The resistance itself is a function of the temperature (compare to Sec. 5.2.1). Since

the temperature is proportional to the power and the power does depend on the

heating current, the resistance is a function of the heating current in the end. Figure

5.8(a) shows, that the resistance changes approximately linearly with the heating

current squared, Rlong = R0 + r · I2
d for the range of Id of interest here. Putting this
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into Eq. 5.5 gives:

P =(R0 + r · I2
d) · I2

d

=R0 · I2
d + r · I4

d .

Thus, there is one contribution to the heating power, which scales as I2
d and one

contribution, which scales as I4
d. In order to estimate the contribution of this two

terms to the heating power P , a fit was made to the data in Fig. 5.8(a). The values

for r and R0 can be found in the figure. With a maximum current of Id = 25 mA

the following values for the heating power are calculated for the YIG(61)/Pt(11)

sample:

P = 204W · I2
d︸ ︷︷ ︸

=130 mW

+ 0.066WmA−2 · I4
d︸ ︷︷ ︸

2.6µW

.

Since the ∝ I2 term dominates the ∝ I4 term, the deposited power is not affected

by the increase of the resistance caused by the heating, as confirmed by the fits in

Fig. 5.8.

For AC detection, the driving current Id is modulated with a sine wave function,

using a HP 3245A Universal Source:

Id = I0 · sin(2πfmodt) .

Putting this expression into Eq. (5.5) (R is assumed to be constant) gives:

P =R · I2
0 · sin2(2πfmodt) (5.6)

=R · I2
0 · 0.5 (1− cos(2(2πfmodt))) . (5.7)

Thus, there is one term emerging, which is constant in time and one term, which

is proportional to cos(2ωt). The second term is measured with a Stanford research

SR 830 lock-in amplifier using second harmonics voltage detection. Voltage

signals, measured with second harmonics detection contain only contributions,

proportional to even powers of the driving current Id. Resistive effects, which are

directly proportional to Id, do not contribute to the second harmonics voltage.
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Figure 5.8: Spin Seebeck voltage as a function of the heating current I2
d , measured

with the standard dc detection method and with lock-in detection. The modulation
frequency of the current was 2πf = 1129 Hz. With both measurement methods, a
linear dependence between VSSE and I2

d is obtained. The slope of both lines agrees well.

Figure 5.8(b) shows the AC detected spin Seebeck voltage as a function of the driv-

ing current I2
d. As expected, the spin Seebeck voltage is proportional to the power.

For comparison, the spin Seebeck voltage, measured with standard DC detection

is plotted in Fig. 5.8(b) as well. The slope for both measurement techniques are

essentially identical. However, it has to be mentioned that the lock-in amplifier

will not measure the same voltage as compared to the voltage obtained with DC

measurements, a priori. Instead, the second harmonic voltage, measured with a

lock-in amplifier, has to be multiplied by a factor of 2
√

2. The reason is, that the

lock-in amplifier does not detect the amplitude of the voltage but the root mean

square voltage [91], introducing a factor of
√

2. Another factor of 2 is contained in

Eq. (5.7), due to the detection of the second harmonic voltage.

In conclusion, it is possible to reproduce the DC measurement results, using an

AC current source and a lock-in. The major advantage of the lock-in measure-

ment is that it can be conducted much faster. Measuring the voltage drop with

the DC technique for two different current directions takes ≈ 5 s, due to the time

needed for the voltage to stabilize after the current direction is switched. For AC

measurements performed at fmod = 1 kHz, a measurement time of ≈ 5 ms will be

needed, provided 5 periods are enough for the signal to stabilize. Consequently,

AC detection is more than 1000 times faster.
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Further, noise is reduced by AC detection techniques [91]. Comparing the linear

fits in Fig. 5.8(b) shows, that the error in the AC detection technique is a factor of

6 smaller. It has to be mentioned, that measurement time and noise suppression

are not independent from each other. For longer measurement times, an even lower

noise level can be archived.

5.3.6 Spin Seebeck effect in small magnetic fields
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(a) False color plot of the spin Seebeck voltage
as a function of the magnetic field orientation and
the magnetic field magnitude.
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Figure 5.9: Spin Seebeck effect as a function of the field orientation for field magnitudes
µ0H ≤ 90 mT and a DC driving current of Id = 3 mA. The solid lines represent
theoretical curves with the spin Seebeck effect and the spin Hall magneto-resistance
taken into account. The contribution from the spin Hall magneto-resistance in the
even (with respect to current) voltage is caused by an Oersted field due to the current
in the platinum layer.

Rotations of the magnetic field orientation in the sample film plane have already

been discussed in Sec. 5.3.1. It was found, that the spin Seebeck voltage is propor-

tional to cos(α), where α is defined in Fig. 5.1. In Sec. 5.3.2, however, an unusual

behavior of the spin Seebeck voltage in small external magnetic fields was observed.

These features will be investigated in this section.

It is important the mention, that the field magnitude, applied for in plane rotation

(5 mT ≤ |µ0H| ≤ 90 mT) is always well above the coercive field of the YIG film

62



5.3 Experimental results

(cf. Fig. 5.5(c)). The magnetization is already in full saturation at µ0Hext = 1 mT.

Figure 5.9(a) shows a false color plot of the spin Seebeck voltage as a

function of the magnetic field orientation and the magnetic field magnitude.

Figure 5.10: Visualization of the
contribution of the Oersted field to
the effective magnetic field.

Again, the spin Seebeck voltage was obtained by

measuring the voltage drop at the short stripe

of the Hall bar for both current directions which

were added up afterwards (cf. Eq. 5.1). For the

field of µ0Hext = 90 mT (cf. Fig. 5.9(a)), the

angular dependence of the spin Seebeck voltage

is well described by a simple cos(α). A max-

imum and a minimum occur, as well as two

zero-crossings. For smaller fields, the magni-

tude of the spin Seebeck voltage at the max-

imum (α = 0°) is enhanced. Further the zero-

crossings become broader. At fields B ≤ 10 mT,

additional peaks become apparent.

In Fig. 5.9(b), the spin Seebeck voltage is plotted as a function of the magnetic

field orientation for two different values of B. In this figure, it becomes obvious,

that the spin Seebeck signal is superimposed by higher order terms. This behav-

ior can be explained by Oersted fields, generated by the current in the platinum

layer [35, 54]. Each static current density jd generates a static magnetic Oersted

field BOe (Amperes law):

∇×BOe = µ0 jd. (5.8)

The Oersted field does depend on the current density but not on the external

magnetic field. The effective fieldBeff the magnetic moments in the YIG are exposed

to is a superposition of the Oersted field and the externally applied magnetic field

Bex:

Beff = Bex +BOe. (5.9)

This relation is depicted in Fig. 5.10. The Oersted field BOe, does chance the

angle α between the current and the effective magnetic field by an angle ∆α. It is
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important, that the angle ∆α depends on the current direction. Consequently, the

total angle αeff between the effective magnetic field Beff and the current direction

does depend on the current direction as well. This introduces contributions in the

”spin Seebeck voltage” from the spin Hall magneto-resistance as will be shown in

the following.

The voltage drop due to the spin Hall magneto-resistance is given as [11]:

VSMR = R0 · Id · cos(αeff) sin(αeff) . (5.10)

In Eq. (5.1) it was assumed that all contributions from the spin Hall magneto-

resistance cancel out if the measured voltages for different current directions were

added up. If αeff is notably different from α, this is, however, not the case anymore:

∆VSMR = VSMR(+Id) + VSMR(−Id) (5.11)

= R0Id[cos(αeff(+Id)) sin(αeff(+Id))− cos(αeff(−Id)) sin(αeff(−Id))] (5.12)

Since the angle αeff is a function of the current, the trigonometric functions do

not cancel out, as it was the case, when the Oersted fields were not considered.

To evaluate the term for ∆VSMR, expressions for αeff have to be found. By using

simple trigonometry (cf. Fig. 5.10), one obtains the following result:

αeff(±I) = arctan

(
Bex sin(α)±BOe

Bex cos(α)

)
.

With this result and using the identities cos(arctan(x)) = 1/
√

1 + x2 and

sin(arctan(x)) = x/
√

1 + x2, Eq. (5.12) transforms to:

∆VSMR(α) = R0Id

(
2a cos(α)(a2 + cos(2α))

1 + a4 + 2a2 cos(2α)

)
.

Here, a = BOe/Bex is the ratio between the Oersted field magnitude and the external

field magnitude. The total measured voltage (Fig. 5.9(b)) is then the sum of both

the SMR contributions and the spin Seebeck voltage:

Vtot(α) = V 0
SMR

(
2a cos(α)(a2 + cos(2α))

1 + a4 + 2a2 cos(2α)

)
+ V 0

SSE cos(α) .
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This model was fitted to the data in Fig. 5.9(b). The only free fit parameter was

the Oersted field BOe, since V 0
SMR and V 0

SSE are known from the measurements

in Fig. 5.3. For the measurement with Bex = 5 mT and Bex = 20 mT, the same

Oersted field is derived with the fit. This is plausible, since the same driving current

was used in both measurements. It has to be noted, that there is a small mismatch

between the theoretical curve and the experimental data in Fig. 5.3. It is possible,

that this mismatch is cause by spin torque effects [25, 26]. So far, these effects were

not observed in ferrimagnetic insulator/ normal metal samples.

5.3.7 Spin Seebeck effect in large magnetic fields
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Figure 5.11: Spin Seebeck effect measurement in large magnetic fields on the sample
YIG(16.3)/Pt(2.8): The spin Seebeck voltage was measured as a function of the mag-
netic field amplitude for an angle of α = 0° with the DC technique discussed in Sec. 5.3.1
for the current driven spin Seebeck effect. The heating power was P = 35 mW. In
large magnetic fields, the spin Seebeck voltage is constant as a function of the magnetic
field amplitude.

The spin Seebeck effect as a function of the magnetic field amplitude was already

discussed in Sec. 5.3.2. Here, the same setup is used to perform spin Seebeck

effect measurements in large magnetic fields. The results are shown in Fig. 5.11
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for a heating power of P = 35 mW and magnetic fields up to µ0H = 7 T. For

magnetic fields above µ0H = 1 T, the generated spin Seebeck voltage is constant

with ViSSE ≈ 1.2 µV. Only in small fields, peaks in the spin Seebeck signal are

visible, which can be explained by Oersted fields, as discussed in Sec. 5.3.6

Recently Kikkawa et al. [47] published data, which show a decrease of the spin

Seebeck voltage in fields larger than µ0H = 1 T. This decrease is explained by

a gap in the magnon spectrum, which is induced by the large external magnetic

field. It might be possible to explain the contradiction between the data presented

in this thesis (Fig. 5.11) and the results by Kikkawa et al. by different thicknesses

of the YIG film6. However, so far the spin Seebeck effect in high magnetic fields

as a function of the YIG thickness was not discussed in literature.

On the other hand it was observed in ferromagnetic resonance experiments,

that magnon decay processes, leading to an enhancement of the spin current,

are suppressed in thin samples, smaller as 1 µm and magnetic fields larger as

60 mT [13, 55]. Of course, these results can not be compared directly to spin

Seebeck experiments, since only the uniform magnetic precession mode was

investigated. In Ch. 4 of this thesis, it was argued, that small wavenumber

magnons do not contribute significantly to the spin Seebeck effect. However, the

aforementioned publications do illustrate, that the spin currents can indeed be

influenced by magnetic fields and the thickness of the YIG film.

6The YIG films used by Kikkawa et al. have a thickness of 1 mm.
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5.4 Conclusions

In this chapter, a new setup for measurements of the spin Seebeck effect was pre-

sented. Here, instead of using some form of external heater (laser, Peltier element,

resistive heater), the Pt layer of a YIG/Pt hybrid structure itself is used as a resis-

tive heater. All signals, measured with this technique are superimposed by voltages

due to resistive effects. However, it was shown that it is possible to separate ther-

mal voltages and resistive voltages by adding the voltages, measured for different

current directions or by using AC detection techniques.

Measurements of the spin Seebeck voltages as a function of the magnetic field am-

plitude (Sec. 5.3.2) and orientation (Sec. 5.3.1) were performed with the new setup.

The results are qualitatively in agreement with recent publications on the spin See-

beck effect [97, 103]. Further, obtained spin Seebeck voltages are compared to spin

Seebeck voltages generated with laser heating on the same sample. The results of

both techniques do agree quantitatively. In Sec. 5.3.3 the spin Seebeck voltage was

found to be proportional to the power, dissipated in the platinum layer as expected

for a thermal effect.

Since the current driven spin Seebeck measurement is an on chip technique, it is

possible to perform temperature dependent measurements, using standard magnet

cryostats (Sec. 5.3.4). The spin Seebeck voltage did show a minimum at tem-

peratures below T = 50 K and an enhancement at very low temperatures. For

temperatures above T = 50 K, the measurements agree with the theory put for-

ward by Rezende et al. [74]. No phonon drag peak could be observed [1, 100]. An

enhancement of the spin Seebeck voltage at low temperatures was not reported in

literature so far. The magnetic proximity effect in platinum might contribute to

this enhancement at very low temperatures. At room temperature, similar samples

did not show proximity induced moments in the platinum [29, 30]. However, an

enhancement of the proximity effect at low temperatures was reported in litera-

ture [56, 58]. In addition to DC measurements, AC experiments were performed

and found to yield the same results, however, with much higher accuracy and re-

duced measurement time, as quantified in Sec. 5.3.5.

Rotations of the magnetic field orientation in small magnetic fields were discussed

in Sec. 5.3.6. The obtained results did differ significantly from rotations in large

magnetic fields. It was possible, to explain these difference with Oersted fields,
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induced by the driving current. The model is consistent with expected values of

the spin Hall magneto resistance and spin Seebeck effect, obtained in independent

measurements.

Finally, the spin Seebeck effect was investigated in large magnetic fields (Sec. 5.3.7).

The spin Seebeck voltage stayed constant up to µ0Hex = 7 T. Measurements, per-

formed by Kikkawa et al. [47] did show a decrease of the spin Seebeck voltage in the

same measurement range. It might be possible to explain the contradicting results

by a different thickness of the YIG layers, used in both experiments [13, 55].

Overall, the current driven spin Seebeck effect provides a simple approach for mea-

surements of the spin Seebeck effect in YIG/Pt structures. Further, this approach

allows measurements in a cryostat. However, one has to take care since additional

effects may be induced by the driving currents, such as magneto resistive effects.
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The spin Seebeck effect is driven by a temperature imbalance between magnons

in a ferromagnet and electrons in an attached metal. However, the microscopic

mechanisms leading to such an imbalance are still under discussion. Different,

often contradicting, theories have been published in literature [3, 14, 37, 74, 94, 95,

106]. The experiments, performed within the framework of this thesis, aimed at

uncovering these underlying mechanisms. While the time resolved SSE experiments

in Ch. 4 could not directly prove one of the existing theories, it was shown that

the commonly conducted macro-spin approximation [106] does not hold in the spin

Seebeck effect.

The second part of this thesis introduced a new technique to measure the SSE

which was developed at the WMI in collaboration with Erich Dobler [20]. Here,

the platinum layer in YIG/Pt structures is used for on chip heating and thus acts not

only as spin current detector but also as a heat source. This technique reduces the

effort usually required for spin Seebeck effect experiments drastically. Therefore it

is conducive to the field of spin caloritronics, since it allows to perform spin Seebeck

effect measurements under conditions, not easily accessible with established spin

Seebeck effect setups, such as low temperatures or high magnetic fields. In fact,

current research at the WMI on the SSE was only made possible by this new

technique.

6.1 Summary

In Ch. 4 of this thesis, the results of transient spin Seebeck effect measurements

are reported. A setup, developed by Mathias Weiler und Michael Schreier at

the WMI [82, 103], was refined to allow for time resolved spin Seebeck effect

experiments.
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As it is common for high frequency measurements, the transient spin Seebeck

voltages were superimposed by resonances, which did not stem from the laser

irradiation (Sec. 4.3.3). By separating even and odd contributions of the measured

voltage with respect to the magnetic field, as presented in Sec. 4.3.1, these

resonances could, however, be removed from the spin Seebeck voltages.

Building on the work by Kathrin Ganzhorn [28] the accessible frequency range

could be extended to values typical for the interaction between magnons and

phonons (Sec. 4.3.2). Electrical cutoffs of the spin Seebeck voltage were found in

the low MHz regime, however, it could be shown that these were merely features

of the experimental setup rather than due to any mechanism intrinsic to the

spin Seebeck effect. From these measurements it is already possible to conclude,

that all time constants, relevant for the spin Seebeck effect, are shorter than

τ = 1/(2πfmod) = 3 ns.

This was confirmed on another set of experiments in the time domain (Sec. 4.3.4)

which showed the analogue behavior that could be modeled as being caused by the

RC-lowpass limit of the setup.

In contrast to the original assumption by Xiao et al. the results presented in this

thesis show, that the uniform magnetization precession mode is not important

for the spin Seeebck effect (Sec. 4.4). This also calls into question the conclusion

made by Agrawal et al. [5] in a recent plication that much longer (by at least an

order of magnitude) time constants are intrinsic to the SSE.

The results obtained in this thesis are in good agreement with newer spin Seebeck

effect theories which assume, that the spin Seebeck effect is driven by thermally

distributed magnons [74, 94].

In Ch. 5, the current driven spin Seebeck effect was introduced. This is a

new technique to measure spin Seebeck effect, which was developed at the WMI in

collaboration with Erich Dobler [20]. The platinum layer in the YIG/Pt structure,

originally only used for spin current detection, is here simultaneously used for on

chip heating (Sec. 5.2). Since the platinum layer is uniformly heated it can, in

contrast to the laser heating technique, also be used for thermometry (Sec. 5.2.1).

Measurements of the current driven spin Seebeck effect are not straight forward,

since the spin Seebeck voltage is superimposed by other signals. To recover the

spin Seebeck signal, two approaches are presented: The voltage is measured
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for different current directions and added afterwards (Sec. 5.3.1) or the second

harmonic voltage is recorded with a lock-in amplifier (Sec. 5.3.5). The results,

obtained with different measurement approaches, are consistent.

By performing the measurements as a function of the external magnetic field

orientation (Sec. 5.3.2) and the heating power (Sec. 5.3.3), it was possible to

confirm, that the voltages are indeed caused by the spin Seebeck effect.

The advantage of the current driven spin Seeebeck effect is that measurements

can be performed in standard magneto-transport setups rather than requiring

specific devices and/or detection electronics. Therefore temperature dependent

measurements in a 4He magnet cryostat were conducted in this thesis (Sec. 5.3.4).

While it was possible to reproduce the drop in the observed SSE voltage towards

small temperatures reported in literature [74], it was found that the SSE voltage

increases again at very low (< 20 K) temperatures. This behavior had not been

reported before. In Sec. 5.3.4 it was argued, that the magnetic proximity effect in

platinum [58] might contribute the observed voltage increase at low temperatures.

Finally, the spin Seebeck effect was measured in large and small magnetic fields.

While the spin Seebeck effect in large fields stays constant as expected, unexpected

features were observed in small fields. These additional features could successfully

be modeled as being caused by stray Oersted fields.

In conclusion, a new technique for spin Seebeck effect measurements was intro-

duced which made many experiments, not accessible to the WMI before, possible.

In the introduction of this thesis, it was stated, that spin caloritronics is a

controversial topic with many unanswered questions. This thesis provides valuable

results for both the theoretical modeling of the spin Seebeck effect, as well as

presenting a new tool for further investigations.
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6.2 Outlook

In Ch. 4, transient spin Seebeck effect measurements were performed. The

frequency range up to fmod = 50 MHz was explored, mostly limited by the

measurement electronics. The range of the lock-in amplifier was 50 MHz and the

digitizing card provided a sample rate of 200Msamples/s. Also the laser used in

the experiments can not be modulated with more than fmod = 200 MHz. However,

by using an electro-optical modulator for the laser intensity modulation and a

high speed oscilloscope for data acquisition, it would be possible to measured spin

Seebeck voltages in a higher frequency range. Consequently, it might be possible,

to find cutoffs, intrinsic to spin Seebeck effect and thus gain better insight in the

mechanisms, underlying the spin Seebeck effect.

As already mentioned in the introduction of this thesis, spin Seebeck effect

and anomalous Nernst effect can not be distinguished a priori in conducting

ferromagnets. Further, the anomalous Nernst effect might also be important in

YIG/Pt samples, since platinum eventually could get proximity polarized1. The

underlying physics of the anomalous Nernst effect is different from the spin Seebeck

effect. Additional relaxation channels due to electron-magnon interaction exist.

Consequently time constants, such as the magnon-phonon interaction time, might

not play a role for the anomalous Nernst effect. Therefore it could be possible

to distinguish both effects by time resolved measurements and thus determine

the contribution of the anomalous Nernst effect in YIG/Pt samples as well as in

ferromagnet/Pt samples unambiguously.

The current driven spin Seebeck effect is introduced in Ch. 5. One advan-

tage is that the platinum layer can be used for thermometry. While this allowed

to connect the observed voltages with a temperature increase in the Pt layer, the

absolute value of the gradient across the interface can still only be approximated.

However, if a sample with an additional Pt layer below the YIG could be produced

this information could easily be obtained. Unfortunately, the fabrication of a

Pt/YIG/Pt structure is challenging, since YIG does not grow single crystalline on

platinum.

1This topic is still controversially discussed in literature [29, 30, 38, 47, 58]
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At low temperatures, an increase in spin Seebeck voltage was clearly observed. In

spin Seebeck theories, this increase was not reported yet. For further investigation

it would be interesting, to measure the spin Seebeck effect at even lower tempera-

tures. A 3He cryostate would be needed for this purpose.

It was mentioned, that the anomalous Nernst effect might be an issue in a YIG/Pt

structure. Therefore it could be interesting to measure the current driven spin See-

beck effect in YIG/Au samples. Here, the proximity effect can be excluded, because

gold is diamagnetic. Since it is reported, that the proximity effect is enhanced at

low temperatures, it is especially interesting, to measure the temperature depen-

dence of the spin Seebeck effect in YIG/Au as a function of temperature.

In literature, a decrease in the spin Seebeck voltage in high magnetic fields was

observed [47], which could not be reproduced with the current driven spin Seebeck

effect. To rule out any attenuation of the spin Seebeck effect in high magnetic fields,

it might be worth the measure the spin Seebeck effect in very high fields. The WMI

currently possesses a magnet cryostat with the ability to produce magnetic fields

up to 17 T. However, it is not clear, whether field amplitudes of 17 T are enough to

observe an attenuation of the spin Seebeck voltage, since the high field dependence

of the spin Seebeck effect was not addressed in literature so far.

Spin orbit torque and spin transfer torque effects gained great interest recently, es-

pecially because they allow to switch the magnetization of magnetic layers without

application of external magnetic fields. However, so far spin torque effects have

not been reported in literature on ferromagnetic insulator structures but only in

ferromagnetic metal structures [25, 26]. The measurements, reported in Sec. 5.3.6

could be explained by Oersted fields. If samples with thinner YIG layer will be

investigated, it might be possible to observe also spin torque effects in similar ex-

periments. Since these effects are especially important for the computer industry,

it would be of great interest, the explore this in more detail.

Finally it is possible, to combine time resolved measurements, reported in Ch. 4 of

this thesis with the current driven spin Seebeck effect, introduced in Ch. 5. To carry

out this experiments, a microwave current source has to be used. Further, it is im-

portant to take care of impedance matching. Since no laser with high modulation

frequencies is necessary, this approach might be easier to implement.
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