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Abstract

The field of spin caloritronics encloses interactions between temperature, charge and spin

currents. The rapidly emerging information technology up to now is based on electronic

transport effects. However, it’s ongoing miniaturization is limited by the generation of

Joule heating. Motivated by this thermodynamic limitation, pure spin currents are a

cutting-edge approach paving the way for further developments.

In the first part of this thesis, we discuss the interplay of charge and spin currents in

ferromagnet/normal metal hybrid structures. This results in a characteristic modulation

of the resistivity in a normal metal with respect to the magnetization orientation of the

ferromagnetic insulator. In a series of experiments on yttrium iron garnet(YIG)/platinum

(Pt) bilayer samples, we characterize this so-called spin Hall magnetoresistance (SMR)

as a function of the platinum thickness. thereby, we establish a novel method to extract

spin transport properties from all-electrical measurements. We investigate the temper-

ature dependence of the magnetoresistive signal and link the decrease of the resistance

modulation with the spin Hall angle θSH in platinum, i.e. a charge to spin conversion

efficiency.

We furthermore report on an anomalous Hall-like effect in platinum that is directly con-

nected to the presence of YIG. Our observation can be linked to the SMR theory. This

interpretation enables the study of the interface spin transport properties in terms of the

complex spin mixing conductance G↑↓. Our experiments indicate that transverse mag-

netoresistive effects in YIG/Pt are dominated by the imaginary part Gi of G↑↓ and we

extract a strong temperature dependence for Gi.

Finally, we demonstrate the generation of a spin current in platinum transverse to an ap-

plied temperature gradient, known as the spin Nernst effect. We proof the existence of the

spin Nernst spin current by externally controlling the boundary conditions for a spin cur-

rent flow across the interface to an adjacent layer of YIG. This results in a characteristic

modulation of the thermopower voltage in platinum. We develop a theoretical framework

based on the spin diffusion theory and the interaction of the spin Nernst and inverse spin

Hall effect. We find an excellent qualitative agreement with our experimental data. This

enables a first experimental estimation of the heat to spin conversion efficiency, the spin

Nernst angle θSN. We find that θSN is about a factor of two larger than θSH in platinum,

but is of opposite sign. This observation is also corroborated by recent first-principle

calculations. The experimental proof of the spin Nernst effect motivates the combination

of existing heat losses in electronic components with spin caloritronic effects.
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Kurzfassung

Das Gebiet der Spinkaloritronik beschreibt das Wechselspiel von Temperatur, elektrischer

Ladung und Spinströmen. Die sich rasch entwickelnde Informationstechnologie basiert

bisher auf elektronischen Transporteffekten und ist in ihrer Miniaturisierung durch die

Entstehung Joule’scher Wärme begrenzt. Dies macht Spinströme, die dieser thermody-

namischen Limitierung nicht unterliegen, zu einem innovativen Ansatz für weiterführende

Entwicklungen.

Im ersten Teil dieser Arbeit diskutieren wir das Wechselspiel aus elektrischen Strömen und

Spinströmen in Hybridsystemen aus einem Normalmetall und einem ferromagnetischen

Isolator. Dieses Wechselspiel führt zu einer charakteristischen Modulation des Metall-

widerstandes als Funktion der Magnetisierungsorientierung des ferromagnetischen Iso-

lators. Anhand einer Messereihe an Yttrium-Eisen-Granat (engl. yttrium iron garnet,

YIG)/Platin Bilagen charakterisieren wir die Platin-Schichtdickenabhängigkeit des soge-

nannten Spin Hall Magnetwiderstands (engl. spin Hall magnetoresistance, SMR). Damit

etablieren wir eine neuartige Bestimmungsmethode für Spin-Transport Parameter aus

einer rein elektrischen Detektion. Wir untersuchen die Temperaturabhängigkeit des Mag-

netwiderstandes und können den Signalabfall mit dem Spin-Hall-Winkel θSH für Platin

verknüpfen.

Des Weiteren diskutieren wir einen anomalen Hall-Effekt in Platin, der direkt an die

Präsenz der YIG-Schicht gekoppelt ist. Diese Beobachtung kann mit der SMR Theo-

rie verknüpft werden und ermöglicht so die Untersuchung der komplexen Grenzflächen-

Spinleitfähigkeit G↑↓. Unsere Experimente zeigen, dass transversale Magnetwiderstand-

seffekte in YIG/Platin von dem Imaginärteil Gi von G↑↓ dominiert werden und lassen auf

eine starke Temperaturabhängigkeit von Gi schließen.

Außerdem demonstrieren wir die Erzeugung von Spinströmen transversal zu einem Tem-

peraturgradienten in Platin, genannt der Spin-Nernst-Effekt. Wir weisen die Existenz

dieses Spinstroms experimentell nach, indem wir die Randbedingungen für einen Spin-

transport über die Grenzfläche zu einer benachbarten YIG-Schicht extern manipulieren.

Dies führt zu einer charakteristischen Modulation der Thermokraft. Basierend auf der

Spindiffusionstheorie und dem Wechselspiel aus Spin-Nernst und inversem Spin-Hall-

Effekt entwickeln wir ein theoretisches Modell, das eine exzellente qualitative Übere-

instimmung mit unseren experimentellen Daten zeigt. Dies ermöglicht eine erste Ab-

schätzung der Umwandlungseffizienz von Wärme in Spinströme, parametrisiert durch den

Spin-Nernst-Winkel θSN. Dieser nimmt etwa den doppelten Wert von θSH ein, zeigt aber

ein umgekehrtes Vorzeichen, was durch theoretische Berechnungen bestätigt wird. Der

experimentelle Nachweis des Spin-Nernst-Effekts motiviert die Kombination aus beste-

henden Wärmeverlusten in elektrischen Bauteilen mit Effekten der Spinkaloritronik.
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1 Introduction

Quoque magis tegitur, tectus magis aestuat ignis.

The more the fire was hidden, the more it blazed.

These words were written around 8AD by the Roman poet Publius Ovidius Naso, better

known as Ovid, in the saga of Pyramus and Thisbe, part of his famousMetamorphoses [1].

By only slightly modifying this sentence to ”the more the fire was discovered, the more it

blazed”, one can quite accurately describe a rising field in solid state physics, the so-called

spin caloritronics.

Around two centuries ago, the effect of a temperature gradient on the electronic system

of a metal was discovered [2] and the Seebeck-, Peltier- and Thomson-effects formed the

basis of thermoelectrics [3–5]. The following time was dedicated to charge current based

phenomena, comprised by the generic term electrics. However, the introduction of the

spin angular momentum or just spin as the electron’s internal degree of freedom besides

its elementary properties like charge and mass [6,7] opened up a new era called spintron-

ics. While spintronics studies the coupling between spin and charge transport, Johnson

and Silsbee [8] predicted that the transport of heat in a ferromagnetic system is also

associated with the transport of spin. Thus, the combination of well-known phenomena

from thermoelectrics with spintronics led to a new sub-area called spin caloritronics. The

artificial word ”Caloritronics” coined around 2010 [9–11] is a conjunction of calor, the

Latin word for heat, and spintronics, meeting the key message of Johnson and Silsbee’s

proposal: a novel field dealing with non-equilibrium phenomena related to spin, charge,

entropy and energy transport in (mostly) magnetic structures and devices [10].

However, dealing with heat is not what makes a topic ”hot”. The invention of the transis-

tor in 1947 triggered the fast development of semiconductor based electronics to the point

of today’s ubiquitous modern information technology. Themed e.g. by Fujitsu’s guiding

principle ”the possibilities are infinite”, the ongoing miniaturization of devices combined

with an enhancement of the processing power (Moore’s law [12]) culminated in the for-

mulation of Intel’s tick-tock model in 2006 [13]: Every ”tick” represents a shrinking of the

process technology of the previous microarchitecture and every ”tock” designates a new

microarchitecture. According to Intel, the appearance of a tick or tock is expected every

twelve to 18 months. Over a period of almost one decade, this led to a processor archi-

tecture size reduction down from over 100 nm to 22 nm in 2012. In September 2014, the

1



latest tick was announced by Intel under the codename Broadwell with a process length

scale of 14 nm [13]. However, further possibilities for miniaturizations will be limited

by the impending breakdown of Moore’s Law by the ”thermodynamic bottleneck” [10]:

charge currents applied to the nanostructures inherent in modern electronics devices are

insuperably accompanied by an Ohmic energy dissipation, which severely limits down-

scaling.

In contrast to charge-mediated electronics, spin current based concepts are promising

candidates to solve this issue. Murakami et al. predicted that pure spin currents, i.e.,

a flow of spin angular momentum without an accompanying charge current, are dissi-

pationless [14] such that spin-based electronics might be much less restricted by heat

management issues. Additionally, harvesting the heat dissipated in electronic devices in

(add-on) spin caloritronic structures is an elegant way for future developments. There-

fore, spin caloritronics indeed is a ”hot” topic for the 21st century’s society.

This thesis aims to provide an experimental approach towards a fundamental under-

standing of spin caloritronics in ferromagnet/normal metal bilayers. Within this work,

the advantage of the ferrimagnetic insulator1 yttrium iron garnet (YIG) capped with a

thin platinum layer represents a common ground for the different chapters. This ma-

terial combination became quite popular during the past years: On the one hand, the

electrically insulating properties of YIG allow for a clear separation of charge currents

(restricted to the normal metal) and spin currents (allowed to propagate in both layers)

in this bilayer system. On the other hand, the normal metal platinum (Pt) features a

distinct spin orbit interaction, resulting in large spin current generation efficiencies. The

interplay of both characteristics makes this material combination a promising candidate

for industrial applications.

This work is organized as follows:

In Chapter 2, we start with the basic ingredients of electrical spin current generation

and its consecutive detection in a normal metal. By attaching a ferromagnetic insulator

(FMI) to a normal metal (N), a spin current excited in N can cross the FMI/N interface

via spin transfer torque. Since this spin angular momentum transfer is governed by the

orientation of the magnetization in the FMI layer, one obtains a powerful tool to control

spin currents by manipulating the magnetization vector of the ferromagnet. This effect is

called the spin Hall magnetoresistance (SMR). Taking advantage of a theoretical model

suggested by Chen et al. [15], we utilize the SMR for a study of spin transport charac-

teristics in the charge channel in YIG/Pt bilayers. We find an excellent qualitative and

1Within this thesis, we use the term ”ferromagnetic” for both ferro- and ferri-magnetic materials for sim-
plicity reasons. In this context, the term ”ferromagnetic insulator” describes an electrically insulating
material which exhibits a long-range ferro- or ferrimagnetic order.
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quantitative agreement of our experimental data with this theory, and our experiments

on a set of YIG/Pt bilayers with different Pt thicknesses enable the extraction of a full set

of spin transport parameters as a function of temperature. Furthermore, we show that by

studying the SMR as a function of the external magnetic field strength, the anisotropy

of the insulating YIG can be probed electrically. This work motivates the advantage of

the SMR as a new, easy-to-handle characterization technique e.g. to probe novel FMI/N

material combinations for their applicability in spintronics.

While Chapter 2 focuses on the longitudinal magnetoresistance in YIG/Pt hybrids, we

study the transverse magnetoresistive signal in Chapter 3. We perform a temperature

dependent study of the transverse Pt resistance as a function of the magnetic field ampli-

tude in a Hall-like geometry and find a distinct anomalous Hall-like signal in Pt deposited

on YIG, which is unexpected for a non-magnetic normal metal at first sight. However, by

linking our findings with the spin transfer torque at the YIG/Pt interface, we can explain

this phenomenon with a transverse SMR-related effect, the so-called spin Hall anomalous

Hall effect. The absence of this feature in plain Pt thin films directly deposited onto the

substrate as well as an excellent agreement with the transverse SMR theory confirm our

findings. Therefore, our analysis allows for an experimental extraction of the imaginary

part of the spin mixing conductance, which according to theory describes the phase shift

of the spin current in N with respect to the spin current injected to the ferromagnetic

layer. Additionally, a study of the transverse magnetoresistance as a function of the

magnetization orientation reveals higher order contributions to this anomalous Hall like

features, again only visible in the presence of YIG. Even though - or just because - a

fundamental explanation of this discovery is still under discussion, our experiments show

that spin caloritronics can not be interpreted as ”just” a spin-mediated resumption of

thermoelectric effects, but as a precursor on the way to deeper insights to solid state

physics.

In Chapter 4, we report on the first experimental observation of the spin Nernst effect

(SNE) in platinum, i.e. the generation of a spin current perpendicular to a tempera-

ture gradient. This effect can be interpreted as a thermal relative of the spin Hall effect

and represents one of the last experimentally elusive links between thermoelectrics and

spin caloritronics. We take advantage of the spin transfer torque into an adjacent YIG

layer to enable the detection of the spin Nernst spin current in the charge channel as

a thermopower voltage. Via magnetization orientation dependent experiments, we are

able to visualize the SNE as a modulation of the thermopower. Our data enables a first

experimental estimation of the heat to spin conversion efficiency, the spin Nernst angle

θSN. Interestingly, our analysis suggests an opposite sign for θSN compared to its charge

3



current driven counterpart, the spin Hall angle θSH. Our experimental findings coincide

with recent first-principle calculations for the spin Nernst angle. The observation of the

spin Nernst effect reported in this work not only reveals one of the last missing links

between temperature and spin transport, but also opens a new opportunity to combine

electric heat losses with spintronic information processing.

Finally, the obtained experimental results are summarized in Chapter 5. Thereby, we

propose further investigations in the field of spin caloritronics based on the results pre-

sented in this thesis. Fanned by this contribution, too, the fire of spin caloritronics will

blaze even brighter in the years to come.

4



2 Spin Hall magnetoresistance

Pure spin currents - a flow of spin angular momentum with no accompanying charge cur-

rent - represent a new paradigm for spin electronics. In the past decade, two distinctly

different methods to develop a pure spin current have been evolved: the spin pumping

effect [16–27] and the spin Seebeck effect (SSE) [28–41]. In both effects, ferromagnet

(F)/normal metal (N) hybrid structures are utilized to generate and detect spin currents.

In the beginning, those bilayers were consisting of conductive F and conductive N layers.

However, in the past five years ferromagnetic insulators (FMI) came into focus. FMIs

are materials with a long-range magnetic order, that enable the propagation of magnetic

excitations (spin currents), but at the same time are electrically insulating. Therefore,

they allow for a clean separation of spin and charge currents, since the charge current is

restricted to the conductive N layer, while spin currents can propagate in the FMI as well

as in N. This in particular resulted in a renewed interest in the ferrimagnetic insulator

yttrium iron garnet (Y3Fe5O12, YIG) [34, 37, 41–48]. Recently, a characteristic magne-

toresistive effect was reported in YIG/Pt heterostructures by different groups [41,43–49].

This magnetoresistance in FMI/N hybrids can be understood as a spin current-based

effect, the so-called spin Hall magnetoresistance (SMR) [15, 44, 46]. On the other hand,

Huang et al. [43] and Lu et al. [47,49] ascribed the observed magnetoresistance to a static

magnetic proximity effect at the YIG/Pt interface.

In this chapter, we experimentally study this novel magnetoresistance in a set of YIG/Pt

bilayer samples with different Pt thicknesses. We therefore start with a theoretical ap-

proach in Sec. 2.1, introducing the basic mechanism behind the spin Hall magnetoresis-

tance from both a gedankenexperiment (cf. Sec. 2.1.5) and a theoretical calculation (cf.

Sec. 2.1.6). We additionally take into account the competing interpretation in a magnetic

proximity effect framework in Sec. 2.1.7. After a brief introduction to the experimen-

tal setup and measurement techniques in Sec. 2.2, we enter the experimental part of

this chapter with a detailed discussion of the magnetoresistive signals in YIG/Pt at room

temperature in Sec. 2.3. Afterwards, we experimentally study the temperature-dependent

evolution of the magnetoresistance in a set of YIG/Pt bilayer samples with different Pt

thicknesses. Using the SMR theory, we extract the spin transport characteristics of the

YIG/Pt bilayer, namely the effective spin diffusion length λ(T ) in Pt, the real part of the

5
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spin mixing conductance Gr(T ) of the YIG/Pt interface, as well as the spin Hall angle

θSH(T ) in Pt. We close this section with a study of the influences from the ferromag-

netic layer by varying the FMI thickness in YIG/Pt bilayer samples with constant Pt

thicknesses in Sec. 2.5. A condensed form of the key results presented in this chapter is

published in Refs. [46] and [50].

2.1 Spin currents in normal metal/ferromagnetic

insulator hybrids

This section introduces the concept and theoretical model of the spin Hall magnetoresis-

tance. We start with a definition of spin currents in Sec. 2.1.1 and discuss their generation

and detection via the (inverse) spin Hall effect (cf. Sec. 2.1.2). After a brief introduction

into the characteristic length scales in Sec. 2.1.3, we discuss the scenario of a spin current

flowing across a N/F interface in Sec. 2.1.4. Combining the concept of the spin Hall effect

and its inverse for a N/FMI bilayer leads to the recently reported effect of the spin Hall

magnetoresistance. Starting from a phenomenological description in Sec. 2.1.5, a quanti-

tative model of the spin Hall magnetoresistance follows in Sec. 2.1.6. Finally, in Sec. 2.1.7

we will introduce the competing model of the magnetic proximity magnetoresistance.

2.1.1 Spin currents

More than 90 years ago, the Stern-Gerlach experiment [51,52] demonstrated the quantized

nature of angular momentum and formed the basis for quantum mechanics [53]. On

the basis of this experiment, Goudsmith and Uhlenbeck [6, 7] proposed the existence

of an intrinsic angular momentum for electrons, the spin angular momentum or short

spin. The discovery of this additional degree of freedom beside the charge q = −e 1 of

electrons enabled the emergent field of spintronics, covering the generation, propagation

and detection of spin information. In the following, we consider electric charge currents

carried by electrons. In a two spin channel model of ”spin up” and ”spin down” states,

n↑ (n↓) represent the number of electrons with spin up (spin down) propagating with a

velocity v↑ (v↓). The electric charge current density jq can be written as the sum of spin

up and spin down charge current densities jq,↑ = qn↑v↑ and jq,↓ = qn↓v↓ propagating

along the same direction,

jq = (jq,↑ + jq,↓) , (2.1)

1 we use e = |e|, where e is the absolute value of the elementary charge, e ≈ 1.602× 10−19 C.
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(a) Pure Charge Current (b) Spin-Polarized Current (c) Pure Spin Current

js,↑-jq js,↑
-jq

jq,↑
jq,↓

= = =

jq,↑
jq,↓

jq,↑

jq,↓

Figure 2.1: The three different types of currents. (a) In a pure charge current, an equal number
of spin up (|↑〉) and spin-down (|↓〉) electrons propagate in the same direction,
jq,↑ ‖ jq,↓. This leads to a propagation of charge, but no net flow of angular
momentum. (b) If |↑〉 and |↓〉 propagate in the same direction, but the number
of |↑〉 and |↓〉 are different, this results in a transport of both, spin and charge. In
this case, one speaks of a spin-polarized current. (c) Assuming |↑〉 and |↓〉 spins
of equal number propagating in opposite directions, this leads to a net transport
of spin, but no net charge current contribution. This scenario is called pure spin
current. Figure in analogy to [54].

while a spin current density js,s associated with the charge current2 is given by the

difference of spin up and spin down charge current densities,

js,s =
~

2q
(jq,↑ − jq,↓) . (2.2)

As an electron carries both, it’s charge −e and it’s spin angular momentum ~/2, in

literature the prefactor ~/2e is used for js,s sometimes [54]. This reflects the fact that

the charge current density jq as well as jq,↑ and jq,↓ are considered as the flow of charge

carriers in units of [A/m2], whereas js,s is considered as a flow of angular momentum

and therefore is written in units of [A/m2 · ~/e]. In our notation, a positive spin current

thus represents the propagation direction of |↑〉 particles. With the definitions given in

Eqs. (2.1) and (2.2), we additionally distinguish three different cases:

1. If the numbers of both spin states |↑〉 and |↓〉 are equal and jq,↑ is parallel to jq,↓

[yellow and green arrow in Fig. 2.1(a), respectively], this corresponds to a net charge

current that is not accompanied by a transport of angular momentum. We define

2The index s in js,s denotes the spin polarization axis. Therefore, js,s is a tensor.
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this as a pure charge current. This case is applicable e.g. for conventional param-

agnetic conductors without spin-orbit coupling.

2. If the numbers of both spin states are not equal, like depicted in Fig. 2.1(b), both

charge and spin information are transported and we speak of a spin-polarized cur-

rent. This scenario can be found in materials with an imbalance of spin-up and

spin-down charge carriers at the Fermi level, which are called charge conductors.

3. Assuming that both spin current densities are equal in amplitude, but flowing in

opposite directions [cf. yellow and green arrows in Fig. 2.1(c)], jq,↑ = −jq,↓, leads
to a transport of spin angular momentum that is not accompanied by a net charge

current. This pure flow of spin is called a pure spin current.

2.1.2 Spin current generation and detection in normal metals: SHE

and ISHE

It was already discussed above that spin polarized currents can be found in ferromagnetic

conductors, whereas paramagnetic conductors contain pure charge currents. Taking this

into account, the prediction of the generation of a pure spin current in a paramagnetic

metal from a charge current via the so-called spin Hall effect is even more surprising

[55, 56]. The spin-orbit interaction in a conductor leads to an asymmetric scattering of

spin up and spin down electrons. The scattering mechanisms are divided into extrinsic

mechanisms, named skew scattering [57] and side-jump scattering [58] and intrinsic effects,

which are related to the Berry curvature [59–62]. A detailed overview of the mechanisms

can e.g. be found in Ref. [63] and [64].

In ferromagnetic conductors, these effects lead to a spin polarized current perpendicular

to the charge current flow that is observable even in the absence of an external magnetic

field. This phenomenon is referred to as the anomalous Hall effect [65] and will be

addressed later (cf. Ch. 3). Additionally, the same mechanisms give rise to a pure spin

current perpendicular to an applied charge current, even in non-ferromagnetic materials.

In analogy to the conventional Hall effect [66] the existence of a spin current transverse

to a charge current is named spin Hall effect (SHE) and was observed experimentally in

2004 by Kato et al. for the first time [67].

To illustrate the SHE, we consider a plain non-ferromagnetic metal film. In the following,

we assume an electric charge current jq ‖ j (cf. Fig. 2.2). Without loss of generality, we

consider the spin polarization axis s along the n direction. The electrons moving along

−j carry both, spin up and spin down angular momentum in equal distribution n↑ = n↓,
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n

Figure 2.2: (a) Spin Hall effect. A pure charge current jq consists of both, spin up and spin
down electrons in equal parts. Due to spin orbit interaction, both spin species are
deflected in opposite directions perpendicular to both, the charge current direc-
tion and the spin polarization axis. This results in a pure spin current js,n. In
(b), we consider the opposite scenario. A pure spin current js,n gives rise to a
charge current perpendicular to the spin current direction and spin polarization
axis (inverse spin Hall effect). Figure in analogy to [54].

where n↑ and n↓ again indicate the number of |↑〉 and |↓〉 particles, respectively. The

mechanisms based on spin orbit interaction introduced above give rise to a force on the

electrons that is perpendicular to both, the propagation axis j and the spin polarization

axis n. Due to this interaction, spin up electrons are deflected along +t, while spin down

electrons are deflected along −t. This separation of both spin species leads to a pure spin

current js,n along the +t direction with spin polarization s ‖ n.
Considering the scenario the other way round, a pure spin current js,n consists e.g. of spin

up electrons flowing along the +j direction and spin down electrons flowing along the −j
direction [cf. Fig. 2.2(b)]. Both spin species will be deflected along the same direction,

as they are opposite in both, spin orientation and flow direction. This leads to a charge

current jq ‖ t perpendicular to the initial spin current. The conversion of a spin current

into a transverse charge current is called the inverse spin Hall effect (ISHE) and was

discovered in 2006 [17].

The efficiency of the charge to spin current interconversion depends on the spin-orbit

interaction and therefore is specific for each material. In literature, this is parametrized

by the spin Hall angle θSH. θSH is dimensionless and can vary from a few per mill for

e.g. gold (θAu
SH = 0.0016 [68]) to some ten per cent for e.g. tungsten (θWSH = 0.33 [69]).

In the definition of spin and charge currents given above in Eqs. (2.1) and (2.2), we can

formulate the SHE and its inverse as

js,s = θSH

(

~

2e

)

(s× jq) (2.3)

jq = θSH

(

2e

~

)

(s× js,s) (2.4)
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where s denotes a unit vector pointing along the spin polarization axis. Taken together, in

conductive materials with finite spin-orbit interaction, any charge current is accompanied

by a perpendicular spin current and vice versa. Thus, these phenomena are powerful tools

to generate (via SHE) and detect (via ISHE) a spin current electrically. The interplay of

both, SHE and ISHE, will form the basis for the spin Hall magnetoresistance introduced

in Sec. 2.1.5.

2.1.3 Spin diffusion in normal metals

In Sec. 2.1.1, we considered electrons to be particles carrying both, electric charge and

spin angular momentum. In a perfect crystal, the electron movement can be described in

analogy to its movement in vacuum via an effective mass [70]. However, in experiments

one has to assume deviations from a perfect crystallinity of the samples. Collisions of

the electron with either other electrons or interactions with the crystallographic lattice

will influence the transport of charge and spin [71]. Here, we distinguish between the

transport of momentum and the transport of spin. For the definition of the momentum

relaxation mean free path λp, both spin conserving and spin flipping types of collision

are considered. λp can be linked to the Fermi velocity vF via λp = vFτp by defining τp as

the momentum relaxation time. To give an example value for λp, we assume a metallic

sample with vF = 108 cms−1. For metals, τp is about 10
−14 s. This results in a momentum

relaxation mean free path λp ≈ 10 nm.

For the spin relaxation mean free path one can identify two length scales, the spin-flip

length and spin diffusion length. In analogy to the momentum relaxation mean free path,

the spin-flip length λsf in the ballistic limit is defined as the mean distance between two

spin-flip collisions. By introducing the mean spin-flip time τsf between two scattering

events, one again can link λsf with the Fermi velocity via λsf = vFτsf . Since τsf is of the

order of 1 ps [72], one expects λp < λsf .

In contrast, the spin diffusion length λsd describes the mean distance electrons propagate

between two spin flip events. λsd is linked to the spin-flip time τsf via the (charge) dif-

fusion constant D = 1/3λpvF, λsd =
√
Dτsf =

√

1/3λpλsf . λsd thus (except for a factor)

can be interpreted as a geometric mean of λp and λsf . As this length scale is fundamental

for the propagation of spin currents in normal metals, we will use the shortened notation

λsd = λ in the following. At room temperature, λAu is reported to be about 35 nm for

Au [73–75], while λPt ≈ 1.2−3.7 nm for Pt [76,77] in the thin film regime. In the diffusive

limit, λ can be specified via the spin diffusion equation [78]. This will be the starting

point for the theory of the spin Hall magnetoresistance in Sec. 2.1.6.
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Figure 2.3: Concept of the spin transfer torque in analogy to Ref. [84] . For details, see text.

2.1.4 Spin transfer torque

If a spin current density js,s propagating in a normal metal N reaches an interface to a

ferromagnet F, the angular momentum from the spins in js,s can be transferred to the

magnetic moment of the ferromagnet by exerting a torque on the magnetization M. This

concept called the spin transfer torque (STT) or spin torque effect was first introduced

by Slonczewski and Berger [79,80] and confirmed experimentally in F/N/F pillars [81].

At the N/F interface, a transfer of angular momentum from the conduction electron spins

to M can be achieved by either spin-dependent interfacial scattering (causing a spin ro-

tation and filtering of the spin current) or spin-dephasing [82,83]. To illustrate the STT,

we consider a N/F bilayer (cf. Fig. 2.3). For simplicity, we assume F to be half-metallic,

in a way that only electrons of spin orientation |↓〉 can enter the ferromagnet. A |←〉
electron propagating from N towards the interface is a linear combination of spin up

and spin down electrons; the orientation of M sets the quantization axis. While the |↓〉
state is allowed to cross the interface, the |↑〉 will be reflected towards N. One therefore

observes a loss of angular momentum in N. In F, the lost momentum is transferred to

M, therefore a torque T is exerted on M. Now we imagine a second scattering process

in which a spin-left hole hits the interface from the left. This causes an identical spin

transfer towards M, but both the charge and the longitudinal momentum carried by the

|→〉 electron cancel out. Combining both processes, this results in a reflection plus flip of

the spin angular momentum with a spin-transfer of ~. This can be interpreted as a trans-

verse polarized spin current that is absorbed completely at the interface. The concept of

the STT can be interpreted in analogy to the Andreev reflection at a N/superconductor

interface. However, while the superconductor is a condensate of charge, the ferromagnet

in the STT concept is a condensate of angular momentum [84].

The efficiency of the transfer of spin angular momentum across an N/F interface depends

on the material combination considered and is described theoretically by the spin mix-

ing interface conductance G↑↓. G↑↓ was proposed as a measure for the number of spin

transport channels per unit area across the N/F interface, in analogy to the Landauer-
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Büttiker picture in ballistic charge transport [85,86]. Here, G↑↓ = Gr + ıGi is introduced

as a complex quantity [87–91]. The real part Gr is linked to the in-plane magnetic field

torque [92,93] and accessible e.g. from spin pumping experiments [17,24,85,86,94]. The

imaginary partGi is related to the spin precession and interpreted as a phase shift between

the spin current in N and the one in F. Gi thus can be either positive or negative [86]. As

suggested recently, the spin Hall magnetoresistance [15,44,95] that will be introduced in

the next section allows for quantifying both Gr and Gi experimentally in N/F hybrids.

2.1.5 Spin currents in N/FMI hybrid systems: the spin Hall

magnetoresistance

In Sec. 2.1.2 we found that any charge current in a non-magnetic normal metal is ac-

companied by a transverse spin current. In general, this spin current is not visible in

experiments on plain normal metal samples. To illustrate this, we assume a free standing

metal film at first [cf. Fig. 2.4(a)]. In our gedankenexperiment, we apply a dc charge

current jq to the normal metal along −j. As described above, spin-orbit interaction gives

rise to a transverse spin current density. In our geometry, we assume the spin polarization

axis s along the −t direction and the pure spin current density js,s due to the spin Hall

effect propagating along −n. This spin current flow builds up a spin accumulation µs in

the (j, t) plane at the boundaries, and will be followed by a spin current back flow jbacks,s

towards the N. Thus, in steady state there is no net spin current flow in N, js,s = −jbacks,s .

In our considerations, we also have to take into account the inverse spin Hall effect acting

on both the spin current and the back flow. As both spin currents have the same spin

orientation, but opposite propagation directions, the charge currents jq,ISHE and jbackq,ISHE

will be along −j and j, respectively, and thus again no net contribution from the spin

current superimposes the initial charge current jq.

However, the interplay of the SHE and the ISHE becomes visible, if one manipulates the

boundary conditions for the formation of a spin chemical potential at one surface of the

normal metal. This can be achieved by putting a ferromagnetic insulator (FMI) in close

vicinity to N and using the concept of spin transfer torque as introduced in Sec. 2.1.4.

Thus, we expand our model and assume the normal metal to be attached to a FMI as

shown in Fig. 2.4(b). In our gedankenexperiment, we again apply a dc charge current

to the normal metal. Since the ferromagnet is assumed to be an insulator, the charge

current flow is restricted to N. As N now is attached to a FMI at one boundary, a spin

transfer torque (cf. Sec. 2.1.4) between N and FMI is possible if the magnetization M of

the ferromagnet is not collinear with the spin polarization s. Therefore, we have to dis-

tinguish between two scenarios where a transfer of angular momentum across the N/FMI
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Figure 2.4: (a) In a normal metal with applied charge current along j, the spin Hall effect leads
to a transverse spin current density js,s ‖ −n, generating the formation of a spin
accumulation at the boundaries. This spin chemical potential results in a diffusive
spin current jbacks,s compensating js,s. (b) In vicinity to a ferromagnetic insulator
with magnetization M ‖ s, js,s is not able to enter the FMI layer, which is referred
to open boundary conditions in analogy to the conventional Hall effect. (c) Closed
boundary conditions: If M is perpendicular to s, a spin transfer torque is possible
and therefore the spin accumulation is suppressed at the N/FMI interface, leading
to a suppression of jbacks,s .

interface is allowed and prohibited, respectively.

1. open boundary conditions: Considering M ‖ s, the spin transfer torque at the

N/FMI interface is prohibited and therefore the spin current can not enter the FMI.

In that configuration, the charge current contributions given from both spin current

and back flow cancel out [cf. Fig. 2.4(b)].

2. closed boundary conditions: If we assumeM ⊥ s, a spin transfer torque between
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the N and the FMI is possible. In this configuration, the spin current density js,s

will flow across the interface and induce a magnetization precession in the FMI

layer. Therefore, the formation of a spin accumulation at the N/FMI interface as

well as the spin current back flow towards the N is suppressed [see Fig. 2.4(c)]. In

this scenario, the initial charge current jq is superimposed by the charge current

contribution jq,ISHE stemming from the SHE/ISHE interplay.

Therefore, the resistance of N is affected by the magnetization orientation of the FMI, giv-

ing rise to a novel magnetoresistance referred to as spin Hall magnetoresistance (SMR)

[15, 44–46, 96]. The SMR effect was postulated in 2013 by Nakayama et al. and dis-

cussed in various material combinations in the last years [96–98]. However, to utilize the

SMR as a powerful tool to access spin transport characteristics electrically, a theoretical

description of the mechanisms is necessary.

2.1.6 Theoretical description of the spin Hall magnetoresistance

To quantitatively model the SMR, it is necessary to take into account the diffusive nature

of transport as well as the spin dissipation in N. A theoretical approach based on spin

diffusion theory and spin transfer torque was published by Chen et al. in 2013 [15].

A brief introduction to the main assumptions and results of the SMR theory will be

presented in the following section. For mathematical details, we refer to Ref. [15].

Again, we consider a N/FMI bilayer in the geometry introduced in Fig. 2.4(b). In the

non-relativistic limit, the spin current density js,s can be written as a second-order (3×3)

tensor,

js =
(

jjs, j
t
s, j

n
s

)

. (2.5)

Please note that for simplicity reasons, the spin current density js is formulated in units

of the charge current density jq in the following section. The column vectors jis = en <

viΣ + Σvi > /2 denote spin current densities with polarization s flowing along the

i = (j, t,n) direction, while the row vectors jsk = en < vΣk + Σkv > /2 denote spin

current densities polarized along the k direction. v represents the velocity vector, Σ

denotes the vector of Pauli spin matrices and < · · · > the expectation value. The relations

between driving forces and currents in N can be summed up in a response matrix (linear

response regime) for a particle with charge q [78]













jq

js,j

js,t

js,n













= σN













1 θSHj× θSHt× θSHn×
θSHj× 1 0 0

θSHt× 0 1 0

θSHn× 0 0 1












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
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


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











, (2.6)
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where σN denotes the electrical conductivity of the N layer, θSH its spin Hall angle and

(j, t,n) represent unity vectors along the coordinate axes as introduced in Fig. 2.4. The

spin Hall effect [lower non-diagonal and non-vanishing matrix elements in Eq. (2.6)] gen-

erates spin currents in the presence of an applied electric field, here chosen to be along the

j direction, E = Ejj = −j∂jΦ where Φ is the electro-chemical potential applied along j.

The inverse spin Hall effect [elements above the diagonal in Eq. (2.6)] links the gradients

of the spin accumulation to the charge current density. µs = (µs,j, µs,t, µs,n)
T −µ01̂ is the

spin accumulation, which can be interpreted as the spin-dependent chemical potential

relative to the charge chemical potential µ0 = qΦ (in units of Joule).

µs can be obtained from the spin diffusion equation [78] in the normal metal

∇2
µs =

µs

λ2
, (2.7)

with its general solution

µs = A exp(−n/λ) +B exp(n/λ). (2.8)

Here, λ denotes the spin diffusion length of the normal metal. The vector constants A

and B are determined by the boundary conditions at the interfaces at n = 0 between N

and the FMI and n = tN between N and the vacuum, where tN denotes the thickness of

the N layer in n direction [cf. Fig. 2.4 (b)].

From Eq. (2.6) we can write down the spin current density in N, reading

jns (n) = −JSH
s0 t− σN

2q
∂nµsn. (2.9)

As expected from Sec. 2.1.5, the spin current in the normal metal layer consists of two

contributions, given by the initial spin current −JSH
s0 t stemming from the spin Hall effect

acting on the applied charge current jq and a diffusive spin current −σN∂nµsn/2q due to

the spin accumulation at the boundaries. Here, we used the abbreviation JSH
s0 = θSHσNEj

for the bare spin Hall current. Since the geometry restricts the spin transfer torque

to the N/FMI interface at n = 0, we neglect contributions to the spin current with

spin polarizations along n traveling parallel to the t axis in the following. The spin

current in N is required to be continuous at the interfaces. In particular, the spin current

vanishes at the N/vacuum interface at n = tN. At the magnetic interface n = 0, the spin

current density jFs is governed by the spin accumulation µs and the spin mixing interface
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conductance per unit area3 G↑↓ = Gr + ıGi introduced in Sec. 2.1.4:

qjFs (m) = Grm× (m× µs) +Gi (m× µs) . (2.10)

Here, m = (mj,mt,mn)
T is the normalized unit vector of the magnetization direction

and a positive current in Eq. (2.10) corresponds to up spins flowing towards the N. Since

we assume an insulating ferromagnet, the spin current density jFs is proportional to the

spin transfer torque acting on the ferromagnet (cf. Sec. 2.1.4).

To solve the spin diffusion equation in Eq. (2.7), we determine the coefficients A and B

by inserting the ansatz shown in Eq. (2.8) to Eq. (2.9). At the vacuum interface n = tN,

where jns (n) is required to vanish, Eq. (2.9) reads

−σN

2qλ

(

−Ae
−tN
λ +Be

tN
λ

)

− JSH
s0 t = jns (tN) = 0. (2.11)

For the N/FMI interface at n = 0, the spin current reads jns (0) = jFs (m) and we obtain

σN

2qλ
(A−B)− JSH

s0 t = jFs (m) (2.12)

Determined by Eqs. (2.11) and (2.12) the solution for the spin chemical potential µs reads

µs =
2qλ

σN

[

−
(

jns (tN) + jSHs0 t
) cosh n

λ

sinh tN
λ

+
(

jFs (m) + JSH
s0 t

) cosh n−tN
λ

sinh tN
λ

]

(2.13)

For bilayers, we take into account jns (tN) = 0 and re-formulate Eq. (2.13) to

µs(n) = −tµ0
s

sinh 2n−tN
2λ

sinh tN
2λ

+ jFs (m)
2qλ

σN

cosh n−tN
λ

sinh tN
λ

(2.14)

using the spin accumulation µ0
s at the interface in the absence of STT, i.e. for G↑↓ = 0,

µ0
s =

2qλ
σN

JSH
s0 tanh tN

2λ
. Utilizing the definition of jFs (m) given in Eq. (2.10) and the vector

3G↑↓ is written in units of [G↑↓] = A/(V m2), not to be confused with the spin mixing conductance
per unit of interface area and per conductance quantum e2/h called g↑↓ that is sometimes used in
literature. The connection between both quantities is given by g↑↓ = G↑↓ ·h/e2.
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identity a× (b× c) = b (a · c)− c (a ·b), leads to

µs(0) = tµ0
s

(

1 + 2λ
σN
Gr coth

tN
λ

)

(

1 + 2λ
σN
Gr coth

tN
λ

)2

+
(

2λ
σN
Gi coth

tN
λ

)2

+mmtµ
0
s

2λ
σN
Gr coth

tN
λ

(

1 + 2λ
σN
Gr coth

tN
λ

)

+
(

2λ
σN
Gi

)2

coth2 tN
λ

(

1 + 2λ
σN
Gr coth

tN
λ

)2

+
(

2λ
σN
Gi coth

tN
λ

)2

+m× tµ0
s

2λ
σN
Gi coth

tN
λ

(

1 + 2λ
σN
Gr coth

tN
λ

)2

+
(

2λ
σN
Gi coth

tN
λ

)2 .

(2.15)

We now insert Eq. (2.15) into the boundary condition at the interface and obtain the spin

current at the interface:

ejFs (m) = µ0
sσNRe

[

G↑↓
(

σN + 2λ coth tN
λ
G↑↓

)

]

m× (m× t)

+ µ0
sσNIm

[

G↑↓
(

σN + 2λ coth tN
λ
G↑↓

)

]

(m× t)

(2.16)

The spin accumulation µs(n) can now be calculated by inserting Eq. (2.16) into Eq. (2.14):

µs(n)

µ0
s

= −tsinh
2n−tN
2λ

sinh tN
2λ

+ 2λ

(

m× (m× t) Re + (m× t) Im

)

· G↑↓
(

σN + 2λ coth tN
λ
G↑↓

)

cosh n−tN
λ

sinh tN
λ

,

(2.17)

leading to the spin current distribution in N

jns (n) = JSH
s0 t

cosh 2n−tN
2λ
− cosh tN

2λ

cosh tN
2λ

− 2λJSH
s0 tanh

tN
2λ

·
(

m× (m× t) Re + (m× t) Im

)

G↑↓

σN + 2λ coth tN
λ
G↑↓

sinh n−tN
λ

sinh tN
λ

(2.18)

The ISHE acting on the spin current components gives rise to longitudinal (along j) and

transverse (along t) charge currents

jq,long
j0q

= 1 + θ2SH

(

cosh 2n−tN
2λ

cosh tN
2λ

+
(

1−m2
t

)

Re
2λG↑↓ tanh

tN
2λ

(

σ + 2λ coth tN
λ
G↑↓

)

sinh n−tN
λ

sinh tN
λ

)

(2.19)

jq,trans
j0q

= θ2SH tanh
tN
2λ

(mjmtRe−mnIm) · 2λG↑↓
(

σ + 2λ coth tN
λ
G↑↓

)

sinh n−tN
λ

sinh tN
λ

(2.20)
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where j0q = σNEj is the charge current driven by the external field.

In experiments, one commonly detects electrical resistivities. To determine the longi-

tudinal and transverse components of the resistivity ρ, ρlong and ρtrans, we average the

electrical current over the film thickness. The total longitudinal resistivity is governed

by the applied charge current along j. We expand ρlong and ρtrans to leading order in θ2SH
and obtain

ρlong =
1

σlong

=

(

jq,long
Ej

)−1

≈ ρ0 +∆ρ0 +∆ρ1(1−m2
t ) (2.21)

for the longitudinal component where σlong = σN is the intrinsic electric conductivity of

the bulk normal metal. We here used ρ0 = σ−1
N and the abbreviations

∆ρ0
ρ0

= −θ2SH
tN

2λ tanh
tN
2λ

(2.22)

∆ρ1
ρ0

=
θ2SH
tN

λRe
2λG↑↓ tanh

2 tN
2λ

σ + 2λ coth tN
λ
G↑↓

. (2.23)

For the transverse resistivity, we end up with

ρtrans =
σlong

σ2
trans

≈ ∆ρ1mjmt +∆ρ2mn (2.24)

using
∆ρ2
ρ0

= −θ2SH
tN

λIm
2λG↑↓ tanh

2 tN
2λ

σ + 2λ coth tN
λ
G↑↓

. (2.25)

Obviously, the longitudinal resistivity ρlong is modulated by (1 − m2
t ) and the propor-

tionality factor ∆ρ1/ρ0 depends on intrinsic properties of the N/FMI bilayer. In our

geometry defined above, mt is the projection of the magnetization vector M on the di-

rection transverse to the applied current jq ‖ j in the film plane. mt can be defined as the

sine of the angle θ between the current direction j and the unity magnetization vector m

(cf. Fig. 2.4). Therefore, we end up with a cos2 (θ) modulation of ρlong,

ρlong ≈ ρ0 +∆ρ0 +∆ρ1(1− sin2 (θ)) = ρ0 +∆ρ0 +∆ρ1 cos
2 (θ) (2.26)

with a minimum signal for mt = 1 (θ = π/2, 3π/2) and a maximum signal for mt = 0

(θ = 0, π). The latter case can be achieved by both mj = 1,mn = 0 as well as

mj = 0,mn = 1, corresponding to M ‖ j ‖ jq and M ‖ n ‖ s, respectively. In our

experiments, the switching between those different boundary conditions will be realized

by rotating the magnetization vector M of the FMI and therefore changing the projec-

tions of m on the coordinate axes j, t and n.

The evolution of the transverse resistivity ρtrans shown in Eq. (2.24) also shows a modula-
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tion proportional to ∆ρ1. However, the factor mjmt can be transformed to sin (θ) cos (θ)

and thus the angular dependence of the signal4 will be shifted by π/4 with respect to ρlong.

Additionally, the SMR theory provides the prediction of a spin current based modulation

of the transverse resistivity in the out-of-plane configuration (mn 6= 0) proportional to

∆ρ2. This phenomenon is called the spin Hall anomalous Hall effect [15] and will be

discussed separately in Chapter 3.

2.1.7 Magnetic proximity magnetoresistance: an alternative model?

Before we start with the discussion of our experimental data, an alternative approach

to explain a magnetization-orientation dependent modulation of a normal metal’s resis-

tivity will be introduced at this point. From the beginning of Chapter 2, we discussed

charge and spin currents in so-called non-magnetic (normal) metals. The phrase non-

magnetic was defined to represent materials without a ferromagnetic ordering. In terms

of a two-spin-channel model [99], this implies that the number of occupied spin up and

spin down states n↑ and n↓ in the conduction band are equal in the absence of an exter-

nal magnetic field. However, around 50 years ago it has been proven that non-magnetic

materials can adopt an induced magnetism, i.e. they show an imbalance of spin up and

spin down states in their conduction band, if they are brought in direct contact with a

ferromagnetic metal [100, 101]. Hereby, the strong hybridization of the N’s orbitals with

their ferromagnetic neighbors is responsible for this effect and thus the formation of a

proximitized, ”ferromagnetic” area in N is possible, but restricted to a few mono-layers

at the N/F interface (cf. Fig. 2.5).

Within this ferromagnetic area, the response of the normal metal on an external mag-

netic field is affected by the proximity effect and one observes typical ferromagnetic

fingerprints from the proximitized layer in N. In the simplest possible case, the magnetic

response from the F layer can be neglected by assuming F to be electrically insulating.

Therefore, a magnetic field dependent signal can be directly attributed to the magnetic

properties of N. However, for N films with a finite thickness, the non-proximitized part of

N will dominate the electrical signal and thus induced magnetoresistive effects will show

a strong thickness dependence and will be suppressed in thick (thickness t ≫ a, with a

the thickness of one monolayer of the material) normal metal layers.

In the following, we will briefly discuss, what the electrical signal in a proximitized normal

metal would look like. For this, we assume a ferromagnetic, conducting sample represent-

ing solely the proximitized area. It was found in 1856 by William Thomson [102], that

the resistivity of a ferromagnetic material depends on the relative orientation between the

4mjmt is a non-vanishing factor for so-called in-plane rotations, i.e. rotations of the unity magnetization
vector m in the plane spanned by j and t.
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current direction and an external magnetic field. In experiments, one usually observes

ρ‖ > ρ⊥ [103] in conductive ferromagnets, where the indices ‖ and ⊥ indicate the relative

orientation between the direction j of the applied current and the external field direction

H. This is referred to as anisotropic magnetoresistance (AMR).

In a theoretical picture, this leads to [99]

ρlong =
ρ‖ + 2ρ⊥

3
+
(

ρ‖ − ρ⊥
)

(

m2
j −

1

3

)

. (2.27)

Thus, similar to the SMR theory in Sec. 2.1.6, the AMR shows a quadratic dependence

on one projection direction of m. However, we want to emphasize, that the AMR is

modulated by m2
j , while the SMR shows a proportionality to m2

t . This difference will be

crucial to separate between AMR and SMR in the following.

For the transverse resistivity, the AMR reads

ρtrans =
E× jq

|jq|2
=

(

ρ‖ − ρ⊥
)

sin (θ) cos (θ) =
(

ρ‖ − ρ⊥
)

mtmj. (2.28)

Again, Eq. (2.28) is similar to the expression for ρtrans provided by the SMR theory (cf.

Sec. 2.1.6). Both Eq. (2.28) and the first part of Eq. (2.24) are proportional to mtmj,

making it impossible to differ between AMR and SMR in the transverse in-plane resis-

tivity signal.

The formation of proximitized layers is detectable with techniques sensitive to the spin-

orientation of an element, like polarized neutron reflectometry [104], X-ray magnetic cir-

cular dichroism (XMCD) [49, 105, 106], or X-ray resonant magnetic reflectivity (XRMR)

M

ferromagnetic, 

metallic interlayer

ferromagnet

non-magnetic

metal

Figure 2.5: Formation of induced magnetic moments within a non-magnetic normal metal
layer in direct contact to a ferromagnet due to the proximity effect.
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[107]. Within the past 15 years, the proximity effect was reported in metallic multi-

layer systems consisting of alternating layers of magnetic (inducting) and non-magnetic

(induced) layers like Ni/Pt [105] or Fe/Pt [108]. In Sec. 2.3, we will present the investiga-

tion of induced magnetic moments in the material combination used in our experiments,

i.e. platinum in direct contact with the ferromagnetic insulator yttrium iron garnet via

XMCD [49, 106, 109]. Within that section, we will discuss the proximity-induced AMR

(or proximity MR [47]) as a candidate for a contrary interpretation of our experimental

results.

This concludes the theoretical introduction to the spin Hall magnetoresistance. In the

following section, we present an overview of the samples used in our experiments and

introduce the experimental setup.

2.2 Sample preparation and experimental setup

As shown in Sec. 2.1.5, for testing the SMR concept experimentally one needs a hybrid

structure consisting of a normal metal with large spin orbit interaction (SOI) and an

adjacent, insulating ferromagnet. In our experiments, we chose single-crystalline yttrium

iron garnet (Y3Fe5O12, YIG) thin films for the ferromagnetic insulating layer and platinum

(Pt) for the normal metal. Certainly, the occurrence of the SMR is not restricted to the

material combination YIG/Pt. Results for other FMI/N combinations utilizing Fe3O4 and

NiFe2O4, tungsten and tantalum have been reported [46, 97, 98], showing that the SMR

is a universal concept for normal metals with large spin orbit interaction in vicinity to a

ferromagnetic insulator. This section provides a brief overview on the sample fabrication,

a more detailed information on the sample growth and pre-characterization of our YIG/Pt

hybrid systems can e.g. be found in Ref. [110]. An overview on the experimental setup

and measurement techniques will conclude this section.

2.2.1 Sample growth

The samples used in our experiments are YIG/Pt thin film heterostructures deposited

onto (111)-oriented gadolinium gallium garnet (Gd3Ga5O12,GGG) or yttrium aluminum

garnet (Y3Al5O12,YAG) single crystal substrates as described in Ref. [106]. The YIG thin

films with a thickness tF (4 nm ≤ tF ≤ 200 nm) were epitaxially grown via pulsed laser

deposition from a stoichiometric polycrystalline target, utilizing a KrF excimer laser with

a wavelength of 248 nm, at a repetition rate of 10Hz and a laser fluence of 2 J/cm2. The

deposition was carried out in an oxygen atmosphere at a pressure of 25× 10−3 mbar and

a substrate temperature of 500◦C (YAG) or 550◦C (GGG), respectively. After cooling
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the sample to room temperature, a polycrystalline Pt layer of thickness tN was deposited

in situ on top of the YIG film via electron beam evaporation. We applied high-resolution

X-ray reflectometry (HR-XRR) as exemplarily shown in Fig. 2.8 to determine tF, tN and

the interface roughness h for all samples, using the Software Package LEPTOS (Bruker

AXS). The results of the reflectometry simulations for all samples discussed in this chap-

ter are summarized in Tab. 6.2 .

2.2.2 Experimental setup for magnetotransport experiments

We patterned the YIG/Pt bilayers into Hall bar structures (width w = 80µm, contact

separation l = 600µm) using optical lithography and subsequent argon ion beam milling

[see Fig. 2.6(a)]. Each sample is glued to the copper base of a chip-carrier sample holder

using GE Varnish [cf. Fig. 2.6(b)] and the contacts of the Hall bar structures are connected

to the bonding frame of the sample holder using 30µm thin aluminum wires via wedge

bonding. The chip carrier is connected to the head of a dipstick, which may be used in the

variable temperature insert (VTI) of either a superconducting split-coil magnet cryostat

(”Moria”, µ0H ≤ 7T) or a superconducting 3D vector magnet cryostat (”Chaos”, µ0H ≤
2T for rotations, see Sec. 6.2) for magnetoresistance measurements (10K ≤ T ≤ 300K).

The ”Moria” cryostat’s VTI is equipped with a stepper motor, which allows a rotation of

the sample with respect to the external magnetic field. Additionally, the dipstick offers

different mounting stages for the chip carrier, enabling a sample mounting in different

configurations with respect to the rotation axis and the magnetic field direction. For

measurements in the ”Chaos” cryostat, however, we rotate the external magnetic field,

while the sample position inside the VTI is fixed. As the data taken for both methods

(rotating the sample in an external magnetic field and vice versa) represents the same

phenomenology, we do not separate between measurements taken in the ”Moria” and the

n

t

j

(a) (b)

YIG

Pt

w

l

tN

tF

Figure 2.6: (a) Sketch of the Hall bar patterned YIG/Pt bilayer and definition of the coor-
dinate system by j, t, and n. (b) Picture of a mounted and contacted YIG/Pt
sample and a 1 Euro cent coin to serve as a rule. The photograph is provided by
our former bachelor student Dominik Irber [111].



Section 2.2
Sample preparation and experimental setup 23

”Chaos” in the following. Additionally, for simplicity reasons, we speak of a rotation of

the external magnetic field around the sample for both cases. In our experiments, we

current bias the Hall bars with a jq of up to 500µA and detect the longitudinal and

transverse voltages Vlong and Vtrans as a function of the magnetization orientation M. To

manipulate the direction of M, we define three different rotation planes as follows (cf.

Fig. 2.7)

• in-plane (ip) rotations in the sample plane spanned by j and t (mn = 0)

• out of plane perpendicular j (oopj) in the plane spanned by n and t (mj = 0)

• out of plane perpendicular t (oopt) in the plane spanned by n and j (mt = 0),

and took advantage of the concept of the angle-dependent magnetoresistance (ADMR)

[46, 112, 113]. Therefore, an external magnetic field of constant magnitude µ0H ≤ 7T is

rotated in the rotation planes introduced above while we recorded the evolution of the

sample’s resistivity ρ (δH). Here, δH denotes the rotation angle α, β, or γ between the

magnetic field H and the current direction j or the transverse direction t, respectively. A

definition of the rotation angles can be taken from Fig. 2.7. The magnitude of the mag-

netic field was intentionally chosen much larger than the anisotropy and demagnetizing

fields of YIG, in order to ensure that the YIG magnetization M is always saturated and

oriented along H, δH = δ.

The longitudinal and transverse resistivities ρlong and ρtrans of the sample can be calcu-

lated from the voltage drop Vlong (δ) along the direction of charge current flow, Vtrans (δ)

along t and the magnitude jq of the charge current density:

ρlong (δ) = Vlong (δ) ·
wtN
jql

(2.29)

ρtrans (δ) = Vtrans (δ) ·
tN
jq

(2.30)

(a) (c)(b)

in-plane (ip) out of plane j (oopj) out of plane t (oopt)

β
H

n

t

j

γ
H

n

t

j

n

t

j
H

αYIG

Pt

Figure 2.7: Definition of the rotation planes in-plane (ip, panel a), out of plane perpendicular
j (oopj, panel b) and out of plane perpendicular t (oopt, panel c) including the
respective rotation angles α, β and γ.
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A slight misalignment of the contact leads of the Hall bar structure may result in a

superposition of a small percentage of the longitudinal signal to the transverse voltage

and vice versa. Since the longitudinal voltages taken in our experiments are orders of

magnitude larger than the transverse signals, this is crucial especially in out of plane

rotations. In detail, for oopj and oopt rotations, one expects a Hall signal from the Pt

of the order of −20 pΩm/T [114] (bulk value), whereas the longitudinal signal given by

the sheet resistivity of Pt is about 200− 700 nΩm. Therefore, even a few per mill of ρlong

superimposing ρtrans will distort the transverse signal.

The cos2(δ) shaped longitudinal signals taken in our measurement are periodic by δ =

180◦, ρsymm(δ) = ρsymm(δ+180◦), whereas the sin (δ) shaped Hall signature in the out of

plane measurements is antisymmetric by δ = 180◦, ρantisymm(δ) = −ρantisymm(δ + 180◦).

Here, the angle δ again stands for the out of plane rotation angles β and γ. We used the

following equation to antisymmetrize the transverse out of plane data

ρantisymm
trans =

{

ρtrans(δ)−ρtrans(δ+180◦)
2

, for 0◦ ≤ δ ≤ 180◦

ρtrans(δ)−ρtrans(δ−180◦)
2

, for 180◦ < δ ≤ 360◦
(2.31)

Additionally, a superimposing transverse component can be separated from the longitu-

dinal signal via

ρsymm
long =

{

ρlong(δ)+ρlong(δ+180◦)

2
, for 0◦ ≤ δ ≤ 180◦

ρlong(δ)+ρlong(δ−180◦)

2
, for 180◦ < δ ≤ 360◦

(2.32)

Both equations were implemented in a Python based program written by Richard Schlitz

[115] during his bachelor’s thesis. In our experiments, we took 720◦ data sets (360◦

rotation clockwise and counter-clockwise) and averaged the data taken in both rota-

tion directions. We (anti-) symmetrized all ADMR raw data shown in this work using

Eq. (2.31) and (2.32) after calculating ρlong and ρtrans according to Eq. (2.29) and (2.30).

2.2.3 Sheet resistivity in Pt thin films

Before starting the magnetoresistive experiments, we checked the temperature- and thick-

ness dependence of the sheet resistivity ρ0 of our Pt thin films, taken from measurements

of the longitudinal resistivity ρlong in the absence of an external magnetic field. We ob-

serve an increase of ρ0 from 200 nΩm to more than 700 nΩm with decreasing Pt thickness

tN, which we attribute to the finite roughness of the YIG/Pt interface. Upon decreasing

the temperature from room temperature to 10K, ρ0 additionally decreases by an average

factor of the residual resistance ratio RRR = ρ300K/ρ10K ≈ 1.5 [cf. Fig. 2.8(a)] for all

samples investigated. The residual resistance ratio can be understood as a measure for

the number of impurities in a material. The higher the RRR value, the less impurities
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Figure 2.8: (a) Temperature dependence of the resistivity ρ for a set of YIG/Pt samples with
different values tN of the Pt thickness. (b) Thickness dependence of ρ0 (symbols)
for the 10K data and a fit using Eq. (2.33) shown as a solid line. Panel (c)
shows exemplary HR X-ray reflectometry (HR-XRR) data for a sample with a Pt
thickness of tN = 2.5 nm. The red line shows a HR-XRR fit for a thickness of the
YIG layer of tYIG = 53.4 nm and a roughness of h = 0.49 nm.

are present. For Pt, RRR values of about 700 and higher have been reported [116] for

wires with diameters of 250µm. While of course surface effects have to be taken into

account for thin films, too, the investigation of our Pt nevertheless indicates a quite high

impurity density. In order to take the film thickness and temperature dependence of ρ0

into account, we use a thickness dependent resistivity ρ0(tN, T ) as proposed by Fischer

et al. [117]:

ρ0(tN, T ) = ρ∞(T )

(

1 +
3

8 (tN − h)
ℓ∞ (1− p)

)

, (2.33)

where ρ∞ is the resistivity for tN → ∞, h the interface roughness, ℓ∞ the mean free

path for tN → ∞ and p the fraction of electrons scattered at the metal surface. Here,

we assume a diffusive limit (p = 0) and choose ρ∞(T ) = ρ0(16.9 nm, T ) (assuming the

16.9 nm film to be bulk-like) and ℓ∞ = 3nm from a fit of Eq. (2.33) to the experimental

data (cf. fit in Fig. 2.8 (b) to the 10K data). In literature, ℓ∞ ≈ 12 nm has been reported

for Pt [117], the difference to our value is supposed to be due to the increased number

of impurities in our films (cf. RRR value). To enable a straightforward fit of the data

as a function of the film thickness, i.e., across several samples, we use the same average
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rms value of h = 0.7 nm for the interface roughness (derived from HR-XRR as listed in

Tab. 6.2) for all samples in the following sections.

2.3 Magnetotransport experiments at room temperature

In Sec. 2.1.6, we theoretically described a novel magnetoresistive phenomenon in FMI/N

bilayers, the spin Hall magnetoresistance. To experimentally test this conjecture, we start

the experimental part of this chapter with a room temperature analysis of the magneti-

zation orientation dependent magnetotransport in YIG/Pt bilayers. We show that the

MR fingerprint is a unique feature and can be linked to the SMR theory presented above,

while it is at odds with a magnetic proximity-based AMR assumption. Taking advantage

of the SMR picture, we are able to extract the film anisotropy of the ferrimagnetic in-

sulator YIG from magnetotransport measurements in Sec. 2.3.4. Afterwards, we discuss

the magnetic field dependence of the SMR in Sec. 2.3.5. From a characteristic normal

metal thickness dependence of the MR signal, we close this section with a calculation

of spin transport parameters of the YIG/Pt bilayer using the SMR theory in Sec. 2.3.6.

The room-temperature results presented in this section have been published in Physical

Review B [46].

2.3.1 Magnetoresistive fingerprint in YIG/Pt

We start the evaluation of the MR in YIG/Pt bilayers with the analysis of ADMR mea-

surements obtained from a YIG (53 nm)/Pt (8.5 nm) bilayer taken at T = 300 K with

a magnetic field of µ0H = 1 T applied. The experimental results are summarized in

Fig. 2.9. For the ADMR experiments with an ip magnetic field rotation, as depicted in

Fig. 2.9 (a), we observe an angular dependence with a period of 180◦ and a maximum in

ρlong for H parallel (α = 0◦) or anti-parallel (α = 180◦) to j and a minimum for H parallel

(α = 90◦) or anti-parallel (α = 270◦) to t. Due to the small in-plane magnetic anisotropy

of the YIG layer, its magnetization is aligned with the external magnetic field in good

approximation for all α. ρlong shows a cos2 (α) dependence with −∆ρ/ρ0 ≈ 6.5× 10−4 in

accordance to Eq. (2.21) [cf. green dashed lines in Fig. 2.9 (a)]. In addition, the trans-

verse resistivity depicted in Fig. 2.9 (d) exhibits a cos (α) sin (α) dependence. We observe

a maximum in ρtrans at α = 135◦ and α = 315◦, while the minima are located at α = 45◦

and α = 225◦. The amplitude of the modulation in ρtrans in Fig. 2.9 (d) corresponds to

the modulation in the longitudinal resistivity, and we observe ρ1 = −ρ3 as expected from

the SMR theory.

In ip configuration, however, also a fit according to Eq. (2.27) provides a qualitative agree-

ment to our experimental data. This is shown by means of the red dashed lines in Fig. 2.9
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Figure 2.9: ADMR results for a YIG (53 nm)/Pt (8.5 nm) bilayer taken at T = 300K by ap-
plying a magnetic field of µ0H = 1T. (a) - (c) Evolution of the longitudinal
resistivity ρlong for rotations in ip (a), oopj (b) and oopt (c) configuration. (d)
-(f): Dependence of the transverse resistivity ρtrans on the magnetic field orienta-
tion for rotations in ip (d), oopj (e) and oopt (f) configuration. The green dashed
lines represent fits using the SMR theory. Fits taking advantage of the proximity
MR model are depicted in red dashed lines.

(a) and (d). In ip configuration (mn = 0), both Eq. (2.21) (ρlong ∝ m2
t ) and Eq. (2.27)

(ρlong ∝ m2
j) agree with our experimental findings and thus a qualitative distinction be-

tween the SMR and the proximity MR concept is not possible by performing experiments

with magnetization orientations in the sample plane only.

In case of the oopj rotation plane [cf. Fig. 2.9 (b)], we observe maxima in ρlong located at

β = 90◦ (H ‖ n) and β = 270◦ (H ‖ −n). The minima in ρlong occur at β = 0◦ (H ‖ t)
and β = 180◦ (H ‖ −t). The longitudinal resistivity exhibits a sin2 (β) dependence and

we again find −∆ρ/ρ0 ≈ 6.5× 10−4. As shown by the green line in Fig. 2.9 (b), the SMR

model again reproduces the characteristics of our experimental signal, while a fit using

the AMR theory [red line in Fig. 2.9 (b)] suggests no dependence of ρlong on the rotation

angle β in this configuration (mj = 0). For the transverse resistivity, we now observe

a completely different angular dependence proportional to sin(β) with a period of 360◦.

ρtrans has a minimum at β = 90◦ (H ‖ n) and a maximum at β = 270◦ (H ‖ −n). This is
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the signature of the Hall effect in the Pt layer and will be discussed separately in Ch. 3.

Interestingly, the angular dependence of ρlong(γ) vanishes for the oopt rotation plane [cf.

Fig. 2.9(c)] in good approximation. Small wiggles on the longitudinal signal stem from

a strong temperature dependence of the Pt sheet resistivity5. Thus, a small change in

the environmental temperature is directly visible in the transport data6. A seemingly

occurring 180◦ periodicity of the longitudinal signal can be attributed to the symmetriza-

tion during the data processing. The upper limit for the resistivity modulation in oopt

geometry is 4× 10−5 for this sample and thus is at least one order of magnitude smaller

than the signal modulation found in ip and oopj. Using the Pt temperature coefficient

τPt ≈ 3800 ppm at room temperature [118], a modulation ∆ρ/ρ0 = 4× 10−5 is correlated

to a temperature imbalance of about 11mK in the Pt film. This value in good approxi-

mation corresponds to the temperature fluctuations ∆T ≈ 8mK of the dipstick detected

for this measurement.

The almost constant oopt signal is in contrast to the expected angular dependence of a

proximity MR [cf. Eq. (2.27)], but is fully consistent with our SMR model [cf. Eq. (2.21)].

Thus, from a set of ADMR measurements taken in different rotation planes, we can ex-

clude the proximity MR effect as the source of the observed MR. For ρtrans, we again find

a sin(γ) angular dependence, which dominantly stems from the ordinary Hall effect in

Pt.

A MR in YIG/Pt bilayers with similar angular behavior was also reported by Huang et

al. [43], but these authors attributed their findings to an AMR effect originating from an

induced magnetism (proximity MR, cf. Sec. 2.1.7) in the Pt layer. As discussed in the

context of Fig. 2.9, our results suggest that systematic measurements as a function of

M orientation in out-of-plane geometries allow to distinguish between SMR and AMR.

The angular dependence observed in YIG/Pt samples at the WMI as well as by Huang et

al. [43] can be consistently explained by the SMR model presented in Sec. 2.1.5, while we

can rule out a conventional AMR as an explanation for the observed magnetoresistance.

2.3.2 Reproducibility of the SMR

The characteristic SMR fingerprint in magnetotransport experiments on YIG/Pt bilayers

was found in a set of more than 20 samples with variable Pt thickness tN. In Figs. 2.10

and 2.11, we show a compilation of longitudinal and transverse ADMR data taken at

300K for three samples with different Pt thicknesses tN = 2.2 nm, 6.5 nm and 16.9 nm

5Pt is known as a material with a strong temperature dependent resistance (temperature coefficient
τ ≈ 3800 ppm at room temperature [118]), which led to a wide-spread use of Pt for thermometers,
but challenges the noise level control in transport experiments.

6See Bachelor’s thesis of Tobias Maier [119] for more details.
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while applying an external magnetic field of 1T. We again find cos2 (α) and sin2 (β)

shaped signals in ρlong for ip and oopj rotations with the corresponding modulation am-

plitude, while in good approximation the longitudinal signal is constant as a function

of the external field orientation in oopt rotations. Small wiggles on ρlong observed in

this configuration were not reproducible in a repetition of the measurements and can be

attributed to temperature fluctuations during the measurements.

Please note that we intentionally chose the Y-axes scales in Fig. 2.10 for all panels such

that the full scale would indicate the same relative amplitude −∆ρ1/ρ0 of 1.8 × 10−3.

Therefore, the amplitudes of the cos2 (δ) and sin2 (δ) shaped signals for the different sam-

ples depicted in Fig. 2.10 can be directly compared to each other. The thickness depen-

dence of the Pt sheet resistivity found in these samples was already discussed in Sec. 2.2.3.
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Figure 2.10: Longitudinal SMR results for a set of YIG/Pt samples taken at T = 300K using
µ0H = 1T. (a)-(c) Evolution of the longitudinal resistivity ρlong for rotations in
ip configuration for tN = 2.2 nm (a), tN = 6.5 nm (b) and tN = 16.9 nm (c). (d)-
(f) Evolution of the longitudinal resistivity for rotations in oopj configuration
for tN = 2.2 nm (d), tN = 6.5 nm (e) and tN = 16.9 nm (f). (g)-(i) Evolution
of the longitudinal resistivity for rotations in oopt configuration for tN = 2.2 nm
(g), tN = 6.5 nm (h) and tN = 16.9 nm (i).
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We find a strong Pt thickness dependence of the SMR amplitude. The largest modula-

tion amplitude −∆ρ1/ρ0 = 1.2× 10−3 occurs in the sample with the thinnest Pt layer of

this set [tN = 2.2 nm, panel(a,d,g)] and the signal decreases to −∆ρ1/ρ0 = 7.2× 10−4 for

tN = 6.5 nm (panel b,e,h). The sample with the thickest Pt layer of this set [tN = 16.9 nm,

panel(c,f,i)] shows an even lower SMR with −∆ρ1/ρ0 = 2.9×10−4. This thickness depen-

dent behavior again can be explained by the SMR theory and will be discussed in detail

in Sec. 2.3.6.

Taking a look at the transverse data depicted in Fig. 2.11, again a cos (α) sin (α) de-

pendence is found in all samples for ip rotations (panel a-c) and the absolute amplitudes
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Figure 2.11: Transverse SMR results for a set of YIG/Pt samples taken at T = 300K using
µ0H = 1T. (a)-(c) Evolution of the transverse resistivity ρtrans for rotations
in ip configuration for tN = 2.2 nm (a), tN = 6.5 nm (b) and tN = 16.9 nm (c).
(d)-(f) Evolution of the transverse resistivity for rotations in oopj configuration
for tN = 2.2 nm (d), tN = 6.5 nm (e) and tN = 16.9 nm (f). (g)-(i) Evolution
of the transverse resistivity for rotations in oopt configuration for tN = 2.2 nm
(g), tN = 6.5 nm (h) and tN = 16.9 nm (i). The different noise levels are
due to different measurement ranges of the nanovoltmeter used in the respective
experiment.
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of the modulation correspond to the longitudinal ip and oopj data in Fig. 2.10 for each

sample. In both out of plane rotation planes, we again find sin (δ) shaped Hall signals

in all samples. The amplitudes of the signals are around 25 pΩm, which correspond to

the literature value for the conventional (ordinary) Hall effect in bulk Pt [65]. A detailed

discussion of field and temperature dependent contributions to the transverse Hall signals

(not shown here) will be the postponed to Chapter 3.

2.3.3 XMCD

Besides magnetotransport experiments, X-ray magnetic circular dichroism (XMCD) mea-

surements (cf. Sec. 2.1.7) on YIG/Pt bilayers have been carried out to investigate a pos-

sibly induced magnetic moment in the Pt layer7. In our experiments, we used a set of

YIG/Pt bilayers grown on YAG substrates8 under the conditions described above (see

Sec. 2.2). The XMCD measurements have been performed at the European Synchrotron

Radiation Facility (ESRF) in Grenoble. We took X-ray absorption near-edge spectra

(XANES) at the Pt L3 edge for an external magnetic field of ±60mT applied in the

sample plane. The XMCD signal is calculated from these spectra for corresponding mea-

surements with either opposite sign of the external magnetic field or opposite polarity of

the X-ray beam. Even by integrating the XMCD signal in the sample with the thinnest

Pt layer studied (tN = 1.6 nm), an average over 30 XMCD spectra showed that the in-

duced magnetic moment in Pt – if present at all – is small in our samples. We estimated

an upper limit of (0.003± 0.001)µB per Pt atom for the induced total magnetic moment

in Pt, which is at least 30 times smaller than the induced magnetic moment resolved in a

Fe/Pt reference sample [106, 109]. A detailed analysis of the XMCD data was published

in Ref. [106].

We have to admit that our XMCD results are in strong contrast to the findings published

by Lu et al.. These authors reported an AMR-like transport in Pt thin films on YIG,

exhibiting the same magnetic field orientation dependent signatures as our measurements

presented above. In their experiments, they used a several µm thick, single-crystalline

YIG film grown via liquid-phase epitaxy (LPE) on (111)-oriented GGG substrates, with

a 1.5 nm Pt thin film deposited ex situ via sputtering. From their XMCD data, they

calculated an average induced magnetic moment of 0.054µB per Pt atom. However, by

7X-ray absorption energies indicate relative energetic levels of an atom’s electronic shell. These energy
differences are characteristic for each element. For atoms with a finite magnetic moment, the absorp-
tion of X-rays additionally is sensitive to the helicity of the photons. In XMCD experiments, one
therefore calculates the absorption difference for e.g. left and right circular polarized waves to get
information on the (element-specific) spin moment of the valence band.

8As the absorption energy of Ga (10.3671keV) is close to the Pt L3 edge (11.5637 keV), and therefore
might affect the results of X-ray absorption near-edge spectra (XANES) at the Pt L3 edge, it is
recommended to use YAG substrates instead of GGG (Gd3Ga5O12) for XMCD experiments.
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comparing the corresponding X-ray absorption near edge spectra (XANES) from Lu et

al. with the ones taken in Ref. [106], one finds distinct discrepancies that might indicate

a contamination and non-metallic behavior in the sputtered Pt film used by Lu et al.,

that might be the origin of their reported induced magnetic moment. A more detailed

analysis of this issue can be found in Ref. [109].

2.3.4 Anisotropy extraction

The concept of the spin Hall magnetoresistance is based on the interplay of the mag-

netization orientation of the FMI layer and the spin current in N. Therefore, the SMR

effect should not, in good approximation, be influenced by the strength of the external

magnetic field, as long as the magnetization aligns9 with µ0H. However, by reducing the

external magnetic field strength to values close to the anisotropy fields of the FMI, the

SMR allows for electrical anisotropy characterizations of ferromagnetic insulators (here:

YIG), in a similar fashion as it was established for conducting ferromagnets by Limmer

et al. [112,113,120].

On the basis of Fig. 2.12 and 2.13, we now discuss ADMR data for the YIG/Pt(2.2 nm)

sample for different external magnetic field strengths between 1T and 100mT. Upon

reducing the external magnetic field strength, the angular dependence of the ip signals

in ρlong and ρtrans are approximately not affected by the amplitude of µ0H, while we

observe a slight decrease of the offset value ρ0 with decreasing µ0H for the longitudinal

resistivity. The observation of a cos2(α) shaped signal in ρlong even at the lowest field

investigated is due to a very small in-plane anisotropy in the (111)-oriented YIG, such

that the magnetization is oriented parallel to the external magnetic field even for the

data set with the smallest external field.

In the oopj configuration, however, the shape anisotropy influences the orientation of the

magnetization in YIG for µ0H ≤ 500mT, which results in a deviation from the sin2(β)

dependence in ρlong.

For oopt orientations, where no cos2(γ) shaped signal is visible, we find abrupt changes in

ρlong for µ0H ≤ 100mT. These spikes can be explained by an abrupt in-plane reorienta-

tion of the magnetization, when the magnetic field orientation is close to γ = 90◦(H ‖ n)
and γ = 270◦(H ‖ −n).
The transverse signal in both out-of-plane configurations, that will be discussed in Ch. 3

in more detail, reflects the dominance of the conventional Hall effect on ρtrans and thus

shows a direct proportionality between the sinusoidal modulation of the signal and the

the external magnetic field strength. Abrupt changes in ρtrans, visible for µ0H ≤ 100mT,

9The high field dependence for µ0H ≥ 1T will be discussed in Sec. 2.3.5.
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Figure 2.12: Longitudinal SMR results for a YIG/Pt (tN = 2.2 nm) sample taken at T =
300K using µ0H = 1T(blue), µ0H = 0.5T(green), and µ0H = 0.1T(red) in
the rotation planes ip (a-c), oopj (d-f) and oopt (g-i). The solid, colored lines
represent fits using the SMR theory.

again originate from an in-plane re-orientation of the magnetization ifH is almost parallel

or anti-parallel to the film normal n.

For a quantitative analysis, we combine the SMR theory with a simulation technique

successfully used for ADMR in ferromagnetic, conductive materials like (Ga,Mn)As [112,

113,120,121] and Heusler compounds [122]. Starting from a ferromagnetic single domain

model, we calculate the free enthalpy of the ferromagnetic system,

GM(m) = −µ0H(h ·m) + Bnm
2
n. (2.34)

Here, h = H/|H| is a unity vector pointing along the external field orientation H and Bn

represents the uniaxial contribution of the shape anisotropy. In our model, we neglect

possibly occurring uniaxial anisotropies as well as the cubic anisotropy. However, these

additional terms can easily be added to Eq. (2.34) and our simulation routine, while fits to
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Figure 2.13: Transverse SMR results for a YIG/Pt (tN = 2.2 nm) sample taken at T = 300K
using µ0H = 1T(blue), µ0H = 0.5T(green), and µ0H = 0.1T(red) in the rota-
tion planes ip (a-c), oopj (d-f) and oopt (g-i). The solid, colored lines represent
fits using the SMR theory.

our experimental data as discussed below support that the anisotropy observed in SMR

measurements on YIG/Pt are dominated by Bn.

In a LabView based simulation (see Ref. [120] and [110] for details), we choose a starting

value for the anisotropy constant Bn and determine the magnetization direction m for

every magnetic field orientation by numerically minimizing the free enthalpy. From the

obtained m vector, we calculate ρlong and ρtrans using a set of ρi parameters given by

Eqs. 2.21 and 2.24. An iterative optimization process of Bn and the ρi parameters is car-

ried out, until we achieve a satisfactory agreement between experiment and simulation for

all rotation planes and µ0H magnitudes with one single set of Bn and ρi. Therefore, we

take all ρi parameters except ρ2 independent of the external magnetic field strength. A

slight field dependence of the offset value ρ0, however, is taken into account. In Figs. 2.12

and 2.13, the simulation curves obtained this way are depicted as solid, colored lines. Ob-

viously, the simulation is in good agreement with the experimental data for all external
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fields.

In Tab. 6.2, we summarized the respective ρi and Bn parameters for all samples in-

vestigated in this work. The extracted Bn values spread from 50mT to 150mT with

an average value of 79.5mT. From ferromagnetic resonance (FMR) experiments on a

GGG/YIG (25 nm) film performed by M. Althammer, we extracted an uniaxial anisotropy

of Bn = 184.4mT close to the literature value 179mT [123]. Obviously, the extracted

value for Bn is more than a factor of two smaller than the expectation from literature.

One might attribute this mismatch to the fact that the FMR value for Bn is extracted

from a YIG film with a width of about 2mm and a length of 5mm, but the anisotropy

values extracted via SMR are taken on Hall bar structured samples (width 80µm and

length 600µm), while the YIG film thicknesses are comparable. As the aspect ratio of the

edge length w : l : h enters the demagnetization tensor N̂demag for the shape anisotropy

using

Em =
µ0

2

∫

M · N̂demag ·MdV, (2.35)

a change in the ratio between the in-plane edge length and the out-of-plane edge length

changes the magnetostatic energy Em of the system. For the FMR sample, we can

approximate theses aspect ratios with w : l : h ∝ ∞ : ∞ : 0 along the j, t and n

direction, which results in a demagnetization tensor

N̂demag,thin film ∝







0 0 0

0 0 0

0 0 1






, (2.36)

while for the Hall bar the ratio between the j and t directions and the n direction

decreases, leading to

N̂demag,Hall bar ∝







ǫx 0 0

0 ǫy 0

0 0 1− (ǫx + ǫx)






. (2.37)

With this, the energetic landscape in Eq. (2.34) changes with aspect ratio and one expects

a decrease in the uniaxial component Bn for the Hall bar compared to the ”infinitely

extended”sample, which is reproduced by the Bn value extracted from our measurements.

2.3.5 Magnetic field dependence

In Sec. 2.3.4, we discussed the influence of the external magnetic field strength on the

amplitude of the SMR signal in YIG/Pt hybrids. Taking a closer look at this issue

from a different angle, we now discuss the field dependence of the SMR for higher fields
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Figure 2.14: (a) Longitudinal SMR signal −∆ρ1/ρ0 in ip configuration for a YIG/Pt (3.1 nm)
sample grown on YAG taken at 300K for various magnetic fields (see legend).
(b) Magnetic field dependence of the longitudinal SMR signal shown in panel
(a).

(µ0H ≥ 0.5T). Figure 2.14 (a) shows ADMR rotations as a function of µ0H for the

YIG/Pt (3.1 nm) sample grown on YAG taken at 300K. Since the amplitudes of the

cos2 (δ) modulations have been proven to be identical for ip and oopj rotations at 300K

for µ0H ≥ 500mT, we again focus on one rotation plane (ip). To allow for a simple

reading of the −∆ρ1/ρ0 values from Fig. 2.14, we normalize the longitudinal resistivities

to the respective minimum values, using

− ∆ρ1
ρ0

=
ρlong − ρlong,min

ρlong,min

. (2.38)

As indicated by the colored symbols in Fig. 2.14 (a), the longitudinal SMR amplitude

−∆ρ1/ρ0 increases slightly with increasing field. The extracted −∆ρ1/ρ0 values as a

function of µ0H are depicted in Fig. 2.14 (b). Obviously, an increase of about 15% is

visible by increasing the field from 1T to 7T. From a linear fit to the field dependent

−∆ρ1/ρ0 signal (cf. red line in Fig. 2.14 (b)), we find a slope of 0.325× 10−4/T with an

offset value of 13.525× 10−4.

At first sight, this observation is at odds with the concept of the spin Hall magnetoresis-

tance. In Sec. 2.1.5 we discussed that the SMR stems from the variation of the boundary

conditions at the FMI/N interface. In this model, one expects that only the presence of

a magnetization in the ferromagnetic layer is necessary to observe the SMR. In a theo-

retical description, the longitudinal SMR is governed by the real part of the spin mixing

conductance Gr, which in a very basic picture integrates the number of spin transport

channels across the interface and therefore is proportional to the number of magnetic

moments in the FMI layer located at the interface. The observation of an increase of the

SMR with increasing external magnetic field, in the present interpretation, corresponds

to an effective increase of Gr. This can be interpreted as a gain of the number of magnetic
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moments per unit area contributing to Gr.

In our experiments, we observe a linear increase of the SMR amplitude up to µ0H = 7T,

which is the highest possible field accessible in the magnet cryostat ”Moria” used for

our experiments10. This phenomenon may be explained by a certain amount of pinned

or ”locked” magnetic moments at the FMI/N interface. These moments can only be

activated (i.e. aligned with the external magnetic field) if the energy provided by the

externally applied magnetic field overcomes the pinning energy. Thus, by increasing µ0H

in our experiments, one increases the number of contributing moments in this interpreta-

tion, which is reflected in an effective increase of Gr. The linear field dependence observed

in Fig. 2.14 therefore might hint to a homogeneous distribution of pinning energies.

For the sample shown in Fig. 2.14, we used yttrium aluminum garnet (YAG) as a sub-

strate. For this substrate material, the lattice mismatch to the YIG lattice is about 3%,

10Recent experiments carried out at the high field laboratory in Grenoble confirmed a linear increase of
the SMR signal up to at least 28T for YIG/Pt (2.0 nm) [124].
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which leads to a strain in the first YIG monolayers grown on top of the YAG substrate.

This is observable e.g. from rocking curves around a YIG reflection in X-ray spectroscopy

measurements, where we found a small peak with full width at half maximum (FWHM)

of 0.04◦ ascribed to the relaxed film on top of a broader background peak (FWHM =0.4◦)

stemming from strained layers at the YAG/YIG interface [125]. Even if we assume that

the strain in the YIG film relaxes with increasing distance from the substrate, we suggest

that for the thin films (tF ≈ 60 nm) used in our experiments, a full relaxation has not

taken place at the top YIG layer close to the interface, which causes the pinning. Addi-

tionally, due to by relaxation processes, defects in the crystalline structure occur. These

defects again can influence the magnetic properties of the material.

However, we also observe a magnetic field dependent increase of the SMR signal for YIG

films grown on GGG (cf. Fig. 2.15). Again, we find a linear field dependence in ip rota-

tions with a slope of 0.157× 10−4/T, which is about a factor of two smaller than the fit

results achieved for YAG/YIG/Pt11. External magnetic field dependent measurements

performed in two configurations at 0◦(H ‖ j) and 90◦(H ‖ t) [cf. Fig. 2.15(c)] confirm

this observation. In the latter representation, the SMR amplitude is proportional to the

difference of the resistivity values obtained for both configurations, which is indicated by

the blue arrows in Fig. 2.15(c).

GGG has a lattice mismatch of about 0.03% to YIG, which is a factor of 100 smaller

than the lattice mismatch for YAG. Thus, one expects that the strain at the GGG/YIG

interface relaxes within a reduced number of layers compared to YAG substrates, which

is also confirmed by the absence of a broad background in the rocking curve around the

YIG (444) reflection (FWHM 0.04◦) [110]. The magnetic field dependence of the SMR in

YIG/Pt bilayers grown on GGG might stem from pinning effects, too, as these samples

again have a YIG thickness of about 60 nm.

On the other hand, the field dependence of the SMR could also be caused by a pinning

induced by the finite surface roughness of the YIG/Pt interface. However, as compiled

in Tab. 6.2 in the appendix, the surface roughnesses for films grown on GGG and YAG

inferred from HR-XRR are comparable. Thus, a roughness introduced pinning may not

explain the difference in field dependence obtained for the different substrate materials.

To confirm the pinning model experimentally, it is suggested to perform e.g. magnetic

force microscopy to map the magnetic surface of YIG thin films grown on GGG and YAG.

Therefore, microscopy experiments taken at a set of samples with different thicknesses

of the YIG layers should give further insight to a strain-induced pinning of magnetic

11 For performing the linear fit to the field dependence in Fig. 2.15 (b) we neglect the data point taken
at 300mT as it seems that there is a different slope for µ0H ≤ 0.5T caused by anisotropy effects.
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moments as well as surface defects. Unfortunately, such measurements were not possible

during this thesis. They should be object of further investigations.

2.3.6 Dependence on tN

Utilizing the data presented in Fig. 2.10, we noticed, that the longitudinal SMR signal

−∆ρ1/ρ0 decreases for increasing Pt thickness. This is in accordance with ascribing the

MR observed in FMI/N bilayers to an interface phenomenon. In Fig. 2.16(a), an overview

of the detected −∆ρ1/ρ0 ratios for a set of 21 YIG/Pt samples grown on YAG and GGG

is depicted as a function of the Pt layer thickness tN. All data presented in this graph

was taken at identical conditions at T = 300K using an external magnetic field of 1T in

oopj configuration. We clearly observe a maximum SMR in our samples at a Pt thickness

of around tmax
N ≈ 3 nm. The different substrate materials used in our experiments are

encoded in the black (for GGG) and green (for YAG) symbols in Fig. 2.16(a). Within an

experimental error of 5 × 10−5, the choice of the substrate material does not affect the

SMR amplitude.

By fitting the experimental data to the SMR theory for −∆ρ1/ρ0 [cf. Eq. (2.23)], we are

able to reproduce the thickness dependence. In other words, we can extract the material

parameters represented by the spin diffusion length λ, the spin Hall angle θSH and the

real part of the spin mixing interface conductance Gr from the fit using Eq. (2.23). As

already discussed in Sec. 2.2.3, we take into account the thickness dependence of the

sheet resistivity ρ0. This limits the applicability of Eq. (2.23) to film thicknesses larger

than the interface roughness h. In our simulation, we additionally use the assumption
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Figure 2.16: (a)Thickness dependence of the longitudinal SMR amplitude −∆ρ1/ρ0 for a set
of YIG/Pt samples grown at the WMI on GGG (black symbols) and YAG (green
symbols) substrates. All data taken at 300K in oopj configuration using µ0H =
1T. The solid blue line represents a fit using the SMR theory [cf. Eq. (2.39)]. In
panel (b), the same SMR-based fit is performed for the data published by Lu et

al. [47].
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Gr ≫ Gi [126] to rewrite Eq. (2.23) as

∆ρ1
ρ0

=
θ2SH
tN

λRe
2λG↑↓ tanh

2 tN
2λ

σ + 2λ coth tN
λ
G↑↓

≈ θ2SH
tN

λ
2λGr tanh

2 tN
2λ

σ + 2λ coth tN
λ
Gr

. (2.39)

To extract the experimental values for λ, θSH and Gr, we fitted Eq. (2.39) to the data

points depicted in Fig. 2.16(a) (the fit is represented by the blue solid line) and extracted

λ = 1.5 nm, θSH = 0.11 and Gr = 4× 1014Ω−1m−2.

The value achieved for Gr is in good agreement with both theoretical calculations [126]

and spin pumping experiments [127]. The MR effect in YIG/Pt hybrids, attributed ei-

ther to the SMR or the magnetic proximity MR, was experimentally observed by different

groups utilizing hybrid structures deposited by different methods [43,45,47,96,128,129].

All of them observed the characteristic fingerprint (cos2(α) and sin2(β) shaped modula-

tions on ρlong in ip and oopj configuration, but no MR in oopt configuration) in mag-

netotransport experiments performed at room temperature. In Tab. 2.1, we summarized

the results for the spin transport parameters obtained from fits using Eq. (2.39), either

performed by the respective authors themselves or calculated in Ref. [46] and the present

work, respectively.

Interestingly, the Pt thickness dependent data interpreted within the proximity magne-

toresistance framework published by Lu et al. can be reproduced with the SMR theory

[cf. blue solid line in Fig. 2.16(b)] by using almost the same spin transport parameters

for a fixed value of Gr = 4.0× 1014Ω−1m−2, λ = (1.0± 0.2)nm and θSH = (0.12± 0.01).

The spin diffusion length λ extracted from SMR measurements spreads from 0.8 nm for

the data obtained in [43] to 2.5 nm for Pt on top of the LPE-YIG films discussed in [46],

while the analysis of our data suggests λ = 1.5 nm. These values are comparable to earlier

results [130]. However, since the spin diffusion strongly depends on the density and type

YIG Pt λ(nm) θSH Gr(Ω
−1m−2) reference

PLD evap. (1.5± 0.2) (0.11± 0.01) 4.0× 1014 present work and [46]
LPE sputt. 2.5 0.03 4.0× 1014 Althammer et al. [46]
LPE sputt. 0.8 0.11 4.0× 1014 Huang et al. [43], in [46]
LPE sputt. n.a. 0.03 6.4× 1013 Hahn et al. [96]
LPE evap. 1.5 0.08 1.2× 1014 Vlietstra et al. [45]

RF-sputt. sputt. 0.5 0.044 7.57× 1014 Marmion et al. [128]
LPE sputt. 1.5 0.10 1.1× 1014 Uchida et al. [129]
LPE sputt. (1.0± 0.2) (0.12± 0.01) 4.0× 1014 data from Lu et al. [47]

Table 2.1: Spin diffusion length λ, spin Hall angle θSH and real part of the spin mixing interface
conductance Gr obtained from YIG/Pt hybrids grown under different conditions.
All data was taken at 300K.
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of impurities in the N, a significant difference of values for λ spreading from 1.25 nm [130]

to 10 nm [131] and (14± 6) nm [132] have been reported to the literature in the past.

A similar variance can be obtained for the values for the spin Hall angle θSH of platinum.

θSH was found to be in the range from 0.03 to 0.12 obtained from SMR fits. The val-

ues for θSH in Pt reported from spin pumping experiments spread from 0.0037 [133] up

to 0.08 [134] and 0.113 [135]. We attribute these large differences in λ and θSH to the

different deposition techniques for the Pt layer. Additionally, ab initio calculations by

Gradhand et al. [136] suggest that the presence of impurities substantially changes the

magnitude of θSH, while they only slightly alter the spin diffusion length in Pt.

The values obtained for the real part of the spin mixing conductance also show a spread

of one order of magnitude from 6.4 × 1013 Ω−1m−2 in Ref. [96] to 7.57× 1014 Ω−1m−2 in

Ref. [128]. However, the values obtained for Gr from the SMR measurements listed in

Tab. 2.1 are in good agreement with the theoretically calculated order of magnitude of

1014 Ω−1m−2 [126]. The spread in Gr, which is related to the number of spin transport

channels per unit area, might origin from both, the various deposition techniques for the

YIG film and the fact that the Pt top layer was deposited either in situ (i.e. without

breaking the vacuum between the deposition processes for YIG and Pt) or ex situ.

In summary, the discussion of the thickness dependence of the SMR in FMI/N material

systems enables a detailed characterization of the spin transport parameters in N as well

as the interface between the FMI and N. In the next section, this powerful tool will be

used to acquire further insight to the spin transport as a function of temperature.

2.4 Temperature dependence of the SMR in YIG/Pt

As already shown in the previous section, the spin Hall magnetoresistance enables the de-

termination of spin transport properties of normal metals from electrical measurements.

A detailed knowledge of these material parameters is of key importance in spintronics.

Up to now, this work discussed the SMR at room temperature. However, since spin

transport in a normal metal is not linked to a certain temperature, the SMR concept

should also work at changed environmental conditions12.

This section deals with the temperature dependence of the SMR effect in YIG/Pt bilay-

ers. In a first step, we discuss the temperature evolution of the spin transport material

characteristics of this material combination. The main results of this chapter have already

been published in Ref. [50]. Within this context, we additionally discuss the magnetic

field dependence of the SMR signal at low temperatures in Sec. 2.4.2. We will close

this chapter with the study of an additional, magnetoresistive signal occurring in oopt

12On the other hand, the SMR of course should be strongly linked to the ferromagnetism of the FMI
layer and therefore, an upper limit in temperature is given by the Curie temperature Tc.
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configuration at low temperatures in Sec. 2.4.3.

2.4.1 Temperature dependent spin transport properties of Pt

inferred from spin Hall magnetoresistance

In this section, we take advantage of the SMR framework to access the spin transport

parameters θSH, λ and Gr for a wide temperature range between 10K and room tem-

perature. Before we start the discussion of the temperature dependent spin transport in

platinum, we begin with a general investigation of the magnetoresistance in YIG/Pt at

lower temperatures. Therefore, we look at the magnetoresistance data taken for the YIG

(tF = 53 nm)/Pt(tN = 8.5 nm) sample, the very same sample we used for the experimen-

tal discussion of the SMR concept, at T = 100K and T = 10K.

In Fig. 2.17, ADMR data taken at µ0H = 1T is depicted for all three rotation planes at

T = 300K, 100K and 10K, where the T = 300K data is identical with the one shown

in Fig. 2.9. To allow for a simple comparison of the −∆ρ1/ρ0 ratios, we again normalize

the longitudinal resistivity to the minimum value [cf. Eq. 2.38]. This enables a direct

reading of −∆ρ1/ρ0 from the y-axes in Fig. 2.17. Obviously, the cos2(α) like behavior

of the longitudinal resistivity in in-plane rotations [panel (a), (d), (g)] does not change

qualitatively with decreasing temperature, while its absolute value of −∆ρ1/ρ0 for this

particular sample drops from 6.5 × 10−4 at room temperature to 2.5 × 10−4 at 10K.

These amplitudes are in agreement with the −∆ρ1/ρ0 modulation extracted from oopj

rotations [panel (b), (e), (h)]. Again, the qualitative shape of the curve in oopj con-

figuration does not change with decreasing temperature. However, we find a more and

more pronounced deviation from the sin2(β) dependence with decreasing temperature:

at β = 90◦ and β = 270◦ the curve gets narrower, while at β = 0◦ and β = 180◦ the

curve gets broader. We attribute this to an increase of the saturation magnetization and

therefore to an increase of the shape anisotropy at low T . The temperature dependence

of the anisotropy values extracted from our simulation for this data set (cf. Tab. 6.1)

confirms this assumption.

For the oopt configuration [panel (c), (f), (i)], where no resistance modulation is visible

at 300K13, we also find no angular dependence at 100K. However, for the 10K data set,

a small cos2(γ) dependence with maxima at γ = 90◦ (H ‖ n) and 270◦ (H ‖ −n) becomes

visible [cf. Fig. 2.17 (i)] and we extract a modulation amplitude of 2.4×10−5 for this oopt

data set. At first sight, this observation of a magnetoresistance in oopt configuration is

at odds with the SMR theory (cf. Sec. 2.1.5) and needs to be investigated in more detail.

This discussion will take place in Sec. 2.4.3.

13Please note that the wiggles in the 300K oopt data are attributed to thermal instabilities, cf. Sec. 2.3.
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We choose the oopj rotation geometry for the following discussion of the temperature de-

pendence of the longitudinal SMR in YIG/Pt. In this configuration, the SMR signal can

be directly separated from an anisotropic magnetoresistance14. In particular, one would

not expect a magnetization orientation dependence of the resistivity in this configuration

stemming from an AMR-like contribution as discussed in Sec. 2.3, as well as in Ref. [46].

We observe an increase of ρ0 with decreasing N thickness tN, which we attribute to the

finite roughness of the YIG/Pt interface as already discussed in Sec. 2.2.3. In order to

take the film thickness and temperature dependence of ρ0 into account, we use the thick-

ness dependent resistivity from Eq. (2.33). As evident from Fig. 2.17, the magnitude

14All data presented in this section is taken at µ0H = 1T.
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of the SMR signal −∆ρ1/ρ0 decreases with decreasing temperature. This behavior was

found in all YIG/Pt bilayers investigated. The temperature dependence of the extracted

−∆ρ1/ρ0 values is compiled in Fig. 2.18. Upon plotting −∆ρ1/ρ0 as a function of tN for

different, constant temperatures T as shown in Fig. 2.19(a)-(c), a clear maximum in the

SMR signal magnitude at around tN ≈ 3 nm becomes evident. Note that according to
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µ0H = 1T. Symbols represent data, lines fits to the data using Eq. (2.39).
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Eq. (2.23) the SMR should show a maximum at tN ≈ 2λ. Fig. 2.19 reveals that this

maximum appears at the same tN value of about 3 nm for all temperatures within the

accuracy of our measurements, suggesting that the spin diffusion length λ is only weakly

temperature dependent.

Finally, we use Eq. (2.23) to extract the Pt spin transport parameters from our set of

experimental data. As discussed above, Eq. (2.23) depends on four parameters: θSH(T ),

λ(T ), ρ(tN, T ) and Gr(T ). Since we use ρ0(tN, T ) calculated from Eq. (2.33), this leaves

θSH(T ), λ(T ), and Gr(T ) as free parameters. Fitting the data yields θSH(T ), λ(T ) and

Gr(T ), shown as full symbols in Fig. 2.20(a-c). These parameters consistently describe

our entire set of experimental data, as depicted by the solid lines in Fig. 2.19.

As the temperature dependence of Gr and λ is rather weak and comparable to the fitting

error, we perform a second analysis with temperature independent Ḡr = 4.0×1014 Ω−1m−2

and λ̄ = 1.5 nm values (cf. Fig. 2.20). The θSH(T ) values obtained from this simple

analysis [cf. red open symbols in Fig. 2.20(a)] are very similar to the ones obtained from

the full fit. This suggests that the real part of the spin mixing interface conductance Gr

is almost independent of temperature, as one might naively expect considering that the
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Figure 2.20: Temperature dependence of (a) the spin Hall angle θSH, (b) the spin diffusion
length λ and (c) the real part of the spin mixing conductance Gr for Pt extracted
from a fit to our SMR data. Full black symbols represent the values obtained
using three free parameters θSH(T ), Gr(T ) and λ(T ), red open symbols indicate
simulations with constant Ḡr = 4 × 1014Ω−1m−2 and λ̄ = 1.5 nm. Panel (d)
shows σspin calculated using the temperature dependent resistivity ρ0(T ) from
our experimental data for a sample with tN = 3nm.
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density of states in Pt does not significantly change with T . The spin diffusion length

λ̄ obtained from our fit is comparable to earlier results [130]. However, since the spin

diffusion strongly depends on the density and type of impurities in the N, a significant

difference of the values for λ spreading from 1.25 nm [130] to (14±6) nm [132] is reported

in the literature.

From the relation θSH = σspin/σN, we can calculate the temperature dependent spin Hall

conductivity σspin(T ) using the temperature dependent θSH(T ) from the simulation and

the measured electrical conductivity σ(tN, T ) = ρ−1
0 (tN, T ). Figure 2.20(d) shows σspin(T )

for the tN = 3nm sample [the ρ0(T )-evolution is very similar in all samples studied, see

Fig. 2.8(a)]. From both simulation approaches, we obtain a σspin(T ) dependence that does

not substantially change within the temperature range investigated, with a magnitude

σspin = (3.6±0.3)×105 Ω−1m−1 quantitatively consistent with other measurements [133].

2.4.2 Magnetic field dependence at low temperatures

The magnetic field dependence of the SMR at T = 10K is investigated in Fig. 2.21. In

the same fashion as used for the discussion of the magnetic field dependence at 300K

shown in Fig 2.14, we extract the relative modulation amplitude −∆ρ1/ρ0 from ADMR

measurements in ip geometry taken at various fields 1T ≤ µ0H ≤ 7T [panel (a)]. The

results are compiled in Fig. 2.21 (b). Again, we find an increase of about 13% by increasing

the external magnetic field from 1T to 7T, almost comparable to the field dependence

obtained at room temperature for the same sample (cf. Sec. 2.3.5). We again attribute

this field dependence to the pinning effect discussed in Sec. 2.3.5. This interpretation

combined with our experimental results at 10K and 300K implies that the pinning of

magnetic moments is independent of temperature in good approximation.
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Figure 2.21: (a) Longitudinal SMR signal −∆ρ1/ρ0 in ip configuration for a YIG/Pt (3.1 nm)
sample taken at 10K for various magnetic fields (see legend). (b) Magnetic field
dependence of the longitudinal SMR signal shown in panel (a).
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2.4.3 Oopt signal at low temperatures

In the previous section, we found a finite magnetoresistive behavior in oopt configuration

for a YIG/Pt (8.5 nm) film at 10K. At first sight, this result contradicts the SMR

interpretation of the magnetotransport data at low temperatures. To investigate the

origin of this feature in more detail, we took oopt rotations of this particular sample for

temperatures below 100 K, with an external magnetic field of 1T applied. The results

of this temperature dependent study are depicted in Fig. 2.22. For a simple extraction

of the resistivity modulation ∆ρ/ρ0 from Fig. 2.22, we again normalized the data sets

to the respective minimum of ρlong. Obviously, a sin2 (γ) shaped behavior is visible for

T < 100K with a strong temperature dependence of ∆ρ/ρ0. We observe a maximum

signal at γ = 90◦, where the external magnetic field is aligned perpendicular to the

film plane. At all temperatures, the maxima exhibit sharp spikes, indicating a strong

influence of the shape anisotropy. At some temperatures (T = 15K and T = 25K), the

resistive signal drops to a lower level at γ = 90◦ and γ = 270◦, which might be due to a

spontaneous in-plane re-orientation of the magnetization at these angles.

To extract the anisotropy as a function of temperature, we took advantage of our ADMR-

based simulation introduced above. From a fit to the experimental data, we found a

good agreement for the shape anisotropy field used for the oopt data (AMR-like) and the

corresponding oopj data set [see Fig. 2.17(h)] taken at 10K, Bn = 400mT. Furthermore,

our data suggests a decrease of Bn with increasing temperature (cf. Tab. 6.1), which

coincides with the decrease of the saturation magnetization in YIG as a function of

temperature.

In Fig. 2.23(a), we compiled the ∆ρ/ρ0 modulation amplitudes of the oopt signals as a

function of temperature. For temperatures lower than 30K, we find an almost constant

MR amplitude, ∆ρ/ρ0 ≈ 4× 10−5 with a slight decrease for decreasing T . For T > 30K,

the signal amplitude decreases and vanishes at T = 100K. An exponential fit of the form

∆ρ/ρ0 = A+B exp (−T/T0) (2.40)

can describe this part of the data with T0 = 22.41K, A = 6.9× 10−6 and B = 1.5× 10−4.

We can exclude a ”direct” AMR stemming from a conductive YIG thin film, since the

sheet resistivity of YIG was determined to be higher than 1 × 107 Ωm [137], which is

about four orders of magnitude lower than the literature value for bulk YIG [138], but

still about 14 orders of magnitude higher than the Pt sheet resistivity. These values were

determined at room temperature, it can be assumed that the insulating properties of YIG

increase with decreasing temperature.

Additionally, we checked the magnetic field dependence of the MR signal in oopt. By
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reducing the external magnetic field to 500mT, the MR amplitude decreases by a factor of

two to 2×10−5. On the other hand, the signal amplitude for a rotation taken at µ0H = 2T

almost showed the same ∆ρ/ρ0 ratio as the data taken at 1T [see Fig. 2.23(b)]. We thus

conclude that the MR found in oopt configuration at low temperatures does not stem

from a reorientation of the magnetization to an in-plane axis, as found above for 300K

rotations with small external fields, even though the saturation magnetization amplitude

of YIG and the in-plane anisotropy increase with decreasing temperature.

In a second step of our analysis, we investigate a thin Pt film (tN = 3.5 nm) directly

deposited onto a YAG substrate for reference. At low temperatures (here: 10K), we

find a magnetoresistive behavior in this sample as well, see Fig. 2.24. Interestingly, the

sin2 (δ) shaped MR is only visible in out of plane rotations, while the signal shows no

modulation if the external magnetic field µ0H = 1T is rotated in the sample plane.

For oopj and oopt rotations, the modulation is of comparable amplitude and we extract

∆ρ/ρ0 ≈ 2.6 × 10−4. The absence of a magnetoresistive signal modulation in in-plane

rotations suggests that this MR can neither be attributed to a conventional anisotropic

magnetoresistance in a ferromagnetic metal, nor to a positive magnetoresistance in a

non-ferromagnetic metal [99].

For the following discussion, we focus on the oopt data taken at the YAG/Pt reference

sample. Again, the MR signal taken in oopt at µ0H = 1T decreases with decreasing

temperature [cf. Fig. 2.25(a) and (b)] and vanishes at T ≈ 30K. In this sample, we find

a strong magnetic field dependence of the oopt signal, which is depicted in Fig. 2.25(c).

The ∆ρ/ρ0 ratio increases by a factor of two by increasing the external magnetic field
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Figure 2.25: Magnetotransport at low temperatures for the YAG/Pt(3.5 nm) reference sample.
(a) Temperature dependence of the longitudinal ADMR signal in oopt configura-
tion taken at temperatures between 10K and 30K (see legend) using µ0H = 1T.
(b)Temperature dependence of the longitudinal ADMR signal in oopt config-
uration for the YAG/Pt (3.5 nm) sample taken at various temperatures using
µ0H = 1T. The gray line represents an exponential fit to the data. (c) Field
dependence of the longitudinal ADMR signal taken at 15K for H ‖ n (red) and
H ⊥ n (black).

from 1 to 2T, indicating a linear connection between ∆ρ/ρ0 and the external field. In

contrast to the oopt data taken in YIG/Pt, we find no temperature regime with almost

constant MR ratio at low temperatures. However, an exponential decay fit according

to Eq. (2.40) enables a good agreement with the experimental data using T0 = 1.73K,

A = 1.78× 10−4 and B = 0.078 [see Fig. 2.25(b)].

We also find a comparable MR signal in out of plane rotations in a second reference

sample consisting of 15.6 nm Pt on a YAG substrate (cf. Fig. 2.26). However, the ∆ρ/ρ0

ratio at 10K is about one order of magnitude smaller than the one obtained for YAG/Pt

(3.5nm), but still comparable to the MR in oopt configuration found in YIG/Pt. A similar

positive magnetoresistance in Pt thin films was also reported by Hoffmann, Hofmann and

Schoepe [139]. These authors compared their magnetic field dependent resistivity in Pt

to the weak localization theory [140] as well as to a different model based on electron-

electron interactions [141], but found no indication to ascribe the magnetoresistance in

Pt to neither weak localization, nor electron interactions.
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Figure 2.26: Magnetotransport at low temperatures for YAG/Pt(15.6 nm). (a) Longitudinal
ADMR signal in ip, oopj and oopt configuration taken at 10K, using µ0H = 1T
(see legend). (b) Temperature dependence of the longitudinal ADMR signal in
oopt configuration for the YAG/Pt(15.6 nm) sample taken at various tempera-
tures using µ0H = 1T. The gray line represents an exponential fit to the data.

We conclude, that this magnetoresistive behavior is a general phenomenon in our Pt thin

films. Thus, we attribute the occurrence of a MR signal in oopt in our YIG/Pt to this Pt-

MR instead of a magnetic proximity effect. The mechanism behind this low-temperature

MR in Pt thin films is still unknown. As it vanishes for increasing temperature, we

exclude ferromagnetic impurities in the Pt film15 to be the origin of this phenomenon.

However, we would neither expect an out of plane easy axis for a contamination with e.g.

nickel or iron.

2.5 SMR dependence on tF

Up to now, the SMR in YIG/Pt was discussed utilizing bilayers consisting of almost the

same thickness tF ≈ 60 nm of the ferrimagnetic insulator YIG with different thicknesses

tN of the platinum layer deposited on top. At this point, we investigate the influence of

tF on the SMR amplitude. To enable a good comparability of the data achieved from dif-

ferent samples, we fabricate YIG films with various thickness tF on top of (111)-oriented

GGG substrates as described in Sec. 2.2.1. As the lattice mismatch between GGG and

YIG is two orders of magnitude smaller than the one between YAG and YIG, we inten-

tionally choose the paramagnetic substrate GGG for this part of the analysis. After PLD

growth of YIG, we in situ deposit Pt thin films with comparable thickness tN ≈ 3 nm

to rule out the influence of the Pt thickness discussed above. For reference, we directly

deposit tN = 3.5 nm of platinum on top of a YAG substrate16. All samples of this series

15As the electron beam evaporation chamber used for the Pt deposition is also used for ferromagnetic
metals like iron, nickel and cobalt, we can not exclude a finite contamination of the Pt thin film with
these materials, even though we found no hint for a contamination in XRD measurements.

16Here, we consciously chose the YAG substrate for the Pt reference film, since atomic force microscope
measurements performed by Felix Schade during his Bachelor’s thesis indicated, that the GGG sub-
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Figure 2.27: Longitudinal SMR signal for a set of YIG/Pt samples with YIG thicknesses (a)
tF = 16.3 nm, (b) tF = 3.9 nm and (c) tF = 0nm. All Data taken in oopj
configuration at 300K for µ0H = 1T.

again are patterned into Hall bar structures and we detect the change of the longitudinal

resistivity as a function of the magnetic field orientation in oopj rotations at T = 300K

and µ0H = 1T.

In Fig. 2.27, we exemplarily compile the ADMR results for two YIG/Pt bilayer sam-

ples with tF = 16.3 nm, tF = 3.9 nm and the reference sample (tF = 0nm). The Pt

thicknesses of these samples are in the range of 2.8 nm ≤ tN ≤ 3.5 nm and therefore are

located around the thickness value for the maximum SMR signal, tmax
N ≈ 2λ ≈ 3 nm. The

relative amplitude −∆ρ1/ρ0 = 1.5 × 10−3 for the sample with tF = 16.3 nm is in good

agreement with SMR experiments taken on samples with thicker ferromagnetic layers

(cf. Sec. 2.3.6). However, by decreasing the thickness of F down to tF = 3.9 nm [Fig. 2.27

(b)], the −∆ρ1/ρ0 decreases to 4.1× 10−4 and vanishes for the reference sample without

ferromagnetic layer [cf. Fig. 2.27 (c)].

For a more detailed analysis of the tF dependence of the SMR signal, we plot the−∆ρ1/ρ0

values for a set of samples with 0 nm ≤ tF ≤ 200 nm in Fig. 2.28. Again, the Pt thicknesses

were determined to spread around tmax
N ≈ 3 nm, with 2.8 nm ≤ tN ≤ 3.5 nm. The relative

strate surfaces has a larger rms surface roughness (hGGG ≥ 0.5 nm) than YAG (hYAG ≥ 0.3 nm) [142].



Section 2.5
SMR dependence on tF 53

   
tF

Pt

YIG

~3nm

0 50 100 150 200

0

5

10

15

-∆
ρ
1
/ρ
0
(x
1
0
4
)

t
F
(nm)

Figure 2.28: Thickness dependence of the longitudinal SMR amplitude −∆ρ1/ρ0 for a set of
YIG/Pt samples with various YIG thicknesses tF. Data taken in oopj configura-
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line indicates an exponential decay fit of the form y = A exp (−tF/t1) to the data.

SMR signal expected for this range of tN from Sec. 2.3.6 is highlighted by the colored area

in Fig. 2.28. As already indicated in the discussion above, the −∆ρ1/ρ0 values for samples

with tF ≥ 16.3 nm are found in the expected range 1.0 × 10−3 ≤ −∆ρ1/ρ0 ≤ 1.5 × 10−3

deduced from Fig. 2.16.

Within the experimental accuracy, we find no thickness dependence of the SMR in this

regime, which is in good agreement with the intuitive picture of the SMR given in

Sec. 2.1.5. Naively speaking, the presence of the ferromagnetic insulator merely models

the boundary conditions for the spin transfer torque at the FMI/N interface. Therefore,

only the direction of the FMI’s magnetization M (controlled by the external magnetic

field H), but not its amplitude M is relevant for the SMR effect.

This picture changes for very thin tF values, where we find a signal drop down to 4.1×10−4

for tF = 3.9 nm as already indicated in Fig. 2.28(b). For this particular sample, the thick-

ness of the FMI layer is reduced to less than 2 monolayers, taking into account the mono-

layer thickness d111 calculated from the YIG lattice constant a, d111 =
√
3a = 2.1436 nm

for (111) oriented YIG films.

We model the experimental data with an exponential decay fit of the form −∆ρ1/ρ0 =

A exp (−tF/t0). Using A = −1.42 × 10−3 and t0 = 7.1 nm, we are able to reproduce

the thickness dependence of −∆ρ1/ρ0. From this, we conclude that an influence of the

thickness of the FMI (in the case of YIG) is only present for ultra-thin films.

Unfortunately, the paramagnetic background of GGG hampers the examination of the

influence of the saturation magnetization of the YIG in the monolayer thin sample via

SQUID magnetometry, such that no analysis on M is possible. In literature, d’Allivy

Kelly et al. estimated a decrease of the saturation magnetization Msat of about 20% for a

decreasing YIG film thickness from 7 nm to 4 nm [143]. An other approach to study the

magnetization of a FMI would be (broadband) ferromagnetic resonance (FMR). How-
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ever, in this particular film we found no YIG specific FMR line at various frequencies in

a range from 20 to 40GHz [144], indicating that the magnetization M might indeed be

reduced dramatically in this ultra thin FMI film. In contrast to the findings on (111) ori-

ented YIG presented above, we admit that for bilayers consisting of ultra-thin YIG films

(1 ≤ tF ≤ 5 unit cells) and approximately 5 nm Pt grown on (100) and (110) oriented

GGG substrates, we neither find a tF dependence of −∆ρ1/ρ0 within the experimental

error, nor a strong influence of the YIG film termination on the SMR signal [145, 146].

Therefore, the estimation deduced above also serves as an upper limit to the tF depen-

dence of the spin Hall magnetoresistance and the applicability of the theory presented in

Sec. 2.1.6.

2.6 Spin Hall magnetoresistance: A summary

In this chapter, we have quantitatively investigated a novel magnetoresistive effect in

YIG/Pt bilayers. In literature, two contrary interpretations of this MR have been re-

ported during the past years. In our work we showed that the concept of the spin Hall

magnetoresistance effect (SMR) [15, 44–46, 48] based on the interconversion of a charge

current to a spin current (cf. Sec. 2.1.5 and Sec. 2.1.6) and vice versa is in excellent

agreement with our experimental data, whereas the framework of a magnetic proximity

magnetoresistance (cf. Sec. 2.1.7 and Ref. [43,47,49]) does not coincide with our findings.

The SMR effect characteristically depends on the absorption of a spin current at the

FMI/N interface, which can be modulated via the orientation of the magnetization of the

FMI with respect to the spin polarization of the spin current in N. The SMR effect thus

enables a remote sensing of the magnetization direction in the FMI by simply measuring

the resistance of the adjacent N layer. In Sec. 2.3.1 we showed that the signature of the

SMR qualitatively differs from the magnetic proximity magnetoresistance, in particular

when the magnetization of the YIG layer has a component perpendicular to the Pt film

plane. Thus, we took advantage of magnetotransport measurements as a function of the

magnetization orientation to disentangle AMR and SMR. Moreover, the excellent quan-

titative agreement between the SMR theory and our experimental data for more than

20 YIG/Pt bilayer samples, as exemplarily discussed in Sec. 2.3.2, clearly shows that a

static magnetic proximity effect is not the origin of the observed MR in FMI/N hybrids.

Besides, this conclusion is supported by the absence of indications for induced magnetic

moments in the Pt layer inferred from X-ray magnetic circular dichroism experiments

reported in Sec. 2.3.3. This led us to a variety of applications for the SMR, enabling us

e.g. to study the anisotropy of a ferromagnetic insulator from electric transport mea-

surements on YIG/Pt bilayers discussed in Sec. 2.3.4. We found that the SMR reflects

the magnetic landscape of the YIG if one reduces the external magnetic field strength
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applied in magnetotransport measurements. Thus, from a simulation based on both the

SMR theory and a minimization of the free enthalpy of the magnetic system, we were

able to extract the shape anisotropy Bn ≈ 79mT for our YIG thin films.

We also studied the SMR as a function of high magnetic fields 1T ≤ µ0H ≤ 7T in

Sec. 2.3.5. While the present SMR theory is formulated in terms of an interface effect

and thus only depends on the presence of a magnetization (modulated by a non-vanishing

spin mixing interface conductance G↑↓), we found a linear increase of about 15% in the

−∆ρ1/ρ0 signal from 1T to 7T for YIG/Pt grown on YAG (3% lattice mismatch be-

tween YIG and the substrate), suggesting that the number of transport channels per unit

area, described by G↑↓, is field dependent. This behavior was also found in YIG thin

films grown on GGG (0.03% lattice mismatch), and the field dependence in the sample

grown on YAG is about a factor of two higher than the one on GGG. We interpreted this

external magnetic field dependence of the longitudinal SMR with a formation of pinned

magnetic moments in the YIG layer close to the interface, stemming from an unavoid-

able lattice mismatch in the YIG thin (≈ 60 nm) film. However, to clarify this in more

detail, a study of the magnetic surface of YIG thin films grown on YAG and GGG by

magnetic force microscopy is recommended for the future. Additionally, the influence of

the magnetization amplitude M in the FMI layer has to be included to the SMR theory.

In a subsequent set of normal metal layer thickness dependent measurements, we utilized

the SMR for a temperature resolved determination of the spin transport characteristics

in Pt. Starting from measurements at room temperature in Sec. 2.3.6, the analysis of the

thickness dependence of the resistivity modulation −∆ρ1/ρ0 characteristic for the SMR

enabled the determination of the spin transport parameters in Pt. Our investigation led

to a set of parameters for the real part of the spin mixing conductance Gr for the YIG/Pt

interface, as well as the spin Hall angle θSH and the spin diffusion length λ in Pt. Our

results are close to the values reported by other groups (cf. Tab. 2.1) obtained either

from SMR experiments or spin pumping [17, 18, 22, 24]. This motivated a temperature

dependent study of the SMR in YIG/Pt, presented in Sec. 2.4. We observed a decrease

of the SMR at low temperatures for all samples investigated (cf. Sec. 2.4.1) and utilized

the SMR theory to extract the temperature dependence of the spin transport character-

istics in Pt. From the temperature-independent maximum in the thickness dependence

of −∆ρ1/ρ0 we concluded that the spin diffusion length λ in Pt is almost temperature-

independent. Additionally, from a simulation of the SMR theory to the −∆ρ1/ρ0 data,

we found that Gr is almost T -independent, too. On the other hand, the temperature de-

pendent decrease of the signal suggests a decrease of θSH from 0.11 at room temperature

to 0.075 at 10K.

For low temperature angle dependent magnetoresistance experiments, we additionally

resolved a feature that is not compatible with the SMR theory. By rotating the external
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magnetic field in the plane defined by the current direction j and the film normal n (oopt),

we found a non-zero magnetoresistive contribution proportional to cos2(γ), although the

SMR model suggests no magnetic field orientation dependence in this configuration (cf.

Sec. 2.4.3). However, this signal, observable at temperatures T ≤ 50K and decreasing

with increasing temperature, was also found in Pt thin films directly deposited on YAG

substrates. Even though we could not clarify the origin of this Pt-magnetoresistance

within the present work, we attribute this effect to an intrinsic feature of Pt in the thin

film regime, which should not be confused with a magnetic proximity effect (cf. Sec. 2.1.7).

However, a FMI thickness dependent study of the SMR in YIG/Pt bilayers in Sec. 2.5

suggests that the SMR effect decreases for reducing tF down to 3.9 nm. Even though

this seams feasible, since for tF = 0nm (plain Pt film, MYIG = 0) the SMR vanishes, the

present SMR theory does not include the magnetic properties of the FMI layer with ex-

ception of the presence of a finite magnetization M. Even here, not the magnitude M of

M = Mm, but merely its direction m enters the SMR equations (cf.Sec. 2.1.6). Taken to-

gether with the anisotropy characterization and indications for pinned magnetic moments

discussed above, we showed that SMR can also be used to sense magnetic properties in

ferromagnetic insulators. In this context, our results advocate for a deeper characteri-

zation of ”spin-transparent” interfaces in terms of the spin mixing interface conductance

G↑↓ from both theoretical and experimental point of view in the future, including for

example information on the magnonic system of the FMI.

In conclusion, it is not astonishing that during the past two years, the SMR became

an established tool to determine a full set of spin transport parameters from magneto-

transport experiments, namely the spin Hall angle, the spin diffusion length and the real

part of the spin mixing interface conductance. The simple electrical detection technique

led to numerous publications reporting on the temperature dependent spin transport not

only in YIG/Pt bilayers [45,50,128,129], but also utilizing other normal metals like tan-

talum [96] or palladium [147]. In addition to that, the SMR recently was reported in

material combinations based on the conductive ferromagnet CoFeB [97, 98]. These au-

thors utilized tungsten and tantalum for N. Both materials show a significantly increased

spin Hall angle compared to Pt, which led to a large [97] resp. giant [98] SMR in their

material combinations. Although using a conductive ferromagnet in these experiments,

the anisotropic magnetoresistance from the F layer was found to be small compared to

the SMR stemming from the CoFeB/N interface. Therefore, the SMR concept is not

restricted to insulating ferromagnets. By utilizing the SMR as a novel characterization

tool, also new F/N material combinations can be tested electrically for their suitability

in spintronic applications.



3 Spin Hall anomalous Hall effect

Historically, most magnetotransport experiments were performed in a longitudinal ge-

ometry, e .g. by detecting the potential difference along an applied charge current as a

function of the external magnetic field amplitude. However, additional material proper-

ties can be extracted from transverse magnetotransport experiments. In the context of

magnetoresistance, we use transverse to describe experiments in a setup where we apply a

charge current along the sample (e.g. in j direction) and take the transverse voltage drop

perpendicular to the initial charge current (here along t). These type of experiments,

first performed by E. Hall in 1879, provides information on the internal properties of a

material like the charge carrier density [66].

As already shown from a theoretical perspective in Sec. 2.1.6, the spin Hall magnetoresis-

tance (SMR) based on the simultaneous action of SHE and ISHE includes a contribution

in transverse geometry [c.f. Eq. (2.24)]. Recently, it has been suggested [15, 44, 95] that

the transverse component of the SMR, referred to as spin Hall anomalous Hall effect

(SH-AHE) [15], allows for quantifying the imaginary part Gi of the spin mixing inter-

face conductance of an FMI/N hybrid from measurements of anomalous Hall-type effects

(AHE) [15]. During the past 15 years, merely the real part Gr linked to an in-plane

magnetic field torque [92, 93] was accessible experimentally e.g. from spin pumping ex-

periments [17, 24, 85, 86, 94]. On the other hand, the imaginary part Gi describing an

arbitrary phase shift between the spin current in the N and the one in the FMI up

to now remained a theoretical concept. For YIG/Au hybrids, e.g., it was calculated

Gi/Gr ≈ 1/10 [126], but a detailed experimental testing of this concept remained open.

In this chapter, we present an experimental study of ordinary and anomalous Hall-type

signals observed in YIG/Pt bilayers. We discuss the film thickness and temperature de-

pendence of the AHE signals in terms of the SH-AHE and extract Gi as a function of

temperature. Therefore, we start with a theoretical introduction of the ordinary and

anomalous Hall effect in Sec. 3.1, followed by a discussion of the theoretical predictions

of the spin Hall anomalous Hall effect. The experimental setup will be introduced in

Sec. 3.2. In our experiments shown in Sec. 3.3, we compare the observation of a strong

thickness and temperature dependence in both the ordinary and the anomalous Hall effect

in YIG/Pt with reference experiments performed on thin Pt films deposited directly onto

57
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diamagnetic substrates. The results of this chapter have been published in Ref. [148].

3.1 Theoretical overview

While the concept of the ordinary and anomalous Hall effect is fundamental and widely

used, the spin Hall anomalous Hall effect was predicted about two years ago [15] and

represents a new concept in spintronics. Therefore, this chapter starts with a brief in-

troduction to the conventional and anomalous Hall effects. In a second step, we will

illuminate the phenomenology of the SH-AHE in FMI/N hybrids from a theoretical per-

spective to pave the way for the discussion of the experimental data in Sec. 3.3.

3.1.1 Conventional Hall effect

Charged particles moving in an external magnetic field B are subject to the Lorentz force

FL = q(v ×B). For electrons (q = −e), the resulting force is given by

F = −e(E+ v ×B) (3.1)

where q = −e is the electric charge of the electron (e = |e|), v its velocity and E = Ejj

an electrical field applied along j. In the following, the electrons of a (non-magnetic)

metal are assumed to move opposite to the technical current direction along −j and the

external magnetic field is applied perpendicular to the film surface, H ‖ n. This results

in a deflection of the electrons along the −t direction, perpendicular to both the initial

direction of motion and the magnetic field. Thus, due to this charge accumulation, a

transverse electric field Et builds up along −t. In steady state, Et is compensated by

+  +  +  +  +  +  +  +

+  +  +  +  +  +  +  +

j
q

-  -  -  -  -  -  -  -  -

-  -  -  -  -  -  -  -  -

H
F

H

F
L t

j

n

Figure 3.1: Concept of the ordinary Hall effect: electrons are assumed to move opposite to the
technical current direction jq along −j. The Lorentz force FL leads to a deflection
of the electrons along −t, resulting in an electric field Et along −t. In steady
state, FL is compensated by the Hall field FH ‖ t. Illustration in analogy to [70].
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the so-called Hall field EH = −1/eFH. This is known as the conventional (ordinary)

Hall effect (OHE) [66]. Here, we discuss the electric transport in the framework of

Sommerfeld’s theory. The transverse electric field Et reads

Et = −
eBτ

m
Ej (3.2)

with τ the average time between two scattering events and Ej the electrical field due to

jq. This defines the transverse (Hall) voltage

VH =
αOHEJq

t
(3.3)

along t. Here, Jq is the electric current applied along the j direction, t the thickness of the

sample (along n) and αOHE = B
nq

the Hall resistivity, containing the charge carrier density

n. Thus, a measurement of αOHE yields information of the density of charge carriers in

conductive materials. This feature became a standard characterization technique in solid

state physics. In general, the discussion of the Hall effect has to take into account the

band structure of the material. A detailed information can be found e.g. in Ref. [70]. As

shown above, the conventional Hall effect depicts the influence of an external magnetic

field on propagating charge carriers. Therefore, the OHE does not depend on an existing

magnetization in the sample and thus is also present in non-ferromagnetic conductive

materials.

3.1.2 Anomalous Hall effect

In the previous section, the conventional Hall effect in a metallic (non-magnetic) mate-

rial was presented. In the description given above, the spin degree of freedom was not

taken into account. This picture is valid for non-ferromagnetic materials, where n↑ = n↓

(cf. Sec. 2.1.1). As in ferromagnetic metals the numbers of spin-up and spin-down charge

carriers at the Fermi edge are different, spin-dependent contributions become visible. His-

torically, the discovery of this spin-dependent effect by E. Hall took place only two years

after the discovery of the ordinary Hall effect [149]. Hall observed that for ferromagnetic

materials, the transverse (Hall-effect) voltage shows a step around µ0H = 0 (see e.g.

Fig. 3.2(b)) and called this the anomalous Hall effect (AHE). However, the microscopic

explanation by Karplus and Luttinger was given more than 70 years later [57]. Like the

spin Hall effect introduced in Sec. 2.1.2, the anomalous Hall effect is based on the spin

orbit interaction and can have both intrinsic (Berry curvature [59]) and extrinsic (skew

scattering [57] and side jump effect [58]) contributions. A detailed overview can e.g. be

found in [64]. As introduced earlier, the SOI in ferromagnets leads to a spin-sensitive

scattering of the conduction electrons, resulting in a spin-polarized current perpendicular



60
Chapter 3

Spin Hall anomalous Hall effect

jq

js,s

-jq

t

j

n

-4 -2 0 2 4
-20

-10

0

10

20

ρ
tr
a
n
s
(p

Ω
m
)

µ
0
H (T)

2α
AHE

(a)      (b)  

Figure 3.2: (a): Concept of the anomalous Hall effect: the spin orbit interaction in ferromag-
netic metals leads to a spin polarized current perpendicular to the initial charge
current. Figure in analogy to [54]. (b): Transverse resistivity ρtrans along t as
a function of the external magnetic field amplitude µ0H at a fixed orientation
of the external magnetic field, H ‖ n for a 20 nm thick ferromagnetic film (here:
Permalloy, Ni0.80Fe0.20 on MgO). The red solid lines represents a linear fit to the
data in the high field limit (µ0H ≥ 2.5T) to extract the ordinary Hall coefficient
αOHE from the slope. The abscissa from a back extrapolation of the linear fit to
µ0H = 0T (dashed line) defines the anomalous Hall coefficient αAHE. The addi-
tional structure around 0T can be interpreted as a re-orientation of the magneti-
zation in the sample plane in zero field and might stem from a slight misalignment
of the n direction.

to the initial charge current [c.f. Fig. 3.2(a)]. Again, this scattering process only depends

on the spin orientation (here |↑〉 and |↓〉 along n) and is not affected by an external

magnetic field. Hall-type experiments on a ferromagnetic sample therefore result in two

regimes as a function of the external magnetic field ([see Fig. 3.2(b)]. The ordinary Hall

coefficient can be read from the slope of a linear fit to the transverse voltage in the sat-

uration regime [cf. Eq. 3.3], while the anomalous Hall coefficient αAHE corresponds to

the abscissa from a back extrapolation of the linear fit to µ0H = 0T [dashed line in

Fig. 3.2(b)].

3.1.3 Spin Hall anomalous Hall effect

In contrast to the ordinary and anomalous Hall effect presented above, an other ”Hall-

like” effect was postulated in 2013. In Sec. 2.1.6, we introduced the theory of the spin Hall

anomalous Hall effect that is part of the SMR theory published by Chen et al. [15]. Like

before, we define m = (mj,mt,mn)
T as the unity magnetization vector expressed with

respect to the coordinate system introduced in Fig. 2.4. Focusing on the contribution
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that scales with mn, we find from Eq. (2.24)

ρtrans ≈ ∆ρ2mn. (3.4)

This term obviously should appear for a non-vanishing magnetization contribution point-

ing along the film normal. Of course, the conventional Hall effect in N has to be taken

into account, too, but it will be superimposed by an anomalous Hall-like contribution,

stemming from a spin current based transverse resistivity component. This is called the

spin Hall anomalous Hall effect (SH-AHE).

The prefactor ∆ρ2 can be approximated using Gr >> Gi, leading to [15]

∆ρ2
ρ
≈ 2λ2θ2SH

tN

σGi tanh
2 tN
2λ

(σ + 2λGr coth
tN
λ
)2 + (2λGi coth

tN
λ
)2

≈ 2λ2θ2SH
tN

σGi tanh
2 tN
2λ

(σ + 2λGr coth
tN
λ
)2
.

(3.5)

Thus, similar to the (longitudinal) SMR, a strong tN dependence is expected for the

SH-AHE contribution in FMI/N hybrids. At this point, we want to emphasize that the

SH-AHE, although it is named after the anomalous Hall effect, unlike the ”classical”

AHE also occurs in non-ferromagnetic metals. The name of this effect only expresses the

analogy of the fingerprint of the SH-AHE with the AHE. Thus, the SH-AHE is not to be

confused with the ferromagnetic AHE effect that would also be visible in the framework

of the proximity MR introduced in Sec. 2.1.7.

3.2 Experimental setup

In this chapter, we investigate two types of thin film structures, YIG/Pt bilayers and

single Pt thin films on yttrium aluminum garnet (Y3Al5O12, YAG) substrates. The

YIG/Pt bilayers again are obtained by growing epitaxial YIG thin films with a thickness

of tF ≈ 60 nm on single crystalline YAG or gadolinium gallium garnet (Gd3Ga5O12,GGG)

substrates using pulsed laser deposition [46,106]. In an in situ process, we then deposit a

thin polycrystalline Pt film onto the YIG via electron beam evaporation. We hereby sys-

tematically vary the Pt thickness from sample to sample in the range 1 nm ≤ tN ≤ 20 nm.

In this way, we obtain a series of YIG/Pt bilayers with fixed YIG thickness, but different

Pt thicknesses. For reference, we furthermore fabricate a series of YAG/Pt bilayers, de-

positing Pt thin films with thicknesses 2 nm ≤ tN ≤ 16 nm directly onto YAG substrates.

We employ X-ray reflectometry and X-ray diffraction to determine tN and to confirm the

polycrystallinity of the Pt thin films. A detailed information on the film thicknesses for

both types of thin film structures used in our study are listed in Tab. 6.2 and Tab. 6.5. The
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Figure 3.3: Measurement geometry for (a) field dependent magnetoresistance experiments
(FDMR) at a fixed orientation of the external magnetic field (H ‖ n) and (b)
angle dependent magnetoresistance experiments (ADMR) in oopj configuration
as defined in Sec. 2.2.2.

parameter h again represents the surface roughness of Pt obtained from high-resolution

X-ray reflectometry. For YIG/Pt bilayers, we determine an averaged surface roughness

of h = (0.7± 0.2) nm, while for plain Pt on diamagnetic substrate, we obtain a slightly

lower value of h = (0.5± 0.1) nm. However, within the estimated errors, the interface

roughnesses of both types of samples are comparable and thus we expect no influence of

the surface roughnesses on our data except size effects for tPt ≈ h.

For electrical transport measurements, the samples are patterned into Hall bar mesa

structures (width w = 80µm, contact separation l = 600µm) [50] [c.f. Fig. 3.3(a)]. We

current bias the Hall bars with jq of up to 500µA and measure the transverse (Hall like)

voltage Vtrans either as a function of the magnetic field orientation (angle dependent mag-

netoresistance, ADMR [46,112]) or of the magnetic field amplitude µ0H (field dependent

magnetoresistance, FDMR), for sample temperatures T between 10K and 300K. For all

FDMR data reported below, the external magnetic field was applied perpendicular to the

sample plane [µ0H ‖ n, c.f. Fig. 3.3(a)]. For the ADMR measurements, we rotate an ex-

ternal magnetic field of constant magnitude 1T ≤ µ0H ≤ 7T in the plane perpendicular

to the current direction j [oopj, see Fig. 2.7(b) and 3.3(b)].

Here, β again is defined as the angle between the transverse direction t and the mag-

netic field H. In all ADMR experiments, we choose µ0H larger than the anisotropy

and the demagnetization fields of the YIG film. As a result, the YIG magnetization M

is always saturated and oriented along H in good approximation. The transverse re-

sistivity ρtrans (β,H) = Vtrans (β,H) tN/jq of the Pt layer is calculated from the voltage

Vtrans (β) along t. Again, we antisymmetrisize the transverse ADMR data with respect to

sin(β) = − sin(β + 180◦) according to Eq. (2.31) to avoid influences from superpositions

of the longitudinal voltages.
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3.3 Experimental results

At first, we focus on magnetotransport experiments at room temperature. Figure 3.4(a),

(c), (e) show FDMR measurements carried out at 300K in YIG/Pt bilayers with tN =

2.0, 6.5 and 19.5 nm. Extracting the ordinary Hall coefficient αOHE = ∂ρtrans(H)/∂(H)

from the slope, we obtain αOHE(19.5 nm) = −25.5pΩm/T for the thickest Pt layer [see

Fig. 3.4(e)], close to the literature value for bulk Pt [150]. Additionally, we observe a

small superimposed S-like feature around µ0H = 0T, indicating the presence of an AHE

like contribution. To quantify this contribution, we extract the full amplitude of the

S-shape corresponding to an AHE like contribution αAHE from linear fits to µ0H = 0T,
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Figure 3.4: (a), (c), (e):Transverse resistivity ρtrans taken from FDMR measurements for
YIG/Pt bilayers with (a) tN = 2.0 nm, (c) 6.5 nm and (e) 19.5 nm, respectively.
All data are taken at 300K. The dashed red lines in panel (a) indicate the
extraction of αAHE from linear fits to ρtrans(H) extrapolated to µ0H = 0T. (b),
(d), (f): corresponding ADMR data taken in oopj configuration at 300K at
various constant external magnetic fields (see legends). The colored, horizontal
lines in panels (a,b), (c,d) and (e,f) are intended as guides to the eye, to show
that the ρtrans values inferred from FDMR and ADMR are consistent for identical
magnetic field configurations.



64
Chapter 3

Spin Hall anomalous Hall effect

as indicated in Fig. 3.4(a). In the sample with tN = 6.5 nm [Fig. 3.4(c)], αOHE decreases

to −23.1pΩm/T and we find an increased αAHE(tN = 6.5 nm) = (−6 ± 1)pΩm. For

tN = 2.0 nm [see Fig. 3.4(a)], we observe αOHE = 7pΩm/T, i.e. an inversion of the sign

of the OHE. Additionally, we find αAHE equal to (−12 ± 1) pΩm. The presence of an

AHE like behavior in YIG/Pt samples coincides with recent reports [43,68,95,151–153].

However, our study of αAHE as a function of platinum thickness and temperature in ad-

dition reveals a pronounced thickness dependence of αAHE for tN ≤ 10 nm that will be

addressed below [c.f. Fig. 3.4(b)].

Complementary to the FDMR experiments, we investigate ρtrans as a function of the

magnetic field orientation (ADMR). Here, the OHE is expected to depend only on the

component H⊥ = H sin(β), i.e., ρtrans(β) ∝ sin(β). The experimental data shown in

Figs. 3.4(b), (d) and (f) confirm this expectation. Information of the AHE and OHE co-

efficients can also be obtained form these experiments: Taking ADMR data at different

magnetic field amplitudes, a linear fit to the amplitudes of the sine shaped signal again

reveals αOHE from the slope and αAHE from the abscissa at µ0H = 0, respectively. As

indicated from the colored horizontal lines in Fig. 3.4, the data obtained from ADMR and

FDMR are indeed consistent.

For reference, we also performed FDMR measurements on Pt thin films deposited directly

on single-crystalline diamagnetic yttrium aluminum garnet (YAG) substrates. Figures

3.5(b),(d),(f) show the characteristic linear behavior for ρtrans(H) ∝ H, i.e., an ordi-

nary Hall effect, without any AHE contribution. Extracting the ordinary Hall coefficient

αOHE = ∂ρtrans(H)/∂(H) from the slope, we obtain αOHE(tN = 2.0 nm) = −3.1 pΩm/T,

αOHE(tN = 3.5 nm) = −15.9 pΩm/T, and αOHE(tN = 15.6 nm) = −23.1 pΩm/T with

a systematic error of ∆αOHE = 0.1 pΩm/T. While αOHE of the thickest Pt film with

tN = 15.6 nm is consistent with the literature value αOHE = −24.4 pΩm/T [150], we find

significantly smaller OHE coefficients for the 3.5 nm and the 2.0 nm thick Pt film. This

behavior in the thin film regime (tN ≤ 10 nm) agrees with earlier reports [114]. Mea-

surements of αOHE(T ) show a T independent αOHE and the absence of any AHE like

contribution. We also investigate ρtrans as a function of the magnetic field orientation

(ADMR) for this set of samples. As evident from Fig. 3.5(c) and (e), we obtain that

the OHE depends only on the component H⊥ = H sin(β), i.e., ρtrans(β) ∝ sin(β). To

conclude, in these reference samples, we find a similar thickness dependence of the ordi-

nary Hall-effect (OHE), but no AHE-type signal. Thus, the sign inversion of the OHE in

YIG/Pt hybrids is expected to be intimately connected to the Pt thin film regime [95].

We further investigate the temperature dependence of ρtrans as a function of the magnetic

field orientation (ADMR). In Fig. 3.6(a) we show ADMR data for a YIG/Pt(2.0 nm) hy-
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Figure 3.5: (a) Transverse resistivity ρtrans taken from a FDMR measurement for YAG/Pt
(2.0 nm). (b) ρtrans taken from a FDMR measurement for YAG/Pt (3.5 nm).
(c) ρtrans as a function of β for YAG/Pt (3.5 nm). (d, e): FDMR and ADMR
measurements for tN = 15.6 nm on YAG. The colored, horizontal lines in panels (b,
c) and (d, e) are intended as guides to the eye, to show that the ρtrans values inferred
from FDMR and ADMR are consistent for identical magnetic field configurations.
All data taken at 300K.

brid recorded at 10K. As discussed above, in ADMR experiments, the OHE is expected

to depend only on the component H⊥ = H sin (β). Therefore, one expects, ρ(β) ∝ sin (β)

for the angular dependence of the transverse resistivity. However, our experimental data

reveals additional higher than linear order contributions of the form Vtrans ∝ Mn
⊥, with

ρtrans ∝ A sin (β) + B sin3 (β) + · · · . A fast Fourier transformation [c.f. Fig. 3.6(c)] of

the ADMR data suggests the presence of sinn (β) contributions up to at least n = 5.

We admit that a quantitative determination of corresponding higher order coefficients is

difficult, since the amplitudes of the contributions for n ≥ 5 are below our experimen-

tal resolution of 1 pΩm. A behavior similar to that shown in Fig. 3.6(a) is found in all

YIG/Pt samples with tN ≤ 5 nm [see reference data in Fig. 3.7 (a)], but not in plain Pt

films on YAG.
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Figure 3.6: (a) ADMR and (b) FDMR data for a YIG/Pt sample with tN = 2.0 nm, taken
at 10K for different µ0H (open symbols). The horizontal lines in panel (a,b)
are intended as guides to the eye, to show that the ρtrans values inferred from
FDMR and ADMR are consistent for identical magnetic field configurations. Fits
of Eq. (3.6) to the ADMR data in (a) are shown as solid lines. (c) Fast Fourier
transform (FFT) results in terms of sinn (β) for the ADMR data taken at T = 10K
with µ0H = 7T for the YIG/Pt(2.0 nm) sample shown in (a). The dashed line
indicates the experimental noise level of 1 pΩm. Panels (d) and (e) show the fit
parameters A and B obtained from Eq. (3.6) for YIG/Pt(2.0 nm) at T = 10K to
the data in (a). Linear fits to the magnetic field dependence of A and B are shown
as solid lines.

To allow for simple analysis, we use

ρtrans = A sin (β) + B sin3 (β) (3.6)

in the following. Fits of the ADMR curves measured at different field magnitudes ac-
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cording to Eq. (3.6) are shown as solid lines in Figs. 3.6(a) and 3.7(a). The magnetic field

dependence of the fit parameters A and B is shown in Fig. 3.6(d),(e) for the sample with

tN = 2.0 nm and in Fig. 3.7(b),(c) for tN = 3.1 nm. We disentangle magnetic field depen-

dent (OHE like) and ”field independent” (AHE like) contributions to A by fitting the data

to A(µ0H) = AOHE ·µ0H +AAHE. As evident from Figs. 3.6 and 3.7, the αOHE and αAHE

values derived from FDMR and ADMR measurements are quantitatively consistent1.

AOHE as a function of tN is shown in Fig. 3.8(a). Obviously, AOHE deviates from the

bulk OHE literature value [150] in YIG/Pt bilayers with tN ≤ 10 nm and also exhibits

a temperature and thickness-dependent sign change for small tN. A thickness-dependent

behavior of the OHE without sign change has also been reported in Ref. [95]. However,

these authors found an increase of the OHE coefficient in the thin film regime, which

could be due to the formation of a thin, non-conductive “dead” Pt layer at the interface

as, e.g., reported for Ni/Pt [154]. In contrast, we attribute the thickness dependence of

the OHE in our samples solely to a modification of the Pt properties in the thin film

regime. We additionally suggest to interpret the sign change of the OHE to a transition

from electron-like transport to hole-like transport in the very thin film regime. A calcula-

1We want to emphasize that, by neglecting higher order contributions in our analysis, A and B can not
straightforwardly be read from the ADMR data in Figs. 3.6(a) and 3.7(a).
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tion of the bandstructure of Pt could give deeper insight into this phenomenon. Together

with a theoretical discussion, further experiments will be required in the future to clarify

the origin of the temperature dependence of the OHE in YIG/Pt hybrids.

The anomalous Hall coefficient AAHE, present only in YIG/Pt hybrids, i.e., when a mag-

netic insulator is adjacent to the N, is depicted in Fig. 3.8(b). We observe a strong

dependence of AAHE on tN similar to the thickness dependent magnetoresistance ob-

tained from longitudinal transport measurements reported earlier [46], but with a sign

change in AAHE between 100K and 10K. This observation agrees with recent reports of

AAHE = 54 pΩm for YIG/Pt(1.8 nm) [153] and AAHE = 6pΩm for YIG/Pt(3 nm) [152],

both taken at 10K. Our study suggests a maximum in AAHE around tN = 3nm, com-

patible with a complete disappearance of AAHE for tN → 0. This observation however is

at odds with the attribution of the AHE in YIG/Pt to a proximity MR as postulated in

Ref. [152]. In this case, one would expect a monotonous increase of the AHE signal with

decreasing Pt layer thickness, and eventually a saturation when the entire nonmagnetic

layer is spin polarized. The absence of a proximity MR in our Hall data is consistent with

XMCD data on similar YIG/Pt samples [106] as well as other ferromagnetic insulator/N

hybrids [155].

We now model our experimental findings in terms of the SH-AHE theory [15] using

Eq. (3.5). To fit the nonlinear behavior of AAHE(tN), we combine this expression with

the thickness dependence of the sheet resistivity for thin Pt films [117] as discussed

in Ref. [50] and Sec. 2.2.3. We use the parameters λ = 1.5 nm, Gr = 4 × 1014Ω−1m−2,

θSH(300K) = 0.11 and θSH(10K) = 0.075 obtained from longitudinal SMR measurements

on similar YIG/Pt bilayers (c.f. Sec. 2.4.1). As obvious from the solid lines in Fig. 3.8(b),

Eq. (3.5) reproduces our thickness dependent AHE data upon using Gi = 1×1013 Ω−1m−2

for 300K and Gi = −3 × 1013 Ω−1m−2 for 10K. For 300K, the value for Gi nicely co-

incides with earlier reports [46] as well as theoretical calculations [126]. In the SH-AHE

model, the only parameter allowing to account for the sign change in ρtrans as a function

of temperature is Gi. In this picture, our AHE data thus indicate a sign change in Gi

between 300K and 10K.

We finally address the thickness and temperature dependence of the sin3 (β) contribution

parametrized by B = BAHE + BOHEµ0H, that cannot straightforwardly be explained in

a conventional Hall scenario. As evident from the linear fits in Figs. 3.6(e) and 3.7(c),

B is nearly field independent. A slight field dependence BOHE ≤ 1 pΩm/T might arise

due to fitting errors caused by neglected higher order terms (n ≥ 5). Therefore, we focus

our discussion on the field independent part BAHE in the following. BAHE exhibits a
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Figure 3.8: (a)-(c) Field dependent (OHE-like) and field independent (AHE-like) Hall coef-
ficients A and B proportional to sin (β) and sin3 (β), respectively, plotted versus
the Pt thickness for T = 300K (red), T = 100K (purple) and T = 10K (blue).
The data is obtained from ADMR measurements for YAG/Pt (open symbols) and
YAG/YIG/Pt (full symbols). AOHE depicted in (a) describes the conventional Hall
effect, the olive dashed line corresponds to the literature value for bulk Pt [150].
(b) Thickness dependence of AAHE. The solid lines show fits to the SH-AHE the-
ory using Gi = 1× 1013Ω−1m−2 for T = 300K (red) and Gi = −3× 1013Ω−1m−2

for T = 10K (blue). Panel (c) shows the thickness dependence of the field inde-
pendent coefficient BAHE of the sin3 (β) term.

strong temperature and thickness dependence as shown in Fig. 3.8(c), suggesting a close

link to AAHE and therefore the SH-AHE. However, we do not observe a temperature-

dependent sign change in BAHE. Expanding the SMR theory [15] to include higher order

contributions of the magnetization directions mi (i = j, t, n) in analogy to the procedure

established for the AMR of metallic ferromagnets [112,113], sin3 (β) terms appear in ρtrans,

but with an amplitude proportional to θ4SH. Assuming θSH(Pt) ≈ 0.1, this would lead to

BAHE/AAHE ≈ 0.01, which disagrees with our experimental finding BAHE/AAHE ≥ 0.2.

Additionally, we study the influence of the longitudinal resistivity on ρAHE. For metallic

ferromagnets, one usually considers ρAHE ∝M(H)ραlong with 1 ≤ α ≤ 2 [57,58]. Applying

this approach to Vtrans of the YIG/Pt samples discussed here is not possible: Since the
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longitudinal resistance is modulated by the SMR with ρ1/ρ0 ≤ 10−3 [46], ρAHE ∝ ρα

would imply BAHE/AAHE ≤ 10−3. This is in contrast to our experimental findings. Thus,

a dependence of the form ρAHE ∝ ραlong cannot account for our experimental observations.

Finally, a static magnetic proximity effect [43, 47, 49] (see Sec. 2.1.7) also cannot explain

BAHE, since the thickness dependence of BAHE shown in Fig. 3.8 (c) clearly indicates a

decrease for tN ≤ 2.5 nm. Consequently, within our present knowledge, neither a spin

current related phenomenon (SMR, SH-AHE), nor a proximity based effect can explain

the origin or the magnitude of this anisotropic higher order anomalous Hall effect. We

also would like to point out that the higher order sin3 (β) term can be resolved only in

ADMR measurements. In conventional FDMR experiments, such higher order contribu-

tions cannot be discerned.

3.4 Spin Hall anomalous Hall effect: A summary

In summary, we have investigated the ordinary and anomalous Hall effect in YIG/Pt

heterostructures for different Pt thicknesses, comparing magnetization orientation de-

pendent (ADMR) and magnetic field magnitude dependent (FDMR) measurements at

temperatures between 10K and 300K.

In reference experiments performed on Pt thin films on diamagnetic (YAG) substrates,

we observe a Pt thickness dependent ordinary Hall effect (OHE) only. This thickness

dependence is in agreement with earlier results [114] and suggests a change in the band

structure of Pt, more precisely a transition from electron-like to hole-like transport in

the ultra-thin film regime. Therefore, theoretical calculations of the band structure of

ultra-thin Pt should give deeper insights to the (magneto)transport in Pt.

In contrast, in YIG/Pt bilayers, an AHE like signal is present in addition. The AHE

contribution changes sign as a function of temperature and is subject to a strong depen-

dence on the Pt layer thickness. The extracted AHE signal as a function of tN can be

modeled using a spin Hall magnetoresistance-type formalism for the transverse transport

coefficient for all temperatures studied within this work. This further substantiates the

theoretical model of the SMR and the fact that within this framework, spin transport can

become visible in electrical measurements. However, we need to assume a temperature

dependent sign change in the imaginary part of the spin mixing interface conductance

to describe the sign change in the anomalous Hall signal observed experimentally. The

absolute values of the experimental extracted numbers −3 × 1013 Ω−1m−2 at 10K and

1 × 1013 Ω−1m−2 at 300K for Gi furthermore coincides with earlier theoretical calcula-

tions. Thus, a link of our experimental findings to the theoretical prediction given by the

SMR theory is indeed possible and supports the validity of this framework with respect

to the proximity MR model.
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On the other hand, a clear, simple to understand picture of the concept of the imaginary

spin mixing interface conductance is still missing. This represents a future challenge for

both experimentalists and theorists in spintronics. If the temperature dependence of Gi

is a uniform feature in FMI/N bilayers, which should be validated experimentally for

other material combinations in the future, this implies that the phase shift between the

FMI and N changes as a function of temperature. This is not taken into account in the

present Landauer-Büttiker-like picture of G↑↓, in principle summing up the number of

spin transport channels at the interface. Our findings additionally indicate that both

temperature dependent properties, the magnetic structure of the FMI as well as the spin

transport in N have to be considered in describing interface characteristics. For a check

of theoretical concepts to come, experiments may also be considered to be based on easier

to calculate material combinations, e.g. ferromagnetic insulators with a reduced number

of atoms per unit cell compared to YIG (80 atoms).

Additionally, in our analysis we find contributions proportional to sin3 (β) and higher

orders in the ADMR data for YIG/Pt. The physical mechanism responsible for this

behavior could not be clarified within this work and will be subject of further investi-

gations. The sin3 (β) contribution is not observed in Pt thin films directly deposited on

a diamagnetic substrate, indicating that this is not a pure Pt effect like the one we re-

ported for the longitudinal transport in Sec. 2.4.3. This higher order feature could neither

be explained by a higher order SMR contribution proportional to θ4SH, nor by the influ-

ence of the longitudinal resistivity modulation on the transverse signal like ρAHE ∝ ραlong
(1 ≤ α ≤ 2). However, the presence of higher order contributions in ρtrans for YIG/Pt

indicates the importance of the FMI/N interface in magnetoresistive experiments. Even

though only the first order contribution can be ascribed to the SH-AHE, the thickness

dependence of the parameter BAHE indicates a strong correlation between the SMR con-

cept and the sin3 (β) contribution in YIG/Pt. Here, it may be suggested to consider a

possible anisotropy in the spin transport parameters, which might be the origin of this

anisotropic AHE in YIG/Pt. At this point, again Gi should come into focus, since this

parameter governs the main difference between the longitudinal and the transverse SMR

formulas in Eqs. 2.21 and 2.24. Additionally, no higher order contributions were found

in the previous section discussing the longitudinal SMR, indicating that the set of spin

transport parameters responsible for the formation of −∆ρ1/ρ0 are isotropic in good ap-

proximation.

In the end, the observation of higher order contributions to the AHE in angle depen-

dent magnetotransport measurements in YIG/Pt not only denotes the presence of a wide

range of non-understood features in a quite ”traditional” material combination, but also

confirms the usefulness of magnetization orientation dependent experiments. Clearly,
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magnetotransport measurements as a function of the magnetic field magnitude only, i.e.

for a single magnetic field orientation (perpendicular field), as usually performed to study

Hall effects, are not sufficient to access all transverse transport features.



4 Observation of the spin Nernst effect

in platinum

A pure spin current, as defined in Sec. 2.1.1, is the direct transport of spin angular mo-

mentum, without an associated net transport of electric charge. The concept of a pure

spin current triggered a novel field in electronics known as spintronics, in which the elec-

tron’s spin degree of freedom is utilized instead of its electric charge. By transferring

concepts of electronics to spintronics, a wide field with novel effects and possible appli-

cations has opened. During the last decade, fundamentally important electronic devices

like the transistor have been adapted for spin current effects [8, 156–158]. Additionally,

transport effects describing pure spin current flows like the spin Seebeck effect [34–36],

or the spin Peltier effect [159,160] have been discovered, but up to now, one major pure

spin current transport effect still only is a theoretical conjecture. The thermal relative

of the spin Hall effect, the so-called spin Nernst effect, has been discussed on theoretical

grounds during the past years [161–164], but was not observed experimentally. This is

surprising, considering that the spin Nernst effect is the last missing link for a complete

spin current transport picture.

In this chapter, we report on the experimental observation of the spin Nernst effect (SNE),

i.e. the generation of a spin current perpendicular to a heat current. We demonstrate the

existence of this thermally generated spin current in platinum by attaching a YIG thin

film to the Pt. The YIG layer works as a switchable spin current detector. We modulate

the spin transfer into the YIG layer by controlling its magnetization orientation. This

leads to a presence vs. suppression of the spin current reflected at the YIG/Pt interface.

By action of the inverse spin Hall effect, the spin current contributions in N are subse-

quently converted into charge currents along the initial heat current. This allows for a

detection of the spin Nernst spin current in the charge channel on top of the longitudinal

thermopower voltage. We refer to this as the spin Nernst magneto-thermopower.

This section starts with a brief motivation of the spin Nernst effect in Sec. 4.1, followed

by a gedankenexperiment based introduction to the concept of the spin Nernst magneto-

thermopower (SNMTP). This part will be closed by a theoretical calculation of the SN-

MTP. In Sec. 4.2, we present the measurement setup including the development of a new

73
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dipstick for low-noise magneto-thermopower measurements. The experimental data will

be discussed in Sec. 4.3. Our experiments allow to compare the spin Hall angle in Pt

and its thermal analog, the spin Nernst angle. The discussion of this first experimental

determination of the spin Nernst angle in Sec. 4.3.7 is corroborated by first principles

calculations preformed by Sebastian Wimmer [165]. The results presented in this chapter

will be submitted for publication [166].

4.1 Theory

In this Section, we develop the theoretical background of the spin Nernst magneto-

thermopower. At first, we introduce the Seebeck effect (thermoelectric effect) and com-

pare electrically and thermally driven transverse response effects to introduce the phe-

nomenology of the spin Nernst effect in Sec. 4.1.2. Afterwards, we combine the thermal

spin current generation via the spin Nernst effect with the inverse spin Hall effect, leading

to the concept of the Spin Nernst magneto-thermopower. After introducing this in a very

intuitive gedankenexperiment in Sec. 4.1.3, we present a theoretical calculation based on

the spin diffusion theory in Sec. 4.1.4.

4.1.1 Thermopower and Seebeck effect

Charge transport is inevitably connected to a particle transport of electrons or holes. In

electronics, the charge transport is usually driven by an electric field E = −∇Φ, leading
to a charge flow along the gradient of the electrical potential Φ. However, also a thermal

imbalance along a sample can drive a flow of (charged) particles.

To be more specific, we consider a metallic beam of length l in the following [Fig. 4.1(a)].

A

B

T1

B

T
2

T
0 V

T
0

21

T
2

T
1=T

2 + ΔT

-T

-n

j

t

(a)      (b)

Figure 4.1: (a) Concept of thermopower: particles located at the left side of a metallic beam
with local temperature T1 = T2 + ∆T exhibit a higher entropy than particles at
the right side (T = T2). This leads to a particle flow from the hot to the cold
end of the beam. (b) Geometry of a thermocouple to measure the Seebeck effect
between two metals A and B. For details, see text.
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The right side of this beam is in thermal contact with a heat reservoir T2, while the left

side is connected to a heat reservoir T1 = T2+∆T . The temperature difference ∆T leads

to a difference in entropy, with particles located at the left end of the sample exhibiting

a higher entropy than particles on the right end. Thus, particles from the left have an

increased tendency to propagate to the right end than the other way around. If we

assume the material to be metallic and the particles carrying an electric charge −e, this
thermally driven particle transport is accompanied with a charge transport along the

direction j of the temperature gradient ∇T = j∂jT , leading to an electric field building

up along this direction. The proportionality factor between the electric field Ethermal and

a temperature gradient ∇T given by

Ethermal = Ŝ∇T (4.1)

is called the thermopower tensor Ŝ. Ŝ is connected to the energy dependence of the

electrical conductivity at the Fermi surface. Starting from Boltzmann’s equation, one

can derive [70]

Ŝ =
π2

3

kBT

e

[

∂ ln(σ̂N(E))

∂E

]

E=EF

. (4.2)

Here, E is the charge particle’s energy, EF the Fermi energy, kB Boltzmann’s constant

and σ̂N(E) the conductivity tensor, taking into account material properties and geome-

try specific anisotropy of the electric transport. In a different, widely-used notation, the

thermopower Ŝ is also called the Seebeck coefficient and, for a specific definition of the

directions of Ethermal and ∇T , the matrix form of Ŝ is simplified to a scalar S.

To experimentally measure the thermopower, one usually forms a closed electric circle

with two metals A and B, where the two contact areas 1 and 2 are at different tem-

peratures T1 and T2 [see Fig. 4.1(b)]. One detects the potential difference along this

construction via a voltmeter connected to both open ends. The voltmeter as well as both

open ends of metal B must be at the same, arbitrary temperature T0. The potential

difference Vthermal detected at the voltmeter is given by the integral over the electric field

along the circuit and thus we end up with

Vthermal =

∫ T2

T1

(SA − SB) dT (4.3)

where SA and SB are the scalar thermopowers of material A and B, respectively. The

generation of this potential difference is called the Seebeck effect (thermoelectric effect),

while the measurement device depicted in Fig. 4.1(b) is referred to as a thermocouple.
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4.1.2 Transverse transport phenomena

In 1879, Edwin Hall [66] discovered that a transverse charge current density arises in a con-

ductive material, if a magnetic field H and a charge current density jq are simultaneously

applied andH, jq and the detection direction of ρtrans form a trihedron. This so-called Hall

effect, which has already been discussed in Ch. 3, is sketched in Fig. 4.2(a). Intuitively,

the Hall effect can be understood in terms of the Lorentz force FL = q(E + v × µ0H)

acting on a charged particle moving perpendicular to the magnetic field. Here, E again

represents the electric field, q is the particle’s charge and v it’s velocity. This leads to

a charge current density jHall
q = σNRHµ0H × jq perpendicular to both the initial charge

current and the magnetic field. Here, RH = 1/nq represents the Hall constant which is

sensitive to the sign of q and the charge carrier density n. In the following, we discuss the

transverse effects for electrons, carrying a charge q = −e (e > 0), in non-ferromagnetic

samples. In our picture, jq represents the direction of positive charged particles (technical

current flow). Thus, electrons propagate in the opposite direction along −j (see definition
of the coordinate system in Fig. 4.2) and are deflected by the Lorentz force along n. The

resulting Hall current jHall
q thus points along n.

The thermal analogue of the Hall effect, the so-called Nernst effect, arises when the charge

current bias is substituted with a thermal drive. The temperature gradient −∇T applied

along j leads to a heat current jh = −κ∇T with κ being the thermal conductivity. Like

the Seebeck coefficient, κ in general (for anisotropic solid states) is a tensor. In a free

electron gas model, which in good approximation holds for metals, κ can be used as a

scalar function with κ = π2

3m
nk2

BτT , where n is the electron density, m the electron mass,

kB Boltzmann’s constant, τ the scattering time and T the temperature. κ can be linked

to the electrical conductivity σN via Wiedemann-Franz’s law [70]:

κ

σN

=
π2

3

k2
B

e2
T. (4.4)

The heat current is accompanied with a particle flow due to the difference in entropy

between the hot and the cold end of the sample, allowing for an effective particle motion

from the hot side with higher entropy to the cold end. In analogy to the Hall effect

depicted in Fig. 4.2(a), we here discuss electrons propagating along the thermal drive in

the following. The combined action of a temperature gradient ∇T and an applied mag-

netic field H, again pointing along the t direction, leads to a transverse charge current

jNernst
q = − (Nµ0σN/κ)H × jh [70]. This is referred to as the Nernst current (Nernst

effect) [167], cf. Fig. 4.2(b). The proportionality factor N is called the Nernst constant.

The sign of N is material specific and we in the following assume N < 0 [168]. Owing to

their fundamental importance from both a basic research and a device perspective, the
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Figure 4.2: (a)Conventional Hall effect: Electrons in a metallic sample move opposite to the
(technical) current direction jq along −j. The presence of an external magnetic
field along t leads to a deflection of the electrons along n, which can be interpreted
as a transverse charge current jHall

q along n. (b) Nernst effect: A heat current jh
driven by a temperature gradient ∇T ‖ −j gives rise to a particle motion along j.
Due to the magnetic field along t, a transverse electric current along −n arises.
(c) Spin Hall effect: A charge current jq is applied along j. Electrons carrying
|↑〉 or |↓〉 spin are deflected due to the spin-orbit interaction. This gives rise to a
spin current jSHs ‖ −n. (d) Spin Nernst effect: A temperature gradient ∇T ‖ −j
drives a motion of |↑〉 and |↓〉 electrons along j. The SOI leads to a deflection of
|↑〉 electrons along n and vice versa, resulting in a spin current jSNs along n.

Hall and the Nernst effects have been extensively studied in electrical conductors. The

Hall and Nernst effects are prototypical examples of transverse transport phenomena, in

which the direction of transport induced by an external drive is orthogonal to the latter.

Transverse transport phenomena are not limited to the charge channel. In analogy to

the transverse charge currents arising in the Hall or Nernst effects, it also is possible

to induce transverse pure spin currents (cf. Sec. 2.1.1) in metals. We already intro-
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duced in Sec. 2.1.2 that in electrical conductors, conventional charge currents can induce

transverse spin currents via spin-orbit interaction (SOI) [55, 56]. One speaks of the spin

Hall effect [56] when the transverse spin current is driven by a charge current jq, see

Fig. 4.2(c). This phenomena arises in the absence of magnetic fields, since it is based on

spin dependent scattering processes (cf. Sec. 2.1.2). Thus, the spin polarization axis s

takes the role of the magnetic field. In the following, we assume a charge current density

jq along j. Without loss of generality, we define the spin polarization along the t axis,

s ‖ t. Spin dependent scattering now leads to a deflection of |↑〉 electrons along −n
and |↓〉 electrons along n. This results in a net flow of angular momentum1 along −n,
and we can express the resulting spin current density2 as jSHs = θSH (~/2e) (s× jq). As

already defined in Sec. 2.1.2, the spin Hall angle θSH here characterizes the charge-to-spin

conversion efficiency.

In analogy to the Nernst effect, we now replace the charge current with a temperature

gradient [cf. Fig. 4.2(d)]. We define the direction of −∇T ‖ j in accordance to Fig. 4.2(b)

and choose s ‖ t. The temperature difference along the sample again causes a particle

motion along j and we assume electrons as the majority charge carriers. Again, due to the

SOI, |↑〉 electrons are deflected along n and vice versa. This transverse spin current aris-

ing in a direction transverse to an applied temperature gradient is called the spin Nernst

spin current [cf. Fig. 4.2(d)] and can be written as jSNs = θSN (~/2e) (−S/(κρ)) (s× jh).

Here, S is the (scalar) Seebeck coefficient, κ the (scalar) thermal conductivity, ρ the

(scalar) resistivity of the metal to which the thermal drive is applied, and θSN the spin

Nernst angle [161–164], i.e. a heat-to-spin current conversion efficiency.

While the spin Hall effect has been very vividly investigated both theoretically and ex-

perimentally in the last decade [67,157,158] and has provided a pathway for the electrical

generation and detection of spin currents, the spin Nernst effect has remained a theoreti-

cal conjecture. The key outcome of this thesis is the experimental observation of the spin

Nernst effect in Pt.

4.1.3 Concept of the spin Nernst magneto-thermopower

In the following section, we introduce the idea behind our experimental approach to detect

the spin Nernst effect. To describe the mechanism behind the detection of the spin Nernst

effect in a very intuitive picture, we start with a gedankenexperiment. Consider a free

standing N thin film with large SOI like Pt in a plane spanned by orthogonal vectors j and

n (cf. Fig. 4.3). We connect one end of the sample to a heat reservoir and the other side to

a heat sink to apply a temperature gradient−∇T along j. If one now measures the voltage

1In our notation, a positive spin current is defined as the propagation direction of |↑〉 particles.
2Please note that this chapter assumes a charge transport carried by electrons.
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drop along the sample, a thermal voltage due to the charge Seebeck effect will be visible

(cf. Sec. 4.1.1). The temperature difference along the film additionally induces a spin

current jSNs due to the spin Nernst effect. That spin current propagates in the direction

of n with a spin polarization s ‖ t [cf. Fig. 4.3(a)]. In a free standing film, this leads to a

spin accumulation, comparable to the charge accumulation in the conventional (charge)

Hall effect. In equilibrium, a spin current back flow jbs = −jSNs will arise in steady state,

compensating the initial spin current jSNs . jbs will then be converted into a charge current
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Figure 4.3: Concept of the spin Nernst magneto-thermopower (SNMTP): (a): A temperature
gradient ∇T applied along −j evokes a spin current jSNs along n via the SNE.
Therefore, a gradient of the spin chemical potential will build up along −n. For
transverse spin current open circuit boundary conditions depicted in (a), a spin
current back flow jbs propagating opposite to the initial spin current jSNs is gener-
ated. (b) Both spin currents jSNs and jbs give rise to charge current contributions

jISHE,SN
q and jISHE,b

q via the ISHE, which are of the same magnitude but opposite
in sign. (c) If one short circuits the boundaries along n for spin current flow,
no spin chemical potential builds up and thus the generation of jbs is suppressed.
We call this the transverse spin current closed circuit boundary condition. (d)
The absence of jbs also leads to a suppression of the charge current contribution
stemming from jbs .
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jISHE,b
q = θSH

(

2e
~

) (

s× jbs
)

parallel to ∇T via the inverse spin Hall effect (ISHE) [17]. In

the same fashion, jSNs leads to a charge current contribution along −j via the ISHE, which

we can formulate as jISHE,SN
q = θSH

(

2e
~

) (

s× jSNs
)

[see Fig. 4.3(b)]. However, the latter

charge currents are of equal magnitude but opposite in sign, jISHE,SN
q = −jISHE,b

q , such

that they also cancel. There thus is no net charge current, viz. no SNMTP, in this case.

We call this case the transverse spin current open circuit boundary condition.

If we now assume a spin current short between both sides of the sample along n [cf.

Fig. 4.3(c)], the spin chemical potential built up along n will be removed and thus, the

spin current back flow jbs anti-parallel to jSNs will be suppressed. We refer to this as the

transverse spin current closed circuit boundary condition. In this case, the conversion of

jbs into a charge current will also be suppressed. Thus, merely jSNs will contribute to the

charge current flow along j via the ISHE [see Fig. 4.3(d)].

Taken together, the combination of the spin Nernst and the inverse spin Hall effect induces

a thermopower contribution along the temperature gradient direction. The magnitude of

this additional thermopower depends on the transverse spin current boundary conditions.

The SNMTP thus can be detected if these boundary conditions can be modulated in situ,

in one and the same sample. In our experiments, we use the spin transfer torque (STT)

at a ferromagnetic insulator (FMI, here: YIG)/N (here: Pt) interface to controllably go

back and forth between these two different boundary conditions. This concept is in close

analogy to the spin Hall magnetoresistance (cf. Sec. 2.1.5) [15,44–46,96]. We manipulate

the spin angular momentum exchange between jSNs in the N layer and the magnetization

M of the FMI via spin transfer torque (cf. Sec. 2.1.4) by controlling the orientation of

M. As this effect is based on the thermal generation of spin currents by the SNE, we

refer to this as the spin Nernst magneto-thermopower (SNMTP).

4.1.4 Theory of the spin Nernst magneto-thermopower

The gedankenexperiment given above introduced the SNMTP in a simple picture. For

quantitative modeling it is necessary to again invoke the diffusive nature of transport as

well as spin dissipation in the metallic film. Using spin diffusion theory [169] and quan-

tum mechanical boundary conditions in terms of the spin-mixing interface conductance

G↑↓ [27, 88, 126], we develop a theoretical framework to describe the SNMTP in FMI/N

bilayers. This concept based on theoretical calculations performed by Yan-Ting Chen

can be considered as a generalization of the spin Hall magnetoresistance [15,41,43–46,96]

introduced in Sec. 2.1.6. We want to note that, like in Sec. 2.1.6, spin currents are written

in units of charge currents ([js] = A/m2) in our theoretical calculations.

We consider a FMI/N bilayer as shown in Fig. 4.4, and calculate the spin accumulation
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stemming from a thermally driven spin current via the spin Nernst effect. In analogy to

Eq. (2.5), the spin current density in the non-relativistic limit is given by

js = qn
< v × Σ + Σ× v >

2
= (js,j, js,t, js,n)

T =
(

jjs, j
t
s, j

n
s

)

. (4.5)

js is a second-order tensor (in units of charge current density jq = qn < v >), where

q is the particle’s charge, n is the density of the particles, v is the velocity operator,

Σ is the spin operator represented by Pauli spin matrices, and < ... > denotes the

mathematical expectation value. The row vectors js,i represent spin currents with a spin

polarization pointing along the i direction, while the column vectors jks denote the spin

current densities with polarization s propagating along the k direction. We define the

heat current jh = n < (ǫ − ǫF)v > as the energy current density. Here, ǫ stands for

the energy of the particle, and ǫF represents the Fermi energy. The relation between

thermodynamic driving forces and currents can be summarized by [15,169]
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.

(4.6)

Equation (4.6) reflects Onsagers reciprocity [170, 171] by the symmetry of the response

matrix. Furthermore, we use µs = (µsj, µst, µsn)
T − µ01 for the spin accumulation, i.e.

the spin-dependent chemical potential relative to the charge chemical potential µ0, σN for

the electric conductivity, S for the Seebeck coefficient, L0 = (π2/3)(kB/e)
2 for the Lorenz

constant with the Boltzmann constant kB, and θSH(θSN) for the spin Hall (Nernst) angle.

We additionally define jq,0 = σNS∇T for the charge current contribution arising from the

Seebeck effect. Equation 4.6 is a thermoelectric generalization of Eq. (2.6). In Eq. (4.6),

the lower non-diagonal elements generate spin currents in the presence of an applied

electric field (thermal gradient), i.e. these matrix elements represent the direct spin Hall

N

FM
I

n

0

tN

-tF

-T

t

j

Figure 4.4: Definition of the geometry for SNMTP calculations.
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(Nernst) effect. On the other hand, elements above the diagonal provide a connection

between gradients of the spin accumulations and the charge (heat) current density, i.e.

the inverse spin Hall (Nernst) effects. To study the spin Nernst effect, we focus on the spin

current generated by an external thermal gradient. Therefore, we choose the temperature

gradient in the j direction ∇T = j∂jT for the driving force. Additionally, we assume an

open spin current circuit configuration, such that the output can be formulated as a

thermal voltage expressed in terms of an electric field Eth.

The spin accumulation µs is given by the spin-diffusion equation in N,

∇2
µs =

µs

λ2
. (4.7)

As already introduced in Sec. 2.1.3, the spin-diffusion length λ =
√
Dτsf can be expressed

in terms of the charge diffusion constant D and the spin-flip relaxation time τsf [172]. For

N films with thickness tN (cf. Fig. 4.4), the general solution of Eq. (4.7) is given by

µs(z) = Ae−n/λ +Ben/λ. (4.8)

In this context, A and B represent constant column vectors that are determined by the

boundary conditions at the interfaces. The spin current in N is a sum of diffusion and

spin Hall drift contributions, cf. Eq. (4.6). For simplicity, we assume the FMI/N bilayer

depicted in Fig. 4.4 to be homogeneous in the (j, t) plane. This allows us to focus on the

spin current density flowing in the n direction, given by

jns (n) = −
σN

2q
∂nµs − jSNs0 t, . (4.9)

We here define jSNs0 = θSNσNS∂jT = θSNjq,0 for the bare spin Nernst current. This is

the spin current generated directly by the action of the SNE. jns (n) has to be continuous

at the interfaces n = tN and n = 0. The spin current at the N/vacuum (n = tN)

interface vanishes, js(tN) = 0. On the other hand, the spin current density j
(F)
s at the

FMI/N interface is governed by the spin accumulation and the spin-mixing interface

conductance: [27,88]

qj(F)s (m) = Grm× (m× µs) +Gi(m× µs). (4.10)

We here use m = (mj,mt,mn)
T parametrizing a unit vector pointing along the magne-

tization direction. In accordance to Sec. 2.1.4, G↑↓ = Gr + iGi represents the complex

spin-mixing interface conductance per unit area. The sign of Eq. (4.10) defines the di-

rection of the spin current j
(F)
s and in this context, a positive current corresponds to up

spins flowing from the FMI towards N. Taking advantage of these boundary conditions,
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we calculate A and B from Eq. (4.7). In a next step, we calculate the spin accumulation

µs(n) from A and B, resulting in

µs(n) = −tµ0
s

sinh 2n−tN
2λ

sinh tN
2λ

+ j(F)s (m)
2qλ

σN

cosh n−tN
λ

sinh tN
λ

. (4.11)

The abbreviation µ0
s = (2qλ/σN)j

SN
s0 tanh (tN/2λ) represents the spin accumulation at the

interface in the absence of spin transfer, i.e., when G↑↓ = 0. Carrying out the calculations

in analogy to Sec. 2.1.6 and Ref. [15], we determine the spin accumulation

µs(n)

µ0
s

= −tsinh
2n−tN
2λ

sinh tN
2λ

+ [m× (m× t)Re + (m× t)Im]
2λG↑↓

σN + 2λG↑↓ coth
tN
λ

cosh n−tN
λ

sinh tN
λ

(4.12)

and the spin current in the N

jns (n)

jSNs0
= t

cosh 2n−tN
2λ
− cosh tN

2λ

cosh tN
2λ

− [m× (m× t)Re + (m× t)Im]
2λG↑↓ tanh

tN
2λ

σN + 2λG↑↓ coth
tN
λ

sinh n−tN
λ

sinh tN
λ

. (4.13)

In our geometry, the action of the inverse spin Hall effect leads to a charge current in the

(j, t) plane. To be more specific, the total longitudinal (along j) and transverse (along t)

charge currents read

jq,long(n)

jq,0
= 1 + θSHθSN

[

cosh 2n−tN
2λ

cosh tN
2λ

+ (1−m2
t )Re

2λG↑↓ tanh
tN
2λ

σN + 2λG↑↓ coth
tN
λ

sinh n−tN
λ

sinh tN
λ

]

(4.14)

and

jq,trans(n)

jq,0
= θSHθSN(mjmtRe−mnIm)

2λG↑↓ tanh
tN
2λ

σN + 2λG↑↓ coth
tN
λ

sinh n−tN
λ

sinh tN
λ

. (4.15)

In our experiments, we detect (thermal) voltages along j and t. These voltages can be

expressed as an electric field Eth = Eth,jj+Eth,tt compensating jq,long and jq,trans in steady

state:

Eth,j = −
[

1 + θSHθSN

[

cosh 2n−tN
2λ

cosh tN
2λ

+ (1−m2
t )Re

2λG↑↓ tanh
tN
2λ

σN + 2λG↑↓ coth
tN
λ

sinh n−tN
λ

sinh tN
λ

]]

S∂jT

(4.16)
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Eth,t = −θSHθSN(mjmtRe−mnIm)
2λG↑↓ tanh

tN
2λ

σN + 2λG↑↓ coth
tN
λ

sinh n−tN
λ

sinh tN
λ

S∂jT. (4.17)

Thus, by averaging the electric field over the total film thickness along n in analogy to

Eq. (2.22) and Eq. (2.24) we obtain

Eth,j = −[S +∆S0 +∆S1(1−m2
t )]∂jT (4.18)

Eth,t = [−∆S1mjmt +∆S2mn]∂jT, (4.19)

using

∆S0 = SθSHθSN
2λ

tN
tanh

tN
2λ

(4.20)

∆S1 = −SθSHθSN
λ

tN
Re

2λG↑↓ tanh
2 tN
2λ

σN + 2λG↑↓ coth
tN
λ

(4.21)

∆S2 = −SθSHθSN
λ

tN
Im

2λG↑↓ tanh
2 tN
2λ

σN + 2λG↑↓ coth
tN
λ

. (4.22)

The voltages detected in our experiments are linked to the electric field components in

Eq. (4.18) and Eq. (4.19) via Vthermal,long =
∫

Eth,j(j)dj and Vthermal,trans =
∫

Eth,t(t)dt.

Thus, the spin current generated by the SNE generates an additional contribution ∆S1

to the Seebeck coefficient. For longitudinal thermopower measurements, we therefore

expect an magnetization orientation dependent contribution to S and thus to the ther-

mopower voltage Vthermal,long proportional to ∆S1(1 − m2
t ). This is caused by the spin

transport across the FMI/N interface described mainly by Gr. Comparing Eq. (4.18)

with the longitudinal SMR [cf. Eq. (2.21)], we find the same magnetization orientation

dependence proportional to m2
t . We thus expect that the SNMTP has a very similar

fingerprint as the SMR, with modulations in Vthermal,long when the magnetization of the

FMI (the YIG) is rotated in planes spanned by j and t (ip) as well as in planes spanned

by n and t (oopj), while we expect no modulations in Vthermal,long when the magnetization

of the FMI is rotated in oopt configuration with the magnetization in (j,n) plane. Addi-

tionally, the prefactor ∆S1 shows a very close analogy to Eq. (2.23). Thus, like the SMR,

the SNMTP characteristically depends on the spin transport parameters in N. However,

the SMR equation [Eq. (2.23)] is proportional to θ2SH, while Eq. (4.21) is proportional to

θSHθSN. Therefore, the SNMTP can be used to quantify the concept of the spin Nernst

angle experimentally.

According to Eq. (4.19), one also expects a magnetization orientation dependent modu-

lation in the transverse thermopower voltage Vthermal,trans. We expect a sinα cosα depen-

dence when the magnetization of the FMI is rotated in planes spanned by j and t (ip).

On the other hand, the term proportional to ∆S2 (caused mainly by Gi) is expected to
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contribute only when there is a magnetization component normal to the film plane. This

can be achieved for magnetization rotations in the planes spanned by j and n (oopt)

and t and n (oopj). The second part of Eq. (4.19) can be understood as an anomalous

Nernst effect like contribution caused by the spin Nernst effect. In analogy to the spin

Hall anomalous Hall effect discussed in Ch. 3, we refer to this phenomenon as the spin

Nernst anomalous Nernst effect.

4.2 Experimental setup

Caloritronic experiments require a precise control of the (local) sample temperature. In

the following section, we introduce the development of the experimental setup and the

sample layout to control the environmental temperature and to minimize thermal noise.

4.2.1 Dipstick for thermopower experiments

In Sec. 2.2.2, we introduced a measurement setup for magnetotransport experiments in a

He dewar

sample

dipstick

pressure 

gauge

valve

vacuum 

pump

VTI

needle valve

steel

jacket

He gas

helium

cryostat

Figure 4.5: Experimental setup for
caloritronic experiments in
a helium cryostat. Components
see legend.

magnet cryostat. Using a magnet cryo-

stat generally implies that the sample is

mounted to a dipstick that is placed in

the variable temperature insert (VTI) of

the cryostat. The VTI is filled with

Helium gas that provides the cooling of

the dipstick, while the dipstick‘s temper-

ature is actively controlled by an elec-

tric heater combined with a temperature

sensor. Caloritronic experiments, how-

ever, require that the measurements are

performed in the absence of an exchange

gas. This is necessary to optimize the

control of the temperature gradient direc-

tion, and especially to avoid out-of-plane

components of the temperature gradient

[120]. Therefore, we developed a new dip-

stick design that enables magnetotrans-

port measurements in high vacuum. In

this approach, the whole sample space
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from the bottom of the dipstick up to the entrance of the cryostat’s VTI is enclosed

with a steel jacket that can be connected to a vacuum pump (cf. Fig. 4.5). In this way, the

pressure inside the jacket can straightforwardly be reduced to 10−6 mbar. The vacuum

pump was permanently connected to the dipstick during the caloritronic experiments

to achieve a constant pressure during the measurements. A detailed description of the

dipstick design can be found in Sec. 6.3.

4.2.2 Sample and sample layout

The sample used for SNE experiments is a yttrium iron garnet (YIG)/Pt thin film hybrid

structure. We epitaxially grew a 40 nm thick YIG film on a 5 × 5mm sized and 500µm

thick, single crystalline (111) - oriented GGG substrate via pulsed laser deposition with

the parameters used in Sec. 2.2.2. Following the YIG growth, 4.1 nm of polycrystalline

Pt were deposited in situ on top of the YIG film via electron beam evaporation at room

temperature. High-resolution X-ray diffraction (HR-XRD) measurements confirmed the

polycrystallinity of the Pt thin film and revealed no secondary phases. The thicknesses

of the YIG and Pt layers were determined by high-resolution X-ray reflectometry (HR-

XRR) to tF = (40 ± 2) nm and tN = (4.1 ± 0.2) nm, respectively. As we pointed out

in Sec. 4.1.4, the SNMTP effect crucially depends on the spin transport in N, and the

maximum signal is expected for tN close to twice the spin diffusion length λ. With this,

we expect the sample with tN = 4.1 nm to show a significant SNMTP signal.

For caloritronic experiments, the control of temperature is of crucial importance. In

the present work, we generate spin currents by applying a temperature gradient. The

amount of spin current generated via the spin Nernst effect (cf. Sec. 4.1.2) will be (in

linear response) proportional to the temperature difference along the sample. Thus, the

larger the temperature differences can be made, the easier the detection of the spin current

will be. We therefore developed a new sample design where a resistive heater is located

directly on the sample in close vicinity to the Hall bar. To achieve this, the resistive heater

(consisting of an additional thin strip next to one end of the Hall bar) and the Hall bar

itself are patterned to the YIG/Pt bilayer in a single step [cf. Fig. 4.6 (a)]. By using this

on chip heater, one avoids heat resistances (Kapitza resistances) at material junctures,

e.g. between a heater placed on the sample holder and the substrate. Secondly, we can

control the direction of ∇T to be along and not perpendicular the Hall bar. This is of

great importance to avoid parasitic effects, e.g. the anomalous Nernst effect [60,173–175].

We will call this heating strip the on chip heater (OCH) in the following.

In detail, the sample is patterned to a Hall bar structure with an additional strip along

the transverse t direction via photo-lithography and argon ion beam milling. A sketch of
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Figure 4.6: (a) Sample layout for SNMTP experiments. A YIG(tF = 40nm)/Pt(tN = 4.1 nm)
sample is patterned into a Hall bar geometry (width w = 250µm, length l =
3150µm). On the top end of the Hall bar, an additional heater strip (OCH, width
wh = 250µm, length lh = 1175µm) is patterned along t with distance d = 250µm
to the Hall bar. (b) Experimental setup: The sample is mounted on a copper based
sample holder. The OCH side of the sample is connected to a stack consisting of
a vespel block providing thermal isolation (”1”) and an additional resistive heater
(”2”). The Hall bar side of the sample is in thermal contact with the sample holder,
mediated by a massive copper block (”3”). By applying an electric power Pheater

to the OCH, one end of the Hall bar is heated, while the other side is connected
to the heat bath provided by the sample holder.

the sample geometry is shown in Fig. 4.6 (a). The Hall bar has a width of w = 250µm

and a length of l = 3150µm, the distance between two adjacent transverse contact pairs

is s = 625µm. The heating strip along t is wh = 250µm wide and lh = 1175µm long,

the distance between the Hall bar and the heating strip is d = 250µm. The sample is

mounted to a sample holder made of copper (Cu) [cf. sketch in Fig. 4.6 (b)] using GE

7031 thermally conductive varnish. The sample holder consists of a massive Cu block

(labeled as number ”3” in the sketch) on the Hall bar side acting as a heat sink. The OCH

side of the sample is connected to an additional 100Ω resistive heater (labeled as number

”2”, not used in the set of experiments presented here). The 100Ω resistor is placed

on top of a vespel (a special kind of plastic) block (”1”). Here, we intentionally chose

vespel to minimize thermal conductivity between the sample and the sample holder in

this direction. All bonding pads at the Hall bar as well as the heater strip are connected

to a copper bonding frame with 30µm thick Al wires via wedge bonding.

4.2.3 Thermopower handling

The copper-based sample holder is mounted at the bottom end of a dipstick that is en-

closed by the steel jacket. During our measurements, we evacuate the steel jacket using

a Pfeiffer Hi cube 80 eco turbo pump; the pressure within the sample space reached a
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minimum of (5± 1)× 10−6 mbar and was kept constant at this value during the experi-

ments.

The dipstick is mounted into the variable temperature insert (VTI) of an Oxford Instru-

ments liquid He flow cryostat with 3D vector magnet (cf. Sec. 6.2). The base temperature

of the dipstick was chosen to 220K3 and stabilized by a LakeShore LS340 temperature

controller. We determined the temperature fluctuations of this heat bath to ±3mK after

a thermalization time of at least six hours, coinciding with fluctuations in the thermal

voltage along the Pt thin film smaller than 10 nV when no temperature gradient is ap-

plied. By applying currents of up to 20mA to the heater strip (OCH) next to the Hall bar

via an Agilent B2900A Precision Source Measure Unit, we heat up one side of the sample

and thus create a temperature gradient along the Hall bar direction j. We additionally

checked our sample for a possible electric connection between the OCH and the Hall bar.

The resistance between the OCH and the Hall bar was found to be larger than 10GΩ.

The temperature profile along the Hall bar is determined by the method of resistive ther-

mometry along two transverse Hall bar contact separated by a distance of l1 = 2500µm

(see Fig. 4.7). Using two Keithley K2400 Source Measure Units, we applied currents of

10µA to both sets of transverse contact pads (current along t) at the hot and cold end of

the Hall bar. The electric power applied is smaller than 2× 10−7 W, and we thus expect

no noticeable influence of Joule heating. To determine the local temperatures, we first

stabilize the sample temperature to 220K (Pheater = 0) and measure Ri(T )(i = 1, 2) at

both ends of the Hall bar while sweeping the sample temperature up to 270K using the

temperature control of the dipstick provided by the LS340 [cf. Fig. 4.7(a)]. By setting a

slow warm up rate of 6K/h, we ensure that the dipstick is in thermal equilibrium with

the sample and thus Tdipstick represents the sample temperature.

The temperature dependent resistance curves, shown in Fig. 4.7(c), are used as calibra-

tion curves. In a second step [cf. Fig. 4.7(b)], we again stabilize the sample at the base

temperature of 220K and determine the local transverse resistivities R1 and R2 while

applying different heating powers up to 286mW to the OCH. Comparing R1(Pheat) and

R2(Pheat) with the calibration curves taken before [cf. Fig. 4.7 (c)] leads to a sensitive

temperature profile of the sample with an experimental error of ∆Tlocal ≈ 0.1K.

As expected, we find a linear dependence of the temperature difference along the Hall bar

on the applied heating power, leading to an almost linear scaling between thermopower

and applied heater power. Slight deviations from the linearity can be explained by the

temperature dependence of the Seebeck coefficient [176]. The results for ∆T (Pheater) are

3The VTI of the magnet cryostat is designed to operate at temperatures up to 300K. Since we intend
to heat one end of the sample, we chose a temperature distinctly lower than 300K to avoid a damage
of measurement equipment. On the other hand, the temperature dependence of the thermopower in
Pt [176] as well as the spin Hall angle in Pt (cf. Sec. 2.4) advocate for temperatures around room
temperature.
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Figure 4.7: (a,b) Concept of the resistive thermometry: In a first step (a), the resistances
R1(T ) and R2(T ) along two transverse contact pairs are detected as a function of
the sample temperature T , while no power is applied to the heater. Here, the sam-
ple temperature is homogeneous and given by the dipstick temperature Tdipstick.
R1(T ) and R2(T ) serve as calibration curves for the thermometry. Afterwards (b),
the dipstick temperature is kept constant (Tbase = 220K9 while Iheater is increased
stepwise. R1 and R2 are now taken as a function of Pheater. Panel (c) shows both
the calibration curves R1(T ) and R2(T ) and the heater power dependent resistiv-
ities (horizontal lines). From those calibration curves, the local temperatures can
be calculated as a function of Pheater. Here, we show three different heater powers
(I) Pheater = 70mW, (II) Pheater = 159mW and (III) Pheater = 286mW. The
extracted temperature differences ∆T along the Hall bar as a function of Pheater

are shown in (d).

depicted in Fig. 4.7 (d). The maximum generated temperature difference between the

contacts separated by the distance l1 was found to be 18.0K for Pheater = 286mW.

In Fig. 4.8, we finally show the thermopower voltages taken along the Hall bar direction

(Vthermal,long) and perpendicular to the Hall bar direction (Vthermal,trans) for different, con-

stant heating currents applied to the OCH. For this measurement, no (transverse) charge

current was fed to the Hall bar and a magnetic field of 1T was applied along j. The

presence of a magnetic field is not necessary for the determination of the thermoelectric

effect. However, by orienting the magnetization of the YIG film, we control the contribu-

tion given by the SNMTP in this experiment. We find an increase in the absolute value

of Vthermal,long with increasing Iheater as one would expect from Vtherm = −S∆T . For the
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Figure 4.8: Longitudinal (black) and transverse (blue) thermal voltages taken for a stepwise
increase of Iheater applied to the OCH. 20mA correspond to Pheater = 286mW.

highest current applied, we extract S = −3.7µV/K using ∆T = 18.0K. With respect

to the average sample temperature T̄ = (Thot − Tcold)/2 = 255.4K extracted from the

resistive thermometry shown above, S is in excellent agreement with the literature value

for Pt, S(260K) = −3.8µV/K [176].

However, we can not rule out a small contribution of the longitudinal signal to the trans-

verse thermopower, owing to small fabrication induced misalignments between the con-

tacts, as already mentioned in the discussion of the SMR measurements in Sec. 2.2.2. We

therefore also observe thermal voltages of about 2% of Vthermal,long along the transverse

(t) direction. The presence of Vthermal,trans may also indicate a slight tilt of the OCH with

respect to the Hall bar direction, leading to a non-vanishing component of the tempera-

ture gradient along t. From Fig. 4.8, we estimate a tilt of the OCH with respect to t of

α′ = 1◦ (see also Fig. 4.11).

4.2.4 Control of the magnetization orientation

In Sec. 4.1.3, we discussed that spin transport stemming from the spin Nernst effect can be

detected in FMI/N hybrids via a control of the spin transfer across the interface. For elec-

trically generated spin currents, a magnetization orientation based detection has already

successfully been used in the framework of the spin Hall magnetoresistance discussed in
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Ch. 2. Here, we take advantage of a similar technique to switch between transverse spin

current open and closed circuit conditions (cf. Sec. 4.1.3). To control the magnetization

orientation of the YIG layer, we apply external magnetic fields µ0Hext ≥ 500mT using

the 3D vector magnet introduced in Sec. 6.2. We intentionally choose µ0Hext to exceed

the saturation field MYIG
Sat ≈ 170mT of the YIG by far, such that the magnetization

vector M of the ferromagnetic layer is always aligned parallel to µ0Hext in good approx-

imation. Like in the SMR experiments, we rotate the external magnetic field in certain

planes with respect to the Hall bar. To keep a constant definition of the rotation planes

for in-plane (ip), out of plane perpendicular j (oopj) and out of plane perpendicular t

(oopt), we again use the rotation geometries introduced in Sec. 2.2.2 and Fig. 2.7.

4.2.5 Constant thermopower for on chip heating

To generate large temperature differences along the Hall bar, we developed an on chip

heating method introduced in Sec. 4.2.2. However, this method contains an additional

complexity that should be kept in mind during the SNMTP experiments: Since our heat-

ing strip consists of the same YIG/Pt hybrid structure as the Hall bar, we observe a SMR

- modulation of the heating power Pheater = Rheater×I2heater. The conventional SMR of this

sample was determined to be −∆ρ1/ρ0 = (1.05±0.10)×10−3 (cf. Sec. 4.3.5). Please note

that the heater is oriented with its long side along the t direction and therefore rotated

by 90◦ with respect to the Hall bar. This has to be taken into account for the discussion

of Pheater(δ) in the different rotation geometries, too: For ip rotations [cf. Fig. 4.9(a)], the

modulation of the heater resistance thus is rotated by 90◦ with respect to the SMR signal

of a Hall bar oriented along j. Rotating the magnetic field in the oopj geometry (Hall

bar definition) can be interpreted as a rotation in the plane spanned by n and the long

side of the heater (along the applied heater current) and thus this is similar to an oopt

rotation in a conventional Hall bar[cf. Fig. 4.9(b)]. Otherwise, for rotating the magnetic

field in the oopt geometry (Hall bar definition), the magnetization of the YIG below the

heater strip is rotated in an oopj like configuration [cf. Fig. 4.9(c)]. Our experimental

data depicted in Fig. 4.9(a) confirms this SMR-like resistance modulation of the OCH.

To avoid a SMR based modulation of the heater power, we use a LabView based closed-

loop control to re-modulate the applied heater current and provide a constant heater

power of Pheater = 286mW instead of a constant heater current. Therefore, we re-

modulate Iheater in a SMR like fashion to balance the modulation of Rheater (cf. black data

points in Fig. 4.9). Using this method, we are able to suppress the SMR modulation of

the heater power at least by a factor of 20. Please note that the sin2 (δ) signal of Rheater

depicted in Fig. 4.9 is already reduced by a factor of
√
2 with respect to the original SMR
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Figure 4.9: Heater power Pheater (black symbols) and resistance Rheater (blue symbols) as a
function of the YIG magnetization orientation in (a) ip, (b) oopj and (c) oopt
configuration for µ0H = 1T. During this measurement, we modulated the current
Iheater applied to the OCH to keep the heating power constant.

amplitude due to the regulation of Iheater.

4.3 Experimental results

The following section contains the experimental results obtained from our spin Nernst

magneto-thermopower measurements. We start with the discussion of a full set of mag-

netic field rotations for one heater power. A generalization of this fingerprint including

the heater power and magnetic field dependence follows in Sec. 4.3.2 and 4.3.3. All SN-

MTP measurements shown in this section are obtained using the constant power on chip

heating method including the feedback-regulation introduced in Sec. 4.2.5. We (anti-)

symmetrized the data with respect to δ = 180◦ according to Eq. (2.31) and Eq. (2.32) to

dispel the influence of possible thermal drifts of the system during the measurement of a

set of ip, oopj and oopt rotations, which approximately takes 8 h.

4.3.1 Fingerprint of the SNMTP

For SNMTP experiments, we remove all current sources from the Hall bar (Iq = 0) and

thermalize the sample to Tbase = 220K. To apply a temperature gradient along j as

a driving force, we bias the OCH with a modulated current with an average value of

Īheater = 20mA, leading to a constant heater power of Pheater = 286mW independent of
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Figure 4.10: Longitudinal spin Nernst magneto-thermopower experiments on a
YIG/Pt(4.1 nm) hybrid: A modulated charge current with an average
value of Īheater = 20mA is applied to the OCH to provide a constant heater
power of 286mW. This generates a temperature difference of ∆T = 18K along
the Hall bar. The longitudinal voltage drop Vthermal,long is detected as a function
of the magnetization orientation (see sketches), while an external magnetic field
of 0.5T is rotated in ip (a), oopj (b) and oopt (c).

the magnetic field orientation (cf. Sec. 4.2.5). We rotate a constant external magnetic

field µ0H = 0.5T around the sample and detect the longitudinal and transverse thermal

voltages using and an Agilent 34420A and a Keithley K2182A nanovoltmeter, respec-

tively. We use a digital filtering of the detected signal and averaged over 100 power line

cycles using the internal filtering functions of the nanovoltmeters. Therefore, we are able

to reduce the fluctuations of our voltage measurements to around ±5 nV which is close

to the resolution limit given by the thermal stability of the nanovoltmeters.

Figure 4.10 shows the evolution of the longitudinal thermal voltage Vthermal,long as

a function of the magnetization orientation while rotating an external magnetic field

µ0H = 0.5T in ip (panel a), oopj (panel b) and oopt (panel c) configuration. For the ip

data [cf. Fig. 4.10(a)], we find a sin2 (α) shaped modulation ∆Vthermal of about −80 nV
on top of the thermal voltage Vthermal,long = −66.20µV given by the thermopower effect.

This modulation reaches its minimum for H ‖ j and H ‖ −j, while maxima are obtained

for H ‖ t and H ‖ −t.
In oopj rotation geometry [cf. Fig. 4.10(b)], we find a similar, cos2 (β) shaped modula-

tion on top of the thermal voltage Vthermal,long = −66.20µV with a modulation amplitude

∆Vthermal,long ≈ 100 nV slightly increased compared to the ip rotation. Again, a maximum

signal is recorded for H ‖ t and H ‖ −t and the level in good approximation coincides

with the one detected for the ip rotation. For this oopj geometry, the minima are located

at H ‖ n and H ‖ −n and the voltage level for H ‖ n almost coincides with the signal

detected at H ‖ j in ip rotations.

For the oopt rotation [cf. Fig. 4.10(c)], however, ∆Vthermal reduces to a value smaller than
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Figure 4.11: Definition of the tilt angle α′ between the direction t and the long side of the on
chip heater (along t′).

25 nV. We also find that the voltage levels for H ‖ j and H ‖ n do not perfectly coincide

with the levels obtained in ip and oopj rotation. We attribute this to the fact that the

oopt data was obtained prior the oopj and ip measurements. In the oopt data we find

a slight linear thermal drift of about 30 nV between the first (γ = 0◦ for the clockwise

rotation) and the last data point (γ = 0◦ for the counter- clockwise rotation) on the

full 720◦ data set (not shown here). This drift did not occur in further (oopj and ip)

rotations, indicating that the thermalization of the sample took about 2 h longer than

estimated. This thermal drift, even though it cancels out by symmetrizing the data, gives

an additional offset on Vthermal,long, which can be found in Fig. 4.10(c).

Despite the slight thermal instability of the system in oopt, the data set shown in Fig. 4.10

can be understood in terms of the spin Nernst magneto-thermopower: In our geometry,

the temperature gradient along j induces a spin Nernst spin current along n with spin

polarization s ‖ t. Thus, H ‖ t and H ‖ −t correspond to the spin current open circuit

boundary condition, since a spin transfer towards the YIG is prohibited for H ‖ s ‖ t.
On the other hand, both H ‖ ±j and H ‖ ±n correspond to perfect spin current closed

circuit boundary conditions, since they allow for a spin transfer. This is also in excellent

agreement with Eq. (4.18) discussed in Sec. 4.1.4. We have to admit that the finite mod-

ulation ∆V oopt
thermal ≤ 25 nV in the oopt rotation geometry can not be straightforwardly

understood in terms of the SNMTP picture. However, a slight tilt of the direction of

∇T in the sample plane (see Fig. 4.11) could cause a component of ∇T along t. This

would result in additional SNMTP signals for ip and oopt rotations. Estimating the tilt

angle α′ from the ratio of the modulation voltages in oopj and oopt, we end up with

α′ = arcsin ((25± 5) nV/(80± 5) nV) ≈ (18 ± 4)◦. This tilt is at odds with our calcula-

tion of α′ from Fig. 4.8 and it is also too large to directly stem from imperfect fabrication

(geometric offset of contact leads). However, we can not exclude an anisotropy of the

thermal conductivity along the sample, which might also result in a ∇T component along

t. This anisotropy is already included to our estimation of α′.

Now, we turn to the transverse thermopower depicted on Fig. 4.12. For ip rota-

tions [see Fig. 4.12(a)], we find a sin (α) cos (α) modulation on top of an offset voltage

Vthermal,trans ≈ 620 nV. This offset voltage stems from a small superposition of the lon-
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Figure 4.12: Transverse SNMTP experiments on a YIG/Pt(4.1 nm) hybrid: A modulated
charge current with an average value of Īheater = 20mA is applied to the OCH to
provide a constant heater power of 286mW. This generates a temperature differ-
ence of ∆T = 18K along the Hall bar. The transverse voltage drop Vthermal,trans

is detected as a function of the magnetization orientation (see sketches), while
an external magnetic field of 0.5T is rotated in ip (a), oopj (b) and oopt (c).

gitudinal thermal voltage. The modulation ∆Vthermal,trans can be interpreted with the

first part of Eq. (4.19) and thus consolidates the SNMTP theory. In both out of plane

rotations, however, we find sin (δ) shaped responses to the magnetic field orientation [cf.

Fig. 4.12(b,c)]. We interpret these signals as a conventional Nernst effect in platinum. To

investigate this in further detail, the magnetic field amplitude dependence of the out of

plane signal has to be studied. This will be postponed to Sec. 4.3.3.

To conclude, the longitudinal and transverse data shown above change in the character-

istic fashion expected from Eq. (4.18) and Eq. (4.19). We therefore interpret our results

as the experimental observation of the spin Nernst effect in platinum.

4.3.2 Power and field dependence

On the same sample, we repeat the angle dependent magneto-thermopower measure-

ments for different heating powers between 100mW and 286mW resulting in tempera-

ture differences between 7.7K and 18.0K along the Hall bar, as well as for two different

magnetic fields at 0.5T and 1T. To extract the modulation amplitudes ∆Vthermal,long and

ratios ∆Vthermal,long/Vthermal,long from our experimental data, we symmetrized the raw data

taken for each rotation plane and magnetic field amplitude and performed cos2 (δ) fits.

As already shown in Fig. 4.8, the absolute value of the longitudinal thermopower voltage
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Figure 4.13: Power dependence of the longitudinal thermal voltage Vthermal,long (first row), the
voltage modulation amplitude ∆Vthermal,long (second row) and the ratio of both
(third row) for rotations in ip (left column), oopj (middle) and oopt rotations
(right column) for a base temperature of T = 220K and magnetic field strength
of 0.5T (red triangles) and 1T (black squares), respectively.

Vthermal,long scales with the amplitude of the power applied to the heater strip and thus

with the temperature difference building up along the Hall bar. This is of course inde-

pendent of the presence of a magnetic field and we observe a linear connection between

Vthermal,long and Pheater in all three rotation planes [cf. Fig. 4.13(a,d,g)].

However, we observe an increase in the modulation voltage ∆Vthermal,long with increasing

Pheater in ip and oopj rotations. This is shown in Fig. 4.13(b) and (e) for two differ-

ent magnetic field amplitudes. For both 0.5T (red triangles) and 1T (black squares),

∆Vthermal,long increases with increasing Pheater and the difference between the 0.5T and

1T data points is within the experimental error of ±5 nV given by the thermal stabil-

ity of the nanovoltmeters. The ratios ∆Vthermal,long/Vthermal,long for ip and oopj rotations
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are depicted in Fig. 4.13(c) and (f). As the SNMTP can be interpreted as a modula-

tion on the thermal voltage due to a spin current flow across the YIG/Pt interface, the

relative amplitude of the modulation of the longitudinal voltage is expected to be in-

dependent of both heating power and external magnetic field, as long as a thermally

driven spin current is generated. This is confirmed experimentally in Fig. 4.13(c) and (f).

Again, within the experimental error, the ratio (which can be seen proportional to the

factor θSHθSN) is almost constant as a function of both Pheater and µ0H for ip and oopj,

∆Vthermal,long/Vthermal,long ≈ 1.2× 10−3. For the temperature range depicted here (the av-

erage sample temperature rises with increasing Pheater, see Fig. 4.7), θSH was determined

to be almost independent of temperature [50]. Thus, the temperature dependence of the

spin Nernst angle θSN is suggested to be rather weak according to Fig. 4.13(c) and (f).

The power dependence of the longitudinal oopt signal is depicted in Fig. 4.13(g-i). As

stated by Eq. (4.18), we expect a constant SNMTP signal as a function of the magnetiza-

tion orientation in this geometry. While Vthermal,long scales with Pheater [cf. Fig. 4.13(g)], we

find that the modulation amplitude observed in oopt is almost constant, ∆V oopt
thermal,long ≈

−25 nV, cf. Fig. 4.13(h). We thus assume that the origin of the modulation in oopt

rotations is not related to the spin Nernst magneto-thermopower. This power indepen-

dence is at odds with the interpretation of ∆V oopt
thermal,long with a non-vanishing t com-

ponent of ∇T . Additionally, |∆V oopt
thermal,long| rises with increasing magnetic field. The

decrease of ∆V oopt
thermal,long(Pheater) also results in a negative power dependence of the ratio

∆V oopt
thermal,long/Vthermal,long, as depicted in Fig. 4.13(i). With increasing heater power, the

voltage modulation in oopt decreases slightly. This again is at odds with the results found

for ip and oopj rotations depicted in Fig. 4.13(c) and (f). In conclusion, due to its power

dependence, the modulation found in oopt can not be attributed to the SNMTP concept

for ∇T · t 6= 0. This issue will be subject of future investigations.

4.3.3 Nernst effects

In analogy to the power dependence of the longitudinal thermopower, we now investi-

gate the transverse thermopower signal. As already discussed above, the ip signal of

Vthermal,trans reflects the modulation of the longitudinal ip signal with an angular shift by

45◦. For the out of plane rotations, however, this picture changes. We already postulated

in Sec. 4.1.4, that a conventional Nernst effect [cf. Fig. 4.2(b)] occurs in t direction, if

the magnetization M has a component perpendicular to the sample plane (mn 6= 0) and

perpendicular to the direction of the temperature gradient applied along j. In Fig. 4.14

(a,b), we show two sets of out of plane rotations taken at Pheater = 286mW and at exter-

nal magnetic fields of 0.5T (red symbols) and 1T (black symbols) in oopj (a) and oopt

(b) geometry. The signals shown in Fig. 4.14 (a,b) are anti-symmetrized with respect
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Figure 4.14: (a,b) Evolution of the transverse thermal voltage Vthermal,trans in (a) oopj and
(b) oopt configuration taken at Pheater = 286mW and external magnetic fields
of 0.5T (red symbols) and 1T (black symbols). The colored, solid lines represent
sin (δ) fits to the data. (c,d) Magnetic field dependence of the signal amplitude
of Vthermal,trans/∆T for a set of heater powers (see legend) are depicted in (c) for
oopj and (d) for oopt geometry. The pink triangles represent average values of
the heater dependent signals. Linear fits to the field dependence of these average
values are shown as black dashed lines.

to δ = 180◦. We find a sinusoidal dependence of Vthermal,trans that exhibits a slight field

dependent increase.

Performing this field dependent rotation sets for several heater powers Pheater leads to

Fig. 4.14 (c,d). As encoded by the colored symbols, we find a similar field dependence

in both rotation planes for all heater powers. The data points depicted in Fig. 4.14 (c,d)

represent the amplitudes of sin (δ) taken from fits to the experimental data [cf. solid

lines in Fig. 4.14 (a,b)]. We divided the values of Vthermal,trans by the heater dependent

values of ∆T . The −Vthermal,trans/∆T ratio (i.e., the amplitude of the Nernst coefficient

N) seems to be almost independent of the amplitude of Pheater; we thus average the heater

power dependent data taken for each field. This results in the pink triangle symbols in

Fig. 4.14 (c,d). The dashed black lines in the same graphs represent linear fits to those



Section 4.3
Experimental results 99

average values. From the slope of the linear fits, we extract Noopj = −2.98 nV/(KT)

and Noopt = −2.56 nV/(KT). These values can be interpreted as the Nernst coefficient

of platinum. As the Nernst coefficient is expected to be independent of the rotation ge-

ometry, we thus conclude the averaged value Nav = −2.77 nV/(KT) for our estimation

of N , which is comparable with earlier reports [168]. Furthermore, we can estimate an

upper limit of the spin Nernst anomalous Nernst effect contribution (cf. Sec. 4.1.4) to the

field dependent transverse voltages from the abscissa in Fig. 4.14 (c) and (d). Our data

suggests that this feature, if present at all, is smaller than 0.5 nV/K and thus within the

resolution limit of our experimental setup.

4.3.4 Parasitic effects

We can exclude that the thermopower modulations observed in oopt geometry (cf. Sec. 4.3.1)

are generated by the spin Seebeck effect (SSE), which has been reported for ferromagnetic

conductors [35], semiconductors [36]) and insulators [34] covered with normal metals like

Pt. Here, we discuss the longitudinal SSE scenario for a YIG/Pt bilayer. A tempera-

ture gradient ∇T is applied along the −n direction, i.e. parallel to the film normal [34].

Additionally, the magnetization M of the YIG layer is aligned in-plane along t via an ex-

ternally applied magnetic field. The presence of ∇T drives a spin current js along n with

a spin polarization s along t. This spin current is then transformed into a charge current

in N via the ISHE and one detects a so-called spin Seebeck voltage VSSE ∝ js × s along j

(see Fig. 4.15). In this geometry, a cos (α) shaped voltage signal along j was reported for

ip magnetic field rotations [34]. This signature of course differs from our sin2 (α) shaped

SNMTP signals observed in Sec. 4.3.1.

One could of course assume an SSE contribution stemming from the temperature gra-

M
j
s

-V
SSE

Pt

YIG

∇T

 t

j

n

Figure 4.15: Concept of the longitudinal spin Seebeck effect in YIG/Pt: a temperature gradi-
ent ∇T applied along the −n direction drives a spin current js along n with spin
polarization s ‖ t. In the Pt layer, js is transformed into a voltage VSSE via the
ISHE.
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Figure 4.16: Simulation results for the temperature profile: (a) Sketch (not to scale) of the
sample used in the experiments. The red shaded plane indicates the cut for which
the simulation was done. The point (x = 0, y = 0) corresponds to the YIG/Pt
interface at the left end (facing the heater) of the Hall bar. (b) Simulation result
for the out of plane thermal gradient ∇yT . The upper and lower panel show the
result for the Pt and YIG layer, respectively. The middle one gives ∇yT (x) at
y = 0, the interface between the Pt and the YIG. Only close to the ends of the
Hall bar does ∇yT differ significantly from 0, however, without ever exceeding a
crucial magnitude which would influence the experiment. Figure provided by M.
Schreier.

dient along j in our experiments, too. The longitudinal Seebeck effect in this case would

result in a spin current parallel to ∇T that can be generated into a voltage along t via the

ISHE. This, however, is at odds with our observation of the sin2 (α) and cos2 (β) shaped

longitudinal thermal voltages in ip and oopj rotations. While the thermal gradient in our

sample lies dominantly in the film plane, the different thermal conductances of the bulk

substrate and the thin YIG and Pt films will unavoidably introduce small out of plane

components in the thermal gradient. Such out of plane components may lead to parasitic

contributions from the spin Seebeck or anomalous Nernst effect.

To quantify the magnitude of the out of plane thermal gradients and thus the contri-

butions from spin Seebeck and anomalous Nernst effects4, we conduct a finite elements

simulation of the temperature profiles in our sample. Exploiting the symmetry of the

sample, we set up the experimental geometry as described in the Sec. 4.2.2 and simulate

the steady state temperature profile for a 2D cross-section of the sample, indicated by

the red plane in Fig. 4.16(a). Here, we fix the heater temperature to a constant value of

270K and couple the sample to a heat sink (Theatsink = 220K) via a phenomenologically

4We are aware that the anomalous Nernst effect requires a conductive ferromagnetic material. Since we
found no indication for such an interlayer at the YIG/Pt interface via XMCD, we assume that both
anomalous Nernst effect and the anisotropic magnetoresistance are not responsible for the features
found in our experiments on YIG/Pt.
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determined thermal boundary conductance of 3× 103 W/(m2K). The value of the latter

reproduces the 18K temperature drop along the Hall bar measured in the experiment.

Thermal radiation of the Pt Hall bar is taken into account using ǫ = 0.1 for the emis-

sivity of the Pt [177]. With the material parameters tabulated in Tab. 6.4 in Sec. 6.1.4,

we obtain a mean value of the out of plane thermal gradient of ∇nT = ∇yT ≈ 1K/m

[Fig. 4.16(b)]. This corresponds to |VSSE| = S∆T ≤ 2 nV, which is far beyond our exper-

imental detection limit. Our experiments can therefore be considered as effectively free

from contributions from the spin Seebeck effect.

Similarly, for any reasonable value NPt
ANE . 1µV/(KT), cf. NNi

ANE = 0.5µV/(KT)

(Ref. [178]) for the anomalous Nernst coefficient NANE of an assumed proximity mag-

netized Pt one would only obtain values in the few nanovolt to sub nanovolt regime,

again much smaller than the ∆V observed in our experiment.

This is not withstanding that both spin Seebeck and anomalous Nernst effect do exhibit

a different behavior with respect to the orientation of the external magnetic field than

the one observed in our experiments anyway.

4.3.5 Reference SMR measurements

In an additional set of experiments, we perform ADMR measurements on the YIG/Pt

Hall bar to measure the SMR effect in analogy to Ch. 2. The temperature of the heat

bath was stabilized to 220K and we applied a constant heating power of 286mW to the

heating strip to ensure the averaged sample temperature to be comparable to the ther-

mopower experiments presented earlier. We use a Keithley K2400 Source Measure Unit

to apply a constant current jq = 500µA along the Hall bar and rotate an external mag-

netic field µ0H = 1T around the sample. For each rotation geometry (see definitions in

Fig. 2.7) we detect the longitudinal and transverse voltage drops using an Agilent 34420A

nanovoltmeter and a Keithley K2182A nanovoltmeter.

At first, we focus on the longitudinal signal depicted in Fig. 4.17. In agreement with

the SMR theory shown in Sec. 2.1.6 and earlier experiments on YIG/Pt Hall bars (cf.

Sec. 2.3.1), we observe a cos2(α) modulation of Vlong for rotations in ip [cf. Fig. 4.17 (a)]

and a sin2(β) shaped modulation in oopj geometry [cf. Fig. 4.17 (b)]. In both cases,

the minima appear at H||M||t, i.e. when the magnetization M of the YIG is parallel

to the spin polarization s and thus no spin transfer at the YIG/Pt interface is possible

(cf. Sec. 2.3.1). The relative amplitude ∆Vlong/Vlong corresponds to the SMR amplitude

−∆ρ1/ρ0 and is determined to be (1.05± 0.10)× 10−3, which is in good agreement with

earlier results for a similar thickness of the Pt layer (cf. Sec. 2.3.6). In oopt geometry, M

is always perpendicular to s ‖ t and thus no orientation dependent modulation of Vlong
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Figure 4.17: Spin Hall magnetoresistance experiments on the Hall bar used in Sec. 4.3.1. A
charge current jq = 500µA is applied along the Hall bar and the longitudinal
voltage drop Vlong is detected as a function of the magnetization orientation (cf.
Ch. 2), while an external magnetic field of 1T is rotated in (a) ip, (b) oopj
and (c) oopt configuration. Pheater = 286mW is applied to the heater strip to
provide the same (average) sample temperature as for the SNMTP experiments.
For comparison, the longitudinal SNMTP signals achieved at µ0H = 1T from
this sample are shown in panel(d)-(f) for corresponding rotation planes.

is observed [see Fig. 4.17 (c)]. For comparison, the longitudinal SNMTP signals achieved

from the same sample are shown in Fig. 4.17 (d)-(f) for corresponding rotation planes.

This data - except the negative modulation amplitude - is in good qualitative agreement

with the SMR data. Thus, the SNMTP can be seen as a thermal analog of the SMR.

The opposite signs of the modulation amplitudes correspond to the interplay of heat and

spin currents in the SNMTP and will be discussed in Sec. 4.3.7.

Furthermore, the transverse voltage Vtrans shown in Fig. 4.18 (a)-(c) is in good agreement

with the SMR theory, resulting in a sin(α) cos(α) signal in ip and Hall-like sin(β) and

sin(γ) - contributions in oopj and oopt rotations with maxima observed when M is per-

pendicular to the film plane.

As discussed earlier (cf. Sec. 2.3.1), we observe no evidence for an anisotropic magnetore-
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Figure 4.18: Transverse Spin Hall magnetoresistance experiments: While jq = 500µA is ap-
plied along the Hall bar, the transverse voltage drop Vtrans is detected as a func-
tion of the magnetization orientation (cf. Ch. 2), while an external magnetic field
of 1T is rotated in (a) ip, (b) oopj and (c) oopt configuration. Pheater = 286mW
is applied to the heater strip to provide the same (average) sample temperature
as for the SNMTP experiments. For comparison, the transverse SNMTP signals
achieved at µ0H = 1T from this sample are shown in panel(d)-(f) for corre-
sponding rotation planes.

sistance (AMR) within our polycrystalline Pt layer which would result e.g. in a cos2 (γ)

dependence of the longitudinal voltage in the oopt rotation. Again, this indicates that

our signal cannot be attributed to a proximity induced MR due to induced magnetic

moments in the N layer [47], but it is based on the interplay of spin and charge currents

in the framework of the SHE and ISHE. Therefore, we do not expect proximity effects to

influence our thermopower measurements as well.

4.3.6 Reproducibility

The same sets of SMR and SNMTP measurements are also performed on a reference

sample with tF = (51± 2) nm and tN = (3.9± 0.2) nm grown on yttrium aluminum gar-

net (Y3Al5O12, YAG) under growth conditions presented in Sec. 2.2.1. Although using a
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different substrate material here, the thermal properties of both samples are quite similar

(thermal conductivity for YAG (GGG) 14(8) W
kgK

[179, 180]). Therefore, we expect no

influence from the choice of the substrate material on our SNMTP experiments. The

sample was patterned in the same fashion as the first one discussed in Sec. 4.3.1. The

experimental setup remained unchanged, and the heat bath was stabilized to 250K while

applying heater powers of up to 440mW to the on chip resistive heater. This led to a

temperature difference of up to 23.6K along the Hall bar and an average sample temper-

ature T̄ ≈ 297.0K determined by the on-chip thermometry procedure described above.

Magnetization orientation dependent SMR measurements for µ0Hext = 1T and jq =

500µA applied along the j direction are shown in Fig. 4.19(a-f) . Here, we observe the

same angular dependencies in the longitudinal and transverse voltages as reported for

conventional SMR measurements (cf. Sec. 2). From the longitudinal voltage modulations

in oopj rotation [cf. Fig. 4.19 (b)], we read a SMR amplitude of −∆V/V = 1.1 × 10−3.

For this sample, however, we notice a slight misalignment in the rotation planes. This

can easily be seen in the evolution of the longitudinal voltages in Fig. 4.19 (a,b) by com-

paring the levels obtained from ip (a) and oopj (b) rotations. Additionally, due to this

tilt of the rotation planes, we find a finite modulation signal also in the longitudinal

voltage obtained from the oopt rotation with ∆Vlong/V
oopt
long ≈ 1 × 10−4. The transverse

signal [see Fig. 4.19 (d-f)] also reproduces the expectations for a SMR measurement in

YIG/Pt. Especially in both out of plane rotations [cf. Fig. 4.19 (e,f)] we find hints for

the misalignment in the shape of the Hall-like transverse signals deviating from a perfect

sin (δ). Additionally, for oopt measurements, we find hint for an ip re-orientation of the

magnetization for γ = 90◦(270◦) in both Vlong [cf. Fig. 4.19 (c)] and Vtrans [cf. Fig. 4.19

(f)].

Here, we intentionally use this misalignment of the rotation planes to test its influence on

SNMTP experiments. In thermally driven SNMTP measurements with Pheater = const. =

440mW, we therefore use the same alignment of j, t and n as described above. The result

of the longitudinal voltage evolution obtained from thermal measurements can be read

from Fig. 4.19(g-i). The thermal voltage due to the thermopower effect was found to be

Vthermal,long ≈ −76.6µV. For ip and oopj rotations, we find sin2 (α) and cos2 (β) modu-

lations with |∆Vthermal,long/Vthermal,long| ≈ 110 nV and 120 nV, respectively. The evolution

of Vthermal,long for ip and oopj thus qualitatively reproduces the fingerprint of the SNMTP

observed in the first sample. However, for this set of measurements, the signal levels of

ip and oopj measurements do not coincide. This feature is also visible in the SMR data

[cf. Fig. 4.19(a,b)], and (partially) is due to the misalignment of the rotation planes.

In oopt geometry [cf. Fig. 4.19(i)], we find a reduced modulation compared to the first

two rotation planes, |∆Vthermal,long/Vthermal,long| ≈ 40 nV. For the corresponding SMR sig-

nal, we find a modulation ratio about ∆Voopt/∆Voopj ≈ 0.1. The evolution of Vthermal,long
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Figure 4.19: SMR (a-f, black) and SNMTP (g-l, red) measurements for a YAG/YIG (tF =
51nm)/Pt (tN = 3.9 nm) reference sample. All measurements taken for Pheater =
const. = 440mW and µ0H = 1T. The experimental setup and the sample layout
is equivalent to Fig. 4.6.
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quantitatively disagrees with this value, and we find ∆V oopt
thermal/∆V oopj

thermal ≈ 0.23. Thus,

the signal modulation observed for Vthermal,long in oopt geometry can not be directly at-

tributed to improperly aligned rotation planes. However, as already discussed above for

the first sample, a modulation of the thermopower in oopt might also indicate a tilt be-

tween the t direction of the Hall bar and the long side of the resistive heater, leading to a

non-vanishing component of ∇T along the t direction. For the case of the second sample,

after subtracting 10% of V oopj
thermal,long due to the misalignment found in the SMR, we use

the remaining thermopower signal Ṽ oopt
thermal,long ≈ (28 ± 5) nV to estimate the tilt angle

α′ ≈ 13◦ ± 3◦. This value is comparable to the angle estimated for the first sample (cf.

Sec. 4.3.1). We thus assume that the modulation in Vthermal,long found in oopt for both

samples has the same origin. On these grounds, we conclude that the SNMTP experi-

ments performed on second sample reproduces the findings found in Sec. 4.3.1. Again,

parasitic thermal effects like the spin Seebeck effect are not responsible for the oopt ther-

mopower signal. However, the occurrence of a cos2 (γ) shaped longitudinal thermopower

signal found in oopt experiments advocates for further examination of this feature in the

future.

The transverse SNMTP signal [cf. Fig. 4.19(j-l)] also reproduces the shape obtained from

the transverse SMR measurement [cf. Fig. 4.19(d-f)]. In both out of plane rotations, we

find similar deviations from a perfect sin (δ) shape in Vthermal,trans. The ip re-orientation

of the magnetization in oopt rotations is not observed in the SNMTP data. This may

be attributed to the finite resolution of the nanovoltmeters. Thus, in conclusion, we find

the SNMTP reproducible within the experimental limit given by the signal to noise ratio

of the nanovoltmeters. This is of great importance with regard to possible applications

of the SNMTP.

4.3.7 Spin Nernst angle of Pt

The previous sections showed that the SNMTP concept is in good qualitative agreement

with the signals obtained from thermopower experiments performed on two samples.

Now, we utilize the SNMTP theory presented in Sec. 4.1.4 to extract the heat to spin

conversion efficiency for Pt, the spin Nernst angle θSN. Therefore, we calculate the relative

thermopower ratio between open and closed spin current boundary conditions,

∆Vthermal,long

Vthermal,long

=
Vthermal,long(H ‖ t, open)− Vthermal,long(H ⊥ t, closed)

Vthermal,long(H ‖ t, open)
. (4.23)
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Via the equations for the thermopower voltage given in Eq. (4.3) and Eq. (4.18), the

definitions of Vthermal,long(H ‖ t, open) and Vthermal,long(H ⊥ t, closed) read

Vthermal,long(H ‖ t, open) = − (S +∆S0)∆T (4.24)

and

Vthermal,long(H ⊥ t, closed) = − (S +∆S0 +∆S1)∆T (4.25)

with ∆T = Tcold−Thot < 0. Thus, ∆Vthermal,long/Vthermal,long corresponds to −∆S1/S̃ with

S̃ = S +∆S0.

For the first sample used in this chapter (cf. Fig. 4.10), we find ∆Vthermal,long/Vthermal,long =

−100 nV/66.2µV = −1.5× 10−3. Based on Eq. (4.21), we can calculate the spin Nernst

angle θSN via

θSN ≈ −
∆S1

S

tN
θSHλ

σN + 2λGr coth
tN
λ

2λGr tanh
2 tN
2λ

. (4.26)

We use Ḡr = 4.0 × 1014 Ω−1m−2, λ̄ = 1.5 nm and θSH = 0.11 determined in Sec. 2.4.1

for YIG/Pt hybrids at T = 250K comparable to T̄ = 255K used in our thermopower

measurements for this sample. With these parameters, we obtain θSN = −0.202 from

Eq. (4.26). For reference, we find ∆Vthermal,long/Vthermal,long = −120 nV/76.57µV = −1.6×
10−3 for the second sample (cf. Fig. 4.19) with T̄ = 297K. As discussed in Sec. 2.4.1, Gr,

λ and θSH do not vary much in the temperature range between 150K and 300K. Thus,

we use the same parameters as for the first sample and obtain θSN(reference) = −0.203.
This value perfectly agrees with the one obtained from the first sample, indicating that

the SNMTP concept is a precise technique to obtain the spin Nernst angle θSN.

Besides this nice agreement, the sign of θSN does not seem intuitive at first sight. For its

charge driven relative, the spin Hall angle θSH, positive values for Pt have been reported

in the literature. Even though the SMR concept utilized to obtain θSH in this work (see

e.g. Sec. 2.3.6) is not sensitive to the sign of θSH since the relative SMR modulation

is proportional to θ2SH, the sign of the spin Hall angle can be obtained e.g. from spin

pumping measurements [24].

However, as suggested in a theoretical first-principle calculation in Ref. [163], the sign

of θSN is determined by the interplay of two different contributions to the extrinsic skew

scattering mechanism. Besides the term given directly by the presence of the temperature

gradient, the spin Nernst effect is additionally influenced by the spin Hall effect, which

is present due to the electric field induced by the Seebeck effect [163]. These authors

found that, depending on the sign of the thermopower, this second term can be positive

or negative. The first term, however, has the same order of magnitude but the opposite

sign in comparison to the spin Hall angle.

Further calculations of the ratio between θSH and θSN, again based on first principles,
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have been performed by the group of Hubert Ebert [165]. For platinum, they found

θSH/θSN ≈ −0.9 at 250K. This not only confirms our experimental result of an opposite

sign between θSH and θSN, but also is in rough agreement with the ratio θSH/θSN ≈ −0.5
found in our experiments.

In conclusion, the thermopower experiments presented in this chapter are in excellent

agreement with the concept of the spin Nernst magneto-thermopower. This enables a

first experimental determination of the heat to spin conversion efficiency for Pt, called

the spin Nernst angle θSN. Our experiments suggest θSN = −0.20. This efficiency is larger

than the charge current to spin current efficiency (given by the spin Hall angle), implying

the importance of the SNE in future spin(calori)tronic applications.

4.3.8 Observation of the spin Nernst effect in Pt: A summary

This chapter reported on the first experimental observation of the spin Nernst effect.

The close analogy of spintronics and electronics was already stated experimentally by the

discovery of the spin Hall effect, a spintronic relative of the conventional Hall effect, in

2004 by Kato et al. [67]. However, an even more fundamental relation between electrics

and thermoelectrics is given by the phenomenology of the Hall and Nernst effects in nor-

mal metals. All three of these charge and spin effects result in a response transverse to

its driving force. Thus, combining the equivalence of electrical and thermal drives and

the close analogy of charge and spin currents revealed one missing link, i.e. the genera-

tion of spin currents perpendicular to a temperature gradient. This spin Nernst effect,

already studied in detail on theoretical grounds, is one of the fundamental principles of

spin caloritronics.

To detect a spin current generated from an applied in-plane temperature gradient in

a normal metal, we developed the concept of the spin Nernst magneto-thermopower

(SNMTP). Within this framework, we visualize the spin Nernst spin current as a char-

acteristic modulation of the thermopower voltage in a ferromagnetic insulator/normal

metal bilayer. In our model, the ferromagnetic insulator (YIG) attached to the normal

metal (Pt) serves as a spin current detector based on the absorption and reflection of

spin currents at the interface via spin transfer torque. The absorption (reflection) of spin

currents at such a FMI/N interface depends on the relative orientation of the current

polarization flowing towards the interface and the magnetization orientation M of the

YIG layer. To manipulate this boundary condition in situ, we modulate the orientation

of M by the rotation of an external magnetic field.

In our experiments based on this concept, the fingerprint of the thermal voltage ob-

served experimentally in three different rotation geometries is in excellent qualitative and

quantitative agreement with the phenomenological concept of the spin Nernst magneto-
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thermopower (cf. Sec. 4.1.3) as well as theoretical considerations based on spin diffusion

theory (cf. Sec. 4.1.4).

We additionally studied the behavior of the SNMTP effect as a function of the heater

power and the external magnetic field strength µ0H. In particular, the framework of the

SNMTP implies that the magnitude of µ0H does not affect the modulation of the ther-

mopower due to a spin Nernst spin current, as long as the magnetization of the YIG is

aligned to the external field in good approximation. Furthermore, except a temperature

dependence of the spin transport parameters, the SNMTP is expected to be independent

of the heating power applied. Our experimental data confirms both, the independence

of the SNMTP on the external magnetic field strength as well as the independence of

the heating power (cf. Sec. 4.3.2). Thus, the results of our thermopower experiments

show that the signal measured in YIG/Pt hybrids is directly related to the application of

an in-plane temperature gradient and therefore shows the experimental generation of a

spin current via the spin Nernst effect. This leads to the first report of an experimental

determination of the heat to spin conversion efficiency for Pt, called the spin Nernst angle

θSN. Our experiments suggest θSN = −0.20. Motivated by the particular importance of

the spin Nernst effect as one of the last hidden jigsaw pieces in spin caloritronics, our

results will soon be submitted for publication [166].

This chapter also contains a detailed study of the control of temperature gradients in

caloritronics experiments. During the past years, various groups showed that the han-

dling of temperature gradients is a crucial element in spin caloritronics. One has to avoid

possible contributions of the temperature gradient along other directions, as they might

lead to the occurrence of other effects that may provide a similar phenomenology. To

especially avoid out of plane components of ∇T that may give rise to the spin Seebeck

effect, we developed a new experimental setup for caloritronic experiments in the absence

of an exchange gas. Additionally, the introduction of a novel sample layout allowed us to

deposit the heater power directly onto the sample substrate and in close vicinity to the

Hall bar. A COMSOL based simulation of the sample’s temperature profile revealed the

suppression of out of plane gradients by about three orders of magnitude. In our exper-

iments, this setup enables us to exclude possible parasitic effects like the spin Seebeck

effect as the origin of our thermopower signal. We admit that a finite contribution of

∇T along the transverse Hall bar direction can not be excluded in our experiments and

might result in an oopt component of the thermopower modulation. However, a study of

the power- and field dependence of Vthermal,long in this rotation geometry did not confirm

this suspicion.

In summary, the measurements presented in this chapter confirm the theory of the spin
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Nernst magneto-thermopower and therefore reveal the existence of thermally driven spin

currents in Pt. Within this context, we here reported on the first experimental observa-

tion of the spin Nernst effect. Uncovering this effect results in a new approach on the

thermal generation of spin currents. We anticipate that the spin Nernst effect as well as

the novel spin Nernst magneto-thermopower will play an eminent role in the emerging

field of spin caloritronics, in particular concerning the development of spintronic devices

utilizing inevitable existing thermal gradients e.g. from waste heat for spin current gen-

eration.



5 Summary and outlook

Controlling the generation, propagation and detection of pure spin currents are funda-

mentals in the field of spin caloritronics. In this work, we investigated spin caloritronic

effects in yttrium iron garnet (YIG) /platinum (Pt) hybrid structures, driven by both

charge currents and temperature gradients. Here, we summarize the key results of the

previous chapters to conclude this thesis. Motivated by the importance of the obtained re-

sults, we highlight their influence on the field of spin caloritronics and provide an outlook

to future experiments.

5.1 Summary

In Chapter 2, we studied the spin Hall magnetoresistance (SMR) in YIG/Pt heterostruc-

tures. Our results show that the ferrimagnetic and insulating YIG layer acts as a control-

lable drain for spin currents in the adjacent normal metal layer. Based on an interplay

of the spin Hall effect and its inverse, the SMR can be interpreted as an all-electrical

generation and detection of spin currents in the normal metal, providing full access to

the spin transport properties in the charge channel. The magnetoresistive effect arising

from the interaction of spin currents and the magnetization orientation of the FMI layer

(controlled by an external magnetic field) is in excellent agreement with both the phe-

nomenological and theoretical framework developed in a collaboration between the WMI,

the Institute for Materials Research (IMR) Tohoku and TU Delft. In a comprehensive

study, we measured the SMR effect in a set of more than 25 hybrid structures consisting

of YIG crystalline thin films grown by pulsed layer deposition and a platinum capping

layer deposited via electron beam evaporation. An investigation of the SMR effect as a

function of the platinum layer thickness enabled the extraction of the temperature de-

pendence of a set of spin transport parameters for platinum, in particular, the spin Hall

angle θSH, the spin diffusion length λ, and the real part of the spin mixing interface con-

ductance Gr (cf. Fig. 2.20). These results were also published in Ref. [50]. Furthermore,

from magnetic field amplitude dependent experiments, we showed that the SMR enables

a remote sensing of the anisotropy behavior of a ferromagnetic insulator.

By studying magnetotransport effects in YIG/Pt heterostructures in a transverse (Hall-

111
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like) geometry in Chapter 3, we were able to experimentally confirm the theory of the

spin Hall anomalous Hall effect (SH-AHE) proposed by Chen et al. [15]. The SH-AHE

describes the generation of a spin current based resistivity contribution transverse to an

applied charge current. This effect manifests itself in an anomalous Hall like signature

and is governed by the imaginary part of the spin mixing conductance, Gi. Our anal-

ysis of a set of YIG/Pt hybrids with varying platinum layer thickness not only enabled

the first experimental detection of Gi for a normal metal/ferromagnetic insulator inter-

face, but also revealed a strong temperature dependence of Gi including a sign change

at around 100K. While the SH-AHE itself can be observed in magnetic field amplitude

dependent experiments, i.e. by applying a magnetic field in a fixed geometry with respect

to the hybrid structure, magnetization orientation dependent experiments performed on

the same set of samples revealed an additional, fascinating feature (cf. Fig. 3.7). In

this experiment, the conventional Hall effect manifests itself in a characteristic, sin (β)

shaped curve, if one detects the transverse resistivity of a normal metal while rotating an

external magnetic field in the plane perpendicular to the direction of the longitudinally

applied current. While this picture holds for platinum thin films directly deposited on a

diamagnetic substrate, we found an additional sin3 (β) contribution in Pt deposited on

YIG. This effect exhibits both a strong temperature and Pt thickness dependence and

by now can not be attributed either to a static magnetic proximity effect nor to a known

spin current phenomenon. The results of Chapter 3 have been published in Ref. [148].

In Chapter 4, we reported on the first experimental observation of the spin Nernst effect.

Pure spin currents can be generated from spin orbit interactions in heavy-ion metals.

This can be achieved by driving a flow of conduction electrons e.g. by applying a charge

current to the metal (spin Hall effect). In analogy, the generation of a pure spin current

from a thermal gradient was predicted as the spin Nernst effect (SNE). We demonstrated

the existence of a spin current generated transverse to an applied temperature gradient in

a Pt thin film by attaching a YIG thin film used as a spin current detector. The presence

of the YIG layer enables the manipulation of the spin current flow across the YIG/Pt

interface. In our experiments, we control the spin transfer into the YIG layer by rotating

the magnetization orientation of the ferromagnetic insulator. This allows for the detec-

tion of the spin Nernst spin current in the charge channel as a magnetization-orientation

dependent thermopower voltage, taking advantage of the inverse spin Hall effect. We

refer to this as the spin Nernst magneto-thermopower (SNMTP). In a collaboration with

theory groups from IMR Tohoku, TU Delft and LMU München, a theoretical framework

of the SNMTP was developed. The excellent agreement between our experiments and the

theory enabled a first experimental estimation of the spin Nernst angle in Pt, i.e. a heat

to spin conversion efficiency. We find that the efficiency of a spin current generation from
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a heat current exceeds the one from charge current drives, but shows an opposite sign (cf.

Sec. 4.3.7). This is also corroborated by first principle calculations recently performed at

the LMU München. The results of Chapter 4 will be submitted for publication [166].

5.2 Outlook

The interplay of spin currents, spin accumulation and spin dissipation gives rise to the

spin Hall magnetoresistance and the spin Nernst magneto-thermopower in FMI/N hybrid

systems. In this work, we studied local interactions of a spin current in N and the mag-

netization vector of the FMI, resulting in characteristic modulations of the longitudinal

(Chapter 2) and transverse (Chapter 3) resistivity of N as well as on its thermopower

(Chapter 4). Very recently, Cornelissen et al. [181] showed, that in this context fas-

cinating phenomena not only happen in local structures, i.e. directly at the normal

metal/ferromagnetic insulator interface. These authors used a non-local measurement

geometry to demonstrate the electrical excitation and detection of spin wave excitations

in magnetically ordered systems (magnons). This experiment has a close link to the spin

Hall magnetoresistance discussed in the present work. In the SMR, the spin current in

N leads to a spin accumulation at the N/FMI interface. This spin accumulation exerts a

torque on the magnetization of the FMI. However, a spin accumulation in N also induces

a magnon accumulation in the FMI. This non-equilibrium magnon accumulation diffuses

in the FMI and gives rise to the so-called magnon-mediated resistance (MMR) [182] in

FMI/N hybrids with two spatially separated N stripes N1 and N2 [cf. Fig. 5.1(a)]:

By applying a charge current to the first normal metal strip (N1), a spin current with

spin polarization s ‖ t propagating towards the FMI layer F is generated via the spin

Hall effect. The resulting spin accumulation at the N/FMI interface generates a local

excitation of a magnon population in the FMI layer. This magnon accumulation decays

with increasing distance form the N/FMI interface. If one now places a second normal

metal strip N2 within the range of the magnon decay length, the magnons can excite a

spin current in N2 propagating along n. That spin current can be detected in the charge

channel utilizing the inverse spin Hall effect, generating a voltage along the j direction in

N2.

The presence of these magnons in the FMI, however, is limited by the magnon relaxation

length λm. By varying the distance d between both normal metal stripes, Cornelissen et

al. extracted λm ≈ 10µm for YIG thin films (tF ≈ 200 nm) at room temperature. This

length scale is up to three orders of magnitude higher than the spin diffusion length λ

in normal metals. The observation of this magnon-mediated effect can be seen as the

latest step on the pathway towards spin information processing. The efficiency of this

effect can be parameterized by a generalization of the spin mixing interface conductance
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(a)       (c)

(b)       (d)

Cornelissen et al.
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-j

t

n

Figure 5.1: Non-local transport in FMI/N hybrids: (a) By driving a charge current in a nor-
mal metal strip N1, a spin current js with spin polarization s ‖ t is generated,
propagating along −n. The spin accumulation in N induces a local magnon ac-
cumulation in the FMI layer (orange arrows). The magnon accumulation decays
with increasing distance to the FMI/N1 interface. If a second normal metal strip
N2 is placed on top of the FMI and its distance d to N1 is within the magnon decay
length, the magnon accumulation below N2 indues a spin current js in N2. (b)
Assuming that the FMI layer in panel (a) consists of two different ferromagnetic
materials F1 and F2, the non-local structure acts as a magnon current switch.
(c) If the magnetizations of F1 and F2 are aligned parallel, magnons can travel
from the first F1 region to the second one. This situation is in analogy to (a).
(d) By rotating the magnetization of F2 by 90◦ with respect to F1, the magnon
propagation and thus the spin injection to N2 is suppressed. Therefore, F2 acts as
a gate for the magnon propagation.

G↑↓. At this point, we want to note that in the present SMR model used in this work,

MMR-related effects are not explicitly taken into account. However, this again indicates

the importance of G↑↓. As we already pointed out in the summary of Chapter 2, further

investigations on internal properties like anisotropy and magnetization dependence of G↑↓

are crucial for spintronics in hybrid systems.

Against the background of the recently published MMR effect, we here suggest a new

architecture based on the interplay of spin currents and magnons. The basic idea behind

this magnon current switch (MCS) is sketched in Fig. 5.1(b). The main difference to the

sample layout used by Cornelissen et al. is the integration of a second ferromagnetic,

not necessarily insulating layer (F2) between N1 and N2. F2 divides the initial F layer in
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two F1 parts. We here assume no exchange coupling between F1 and F2, which can be

achieved experimentally by additional, thin, non-magnetic buffer layers between F1 and

F2. By applying a charge current to N1, magnons can be generated in F1 in accordance

to the first part of the MMR effect. This can be seen as the source of the magnon current

switch. The F2 layer now acts as a gate on the magnon propagation in the FMI stack.

If the magnetizations M1 and M2 of F1 and F2 are aligned parallel [cf. Fig. 5.1(c)], the

magnons can propagate towards the second F1/N2 interface, where they excite a spin cur-

rent in N2 (drain). If, however, M1 and M2 are oriented perpendicular [cf. Fig. 5.1(d)],

the magnons can not cross the F1/F2 interface and are restricted to F1. In this case, the

spin current injection at the drain is prohibited.

To realize the magnon current switch, we propose two possible scenarios: If one uses a

metal oxide layer for N, the MCS could be realized in an all-oxide structure. Recently,

Qiu et al. published spin Seebeck effect measurements obtained in a YIG/IrO2 hybrid

structure with θIrO2

SH ·λIrO2 = 0.15 nm [183]. The size of this product is comparable to the

values for Pt obtained in Sec. 2.3.6 in this work. This makes metals oxides (one may also

think of e.g. rubidium oxide and ruthenium oxide) to possible candidates for spintron-

ics. Another advantage is that rutile-structured IrO2 and its relatives can also be grown

epitaxially [184] via pulsed laser deposition. One therefore can assume a MCS structure

consisting of a metal oxide bottom layer N1 (tN1
≈ 2λN1

), followed by a F1/F2/F1 tri-

layer and a second N layer [cf. Fig. 5.2(a)]1. To switch the MCS, the coercive fields of

F1 and F2 have to be different. Taking advantage of materials already available from the

PLD system at the WMI, yttrium iron garnet (YIG, µ0H
YIG
c ≈ 5mT) and gadolinum

iron garnet (GdIG, µ0H
GdIG
c ≈ 50mT) may be proper candidates [185, 186]. To avoid

exchange coupling between YIG and GdIG, another garnet structure with diamagnetic

properties like yttrium aluminum garnet (YAG) may be used as a thin buffer layer (not

shown here). The thicknesses of F1 and F2 should be chosen in a way that the total

thickness of the garnet stack does not exceed λm. In this all-oxide structure, a second

metal oxide can be used as a top layer with tN2
≈ 2λN2

. In an initial state, the magne-

tizations MYIG and MGdIG are assumed to be oriented parallel to an external magnetic

field µ0H < −µ0H
GdIG
c . By applying a charge current to N1, a magnon population can

be induced in the lower GdIG layer, propagating through the ferromagnetic stack in this

configuration and thus injecting a spin current to N2. By increasing the external field to

a value µ0H
YIG
c ≤ µ0H ≤ µ0H

GdIG
c and subsequently rotating the magnetic field by 90◦

in the film plane, the magnetization of the YIG layer can be rotated, while the magne-

tization orientations of the GdIG layers are pointing along the initial direction. In this

1Platinum does not serve as a proper candidate in this case, since Felix Schade and Dominik Irber
showed during their Bachelor’s theses, that both the electrical properties of Pt and the magnetic
properties of the YIG layer change crucially if one deposits a YIG film via PLD on top of a thin Pt
layer [111,142].
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(a) (b)

Figure 5.2: Two possible architectures for the MCS: (a) In an all-oxide version, the MCS
structure (consisting of a metal oxide and a stack of rare earth iron garnets with
different coercive field strength, e.g. YIG and GdIG) can be epitaxially grown
in situ via pulsed laser deposition. In this geometry, the two different operation
modes can be achieved via an external magnetic field. (b) The second geometry
includes the inset of a ferromagnetic conductive layer between two parts of a
ferromagnetic insulator [e.g. an iron garnet (IG)]. In this case, the switching of
the magnetization orientation of the conductive ferromagnet can e.g. be realized
via current driven spin torque.

configuration, no magnon transport through the YIG layer is possible and thus no spin

current is injected to N2.

However, a second approach can be realized by a more complex sample patterning via

electron beam evaporation. We here assume a sample geometry like the one used in Cor-

nelissen et al. [181] and Goennenwein et al. [182] [cf. Fig. 5.2(b)]. In this configuration,

we start from an Iron Garnet (IG) thin film (F1, tIG ≈ 100 nm, 1d transport regime) with

two normal metal (e.g. platinum) stripes (tN1
= tN2

≈ 2λ) with distance d ≤ λm on top.

A part of the IG thin film between N1 and N2 can be removed via e.g. argon ion beam

milling and re-filled with a conductive ferromagnet like nickel (F2, µ0H
IG
c > µ0H

F2
c ) by

electron beam evaporation. For the following discussion, we assume the sample to be

initially placed in an external magnetic field µ0H applied in plane perpendicular to the

N stripes, that is increased from µ0H < −µ0H
IG
c to µ0H

F2
c < µ0H < µ0H

IG
c and sub-

sequently rotated out of plane, such that the magnetization of the IG should be still

oriented in the sample plane, while M2 is oriented perpendicular to MIG. Therefore, the

magnon propagation from the left part of the IG to the right part is prohibited in this

initial state. In this geometry, the conductive F2 layer can be connected to a current

source. By taking advantage of e.g. the current-induced spin orbit torque effect [187],

the magnetization of F2 can be rotated electrically by a charge current. This allows for

an all-electrical switching of the MCS in the second geometry. Of course, both geometries
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will need a careful optimization of the material combination, growth, patterning and ex-

perimental investigation. Both approaches will provide further steps towards spintronic

data processing.

However, not only the ”classical”, charge-driven spin caloritronics provide promising per-

spectives for future experiments. The observation of the spin Nernst effect (SNE) in

platinum reported in Chapter 4 covered one of the last missing links in spin caloritron-

ics. By now, the heat to spin current efficiency observed for platinum in this work is

rather small (θSN ≈ −0.2). However, as the spin Nernst angle θSN is related to the spin

Hall angle θSH, one may think of θSH as an indicator for the conversion efficiency of the

spin Nernst effect. Even though both quantities have been reported to differ in sign and

magnitude (cf. Sec. 4.3.7), they are based on the same ground, the spin orbit interaction

(SOI). One therefore can assume that materials with large SOI showing a large spin Hall

angle, also exhibit a significantly large θSN. Identifying such materials will be the next

step towards spin caloritronic applications of the SNE. Promising candidates are tanta-

lum and tungsten, for which large spin Hall angles θTaSH ≈ 0.15 [188] and θWSH ≈ 0.4 [189]

have been reported. This represents an increase of about 50% (300%) with respect to Pt.

In Sec. 4.1.2 we already pointed out, that charge and spin current effects as well as elec-

tric and thermoelectric phenomena are linked closely. However, focusing on the combina-

tion of thermal gradients and spin currents, one can find additional connections in spin

caloritronics itself. The first spin caloritronic effects reported in the literature focused

on longitudinal effects, i.e. when the resulting effect is aligned parallel to the driving

force. This contained for example the generation of a spin current along a heat cur-

rent. Motivated by the Seebeck effect (cf. Sec. 4.1.1) as an electrical analog, this effect

is referred to as the spin Seebeck effect (SSE) [31, 35–38]. While the original experi-

ment in a transverse geometry [31, 35–37] was discussed controversially during the past

years [43, 190, 191], Uchida et al. also suggested experiments in a longitudinal geome-

try [34] [depicted in Fig. 5.3 (a)]. These experiments, first reported in YIG/Pt bilayers,

were repeated in various material combinations [33, 192–196] as well as in modified se-

tups [41, 197]. However, the spin Nernst effect (SNE) reported in this work can be seen

as a relative of the SSE. Here, the heat current evokes a spin current in perpendicular

geometry [cf. Fig. 5.3(b)]. Even though an adjacent ferromagnetic insulator is not nec-

essary for the generation of the SNE, the electrical read-out of js is only possible in the

presence of a FMI/N interface (spin Nernst magneto-thermopower, see Ch. 4).

Connected closely to the Seebeck effect, the Peltier effect describes the formation of a

heat current from a charge current. A corresponding spin current effect, the spin Peltier

effect (SPE)[cf. Fig. 5.3 (a)], was reported recently by Flipse et al. [159]. These authors
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Figure 5.3: Longitudinal and transverse spincaloric effects: (a) the spin Seebeck effect (SSE)
describes the conversion of a heat current to a spin current along ∇T . (b) Its
inverse effect, the spin Peltier effect (SPE), is the generation of a heat current
parallel to an initial spin current. (c) The spin Nernst effect reported in this work
can be interpreted as a transverse relative of the SSE, i.e. the generation of a spin
current perpendicular to ∇T . (d) In analogy to the SPE, we here propose the
existence of an effect converting a spin current to a transverse heat current, i.e.
the inverse spin Nernst effect.

also confirmed the connection between the SSE and the SPE via Onsager’s reciprocal

relations [170,171].

Motivated by this connection, we here postulate the existence of an other spincaloric

effect, the inverse spin Nernst effect (ISNE). As already stated by its name, the ISNE is

the opposite effect of the SNE and describes the generation of a heat current transverse

to a spin current js with spin polarization s. The mechanism behind the ISNE, like for

the direct and inverse spin Hall effect (SHE and ISHE) discussed in Sec. 2.1.2, is the spin

orbit interaction. We therefore propose that the heat current jISNE
h = −κ∇T is again

proportional to the spin Nernst angle θSN, j
ISNE
h = θSN

(

2e
~

) (

−κρ
S

)

(s× js).

In experiments, we suggest to detect the ISNE in a SMR like geometry (cf. Fig. 5.4).
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Considering a normal metal thin film like platinum, a spin current js along n can be

generated from the spin Hall effect by applying a charge current jq to N along j. For the

following discussion, we assume the spin polarization s of the resulting spin current to

point along t. By utilizing the spin transfer torque mechanism at a N/FMI interface, the

spin current back flow in N can be modulated in a SMR like fashion (cf. Ch. 2). We here

propose that both, js and the back flow jbacks are not only converted to charge currents via

the ISHE, but also to a heat current along j via the ISNE. In the case of open spin current

boundary conditions [cf. Fig. 5.4 (a)], one finds jbacks = −js, and thus no net spin current

flows in N and one expects no contribution from the ISHE as well as from the ISNE.

For closed spin current boundary conditions, however, the spin current back flow jbacks is

suppressed. In this case, both ISHE (not shown here) and ISNE act on js [cf. Fig. 5.4 (b)].

The ISNE separates particles with higher entropy from particles with lower entropy. Both

species, however, carry the same electric charge q and the same spin angular momentum

s. Thus, only a difference in entropy builds up along j, while this contribution is not

js

M

jq

js
b

T0 T0

(a)      (b)
Thot Tcold
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M

jq
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Figure 5.4: Experimental detection of the inverse spin Nernst effect: A charge current jq ‖ j
applied to a normal metal gives rise to a spin current js ‖ −n (green) with spin
polarization s ‖ t via the SHE. (a) For open spin current boundary conditions,
the spin current back flow jbacks compensates js. In this case, also the action of
the ISNE on js will be compensated by the ISNE acting on jbacks and one finds
a homogeneous temperature T0 along j. (b) For closed spin current boundary
conditions, the spin current back flow jbacks is suppressed and the ISNE merely
acts on js. (c) The action of the ISNE leads to a separation of js contributions
with higher and lower entropy (indicated by the red and blue arrows), leading to
an entropy accumulation at the interfaces of N along j. This results in a heat
current along j.
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accompanied by a charge or spin accumulation [see Fig. 5.4 (c)]. On the other hand, the

action of the ISHE on the spin current leads to an electric field building up along j, which

is not accompanied by a net difference of entropy along j. Thus, the observation of a

temperature gradient along the initial charge current jq, i.e. in conventional SMR exper-

iments as we reported them in Chapter 2, can be directly attributed to the inverse spin

Nernst effect2. In particular, we suggest to detect the temperature profile of the Pt thin

film along j as a function of the spin transfer torque modulated boundary conditions (i.e.

via rotating the magnetization of the FMI in e.g. in-plane geometry), e.g. via infrared

camera or thermocouples at both ends of a FMI/N Hall bar. One should find a cos2 (α)

shaped modulation of T as a function of the magnetization orientation. The modulation

amplitude stemming from the interaction of the SHE and the ISNE will be proportional

to θSHθSN. Thus, for experiments performed on YIG/Pt at room temperature, we expect

∆T/T to be of the order of 2× 10−3.

Taken together, we await a number of fascinating new experiments in the field of spin

caloritronics. Therefor, only a slight modification of the current sample design and ex-

perimental setups is necessary. While all experiments proposed in this outlook can be

performed on hybrid structures consisting of YIG and Pt, they are of course not restricted

to this well-established material combination. The concepts developed in this thesis allow

for both, the basic research on spin caloritronic effects and its search for most applicable

material combinations as well as for a further development of spin current based data

processing.

2We here assume the applied charge current jq to be small enough to avoid heating effects.



6 Appendix

6.1 Samples

This section provides an overview of all samples investigated in this work.

6.1.1 YIG anisotropy

T (K) ρ0(nΩm) oopj: −∆ρ1/ρ0(×10−4) oopt: ∆ρ/ρ(×10−5) Bu(T)
5 n.a. n.a. 3.8 0.40
10 225 3.1 4.1 0.32
15 n.a. n.a. 4.3 0.30
20 n.a. n.a. 4.9 0.29
30 n.a. n.a. 4.5 0.28
40 n.a. n.a. 3.3 0.25
50 n.a. n.a. 2.0 0.25
100 257 5.4 <1.0 0.25
300 335 6.4 n.a. 0.1

Table 6.1: Temperature dependent simulation parameters for the sample YIG61 (see Tab. 6.2).
−∆ρ1/ρ0 extracted from oopj rotation simulations indicate the SMR ratio, while
∆ρ/ρ taken from oopt rotations at low temperatures represent the Pt-MR discussed
in Sec. 2.4.3. All data including the shape anisotropy field Bu taken at µ0H = 1T.

6.1.2 YIG/Pt hybrids
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sample ID tF(nm) tN(nm) h(nm) ρ0(nΩm) −∆ρ1/ρ0(10
−4) Bn(mT) Figure

YY17 64.2 3.0 0.8 538 13.5 60 2.8, 2.16, 2.18, 2.19, 2.20
YY21 61.0 19.5 1.0 370 2.70 80 2.8, 2.16, 2.18, 2.19, 2.20, 3.4, 3.8
YY22 63.2 6.5 0.9 431 7.66 50 2.8, 2.10, 2.11, 2.16, 2.18, 2.19, 2.20, 3.4, 3.8
YY26 60.0 12.8 1.5 702 2.71 75 2.16
YY30 55.5 3.1 1.0 477 11.5 90 2.14, 2.21, 3.7, 3.8
YY32 53.6 2.5 1.1 358 10.6 80 2.16, 3.8
YY33 46.4 21.7 1.7 347 2.2 60 2.16
YY34 46.8 1.9 1.5 1331 6.76 n.a. 2.16
YY35 53.5 1.2 0.9 1462 6.0 70 3.8
YY42 48.7 2.0 0.6 648 9.5 70 2.16, 3.4, 3.6, 3.8
YY56 33.5 0.8 0.7 1166 6.0 n.a. , 2.8, 2.18, 2.19, 2.16, 2.20, 3.8
YY58 57.0 2.0 0.8 368 10.5 60 , 2.8, 2.18, 2.19, 2.16, 2.20, 3.8
YIG20 53.7 6.1 0.7 356 5.6 n.a. 2.15
YIG53 53.4 2.5 0.5 833 10.8 120 2.8, 2.18, 2.19, 2.16, 2.20
YIG55 46.2 3.5 0.7 558 8.95 70 2.8, 2.18, 2.19, 2.16, 2.20
YIG56 68.7 2.7 0.3 454 10.54 150 2.16
YIG57 57.8 2.2 0.7 701 11.7 90 2.8, 2.10, 2.11, 2.12, 2.13, 2.18, 2.19, 2.16, 2.20
YIG59 60.7 11.1 0.6 284 4.58 n.a. 2.8, 2.18, 2.19, 2.16, 2.20, 3.8
YIG60 52.0 16.9 0.2 395 2.95 n.a. 2.10, 2.11, 2.16
YIG61 53.0 8.5 0.4 348 5.75 100 2.9 , 2.16, 2.17, 2.22, 2.23
YIG68 61.0 1.1 0.3 2330 3.64 n.a. 2.16
YIG69 54.0 1.2 0.4 2074 3.85 n.a. 2.16
YIG70 54.8 17.2 0.6 331 3.3 n.a. 2.8, 2.18, 2.19, 2.16, 2.20
YIG73 28.9 1.8 0.1 557 15.0 n.a. 2.16
YIG105 16.3 2.8 0.6 947 14.8 n.a. 2.28
YIG106 44.5 3.2 0.7 869 13.2 n.a. 2.28
YIG112 74.0 3.0 0.6 894 14.5 n.a. 2.28
YIG113 200a 2.9 n.a. 883 13.6 n.a. 2.28
YIG145 3.9 3.2 0.5 920 4.1 n.a. 2.27, 2.28

Table 6.2: YIG thickness tF, Pt thickness tN, interface roughness h, sheet resistivity ρ0, SMR amplitude −∆ρ1/ρ0 and ρ2 for all samples
investigated in this work. ”YIG” indicates samples grown on (111)-oriented GGG substrates, while ”YY” stands for samples grown
on (111)-oriented YAG. While −∆ρ1/ρ0 is independent of the external magnetic field strength in good approximation, ρ0 as well as
ρ2 represent the value taken at 1T. All data taken at 300K. The last column indicates the figures the respective sample was used
for.

afor t ≥ 100 nm, the determination of the film thickness via X-ray reflectometry does not work properly.
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6.1.3 SNMTP samples

name sample ID substrate tF(nm) tN(nm) Figure
Ernst3 YIG101 GGG (111) 40 4.1 4.7 - 4.10, 4.12 - 4.14, 4.17, 4.18
Ernst4 YY79 YAG (111) 51 3.9 4.19

Table 6.3: Samples used for SNMTP measurements: Nonofficial and official sample ID, sub-
strate material, YIG thickness tF and Pt thickness tN.

6.1.4 Thermal conductivity for GGG/YIG/Pt

Material thermal conductivity [W/(Km)] heat capacity [J/(kgK)] density (kg/m3)
Pt 72 (Ref. [198]) 130 (Ref. [198]) 21450 (Ref. [198])
YIG 6 (Ref. [199]) 570 (Ref. [200]) 5170 (Ref. [201])
GGG 8 (Ref. [180]) 400 (Ref. [200]) 7080 (Ref. [200])

Table 6.4: Material parameters used for the finite elements simulation of the temperature
profile in our sample.

6.1.5 Pt on YAG substrate

Sample ID tN(nm) ρ0(nΩm) Figure
PtY1 3.5 531 2.24, 2.25, 2.27, 2.28, 3.5, 3.8
PtY2 15.6 377 2.26, 3.5 , 3.8
PtY4 2.0 717 3.5, 3.8

Table 6.5: N layer thickness determined by HR-XRR and sheet resistivity ρ0 taken at 300K
for the Pt thin films deposited directly onto YAG substrates.
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6.2 3D vector magnet cryostat ”Chaos”

During the term course of this thesis, we set up a new measurement setup for magne-

totransport experiments. An Oxford Instruments vector magnet cryostat was installed

at the WMI in 2012. This system, called the ”Chaos” cryostat1 consists of a 4He flow

cryostat with a nitrogen (N2) shield and includes a vertically oriented 6T solenoid (z axis)

combined with two horizontally oriented 2T split coil pairs (x and y axis) (see Fig. 6.1).

The magnet system can be operated in two ways:

• in a single axis mode, up to 6(2)T are provided in the vertical (horizontal) direction.

• in a combined operation, the flux density vector can be oriented in arbitrary orien-

tations.

In the second case, the magnitude of the flux density vector is limited to that of the

horizontal axis (2T). The magnetic field is controlled by a Mercury IPS superconducting

magnet power supply master/slave system. It provides output currents of up to 120A

in bipolar operation for each magnet axis. The control of the system is feasible either

directly via touch-screen or remote using a LabView based software.

The Chaos cryostat has a IN100 variable temperature insert (VTI), enabling an operation

for temperature setpoints between 1.5K and 300K. The temperature control of the

sample space inside the VTI can be achieved via an auto needle valve drive for helium

flow control and/or an auto heater system. The temperature of the VTI is read by a

Cernox sensor fitted to the heat exchanger.

A remote control of the system is realized by a LabView based software. It provides

control of the VTI (heater, needle valve, temperature setpoint) and the IPS (control of

the magnetic field setpoints and energization rates for the x, y and z direction) as well

as a display of the actual He and N2 levels.

6.3 Design of a new dipstick for caloritronics

To optimize the control of the temperature gradient direction in spin caloritronic experi-

ments, we performed our measurements in the absence of an exchange gas. Therefore, we

developed a new dipstick design. We covered the whole sample space from the bottom

of the VAC dipstick2 up to the entrance of the VTI with a steel jacket. A T-shaped

flange at the top provides the connection to a pumping station (Pfeiffer Hi cube 80 eco)

to evacuate the jacket. The pressure inside the jacket is read by a combined pressure

1Chaos is an acronym for ”Cold, Hot And Other Secret experiments”, which is also the name of the
new lab.

2VAC stands for Vacuum Assisted Caloritronics.
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nitrogene dewar
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Figure 6.1: The ”Chaos” cryostat (components see legend).

sensor (range from room pressure to 10−9 mbar) next to the connection to the pumping

station (not shown here). Temperature dependent thermal extensions of the system are

absorbed by a bellow (cf. Fig. 6.2) to guarantee a good thermal connection between the

sample stage and the VTI (see below).

The temperature control of the sample space is provided by a 320Ω resistive heater and

a Cernox SD 1050 temperature sensor mounted to two cutouts at the dipstick’s copper

base. This base (labeled as ”11” in Fig. 6.2) serves as a heat bath for the sample stage.
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9

10

1112

13 14

15

16

17

Figure 6.2: Dipstick components (see legend).

Cooling provided by the He gas inside the VTI is transferred to the inside of the jacket

by a copper-made thermal contact plate at the lower end of the jacket. This plate (”17”)

is in direct thermal contact to a second copper plate (”15”) on the top of the sample stage

(”14”). To improve this thermal contact, we additionally added two silver-made cooling

lines (”13”) connecting the contact plate and the copper base.

The active temperature control of the sample holder mounted to the sample stage (see

Fig. 6.3) is given by a Lakeshore LS340 temperature controller. Therefore, the wiring of
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plastic block

bonding frame

100Ω resistive heater

sample

Copper block (heat sink)

Figure 6.3: Sample holder (components see legend). The one Euro cent coin serves for scaling.

the heater (two enameled copper wires) and the Cernox sensor (part of a 12× 2 twisted

pair manganin ribbon cable) is fed through the inside of the dipstick and leads to a 19

pin Fischer connector at the top of the dipstick (”2”). Eight wires leading to this Fischer

connector end at two times four pins of female five-pin connectors at the middle part of

the dipstick. The counter part of the first connector (labeled with ”F”) is linked to the

wiring of the 100Ω resistive heater and connectors for the on-chip heater, both placed on

the sample holder. The counter part of the second connector (unlabeled) is linked with

the wiring of the Cernox sensor. copper wires connecting the dipstick heater are directly

fed into the Fischer connector.

The temperature control lines are separated from the sample holder wiring connected to

the Hallbar. Four five-pin connectors (labeled with ”A”, ”B”, ”C” , ”D”) are connected to

20 measurement wires attached to the bonding frame of the sample holder (see Fig. 6.3).

The pin connectors can be plugged into four female five-pin connectors located around

15 cm above the sample space (again labeled with ”A”, ”B”, ”C” , ”D”). The latter are

connected to a 24 pin Fischer connector at the top of the dipstick (”1”) via a second 12×2
twisted pair manganin ribbon cable. The remaining contacts of the Fischer connector

end at the lower part of the dipstick and are covered by Teflon band. They can be used

e.g. for measurement lines at the sample stage in the future.

The Fischer connectors at the top of the dipstick can be linked to two separate measure-

ment boxes. The electric signals from the bonding frame of the sample holder are guided

to box 1 (see Fig. 6.4) via a female 24 pin Fischer connector soldered to one end of a

12 × 2 twisted pair Cu cable. On the other end, the shielded Cu wires of each line are

capped by a gold plated crimp contact. Each crimp contact (see Tab. 6.6), is fed into a

female banana plug in box 1, labeled with numbers 1 to 24. To avoid thermal voltages at

the banana plugs, we only use gold plated banana pins and plugs and close box 1 during

the measurements. To enable a wiring towards nanovoltmeters and current sources, the

box has three Lemo four-pin connectors for nanovoltmeters and 3 × 4 banana contacts

for source/measure units at its outer board (see legend of Fig. 6.4). Electric contacts

to the 24 connectors are realized by gold plated banana pins connected flexible to each

sourcemeter (nanovoltmeter) contact via shielded Cu wires (again with Au plated crimp
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cover plate for box 1

banana to banana brigdes (to sourcemeters)

24 gold plated female banana contacts

4 pole Lemo connectors (to nanovoltmeters)

24 pin Fischer connector (to dipstick)

 

Figure 6.4: Measurement box 1 (components see legend).

contacts pressed into the Banana plug).

In a similar fashion, we designed a second contact box (”box 2”) for the temperature

control lines of the dipstick and the sample. The 19 pin Fischer connector at the top

of the dipstick can be contacted via a 10 × 2 twisted pair shielded Cu cable soldered

to a female 19 pin Fischer connector. On the other end of the cable, the Cu wires of

each line are again capped by a gold plated crimp contact and each contact, labeled with

numbers 1 to 19 (see Tab. 6.7), is fed into box 2. Box 2 (cf. Fig. 6.5) provides eight gold

plated banana contacts at the front side. The respective lines from the data cable can be

clamped into the side entrance of a banana contact. Source- and measurement devices

can be directly connected to box 2 via banana to banana cables. At the moment, one

of these contact pairs is used for the connection of the heater entrance of the LS340 to

the contacts for the dipstick heater. A second and third pair of banana contacts provide

connections between the OCH and the sample holder heater to current sources. Inside

the box, the contacts for the Cernox sensor are soldered to the wires of a 2 × 2 twisted

pair copper cable. The lose end of this cable is fed through the back side of the box and

ends at a 6 pin DIN 45322 connector (two contacts are not used for LS340 operations)

that can be directly connected to the sensor input of the LS340. Box 2 provides the

option for a second Cernox sensor connection (not mounted). Four additional banana

connectors at the back side of the box are not contacted at the moment. They may serve

as connections e.g. for further temperature sensors or heaters.

6.4 Sample alignment

The sample holder (cf. Fig. 6.3) mounted to the sample stage of the dipstick (cf. Fig. 6.2)

results in an orientation of the Hall bar in the previous sections) along the z axis of the

Chaos cryostat. z thus corresponds to the j direction defined in Ch. 2. Using the alignment

marker on top of the dipstick (representing the film normal), we define x corresponding

to the n direction and y corresponding to the t direction in the coordinate system defined
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box 2 (front view):

19 pol Fischer connector (to dipstick)

gold plated banana contacts 

(OCH heater)

gold plated banana contacts 

(sample holder heater)
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(dipstick heater)

 

box 2 (back view):

19 pol Fischer connector (to dipstick)

6 pin connector for Cernox sensor 

(to LS340)

gold plated banana contacts 

(not used)

 

Figure 6.5: Measurement box 2 (components see legend).

contact number shielding color pin connector dipstick
1 white A1
2 brown A2
3 green A3
4 yellow A4
5 gray A5
6 pink B5
7 blue B4
8 red B3
9 black B2
10 purple B1
11 gray/pink C1
12 red/blue C2
13 white/green C3
14 brown/green C4
15 white/yellow C5
16 brown/yellow D5
17 white/gray D4
18 brown/gray D3
19 white/pink D2
20 brown/pink D1

Table 6.6: Contacts for measurement lines (24 pin connector, Box1).

in Ch. 2. To correct slight misalignments of j, t and n, we adjust the rotation planes used

for magnetization orientation dependent experiments. Therefore, we utilize the Hall- and

SMR effects in the YIG/Pt sample mounted and proceed as follows:
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contact number shielding color contact name (dipstick) function
1 white E Cernox 1
2 green H Cernox 1
3 yellow G Cernox 1
4 gray F Cernox 1
5 pink C Cernox 2 (not used)
6 blue D Cernox 2 (not used)
7 brown B Cernox 2 (not used)
8 red A Cernox 2 (not used)
9 black P OCH heater
10 purple O OCH heater
11 gray/pink M 100Ω heater
12 red/blue N 100Ω heater
13 white/green L -
14 brown/green K -
15 no contact - -
16 no contact - -
17 white/gray - -
18 brown/yellow I dipstick heater
19 white/yellow J dipstick heater

Table 6.7: Contacts for temperature control (19 pin connector, Box2).

1. First, we perform an oopj rotation (cf. Sec. 2.2.2) in e.g. two degree steps using

an external field of µ0H = 1T to determine the vector n′ from the maximum Hall

signal of the sample and t′ from the vanishing Hall signal. We calculate j′ from the

cross product of n′ and t′.

2. We check the alignment of n′ and t′ using the Hall signal in an oopt rotation in two

degree steps and adjust the vectors if necessary.

3. It is optional to repeat steps 1 and 2 to achieve appropriate results.

4. In the last step, we perform an in-plane rotation and check the position of the

maximum and minimum longitudinal SMR signal (cf. Sec. 2.3.1).

Using this routine, an alignment error smaller than 1◦ can be achieved in the ”Chaos”’

cryostat.
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