
TECHNISCHE UNIVERSITÄT DRESDEN
Fakultät für Physik

Institut für Festkörper- und Materialphysik

Topological Transport Effects and
Pure Spin Currents in Nanostructures

DISSERTATION
zur Erlangung des akademischen Grades

Doctor rerum naturalium
(Dr. rer. nat.)

vorgelegt von

Richard Schlitz
geboren am 22.07.1990 in Meckenheim

Erstgutachter (Betreuer) Prof. Dr. Sebastian T. B. Goennenwein
Zweitgutachter Prof. Dr. Felix Casanova

Die Dissertation wurde am 30.04.2020 bei der Technischen Universität Dresden
eingereicht und durch die Fakultät am 17.07.2020 angenommen.

SFB
1143



Just for the fun of it ∶)



ABSTRACT

Magnetoresistive effects are powerful tools for studying the intricate structure of solid
state electronic systems, and have many applications in our current information technol-
ogy. In particular, the electronic system reflects the crystal symmetry and the orbital
structure of the atoms of a given solid, and thus is crucial to understanding magnetism,
superconductivity and many other effects which are of key interest to current solid state
research. Consequently, studies of the electrical transport properties of solid state matter
allow to evaluate this imprint and in turn draw conclusions about the interactions within
a material. In this thesis, we will exploit the capabilities of magnetotransport measure-
ments to infer the properties of a multitude of magnetic systems. In turn, this allows us
to push the understanding of transport phenomena in magnetic materials.

The first part of this work is focused on the magnetoresistance observed in spin Hall
active metals in contact with a magnetic insulator. In such bilayers, the interfacial spin
accumulation caused by the spin Hall effect in the metal can interact with the magnetic
insulator, giving rise to interesting magnetoresistive effects. In the framework of this the-
sis, bilayers with several magnetic insulators are studied, including antiferomagnets, fer-
rimagnets and paramagnets (disordered magnets). For the disordered magnetic insula-
tors, we find that the established spin Hall magnetoresistance framework does not allow
to consistently describe the observed transport response. Consequently, we propose an al-
ternative explanation of the magnetoresistance in such heterostructures, using the Hanle
magnetoresistance and assuming an interface which has a finite electrical conductivity.
This alternative model can serve to generalize the theory of the spin Hall magnetore-
sistance, providing addition information on the microscopic picture for the loss of the
transverse spin component. Additionally, by partly removing the magnetic insulator and
studying the ensuing changes, we verify that magnons are crucial for the observation of
a non-local magnetoresistance in bilayers of a magnetic insulator and a metal. Finally,
the local and non-local spin Seebeck effect (i.e. the electric field generated by a thermally
driven pure spin current) is investigated in bilayers of Cr2O3 and Pt where the occurrence
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of a spin superfluid ground state was reported. In our sample, however, the transport re-
sponse is consistent with the antiferromagnetic spin Seebeck effect mediated by the small
magnetic field inducedmagnetization also reported for other antiferromagnet/metal het-
erostructures. As such, we cannot verify the presence of a spin superfluid ground state
in the system.

In the second part of this thesis, the topological properties of the electronic system and
the related changes of the magnetoelectric and magnetothermal transport response are
investigated. To that end, we first demonstrate a novel measurement technique, the alter-
nating thermal gradient technique, allowing to separate the relevant thermovoltages from
spurious other voltages generated within the measurement setup. We employ this novel
technique formeasuring the topological Nernst effect inMn1.8PtSn and show the possibil-
ity to combine the magnetoelectric and magnetothermal transport response to evaluate
the presence of topological transport signatures without requiring magnetization mea-
surements. Additionally, we show that the anomalous Nernst effect in the non-collinear
antiferromagnet Mn3Sn is connected to the antiferromagnetic domain structure: Using
spatially resolved measurements of the anomalous Nernst effect, direct access to the anti-
ferromagnetic domain structure is demonstrated. Additionally, a thermally assisted do-
main writing scheme is implemented, allowing the preparation of Mn3Sn into a defined
antiferromagnetic domain state.
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Chapter 1

INTRODUCTION

1.1 Motivation
Magnetoresistive effects have permeated the history of fundamental solid state re-

search, where new magnetoresistive effects often led to new discoveries and sometimes
even applications. Thus, this thesis will begin with a short history of magnetoresistive
effects to establish their significance in the context of fundamental research as well as
to demonstrate some of their applications in modern technology. The first observation
of a magnetoresistance (MR), i.e. a change of resistance upon application of a magnetic
field, was reported by Lord Kelvin in 1856 in Ni and Fe.18 Lord Kelvin recognized that the
resistance of these (ferromagnetic) metals depends on the relative orientation of the elec-
tric current and the magnetic field. Thus, the magnetoresistance was named anisotropic
magnetoresistance (AMR). The understanding that the (magnetic) properties and the
external magnetic and electric fields around a material reflect in the electrical resistance
is one fundamental observation upon which all further studies of magnetotransport are
based. Another magnetoresistive effect is the Hall effect, uncovered by Edwin Hall some
thirty years after the discovery of the AMR.19,20 The Hall effect arises when a magnetic
field is applied perpendicular to an electric current, generating an electric field in the third
orthogonal direction. In a free electron gas (or in materials with only one parabolic con-
duction band) the Hall effect allows to determine the carrier concentration as well as the
carrier type. The AMR and the Hall effect have found many applications in sensors of
magnetic field orientation and strength. Today’s smartphones are one prominent exam-
ple where both types of effects are used: They feature a proximity sensor based on the
Hall effect to detect whether the screen needs to be turned on or off and an AMR sensor
used as a compass21–23.

In addition, the ability to use magnetoresistive elements as electric sensors for mag-
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2 1.1. MOTIVATION

netic fields opened the door to efficient high density magnetic data storage. One of the
most prominent examples where this direct conversion from magnetic fields to electric
voltages is used are hard drives: The first available devices used induction voltages gen-
erated by the moving magnetic bits for readout, such that the storage density and scala-
bility of the drives was limited.24 Only due to the larger sensitivity to magnetic fields of
AMR elements it became possible to further increase the storage density in hard drives.
Further improvements were achieved by using the giant magnetoresistance (GMR)25,26
superseded more recently by the tunneling magnetoresistance (TMR).27–29 Both effects
show a larger magnetoresistance compared to the AMR, i.e. an even greater sensitivity to
magnetic fields.24,30

Recently, there have been efforts to utilize not only the charge of electrons for comput-
ing but additionally their spin. In this field, tools to electrically detect spin currents have
been discovered. Most notably, the spin Hall effect31–34 allows to electrically generate
and detect spin currents in non-magnetic metals (NM) with finite spin orbit coupling.
In these NMs, where Pt is the prime representative, applying a charge current leads to
the generation of a transverse spin current due to spin-dependent electron scattering or
band structure effects.35 However, in these NMs, the spin current is still carried by elec-
trons and thus inherits all the associated downsides (e.g. ohmic losses and low diffusion
distance).36

Therefore, in an effort to decouple the spin and charge degree of freedom, ferro-
magnetic insulator (FMI)/NMheterostructures have been intensively studied in different
ways.16,37–45 In such bilayers, similar magnetoresistive effects as in ferromagnetic metals
can be found: The spin Hall magnetoresistance (SMR), caused by the interplay of the
spin Hall effect and its inverse, becomes evident as a dependence of the NM resistance
on the magnetization orientation of the FMI. In the SMR, a finite (pure) spin current can
enter into the FMI through the FMI/NM interface more or less efficiently depending on
the orientation of the magnetization. Thus, an additional channel for energy dissipation,
depending on the magnetization direction, is present, which consequently changes the
metal resistance.42–44

While the SMR is only a local probe, measuring the spin current and thus the dissi-
pation flowing into the FMI, a second “non-local” detector, (electrically) insulated from
the first one, can be placed in close vicinity to a local injector in more complex FMI/NM
heterostructures. If, in such a configuration, a spin current is generated below the injec-
tor (i.e. by converting an electric current via the spin Hall effect), it can diffuse through
the FMI and, given a small enough separation, reach the detector. There, the spin cur-
rent can be electrically measured using the inverse spin Hall effect. This non-local effect
is often called the magnon-mediated magnetoresistance (MMR) and allows to study the
propagation of pure spin (magnon) currents.16,40,41,45

First experiments using such pure spin currents generated by the spin Hall effect for
direct electrical writing of magnetic storagemedia have been presented.46–48 There, a spin
Hall active metal is used to inject a sufficiently large spin current into an adjacent (thin)
ferromagnetic layer, inverting its magnetization via the spin orbit torque. A potential
application has already been put forward: The spin orbit torque magnetic random access
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memory (SOT–MRAM) inwhich themechanismmentioned above is used for writing the
magnetic state. The readout in these SOT–MRAMs is implemented using the TMR due
to its large sensitivity. It was recently shown that such SOT–MRAMs can be integrated
with the current CMOS technology, allowing the utilization as non-volatile integrated
memory.49

Apart from these obvious applications in our current technology, magnetoresistive
effects allow to study a zoo of interesting fundamental effects present in magnetic me-
dia. For example, non-collinear phases in ferrimagnetic insulators can be detected using
the spin Hall magnetoresistance.15,50,51 Additionally, the topology of the band structure
can give rise to further interesting phenomena like the quantum Hall effect or the topo-
logical Hall effect.52–54 The prior is present if a large magnetic field is applied to a 2D
electron gas making the interior of the material insulating and allowing only the edges to
be conductive in a quantized fashion (i.e. mimicking a topological insulator).52,55–57 The
latter can be caused either by topological defects of the spin texture (e.g. Skyrmions) or a
non-coplanar alignment ofmultiplemagnetic sublattices in ferrimagneticmaterials.53,58,59
These “topological” transport effects, in turn, can be used to probe the phase boundaries
of topological phases, e.g. the Skyrmion phase.58

As such, magnetoresistive effects, yielding crucial insights into the inner structure of
solid state matter, are highly relevant for fundamental research.

1.2 Outline
Before a more detailed description of some of the above-introduced effects will be

given in Sec. 1.3, a brief overview of the thesis is outlined below to establish the rele-
vance of the effects in the context of this work. In this thesis three main topics are ad-
dressed, where the first topic covers the experimental requirements and the design of the
setups used for the state-of-the-art magnetotransport experiments covered in the other
two topics. The second topic deals with the investigation of pure spin current phenom-
ena in bilayers of a magnetic insulator and a spin Hall active metal. Finally, the impact of
topology and non-trivial magnetization textures/states on the transverse magnetotrans-
port response is the subject of the third topic. These three topics are distributed over eight
chapters as described in the following:

Magnetotransport measurements require the integration of sample mounting, tem-
perature control, magnetic field and readout electronics into one measurement setup.
The design of the setups used during this thesis and how the integration is accomplished
in detail is discussed in Ch. 2. Additionally, relevant information on how the magneto-
transport measurements are carried out and what measurement concepts are utilized are
presented there.

As part of the second topic, studies of the spin Hall magnetoresistance in non-crys-
talline Y3Fe5O12/Pt bilayers and heterostructures of Cr2O3 and Pt or Ta are discussed in
Ch. 3. This chapter mainly deals with the nature of the microscopic mechanisms of the
SMR and the interactions at the interface between the magnetic insulator and the metal.
Chapter 4 is dedicated to the magnon-mediated magnetoresistance in Y3Fe5O12/Pt het-
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erostructures: The possible contribution of phonon currents to the non-local magneto-
transport is elucidated and excluded by using a focused ion beam to remove the mag-
netic material in between the injector and detector. Additionally, the evolution of the
MMR (and the SMR) towards the Curie temperature of Y3Fe5O12 is studied. Finally, a
non-local second harmonic magnetoresistance was reported as evidence for spin super-
fluidity in bilayers of Cr2O3 and Pt in Ref. [60]. In Ch. 5 similar experiments are carried
out in Cr2O3/Pt heterostructures to validate this finding.

The third topic covers the transverse magnetoresistance and the transverse magne-
tothermopowermeasured inMn1.8PtSn, where a large topologicalHall effect and topolog-
ical Nernst effect are observed (c.f. Ch. 6). Furthermore, spatially resolvedmeasurements
of the anomalous Nernst effect allow to infer the antiferromagnetic domain structure of
Mn3Sn thin films (c.f. Ch. 7). Both Mn1.8PtSn and Mn3Sn are reported to have non-trivial
magnetic topology, crucially impacting the transport response.

Finally, in the last Ch. 8 a summary of all experiments presented in this thesis is given.

1.3 Background

In this section, a more detailed description of the effects introduced in Sec. 1.1, which
are relevant in the context of this thesis, will be given. Additionally, the current theoretical
picture of the mentioned effects and the novel questions recently addressed in literature
will be summarized.

1.3.1 Spin Hall Magnetoresistance

The spin Hall magnetoresistance (SMR) arises due to the simultaneous action of the
spin Hall effect and its inverse in normal (i.e. non-magnetic)1 metals (NM) with large
spin orbit interaction interfaced with a ferromagnetic insulator.42–44 If a charge current2
Jc is driven in such a normal metal, band structure effects or spin-dependent scattering
can give rise to a disparate transverse deflection of spin up and down electrons.31,32,35,61

Consequently, a transverse spin current Js with polarization along s arises:44,62

Js = 𝜃SHs × Jc. (1.1)

Here, the charge current and spin current are particle flows and 𝜃SH is the spin Hall angle,
a measure for the efficiency of the charge to spin conversion. This effect, named spin Hall
effect (SHE)31 is sketched for a spin polarization s = ∓y in Fig. 1.1a.

Analogously, for the inverse spin Hall effect (ISHE) the same scattering converts a
spin current to a charge current (c.f. Fig. 1.1b).35,62

Jc = 𝜃SHs × Js (1.2)
1Non-magnetic in this thesis refers to metals which do not have a long-range magnetic order, i.e. are

neither ferro-, ferri- or antiferromagnetic.
2In this chapter, charge and spin “currents” refer to the respective particle current densities.
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Figure 1.1: aA schematic of the spin Hall effect is shown. If a charge current Jc is applied
in normal metal with finite spin orbit coupling, electrons with spin up (circles with point)
and spin down (circles with cross) are scattered differently. This spin dependent scatter-
ing gives rise to a spin current perpendicular to the spin accumulation and the charge
current. b The inverse spin Hall effect generates a charge current from a spin current.
Please note, that the spin current as drawn here is associated with spin down spins (i.e.
s = −y)

With a charge current flowing, spins will accumulate at the interfaces of the NM. In
steady state, this spin imbalance in turn generates a spin current canceling the original
spin current, leading to zero net spin current flow. Thus, the incoming and outgoing
charge currents in such a device would be equal. In this case, the incoming and outgoing
charge currents refer to the current flowing in the device with a constant applied electric
field in the absence or presence of the spin Hall effect, respectively.3 If a ferromagnetic
insulator (FMI) with magnetization M is now attached to one interface of the NM two
cases can be considered: First, the magnetization is aligned parallel to the spin polariza-
tion s of the spin accumulation (c.f. Fig. 1.2a).42–44 In this case, the magnetization cannot
interact with the spin accumulation at least in a first order approximation. Thus, this case,
depicted in Fig. 1.2a, resembles the vacuum case, where no FMI is present (c.f. Fig. 1.1a).

z

x
yM JSTT

Jc,in

Js ≠ 0

s Jc, out

M

Js = 0

a

Jc,in

FMI

NM
s

Jc, out

b

Figure 1.2: a In a FMI/NM heterostructure with the magnetization M aligned along the
direction of the interface spin accumulation s, the steady state spin current is zero. Thus,
the incoming and outgoing charge currents are equal. b If M and s enclose a finite an-
gle, the spin accumulation can enact a torque on the magnetization. In this case, angular
momentum is transferred to the FMI and the steady state spin current is non-zero. Con-
sequently, also the incoming and outgoing charge currents are unequal: The resistance
of the normal metal is higher if a spin current is flowing into the FMI due to the angular
momentum loss.

3We also assume that the spin is conserved.
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On the other hand, if the magnetization encloses a finite angle with s, the spin accu-
mulation enacts a torque on the magnetization, viz. the spin transfer torque44

𝜏STT ∝ m × (m × s). (1.3)

Thus, angular momentum is absorbed by the FMI resulting in a steady state spin cur-
rent flowing in the NM. Consequently, the incoming and outgoing charge currents are
unequal, which can be interpreted as a resistance increase in the NM due to the angular
momentum loss over the interface to the FMI (c.f. Fig. 1.2b). In summary, the resistance
of the normal metal changes depending on the relative alignment of the ferromagnetic
insulator magnetization and the spin accumulation in the normal metal.

yx

z

l

w
t

Figure 1.3: Resistivity measurements are
typically carried out in a Hall bar geometry,
where the geometry given by the thickness 𝑡
and thewidth𝑤 of the conduction channel as
well as the length 𝑙 between the longitudinal
contacts is well defined. In such a Hall bar,
the longitudinal and transverse resistivities
can be inferred from the respective voltages
𝑉ℓ and 𝑉𝑡 and the applied electric current 𝐼
as shown in Eq. (1.4) and Eq. (1.5).

The modulation dependence of the longitudinal (𝜌ℓ) and transverse (𝜌𝑡) resistivities
for Jc ∥ −x and spin accumulation s ∥ −y (c.f. Fig. 1.2) can be described by Eq. (1.4) and
Eq. (1.5), respectively.44

𝜌ℓ = 𝑉ℓ
𝐼

𝑤𝑡
𝑙 = 𝜌0 + 𝛥𝜌(1 − 𝑚2

𝑦) (1.4)

𝜌𝑡 = 𝑉𝑡
𝐼 𝑡 = 𝛥𝜌 𝑚𝑥𝑚𝑦 + 𝛥𝜌H𝑚𝑧, (1.5)

where, 𝑉ℓ and 𝑉𝑡 are the longitudinal and transverse voltages measured on a normal
metal Hall bar and 𝐼 is the electrical current used to drive the system (c.f. Fig. 1.3).4 To
infer the resistivity, the geometry of the Hall bar needs to be included, where 𝑤, 𝑙 and 𝑡
are the width, length and thickness of the NM, as shown in Fig. 1.3.

Furthermore, 𝑚𝑖 = 𝑀𝑖
|𝑀| are the normalizedmagnetization components along theCarte-

sian axes, 𝜌0 is the resistivity of the normal metal without the FMI attached5 and 𝛥𝜌 > 0 is
the resistivity change due to the SMR. Consequently, the SMR amplitude is given by 𝛥𝜌

𝜌0
.

𝛥𝜌H is the amplitude of the spin Hall anomalous Hall effect arising through the exchange

4For electrons, the electrical current is related to the charge current by 𝐼 = −|𝑒|𝐽c𝐴, with the conductor
cross section 𝐴 = 𝑤 ⋅ 𝑡 and the electron charge 𝑒

5Please note, that 𝜌0 in the original work refers to the Drude resistivity, whereas here, 𝜌0 includes all
contributions to the resistivity which are independent of the magnetization
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field at the FMI/NM interface.44,63 To provide a visual perception of the signature char-
acteristic to the SMR, the longitudinal and transverse resistivities are shown for rotations
of the magnetization within the three planes spanned by the Cartesian axes x, y and z in
Fig. 1.4.

0

0 +

0 90 180 270 360
(deg)

H

/2
0
/2
H

t

0 90 180 270 360
(deg)

0 90 180 270 360
(deg)

yx

z

yx

z

yx

z

Figure 1.4: Themodulation of the longitudinal (a-c) and transverse (d-f) resistivity given
by Eq. (1.4) and Eq. (1.5), respectively, is sketched here. The three columns correspond
to rotations of the normalized magnetization m = M/|M| in the three planes spanned by
the Cartesian axes (i.e. xy, zy and zx). Only if the y component of the magnetization 𝑚𝑦
changes a modulation of 𝜌ℓ is evident (a,b). Insets adapted from Ref. [10].

Several studies of the SMR in systems with more than one magnetic sublattice, i.e.
ferrimagnets, antiferromagnets and chiral magnets, were carried out to date. In such sys-
tems, it was theoretically shown that the spin transfer torque does not necessarily couple
(only) to the netmagnetization of thematerial but to the individual sublattices.64 This the-
oretical picture was corroborated by experimental data taken in the non-collinear phase
of helimagnets and ferrimagnets with a magnetic compensation temperature, where the
spin accumulationwas shown to couple to the individualmagnetic sublattices.15,50,51 Con-
sequently, the SMR can even be observed in antiferromagnets, since it is symmetric upon
magnetization reversal (c.f. Eq. (1.4)).11,65,66

Finally, some additional effects with an angular dependence similar to the SMR are
summarized in the following, as they are currently vividly discussed in literature: In ad-
dition to the magnetization in the FMI absorbing angular momentum from the NM via
the spin transfer torque, magnons can be generated in the FMI by the spin accumulation
in the NM.16,40,41,45 This mechanism, present if the magnetization is aligned parallel to
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the spin polarization, will be discussed in the context of the non-local magnon-mediated
magnetoresistance (MMR, c.f. Sec. 1.3.2). Here, the additional spin current entering the
FMI for M ∥ s effectively reduces the SMR amplitude as there is always finite dissipation.
Since this direct exchange of spins parallel to the magnetization (i.e. spin flip scattering
of an electron at the interface generating or destroying an incoherent magnon in the FMI)
is considered to be small in ordered magnetic insulators, these contributions have only
been included in very recent theories.63

Last but not least, the magnetic field can also directly interact with the spins at the
interface. This is not considered in the original SMR theory, where only the effects due
to the magnetization of the FMI are taken into account.44 In experiment, the magnetiza-
tion orientation can only be controlled indirectly by applying an external magnetic field.
Consequently, the SMR symmetry in experiment usually refers to the direction of the
magnetic field as the extrinsic (experimentally controllable) parameter.43 However, even
in the absence of a FMI, a magnetoresistance with the same symmetry as the SMR with
respect to the direction of themagnetic field can be observed.67,68 Thismagnetoresistance,
called the Hanle magnetoresistance (HMR) arises due to the interaction of the magnetic
field with the interfacial spin accumulation, lowering the spin lifetime and thus again
reducing the spin accumulation (i.e. providing a dissipative channel).

There have been recent efforts to generalize the SMR and HMR theory into one mi-
croscopic theory by Zhang et al. and Velez et al. in Refs. [63] and [69], respectively. Their
theory already provides a general explanation for the SMR andHMR for heterostructures
of long-range ordered and paramagnetic insulators and a spin Hall active metals from a
microscopic perspective: By including an interfacial layer of magnetic impurities, they
model the exchange field at the interface allowing to describe the loss of spin information
from the normal metal in terms of relaxation times. However, although taking into ac-
count most of the additional effects, diffusive processes and direct electronic exchange of
spin has so far not been included in this theory.

Since all of the effects mentioned above show the same symmetry as the SMR and
might depend on the magnetic field (a field dependence is known for the HMR and the
non-local magnetoresistance), disentangling SMR, HMR and locally observed MMR is
particularly tedious. To do so, the experimental approach would be a systematic study
of the magnetic field dependence of the resistivity in the three high symmetry directions
up to high magnetic fields. Since the effect sizes (depending on the materials) differ by
orders of magnitude, extreme care has to be taken with the alignment of the sample to
mitigate intermixing of the signals.

1.3.2 Non-Local Magnon-Mediated Magnetoresistance

By spatially separating the spin injection via the SHE and the spin detection via the
ISHE (which takes place in simultaneously for the SMR, c.f. Fig. 1.2), it should be pos-
sible to study the spin transport through a magnetic insulator by simple electrical mea-
surements. Such a structure can for example be made laterally using lithography on a
FMI/NM heterostructure: Two electrically insulated NM wires are placed in close vicin-
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ity of each other on top of a FMI (c.f. Fig. 1.5). If a current is driven in one of the NM
wires (the injector), a spin current will flow into the FMI which can be detected in a small
enough distance by the inverse spin Hall effect in the other wire (the detector) as a “non-
local” current Jc,nl.

Figure 1.5: A charge current in a NM wire (injector) generates a spin accumulation at an
FMI/NM interface via the spin Hall effect. If this spin accumulation s is parallel to the
magnetization M of the FMI, magnons are injected at the interface. By diffusion, these
magnons can reach a second NM wire (detector), which is electrically insulated from the
injector. There, the magnons can again generate a spin accumulation (and thus a spin
current) which is converted to a charge current via the inverse spin Hall effect. Using this
non-local magnon-mediated magnetoresistance the magnon transport in the FMI can be
investigated.

This simple thought experiment led to the discovery of the non-localmagnon-mediated
magnetoresistance.16,40,41,45 It turns out, however, that themechanism for the spin current
generation is not the spin transfer torque - as onewould naively expect from the SMR - but
spin flip scattering at the interface. The spin flip scattering due to the exchange coupling
of the NM’s conduction electrons and the magnetic ions in the adjacent FMI leads to the
generation or annihilation of magnons in the FMI.41 Thus, the magnetization component
parallel to the spin accumulation is relevant. Please note, that the direction component
has to be squared because both, the injection and detection, impose a projection of the
magnetization due to the geometry of the experiment (c.f. Eq. (1.1) and Eq. (1.2)). For
the geometry depicted in Fig. 1.5, the spin Hall effect and inverse spin Hall effect can be
generated/detected for the magnetization component along y.

Jc,nl ∝ (m ⋅ s)2 = 𝑚2
y (1.6)

Consequently, the effect can be understood in amagnon diffusion picture: The spin ac-
cumulation at the FMI/NM interface of the injector generates a non-equilibrium magnon
accumulation. These magnons, in turn, diffuse through the FMI and are detected via the
ISHE in the second NM wire. Please note, that for this lateral structure, the direction of
the two charge currents is parallel (and the two spin currents are antiparallel). Conse-
quently, with open boundary conditions, the sign of the non-local voltagewill be opposite
to the voltage on the local contacts.16,45 For a vertical NM/FMI/NM stack this will be ex-
actly opposite (both spin currents are parallel), so that here the same voltage polarity is
observed.70

Thus, the MMR allows to study the transport of incoherent magnons in a FMI using
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purely DC currents.16 Typical magnon diffusion lengths 𝜆m in magnetic insulators (e.g.
Y3Fe5O12 or NiFe2O4) are in the range of a few 100 nm to 10µm.16,45,71–73

More recently non-localmagnetotransport experiments in lateral heterostructures con-
sisting of a magnetic insulator with a more complicated magnetic structure and Pt were
carried out. In particular, it was shown that in bilayers of Pt and the ferrimagnetic in-
sulators Gd3Fe5O12, having a compensation temperature 𝑇comp close to room tempera-
ture, the non-local magnetotransport vanishes at 𝑇comp.74 This is speculated to be a result
of inefficient magnon generation or magnetic domain formation.75 Additionally, results
on antiferromagnetic insulators were presented by Lebrun et al. in Ref. [76]. In their
𝛾–Fe2O3/Pt heterostructures, they observe an electrically driven non-local magnetotrans-
port over large distances of up to 10µm.

Finally, the possibility to modify the magnon transport by using an additional gate
in between the injector and detector was reported.15 Using this gate, the magnon current
from the injector to the detector can be turned on or off. In this geometry additional
non-linear processes can be observed: If the magnon population below the gate is excited
by magnon injection (i.e. driving a large current through the gate) the diffusion length
and transport efficiency can be altered.77 For very thin FMI films, the system can even
be driven into damping compensation by the spin orbit (antidamping) torque below the
gate.78 Thus, very efficient long-distance transport might be possible in such structures.

1.3.3 Spin Seebeck Effect
We now turn to the spin Seebeck effect (SSE) typically observed in FMI/NM het-

erostructure. For the observation of the SSE a thermal gradient instead of a current is
applied to the heterostructure, with the heat flowing from theNM(hot) to the FMI (cold).
Consequently, a spin current will arise, flowing along to the heat gradient.79,80 This spin
current can then be electrically detected in the adjacent NM layer via the inverse spin
Hall effect.81 It was shown that the resulting charge current in the NM depends crucially
on the difference between the electronic temperature of the NM and temperature of the
magnonic system of the FMI.79,82 Since the spin current generated by the thermal gradient
is polarized along the magnetization direction s ∥ m, the symmetry is given by

Jc,SSE ∝ m × z, (1.7)

where z is the direction perpendicular to the plane (i.e. the direction of the spin curren-
t/heat flow, c.f. Fig. 1.6). The cross product stems from the symmetry of the inverse spin
Hall effect in the normalmetal (c.f. Eq. (1.2)). Consequently, Jc,SSE will only be detectable,
if the magnetization is in the plane perpendicular to the heat flow and encloses a finite
angle with the direction along which the current is measured. The effect is sketched in
Fig. 1.6 for m ∥ y, where the resulting charge current 𝐽c,SSE ∝ 𝑚𝑦 will flow along x.

Again, systems beyond simple ferromagnets have been studied, where it was found
that the spin Seebeck effect crucially depends on the magnon spectrum of the insula-
tor.83,84 Additionally, the spin Seebeck effect was found to be present also in antiferro-
magnetic85–89 and even paramagnetic insulators.90 In these systems, the magnitude of the
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Figure 1.6: A thermal gradient is applied perpen-
dicular to the stacking order in a FMI/NM het-
erostructure. If this gradient drives a spin current
from the normal metal into the FMI, a perpendicu-
lar charge current will arise due to the inverse spin
Hall effect.

spin Seebeck effect follows the spin susceptibility of the system and the external magnetic
field, or more specifically the induced magnetization.91

Finally, the spin Seebeck effect can be used for spatial imaging if a localized gradient is
used for driving the system.39 Recently, it was shown that this even works for AFMI/NM
structures, where the spin Seebeck effect is claimed to be sensitive to the Néel vector ori-
entation.85,92

1.3.4 Hall Effect and Nernst Effect
Consider a current Jc of particles with charge 𝑞 (e.g. electrons) flowing in a normal

metal. If a magnetic field H is applied perpendicular to this current, the particles will
get deflected by the Lorentz force. Thus, the particles acquire a finite momentum into
the direction perpendicular to both, the initial charge current and magnetic field. This
additional transversemomentumcan be understood as charge current. In steady state and
with open transverse boundaries,6 this transverse charge current has to vanish, leading
to an additional electric field

EHall ∝ 𝑞Jc × H, (1.8)

which can be measured by attaching contacts to the sides of the normal metal.19
An equivalent discussion can be made for the Nernst effect, where the charged par-

ticles are moved by the application of a thermal gradient instead of an external electric
field: When heating a normal metal on one side, free particles will diffuse towards the
cold side.93 Consequently, a charge current as described for the Hall effect will flow, get
deflected by the magnetic field and give rise to a transverse electric field94

ENernst ∝ 𝑞Jc × H. (1.9)

The Hall and Nernst effect are sketched in Fig. 1.7a and b, respectively.
Both, the Hall effect and Nernst effect are linearly increasing with magnetic field

strength and change their sign upon magnetic field reversal. This behavior is usually re-
ferred to as “ordinary”, justifying the name ordinary Hall andNernst effect to distinguish
them from the effects introduced in the following. We thus can describe the ordinary Hall
effect terms of the transverse electrical resistivity

𝜌𝑡 = 𝜌𝑥𝑦 = 𝑅0𝐻z, (1.10)
6For open transverse boundaries no current can flow through the transverse metal boundaries.
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EHall
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Figure 1.7: a A charge current in a normal metal is carried by charged particles (e.g.
electrons). If a magnetic field H is applied perpendicular to the charge current Jc, the
charged particles will be deflected by the Lorentz force into the third orthogonal direction,
giving rise to a charge accumulation at the interfaces. Thus, an electric field EHall will arise
in this direction. This phenomenon is called the Hall effect. b Similarly, charged particles
can be moved by a thermal gradient: Here, one side of the normal metal is heated, giving
rise to thermal diffusion of the charge carriers from the hot side to the cold side. In analogy
to the Hall effect, the moving particles get deflected, giving rise to an electric field ENernst
in the direction perpendicular to the thermal gradient and the magnetic field. This is the
Nernst effect.

with the ordinary Hall coefficient 𝑅0.
If the normal metal is replaced by a magnetic one (e.g. iron), an additional transverse

electric field will be visible, which is not directly proportional to the magnetic field.20
This anomalous Hall effect does not stem from the additional stray field from the magne-
tization (i.e. 𝐻 → 𝐻 + 𝑀) but from spin dependent scattering and/or intrinsic contribu-
tions.95–99 These intrinsic contributions originate from the band structure and are usually
treated using the Berry formalism.53,100,101 In this formalism, the anomalous Hall effect is
a consequence of the Berry curvature of the band structure.

Inmostmagneticmetals, themagnitude of the anomalousHall (andNernst) effect are
proportional to the magnitude of the magnetization.95,102,103 Thus, the transverse electric
resistivity of the normal metal (c.f. Eq. (1.10)) is modified by including another term95

𝜌𝑡 = 𝜌𝑥𝑦 = 𝑅0𝐻z + 𝑅𝑠𝑀z, (1.11)

where 𝑅𝑠 is the coefficient of the anomalous Hall effect.7 Please note, that through 𝑅𝑠,
which can scale with the resistivity 𝜌𝑥𝑥, also the anomalous Hall effect can depend on the
magnetic field.95

Recently, reports accumulated where this scaling seems to be violated.58,103–108 Al-
though the physical origin, i.e. a finite Berry curvature, is similar, two types of system are
usually distinguished due to their different dependence on the magnetization:

First, there are systemswith non-coplanar spin textures, where the spin chirality gives
rise to an additional Hall effect, often referred to as the topological Hall effect.54,95,109
Such non-coplanar spin textures include Skyrmions110,111 and conical phases.59,112 As the
presence of such non-coplanar spin textures can depend on the phase diagram, no general

7There will also be an ordinary Hall effect due to the magnetic stray field (i.e. 𝐻 → 𝐻 + 𝑀). This contri-
bution, however, is typically absorbed into the anomalous Hall coefficient due to the difficulty in separating
the two effects.
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scaling with the magnetic field or magnetization has been found yet.
The second kind of systems are non-collinear antiferromagnets, where a large anoma-

lous Hall and Nernst effect is observed.103,107 In these system, the anomalous Hall effect
follows themagnetization loop as a function of themagnetic field, but the negligiblemag-
netization is significantly too small to explain the large effect sizes. This finding is associ-
atedwith the non-collinear spin structure breaking the time reversal and spatial inversion
symmetry. Such a spontaneously broken symmetry is required for observing an anoma-
lous Hall effect as otherwise the Berry curvature, and consequently the anomalous Hall
effect, have to vanish.113

Finally, it was also proposed recently that even in collinear antiferromagnets, a finite
anomalous Hall effect can be observed.114 In this case, the symmetry is broken by the
non-magnetic atoms in the crystal structure.

Please note, that the discussion in this section focusedmostly on theHall effect, which,
as already discussed above, is closely related to the Nernst effect.115,116 As such, most of
the findings discussed above in context of the Hall effect, also apply to the Nernst effect.
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Chapter 2

EXPERIMENTAL SETUPS AND DETAILS

In this chapter, the experimental facilities whichwere designed and used in the course
of this thesis will be introduced. This chapter will begin with a short introduction to the
requirements of (magneto-)transport measurements and a short summary of the basic
concepts underlying the measurement setups (c.f. Sec. 2.1). This introduction will be fol-
lowed by the description of the design of the different measuring inserts assembled as
part of this thesis, and the measurement geometry in the different magnet setups. Ad-
ditionally, a scanning laser setup used for spatially resolved measurements of thermally
generated voltages will be specified in Sec. 2.5. The chapter will conclude by an explana-
tion of the used measurement schemes and devices as well as a discussion of the typical
measurement noise and resolution (c.f. Sec. 2.6).

Before going into details, and to provide some orientation for the reader, the different
magnet systems will be listed here shortly. First of all, there are three magnet cryostats,
one with a 3D vector magnet named “Chaos”, another with a split coil magnet called
“Oscar” and finally, one with a solenoid magnet referred to as the “VSM cryostat”. To
enable transport experiments in these magnets, twomeasuring inserts were assembled in
the course of this thesis, where the first one fits only the Chaos and the VSM cryostat. The
second, improved measuring insert has a smaller outer diameter and thus fits all three
magnet systems. It also features an interchangable “puck” system, allowing to mount the
sample in three orthogonal orientations.

On the other hand, several room temperature magnets are described in this thesis.
These include three similar Halbach magnet setups with different fixed magnetic fields
and a 2D vector electromagnet. The correspondingmeasuring inserts can fit into either of
thesemagnets, where versionswith Peltier control or resistive heaters are available to con-
trol the temperature in a window around room temperature. Furthermore, a high tem-
perature measuring insert is available, which additionally fits into a 3D printed smaller

15
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Halbach array. Finally, although not further discussed in this chapter, all measurements
are automated using a custom Python measurement program which has been written in
the course of this thesis (c.f. App. C).

2.1 Experimental Requirements and Design Ideas

In order to measure the resistance of a given material, viz. the sample, it must be elec-
trically contacted to the measurement electronics (c.f. Fig. 2.1). Additionally, since the
goal is the study of the magnetotransport response, the sample additionally needs to be
subjected to a magnetic field and possibly low (or high) temperatures. Since the sensitive
measurement electronics should not be exposed to such harsh conditions, a spatial sepa-
ration between the sample and the electronics is required. To that end, the sample needs
to be attached to a measuring insert, extending the electrical contacts, which in turn is in-
serted to the magnet (cryostat). Since such a design would require the measuring insert
to be modified for each individual sample, a slightly more complex approach was cho-
sen here: To allow flexible use of a sample in the various setups, the sample is mounted
on a chip carrier and contacted by wedge bonding with Al wire. This chip carrier can
then be attached to a socket on the measuring insert. To be compatible with industry
standards and allow more sophisticated measurement schemes requiring a large number
of contacts, we decided to use commercially available 32pin ceramic leadless chip carrier
(CLCC). Additionally, to further increase the usability and the flexibility of our measure-
ment setup, the measuring insert is connected to a breakout box (c.f. Sec. 2.6) to allow
flexible connection to the measurement electronics. A contacted sample on such a chip
carrier can be seen in Fig. 2.2a.

magnet
cryostat

sa
m

pl
e

wires

measuring 
insert

measurement
electronics

Figure 2.1: A sketch of a very basic measurement setup to determine the magnetotrans-
port response is shown here to demonstrate the minimal requirements. The sample has
to be inserted into a magnet (cryostat), which is accomplished by using a measuring in-
sert. Additionally, electrical contact from the measurement electronics to the sample is
required.

In the following, the two typical magnetotransport measurement schemes will be
described: First, there are field dependent magnetoresistance (FDMR) measurements,
where the resistance is measured as a function of the magnetic field strength. These
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FDMR measurements (often also called field sweeps) can be carried out with the mag-
netic field applied along different directions with respect to the sample. Secondly, in-
stead of varying the magnetic field strength, it can be helpful to keep the magnetic field
constant and vary the angle under which it is applied. These angle resolved magnetore-
sistance (ARMR) measurements are typically carried out for the three mutually orthog-
onal rotation planes spanned by the Cartesian coordinate system. Collecting a full set of
ARMR data (i.e. for all three rotation planes) can be very helpful for distinguishing be-
tween different magnetoresistive effects (e.g. to identify the spin Hall magnetoresistance,
c.f. Sec. 1.3.1 and Fig. 1.4). To allow consistent and easy comparison between different
samples, measurements and measurement setups, a standard coordinate system with re-
spect to the Hall bar is defined and used during this thesis, unless specifically denoted
otherwise. This coordinate system is defined by the current direction x = j, the transverse
direction y = t and the surface normal z = n of the thin film sample. The polarity of the
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Figure 2.2: a The 32 pin ceramic leadless chip carrier (CLCC) used in the setups assem-
bled during this thesis has lateral dimensions of 14mm × 11.5mm and can fit samples of
up to 8.8mm × 7.5mm. Including a custom made socket, it can fit into a cylinder with
⌀22mm. A Hall bar sample is mounted and wirebonded onto it. b Sketch of a Hall bar
with the coordinate system used throughout this thesis. The polarity of the current is
chosen, so that a positive electric current (i.e. from + to −) is flowing along j. The longi-
tudinal voltage 𝑉ℓ is measured along the current direction j, while the transverse voltage
𝑉𝑡 is measured along the transverse direction t.
c-e Angle resolved magnetoresistance measurements performed during this thesis are
typically carried out within the three planes spanned by the coordinate system shown
in panel b. Thus, the magnetic field is either rotated around the surface normal of the
thin film sample (c, in-plane, ip), around the current direction (d, out-of-plane around j,
oopj) or around the transverse direction (e, out-of-plane around t, oopt). Adapted from
Ref. [10]



18 2.2. MEASURING INSERT FOR HALBACH SETUP

contacts is chosen so that a positive current (technical current direction, from + to −) is
flowing in the positive j direction, as depicted in Fig. 2.2b. The rotation angles 𝛼, 𝛽 and 𝛾
of the magnetic fields in the three orthogonal rotation planes are depicted in Fig. 2.2c-e,
respectively. For an in-plane rotation (ip, Fig. 2.2c), the magnetic field is rotated from the
current direction j towards the transverse direction t in the film plane. For the two out-of-
plane rotations, the magnetic field is rotated from the surface normal n either around the
current direction j (oopj, d) or around the transverse direction t (oopt, e). The sense of ro-
tation is always counter-clockwise when looking onto the rotation plane into the negative
third direction (i.e. looking onto the tip of the vector).

2.2 Measuring Insert for Halbach Setup

Originally built by a PhD student in Munich,117 the first setup available in Dresden
was a hollow cylindrical Halbach array,118 with a diametrically oriented magnetic field
of 𝜇0𝐻ext ≈ 1.1T and a clear bore of 40mm.1 By rotating the array, the magnetic field
is rotated around the cylindrical axis of the system. To define the three rotation planes
discussed above, three sample holders were constructed and wired. The sample holders
and the respective coordinate axes are shown in Fig. 2.3(a-c). Additionally, the setup was

t
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oopj ooptip b ca

Figure 2.3: a-c The three rotation planes and the coordinate system defined by the
mounted chip carrier. Please note, that in this case positive voltage/current is applied
on top of the chip carrier (dark corner).

outfitted with a 2D Hall probe for measuring the magnetic field, which is read out by a
custom made Raspberry Pi based measurement device. The two readings for the vertical
(𝐻𝑥) and horizontal (𝐻𝑦) magnetic fields can then be combined to yield the magnetic
field angle for a given rotation plane. The Python function as well as a description of the
Hall probe measurement electronics can be found in the appendix (c.f. Sec. A.1).

Finally, means to change andmeasure the sample temperature have been added to the
1The setup was build another two times, where Halbach arrays with a magnetic field of 𝜇0𝐻ext ≈ 400mT

and 800mT are used to allow access to different magnetic fields.
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setup. The sample temperature can be determined using a Pt100 resistance thermometer
attached close to the sample position. The readout is done by a Keithley 2000 multimeter
in a four point measurement scheme. Additionally, the sample temperature can be varied
using a water cooled Peltier element clamped onto the neck of the insets, giving access
to temperatures from 285K ≲ 𝑇 ≲ 340K. The individual components of the insert are
labeled in Fig. 2.4. To insert the sample into the magnet array, the measuring insert is slid
onto an Item profile and fixed with the handle shown on the left in Fig. 2.4.

4-pin connector to 
temperature sensor

handle for fixing to magnet setup

44-pin HD D-Sub

Peltier element Pt100 on backside

removable clamp water cooler

Figure 2.4: Insert for the Halbach measurement setup. The individual component loca-
tions are marked by the arrows.

The temperature in this setup cannot be regulated (i.e. stabilized) due to the large
spatial separation of the heat source and the measurement resistor. However, in princi-
ple, it should be possible to stabilize the temperature using a well-tuned PID loop. Since
this was not done yet, a sufficiently long waiting time (∼ 30min) has to be implemented
after changing the voltage applied to the Peltier element. Using this Peltier element for
temperature control, the low and high temperature limit are given by the dew point (con-
densation on the sample) and the demagnetization temperature of the NdFeB magnets
in the Halbach array (𝑇C ∼ 350K), respectively.

2.3 High Temperature Measuring Insert

In order to perform transport experiments at even higher temperatures, well above
room temperature, another more insulated measuring insert is required due to the limits
discussed above. This measuring insert should, for example, allow to perform measure-
ments in the paramagnetic phase of yttrium iron garnet (Y3Fe5O12), having a Curie tem-
perature 𝑇C = 560K.119 To enable such experiments, a high temperaturemeasuring insert
was designed and assembled by Martin Belger in the course of his master thesis work.120
This sample insert allows to perform in-plane rotations of the magnetic field in the Hal-
bach setup (outer diameter 38mm). The experimentally accessible temperature range is
≈ 300K ≤ 𝑇 ≤ 650K, with the sample being enclosed in a vacuum shroud to reduce con-
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vective heat losses. Again, the setup should allow the use of the standard 32pin CLCC.
While the CLCC can withstand such temperatures without any problems, it is necessary
to use silver paint for attaching the sample to the chip carrier instead of the typically used
GE varnish (GE 7031). The latter varnish is only specified to withstand temperatures of
up to 423K. A detailed description of the design can be found in Martin Belger’s thesis
(c.f. Ref. [120]).

However, in the course of testing the insert it became clear that the radiation losses are
high enough for the outside of the vacuum shroud to reach temperatures above 340K (i.e.
close to 𝑇C of the NdFeB permanent magnets) with the sample at 𝑇 ≈ 600K. In order to
avoid demagnetization of the large field Halbach array, an additional small Halbach array
was designed and 3D printed. To reduce heat accumulation it has a wider central bore of
44mm. Themagnetic field 𝜇0𝐻ext = 70mT in this array is generated by 12 cubic (10×10×
10mm3) NdFeBmagnets. As the length of the array is only 10mm, the field homogeneity
is expected to be rather poor. This issue could be alleviated by stacking several of the
NdFeB magnets to increase the array length. However, since the magnet was designed
specifically for experiments with yttrium iron garnet, the magnetic field required to align
the magnetization in the sample plane is very small,42 so that the exact magnitude of the
magnetic field is not crucial. To allow rotations, the Halbach array is attached to a geared
rotation stage driven by a steppermotor. A photograph of the array including the rotation
stage and the high temperature measuring insert is shown in Fig. 2.5.

measurement rack &
temperature controller

vacuum pump

Halbach array bearing

gear & rotation stage

stepper motor

100mm

Figure 2.5: The high temperature insert on the left is inserted into theHalbach array (black
part). The Halbach array can be rotated using the stepper motor attached to a geared
rotation stage.
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solder joints

thermometry head with 

heater and Cernox sensor

sample holder

below cap

baffles for

radiation shielding

hermetic 10-pin Fischer 

connector (thermometry)

hermetic 40-pin Lemo

connector (sample contacts)

KF 40 flange as

sample space seal

Figure 2.6: Measuring insert for the vector cryostat.

2.4 Measuring Inserts for Magnet Cryostats

To enable magnetotransport measurements also at low temperatures, an Oxford In-
struments magnet cryostat (the “Chaos”) with a variable temperature insert (VTI) was
outfitted with a newmeasuring insert. The magnet inside this cryostat allows to generate
magnetic fields along an arbitrary direction within a sphere with radius 𝜇0|H| ≤ 2T. Al-
ternatively, if only the individual axes are used magnetic fields of 𝜇0|𝐻𝑥| ≤ 2T, 𝜇0|𝐻𝑦| ≤
2T and 𝜇0|𝐻𝑧| ≤ 6T can be applied. The VTI is specified for temperatures in the range of
3K to 300K and has an inner diameter of ∼ 30mm.

The (first) new measuring insert (c.f. Fig. 2.6) was designed with an outer diameter
of 𝑑MI = 28mm and a length of 𝑙MI = 1267mm from the sample center to the KF40 flange
terminating the insert. The sample is placed in such a way, that the out-of-plane direction
corresponds to the 𝐻𝑧 magnetic field orientation to allow magnetotransport with out-of-
plane fields of up to 6 T (c.f. Fig. 2.7a). The sample holder and the thermometry headwere
designed from scratch, while the rest of the insert was adapted from drawings made by
Thomas Brenninger at the Walther-Meißner-Institute (WMI) in Munich.
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Figure 2.7: Panels a, b and c show the three pucks that can be attached to the measur-
ing insert with a 40 pin Samtec connector and allow for rotations in the three mutually
orthogonal rotation planes ip, oopj and oopt, respectively.
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The sample temperature can be determined by measuring the resistance of a Cernox
CX1030 temperature sensor which is glued into a copper cartridge with Stycast 2850 and
screwed into the thermometry head. The temperature sensor was calibrated against a
factory-calibrated Cernox sensor mounted on a CLCC on the sample position. Addi-
tionally, a heater cartridge (Watlow Firerod, 50Ω, 50W) is inserted into the thermom-
etry head. The readout and PID control of the sample temperature is done with either a
Lakeshore 340 or 335 temperature controller. Temperatures from 4K ≤ 𝑇 ≤ 320K can be
stabilized usually to within |𝛥𝑇| ≤ 20mK.

To allow ARMR and FDMR measurements to even higher magnetic fields, we used
a second magnet magnet cryostat. This cryostat (the “Oscar”) has a split coil magnet
which can generate horizontal magnetic fields of 𝜇0𝐻ext = 7T while its VTI has an inner
diameter of only 𝑑SC ∼ 24.5mm. To account for this, a second improved version of the
low temperature measuring insert, with an exchangeable “puck” and an outer diameter
of 24mm was designed and assembled. By using three different pucks, the three rotation
planes can be defined (c.f. Fig. 2.7)

magnetic fluid sealed
rotation feedthrough

stepper motor

VTI neck of
cryostat

KF40 flange

KF40 flange

Figure 2.8: Cross section of the extension
designed for the split coil cryostat. The
magnetic-fluid-sealed rotational feedthrough
(green) separates the VTI from the atmo-
sphere. A stepper motor (gray) is used to
rotate the upper (purple) part of the exten-
sion, to which themeasuring insert is attached
(KF40 flange on top)with respect to the part of
the extension (yellow, blue, turquoise, brown)
fixed to the cryostat. The extension is at-
tached to the VTI neck using the available
KF40 flange.

To enable rotations of the sample in the horizontal magnetic field, the cryostat was
furthermore equipped with a rotation mechanism: The idea is to rotate the entire mea-
suring insert with respect to the magnet cryostat. The design was again adapted from
drawings made by Thomas Brenninger at the Walther-Meißner-Institute in Munich and
a cross section is shown in Fig. 2.8. The measuring insert is attached to the upper part
of the extension via the KF40 flange on top. By rotating this part with respect to the rest
of the extension and the cryostat, we can rotate the sample in the horizontal field. The
rotation is automated with an Owis stepper motor connected to the rotatble upper part
and the fixed part of the attachment (and thus the cryostat). To ensure that the VTI of the
cryostat is sealed from the atmosphere, a rotational vacuum feedthroughwith amagnetic
fluid seal is used. In addition to allowing rotations, the attachment serves as an extension
to the magnet cryostat: It increases the distance from the top flange to the center of the
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magnetic field to be the same as for the Chaos cryostat. As such, the puck dipstick can be
universally used in all cryostats.

Finally, a solenoid magnet (the “VSM cryostat”) with a magnetic field 𝜇0𝐻ext ≤ 13.5T
is available for magnetotransport, where a simple tube terminated by two KF40 flanges
was machined to match the length of the VTI of this cryostat to the standard length of the
measuring inserts. In conjunction with the three different pucks, the magnetic field can
be applied along the three high symmetry directions to study the high field evolution of
the magnetoresistance.

A detailed list of the parts used in manufacturing the measuring inserts including the
serial numbers of the installed temperature sensors can be found in the appendix (c.f.
Sec. A.2)

2.5 Scanning Laser Microscope
In this section, the construction of a setup formeasurements of spatially resolved ther-

mally generated voltages as presented inCh. 7 is discussed. The setupdesignwas inspired
by reports in Ref. [39], extending the capabilities of the setup presented there. Spatially
resolvedmeasurements of (magneto-)thermal voltages requiremainly three things: First,
a local thermal gradient needs to be applied to the sample, generated e.g. by a focused
laser beam or a heated tip. Additionally, the thermal gradient has be scanned over the
sample to measure the spatial evolution of the ensuing thermal voltage by correlating
the observed voltage with the position of the heat source. Secondly, the sample has to
be electrically contacted to measure the thermal voltages arising due to the applied ther-
mal gradient. Finally, the sample needs to be brought into a magnetic field, to align the
magnetization.

Before introducing the individual components of the setup in detail, a short overview
will be presented. To that end, a picture of the central part of the setup with the laser
focused onto a sample in the insert is shown in Fig. 2.9a. The sample is mounted on a
measuring insert very similar to the inserts of the Halbach magnets (c.f. Sec. 2.2). The
thermal gradient is induced by a laser focused onto the sample, which can be positioned
using a moving x-y-z-stage. Additionally, the measuring insert is centrally placed in a 2D
vector electromagnet used for generating the magnetic field.

First, a detailed description of the laser setup and the scanning stage will be provided
in the following. A standard ∅5.6mm TO-packaged laser diode with an output power
of 𝑃max = 100mW and a wavelength 𝜆 = 637 nm is used as laser source. The diode
is mounted on a thermoelectric cooler (TEC), to stabilize its temperature and reduced
drifts of the laser power. Both, the temperature of the TEC as well as the laser power
are controlled by a Thorlabs ITC 4001 controller. The laser beam is then collimated and
passes through an optical chopper to allow a lock-in detection of the electrical signal. It is
then, brought onto one optical axis with a single mode (SM) fiber using steering mirrors.
Subsequently, the beam is coupled into the fiber by focusing it onto the polished end of
the fiber with a commercially available fiber launch system (Thorlabs KT110). Finally,
after exiting the fiber, the beam is collimated and shaped to have a Gaussian profile in a
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Figure 2.9: a A picture of the sample holder in the magnet with the laser focused on the
sample is shown. The complete right hand part including the fiber is mounted on and
moved by an x-y-z-stage to be able to position and focus the laser spot. b The beam path
of the setup.

triplet fiber collimator. Afterwards, it is focused onto the sample with an aspheric lens.
The working distance of the lens with focal length 𝑓 = 11mm is roughly 7mm, giving
enough free space to allow observing the sample with the camera. The full width at half
maximum (FWHM) of the beam was estimated to be between 1.5µm and 3µm using a
line scan over the edge of a Hall bar: By comparing the resulting line shape of the signal
to a convolution of a Gaussian with a rectangle, the FWHM can be determined.121

Both, the fiber collimator and the focusing lens are mounted on a motorized x-y-z-
stage to control the spot positionwith respect to the sample. This is in particular important
to refocus the beam onto the sample plane when the focal plane changes due to thermal
expansion of the sample holder at elevated temperatures. The full beam path is sketched
in Fig. 2.9b.2

Themeasuring insert and the magnet are presented next. To bring the sample into the
magnetic field, an insert very similar to the one described in Sec. 2.2 is used. As the setup
was designed to perform the measurements presented in Ch. 7, where the non-collinear

2I would like to acknowledge Alexander Franzen for providing the optical symbols in his
“ComponentLibrary”
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antiferromagnet Mn3Sn was investigated, one requirement was to be able to perform ex-
periments above its Néel temperature. To that end, a high temperature modification was
added to the insert, allowing to heat the sample to at least 450K > 𝑇N ≈ 420K. An alu-
minum version of the in-plane puck (c.f. Fig. 2.7a) used for the low temperature insert
was modified to that end: Two slots were milled into the puck, to accommodate a 50Ω
TO-220 resistor for heating and a Pt100 resistance thermometer. The slot for the heating
resistor has a very small tolerance, such that the resistor is held in place by the tight fit. On
the other hand, the Pt resistance thermometer has an uneven shape and is thus pressed
against the insert by an additional brass screw to ensure proper thermal contact. The
heater and the resistance thermometer are placed roughly 1 cm from the sample position.
Consequently, the temperature of the puck (and thus the sample) can be increased up to
450K using a Lakeshore 335 temperature controller.3

To avoid the heat from flowing from the puck into aluminum profile holding it and
extending the sample holder, a PEEK spacer was included in the design as insulation (c.f.
Fig. 2.9a and Fig. 2.10). The thickness of this spacer 𝑡PEEK was determined by a finite ele-
ment simulation carried out in Solidworks. For the simulation the insert is surrounded by
air with an ambient temperature of 300K. Furthermore, a thermal heat transfer coefficient
of 10Wm−2 K−1 from the insert to the surrounding air was estimated. The temperature
profile obtained from the simulation can be seen in Fig. 2.10 and confirms that an insu-
lation thickness 𝑡PEEK = 15mm is sufficient: Even with the sample holder tip (CLCC
contact point) at 450K, the Item profile only heats up barely (𝑇Item ≈ 305K).

Figure 2.10: The temperature profile in-
side the measuring insert determined
by a finite elements simulation carried
out in Solidworks. The temperature on
the CLCC contact point (far left) was
fixed to 450K. Apart from this, convec-
tive air cooling was taken into account.
The simulation verifies that a PEEK in-
sulation thickness of 15mm is appropri-
ate to insulate the tip of the measuring
insert and the Aluminum fixture.

te
m

pe
ra

tu
re

 (
K

)

450

425

400

375

350

325

300

Aluminum

PEEK insulation

15mm

The 2D vector electromagnet is able to generate magnetic vector fields in the sample
plane of 𝜇0|H| ≲ 140mT for a pole shoe separation of ≈ 30mm. In order to measure the
magnetic field, two Hall probes were glued to the pole shoe centers, one for each axis.
The readout is again performed by the custom Raspberry Pi based measurement device
(c.f. Sec. A.1). Additionally, this device generates two analog voltages for controlling the
magnet current sourced by two Kepco BOP 20-20D.4

3Please note, that the rate of change for the temperature when heating must not be larger than 10Kmin−1

to avoid an overshoot of the heater temperature. In this case, the solder on the resistor contact melts and the
wires have to be reattached.

4Please note that the voltage control of the Kepco BOP has to be used for low noise measurements. Sig-
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2.6 Electrical Measurements

After the chip carrier with the sample has beenmounted into one of the measuring in-
serts, the CLCC contacts can be accessed via a BNC breakout box (c.f. Fig. 2.11). The box
allows individually grounding all contacts for electrostatic discharge (ESD) protection. A
part list and the schematic can be found in the appendix (c.f. Sec. A.3). To avoid ground
loops, giving rise to spurious voltages, the only grounding connection to the measure-
ment setup and insert is via this breakout box. All other connections to the earth ground
(i.e. the individual device grounds, the connection to the cryostat etc.) have been severed
in the respective device breakout boxes (e.g. in the breakout box for the Keithley 2182
nanovoltmeter) where possible.

Figure 2.11: The 32pin BNCbreakout box
used to connect the measuring inserts
(via a 44 pinHighDensityD-Sub connec-
tor, see top of figure) with the devices.
The grounding wire can be seen on the
left side.

Mostmeasurements presented in this thesiswere carried out using aDCmeasurement
setup consisting of one or more Keithley 2450 source measure units used for sourcing the
currents. The voltages are detected using two or more Keithley 2182 nanovoltmeters. All
devices are interfaced using Ethernet, installing serial-to-Ethernet converters where no
internal Ethernet interface is present. The control and measurements of the devices is
performed using a custom Python measurement program written during this thesis (c.f.
App. C). A picture of a typical setup can be seen in Fig. 2.12.

nificant voltage pickups are present on the measured signal if current control is used, which are most likely
caused by oscillations in the current regulation circuit.
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Figure 2.12: Typical configuration of a
measurement setup used for the trans-
port experiments.

To further enhance the sensitivity and to remove thermoelectric offset voltages, a cur-
rent reversal technique (also called delta method)122 can be implemented using our cus-
tom measurement software. Here, two measurements with opposite current polarity
𝑉(+𝐼) and𝑉(−𝐼) are taken and joined into one reading as shown inEq. (2.1) andEq. (2.2).

𝑉a = 𝑉(+𝐼) − 𝑉(−𝐼)
2 (2.1)

𝑉s = 𝑉(+𝐼) + 𝑉(−𝐼)
2 (2.2)

The current reversal technique, in addition to removing noise and spurious offsets, can
be used in a stable environment (i.e. where the offset drifts are small) also to separate
different contributions to the measurement signal. In particular, the contributions scaling
antisymmetric (𝑉a ∝ 𝐼2𝑛−1, 𝑛 ∈ ℕ+) and symmetric in current (𝑉s ∝ 𝐼2𝑛, 𝑛 ∈ ℕ+) can
be distinguished. This separation is essential e.g. for separating the spin Seebeck effect
(∝ 𝐼2) from the spin Hall magnetoresistance response (∝ 𝐼) as performed in Ch. 3 and
Ch. 5.

There is another implementation, where three instead of twomeasurement values are
combined. This method is implemented in way, that the first (𝑉1) and last (𝑉3) mea-
surement are taken for a positive current, while the second (𝑉2) reading is taken for a
negative current. The three measurements are then combined as follows:

𝑉a = 𝑉1(+𝐼) − 2𝑉2(−𝐼) + 𝑉3(+𝐼)
4 (2.3)

𝑉s = 𝑉1(+𝐼) + 2𝑉2(−𝐼) + 𝑉3(+𝐼)
4 (2.4)

Using three measurement values has the advantage of also removing linear drifts of the
offset, changing the voltage between the individual readings, from the signal typically of
interest in transport (𝑉a).122,123 Please note, that considered from a higher level of abstrac-
tion, the delta method can be understood as a low frequency, square modulated lock-in
measurement, shifting themeasurement frequency towards or above the 1/f corner of the
measurement devices.5 123

5The measurement frequency e.g. of the two point current reversal corresponds to the inverse of the time
between two current reversal readings.
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Figure 2.13: Noise measurements on a typical Hall bar with a longitudinal resistance (4-
point) of 𝑅sample = 𝑉ℓ/𝐼 = 720Ω (c.f. Fig. 2.2b). The rms values of the noise are sum-
marized in Tab. 2.1. A second order polynomial was subtracted from the data to remove
drifts (caused by changes of the room temperature) from the antisymmetric longitudinal
voltage to allow estimating the noise of the signal. For all other signals, the mean of the
voltage in the time window was subtracted.

In the following, the noise response of the two different approaches (i.e. two point and
three point) implemented in the custom measurement software is compared for some of
the typical settings of the measurement setup. To this end a Pt Hall bar (𝑡Pt = 5 nm)
was inserted into the Halbach setup (c.f. Sec. 2.2) and a constant current 𝐼 = 100µA was
sourced along the Hall bar. The longitudinal 𝑉ℓ and transverse 𝑉𝑡 voltages were then
detected as shown in Fig. 2.2 for roughly 18min. The nanovoltmeters were set to the
10mV (100mV) range for 𝑉𝑡 (𝑉ℓ) and configured to use a 10 point repeating filter and an
integration time given by the denoted number of power line cycles (PLC). The resulting
curves are shown in Fig. 2.13 for the antisymmetric and symmetric part of 𝑉ℓ and 𝑉𝑡.
Please note, that for the longitudinal antisymmetric voltage a polynomial was subtracted
from the data, to remove drifts (rooted in changes of the environmental temperature)
and that the total integration time for all the different measurements is not the same. It is
clear already from the raw data that, as expected, the noise is decreased if the number of
power line cycles and thus the integration time is increased. To allow a straightforward
comparison, the standard deviation of the curves is summarized in Tab. 2.1.

First, no significant difference between the three point and two point method (i.e.
between the first and second or third and fourth row) is evident. This is not the expected
behavior, as one would expect a noise reduction at least by a factor of √3/2 = 1.2 due to
the higher integration time. Only guesses can be made as to the cause: It might be rooted
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NPLC (𝑇int) (𝛥𝑉a
ℓ

𝑉a
ℓ

)
rms

(𝛥𝑉a
ℓ )rms (𝛥𝑉a

𝑡 )rms (𝛥𝑉s
ℓ )rms (𝛥𝑉s

𝑡 )rms
in 1 × 10−6 in nV in nV in nV in nV

2p, 1 PLC (400ms) 1.6 111.8 8.6 124.4 12.7
3p, 1 PLC (600ms) 1.7 120.8 13.0 101.7 10.0

2p, 5 PLC (4 s) 1.1 76.5 3.4 71.2 11.3
3p, 5 PLC (6 s) 0.8 59.7 3.4 77.2 14.5

Table 2.1: Collected rms values for the measurement shown in Fig. 2.13. Both nanovolt-
meters were configured to take 10 averages, each having an integration time given by the
number of power line cycles (PLC, 1PLC(50Hz) = 20ms). Additionally, the averaging
filter was set to always record a completely new set of data after the measurement was
read from the device (repeating filter). The ranges of the nanovoltmeters were 100mV
and 10mV for the voltages detected along (longitudinal, 𝑉ℓ) and transverse (𝑉𝑡) to the
direction of current flow, respectively.

in the small time window not accurately representing the actual noise level. Another
explanation might be that there are additional drifts impacting the third reading (the
total time for finishing one three point reading is 15 s compared to 10 s for the two point
reading) or that there are simply no linear drifts on this timescale.6 Secondly, although
one would expect the noise to be actually lower for the measurement with 1 PLC due to
a modulation frequency (1Hz) closer to the 1/𝑓 noise corner of the setup (≈ 10Hz)123
whilewith 5 PLC one has amodulation frequency of only 100mHz. This, however, cannot
be verified by the present data as the noise in the 5 PLCmeasurement is lower by roughly
a factor of 2 (√5 = 2.2) as expected for the higher integration time with constant noise
power. One possible reason for this is the implementation of the three point and two
point method on the software level: As the devices are triggered by the measurement
software, which also handles all other device communications, there will be significant
jitter in the timing of the measurements. Thus, even if there are linear drifts, they do not
properly cancel with the three point method as it is performed here, due to the unequal
time between the different readings. This could be alleviated by using proper (hardware)
triggering and buffered readings. In this case, no device communications and related lags
would delay the measurement sequence. Consequently, the time for performing the full
measurement and as such the impact of drifts would be reduced (as well as constant). In
summary, no significant performance difference between the two and three point current
reversal method can be seen, so that during this thesis only the two point method is used
due to the reduced measurement time required.

The generally increased noise observed in the longitudinal signal is most likely caused
by two things: Firstly, the amplifier of the nanovoltmeter has a limited dynamic range
defined by the (constant and amplification independent) noise of the digitization stage.
Therefore, if the input amplification is reduced (i.e. a larger range is selected), the absolute
value of the digitization noise will be higher. Secondly, there will be additional noise

6The acquisition of one voltage reading takes ∼ 5 s in total. This includes the time for triggering, the
settling time, the measurement itself and the readout of the result.
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introduced by the source meter used to drive the current due to the noise of the digital to
analog conversion.7

In the following, the typical performance is summarized once more. A typical noise
of 𝛥𝑉a

rms ∼ 5 nV and 𝛥𝑉s
rms ∼ 20 nV can be achieved in the lowest range of the Keithley

2182 nanovoltmeter (10mV range, integration time per point 𝑇int = 2 s , 𝑓mod ∼ 0.1Hz,
𝑅sample ∼ 1 kΩ). This is the configuration typically used for measurements of the trans-
verse (or non-local) voltage. The (rms) thermal voltage noise density of the 1 kΩ resistor
at 𝑇 = 300K is √𝑣2

JN = √4𝑘B𝑇𝑅 ≈ 4 nV/√Hz.124,125 To estimate the rms noise voltage
stemming from this noise density, the measurement bandwidth of 1

2𝑇int
= 0.25Hz needs

to be accounted for. Consequently, one can expect a noise of the resistor of 𝛥𝑉JN = 2 nV.
As such, the noise performance of our measurement setup is already close to the limit
given by the thermal fluctuations of the resistor. For the longitudinal contacts, typically
a (relative) noise of (𝛥𝑉a

𝑉a )
rms

∼ 1.5 × 10−6 is observed in the 100mV range of the nano-
voltmeter with otherwise unchanged settings.

Finally, another extension to the current reversal technique shall be briefly discussed.
By taking not only alternating readings but additionally changing the current amplitude,
the symmetric and antisymmetric parts can be further separated into individual orders
in the current 𝐼. The limiting case of this approach would be to measure an I-V curve
at every point to get the full information about all present orders of the current from a
polynomial fit to the data. However, since the contributions to the voltage ∝ 𝐼𝑛 with
𝑛 > 3 are expected to be small, four current values (e.g. ±𝐼 and ±2𝐼) are sufficient to
receive reasonable results. Roughly the same information can be obtained using a lock-in
amplifier detecting the first three harmonics of the signal.8 The four voltages (scaled for
current 𝐼) can then be extracted using Eqs. (2.5) to (2.8)

𝑉0 = 1
3(4𝑉s(𝐼) − 𝑉s(2𝐼)) ∝ 𝐼0 (2.5)

𝑉1 = 1
6(8𝑉a(𝐼) − 𝑉a(2𝐼)) ∝ 𝐼1 (2.6)

𝑉2 = 1
3(𝑉s(2𝐼) − 𝑉s(𝐼)) ∝ 𝐼2 (2.7)

𝑉3 = 1
6(𝑉s(2𝐼) − 2𝑉s(𝐼)) ∝ 𝐼3 (2.8)

7For the transverse voltage this noise is not observed, as the transverse resistance is typically close to 0, so
that a 1 × 10−6 noise in the current does not impact the voltage reading. Thus, the noise of the source meter is
not as relevant for the transverse voltage, which is typically limited by the input noise of the nanovoltmeter.

8Please note, that the higher harmonics of the lock-in amplifier do not directly compare to the orders in
current: e.g. sin3(𝜔𝑡) = 1

4 (3 sin(𝜔𝑡) − sin(3𝜔𝑡) giving rise to an intermixing of the 𝐼3 signal into the first
and third harmonic.



Chapter 3

SPIN HALL MAGNETORESISTANCE

The spinHall magnetoresistance (SMR) so far has beenmostly studied in heterostruc-
tures consisting of a magnetically ordered insulator (MI)1 and a spin Hall active metal
(NM).42–44 One prototypical example for such a MI/NM heterostructure used for SMR
experiments is Y3Fe5O12/Pt.42,43,126 Initially, it was assumed that the SMR is mediated by
a coupling between the spin Hall spin accumulation (generated at the MI/NM interface
via the spin Hall effect in the NM) and the net magnetization of the magnetic insula-
tor.44 However, further experiments in magnetic insulators with more than one magnetic
sublattice (e.g. ferrimagnets and antiferromagnets) revealed that the spin Hall spin ac-
cumulation at the MI/NM interface actually couples to the individual magnetic sublat-
tices of the MI.11,15,50,64–66,127–129 Until now, the SMR response of materials without long
range magnetic order (i.e. paramagnets) has not been studied rigorously. Consequently,
no detailed microscopic understanding of the coupling mechanisms of the paramagnetic
moments to the interfacial spin accumulation have been established so far. In particular,
the description of the coupling mechanism (i.e. the transverse spin transfer accross the
MI/NM interface)44,63,126 in terms of magnetic sublattices should reach its limiting case
for paramagnetic systems. In a paramagnet the individual spins can be understood as an
“infinite” amount of magnetic sublattices which are not coupled over long length scales
but randomly oriented (when nomagnetic field is applied). Thus, the study of the SMR in
disordered MI/NM heterostructures is particularly interesting, as the interaction would
have to be mediated by the individual paramagnetic spins within the magnetic insulator.

This chapter is dedicated to the study of the SMR effect in heterostructures consist-
ing of a disordered (para-)magnetic insulator and a spin Hall active metal. In these het-
erostructures, we aim to elucidate the mechanisms by which the spin Hall spin accumu-

1Bymagnetically ordered insulatorwe refer to ferro-, ferri- or antiferromagnetic insulators in their ordered
phase, i.e. magnetic insulators with a long range magnetic order.

31
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lation couples to the paramagnetic (i.e. disordered) spin system. Three different material
systems have been studied in this regard in the course of this thesis. Two of them are
addressed in this chapter, while the third will be discussed in the context of the magnon
mediated magnetoresistance in Ch. 4 (c.f. Sec. 4.2). In the first section of this chapter
(Sec. 3.1) the SMR in heterostructures made from a paramagnetic oxide and Pt – that
do not show spontaneous magnetic ordering in the temperature range investigated – is
presented. In contrast, in Sec. 3.2 the SMR in bilayers of the antiferromagnetic insulator
Cr2O3 and Pt or Ta will be studied above the Néel temperature of the antiferromagnet, i.e.
in the paramagnetic phase.

3.1 Non-Crystalline Y3Fe5O12/Pt Heterostructures

The use of heterostructures of yttrium iron garnet (Y3Fe5O12, YIG) and Pt would be
highly desirable for studies of the SMR in the disordered phase, since the spin Hall mag-
netoresistance is very well characterized in this system.42,43,126 However, YIG on the first
glance is a poor choice from an experimental perspective, as crystalline Y3Fe5O12 has an
ordering temperature 𝑇C = 560K, well above room temperature.119 To overcome the is-
sue of the high ordering temperature of crystalline YIG, amorphous (i.e. non-crystalline)
YIG can be used: Non-crystalline YIG (nc-YIG) is an insulator with antiferromagnetic
interactions between the individual Fe spins and an ordering temperature of only 𝑇N ∼
50K.130–133 Additionally, even below its ordering temperature no long-range magnetic or-
der, but a speromagnetic state is realized.131 In this state, the Fe spins are locally ordered
but no long-range magnetic order is realized, since no preferential direction is given due
to the lack of a crystal lattice.119 Consequently, a speromagnet can show a similar response
to external magnetic fields as a paramagnet even in its ordered phase.119

Consequently, nc-YIG seems like a perfect candidate for studies of the SMR in disor-
dered systems. Additionally, the growth of non-crystalline layers of YIG using sputtering
and pulsed laser deposition was already demonstrated in literature.132,134–136 Thus, this
section will focus on the magnetoresistance in heterostructures of the disordered mag-
netic insulator nc-YIG and Pt.

The contents of this section are reproduced in part from M. Lammel et al., Applied
Physics Letters 114, 252402 (2019) (Ref. [5]) with permission from AIP Publishing. For
this publication, I performed the transport measurements and participated actively in the
evaluation and discussion of the data as well as the preparation of the manuscript.

3.1.1 Sample Preparation

The non-crystalline yttrium iron garnet/Pt bilayers were prepared by radio frequency
sputtering at room temperature by from a stoichiometric Y3Fe5O12 (YIG) target, while the
Pt was deposited using DC magnetron sputtering. Please note, that the sputtering is per-
formed at room temperature without subsequent annealing results to obtain yttrium iron
garnet filmswithout crystalline order.132,134,136 Two sets of samples were prepared, where
the first onewas deposited on (111)-oriented Y3Al5O12 (YAG) substrates by Savio Fabretti
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(Technische Universität Dresden). To exclude influences of the close lattice matching of
YIG and YAG, the second series was deposited on (100)-oriented Si substrates terminated
with a 1µm thick thermal oxide layer by Kevin Geishendorf (Leibniz Institute for Solid
State and Materials Research Dresden, IFW Dresden). Both depositions (i.e. YIG and Pt)
were performed in sequence, without breaking the vacuum. By sputtering for 6000 s at
80W a YIG layer thickness of 30 nm was achieved, while the 2.5 nm thick Pt layer was
deposited in 73 s using a power of 30W.
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Figure 3.1: aAnX-ray diffractionmeasurements on nc-YIG/Pt heterostructures deposited
on YAG (red) and Si/SiOx (teal) is shown. No diffraction peak associated with YIG can
be resolved, while the Pt film exhibits a (111) texture. b Temperature dependent mag-
netic moment measurements on the nc-YIG sample grown on YAG and two bare YAG
substrates without a (nc-)YIG film are plotted. Since the samples had different lateral
dimensions, the data has been normalized to the respective magnetic moment at 300K
for straightforward comparison. A paramagnetic background is evident in all samples to-
wards low temperatures likely stemming from paramagnetic impurities in the substrates.
cA transmission electron image of a cut of a nc-YIG/Pt deposited on YAG is shown includ-
ing the Fourier transformation (inset) is shown. The Fourier image verifies the absence of
any preferential directions or lattice ordering in the nc-YIG films. Adapted from Ref. [5].

To further verify the absence of crystalline order in the as-sputtered YIG layer, X-
ray diffraction measurements using CoK𝛼

radiation were performed by Michaela Lam-
mel (IFW Dresden) in a Bruker D8 Advanced diffractometer (c.f. Fig. 3.1a). We do not
observe any diffraction peaks associated with YIG, while the Pt exhibits a (111) texture,
which is the preferred growth orientation for Pt deposited at room temperature.137 Please
note, that the sharp step at 2𝛩 = 60° is caused by the iron filter necessary for the sup-
pression the CoK𝛽

radiation. Additionally, transmission electronmicroscopy images were
taken by Rene Huebner (Helmholtz-Zentrum Dresden Rossendorf), which further con-
firm the absence of any crystalline order in the YIG layer (c.f. Fig. 3.1b). The magnetic
characterization was performed by Helena Reichlova (Technische Universität Dresden)
and Michaela Lammel, using a Quantum Design MPMS-XL7 SQUID magnetometer. The
magnetic moment observed as a function of temperature at an applied magnetic field of
𝜇0𝐻 = 500mT is shown in Fig. 3.1c. To separate the contributions stemming from the
substrate and the film, two bare substrates, onto which no YIG film was deposited, were
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additionally measured. Please note, that the magnetic moments have been normalized to
the respective value at 300Kdue to the different lateral size of the samples. By comparison
of the substrates and the heterostructure, we conclude that no spontaneousmagnetization
is present in our nc-YIG/Pt bilayer. For high temperatures, only the moment of the dia-
magnetic substrate is visible, while an additional paramagnetic (i.e. ∝ 𝑇−1) contribution
to the magnetic moment is observed towards low temperatures. This paramagnetic back-
ground, however, is also observed in the bare YAG substrates, such that paramagnetic
impurities in the substrates likely are main origin of this signal. Thus, even at low tem-
perature no additional magnetic moment due to the nc-YIG film is evident, as expected
if it orders into a speromagnetic phase around 50K.130–133

After the magnetic characterization, the samples were patterned into Hall bars using
optical lithography and Ar ion milling. The measurements were performed as described
in Sec. 2.6 using a current of 𝐼s = 90µA.

3.1.2 Results and Discussion
The angle resolvedmagnetoresistance (ARMR)measured at 200K for the threemutu-

ally orthogonal rotation planes described in Ch. 2 is shown in Fig. 3.2. Here, a modulation
of the resistivity is evident for the in-plane (ip) and out-of-plane rotation around the cur-
rent direction (oopj), while nomodulation is observed for the third rotation plane (oopt).
This is the symmetry expected for the spin Hall magnetoresistance (SMR), i.e. the resis-
tivity depends on the projection of the magnetization onto the t direction (or the spin
direction, c.f. Sec. 1.3.1):42–44 Consequently, in our coordinate system, the dependence of
the resistivity can be described by

𝜌ℓ = 𝜌0 + 𝛥𝜌 (1 − sin2(𝛼, 𝛽)) or (3.1)
𝛿𝜌ℓ
𝜌0

= 𝜌ℓ − 𝜌0
𝜌0

= 𝛥𝜌
𝜌0

(1 − sin2(𝛼, 𝛽)) . (3.2)

We thus find a minimum resistivity form ∥ t and a maximum resistivity form ⟂ t, where
the magnetoresistance ratio is 𝛥𝜌/𝜌0 = 3 × 10−5 at 𝜇0𝐻 = 2T.2 Please note, that as also
described in Sec. 1.3.1, the Hanle magnetoresistance (HMR) has the same symmetry as
the SMR as it stems from a similar mechanism: For the HMR, the spin accumulation at
the Pt interfaces is dephased (lost) due to spin precession in a perpendicular magnetic
field, consequently leading to additional loss of spin information and thus a higher re-
sistivity.67,68 However, the magnitude of the HMR effect expected in Pt at the maximum
magnetic field 𝜇0𝐻 = 2T used in this study, is 𝛥𝜌HMR ∼ 2.5 × 10−6,5,68 which is much
smaller than the magnetoresistance observed here (𝛥𝜌/𝜌0 = 3 × 10−5).

Although 𝛥𝜌/𝜌0 ∼ 3 × 10−5 is still roughly one order of magnitude smaller than the
value observed for heterostructures of crystalline YIG and Pt, the magnitude is still sur-

2Althoughusing the notation shown in Eq. (3.2) temperature drifts canmake the extraction of𝜌0 = 𝜌ℓ(𝛼 =
90°, 𝛽 = 270°) difficult. Thus, the data was shifted to ensure that the normalized resistivity 𝛿𝜌/𝜌0 for a given
orientation of the magnetic field is in agreement for the different rotation planes, i.e. for m ∥ n (𝛽, 𝛾 = 0°)
and for m ∥ t (𝛼 = 90°, 𝛽 = 270°)
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Figure 3.2: a-c Angle resolved magnetoresistance measurements on a nc-YIG/Pt het-
erostructure at 𝑇 = 200K. A clear sin2(𝛼, 𝛽) modulation of the resistivity with a strongly
field dependent amplitude can be seen in ip (panel a) and oopj rotations (panel b). As
expected for the SMR, no modulation can be seen for the oopt rotation (panel c). A lin-
ear drift in time (presumably stemming from a drift of the temperature of the variable
temperature insert of the cryostat) has been subtracted from the raw data. Adapted from
Ref. [5].

prising for a paramagneticmaterial: For heterostructure of crystallineYIG andPtwith a Pt
thickness of 𝑑Pt ∼ 3 nm a SMR amplitude in the range of 1 × 10−4 to 1 × 10−3 is expected.43
Consequently, assuming otherwise similar properties and that the full alignment of the
moments in the amorphous film would give rise to the same SMR amplitude as a crys-
talline heterostructure (i.e. 𝛥𝜌/𝜌0 ∼ 6 × 10−4),3 𝛥𝜌/𝜌0 ∼ 3 × 10−5 would suggest a mag-
netic polarization of around 5%. As the Zeeman energy (𝐸Z/𝑒 = 𝑔𝜇B𝜇0𝐻𝑆/𝑒 ≈ 0.6meV,
assuming 𝑔 = 2, 𝑆 = 5/2 and 𝜇0𝐻 = 2T) is small compared to the thermal energy
(𝐸T/𝑒 = 𝑘B𝑇/𝑒 ≈ 18meV at 𝑇 = 200K), a maximum polarization of

𝑀
𝑀s

= 2𝑆 + 1
2𝑆 coth(2𝑆 + 1

2𝐽
𝐸Z
𝐸T

) − 1
2𝑆coth( 1

2𝐽
𝐸Z
𝐸T

) ≈ 1.6% (3.3)

is expected from the Brillouin function.138 Additionally, the signal should drastically in-
crease towards lower temperatures, since the thermal energy decreases and thus the po-
larization would increase (c.f. Eq. (3.3)).

To evaluate the evolutionwith temperature, we performed additional field dependent
3The value 6 × 10−4 was chosen from the range of amplitudes reported for the SMR, as a similar sample

where the YIG layer was annealed in vacuum prior to the deposition of the 3 nm Pt layer deposition showed
an SMR of 𝛥𝜌/𝜌0 ∼ 6 × 10−4
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measurements of the magnetoresistance for several different temperatures with the mag-
netic field applied along the three high symmetry directions (H ∥ j, t,n). The respective
resulting data are summarized in Fig. 3.3a-c. At temperatures above 100K a magnetore-
sistancewith a changing slope is observed forH ∥ j andn, whereas no change of resistivity
is evident for H ∥ t. If the temperature is lowered to 10K, an additional contribution is
evident for H ∥ t and the magnetoresistance for H ∥ j and n are not in agreement any-
more. This additional contribution is always present for H ⟂ j and is likely caused either
by the ordinary magnetoresistance or weak anti-localization of the electrons in Pt, giv-
ing rise to an additional magnetoresistance.68,139 Interestingly, except for this additional
contribution from Pt no significant difference between the magnetoresistance at 10K and
100K is observed. This suggests that there is no difference between the magnetotransport
of the nc-YIG/Pt heterostructure for the speromagnetic and paramagnetic phase. Due to
the absence of long-range magnetic order in either phase, this is the anticipated behav-
ior.119,131,133 Most importantly, however, we find that the naive expectation of an increased
magnetoresistance for lower temperatures is not corroborated by the data (the amplitude
in panels a and c directly correspond to 𝛥𝜌/𝜌0). Surprisingly, the exact opposite behavior
is observed, i.e. an increase of the magnetoresistance with increasing temperature. Thus,
the magnetoresistance can not simply stem from the field induced magnetization in the
nc-YIG/Pt heterostructure, which should increase towards lower temperatures and in-
creasing magnetic fields.130 One might still argue, that the spin Hall effect in Pt and the
spin mixing conductance might give rise to an additional temperature dependence, re-
ducing the SMR towards lower temperatures.140 However, while at high temperatures an
onset of saturation seems to be present, at low temperatures this is not observed, contrary
to the expectation for a paramagnet: The magnetic saturation of a paramagnet should be
evident for lower magnetic fields if the temperature is reduced.
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Figure 3.3: a-c Field dependent magnetoresistance measurements on a nc-YIG/Pt het-
erostructure for several different temperatures. The field was applied either along the
current direction j (panel a), the transverse direction t (panel b) or the surface normal n
(panel c). Adapted from Ref. [5].

In the following, we will take a step back and motivate what the expected response
of the SMR in a paramagnet is and compare that to the magnetoresistance observed in
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Fig. 3.3. To this end, two limiting cases will be considered: For the first case (model
A), the spin current over the interface is governed by individually interacting moments,
i.e. the individual magnetic ions interact with the spin Hall spin accumulation.4 For the
second case (model B), the spin Hall spin accumulation couples to the net moment in the
paramagnet. In a paramagnet without applied magnetic field, all moments are randomly
distributed, as sketched in Fig. 3.4. For a highmagnetic field 𝐻 → ±𝐻sat, all moments will
align with the external magnetic field. As the SMR is sensitive to the projection 𝑚2

t of the
magnetization onto the t direction (c.f. Sec. 1.3.1), one would expect the low resistance
state 𝜌0, if all moments are aligned along t. The high resistance state 𝜌0 + 𝛥𝜌, would then
be observed when all moments are either parallel to j or n.42–44

For the case of the individually interacting moments (model A), each magnetic ion
contributes individually. Consequently, 𝑚2

t has to be averaged for all individualmoments,
i.e. ⟨𝑚2

t ⟩. As required, the high magnetic field values 𝐻 → ±𝐻sat are in agreement with
the above discussion (c.f. Fig. 3.4a-c). Without magnetic field, however, an intermediate
resistance state should be realized: As the moments are randomly distributed, there is a
finite amount of moments oriented along the t direction at any given time. Thus, ⟨𝑚2

t ⟩
will be non-zero, leading to an intermediate resistance state (c.f. Fig. 3.4b).
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Figure 3.4: Modeling of the SMR response for individually interacting spins (panels a-c)
and jointly interacting spins (panels d-f). a-c For model A, the spin transfer torque acts
on the individual moments, such that the averaging over the full ensemble is performed
as the final step. Here, a finite spin current will flow even with no external magnetic
field applied, as the moments are completely random. Consequently, a finite portion of
the moments is aligned perpendicular to the transverse direction, and can absorb spin
angular momentum. d-f In contrast, model B assumes that only the ensemble average
spin (i.e. the net magnetization) interacts with the Pt spin accumulation. For this case, no
spin current will flow over the interface at zero applied magnetic field, as the ensemble
average vanishes. Adapted from Ref. [5].

4The spin Hall spin accumulation refers to the spin accumulation generated via the spin Hall effect in Pt.
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If the net moment interacts with the spin accumulation (model B), 𝑚2
t has to be con-

sidered as ⟨𝑚t⟩
2, i.e. the moment is averaged and only then projected onto the t direction.

Again, the high magnetic field 𝐻 → ±𝐻sat case will result in the high or low resistance
state for H ⟂ t and H ∥ t, respectively (c.f. Fig. 3.4d-f). However, without applied mag-
netic field, the magnetization vanishes, so that also ⟨𝑚t⟩

2 = 0. Consequently, in the case
of zero applied magnetic field we find the low resistance value 𝜌0 (c.f. Fig. 3.4e).

If the expected behavior is compared to the observedmagnetoresistance (c.f. Fig. 3.3),
we find a good agreement with the SMR generated by the net moment interacting with
the spin accumulation. This can be seen in the absence of a decrease of the resistance for
H ∥ t (c.f. Fig. 3.3b), expected in the case of the individually interacting moments. Please
note, that this is also the behavior expected for the HMR, which will be discussed in more
detail in the next section.

We thus conclude, that in bilayers of a paramagnetic insulator and Pt the spin accu-
mulation seems to be sensitive to the net magnetization in the paramagnet, and not to in-
dividual moment orientations. This in particular is in contradictionwith previous reports
in compensated garnets and antiferromagnets, where the SMR results can be consistently
described by the individual interaction of the different magnetic sublattices.11,15,51,65

Absence of the Spin Seebeck Effect

Finally, in order to verify the absence of exchange coupling between the moments
(or spontaneous magnetic order) in our samples, we measured the current induced spin
Seebeck effect in the nc-YIG/Pt heterostructures.82 In this approach, a large charge current
is driven through the Pt layer, resulting in Joule heating and thus an out-of-plane thermal
gradient. As the spin Seebeck effect depends onmagnons, it requires the presence of some
exchange interaction, coupling the individual moments to each other.141 Please note, that
at least in a simple picture, applying a magnetic field is not sufficient to allow magnon
transfer: Even though all moments align with the magnetic field, a spin flip on one lattice
site cannot be transferred to the next lattice site, as the two spins will not be coupled.
Although this is obviously simplified as there will be at least dipolar coupling between
the spins in any system, it allows tomotivate why in a fully disordered system, one would
not expect any spin Seebeck effect. In contrast, for ordered systems, there can be short
lived (local) correlations viz. paramagnons even above the Curie/Néel temperature of
the system.142–144

To allow comparing the Seebeck effect of a nc-YIG sample to a similarly grown but
crystalline sample, we deposited a YIG/Pt heterostructure, where the nc-YIG was an-
nealed at 900 °C for 4 h in the deposition chamber, before the room temperature deposi-
tion of the Pt. In these samples, the annealing leads to a (partial) crystallization of theYIG,
so that a static magnetization is present.135 Themeasurement of the induced spin Seebeck
voltage during an in-plane rotation of the magnetic field is shown in Fig. 3.5. No mod-
ulation to within our experimental resolution (∼ 5 nV) is observed in the as-deposited
nc-YIG sample, while a clear cos(𝛼) modulation with an amplitude 𝛥𝑉SSE

𝑡 ∼ 150 nV is
evident for the annealed heterostructure. Thus, the spin Seebeck effect is lower by at least
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Figure 3.5: Measurement of the spin Seebeck effect of a nc-YIG/Pt heterostructure and an
in-situ annealed sputtered YIG/Pt sample. While the latter exhibits a spin Seebeck voltage
with an amplitude of 𝛥𝑉SSE ∼ 150 nV, no signal to within our experimental resolution
(𝛥𝑉SSE ∼ 5 nV) is observed in the nc-YIG, verifying the absence of spontaneous magnetic
order. The measurement was performed at room temperature with an applied magnetic
field 𝜇0𝐻 = 1.1T.

a factor of 30 in the nc-YIG. For comparison, the SMR in the nc-YIG/Pt heterostructures
has a magnitude of 𝛥𝜌/𝜌0 ∼ 3 × 10−5 at 300K and 𝜇0𝐻 = 2T, which is only a factor
∼ 20 smaller then the SMRmagnitude 𝛥𝜌/𝜌0 ∼ 6 × 10−4 observed for the crystalline sam-
ple. Consequently, it is reasonable to assume that no magnetic ordering or correlation is
present in our nc-YIG/Pt heterostructures. Please note, that also the spin Seebeck effect
has not been studied in detail for paramagnetic systems, which is something that remains
interesting, in particular in the light of long distance spin transport reported in param-
agnetic insulator/Pt bilayers.145 However, such a study is beyond the scope of this thesis
work.

3.1.3 Summary
In this section, the magnetoresistive response of bilayers of non-crystalline YIG and Pt

was investigated. To that end, we recorded themagnetoresistance during rotations of sev-
eral constant magnetic fields in three mutually orthogonal rotation planes at 𝑇 = 200K.
Our data revealed the symmetry expected for the spin Hall magnetoresistance or the
Hanle magnetoresistance. A magnitude of the magnetoresistance 𝛥𝜌/𝜌0 = 3 × 10−5 was
found at 𝜇0𝐻 = 2T, decreasing for lower applied magnetic fields. In a next step, the
dependence of the resistivity on the magnetic field was studied along the three high sym-
metry directions (i.e. for H ∥ j, n and t). Interestingly, no change of the resistivity with
the magnetic field H ∥ t was observed, while a strongly field dependent resistivity was
evident for H ∥ j,n. To establish what signal would be expected for the spin Hall magne-
toresistance in a paramagnetic insulator/Pt heterostructure, we put forward two different
models: Model A described the SMR due to the interaction of the spin Hall spin accumu-
lation in Pt with individual paramagnetic spins in the magnetic insulator (i.e. ⟨𝑚2

t ⟩). This
model described the behavior of the SMR anticipated from experiments in ordered mag-
netic insulators with multiple magnetic sublattices. In contrast, model B described the



40 3.2. ANTIFERROMAGNETIC INSULATOR CR2O3/PT AND CR2O3/TA HETEROSTRUCTURES

SMR that would arise if only the (magnetic field induced) net magnetic moment would
couple to the spin Hall spin accumulation in Pt (i.e. ⟨𝑚t⟩

2). The two models could be
distinguished by their different magnetoresistive response if the magnetic field is applied
along the t direction (i.e. the polarization axis of the spin Hall spin accumulation): While
model A suggested that a decrease of the resistivity for increasing magnetic fields should
be observed, for model B a constant resistivity is anticipated. Thus, by comparison with
the experimental findings we concluded that contrary to the expectation the net magnetic
moment model (B) reflects the salient features of the experiment. We would like to point
out, that the observed signature can also be explained by the Hanle magnetoresistance.
However, themagnitude of the HMR reported so far is much smaller than themagnetore-
sistance observed here. Finally, we investigated the spin Seebeck effect in the nc-YIG/Pt
bilayers, where no signal can be observed to within our experimental resolution. We thus
concluded that the SMR response suggests that the moments in the paramagnetic insu-
lator interact in a collective (i.e. net moment) way with the spin accumulation in the Pt.
However, the temperature andmagnetic field dependence of the magnetoresistance hints
at a more complex scaling with the net magnetic moment: A simple linear dependence
on the induced net magnetic moment does not conclusively fit to our data.

3.2 Antiferromagnetic Insulator Cr2O3/Pt and Cr2O3/Ta Hetero-
structures

This section will focus on the magnetoresistance in bilayers of an antiferromagnetic
insulator and a normal metal in the vicinity of the ordering (Néel) temperature 𝑇N: Be-
low 𝑇N the system is antiferromagnetic, and the spin Hall magnetoresistance should de-
pend on the individual magnetic sublattices, as shown for many other magnetic insula-
tors.11,15,50,64,65,127,128 Above 𝑇N, themagnetic state in an antiferromagnet should resemble
a paramagnet (with an ordering temperature 𝑇O = −𝑇N instead of 𝑇O = 0 for a “perfect”
paramagnet), i.e. should be comparable to the results in the previous Sec. 3.1 taken at
room temperature.146 For investigating possible differences between the magnetoresis-
tive response of a perfect paramagnet (i.e. a material which has no internal correlations)
and a system with an ordered magnetic phase (i.e. a material where the internal correla-
tions are suppressed by thermal fluctuations), the behavior of the magnetoresistance in
the transition region will be elucidated. To that end, we use bilayers of the antiferromag-
netic insulator Cr2O3 and Pt or Ta. Please note, that although it is not addressed in this
chapter, a bilayer of the ferrimagnetic insulator YIG and Pt was also investigated close to
its ordering temperature (c.f. Sec. 4.2).

The contents of this section have been partly reproduced fromR. Schlitz et al., Applied
Physics Letters 112, 132401 (2018) (Ref. [10]) with permission from AIP Publishing.
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3.2.1 Sample Preparation

Two sets of samples were studied, both grown on c-cut Al2O3 substrates by Tobias
Kosub (Helmholtz-Zentrum Dresden Rossendorf). The 250 nm thick Cr2O3 layer of the
first set (S1)was deposited in an oxygen atmosphere (𝑝Ox = 1 × 10−5 mbar) using reactive
evaporation of Cr from a Knudsen cell. The initial substrate temperature of 700 °C was
reduced to 500 °C after the deposition of the first fewmonolayers. After the growth of the
Cr2O3 layer, the samples were post-annealed in vacuum at 750 °C, giving rise to an easy
axis anisotropy of the Néel vector along the surface normal.147,148 Finally, after annealing
the Cr2O3 layer, a 3 nmPt layerwas sputter-deposited in-situwith a substrate temperature
of 100 °C. Alternatively, the samples were covered with a 5 nm thick Ta layer which was
then capped with a 0.5 nm thick Pt layer to slow down oxidation.

In the second set of samples (S2), 200 nmCr2O3were deposited using radio frequency
magnetron sputtering from a stoichiometric target. A substrate temperature of 700 °C and
a rate of 2 nmmin−1 were used. An Ar atmosphere was used during deposition. After
cooling down to below 100 °C a 3 nm thick Pt layer was deposited directly, without break-
ing the vacuum. The same magnetic structure (i.e. easy axis along the surface normal)
is realized here. Samples from the second set were mostly used for the transport experi-
ments shown in Ch. 5.

After the growth, the samples were patterned into Hall bars using optical lithography
and Ar ion milling. The electrical measurements were performed as described in Sec. 2.6.
While for the Pt capped sample, a current of 180µA was used, the measurements on the
Cr2O3/Ta device were performedwith a current of 20µA. A lower current was chosen for
the Cr2O3/Ta device, due to the higher resistivity of Ta compared to Pt. Thus, to maintain
low Joule heating by the electrical current, it was reduced accordingly in Ta.

3.2.2 Results and Discussion

Angle resolved magnetoresistance (ARMR) measurements for the three mutually or-
thogonal magnetic field rotation planes described in Ch. 2 were performed in the Hal-
bach setup (c.f. Sec. 2.2, 𝜇0𝐻 = 1.1T) at different sample temperatures in the vicin-
ity of the Néel temperature 𝑇N ∼ 310K ∼ 37 °C.119,149 Three sets of ARMR data are
shown in Fig. 3.6 measured at a temperature below 𝑇N (turmeric symbols), close to 𝑇N
(red symbols) and above 𝑇N (gray symbols). As introduced in the previous section (c.f.
Eq. (3.2)) for the spin Hall magnetoresistance (SMR), and also the Hanle magnetoresis-
tance (HMR), a minimum of the resistance for H ∥ t is expected, while it is increasing for
all other directions. Consequently, a modulation should only be present in the in-plane
(ip) and out-of-plane around j (oopj) rotation. We start the discussion with the data ob-
tained during the ip and oopj rotation of the magnetic field (c.f. Fig. 3.6a,b). For both
rotation planes a sin2(𝛼, 𝛽) modulation is observed at 𝑇 ∼ 47 °C and 37 °C ≳ 𝑇N, with an
amplitude that is decreasing for lower temperatures. At the lowest temperature 𝑇 ∼ 21 °C
almost no modulation is evident, as one naively would expect considering that at 21 °C
the system is in the antiferromagnetic state and that the antiferromagnetic spin structure
is not affected by our moderate magnetic field.
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In addition to the resistancemodulation observed for the ip andoopj rotation, a sin2(𝛾)-
like modulation is evident also for the oopt rotation plane contrary to the expectation for
SMR. This might be attributed to a thin interface layer, where the Cr2O3 layer induces a
small proximity magnetization in the Pt layer. Such a magnetization would also match to
the field invariant anomalous Hall contribution evident in our samples below the order-
ing temperature (see also Refs. [147] and [150]). However, it might also be rooted in the
finite crystallinity of the Pt layer giving rise to a more complex resistivity tensor due to
symmetry, which has already been observed for the anisotropic magnetoresistance.151

The amplitude of the modulation of 𝛿𝜌ℓ/𝜌0 (i.e. the MR magnitude 𝛥𝜌ℓ/𝜌0) is ex-
tracted using sin2(𝛼, 𝛽, 𝛾)-fits to obtain 𝛥𝜌ℓ/𝜌0 for all temperatures and the three rotation
planes. All resulting amplitudes are summarized in Fig. 3.7. Additionally, measurements
of the field invariant anomalous Hall effect were performed together with Tobias Kosub
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Figure 3.6: Panels a, b and c show the magnetoresistance of a Cr2O3/Pt heterostructure
(S1) obtained during rotations of the magnetic flux density 𝜇0𝐻 = 1.1T for three tem-
peratures in ip, oopj and oopt configuration, respectively. The gray circles correspond
to measurements above the Néel temperature. The data represented by the red squares
were measured in the vicinity of the Néel temperature, while the data shown as turmeric
triangles were recorded just below. sin2(𝛼, 𝛽, 𝛾) fits, shown as lines, were performed to
extract the modulation amplitude of 𝛿𝜌ℓ/𝜌0. As in the previous Sec. 3.1 (c.f. Fig. 3.1) a
linear slope was subtracted from the data to remove drifts, and the data have been shifted
(not scaled) such that the high symmetry points agree between the rotation planes, i.e.
H ∥ t (H ∥ n) for ip and oopj (oopj and oopt). Please note that the temperatures for panels
b and c are the same as they were measured simultaneously on two orthogonal Hall bars.
Adapted from Ref. [10].
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(Helmholtz-Zentrum Dresden Rossendorf) to determine the exact Néel temperature of
our Cr2O3 layer.147 For these measurements, the sample is field cooled in a magnetic field
𝜇0H = 1.1T ∥ ±n from above 𝑇N. Then, the magnetic field is removed and the transverse
resistance is measured using a spinning Hall approach (c.f. App. B and Ref. [147]) while
the temperature is increased to above 𝑇N. In this measurement, the uncompensated sur-
face of the Cr2O3 leads to a finite (spin Hall) anomalous Hall signal 𝑅H in the transverse
resistance of the Pt layer even in the absence ofmagnetic field. This anomalousHall signal
vanishes when Cr2O3 is heated to above 𝑇N due to the rapid decay of the magnetic order
parameter when Cr2O3 enters the paramagnetic phase. The resulting Hall signal 𝑅H is
shown in Fig. 3.7 for positive (gray line) and negative (red line) cooling fields. A dashed
brown linemarks the pointwere these two lines intersect, which agrees nicelywith the ex-
pected Néel temperature of bulk Cr2O3.119,149 Interestingly, while the magnetoresistance
changes around the same temperature, the transition is distributed over a much broader
temperature range as compared to the Hall measurement.

Figure 3.7: a The magnetic field invari-
ant contribution 𝑅H to the transverse
resistance acquired together with To-
bias Kosub (Helmholtz-ZentrumDresden
Rossendorf) by spinning anomalous Hall
magnetometry on the Cr2O3/Pt sample
(S1) is shown for positive (gray line)
and negative cooling field (red line) (c.f.
Ref. [147] and App. B), vanishing at 𝑇𝑁 .
b The magnetoresistance 𝛥𝜌ℓ/𝜌0 of the
sample obtained from sin2(𝛼, 𝛽, 𝛾) fits to
the angle resolved data (c.f. Fig. 3.6) for
all three rotation planes and temperatures
are summarized. The Néel temperature
is indicated by the brown dashed line. A
vanishing MR is observed for all three ro-
tation planes below 𝑇𝑁 . When increas-
ing the temperature, the MR increases un-
til 𝑇 ∼ 45 °C where it seems to saturate.
Adapted from Ref. [10].
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The different width of the transitions might hint at a discrepancy between the mo-
ments probed by the anomalous Hall effect and the SMR. An alternative explanation is
that the application of magnetic field (the Hall data is measured without magnetic field)
alters the transition region, an issue to whichwewill come back later. Another interesting
fact is that contrary to what is expected from the net magnetization in the paramagnetic
state, the SMR increases with temperature even in the paramagnetic phase and saturates
at a level of 𝛥𝜌ℓ/𝜌0 > 1 × 10−4 around 𝑇 ∼ 45 °C. This clearly disagrees with the ex-
pected behavior of the induced magnetization, which decays as 𝑀 ∝ 1

𝑇+𝑇N
.119 While a

non-vanishing magnetoresistance above the ordering temperature was observed already
in bilayers of the ferrimagnetic insulator Cu2OSeO3 and Pt by Aqeel et al. in Ref. [50],
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they associate the signal with the induced paramagnetic magnetization in the samples.
However, their magnetoresistance is at least two orders of magnitude smaller than what
we observe here and their measurements are limited in several ways: To begin with, only
in-plane rotations are performed, which do not allow to disentangle a proximity induced
effect (i.e. anisotropic magnetoresistance) and the spin Hall magnetoresistance. In con-
trast, in our measurements we can separate the contributions which have the symmetry
of the spin Hall magnetoresistance (i.e. giving rise to resistance modulation in oopj rota-
tions) and other spurious effects (visible in oopt rotations). Additionally, they observe a
transverse magnetoresistance of 𝑅trans = 0.07mΩ in their Pt films, which together with
a Pt layer thickness 5 nm yields a magnitude of 𝛥𝜌/𝜌0 ∼ 2 × 10−6. This is the order of
magnitude which is expected also in bare Pt layers due to the Hanle magnetoresistance.68
Finally, although the magnetoresistance observed in Ref. [50] increases with temperature
(which is unexpected for the induced magnetization), no saturation of the magnetore-
sistance was reported by these authors even at 200K above the ordering temperature, in
contrast to our observations. We thus conclude that themechanismgiving rise to themag-
netoresistance in our casemust be of a different origin thanwhat is reported byAqeel et al.
in Ref. [50]. In particular, their explanation of the spin Hall magnetoresistance in terms
of the saturation magnetization seems to be in contradiction to the observed signatures
in our measurements.

To further elucidate whether a field induced paramagnetic magnetization is sufficient
to observe large a large SMR-like magnetoresistance, we deposited a 3 nm thick Pt layer
on a Gd3Ga5O12 (GGG) substrate. In particular, GGG has a susceptibility of 𝜒GGG ∼
6.8 × 10−3 according to both, a Curie-Weiss susceptibility calculation and experiments.152
For comparison, the susceptibility of Cr2O3 was reported to be 𝜒Cr2O3

∼ 1.6 × 10−3 at
room temperature.153 Consequently, with the same magnetic field applied, the induced
magnetization of GGG should be larger by a factor 4 compared to Cr2O3. In spite of this
fact, our control experiments on GGG/Pt revealed only a very small magnetoresistance
𝛥𝜌ℓ/𝜌0 ≤ 1 × 10−6 at room temperature with the same applied magnetic field. This is
smaller by more than two orders of magnitude compared to the magnetoresistance ob-
served inCr2O3/Pt bilayers. One possible explanation for the discrepancymight be rooted
in the different spin mixing conductance of the GGG/Pt and Cr2O3/Pt interface: While
for the prior, the coupling is mediated by strongly localized 4𝑓 moments, the latter in-
teracts via its 3𝑑 moments. Consequently, a much higher orbital overlap at the interface
might be found for Cr2O3/Pt. This is consistent with the observation by Aqeel et al. for
Cu2OSeO3/Pt, where 3𝑑 moments are responsible for the magnetism. Additionally, more
recent results revealed a very similar behavior also in thin layers of MnTiO3 covered with
Pt154 and experiments in CoO/Pt bilayers which have been carried out in Ref. [155] up
to high magnetic fields of 24 T. In the latter system, a finite magnetoresistance is only
observed for very large magnetic fields above ∼ 15T. A connection to these experiments
and a possible alternative explanation for the large MR in the paramagnetic phase will be
presented later in this section in conjunction with investigation the high field magnetore-
sistance in the paramagnetic phase (c.f. Fig. 3.11).

Having found a significant deviation from the anticipated behavior of the SMR above
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Figure 3.8: a-c The transverse (Hall) resistivity for the Cr2O3/Ta sample (S1) is plotted
for several temperatures below 𝑇N measured with the magnetic field applied along the
surface normal (H ∥ n). In addition to the ordinary Hall effect (i.e. a linear slope) an
anomalous Hall-like behavior is observed: a clear hysteretic jump between two constant
resistivity levels. Interestingly, the hysteresis closure field in the transverse resistivity
below 𝑇N matches the sharp hysteretic feature between 3T and 7T observed in the mag-
netoresistance. Panels d-f show the magnetoresistance 𝜌ℓ/𝜌ℓ(𝐻 = 0) − 1. The magne-
toresistance is measured with the magnetic field applied either along the surface normal
(H ∥ n, gray lines) or the transverse direction (H ∥ t, red lines). Except for 𝑇 = 290K, the
resistivity decreases when the magnetic field is increased along either direction.

𝑇N, the question arose whether the SMR in the ordered phase shows the salient features
reported in other systems, i.e. depends on the sublattice magnetizations. To that end, we
study themagnetoresistance in the ordered phase at high fieldmagnetic fields up to 12.5T
in the samples covered with Ta (series S1) at low temperatures.5 First, the transverse re-
sistivity measured with the magnetic field applied along the surface normal H ∥ n (i.e.
the Hall effect) will be discussed: Interestingly, for all temperatures below 𝑇N the trans-
verse resistivity resembles the anomalous Hall effect of an easy axis ferromagnet, i.e. a
hysteretic jump between two stable levels is observed (c.f. Fig. 3.8a-c). The coercive (or
switching) field increases from 3.5T at 10K to 6.8T at 290K. In addition, a temperature
dependent change of the ordinary Hall effect (slope in the saturated regime) is evident
in the measurements.

Similarly, the magnetoresistance 𝜌ℓ/𝜌ℓ(𝐻 = 0) − 1 shown in Fig. 3.8(d-f) has an hys-

5The samples covered with Ta are used for this investigation, as they do not show a modulation of the
magnetoresistance for oopt rotations above 𝑇N. Consequently, the observed magnetoresistance can be di-
rectly connected to to the spin Hall magnetoresistance in these samples.
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teretic feature at the same magnetic fields at which the jump in the transverse resistivity
is evident for H ∥ n. However, after the jump, the resistivity returns to the original value
as it is quadratic with respect to the magnetization (∝ 𝑚2), in contrast to the anomalous
Hall effect (∝ 𝑚).44 With magnetic fields larger than the switching field, a decrease of
the resistivity is present except for 290K, where the magnetization still increases slightly
before decreasing again. The increase of the resistance at 290Kmight be understood with
the magnetic field stabilizing the ordered magnetic state in some grains of the thin film
which have a lower ordering temperature.156 Finally, if the magnetic field is applied along
the transverse direction H ∥ t, a decrease of the resistivity is observed for all tempera-
tures, where the slope is reduced towards high magnetic fields. For both directions of the
applied magnetic field, an increase of the magnitude of the magnetoresistance is found
towards low temperatures, with a maximum of ∼ 5 × 10−4 at 10K. Please note, that the
data has been normalized to the value at zero magnetic field, which likely corresponds to
the high resistance state, since the easy axis is parallel to the surface normal, viz. perpen-
dicular to the spin polarization at the interface.
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Figure 3.9: a For a nearly compensated antiferromagnet without applied magnetic field,
both magnetic sublattices align parallel to the easy axis. b-d If an increasing magnetic
field is applied along the easy axis, the larger moment “jumps” to align parallel to the
field. For even larger magnetic fields, i.e. when the Zeeman energy becomes compara-
ble to the exchange enhanced anisotropy, the second sublattice also rotates towards the
magnetic field, giving rise to a canted state. e-g If an increasing magnetic field is applied
perpendicular to the easy axis, both sublattices cant towards the magnetic field, with the
canting of the larger sublattice being larger. These two cases explain all salient features of
the low temperature magnetoresistance shown in Fig. 3.8.

In the following, a model to explain the salient features of themagnetotransport in the
ordered phase will be presented. To this end, we will assume in the following, that one of
the two magnetic sublattices of Cr2O3 has a slightly larger magnetization (|M𝛼| > |M𝛽|).
While this might seem odd for an antiferromagnet, step dislocations or other defects in
Cr2O3 have been shown to give rise to a small magnetization.150,156 With these assump-
tions, a ground state as shown in Fig. 3.9a is realized: Without applied magnetic field,
the moments in both magnetic sublattices are aligned antiparallel with respect to each
other and oriented along the easy axis. Since the easy axis is perpendicular to the spin
accumulation direction, we thus find a high resistivity for the SMR for the ground state.
If a small magnetic field is applied along the easy axis and along the smaller magnetiza-
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tion (H ∥ M𝛽 ∥ EA) the configuration does not change, since the Zeeman energy is too
small to overcome the uniaxial anisotropy (c.f. Fig. 3.9b). Upon increasing the magnetic
field in this configuration, the Zeeman energy at some point will be sufficient to flip both
sublattices, so that the sublattices invert as depicted in panel c. The resistivity is equal
for the two configurations shown in Fig. 3.9b and c, as it is expected to be proportional to
(M𝛼,𝛽)2.44 However, in the process of switching, the sublattices have to cant away from
the easy axis (i.e. towards the t direction), giving rise to the sharp hysteretic features ob-
served in Fig. 3.8d-f, having a lower resistivity. Please note, that the anomalous Hall effect
will change its sign between the configurations depicted in Fig. 3.9b and c, as it depends
linearly on the magnetization 𝜌𝑡 ∝ 𝑀𝛼,𝛽

n , where 𝑀𝛼,𝛽
n is the projection of M𝛼,𝛽 onto the n

direction. This corresponds to the jump observed in the transverse resistivity in Fig. 3.8a-
c. If the magnetic field is increased even further (i.e. so that the Zeeman energy is on
the order of the exchange energy), the system will enter a canted state (panel d).15 Con-
sequently, a finite projection of the two magnetizations onto the t direction is realized,
leading to a lower resistivity. In summary, for H ∥ n, we find a constant longitudinal re-
sistivity 𝜌ℓ for moderate magnetic field followed by a hysteretic feature in 𝜌ℓ and a change
of in 𝜌𝑡. For even highermagnetic fields a decrease of 𝜌ℓ is observed, as the two sublattices
cant with respect to each other and towards the plane of the film (i.e. when the Zeeman
energy approaches the scale of the exchange energy). This describes the salient features
observed in the experiment (c.f. Fig. 3.8, gray lines)

We will now turn to the case, where the magnetic field is applied along the transverse
or spin accumulation direction, i.e.H ∥ t. In this case, even a small magnetic fieldwill lead
to a finite canting of the two sublattice magnetizations away from the easy axis. This can
bemotivated as with themagnetic field acting perpendicular to the anisotropy, a vectorial
addition always leads to a finite effective field component along the external magnetic
field (c.f. Fig. 3.9e). If the magnetic field is increased, the two magnetic sublattices will
start canting with respect to each other (panels f and g), very similar to the case depicted
in panel d. Consequently, the resistivity will monotonously decrease beginning at very
small magnetic fields for H ∥ t, as we observe it in the experiment. However, it might
be possible that there is a plateau or even an increase of the magnetization for very large
fields, viz. large canting angles, as the one possible configuration is similar to a canted spin
flop phase,119 where the sublattices align perpendicular to the magnetic field. To extract
the exact angles of the two sublattice magnetizations as well as the small uncompensated
moment, a thorough simulation of the two sublattice system including the anisotropy
and the temperature dependence of the two sublatticemagnetizations would be required.
While it might be very rewarding, this is a very challenging problem which has not been
solved so far. Thus, while attempts have beenmade, no successful solution to the problem
could be found.6

6One possible way to tackle the problemwhichwas not attempted so far is as follows: First, themagnitude
of the two sublattices is calculated as a function of temperature for a given set of directions of the internal and
external fields (including the anisotropy parametrized as magnetic field). Then, using a Stoner-Wohlfahrt
approach, the new equilibrium position of the sublattices is evaluated and fed back into the calculation of the
temperature dependence. These steps have to be repeated until the system converges to a definite solution.
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We conclude, that the low temperaturemodel presented above explains all salient fea-
tures and seems to be a reasonable approximation to the system. In particular, also the
temperature dependence expected from our model matches the trend described by the
magnetoresistance: If there is an uncompensated netmoment, its magnitudewill increase
towards lower temperature due to the lower thermal excitation of the system, while the
anisotropy will remain roughly constant until close to 𝑇N.153 Thus, the larger uncompen-
sated net moment will increase the Zeeman energy compared to the anisotropy energy
and thus decrease the coercive field, as it is observed in the experiment (c.f. Fig. 3.8).
Additionally, it might explain why the magnetoresistance is much larger at 10K than at
290K as also the canting angles will be increased if the Zeeman energy is higher.
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Figure 3.10: The normalized resistivity measured in a Cr2O3/Ta sample (S1) during a
zero-field warming and cooling is shown by the gray and red symbols respectively. Both
curves were normalized to their respective value at 290K and the linear slope of the resis-
tance change with temperature has been subtracted. As the sublattices are aligned with
the easy axis (i.e. the surface normal) below 𝑇N, a maximum absorption of spin is realized
here, giving rise to an increased resistance there. Above 𝑇N the sublattice magnetizations
vanish, leading to a decrease of the resistivity due to the removal of the additional dissi-
pation channel.

Finally, before returning to discuss the paramagnetic state, we will try to evaluate
whether the configuration without magnetic field actually corresponds to the high re-
sistance state as one would naively expect from the low temperature model presented
here. To that end, we performed a zero-field warming and cooling, i.e. measured the
temperature dependent resistivity 𝜌ℓ(𝑇) when warming (cooling) from below (above)
𝑇N to above (below) 𝑇N without applying a magnetic field. The resulting data are shown
in Fig. 3.10 and have been normalized to the respective value at 290K and a linear slope
was removed from the data to remove the inherent temperature dependence of the resis-
tivity. We find a clear decrease of the 𝜌ℓ on the order of 4.5 × 10−4, which nicely corre-
sponds to the magnetoresistance observed at 10K, and thus has the order of magnitude
expected for SMR. Consequently, these experiments further corroborate the low temper-
ature model put forward above, where without an applied magnetic field the spins align
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along the surface normal, i.e. perpendicular to the t direction. Interestingly, the transition
window is very similar to the measurements in the Cr2O3/Pt heterostructure, suggesting
that even without applied magnetic field, the anomalous Hall effect and the magnetore-
sistance are slightly different. In summary, the magnetoresistance measurements in the
ordered phase below 𝑇N suggest that the observed behavior is consistent with SMR being
mediated by the individual magnetic sublattices.15,50,65 Thus, at least in the ordered phase
a good agreement with the current SMR picture is found, which makes the deviation in
the paramagnetic phase even more surprising.

We will now return to the discussion of the magnetoresistance in the paramagnetic
phase. As the experiments on the Cr2O3/Pt bilayers (S1) were carried out with a fixed
magnetic field (c.f. Fig. 3.6 and Fig. 3.7), no statements about the evolution with the mag-
netic field could be made. This will be addressed in the following via an additional set of
experiments in the Cr2O3/Ta bilayers (S1). The normalized longitudinal resistivity mea-
sured at 𝑇 = 320K > 𝑇N as a function of the applied magnetic field is shown in Fig. 3.11a
for the two high symmetry directions (i.e. H ∥ n and H ∥ t). For H ∥ n a steep increase of
the magnetoresistance is found for 𝜇0𝐻 ≲ 3T with the slope decreasing for higher mag-
netic fields. If the magnetic field is applied along the t direction, no significant change
of the resistivity is observed. Consequently, we find the same phenomenology as for the
non-crystalline Y3Fe5O12/Pt bilayers discussed in the previous Sec. 3.1.7 In addition to
the large magnetoresistance, a sharp step around 𝐻 = 0 is found in the transverse resis-
tivity (Fig. 3.11b), showing no hysteresis but otherwise resembling the fingerprint of a
ferromagnetic anomalous Hall effect (or spin Hall anomalous Hall effect).43,44

Thus, the magnetoresistance above 𝑇N is neither consistent with an SMR due to the
induced net magnetization, which should show no saturation. Nor can we explain our
findings with an SMR mediated by the individual spins, where the magnetoresistance
should decrease with the magnetic field applied parallel to the t direction (c.f. Fig. 3.4).
Thus, an explanation of the observed magnetoresistance in terms of the spin Hall mag-
netoresistance seems to be impossible. Consequently, we now apply a different approach
to model our data in order to explain the large signals and the magnetic field depen-
dence observed above the Néel temperature and will motivate this approach. The spin
Hall magnetoresistance and the Hanle magnetoresistance stem from the same physical
origin: While the prior addresses the interaction of the normal metal spin accumulation
with an adjacent magnetic insulator,44 the latter formalizes the same interaction but with
an external magnetic field.67,68 The fundamental mechanism giving rise to the modula-
tion of the normal metal resistivity, however, is the same in both cases, viz. an additional
dissipation channel reducing the interfacial spin accumulation in the normal metal. Until
now, all experiments suggested, that the HMR ismuch smaller than the SMR in all typical
material systems.5,68,87,157 However, since the physical origin is the same, the maximum
SMR and HMR is identical (i.e. when all spin accumulation is lost). This can be directly

7Please note, that we have repeated the rotations also on the samples with Cr2O3/Ta. Almost the same
angular dependence as for the Cr2O3/Pt samples is found, with the exception that the resistance modulation
in the oopt rotation plane is vanishing completely. Thus, no proximity magnetized layer or other spurious
contributions to the signal should be present in this sample.
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Figure 3.11: Panels a and b show the normalized longitudinal and transverse resistivities
of a Cr2O3/Ta sample (S1) measured at 320K, respectively. c, d A simultaneous simu-
lation of the magnetoresistance using Eq. (3.4) and Eq. (3.5) (solid lines) shows good
agreement with the general trends observed in the data. Please note, that to remove the
ordinary Hall effect from the transverse data, the slope in the saturated regime measured
at 290K (c.f. Fig. 3.8h) has been subtracted from the data. Apart from the diffusion con-
stant 𝐷, the other parameters are in the range of reported values for Ta films.68

seen from the SMR or HMR theories,8 when an infinite spin mixing conductance or an
infinitely large field is assumed, respectively. The resulting maximum magnetoresistance
of a single interface9 is ∼ 3 × 10−3 for a 3 nm thick Pt layer10 or ∼ 8 × 10−4 for a 5 nm thick
layer of Ta.11 44

Consequently, under special circumstances, the HMR might actually be of similar
magnitude or larger than the SMR. To elucidate, whether the salient features observed
in the experiment, summarized in Fig. 3.6, Fig. 3.7 and Fig. 3.11, can be explained by
HMR, we will apply the HMR theory given by Eq. (3.4) and Eq. (3.5) to our system.68

𝛥𝜌ℓ
𝜌0

=
2𝜃2

SH
𝑑N

(𝜆tanh(𝑑N
2𝜆 ) − ℜ𝔢 [𝛬tanh(𝑑N

2𝛬)]) (3.4)

𝛥𝜌𝑡
𝜌0

=
2𝜃2

SH
𝑑N

ℑ𝔪 [𝛬tanh(𝑑N
2𝛬)] (3.5)

8For the SMR theory this is given by Eq. (47) from Ref. [44] with 𝐺r → ∞, i.e. 2𝜃2
SH𝜆

𝑑N
tanh( 𝑑N

2𝜆 ), which
directly corresponds to Eq. (3) with 𝛬 → 0 (i.e. 𝐵 → ∞)). Please note, that as the HMR considers both
interfaces equally, the MI/N/MI case from the SMR theory was used to allow for easy comparison.

9Calculated with including the spin backflow correction, i.e. using Eq. (29) from Ref. [44]
10Assuming a spin diffusion length 𝜆 = 1.5 nm and a spin Hall angle of 𝜃SH = 0.143,158

11Assuming 𝜆 = 1 nm and 𝜃SH = 0.06468,159
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where 𝜃SH is the spin Hall angle, 𝜆 the spin diffusion length and 𝑑N the metal layer thick-
ness. The additional parameters are the (1/𝛬) = √1/𝜆2 + 𝑖/𝜆2m with the spin precession
length 𝜆m = √𝐷/𝜔L = √𝐷ℏ/𝑔𝜇B𝜇0𝐻 and the diffusion constant 𝐷 = 𝜎0/2𝜈𝑒2 with the
Drude conductivity 𝜎0 and the density of states per spin species 𝜈.68 Please note, that for
small magnetic fields the dominant field dependence is 𝜔2

L/𝐷2 ∝ (𝐻/𝐷)2, which will
become important later.

For comparing the HMR theory to our results, first the ordinary Hall effect has to
be removed from the transverse resistivity: To this end, the contribution of the ordinary
Hall effect is estimated by fitting the linear slope in the saturated regime at 290K (c.f.
Fig. 3.8c). This linear slope is then removed from the data at 320K. While this is only an
approximation, neglecting the temperature dependence of the ordinary Hall coefficient,
it should be close to the correct slope, as the two temperatures are only apart by 30K.
Additionally, since the system is (mostly) in the ordered state at 290K, no significant
contributions are expected from the (spin Hall) anomalous Hall effect in the saturated
regime (except from the small canting of the sublattices).

The magnetoresistance and the transverse resistivity corrected for the ordinary Hall
effect as discussed above, both normalized to 𝜌0 (i.e. the resistivity forH ∥ t) are shown in
Fig. 3.11c and d, respectively. Please note, that for better visibility only positive magnetic
fields are shown. The solid red lines correspond to the respective resistivities calculated
using Eq. (3.4) and Eq. (3.5). We find a reasonable agreement between theory and experi-
ment assuming 𝜆 = 1 nm, 𝜃SH = 0.046 and 𝐷 = 0.8 × 10−8 m2/s. While 𝜃SH and 𝜆 are both
in the range of reported parameters, 𝐷 is much smaller than reported, where we will ad-
dress possible reasons in the next paragraph.68,159 As discussed above, the dominant low
field dependence is given by (𝐻/𝐷)2 for small magnetic fields, so that a small diffusion
constant effectively increases the impact of the magnetic field. Thus, the HMR allows to
reproduce the saturating behavior observed already for moderate magnetic fields in the
transverse and longitudinal resistivity in addition to matching the effect magnitudes. In-
terestingly the magnitude of the magnetoresistance seems to be close to the maximum
signal possible in Ta for the given spin transport parameters. Most notably, however, the
overshoot observed in the transverse resistivity for intermediate magnetic fields is cap-
tured by the simulation (c.f. turmeric dashed line for the linear slope in the saturated
regime extrapolated back to the low field regime). While a similar overshoot has been
reported in other Cr2O3/Pt heterostructures in Ref. [160], the authors of this paper only
find its presence for very thin Cr2O3 layers (𝑡Cr2O3

< 6 nm) and in a more narrow win-
dow of magnetic fields. The overshoot is interpreted as evidence of a topological spin
texture at the interface stabilized by the Dzyaloshinskii-Moriya interaction, which seems
unlikely to be present in our thick Cr2O3 layers (𝑡Cr2O3

= 200 nm). Please note, that the
transverse resistivity as a function of magnetic field the authors of Ref. [160] find for their
samples resembles the curve simulated here, so that the modeling in terms of the HMR
put forward here might also be applicable to their samples.

In the following, we will try to motivate possible reasons for the large HMR, viz. the
small diffusion constant required to explain our findings in the context of theHMR frame-
work. To that end, we will take an excursion to electron spin resonance (ESR) to motivate
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one of two possible concepts explaining the increased HMR in our system:161 For ESR, an
external magnetic field is used to partially align the electron spins in a material viz. im-
print an additional (Zeeman) energy on the system. The electron spins are then driven
into resonance by an external microwave magnetic field with the correct frequency (i.e.
the Lamor frequency) applied perpendicular to the external magnetic field. For localized
electron spins, i.e. in insulating materials, there are two spin relaxation channels, namely
the spin-lattice decay and the spin-spin decay which are governed by the 𝑇1 and 𝑇2 time,
respectively. In the case of a conducting system the situation is slightly different: First
of all, since the electrons are mobile, the spin-spin and spin-lattice decays partake on the
same timescale, i.e. 𝑇1 = 𝑇2.161 Additionally, the impinging microwave used for driving
the resonance is screened by the mobile charge carriers and thus only has a finite pen-
etration depth (the skin depth). Consequently, only electron spins that are close to the
surface (in a slice with thickness of the skin depth of the microwave) will be resonantly
excited. Considering the loss of coherence in this configuration, it becomes obvious that
there must be an additional loss channel: If an electron spin from the surface slice is dif-
fusing into the bulk material and replaced by another electron from the bulk, the phase of
the precession is lost. This is characterized by the diffusion time 𝑇D, which is a measure
of the time it takes for the electron to pass through the skin depth.161 Consequently, if the
material is a good conductor, i.e. has a small skin depth, then 𝑇D < 𝑇2 and the diffusive
losses will dominate in the system. In ESR, this can be observed by a change of the line
shape of the resonance.161

When we now try to apply this discussion to the HMR at the interface we can find the
following for our system: In the case where the normal metal is in contact to a perfect in-
sulator (or vacuum), the HMR diffusion constant is given by the intrinsic spin relaxation
in the metal, which can include diffusive processes, and spin relaxation processes. If the
insulator, however, is replaced by a poor conductor the spins at the interface can diffuse
also into the adjacent material and dephase there. Consequently, there is now an addi-
tional diffusive loss channel which modifies the diffusion constant relevant for the HMR
at the interface between the poor conductor and the normal metal. This is in analogy to
the ESR picture, where a transition from localized electrons to a free electrons leads to
additional diffusive losses. However, the surface slice given by the skin depth in the ESR
is replaced by the spin Hall active surface slice (i.e. by the spin diffusion length in the nor-
malmetal). Thus, for an appliedmagnetic field perpendicular to the spin accumulation at
the interface (i.e. when the HMR is turned on), the electron spins with a given precession
phase at the interface can diffuse into the poor conductor. Since the net electronic current
needs to vanish, the electron will be replaced by another electron with a different phase
from the poor conductor. The spin coherence is therefore lost more efficiently compared
to the case where the normal metal is interfaced with an insulator, effectively increasing
the magnitude of the HMR at constant magnetic field. Please note, that although the spin
decay in the poor conductor is not considered, it still has to be finite (or the poor conductor
has to be infinitely thick). Otherwise, the electron spin will eventually return to the nor-
mal metal. Additionally, contrary to the approach in Ref. [68] the interface of the normal
metal with vacuum and the poor conductor must be treated separately, as the diffusion



CHAPTER 3. SPIN HALL MAGNETORESISTANCE 53

Figure 3.12: The resistance of Cr2O3 mea-
sured on a non-local device on a Cr2O3/Pt
sample from series S2 in the same way
as shown in Sec. 4.2 (c.f. Fig. 4.8 and
Fig. 4.9). An activation energy of 𝐸A ≈
300meV is found, much lower than the
expected band gap of 3.4 eV of Cr2O3.162
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constant can differ significantly for these interfaces as long as they are well separated (i.e.
the metal thickness is significantly larger than the spin diffusion length).

An alternative explanation for the low diffusion constant might be that due to the
finite conductivity across the interface, the effective density of states is increased here.
The impact would be particularly strong if there are 𝑑-orbitals present close to the Fermi
surface, as these can have a very high density of states.138 Whatever picture is applied,
it requires a finite conductivity through the interface. To convince the reader, that this
is not a wild speculation, the cross conductivity between two metal strips on Cr2O3 was
measured.12 The resulting resistance is shown as an Arrhenius graph in Fig. 3.12, where
we find a slope (i.e. an activation energy) 𝐸A ≈ 300meV ≪ 𝐸G = 3.4 eV much lower
than the gap energy of Cr2O3.162 This might hint at the presence of defects (e.g. oxygen
deficiencies) in the crystal, giving rise to a defect band within the band gap of Cr2O3.
Consequently, although not a direct proof of the modified diffusion constant, in conjunc-
tion with the large saturating MR in the paramagnetic phase, it is good evidence that this
“diffusion-enhanced HMR”(deHMR) model is not completely off. Additionally, a finite
cross conductivity can also be found for the nc-YIG/Pt samples investigated in the previ-
ous Sec. 3.1. This cross conductivity would also explain the temperature dependence of
the observed magnetoresistance in these nc-YIG/Pt samples, increasing for higher tem-
peratures like the conductivity of an insulator, contrary to the decreasing magnetic mo-
ment of a paramagnet. Furthermore, the experiments onMnTiO3/Pt and CoO/Pt bilayers
would also fit into the picture.154,155 In these experiments the MnTiO3 layers might have
a finite conductivity giving rise to the observed magnetoresistance resembling our find-
ings. In contrast the CoO layers could be well insulating, so that the magnetoresistance
only becomes observable for very large magnetic fields. This would also explain the ab-
sence of a large magnetoresistance in the GGG/Pt bilayers, as a very well insulating GGG
single crystal is used.

In summary, we find that the observed magnetoresistance above 𝑇N can be consis-
tently explained in terms of a diffusion-enhanced HMR model. This “deHMR” model

12Please note, that the device is from the second growth series (S2), while the other measurements dis-
cussed in this section are performed on samples from the first series (S1). While the magnitudes of the
magnetoresistance are slightly different for the two series, the general behavior between the two series is
very similar.



54 3.2. ANTIFERROMAGNETIC INSULATOR CR2O3/PT AND CR2O3/TA HETEROSTRUCTURES

assumes that the diffusion constant governing the “loss” of the spin Hall spin accumula-
tion is drastically reduced at the MI/NM interface, rooted in a finite conductivity of the
MI. In particular, due to the finite conductivity, the electronic spins can diffuse out of
the NM into the MI and lose their spin there, thus providing an additional loss channel
for the spin accumulation. Additionally, we find that the model allows to explain many
“surprising” findings of the SMR observed around the phase transitions also in other ex-
periments.

While all these observations are circumstantial, a range of reference experimentswhich
wouldmore convincingly proof the “deHMR”model are possible: The prime experiment
would be to use a NM/NM heterostructure (where one of the NM has a spin Hall effect
and the other no SHE but still significant spin losses). If the model is correct, then a large
HMR very similar to what we find here should be observable. Possible good candidates
(i.e. paramagnets without long range order at room temperature but having both, d and f
electron to increase the spin losses/density of states) might be Gd, Ce, Lu, La sandwiched
with Pt. Please note, that e.g. Cu/Pt might be a poor choice, as the spin relaxation time in
Cu is very long.163 Thus, the electron spin can not dephase, returning to the normal metal
as discussed above.

Another possibility to verify the “deHMR” model is to use a stack of two spin Hall
active metals with opposite spin Hall angle which might be a good model system: In
such a stack, a finite spin accumulation will be present at the interface between the two
metals. However, here it is potentially more difficult to separate the contributions of the
individual layers so that the experiment might be more involved. In particular, even the
spins “lost” from the first to the second normal metal might still generate a signal in the
second normal metal due to the spin Hall effect, rendering the separation impossible if
the spinHall effect in the twometals has the samemagnitude. Anyway, as the experiment
is very simple it should be tested.

Another possible indicator that the “deHMR” model outlined above might be cor-
rect, is the large SMR found in metallic bilayers like CoFeB/Pt. Here, the HMR pic-
ture could be modified in two ways: First of all, the magnetic metal can act as a sink
for the spin current, changing the diffusion constant of the FM/NM interface. Addi-
tionally, the precession frequency (viz. Lamor frequency) of the spins at the interface
might be modified by the presence of the exchange field in the ferromagnetic layer, i.e.
𝜔L = ℏ/𝑔𝜇B𝜇0𝐻 → ℏ/𝑔𝜇B𝜇0(𝐻 + 𝐻ex). Consequently, not only is the HMR increased
drastically due to the lower diffusion constant, but there is also a finite magnetoresistance
in the absence of externally applied magnetic field now, i.e. something which resembles
the SMR. A study of the magnetoresistance to very high magnetic field in such a sam-
ple might allow to probe the diffusion constant. First steps for this inclusion of the SMR
contribution in terms of the Lamor frequency have already been taken by Zhang et al. in
Ref. [63].

This framework also allows to describe the case of insulating ferromagnets within the
same framework: While the diffusion constant is not altered due to the presence of the
insulator (except for a lower spin diffusion length in the NM),163 the orbital overlap at
the interface gives rise to a correction of the Lamor frequency as shown in the previous
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paragraph. It would be important to try to estimate this exchange field at the interface in
order to see the validity of the model in this case. This formalism might then be used to
replace or extend the spin mixing interface conductance framework used so far.44,126,164
Such an effort entails a lot of work, as the spin mixing interface conductance concept has
been used to explain a wide variety of effects, so that a novel framework will need to
straightforwardly describe also all of these effects. However, as mentioned above, first
efforts to that end have already been undertaken by Zhang et al. in Ref. [63], so that a
completemicroscopic theory formagnetoresistive effects arising due to the spinHall effect
seems to be on the horizon.

3.2.3 Summary

In this section (Sec. 3.2), we reported the magnetoresistance in heterostructures of
Cr2O3 and Pt or Ta. In the first part of this section the evolution of the magnetoresistance
around the Néel temperature was studied for a fixed magnetic field. There, we found
a magnetoresistance with the angular dependence inherent to the spin Hall magnetore-
sistance, only in the vicinity of 𝑇N and saturating at a surprisingly large magnitude of
2 × 10−4 above 𝑇N. Further studies up to high magnetic fields (|𝜇0𝐻| ≤ 12.5T) were car-
ried out on samples capped with Ta revealing an even higher signal magnitude in the
paramagnetic phase.

By studying the magnetoresistance in the ordered state (i.e. below 𝑇N), we concluded
that the Cr2O3 films used here are not a perfect antiferromagnet but likely are ferrimag-
netic with a small uncompensated magnetic moment. This small moment acts as handle
for aligning the individual sublattices with the external magnetic field and gives rise to
additional phenomena like spin canting and a spin flip (i.e. an inversion of both magnetic
sublattices) even for moderate magnetic fields.

Furthermore, we applied the framework of theHanlemagnetoresistance to explain the
large signal magnitude in the paramagnetic phase. To that end, we assume that there is a
small diffusion constant at play in our system caused by a finite conductivity of the mag-
netic insulator. Using this “diffusion-enhanced HMR” model, where the spin Hall spin
accumulation is not lost by spin relaxation inside theNMbut by “direct” diffusion into the
adjacent magnetic insulator, we can reproduce the magnitude and shape of the magne-
toresistance. In particular, the longitudinal and transverse magnetoresistance could both
be modeled with this assumption, using otherwise realistic spin transport parameters.
The above “deHMR” model could also provide a reasonable explanation for the findings
presented in the previous Sec. 3.1.

Finally, a perspective to include the HMR and SMR into one theoretical framework
was outlined in this section. To that end, we proposed to extend the theory reported by
Zhang et al. in Ref. [63], where the SMR is parametrized by an exchange enhancement
of the Lamor frequency at the interface (i.e. 𝐻 → 𝐻 + 𝐻ex with the exchange field 𝐻ex):
Taking into account also diffusive spin loss of the spin Hall spin accumulation in this
theory framework, the SMR in conductive FM/NM heterostructures as well as NM/NM
heterostructures as well as insulating MI/NM heterostructures could be consistently ex-
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plained in one framework. In particular, in conductive heterostructures the out-diffusion
of the interfacial spin Hall spin accumulation might be the dominant loss mechanism.
Thus, such a generalized microscopic theory might unify and conclude the efforts to es-
tablish a complete theory for the magnetoresistance mediated via the spin Hall effect for
all material systems.44,126,164



Chapter 4

NON-LOCAL MAGNON-MEDIATED
MAGNETORESISTANCE

4.1 Scratch Test for the Non-Local Transport in Y3Fe5O12/Pt Het-
erostructures

One possibility to investigate the magnetic and magnonic properties of magnetic in-
sulators is to bring a spin Hall active metal like platinum into contact with it. Studying
the pure spin current flow through the interface between the two materials then allows
to draw conclusions about the microscopic magnetic structure and the magnon transport
properties. This is accomplished either by investigating the spin Hall magnetoresistance
or the non-local magnon-mediated magnetoresistance.11,13,16,40–45,50,65,66 While the non-
local transport experiments reported in literature were so far discussed and modeled in
a magnon diffusion picture, a conclusive proof that magnons are the transport quanta
has not been put forward. Moreover, recently there have been studies suggesting a novel
mechanism for angular momentum transport via phonons.165,166 Furthermore, long dis-
tance angular momentum transport through a paramagnetic insulator was reported, sug-
gesting that magnons might not be as important for the transport of angular momentum
as previously thought.145 Finally, higher order effects like magnon swasing have been
proposed and reported.77,78,167,168

In this section, we present experiments which corroborate that magnons are the trans-
port quanta relevant for the non-local magnon-mediated magnetoresistance observed in
yttrium iron garnet/Pt heterostructures. The basic idea for these experiments is to remove
themagnetic insulator in between the laterally separatedPtwires used formeasuring non-
local transport. Without the magnetic medium, magnon transport is suppressed, while
phonons can still pass through the lattice matched gadolinium gallium garnet substrate

57
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(c.f. Fig. 4.1a).
The contents of this section are reproduced in part from R. Schlitz et al., Applied

Physics Letters 114, 252401 (2019) (Ref. [6]) with permission from AIP Publishing.

4.1.1 Sample Preparation and Methods

3 nm thick Pt layers were sputter-deposited by Savio Fabretti (Technische Universität
Dresden) onto commercially available 180 nm thick yttrium iron garnet (YIG, Y3Fe5O12)
thin films grown by liquid phase epitaxy. Before the Pt deposition, the YIG substrates
were cleaned by etching in a Piranha solution1 and annealed at 200 °C for 1 h in ultra high
vacuum. The Piranha cleaning removes organic constituents while the annealing helps to
desorb the residual water from the YIG surface.12,169 After sputtering, the Pt on top of the
YIG was patterned into long parallel wires via optical lithography and Ar ion milling,2 to
define the non-local devices (c.f. Fig. 4.1b). The length of thewires is 𝑙 ∼ 100µm and their
width is 𝑤 ∼ 2µm. A separation of 𝑑NL ≈ 1µm can be achieved with this method. Please
note, that due to the small size of our samples the thickness of the resist layerwas spatially
inhomogeneous (i.e. there was a large edge wall). Therefore, and due to the resolution
limit of the optical lithography, the exact dimensions of the devices vary by up to ≲ 1µm
and the yield of the lithography (i.e. the ratio of working devices compared to devices
with a short) was only ∼ 50%. The electric response was measured with our standard
setup using a current of 𝐼 = 200µA and the current reversal method as introduced in
Sec. 2.6. All measurements were carried out on one of the samples described above in the
Halbach setup (𝜇0𝐻 = 1.1T, c.f. Sec. 2.2). The contacting scheme including the polarities
can be seen in Fig. 4.1b.

The patterningwith the focused ion beam (FIB)modificationwas performed together
with Toni Helm (Helmholtz-Zentrum Dresden Rossendorf) on a FEI Helios NanoLab
DualBeam system. We chose an aperture of 0.34 nA and an acceleration voltage of 30 kV
for the focused Ga ion beam. A scanning ion image of the full device is displayed in
Fig. 4.1c. One overview image of each structure was taken with the FIB to locate the
region to be modified. Although possible, we did not use the electron beam image due
to the finite mismatch between the electron and ion beam. Thus, all devices have been
irradiated over the full area with a finite amount of Ga ions. Possible consequences of
this irradiation will be addressed later in this section when the data is discussed. The
structure after cutting imaged by the scanning electron beam under an angle of 52° is
depicted in Fig. 4.1d. A depth of the cut of ≈ 400 nm was determined from this image,
well above the thickness of the YIG film. Thus, the YIG is completely removed in between
the two Pt wires after the Ga ion treatment.

1The etching was performed by Michaela Lammel and Sabrina Piontek (Leibniz Institute for Solid State
and Materials Research Dresden) using H2SO4:H2O2 in a 1:1 volumetric ratio.

2The Ar ion milling was performed together with Tommy Schönherr (Helmholtz-Zentrum Dresden
Rossendorf).
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Figure 4.1: a The device geometry and a sketch of the FIB modification of the device
are shown. The focused ion beam is used to remove the magnetic yttrium iron garnet
film between the Pt detector and injector. Panel b depicts the contacting scheme of the
structure. A current 𝐼 is sourced through the injector (left strip) and the non-local voltage
𝑉nl is measured on the detector (right strip). Additionally, the two-wire voltage 𝑉loc is
measured on the injector. Panel c shows an image of the device as seen by the Ga ion
microscope used for locating the area to be cut. d A zoomed-in scanning electron image
of the already cut device is depicted. To allow the determination of the depth of cut,
the image was recorded under a viewing angle of 52° with respect to the surface normal.
The bright white line above the lower Pt electrode is the lower edge of the trench, while
the depth can be seen on the upper edge (below the upper Pt electrode). Adapted from
Ref. [6].

4.1.2 Results and Discussion

In the following, we will verify that the magnetotransport response of the virgin (un-
modified) device shows the anticipated transport signatures before addressing the FIB
induced changes. In particular, in the local and non-local magnetotransport response, we
should observe the spin Hall magnetoresistance (SMR, c.f. Sec. 1.3.1 and Fig. 1.4) and the
non-localmagnon-mediatedmagnetoresistance (MMR, c.f. Sec. 1.3.2), respectively. Thus,
the local (upper row) and non-local (lower row) transport response of one device prior
to the FIB treatment is summarized in Fig. 4.2 for the three rotation planes (c.f. Sec. 2.1
and Fig. 2.2). The local response (where 𝛿𝜌loc = 𝜌loc − 𝜌0) mostly matches the transport
signature of the SMR, i.e. shows a similar sin2(𝛼) and sin2(𝛽) modulation for the first two
columns (ip and oopj rotation, c.f. Fig. 1.4). Themagnitude of the SMR (i.e. the amplitude
of the sin2(𝛼) modulation) 𝛥𝜌/𝜌0 ≈ 4.5 × 10−4 (c.f. Eq. (1.4)) is on-par with reports in lit-
erature for YIG/Pt heterostructures where the Pt is deposited ex-situ via sputtering.9,12
However, a (smaller) sin2(𝛾) modulation is also visible in the third column (oopt rota-
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Figure 4.2: Local (panel a-c) and non-local (d-f) response of a typical device prior to FIB
cutting for ip, oopj and oopt rotation, respectively (c.f. sketches above the panels andCh. 2
for the nomenclature of the field rotations). The local transport response mostly exhibits
the behavior expected for the spin Hall magnetoresistance, i.e. a large modulation for ip
and oopj rotations and no modulation for the oopt rotation. The finite modulation ob-
served in oopt is due to the imperfect contact geometry of the device, where the current
flow is not always along one direction (c.f. Fig. 4.1). The non-local signal has the sym-
metry of the magnon-mediated magnetoresistance, namely a negative voltage for finite
projection of the magnetic field (and thus the magnetization) onto the t direction and a
vanishing voltage if the magnetization is perpendicular to the t direction.

tion), where a constant resistivity should be observed for SMR. This can be rationalized,
however, by considering the geometry of the device (c.f. Fig. 4.1c), where the current in
the parts of the device that are perpendicular to the long wire contributes a signal due
to the different direction of current flow.3 For these “side arms”, the oopt rotation with
respoect to the long wire is the oopj rotation as the current direction is rotated by 90° in
the plane. Please note, that for the three rotations planes, the normalized signals were
shifted so that the values at the high symmetry points (i.e. H ∥ t and H ∥ n) are equal
for the different planes. This is necessary due to the different measuring inserts used for
the three rotation planes, resulting in slightly different temperatures, and thus slightly
different 𝜌0 for each measurement.

3If the geometry of the device and the relative contribution of the “side arms” and the long wire to the
total resistivity is estimated, a factor of 1/10 is found. This factor is in agreement with the difference in the
SMR amplitude observed here.
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In contrast, for the non-local signals we find perfect agreement with the expected
MMR signature (c.f. Sec. 1.3.2 and Eq. (1.6)):16,45 The voltage is negative when there is a
finite projection of the magnetic field (and thus the magnetization) onto the t direction
(c.f. Fig. 4.2d and e) and very close to zero otherwise (c.f. Fig. 4.2f). This then leads to
the observed sin2(𝛼) and sin2(𝛽) modulation with an equal magnitude of |𝛥𝑉nl| ∼ 1.2µV
for the ip ond oopj rotations. Please note, that no offset has been subtracted from the
non-local voltage. Additionally, for the non-local signal the side arms giving rise to an
additional signal for the oopt rotation cannot contribute to the MMR, since the injector
and detector, and thus the polarization of the injected and detected spins, are orthogonal
there.

Having established, that the signal shows the anticipated transport response before
being exposed to the focused ion beam, we will now turn to the impact of the FIB mod-
ification. In Fig. 4.3 we show the transport response of a device before (panels a and d)
and after FIB cutting using the same contacts (b and e) and with inverted injector and
detector (c and f). As discussed above, the sin2(𝛼) modulation of the non-local voltage
has a magnitude of 1.2µV before the FIB cut, while the (local) SMR has a magnitude of
𝛥𝜌/𝜌0 ≈ 4.5 × 10−4.

After characterizing the transport of the initial device, we removed a portion of the
YIG layer a width, length and depth of 500 nm, 120µm and 400 nm, respectively between
the two Pt wires with the FIB. The ensuing changes of the transport are shown in Fig. 4.3b
and e: The SMR decreases by roughly a factor of 5 to 1 × 10−4. In contrast, the MMR
(i.e. the non-local modulation) vanishes to within our experimental resolution (≈ 5 nV,
c.f. Sec. 2.6). This corresponds to a suppression of the MMR by at least a factor of 200.
Additionally, a positive offset signal arises in the non-local data (best seen in the inset).
This can be traced back to a finite cross conductivity between the two Pt wires, likely
caused by Ga implantation.

One possible explanation for the absence of the MMR could be that the second wire is
altered in a way that its spin Hall effect vanishes. To exclude such an effect, we repeated
the magnetotransport experiments with inverted contacts, i.e. driving the current in the
right wire and detecting the non-local voltage on the left wire (c.f. Fig. 4.3c, f). These
measurements confirm that the second wire indeed shows SMR, indicating that a spin
current can still be injected and/or detected by it. Please note, that the slightly larger
SMR magnitude originates from the missing “side arms” in the second wire, such that
all current flows from top to bottom. Consequently, we can conclude that the spin Hall
effect in the Pt wires is reduced at most by a factor of √5, as the SMR depends on the
square of the spin Hall angle 𝜃SH (i.e. the spin to charge conversion efficiency) and the
SMR is reduced by a factor of 5. As such, if this would be the dominating effect, also the
non-local signal should be reduced only by a factor of 5, since also the MMR scales with
𝜃2
SH.40,41,43–45 Clearly, this is not sufficient to explain the measured reduction of the non-

local signal by a factor ≳ 200. Thus, the data in Fig. 4.3 suggest that magnon transport is
indeed the dominating transport mechanism mediating the non-local magnetoresistance
in YIG/Pt: Since the FIB cut removes the magnon transport channel, no modulation of
the non-local voltage, i.e. no MMR, can be seen after its removal.
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Finally, we can use our findings to establish an upper boundary for the size of addi-
tional transport effects (e.g. by phonons): If there were such effects superimposed on the
MMR, giving rise to an additional voltagemodulation, theywould still be present after the
FIB modification. As we do not find such a modulation after FIB cutting, the maximum
contribution of these effects are given by the signal to noise ratio of the measurements,
which is on the order of 200 for the voltage modulation observed in this device. Thus, the
maximum size of the additional transport effects is on the order of 0.5% of the MMR.

I V
nl

I V
nl

IV
nl

Figure 4.3: Comparison of the transport response measured before the FIB cut (panels a
and d) to the transport response after removing the YIG layer with the FIB (panels b and
e). After cutting, the SMR is decreased significantly and the modulation of the non-local
voltage (i.e. the MMR) vanishes. e To improve the visibility, a zoomed in view of the data
is shownas inset, verifying the absence of theMMR to a threshold of 5 nV. A small positive
offset is visible in the non-local voltage after the FIB modification, hinting at a finite cross
conductivity (substrate conductivity) due to Ga implantation. c, f To verify that both Pt
strips are still spinHall active, the injector and detector are exchanged. The corresponding
data corroborate the findings of the original contact geometry, i.e. a reduced SMR and no
modulation of the non-local signal. Adapted from Ref. [6].

In the followingwewill attempt to further elucidate themodifications the heterostruc-
ture experiences under Ga ion irradiation by considering incomplete cuts of the structure.
To this end, two different cuts are discussed:

First, we removed only half of the length of the YIG channel, expecting a reduction of
the MMR by a factor of 2. The corresponding data before and after the FIB cut are shown
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Figure 4.4: a, bNon-local transport response measured prior to FIB cutting and c, d after
the removal of the yttrium iron garnet. For panel c, half of the length of the channel
was removed, while for panel d, half of the YIG thickness has been removed over the full
length (see insets). Even after cutting, a modulation of the non-local voltage (viz. MMR)
is observed for both cuts. However, theMMR is lowered bymore than the expected factor
of two in both cases (for removing half of the YIG channel inwidth or thickness). Adapted
from Ref. [6].

in Fig. 4.4a and c, respectively. Here, the amplitude of theMMR is reduced approximately
by a factor of 3, significantly differing from the expected factor of 2. Interestingly, the SMR
in this device is reduced to 60% of its original value (in contrast to a reduction to 20%
for the full cut). From these two observations, we speculate that the reason for the reduc-
tion of SMR and MMR is a combination two effects. For one, the YIG/Pt interface or the
spin Hall effect in Pt might be altered even by imaging the full structure with the Ga FIB.
Secondly, the imperfect beam profile of the ion beam might lead to additional peripheral
damage.170 Thus, damage by the ion beam seems reasonably to assume when consider-
ing the approximate penetration depth ≈ 10 nm of the Ga ions for the given acceleration
voltage.171 We will now try to extract this reduction 𝑥 of the MMR due to the irradiation
from imaging. Using our initial assumption, i.e. that the MMR is reduced to 50% of its
original value and the actual reduction to 33%, we can solve

𝛥𝑉nl = 0.33 ⋅ 𝛥𝑉0
nl

∧= 0.5 ⋅ 𝑥 ⋅ 𝛥𝑉0
nl, (4.1)
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for 𝑥, where 𝛥𝑉nl and 𝛥𝑉0
nl are the amplitudes of the MMR before and after the FIB cut,

respectively. Thus, the additional reduction due to imaging can be determined as 𝑥 ≈ 0.7
(70%). Interestingly, this reduction shows reasonable agreement with the reduction of
the SMR in the device. This corroborates our interpretation, since the SMR and MMR
depend in the same way on 𝜃SH. The reduction might, however, also be explained by a
modified spin mixing interface conductance 𝐺↑↓. Since the SMR and MMR are sensitive
to different parts of 𝐺↑↓

40,44,63 and no clear understanding of how these parts would be
impacted by the Ga implantation is available, the exact origin of the reduction cannot be
narrowed down further. Anyway, it is crucial to note that the absence of the modulation
in the non-local transport response of the first device cannot be explained by this global
irradiation effect (as 5/0.7 ≪ 200).

The third device we prepared was altered with a shallow cut over the full length, re-
moving approximately half of the YIG thickness (50 − 70 nm). The corresponding data
are shown in Fig. 4.4b and d. Please note, that also in this device the SMR is reduced to
60% of its original value. Thus, we can extrapolate the expected size of theMMR by using
the previously determined irradiation damage induced reduction 𝑥: The signal should be
lowered due to the overall ion beam irradiation and the reduced channelwidth by roughly
a factor of 0.7 ⋅ 0.5 = 0.35. In contrast, we find a reduction of the MMR by at least a fac-
tor of 10. From this we conclude that either the constriction of the YIG channel imposes
additional boundary conditions172 for the magnon transport or that the FIB is highly effi-
cient in altering the transport properties of the YIG. There have been reports hinting to the
second fact: A local change of the saturation magnetization upon ion irradiation can be
found.173 Either way, magnons clearly are of key importance of the MMR. Consequently,
FIB irradiation might prove to be a valuable tool to prepare periodic modulations of the
YIG properties necessary e.g. for magnonic crystals.172 Clearly, it would be interesting in
the future to study the MMR in such magnetically modulated samples.

4.1.3 Summary
All data presented above consistently showed that FIB irradiation significantly mod-

ifies the local and non-local magnetotransport response of YIG/Pt heterostructures. Our
results demonstrated that magnons are of key importance for the MMR, supporting the
magnon picture put forward to explain the non-local magnetoresistance in such struc-
tures. Additionally, our experiments put a firm boundary of 0.5% of the MMR as maxi-
mum contribution of other transport effects (e.g. by phonons) to the non-local transport.
Finally, we infer that FIB irradiation sensitively affects the YIG/Pt devices, which could
be utilized for spatially tailoring the magnetic properties of the YIG and studying the
corresponding modifications in the non-local transport response.
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4.2 Evolution at ElevatedTemperatures inY3Fe5O12/PtHeterostruc-
tures

As already addressed in Ch. 3, it is interesting to study how the spin transport evolves
across magnetic phase transitions in magnetic insulator/normal metal heterostructures.
In such systems, the magnetic phase transition becomes evident in the transport response
of the normal metal due to the magnetization dependence of the spin Hall magnetoresis-
tance. The evolution of the non-local magnon-mediated magnetoresistance across such a
magnetic phase transition is still uncharted.

Wesenberg et al. reported long distance spin transport in as-sputtered YIG/Pt bilay-
ers (i.e. disordered YIG, c.f. Ref. [136] and Sec. 3.1). These results, however, are critically
discussed in the meantime, as they might be an artifact of a finite electric conductivity
of the YIG films upon thermal activation.174,175 Additionally, only a small modulation
of the non-local signal with the magnetic field has been reported in these experiments,
attributed to the absence of an ordered magnetic state. Furthermore, strongly field de-
pendent non-local transport on GGG/Pt heterostructures was reported at low tempera-
tures (𝑇 < 100K) by Oyanagi et al. in Ref. [145]. GGG (Gd3Ga5O12) is a paramagnet,
ordering only at very low temperatures 𝑇 ≲ 1K.176 Consequently, it is surprising to ob-
serve non-local transport so far above the ordering temperature. Since the exact magnetic
configuration of the as-sputtered YIG remains elusive5 and the non-local transport in the
GGG depends sensitively on the exact magnetic configuration,145 it appears attractive to
use a well established magnetic insulator such as YIG. Using YIG, measurements of the
MMR could be carried out as a function of increasing temperature, transitioning from the
ordered into the disordered (paramagnetic) phase.

In contrast to the systems discussed above and in Ch. 3, this section thus will focus
on the best studied material system for SMR and MMR experiments: crystalline YIG/Pt
heterostructures. Wewill elucidate the local as well as the non-local transport response in
such bilayers to evaluate how theMMR evolves when approaching the Curie temperature
𝑇C ≈ 560K of yttrium iron garnet.119 To this end, we will use the high temperature setup
described in Sec. 2.3. The sample investigated in this section was prepared together with
the sample studied in Sec. 4.1 above. Thus, we will not repeat the sample preparation
procedure here. However, please note, that the layout of the previous devicewasmodified
to include a Hall bar for well-defined measurements of the local response of the sample.

4.2.1 Results and Discussion

Before addressing the results, we first want to introduce an alternative way of extract-
ing the SMR amplitude 𝛥𝜌/𝜌0. To that end Eq. (1.4) and Eq. (1.5) from Sec. 1.3.1 are
summarized again below for convenience:

𝜌ℓ = 𝜌0 + 𝛥𝜌(1 − 𝑚2
𝑦) (4.2)

𝜌𝑡 = 𝛥𝜌 𝑚𝑥𝑚𝑦 + 𝛥𝜌H𝑚𝑧 (4.3)
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Instead of measuring the longitudinal voltage 𝑉ℓ and the corresponding voltage modu-
lation, one can also measure the transverse voltage 𝑉𝑡 (c.f. Fig. 1.4). The main advantage
of using 𝑉𝑡 is the independence of the transverse voltage on temperature, which signifi-
cantly reduces the impact of spurious thermal drifts. After determining the longitudinal
and transverse resistivities from the voltages (c.f. Eq. (4.2) and Eq. (4.3)), the amplitude
of the 𝑚𝑥𝑚𝑦 modulation in the transverse signal, or cos(𝛼) sin(𝛼) in our coordinate sys-
tem, corresponds directly to 𝛥𝜌.43,44 Thus, we can use the transverse voltage to extract 𝛥𝜌
and compare this to 𝜌0 extracted from the longitudinal voltage to obtain the SMR ampli-
tude 𝛥𝜌/𝜌0. Although 𝛥𝜌/𝜌0 extracted using the longitudinal and transverse resistivity
should be equal, we find a ≈ 40% larger 𝛥𝜌/𝜌0 when using the transverse resistivity. This
is likely due to the fact, that our samples are not perfectly homogeneous: The longitduinal
voltage averages the SMR over the full Hall bar, while the transverse voltage probes only
the small portion of the Hall bar between the side contacts (c.f. Fig. 2.2). Thus, in the
presence of spatial inhomogeneities, the SMR extracted using the longitudinal and trans-
verse contacts can differ.4 To allow for a straightforward evaluation of the amplitude, it
is useful to show 𝜌𝑡/𝜌0, i.e. the (angular resolved) transverse resistivity normalized to 𝜌0
extracted from the longitudinal resistivity. A similar approach was chosen in Ref. [50].

Using the transverse resistivity approach, we find a 𝛥𝜌/𝜌0 ∼ 5 × 10−5 for our de-
vice at 𝑇 = 300K.5 The normalized transverse resistivity 𝜌𝑡/𝜌0 is shown in Fig. 4.5a
and b for a set of lower and higher temperatures, respectively. A monotonous decrease
of the modulation amplitude 𝛥𝜌/𝜌0 can be observed for increasing temperature. The
modulation of 𝜌𝑡/𝜌0 at the highest shown temperature 𝑇 = 540K is only barely visible
(𝛥𝜌/𝜌0 ≲ 5 × 10−6).

The non-local voltage 𝑉nl plotted in Fig. 4.5c,d shows the clear sin2(𝛼) modulation
excepted for the MMR (see Sec. 4.1). Interestingly, here the modulation amplitude 𝛥𝑉nl
first increases from room temperature towards higher temperatures. At very high tem-
peratures, 𝛥𝑉nl then decreases and an additional positive offset voltage becomes visible
(panel d). For the highest temperature 𝑇 = 540K, no clear modulation of the non-local
voltage can be observed anymore (𝛥𝑉nl ≲ 10 nV), suggesting, that the MMR vanishes
upon approaching the Curie temperature. An increase of the MMR from 𝑇 ∼ 300K to-
wards higher temperatures is expected: Ideally, the generation and detectionmechanisms
of magnons impose a power law dependence with temperature, such that the MMR is
∝ 𝑇𝛼 with 𝛼 = 3/2 or 5/2.40,41 However, previous studies already suggested that there is
a crossover of the temperature dependence from 𝑇5/2 below 100K to 𝑇3/2 above.16 Addi-
tionally, the magnon diffusion can also impose a further temperature dependence.73

For a more quantitative discussion, we will now turn to the amplitudes of the SMR
𝛥𝜌/𝜌0 andMMR 𝛥𝑉nl. Both were determined by fitting the appropriate modulation func-

4This is further corroborated by the SMR amplitude of the non-local device, where a ≈ 160% larger value
than on the transverse contacts of the Hall bar is found. Please note that, at the temperatures where the SMR
could be extracted from the longitudinal voltage, it shows the same trends as a function of temperature as
the SMR extracted using the transverse voltage.

5Please note, that this value is observed during the final run, where the full temperature range was mea-
sured. The initial value was higher as can be seen also in Fig. 4.6a (run 1).
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Figure 4.5: Angle resolved magnetoresistance measurements taken during in-plane rota-
tions of themagnetic field 𝜇0𝐻 ≈ 70mT on a YIG/Pt heterostructure at 𝑇 = 300K. a and b
The transverse resistivity normalized to 𝜌0 (corresponding to 𝛿𝜌𝑙𝑜𝑐/𝜌0 used in Sec. 4.1) is
shown for lower and higher temperatures, respectively. Please note, that the mean value
of the transverse resistivity has been subtracted. In this way, only the magnetic field (and
thus magnetization) dependent modulation of the resistivity prevails, while the temper-
ature dependent spurious offset present in the transverse resistivity is removed. The full
amplitude of the sin(𝛼) cos(𝛼) modulation corresponds to 𝛥𝜌/𝜌0 and thus is the SMR am-
plitude. A decrease of the modulation amplitude for increasing temperatures is evident
from the measurements. c and d The non-local voltage is shown in for the same set of
temperatures. In contrast to the local response, an increase of the sin2(𝛼) modulation is
observed at least until 420K. For even higher temperatures, the amplitude decreases and
an additional positive (orientation-independent) offset is observed.

tion to the data (i.e. a cos(𝛼) sin(𝛼) for the local and a sin2(𝛼) for the non-local signals).
The thus obtained amplitudes of the SMR and the MMR are summarized in Fig. 4.6a and
b, respectively. Additionally, the non-local offset voltage is included in Fig. 4.6b. The SMR
amplitude decreases monotonously and approaches 0 at around 510K. This decrease re-
sembles the (sublattice) magnetization curve of a ferromagnet, being mostly constant
well below the Curie temperature and then steeply decreasing towards the Curie tem-
perature. To graphically show this, we calculated the saturation magnetization of YIG
as a function of temperature using a mean field model with two antiferromagnetically
coupled iron sublattices.177,178 The two 𝑀(𝑇) curves shown in Fig. 4.6a were calculated
to yield Curie temperatures of 𝑇C = 560K and 𝑇C = 510K using the parameters given
by Anderson in Ref. [177] (yielding 𝑇C = 560K) and the same parameters divided by 1.1
(yielding 𝑇C = 510K), respectively. The code and a table with the parameters for the first
calculation can be found in App. D. As one might expect, the original set of parameters
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quoted by Anderson yields a Curie temperature closely matching the literature value of
YIG (𝑇C = 560K).119 A good congruence of the net magnetization with the SMR data
(gray points and turmeric line) can be found until ∼ 450K.63 Above this temperature, a
clear deviation is evident. To estimate whether a different Curie temperature might ac-
count for this difference, the second calculation with a lower 𝑇C was performed. Here,
although the vanishing point agrees, no good agreement between the data and the calcu-
lated 𝑀(𝑇) can be found.
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Figure 4.6: a The SMR amplitude 𝛥𝜌/𝜌0 determined by fitting a sin(𝛼) cos(𝛼) to the local
data is shown. The SMR amplitude obtained during the first the subsequent second mea-
surement run (red and gray curves) decreases monotonously for increasing temperatures
and approaches 0 at above 𝑇 = 510K. This temperature is well below 𝑇C = 560K. The
decrease of the SMR follows the (calculated) netmagnetization of the YIG films (turmeric
and teal lines). Here, two different sets of parameters were used for calculating the 𝑀(𝑇),
resulting in a Curie temperature of 𝑇C = 560K (turmeric) and 𝑇C = 510K (teal), where
only the prior allows to fit 𝛥𝜌/𝜌0. b By fitting a sin2(𝛼) to the non-local data shown in
Fig. 4.5, the amplitude of the MMR 𝛥𝑉nl is determined. The MMR (red and gray curves)
increases with increasing temperature, peaking around ∼ 450K. Similar to the SMR, the
MMR is suppressed towards 510K well below the Curie temperature. The offset signal of
the non-local voltage (teal and turmeric curves), increasing steeply above 500K.

We now turn to the temperature dependence of the MMR. Here, an increase of 𝛥𝑉nl
is observed for increasing temperatures, leveling off around 450K. As already discussed
above, this agrees with the expectations for the MMR (∝ 𝑇3/2 at 300K)16 and will be
addressed in detail later in the context of Fig. 4.7b. Similarly to the SMR, the MMR then
sharply decreases and vanishes above 510K. Interestingly, in the high temperature regime
(𝑇 > 470K), the SMR and MMR seem to vanish congruently. Additionally, the positive
offset voltage evident already in Fig. 4.5d can be seen to increase steeply above 470K.
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We attribute this to an onset of the conductivity of the YIG film. Please note, that the
offset voltage 𝑉nl,leak ∼ 4µV is still well below the voltage drop along the local wire
𝑉loc ∼ 0.35V.

Before further discussing the conductivity of the YIG film and its impact on the trans-
port, we will first try to elucidate whether the sample ages during the measurements
at high temperatures. To judge this, two measurement runs were performed up to 500K
(run 1) and 600K (run 2). A clear change is evident in the amplitudes of the twomeasure-
ments, remaining even at 300K after the sample has cooled down following the first run.
Both, the SMR and the MMR amplitude, are decreased by about ∼ 24%. This suggests,
that either the spin Hall effect in the Pt or the interface transparency of the YIG/Pt inter-
face changes by oxidation or interdiffusion (e.g. by formation of an interfacial FePt layer).6
As discussed already in the context of the focused ion beam modification in Sec. 4.1, the
SMR and MMR depend on different parts of the spin mixing interface conductance 𝐺↑↓,
where changes to the interface due to interdiffusion might still affect both parts of 𝐺↑↓ in
a similar way.63 If an interfacial layer is present, it could also explain the decrease of the
SMR and MMR already well below 𝑇C: FePt has a similar Curie temperature compared
to YIG, in the range of 570K to 750K, being very sensitive to the exact composition.179
Thus, a sub-stoichiometric or similar compound (e.g. Pt-doped YIG) might give rise to
a lower ordering temperature of the interfacial layer. As both, the SMR and MMR are
very sensitive to the YIG/Pt interface, an alteration of the magnetic properties there will
sensitively impact the transport response.69 It is important to know, that the sample stays
at each temperature for around 1.5 h, since it takes time to stabilize a given temperature
and perform the ARMR measurement. In total, the sample was thus heated for about
∼ 32 h in the first measurement run. Consequently, it appears natural that some form of
annealing could have taken place.

To further elucidate the mechanism of the sample aging, we plot the resistivity of the
Pt layer in Fig. 4.7. Here, a linear trend is evident for the Pt resistivity until 460K as ex-
pected for a metal. However, in the region shaded in teal (𝑇 > 460K), a deviation from
the linear trend is observed, where the slope of the temperature dependence of the Pt re-
sistivity changes. Upon cooling down the sample and starting the next measurement run,
a persistent reduction of the resistance is present at 300K. This decrease of the resistivity
is a further hint towards interdiffusion: We again speculate that an FePt layer might form
at the interface, increasing the effective conductive cross section of the Pt layer. Addition-
ally, this might explain the decrease of the SMR and MMR: As the FePt layer forms at the
YIG/Pt interface, it can suppress the spin current flow. After the measurements to 600K,
no SMR can be seen at room temperature, and several of the sample contacts broke, sug-
gesting that the sample is damaged irrevocably. This might be a consequence of island
formation of the Pt layer or a similar effect. Interestingly, this diffusion has to be slow at
least at 500K, as no cross conductivity (i.e. finite non-local offset voltage) can be seen at
300K also in the second run. Thus, the YIG layer in the region between the injector and

6Since only a membrane pump was used to generate the vacuum for the high temperature insert, a
finite partial pressure of oxygen must have been present in the measuring insert (likely in the range of
𝑝 ∼ 1 × 10−1 mbar).
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Figure 4.7: a The evolution of the Pt resistivity is shown. A linear trend is maintained
until ≈ 460K (gray fit). Above this temperature (shaded teal region) a deviation from the
linear behavior is evident. Additionally, a persistent change of the resistivity from run 1 to
run 2 is observed, suggesting that the sample is permanently altered at high temperatures.
Panel b depicts the data already shown in Fig. 4.6b but now in a double logarithmic plot
to allow determining the power law scaling of the non-local signal. For 𝑇 < 380K, a 𝑇

3
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scaling is observed (turmeric line), while it decreases to a 𝑇
1
2 scaling (teal line) above that

temperature. At very high temperatures (𝑇 > 490K) the signal decreases rapidly.

detector has not been completely altered. While certainly interesting, a full study of the
properties of the YIG/Pt layer upon annealing is beyond of the scope of this work.

Finally, we now address the scaling behavior (𝑇𝛼 power law) of the MMR with tem-
perature. To this end, a double logarithmic plot of 𝛥𝑉nl against temperature is shown in
Fig. 4.7b. Here, two regimes can be found: In the first regime, a positive power is found,
where 𝛼 ∼ 1 (teal line) roughly describes the data. However, from reports in Ref. [16]
for similar YIG/Pt samples, we expect a power law with 𝛼 ∼ 3/2 close to 300K. Indeed, if
𝛼(300K) ∼ 3/2 and an additional power 𝛼(450K) ∼ 1/2 (turmeric and brown lines) is in-
cluded, the temperature dependence of thr MMR in the regime until 𝑇 ∼ 470K can be re-
produced. We speculate that in this regime, the temperature dependence is dominated by
the decrease of themagnon diffusion length, reducing 𝛼 for increasing temperatures: This
can be motivated by considering that more and more thermally excited magnons scatter
with the non-equilibrium magnon accumulation. Thus, the magnon diffusion length, on
which the MMR depends exponentially, is effectively reduced, so that a changing power
is observed.45 In the high temperature region (𝑇 ≳ 470K), the sharp decrease of the sig-
nal scales at least with 𝑇−6. This decrease is either rooted in the rapidly decreasing (and
ultimately vanishing) magnetic order of the YIG film or the interface layer (which would
agree with the SMR also vanishing at the same temperature). An alternative explanation
might be, that the YIG film acquires a finite electrical conductivity at high temperatures
due to a finite mobility of the electrons in the YIG film, the magnons can relax via this
additional electronic channel, thus drastically reducing the diffusion distance.

To evaluate, whether the conductivity of the YIG film is finite at the temperatures dis-
cussed above (i.e. between 450K and 550K), we now study the origin of the non-local
offset voltage in more detail. This is particularly important in light of the magnetic field
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independent non-local transport reported in Ref. [136]. In other words, we speculate that
the offset voltage we observe in our samples is the “non-local transport” signature ob-
served in Ref. [136]. To evaluate the resistance, we consider the simplified equivalent
circuit diagram of the non-local device shown in Fig. 4.8. The two Pt strips have a resis-
tance of 𝑅Pt ∼ 3 kΩ (at 300K), which are shorted on the top and bottom by the YIG layer
resistance. This obviously is a strongly simplified picture, as the YIG channel is present
over the full Pt strip length and not only at the two ends of the Pt strip. However, for a
simple estimation this model should suffice.

Figure 4.8: Equivalent circuit diagram of the non-local
device. The twoPtwires have a resistance of𝑅Pt and are
connected by the resistance of the YIG layer 𝑅YIG at the
two endpoints. If a leakage current will flow through
the YIG it gives rise to a finite offset voltage 𝑉nl,leak.7 RYIG

RYIG

RPtRPt IsVnl ILeak

Wewill now solve for 𝑉nl as a function of the YIG resistance. The solution is then used
to calculate 𝑅YIG from the positive offset voltage 𝑉nl,leak observed in the experiment. To
begin, the non-local voltage is

𝑉nl,leak = 𝑅Pt𝐼leak = 𝑉loc𝑅Pt
𝑅Pt + 2𝑅YIG

, (4.4)

where 𝑉loc is the voltage on the first Pt strip. 𝑉loc in turn can be calculated from the
constant source current 𝐼s by

𝑉loc = 𝐼s
𝑅2

Pt + 2𝑅YIG𝑅Pt
2(𝑅Pt + 𝑅YIG) (4.5)

Combining Eq. (4.4) and Eq. (4.5) we obtain

𝑉nl,leak =
𝐼s𝑅2

Pt
2(𝑅Pt + 𝑅YIG) . (4.6)

Finally, we can reformulate Eq. (4.6) to yield 𝑅YIG as a function of the non-local offset
voltage:

𝑅YIG =
𝐼s𝑅2

Pt
2𝑉nl,leak

− 𝑅Pt ≈
𝐼s𝑅2

Pt
2𝑉nl,leak

(4.7)

As one would naively expect, the YIG resistance is inversely proportional to the non-local

7Adding another resistor with 𝑅A
YIG in the center of the circuit (i.e. when splitting each Pt resistor into two

resistors with 𝑅Pt/2) will not change the equation system, as no current will flow through it. This can be
motivated, as both branches of the circuit have an equivalent voltage drop of 𝑉loc/2 at the point where 𝑅A

YIG
would be connected, such that the voltage drop across 𝑅A

YIG in this case is 0. 𝑉loc refers to the voltage drop
along the right Pt resistor.
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offset voltage as long as 𝑅Pt ≪ 𝑅YIG. Thus, a finite resistance of the YIG results in a
spurious signal measured on the second wire, which is not due to spin transport but due
to electrical shorting of the two non-localwires. This also naturally explainswhy𝑉nl is not
dependent on the magnetic field orientation - 𝑅YIG is simply due to the semiconducting
properties of the YIG, which do not show a (large) magnetoresistance.
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Figure 4.9: Panel a shows the YIG resistance 𝑅YIG determined using Eq. (4.7). For
𝑇 < 470K 𝑅YIG is well above 100GΩ, such that the YIG indeed can be considered as
fully insulating. A decrease of 𝑅YIG by at least three orders of magnitude is observed
above ∼ 470K. Panel b depicts the same data in an Arrhenius graph, i.e. the logarithm of
𝑅YIG is plotted against the inverse temperature. This Arrhenius graph allows to determine
the activation energy 𝐸A of the physical quantity that is thermally activated according to
exp(− 𝐸A

𝑘B𝑇 ) by extracting the linear slope (red fit), where in the ideal case of an undoped
semiconductor 𝐸A would be the gap energy.138 The region shaded in gray in both panels
graphically shows the noise floor of our measurement setup ∼ 3 nV (c.f. Sec. 2.6).

The resistance 𝑅YIG determined from our offset data and Eq. (4.7) is summarized in
Fig. 4.9a and b. An “infinite” resistance can be observed below 𝑇 < 470K – the value
𝑅YIG ∼ 200GΩ is given by our noise floor of ∼ 3 nV (graphically represented by the
region shaded in gray). For higher temperatures, the resistance steeply drops and de-
creases down to 80MΩ at 600K. This is still large compared to 𝑅Pt ∼ 3.5 kΩ at the
same temperature, explaining the small magnitude of the offset voltage. However, this
increase nicely explains the positive offset reported for large current densities in many
works.72,78,136,167,174,175 All these studies have in common, that they use a large current
driven in the injector to heat the device. In such an experiment, however, the effects of
the high current density and the temperature intermix. Additionally, due to the localized
heating, the exact temperature profile over the device is unknown, making the determi-
nation of temperature induced effects difficult. In contrast, for our experiments we chose
the opposite approach, globally heating the full sample, while using only a small current
to probe the non-local transport response.

To study the evolution of 𝑅YIG in more detail, we use an Arrhenius graph to estimate
the activation energy of the electrical transport (c.f. Fig. 4.9b). By fitting the slope, we
determine an activation energy 𝐸A ≈ 1.9 eV, very close to the value 𝐸A = 2 eV reported for
direct resistancemeasurements on LPE grown thin films in Ref. [174]. Interestingly, above
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550K, the slope in the Arrhenius graph changes significantly. This might be rooted in the
increasing interdiffusion or some other annealing effect (c.f. Fig. 4.7a). Additionally, the
finite conductivity of the YIG film will change the current distribution and thus decrease
the accuracy of our simple model used to extract the resistivity.

4.2.2 Summary
We have presented measurements of the local and non-local transport response in

YIG/Pt heterostructures from room temperature to beyond the Curie temperature. We
found that the SMR decreases until 500K with a functional dependence resembling the
saturation magnetization 𝑀net(𝑇) of YIG and then sharply drops and vanishes already
50K below the Curie temperature 𝑇C. We speculated that the origin of this feature is the
formation of an interfacial layer with a different (lower) Curie temperature. The MMR
increased from 300K up to 450K following a power law 𝑇𝛼 with 𝛼 changing from 𝛼 = 3/2
at room temperature to 𝛼 = 1/2 at 450K. We attributed this change to the increasing pop-
ulation of thermally excited magnons and the ensuing reduction of the magnon diffusion
length. Above 450K, the MMR decreased rapidly and vanishes above 510K, similar to
the SMR. Additionally, a magnetic field orientation independent non-local offset voltage
was observed above 470K.

Finally, we studied the exact evolution of this non-local offset signal with tempera-
ture. In contrast to the approach commonly taken in literature, where the power density
(i.e. the local drive current) is increased to heat the device, we heated the full YIG/Pt het-
erostructure in steady state. By utilizing this approach, we show that the non-local offset
voltage likely only arises from a finite conductivity of the YIG films at high temperatures,
giving rise to electronic leakage currents from the injector to the detector. Furthermore,
we found that the sample undergoes irreversible changes when heated to above 450K
due to spurious annealing or interdiffusion effects. This puts a firm upper boundary on
the operating conditions of any device using YIG/Pt heterostructures for applications.
Taken together, the results presented here conclusively resolve the open discussion about
the nature of the puzzling field independent non-local transport signature reported in
Ref. [136].
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Chapter 5

LOCAL AND NON-LOCAL SPIN SEEBECK EFFECT IN
CR2O3/PT HETEROSTRUCTURES

As already discussed in the previousCh. 4, non-local transportmeasurements allow to
experimentally access the nature of the spin angularmomentum transport inmagnetic in-
sulators. Recently, non-local spin angular momentum transport was observed even in an-
tiferromagnetic insulators, where one naively expects that it should not be possible due to
the absence of low energy magnons.76,180 However, the spin angular momentum transfer
can still be mediated by (higher energy) antiferromagnetic magnons.60,76,87,181,182 It was
shown, that these antiferromagnetic magnons can only be excited for a given alignment
of the spin Hall spin accumulation in the normal metal and the antiferromagnetic sublat-
tices. In particular, the individual magnetic sublattices of the adjacent antiferromagnetic
insulator need to be aligned with the spin polarization of the spin accumulation.76

Additionally, recent developments suggested that spin angular momentum transport
should also be possible by spin superfluid transport, imposing a different requirement on
the alignment of the magnetic sublattices.60,183,184 In particular, spin angular momentum
transport should be possible with the magnetization residing in a magnetic easy plane
perpendicular to the spin accumulation in the normal metal. First experimental work in
Ref. [60] showed that it is possible to detect the signatures of such spin superfluid trans-
port using the second harmonic (i.e. thermally generated) non-local transport response
in heterostructures of the antiferromagnetic insulator Cr2O3 and Pt. In this chapter, we
will try to verify the signatures put forward in Ref. [60] by performing similar non-local
transport measurements in Cr2O3/Pt heterostructures. To provide some orientation for
the reader, however, first an overview over the salient features of spin superfluid trans-
port is presented, before we critically compare our results to the findings in Ref. [60].
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Spin Superfluidity

To introduced the concept of spin superfluidity in the context of non-local spin trans-
port experiments, we consider a configuration as depicted in Fig. 5.1:1 An easy plane an-
tiferromagnetic insulator (AFMI) is sandwiched between two normal metal electrodes,
where the j-n-plane corresponds to the easy plane of the AFMI. On the left NM/AFMI in-
terface, a spin accumulation generated via the spin Hall effect in the NM is present. This
spin accumulation s can then give rise to a small canting of the two magnetic sublattices
m𝛼 andm𝛽 towards the t direction (i.e. perpendicular to the paper plane). Consequently,
both sublatticeswill start to precess around the tdirection in the easy plane.184 In this case,
the t component of the two magnetizations (where the sum 𝑚t = (m𝛼)t + (m𝛽)t corre-
sponds to the net magnetization) can be identified as the spin superfluid density and the
angle of m𝛼,𝛽 with respect to j as the phase 𝜑 of the wave function.183,184 The precessing
sublattice magnetization can then excite a non-equilibrium spin accumulation also in the
right NM/AFMI interface, so that an electric current is generated via the inverse spin Hall
effect there. Thus, in the absence of anisotropy in the j-n-plane coherent transport of the
spin component perpendicular to that plane (i.e. the t component) is possible. In analogy
to superconductivity, this superfluid spin current is not driven by a potential difference
but by a phase gradient ∇𝜑 of the wave function of the condensate.138 Please note, that in
contrast to the (DC) charge supercurrent in a superconductor, a superfluid spin current
is not dissipiationless as long as the spin is not conserved.183 In particular, in the case of
low damping (i.e. with the dimensionless Gilbert damping constant 𝛼 ≪ 1), a linear de-
crease of the superfluid spin current is expected for an increasing thickness of the AFMI
layer (i.e. for larger separations of the two NM electrodes).183,184 Consequently, a decay
of the (non-local) current detected on the right wire as a function of the separation 𝑑nl of
the two NM electrodes 𝐽c,out ∝ 1/(𝑙m + 𝑑nl) is found, where 𝑙m ∝ 𝛼−1 is the characteristic
decay length of the superfluid spin current in the AFMI.184
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Figure 5.1: An easy j-n-plane antiferromagnetic in-
sulator is sandwiched between two normal metal
electrodes. A spin accumulation s along t (perpen-
dicular to the easy plane) in the left NM electrode
gives rise to a finite component of m𝛼,𝛽 along t.
Consequently, m𝛼,𝛽 start precessing around t and
the system can be consistently described by a phase
𝜑 and a spin superfluid density (proportional to the
component of m𝛼,𝛽 along t). The spin is thus trans-
ported from the left NM electrode to the right NM
electrode and can be detected there electrically via
the inverse spin Hall effect. Please note, that the
(superfluid) spin current is driven by a phase gra-
dient ∇𝜑, in analogy to the electric supercurrent in
a superconductor.138 After Refs. [184] and [183].

1Please note, that a vertical stack is chosen for this discussion in contrast to the lateral stack used for the
experiments, to be able to better depict the mechanism of the spin transport.
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In real antiferromagnets, the anisotropy will be non-zero even within the easy plane,
so that the above discussion cannot be directly applied there.183 For finite anisotropies
the spin accumulation s along t cannot generate magnons (since both magnetic sublat-
tices are perpendicular to s, c.f. Sec. 1.3.2), so that no superfluid spin transport should
be observed. However, if a sufficiently large spin accumulation is present, the energy
barrier associated with the anisotropy within the j-n-plane can be overcome.183 Thus, a
critical electric current density 𝐽crit (which generates the critical spin accumulation via the
spin Hall effect) can be found, which is sufficient to overcome the energy barrier. Con-
sequently, if an electric current density 𝐽c > 𝐽crit is applied, superfluid spin transport can
be observed even for finite anisotropies, where 𝐽crit is proportional to the strength of the
anisotropy.183 An alternative way to lower the energy barrier is to apply a magnetic field,
such that the Zeeman energy compensates the anisotropy energy.183 Thus, for example if
there would be an easy magnetic axis for m𝛼,𝛽 along t, a sufficiently large magnetic field
applied along the easy axis can lead to a spin flop, wherem𝛼,𝛽 align perpendicular to the
magnetic field (i.e. reside in the j-n-plane).185 In this configuration, the j-n-plane is then
an easy plane for m𝛼,𝛽, so that superfluid spin transport as discussed above (c.f. Fig. 5.1)
should again be possible.

In summary, we find the following salient features for superfluid spin transport in a
NM/AFMI/NM heterostructure:183,184 First, a magnetic easy plane in the direction per-
pendicular to the spin accumulation is required. Second, if an additional anisotropy is
present within this plane, a critical current for the onset of superfluid spin transport can
be found, which is proportional to the energy barrier presented by this anisotropy. Al-
ternatively, the anisotropy can be canceled using external magnetic fields. Third, a much
slower decay of the non-local transport response is expected in the presence of a super-
fluid spin transport, where the non-local transport response would evolve ∝ 1/(𝑙m + 𝑑nl)
as a function of the superfluid decay length 𝑙m and the separation 𝑑nl of the two NM elec-
trodes.

Sample and Measurement Details

The Cr2O3/Pt heterostructures were prepared by Tobias Kosub (Helmholtz-Zentrum
DresdenRossendorf) by sputter deposition in an ultra high vacuum cluster on c-cut Al2O3
substrates, so that an out-of-plane easy axis of the Néel vector is realized.147,148 Please
note, that we should be unable to observe any features of the spin superfluid ground
state in this geometry (except for large current densities), as an isotropic plane with re-
spect to rotations of the Néel vector perpendicular the direction of the spin accumulation
t is required (see above).184,186 In our case, the easy axis is within the j-n-plane, so that
this condition is not fulfilled. Nevertheless, even for this geometry, Yuan et al. argue
with a spin superfluid ground state, so that the experimental results can be at least com-
pared. For further details on the exact growth conditions please refer to Sec. 3.2 (second
series S2). After growth, the sample was patterned by Tommy Schönherr (Helmholtz-
Zentrum Dresden Rossendorf) using electron beam lithography and Ar ion milling to al-
low injector-detector separations down to 400 nm. The two parallel Pt wires (c.f. Fig. 4.1b)
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have a length 𝑙 = 150µm, a width 𝑤 = 500 nm and a thickness of 𝑡Pt = 3 nm.
We measured the electric response as introduced in Sec. 2.6, using a current 𝐼s =

150µA if not noted otherwise. In the linear response (antisymmetric current) no non-
local magnetotransport signature (c.f. Ch. 4) could be identified at any temperature or
magnetic field. This is the expected behavior in the absence of spin superfluidity, as both
magnetic sublattices are mostly aligned along the easy axis and thus perpendicular to the
film plane. Consequently, the spin accumulation at the Pt interface is also perpendicu-
lar to the two magnetic sublattices, so that a direct generation of magnons should not be
possible (c.f. Sec. 1.3.2 and Ch. 4).76 However, as discussed above, if superfluid spin trans-
port would be realized, such transport should still be possible. Thus, we find the absence
of a non-local transport signature in the linear response to be very surprising, especially
in the lights of the interpretation put forwards by Yuan et al. in Ref. [60]. The same phe-
nomenologywas also reported for themeasurements in Cr2O3/Pt heterostructures shown
in Ref. [60], where even for the Néel order aligned with the spin accumulation no contri-
butions with linear response were observed in the non-local transport response.

Anyway, as no antisymmetric contribution is present in the voltage, only the part of
the observed voltage symmetric in current

𝑉s = 𝑉(+𝐼) + 𝑉(−𝐼)
2 (5.1)

is discussed in this chapter (c.f. Sec. 2.6). 𝑉s most importantly contains the spin Seebeck
effect generated by thermal gradients in the vicinity of the local and non-local electrodes
(c.f. Sec. 1.3.3).45,72,82,187

Cr2O3

n

t
j

Pt

ΔT

ΔT

Jc,heat

Figure 5.2: A sketch of the experimental geometry
is shown here: The left Pt wire (the local wire) is
heated using a large electric current. From the lo-
cal wire, the heat then diffuses down- and outwards
into the Cr2O3 layer. Consequently, ∇𝑇 ∥ n be-
low the localwire, while below the right (non-local)
wire, ∇𝑇 has an additional in-plane component.

Before turning to the measurements, a brief summary of the important contributions
to the local and non-local voltage is presented in the following. As introduced in Sec. 1.3.3,
antiferromagnetic insulator/normal metal heterostructures are expected to show a spin
Seebeck effect which is dependent on the magnetic field induced (net) magnetization
M = 𝜒H, where H is the external magnetic field and 𝜒 is the magnetic susceptibility.
Additionally, Pt (as most metals) is expected to exhibit an ordinary Nernst effect as intro-
duced in Sec. 1.3.4 which has the same symmetry as the antiferromagnetic spin Seebeck
effect with respect to the directions of the magnetic field and the thermal gradient. Thus
the Nernst effect cannot be directly distinguished from the spin Seebeck effect.188 We will
now address the experimental geometry to establish the directions of the thermal gra-
dients and then discuss the ensuing signatures in the transport measurements. To that
end, a sketch of the heat distribution when one of the Pt wires of the non-local devices is
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heated is shown in Fig. 5.2. The heat will flow from the hot Pt wire (i.e. the local wire)
down- and outwards into the Cr2O3 layer. Consequently, while the thermal gradient be-
low the local wire is along the surface normal (∇𝑇 ∥ n), the thermal gradient below the
non-local wire has an additional in-plane component along t. With this temperature dis-
tribution in mind, we expect the local voltage 𝑉s

loc to be proportional to the t component
of the net magnetization (for the spin Seebeck effect) or themagnetic field (for the Nernst
effect).82,188

𝑉s
loc ∝ 𝑀t or 𝐻t, (5.2)

where 𝑀𝑡 (𝐻t) is the projection of the magnetizationM (magnetic fieldH) on the t direc-
tion. For the non-local wire, the situation is slightlymore complicated, as the thermal gra-
dient has two components. Thus, there will be two contributions to the non-local voltage.
First, similarly to the local wire the thermal gradient along the surface normal (∇𝑇 ∥ n)
generates2

𝑉s
nl,1 ∝ 𝑀t or 𝐻t. (5.3)

Additionally, the in-plane thermal gradient (∇𝑇 ∥ t) will give rise to a second voltage
contribution

𝑉s
nl,2 ∝ 𝑀n or 𝐻n. (5.4)

In summary, we expect the local and non-local wire to show a finite voltage due to the
spin Seebeck (or Nernst) effect whenever the magnetic field is applied along the t direc-
tion (sinceM = 𝜒H). Additionally, the non-local wiremight exhibit an additional voltage
when the magnetic field is applied along the n direction. Finally, a strong temperature
dependence of the spin Seebeck effect was reported in similar AFMI/NM heterostruc-
tures:86,87 A strong increase of the observed spin Seebeck amplitudes towards low tem-
peratures is found and they speculate, that the combination of a magnetic field induced
splitting of the two antiferromagnetic magnon branches and a low magnon-phonon cou-
pling strength are at the heart of this increase.87,180,181 Furthermore, above the ordering
temperature, only a very small spin Seebeck effect was reported.86,87

Results and Discussion

We will start by addressing the full “three dimensional” local and non-local magne-
toresistive response, for a range of temperatures around 𝑇N ∼ 310K.119 In the correspond-
ing experiments, we rotate the magnetic field 𝜇0𝐻 = 2T in the three mutually orthogonal
rotation planes introduced in Sec. 2.1 and record the local non-local voltage response (c.f.
Fig. 5.3).3 For the local voltage 𝑉a

loc only a very small modulation with the magnetic field
orientation is present above the Néel temperature (red symbols) for all three rotation
planes. This is the anticipated behavior for Cr2O3/Pt in the paramagnetic state, as the
spin Seebeck effect was found to be small also in other AFMI/Pt heterostructures above
the ordering temperature.86,87,90 Additionally, the absence of a modulation of 𝑉s

loc also
2Please note, that as the non-local Pt wire is cooler than the Cr2O3 layer, the heat flux across the interface

and thus the generated voltage there will be opposite compared to the voltage observed on the local wire.
3The average voltage (i.e. the voltage averaged over the full rotation) has been subtracted from the data.
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Figure 5.3: Angle resolved measurement of the voltage symmetric in current (i.e. ther-
mal voltage) for above and below the Néel temperature of Cr2O3. a-c The local voltage
only shows a clear modulation for low temperatures and ip (a) and oopj (b) rotations.
The voltage is non-zero when the field induced magnetization 𝑀t along the t direction
is finite, i.e. has the symmetry expected for a spin Seebeck effect (c.f. Eq. (5.2)). As ex-
pected above the Néel temperature in Cr2O3/Pt heterostructures, no voltage modulation
is observed there.86,87 d-f The same fingerprint but with opposite sign is observed for the
non-local signal. The shape and sign of the modulation can be understood considering
the non-local thermal gradient is inverted (Pt cooler than Cr2O3). f In contrast to the local
signal, the non-local voltage shows an additional contribution also for the oopt rotation.
This can be motivated by considering the thermal landscape (c.f. Fig. 5.2): The heat will
flow from the local electrode into any direction of the substrate, so that an additional in-
plane thermal gradient is present at the non-local electrode. This in turn gives rise to an
additional voltage due to the ordinary Nernst effect in the Pt layer (c.f. Eq. (5.4)). Please
note, that the average voltage over the full rotation 𝑉s has been subtracted from the data.
A magnetic field of 𝜇0𝐻 = 2T was used for the measurements.

suggests, that the Nernst effect in Pt due to the out-of-plane gradient and the magnetic
field is smaller than our voltage resolution and thus can be neglected (c.f. Eq. (5.2)). If
the temperature is lowered to below 𝑇N, however, a clear sin(𝛼) and sin(𝛽) modulation
is visible (Fig. 5.3a and b). This again agrees with the behavior expected for the spin
Seebeck effect in AFMI/NM heterostructures: The component of the induced magneti-
zation 𝑀t along t gives rise to the spin Seebeck effect in our Cr2O3/Pt heterostructure.
Additionally, the signal is expected to increase towards lower temperatures.86,87 This is
further corroborated by the oopt measurements (Fig. 5.3c), where no modulation is ob-
served (c.f. Eq. (5.2)). We thus conclude that the modulation of 𝑉s

loc is generated by the
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antiferromagnetic spin Seebeck effect and that the contribution of the Nernst effect is neg-
ligible.76,86,87

For the non-local voltage 𝑉s
nl, a slightly different behavior is observed: While for the

in-plane rotation (Fig. 5.3d) no modulation is evident above 𝑇N, a modulation is visible
for the other two rotation planes (Fig. 5.3e and f). As discussed above, this can be un-
derstood when considering the thermal landscape of the experiment (c.f. Fig. 5.2): The
additional in-plane thermal gradient below the non-local Pt electrode can give rise to ad-
ditional contributions to 𝑉s

nl (c.f. Eq. (5.4)) due to the spin Seebeck or Nernst effect gener-
ated by the components of the magnetization or magnetic field along n. As the non-local
voltage modulation for the oopt rotation above and below 𝑇N are similar, we conclude
that additional contribution is likely caused by the ordinary Nernst effect in Pt.4 Below
𝑇N, 𝑉s

nl exhibits a very similar behavior as 𝑉s
loc, where a maximum or minimum voltage

can be seen for H ∥ t. Please note, that the signs of the local and non-local voltage below
𝑇N agrees if the spin Seebeck effect is the origin of the signals: As the thermal gradient
direction on the local wire (Pt hotter than Cr2O3) and the non-local wire (Pt colder than
Cr2O3) is opposite, this behavior can be expected only, if the local temperature gradients
(or spin chemical potentials) contribute. In contrast, a bulk spin Seebeck effect as put
forward by Shan et al. in Ref. [71] cannot explain the signal: For the bulk spin Seebeck
effect, the ∇𝑇 ∥ n leads to a depletion of magnons at the upper interface by a thermal drag
effect, such that the spin chemical potential at the Cr2O3/Pt interface (and thus the spin
current) inverts (i.e. a spin current flows from Pt into Cr2O3 and not vice-versa).71 Since
the Cr2O3 is thinner than the separation of the injector and detector, the absence of a bulk
spin Seebeck effect in the sense of Ref. [71] is consistent with the observations in YIG/Pt
heterostructures.

Consequently, we have evidence that the local and non-local voltages are dominantly
generated by the antiferromagnetic spin Seebeck effect as the salient features agree with
its reported behavior.76,86–88,181 In particular, we only observe a large spin Seebeck re-
sponse below 𝑇N. Please note, that there are also recent reports of a spin Seebeck effect
proportional to to the Néel vector.92 In our measurement configuration, the Néel vector
(i.e. m𝛼 − m𝛽) points along the surface normal and thus might generate additional con-
tributions owed to the finite in-plane thermal gradients below the non-local electrode.
However, as the Néel vector orientation will not change dramatically for an applied mag-
netic field 𝜇0𝐻 = 2T, these contribution would only give rise to a constant voltage and no
modulation. Thus, such an additional constant offset voltage superposed on the non-local
voltage would have been subtracted with the other offset voltages.

In the following, the evolution of the 𝑅s
loc = 𝑉s

loc/𝐼2
s and 𝑅s

nl = 𝑅s
loc/𝐼2

s with temper-
ature will be illustrated and discussed.5 To this end, angular scans of the magnetic field

4The contribution of the Nernst effect due to the in-plane thermal gradient can be significantly larger than
its contribution due to the out-of-plane gradient. This can be motivated in an easy waywhen considering the
geometry: Along the out-of-plane direction, no thermal sink on top of the Pt is available (the heat can only
be lost by radiation), such that a possible temperature difference between the hot and cold side is small. In
contrast, for the in-plane thermal gradient, a much larger temperature difference between the hot and cold
side of the Pt electrode can be achieved as the lateral heat transport through the Cr2O3 is muchmore efficient.

5Please note that the voltages were normalized to allow for a better comparability with the results pre-
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Figure 5.4: Angle resolved measurements of 𝑅s
loc = 𝑉s

loc/𝐼2
s and 𝑅s

nl = 𝑅s
loc/𝐼2

s are shown
here for several temperatures. A clear increase of themodulation amplitude in both panels
is evident towards lower temperatures. Please note, that the average over the full rotation
𝑅s has been subtracted.

within the sample plane were performed at several temperatures. The resulting signals
are shown in Fig. 5.4 for selected temperatures. In-plane rotations were chosen, as here
the additional contributions associated to the in-plane thermal gradient are not superim-
posed on the non-local voltage (c.f. Eq. (5.4) and Fig. 5.3). A significant change of the
spin Seebeck effect as a function of temperature is evident from the data: The modulation
of 𝑅s

loc increases when lowering the temperature from 50K to 8K and seems saturated
for 𝑇 ≲ 8K. In contrast, the angular modulation of 𝑅s

nl, while also increasing for lower
temperatures, shows no modulation at 50K and no clear saturating behavior. To better
compare the evolution of the amplitudes of the spin Seebeck effect, they were extracted
using a sin(𝛼) fit (c.f. Fig. 5.5).

A very similar general dependence of the local (𝛥𝑅s
loc) and non-local (𝛥𝑅s

nl) spin See-
beck effect on temperature can be found. Namely, a saturating behavior for low tempera-
tures and a vanishing spin Seebeck effect towards high temperatures. Interestingly, a sig-
nificant difference in the temperatures where the local and non-local spin Seebeck effect
saturates and where they vanish are observed: 𝛥𝑅s

loc saturates already below 10K, while
the non-local modulation is saturating only towards 5K. Similarly, also the temperature
where the spin Seebeck effect vanishes is shifted towards higher temperatures for the lo-
cal electrode. 𝛥𝑅s

loc vanishes at around 100K compared to 20K for 𝛥𝑅s
nl. This suggests

sented in Ref. [60]. To also correct for the geometry between the experiments, their data have to bemultiplied
with an additional factor of 1.5.
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Figure 5.5: The amplitudes of the sin(𝛼)
modulation observed in𝑅s

loc and𝑅s
nl, i.e.

the spin Seebeck effect amplitudes, are
summarized here. A clear increase of
the spin Seebeck effect for lower tem-
peratures can be observed. Interest-
ingly, the local spin Seebeck effect sat-
urates already at 10K, while the non-
local spin Seebeck effect saturates only
around 5K. The measurements were
done at a magnetic field 𝜇0𝐻 = 2T.
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that although the general trends are consistent, the mechanism relevant for the local and
non-local spin Seebeck effect might not be exactly the same (or include additional tem-
perature dependences from heat or spin diffusion processes). So far, the exact nature of
the increase of the thermal signal for low temperatures is not fully resolved: In Ref. [60]
the saturation is associated with a spin-superfluid ground state in the antiferromagnet,
having an onset temperature in the range of 5K for a spontaneous breaking of the uniax-
ial symmetry. However, a similar behavior was already observed also in YIG/Pt, where
an antiferomagnetic superfluid ground state cannot be realized due to the ferrimagnetic
order and the ensuing dipolar coupling,183 casting doubt on the explanation put forward
in Ref. [60].189 Furthermore, reports for bilayers of the antiferromagnetic insulator MnF2
and Pt find a similar behavior. However, in these samples the spin Seebeck signal (cor-
responding to the local spin Seebeck effect discussed here) decreases again for very low
temperatures (𝑇 ≲ 5K).87 Please note, that the current driven (𝑃 ≲ 1mW) in the local
electrode increases the temperature of the sample surface with respect to the base tem-
perature of the measuring insert. Thus, we cannot exclude that the temperature of the
device itself is actually higher and that the signal drops again for very low temperatures.

To further elucidate the mechanism of spin transport, we performed systematic mea-
surements of the local and non-local spin Seebeck effect as a function of themagnetic field
strength (c.f. Fig. 5.6). Similarly to the reports in Ref. [60] for Cr2O3/Pt with the same
geometry (i.e. easy axis along the surface normal) we find an increase of 𝑅s

loc and 𝑅s
nl for

increasing magnetic fields. However, a fully linear trend is reported there up to 9 T, while
in our case a non-linear dependence on themagnetic field is found. This is unexpected, as
the applied magnetic field is small compared to the exchange field (the leading exchange
constant reported in literature is 𝐽/𝑘B ∼ 87K corresponding to ∼ 130T).6 190 However,
if there is a small uncompensated moment in Cr2O3 e.g. due to dislocations,147,156 this
will give rise to an additional Zeeman energy contribution which can alter the response

6This can be roughly motivated when considering the exchange energy 𝑔𝜇B𝑆𝜇0𝐻ex/𝑘B ∼ 440K with
𝑆 = 5/2 and 𝑔 = 2 very roughly agrees with 𝑇N ∼ 300K.119,190 Please note, that this is only the leading
exchange constant, so that further corrections have to accounted for to yield an exact value.



84

8
4
0
4
8

R
s lo

c (
kV

/A
2 ) T = 10 K

H t
H t
H n

10 5 0 5 10
0H (T)

80
40
0

40
80

R
s nl
 (V

/A
2 )

dnl = 0.4 m

Figure 5.6: 𝑅s
loc and 𝑅s

nl as a function of the applied magnetic field are shown here. All
data were measured at 10K. A clear increase of the local and non-local spin Seebeck effect
is evident for increasing magnetic fields. Interestingly, although the local and non-local
spin Seebeck effect does not increase when further lower the temperature (c.f. Fig. 5.5),
increasing the magnetic field increases the spin Seebeck effect. While a strong magnetic
field dependence is observed for the local and non-local spin Seebeck effect, no significant
field-related change is evident when the magnetic field applied along the surface normal
(H ∥ n), perpendicular to the transverse direction. Please note, that although an offset
signal was subtracted (same offset for all curves in one panel), additional spurious ther-
moelectric voltages generated within the cryostat (which can also be field dependent),
can be superimposed on the magnetic field dependence of the sample.

of the two magnetic sublattices when a magnetic field is applied (c.f. Sec. 3.2). Such an
uncompensated moment is additionally supported by the fact that we do not observe any
signatures of a spin flop in our Cr2O3 samples (c.f. Sec. 3.2). Interestingly, 𝑅s

loc and 𝑅s
nl in-

crease beyond the respective saturation values observed in Fig. 5.6 (𝛥𝑅s
loc,sat ∼ 1.3 kV/A2

and 𝛥𝑅s
loc,sat ∼ 35V/A2), again indicating that the spin Seebeck effect is dependent on the

field induced net magnetization 𝑀t. To motive this, we consider the susceptibility of an
ideal uniaxial antiferromagnet with the easy axis along the n direction: The susceptibility
is non-zero and independent of temperature for magnetic fields applied perpendicular
to the easy axis (as is the case with H ∥ t).119 Consequently, while the induced magne-
tization M cannot be increased by lowering the temperature for fixed magnetic fields, it
can be increased by applying higher magnetic fields (M = 𝜒H). We note, however, that
in the superfluid spin current model, such an increase of the spin Seebeck effect can also
be rationalized. In this scenario, the spin Seebeck effect is associated with the superfluid
spin density, which is also proportional to the net magnetization perpendicular to the j-t
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plane, i.e. 𝑀t.60,183,184 Consequently, it is not possible to draw final conclusions about the
microscopicmechanism from the field dependence of the local and non-local spin Seebeck
effect, as both, the net magnetization and the canting angle (in the superfluid scenario)
are directly proportional (for small angles).
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Figure 5.7: The evolution of the non-local spin Seebeck effect as a function of the ap-
plied electric current is shown here for several different injector-detector separations 𝑑nl.
Although one would expect a linear increase of the voltage with the applied power (i.e.
𝛥𝑉𝑠

nl ∝ 𝐼2
s ), we observe 𝛥𝑉𝑠

nl ∝ 𝐼1.7
s .

To address the possible existence of a condensate, we now turn to the dependence
of the non-local spin Seebeck effect on the magnitude of the applied current measured
at 𝜇0𝐻 = 7T at 3K. In Ref. [60], a threshold current density 𝑗cAC ∼ 1.2 × 1011 A/m2 is
reported for Cr2O3/Pt heterostructures7 which is required to overcome the anisotropy
and induce the spin-superfluid ground state. This corresponds closely to the maximum
current applied here, where 𝐼s ∼ 180µA → 𝑗s ∼ 1.2 × 1011 A/m2, so that we cannot say for
certain, whether we are applying a sufficient current 𝐼s > 𝐼c (where 𝐼c should be similar
as in Ref. [60] since the same material system is used). Anyway, no threshold current can
be observed in our data, summarized in Fig. 5.8. Thus, this either suggests, that we did
not apply a sufficiently large current to overcome the threshold,8 or that no superfluid
transport regime is accessible in our sample. Interestingly we find a scaling 𝛥𝑉𝑠

nl ∝ 𝐼1.7
s

for the non-local voltage amplitude (c.f. Fig. 5.7). As the non-local spin Seebeck effect is
driven by Joule heating and the consequently arising temperature gradients, one would
anticipate a scaling like 𝛥𝑉nl ∝ ∇𝑇 ∝ 𝐼2

s . The deviation from the expected behavior
might be rooted in the strong temperature dependence of 𝛥𝑉s

nl: If the current is increased,
the sample is locally heated to a higher temperature than the base temperature of the
measuring insert. As already a temperature increase of 2K will give rise to a significant

7Please note, that it is not stated in Ref. [60], whether 𝐼AC refers to the root mean square, the peak ampli-
tude or the peak-peak amplitude of the current, so that a comparison is challenging. However, judging from
their methods section, the peak value is most likely, so that the average current is actually lower by a factor
√2.

8We did not increase the current beyond 𝐼s = 180µA to prevent damage to the devices during this mea-
surement run.
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change of the non-local spin Seebeck effect (c.f. Fig. 5.5), the local heatingmight lead to an
additional suppression of 𝛥𝑉s

nl for higher currents. In conjunction with the temperature
dependence, the scaling of𝛥𝑉𝑠

nl ∝ 𝐼1.7
s is a good indicator that the sample surface is heated

significantly with respect to the base temperature. This in turn would explain the absence
of the drop of the spin Seebeck effect reported in Ref. [87] in our sample.
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Figure 5.8: The evolution of the non-local
spin Seebeck effect as a function of the
injector-detector separation is shown here,
measured with an applied magnetic field of
𝜇0𝐻 = 7T at 3K. Although a (𝑑nl +𝑙m)−1 de-
cay for 𝛥𝑅s

nl is reported in Ref. [60] (turmeric
fit), our data is best described by a simple
exponential decay (red line). In contrast to
Yuan et al.,60 we find a characteristic decay
length of 𝑙m ∼ 500 nm and not 𝑙m ∼ 10µm.

Finally, we turn to the evolution of the non-local spin Seebeck effect as a function of
the injector-detector separation 𝑑nl: We find a simple exponential decay of the 𝛥𝑅s

nl (red
line) fits to the observed decay best. We cannot reproduce the low temperature behav-
ior reported by Yuan et al.,60 where they find a (𝑑nl + 𝑙m)−1 decay which they describe
as the smoking gun proof for the spin-superfluid ground state. Additionally, a signifi-
cantly lower decay length 𝑙s ∼ 500 nm is observed here compared to 𝑙m ∼ 10µm reported
in Ref. [60]. However, the extraction of the magnon coherence length from the thermal
signal is not trivial, since the signal depends crucially on the exact distribution of tem-
peratures in the material. One might argue, that similar to reports in YIG/Pt there are
two regimes governing the decay of the non-local spin Seebeck effect: In YIG/Pt and for
small injector-detector separations, the decay is governed by drift, while for large injector-
detector separations it is governed by diffusion.45,71,72,191 However, in our case, the ex-
ponential decay with the injector-detector distance already suggests a diffusion process,
which should change to the 𝛥𝑅s

nl ∝ (𝑑nl + 𝑙m)−1 decay for large separations. Since we
only studied four injector-detector separations so far,9 such a cross-over cannot be dis-
tinguished in our data. Anyway, also in other antiferromagnets, a dominantly diffusion
driven non-local spin Seebeck effect was observed, consistent with being generated by
the induced magnetization.76 Another interesting finding is, that the order of magnitude
of 𝑙m ∼ 500 nm roughly in agreement with the structural domain size reported for sim-
ilar Cr2O3 samples,156 suggesting that transport over domain boundaries is not efficient
for antiferromagnets. This fact is further corroborated by measurements of the magnon-
mediated magnetoresistance in 𝛾-Fe2O3/Pt heterostructures, where a strong dependence
of the decay length on the size of the antiferromagnetic domains is found.192

9Although there are more devices with different injector-detector separations available on the sample,
only these four devices could be investigated so far due to limited measurement time.
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Summary
In this chaptermeasurements of the thermally driven local and non-local spin Seebeck

effect in a Cr2O3/Pt heterostructure were presented. We could reproduced most salient
features reported in similar samples by Yuan et al. in Ref. [60]. In particular, we found
a local and non-local spin Seebeck effect 𝛥𝑅𝑠

loc/nl increasing drastically for 𝑇 ≲ 50K and
saturating below 𝑇 ≲ 5K (c.f. Fig. 5.5). Furthermore, the local and non-local spin Seebeck
effect increased for higher magnetic field strength (c.f. Fig. 5.6).

Yuan et al. in Ref. [60] explain all these features by claiming superfluid spin trans-
port through Cr2O3, where the damping of the excitations mediating the non-local spin
Seebeck effect is extremely lowered.183,184 Assuming this model, a distinct decay of the
non-local spin Seebeck effect for increasing injector-detector separation is excepted, where
𝛥𝑅𝑠

nl ∝ (𝑑nl + 𝑙m)−1. However, we cannot reproduce any of the smoking gun features put
forward for detecting spin superfluidity in our sample: Neither is there a critical cur-
rent density, below which the non-local transport is suppressed, nor do we observe the
𝛥𝑅𝑠

nl ∝ (𝑑nl + 𝑙m)−1 decay as put forward by Yuan et al. in Ref. [60] for the superfluid
transport regime. As such, our data does not corroborate the presence of spin superfluid
transport in our Cr2O3/Pt heterostructure: All features observed in our sample could be
consistently explained, if the local and non-local spin Seebeck effect were to arise due to
a magnetic field induced net magnetization.

In summary, we are unable to confirm the experimental signatures for the spin super-
fluid ground state put forward by Yuan et al. in Ref. [60] at least in our sample. We thus
conclude that the “ordinary” non-local spin Seebeck effect, mediated by magnons and
the thermal landscape in the antiferromagnetic layer is likely the origin of the observed
signatures. However, there are still open questions which have to be addressed, before
a final statement can be given: First, it should be clarified why there is only a signature
in the spin Seebeck effect, while no such signal can be observed in the magnon-mediated
magnetoresistance (i.e. in the linear response). This is a very surprising finding, as the
spin species which is injected and detected is identical for the two effects when spin su-
perfluid transport is considered. Second, experiments towards higher current densities
should still be carried out to confirm the absence of a critical current even for current
densities well beyond what is reported by Yuan et al. in Ref. [60].
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Chapter 6

TOPOLOGICAL TRANSPORT FEATURES IN
MN1.8PTSN THIN FILMS

Topology is currently emerging as a novel classification scheme for solid state materi-
als.193–195 Topological properties, for example, of the electronic band structure or the spin
system can reflect in the behavior of a material. In particular, the topological properties
can be connected to emergent electronic transport phenomena, such as the chiral anomaly
or the quantum Hall effect.55–57,95,193,195–197

In the field of magnetism, Skyrmions are one example of a topologically non-trivial
(chiral) spin texture and can be categorizedusing an (integer)winding number.58,110,111,198
It was shown in amajor effort, that also in the presence of Skyrmions, additional topologi-
cal transport features are present in the electronic response:58,105,106 If an itinerant electron
travels through such a spin texture, its spin orientation adiabatically changes, such that
it can acquire a Berry phase. This Berry phase in turn can become evident as an addi-
tional contribution to the Hall effect, the “topological Hall effect”.58,95,105,109 Even in the
absence of Skyrmions, an additional Berry phase can also be acquired in the presence of
other non-coplanar sublattice spin configurations, that have a finite scalar spin chirality
𝜅 = 𝑆𝑖 ⋅ (𝑆𝑗 × 𝑆𝑘), between the neighboring spins 𝑆𝑖,𝑗,𝑘 on the sites 𝑖, 𝑗, 𝑘.95,109 As such, the
microscopic spin configuration and its topology can sensitively reflect in the electronic
transport properties, where the latter, in turn, can be used to determine the presence of
such non-trivial spin textures.

To that end, robust techniques allowing to separate the topological and the “ordinary”
contributions to the transport response are crucial. However, the exact nature and scaling
of the topological contributions to the Hall effect are still not fully described in a general
fashion. Thus, e.g. the topological Hall signal 𝜌THE

xy is extracted heuristically from the
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transverse resistivity
𝜌xy = 𝑅0𝜇0𝐻 + 𝑅𝑆𝑀(𝐻) + 𝜌THE

xy , (6.1)

where 𝑅0 is the ordinary Hall coefficient, 𝑅𝑆 is the anomalous Hall coefficient and 𝑀(𝐻)
is the magnetization.199

In this chapter we will discuss the Hall effect and the Nernst effect observed in thin
films of Mn1.8PtSn as a function of temperature for varying magnetic fields along the sur-
face normal. Additionally, due to its large topological transport response, we will use
Mn1.8PtSn as a model system to establish a novel approach to evaluate the presence of
additional topological contributions to the transport response. This approach removes
the necessity for magnetization measurements, which are a key limitation for measure-
ments on nanopatterned devices. Furthermore, artifacts introduced by the comparison
of magnetization and transport measurements can be excluded using our method.

The contents of this chapter are partly reproduced from R. Schlitz et al., Nano Letters,
19, 2366 (2019) (Ref. [3])with permission from theAmericanChemical Society, that owns
the copyright.

Sample and Measurement Details

The Mn1.8PtSn thin films with a thickness of 35 nm were grown and characterized by
Peter Swekis at the Max-Planck-Institute for Chemical Physics of Solids using magnetron
co–sputtering ofMn, Pt and Sn onto (001) orientedMgO substrates. The growthwas per-
formed at 𝑇substrate = 350 °C inAr atmosphere at a pressure of 3 × 10−3 mbar. The samples
were post-annealed after deposition at the growth temperature for another 30min and
capped with a 3 nm thick layer of Al to protect the film from oxidizing. The crystallinity
and thickness were determined using X-ray diffraction and reflectometry, respectively.
Further details on the growth and crystal structure can be found in Ref. [4].

Together with Helena Reichlova (Technische Universität Dresden), magnetization
loops of the as-grown samples were measured in a QuantumDesign MPMS–XL7 SQUID
magnetometer for different temperatures which will be addressed during the discussion
of the results (c.f. Fig. 6.5).

The sampleswere patternedusing optical lithography andAr ionmilling. To addition-
ally add thermometry and heating capabilities, heater and thermometer microstructures
were defined in a lift-off process using 30 nm thick Pt. An optical micrograph of a finished
device is shown in Fig. 6.1a. All transport measurements were performed in the vector
cryostat described in Sec. 2.4 with a maximum magnetic field |𝜇0𝐻𝑧| ≤ 6T applied along
the surface normal. Please note, that only data taken on one device will be discussed
in this chapter. However, all findings have been reproduced in a second sample with a
similar thickness of Mn1.8PtSn (𝑡MPS = 35 nm).

Our device layout allows to performNernst andHall effectmeasurements, as depicted
in Fig. 6.1b and c, respectively. On the one hand, to measure the magnetoresistive re-
sponse (including the Hall effect), we drive an electrical current 𝐼s = 200µA along the
Hall bar and measure the longitudinal 𝑉xx and transverse 𝑉xy voltages utilizing the cur-
rent reversal method as described in Sec. 2.6. The magnetic field is applied along the z
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Figure 6.1: a A micrograph of a sample is shown. The regions shaded in red are the
Pt heaters and thermometers and the highlighted green regions are the Mn1.8PtSn Hall
bar. Panel b and c depict the Nernst and Hall measurement scheme including the contact
polarities, respectively. Adapted from Ref. [3]

(out-of-plane) axis, so that the Hall effect can be observed along the y direction. The
transverse resistivity is determined from the voltage using

𝜌xy =
𝑉xy
𝐼s

𝑡MPS, (6.2)

with the thickness of the Mn1.8PtSn layer 𝑡MPS = 35 nm. On the other hand, the Nernst
voltage can be measured by driving a thermal gradient ∇𝑇𝑥 along the 𝑥-direction (MgO
[100] axis). This thermal gradient is generated by applying a large electric current through
one of the Pt heaters above or below the Hall bar. The magnetic field is again applied
along the z axis, such that the Nernst voltage arises along the y-axis and can be picked
up by a Keithley 2182 nanovoltmeter (c.f. Sec. 1.3.4). A method for significantly improv-
ing the signal to noise ratio of this thermoelectric (Nernst) voltage measurement will be
discussed in the next paragraphs.

Accurate measurements of the thermovoltage can be challenging in magnet cryostats
due to the large temperature differences between the sample and the measurement de-
vices. As all soldering joints can give rise to additional Seebeck voltages, this can dras-
tically limit the stability of the observed voltages.93 To mitigate these limitations, we use
an on-chip alternating thermal gradient technique. To this end, we alternatingly drive a
current 𝐼H = 5mA through the two heaters above (“top”) and below (“bottom”) the Hall
bar (c.f. Fig. 6.1a). This gives rise to a heat flow from top to bottom (↓) or from bottom to
top (↑). We simultaneously monitor the resistance 𝑅T,top and 𝑅T,bottom of the two Pt ther-
mometers to determine the temperature difference. To obtain the temperatures 𝑇top and
𝑇bottom and thus the temperature difference from the respective resistances, 𝑅T,top(𝑇) and
𝑅T,bottom(𝑇) aremeasured as a function of temperature without the application of heating
currents as exemplarily shown in Fig. 6.2a for one of the thermometers. This curve is then
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fitted with two different polynomials in the high (red fit) and low (teal fit) temperature
region. The combined fit curve is then used as calibration to determine the temperatures
from the resistance of the two thermometers. The temperature gradient ∇𝑇𝑥 along the
x-direction (MgO [100] axis) can then be inferred by

∇𝑇𝑥 = 𝛥𝑇(↑) − 𝛥𝑇(↓)
2𝑑therm

, (6.3)

where 𝑑therm ∼ 40µm is the distance between the thermometers and 𝛥𝑇(↑, ↓) = (𝑇bottom−
𝑇top)(↑, ↓) are the temperature differences between the two thermometers for heat flowing
up and down, respectively.
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Figure 6.2: a The calibration curve for one of the thermometers is depicted. The red and
teal fit are used to calculate the temperature for the high and low temperature region,
respectively. In panel b, the temperature differences for both thermal gradient directions
and the transverse voltage are shown. Both scale linearly with the heating power as ex-
pected, if they are generated by a thermal effect. The applied magnetic field for this mea-
surement was 𝜇0𝐻z = 2T. Panel c summarizes the extracted temperature on the hot and
cold side recorded during onemagnetic field sweep for the two heat flow directions. Both
temperatures (i.e. on the hot and cold side) are similar for both heat flow directions and
only show a small modulation with the magnetic field. d Similarly, the extracted tem-
perature difference remains mostly independent of the magnetic field, only exhibiting a
small linear drift as a function of time. Adapted from Ref. [3].

The temperature difference (and thus the thermal gradient) should linearly increase
with the heater power, as long as the thermal conductivity is only weakly dependent
on temperature. As thermoelectric effects are ∝ ∇𝑇 a linear dependence on the heating
power should also be observed. This is verified by applying an increasing heater power
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and observing the temperature differences and the Nernst voltage (with a fixed field of
𝜇0𝐻z = 2T). These data are shown in Fig. 6.2b and nicely show the linear trend with the
applied bower for both, the temperature difference and theNernst voltage i.e.∇𝑇 ∝ 𝑃heater
and thus 𝑆xy ∝ ∇𝑇 ∝ 𝑃heater. Additionally, we can see that the temperature differences
for both heat flow directions agree nicely. Even if this fits the expectations for a perfectly
symmetric device, seeing it realized in our structure verifies the quality of the lithogra-
phy as well as the homogeneity of the temperature distribution. Furthermore, a perfectly
symmetric thermal gradient upon reversal results in a constant temperature in the cen-
tral part of the devices (i.e. where we measure the Nernst voltage), so that influences of
a different local temperature can be excluded.

Finally, as magnetic field sweeps will be used to determine the Nernst signal, the ther-
mal gradient should ideally be independent of the magnetic field. To establish and quan-
tify a possible field dependence of the extracted temperatures, wemeasured the tempera-
tures during a magnetic field sweep in the full field range at a base temperature of 300K.
The data depicted in Fig. 6.2c show, that there is a finite dependence of the extracted
temperature on the magnetic field, most likely due to the ordinary magnetoresistance
of the Pt used as thermometer. However, since the same material is used for both ther-
mometers, the temperature difference is constant to within 10% during the field sweep.
Please note, that while the magnetoresistance will increase towards lower temperatures
(∼ 10K), even there the temperature difference is still constant to within 10% over the
full magnetic field range (as is expected due to the same magnetoresistance in both ther-
mometers). Furthermore, at low temperatures, the quality of the thermometry is much
lower anyway, as the slope of 𝑅T(𝑇) is much smaller there (c.f. Fig. 6.2a). Additionally,
we observe a slightly higher temperature of the thermometers, compared to the base tem-
perature 300K (i.e. the temperature of the measuring insert). This indicates that a steady
state heating of the sample surface with respect to the measuring insert is present, which
can be easily motivated: If there is a thermal gradient across the device that directly re-
quires an increased temperature of parts of the device with respect to others. As the base
temperature corresponds to the temperature of the heat sink (i.e. the thermometry head),
the sample surface thus has to be elevated compared to that base temperature. Even the
magnitude of this increase is as anticipated: the thickness of the substrate is roughly 10
times larger than the separation of the two thermometers. Thus, also the increase of the
base temperature (i.e. the temperature difference from the bottom of the substrate glued
to the chip carrier and the sample surface) should be roughly larger by a factor 10 com-
pared to the temperature difference between the thermometers. Taken together, we have
established that the generation of the alternating thermal gradient works as anticipated.

Wewill nowdiscuss the implications of the inversion of the thermal gradient direction
on the Nernst signal and the voltage extraction. As the Nernst voltage will flip its sign
when ∇𝑇 inverts, the measured voltage needs to be anti-symmetrized with respect to the
thermal gradient direction. This is accomplished by subtracting the voltages measured
for the two thermal gradient directions 𝑉xy(↑) and 𝑉𝑥𝑦(↓) and dividing by 2. To obtain
the Nernst signal 𝑆xy = 𝐸y/∇𝑇x, we first need to determine the electric field along the
y direction.138 As the Nernst effect will only generate a voltage in the region where the
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thermal gradient is present (i.e. the length of the Mn1.8PtSn Hall bar which is heated),
we use the length of the heaters to approximate the exact profile of the thermal gradient
along the y direction, so that 𝐸y ≈ 𝑉𝑥𝑦/𝑙H. Thus, 𝑆xy is given by

𝑆xy =
𝑉xy(↑) − 𝑉xy(↓)

2𝑙H∇𝑇𝑥
. (6.4)

This approach resembles the electric current reversal method introduced in Sec. 2.6 and
allows to remove most of the spurious thermoelectric voltages from the measurement
signal.

heatflow
heatflow

Figure 6.3: a The measured voltages for the two thermal gradient directions are depicted.
The (anomalous)Nernst response cannot be determineddue to the presence of significant
drifts. However, the difference between the red and teal curves 𝑉xy(↑) − 𝑉xy(↓) behaves
systematically: b The anti-symmetrized data (c.f. Eq. (6.4)) show a clear dependence of
the magnetic field with the symmetry anticipated for a Nernst effect.

To verify the performance of our method, the raw data 𝑉xy(↑, ↓) are shown in Fig. 6.3a
for the two thermal gradient directions. There is a large, nonlinear drift in the voltage,
which is mostly independent on the thermal gradient direction (similar for the teal and
red curve). These are most likely caused by changes in the soldering joint temperatures
on the measuring inserts inside the cryostat and are present even after long thermal stabi-
lization. No clear magnetic field dependence of the transverse voltage can be established
directly from the raw data. However, when looking at the differences between the teal
and red curve, a systematic trend can be observed: The teal data is below (above) the red
data for positive (negative) saturation. Thus, when calculating the Nernst signal 𝑆xy as
discussed above, a clear dependence on the magnetic field becomes visible. Additionally,
𝑆xy measured during the up and down sweep of the magnetic field are superimposed,
suggesting an excellent performance of the thermoelectric signal extraction.

Please note, that care has to be taken to ensure that all temperatures on the sample
are settled. This is accomplished by delaying the measurement for a sufficient amount of
time after changing the thermal landscape. For the structure used here, a waiting times
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of 30 s and 5 s were chosen for the first measurement point and after the inversion of
the thermal gradient direction, respectively. These times were obtained before beginning
the experiments, by determining the settling time required to reach the steady state for
all voltages as well as 𝑅T,top/bottom. In summary, with the alternating thermal gradient
technique, we have extended the electrical current reversal technique into the thermal
domain, allowing a significant improvement of the signal to noise ratio.

Results and Discussion
We now turn to the experimental results. We start with the temperature dependent

resistivity of the Mn1.8PtSn Hall bar. As shown in Fig. 6.4, a kink around 𝑇SR ∼ 185K is
evident in the data. This is associatedwith a spin reorientation transition, where themag-
netic system goes from a collinear (above 𝑇SR) to a non-collinear state (below 𝑇SR).4,200–202
A similar behavior was observed by neutron diffraction inMn2RhSn at 𝑇SR,MRS = 80K.203
Please note, that these features have been verified by Neutron scattering experiments for
Mn1.4PtSn in Refs. [200] and [204]. Additionally, magnetic susceptibility measurements
in bulk material suggest that the response of the magnetic system to small excitation
changes at 𝑇SR.204 However, in thin films no direct measurements confirming the non-
coplanar spin structure are available to our knowledge.

Figure 6.4: The temperature dependent
resistivity of the 35 nm thick Mn1.8PtSn
thin film has a kink around the spin re-
orientation transition, below which the
magnetic system enters a non-collinear
state. Adapted from Ref. [3].
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To evaluate whether the magnetization also behaves differently below and above the
spin reorientation, we will discuss the magnetization loops shown in Fig. 6.5. For the ex-
traction of the film magnetization from the raw magnetometry data (c.f. Fig. 6.5a), the
diamagnetic substrate background of MgO has to be removed. This is accomplished by
subtracting the linear slope observed in the saturation regime (|𝜇0𝐻| > 4T). Please note,
that themagnetometer can only determine themagneticmomentwith a large uncertainty,
whenever the magnetic moment is close to 0, such that we chose to mask the data around
𝑀 = 0.1 The film magnetization loops (c.f. Fig. 6.5b) smoothly change from 300K to
30K: They show an increasing saturation magnetization when the temperature is de-
creased. Additionally, the field required for reaching saturation is also increasing towards
lower temperatures. Quantitatively, the saturation magnetization of 𝑀 ∼ 350 kAm−1

and 𝑀 ∼ 530 kAm−1 observed at 300K and 150K, respectively, are close to the values
reported in literature.4,200 For the magnetization loop taken at the 10K, a large change

1The magnetometer returns a quantity determining the quality of each individual measurement (i.e. at
each magnetic field). This quantity is then used to mask the data.



96

of both, the saturation magnetization and the shape of the loop is evident. This is asso-
ciated with paramagnetic impurities in the MgO substrate giving rise to an additional,
Brillouin-like,138 substrate background. Taken together, while we also observe the kink
in the resistivity of the thin film (c.f. Fig. 6.5), no anomalous behavior is observed in the
magnetization loops when crossing 𝑇SR . Please note, however, that also in the thin films
there is a small discontinuity around 𝑇SR when the magnetization is measured as a func-
tion of temperature at a fixed magnetic field.4
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Figure 6.5: a The (raw) magnetometry data for a Mn1.8PtSn thin film with a thickness
of 35 nm is shown. Where the magnetic moments of the film and the (diamagnetic) sub-
strate are equal, the net moment of the sample vanishes, so that the extraction of the mag-
netic moment fails. Hence, these regions (i.e. where the magnetic moment can not be
determined with certainty) were masked. b The magnetization of the film is extracted
by subtracting the diamagnetic substrate background (i.e. the linear (negative) slope in
the saturated regime) from the raw data. The significantly increased moment and al-
tered shape at 10K indicates that paramagnetic impurities are present in the substrates.
Adapted from Ref. [3].

In the following, the different contributions to the transport signature will be dis-
cussed first for the Hall effect. Commonly, there are three contributions to the Hall sig-
nal95

𝜌xy = 𝜌OHE
xy + 𝜌AHE

xy + 𝜌THE
xy . (6.5)

First, there is the ordinary Hall effect caused by Lorentz deflection of the charge carriers

𝜌OHE
xy = 𝑅0𝜇0𝐻, (6.6)

where 𝑅0 is the ordinary Hall coefficient.138 Second, for the anomalous Hall effect, ob-
served inmagneticmetals and scaling linearlywith the (normalized)magnetization𝑀/𝑀s

𝜌AHE
xy = 𝜌A

xy
𝑀
𝑀s

= (𝑆A𝜌2
xx + 𝛼𝜌xx)

𝑀
𝑀s

≈ 𝜆𝜌𝑛
xx

𝑀
𝑀s

, (6.7)

where 𝑆A determines the intrinsic and side-jump scattering contributions and 𝛼 the skew
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scattering contribution.2 95,116 The alternative notationwith the coefficient𝜆 and the power
𝑛 (where 𝑛 ≈ 2 would suggest a dominantly intrinsic/side-jump contribution) will be im-
portant later for the discussion of the anomalous Nernst effect (c.f. Eq. (6.12)). Third, the
topological Hall effect can originate from the presence of topologically non-trivial spin
textures

𝜌THE
xy ∝ 𝜅 = 𝑆𝑖 ⋅ (𝑆𝑗 × 𝑆𝑘), (6.8)

where 𝜅 is given by the alignment of the neighboring spins 𝑆𝑖,𝑗,𝑘 on the sites 𝑖, 𝑗, 𝑘.95,109
However, as the alignment of the individual spins crucially depends on their energetic
environment, a general dependence of the topological Hall effect on the magnetic field
can not be formulated. In other words, the presence of a topologically non-trivial spin
texture sensitively depends on the magnetic phase diagram.58,95

We will now present a sketch showing the salient features of the different contri-
butions to provide orientation for the reader. To that end, we use a Stoner-Wohlfahrt
model205 to simulate a magnetization loop along a hard magnetic axis (i.e. in a configu-
ration similar to the thin film measurements, where the out-of-plane direction is a hard
magnetic axis). The magnetization (Fig. 6.6, gray line) is then used to simulate 𝜌xy (c.f.
Eq. (6.5), red line).3 Please note, that all coefficients and the shape of the topological con-
tribution 𝜌THE

xy are chosen to ensure the best visibility of the salient features. Additionally,
the individual contribution to 𝜌xy are shown by dashed lines. For small magnetic fields
(𝜇0𝐻 < 𝜇0𝐻s) 𝜌xy is dominated by the evolution of the anomalous Hall effect (dashed
turmeric line). If the magnetic field is increased further, 𝜌AHE

xy saturates and is constant,
while the topological contribution 𝜌THE

xy (dashed teal line) gives rise to the hump in 𝜌xy.
Finally, for very large magnetic fields (𝜇0𝐻 ≳ 0.6T), 𝜌xy shows a linear increase with the
magnetic field as expected for the ordinary Hall effect 𝜌OHE

xy (dashed purple line).

Figure 6.6: The magnetization (gray line)
was simulated using a Stoner-Wohlfahrt
model,205 where the magnetic field is ap-
plied along the hard axis. Furthermore, we
chose the magnetic field required to satu-
rate the magnetization as 𝜇0𝐻s = 0.2T. Us-
ing the magnetization, the individual con-
tributions to the Hall resistivity 𝜌xy (red
line) according to Eq. (6.5) were calculated.
Please note, that the functional of the topo-
logical contribution 𝜌THE

xy was chosen in way
to resemble the topological Hall effect con-
tribution evident in our Mn1.8PtSn films to
allow for easier identification later. The
code can be found in App. E.
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2Please note, that we include the saturation magnetization into the coefficients of the anomalous Hall
effect for consistency with the later evaluation.

3For simplicity we assume 𝜌xx is independent of the magnetic field, such that 𝜌AHE
xy ∝ 𝑀 (c.f. Eq. (6.7)).
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Hence, to extract the topological Hall contribution 𝜌THE
xy , we can first use the evolution

of 𝜌xy at highmagnetic fields to determine the ordinaryHall effect contribution 𝜌OHE
xy . The

remaining (field independent) offset after removing the linear slope from the data then
is the amplitude of the anomalous Hall effect 𝜌A

xy. Thus, in a next step we can remove
also the anomalous Hall effect 𝜌AHE

xy from 𝜌xy, if the shape of the magnetization loop (and
𝜌xx(𝐻)) is known. Consequently, only the topological contribution

𝜌THE
xy = 𝜌xy − 𝜌OHE

xy − 𝜌AHE
xy = 𝜌xy − 𝑅0𝜇0𝐻 − (𝑆A𝜌2

xx + 𝛼𝜌xx)
𝑀
𝑀s

(6.9)

remains.
Before finally turning to the transport measurements, we will briefly touch upon the

Nernst effect. A very similar discussion is also possible for the Nernst effect 𝑆xy, where
the ordinary Nernst effect is the term linear in the magnetic field138

𝑆OHE
xy = 𝑁𝜇0𝐻, (6.10)

with the ordinary Nernst coefficient 𝑁. However, the resistivity and Seebeck tensors are
not independent, such that the Nernst effect is sensitively linked to the resistivies (and
thus also the Hall effect)116,206

𝑆xy = 𝜌xx(𝛼xy − 𝜎xy𝑆xx), (6.11)

where 𝜎xy is the transverse (Hall) conductivity, 𝑆xx is the Seebeck effect and 𝛼xy is the
transverse thermoelectric (Nernst) conductivity.4 116 The first term in the brackets can be
linked to the generation of a transverse electric current from the thermal gradient, while
the latter describes the generation of a longitudinal electric current which in turn is con-
verted to a transverse current via the Hall effect. According to Ref. [116], the anomalous
Nernst effect is connected to the anomalous Hall effect like

𝑆ANE
xy = 𝑆A

xy
𝑀
𝑀S

= −
𝜌AHE
xy
𝜌xx

⎛⎜
⎝

𝑇
𝜋2𝑘2

B
3𝑒

𝜆′

𝜆 − (𝑛 − 1)𝑆xx⎞⎟
⎠

(6.12)

when assuming that the Mott relation97,101,207,208 is fulfilled and that the anomalous Hall
effect scales like 𝜌AHE

xy = 𝜆𝜌𝑛
xx𝑀/𝑀s (c.f. Eq. (6.7)). 𝑘B is the Boltzmann constant, 𝑒 is the

electron charge and 𝜆′ = 𝜕𝜆/𝜕𝐸 is the energy derivative of the anomalous Hall coefficient
𝜆. While a more detailed discussion of the relation of the Nernst and Hall effect is beyond
the scope of this thesis, some general conclusions can be drawn from Eq. (6.12): First, the
anomalous Nernst effect and anomalous Hall effect will both depend on the magnetiza-
tion since 𝑆ANE

xy ∝ 𝜌AHE
xy ∝ 𝑀/𝑀s. Additionally, the relative sign of the anomalous Nernst

effect and anomalous Hall effect is not fixed, but sensitively depends on the magnitude
of the Seebeck effect 𝑆xx. Experiments testing the validity of the Mott relation also for
the topological contribution to the Nernst effect have been reported, where first results

4Please note that the additional contribution of the thermal Hall effect has been nerglected here.106
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suggest it is also valid in this case, so that a similar approach can be taken to connect 𝑆TNE
xy

and 𝜌THE
xy .96,106,207,209

In summary, a very similar heuristic separation as done for the Hall effect can bemade
for the Nernst effect106

𝑆xy = 𝑆ONE
xy + 𝑆ANE

xy + 𝑆TNE
xy , (6.13)

where 𝑆ONE
xy ∝ 𝜇0𝐻 is linear in the magnetic field, 𝑆ANE

xy ∝ 𝑀/𝑀s scales with the mag-
netization and 𝑆TNE

xy has no clear scaling with either the magnetic field or the magnetiza-
tion.106,116,138,209 As such, 𝑆TNE

xy can be extracted in a similar fashion as discussed in the
context of the Hall effect (c.f. Fig. 6.6 and Eq. (6.9)).
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Figure 6.7: The measured transport response for the thermal (gray) and electrical (red)
signal is shown. Both signals deviate significantly from themagnetization loop (turmeric)
in the intermediate field range (|𝜇0𝐻| < 4T). Adapted from Ref. [3].

Now that the salient features of the different contributions have been established, we
will turn to the discussion of themagnetoelectric andmagnetothermal transport response.
To that end we consider an exemplary set of measurements at 𝑇 = 100K (below the spin
reorientation temperature) to elucidate the extraction procedure of the different Nernst
or Hall contributions from the measured signals. The Nernst signal 𝑆xy (determined via
Eq. (6.4)) and the Hall signal 𝜌xy (determined via Eq. (6.2)) are displayed together with
the magnetization in Fig. 6.7. Both, 𝑆xy and 𝜌xy show a clear deviation from the magneti-
zation loop contrary to the expectation for a ferromagnet: If only an ordinary and anoma-
lous Hall effect would be present, 𝜌xy would closely follow the magnetization loop (c.f.
Eq. (6.7) and Eq. (6.12)) or have an additional contribution linear in magnetic field (c.f.
Eq. (6.6) and Eq. (6.10)).104,105,199 Thus, we can directly conclude from the shape of 𝜌xy
(and 𝑆xy) that there is a finite topological Hall (and topological Nernst) effect contribu-
tion. Consequently, it appears likely that a topologically non-trivial (chiral) spin texture
is present in the Mn1.8PtSn thin film studied here.54,58,95,106 Interestingly, the amplitudes
of the anomalous Nernst effect 𝑆A

xy and the anomalous Hall effect 𝜌A
xy (c.f. Fig. 6.7) have

the same sign contrary to the amplitudes of the topological signals, where the deviation
from the magnetization is negative for 𝑆xy and positive for 𝜌xy. In a free electron picture,
one would expect the (ordinary) Nernst effect and the (ordinary) Hall effect to have an
opposite sign for our geometry (c.f. Fig. 6.1), as the electron velocity is opposite for the
two measurement configurations. However, as shown in Eq. (6.12), the relative sign of
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the anomalous Hall effect and the anomalous Nernst effect, can differ depending on the
mechanism giving rise to the anomalous effects and the size of Seebeck effect 𝑆xx. As we
are not able to measure the Seebeck effect in our device, a definite statement as to the
expected sign cannot be made.5

Wewill now turn to the (heuristic) extraction of the topological transport response. As
already introduced above, this is accomplished by subtracting the ordinary Hall/Nernst
effect and the anomalous Hall/Nernst effect from the measured transport signals, using
themagnetization loop (c.f. Fig. 6.5 and Eq. (6.9)).4,106,199,210,211 However, due to the exact
shape of the observed transport signatures, we will first simplify Eq. (6.9) by evaluating
the impact of the individual contributions. As discussed above, the ordinary Hall effect
(c.f. Eq. (6.6)) can be extracted using the slope in the regime, where the magnetization is
saturated. In our case, however, neither 𝑆xy nor 𝜌xy exhibit a large slope in saturation (i.e.
|𝜇0𝐻| > 4T), such that we can neglect the contributions of the ordinary Nernst and the
ordinary Hall effect. Additionally, measurements of 𝜌xx(𝐻) allow to put an upper limit
to its magnetic field dependence, which we find to be smaller than |𝜌xx(𝐻)/𝜌xx(𝐻 = 0)| ≲
10%. This fact, together with the dominantly intrinsic contribution to the anomalous
Hall effect in Mn1.8PtSn,4 lead to a maximum field dependence of the anomalous Hall
coefficient |𝜌A

xy(𝐻)/𝜌A
xy(𝐻 = 0)| ∝ (𝜌xx(𝐻)/𝜌xx(𝐻 = 0))2 ≲ 1% (c.f. Eq. (6.7)). Thus,

assuming 𝜌A
xy ≈ const seems reasonable and we get

𝜌xy(𝐻) ≈ 𝜌A
xy

𝑀(𝐻)
𝑀s

+ 𝜌THE
xy (𝐻) (6.14)

For the Nernst effect, this simplification is not as straightforward, as it depends linearly
on the resistivity 𝜌xx and the Seebeck effect 𝑆xx (c.f. Eq. (6.12)). While we know that
|𝜌xx(𝐻)/𝜌xx(𝐻 = 0)| ≲ 10%, the evolution (or even magnitude) of 𝑆xx is unknown.6
Therefore, we will make the same assumption (i.e. 𝑆A

xy ≈ const) as for the Hall effect,
leading to a possible error of at least 10% for the extracted topological Nernst effect

𝑆xy(𝐻) ≈ 𝑆A
xy

𝑀(𝐻)
𝑀s

+ 𝑆TNE
xy (𝐻) (6.15)

With these simplifications, we arrive at the following equations for the extraction of the

5The Seebeck effect cannot be quantified in our structure, since the voltage generated by the temperature
gradient within the central part of the Hall bar is compensated by the voltage generated by the (inverse)
temperature gradients in the leads: Both bond pads (i.e. where thewire bonds tomeasure 𝑉xx are placed) are
far away from the heated central part of the device, so that bothwill have an equal temperature. Consequently,
𝛥𝑇 = 0 → 𝑉xx = 0. An improved version of the device layout with an additional set of Pt leads touching the
Mn1.8PtSn Hall bar would allow to circumvent this limitation but was not prepared during this thesis.

6Although the magnitude of the Seebeck effect is unknown, the presence of a finite planar Nernst effect
was observed, suggesting that there certainly is a magnetic field dependent Seebeck effect.212
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topological Hall and topological Nernst effect:

𝜌THE
xy (𝐻) ≈ 𝜌xy(𝐻) − 𝜌A

xy
𝑀(𝐻)

𝑀s
(6.16)

𝑆TNE
xy (𝐻) ≈ 𝑆xy(𝐻) − 𝑆A

xy
𝑀(𝐻)

𝑀s
(6.17)
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Figure 6.8: The topological transport signals extracted according to Eq. (6.17) and
Eq. (6.16) are shown. Please note, that the Nernst signal has been inverted to allow an
easier comparison of the signal shapes. Adapted from Ref. [3].

The thus extracted topological Nernst and Hall signals are plotted in Fig. 6.8. Please
note, that for themagnetic fields where nomagnetizationmeasurements are possible (c.f.
Fig. 6.5), the topological signals can also not be calculated. To allow an easier comparison
of the shape of 𝑆THE

xy and 𝜌THE
xy , the topological Nernst signal is inverted in the plot. 𝑆THE

xy
and 𝜌THE

xy superimpose nicely, showing that a topological response is present in the inter-
mediate field range (|𝜇0𝐻| < 4T). We associate these topological signals to the presence of
a non-coplanar alignment of the magnetic sublattices in the same field range, which addi-
tionally allows to motivate the magnetic field dependence: While for very small magnetic
fields, the individual spins will reside within (or close to) the film plane, such that also
the scalar spin chirality 𝜅 = 𝑆𝑖 ⋅ (𝑆𝑗 × 𝑆𝑘) (vanishing when all spins reside within one
plane) will be small (c.f. Eq. (6.8)). If the magnetic field is increased, the non-coplanar
alignment will be stabilized by the additional Zeeman energy, giving rise to an increasing
component along themagnetic field (i.e. and thus an increasing scalar spin chirality). For
even large magnetic fields, the spin configuration will finally be dominated by the Zee-
man energy, such that all spins align with the magnetic field and 𝜅 → 0. Interestingly,
except for the sign, the very similar evolution of the 𝑆TNE

xy and 𝜌THE
xy might be an indicator,

that theMott relation linking the Nernst and Hall effect is also fulfilled for the topological
transport effects. However, as the Seebeck effect is unknown, a test of the Mott relation is
beyond the scope of this work.

Wewill now turn to the discussion of the temperature dependent evolution of 𝑆xy and
𝜌xy and their topological contributions 𝑆TNE

xy and 𝜌THE
xy . To this end, we repeated the mea-

surements and the extraction of the topological response at several temperatures. The
resulting data is shown in Fig. 6.9. There are two interesting evolutions visible in the
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Figure 6.9: Panels a and b show temperature dependent measurements of the Nernst
and Hall signals, respectively. The anomalous Nernst effect (i.e. the value in saturation)
changes its sign below the spin reorientation temperature in addition to having a topolog-
ical contribution. In contrast, the sign of the anomalous Hall effect does not change with
temperature, while a topological contribution also appears. c The topological Nernst sig-
nal and d the topological Hall signal (extracted according to Eq. (6.16) and Eq. (6.17))
show that a topological contribution is present below 𝑇SR (Nernst effect) or even in the
full temperature range (Hall effect). Adapted from Ref. [3].

raw data (panels a and b). First, the anomalous Nernst effect (i.e. 𝑆A
xy = 𝑆xy(𝐻 > 4T, c.f.

Fig. 6.7) exhibits a sign change below 𝑇SR ∼ 185K. While at high temperatures 𝑇 ≳ 170K,
𝑆A
xy is negative, it is positive for 𝑇 ≲ 150K and decreases drastically for 𝑇 ≲ 30K. A very

similar behavior is reported in Ref. [116] in Ga1–xMnxAs with 𝑥 = 0.04 − 0.07, where the
sign change is caused by an increase of 𝑆xx towards low temperatures. Thus, also the
sign change observed here might be rooted in the different electronic contributions to the
Nernst effect, where their relativemagnitude can change as a function of temperature (c.f.
Eq. (6.12)). Additionally, Eq. (6.12) together with vanishing signal for 𝑇 ≲ 30K suggest
that either 𝑆xx becomes small towards low temperatures or that the dominant mechanism
giving rise to the anomalous Hall effect changes, so that e.g. 𝑛 → 1.213 Again, it would be
interesting to perform further experiments in the future to alsomeasure 𝑆xx forMn1.8PtSn
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thin films to be able to verify the validity of the Mott relation and to evaluate the different
contributions to the Nernst effect. Finally, for completeness sake, recent reports in litera-
ture suggest, that the anomalous Nernst effect and the anomalous Hall effect can depend
on different regions of the Fermi sea, such that a different evolution with temperature
would be anticipated.101,208 However, as the exact band structure and the changes it un-
dergoes when crossing the spin reorientation are unknown, unfortunately no insight can
be gained here.

The topological Nernst and Hall effect (c.f. Fig. 6.9c and d) are visible down to the
lowest temperature 𝑇 = 10K studied. Interestingly, the magnetic field region in which
the topological Hall effect and the topological Nernst effect can be observed (and thus the
non-coplanar spin structure is present) broadens towards lower temperatures. We thus
speculate that the absence of thermal fluctuations results in a stabilization of the non-
coplanar spin texture. Additionally, even above 𝑇SR there are features visible around zero
magnetic field, suggesting that even for higher temperatures, a topological spin texture
is present. This would agree with reports in bulk Mn1.4Pt0.9Pd0.1Sn, where the presence
of antiskyrmions above 𝑇SR was reported.200 However, imperfect measurements can also
give rise to such features, which wewill discuss in detail after addressing the magnitudes
of the different contributions to the Nernst effect and the Hall effect.
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Figure 6.10: a The magnitudes of the anomalous Nernst and Hall effects are shown. The
sign change of the anomalous Nernst effect is visible at 𝑇 = 150K, suggesting it might not
be directly related to the spin reorientation transition. In contrast, the anomalous Hall ef-
fect only decreases monotonically towards low temperatures. In panel b, the magnitudes
of the topological Nernst and Hall effect are summarized. Adapted from Ref. [3].

The magnitudes of the anomalous transport coefficients are summarized in Fig. 6.10a.
As already discussed above, the anomalous Nernst effect changes its sign around 𝑇 =
150K, well below 𝑇SR. The maximum magnitudes for the anomalous Nernst effect and
the anomalous Hall effect (i.e. the magnitudes in saturation) are 𝑆A

xy ≈ 110 nVK−1 and
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𝜌𝐴
xy ≈ 29 nΩm, respectively. Both signal magnitudes are in agreement with the gen-

eral scaling relations reported in literature for the anomalous Nernst and the anomalous
Hall effect.95,96,103,214 In particular, one of the two scaling relations states that in itiner-
ant magnets there is a linear relation between the magnitudes of the magnetization and
the anomalous Hall effect (or anomalous Nernst effect).95,103,214 The second scaling law
correlates the resistivity 𝜌xx and the anomalous Hall effect 𝜌A

xy, where depending on the
transport regime and thus the dominant contributions to the anomalous Hall effect a par-
ticular relation between 𝜌xx and 𝜌A

xy can be formulated (c.f. Eq. (6.7)).95,96 The highest am-
plitude of the topological Nernst and Hall effect are 𝑆T

xy ≈ 115 nVK−1 and 𝜌𝑇
xy ≈ 8 nΩm,

respectively (c.f. Fig. 6.10b). The topological Nernst effect is comparable to the effect
reported in bulk MnGe (𝑆T

xy ∼ 150 nVK−1), the only other material where the effect is re-
ported.106 Similarly, the amplitude of the topological Hall effect agrees well with reports
on MnxPtSn.4,201 Finally, both 𝑆𝑇

xy and 𝜌𝑇
xy decrease rapidly when approach 𝑇SR but re-

main finite even above, where no non-coplanar spin structure (but possibly Skyrmions)
should be realized.200
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Figure 6.11: The Stoner-Wohlfahrt model introduced in Fig. 6.6 and App. E is used again
to estimate the change of the magnetization loop if the magnetic field is misaligned with
respect to the hard magnetic axis (gray line). We compare this magnetization “measure-
ment” with the Hall effect 𝜌xy (including only the anomalous Hall effect 𝜌AHE

xy ) obtained
for perfect alignment of the magnetic hard axis and the magnetic field. If the topological
Hall effect is then calculated using Eq. (6.16), a finite “topological Hall effect” (dashed
teal line) is found, although 𝜌THE

xy = 0. Thus, an imperfect conception of the experiments
can give rise to artifacts, resembling a topological Hall effect.

We will now try to motivate an alternative origin for the presence of the topological
transport features observed above 𝑇SR shown in Fig. 6.9. In experiments, the alignment of
the sample with respect to the magnetic field can be challenging, so that a finite misalign-
ment of the magnetic field with respect to the surface normal is possible. Since we com-
pare different measurements (i.e. transport and magnetometry measurements), done in
different setups, the misalignment with respect to the magnetic field is likely different for
the twomeasurements. Thus, we will now use the Stoner-Wohlfahrt model introduced in
Fig. 6.6 and App. E to evaluate the impact of such a misalignment and the consequences
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for the extraction of the topological signal using Eq. (6.8). To that end, the Hall signal 𝜌xy
shown in Fig. 6.11 was “measured” with perfect alignment of the magnetic field and the
hard axis (red line, c.f. Fig. 6.6), while the magnetization “measurement” was done with
a finite tilt angle of 5° with respect to the surface normal (gray line). The resultant shape
of 𝜌xy and 𝑀 is clearly different, such that when we now use the imperfect magnetization
measurement to remove 𝜌AHE

x from 𝜌xy (Eq. (6.9) and Eq. (6.8)), a finite residual is found.
Thus, even in the absence of any topological contribution 𝜌THE

x = 0 to the Hall effect, a
residual signal (even roughly resembling the topological Hall effect observed in our de-
vice) can be found when the measurements are not carried out perfectly. Consequently,
extreme care has to be taken, as to not introduce such artifacts by the comparison of the
two measurements.

Motivated by the possible occurrence of artifacts, introduced by the comparison of
transport and magnetization measurements, we decided to use the large topological
Nernst effect and topological Hall effect observed inMn1.8PtSn to demonstrate an alterna-
tive method for the extraction of the topological contribution. One necessary prerequisite
for this approach can be seen in Eq. (6.14) and Eq. (6.15), where the similar dependence of
the 𝜌xy and 𝑆xy on the magnetization is visible. Consequently, by normalizing 𝜌xy and 𝑆xy
to their respective high field saturation values 𝜌A

xy and 𝑆A
xy, one can use their difference

to single out the topological contributions to the magnetoelectric and magnetothermal
transport response:

𝑇𝑄 =
𝜌xy

𝜌Axy
−

𝑆xy

𝑆Axy
≈

𝜌THE
xy

𝜌Axy
− 𝑀

𝑀s
− ⎛⎜

⎝

𝑆TNE
xy

𝑆Axy
− 𝑀

𝑀s
⎞⎟
⎠

=
𝜌THE
xy

𝜌Axy
−

𝑆THE
xy

𝑆Axy
(6.18)

Consequently, by using this difference, the magnetization drops out completely, allow-
ing us to remove the anomalous response without the need for magnetization data.7 This
difference is named the topological quantity 𝑇𝑄 and can be seen in Fig. 6.12b. The Nernst
signal and the Hall signal shown in panel a are normalized and subtracted, yielding 𝑇𝑄.
Most generally speaking, the topological quantity will only be non-zero if there is an ad-
ditional contribution to either the Hall effect or Nernst effect (or both) which is not con-
nected in the exactly the same fashion as the anomalous Hall 𝜌AHE

xy and the anomalous
Nernst effect 𝑆ANE

xy (including the same relative sign, c.f. Eq. (6.12)). From a physical
point of view, this condition can, for example, be fulfilled by the presence of a topolog-
ically non-trivial spin structure (hence the name topological quantity). Thus we inter-
pret a non-zero topological quantity as a measure for the presence of transport effects
caused by topologically non-trivial (chiral) spin structures.58,109,112 Interestingly, another
case, where a non-zero topological quantity might be observed is when the Mott rela-
tion is violated.116,215 Since in that case already the anomalous Hall effect and anomalous
Nernst effect could exhibit a different scaling with the magnetization, an investigation

7Please note, that we here used the simplified equations Eq. (6.14) and Eq. (6.15), so that this formulation
is not perfectly accurate. Generally speaking, one would first need to subtract the ordinary Hall and Nernst
effect from the respective signals and then perform the subtraction while taking into account all additional
scaling relations (i.e. including the dependence on 𝜌xx and 𝑆xx).
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of the topological quantity for such a case might be interesting. Additionally, a theoreti-
cal investigation of what other contributions might be present in the topological quantity
might allow to connect 𝑇𝑄 to other physical phenomena but is beyond the scope of this
experimental work.
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Figure 6.12: aThemeasured transport response for the thermal (gray) and electrical (red)
signal is shown together with the magnetization. b For direct comparison, the topological
transport signals extracted using the conventional approach are plotted together with the
topological quantity 𝑇𝑄 (c.f. Eq. (6.18)). Adapted from Ref. [3].

For comparison with 𝑇𝑄, the topological Nernst effect and the topological Hall ef-
fect extracted using the customary approach have been added in Fig. 6.12b. The field
dependence of all curves agrees well and reproducibly shows the peak-dip structure for
|𝜇0𝐻| < 4T. Consequently, our idea, that the topological features can be extracted with-
out prior knowledge of the magnetization loops seems to be viable. Additionally, we can
exclude that the observed 𝑆TNE

xy and 𝜌THE
xy are caused by artifacts introduced by the com-

parison of magnetometry and transport measurements (c.f. Fig. 6.11). Furthermore, the
fact that 𝑇𝑄 is non-zero only when 𝑆TNE

xy and 𝜌THE
xy are non-zero, hints at the possibility

to determine the presence of topologically non-trivial spin textures also in nanopatterned
materials. One of the biggest caveats of this approach is – due to the normalization prior
to subtracting the curves – the missing quantitative information: Due to the possibly dif-
ferent contribution of the Nernst and Hall effects to the 𝑇𝑄, no clear assignment of the
individual magnitudes can be made. This is easily seen from Eq. (6.18), where the equa-
tion system is under–defined for the determination of both, 𝑆T

xy and 𝜌T
xy. However, even

though this limitation is present, a set of ranges can be stated for the two contributions,
given by 𝑆T

xy ≤ 𝑇𝑄 ⋅ 𝑆A
xy and 𝜌T

xy ≤ 𝑇𝑄 ⋅ 𝜌A
xy, for the topological Nernst and Hall effect,

respectively. As expected, this agrees well with the topological Nernst and Hall effect
observed at this temperature.
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Figure 6.13: a The maximum amplitudes of the topological Hall effect and topological
Nernst effect are summarized for comparisonwith b themaximum amplitude of the topo-
logical quantity 𝑇𝑄. Adapted from Ref. [3].

Finally, to determine, whether the signals we observe above 𝑇SR in Fig. 6.9 might be
due to such magnetization related measurement artifacts as shown in Fig. 6.11, we will
now discuss the temperature dependent evolution of the topological quantity. To be able
to judge the artifacts, we summarized the maximum amplitudes of 𝑆TNE

xy and 𝜌THE
xy 𝑦 in

Fig. 6.13a and the topological quantity 𝑇𝑄 in Fig. 6.13b. Interestingly, although the topo-
logical Nernst and Hall effect are non-zero above the spin reorientation transition, the
topological quantity vanishes to within our experimental error. This observation, sug-
gesting that Nernst and Hall effect have exactly the same shape above the spin reorien-
tation transition, leads us to believe that the observed topological features above 𝑇SR are
actually caused by the comparison of transport andmagnetization data. This observation
in particular casts doubt on the report of a topological Hall effect up to room tempera-
ture in films ofMn2PtSn presented in Ref. [211]: As discussed above (c.f. Fig. 6.11) a small
misalignment of the film normalwith respect to themagnetic field between differentmea-
surements can give rise to artifacts with a similar shape as the topological Nernst effect
and topological Hall effect. Consequently, extreme care has to be taken in the conception
and interpretation of the measurement results.

Summary

We have presented a thorough study of the Hall and Nernst effect in a Mn1.8PtSn thin
film. To this end, we have established a novel measurement scheme, the alternating ther-
mal gradient technique, improving the extraction of thermoelectric voltages generated in
the sample significantly. In addition to finding a topological Hall effect, wewere thus able
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to also observe a clear topological contribution to the Nernst effect when using the alter-
nating thermal gradient technique to remove spurious thermoelectric voltages caused by
the cryostat. In these first simultaneous measurements of the topological Nernst andHall
effect in a thin film, we found a quantitatively large transport response for both effects,
comparable to the largest values reported in literature so far.4,106,201,216,217

Additionally, we used the large transport response of Mn1.8PtSn to show that the ex-
traction of the topological features using only transport measurements is possible. This
was accomplished by combining the Nernst and Hall signals to remove the necessity for
additional magnetization measurements: As the anomalous Nernst and Hall effect de-
pend on the magnetization in a similar fashion, they can be combined in such a way that
no anomalous contribution remains in the resulting signal. This signal, which we named
topological quantity 𝑇𝑄 is only non-zero in the presence of an additional (e.g. topologi-
cal) contribution to the transport response. Although the topological Hall and topologi-
cal Nernst effect, extracted according to the procedure used in literature, remained finite
even above the spin reorientation temperature, the topological quantity was only non-
zero (within our experimental resolution) below that temperature. Hence, we concluded
that no topological contribution is present above the spin reorientation temperature 𝑇SR,
and the topological Hall and Nernst signals observed above 𝑇SR are likely artifacts in-
troduced by the comparison of the transport and magnetization measurements. Finally,
although not fully quantitative, the 𝑇𝑄 allows to estimate a range of magnitudes of the
topological Hall and Nernst effect. As such, we are confident to having added a valuable
tool into the toolbox of transport measurements. In summary, we showed that an all-
electrical detection of topologically non-trivial magnetization textures is possible, likely
even in nanopatterned materials. We believe that this development opens up many new
possibilities for studies of materials, where magnetization measurements are extremely
challenging due to the small magnetic moments.



Chapter 7

SPATIALLY RESOLVED MEASUREMENTS OF THE
ANOMALOUS NERNST EFFECT IN MN3SN THIN

FILMS

Antiferromagnets have recently excited a lot of research activity, as they are a po-
tential replacement for ferromagnets in spintronic applications and could offer several
advantages.85,218 While magnetization dynamics in ferromagnetic materials occur on the
GHz frequency scale, antiferromagnets have a dynamic response in the THz frequency
regime.180,218 Additionally, antiferromagnets have a high stability against external mag-
netic stray fields due to their vanishing magnetic moment.146 However, for the latter rea-
son antiferromagnets are also hard to manipulate. This limitation can be overcome in a
special subset of antiferromagnets (AFM), which have a non-collinear alignment of the
differentmagnetic sublattices.85,218 In these non-collinear antiferromagnets, the combined
symmetry of the cyrstal lattice and the spin system can lead to a time reversal and spatial
inversion symmetry breaking.95,113,219–221 These broken symmetries, in turn, allow (but
do not require) a small canting of the magnetic sublattices (and thus a small net mag-
netization), while still maintaining an otherwise antiferromagnetic spin structure.221–223
Thus, in these systems, the small magnetization can be used as handle to manipulate the
full antiferromagnetic order parameter (i.e. the orientation of themagnetic sublattices).107

In addition to enabling control over the antiferromagnetic order parameter, the bro-
ken time reversal and spatial inversion symmetry breaking allows to observe a host of
effects which are commonly not present in antiferromagnets.85,218,221 In particular, effects
which depend linearly on the magnetization, including the anomalous Hall effect, the
anomalous Nernst effect and the magnetooptical Kerr effect have been reported in such
non-collinear antiferromagnets.103,107,112,224–229 Surprisingly these effects even showed a
magnitude comparable to the respective effects in typical ferromagnets, although the net
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magnetization is very small.103,107,224 This counter-intuitive finding is motivated by the
origin of the effects, which are not generated by the small magnetization but by the chi-
rality of the spin system.95,103,107,114,220,225 Thus, contrary to the naive expectation, large
effect magnitudes can be found despite the vanishing magnetization, where the latter
only acts as a handle to invert the chirality of the spin system.107,225 Additionally, it was
proposed that, similar to ferromagnets, a finite spin polarization can be present in non-
collinear antiferromagnets, which might allow to perform spin transfer torque mediated
magnetization switching or domain wall movement experiments.85,221,229

Theoretical efforts showed, that the symmetry breaking allows for the presence of
the small magnetization (and thus the anomalous Hall and Nernst effect) only along a
particular direction g for a given crystal lattice and spin structure.35,114,221 Thus, this time-
reversal odd axial vector g replaces themagnetization in theHall andNernst equations, so
that e.g. the anomalous Nernst effect in non-collinear antiferromagnets can be described
by114,230

𝑉ANE ∝ EANE ∝ ∇𝑇 × g. (7.1)

Consequently, if an adequate thermal gradient (i.e. perpendicular to g) is applied to the
sample, an inversion of gwould yield an opposite 𝑉ANE. This leads to the conclusion, that
the anomalous Nernst voltage generated by a localized thermal gradient should allow to
map the spin structure, viz. the local g vector orientation, of non-collinear antiferromag-
nets.39,92

Such spatially resolved anomalous Nernst effect measurements, however, require mi-
cropatterned thin layers of a non-collinear antiferromagnet to prevent short circuiting of
the generated voltage through the surroundingmaterial.39 To that end, themeasurements
presented in this chapter focus onMn3Sn, where the growth of single crystalline thin films
was demonstrated recently.231 Mn3Sn is one of the prime representatives of non-collinear
antiferromagnets, having a triangular spin structure (c.f. Fig. 7.1a).103,107,220,222,227,232–234
Two of the possiblemicroscopic spin configurationswhich should yield an opposite 𝑉ANE
(i.e. have opposite g) are shown in Fig. 7.1b.103,107,221,235

The contents of this chapter have been partly reproduced fromH. Reichlova et al., Na-
ture Communications 10, 5459 (2019) (Ref. [2]) with permission from the Nature Pub-
lishing Group. The results published in Ref. [2], were obtained in a major joint effort led
by Helena Reichlova from the Technische Universität Dresden together with groups from
Charles University in Prague, the Czech Academy of Sciences in Prague, the Helmholtz-
ZentrumDresden Rossendorf and theMax Planck Institute for Chemical Physics of Solids
in Dresden. I was strongly involved in the experiments discussed in this publication. In
particular, I participated in the low temperature experiments at the Charles University
in Prague, as well as the experiments at high temperatures at the Technische Universität
Dresden and contributed to the experimental conception, the discussions about the re-
sults and provided comments to improve the manuscript.
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Figure 7.1: a Mn3Sn crystallizes in a hexagonal structure (space group P63/mmc) as de-
picted here. Themagnetic moments align perpendicular to the c-axis (in the a-b-plane). b
Two exemplarymicroscopic spin configurations with opposite g vector (turmeric arrows)
are sketched. c An optical micrograph of a Hall bar used for the experiment is shown. d
The laser spot is scanned over theHall bar (region highlighted red in panel c). Amagnetic
field is applied in the sample plane along the x-direction and the voltage is detected along
the y-direction. Thus, with the out-of-plane laser induced gradient, the Nernst geometry
is fulfilled. Adapted from Ref. [2].

Sample and Measurement Details

The first series of Mn3Sn thin films was grown by confocal magnetron sputtering by
Anastasios Markou and Dominik Kriegner (Max Planck Institut for Chemical Physics of
Solids,MPI CPfS). The ultra high vacuum chamberwas evacuated to 5 × 10−9 mbar before
deposition, while the deposition was performed in an Ar atmosphere with a pressure of
3 × 10−3 mbar. MgO substrates with a (111) surface were used for the deposition. The
samples consist of a 5 nm thick Ru layer deposited at 400 °C on top of which the 50 nm
thick Mn3Sn film was deposited at room temperature. Before capping with 3 nm Al, the
films were post-annealed for 10min at 300 °C in the deposition chamber. The samples
were then patterned into a Hall bar shape by Helena Reichlova using optical lithography
and wet etching (c.f. Fig. 7.1c). In this chapter we focus on one particular sample of this
series.

Additionally, a second series of samples was prepared by Philipp Zilske and Jay Koo
(Bielefeld University) on c-cut Al2O3 (0001) substrates, following a similar procedure as
described above. These samples were patterned by Karsten Rott (Bielefeld University)
using electron beam lithography and Ar ion milling. After patterning the Mn3Sn layer,
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gold contact pads forwire bondingwere deposited. The particular sample from this series
on which the measurements discussed later were performed has a thicknesses of 𝑡Ru =
2 nm and 𝑡Mn3Sn = 60 nm. The second sample series was prepared to evaluate the impact
of a different substrate on the magnetic properties and the anomalous Nernst effect of
Mn3Sn.

The hexagonal crystal structure of Mn3Sn, including the spin arrangement as deter-
mined by neutron diffraction, is shown in Fig. 7.1a.222 However, many possible, and ener-
getically equivalent, spin arrangements are currently discussed in literature.223,236–238 As
our films exhibit a similar Néel temperature 𝑇N ∼ 420K as the bulk material (𝑇N,bulk =
420K),222,223 the assumption that a similar spin configuration is realized here seems jus-
tified. For the thin film samples, the a-b-plane corresponds to the sample plane and the
c-axis points along the surface normal. For further details on the growth and structure of
the films please refer to Refs. [2] and [231].

For the first set of experiments discussed here, the Hall bars weremounted into an op-
tical cryostat with magnetic field applied along the x-direction (perpendicular to the long
Hall bar axis). These experiments were carried out at the Charles University in Prague
together with Helena Reichlova (Technische Universität Dresden), Tomas Janda and Joao
Godinho (both from Charles University in Prague) on samples from the first series. The
setup features a chopped laserwith 𝜆 = 800 nmand 𝑃 = 10mW thatwas scanned over the
Hall bar while the voltage 𝑉ANE along the y-direction was recorded with a lock-in ampli-
fier, phase-locked to the laser chopper. Spatial contrast of 𝑉ANE is obtained by scanning
the laser in steps of 0.5µm over the sample along the x- and y-direction while recording
the respective voltage.

For the second set of experiments at higher temperatures, the setupdescribed in Sec. 2.5
is used, where a chopped laser with 𝜆 = 633 nm and 𝑃 = 5mW is installed.1 Please note,
that a different step size (𝛥𝑥 = 𝛥𝑦 = 1µm) was used for these experiments. In this setup,
an analogous voltage detection scheme was implemented. However, the magnetic field
can now be applied in both, the x- and y-direction. The spot size (full width at half max-
imum) in both setups is ≈ 1.5µm. The experimental configuration for both experiments
can be seen in Fig. 7.1d.

Results and Discussion

Two scanning thermal gradient microscopy maps taken on a sample from the first
series (MPICPfS) at 400K are shown in Fig. 7.2a and b. Asmentioned above, themagnetic
field is applied along the horizontal (x-)direction, while the voltage is picked up along
the y-direction (c.f. Fig. 7.1d). The voltage contrast observed in the maps can be almost
fully inverted with the magnetic field, going from a positive voltage (red) to a negative
voltage (teal) for negative and positive magnetic fields, respectively. This agrees with the
expectation for the anomalousNernst effect inMn3Sn, where the observed voltage should
invert its sign uponmagnetization reversal.103 Additionally, we expect 𝑉ANE to depend on

1Please note, that this laser, installed at the time of the experiment, was replaced by the laser described in
Sec. 2.5 after the experiments were finished.
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Figure 7.2: a,b Spatial images of 𝑉ANE mea-
sured at 400K are shown for negative and
positive magnetic field (𝜇0𝐻 = ∓0.5T), re-
spectively. 𝑉ANE changes its sign, suggest-
ing that the voltage is of magnetic origin. c,d
Similar measurements done at 300K reveal
a different behavior: No significant change
of 𝑉ANE between the map taken at a mag-
netic field of −0.5T and +0.5T is evident.
Adapted from Ref. [2].
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the orientation of the g vector in Mn3Sn, such that we can relate the local contrast of 𝑉ANE
with the local orientation of g. One might still argue, however, that the observed contrast
is due to the ordinary Nernst effect. To that end, the same measurement was carried out
at 300K. In this measurement, a completely different behavior is evident: A clear teal
and red spatial contrast of 𝑉ANE is also visible but seems to have a random, domain-like
distribution.2 Additionally, the spatial variation of 𝑉ANE, does not seem to change for
𝜇0𝐻 = ±0.5T. As the ordinary Nernst effect is very unlikely to exhibit such a strong
spatial modulation, and should directly depend on the external magnetic field, it can be
excluded as the origin of the observed signature. As 400K is already close to 𝑇N = 420K,
we thus motivate the differences in the observed behavior as follows:103,107 At 400K the
magnetic system is sufficiently softened, by the increased thermal activation, such that
the domain orientation can be controlled with the available magnetic field |𝜇0𝐻| ≤ 0.5T.
In contrast, at 300K this magnetic field is insufficient to change the domain orientation,
so that a random domain state is realized here. A similar trend is also observed for bulk
Mn3Sn, where the coercivity decreases from 𝜇0𝐻c ∼ 40mT at 300K to 25mT at 400K.
As we are unable to change the 𝑉ANE contrast even with 0.5T at 300K, a much larger
coercivity than in the bulk seems to be present in our thin film.

To elucidate the exact coercivity of the sample at 400K, we recorded maps of 𝑉ANE

2Please note, that the 300K measurement was performed before the measurement at 400K, so that the
sample was not yet polarized. However, we chose to present the measurements in the inverse order to sim-
plify the chain of argument.
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at several different magnetic fields. Since the individual maps are hard to compare on a
global scale, the average signal over the region of interest (ROI, the full scanned area)

𝑉ANE =
∑𝑖,𝑗 𝑉𝑖,𝑗

ANE
𝑁pix

(7.2)

is used as ametric, where𝑁pix is the number of pixelswithin theHall bar. 𝑁pix = 𝑤ℎ/𝛥𝑥𝛥𝑦
is thus given by the width of the Hall bar 𝑤 = 7µm, the height of the ROI ℎ = 40µm and
the size of one pixel, defined by the step size of the scanning laser 𝛥𝑥 = 𝛥𝑦 = 0.5µm
between the individual voltage measurements.3

𝑉ANE for the abovementioned maps (taken at 400K) is summarized in Fig. 7.3. 𝑉ANE
shows all salient features of a magnetic hysteresis loop, namely saturation, coercivity and
remanence. The observed coercive field 𝜇0𝐻c ∼ 100mT, is larger than what is reported in
bulkMn3Sn (25mT), whichmight be related to additional strain induced by the substrate
or a slightly different stoichiometry compared to the bulk. Additionally, as expected for
a Nernst type signal, the shape of the curve is antisymmetric around zero magnetic field
(i.e. odd under spin reversal). The observation of a clear magnetic hysteresis loopmay be
surprising in the context of “ordinary” antiferromagnets. However, as discussed in the
beginning of this chapter, non-collinear antiferromagnets like Mn3Sn can show a large
anomalous Hall and anomalous Nernst response resembling the response of a ferromag-
net, i.e. show hysteretic behavior and large effect magnitudes.103,107
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Figure 7.3: The ROI average 𝑉ANE for sev-
eral 𝑉ANE maps taken at different magnetic
fields at 400K (gray symbols) and 430K (red
symbols) is plotted here. While a clear hys-
teresis loop can be seen at 400K, no system-
atic evolution of the signalwith themagnetic
field is evident at 430K. This suggests that
the spatial and magnetic contrast is indeed
caused by Mn3Sn, having a Néel tempera-
ture of 𝑇N = 420K. Interestingly, a finite
offset voltage is always evident in the signal.
Adapted from Ref. [2].

As the observed anomalous Nernst response might still be generated by a spurious
ferromagnetic phase, further experiments were carried out at 430K above 𝑇N of Mn3Sn.
In these measurements, no clear evolution of the signal with the magnetic field can be ob-
served at all, as onewould expect above the ordering temperature of themagnetic system.
Consequently, we conclude that a spurious magnetic phase can not explain the observed
𝑉ANE contrast, and that the anomalous Nernst effect observed here originates from the
non-collinear spin structure of Mn3Sn as reported in literature.103 Interestingly, both at

3Please note, that the step size of the laser is smaller than the spot size 𝐷L ∼ 1.5µm, so that the voltage
generated in a given pixel contains a contribution from the neighboring pixels. However, the effect of this
contribution is the same for all measurements, as the spot size is the same.
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Figure 7.4: a-d A significant change of the spatial maps of 𝑉ANE is observed when the
temperature is increased from 17K to 300K. To perform the measurements, a magnetic
field of 0.5T was applied at 400K. Afterwards, the field was removed and the sample
cooled to 17K. All subsequent scans were performed without applied magnetic field.
Adapted from Ref. [2].

400K and 430K, a finite offset voltage is evident in the ROI average. Since lock-in detec-
tion was used, this signal can only be of thermal origin (or directly induced by light). We
speculate that this offset is given by an inhomogeneous in-plane temperature gradient,
giving rise to additional (Seebeck) signals in the sample. This will be further discussed
later in this chapter (c.f. Fig. 7.7).

To further verify the origin of the observed 𝑉ANE contrast to be rooted in the antifer-
romagnetic order of Mn3Sn, the sample was polarized into one domain at high tempera-
tures and subsequently cooled down to 17K without applied magnetic field. Then, scans
without any applied magnetic field were performed at increasing temperatures. Some of
the resulting maps are summarized in Fig. 7.4. For the lowest temperature, the observed
domain configuration differs from the one at higher temperatures, suggesting that the
energy landscape of the domains changes below 50K. This seems likely for two reasons:
First, an increase of the coercivity and the exchange bias for very low temperatures was
reported in similar Mn3Sn films covered with Py.231 Second, for bulk Mn3Sn a spin glass
phasewas reported for𝑇 ≲ 50K.107 However, the spin glass phase reported in Ref. [107] is
accompanied by a largemagnetization due to canting of the spins towards the c-axis (out-
of-plane) direction, which we do not observe in our films. The formation of a spin glass
phase in Kagome antiferromagnets is very sensitive to the strength of the anisotropies in
the crystal.239,240 Thus, as the coercivity we observe (∼ 100mT at 400K) is significantly
larger than the coercivity in bulk Mn3Sn (∼ 25mT at 400K), a different anisotropy in the
thin film might lead to a suppression of the spin glass phase. Nevertheless, a change of
the energy landscape towards low temperatures seems reasonable to assume also in the
thin films. Additionally, a subtle change of the signal magnitude, which we attribute to
the temperature dependence of the anomalous Nernst effect, can be observed, which will
be addressed in the next paragraph.

To extract the magnitude of the anomalous Nernst effect as a function of tempera-
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ture, we show the ROI average 𝑉ANE obtained at different temperatures in Fig. 7.5. We
find a strong increase of 𝑉ANE from low temperatures until 150K, where a maximum is
observed. Above 150K 𝑉ANE then decreases monotonously and vanishes above 𝑇N as al-
ready shown above (c.f. Fig. 7.3). If the temperature evolution of 𝑉ANE is compared with
anomalous Nernst measurements on bulk Mn3Sn (red line), we find a very good agree-
ment.103 This fact further corroborates the absence of a spurious ferromagnetic phase.
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Figure 7.5: ROI average 𝑉ANE of the 𝑉ANE
maps taken at different temperatures. A
good agreement of the temperature evolu-
tion of 𝑉ANE (gray symbols) with the Nernst
coefficient reported for bulkMn3Sn (red line,
Ref. [103]) can be seen. Adapted from
Ref. [2].

In the following, we will demonstrate the possibility to write magnetic domains at
room temperature in the Mn3Sn film. To that end, we used a combination of magnetic
fields and high laser power (𝑃 = 50mW). The laser locally increases the temperature
of the film so that the applied magnetic field is sufficient to reorient the local g vector
in the illuminated area. As such, it is necessary, that the domain state at the operating
temperature (i.e. at room temperature for typical applications) is independent of the ex-
ternal magnetic field to not modify the rest of the domains. This requirement is fulfilled
by ourmaterial, where 𝜇0𝐻 = 0.5T is insufficient to modify the domain state at 300K (c.f.
Fig. 7.2).

A sequence of writing and erasing domains is shown in Fig. 7.6. The reading was al-
ways performed with 𝑃 = 10mW and without applied magnetic field. Please note, that
using a laser power of 10mW does not affect the domain configuration at 300K, even if
the maximummagnetic field is applied (c.f. Fig. 7.2). The following procedure was used:
To prepare the system into a homogeneous state (i.e. homogeneous g), the full device
area is scanned with a high laser power (𝑃 = 50mW) in +0.5T external magnetic field.
The subsequently taken map (𝑃 = 10mW) reveals a homogeneous 𝑉ANE (c.f. Fig. 7.6a).
As next step of the sequence, a negative magnetic field is applied and only the area en-
closed by the dashed line in Fig. 7.6b is scanned with the high laser power. The map
taken afterwards reveals an inverted contrast in the illuminated area, demonstrating the
capability to prepare a domain (panel b). Please note, that the application of magnetic
fields at 300K without heating the device with the high laser power does not change the
maps as already demonstrated before (c.f. Fig. 7.2c,d). In particular, scanning over the
device with 𝑃 = 10mWwhen either 𝜇0𝐻 = ±0.5T is applied does not change the domain
configuration (i.e. the domain state is stable for 𝑇sample ≪ 𝑇N). However, again inverting
the field polarity and scanning over the original domain with the high laser power, al-
lows to erase it again (c.f. Fig. 7.6c-e). Another important observation is that re-writing a
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Figure 7.6: Panel a shows a spatial maps of 𝑉ANE taken after the sample has been po-
larized in a single domain. Polarization is accomplished by applying a magnetic field of
𝜇0𝐻 = 0.5T and scanning the laser with 𝑃 = 50mW over the full device area. In a next
step, the laser (𝑃 = 50mW) is scanned over the area encompassed by the dashed line
while a magnetic field of 𝜇0𝐻 = −0.5T (panel b), +0.5T (panel c), −0.5T (panel d) and
+0.5T (panel e) is applied. Consequently, domains can be prepared, where a positive
magnetic field yields teal contrast, while negative fields yield red contrast. The sequence
was performed at 300K and all maps were again taken with a laser power of 10mW and
without applied magnetic field. Adapted from Ref. [2].

given area with the magnetic field polarity previously used does not change the contrast
observed in the maps. However, writing with the opposite magnetic field polarity does
reverse the sign of 𝑉ANE. Consequently, deterministic control over the local domain state
is possible using our heat-assisted writing approach.

We now turn to the discussion of the experiments performed on the second sample
series with Al2O3 substrates made at Bielefeld University. To see whether (and how)
the different growth conditions and the different substrate impact the anomalous Nernst
effect of the Mn3Sn films, a 𝑉ANE map was recorded without applied magnetic field at
300K (c.f. Fig. 7.7a). Very similar to the Mn3Sn films of the first series, grown on MgO
substrates, we find a domain-like contrast in the 𝑉ANE map (c.f. Fig. 7.2c,d).4 In addition
to the domain-like contrast, an offset voltage is visible in the map, changing from nega-
tive (teal) to positive (red) as a function of the y-position. The origin of this offset will
be addressed in more detail in the next paragraph. To infer the coercive field, the ROI
average 𝑉ANE obtained from 𝑉ANE maps measured at different magnetic fields is shown
in Fig. 7.7b (teal symbols). A clear hysteresis loop with a coercive field of 𝜇0𝐻c ∼ 20mT
is visible. This is comparable to the coercive field 𝜇0𝐻c,bulk ∼ 40mT reported for bulk

4Please note, that the magnitudes can not be directly compared between the devices, as a lower laser
power (𝑃 = 5mW compared to 10mW for the other measurements) and a different device geometry was
used (𝑤 = 20µm compared to 7µm). Nevertheless, the order of magnitude of 𝑉ANE agrees between the two
sample series, as expected if both series consist of Mn3Sn thin films.
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Figure 7.7: aMap of 𝑉ANE measured at 300K on a Ru(2 nm)/Mn3Sn(60 nm) sample from
the second sample series (made at Bielefeld University) without applied magnetic field.
A domain-like pattern is observed, very similar to the measurements on the Mn3Sn sam-
ples from the first series (c.f. Fig. 7.2c,d). Additionally, a change from positive (red) to
negative (teal) 𝑉ANE is evident along the vertical (y-)direction. This change is attributed
to in-plane thermal gradients giving rise to a finite Seebeck voltage, which is superim-
posed onto the voltage generated by the anomalous Nernst effect. b The ROI average
𝑉ANE obtained from several 𝑉ANE maps taken for different magnetic fields applied along
the x-direction is shown (teal symbols). Additionally, measurements of 𝑉ANE as a func-
tion of the magnetic field measured with the laser spot at a fixed position are plotted. The
positions of these measurements are shown by the circles in panel a. The hysteresis loop
of the ROI average (teal symbols) shows a very similar behavior as the field dependent
measurements takenwith the laser at a fixed position (lines). This suggests, that themag-
netic domain size is much smaller than the spot size of the laser. Only a small modulation
is observed for magnetic fields applied parallel to the voltage detection direction (dashed
lines, 𝐻 ∥ 𝑦). We attribute this modulation (which is symmetric in field) to a finite mag-
netic field dependence of the Seebeck effect. Please note, that for the measurements in
panel b the mean value of the 𝑉ANE has been subtracted and a vertical shift of 1µV was
added for better visibility.

Mn3Sn at 300K,103,107 while it is at least one order of magnitude smaller than the coercive
field observed for the first sample series (𝜇0𝐻c > 0.5T at 300K). We speculate, that this
is rooted in a slightly larger net magnetization in the second sample series. This larger
magnetization, due to the increased Zeeman contribution to the free energy, would allow
to switch the magnetization (and thus the antiferromagnetic spin structure) already with
a smaller magnetic field. However, further experiments to elucidate the impact of the
growth conditions on the magnetic properties and the transport response are still ongo-
ing, so that no final statement in this respect can be given.

Before addressing further implications of the magnetic field dependence, a possible
reason for the y-position dependent offset voltage observed in the𝑉ANE map (c.f. Fig. 7.7a,
second sample series) will be discussed shortly. We attribute this offset to in-plane ther-
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mal gradients, giving rise to an additional Seebeck voltage on the measurement contacts:
TheMn3SnHall bar is terminated by aAu/Mn3Sn junction at either side (i.e. at the top and
the bottom), where the Au contact pads, used for bonding the device to the chip carrier,
touch the Hall bar. Thus, a temperature difference between these Au/Mn3Sn junctions
used for measuring 𝑉ANE can give rise to a non-zero Seebeck voltage.93 If the laser is fo-
cused close to the top of the Hall bar, the upper Au/Mn3Sn junction will have a higher
temperature compared to the lower junction. Thus, a positive voltage (red) is observed.
When the laser is moved towards the lower end of the Hall bar, the lower Au/Mn3Sn
junction will have a higher temperature compared to the upper junction, so that the tem-
perature difference and thus the voltage due to the Seebeck effect will be inverted, i.e.
negative (teal). Finally, with the laser spot in the center of the Hall bar, both junctions
will have an equal temperature, so that the Seebeck voltage vanishes.5 Please note, that
this is likely also the origin of the offset observed in the 𝑉ANE maps taken for the first
sample series (c.f. Fig. 7.3). For the first sample series, however, the impact of the spot
position on the Mn3Sn Hall bar is much lower, since no gold contact pads were used (i.e.
the full Hall bar including contact pads is made of Mn3Sn). Thus, the two metal junc-
tions which would generate the Seebeck voltage due to in-plane temperature differences
in this case are the Mn3Sn/Al junctions, where the wire bonds are bonded to the Mn3Sn
bond pads. As the bond pads are far away from the illuminated (central) part of the Hall
bar (c.f. Fig. 7.1c), the exact position of the laser spot does not significantly impact the
temperature difference there.

In the following, we will try to infer an upper limit for the size of the individual mag-
netic domains of the Mn3Sn thin films. To this end, we performed two complementary
experiments: Multiple magnetic field scans with a fixed laser spot position which yield
𝑉ANE(𝐻) at a fixed position (x,y) on the sample were recorded. These are then compared
to the global average 𝑉ANE of the full maps taken for different, fixed magnetic fields.
The results are shown in Fig. 7.7b. First, no clear difference in coercivity and saturation
can be observed for the individual spots (gray, red and turmeric lines) and the global
maps (teal symbols). Additionally, no Barkhausen steps can be seen for the field depen-
dent 𝑉ANE measurements with a fixed laser spot position, as one might expect if only
a few domains are contributing to the signal, and the inversion of each domain is in-
stantaneous.241,242 In order to see Barkhausen steps, the energy landscape of the material
would need to feature several separate energy minima, where the domain orientation in
one domain “jumps” from one to the next minimum upon magnetization reversal (i.e.
the domain orientation does not rotate coherently from one direction to the next).242 As
Mn3Sn has three energetically equivalent domains due to its hexagonal symmetry in the
a-b plane (c.f. Fig. 7.1), this assumption seems reasonable.235 Considering our measure-
ment resolution 𝛥𝑉ANE ∼ 20 nV, we conclude that the maximum signal generated by an
individual domain must be smaller than 𝛥𝑉ANE (otherwise, steps would be visible). Ad-
ditionally, when the Mn3Sn is fully polarized, all domains contribute, so that the size of
𝑉ANE ∼ 0.8µm corresponds to the signal generated by all domains in the spot (where we

5If the laser is outside of the Hall bar, only very little of the light is absorbed (Al2O3 is transparent), so
that no Seebeck voltage is expected in this case.
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assume for simplicity, that the individual domain contributions add up). Thus, a rough
estimate of the number of the magnetic domains 𝑁MD in the laser spot is given by

𝑁MD ≳ 𝑉ANE/𝛥𝑉ANE = 40. (7.3)

Furthermore, the diameter of the laser spot is known (where we use the full width at half
maximum 𝐷L ≈ 1.5µm), so that the maximum diameter of the magnetic domains can be
inferred

𝐷MD ≲ √ 𝐷2
L

𝑁MD
≈ 240 nm (7.4)

Although the exact size of the crystallites is unknown in the film studied here, island
growth with islands roughly 400 nm in size was observed for similar Mn3Sn films.231 This
is of the same order of magnitude as the magnetic domain size estimated here.

Please note that this “domain”-model neglects all intricate details of the exact gen-
eration of the thermovoltage (scaling, intermediate magnetic states, short circuits of the
anomalous Nernst voltage by the adjacent domains that are not illuminated, etc.) and is
only used here to estimate the possible impact of the magnetic domain size on the ob-
served contrast. Despite this rather simplistic approach, the comparison of global and
local contrast suggests that the determination of themagnetic domain size using the scan-
ning thermal gradient approach should be possible: If the spot size becomes comparable
to the grain size (or the voltage resolution is increased), steps in the hysteresis loop should
be visible. Please note, that these experiment, viz. where themagnetic field is swept while
the laser spot and focus are at a constant position, require to have a completely stiff setup
(i.e. a setup where the spot position is perfectly constant for any given applied magnetic
field). This has to be evaluated carefully, e.g. by placing the laser close to the Hall bar
edge and measuring the reflectance of the sample during a magnetic field scan. An al-
ternative method to gain access to the microscopic domain structure would be to use a
heated atomic force microscope tip as heat source to get spatial resolution on the order of
a few 10nm.243

Since for the samples of the second series, we have direct control of the g vector already
with comparably small fields, we can use the vectormagnetic field capabilities of the setup
(c.f. Sec. 2.5) to evaluate what happens when the magnetic field is applied parallel to
the voltage direction (𝐻 ∥ 𝑦). To this end, we take maps for a magnetic field 𝜇0𝐻 ≈
130mT applied along different directions with respect to the x-direction (𝛼 = 0). In the
ROI average of the maps summarized in Fig. 7.8a we can see the shape expected for the
anomalous Nernst effect: i.e. 𝑉ANE ∝ cos(𝛼).6 Consequently, we find 𝑉ANE ≈ 0 if the
magnetic field is applied parallel to the direction along which the voltage is detected (𝛼 =
90°).

We will now turn to discuss some individual maps at specific angles (see colored cir-
cles in 𝑉ANE plot in Fig. 7.8a). First of all, a fully saturated state is observed for the mag-

6The cos(𝛼) behavior stems from the fact, that the electric field generated by the Nernst effect is always
perpendicular to a H (c.f. Eq. (7.1)), so that 𝑉ANE ∝ (EANE)y (as the voltage is measured along the y direc-
tion). Thus, we except a finite 𝑉ANE only if there is a finite g component along the x-direction.
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Figure 7.8: a The ROI average 𝑉ANE of 𝑉ANE maps taken at different angles of the applied
magnetic fields with respect to the x-direction. A 𝑉ANE ∝ cos(𝛼) behavior is observed as
expected for the anomalous Nernst effect. b-e The respective 𝑉ANE maps shown by the
colored circles in panel a are depicted here. Surprisingly, the local anomalousNernst effect
does not change continuously and homogeneously according to the expected 𝑉ANE ∝
cos(𝛼) behavior, but seems to break into domains. In particular, it is even non-zero if
the magnetic field is aligned with the direction along which 𝑉ANE is measured (i.e. 𝛼 =
90°). This suggests, that the local orientation of g does not rotate coherently with the
magnetic field, but maintains a component along the x-direction which is non-zero even
when the magnetic field is along the y-direction. Interestingly, the system populates red
and teal domains equally in this case (i.e. forH ∥ x), so that the ROI averages. The applied
magnetic field for the measurements shown here is |𝜇0H| = 130mT.

netic field along the x-direction (panel b). This is fully consistent with 𝑉ANE ∝ cos(𝛼).
Second, at intermediate angles (45°, 135°), still a mostly saturated behavior with a lower
magnitude is observed (panels c and d). For these intermediate angles, already some
domains of the respective opposite color (red and teal) are present. This is very surpris-
ing, as 𝑉ANE ∝ cos(𝛼) should decrease homogeneously, if the g vector would rotate with
the magnetic field. However, the observed behavior can only be consistently explained
if there is a nucleation of domains which have a g vector which is not aligned with the
magnetic field. In particular, with H parallel to the y-direction (i.e. parallel to the voltage
contacts, where no anomalous Nernst effect should be observed if 𝑉ANE ∝ cos(𝛼)), still a
clear 𝑉ANE contrast is observed (panel e). Interestingly, a roughly equivalent population
with red and teal domains is realized for 𝛼 = 270°, leading to the vanishing ROI average
observed in panel a. We thus conclude, that the local orientation of g does not coherently
rotate with the external magnetic field.

In the following a model to explain the deviation from the expected cos(𝛼) behavior
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Figure 7.9: aAfter growth, theMn3Sn sample will have
an equal distribution of all possible magnetic domains
in the a-b-plane (c.f. Fig. 7.1). b If a magnetic field
is applied along the x-direction (corresponding to a
[2110] crystal direction) a single domain will be pre-
ferred. Here, a homogeneous contrast will be visible in
the 𝑉ANE maps. c The possible domain configurations
for a magnetic field applied at 45° from the x-direction
is shown. Afinite population of domainswith opposite
projection of g on the x-direction (red arrow) emerges.
Thus, in this case a local contrast with of 𝑉ANE might be
visible, so that at least the average voltage of the map
will be lowered. d If the magnetic field is applied par-
allel to the y-direction (corresponding to a [0110] crys-
tal direction), two domains which generate 𝑉ANE sig-
nals of opposite polarity are equally populated. In this
configuration, although the global average will vanish,
it is still possible to observe local Nernst voltage sig-
nals. e The anomalous Nernst effect of the domains
aligned with the x-direction generates an electric field
only along the y-direction. Consequently, no voltage
drop can be measured for these domains if the voltage
is detected along the x-direction, so that a different be-
havior should be evident in this configuration.

of the local 𝑉ANE contrast and a way to verify this model will be proposed. When con-
sidering the contribution of the different possible domains of Mn3Sn, three equivalent
axes rotated by 120° around the c-axis of the hexagonal crystal are present in the a-b-
plane (c.f. Fig. 7.1). If we consider that our Hall bar is oriented as shown in Fig. 7.9 (i.e.
with the x-direction along [2110] and the y-direction along [0110])7 and the sample was
never polarized, all six domains will be equally populated (Fig. 7.9a). Thus, the average
of 𝑉ANE over all domains will vanish, but a local variation should still be evident when
scanning over the sample due to stochastic effects. This statement is only true as long
as the magnetic domain size 𝐷MD is not significantly smaller than the laser spot size 𝐷L.
The latter requirement and the impact of the ratio 𝐷MD/𝐷L can be motivated as follows:
If 𝐷MD/𝐷L ≪ 1 the ensuing voltage is the average over a large number 𝑁 ≫ 1 of magnetic
domains, such that the stochastic variations (and thus the generated local voltage) in the
laser spot are small (the variations in the laser spot will likely scale like 𝑁−1). Thus, no
(or a very small) local contrast of 𝑉ANE will be observed, for the given domain configu-
ration (c.f. Fig. 7.9a). If 𝐷MD/𝐷L ≲ 1, however, the number of domains 𝑁 ≳ 1 will be
small enough for the stochastic variations to be significant. Thus, a local voltage contrast
can be observed in this case. In the limiting case, where 𝐷MD/𝐷L > 1, a single magnetic
domain will be illuminated, so that the local variation of 𝑉ANE directly corresponds to the
orientation of an individual domain. Thus, a histogram of the 𝑉ANE map should reveal

7This corresponds to the alignment of the Hall bar during the measurements shown in Fig. 7.8.



SPATIALLY RESOLVED MEASUREMENTS OF THE ANE IN MN3SN THIN FILMS 123

four distinct voltage levels, considering the domain configuration shown in Fig. 7.9a (i.e.
+1, +0.5, −0.5 and −1). If we now apply a magnetic field along one of the high symmetry
directions (e.g. the x-direction), a single domain is preferentially populated (panel b), re-
sulting in saturated, spatially homogeneous contrast (here g is perpendicular to the 𝑉ANE
measurement direction and ∇𝑇, resulting in a maximum anomalous Nernst signal). If we
now rotate the magnetic field to 45° (panel c), there are three possible domains which
can be populated, where one of the domains has an opposite projection of the g vector
on the x-direction (i.e. would generate red local contrast in a dominantly teal map). As
such, although the population of the different domains will not be equal, still some (neg-
ative/teal) signal remains (corresponding to a net g pointing to the right). For a further
rotation of the magnetic field perpendicular to x, an equal population of the two domains
shown in panel d will be realized. Consequently, although the global average will cancel
in this configuration, a local contrast should still be visible. If we compare this expecta-
tion with the observations shown in Fig. 7.8, we can identify all salient features described
here. Please note, that the histogram does not reveal distinct voltage levels, which we
attribute to the magnetic domain size being smaller than the laser spot size, allowing the
realization of a multitude of voltage levels.

However, a reference experiment on aHall bar rotated by 90° (c.f. Fig. 7.9e) is required
to be certain, that the model holds. In this configuration, 𝑉ANE should vanish for H ∥ x,
as the electric field generated by the anomalous Nernst effect of the domains with g vec-
tor along the x-direction is aligned with the y-direction. Consequently, 𝑉ANE, measured
along the x-direction, should vanish in this case (also locally).

Summary

In this chapter, spatially resolved measurements of the anomalous Nernst effect on
Mn3Sn thin films were presented. For a first sample series, prepared on MgO substrates,
an anomalousNernst effect in agreementwith reports in bulkMn3Snwas observed. While
the magnetic coercivity of the thin films is 100mT at 400K (compared to ∼ 25mT in the
bulk), the magnetic coercivity at 300K was larger than the experimentally available mag-
netic field (𝜇0𝐻 = ±0.5T). We demonstrated that this strong dependence of the coerciv-
ity on temperature can be utilized to implement a domain writing and reading sequence,
allowing to prepare a defined antiferromagnetic domain state of the non-collinear antifer-
romagnet at 300K. The writing is accomplished with a combination of high laser power
and magnetic fields, where the prior locally reduces the coercivity by heating, leading to
a reorientation of the illuminated domains by the magnetic field. In turn, we use the spa-
tial resolution of our technique to verify the resulting antiferromagnetic domain state (i.e.
the local orientation of the g vector of the Mn3Sn thin films). The experimental control
over the local antiferromagnetic domain structure demonstrated here is a key requirement
e.g. for proposed measurements of current induced domain wall motion in non-collinear
antiferromagnets.85,218

Additionally, a second series of Mn3Sn thin films, grown on Al2O3 substrates, showed
a much lower magnetic coercivity 𝜇0𝐻c ∼ 20mT at 300K, close to the coercivity of bulk
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Mn3Sn. We used this low coercivity and the resulting control over the orientation of
the magnetization to investigate the impact of magnetic domain formation and the do-
main pattern on the local and global anomalous Nernst response. From the absence of
Barkhausen steps in magnetic field dependent measurements, and using a very simple
estimation, we concluded that the size of the magnetic domains is smaller than ∼ 240 nm,
which is of the same order of magnitude as the expected structural grain size. Addition-
ally, the local anomalous Nernst contrast measured for different magnetic field orienta-
tions suggested, that magnetic domains having a g vector not aligned with the external
magnetic field are populated. To explain this finding, a model based on the hexagonal
crystal symmetry of Mn3Sn being reflected in its magnetic energy landscape was pro-
posed. Good qualitative agreement of the local anomalous Nernst response expected
from this model with the experimental observations was found. If this model holds, the
determination of the exact symmetry and population of the magnetic domains from spa-
tially resolved anomalousNernstmeasurements should be possible, so that future experi-
ments might allow to clarify the exact domain structure realizedwithinMn3Sn. However,
further experiments have to be carried out to verify the validity of the model.



Chapter 8

SUMMARY AND CONCLUSIONS

In this chapter, we summarize the main experimental results presented in each indi-
vidual chapter. Each of these short summaries is then combined with a short conclusion
on the relevance of the work from a broader perspective.

Chapter 2 outlined the experimental setups used during this thesis work. In particu-
lar, several magnet cryostats as well as room temperaturemagnet setupswere adapted for
transport experiments. To that end, a number of measuring inserts to be used in conjunc-
tion with the different magnet setups and cryostats were designed and assembled. What
these all have in common is that they accommodate a 32 contact ceramic chip carrier onto
which the samples are mounted. This chip carrier system allows for a rapid sample ex-
change from one setup to the other. A key aspect of the design work was to engineer the
chip carrier system (including all related wiring, the integration of heaters and tempera-
ture sensors, etc.) in such away that it fits into a 24.5mmbore and thus is compatiblewith
all magnet transport setups used in the group. Furthermore, a program implemented in
Pythonwas developed and established for instrument control andmeasurement automa-
tion (c.f. App. C). Finally, a description of the measurement conventions and measuring
techniques used for the electrical measurements was presented (c.f. Sec. 2.6). Taken to-
gether, the facilities required to carry out state-of-the-art electrical transport experiments
up to highmagnetic fields |𝜇0𝐻| ≤ 12.5T and from 2K ≲ 𝑇 ≤ 600K have been established
at the institute in the course of this thesis work.

Measurements of the spin Hall magnetoresistance (SMR) in heterostructures of a dis-
ordered magnetic insulator and a spin Hall active metal were described in Ch. 3. Two
systems of current scientific interest had to be discerned. The first system (c.f. Sec. 3.1)
consisted of bilayers of non-crystalline (as-sputtered) Y3Fe5O12 (YIG) and Pt. The non-
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crystalline YIG is a paramagnetic insulator and Pt a spin Hall active metal. In these bi-
layers – although they did not exhibit any spontaneous (long-range) magnetic ordering
– a magnetoresistance with a dependence on the orientation of the magnetic field char-
acteristic of spin Hall magnetoresistance or Hanle magnetoresistance (HMR) was found
to exist even up to 300K. Additionally, the magnetoresistance amplitude increased to-
wards higher temperatures, contrary to what would be expected if it depended directly
on the induced magnetization: the magnetization should decrease like 1/𝑇 in a para-
magnet. Furthermore, the evolution of the magnetoresistance with the magnetic field
strength was not consistent with the naive notion of an interaction between the individ-
ual magnetic moments in the non-crystalline YIG and the interfacial spin accumulation
in Pt. While the dependence of the resistivity on the magnetic field could be consistently
explained, the evolution of the observed magnetoresistance with temperature was not
captured by this model. Finally, we note that an alternative explanation using the Hanle
magnetoresistance was discarded, due to the large magnitude of the magnetoresistance
in our samples compared to the HMR reported in literature.

In a next step, measurements on bilayers of the uniaxial antiferromagnetic insulator
Cr2O3 and Pt or Ta were addressed in Sec. 3.2. In these bilayers, the evolution of the
magnetoresistance in the antiferromagnetic phase, with the magnetic field applied along
different directions, was consistently explained in the SMR framework. Hereby, the pres-
ence of a small uncompensated moment was assumed to model the magnetic response of
the antiferromagnet. Our results showed once again that the SMR can serve as a powerful
tool to access the microscopic magnetic structure which cannot easily be determinedwith
other experimental techniques. Furthermore, the development of the magnetoresistance
across the magnetic phase transition was investigated: Very similar to the non-crystalline
Y3Fe5O12/Pt bilayers, a magnetoresistance with the fingerprint of the SMR or HMR was
found. This effect persisted with a characteristic saturating behavior well above 𝑇N. Inter-
estingly, the magnetoresistance in the Cr2O3/Pt or Ta heterostructures exhibited a magni-
tude comparable to the SMR in typical heterostructures of a ferromagnetic insulator and
a spin Hall active metal. Similar to the non-crystalline YIG/Pt bilayers, the magnetoresis-
tance amplitude as a function of the magnetic field strength suggested that the induced
netmomentwould again be relevant, while the temperature dependence contradicted this
notion. This fact, and the unexpectedly large magnitude of the magnetoresistance, led us
to revisit the HMR theory framework. We found a good agreement between the HMR
theory and the experimental data for specific circumstances: If a significant decrease of
the diffusion constant was assumed (i.e. a decrease of the time required for the electron
spins to dephase), the field dependent magnetoresistance could be consistently modeled
in the HMR theory framework. Measurements of the resistance of the Cr2O3 layer pro-
vided a clue towards a possible origin of themodified diffusion constant, where the Cr2O3
layers revealed a much lower thermal activation energy for the resistance compared to its
band gap and thus could be assumed to have a finite conductivity at 300K.

To understand all these experimental findings in a consistent way, we proposed an ex-
tension or modification of the present HMR and SMR theory frameworks, merging both
into a joint theory. This theory included a possible exchange enhancement of the HMR,
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with 𝐻 → 𝐻 + 𝐻ex as already proposed in Ref. [63] and additionally considered not only
spin relaxation but also spin diffusion effects (c.f. Sec. 3.2). Several reference experiments
to verify the validity of the model were proposed in this section.
Overall, we believe to have made the first step towards a generalized SMR and HMR the-
ory framework, incorporating all possible origins of spin loss in the system. Furthermore,
it should be possible to reinforce the implications of this model by comparing time depen-
dentmeasurements of themagnetoresistance in bilayers of a normalmetal and an insulat-
ing or conducting ferromagnet. Between the two limiting cases, a clear difference between
the “original” SMR which likely happens on the timescale of magnetization dynamics
(∼ GHz) and the modified spin Hall “mediated” magnetoresistance (i.e. the diffusion-
and exchange-enhanced HMR) which can also depend on electron dynamics (∼ PHz)
should be evident.

Chapter 4 focused on the non-local magnon-mediated magnetoresistance (MMR).
Again two sets of experiments were presented, both carried out on the best established
system for non-local detection of pure spin transport, viz. Y3Fe5O12/Pt bilayers. For the
first set of experiments presented in Sec. 4.1, the YIG layer in between the two Pt elec-
trodes was removed using a focused ion beam and the ensuing changes to the local and
non-local magnetoresistance were studied. Most importantly, we found that once the
Y3Fe5O12 channel was removed, no non-local magnetotransport signal could be observed,
suggesting that the magnetic insulator is crucial for this experiment, as expected for a
magnon-mediated spin transport effect. Additionally, we found that even the Ga ion ir-
radiation used for imaging the devices is highly effective in altering the local and non-local
magnetotransport properties.
Taken together, we could exclude that there are significant spurious contributions – like
phonon transport through the substrate – to the non-local magnetotransport signature in
Y3Fe5O12/Pt heterostructures apart from the established transport of magnons.

In the second part of the chapter (c.f. Sec. 4.2), we connected to the experiments in
Ch. 3 by studying the local (SMR) andnon-local (MMR)magnetoresistance inY3Fe5O12/Pt
heterostructures from300K to 600K, well above theCurie temperature𝑇C ∼ 560K of YIG.
In contrast to previous studies of the non-local MMR towards high temperature, where
localized transient current heating was used, we employed steady state heating of the full
device and probed the transport only with a small excitation current. This allowed to rule
out higher order (magneto-thermal) contributions to the non-local magnetotransport re-
sponse. Interestingly, we found a sharp drop of both, the SMR and MMR around 500K,
well below 𝑇C of YIG. This sharp drop was associated with irreversible damage to the
devices due to interdiffusion or annealing processes in the structure. Nevertheless, two
subsequent measurement runs repeated on the same devices revealed the same salient
features in the low temperature region (𝑇 < 450K). Namely, for the SMR we found that
the magnitude of the magnetoresistance is directly proportional to the net magnetiza-
tion of YIG before the annealing set in. In contrast, the non-local MMR increased with
a power law 𝑇𝛼, where the power decreased from 𝛼 ∼ 3/2 at 300K to 𝛼 ∼ 1/2 at 450K
likely due to the increased population of thermalmagnons, acting as scattering centers for
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the non-equilibrium magnons mediating the non-local magnetotransport. Additionally,
the cross conductivity through YIG between the two electrically insulated Pt wires used
for the transport was extracted from the non-local offset voltage. The observed spurious
transport response closely resembled the experimental signature reported as evidence for
a large non-local spin transport in non-crystalline YIG films in Ref. [136]. Based on our
data, we could only refute this interpretation – all salient features could be explained in
terms of a purely electrical leakage current, while a magnetic origin of these signals could
be excluded. Furthermore, good agreement of the thermal activation energy of the YIG
resistivity with reports in literature was observed.
As a possible next step, we anticipate that by replacing Pt with Ta, the issue of inter-
diffusion might be overcome, due to Ta being less prone to diffusion.244 Additionally, it
would be important to also gain access to magnetic fields larger then the 70mT available
in our home built high-temperature setup. Higher magnetic fields should allow to evalu-
ate whether similar effects as reported in Ch. 3 are present in the paramagnetic phase of
YIG, as this is the best studied material to date.

In summary, the studies discussed in Ch. 4 verify the importance of magnons and
their transport properties for the discussion of the non-local magnetotransport response.
Our findings thus call into question the conclusion drawn from several reports of non-
local magnon-based transport in samples in which no spontaneous order, and thus no
magnons should be present.

In Ch. 5, the local and non-local thermal magnetotransport (viz. the spin Seebeck ef-
fect, SSE) was investigated on Cr2O3/Pt bilayers. Most of the salient features found by
Yuan et al. in Ref. [60] in similar samples – and put forward as evidence for superfluid
spin transport – were evident also in our data. In particular, the local and non-local SSE
increased towards low temperatures (𝑇 ≲ 10K) and saturated there. Interestingly, the
saturation value depended on the magnetic field magnitude, as one would anticipate if
the net magnetization was relevant for the observed signature. Assuming that the spin
Seebeck effect is caused be the inducedmagnetization (i.e. by the small canting of the two
magnetic sublattices in Cr2O3 towards the magnetic field), we could consistently explain
all measured data. Most importantly, however, the dependence of the non-local SSE on
the separation of the two Pt wires 𝑑NL evident in our experiments was different to the
distance scaling found by Yuan et al. in Ref. [60]. Namely, we observed an exponential
decay of the non-local SSE (∝ exp(−𝑙m𝑑NL)), while the authors of Ref. [60] reported a
dependence on the distance like ∝ (𝑙m + 𝑑NL)−1, where 𝑙m is the decay length. As the dis-
tance dependence is the smoking gun signature of superfluid spin transport – the main
claim of their paper – we could only conclude that at least in our sample, there was no
evidence for spin superfluidity.
In the future, however, more experiments should be carried out, particularly for small
contact separations, where a linear response (i.e. MMR) might be found in the non-local
magnetotransport. To that end, a new set of sampleswith the easy axis in the plane have to
be made to fulfill the geometrical requirements of the non-local magnon-mediated mag-
netoresistance (i.e. the spin accumulation and the two magnetic sublattices have to be
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collinear). Such samples would allow to study both, the (antiferromagnetic) magnon
driven transport as well as superfluid spin transport, if it is realized in such bilayers.

Chapter 6 was dedicated to the investigation of the topological contributions to the
transverse magnetoelectric and magnetothermal transport response in thin films of
Mn1.8PtSn, i.e. the Hall effect and Nernst effect. Mn1.8PtSn was shown to host
antiskyrmions and a large topological Hall effect,4,200,201 making it an ideal candidate for
the study of such topological contributions to electrical transport. To enable the magne-
toelectric andmagnetothermal characterization in one device, a novel measurement tech-
nique was established, which we named “alternating thermal gradient technique”. This
technique was based on the periodic inversion of the direction of heat flow using a sym-
metric set of heaters on both side of the Mn1.8PtSn Hall bar. By acknowledging that the
thermoelectric response due to this gradient consequently inverted too, spurious volt-
age contributions due to the cryostat and measurement devices could be distinguished
from the thermovoltages generated by the device. Using this approach, we could not
only reproduce the large topological Hall effect, but additionally verify the presence of
a similarly large topological Nernst effect in Mn1.8PtSn. Furthermore, the possibility to
combine the Hall and Nernst signal to extract what we called the “topological quantity”
was demonstrated. This novel approach allowed to gauge the presence of a topological
transport contribution to the Hall and Nernst signals without requiring magnetization
measurements. In particular, since no measurements performed in different setups were
required, possible artifacts due to the comparison of magnetotransport and magnetiza-
tion measurements could be excluded.
All in all, we are confident that the “topological quantity” will proof exceedingly helpful
for elucidating the topological properties of nanopatterned materials and future devices
incorporating topological transport effects.

Finally, in Ch. 7 spatial images of the anomalous Nernst effect generated locally by a
focused laser induced heat gradientwere investigated in thin films of the non-collinear an-
tiferromagnet Mn3Sn. The significant anomalous Nernst effect reported in bulkMn3Sn103

was also observed in the thin films investigated here. Furthermore, a similar temper-
ature dependence as reported for bulk Mn3Sn was found. Additional measurements
above 𝑇N revealed a vanishing signal, providing final proof of the magnetic origin of
the observed signal. Interestingly, we found a strong dependence of the coercivity (i.e.
switching fields) on temperature, where the switching field was reduced significantly
towards high temperatures. This allowed to manipulate the antiferromagnetic domain
structure at elevated temperatures with external magnetic fields. The temperature de-
pendent anisotropy was utilized in a next step to implement an experimental scheme for
preparing the system into a defined antiferromagnetic domain state: By combining a fo-
cused high power laser and magnetic fields, the magnetic state could be modified in the
illuminated areas, and subsequently monitored via the magnetothermal response using
a lower laser power. This experimental feat might prove particularly important to study
current induced domain wall motions, where a current pulse is sent through the device
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in order to move the antiferromagnetic domain walls via the spin transfer torque. To ac-
complish this goal, control over the domain structure and a readout scheme are required,
which have been demonstrated in this work. Finally, another set of experiments was used
to evaluate potential further possibilities of the method. In particular, the scanning ther-
mal gradient microscopy technique should allow to infer the antiferromagnetic domain
structure, domain distribution as well as the domain size.

In summary, we hope that the results put forward in this thesis will convince the
reader of the great usefulness of (magneto-)transport measurements. Such measure-
ments can serve as a powerful tool for the investigation of a multitude of micro- and
macroscopic properties of a given material. Particularly for the understanding of thin
film systems, insights gained from transport experiments can be crucial: Many proper-
ties of the electronic system like magnetism, structure and topology cannot be readily
accessed in thin films by other, more direct, measurement techniques. On the downside,
the assignment of a specific transport response to a particular effect can be exceedingly
challenging, as different models yielding a given transport response can be found. Nev-
ertheless, transport experiments enable straightforward access to a wide array of internal
properties of the electronic system, where magnetism and topology form only a small
subset of possibilities to be investigated.
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Appendix A

TRANSPORT SETUP DETAILS

A.1 Halbach Setup
The existingHalbach setup from theWaltherMeißner Institut inMunichwas equipped

with Hall sensors for measuring the magnetic field in two orthogonal directions simul-
taneously. In this section the determination of the magnetic field angle as well as the
readout electronics for the two Hall sensors will be described.

A.1.1 Determination of Magnetic Field Angle
The function to determine the angle of the magnetic field for the given rotation planes

is shown below. It returns the angle of the magnetic field for the given rotation plane
using the arctan2 function included in numpy and shifts the angle into the interval of
(0, 360]°.
def getAngleXYHalbach(magX, magY, plane, rot90):

"""
Calculates the angle within the rotation plane
specified in plane for a sample structure along
the long edge of the CC (or rotated by 90deg ccw)
plane can be "ip", "oopj" or "oopt"
rot90 is a boolean
if this is corner of CC:

+ I/Vlong

+ Vtrans - Vtrans
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- I/Vlong
, then rot90 is False, j is flowing downwards , if
rotated 90 deg ccw, then rot90 needs to be true.
"""
if "ip" == plane and rot90 is False:

return 180.*np.arctan2(-magY, magX)/np.pi + 180
elif (("oopj" == plane or "oopt" == plane)

and rot90 is False):
return 180.*np.arctan2(magY, -magX)/np.pi + 180

elif "ip" == plane and rot90 is True:
return 180.*np.arctan2(-magX, -magY)/np.pi + 180

elif "oopt" == plane and rot90 is True:
return 180.*np.arctan2(magY, -magX)/np.pi + 180

elif "oopj" == plane and rot90 is True:
return 180.*np.arctan2(-magY, -magX)/np.pi + 180

A.1.2 2D Hall effect measurement electronics

The measurement electronics is based on a Raspberry Pi mini computer with a so-
called HAT (hardware attached on top). This high precision AD/DA board is manufac-
tured by Waveshare and features ADS1256 analog digital converter (ADC) with eight
channels and 24bit digital resolution. Additionally a 16 bit digital to analog converter
(DAC) with two channels is on the board (DAC8532). The wiring scheme is displayed in
Fig. A.1, where ADx refers to the ADC inputs. All three Hall voltages can be measured
differentially using six of the channels. In the software, the channel with the higher num-
ber is defined as the positive input. The remaining two channels are used for measuring
the supply voltage (Vcc/2) and the current flowing through the first Hall sensor.

The current readingwas initially supposed to be used for the determination of the tem-
perature. Unfortunately, no clear (stable) dependence of the resistance on temperature
could be established, so that it is not feasible (the resistance is highly field dependent).
However, although not implemented yet, it would be advantageous to use this value to
calculate the Hall resistance of the individual sensors. Compared to the Hall voltage, the
Hall resistance is much less sensitive to temperature changes according to the spec sheet
of the sensors.[245]

Finally, to obtain the magnetic field from the voltage reading, a linear calibration is
used, viz. 𝜇0𝐻 = 𝜁(𝑉𝐻 + 𝑉0). Here, 𝑉0 is an offset voltage, 𝑉𝐻 the measured voltage and
𝜁 is the field per voltage calibration value. 𝜁 and 𝑉0 are obtained by comparing the voltage
readout for two magnetic field polarities to a commercial (calibrated) Lakeshore Hall
probe read out by a Lakeshore 475 controller. If multiple Hall sensors are used (2D+),
the Hall electronics can correct the readings for a skew of the relative orientation. More
details about the exact calibration procedure in this case can be found in the comments of
the code. All calibration values are stored on a file locally on the mini computer and are
persistent across reboots. A default calibration curve can be selected from the available
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curves, which is automatically loaded on power up.

Figure A.1: Wiring of the 2D Hall probe electronics wiring. Up to three Hall sensors can
be used and read out differentially. The current can be measured only for the first Hall
probe.

The device communication is performed via the Ethernet interface of the Raspberry Pi
mini computer supporting a subset of the standard command for programmable instru-
ments (SCPI), most importantly the “*IDN?” command. The electronics listens to port
8888. An exemplary subset of the available commands relevant for the operation of the
Halbach magnets can be found below. A full list of commands can be obtained from the
device by issuing ”*CMD?” to the interface of the Hall probe electronics.

"""
Class for interfacing the ADS1256 with the local TCP server

Usage:
Available commands:

:(x/y/z):field:read? - returns the lates field reading
:(x/y/z):field:calib? - returns the current conversion

factor from tesla to volts
(Tesla/Volt)

:(x/y/z):field:calib 3 - sets the current conversion
factor from tesla to volts

to 3 (Tesla/Volt)
:(x/y/z):field:offs? - returns the current offset of

the field values (Volt)
:(x/y/z):field:offs 2 - sets the current offset of

the field value to 2 (Volt)
:axisc? - returns the current axis count
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(1-1D, 2-2D, 3-3D)
:axisc 3 - sets the axis count to 3, for a value of 2,

only the x and y axis get updated
:curve:list? - returns a list of all available curves
:curve:write lala - writes the current configureation

to curve lala
:curve:read lala - reads and applies the configuration

from curve lala
:curve:default? - returns default curve
:curve:default - sets the default curve

:ip? - returns the current ip and gateway
:ip 192.168.5.12,192.168.5.1 - sets the ip and gateway

to the given values

*IDN? - returns the version of the device
*CMD? - returns this docstring

"""

Although not used for the Halbach magnets, the Hall electronics can be used as a PID
controller. In this case the magnetic field is utilized for controlling the analog output of
the DAC. If a bipolar control is necessary, a virtual ground has to be established at half of
the supply voltage (using a operational amplifier wired as voltage follower). The control
voltage output is then the differential signal between the DAC output and the virtual
ground at half of the supply voltage, essentially giving a bipolar control range of −2.5V
to 2.5V. Additionally, the analog output stage (and thus also the PID controller) can be
rate limited (i.e. limiting themaximumrate of change of the control voltage) to protect two
quadrant power supplies driving an inductive load from large reverse currents/voltages.
Since the DAC only has two channels, the control is limited to two field directions when
using the presented device.

A.2 Measuring Inserts for Cryostats
For themeasuring insert used in the vectormagnet cryostat following partswere used:

1. Cernox CX-1030, serial number CX-X0673

2. 10 pin Fischer Connector Buchse DBEE 1031 Z010-130

3. 40 pin Lemo Connector HGG.4B.340.CLLPV

4. 1/8 " Watlow Firerod heater cartridge C1A-9606 FR 50/50

5. ≈ 4m 12 twisted pair loom (24 wires)

6. Contact bridges Vogt Verbindungstechnik 1364C.68
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7. Teflon tape

The second measuring insert with the puck insert has the following additional com-
ponents:

1. Cernox CX-1050, serial number CX-X141220

2. Puck connector and receptacle Samtec SLH-020-1.50-G-D-A and TLH-020-0.50-G-
D-A

The wiring for the puck measuring insert (which only differs by using the Samtec
connectors instead of the soldering joints for the measurement contacts) can be seen in
Fig. A.2. Additionally, the puck contacts and the Samtec connectors are shown in Fig. A.3
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Figure A.2: Schematic of the puck measuring insert wiring. The Fischer and Lemo con-
nectors are seen from the soldering side.



APPENDIX A. TRANSPORT SETUP DETAILS 151

1 4

5

13

1420

21

29

30
1

1617

32

1

16
17

32

Notch

b

a

Orientation screw

Figure A.3: Pin assignment on the Samtec connector on the puck and on the measuring
insert.



152 A.3. BREAKOUT BOX

A.3 Breakout Box
To fabricate one breakout box the following components are used and connected as

shown in Fig. A.4.

1. 32 two row, 3 position (DPDT) switches 5A@250V RS Pro (RS 734-7050)

2. 32 straight BNC connectors 50Ω RS Pro (RS 546-4897)

3. 44 pin HD D-Sub female connector (RS 691-9048)

4. 4mm (banana) connector for GND
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Figure A.4: Schematic of the breakout box wiring
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Appendix B

SPINNING HALL MEASUREMENT APPROACH

To remove spurious voltages given by geometric misalignments of a Hall cross or bar
(e.g. due to lithography) one can utilize the so-called “spinning Hall” technique for mea-
suring the Hall voltage. This technique, being discussed in the following, develops its
full potential in the temperature dependent determination of the Hall effect. Here, the
offset signals can change dramatically and thus overshadow the Hall signal. To accom-
plish a separation of the Hall and offset voltages, one applies a current 𝑖 to two of the
four measurement contacts 𝑉1 to 𝑉4 once along the Hall bar (c.f. Fig. B.1(a)) and once
perpendicular (c.f. Fig. B.1(b)).

The approach for the separation of the offset signal and the extraction of the Hall
signal is originally described in Ref. [246]. The following deviation closely resembles the
calculations shown in this reference.

To get an equivalent schematic for a Hall cross, one can represent this Hall device by
four resistors. To that end, one considers a resistance network as shown in Fig. B.1 (a) and
(b). In a perfect (homogeneous and symmetric) Hall cross, all resistors would have an
equal resistance 𝑅 and the voltage that is measured transverse to the current directionwill
be only the Hall voltage 𝑉𝐻 . In a real system, however, there can be a slight imbalance
due to inhomogeneities or fabrication errors. This is considered in the resistance network
by adding and subtracting a small additional resistance 𝑟 on one of the vertical branches.

We will focus on the ensuing changes first for vertically flowing current (c.f. Fig. B.1
(a). Here, the resistance imbalance between the lower part of the left and right leg will
lead to a change of the voltage on the 𝑉2 node with respect to the 𝑉4 node. Consequently,
a small offset will be present in the transverse voltage 𝑉↓

𝑡 even in addition to the Hall
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Figure B.1: The equivalent circuit for a Hall cross with vertically and horizontally flowing
current is shown in panels (a) and (b), respectively. The Hall voltage is given by the cross
product of the (total) current and the magnetic field directions and therefore changes its
orientation when the current is rotated.

voltage when the current is flowing vertically:

𝑉↓
𝑡 = 𝑉2 − 𝑉4 = (𝑅 − 𝑟)𝑖

2 − 𝑅𝑖
2 + 𝑉𝐻 = −𝑟𝑖

2 + 𝑉𝐻 (B.1)

For Eq. (B.1) we assume that 𝑉3 is GND.
When we now rotate our voltage and current contacts and consider 𝑉4 as GND (c.f.

Fig. B.1 (b)), the transverse voltage is now:

𝑉→
𝑡 = 𝑉3 − 𝑉1 = 𝑅𝑖2 − 𝑅𝑖1 + 𝑉𝐻 (B.2)

Here, the current shares in the two branches 𝑖1 and 𝑖2 are not equal anymore (the resis-
tance is not the same) Thus, we need to calculate the two currents first. This is accom-
plished by solving the following equation system

𝑖 = 𝑖1 + 𝑖2 (B.3)
(𝑅 + 𝑟)𝑖1 + 𝑅𝑖1 = (𝑅 − 𝑟)𝑖2 + 𝑅𝑖2 (B.4)

⟹ 𝑖1 = 𝑖2𝑅 − 𝑟
4𝑅 , 𝑖2 = 𝑖2𝑅 + 𝑟

4𝑅 . (B.5)

The result can then be put into Eq. (B.2) to obtain

𝑉→
𝑡 = 𝑅𝑖2 − 𝑅𝑖1 + 𝑉𝐻 = 𝑟𝑖

2 + 𝑉𝐻 . (B.6)

We can see, that the offset is now present with opposite sign, while the Hall voltage has
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the same sign for both configurations. This can be motivated by considering that the
Hall voltage is given by a cross product between the current direction and the magnetic
field. As such, when the current is rotated (perpendicular to the magnetic field), also the
resulting Hall voltage will rotate.

To finally disentangle the Hall signal and the offset, we combine the transverse volt-
ages for both directions as follows

𝑉SH
𝑡 =

𝑉↓
𝑡 + 𝑉→

𝑡
2 = 𝑉𝐻 (B.7)

𝑉offset
𝑡 =

𝑉↓
𝑡 − 𝑉→

𝑡
2 = 𝑟𝑖

2 (B.8)

There are still limitations to this technique which can partially be mitigated as detailed
in Sec. 2.6 by additionally using a current reversal technique. However, drifts (e.g. fast
changes in temperature or field) can still give rise to spurious signals since the readings
for two directions are not taken instantaneously. Nevertheless this technique significantly
helps to reduce the size of the offset signals. As long as a constant current is used, this
technique is also applicable in Hall bar like structures, although one has to be careful not
to heat the side contacts of the Hall bar (they are narrower and thus carry a higher current
density).

Please note, that for applying this technique the contact polarities have to be care-
fully monitored. Otherwise, it is easy to get wrong results (e.g. wrong sign of the Hall
voltage or offset mistaken for Hall signal). This is usually not problematic for FDMRmea-
surements, since additional measures to verify the correctness of the signal are possible.
During a temperature sweep with constant magnetic field, however, this is not straight
forward.

Two exemplary angle resolved measurements on a Pt(3 nm) on CoFeB(5 nm) Hall
bar on an Al2O3 substrate are shown in Fig. B.2. For these measurements the magnetic
field of 𝜇0𝐻ext = 1.1T was rotated either in plane (ip, (a)) or out of plane around the
current direction (oopj, (b)). For the prior, one would not expect to observe a Hall effect
at all but only the transverse magnetoresistance which is expected to show a cos(𝛼) sin(𝛼)
dependence. In the latter, however, the Hall effect should be clearly visible.

The respective upper panel in Fig. B.2 depicts the raw data for the two current di-
rections while the spinning Hall 𝑉SH

𝑡 and the offset 𝑉offset
𝑡 signal are shown in the lower

panels. Please note that for easier comparison the axis of 𝑉→
𝑡 has been mirrored on the

x-axis to superimpose the two curves. If depicted like this, one needs to “visually add”
the two curves to get the difference (i.e. offset) signal and “visually subtract” the raw data
to obtain the sum (i.e. spinning Hall) signal.

When looking at the raw data (c.f. Fig. B.2 upper panels) one can see a difference
between the two raw measurements for both rotation planes. As detailed above, this dif-
ference can be understood as the spinning Hall signal, i.e. that there is a small Hall-like
contribution also for the ip rotation. We will now focus first on the in-plane data (Fig. B.2
(a)), since here some more details and features of the spinning Hall approach become
evident.
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Figure B.2: Panels a) and b) show the spinning Hall method applied during an in-plane
and out of plane rotation of the magnetic field. The upper panels show the raw voltages
for the two current directions, while the lower panels show the spinning Hall and offset
signals. The horizontal line in the lower panel is the mean value of the Hall voltage and
has a value of 𝑉SH

𝑡 = 2.4µV and 0.4µV for panel a) and b) respectively. Please note, the
smaller range for 𝑉SH

𝑡 as well as the mirrored scale for 𝑉→
𝑡 .

Firstly, the small Hall signal most likely stems from a small misalignment of the mea-
surement insert in the Halbach magnet. Additionally, the mean signal of the spinning
Hall signal 𝑉SH

𝑡 , graphically represented by the turmeric line in Fig. B.2 (a), is small com-
pared to the Hall amplitude even though the Hall signal is caused only by a small mis-
alignment.

Secondly, as detailed above, an additional transverse voltage from the transversemag-
netoresistance (also named planar Hall effect) is expected for the ip rotation. One might
ask at this point why this signal does not show up in the spinning Hall voltage as well but
in the offset voltage. To understand this, the origin of the transverse magnetoresistance
will be considered: It stems from amodulation of the resistance governed by the angle be-
tween themagnetization and the current direction (AMR) or transverse direction (SMR).
As both of these directions will rotate when the current is rotated by 90° in the spinning
Hall approach, also the sign of the planar Hall effect will invert (i.e. the cos(𝛼) sin(𝛼)
modulation is shifted by 90°). Thus, also the planar Hall effect is antisymmetric for the
two current directions and therefore enters into the offset signal and not the spinningHall
signal.
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For the oopj rotation, the separation clearly works. The spinning Hall signal essen-
tially has no offset and a clear Hall like symmetry. Please note, that the triangular shape
of the curve is caused by the shape anisotropy of the thinmagnetic CoFeB film. Because of
the anisotropy, the magnetization does not align with the magnetic field for all angles of
the applied magnetic field. Considering the offset signal, one can also find a small modu-
lationwith themagnetic field. This most likely is the consequence of a small reorientation
of the in-plane projection of the magnetic field during the rotation (i.e. misalignment of
the rotation plane).

As so often in science, we usually do not start by a systematic calculation but often
quickly prepare something to discuss. Since I promised to do so, the first derivation on a
sheet of paper is included in this work. Obviously, it was presented and discussed during
our usual after lunch coffee break.
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Appendix C

MATRIX MEASUREMENT SOFTWARE

In the course of this thesis a measurement program was written in Python. The core
of the measurement program is the device_library. This library contains all drivers for the
measurement devices and handles the low level device communications. On top of this
library, a tool chain was implemented to allow carrying out transport and other measure-
ments. At the core of this tool chain lies the command line program “matrix” the first
version of which was programmed by Andy Thomas (IFW Dresden)1. This program es-
sentially is a “looper”, which gets three filenames as input parameters. The first of those
is the system file, where the devices present in the setup are defined in a transparent way
(essentiallywrapping the device_library): For the experiment it is convenient to not expose
the devices directly but to access “parameters” (e.g. drive current or magnetic field). In
the system file a set of parameters and their relation to the devices (i.e. a set and a read
function) is defined. The second file is the input file. Here, the parameter values which
are to be set (e.g. drive current magnitude) are defined line by line as can be seen in the
following exemplary input file implementing a delta measurement.
-a 100e-6
-a -100e-6
-a 100e-6
-a -100e-6

Here, parameter “a” (e.g. drive current connected to the output current of a Keithley
2450 in the system file) would be set to 100µA. Please note, that all units are supposed
to be standard SI units. After the parameter values have been applied to the system, all
parameters would be read from the devices (e.g. drive current read-back for parameter

1The whole software can be found in Andy Thomas’ (private) Github repository. For questions regarding
the distribution of the software, please contact him (a.thomas@ifw-dresden.de)

161



162

“a”). The read out values will then be written to the output file, which is the third file
passed to the “matrix” program. After writing the output to the file, the next line will be
read from the input file (i.e. in this example inverting the current polarity) until all lines
have been completed. If a parameter is not present in the input file (e.g. parameter “b”)
but defined in the system, no commands will be issued to the corresponding device (e.g.
magnetic field stays unchanged). Here, there can be the exception of a trigger function,
which does not apply any value to the device but instead only triggers the device. This
then is defined in the corresponding system and is done for example for the Keithley 2182
nanovoltmeter.

In addition to the command line programs, the tool chain has some graphical user
interface programs to improve its usability. A flowchart displaying the typical use of the
different tools is displayed in Fig. C.1.
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Figure C.1: Flowchart describing the program flow for a measurement. The highlighted
boxes are the programs of the tool chain with a graphical user interface.
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Appendix D

CALCULATION OF THE SATURATION
MAGNETIZATION OF Y3FE5O12

The parameters, taken from Ref. [177], used for calculating the saturation magnetiza-
tion of YIG in conjunction with the code below are summarized in Tab. D.1

magnetization spin S g-factor exchange constant
octahedral sublattice 75.8 emu/g 5/2 2 𝜆11 = 47 820Oe g/emu
tetrahedral sublattice 113.7 emu/g 5/2 2 𝜆22 = 22 394Oe g/emu

inter-sublattice 𝜆12 = 71 505Oe g/emu

Table D.1: Parameters used for the calculation of the saturation magnetizion of YIG as a
function temperature. Taken from Ref. [177]

from pylab import *
from scipy.optimize import fsolve

#functions definition
def Brillouin(S,x):

return (((2 *S + 1 )/(2*S)) *
1/(tanh(((2* S + 1 )* x/(2* S)))) -
1/(2* S)* 1/(tanh(x/(2* S))));

#constants section
muBZahl = 9.27400915e-21 # erg/gauss
kBZahl = 1.3806488e-16 # erg/K
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# magnetization of the two sublattices (sorry for CGS!)
M10=75.8 # emu/g
M20=113.7 # emu/g

# Spin for two sublattices
S1=5./2.
S2=5./2.

# g-Factors for the two sublattices
g1=2.00
g2=2.00

sg1=1
sg2=1

# Exchange parameters Oe g/emu, see
# Anderson PhysRev. 143 A1581
l11wd=47820.
l22wd=22394.
l12wd=-71505.
# Please note that the - sign for l12wd is due to the exact
# definition of the equation system and numerics issues.
# It is used to establish the antiferromagnetic coupling.

# temperature range, Tlow must be >=1
Tlow=1 #in K
Thigh=650 #in K
res=0.5 #in K
length = int((Thigh-Tlow)//res + 1)

# variable initialization
M1all=zeros(length)
M2all=zeros(length)

# equations we want to solve, for furthe detail please ask :)
def equations(p,S1_,S2_,g1_,g2_,sg1_,sg2_,T_):

M1, M2 = p
H0 = 0
out = [(M10*Brillouin(S1_,

((S1_* g1_* muBZahl)/(kBZahl* T_) *
(l11wd * sg1_*M1 + l12wd* sg2_*M2 + H0))) -

sign(l11wd * sg1_*M1 + l12wd* sg2_*M2 + H0)*M1)]
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out.append((M20*Brillouin(S2_,
((S2_* g2_* muBZahl)/(kBZahl* T_) *
(l12wd * sg1_*M1 + l22wd* sg2_*M2 + H0))) -

sign((l12wd * sg1_*M1 + l22wd* sg2_*M2 + H0))*M2))
return out

#look for solution
tcalc = linspace(Tlow, Thigh, length)
for i, t in enumerate(tcalc):

M1all[i], M2all[i] = fsolve(equations ,[M10,M20],
(S1,S2,g1,g2,sg1,sg2,t))

Mnet = M2all-M1all

# plot solution , to get from emu/g to kA/m we need
# the density of YIG, which is 5.167g/cm^3
plot(tcalc,array(Mnet)*5.172,label='Mtot')
plot(tcalc,array(M1all)*5.172,c='yellow',label='MFe,a')
plot(tcalc,array(M2all)*5.172,c='black',label='MFe,d')
legend()
show()

# print the temperature und the magnetization , where the
# latter vanishes
print(tcalc[array(Mnet < 1)], Mnet[array(Mnet < 1)])

###
plt.plot(tcalc,array(Mnet)*5.172,label='Mtot')
show()



168



Appendix E

3D STONER-WOHLFAHRT MODEL TO SIMULATE
THE ORIENTATION OF THE MAGNETIZATION

A 3D Stoner-Wohlfahrt simulation205 was programmed using Python. It solves the
following equation system for the direction of the normalizedmagnetizionm in spherical
coordinates by minimizing the free energy 𝐹.

𝐹 = 𝐸Zeeman + 𝐸aniso,1 + 𝐸aniso,2 (E.1)
𝐸Zeeman = −𝜇0H ⋅ m (E.2)
𝐸aniso,1 = −𝜇0(Haniso,1 ⋅ m)2 (E.3)
𝐸aniso,1 = −𝜇0(Haniso,2 ⋅ m)2, (E.4)

where H is the external magnetic field, Haniso,i parametrizes the stength and direction of
anisotropy 𝑖 and 𝑚 is the normalizedmagnetization. All energies are calculated in units of
magnetic flux for the calculation. Plase note, that the dot product in spherical coordinates
has be used, which is slightly more complicated (see code).

The solution is then used to model the contributions of the ordinary, anomalous and
topological Hall to the complete Hall signal (c.f. Eq. (6.5) to Eq. (6.8)). Additionally, two
solutions are compared, where the second one incorporates a finite misalignment of the
magnetic fieldwith respect to the uniaxial anisotropy. Thus, the impact of amisalignment
of the sample normal between different measurements can be estimated. This allowed to
motivate the presence of artifacts in the topological Hall/Nernst signal in Ch. 6.

from pylab import *
from scipy.optimize import minimize

clr_rs = ["dimgrey", "darkred", "#D17F02", "#066682",
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"saddlebrown", "#70068A", "darkgreen"]

# import plotting helper to have nice graph layouts
# include these three lines if ifwlib is available
#from ifwlib.evalLib import initPlottingMetric , clr_rs
#initPlottingMetric(plt, fw=80, fh=56,
# change_prop_cycler="rs")

mu0 = 4e-7/pi

# azimuth and polar angle of magnetic field
alpha1 = 0.0
beta1 = pi/2
# azimuth and polar angle of anisotropy one (uniaxial
# magnetocrystalline)
phi = 0
theta = 0
# azimuth and polar angle of anisotropy two
# (shape anisotropy)
phi2 = 2*pi/4
theta2 = pi/2
# strength of uniaxial anisotropy (- for hard axis)
Haniso1 = -1.2/mu0
# strength of second (shape) anisotropy (- for hard axis)
Haniso2 = 0.2/mu0

# free energy consisting of zeeman and the two anisotropy
# energies x[0] is azimuth, x[1] is polar angle of
# magnetization
def f(x, h, alpha, beta):

zeeman = -mu0*h*(sin(beta)*sin(x[1])*cos(x[0] - alpha) +
cos(beta)*cos(x[1]))

aniso = -mu0*Haniso1/2*pow((sin(theta)*sin(x[1]) *
cos(x[0]-phi) +
cos(theta)*cos(x[1])), 2)

aniso2 = -mu0*Haniso2/2*pow((sin(theta2)*sin(x[1]) *
cos(x[0]-phi2) +
cos(theta2)*cos(x[1])), 2)

return zeeman+aniso+aniso2

# initialize vector for solution
solution = zeros((2002, 3))
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# inital values is field orientations
x0 = [alpha1, beta1]
# define sweep parameters (+1T to -1T)
hs = linspace(1/mu0, -1/mu0, 1001)
# calculate the solution for up and down sweep
# (hs[::-1] inverts array)
for i, h in enumerate(concatenate([hs, hs[::-1]])):

# get the solution
res = minimize(f, x0, (h, alpha1, beta1), tol=1e-19)
# store the solution (*res.x unpacks the values
# the solution , i.e. x[0] and x[1])
solution[i] = [h, *res.x]
# generate initial value for next step and add
# some noise (activiation energy)
x0 = res.x+(ranf()-0.5)*20e-5

fig, ax = subplots(1,1,sharex="col", sharey="col")

# Only plot positive fields and only one sweep direction
posmask = solution[:,0]>0
posmask[1001:] = 0

# define functional for topo Hall, makes a bump with
# amplitude +-0.3 at position +- center, width of
# bump is controlled by width
def the (x, center, amp=0.33, width=30):

return (amp*(tanh((x+center)**2*width) -
tanh((x-center)**2*30)))

# initialize storage list for labels
lns = []
# M
lns += ax.plot(solution[posmask, 0]*mu0,

cos(solution[posmask ,1]),
c=clr_rs[0], label="$M$")

ax2 = ax.twinx()
# THE
lns += ax2.plot(solution[posmask ,0]*mu0,

the(mu0*solution[posmask ,0],0.3),
"--", c=clr_rs[3],
label=r"$\rho_\mathrm{xy}^\mathrm{THE}$")

# AHE
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lns += ax2.plot(solution[posmask ,0]*mu0,
0.9*cos(solution[posmask, 1]),
"--", c=clr_rs[2],
label=r"$\rho_\mathrm{xy}^\mathrm{AHE}$")

# rhoxy
lns += ax2.plot(solution[posmask ,0]*mu0,

0.9*cos(solution[posmask ,1]) +
the(solution[posmask, 0]*mu0, 0.3) +
0.3*solution[posmask, 0]*mu0, c=clr_rs[1],
label=r"$\rho_\mathrm{xy}$")

# OHE
lns += ax2.plot(solution[posmask ,0]*mu0,

0.3*solution[posmask, 0]*mu0,
"--", c=clr_rs[5],
label=r"$\rho_\mathrm{xy}^\mathrm{OHE}$")

# legend
labs = [l.get_label() for l in lns]
ax2.legend(lns, labs, ncol=2, loc=(0.39, 0.18))

# labels and ticks
ax.set_xlabel(r"$\mu_0 H$ (T)")
ax.set_ylabel(r"$M (H)$")
ax2.set_ylabel(r"$\rho_\mathrm{xy} (H)$", color=clr_rs[1])
ax.set_xticks(linspace(0,1,6))
ax2.set_yticks([0, 0.9])
ax.text(0.03, 1.3, r"$\mu_0 H_\mathrm{s}$", color=clr_rs[4])
ax.set_yticks([0, 1])
ax2.set_yticklabels(["0",

r"$\rho_\mathrm{xy}^\mathrm{A}$"])
ax.set_yticklabels(["0", r"$M_\mathrm{s}$"])
# saturation field
ax.axvline(0.2, linestyle="--", color=clr_rs[4])

#match limits
ax.set_ylim(ax2.get_ylim())

# save figure
fig.savefig("Hall_components.pdf",

bbox_inches="tight",
pad_inches=0.02)

# azimuth and polar angle of magnetic field
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alpha2 = 0.1
beta2 = pi/2
## initialize vector for solution2
solution2 = zeros((2002, 3))

# inital values is field orientations
x0 = [alpha2, beta2]
# define sweep parameters (+1T to -1T)
hs = linspace(1/mu0, -1/mu0, 1001)
# calculate the solution for up and down sweep
# (hs[::-1] inverts array)
for i, h in enumerate(concatenate([hs, hs[::-1]])):

# get the solution
res = minimize(f, x0, (h, alpha2, beta2), tol=1e-19)
# store the solution (*res.x unpacks the values
# the solution , i.e. x[0] and x[1])
solution2[i] = [h, *res.x]
# generate initial value for next step and add
# some noise (activiation energy)
x0 = res.x+(ranf()-0.5)*20e-5

fig, ax = subplots(1,1,sharex="col", sharey="col")

# get lines
lns = []
# M
lns += ax.plot(solution2[posmask, 0]*mu0,

cos(solution2[posmask ,1]),
label="$M(H)$ [5deg tilted]",
c=clr_rs[0])

ax2 = ax.twinx()
# rhoxy (only ahe)
lns += ax2.plot(solution[posmask ,0]*mu0,

0.9*cos(solution[posmask ,1]),
c=clr_rs[1],
label=r"$\rho_\mathrm{xy}(H)$" +
"[no OHE/THE]")

# THE extracted by subtraction
lns += ax2.plot(solution[posmask ,0]*mu0,

0.9*cos(solution[posmask ,1]) -
0.9*cos(solution2[posmask ,1]),
"--", c=clr_rs[3],



174

label=r"$\rho_\mathrm{xy}(H) - " +
r"\rho_\mathrm{xy}^\mathrm{A}" +
r"\dfrac{M(H)}{M_\mathrm{s}}$")

# legend
labs = [l.get_label() for l in lns]
ax2.legend(lns, labs, loc=(0.22, 0.2))

# labels and ticks
ax.set_xlabel(r"$\mu_0 H$ (T)")
ax.set_ylabel(r"$M (H)$")
ax2.set_ylabel(r"$\rho_\mathrm{xy} (H)$",

color=clr_rs[1])
ax2.set_yticks([0, 0.9])
ax.set_yticks([0, 1])
ax2.set_yticklabels(["0",

r"$\rho_\mathrm{xy}^\mathrm{A}$"])
ax.set_yticklabels(["0", r"$M_\mathrm{s}$"])

# match limits
ax2.set_ylim(ax.get_ylim())

# save figure
fig.savefig("Hall_misalignment.pdf",

bbox_inches="tight",
pad_inches=0.02)
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