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Abstract

Present day spintronic devices are based on the generation, transport and manipu-
lation of spin-polarized charge currents. In the last decade, however, a promising
candidate for the storage and transport of information at low dissipation level has
gained increasing attention: pure spin currents. The latter represent the flow of
pure angular momentum without any accompanying net charge current. Pure spin
currents offer two intriguing aspects: First, they can be transported in electrically in-
sulating materials, e.g. via quantized spin waves in magnetically ordered insulators,
referred to as magnons. Second, pure spin currents can be generated and detected
by charge currents in electrically conducting materials without magnetic order and
finite spin-orbit coupling via the spin Hall effect. This effect allows the electrical
injection and detection of pure spin currents in bilayers consisting of a non-magnetic
heavy metal with strong spin-orbit coupling and a magnetically ordered insulator.
In such heterostructures, magnon spin transport can be investigated and even ma-
nipulated for different device geometries and external conditions. However, due
to the quasiparticle nature of spin waves, in particular due to the fact that angular
momentum carried by pure spin currents is not conserved but may relax, the control
of magnonic spin currents has become an essential but challenging task.

The aim of this thesis is to establish and study more efficient methods for the
control/manipulation of pure spin currents in magnetically ordered insulators. The
control of magnonic spin currents is achieved by various approaches. In transistor
inspired three-terminal devices with three heavy metal electrodes, where the middle
electrode, called the modulator, can influence the diffusive incoherent magnon
transport between the two outer electrodes via an applied charge current, a nonlinear
increase in the magnon conductivity has been reported. Here, we demonstrate that
the two common measurement schemes used to investigate the magnon transport
properties are both well suited to investigate pure spin currents in such geometries.
One measurement method is based on a dc charge current applied to an outer
electrode utilizing the current reversal method, while the other method relies on
an ac stimulus in combination with lock-in detection. Firstly, a comparison of these
two measurement methods reveals a nonlinear contribution to the detected signal
from the injection process. Secondly, a twofold increase of the magnon conductivity
and a linear magnetic field dependence of the threshold current, indicating the
onset of the magnetic damping compensation, is obtained by reducing the effective
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magnetization. Subsequently, we could show that large modulator currents impact
the device performance. In particular, our results suggest a deterioration of the
Pt/YIG interface at the modulator electrode.

Another approach is based on the coherent control of antiferromagnetic magnon
excitations by an external magnetic field. Here, we included a discussion on the role
of low-energy magnons and the spin injection and detection process. As a key result,
we could demonstrate nonreciprocal magnon spin transport in an antiferromagnet.
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Kurzfassung

Die heutigen spintronischen Bauelemente basieren auf der Erzeugung, dem Trans-
port und der Manipulation von spinpolarisierten Ladungsströmen. In den letzten
zehn Jahren hat jedoch ein weiterer, vielversprechender Ansatz für die Speicherung
und den Transport von Information bei geringer Verlustleistung zunehmend an
Aufmerksamkeit gewonnen: reine Spinströme. Letztere stellen den Fluss von reinem
Drehimpuls ohne begleitenden Ladungsstrom dar. Reine Spinströme bieten zwei
faszinierende Aspekte: Erstens können sie in elektrisch isolierenden Materialien
übertragen werden, z. B. über quantisierte Spinwellen in magnetisch geordneten
Isolatoren, die als Magnonen bezeichnet werden. Zweitens können reine Spinströme
durch Ladungsströme in elektrisch leitenden Materialien mit endlicher Spin-Bahn
Kopplung und ohne magnetische Ordnung über den Spin-Hall-Effekt erzeugt werden.
Dieser Effekt ermöglicht die elektrische Injektion und Detektion von reinen Spin-
strömen in Doppelschichten, die aus einem nichtmagnetischen Schwermetall mit
starker Spin-Bahn-Wechselwirkung und einem magnetisch geordneten Isolator beste-
hen. In solchen Heterostrukturen kann der Magnonenspintransport untersucht und
sogar unter Verwendung von verschiedenen Bauelementgeometrien und äußeren
Bedingungen manipuliert werden. Aufgrund der Quasiteilchennatur der Spinwellen,
insbesondere der Tatsache, dass der von Spinströmen transportierte Drehimpuls
nicht erhalten bleibt sondern relaxiert, ist die Kontrolle der magnonischen Spin-
ströme zu einer wesentlichen, aber schwierigen Aufgabe geworden.

Das Ziel dieser Arbeit ist es, effizientere Methoden für die Kontrolle/Manipula-
tion von reinen Spinströmen in magnetisch geordneten Isolatoren zu etablieren.
Die Kontrolle der magnonischen Spinströme wurde durch verschiedene Ansätze
erreicht. In von Transistoren inspirierten Dreitor-Bauelementen mit drei Schwer-
metallelektroden, bei denen die mittlere Elektrode, der sogenannte Modulator,
den diffusiven inkohärenten Magnonentransport zwischen den beiden äußeren
Elektroden durch einen angelegten Ladungsstrom beeinflussen kann, wurde eine
nichtlineare Erhöhung der Magnonenleitfähigkeit berichtet. Hier zeigen wir, dass
die beiden üblichen Messverfahren, die zur Untersuchung der Magnonentrans-
porteigenschaften verwendet werden, beide gut geeignet sind, um reine Spinströme
in solchen Geometrien zu untersuchen. Während die eine Messmethode auf dem
Anlegen eines Gleichstroms an eine der äußeren Elektroden unter Verwendung
des Stromumkehrverfahren basiert, beruht die andere Methode auf einer Anre-
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gung durch Wechselstrom in Kombination mit der Lock-in-Detektion. Erstens er-
gab ein Vergleich dieser beiden Messmethoden einen nichtlinearen Beitrag zum
nachgewiesenen Signal durch den Injektionsprozess. Zweitens wird eine zweifache
Erhöhung der Magnonenleitfähigkeit und eine lineare Abhängigkeit des Schwellwert-
stroms, der das Einsetzen der magnetischen Dämpfungskompensation anzeigt, durch
die Verringerung der effektiven Magnetisierung erreicht. Anschließend konnten
wir zeigen, dass sich große Modulatorströme auf die Leistung der Bauelemente
auswirken. Insbesondere deuten unsere Ergebnisse auf eine Verschlechterung der
Pt/YIG-Grenzfläche an der Modulatorelektrode hin.

Ein anderer Ansatz basiert auf der kohärenten Kontrolle antiferromagnetischer
Magnon-Anregungen durch ein externes Magnetfeld. Hier haben wir die Rolle der
niederenergetischen Magnonen und den Prozess der Spininjektion und -detektion
erörtert. Als Schlüsselergebnis konnten wir den nicht-reziproken Magnonenspin-
transport in einem Antiferromagneten nachweisen.
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Introduction 1
Nowadays, the data storage and processing capacity has to be constantly increased
to keep up with the growing amount of data generation, facilitating our everyday
life such as the storing and carrying of information. Over the past decades, the
performance of integrated circuits has continuously improved, as Moore’s law sug-
gests [1, 2]. This is mainly due to the improvements in the field of fabrication
technology allowing the downscaling of complementary metal-oxide-semiconductors
(CMOS) technologies. However, further downscaling is challenging as transistors
reach sizes of a few atomic layers, where quantum effects become relevant [3]. This
leads to an increased standby power dissipation due to increasing leakage currents,
for example via quantum tunneling [4–6]. Other challenges are the increasing
dynamic power dissipation as well as pushing the heat production to its thermal
limits by increasing operation frequencies. In other words, the drastic increase in
data storage and processing capacity is accompanied by a significant increase in
energy consumption [7]. Although there are variants of semiconductors that try
to overcome these challenges, like fin-type field-effect transistors [8, 9] or carbon
nanotube field-effect transistor [10, 11], future technologies which may provide
performance beyond CMOS technology become more urgent [12–14].

One of the most promising alternatives represents the field of spintronics [7, 15–
18]. In this field, the electron spin degree of freedom is exploited for information
storage and processing. The spin property is an intrinsic form of angular momentum
giving rise to many fascinating transport phenomena. Regarding data storage,
a major advantage of electron spins in magnetically ordered materials such as
ferromagnets is their non-volatile storage character. In contrast to CMOS technology,
where information is stored in the charge degree of freedom and leakage currents
can lead to a loss of the stored charge, the magnetization associated with ordered
electron spins exhibits an infinite endurance [19]. After the observations of Gerlach
and Stern in 1922 that a beam of silver atoms splits in an external inhomogeneous
magnetic field [20, 21], the idea of electron spin was first proposed in 1928 [22].
However, it took some time before significant progress in using the spin degree of
freedom has been made due to technological limitations and a lack of understanding.
In the 1950s, initially only the spin degree of freedom was exploited, for example in
hard disk drivers, where magnetically ordered thin films are used for data storage.
A major breakthrough was the discovery of the giant magnetoresistance effect in
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1988 [23–25] that allowed the electrical readout of the state of the magnetic system.
Together with the tunneling magnetoresistance [26–30] an enhanced sensitivity in
magnetic field sensors has been achieved. More importantly, these effects provided
the means to keep up with the growing demand of data storage capacity. Another
milestone in the history of spintronics was the proposal of a spin transistor by
Datta and Das in 1990 [31, 32]. Although an efficient experimental realization is
still missing, the proposal triggered a broad range of spintronic based devices and
concepts. First concepts and applications relied on spin-polarized charge transport
and therefore suffered from the same problems as conventional CMOS technologies.
In recent years there have been great advancements towards energy-efficient storage
devices in the field of spintronics. Nevertheless, many interesting challenges still
remain open.

One of this advancements is the usage of pure spin currents, which only carry
spin angular momentum without an accompanying charge current [33–36]. An effi-
cient transport of pure spin currents over long distances is realized in magnetically
ordered insulators. In such systems, the spin angular momentum is carried by the
quantized, bosonic excitations of the spin system, referred to as magnons (quantized
spin waves). The subfield of magnonics [37] focuses on phenomena based on these
quasiparticles and a key research field addresses the excitation, detection and control
of spin waves. In order to integrate magnon-based devices in present day electronic
technologies an electrical readout is desirable. Obviously, this requires the coupling
of the spin and charge degree of freedom. Nonmagnetic metals containing heavy
elements and thereby feature a large spin-orbit coupling allow for the generation
and detection of pure spin currents via electrical charge currents. A central role for
this charge-to-spin conversion and its reversed process plays the (inverse) spin Hall
effect (SHE) [38, 39]. The latter enables interesting phenomena in heterostuctures
consisting of heavy metals (HMs) and magnetically ordered insulators (MOIs). In
such heterostructures, the excitation of auto-oscillations has been demonstrated [40–
42]. Furthermore, two or more separated HM electrodes deposited on MOIs allow
for spin transport experiments [43, 44]. In these experiments, a charge current
applied to one electrode generates spin currents in the MOI via the SHE, while a
second electrode acts as detector, where the spin is converted back to a charge via
the inverse SHE. A third HM electrode placed between the two other electrodes can
be used to control the magnon transport [44, 45]. Although ferro-/ferrimagnetic
and antiferromagnetic ordered insulators feature rather different spin wave dynam-
ics, both systems can carry pure spin currents via magnons. In particular, while
ferromagnets host magnons with one chirality and thus spin of only one direction,
the two magnetic sublattices in antiferromagnets lead to two magnon modes with
opposite chirality (spin-up and spin-down magnons). Due to this property many
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phenomena are predicted in antiferromagnetic ordered spin systems in complete
analogy to electronic systems (e.g. normal metals) with equal density of spin-up and
spin-down electrons [46–52].

In this thesis, we aim to gain a deeper understanding of the control of spin currents
in ferro-/ferrimagnetic as well as antiferromagnetic systems focusing on incoherent,
diffusive magnon transport, which can be seen somewhat similar to the well-known
electronic case. In the following, we provide an overview of the topics covered in
this thesis.

The underlying theoretical concepts relevant for this thesis are presented in Chap-
ter 2. We start by discussing the spin transport in metals, followed by introducing
the pure spin current generation in non-magnetic metals. In order to understand
the magnon excitation and detection in MOIs via HM electrodes the spin transfer
across a HM/MOI interface is of particular relevance. Based on this interfacial
spin transport, we introduce the spin Hall magnetoresistance (SMR), an important
measure for the interface quality, and finally discuss the magnon transport in a MOI
induced and detected utilizing a two-terminal HM/MOI device.

In Chapter 3, we present the experimental techniques/methods used in our mea-
surements. After introducing the two material systems used in our experiments,
the ferrimagnetic insulator yttrium iron garnet (Y3Fe5O12 , YIG) and the antiferro-
magnetic insulator hematite (α-Fe2O3 ), we present the fabrication process of our
multi-terminal devices. Furthermore, we discuss the utilized experimental setups.

Chapter 4 focuses on the manipulation of the magnon transport in YIG via nano-
structured three-terminal devices, where a charge current applied to the so-called
modulator electrode between the two outer electrodes can be represented as a
change of the effective magnon conductivity in the transport channel. In particular,
we investigate the influence of different external and material parameters on the
transport regime captured by nonlinear magnetization dynamics.
First, the two main measurement methods to access the magnon transport properties
are introduced and compared to each other. They rely on a dc and an ac stimulus
applied to the injector electrode and are used throughout this work. We show that
both methods are both well suited to investigate incoherent magnon transport in
these three-terminal devices. By comparing our theoretical model with our experi-
mental data, we find indications for nonlinear contributions to the detected signal
from the injector current and not only the applied modulator current. The results
presented in this part have been published in J. Gückelhorn, T. Wimmer, S. Geprägs,
H. Huebl, R. Gross, and M. Althammer, Quantitative comparison of magnon transport
experiments in three-terminal YIG/Pt nanostructures acquired via dc and ac detection
techniques, Applied Physics Letters 117, 182401 (2020).
In the second part, we investigate the diffusive magnon transport in biaxially strained
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YIG thin films. Such films exhibit a significant perpendicular magnetic anisotropy
and a reduced saturation magnetization resulting in a reduced effective magneti-
zation. We first use two-terminal nanostructures to demonstrate that these films
exhibit transport properties, in particular a low Gilbert damping, comparable to
lattice-matched grown YIG films. We then utilize three-terminal devices to study the
influence of the reduced effective magnetization on the magnetic field dependence
of the threshold current, which defines the onset of a zero-effective damping state.
A linear dependence of the latter on the applied magnetic field corroborates our
present understanding that this threshold effect scales with the effective magne-
tization of the material. The results of our detailed investigation can be found in
J. Gückelhorn, T. Wimmer, M. Müller, S. Geprägs, H. Huebl, R. Gross, and M. Al-
thammer, Magnon transport in Y3Fe5O12/Pt nanostructures with reduced effective
magnetization, Physical Review B 104, L180410 (2021).
Finally, we study the influence of large modulator currents on the magnon conduc-
tivity. To this end, we successively apply larger current densities to the modulator
electrode of multiple devices until we reach a complete blocking of the magnon trans-
port. This is caused by locally induced Joule heating that generates temperatures
close to the Curie temperature of YIG leading to a transition to its paramagnetic
phase. We also quantitatively analyze the evolution of the SMR, the modulator
efficiency, and the threshold current as a function of maximum modulator current
exposure, followed by a detailed discussion of possible origins of the observed
changes.

The second major topic presented in Chapter 5 addresses the magnonic spin trans-
port in antiferromagnetic hematite thin films. Here, we investigate the underlying
physics of the recently found magnon Hanle effect, which could be described in
terms of a magnon pseudospin model, in more detail. We expand this theoretical
model allowing us a clear discussion of our experimental results.
We first investigate the effect of dimensionality of the hematite film on the detector
signal due to magnon spin transport by studying hematite films of different thick-
nesses. As up to now, only ultra-thin hematite films, slightly thicker than 10 nm,
have been studied. Interestingly, thicker hematite layers (∼ 100 nm) exhibit a large
positive offset signal for small magnetic field values. According to our model, we
can attribute this observation to finite-spin low-energy magnons, which do not
directly contribute to the pseudospin dynamics, but rather contribute as a constant
background. Moreover, we directly take into account the spin injection and detec-
tion process. The expanded theory as well as our experimental results have been
published in J. Gückelhorn, A. Kamra, T. Wimmer, M. Opel, S. Geprägs, R. Gross,
H. Huebl, and M. Althammer, Influence of low-energy magnons on magnon Hanle
experiments in easy-plane antiferromagnets, Physical Review B 105, 094440 (2022).
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In the second part, we report on a nonreciprocal response observed in hematite. By
interchanging the roles of injector and detector in a two-terminal device, we find
an electrically-induced direction-dependent magnon spin transport and magnon
Hanle effect. The degree of nonreciprocity is found to vary with the equilibrium
Néel vector and thus, can be tuned via an applied magnetic field. This finding can
be understood in terms of different pseudofields or pseudospin precession rates,
experienced by magnons propagating in opposite directions in the transport channel.
This provides a clear evidence for the presence of inversion symmetry breaking at the
hematite/substrate system and demonstrates the existence of an emergent magnon
pseudospin-orbit interaction. A detailed discussion of our results can also be found
in J. Gückelhorn, S. de-la-Peña, M. Scheufele, M. Grammer, M. Opel, S. Geprägs,
J. C. Cuevas, R. Gross, H. Huebl, A. Kamra, and M. Althammer, Observation of the
Nonreciprocal Magnon Hanle Effect, Physical Review Letters 130, 216703 (2023).

To conclude this thesis, we summarize the main results in Chapter 6. Furthermore,
we give an outlook to current and future experiments, which could answer open
questions and provide a better understanding of the underlying mechanisms in
the field of all-electrical excited and detected diffusive magnon spin transport. We
address recent experiments on the manipulation of the magnonic spin transport
in the antiferromagnet hematite. Moreover, we discuss first experiments on the
influence of anisotropy on the magnon transport in differently oriented YIG thin
films. Last but not least, we present possibilities to investigate the dynamics in
three-terminal devices, in particular below the modulator electrode.
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Theoretical Background: Pure
Spin Currents in Magnetically
Ordered Insulators

2

Present day electronics and information technology are mainly based on electrons ex-
ploiting their charge property. The field of spintronics, however, searches for efficient
ways to use the spin property of electrons opening up new interesting possibilities.
The angular momentum of an electron manifests itself as a tiny magnetic moment.
The transport of (spin) angular momentum is the basis for a variety of phenomena
such as magnetoresistance effects like giant magnetoresistance [23–25] or tunnel
magnetoresistance [26–30], effects based on spin-transfer-torque [40–42, 53–55]
and effects based on topological properties of spin textures, e.g. the topological
Hall effect [56–62]. In contrast to the charge of an electron, angular momentum
is usually not a conserved quantity due to finite spin-orbit coupling and transfer
to other localized or mobile entities, such as phonons. This means that (spin)
angular momentum is only conserved in good approximation over a characteristic
time and length scale, referred to as spin relaxation time and spin decay length ls 1.
This makes the construction of efficient devices challenging. On the other hand,
however, the transfer of angular momentum between two different entities allows
the design of new devices. Promising candidates are based on heterostructures
consisting of heavy metals (HMs) with large spin-orbit coupling and magnetically
ordered insulators (MOIs), where spin-flip scattering processes at the interface en-
able spin angular momentum transfer to the MOI exciting magnons. In magnetic
materials, the exchange interaction results in an ordering of the localized spins.
While ferromagnets feature a parallel ordering of neighboring spins, latter orient
themselves in an antiparallel fashion in antiferromagnets. In a mean-field approach,
this exchange interaction in magnetic materials can be represented by a molecular
field or exchange field µ0Hex, respectively, which is on the order of 100 T - 1000 T.
Due to this strong interaction, it would cost very high energy to flip a single spin and

1When we refer to the spin as a non-conserved quantity, this does not imply that the spin spontaneously
disappears. In a closed system, both charge and spin are conserved quantities, however these
quantities can be transferred between subsystems, i.e. they do not have to be conserved in a
subsystem. In contrast to charge, where the density can only be changed through the inflow or
outflow of charges through the surface of the volume, the spin can transfer angular momentum to
other subsystems, such as phonons by interacting with the lattice.
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therefore this is an unfavorable configuration. A more likely process that costs much
lower energy, but is associated with the same change in angular momentum, is to
delocalize one spin-flip over a large number of spins. This wave-like excitations of
the whole spin lattice can be illustrated as a slight tilting of the spins with respect to
each other. These collective excitations of the spin lattice are capable of transporting
spin without moving charge carriers and are referred to as spin waves. In analogy
to photons, the quantized excitations of an electromagnetic field, the spin waves
are treated as quantized excitations of the magnetic order in a magnetic crystal,
which are known as magnons. In particular, this means that pure spin currents
can be carried via fermions as well as bosons. In the case of fermions, this could
be electrons, neutrons, or protons, while for bosons typical examples of angular
momentum carriers are photons or quasiparticle excitations in solid state systems,
such as phonons, magnons or excitons. A fundamental difference between these two
types of particles is their underlying quantum statistics. Fermions obey the Fermi-
Dirac statistics [63, 64], while bosons follow the Bose-Einstein statistics [65, 66].
These properties of pure spin currents make them an interesting system to study.

This chapter intends to provide the basic theoretical concepts in order to under-
stand the results in the following chapters in regard to pure spin current injection
and detection as well as spin and magnon transport. In Sec. 2.1, we summarize the
basics of electronic spin currents and discuss their diffusive transport in metals. This
is followed by illustrating the generation and detection process of pure spin currents
via a charge current in metals, including the introduction of the spin Hall effect
(SHE) in Sec. 2.2. In Sec. 2.3, we introduce bilayers consisting of HMs and MOIs and
the spin transport across the corresponding interface. Based on this, we exemplify
the concept of spin Hall magnetoresistance (SMR), which represents a measure for
the spin transfer efficiency, in Sec. 2.4. Last but not least, we present an approach
allowing us to investigate the diffusive magnon transport in MOIs in Sec. 2.5. Two
spatially separated HM electrodes enable an electrical and thermal excitation of this
pure spin current and its electrical detection. The following introduction to the basic
theoretical concepts follows the approaches in Refs. [67, 68]. Main parts of text
and figures in this Chapter are reused from T. Wimmer, Control and Manipulation of
Magnonic Spin Currents in Magnetic Insulators, Dissertation, Technical University of
Munich (2021).

2.1 Spin Transport in Metals

First, we introduce the concept of spin currents and their transport in general, before
we focus on pure spin currents. Spin currents can be treated in a similar fashion as
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charge and heat currents, which means we relate quantities such as currents and
driving forces using transport coefficient. However, in contrast to charge or heat
current, spin current is no scalar quantity as it has to describe the flow direction
as well as the spin orientation, which leads to some differences as discussed in the
following.

2.1.1 Spin Currents

Starting with a general description, we introduce the particle current density j =
n⟨v⟩ with n the particle density and ⟨v⟩ the corresponding expectation value of
the particle velocity operator v. Multiplying j with the quantity transported by
the particles, leads to the required charge, heat and spin current densities. As the
transported charge q as well as heat Q are scalar quantities, this simply results in

jc = qj = qn⟨v⟩ (2.1a)

jh = Qj = Qn⟨v⟩ (2.1b)

for the charge (jc) and heat (jh) current density. As mentioned before the trans-
ported angular momentum is no scalar quantity and thus, the spin current density is
obtained by the dyadic product of the particle current density j and the transported
spin ŝ per particle according to [69, 70]

js = ⟨ŝ ⊗ j⟩ = ℏ
2n⟨σ̂ ⊗ v⟩ =

(
js,x js,y js,z

)⊤
=
(

jx
s jy

s jz
s

)
. (2.2)

The spin current density is represented by a second rank tensor indicated by the
underline and as before the thermodynamic expectation value for a non-equilibrium
state is denoted as ⟨...⟩. In Eq. (2.2), we used ŝ = ℏ

2 σ̂, where σ̂ correspond to the
vector of the Pauli matrices [71, 72] and assumed that each particle, in our case
electrons, transports a spin angular momentum of ℏ/2. Note that the row vectors
js, j = ℏ

2n⟨σ̂iv
⊤⟩ describe the flow direction of the spin current featuring a fixed

polarization σ̂i, while the column vectors jj
s = ℏ

2n⟨σ̂vi⟩ denote the spin polarization
direction for a fixed current flow direction given by the velocity component vj with
i, j = x, y, z.

Since we consider a spin-1
2 system, we can express the spin current only in terms

of two eigenstates, since the spin state manifests itself along a certain quantiza-
tion axis when experimental measurements are performed. Thus, we can sim-
plify the following derivations. Without the loss of generality, we choose the z-
axis and the associated spin-up and spin-down states expressed as |↑⟩ and |↓⟩,

9



respectively 2. The expectation value as defined in Eq. (2.2) for these two spin
states can be written as j

|↑⟩
s,z = ℏ

2n
〈
↑ |σ̂zv⊤| ↑

∣∣↑ |σ̂zv⊤| ↑
〉

= ℏ
2n⟨v⊤⟩↑ ≡ j↑

s and
j

|↓⟩
s,z = ℏ

2n
〈
↓ |σ̂zv⊤| ↓

∣∣↓ |σ̂zv⊤| ↓
〉

= −ℏ
2n⟨v⊤⟩↓ ≡ j↓

s , respectively. In this case, ⟨v⊤⟩↑

and ⟨v⊤⟩↓ denote the expectation values of the particle velocities for spin-up and
spin-down states 3. We see that the associated particle current density transports spin
angular momentum of either ℏ/2 or −ℏ/2, which we would expect when considering
only one certain spin direction. Using these results, we can define the total spin
current along our arbitrary chosen quantization direction within the two-fluid model
as

js = j↑
s + j↓

s = ℏ
2n(⟨v⟩↑ − ⟨v⟩↓) = − ℏ

2e(j↑
c − j↓

c ) (2.3)

by summing up spin-up and -down currents. In the last step, we related the spin
currents to electrical currents using the relation j↑, ↓ = n |v⟩↑, ↓ = j↑, ↓

c /q with q = −e
for electrons. For simplicity, we dropped the transposition of the velocity vector,
which makes js a conventional 3-dimensional column vector. The two-fluid model
allows to view the spin-up and -down states as separate currents 4. For this reason,
we can define two separate chemical potentials µ↑ and µ↓ for spin-up and -down
states, respectively, and express the charge current as j↑, ↓

c = −(−σe/e)∇µ↑, ↓ with
σe the electrical conductivity using Fick’s law [73]. Introducing the spin chemical
potential or spin accumulation µs = µ↑ − µ↓, representing the excess of spin-up
states, we obtain [74]

js = − ℏ
2e
σe
e

∇µs . (2.4)

According to Eq. (2.4), we can express the metallic spin conductivity as σs =
ℏ/(2e2) · σe.

In the two-fluid model, pure spin currents might be considered as the opposing
flow of spin-up and -down electrons with equal current densities. Due to the opposite
propagation direction of the electrons, the net charge current flow is compensated
and only angular momentum is transported. The microscopic description of pure

2An arbitrary spin state |χ⟩ can be represented by a linear combination of the eigenstates according
to |χ⟩ = α |↑⟩ + β |↓⟩, where the projection of |χ⟩ along |↑⟩ (|↓⟩) can be written as a scalar quantity
α (β).

3Note that for an explicit calculation of the expectation value of the velocity operator, the exact
information about the (non-equilibrium) spatial wavefunction of the system under consideration is
demanded. This task is omitted in this derivation for the sake of a general description.

4Note that the two-fluid model can only be applied if the two spin systems (spin-up and -down) do
not interact with each other. Assuming a finite interaction would result in a thermal equilibrium
between the two spin systems and thus equal chemical potentials, which in turn would lead to a
relaxation of the spin polarization.
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spin currents, however, is not well reflected in this rather simplified picture. In
general, the transport of a quantity is a non-equilibrium phenomenon, which is
driven by a generalized force acting on the system. In our case, this means that
instead of a directed flow of electrons, one has to consider a random walk caused by
a spatially inhomogenous spin distribution. Assuming that the electron density is
conserved in the material, a finite excess spin density evolves within the electron
system, i.e. the spin current does not carry any charge. The direction of the spin
density is described by the gradient in Eq. (2.4).

2.1.2 Spin Diffusion
The spin transport is diffusive in nature. In general, charge carriers elastically
scatter maintaining their spin state before undergoing spin-flip scattering after an
angular momentum relaxation time τe. The spin diffusion constant can be defined
as D = v2

Fτe with vF the Fermi-velocity and the spin diffusion length increases
with time. In a simplified picture, similar to charge carrier transport, one could
assume that spin-up and down electrons perform random walk due to scattering
with the step size l the free mean path and τ the momentum relaxation time, which
is a good (one dimensional) first approximation to what happens in metals (and
semiconductors). In contrast to charge carriers, for spins one has to additionally
consider that spins flip with a certain probability [75].

As demonstrated in Eq. (2.4), spin currents are driven by external forces which
result e.g. from a gradient of the spin chemical potential (cf. Eq. (2.4)) or a
temperature gradient. In the following, we discuss the spatial and temporal behavior
of spin currents driven by a gradient of the spin chemical potential µs.

In order to arrive at a differential equation for the spatial dependence of µs,
we first introduce the spin density ρs = ρ↑ − ρ↓ with ρ↑ and ρ↓ the spin densities
for spin-up and -down electron states, respectively 5. We start by introducing the
continuity equation for the spin density, which can be written as [76]

∂ρs
∂t

+ ∇ · js = −Γsρs , (2.5)

where Γs = 1/τs is the spin relaxation rate accounting for the finite lifetime τs

of either spin-up or -down states due to spin-flip scattering events. In contrast
to electrically well insulated charge carrier systems, where loss processes can be
neglected, the right-hand side of Eq. (2.5) is non-zero. The term on the right-hand
side results from the non-conservation of the non-equilibrium spin density ρs, which

5In general, the spin density ρs is a vectorial quantity. For simplicity, however, we again only consider
the spin density along an arbitrary quantization axis, which allows a description in the two-fluid
model.
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is primarily due to two loss mechanisms: a mixing of the two spin channels and
the loss of angular momentum to, for example, the phonon system. This means,
the relaxation of the total number of excess spin has to be considered. Next, we
calculate the spin density via

ρs = ℏ
2ns = ℏ

2

∫ ∞

0
D(ϵ)

[
nF(ϵ, µ↑, T ) − nF(ϵ, µ↓, T )

]
dϵ (2.6)

with ns = n↑ − n↓ the difference between the electron density of spin-up and
-down states, where we assumed that each electron carries a spin angular momen-
tum of ℏ/2. Here, we integrate over the electron density of states for one spin
direction D(ϵ) multiplied by the Fermi-Dirac distribution functions nF(ϵ, µ↑, ↓, T ) =
[exp

(
(ϵ− µ↑, ↓)/(kBT )

)
+ 1]−1 for the electronic spin-up and spin-down states with

a single particle energy ϵ at a certain temperature T . When µs is finite, a difference
between the spin-up and spin-down densities arises. Without loss of generality, we
choose T = 0 to evaluate ρs via Eq. (2.6). This is possible as the electron density
has to be a conserved quantity for any temperature. For T = 0, the Fermi-Dirac
distribution simplifies to a step function according to nF(ϵ, µ↑, ↓, T ) = Θ(ϵ− µ↑, ↓),
where Θ(x) corresponds to the Heaviside function, and we obtain

ρs = ℏ
2

∫ ∞

0
D(ϵ)

[
Θ(µ↑ − ϵ) − Θ(µ↓ − ϵ)

]
dϵ

= ℏ
2

∫ ϵF

µ↓
D(ϵ)dϵ+ ℏ

2

∫ µ↑

ϵF

D(ϵ)dϵ .
(2.7)

Here, we introduced the Fermi energy ϵF = (µ↑ + µ↓)/2. To further simplify the
expression in Eq. (2.7), we assume that the spin chemical potential is sufficiently
small so that the density of states D(ϵ) can be considered constant over the energy
range µ↓ < ϵ < µ↑. Thus, the spin density is given by

ρs = ℏ
2 [D(ϵF)(ϵF − µ↓) +D(ϵF)(µ↑ − ϵF)] = ℏ

2D(ϵF)µs = ∂ρs
∂µs

µs , (2.8)

where we rewrote the prefactor of µs in a more general way in the last term and
thus do not premise a certain approximation for the calculation of the spin density.
This linear dependence of ρs on the spin chemical potential, allows us to write down
a rather simple differential equation for µs. Substituting Eqs. (2.4) and (2.8) into
the continuity Equation (2.5), we finally obtain [77–79]

∂µs
∂t

−Ds∇2µs = −µs
τs

(2.9)
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with Ds = ℏ/(2e) · σe/e
(

∂ρs
∂µs

)−1
= σs

(
∂ρs
∂µs

)−1
the spin diffusion constant 6, where

we used σs = ℏ/(2e2)σe as introduced above. The spin relaxation length, up to
which the spin number is mostly conserved, is defined as ls =

√
Dsτs

7 and features
typical values in the range of a few nm up to a few µm 8.

2.2 Pure Spin Current Generation in Normal Metals
Having introduced spin currents and their transport, we now discuss the conversion
process from charge current to spin current and vice versa. In order to generate
pure spin currents in metallic systems, spin-up and -down state electrons have
to be transported in opposite directions. Various phenomena based on electrical
conductors with a finite spin-orbit coupling (SOC) enable such effects and can
transform an applied charge current into a pure spin current. We can differentiate
between the spin Hall effect (SHE) in normal metals [38, 39, 80, 81], the Rashba-
Edelstein effect in two-dimensional electron systems [82–86] and depending on the
symmetry the anomalous Hall effect [87–89] as well as the planar Hall effect [88, 89]
in magnetically ordered materials. In the following, we concentrate on the SHE,
which is the basis of all our experiments.

The spin Hall effect was first theoretically predicted by Dyakonov and Perel [38]
and later reformulated by Hirsch [39]. Experimentally, the first evidence has been
observed in the semiconductor GaAs in optical experiments [90]. Since then the SHE
was observed in multiple materials and, in particular, heavy metals (HM) 9 such as
platinum (Pt), tantalum (Ta) or tungsten (W), have proven to be reliable materials
in the field of charge to spin current conversion. In this thesis, we exclusively use Pt
as a non-magnetic spin Hall active metal.

When a charge current jc = σe∇µe/e with µe the electrochemical potential is
driven through a normal metal with large enough SOC, the electrons get scattered in

6Note that this expression for the spin diffusion constant corresponds to the general expression
D = v2

Fτe defined at the beginning of the section. In order to arrive at this result, we utilize the
conductivity σe = τenee2/me according to the Drude model and ρs = ℏ/2 · ns. The obtained
derivation ∂ns/∂µs can be approximated with ℏ/2 · D(ϵF)ϵF with ϵF = 1/2 · mev2

F, leading to the
general expression.

7The spin relaxation time indicates the decay length of the spin polarization and has to be contrasted
from the spin diffusion length. However, in literature these two definition have been mixed up
and the spin relaxation/decay length is often called the ’spin diffusion’ length. Often one speaks of
the spin diffusion length for the case of purely diffusive motion, while the term spin relaxation
length is used for more general cases, such as drift or magnetic field influenced decay of the spin
density [75].

8In experiments, the values of ls for one material can vary very strongly in some cases due to
external factors, like the measurement method, or intrinsic differences in the crystalline quality
and impurities, making a proper comparison rather difficult.

9Since the underlying physical mechanisms are based on SOC, which increases proportionally to Z4,
normal metals with large nuclear charge numbers Z are particularly suitable.
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Fig. 2.1 – Illustration of the (a) spin Hall effect (SHE) as well as the (b) inverse spin Hall
effect (ISHE). (a) In heavy metals with strong SOC conduction electrons scatter
in different directions dependent on their spin state, where the scattering center
is represented by the black circles. Due to the SHE, an applied charge current jc
leads to a transverse pure spin current js. (b) The ISHE describes the reciprocal
process converting a spin current js into a charge current jc. The figure has been
taken from Ref. [68].

different directions depending on their spin state due to extrinsic impurity scattering
and intrinsic bandstructure effects. As depicted in Fig. 2.1(a), this results in a
transverse flow of spin-up and -down electrons in opposite directions, which in turn
leads to a transverse spin current js with spin polarization s 10. Mathematically, this
conversion process can be described by [38, 39, 80, 81]

js = ℏ
2eθSHjc × s , (2.10)

where phenomenologically θSH denotes the dimensionless spin Hall angle, which is
a measure for the efficiency of the charge to spin current conversion 11. The spin
Hall angle of Pt, for example, has a value of θSH = 0.11 [92]. In a normal metal the
quantization axis of the spin states and thus s is arbitrary. However, according to
Eq. (2.10), the spin polarization has to yield an orthogonal relation to the directions
of the charge as well as the spin current. As depicted in Fig. 2.1(b), the reciprocal
effect, where a spin current is converted into a charge current, exists. Due to the

10The name SHE might be a bit misleading for the description of this phenomena. In contrast, to
Hall effects, which in general describe the generation of a transverse current due to a longitudinal
current for the same transport quantity, the SHE considers a charge current as the longitudinal
component, which is transformed into a transverse current carrying spin. Note that the SHE
originates from SOC that is fundamentally different to conventional effects.

11Conventionally, the spin Hall angle is defined as tan θSH [91]. However, in general for the conversion
of a longitudinal charge current to a transverse spin current the approximation tan θSH ≈ θSH ≪ 1
is utilized in literature.
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Onsager reciprocity, exactly the same physics as for the SHE, lead to the so-called
inverse spin Hall effect (ISHE) according to

jc = −θSH
2e
ℏ

s × js . (2.11)

This means electrical conductors with no magnetic order, but with strong SOC allow
for a charge current based generation and detection of pure spin currents, which is
essential for the implementation in nowadays electronic devices.

2.3 Spin Transport Across Metal/Magnetically Ordered
Insulator Interfaces

In this section, we expand our consideration of a heavy metal to a HM combined
with a magnetically ordered insulator (MOI). In particular, we look into the pure
spin current transport across a HM/MOI interface. Such bilayer systems open up
new interesting physics and offer advantages compared to conventional electronics,
like the suppression of typically unwanted current shunting. Before we dive deeper
into the topic, we clarify some expressions. In general, the interactions between spin
currents in a HM and the magnetic order in a MOI are captured by spin-transfer
torques [93]. However, the wording spin-orbit torque (SOT) is more appropriate as
the pure spin current in the HM originates from SOC and hence the torque caused
in the MOI results from spin-orbit coupling [94].

In the following, we employ the results on spin transport across a HM/MOI
interface by Bender and Tserkovnyak [95]. A typical bilayer structure is sketched
in Fig. 2.2 with an incident spin current density polarized along s in the HM.
Furthermore, n = N/N is the unit vector in the adjacent MOI with the magnetic
order parameter N . We discuss the interactions between these two quantities,
s and n, and their effect on the spin transport across the interface. In order to
take temperature effects into account, we ascribe the temperatures Te and Tm to
the electron system in the HM and the magnonic system in the MOI, respectively.
Moreover, we introduce the interfacial spin chemical potential µ0

s and the interfacial
magnon chemical potential µ0

m, which describe the chemical potentials in the HM
and MOI, respectively, directly at the location of the interface 12. According to

12The spin/magnon chemical potential can be derived from the spin/magnon diffusion Equa-
tion (2.9)/(2.34) using appropriate boundary conditions.
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Ref. [95], the interfacial spin current across the interface (along ŷ) for arbitrary
orientations of s and n can be determined by 13

jy
s, int = 1

4π

(
g̃↑↓

i + g̃↑↓
r n×

) (
n × µ0

s s − ℏṅ
)

+
[
g(µ0

m − µ0
s s · n) + S(Tm − Te)

]
n.

(2.12)

It is important to mention that the vector jy
s, int accounts for the amount and spin

orientation of pure spin currents across the HM/MOI interface. In particular, as
introduced in Eq. (2.2), jy

s, int denotes the spin polarization direction with a fixed spin
current direction along ŷ 14. Here, we describe the corresponding spin current vector
as js, int = jy

s, inti
ŷ with jy

s, inti
corresponding to the vector components i ∈ x,y,z of

Eq. (2.12). Furthermore, g̃↑↓
i and g̃↑↓

r are the effective spin mixing conductance
parameters, g denotes the spin conductance and S corresponds to the spin Seebeck
coefficient. All these four interfacial spin transfer coefficients can be calculated from
the real and imaginary parts of the spin mixing conductance g↑↓. We first concentrate
on the latter quantity, before we discuss the other four coefficients. The spin mixing
conductance is a measure for the proportion of electron spins capable of transferring
spin angular momentum to the magnetic order n across the HM/MOI interface and
is given by [96–98]

g↑↓ = g↑↓
r + ig↑↓

i = 1
A

∑
nm

(
δnm − r↑

nm

(
r↓

nm

)∗)
. (2.13)

The real (g↑↓
r ) and imaginary (g↑↓

i ) part of the spin mixing conductance can be
interpreted in analogy to electrical transport, where the complex electrical interface
impedance is described by a real component, the resistance, and an imaginary
component, the reactance. We discuss the physical interpretation later in this
Section, after we have introduced all the quantities. As shown in Eq. (2.13), g↑↓ is
described by the interfacial reflection amplitudes r↑

nm (r↓
nm) of electronic spin-up

(-down) wavefunctions accounting for the scattering from energy mode m to n.
Moreover,

∑
nm δnm = M refers to the total number of open transport quantum

channels across the interface at the Fermi energy. The exact number of channels
depends on the available conduction electron modes, which are determined by the
geometry of the HM in our case [99]. The quantized conductance value for each

13The slight difference compared to Equation (4) in Ref. [95] stems from the consideration that the
actual spin direction is opposed to the associated magnetic moment in our case and thus the spin
polarization s features an opposed sign in Eq. (2.12).

14Describing the spin current across an interface, the spin current density, in contrast to our description
within the two-fluid model in Sec. 2.1, has again to be expressed by a vector with its direction
defining the polarization direction of the spin current, since only one particular direction of the
particle flow, here the one across the interface, is of interest.
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channel for one spin direction is given by the conductance quantumG0 = e2/h [100].
The sum is normalized to the respective area A (and thus g↑↓ has units of 1/m2). It
is important to mention that this theoretical derivation of g↑↓ based on interfacial
scattering in Refs. [96–98] considers a HM on top of a conducting magnet and
thus conduction electrons are present in the magnetic layer, which is in contrast
to magnetic insulators investigated in this thesis. However, the formalism is still
applicable in our case for the interfacial scattering of conduction electrons in the
HM, because the spin-mixing conductance is predominantly determined by the local
magnetic moments or exchange fields, respectively, at the interface [101–103]. Note
that in the case of a conducting magnet, the term −

∑
nm t↑nm

(
t↓nm

)∗
has to be added

to Eq. (2.13), where t↑nm (t↓nm) is the transmission coefficient for spin-up (-down)
electrons transmitted from the conducting magnet layer in mode m to the HM in
mode n [96–98]. Considering MOIs in this work, the transmission coefficients are
vanishing. We want to raise awareness that this is also valid for conducting magnets
when the magnetic film is thicker than the spin coherence length λsc = π/

∣∣∣k↑
F − k↓

F

∣∣∣
with k↑

F(k↓
F) the Fermi wavevector for spin-up (-down) states [98].

For temperatures T ≈ 0, where we can assume a perfect alignment of the magnetic
order n along a certain axis, it is sufficient to consider the spin mixing conductance
g↑↓. However, for T > 0, we obtain fluctuations of the magnetic order leading to
deviations from the average relative orientation of s and n and the spin mixing
conductance has to be corrected for contributions originating from a temperature
difference between the electronic system in the HM and the magnon system in the
MOI. This includes temperature associated with magnon bandstructure effects via
the magnon density of states D(ϵm) and the Bose-Einstein distribution function
nB(ϵm, µm, T ) = (exp[(ϵm − µm)/(kBT )] − 1)−1 with the single particle magnon
energy ϵm, which is determined by the dispersion relation and the temperature T .
Moreover, we introduced the magnon chemical potential µm, which accounts for
non-equilibrium magnetic excitations of the magnetic order such as magnons 15.
Taking these effects into account, we arrive at the effective spin mixing conductance,
which is given by [95]

g̃↑↓
r =

(
1 − 2nm

s

)
g↑↓

r + 2g↑↓
r
s

∂

∂µs
M↑↓ , (2.14)

g̃↑↓
i =

(
1 − nm

s

)
g↑↓

i (2.15)

15The introduction of a finite chemical potential µm into the equilibrium Bose-Einstein distribution
function for magnons requires a very efficient and fast local equilibration of the magnon system,
otherwise the assumption of an equilibrium-type distribution function is not valid, as in an actual
thermal equilibrium µm vanishes as the particle number is not conserved [95].
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with

M↑↓ =
∫ ∞

0
dϵmD(ϵm)(ϵm − µs) [nB(ϵm,µm,Tm) − nB(ϵm,µs,Te)] . (2.16)

Here, nm/s accounts for the ratio between the thermal magnon density nm and the
equilibrium spin density s = S/a3, where S is the total spin number in a unit cell
with the volume a3.

Apart from corrections to the zero temperature spin mixing conductance g↑↓, we
also define the purely temperature-induced interfacial spin transfer coefficients g the
spin conductance and S the spin Seebeck coefficient, which are determined by [95]

g = g↑↓
r
πs

∂

∂µm
M↑↑ , (2.17)

S = g↑↓
r
πs

∂

∂Tm
M↑↑ (2.18)

with

M↑↑ =
∫ ∞

0
dϵmD(ϵm)ϵm [nB(ϵm, µm, Tm) − nB(ϵm, 0, Te)] . (2.19)

From this description it is evident that Eqs. (2.17) and (2.18) correspond to
purely thermally activated coefficients, because they vanish for T = Te = Tm = 0.
In contrast, the effective spin mixing conductance introduced in Eqs. (2.14) and
(2.15) remains finite at T = 0 and reduces to the spin mixing conductance given in
Eq. (2.13). In the following, we discuss the individual terms of Eq. (2.12) and their
underlying physics in more detail. In particular, we focus on two configurations:
n ⊥ s and n ∥ s.

First, we consider a simplified expression assuming T = Te = Tm = 0 and
ṅ = 0, i.e. no coherent precession. Thus, the two parameters g and S vanish, since
they represent purely thermally activated coefficients as shown above. For n ⊥ s,
Eq. (2.12) reduces to

jy
s,int(T = 0) = 1

4π

(
g↑↓

i + g↑↓
r n×

) (
µ0

s s × n
)

(2.20)

with the imaginary g↑↓
i and real g↑↓

r part of the conventional spin mixing conductance
g↑↓ = g↑↓

r + ig↑↓
i [96–98]. The spin mixing conductance can be interpreted as a

measure of the number of spin-flip scattering events at a HM/MOI interface for
an ensemble of electron spins when n ⊥ s [104, 105]. Such a scattering process
transfers spin angular momentum to the magnetic order of the MOI due to angular
momentum conservation, which results in a torque acting on the magnetic order
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Fig. 2.2 – Spin-flip scattering processes at a HM/MOI interface. For an interfacial spin
current js, int the orientation of the spin accumulation in the HM given by s and
the direction of the magnetic order parameter n in the MOI are relevant. The
electrons in the HM as well as the MOI posses a finite temperature Te and Tm,
respectively. (a) For s ⊥ n, the electrons scatter elastically at the interface flipping
their spin. Their spin angular momentum is transferred to the MOI, leading to
the torques τr and τi described by Eq. (2.12) acting on n. (b), (c) For s ∥ n,
the electrons are inelastically scattered at the interface and flip their spin due to
an interaction with the thermal magnon spectrum in the MOI. For (b) a parallel
configuration of s and n magnons are excited, while they are absorbed by the
electrons for (c) an anitparallel configuration. The figure has been taken from
Ref. [68].

vector n. This means the factor provides information on the interfacial spin torque
transparency [93, 101, 106–108]. Note that other possible interfacial processes that
preserve spin during a scattering event do not transfer any angular momentum to
the MOI, i.e. the interfacial reflection amplitudes in Eq. (2.13) exhibit a value of 1
and therefore are not of relevance for the spin mixing conductance [96].

When we now consider a finite temperature for the configuration n ⊥ s, the
interfacial spin current can be described by the first line in Eq. (2.12) related to
n × µ0

s , since the other terms vanish for n ⊥ s. The physical principle behind these
contributions are depicted in Fig. 2.2(a), where electrons carrying the pure spin
current scatter elastically at the HM/MOI interface and flip their spin. The spin
flip, in turn, induce an excess spin angular momentum of ℏ, which is transferred
via a torque τ = τr + τi onto the magnetic order parameter n. We can distinguish
between the so-called damping-like torque τr ∝ g̃↑↓

r n × (n × s) and the field-like
torque τi ∝ g̃↑↓

i (n × s) 16. While τr can be associated with the real part of the spin
mixing conductance g↑↓

r , τi is related to its imaginary part g↑↓
i . Since g↑↓ analogue to

the electrical transport is composed of a real and imaginary part, we can relate the
phenomenon to the complex electrical interface impedance as detailed here within a
classical picture.

16The naming scheme evolved from the equivalent vector symmetries known from the Landau-Lifshitz-
Gilbert equation [109, 110].
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magnet
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Fig. 2.3 – Classical picture of the spin torques contributions at a HM/MOI interface for
the configuration n ⊥ s. (a) The first contribution τr, which is related to the
real part of the spin mixing conductance g↑↓

r , originates form the precession of
the at the interface scattered electron spins in the exchange field of the magnet,
resulting in a dephasing of the spins. (b) The second contribution to the torque τi
is associated with g↑↓

i and results from an incomplete dephasing of the electron
spins. Thus, these electrons, in contrast to the ones in panel (a), feature a finite
spin moment along the transverse direction. The figure has been taken from
Ref. [68].

In the case of the damping-like torque, the electron spin s precesses in the
exchange field of n leading to a dephasing of the scattered quantity [93, 106].
This means the phase of the corresponding precession is rather random, since the
scattered conduction electrons in the HM can feature any wavevectors allowed by
the Fermi surface and therefore the superposition of all electron scattering events
results in a loss of the transverse spin momentum as illustrated in Fig. 2.3(a).
The latter is transferred to the magnetic order of the MOI via the torque τr (see
Fig. 2.2(a)). Comparing this with the more familiar case of electronic transport,
we can associate the dissipation of the spin magnetic moment to the real part of
the electrical interface impedance, the resistance. Both quantities, the real part of
the spin mixing conductance and the electrical resistance, capture the dissipation
of spin angular momentum or moving electrical charge, respectively. As depicted
in Fig. 2.3(b) for the field-like torque τi, the electron spin also precesses in the
exchange field of n, however, the dephasing is not completed and thus the scattered
electrons retain a finite spin momentum along the original transverse direction s.
In this case, the torque is exerted directly on n. The lack of dephasing and the
resulting dissipationless spin precession can be related to the imaginary part of the
electrical impedance, the reactance. In other words, both g̃↑↓

i and the reactance
quantify the dissipationless part of the spin or charge transport, respectively. The
last term in this configuration related to the time derivative ṅ accounts for the
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spin pumping contributions stemming from a coherent precession of the magnetic
order [98, 111–116].

Last but not least, we discuss the contributions to the interfacial spin current,
which become relevant when n ∥ s. For this configuration, we have to consider the
second line of Eq. (2.12), where the purely thermally activated coefficients, g the
spin conductance and S the spin Seebeck coefficient become relevant. In general,
for n ∥ s, the incident spin current polarization s cannot exert a static torque on
n. However, a coupling to magnetic fluctuations is possible as they represent an
effective (transient) misalignment of s and n, which allows for a finite torque. The
resulting spin transfer across the interface relies on the two mechanisms already
captured in the relations above. On the one hand, it is driven by the chemical
potential difference ∆µ = µm − µs (cf. Eq. (2.17)), and on the other hand by the
finite interfacial temperature difference δT (cf. Eq. (2.18)).

The contribution proportional to g in Eq. (2.12) captures inelastic spin-flip scat-
tering events of the spin polarized electrons [95], as illustrated in Fig. 2.2(b) and
(c). In this case, the scattered electrons release some of their energy and transfer
their spin angular momentum to the MOI exciting (panel (b)) or absorbing (panel
(c)) a magnon in the thermal spectrum therein depending on the relative orien-
tation between s and n. In the first case when s is parallel to n, this leads to a
non-equilibrium magnon accumulation at the HM/MOI interface. In contrast, for
the second case when s is antiparallel to n, a non-equilibrium depletion is obtained.
This magnon accumulation/depletion can be characterized by an interfacial magnon
chemical potential µ0

m. We see that this phenomena only occurs at finite tempera-
tures, since the spin-flip scattering process is only possible when the electronic
spin can interact with a thermally excited magnon state in the MOI. The last term
related to S, also only occurs for finite temperatures and as already mentioned is
driven by a temperature difference between the magnon system with temperature
Tm and the electron system with temperature Te. It is important to mention that this
effect is independent of the relative orientation between s and n. Instead, the spin
polarization s is determined by the magnetic order parameter n. This temperature
driven spin current across a HM/MOI interface is in general known as the spin
Seebeck effect (SSE) [117, 118].

The spin transport across HM/MOI interfaces is the basis of several phenomena
such as the spin Hall magnetoresistance [69, 92, 119] and all-electrical magnon
transport experiments [43, 120], which we exploit in this thesis. In particular, the
detection of these interfacial spin currents in such experiments allows to separate
the effects from other spurious signals, as the process can be tuned by the relative
orientation between s and n.
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2.4 Spin Hall Magnetoresistance

First, we focus on the spin Hall magnetoresistance (SMR), which was observed
for the first time in the discussed HM/MOI bilayers [119]. The effect appears
as a modulation of the resistance in the HM depending on the orientation of the
magnetic order parameter n in the MOI. As already mentioned, the SMR originates
from pure spin current transport across the HM/MOI interface, which is detailed in
the following.

The underlying physics of the SMR are sketched in Fig. 2.4. In experiments, a
charge current is applied to the HM layer determining the charge jc and spin js

flow direction and thus also the spin polarization s. Within our chosen coordinate
system, the charge current is driven along x̂ leading to a spin current along the
y-direction with s ∥ ẑ due to the SHE (cf. Eq. (2.10)). The interfacial spin current
is described by Eq. (2.12) and depending on the relative orientation of n and s

different contributions dominate. Here, we only focus on the main results, while
detailed calculations are presented in Refs. [69, 70]. To keep the discussion of
the SMR simple, we neglect finite temperature effects [69, 121] and provide a
qualitative picture of the effect. For T = 0, we can utilize Eq. (2.20), where the
spin conductance and the spin Seebeck coefficient vanish (g = S = 0) and the
effective spin mixing conductance reduces to g↑↓. As discussed in the previous
section, jz

s, int(T = 0) is zero for the configuration n ∥ s (cf. Fig. 2.4(a)), while
we obtain a finite value for n ⊥ s (cf. Fig. 2.4(b)). This difference influences the
transverse and longitudinal electrical resistivity ρ of the HM layer. Since the latter
is the relevant quantity in this thesis, we only focus on the longitudinal resistivity
modulation.

The situation for n ∥ s is depicted in Fig. 2.4(a). Since the SHE-induced spin
current js cannot enter the MOI applying open circuit conditions, a spin accumulation
µ0

s builds up at the interface. This in turn, gives rise to a gradient −∇µs, which
drives an opposing spin current js, back along ŷ as described in Eq. (2.4). This means
there is no net spin current (steady state condition), as js, tot = js + js, back = 0
and thus a similar resistivity behavior as that of a bare HM layer is obtained for
T = 0. An analogous picture is found for charge transport, where a charge carrier
accumulation at an interface leads to the generation of an electric field, which in
turn drives an opposing drift current, so that there is no net charge current. In
contrast for n ⊥ s, the applied charge current is dissipated/absorbed partially by
the MOI via the spin torque on n, as illustrated in Fig. 2.4(b). Due to the resulting
dephasing of the spins and the loss of transverse spin momentum in the HM, the
opposing spin current js, back is smaller compared to the other configuration, which
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Fig. 2.4 – Influence of the magnetic order n in the MOI on the electrical resistivity ρ in
the attached HM at T = 0. (a) For n ∥ s, a similar situation as for a bare
HM layer is present. The SHE-induced spin current js cannot enter the MOI
resulting in an antiparallel oriented, diffusive spin current js, back described via
Eq. (2.4) in the steady state. For a finite temperature only a small spin current
flows across the interface and a magnon accumulation underneath the HM builds
up due to the spin conductance g. (b) For n ⊥ s, spin current flow across the
interface is enabled exerting a torque τ onto n in the MOI. As the backflow drift
current js, back only compensates a fraction of the incident spin current, the spin
accumulation at the interface is reduced compared to panel (a). This in turn leads
to a larger ρ. The figure has been taken from Ref. [68].

results in a larger resistance of the HM layer compared to that of a bare HM layer,
where this spin dissipation channel is unavailable.

In order to express the longitudinal resistivity, we switch to a more general
nomenclature and redefine the coordinate system in Fig. 2.4. Here, x̂ corresponds
to the charge current direction j, ŷ is the surface normal and ẑ is defined as the
transverse direction t = ŷ × j. Thus, the longitudinal resistivity ρlong of the HM as a
function of the magnetic order parameter n is given by [119]

ρlong = ρ0 + ∆ρ(1 − nt
2) , (2.21)

where nt = n · t is the projection of n onto t. Furthermore, ρ0 denotes the resistivity
of a bare HM layer and ∆ρ = ρ∥ − ρ⊥ is the SMR-induced resistivity change where
ρ∥ and ρ⊥ correspond to the HM resistances obtained for the configurations n ∥ j

and n ⊥ j, respectively. Note that ρ0 = ρ⊥ in our case for T = 0. Finally, we can
express the relative SMR amplitude assuming g↑↓

r ≫ g↑↓
i as [69, 70]

∆ρ
ρ0

=
θSH

2(2ł2
sρe)(tHM)−1g↑↓

r tanh2
(

tHM
2ls

)
h
e2 + 2łsρeg

↑↓
r coth

(
tHM

ls

) . (2.22)
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Here, ls is the spin diffusion length and ρe = 1/σe defines the electrical resistivity.
The SMR ratio ∆ρ/ρ0 calculated from several microscopic parameters allows us
to extract important quantities under certain conditions. For example, measuring
the SMR as a function of the HM thickness tHM enables the extraction of the
magnitude of the spin Hall angle |θSH| and ls, when the spin mixing conductance is
known [92, 122]. On the other hand, when these HM parameters are well known,
like for the material of our choice, Pt [122], the SMR provides a great tool to
determine g↑↓

r . In this work, we use the SMR exclusively as a characterization
tool for yttrium iron garnet/platinum interfaces, where the imaginary part of the
spin mixing conductance is about 2 orders of magnitude smaller than its real part
and thus the above assumption g↑↓

r ≫ g↑↓
i holds [92, 101, 123]. However, this

assumption is not valid for all material systems. In Ref. [124] an europium-based
MOI/Pt bilayer was investigated even suggesting that g↑↓

r ≪ g↑↓
i .

Overall, the description of the SMR effect at T = 0 represents an excellent approxi-
mation also for finite temperatures [92]. Although g > 0 for finite temperatures and
thus a finite interfacial spin current transport for n ∥ s is obtained, it is reasonable to
assume g ≪ g↑↓ even at room temperature due to its strong temperature dependence
(g ∝ T 3/2) [76].

2.5 Charge Current Induced Magnon Transport in
Magnetically Ordered Insulators
In this Section, we introduce the physical principles of all-electrical magnonic spin
transport experiments. Such experiments are based on spin-to-charge conversion
processes (Sec. 2.2) as well as interfacial spin current transport (Sec. 2.3). In
contrast to the introduction of the SMR in the previous section, where we considered
T = 0, we here have to account for finite temperatures as they enable a finite
spin injection into the MOI for n ∥ s. As we have seen in Eq. (2.12), the spin
injection via a spin accumulation at a HM/MOI interface depends on the relative
orientation between the injected spin s and the magnetic order n as well as on the
temperature difference between the HM and MOI system. In order to account for
this, we can introduce the interfacial magnon flux jm, int = jy

s, int · (−n) 17 for T > 0
and obtain [95]

jm, int = −g(µ0
m − µ0

s s · n) − S(Tm − Te) . (2.23)

17According to our considerations magnons are excited in the MOI, instead of depleted, when s and
n are oriented antiparallel. The minus sign between jm, int and jy

s, int stems from this fact. This
means the magnon current carries magnetic moment along −n.
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This interfacial magnon current is composed of two contributions. On the one
hand, spin injection is possible via the spin conductance g depending on the relative
orientation between s and n, which we refer to as SHE-induced/electrically induced
magnon injection in the following. On the other hand, the thermally induced magnon
injection characterized by the spin Seebeck coefficient is enabled for arbitrary
directions. We discuss these two contribution in the context of all-electrical magnon
transport experiments in HM/MOI bilayers in more detail and in addition provide
more details on the diffusive magnon transport in the MOI.

2.5.1 Magnon Generation and Detection via Heavy Metal Electrodes
The presented concept of all-electrical magnon spin transport experiments was
initially introduced theoretically by Zhang and Zhang [125, 126]. The first experi-
mental realization followed a few years later by Cornelissen et al. [43] and shortly
after by Goennenwein et al. [120]. These experiments utilize two spatially separated
HM electrodes attached to a MOI as sketched in Fig. 2.5. For convenience, the
left electrode, the injector, electrically injects magnons via the SHE, while the right
electrode, the detector, allows for an electrical detection via the ISHE. When a charge
current jc is applied along the injector electrode, a spin current js flowing towards
the HM/MOI interface is generated according to Eq. (2.10). Determined by the
device geometry and the direction of jc, the spin polarized electrons approach the
interface with a fixed direction of spin polarization s.

First focusing on the SHE-induced magnons according to the first term in Eq. (2.23),
the spin current couples to the thermally occupied magnon states of the MOI via
g for s ∥ n (cf. Fig. 2.5(a)). In order to allow for a general description, which
also includes multi-sublattice magnetic insulators with ferri- or antiferromagnetic
order, we consider two magnon modes with opposite chiralities introduced as α-
and β-mode. The opposing magnetic sublattices in ferri- or antiferromagnets give
rise to magnons with different chiralities and thus magnon polarizations [127–133].
However, in most conventional ferrimagnets, like for example yttrium iron garnet
studied in this thesis, the magnetic structure can be treated as a single sublattice
and thus as a quasi-ferromagnetic system. For a ferromagnetic order, it is sufficient
to consider only one thermally occupied magnon mode, for example magnons are
only part of the α-mode. In general, the α-mode corresponds to magnon excitations
in which the magnetic moments are oriented opposite to n 18, while β-mode excita-
tions are directed along n [36]. This means for a parallel orientation of n and s,
α-modes are excited and β-modes are depleted, while the two modes interchange

18Note that the spin magnetic moment is oriented opposite to the spin direction s as electrons feature
a negative charge (−e) resulting in a negative gyromagnetic ratio γ.
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Fig. 2.5 – All-electrical magnon transport scheme of a two-terminal HM/MOI heterostruc-
ture. Two electrically isolated HM electrodes are attached to a MOI with the
ordering parameter n. (a) A charge current jc applied to the left electrode,
referred to as injector, leads to a spin current js with spin polarization s inducing
an electron spin accumulation at the HM/MOI interface. Due to the parallel
orientation of s and n, thermally occupied α-modes are excited, while β-modes
are depleted. The resulting diffusive magnon spin current in the MOI with both
modes contributing positively is then converted back into a charge current jc, det
via the inverse process at the second electrode, the detector, where the charge
current can be detected as an open circuit voltage. (b) The charge current driven
through the injector additionally leads to current-induced Joule heating injecting
magnons thermally in the area beneath the HM electrode. In this case, both modes
are excited simultaneously in the MOI and an effective magnon spin current due
to thermally generated magnons can only be detected via the ISHE at the second
electrode if a finite imbalance of the occupation of the α- and β-mode is present.
In the simplified case of a ferromagnet, only one mode has to be considered. The
figure has been taken from Ref. [68].
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their roles for an antiparallel configuration of n and s. In addition to a reversal of n,
a reversal of the charge current jc can also lead to a change in the type of magnons
accumulated or depleted below the injector due to the SHE symmetry. As indicated
in Fig. 2.5(a), the simultaneous excitation of one polarization of magnons and the
depletion of oppositely polarized magnons add up and contribute to the magnon
spin current with the same sign [134]. The spatially confined magnon injection
gives rise to a localized non-equilibrium magnon accumulation µm and leads to a
diffusive magnon current transport [43]. The magnon spin current flows to the
detector, where it is converted back to a spin accumulation µs and induces a spin
current js according to Eq. (2.4). In the HM electrode, js is then transformed into a
charge current jc, det via the ISHE (cf. Eq. (2.11)), which is directed along the same
direction as the applied charge current at the injector. Under open circuit conditions,
this current can be measured as a voltage drop Vdet across the HM detector electrode.
Since the spin-to-charge or charge-to-spin conversion are exploited at the injector as
well as at the detector, the symmetry of the SHE is applied twice in these magnon
transport experiments. In angle-dependent measurements, where the orientation of
n is varied with respect to s, a 180◦-symmetric modulation of the detected voltage
is expected, since the the injected and detected spin direction s or jc, respectively,
determines the sign of the signal and this process is independent of whether s is
parallel or antiparallel to n.

The second effect allowing for magnon injection depicted in Fig. 2.5(b) originates
from Joule heating. Due to the finite resistance of the HM strip, a charge current
applied to the injector is always accompanied by Joule heating. This effect is
captured in Eq. (2.23) via the spin Seebeck coefficient S and a finite temperature
difference between Tm and Te at the interface induced by the charge current heating.
Moreover, Eq. (2.23) shows that the thermal injection of magnons is independent
of s. Consequently, the magnon polarization is exclusively determined by the
orientation of n and both the α- and β-mode are excited simultaneously. The
efficiency of this process depends on the thermal occupation of the two modes
in the system [129, 130]. Considering a collinear easy-axis antiferromagnet, the
oppositely polarized magnon modes are degenerate and the two contributions
compensate each other resulting in an effective thermally excited spin of zero. One
can think of different possibilities to lift this compensation effect and locally increase
the magnon chemical potential, which enables a finite magnon spin transport. In
these easy-axis antiferromagnets it has been demonstrated that the degeneracy is
lifted when an external magnetic field is applied along the easy-axis [132, 135]
or perpendicular to the sublattice magnetizations leading to a deviation from the
collinear arrangement [134]. In more complex anitferromagnets, such as easy-
plane antiferromagnets, the degeneracy can also lifted by the Dzyaloshinskii-Moriya
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interaction [136, 137], dipolar interactions or certain anisotropies [48, 128, 138].
For a ferromagnetic order, we only have to account for one magnon mode, i.e. there
is always a finite excess spin accumulation along n and therefore a finite magnon
spin transport due to thermally injected magnons. Several experimental studies
showed that thermally induced magnon transport is mainly driven by gradients in
the magnon chemical potential µm and the magnon temperature Tm [139–141].
A more detailed description of the magnon transport can be found in Sec. 2.5.2.
The thermal contribution of the magnon transport is measured at the detector
as a superposition of these two effects. Another effect of the current heating is
the variation of the temperature profile across the whole device due to pure heat
currents. This might induce an interfacial temperature difference between Tm and
Te at the detector position leading to a spin Seebeck current across the interface
according to Eq. (2.12). However, this effect was estimated to have a minor effect
on the transport signal [141]. Overall, the signal due to thermally injected magnons
exhibits a 360◦-symmetric angle dependence, since the thermal magnon polarization
is determined by the direction of n and only the ISHE symmetry at the detector
gives rise to an angular modulation. Due to different symmetries of the detected
voltage, thermally and electrically induced magnons can be easily distinguished.

2.5.2 Magnon Transport

Up to now, we mainly focused on the electrical injection and detection mechanisms
in the HM and the transport across the HM/MOI interfaces. In order to provide a
full picture of all-electrical magnon transport experiments, we discuss the magnon
transport properties in the following.

Most importantly, we have to take into account the transport of a large magnon
ensemble with broad spectral range. The incoherent excitation process leads to a
non-equilibrium magnon accumulation µm, which exhibits a broad range of mean
free paths, instead of enabling a magnon transport of a certain frequency and
wavevector. The spatial and temporal dynamics of non-equilibrium distribution
functions is well described in the theoretical framework of the Boltzmann transport
theory [76, 126, 126]. First, we consider the rather simple case of magnon transport
in a ferromagnetic insulator (FMI) with a single parabolic magnon band using the
dispersion relation ϵm(k) = ℏωm(k) = ϵ0 + Jsk

2, where ϵ0 denotes the magnon gap
energy and Js is the exchange stiffness parameter. Utilizing the Boltzmann equation
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of motion, the magnons can be described by the position vector r, wavevector k and
time t dependent distribution function f(r,k, t), which can be written as 19

∂f

∂t
+ 1

ℏ
∂ϵm(k)
∂k

· ∇rf = Γscat + Γint . (2.24)

Here, Γscat denotes the relaxation rate due to magnon scattering, while Γint accounts
for the relaxation (or injection) rate due to interfacial effects. However, the latter
describing contributions from the HM/MOI interface according to Eq. (2.12) is
treated only as a small perturbation of the system in the following. Accounting for
multiple scattering processes, we can utilize the relaxation time approximation for
the scattering rate given by

Γscatt = −
∑

i

f − f i

τi
, (2.25)

where f i is the quasi-equilibrium distribution function the magnon subsystem i

relaxes into and τi defines the corresponding relaxation time. The index sums
over the different characteristic scattering processes leading to the relaxation of the
system with i ∈ {mm,mp, el,mr}. According to Ref. [95], we distinguish between
processes that conserve the number of magnons, like magnon-magnon scattering
(i = mm), magnon-phonon scattering (i = mp) as well as elastic magnon-defect
scattering (i = el), and magnon non-conserving processes, which are captured by
i = mr. Latter is, for example, taken into account by the magnetic Gilbert damping
αG and correspond to magnon scattering with a phonon bath. Similar to the spin
of electrons, the number of magnons is not a conserved transport quantity. In the
following, we assume τmr ≫ τmm, τmp, which is a good approximation for FMIs
that are relevant for this type of magnon transport so far. In particular, for the
ferro-/ferrimagnet yttrium iron garnet, which is investigated in this thesis, τmr was
calculated to be 2-3 orders of magnitude larger than magnon conserving scattering
times [76]. These calculations show that magnon conserving processes dominate
the magnon scattering in the system. Moreover, each of the quasi-equilibrium
distributions f i can be expressed by a Bose-Einstein distribution function nB =
(ϵm, µm, T ) = (exp[(ϵm(k) − µm)/(kBT )] − 1)−1.

19Note that the ’field-term’ 1/ℏ∇rϵm(k) · ∇kf(r, k, t) of the Boltzmann equation [73] is neglected,
since we work with spatially homogeneous magnetic fields in our experiment and thus expect
∇rϵm(k) = 0.
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For the four characteristic scattering processes the quasi-equilibrium distributions
read as

fmm = nB(ϵm, µm, Tm) , (2.26a)

fmp = nB(ϵm, µm, Tp) , (2.26b)

f el = nB(ϵm, µm, Tm) , (2.26c)

fmr = nB(ϵm, 0, Tp) , (2.26d)

where the magnon conserving relaxation mechanisms (i ∈ {mm,mp, el}) do not
affect the magnon accumulation and thus µm ̸= 0. In contrast, the magnon accumula-
tion relaxes for the magnon non-conserving scattering processes (i ∈ {mr}) resulting
in µm = 0. Furthermore, we can assign characteristic temperatures to the quasi-
equilibrium distributions f i depending on the scattering process. Since i ∈ {mm, el}
represents magnon relaxation processes within the magnon system, the magnon
temperature Tm can be substituted into f i. Furthermore, the phonon temperature Tp

can be used for the other two scattering mechanisms with i ∈ {mr,mp} as magnons
relax into the phonon bath. In general, the magnon temperature equilibration to
the phonon bath takes place on a length scale of about 1 nm [76, 142]. Therefore,
it is reasonable to assume that magnons are equilibrated with the phonons at all
times and thus T = Tm = Tp. With these considerations, we can solve Eq. (2.24)
under steady state conditions. To this end, we assume a linearized solution for the
distribution function according to f(r,k, t) = g(k) + nB(ϵm(k), µm(r), T (r)), where
g(k) represents the non-equilibrium wavevector distribution of the magnons and the
Bose-Einstein distribution function considers a space-dependent magnon chemical
potential µm(r) and temperature T (r). Substituting this ansatz into Eq. (2.24), we
obtain

g(k) = τm

(
−∂nB(ϵm(k),µm,T )

∂ϵm(k)

)
1
ℏ
∂ϵm(k)
∂k

×
[
−∇µm(r) − ϵm(k) − µm

T
∇T (r)

] (2.27)

with (τm)−1 =
∑

i(τi)−1 the total magnon scattering time 20. Utilizing Eq. (2.27),
we can express the corresponding spin current density with the assumption that
every magnon carries a spin momentum of ℏ as

jm = ℏ
∫ dk

(2π)3 g(k)1
ℏ
∂ϵm(k)
∂k

. (2.28)

20For the evaluation the approximation τmr ≫ τm was used, which represents a reasonable assumption
as discussed above.
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Furthermore, each magnon carries an energy of ϵm(k) − µm, which enables the
definition of the heat current density in a similar fashion according to

jh =
∫ dk

(2π)3 g(k)(ϵm(k) − µm)1
ℏ
∂ϵm(k)
∂k

. (2.29)

As already stated in the previous section, the magnon spin (jm) and heat (jh)
currents for the magnon transport in FMIs are driven by ∇µm and ∇T . We can write
down the transport equations of the magnon system in a more general form:(

jm

jh

)
= −

(
σm ℏL/T
L κm

)(
∇µm

∇T

)
. (2.30)

Here, the 2 × 2 matrix contains the linear response transport coefficients, which
can be derived by evaluating the k-dependent integration in Eqs. (2.28) and (2.29)
in linear response. In Eq. (2.30), σm is the magnon conductivity, κm represent
the magnon heat conductivity and L denotes the bulk spin Seebeck coefficient 21.
Note that the magnon conductivity introduced in Eq. (2.30) exhibits a noticeable
similarity with the Drude model [144, 145]. As calculated in Ref. [68], the magnon
conductivity can be expressed as

σm = 3ℏnmτm
mm

(2.31)

with nm the thermal magnon density and mm = ℏ2/(2Js) the effective magnon mass.
The electrical conductivity introduced within the Drude model, on the other hand,
reads σe = e2neτe/me, where ne is the electron density, τe the electron scattering
time and me the electron mass 22. Due to the cross terms in Eq. (2.30), both µm and
T contribute to jm and jh. However, in the case of SHE-induced signals temperature
driven magnon spin currents were found to contribute only as a minor correction to
the signal [76, 133]. In contrast, the thermally induced magnon transport signal is
affected significantly by temperature gradients via the bulk spin Seebeck coefficient
L [140, 141]. At this point, we omit a further discussion of heat currents and
temperature driven effects and focus on magnon chemical potential gradient ∇µm

21The bulk spin Seebeck coefficient L should not be confused with the interfacial spin Seebeck
coefficient S introduced in Eq. (2.12). While latter accounts for the spin transfer efficiency across a
HM/MOI interface due to a finite temperature difference, L represents the response function to
temperature and magnon chemical potential gradients for magnon and heat currents in a MOI,
respectively [143].

22Note that the transport quantities ℏ and e in these two relations describing the magnon and electron
conductivity, respectively, appear with different powers due to the different definitions of their
associated current density. While the magnon current density reads jm = −σm∇µm, the electrical
current density is defined as jc = −(−σe/e)∇µ.
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driven effects. Throughout this thesis, we consider that the magnon spin current jm

is only driven by ∇µm.

In an analog manner as for spin currents (cf. Sec. 2.1.2), we derive the magnon
spin diffusion equation exploiting the continuity equation for jm, which is given by

∂ρm
∂t

+ ∇ · jm = −Γmr ρm , (2.32)

with Γmr the magnon relaxation rate and ρm the non-equilibrium magnon spin
density. Similar as for electron spin, the non-vanishing term on the right hand side
of Eq. (2.32) accounts for the non-conserved character of magnons. Evaluating ρm

in linear response leads to

ρm = ℏ∆nm = ℏ
∫ ∞

0
dϵm g(ϵm) [nB(ϵm,µm, T ) − nB(ϵm,0, T )]

≈ ℏ
ζ(1/2)
Λ3kBT

µm .

(2.33)

Here, ∆nm denotes the non-equilibrium magnon number density, while we iden-
tify ∂ρm/∂µm = ℏζ(1/2)/(Λ3kBT ) with ζ(x) the Riemann-Zeta function and Λ =√

4πJs/(kBT ) the thermal (de-Broglie) wavelength [76]. Combining Eqs. (2.30),
(2.32) and (2.33), we can introduce the magnon spin diffusion equation as

∂µm
∂t

−Dm∇2µm = −µm
τmr

(2.34)

with Dm = σm(∂ρm/∂µm)−1 the magnon diffusion constant. Furthermore, the
magnon spin lifetime is given by τmr = Γ−1

mr representing the magnon spin non-
conserving scattering times in accordance with their introduction above. To this end,
we can similar as for the spin diffusion equation define the magnon decay length as
lm =

√
Dmτmr

23.

In order to highlight the spatial characteristics of diffusive magnon spin transport,
we solve Eq. (2.34) analytically, which is only possible in one dimension. Considering
the structure introduced in Fig. 2.5, we assume the one dimensional transport along
the spatial coordinate z. Hence, we can apply the boundary conditions µm(z = 0) =
µ0

m with µ0
m the magnon accumulation at the injector position z = 0 and µm(z =

d) = 0, where we assume that the complete magnon accumulation is absorbed at
the detector position d [43]. The resulting analytical expression for the magnon
spin current reads jm(d) = −Dm

∂µm(d)
∂d = −2Dm

µ0
m

lm
exp(d/lm)/(1 − exp(2d/lm)). In

23Note that this terminology has to be contrasted with the diffusion of conserved particles, such as gas
diffusing into a room. However, since the magnon transport described in Eq. (2.34) is diffusive in
nature and captured by the spatial variation of its chemical potential, the magnon propagation or
decay length has often been called the magnon “diffusion length” in literature [43, 76, 120].
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1/2d

exp(-d/lm)

Fig. 2.6 – Calculated evolution of the normalized magnon spin current jm as a function of
the injector-detector distance d. The black line is the analytical solution obtained
from Eq. (2.34). For d ≪ lm the signal decay is well described by a 1/(2d)
relation (green line). In contrast, for d ≫ lm the magnon spin current exhibits an
exponential transport scaling as exp(−d/lm) (red line).

Fig. 2.6, the normalized magnon spin current jm is plotted in black as a function
of d/lm. As indicated by the two other dashed lines, we can distinguish between
two characteristic magnon spin transport regimes. For d ≪ lm, the spatial decay
of jm reduces to a 1/(2d) dependence (green line). In this regime, the transport is
identical to a diffusion process without relaxation such as diffusive charge transport.
Thus, in very good approximation the magnon spin transport can be treated analog
to an ohmic-like charge transport, where we assume a linear relation between jm
and ∇µm via the magnon spin conductance σm. For the second regime, we evaluate
the other limiting case d ≫ lm, where we find an exponential decay of the magnon
spin current according to exp(−d/lm) (red line). This enables an easy determination
of lm in MOIs via distance-dependent measurements of the magnon spin transport
signal using the introduced all-electrical magnon transport devices (cf. Fig. 2.5).

Indeed, this magnon spin transport description can also be applied for antifer-
romagnetic insulators (AFIs). However, in this case, individually defined magnon
spin chemical potentials and temperatures of the two oppositely polarized α- and
β-modes have to be taken into account [36]. While this approach works well for
easy-axis antiferromagnets, where the magnon transport can be described by the
magnon chemical potential [134], it is more complex for non-trivial antiferromag-
netic spin textures such as easy-plane antiferromagnets [127]. In such systems,
the rotational symmetry about the magnetic order n is broken due to magnetic
interactions. This, in turn, leads to a coupling between the oppositely polarized
magnon modes and allows for arbitrary superposition states of the two basis modes.
It has been shown that this antiferromagnetic magnon system can be well described
by the so-called pseudospin concept [138], which we introduce in Chapter 5.
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Experimental Details 3
In this Chapter, we provide details of the samples investigated in the subsequent
Chapters. To allow for a proper understanding and discussion of the presented
results below, we first introduce the studied material systems in Sec. 3.1, followed by
the description of the nanofabrication process of the samples in Sec. 3.2. In Sec. 3.3,
the experimental setup is introduced.

3.1 Material Systems
Throughout this work, two magnetically ordered insulators have been studied,
namely the ferrimagnet yttrium iron garnet (Y3Fe5O12 , YIG) and the antiferromagnet
hematite (α-Fe2O3 ). In the following, we summarize their structural and magnetic
properties.

3.1.1 Ferrimagnetic Insulator - Yttrium Iron Garnet
The rare-earth iron garnet magnetic insulator Y3Fe5O12 features a body-centered-
cubic (bcc) conventional unit cell with a lattice constant a = 12.38 Å [146, 147].
Overall, the conventional unit cell corresponds to 4 formula units [148] and contains
80 atoms (12 Y3+, 20 Fe3+ and 48 O2− ions). While the yttrium Y3+ ions are
dodecahedrally coordinated, 8 Fe3+ ions are octahedrally (FeA) and 12 Fe3+ ions are
tetrahedrally (FeD) coordinated to the O2− ions. A simulation of the middle layer of
the YIG unit cell is shown in Fig. 3.1. The finite net magnetic moment in YIG origi-
nates from the Fe3+ ions each characterized by a total spin number of S = 5/2. In
contrast, the yttrium Y3+ ions have completely filled shells and therefore the electron
configuration carries no net magnetic moment. The latter applies also for the oxygen
O2− ions. This results into two magnetic sublattices stemming from the FeA and
FeD moments. Within both sublattices the magnetic moments are antiferromagneti-
cally exchange coupled exhibiting exchange energies of JAA = −0.92 × 10−21 J and
JDD = −3.24 × 10−21 J [149]. However, in YIG the inter-sublattice exchange with
JAD = −9.6 × 10−21 J [149], which is also antiferromagnetic, dominates, leading
to a parallel orientation of the intra-sublattice spins. Therefore, the spin struc-
ture in YIG can be represented as two antiferromagnetically coupled sublattices (cf.
Fig. 3.1). Although the MOI Y3Fe5O12 is a ferrimagnet, it is usually treated as a single
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O2-

Fig. 3.1 – Middle layer of the cubic unit cell of Y3Fe5O12 . The Y3+ ions and O2− ions are
represented by red and blue spheres, respectively. The magnetic sublattices com-
posed of octahedrally coordinated Fe3+ ions (FeA, light green) and tetrahedrally
coordinated Fe3+ ions (FeD, dark green) are depicted by spheres, where the spin
orientation is indicated via arrows. This simulation has been taken from Ref. [68].

sublattice ferromagnet, due to this strong antiparallel coupling of the sublattices
persisting external magnetic fields up to 250 T [150, 151]. The total magnetization
MMM of the ferromagnet is given by the net magnetizationMMMFe, net = MMMFeA +MMMFeD. In
addition, the strong antiferromagnetic coupling leads to the large magnetic ordering
temperature TC = 559 K (Curie Temperature). The cubic symmetry of the crystal is
also reflected in the magnetic anisotropy with the crystalline cubic anisotropy [151]
determining the magnetic easy- and hard-axes for the magnetization direction. The
corresponding anisotropy field is on the order of a few mT in bulk crystals [152].
Within the thin film limit, an additional shape anisotropy emerges with a magnetic
hard-axis pointing out-of-plane, which is present for all studied YIG samples in this
work. Featuring low magnetic damping with a magnetic damping coefficient as low
as αG = 4 × 10−5 in bulk crystals [152–154] and a slightly larger value of about
1 × 10−4 in thin films due to surface defects and inhomogeneties [153, 155, 156],
YIG is the preferable choice of material for efficient and long-distance spin transport
for both incoherently [43, 120] and coherently [157] excited spin waves.

3.1.2 Antiferromagnetic Insulator - Hematite

In the second part of this work, we focus on the antiferromagnetic insulator hematite
(α-Fe2O3 ), which crystallizes in a corundum structure. The simulated crystal struc-
ture is shown in Fig. 3.2(a) in side view as well as in top view in Fig. 3.2(b). The
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(a) (b)

Fe3+

O2-

Fig. 3.2 – (a) Side and (b) top view of the corundum crystal structure of α-Fe2O3 . The
hexagonal conventional cell consists of three trigonal unit cells as emphasized
by thick gray connector lines. While the oxygen O2− ions are represented by
blue spheres, the magnetic Fe3+ ions are depicted as green spheres with arrows
that show the spin orientation. The slight canting between the spins of the two
sublattices indicate the DMI present in the system. This simulation has been taken
from Ref. [68].

conventional unit cell with the lattice constants a = 5.04 Å and c = 13.77 Å [158]
contains 6 times the formula unit. As depicted in Fig. 3.2, the oxygen ions (blue
spheres) might be described as a hexagonal system, however they are slightly dis-
torted with respect to their neighboring layers in such a way that only every sixth
layer along the hexagonal [0001]-direction lies directly on top of each other. The
magnetic Fe3+ ions with the total spin number S = 5/2 in between the oxygen layer
are coordinated octahedrally to the O2− ions. Since each iron layer is only occupied
up to two-thirds, the symmetry is lowered to a trigonal structure, as indicated
by thick connector lines in Fig. 3.2. For α-Fe2O3 the relevant exchange coupling
strength is given by the five nearest neighbors of the magnetic Fe3+ ions [159],
where the antiferromagnetic exchange couplings of the third (J3 = −4.69 × 10−22 J)
and fourth (J4 = −3.17 × 10−22 J) nearest neighbors dominate [159]. This results
into a ferromagnetic coupling of the spins of the Fe3+ ions within the layer, while
the spins exhibit an antiferromagnetic coupling between neighboring layers [160].
The corresponding magnetization orientations of the two sublattices MMM1 and MMM2 in
hematite are characterized by the Néel vectorNNN = MMM1 −MMM2 and the corresponding
normalized magnetic order vector nnn = NNN/N . The Néel temperature is TN = 953 K in
bulk crystals [158]. A second characteristic transition in hematite is characterized by
the Morin transition temperature TM ≈ 263 K [158, 161], where the spins undergo
a reorientation featuring a sign change of the uniaxial magnetic anisotropy. This
means hematite undergoes a transition from a magnetic easy (0001)-axis below TM
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Fig. 3.3 – In-plane magnetization M as a function of the temperature T for a (a) tm =
89 nm and (b) tm = 19 nm thick α-Fe2O3 film. For the data obtained at µ0H =
100 mT by SQUID magnetometry in zero field cooling (ZFC) configuration, we
can unambiguously identify the Morin transition. The inset in panel (a) shows
the magnetic field dependence of the Morin transition temperature TM.

to a magnetic easy (0001)-plane above TM. In the latter case above TM, the finite
Dzyaloshisnkii-Moriya-Interaction (DMI) with the DMI-vector pointing along the
(0001)-direction results in a slight canting of the two sublattice magnetizations lying
in the (0001)-plane, which leads to a finite net magnetic moment mmmnet oriented
perpendicular to nnn. Similar to YIG the crystal symmetry is reflected by the magnetic
anisotropy. Since the crystal exhibits a trigonal symmetry, a threefold crystalline
anisotropy in the easy-plane phase of hematite is found [162], giving rise to the
formation of 120◦-domains in the film at zero applied magnetic field.

The Morin transition temperature of our thin films differs from the one in bulk
crystals. The growth details are presented in the next Section 3.2. In particular, the
hematite thin films investigated in Sec. 5.2 show no Morin transition within the
studied temperature range. This means that the films feature an easy-plane phase
and an out-of-plane DMI vector over the whole temperature range. As discussed
in previous works [68, 127], recent reports indicate a strong decrease and even a
complete absence of the Morin transition temperature TM for thin hematite films
due to strain induced changes in the magnetic anisotropy [163, 164]. However,
this scenario is rather unlikely in our case, as we find a complete relaxation of
our hematite thin films. Another possible explanation for the not observed Morin
transition might be an unintended Al doping of the hematite during the growth
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process originating from the used sapphire (Al2O3) substrates. As demonstrated in
Ref. [162], the Morin transition temperature significantly decreases for Al doped
hematite. In the thin film limit, even a slight interdiffusion of Al might lead to a
strong decrease of TM. Up to now, this is however a mere speculation and the absence
of a Morin transition is not entirely clear. In contrast, we were able to identify the
Morin transition when we slightly adjusted the growth process to reduce the oxygen
vacancies (cf. Sec. 3.2). In order to determine the Morin transition temperature
of the two hematite films with thicknesses of tm = 19 nm and tm = 89 nm studied
in Sec. 5.3, we performed SQUID (superconducting quantum interference device)
magnetometry measurements. The measured magnetization M as a function of the
temperature for the tm = 89 nm and tm = 19 nm thick film is shown in Fig. 3.3(a) and
(b), respectively. The magnetic field with a magnitude of 100 mT has been applied
in-plane in zero field cooling (ZFC) configuration. Accounting for the diamagnetic
background signal stemming from the Al2O3 substrate, a temperature independent
background linear in magnetic field has been subtracted from both data sets. In both
cases, we can unambiguously identify the Morin transition temperature TM. While
we obtain TM = 205 K for the thick film (Fig. 3.3(a)), we find a Morin transition
temperature of TM = 125 K for the thinner film. Both values are significantly smaller
than the one found in bulk crystals. For the tm = 89 nm thick hematite, we find an
additional transition around 125 K indicating two different magnetic phases, which
most likely stem from a strained α-Fe2O3 layer close to the film/substrate interface.
Furthermore, we find the Morin transition to be dependent on the magnetic field
as the inset of Fig. 3.3(a) shows. The thick film clearly exhibits a decreasing Morin
transition temperature with increasing magnetic field magnitude.

3.2 Sample Fabrication and Layout

The magnon transport experiments presented in Chapter 4 utilize single crys-
talline YIG thin films grown by pulsed laser deposition (PLD). While the YIG films
in Sections 4.2 and 4.4 are grown on (001)-oriented gadolinium gallium garnet
(Gd3Ga5O12, GGG) substrates, the ones in Sec. 4.3 are grown on (111)-oriented
yttrium scandium gallium garnet (Y3Sc2Ga3O12, YSGG) substrates. For the experi-
ments in Chapter 5 single crystalline (0001)-oriented α-Fe2O3 films are grown by
PLD on (0001)-oriented sapphire (Al2O3) substrates. For all substrates a Pt layer (∼
180 nm) is sputtered on the unpolished backside before the thin film deposition to
enable a homogeneous heat distribution during the deposition. Before the substrates
are transferred into the PLD chamber of an ultra high vacuum (UHV) cluster they
are cleaned in aceton and isopropanol (IPA) in an ultrasonic bath for at least 2 min
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Fig. 3.4 – Sketch of the device with (a) two and (b) three nanostrips. The Pt strips are
illustrated in dark gray, while Al bondpads and leads are sketched in light gray.
The illustration shows the typical connection scheme for transport measurements.

in each solution. Inside the chamber the backside of the substrate is heated up
via an infrared laser, which allows for a stable substrate temperature Ts due to the
better absorption of the infrared light at the Pt layer. For the YIG films, a substrate
temperature of 450 ◦C is chosen, while the sapphire substrates for the hematite
films are heated up to 320 ◦C. In both cases, the growth process takes place in an
oxygen atmosphere with a pressure of pO2 = 25 µbar to avoid oxygen vacancies.
Note that for the hematite films investigated in Sec. 5.3 a RF-atom source is used
to inject atomic oxygen into the chamber and further reduce oxygen vacancies. For
the film growth a pulsed UV KrF excimer laser with a wavelength of 248 nm hits
the stochiometric, polycrystalline target material with a laser fluence at the target
of ρL = 2.0 J/cm2 and a laser frequency of f = 10 Hz for YIG and ρL = 2.5 J/cm2

and f = 2 Hz for hematite. The energy density ρL is controlled via an automatic
lens system and allows to ionize the target material leading to a pulse plume at
the target, which diffuses towards the substrate. For an all-electrical injection and
detection of magnon spin currents, we employ two-terminal nanostructures (acting
as injector and detector) on the α-Fe2O3 films, while three nanostrips (with an
additional modulator in between) are employed on the YIG samples to additionally
enable the manipulation of the magnon spin current, as depicted in Fig. 3.4(a) and
(b), respectively.

A typical fabrication process can be divided into three steps. In a first step,
we deposit 10 µm × 10 µm Platinum (Pt) squares (markers) at the corners of the
sample. These markers are typically ∼ 45 nm thick and are utilized for aligning the
subsequent parts of the nanostructure. Next, the strips of the heavy non-magnetic
material Pt with strong spin-orbit coupling are patterned on the sample. The Pt
strips have lengths between 25 µm and 112 µm, widths between 100 nm and 1 µm
and a thickness of either 3.5 nm or 5 nm. Last, we deposit the lead wires and
bondpads, which are made of a ∼ 50 nm Aluminium (Al) layer to electrically contact
the nanostrips. We describe the individual fabrication steps in detail below.
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alignment/focus markers

resist layers PMMA/MA 33%/PMMA-Electra 92
spin coating 4000 rpm, 1 min/4000 rpm, 1 min
bake temperature 170 ◦C/90 ◦C
bake time 2 min/2 min
base dose 3.0 C/m2

development time 90 s

nanostrips and leads/bondpads24

resist layers PMMA 600K/PMMA 950K/PMMA-Electra 92
spin coating 4000 rpm, 1 min/4000 rpm, 1 min/4000 rpm, 1 min
bake temperature 170 ◦C/170 ◦C/90 ◦C
bake time 5 min/5 min/2 min
base dose 5.6 C/m2

development time 120 s
Tab. 3.1 – Resist and lithography parameters for the fabrication of two- and three-terminal

devices.

Before every step, the sample is cleaned in aceton and IPA in an ultrasonic bath
for at least 2 min at the highest power level for the bare film and 1 min at low
power levels after a patterning step in each solution and blown dry with nitrogen.
Subsequently, we spin coat the samples with different resist layers depending on the
patterning step and bake them out on a hotplate after each coating. The resist types
and fabrication parameters are summarized in Tab. 3.1. The structures are patterned
via electron beam lithography. Here, the NanoBeam nB5 system from NanoBeam
Ltd., which is operated at a beam voltage of 80 kV, is used. The electron beam is
focused on gold nanoparticles for the first step, while the markers are used for the
subsequent steps. Since substrate and film are insulating the most upper resist layer
in every case is the conductive resist PMMA-Electra 92 (cf. Tab. 3.1), which avoids
surface charging effects that can deteriorate the writing process. After the writing
process, we first remove the conductive resist by rinsing the sample for about 20 s in
deionized water (H2O) and blow it dry thereafter. For each resist stack utilized in
this work, the samples are then developed in the AR 600-56 developer from Allresist.
After 90 s (for markers) and 2 min (for strips and bondpads) the developing reaction
is stopped by rinsing the sample twice in IPA for first 5 s and subsequent 25 s. The
metallic films are deposited using DC sputtering, followed by a lift-off procedure.
Therefore, the samples are put in an aceton bath heated up to 70 ◦C for at least
15 min and are gently pipetted thereafter to enhance the lift-off effect. In a last step,
24This resist stack is sometimes also used for the markers.
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the sample in the aceton bath is put into an ultrasonic bath at lowest power for
1 min to ensure that all metallic residues are removed.

3.3 Experimental Setup

At the Walther-Meißner-Institut three different superconducting magnet cryostats
are available where magnon spin transport measurements can be conducted: (i) a
3D-vector magnet consisting of two superconducting Helmholtz coils and a super-
conducting solenoid reaching magnetic field strengths up to µ0H = 2.5 T in the
horizontal plane and up to µ0H = 6 T in the vertical direction, (ii) a 1D-magnet
with a superconducting Helmholtz coil (split pair) with a magnetic field magnitude
up to µ0H = 7 T with the possibility to rotate the sample either in-plane (ip) or
out-of-plane (oop) using an electronic stepper motor and (iii) a 1D-magnet with
a superconducting solenoid with a magnetic field strength as large as µ0H = 15 T.
Typically, YIG thin films are measured in setup (i) or (ii), while for the α-Fe2O3 thin
films setup (ii) and (iii) are used. To perform measurements, the samples with the
completed nanostructures on top are glued on a chip carrier and wire bonded to
the Copper (Cu) pads of the chip carrier. The chip carrier with the sample is then
attached to a dipstick, which in turn is installed in a variable temperature inset (VTI)
ranging from 2 K ≤ T ≤ 300 K of one of the superconducting magnet cryostats. The
implementation of a new dipstick with a piezoelectric rotation stage also allows to
rotate the sample ip for the cryostat achieving magnetic fields up to µ0H = 15 T
(setup (iii)) [165]. Most common, we perform angle-dependent magnetotransport
measurements, i.e. our sample itself is either rotated within a static magnetic field
(setup (ii) and (iii)) or the direction of the applied magnetic field µ0H is rotated
relative to the sample (setup (i)). In general, these rotations can be done in three
different orthogonal planes, however, within this thesis we restrict ourselves and
only concentrate on ip rotations around the axis normal of the film plane.

The exact electrical connection scheme of a magnon transport measurement
depends on the measurement technique. In general, we distinguish between the
dc- and ac-detection technique. In this Section, we focus on the experimental setup
and connection scheme, while we describe both methods in detail and provide a
quantitative comparison of the dc- and ac-detection technique in Sec. 4.2. First we
restrict ourselves to a two-terminal structure (cf. Fig 3.4(a)). For the dc technique,
a dc charge current Iinj is applied to one of the outer strips, called the injector,
with a Keithley 2400 Sourcemeter, which additionally allows us to record the local
voltage drop Vinj across this strip. Thus, the usage of the dc technique enables
the characterization of various magnetoresistance contributions, such as the SMR
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(see Sec. 2.4). A Keithley 2182 Nanovoltmeter 25 is used to detect the magnon
transport signal Vdet at the second Pt strip, the detector. To distinguish between
electrically and thermally induced voltage signals, the current reversal method (see
Sec. 4.2.1) is utilized, where dc currents of positive and negative polarity are applied
subsequently to the injector and Vdet is recorded in these different states. The current
reversal method specifies how to add or subtract these voltage values to separate
electrically and thermally induced voltage signals. Typical, we repeat the current
reversal sequence for nrep = 5 times for each external parameter (like magnetic
field orientation/ magnitude, temperature, etc.). For an enhanced signal-to-noise
ratio, we calculate the SHE-induced and thermally generated voltage signals and
take the arithmetic mean over nrep cycles for each setting. In contrast for the ac-
readout technique, an ac charge current Iinj(t) = Iinj sin(ωt) with angular frequency
ω = 2πf and a low frequency of f = 7.737 Hz is generated by a Keithley 6221 DC
and AC Current Source and applied to the injector. In particular, the frequency f is
chosen in such a way that f ̸= n · 50 Hz with n ∈ Z and therefore does not coincide
with multiples of the frequency of the ac power outlets. The choice of such a low
quasi-dc current ensures that we can neglect capacitive/inductive coupling effects
between the Pt nanostrips, since they otherwise might overshadow the magnon
transport signals. The measured voltage signal Vdet at the detector is preamplified by
a Standford Research System SR560 low-noise voltage amplifier before being passed
to a Zurich Instruments HF2LI 50 MHz or MFLI 500 kHz lock-in amplifier. The digital
output of the lock-in amplifier triggers the ac current Keithley 6221 Source and thus
synchronizes the current source and the reference signal of the lock-in to avoid a
drift of the relative phase between source and reference. For a three-terminal device
(cf. Fig. 3.4(b)), a Keithley 2400 Sourcemeter is used to apply an additional dc
charge current Idc

mod to the strip in the center, the modulator, for both techniques. In
the case of the dc technique we have to extend the current reversal sequence, i.e. we
additionally apply a zero current to the electrode injecting magnons and measure
the voltage signal at the detector electrode (cf. Sec. 4.2.1). For the ac technique,
the lock-in technique is sufficient for both device geometries to distinguish between
SHE-induced and thermally generated voltage signals (cf. Sec. 4.2.2).

25Typical measurements setting for the Keithley 2182: resolution - 7.5 digits, repeating filter count -
30, number of power line cycles - 2.
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Manipulation of Magnon Spin
Transport in Three-terminal
YIG/Pt Nanostructures

4

In present day technology the fast and reliable transport of information is essential.
In the field of spintronics, pure spin currents have drawn much attention due to
their potential applications in information processing at a low dissipation level,
however their efficient control is a challenging task [33, 166–168]. In magnetically
ordered insulators, spin currents are carried by magnons, the elementary excitations
of the spin system. These magnonic spin currents opened new opportunities for
interesting device concepts based on magnon information processing [37, 44, 169,
170]. For instance, it has been shown that damping compensation via spin transfer
torque is an efficient method to optimize the propagation of coherently excited
magnons [171–174]. Moreover, a logic majority gate [175] and the first magnon
transistor [176] using magnonic crystals [177] have been implemented. While
these devices towards magnon logic operations are mainly based on coherently
excited magnon transport, recent reports put an increasing interest on the transport
of thermally, i.e. incoherently excited magnons as information carriers for logic
operations. One promising way towards controlling spin currents relies on spin-
transfer torque for spin current generation in bilayer systems consisting of MOIs and
HMs with strong spin-orbit coupling. In such bilayer systems incoherent magnons in
the MOI can be excited electrically [43, 120, 178] as well as thermally [43, 141, 179],
and then detected electrically in the HM via the inverse SHE [35, 39, 180, 181]. A
major challenge, however, is that the number of magnons in a spin conductor is not
conserved and thus, magnon mediated spin currents only prevail on a characteristic
length scale. The latter, sensitively depends on the magnetic Gilbert damping. In
this context, the MOI yttrium iron garnet (YIG) is a promising candidate for hosting
efficient magnon based spin transport as it features a low Gilbert damping parameter
even in nanometer-thin films [149] and a correspondingly large magnon propagation
length [43, 182–184]. Devices based on YIG thin films and stripe-shaped HM
electrodes have been utilized to show that a superposition of diffusive magnon
currents allows for the realization of a majority gate [185]. Later on, transistor-
like device concepts were used to demonstrate the manipulation of magnonic spin
currents in YIG/Pt bilayers [32, 44, 45, 186]. In this three-electrode arrangement,

45



a charge current is applied to a Pt strip (injector) injecting magnons into the YIG,
which are then detected at a second Pt strip (detector). A charge current applied to
the third Pt strip (modulator) placed between the other two Pt electrodes allows one
to manipulate the magnon transport from injector to detector [44, 45]. The effect of
the modulator can be represented as a change in the effective magnon density and
hence conductivity. At a certain threshold current the injected magnons can even
counteract the magnetization damping (decay of magnons) resulting in an abrupt
increase of the effective magnon conductivity [45].

In this chapter, we investigate the magnon transport in such systems far from
equilibrium in more detail. We vary different external parameters and device
properties to obtain a detailed understanding of the underlying processes when
manipulating the magnon transport in MOIs, which is an important step towards
the realization of applications based on pure spin currents. In the first Sec. 4.1
of this Chapter, we introduce the theoretical concepts and summarize the most
important findings in transistor-like devices. After introducing the dc-detection
technique as well as the ac-readout technique in Sec 4.2, we show that the two most
common measurement techniques both efficiently distinguish between electrically
and thermally injected magnons. Comparing both techniques, we find distinctive
differences between the signals obtained by the two methods above the threshold
value. This provides evidence for nonlinear contributions to the detector signal not
only from the modulator current, but also from the injector current. Furthermore, we
investigate YIG thin films with strongly reduced effective magnetization in Sec. 4.3.
Such films exhibit an increased effective magnon conductivity and show a linear
dependence of the threshold current on the applied magnetic field due to reduced
damping effects. Furthermore, we find that large currents applied to the modulator
Pt electrode have a significant impact on the magnon transport. To this end, we
shed light on large current exposure to the modulator and its impact on the device
performance by investigating the modulation efficiency and threshold currents in
Sec. 4.4. We observe a significant decrease in modulation efficiencies and increasing
critical currents. Finally, we give a summary of the most important results in Sec. 4.5.
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Fig. 4.1 – Cross-sectional view of the bilayer structure consisting of a FMI with thickness
tFMI and a HM lead on top with thickness tHM and width wHM to illustrate the
process of damping compensation. Due to a dc charge current applied to the
HM lead, a spin chemical potential µs builds up via the SHE, leading to a spin-
transfer torque ΓST. The latter, acts on the magnetization direction mmm of the FMI
and counteracts the intrinsic damping torque Γmr. Reaching the critical current
Idc = Icrit, leads to an auto-oscillation of the magnetization. The figure is adapted
from Ref. [68].

4.1 Theoretical Concepts
After introducing the magnon transport in two-terminal devices in Sec. 2.5.2, we
here describe the influence of an additional HM, the modulator, placed in between
injector and detector. First, we revisit the theory of the SOT-induced critical current
in the context of damping compensation in Sec. 4.1.1. Subsequently, we discuss
the phenomenological model, which describes the impact of an additional charge
current induced spin injection and the accompanied change in magnon conductivity
in a FMI. Here, we distinguish between the low bias regime (Sec. 4.1.2), where the
magnon conductivity is described in linear response theory, and the critical current
regime (Sec. 4.1.3), where we derive the non-trivial magnon spin conductivity
via the approach proposed by S. Takei [187]. These concepts have already been
introduced in Ref. [68] and we will summarize the most important points here.
Some of the text and figures are taken from T. Wimmer, Control and Manipulation of
Magnonic Spin Currents in Magnetic Insulators, Dissertation, Technical University of
Munich (2021).

4.1.1 Damping Compensation
Using three-terminal nanostructures several works reported on a steep increase in
the magnon spin signal, which has been attributed to a very large magnon spin
conductivity increase [45, 188]. As shown in Ref. [45], such an enhancement in
MOI/HM bilayers can be explained by the presence of a zero effective damping
state below the HM electrode. Utilizing the well-established theory of spin Hall
oscillators (SHO) [189–191] rationalizes how zero effective damping is achieved.
For the rest of the Chapter, we will restrict ourselves to FMIs, as we only investigate
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the ferro-/ferrimagnet YIG in the following and an experimental realization of SHOs
is still missing for AFIs. As schematically depicted in Fig. 4.1, auto-oscillation of
the magnetization mmm is present when the spin injection rate at the HM due to the
SHE results in an interfacial spin transfer torque ΓST ∝ Idc, which balances the
intrinsic damping of the FMI or magnon relaxation rate Γmr, respectively. Note that
without an applied charge current and thus no spin injection rate at the HM the
magnetizationmmm would be aligned along its equilibrium direction. In contrast, when
an external perturbation is present,mmm precesses around the latter. When the external
perturbation is turned off, the magnetization relaxes to its equilibrium direction
due to damping processes. However, if we consider a permanent perturbation, as
in our case, a steady state is established with a certain opening angle between the
magnetization direction and its equilibrium direction, which depends on the strength
of the perturbation and the damping.

Starting with the magnon relaxation rate Γmr of the lowest energy mode (k = 0),
we obtain the general expression

Γmr = αγµ0

(
H + Meff

2 (Nx +Nz − 2Ny)
)
, (4.1)

where α is the total magnetic damping constant, γ = gµB/ℏ the gyromagnetic ratio
with the Landé factor g and Bohr’s magneton µB, µ0 the vacuum permeability, H
the external magnetic field and Meff = Ms −Hk the effective magnetization of the
FMI with contributions from the saturation magnetization Ms and the perpendicular
surface magnetic anisotropy fields Hk. We investigate and discuss the influence of
Meff on the magnon transport signal and the threshold value in detail in Sec. 4.3.
Furthermore, Nx,y,z are the geometry-dependent demagnetization factors. For an
out-of-plane magnetized thin film along y and hence Nx = Nz = 0 and Ny = 1, we
find

Γoop
mr = (αG + αsp) γµ0 (H −Meff) , (4.2)

while we obtain for an in-plane magnetized thin film in the x-z-plane (Nx +Nz = 1,
Ny = 0)

Γip
mr = (αG + αsp) γµ0

(
H + Meff

2

)
. (4.3)

In both cases, we have set α = αG + αsp with αG the intrinsic Gilbert damping
and αsp the Gilbert damping induced by spin pumping due to the adjacent HM
layer [192, 193]. In accordance with our measurements presented in the subsequent
Sections, we only account for in-plane magnetized thin films. The magnon relaxation
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rate Γmr is identical to the frequency linewidth of the k = 0 ferromagnetic resonance
mode, which reads

∆f = ∆H
(
∂ωFMR(H)

∂H

)
. (4.4)

Here, ∆H is the resonance linewidth, which is typically extracted from broad-
band ferromagnetic resonance (FMR) measurements in this work. Hence, in our
experiments we have to account for the FMR frequency

ωip
FMR(H) = γµ0

√
H(H +Meff) , (4.5)

which is calculated from the Kittel formula for an in-plane magnetized film. In real
experiments an inhomogeneous broadening δH of the FMR linewidth has to be
considered and thus we introduce the effective damping parameter

αeff = αG + γµ0
δH

2ωip
FMR

, (4.6)

as demonstrated in Ref. [191]. Substituting αG by αeff in Eq. (4.3) results in

Γip
mr =

(
αsp + αG + δH

2
√
H (H +Meff)

)
γµ0

(
H + Meff

2

)
(4.7)

for the FMI thin film. Including inhomogeneous broadening causes a divergence
of the damping rate Γip

mr for H = 0 for a finite Meff . Moreover, the spin pumping
contribution to the damping αsp for the magnon relaxation rate Γip

mr due to the HM
interface is given by

αsp = geff
ℏγ

4πMstFMI
(4.8)

with Ms the saturation magnetization, tFMI the thickness of the FMI film, and the
effective spin mixing conductance

geff =
g↑↓ h

2e2
σHM
ls

g↑↓ + h

2e2
σHM
ls

(4.9)

to account for the finite interface transparency. Here g↑↓ is the normal spin mix-
ing conductance, ls the spin diffusion length in the HM and σHM the electrical
conductivity of the HM.
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As the condition Γip
mr = ΓST has to be satisfied to achieve zero effective damping,

we also have to account for the interface injection rate via the SHE. As introduced in
Sec. 2.1, a dc current Idc applied to a HM lead results in a spin chemical potential µs

due to the SHE. The created spin-transfer torque ΓST acts on the precession of the
magnetization direction mmm as well as on the thermal fluctuations of mmm, and hence
counteracts the intrinsic damping torque Γmr (cf. Fig. 4.1) 26. The anti-damping
spin torque rate in the macrospin approximation is given by [191]

ΓST = ℏ
2e

γ

MstFMItHMwHM
· T · θSHIdc , (4.10)

where θSH the spin Hall angle of the HM and tHM and wHM the thickness and width
of the HM lead, respectively. Furthermore, T denotes the interface spin transparency
for spin currents, which is given by

T = g↑↓ tanh(η)

g↑↓ coth(2η) + h

2e2
σHM
ls

, (4.11)

where η = tHM/(2ls) [194]. Note that we approximated coth(2η) ≈ 1 in Eq. (4.11),
as in general the thickness of the HM tHM is larger than 2ls. When the condition
Γip

mr = ΓST is met, a coherent precession of the magnetization with zero effective
damping is present and we can define the critical current as

Icrit = 2e
ℏ
MstFMI

γ

tHMwHM
TθSH

(
αsp + αG + δH

2
√
H (H +Meff)

)
γµ0

(
H + Meff

2

)
.

(4.12)

Utilizing Eqs. (4.11) and (4.9), we can rewrite the expression and obtain

Icrit = ℏ
e

σHM
2ls

tHMwHM
θSH tanh(η)

(
1 + 4πMstFMI

αeff
ℏγgeff

)
γµ0

(
H + Meff

2

)
, (4.13)

which is the same result as already obtained in Ref. [45].
In addition, Wimmer et al. [45] showed that the threshold condition calculated

from the SHOs theory is identical to the threshold condition calculated from the
theory of current-induced magnon Bose-Einstein condensates (BEC) [187, 195, 196],
which represents a mere reformulation of the torques in terms of the chemical
potentials µs and µcrit. Note that within the theory this is in particular true for the
swasing threshold condition, where spontaneous spin wave emission is suggested
for high spin injection rates, proposed by Bender et al. [196]. This suggest that the

26This is only true if the spin direction at the interface is parallel to the magnetization direction mmm in
the FMI. In contrast, an antiparallel alignment results in a spin torque that reinforces the damping.
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Fig. 4.2 – Illustration of the magnon transport between injector and detector under the
influence of a modulator. Magnons (blue wiggly arrows) injected at the injector
into the FMI diffuse along the z-direction towards the detector. (a) For Idc

mod = 0,
the transport is determined by a characteristic spin decay length, as magnon
decay events (red crosses) lead to a finite lifetime. The solid orange line depicts
the corresponding exponential decay of the injector magnon density ninj

m . (b) For
Idc

mod = Icrit
mod, the applied modulator current is large enough to compensate the

magnetic damping of the FMI film (Γip
mr = ΓST). This results in an effectively

vanishing magnon decay beneath the modulator, as indicated by the large magnon
accumulation. Note that we only consider the magnon transport beneath the
modulator. The illustration is adapted from Ref [45].

magnon system beneath the HM undergoes a BEC transition as the steep increase in
the magnon transport signal observed in experiments cannot be described by a mere
linear (or quadratic) increase in the magnon density nm. Although the BEC model
well describes the critical current dependence as a function of the magnetic field
and is compatible with the zero resistance magnon transport beneath the modulator
and thus a lossless magnon transport [45], it is not sufficient to verify the formation
of a magnon BEC as proposed in Refs. [187, 196]. In particular, magnon transport
measurements do not allow predictions on the coherence of the achieved state. For a
detailed description and a comprehensive analysis of first experiments investigating
the nonlinear magnon transport regime, the reader is referred to Ref. [68].

Based on these theoretical predictions, we can draw a simplified physical picture
for the magnon transport in three-terminal structures consisting of three HM strips
on top of a FMI and in particular, address the question of how the magnon spin
signal injected at the injector and detected at the detector is affected by the dc
charge current applied to the modulator (center electrode). Here, we only consider
the magnon transport beneath the modulator and neglect the magnon decay before
and after the modulator. When no dc current is applied to the modulator (Idc

mod = 0),
the magnon density generated at the injector ninj

m decays exponentially, as indicated
by the solid orange line in Fig. 4.2(a). For Idc

mod = Icrit
mod in panel (b), the threshold

current for damping compensation is reached and a zero effective damping state
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is obtained. In this case, the magnon lifetime diverges and spin transport with an
effectively vanishing magnon decay occurs [187].

4.1.2 Low Bias Regime

For a more comprehensive picture, we do not only consider the influence of a HM
electrode for Idc = Icrit, but investigate the effect of an external spin current injection
into the FMI over a large current range. To this end, we derive a model, which
can describe the behavior of the magnon spin transport signal and is based on the
influence of a charge current applied to a HM electrode on the magnon conductivity
σm in a FMI. We first introduce the model and then discuss how it can be applied to
our experiments. In Sec. 2.5.2, we derived the expression σm = 3ℏnmτm/mm. While
the effective magnon mass mm is fixed and determined by the magnon dispersion
relation, the magnon density nm as well as the magnon relaxation time τm can be
tuned by an externally applied charge current and the corresponding spin current
injection [44, 187]. To discuss this expression, we subdivide the description of
the magnon conductivity into different current regimes and follow the approach of
T. Wimmer in Ref. [68].

First, we model the magnon conductivity modulation by Idc in the low current
regime, which has been first investigated by Cornelissen et al. in Ref. [44]. In this
regime, the measured signal is well described by a linear and quadratic modulation
of the magnon conductivity due to SHE-induced and thermally generated magnons,
respectively, according to

σm = σ0
m + ∆σSHEIdc + ∆σth(Idc)2 (4.14)

with σ0
m the equilibrium magnon conductivity at zero applied current, ∆σSHE the

SHE-induced magnon conductivity and ∆σth the thermally generated magnon con-
ductivity.

In the following, we briefly sketch the derivation of this expression focusing on
the change of σm in a FMI due to the magnon density nm, while we assume τm to
be constant and reuse some of the expressions introduced in Sec. 2.3. Here, we
consider a FMI/HM heterostructure as depicted in Fig. 4.1, where the dc current
density jdc = Idc/(tHMwHM) in the HM causes a finite spin chemical potential
µ0

s at the FMI/HM interface via the SHE. The interfacial magnon spin current is
determined by jjjy

s, int = [g(µ0
m − µ0

ssss · mmm) + SδT ]mmm according to Eq. (2.12) with
µ0

s(m) = µs(m)(y = 0) the spin (magnon) chemical potential at the interface, mmm the
magnetization unit vector in the FMI and δT = Tm − Te the interfacial temperature
difference between electrons and magnons. The magnon injection into the FMI is
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active when sss ·mmm > 0, while magnons are depleted from the FMI when sss ·mmm < 0,
i.e the magnon injection/depletion process depends on the relative orientation of
the spin polarization sss and the magnetization mmm. To obtain the magnon density
nm(⟨µ±

m⟩ , T ), the average magnon chemical potential has to be calculated. To this
end, we only assume one spatial dimension, in our case along the y-direction, which
results in the spatial distribution of the spin chemical potential µµµs = µssss (polarized
along sss) as well as the magnon chemical potential µµµm = µmmmm (polarized along mmm).
Both chemical potentials are determined by the 1D spin diffusion equations

∂2µµµs
∂y2 = µµµs

l2s
, (4.15)

∂2µµµm
∂y2 = µµµm

l2m
. (4.16)

Note that we furthermore assumed steady state conditions and utilized the decay
lengths for spins ls =

√
Dsτs and magnons lm =

√
Dmτm. Applying the boundary

conditions of the HM 27

−σs
∂µs(y)
∂y

∣∣∣∣
y=0

sss− jSH
s sss = jy

s, int , (4.17)

−σs
∂µs(y)
∂y

∣∣∣∣
y=tHM

sss− jSH
s sss = 0 (4.18)

with jSH
s = ℏ

2eθSHjdc the SHE induced spin current (cf. Eq. (2.10)) as well as the
boundary conditions of the FMI

−σm
∂µm(y)
∂y

∣∣∣∣
y=0

mmm = jy
s, int , (4.19)

−σm
∂µm(y)
∂y

∣∣∣∣
y=−tFMI

mmm = 0 (4.20)

and after some algebra, we obtain the magnon chemical potential as the solution of
the diffusion equations, which we in turn average across the thickness of the FMI
film resulting in 28

⟨µ±
m⟩ = 1

tFMI

∫ 0

−tFMI

µ±
m(y)dy =

(
±jSH

s ls
σs

tanh(η) − S

g
δT

)
lm
tFMI

sinh
(
tFMI
lm

)
(4.21)

27The spin currents in the HM strip are composed of a diffusive and a SHE-induced spin current
according to Eqs. (2.4) and (2.10). Note that the spin current vectors in this case point along the
spin polarization direction sss and the current flow direction is defined along the y-direction.

28We used the approximation exp(2tFMI/lm) ≈ 1, which is valid as the magnon diffusion length lm in
the FMI YIG studied in this chapter is typically a few µm [43], while the YIG film thickness is in
general smaller than 20 nm and thus 2tFMI/lm ≪ 1.
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with η = tHM/(2ls). While µ+
m accounts for the solution of the parallel configuration

of sss andmmm with sss·mmm = 1, µ−
m considers the antiparallel configuration with sss·mmm = −1.

We can further simplify Eq. (4.21) utilizing the approximation lm
tFMI

sinh
(

tFMI
lm

)
≈ 1,

where we assumed tFMI/lm ≪ 1 as in general the studied FMI YIG thin films obtain a
thickness tFMI < 20 nm, which is much smaller than the expected magnon diffusion
length lm in YIG, where values in the µm regime are expected [43]. Together with
σs = ℏ

2e2σe and jSH
s = ℏ

2eθSHjdc, we can now rewrite the expression for the magnon
chemical potential as a function of the experimentally modulated parameter Idc. We
obtain

⟨µ±
m⟩(Idc) = ±eθSHls tanh(η)

σetHMwHM
Idc + S

g
c I2

dc , (4.22)

where we accounted for the fact that the temperature difference δT is proportional to
the Joule heating power PJ ∝ I2

dc [142]. Here, the temperature is expressed as δT =
−cI2

dc with c an appropriate conversion factor 29. Equation (4.22) shows the expected
linear and quadratic contribution in Idc due to the SHE- and thermally induced
injection of magnons for the magnon chemical potential in linear response [43, 44].
Now the non-equilibrium magnon density nm(⟨µ±

m⟩ , T ) can be calculate to

nm(⟨µ±
m⟩,T ) =

∫ ∞

0
dϵm g(ϵm)nB(ϵm, ⟨µ±

m⟩,T )

= n0
m + ζ(1/2)

Λ3kBT
⟨µ±

m⟩ = n0
m + ∆nm

(4.23)

with the magnon density in thermal equilibrium n0
m = ζ(3/2)Λ−3 and the non-

equilibrium magnon number density ∆ = ρm/ℏ (cf. Eq. (2.33)). We find indeed that
the magnon chemical potential µm is directly proportional to the magnon density nm

and hence nm ∝ Idc + I2
dc similar to µm [43, 76]. This shows that we have a direct

handle on the magnon density via a charge current driven through an adjacent HM.
Finally, we arrive at the expression in Eq. (4.14) describing the magnon conductivity

σm = 3ℏnmτm
mm

= 3ℏ τm
mm

(
n0

m + ∆nm
)

= 3ℏ τm
mm

(
n0

m + ζ(1/2)
Λ3kBT

(
±eθSHls tanh(η)

σetHMwHM
Idc + S

g
c I2

dc

))
= σ0

m ± ∆σSHEIdc + ∆σthI
2
dc .

(4.24)

29Due to the applied charge current to the HM, we consider Te > Tm and thus δT < 0. Assuming
c > 0, the minus sign in the relation δT = −cI2

dc accounts for the fact that magnons are injected
due to current induced heating and thus enhance the magnon chemical potential rather than
reduce it.
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We see that the magnon density nm in turn modulates the magnon conductivity in a
linear and quadratic fashion and is in contrast to electrical transport not constant.

This description is valid for excitations of linear magnetization dynamics, however
it clearly breaks down for higher currents as shown in Refs. [45, 188, 197, 198]. Up
to now, the description of the electrically induced magnon conductivity modulation
assumes that the dc spin current injection only affects the magnon density nm,
where the current-induced magnon chemical potential µm is well below the magnon
gap [44]. However, this is only true for the low bias regime and the model is no
longer valid when nonlinear contributions are taken into account [199]. In this case,
changes in the magnon relaxation time τm have also to be taken into account. Note
that the clear separation between these two quantities is only valid in the linear
regime and generally the modulation of the magnon conductivity via an applied
current cannot be narrowed down to changes in either the magnon density nm or
the magnon relaxation time τm.

4.1.3 Critical Current Regime
In this section, we introduce a model to describe this nontrivial behavior of the
magnon conductivity modulation, in particular the regime of the strong enhancement
approaching the damping compensation, based on the theoretical approach by
S. Takei [187]. The author considers the formation of a magnon BEC due to a spin
chemical potential µs in a FMI/HM bilayer, similar to the approach in Ref. [196]. The
work presents the calculation of the magnon conductivity σm for a three-terminal
device on top of a FMI film, where a spin chemical potential in the modulator
electrode is induced via the SHE, identical to the investigated structures in this
chapter 30. The exact expression is not straightforward to evaluate, but the magnon
conductivity near the damping compensation shows a divergence of σm ∝ (µcrit −
µs)−1/2 ∝ (1 − Idc

mod/I
crit
mod)−1/2 when Idc

mod → Icrit
mod at room temperature. While for

large temperatures (room temperature and higher) the characteristic exponent is
given by −1/2, it approaches −1 towards lower temperatures [187]. The model
allows us to express the magnon conductivity beneath the modulator as

σmod
m = σ0

m

(
1 −

Idc
mod
Icrit

mod

)−1/2

+ ∆σth

(
Idc

mod

)2
. (4.25)

Note that we added the expected thermally generated magnon contribution due to
the spin Seebeck effect from the linear response model (cf. Eq.(4.40)), as Ref. [187]
30While we have derived the critical current (cf. Sec. 4.1.1) and the behavior of the magnon spin

transport signal based on the magnon conductivity in the low bias regime (cf. Sec. 4.1.2) due to
a dc charge current applied to the modulator in a three-terminal device in a rather general form
considering only one HM electrode on top of a FMI, we here consider the whole device under study.
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Fig. 4.3 – Sketch of an equivalent spin resistor model for our device design. A spin chemical
potential µinj

s is induced via the SHE at the injector, while the resulting spin
chemical potential µdet

s is measured across the detector. The illustration is adapted
from Ref. [68].

only accounts for the SHE induced pumping of the magnon system. This means, we
assume that the spin Seebeck torque does not result in nonlinear effects in the mag-
netization dynamics and thus magnon conductivity. This assumption is in agreement
with theory works [187, 196], which predict that the spin Seebeck torque by itself
cannot achieve magnon condensation or damping compensation, respectively, due to
the accompanied temperature rise in the magnon system preventing condensation.
Introducing a phenomenological model [68] in the following, we will take into
account this theoretical approach.

To this end, we once more assume that the modulation of the magnon conductivity
is localized underneath the modulator. According to Ref. [187], we account for the
contributions from the regions not covered by the modulator to the total magnon
conductivity measured between injector and detector. For a complete description of
the magnon conductivity, we adopt an equivalent spin resistor model for our device
structure based on the model presented in Ref. [76]. As sketched in Fig. 4.3, the
spin chemical potential at the injector µinj

s induced via the SHE acts as ’spin battery’,
leading to a spin chemical potential µdet

s , which can be measured across the detector.
Based on the spin resistor network (cf. Fig. 4.3), the total magnon conductivity can
be written as

σm = ℏ
2e2

dc
AFMI

(
2R s′

FMI +R s, mod
FMI (Idc

mod)
)−1

(4.26)

with R s, mod
FMI accounting for the Idc

mod-dependent resistance beneath the modula-
tor and R s′

FMI referring to the spin resistance outside the modulator region. Fur-
thermore, wmod is the modulator electrode width, dc the center-to-center dis-
tance between injector and detector (including the modulator electrode) and
AFMI = tFMIlHM is the cross-section of the FMI transport channel with lHM the
length of the HM electrode. Note that the prefactor dc/AFMI considers the con-
version into a geometry-independent conductivity rather than a conductance. For
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a description exclusively in terms of conductivities, we first rewrite the FMI spin
resitances into spin resitivities in Eq. (4.26) with R s′

FMI = (dc − wmod/(2AFMI))ρs0
FMI

and R s, mod
FMI = (wmod/AFMI)ρs

FMI(Idc
mod) with ρs0

FMI = ρs
FMI(Idc

mod = 0) and obtain

σm = ℏ
2e2

(
2ρs′

FMI + ρs,mod
FMT (Imod)

)−1
. (4.27)

The scaled spin resitivities are given by

ρs′
FMI = dc − wmod

2dc
ρs0

FMI, (4.28)

ρs,mod
FMI (Idc

mod) = wmod
dc

ρs
FMI(Idc

mod). (4.29)

Now, we can define the corresponding scaled magnon conductivities

σ′
m = ℏ

2e2

(
ρs′

FMI

)−1
, (4.30)

σmod
m (Idc

mod) = ℏ
2e2

(
ρs,mod

FMI (Idc
mod)

)−1
. (4.31)

Taking into account the considerations in Ref. [187] according to Eq. (4.25), we
finally arrive at

σm(Idc
mod) =

2(σ′
m)−1 +

[
σ0, mod

m

(
1 −

Idc
mod
Icrit

mod

)−1/2

+ ∆σth

(
Idc

mod

)2
]−1


−1

,

(4.32)

where σ′
m the magnon conductivity of the region not covered by the modulator

is considered to be constant and hence unaffected by the modulator current Idc
mod.

Moreover, we introduced the scaled equilibrium magnon conductivity beneath the
modulator

σ0,mod
m = dc

wmod
σ0

m (4.33)

with σ0
m the actual equilibrium magnon conductivity independent of the geometry.

We see that we obtain the equilibrium magnon conductivity in limit of Idc
mod = 0

σ0
m ≡ σm(Idc

mod = 0) =
(

2(σ′
m)−1 + (σ0,mod

m )−1
)−1

=
(

2ρs′
FMI + ρs,mod0

FMI

)−1
(4.34)
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with ρs, mod0
FMI = ρs, mod

FMI (Idc
mod = 0). Whereas, we obtain the expected vanishing

magnon resistivity beneath the modulator ρs, mod
FMI (Icrit

mod) = 0 when the modulator
current approaches the critical current Icrit

mod

σcrit
m ≡ σm(Idc

mod = Icrit
mod) =

(
2(σ′

m)−1)−1 =
(

2ρs′
FMI

)−1
, (4.35)

where σcrit
m defines the critical magnon conductivity. Furthermore, we define

ηcrit = σ′
m

σ0,mod
m

= 2wmod
dc − wmod

, (4.36)

which describes the ratio between the unchanged magnon conductance and the
modulated magnon conductance. Utilizing Eq. (4.30), (4.28), (4.33) and

(
ρs0

FMI
)−1 =

σ0
m, we find that the ratio ηcrit depends exclusively on the device geometry, in parti-

cular on the ratio between modulated and unmodulated regions. If experimentally
extracted ratios are larger than this geometry defined ratio, this would suggest that
the changes of the magnon conductivity are not restricted to the region beneath the
modulator as assumed in the derivation of this phenomenological model.

In our experiments, we consider that the magnon spin transport from injector to
the detector is exclusively driven by the magnon chemical potential gradient ∇µm

induced at the injector position. As derived in Sec. 2.5.2, this assumption is perfectly
valid for the SHE-induced magnon spin transport, where the injection process is
characterized by interfacial spin conductance g (cf. Eq. (2.17)) and the temperature
driven magnon spin currents only contribute as a neglectable correction to the
signal [76]. In contrast, the thermally generated magnon spin current injection
is characterized by the interfacial spin Seebeck coefficient (cf. Eq. (2.18)) and its
transport is significantly affected by temperature gradients due to Joule heating and
the accompanied temperature rise. As this thesis mainly focuses on SHE-induced
magnon transport, we will not consider the latter here. Our detection techniques, the
dc- as well as the ac-method, enable us to distinguish between magnons stemming
from the injector and the modulator. This means the measured magnon transport
signal at the detector only accounts for the magnons injected at the injector and
thus the detector signal as a function of the dc modulator current Idc

mod represents
a change of the magnon conductivity in the transport channel, in contrast to a
mere increase of the magnon spin signal due to a second magnon source. We
will discuss this topic in detail in the next Sec. 4.2. Due to our assumption and
detection techniques, any change in the magnon spin transport signal induced
by the modulator current reflects a change in the magnon conductivity σm, i.e.
we expect that the measured detector voltage Vdet(Idc

mod) ∝ σm(Idc
mod). While the

magnon conductivity is given by its equilibrium value σ0
m for Idc

mod = 0, σm(Idc
mod) is
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expected to behave according to Eqs. (4.14) and (4.25) for the low bias and critical
current regime, respectively. Following the discussion in Chap. 2, the detector signal
contains much more information than only σm, e.g., due to several conversion
processes at the injector and detector electrode. However, we do not expect that
the interfacial as well as the metallic spin conductivities exhibit significant changes
due to an applied dc charge current at the modulator and thus we consider the
dependence of Vdet exclusively as a change of σm. It is important to mention that
due to our experimental configuration, as depicted in Fig. 4.3, the measured signal
at the detector Vdet results from the current applied to the injector Iinj, which differs
from the conventional definition of a conductivity. In general, the latter is a local
quantity, which describes the response function between a local current density and
a local driving field, as for example, the electric field in the case of charge transport.
Although our configuration does not represent a local correlation between a current
and a driving field, we can consider the ratio Vdet/Iinj as a formal conductance. At
first glance, this seems not to coincide with our discussion, as the ratio has, formally,
units of a resistance instead of a conductance. However, as the injector current Iinj

represents the driving field, which induces the magnon chemical potential gradient
∇µm and the measured detector voltage Vdet accounts for the detected magnon spin
current jm = −σm∇µm, we expect Vdet/Iinj ∝ jm/∇µm ∝ σm. In this Chapter, we
do not normalize the detector voltage signals to the injector current because we
kept the injector current constant during our measurements. In order to quantify
the low bias and critical current regime in our measurements, we define appropriate
fit functions depending on the modulator current regime and measurement method
in the following.

First, we consider angle-dependent measurements, where the magnetic field
direction with respect to the device is varied, while its magnitude is fixed. To account
for the angle-dependent detector voltage signals Vdet(φ), we have to rephrase
Eq. (4.32). As discussed in Sec. 2.3, the SHE-induced magnon injection is only active
when the magnetization direction of the FMImmm is parallel to the spin polarization
sss and thus its magnitude is proportional to ∼ cos(φ)Idc

mod
31. In contrast, thermally

generated magnon injection does not scale with the angle of the magnetization

31Within our chosen coordinate system (cf. Fig. 4.4), positive (negative) magnetic fields are defined
at φ = 0◦, 360◦ (φ = 180◦). This means, magnons are injected (depleted) via the SHE when
H · Idc

mod > 0 (H · Idc
mod < 0).
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orientation φ. Thus, we can rewrite Eq. (4.32) accounting for the angle dependence
of the voltage signals according to

Vdet(φ, Idc
mod) = cos2(φ)

×

2(∆V ′)−1 +
[

∆V 0
mod

(
1 −

cos(φ)Idc
mod

Icrit
mod

)−1/2

+ ∆RthI
dc
mod

2
]−1


−1

(4.37)

with the coefficients ∆V ′, ∆V 0
mod and ∆Rth, which are proportional to σ′

m, σ0, mod
m

and ∆σth and consider the conversion of the different terms into detector voltages.
The cos2(φ) function of Eq. (4.37) accounts for the usual angle dependence origi-
nating from the SHE-induced magnon transport between injector and detector (cf.
Sec. 2.5.2). Furthermore, we replaced Idc

mod → cos(φ)Idc
mod in the term related to

the SHE-induced magnon injection of Eq. (4.32) to consider the additional SHE
symmetry at the modulator. Separating the different angle symmetries in Eq. (4.37),
we can define a fit function for the angle-dependent signal

Vdet(φ) =
A cos2(φ) +B cos2(φ)

(
1 − cos(φ)Idc

mod
Icrit

mod

)1/2

1 + C
(

1 − cos(φ)Idc
mod

Icrit
mod

)1/2 , (4.38)

whereA = ∆V ′/2,B = (1/2)(∆V ′/∆V 0
mod)∆R′

thI
dc
mod

2 andC = (1/∆V 0
mod)(∆V ′/2+

∆R′
thI

dc
mod

2). Note that the parameters B and C depend on Idc
mod due to thermally

induced changes in the magnon conductivity. From the angle dependence, we
typically extract the voltage amplitudes Adet for positive and negative magnetic
fields to study the behavior dependent on Idc

mod. Utilizing the corresponding angles
φ = 0◦, 360◦ and φ = 180◦ for +µ0H and −µ0H, respectively, within our chosen
coordinate system, we obtain a modulator current-dependent fit function

Adet

(
Idc

mod,± µ0H
)

=
A+B

√
1 ∓ Idc

mod
Icrit

mod

1 + C

√
1 ∓ Idc

mod
Icrit

mod

. (4.39)

It is important to note that our fits are always restricted to the region up to Idc
mod =

Icrit
mod, as the phenomenological model is no longer valid beyond this point.

As derived in Sec. 4.1.2, the conductivity modulation in the low bias regime is
sufficiently well described by Eq. (4.24). In this regime the magnon density nm

underneath the modulator is affected by the SHE-induced spin accumulation at the
FMI/HM interface as well as by the Joule heating in the HM electrode. In linear
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response, we find for the magnon conductivity σm ∝ Idc
mod + (Idc

mod)2. To verify and
investigate the linear and quadratic charge current dependence in the low bias
regime, we reformulate the expression in Eq. (4.24) and use the following function
to fit our data:

Adet

(
Idc

mod

)
= A0 + ∆RSHEI

dc
mod + ∆Rth

(
Idc

mod

)2
. (4.40)

Here, ∆RSHE = (∆σSHE/σ
0
m)A0 and ∆Rth = (∆σth/σ

0
m)A0 are the linear and

quadratic coefficients characterizing the efficiencies of the modulation effects in the
low bias regime.

Previous experiments [68, 200] demonstrated that the introduced phenomeno-
logical model accurately represents the experimentally measured angle dependence
as well as modulator current dependence. For angle-dependent measurements it
has been shown that the most prominent modulation of the angle dependence
stems from the square root dependencies in Eq. (4.38). Since these terms are di-
rectly connected to the SHE-induced injection of magnons [187], this corroborates
the presented model that exclusively electrically injected magnons via the SHE
contribute to the damping compensation. By implication, this suggests that the
thermally generated magnons are not responsible for the damping compensation,
but rather hinder the magnon system achieving damping compensation supporting
our assumption [187, 196].

4.2 Quantitative Comparison of the Dc and Ac
Detection Technique
In this section, we quantitatively compare two measurement schemes, which allow us
to characterize the magnon spin transport in two-terminal as well as three-terminal
devices. Here, we distinguish between a dc-detection technique utilizing the current
reversal method and an ac-readout technique based on lock-in detection. While
some works are based on a dc charge current applied to the injector [120, 186, 199],
others rely on an ac stimulus applied to the injector [43–45]. Up to now, these two
main measurement methods have been used to access and compare the magnon
transport properties, although it is not clear whether or not these methods yield
exactly the same results, in particular when the transport between injector and
detector is manipulated via an additional applied dc charge current. Especially
the aspect that it is not always obvious in literature how SHE- and thermally
induced signal contributions are considered in the two measurement methods
makes an interpretation challenging. With a proper interpretation, we expect both
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measurement techniques to result in the same electrically induced signals if (i)
the injector current in both cases is small enough that we can neglect nonlinear
contributions and stay in the linear transport regime and (ii) the measurement
frequency for the ac technique is low compared to characteristic time constants,
regarding both the measurement setup and the sample under investigation. In the
following, we revisit the sample configuration and introduce both measurement
techniques. We present angle-dependent measurements of the SHE and thermally
injected magnons for both measurement configurations and compare the results
in detail. Furthermore, we verify that both schemes allow us to investigate the
modulation of magnon transport induced by an additional dc charge current applied
to the center modulator strip.

The vast majority of text and figures in this Section is taken from the article
published in J. Gückelhorn, T. Wimmer, S. Geprägs, H. Huebl, R. Gross, and M. Al-
thammer, Quantitative comparison of magnon transport experiments in three-terminal
YIG/Pt nanostructures acquired via dc and ac detection techniques, Applied Physics
Letters 117, 182401 (2020).

4.2.1 Dc-detection Technique

We introduce the dc-detection technique for the general case of a three-terminal
device, as sketched in Fig. 4.4(a). A charge current Iinj is applied to the injector,
inducing a magnon accumulation in the YIG film via the SHE and Joule heating. The
magnons diffuse away from the injector and towards the detector strip, where they
can be detected as a voltage signal Vdet. A dc charge current Idc

mod is applied to the
modulator electrode allowing for the manipulation of the magnon spin transport
between injector and detector via a SHE-induced spin accumulation and Joule
heating effects.

Following previous works [44, 45, 76, 199], we express the detector voltage as

Vdet

(
Iinj, I

dc
mod

)
=

∑
i∈{inj,mod}

∞∑
j=1

Rj
i-det

(
Idc

mod

)
· [Ii]j . (4.41)

Here, Rj
i-det

(
Idc

mod
)

are the transport coefficients accounting for the conversion
process at the YIG/Pt interface and the transport in the YIG layer. Note that we only
account for changes in Rj

i via Idc
mod. This assumption is only valid for small injector

currents Iinj [44, 45]. Explicitly accounting for magnons injected at the injector
and at the modulator in Eq. (4.41), allows us to verify that both our measurement
techniques are able to disentangle the detector voltages generated via Iinj and
Idc

mod and thus only consider magnons induced at the injector. In the following, we
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Fig. 4.4 – (a) Schematic depiction of the sample configuration with the electrical wiring
scheme and the coordinate system with the in-plane rotation angle φ of the applied
magnetic field. (b) Top view of the device with the detailed connection scheme
(upper panel) and schematic dependence of the detector voltage Vdet as a function
of time according to Eq. (4.41) (lower panel) for the dc-detection technique. The
dc current at the injector is step-wise varied from +Iinj to −Iinj and vice versa.
(c) Top view of the device (upper panel) and schematic dependence of Vdet (lower
panel) for the ac-detection technique. The first (red) and second (blue) harmonic
signal for V ac

det is shown as well as a constant offset detector voltage (green). The
black line corresponds to their superposition.

will show that for both the advanced current reversal method (dc technique) and
the lock-in technique (ac technique) the first sum vanishes (with i = inj) and the
voltage signals only contain contributions from Idc

mod via the transport coefficients
Rj

inj−det(Idc
mod).

For the dc-detection technique, we utilize an advanced current reversal scheme,
which is sketched in Fig. 4.4(b). We apply a dc charge current sequence +Iinj, 0,
− Iinj, 0 to the injector, while a constant dc charge current Idc

mod is applied to the
modulator. For each configuration we measure the voltage V dc

det at the detector
(cf. 4.4(b)). From these measurements, we can then define the voltage due to
SHE-induced magnons transported from the injector to the detector as

V SHE
dc = 1

2

[
V dc

det

(
Iinj, I

dc
mod

)
− V dc

det

(
−Iinj, I

dc
mod

)]
= R1

inj-det

(
Idc

mod

)
Iinj +R3

inj-det

(
Idc

mod

)
(Iinj)3 + ... ,

(4.42)

where we assume an odd symmetry with respect to Iinj. Furthermore, we utilized
Eq. (4.41) to obtain the second line in Eq. (4.42). While the SHE-induced voltage
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contributions V SHE
dc switch sign under a polarity change, thermal voltages are even

under current reversal and thus we define

V therm
dc = 1

2

[
V dc

det

(
Iinj, I

dc
mod

)
+ V dc

det

(
−Iinj, I

dc
mod

)
− 2V dc

det

(
0, Idc

mod

)]
= R2

inj-det

(
Idc

mod

)
(Iinj)2 + ... ,

(4.43)

as the voltage due to thermally generated magnons assuming an even symmetry
with respect to Iinj and utilizing Eq. (4.41). This elaborate scheme allows us to
disentangle the dc detector voltages generated via Iinj and Idc

mod. This means,
V SHE

dc and V therm
dc only contain contributions from Idc

mod via the transport coefficients
Rj

inj−det(Idc
mod).

For two-terminal devices, we use the standard current reversal technique with
Idc

mod = 0. In this case, in Eq. (4.43) in the first line the subtraction of the induced
voltage signal for zero applied modulator current is vanishing, i.e. for two-terminal
devices it is sufficient to sum the voltage contributions due to positive and negative
Iinj. In contrast, Eq. (4.42) accounting for SHE injected magnons remains unchanged.
Thus, it is sufficient to subsequently apply dc currents with positive (+Iinj) and
negative (−Iinj) polarity. Furthermore, the coefficients Rj

i do no longer account
for changes via Idc

mod, but only for the conversion processes involved in the magnon
transport from injector to detector.

4.2.2 Ac-detection Technique

For the second method, the ac-readout technique, we again apply a constant dc
charge current Idc

mod to the modulator. However, this time we simultaneously apply
an ac charge current Iac

inj(t) = Iinj sin(ωt) to the injector with angular frequency
ω = 2πf . Via lock-in detection, we record the first and second harmonic signals
of V ac

det, as depicted in Fig. 4.4(c). In general, the lock-in detection method allows
to measure at the fundamental frequency f and any of its harmonics. The input
signal of the lock-in, the nth harmonic voltage signal V nω (with n ∈ N), is split and
separately multiplied with an in-phase sinusoidal reference signal (∝ sin(nωt)) and
its 90◦ phase shifted signal (∝ cos(nωt)). Subsequent, these signals are integrated
over a time interval T ≫ 1/ω by low-pass filtering. The output signal V nω is given
by the two components

V nω
X =

√
2
T

∫ T

0
sin(nωt)V ac

det(t)dt (4.44)

V nω
Y =

√
2
T

∫ T

0
cos(nωt)V ac

det(t)dt , (4.45)
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where the subscript X denotes the in-phase and Y the quadrature component. A
phase delay ϕ of the signal arriving at the detector leads to finite signals in both
components. This finite phase shift ϕ could have various origins, including the
experimental setup introduced in Sec. 3.3: (i) different trigger conditions between
the ac current source and the lock-in could lead to a phase shift, (ii) a phase delay at
the voltage preamplifier is possible, (iii) an inductive crosstalk in our design might
occur or (iv) the phase shift is independent of the setup and stems from the magnon
transport between injector and detector [68]. The exact identification of the origin
of ϕ would be tedious and as it is not relevant for the analysis of the presented data,
it is not within the scope of this thesis. To account for the full signal response in only
one component, we apply a rotation matrix to our signals and obtain(

V nω
X′

V nω
Y′

)
=
(

cosnϕ sinnϕ
− sinnϕ cosnϕ

)(
V nω

X
V nω

Y

)
. (4.46)

The rotated components are denoted as X ′ and Y ′. To make sure that the full
signal response is in one of the components (X ′ or Y ′), the phase shift ϕ has to be
determined. Therefore, we analyze the first harmonic voltage signal (n = 1) obtained
by angle-dependent measurements and iteratively apply the rotation matrix to the X
and Y components of the signal for different ϕ values until the angle dependence of
V 1ω

Y′ vanishes and the whole signal amplitude is captured by the X ′ component. The
determined ϕ-value is then utilized to analyze the first harmonic signal of follow-up
measurements, such as current- or field-dependent measurements. Higher harmonic
signals have to be rotated by nϕ to get the signal into one component. Utilizing
Eq. (4.41), the full signal response of the first harmonic signal V 1ω

ac for a time interval
T ≫ 1/ω is given by

V 1ω
ac = 2

T

∫ T

0
sin(ωt)V ac

det

(
Iac

inj(t), Idc
mod

)
dt

= R1
inj-det

(
Idc

mod

)
Iinj + 3

4R
3
inj-det

(
Idc

mod

)
(Iinj)3 + ... ,

(4.47)

which corresponds to the SHE-induced magnon transport signal. We see that the
first harmonic voltage signal is odd with respect to Iinj. For the second harmonic
signal V 2ω

ac , we obtain

V 2ω
ac = − 2

T

∫ T

0
cos(2ωt)V ac

det

(
Iac

inj(t), Idc
mod

)
dt

= 1
2R

2
inj-det

(
Idc

mod

)
(Iinj)2 + ... ,

(4.48)
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Device tYIG (nm) tPt (nm) winj= wdet (nm) wmod (nm) de (nm)
D300 7.0 3.5 500 300 200
D500 11.4 5 500 500 200

Tab. 4.1 – Device parameters of D300 and D500 investigated in the dc- and ac-experiments.

which corresponds to the thermally generated magnons due to Joule heating in the
injector and is even with respect to Iinj. Here, we have to account for the −90◦

phase shift of the signal with respect to the reference signal. The lock-in technique
assures that the first and second harmonic signals only contain contributions from
the magnon transport between the injector and detector.

4.2.3 SHE Induced Magnon Spin Signal
First, we focus on the voltage signals of the SHE-induced magnons acquired via
the dc- and ac-detection technique. If we compare V SHE

dc (Eq. (4.42)) and V 1ω
ac

(Eq. (4.47)), we find that these two quantities should be identical if Rj
inj−det = 0 for

j ≥ 2. Thus a quantitative comparison of V SHE
dc and V 1ω

ac should allow us to obtain
information on higher order SHE contributions.

For the experiments, we investigate two three-terminal devices (D300 and D500)
on two different YIG thin films. The injector and detector length linj = ldet = 50 µm
as well as the modulator length lmod = 64 µm are identical for both devices. The
other device parameters slightly differ and are summarized in Tab. 4.1. Note that
the measurements for D500 were performed in the same experimental setup, while
the dc and ac measurements of D300 were conducted in two different setups. For
all measurements we use a peak value of Iinj = 100 µA, which corresponds to
an injector current density of Jinj = Iinj/(tPtwinj) ≈ 5.7 × 1010 A/m2 for D300 and
Jinj = 4×1010 A/m2 for D500. In an analogous manner, we can define the modulator
current density Jmod = Idc

mod/(tPtwinj).
To characterize the magnon transport in our devices, we plot the detector voltages

V SHE
dc and V 1ω

ac as a function of the magnetic field orientation φ (cf. Fig. 4.4(a))
measured for a fixed magnetic field strength of µ0H = 50 mT and a temperature of
T = 280 K. We first focus on D300 with V SHE

dc for different positive and negative
modulator currents Idc

mod in Fig. 4.5 (a) and (b), respectively, as well as V 1ω
ac in

Fig. 4.5(c) for Idc
mod ≥ 0 and (d) for Idc

mod ≤ 0. For Idc
mod = 0 (light green data

points), we observe the distinctive cos2 φ modulation for magnon transport between
the injector and detector without an additional modulator in between for both
measurement schemes. Both V SHE

dc and V 1ω
ac show minima for HHH ∥ ± ẑ̂ẑz (φ =

0◦, 180◦, 360◦), which correspond to maxima in the magnon transport between the
injector and detector [43, 120]. For Idc

mod > 0 (cf. Fig. 4.5(a), (c)), both magnon
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Fig. 4.5 – (a), (b) Detector signal V SHE
dc and (c), (d) V 1ω

ac of device D300 plotted versus
the rotation angle φ of the in-plane magnetic field HHH with constant magnitude
µ0H = 50 mT for various Idc

mod. (a), (c) For Idc
mod > 0, the detector signal is

significantly increased at φ = 0◦, 360◦ and slightly reduced at φ = 180◦, while (b),
(d) for Idc

mod > 0 the angle dependence is shifted by 180◦. The angle dependence
and the ranges of V SHE

dc and V 1ω
ac are in perfect agreement. The voltage amplitudes

ASHE
dc and A1ω

ac are extracted from the angle dependence of the detector signals as
shown by the vertical arrows.

transport signals V SHE
dc and V 1ω

ac are significantly increased at φ = 0◦, 360◦. This
enhancement can be explained by an increase in magnon conductivity caused by a
magnon accumulation underneath the modulator. On the one hand, the SHE-induced
magnon chemical potential and on the other hand thermally generated magnons due
to Joule heating are the origin of this enhanced magnon accumulation. The increase
in magnon conductivity in turn leads to a larger magnon transport signal at the
detector and thus a higher negative voltage signal for V SHE

dc and V 1ω
ac . At φ = 180◦,

we obtain a decreased magnon transport signal at the detector for both measurement
techniques. In this case, a magnon depletion occurs underneath the modulator due to
the annihilation of magnons via the SHE. However, the depletion in V SHE

dc and V 1ω
ac is

rather small compared to the enhancement at φ = 0◦, 360◦, as it is counterbalanced
by the thermally injected magnons arising due to Joule heating at the modulator. For
Idc

mod < 0, we observe a 180◦ shifted behavior compared to the data for Idc
mod > 0, i.e.

the magnon transport signals V SHE
dc and V 1ω

ac are significantly increased at φ = 180◦,
while they are slightly decreased at φ = 0◦, 360◦. In this configuration, the magnon
accumulation underneath the modulator is increased for φ = 180◦ due to the SHE-
induced magnon chemical potential and the thermal magnons arising due to Joule
heating. In contrast, the decrease at φ = 0◦, 360◦ originates from the annihilation of
magnons via the SHE, which is however counterbalanced by thermally generated
magnons at the modulator. This behavior has already been reported by Wimmer et
al. in Ref. [45]. Comparing the dc and ac configuration, we find that not just the
angle dependence is equivalent, but also the voltage amplitudes V SHE

dc and V 1ω
ac are
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Fig. 4.6 – Detector signals (a), (b) V SHE
dc acquired via the dc-detection technique and (c), (d)

V 1ω
ac the first harmonic signal of the ac-readout technique of SHE injected magnons

of D500 as a function of the magnetic field orientation φ with µ0H = 50 mT for
various modulator currents Idc

mod. (a), (c) For Idc
mod > 0, the magnon spin transport

is significantly increased at φ = 0◦, 360◦ and reduced at φ = 180◦. (b), (d) For
Idc

mod < 0, we observe a 180◦ shifted behavior. Similar to Fig. 4.5 the ranges and
behavior of the SHE induced magnon spin transport signals V SHE

dc and V 1ω
ac are in

perfect agreement.

in very good agreement. As already mentioned, this is expected if the frequency of
the ac signal is low compared to characteristic frequencies set be characteristic time
constants and if the injector current amplitude is low enough in both cases to stay in
the linear transport regime.

To rule out effects due to different measurement setups, we now present the data
of device D500, which was measured in a single setup instead of two different setups.
In an analogous manner to Fig. 4.5, we plot the detector signals V SHE

dc and V 1ω
ac

as a function of the magnetic field orientation φ at a magnetic field magnitude of
µ0H = 50 mT and T = 280 K for various modulator currents up to Idc

mod ≤ 1000 µA
achieving similar current densities at the modulator as with the device D300 32. In
Fig. 4.6(a) and (b) the measurement results V SHE

dc recorded with the dc method for
positive and negative Idc

mod, respectively, are shown, while the panels (c) and (d)
show the angle dependence of V 1ω

ac for Idc
mod ≥ 0 and for Idc

mod ≤ 0. For Idc
mod = 0 as

well as Idc
mod > 0 and Idc

mod < 0, we find a similar angle dependence as for D300,
however the absolute voltage amplitudes V SHE

dc and V 1ω
ac are reduced. Since the

magnon transport in the MOI exhibits an exponential decay for sufficiently large
injector-detector distances [43, 141], we can explain this decrease by the larger
separation between injector and detector for D500. The behavior of the angle
dependence is based on the same processes already explained for D300. Similar
32Note that despite the large current densities present in the Pt strips, predominantly in the modulator

electrode, we measure a resistance between injector and detector over the whole modulator current
range of above 1 GΩ. Since this value is comparable to the input resistance of our measurement
setup and is about 5 orders of magnitude larger than the Pt resistance, we do not expect any
influence from an enhanced electrical conduction of the YIG film.
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Fig. 4.7 – Extracted amplitudes (a) ASHE
dc (±µ0H) and (b) A1ω

ac (±µ0H) of the SHE injected
magnons of D300 as function of the modulator current Idc

mod. The curves and
signal amplitudes show similar behaviors for (a) the dc and (b) ac method. The
black dashed lines for µ0H = ±50 T are fits to Eq.(4.40) exemplary indicating
the Idc

mod + (Idc
mod)2 dependence in the low bias regime

(∣∣Idc
mod
∣∣ ≤ 0.3 mA

)
. (c),

(d) Ratio A1ω
ac /A

SHE
dc of the extracted amplitudes for the ac and dc configuration

for (c) positive and (d) negative magnetic field values µ0H.

to D300, the comparison of the dc and ac technique shows an equivalence of the
angle dependence as well as of the voltage amplitudes V SHE

dc and V 1ω
ac , although the

applied modulator current magnitudes slightly differ. Our findings are in perfect
agreement with the predictions of our detector voltage model, which suggests
that V SHE

dc and V 1ω
ac should be equal when only first and second order transport

coefficients contribute (Rj
inj−det ̸= 0 for j ≤ 2).

For a more elaborate quantitative comparison of the voltage signals detected
in the dc and ac measurements, we extract the signal amplitudes ASHE

dc (±µ0H)
and A1ω

ac (±µ0H) of the angle-dependent measurements, as exemplary indicated
by arrows in Fig. 4.6 and plot them as a function of the modulator current Idc

mod.
Note that we analyze ASHE

dc and A1ω
ac instead of V SHE

dc and V 1ω
ac , because the voltage

measured at φ = 90◦, 270◦ is close to zero, which leads to significant contributions
of noise. We first focus on the signal amplitudes ASHE

dc (±µ0H) and A1ω
ac (±µ0H) of

the device D300, which are shown in Fig. 4.7(a) and (b) for different magnetic
field magnitudes µ0H = ±20 mT , ± 50 mT. At first glance, both the functional
dependence on the modulator current and the absolute value of the detector signal
show a similar behavior for the dc (Fig. 4.7(a)) and ac (Fig. 4.7(b)) configuration.
As discussed in Sec. 4.1.2, the signal amplitudes in the low bias regime (|Idc

mod| ≤
0.3 mA) can be described by a superposition of a linear (SHE) and quadratic (Joule
heating) modulator current dependence [44, 45]. To illustrate this, we exemplary
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plot this Idc
mod + (Idc

mod)2 dependence for µ0H = ±50 mT as a blacked dashed line
in Fig. 4.8(a) and (b). The fits using Eq.(4.40) well model the measured data
points in the low bias regime, while for Idc

mod > 0.3 mA for positive magnetic field
values and for Idc

mod < −0.3 mA for µ0H < 0 we observe a pronounced deviation
from this behavior. We can attribute this deviation of the detector signal from
the Idc

mod + (Idc
mod)2 dependence to a zero effective damping state underneath the

modulator (cf. Sec. 4.1.1). To show that the extracted amplitudes as a function
of the modulator current Idc

mod for the dc configuration are in accordance with
the amplitudes of the ac scheme, we plot the ratio A1ω

ac /A
SHE
dc . Fig. 4.7(c) shows

the ratios for positive magnetic field values, while panel (d) shows A1ω
ac /A

SHE
dc

for negative magnetic field values. Focusing on µ0H > 0, the curve exhibits a
slight increase of A1ω

ac /A
SHE
dc in the negative and low bias regime (Idc

mod ≤ 0.3 mA).
According to our angle-dependent measurements and the detector voltage model
we would expect a rather constant behavior A1ω

ac /A
SHE
dc = 1, when only linear effects

contribute, i.e. Rj
inj−det(Idc

mod) = 0 for j ≥ 2. The deviation from the expected
constant behavior might originate from the two different measurement setups,
where the dc and ac measurements were conducted, potentially causing differences
in the detector resistances. For Idc

mod > 0.3 mA, we observe one or more peaks and
for even higher modulator currents we find a decreasing signal ratio, which is a
clear deviation from the behavior in the negative and low bias regime. For the
negative field polarities, we extract a decrease of the ratio A1ω

ac /A
SHE
dc in the low

and positive bias regime (Idc
mod ≥ −0.3 mA), while we again find a clear deviation

from the linear Iinj dependence for negative modulator currents Idc
mod < −0.3 mA.

Following the arguments of our theoretical model, this behavior indicates a deviation
from the linear Iinj dependence for Idc

mod > 0.3 mA with Rj
inj−det(Idc

mod) ̸= 0 for
j ≥ 2. We attribute this to a new regime established via the damping compensation
underneath the modulator. This reflects a typical threshold behavior of nonlinear
effects [199]. We see that the ratio A1ω

ac /A
SHE
dc slightly differs for different magnetic

field magnitudes, predominantly in the nonlinear regime. A possible explanation for
this complex behavior might be the population of additional damping compensated
magnon modes with increasing modulator current Idc

mod.

To investigate this behavior in more detail and to compare how large the influence
is when the measurements are conducted in two different setups, we analyze the
data of device D500 in a similar manner. Analogous to Figure 4.7, we extract the
amplitudes ASHE

dc (±µ0H) and A1ω
ac (±µ0H) of the angle-dependent measurements

shown in Fig. 4.6 and plot them as a function of the applied modulator current
Idc

mod for various magnetic field magnitudes in Fig. 4.8(a) and (b) for the dc and
ac configuration. In accordance with our previous observations, we find similar
behaviors and detector voltage amplitudes for the dc (Fig. 4.8(a)) and ac (Fig. 4.8(b))
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Fig. 4.8 – Extracted amplitudes (a) ASHE
dc (±µ0H) and (b) A1ω

ac (±µ0H) of the SHE injected
magnons of device D500 (as indicated by arrows in Fig. 4.6) plotted versus the dc
charge current Idc

mod. The signal amplitudes show a similar behavior for the (a) dc
and (b) ac measurement method. The black dashed lines for µ0H = ±60 T are
fits to Eq.(4.40) exemplary indicating the Idc

mod + (Idc
mod)2 dependence in the low

bias regime
(∣∣Idc

mod
∣∣ ≤ 0.55 mA

)
. (c), (d), (e), (f), (g), (h) Ratio A1ω

ac /A
SHE
dc of

the extracted amplitudes for the ac and dc configuration for (c), (e), (g) positive
and (d), (f), (h) negative magnetic field magnitudes µ0H. (c), (e), (g) For
Idc

mod ≤ 0.55 mA, the ratio exhibits a nearly constant behavior close to the value 1.
A clear deviation from 1 is found for higher modulator currents. (d), (f), (h) For
µ0H < 0, we observe a similar dependence with a threshold behavior for negative
modulator current values (Idc

mod < −0.55 mA).

measurement technique. In the low bias regime of device D500 (|Idc
mod| ≤ 0.55 mA)

we observe the predicted superposition of a linear (SHE) and quadratic (Joule
heating) dependence. The fits to Eq. (4.40) (black dashed lines) for µ0H = ±60 mT
in Fig. 4.8(a) and (b) well reproduce the Idc

mod + (Idc
mod)2 dependence in the low bias

regime. We find a clear deviation from this behavior for modulator currents Idc
mod >

0.55 mA or Idc
mod < −0.55 mA for positive and negative magnetic field magnitudes,

respectively. Similar to device D300, we attribute this threshold behavior to a
zero effective damping state [45]. For a quantitative comparison of the absolute
amplitude values of the dc and ac configuration, we plot the ratios A1ω

ac /A
SHE
dc as

a function of the modulator current Idc
mod in Fig. 4.8(c), (e), (g) for positive and

in (d), (f), (h) for negative magnetic field values. For positive field magnitudes in
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mod versus µ0H extracted from the ratios A1ω

ac /A
SHE
dc as indicated

by the orange dashed line in (a).

the negative and low bias regime (Idc
mod ≤ 0.55 mA), the ratio is nearly constant

with a value close to 1, which is in contrast to the behavior of device D300. Since
our detector voltage model predicts A1ω

ac /A
SHE
dc = 1 for only linear effects with

Rj
inj−det(Idc

mod) = 0 for j ≥ 2, this observation corroborates our simple model.
However, for Idc

mod > 0.55 mA we extract a clear deviation from 1. While we observe
a dip for µ0H = 20 mT, we find a peak for µ0H = 60 mT and 100 mT. This
observation substantiates our considerations that higher orders of Iinj contribute
in this regime. For negative magnetic field magnitudes, a similar dependence of
A1ω

ac /A
SHE
dc can be extracted, however with a polarity change and thus a threshold for

negative modulator currents Idc
mod. For µ0H = −100 mT (Fig. 4.8(h)), the threshold

behavior cannot be observed due to a worse signal-to-noise ratio. Comparing the
devices D300 and D500, we see that conducting measurements in two different
setups, introduces an uncertainty, which results in a slightly different behavior of the
ratio of the detector voltage signals of device D300 compared to D500. Concluding,
this means that the comparison of the dc- and ac-detection method is most precise
when all measurements can be performed in the same setup.

Similar to our previous observation, the ratios A1ω
ac /A

SHE
dc of device D500 slightly

differ for varying magnetic field magnitudes, predominantly in the nonlinear regime.
For a more quantitative analysis of the field dependence, we investigate the behavior
within the nonlinear regime in more detail. As exemplary shown for µ0H = 20 mT
in Fig. 4.9(a), the ratio A1ω

ac /A
SHE
dc in the nonlinear regime (Idc

mod > 0.55 mA) exhibits
a complex structure. We are able to extract two dominant features, the modulator
currents Imax

mod and Imin
mod, which are defined as the current values where the ratio in

the nonlinear regime reaches its local maximum and minimum, respectively. The
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extracted modulator current Imax
mod is plotted as a function of the applied magnetic

field magnitude in Fig. 4.9 (b). For µ0H < 40 mT, the modulator current has a
constant value of Imax

mod ≈ 0.64 mA, while we find an about linear increase of Imax
mod for

larger magnetic field strengths (µ0H > 40 mT). The minimum modulator current
Imin

mod is plotted as a function of µ0H in Fig. 4.9 (c). It also increases with increasing
magnetic field values, however, we obtain Imin

mod values being larger than those of
Imax

mod over the whole magnetic field range. Similar results have been found for
the critical threshold currents in Ref. [45]. Comparing our results to the theory
model considering higher order terms (Rj

inj−det(Idc
mod) ̸= 0 for j ≥ 2), we can

use equations (4.42) and (4.47) and obtain the ratio V 1ω
ac /V

SHE
dc = (R1

inj-detIinj +
3
4R

3
inj-det (Iinj)3)/(R1

inj-detIinj +R3
inj-det (Iinj)3). Assuming finite transport coefficients

R1
inj-det, R

3
inj-det ̸= 0, we obtain a ratio smaller than 1 if R1

inj-det and R3
inj-det have the

same sign, while the ratio is larger than 1 if the two transport coefficients have
opposite signs. As already stated, we can only speculate on the physical origin of the
observation. Considering the magnon dispersion relation, one possible explanation
might be the excitation of additional damping compensated magnon modes with
increasing modulator current Idc

mod leading to a complex behavior of the amplitudes
and ratios. Note that we only take contributions up to the third order in Iinj into
account, which probably indicate coupling effects between SHE and thermally
excited magnons. If we assume such an additional third order contribution in Iinj,
one would expect within our model to observe a signal in the third harmonic in
the ac configuration. However, we could not detect any significant third harmonic
signal. Utilizing equations (4.42) and (4.47) again, we can calculate the difference
of the two voltages to V SHE

dc −V 1ω
ac = 1/4R3

inj-det (Iinj)3. From the difference between
the voltage amplitudes ASHE

dc and A1ω
ac we can now estimate a third harmonic signal

of the order of several 10 nV, which is unfortunately lower than the noise floor
in our lock-in measurements. Thus, improvements in the signal-to-noise ratio
is needed, which may allow us the detection of this higher order contribution.
Recently, a comprehensive study investigated the nonlinear transport properties
of magnons in extended YIG films using two-terminal Pt devices [197, 198]. The
authors distinguished between high-energy magnons with a characteristic decay
length in the sub-micrometer range and low-energy magnons with a characteristic
decay length in the micrometer range. Varying the charge current applied to the
injector, they could identify different transport regimes for the low-energy magnons.
While for low injector currents, the spin current is a linear function of the electrical
current, the spin transport is highly correlated for larger currents on the order
of the damping compensation threshold, which is marked by a saturation of the
magnon transconductance. For even larger injector currents, where the temperature
below the injector approaches the Curie temperature of YIG, it has been found that
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Fig. 4.10 – (a), (b) Detector signals of thermally generated magnons V therm
dc and (c), (d)

V 2ω
ac of D500 plotted versus the magnetic field orientation with µ0H = 50 mT

for various modulator currents Idc
mod. (a), (c) For Idc

mod > 0, the thermally
generated magnon spin signal is increased at φ = 0◦, 360◦, while it is decreased
at φ = 180◦. (b), (d) For Idc

mod < 0, we observe a 180◦ shifted behavior. While
the angle dependence of V therm

dc and V 2ω
ac are in good agreement, their absolute

amplitude values strongly differ.

the scattering with high-energy magnons dominates and a diffusive transport is
observed [197, 198].

4.2.4 Thermally Generated Magnon Spin Signal

We now discuss the magnon transport due to thermally generated magnons. Note
that the data is only available for device D500. We start with the angle-dependent
data obtained from the detector signals V therm

dc and V 2ω
ac . In Fig. 4.10(a) and (b), we

plot the angle-dependent thermal voltage signals for the dc-detection technique and
in panel (c) and (d) for the ac-readout technique for the same positive and negative
modulator currents Idc

mod, respectively, as for the SHE induced magnons in Fig. 4.6.
For Idc

mod = 0 (light green data points), the voltage signals for the thermally generated
magnons show the characteristic cosφ modulation in accordance with previous
work [43]. It results from the angle dependence of the spin injection/detection at
the injector/detector electrode. For Idc

mod > 0 (cf. Fig. 4.10(a) and (c)), we find
an increase of the detector signals V therm

dc and V 2ω
ac at φ = 0◦, 360◦ and a decrease

at φ = 180◦ as already reported by Wimmer et al. in Ref. [45]. This difference
is significantly increased for the highest modulator currents Idc

mod = 900 µA and
1000 µA. It is important to mention, while an applied dc charge current in the
range between 0 µA and about up to 200 µA only lead to a temperature increase
at the electrode of a few Kelvin, our highest applied dc charge currents result in a
temperature increase of about 100 K. Note that is only a rough estimation according
to local thermometry measurements for a comparable device geometry [45]. In
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Fig. 4.11 – Extracted amplitudes (a) Atherm
dc (±µ0H) and (b) Atherm

dc (±µ0H) of the thermally
generated magnon spin transport signal of device D500 (as indicated in Fig. 4.10)
each plotted for different external magnetic field magnitudes versus the dc charge
current Idc

mod. (c), (d) Ratio A2ω
ac /A

therm
dc of the extracted amplitudes for the dc

and ac configuration for (c) positive and (d) negative field values µ0H. In both
cases the ratio exhibits a nearly constant behavior over the whole modulator
current range at a value close to 0.5 within the experimental error.

Ref. [45], they measured a temperature increase of 90 K for a maximum modulator
current of 800 µA and a Pt modulator with a width of 500 nm and a thickness
of 3.5 nm, which is slightly thinner compared to our case. Performing similar
measurements on another YIG/Pt device suggest an increase of the temperature
that is larger than twice the measured value for thinner modulator electrodes
and thus larger modulator current densities, as detailed in Sec. 4.4.4. We can
attribute this enhancement and reduction of the signal to the same mechanisms
as in the case for the SHE induced magnons (V SHE

dc and V 1ω
ac ). At φ = 0◦, 360◦,

the magnon conductance is increased due to SHE and thermally injected magnons,
while at φ = 180◦ the magnon depletion due to the SHE is counterbalanced by
thermal magnons and thus only a small decrease of the signal is observed. For the
same reasons, we observe a 180◦ shifted behavior for negative modulator currents
Idc

mod < 0, where the thermally generated magnons V therm
dc (Fig. 4.10(b)) and V 2ω

ac
(Fig. 4.10(d)) are increased at φ = 180◦ and decreased at φ = 0◦, 360◦. Comparing
the dc- and ac-measurement techniques, we find a similar angle dependence of
the detector signal, however with a strongly different absolute magnitude. This
difference is in agreement with our detector voltage model (Eqs. (4.43) and (4.48)),
as discussed below.

For the quantitative comparison, we extract the amplitudes Atherm
dc (±µ0H) and

A2ω
ac (±µ0H) of the thermally generated magnons as indicated by arrows in Fig. 4.10

and plot them as a function of the modulator current for the same magnetic field
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magnitudes µ0H as in the case for the SHE induced magnons ASHE
dc and A1ω

ac . The
extracted amplitudes are shown in Fig. 4.11(a) and (b) for the dc and ac configu-
ration. The qualitative dependence of the signal amplitude on Idc

mod is identical for
Atherm

dc and A2ω
ac for all magnetic field magnitudes and current ranges. In agreement

with previous reports [45], the curves exhibit a significant kink above a certain
critical current value. To account for the differences in the absolute amplitude
values, we show the calculated ratios A2ω

ac /A
therm
dc for positive magnetic field values

in Fig. 4.11(c) and for µ0H < 0 in Fig. 4.11(d). In both cases, the ratio A2ω
ac /A

therm
dc

is nearly constant over the whole modulator current range and exhibits a value
of 0.5 within the experimental error for all measured magnetic field magnitudes.
The small deviations, most notably in the negative current regime for µ0H > 0
(Fig. 4.11(c)) and in the positive current regime for µ0H < 0 (Fig. 4.11(d)), can be
attributed to the low thermal signal amplitude in our devices, which cause a worse
signal-to-noise ratio. Furthermore, differences in the thermal landscape due to a
difference in the average applied heating power for the dc and ac configuration may
also lead to a deviation. While the ratios A1ω

ac /A
SHE
dc of SHE induced magnons show

a dependence on the magnetic field magnitude, we do not find any magnetic field
dependence for A2ω

ac /A
therm
dc . We can explain this by comparing our results to our

detector voltage model. Utilizing Eqs. (4.43) and (4.48), we obtain a constant ratio,
which yields A2ω

ac /A
therm
dc = 0.5 if only transport coefficients up to the fifth order

(j ≤ 5) contribute. This nicely agrees with our results. However, the quantitative
comparison of the thermal signal is not suitable to detect higher order contributions,
as deviations originating from transport coefficients higher than the fifth order, are
unfortunately lower than the signal-to-noise ratio in our measurement setups.

4.3 Reduced Effective Magnetization

While we observe clear differences between the SHE-induced magnon transport
signals for the dc- and ac-detection technique above a certain modulator current,
this critical current value does not sensitively depend on the measurement technique.
However, other parameters might impact the magnon conductivity underneath the
modulator in YIG or FMIs in general. According to the current understanding, this
threshold effect, when the injected magnons below the modulator can counteract the
magnetization damping, scales with the saturation magnetization and the magnetic
anisotropy of the material (cf. Sec. 4.1.1) [45, 196]. In this section, we explore the
impact of these parameters and investigate the magnon transport in FMIs with signi-
ficant perpendicular magnetic anisotropy fields Hk and reduced saturation magneti-
zationMs.
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Fig. 4.12 – (a) Sketch of the elliptical mag-
netization precession in YIG thin
films grown on lattice-matched
GGG. (b) Minimized ellipticity in
biaxially strained YIG thin films
grown on YSGG due to the re-
duced effective magnetization.

In general, YIG thin films grown on the
lattice matched substrate GGG exhibit
a finite in-plane effective magnetization
Meff = Ms − Hk > 0, which results in
an elliptical magnetization precession
trajectory with the long axis aligned in
the film plane, as schematically sketched
in Fig. 4.12(a). The finite Meff gives
rise to nonlinear damping effects via
parametric pumping of higher frequency
modes [201]. Recently, it has been re-
ported that the ellipticity of the magne-
tization precession can be minimized,
suppressing nonlinear damping and thereby achieving spin-orbit torque induced co-
herent magnetization auto-oscillations even in extended magnetic films [202, 203].
In these experiments, the samples exhibit a large perpendicular anisotropy (PMA)
leading to a compensation of the in-plane shape anisotropy and thereby approaching
Meff = 0. For our experiments, we also reduce the ellipticity of the magnetization
precession by reducing the effective magnetization of YIG. When our samples achieve
a compensation of the anisotropy or Meff = 0, respectively, we expect a circular
magnetization precession, as sketched in Fig. 4.12(b). Hence, a suppression of
nonlinear damping effects is expected leading to an enhanced magnon-based spin
conductivity. Our experimental approach utilizes a biaxially strained YIG thin film
grown on yttrium scandium gallium garnet (YSGG) approaching strongly reduced
effective magnetization. In the following, we investigate the magnetic properties of
the strained YIG films and show that they exhibit low Gilbert damping comparable
to YIG thin films grown on lattice-matched GGG. Moreover, we investigate the
magnon transport in two- and three-terminal devices. Utilizing latter, we find a
linear dependence of the critical current on the applied magnetic field. This allows
us to corroborate the expected scaling with the effective magnetization of the FMI.

Main parts of this section, figures and text, have been published in J. Gückelhorn,
T. Wimmer, M. Müller, S. Geprägs, H. Huebl, R. Gross, and M. Althammer, Magnon
transport in Y3Fe5O12/Pt nanostructures with reduced effective magnetization, Physi-
cal Review B 104, L180410 (2021).

4.3.1 Film Characterization

To be able to control Meff in our experiments, we pseudomorphically grow a 12.3 nm
thick YIG film onto a YSGG substrate by PLD (cf. Sec. 3.2). The lattice mismatch of

77

https://link.aps.org/doi/10.1103/PhysRevB.104.L180410
https://link.aps.org/doi/10.1103/PhysRevB.104.L180410


-40 -20 0 20 40
-80

-40

0

40

80

M
(k

A/
m

)

µ0H (mT)
0 10 20 30

0

0.4

0.8

1.2

µ 0
H

re
s
(T

)

f (GHz)

0

3

6

9

12

15

µ 0
∆H

(m
T)

50 51 52
10-1

101

103

105

in
te

ns
ity

(a
.u

.)

2 (deg)

(a) (b) (c)

bulk YIG
(444)

YSGG
(444)

Fig. 4.13 – (a) X-ray diffraction of a 12.3 nm thick YIG film grown on a (111)-oriented
YSGG substrate. The blue vertical line marks the calculated 2θ-position of the
(444) reflection of bulk YIG. (b) Resonance field Hres and linewidth ∆H as a
function of frequency extracted from FMR measurements of the 12.3 nm thick
YIG film grown on YSGG. (c) In-plane SQUID magnetometry measurements
of a 9 nm thick YIG film grown on (111)-oriented YSGG at 300 K. A saturation
magnetization Ms = 80 kA/m is observed.

0.4 % between YIG and YSGG induces a biaxial in-plane tensile strain in the YIG thin
film. Thus, strain-induced magnetoelastic coupling [204] results in large Hk [205].
To confirm this in-plane lattice strain, we perform x-ray diffraction measurements
on the thin film. Figure 4.13(a) shows the 2θ − ω scan with the substrate (444)
diffraction peak clearly visible at 2θ = 50.7◦. The corresponding film peak appears
as a broad shoulder in the diffraction pattern and is shifted to larger 2θ values
due to the in-plane tensile strain. To emphasize the shift we marked 2θ = 51.07◦

the calculated position of the (444) reflection of bulk YIG using λ = 1.5406 Å and
a = 12.38 Å (cf. Sec. 3.1). The large width and low intensity of the film peak
originates from the small film thickness. Note that the width of the reflection peak
in a 2θ − ω scan is only infinitely narrow, if the crystal is infinitely large. For thin
films, however, we are dominated by a finite coherence length, i.e. the number of
crystal planes contributing to the coherent scattering is reduced due to the finite
thickness. As the coherence length is reduced, the full width half maximum of the
thin film reflection in 2θ scales inversely with the thin film thickness. The broadening,
the low intensity and the overlap with the substrate peak make it challenging to
conduct more advanced experiments, which would provide more precise results. For
instance, an omega rocking curve is rather difficult to measure and interpret due to
the problem of unambiguously separating substrate and thin film contributions.

We magnetically characterize the strained YIG film utilizing broadband ferromag-
netic resonance (FMR). Therefore, the thin film is placed face down on a coplanar
waveguide and the complex transmission parameter S21 is measured as a function
of the microwave frequency and the magnetic bias field applied in the out-of-plane
direction using a vector network analyzer (VNA). From this data, we extract the
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resonance field µ0Hres (black data points) and the linewidth µ0∆H (blue data
points) and plot them against the frequency in Fig. 4.13(b). We determine the
effective magnetization µ0Meff = (56.0 ± 0.2) mT by linear fitting with the Kittel
equation f = γµ0/(2π)(Hres − Meff). This value is significantly decreased com-
pared to unstrained YIG films of similar thickness, which exhibit an about three
times larger effective magnetization value [45]. FMR also allows us to determine
the Gilbert damping parameter αG [206]. By fitting the FMR linewidth ∆H to
µ0∆H = µ0δH + 4πfαG/γ (blue line in Fig. 4.13(b)), we obtain the inhomogenous
linewidth µ0δH = (3.6 ± 0.4) mT and αG = 1.5 ± 0.2 × 10−3. Similar values for αG

were extracted from FMR measurements for epitaxial high-quality YIG thin films
grown on lattice-matched GGG substrates under the same conditions [45].

Finally, we perform SQUID (superconducting quantum interference device) magne-
tometry measurements to obtain the saturation magnetization Ms, which enters the
calculation of the critical current dependence as a fixed parameter (see Sec. 4.1.1).
For these measurements, we used a second sample, a 9 nm thick YIG film grown on a
YSGG substrate under the same conditions as the 12.3 nm thick biaxial strained YIG
film investigated in detail in this Section. In Fig. 4.13(c) the obtained magnetization
M is shown as a function of the in-plane magnetic field for a temperature of 300 K.
We find a saturation magnetization of Ms = 80 kA/m, which is smaller compared to
the value of Ms = 111 kA/m observed for YIG thin films grown on lattice-matched
GGG under the same conditions [45]. Similar values for thin YIG films grown an
YSGG varying from Ms ≈ 85 kA/m to 136 kA/m were found in Ref. [205]. Recent
theoretical studies indicate that PMA can be achieved in YIG films with the proper
tensile in-plane biaxial strain [207].

4.3.2 Magnon Transport in Two-terminal Devices
After the film characterization, we deposited 5 nm thick Pt strips on top of the
strained YIG film according to the fabrication process described in Sec. 3.2 to allow
for an all-electrical generation and detection of pure spin currents and investigation
of the magnon transport. First, we investigate the magnon transport using two-
strip structures as depicted in Fig. 4.14(a). While the injector strip has a length
of linj = 50 µm and a width of winj = 500 nm, the detector has a length of either
ldet = 50 µm or 64 µm and its width wdet varies. Furthermore, the center-to-center
distance dc between injector and detector varies. In our experiments, we apply a dc
charge current Iinj = 100 µA to the injector electrode, while we use the dc-detection
technique to record the voltage signal Vdet at the detector (cf. Fig. 4.14(a)).

For the characterization of the magnon transport, the voltage signal V SHE
det is

measured as a function of the magnetic field orientation φ for a fixed magnetic field
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Fig. 4.14 – (a) Sketch of the sample configuration of a two-terminal device with the elec-
trical connection scheme, and the coordinate system with the in-plane rotation
angle φ of the applied magnetic field HHH. (b) Detector signal V SHE

det as a func-
tion of the magnetic field orientation φ for different magnetic field strengths
µ0H. The brown line is a fit to ASHE

det cos2(φ). (c) Voltage amplitude ASHE
det ,

as indicated in (b), plotted versus the injector-detector distance dc on a loga-
rithmic scale for the same magnetic field magnitudes as in (b). (d) Extracted
magnon spin relaxation length lm from the exponential fits in (c) as a function
of µ0H. A fit to Eq. (4.50) (gray line) results in a magnon diffusion constant
D = (1.75 ± 0.05) × 10−4 m2/s.

magnitude µ0H = 50 mT at a temperature T = 280 K. The results for a structure
with wdet = 500 nm, ldet = 50 µm and dc = 2.2 µm are shown in Fig. 4.14(b).
As for YIG films grown on GGG, we observe the characteristic cos2(φ) angular
dependence, which we expect for SHE-induced magnons transported from injector
to detector [43, 120]. Therefore, the voltage signal as a function of the angle
φ can be fitted with a simple ASHE

det cos2(φ) function as exemplary indicated for
µ0H = 200 mT. The quantity ASHE

det , which corresponds to the amplitude of the
SHE-generated magnon transport signal, is extracted for several structures and
plotted as a function of dc for different µ0H in Fig. 4.14(c). Overall, we observe
a decreasing amplitude signal ASHE

det with increasing distance dc. This expected
behavior for magnon transport can be divided into two different distance regimes:
for distances shorter than the magnon relaxation length lm, the signal ASHE

det follows
a 1/dc dependence, while it exhibits an exponential decay for larger distances,
when the magnon relaxation dominates [43, 141]. An exponential fit to the second
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regime, allows us to extract the magnon relaxation length. Here, we use a fit of
the form ASHE

det,0e
−dc/lm with ASHE

det,0 the amplitude at zero distance for dc ≥ 1 µm
(orange lines in Fig. 4.14(c)). In Fig. 4.14(d) the extracted lm values are plotted
versus the magnetic field magnitude µ0H. The lm values are on the order of 1 µm
and thus in good accordance with values found for YIG thin films grown on lattice-
matched GGG [45]. However, the magnon relaxation length is not constant, but
decreases with increasing magnetic field strength. We can explain the magnetic
field dependence of lm by recapping the physics leading to it. Therefore, we have
to consider the magnon relaxation rate Γip

mr for an in-plane magnetized film (cf.
Sec. 4.1.1). Taking damping contributions from inhomogenous broadening δH into
account, we see that the damping rate Γip

mr in Eq. (4.7) diverges for a finite positive
Meff at µ0H = 0. However, in the limit of Meff = 0, Eq. (4.7) reduces to

Γip
mr = γµ0

(
αGH + δH

2

)
. (4.49)

In this case, the relaxation rate is constant for µ0H = 0 and we expect a strictly
linear dependence on the magnetic field magnitude. Together with lm =

√
Dτm,

where D corresponds to the magnon diffusion constant and the magnon lifetime τm

can be calculated via τm = 1/Γip
mr, we can describe the magnetic field dependence of

lm according to

lm =
√

D

γµ0
(
αGH + δH

2
) . (4.50)

Utilizing the values obtained from the FMR measurements, we can fit our data ex-
tracted from the two-terminal transport measurements in Fig. 4.14(d) with Eq. (4.50)
obtaining a good agreement between theory and experiment. The only free fit pa-
rameter is the magnon diffusion constant D. Neglecting the field dependence of D,
we obtain D = (1.75 ± 0.05) × 10−4 m2/s, which is in accordance with the values
found for YIG films on GGG [76]. This supports the quantitative understanding of
the phenomenon.

4.3.3 Manipulation of the Magnon Transport
In a next step, we manipulate the magnon transport between injector and detector.
To this end, we turn to three-terminal devices with a center Pt strip acting as the
modulator as schematically sketched in Fig. 4.15(a). In this configuration, the
injector as well as the detector have a length of linj = ldet = 50 µm and a width
of winj = wdet = 500 nm. The modulator has a length of lmod = 64 µm, while its
width wmod and the edge-to-edge distance de between strips varies. For the three-
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det
plotted versus the magnetic field orientation φ for various modulator currents
Idc

mod at a fixed magnetic field magnitude µ0H = 50 mT. The voltage amplitude
A1ω

det is extracted from the angle dependence of the detector signals as indicated
by the arrows.

strip experiments, we utilize the ac-readout technique and apply a low-frequency
charge current with an amplitude of Iinj = 200 µA to the injector. While a constant
dc current is fed through the modulator, we record the first harmonic signal V 1ω

det
steaming from SHE-induced magnon transport via lock-in detection.

We perform angle-dependent measurements and measure the voltage signal V 1ω
det

as a function of the magnetic field orientation φ (cf. Fig. 4.15(a)) for various
magnetic field magnitudes and modulator currents Idc

mod for different structures.
In Fig. 4.15(b), we plot typical results for a device with de = 200 nm and wmod =
400 nm for a magnetic field strength µ0H = 50 mT. For Idc

mod = 0 (light green data
points), we find the expected cos2(φ) dependence, which we have already observed
in our two-terminal measurements. As reported in Refs. [44, 45] and observed
in Sec. 4.2, V 1ω

det is significantly increased at φ = 0◦, 360◦ for Idc
mod > 0. Due to

the applied dc charge current at the modulator, a SHE-induced magnon chemical
potential builds up and magnons are generated thermally due to Joule heating
leading to a magnon accumulation underneath the modulator. The latter enhances
the magnon conductivity, resulting in a larger voltage signal V 1ω

det
33. At φ = 180◦,

the magnon transport is slightly decreased, as the SHE-induced magnon depletion
is nearly compensated by the thermally generated magnons. For Idc

mod < 0, we
observe the 180◦ shifted angle dependence, i.e. the voltage signal V 1ω

det is increased
at φ = 180◦ and reduced at φ = 0◦, 360◦. At the modulator we have to account for
both SHE and Joule heating contribution consistent with the assumption in previous

33As demonstrated in Sec. 4.2 the used measurement techniques are essential to distinguish between
the magnons generated by the modulator and the injector. This means, any change in the first
harmonic signal V 1ω

det reflects a change in the magnon conductivity.
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reports [44, 45, 208]. However, the shape of the peaks changes with increasing
modulator current (|Idc

mod| > 0). While we observe a clear cos2(φ) dependence for
Idc

mod = 0, the peak maximum gets rather broad for Idc
mod = ±0.6 mA.

Before we discuss possible origins, we perform a more quantitative analysis. To
this end, we extract the signal amplitudes A1ω

det(+µ0H) at φ = 0◦ or 360◦, respec-
tively, and A1ω

det(−µ0H) at φ = 180◦ (cf. Fig. 4.15(b)) and plot them as a function of
the modulator current Idc

mod for different magnetic field strengths µ0H in Fig. 4.16.
In the low bias regime for |Idc

mod| < 0.25 mA, we find the expected superposition
of a linear and quadratic Idc

mod dependence corresponding to the SHE-induced and
thermally generated magnons [44, 45, 208]. For larger currents |Idc

mod| > 0.25 mA,
we observe a clear deviation from this behavior accompanied with a strong increase
in the signal amplitude A1ω

det. Analogous to previous reports [45, 208], we can
attribute this nonlinear behavior to the presence of a zero effective damping state
generated below the modulator via the SHE-mediated spin-orbit torque as derived
in Sec. 4.1.1. Thus, the effective magnon conductivity is enhanced, leading to a
strong increase of the voltage signal, while the magnon injection rate remains un-
changed. Here, we observe a maximum enhancement of A1ω

det by a factor of 6, which
corresponds to a twofold increase compared to previous experiments [45, 208].
We attribute this strong increase to the reduction in Meff (due to the significant
perpendicular magnetic anisotropy fields Hk induced via the strain as well as the
reduced saturation magnetization Ms) and the associated more circular magnetiza-
tion precession. Furthermore, we find a rich peak structure in the nonlinear regime
|Idc

mod| > 0.25 mA. We observed first onsets of such a peak structure in the previous
Sec. 4.2 on unstrained YIG thin films grown on GGG [208]. Different aspects may
lead to this voltage amplitude structure. On the one hand, the theoretical work
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by Takei [187] predicts that above the threshold value fluctuations of the magnon
conductivity occur, which also influence the stability of the magnon conductivity in
our three-strip structures. Micromagnetic simulations using the MuMax3 code [209]
for similar device geometries corroborate these predictions showing a strong chaotic
behavior, i.e. spin wave bullets form at the threshold current value and their density
increases with increasing current [68, 210]. On the other hand, in experiments
with metallic CoNi [203] a reduced magnon density was observed and attributed
to nonlinear magnon damping as the effective magnetization was small but still
finite. For our device, such nonlinear damping processes due to the finite Meff or
instabilities in the magnon conductivity due to fluctuations or contributions from
both effects may lead to the found peak structure. Furthermore, we show in Sec. 4.4
that large dc currents applied to the modulator electrode, as in this case, have a
significant influence on the magnon transport and in particular on the critical current
regime. However, more investigations are needed to unambiguously determine the
physical origin of these peaks. Additionally to the rich peak structure, we find
a distinct asymmetry in the amplitude signal A1ω

det for positive and negative field
polarity. This observation differs from the results obtained for YIG thin films on
lattice-matched GGG substrates [45, 208]. Up to now, we can only speculate on the
detailed origin of this asymmetry, however it may be related to one or a combination
of the following discussed aspects. As the measurements were conducted in setup
(i), it is possible that the magnetic field is slightly misaligned due to trapped flux
from the 3D-vector magnet, which can reach a few mT. This might impact the
amplitudes, in particular measurements that were conducted at low magnetic field
magnitudes, where we observe the most pronounced asymmetry. Another aspect
that should be taken into account, is the exposure of the modulator to large currents,
which is accompanied by high temperatures reaching temperature increases of about
100 K at the electrode [45]. Since the current exposure is typically a few hours long
this results in a local Joule heating or thermal annealing, respectively. The annealing
process in turn could lead to a change in different device parameters, for example
the spin mixing conductance or the spin transfer efficiency. The thermal annealing is
also the reason why a hysteresis or rather multiple hysteresis for different fixed mod-
ulator currents are rather difficult to perform, while we potentially modify device
parameters. We will discuss this effect and the resulting changes in the parameters in
detail in Section 4.4. Lastly, effects related to the crystalline-orientation of YIG, such
as a change in the magnetic anisotropy may have an impact. While the previously
investigated YIG film were (001)-oriented [45, 208], we here have utilized a (111)
orientation, which allows us to make use of the crystalline magnetic anisotropy. To
the best of our knowledge, a comparison of different crystalline orientations of YIG
has not been pursued so far. Therefore, we start to investigate effects stemming
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from different crystalline orientations in Section 6.2. The two latter aspects may also
cause the differences in the peak structure of the angle-dependent measurements
shown in Fig. 4.15(b).

The gray lines in Fig. 4.16 are fits to the phenomenological model introduced in
Sec. 4.1.3 based on the theory by Takei [187]. Using Eq. (4.39), we can model the
dependence of A1ω

det caused by the SHE and thermal injection of magnons. Since
the model is only valid up to the threshold/critical current value Idc

mod = Icrit
mod, we

restrict our fitting procedure to this region. The parameters ∆V ′, ∆V 0
mod, ∆R′

th and
Icrit

mod are used as fit parameters. The fits for the different magnetic field strengths
reproduce the measured data well. Although this model does not account for the
amplitude asymmetry for opposite field polarities, it is well suited to extract the
critical current Icrit

mod.

In general, in YIG/Pt heterostructures non-equilibrium magnons are injected
into the YIG and Cornelissen et al. [76] have shown that the electrically driven
magnon spin transport is best described by a non-equilibrium magnon chemical
potential. To quantify this in our YIG films with reduced Meff , we estimate the spin
chemical potential µs, which depends on the modulator current and is given by
µs = [eθSHI

dc
mod tanh(η)]/[wmodσPtη]. For the threshold current Icrit

mod extracted at
µ0H = 50 mT, we added the calculated µs to Tab. 4.3. Similar values have been
found in Ref. [45] for unstrained YIG films grown on GGG.

4.3.4 Critical Current Regime
To quantitatively compare the strained YIG films with reduced Meff to the conven-
tional YIG thin films grown on GGG, we rely on the magnetic field dependence of
Icrit

mod, which has been derived in Sec. 4.1.1. In Fig. 4.17(a), the extracted critical
currents (indicated by arrows in Fig. 4.16) of the discussed structure (orange data
points), called D400 in the following, are plotted as a function of µ0H. In addition,
we plot Icrit

mod for an unstrained YIG thin film grown on GGG taken from Ref. [45]
(black data points). In this case, Icrit

mod shows a constant behavior up to µ0H ≤ 50 mT,
while an increase is observed for µ0H > 50 mT. This in contrast to our findings for
YIG films with reduced effective magnetization, where we observe a linear increase
of the threshold current Icrit

mod with applied magnetic field for µ0H > 20 mT. The
magnetic field dependence of the critical current Icrit

mod has been associated with
damping compensation, which is achieved when Γip

mr = ΓST [45]. In this regime, the
threshold current is given by Eq. (4.13). The theory model (dashed line) describes
quantitatively well the magnetic field dependence of Icrit

mod taken from Ref. [45]. The
small deviation for µ0H ≤ 20 mT could be attributed to in-plane magnetocrystalline
anisotropy fields [45]. However, the data of device D400 is not well represented.
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Fig. 4.17 – Extracted critical current Icrit
mod as a function of the magnetic field strength

µ0H. (a) The orange data points (device D400) are extracted from Fig. 4.16
as indicated by the arrows. For comparison, the black data points are taken
from Ref. [45], where YIG thin films grown on lattice-matched GGG substrates
are investigated. (b) Additional data of devices D300 (brown) and D200 (light
orange) on the same biaxially strained YIG film compared to device D400. The
dashed lines correspond to fits to Eq. (4.13) with a finite Meff , while solid lines
are fits to Eq. (4.51) in the limit of Meff = 0.

Symbol Value Unit
Pt strip thickness tPt 5 nm
Pt spin diffusion length [92] ls 1.5 nm
Pt spin Hall angle [92] θSH 0.11
YIG thickness tYIG 12.3 nm
gyromagnetic ratio γ 1.76 × 1011 rad/Ts
YIG saturation magnetization Ms 80 kA/m
inhomogeneous broadening µ0δH 3.6 mT
Gilbert damping αG 1.5 × 10−3

YIG effective magnetization µ0Meff 56 mT
Tab. 4.2 – Values for the parameters used for the fitting curves utilizing Eqs. (4.13) and

(4.51) in Fig. 4.17.

While we find a good quantitative agreement for large magnetic field values, we
observe a clear deviation for µ0H < 40 mT. Similar behaviors can be observed for
two more devices on the same YIG thin film with reduced Meff grown on YSGG. The
results for D300 with wmod = 300 nm and D200 with wmod = 200 nm are plotted
in Fig. 4.17(b) together with the data of the investigated structure D400. While
the modulator width of the three structures varies, the edge-to-edge distance of
de = 200 nm is the same. In accordance with D400, the extracted Icrit

mod of D300 and
D200 exhibit a linear dependence on µ0H and the fit with Eq. (4.13) (dashed lines)
cannot capture the behavior for µ0H ≤ 40 mT. The fixed film parameters and the
device dependent parameters used for the fit procedure can be found in Tab. 4.2
and Tab. 4.3, respectively. The spin mixing conductance g↑↓ remains the only free fit
parameter and the resulting values are also summarized in Tab. 4.3. However, if we
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Symbol unit D400 D300 D200
wmod nm 400 300 200
σPt 106 1/(Ω m) 2.15 2.22 2.26
g↑↓ 1018 1/m2 (17 ± 2) (11 ± 1) (6.5 ± 0.2)
g↑↓ (Meff = 0) 1018 1/m2 (9.9 ± 0.4) (7.6 ± 0.3) (5.2 ± 0.1)
µs meV 28.2 33.4 42.1

Tab. 4.3 – Device dependent parameters and experimentally determined interface spin mix-
ing conductance g↑↓ extracted from fits in Fig. 4.17 to Eq. (4.13) and Eq. (4.51)
in the limit Meff = 0 and the calculated spin chemical potential µs.

assume Meff ≈ 0 Eq. (4.13) reduces to

Icrit
mod = ℏ

e

σPt
2ls

tPtwmod
θSH tanh(η)

(
µ0H

[
γ + 4πMstYIG

αG
ℏgeff

]
+ 4πMstYIG

µ0
δH
2

ℏgeff

)
, (4.51)

lifting the divergence for H = 0 and corroborating our observed linear magnetic
field dependence of Icrit

mod. Assuming Meff ≈ 0 (solid lines), describes our observed
data in Fig 4.17(a) and (b) quantitatively well over the whole magnetic field range.
Moreover, the observed linear dependence on µ0H is in accordance with the results
by Evelt et al. [202], who studied Bismuth doped YIG thin films also epitaxially
strained by a substituted GGG substrate, leading to a PMA, which compensates
dipolar effects. Due to the resulting nearly vanishing Meff , a circular magnetiza-
tion precession is achieved. Furthermore, SOT induced damping compensation
is achieved via a charge current applied to a Pt strip, resulting in an emission of
coherent spin waves into the extended film. For Meff ≈ 0 as well as for a finite Meff ,
we obtain spin mixing conductance values g↑↓ (cf. Tab. 4.3) comparable to YIG/Pt
structures on GGG [45]. Small deviations between data and fit still occur and are
potentially caused by uncertainties in the fixed parameters, as for example αG and
Meff , which have a considerable influence on the slope and intercept. Comparing
both fits, the fit in the limit of Meff ≈ 0 represents the data better than the measured
finite effective magnetization, which supports our assumption of a circular magne-
tization precession. The real value of Meff , however, will probably be finite. Our
results demonstrate that the threshold current clearly depends on the saturation
magnetization Ms and the anisotropy fields Hk. However, to fully capture the field
dependence of the critical current, a more sophisticated theoretical model is needed.

4.4 Impact of Large Modulator Current Exposure
In recent measurements, current densities as large as 1 × 1012 A/m2 are applied
to the modulator electrode. In this section, we investigate the impact of large
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Symbol unit A B C D
wmod nm 150 150 250 450
de nm 425 425 375 375
dc µm 1.5 1.5 1.5 1.7

Tab. 4.4 – Device parameters wmod the modulator width, de the edge-to-edge distance
between Pt strips and dc the center-to-center distance between injector and
detector for the four characterized devices A, B, C and D. While the modulator
width varies (apart from A and B), we chose similar dc values for a reasonable
comparison of all devices.

modulator current densities on the magnon transport and the device performance
in detail. Therefore, we subdivide the modulator current-dependent magnon trans-
port into three regimes: (i) the low modulator current regime, where the magnon
spin transport is sufficiently well described by a linear and quadratic modulation
of the magnon conductivity (cf. Sec. 4.1.2), (ii) the critical modulator current
regime, which comprises the area near and at the current-induced magnetic damp-
ing compensation, where the magnon transport is dominated by nonlinear magnon
conductivity contributions due to SHE induced pumping (cf. Sec. 4.1.3) and (iii) the
overcritical modulator current regime, where we observe a vanishing magnon spin
signal as the temperature below the electrode approaches the Curie temperature
due to Joule heating. We quantitatively study the evolution of the spin Hall mag-
netoresistance, the modulation efficiency in the low bias as well as critical current
regime and the threshold currents as a function of successively increasing maximum
modulator current exposure. This Section extensively reuses parts of text and figures
published in T. Wimmer, J. Gückelhorn, M. Opel, S. Geprägs, R. Gross, H. Huebl,
and M. Althammer, Analysis of Critical Behavior and Electrical Annealing of Spin
Current-Controlled Magnon Transistor Devices, In preparation (2023).

For the experiments in this section, we use a tYIG = 13 nm thick, single crystalline
(001)-oriented YIG film grown on GGG. To investigate and modulate the magnon
spin transport three-terminal nanostructures consisting of tPt = 5 nm thick Pt strips
are patterned on top of the YIG film (cf. Fig. 4.4). Here, we consider four devices,
which are indicated by the capital letters A, B, C and D in the following. While the
injector and detector width winj = wdet = 500 nm is the same for all four devices,
the modulator widths wmod and distances de are summarized in Tab. 4.4. For the
magnon transport modulation experiments, we exclusively utilize the ac-detection
technique with a low frequency current Iac

inj(t) = Iinj sin(ωt) with a fixed amplitude
Iinj = 200 µA applied to the injector. Additionally, we apply a dc charge current Idc

mod
to the modulator and thus tune the magnon conductivity by the additional dc spin
injection within the transport path between injector and detector. All measurements
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Fig. 4.18 – Electrically induced magnon transport amplitude A1ω
det as a function of the

modulator current Idc
mod for a successively increased maximum modulator current

Imax
mod . The measurements were performed for device A with wmod = 150 nm and

a magnetic field magnitude µ0H = 40 mT (except for the modulator current
dependence with Imax

mod = 350 µA, which is measured for an applied magnetic
field of µ0H = 50 mT). The modulator current-dependent signal A1ω

det is divided
into three regimes: (i) the low modulator current regime (green area), (ii) the
critical regime (blue area) and (iii) the overcritical regime (yellow area). The
solid lines are fits to Eq. (4.40) describing the non-critical magnon conductivity
modulation in the low bias regime. The fit range is limited to regime (i) and the
fit curves are extrapolated to larger Idc

mod.

are performed in the 3D-vector magnet cryostat (setup (i)) at a base temperature of
T = 280 K.

To investigate the effect of large modulator currents on the magnon transport
efficiency and critical behavior, we run several modulator current sweeps and
successively increase the maximum modulator current Imax

mod . Here, we measure the
detector voltage signal V 1ω

det at a fixed angle φ = 0◦ (cf. Fig. 4.4) and sweep the
modulator current Idc

mod from positive to negative values. In this case, the magnetic
field is applied along the z-direction perpendicular to the Pt strips and thus, the
magnetizationMMM collinear to the spin polarization sss corresponding to the maximum
magnon transport signal amplitude. In order to account for finite detector voltage
signals, which are not related to magnon transport, we subsequently measure the
modulator current dependence of V 1ω

ac at φ = 90◦ within the same range as V 1ω
det(φ =

0◦). The signal amplitude is then given by A1ω
det = V 1ω

det(φ = 0◦) − V 1ω
det(φ = 90◦). In

Fig. 4.18, we plot the detector voltage amplitude A1ω
det as a function of the modulator

current for device A and an external magnetic field of µ0H = 40 mT 34. For the

34The first measurement run with Imax
mod = 350 µA is shown for a slightly different magnetic field

µ0H = 50 mT, since unfortunately there was no corresponding measurement at 40 mT.
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sake of clarity, we split the current dependence in three regimes as indicated in
Fig. 4.18: (i) the low modulator current regime characterized by a linear and
quadratic magnon conductivity dependence due to SOT-induced magnetization
dynamics and Joule heating effects, respectively (green colored region), (ii) the
critical modulator current regime around Icrit

mod dominated by nonlinear magnon
conductivity contributions (blue colored region) and the overcritical current regime
(iii) for Idc

mod ≫ |Icrit
mod| (yellow colored region). To show that the simple parabolic

model for linear magnetization dynamics describing regime (i) is no longer valid
in regime (ii) and (iii), we fit Eq. (4.40) to the low modulator current regime in
Fig. 4.18. The extrapolated fit curves clearly deviate from the behavior observed
for larger Idc

mod. More important, we see that the large modulator current exposure
exhibits a significant impact on the qualitative behavior of the magnon transport
modulation. To discuss this finding in more detail, we first study the evolution of
the SMR magnitude for the Pt modulator electrode, where we find a reduction in
the SMR and thus the interface transparency due to Joule heating induced changes
at the interface after a large modulator current was applied. Next, the different
modulator current regimes are discussed. For the low modulator current regime
(i), we observe an overall decreasing modulator strength originating predominantly
from the decreasing spin mixing conductance. A critical current increase with
increasing Imax

mod in the critical modulator current regime (ii) corroborates the finding
of a decreasing interface quality. Finally, we can explain the strong decrease and
vanishing of the magnon spin amplitude in the overcritical current regime (iii) by a
local magnetic phase transition of the YIG below the modulator to its parametric state
as thermometry measurements (in Sec. 4.4.4) suggest that the Curie temperature is
approached.

4.4.1 Spin Hall Magnetoresistance
Before investigating the magnon transport properties in detail, we study the evolu-
tion of the interfacial spin transfer properties of the YIG/Pt bilayer, in particular for
the modulator electrode, utilizing the SMR as well-established tool [92, 211]. We
determine the SMR at the Pt modulator strip simultaneously in angle-dependent V 1ω

det
measurements for one fixed modulator current Idc

mod. We use the 2-point resistance
of the modulator electrode 35 to extract its resistance modulation as a function of
the angle φ. The SMR amplitude is then defined by the ratio ∆R/R0 with ∆R the
resistance modulation and R0 the low resistance value of the SMR modulation. Sim-
ilar to the current-dependent measurements, we successively increase the maximum
35The resistance of the Pt strip is several 10 kΩ, while the lead resistance is only 20 Ω, such that we

are always dominated by the resistance contribution from the Pt strip and can neglect the error
due to the lead resistances.

90



(a) (b) (c) (d)wmod = 150nm wmod = 150nm wmod = 250nm wmod = 450nm

A B C D

2 4 6 8 10 12
0

2

4

6

8

10

SM
R

(1
x1

0-4
)

Jmod (1011A/m2)
2 4 6 8 10

Jmod (1011A/m2)
0 2 4 6 8 10

J 

mod (1011A/m2)
0 2 4 6 8

Jmod(1011A/m2)

Fig. 4.19 – SMR amplitude at the Pt modulator electrode as a function of the applied cur-
rent density Jmod. The SMR amplitude is extracted from angle-dependent mea-
surements, which typically have been performed before the current-dependent
measurements. The different colors correspond to one measurement run starting
with an angle-dependent measurement at the largest current density in the
corresponding run. The color scale on the right side indicates the order of the
measurement runs from top to bottom. For each run the maximum applied
current density was increased. Panels (a) to (d) show the results for devices A
to D, respectively.

modulator current Imax
mod and determine the SMR magnitude for each measurement.

In our case, one measurement run consists of several angle-dependent measurements
for different Idc

mod starting with the maximum modulator current Imax
mod followed by

smaller currents thereafter. The subsequent run is then initiated by an even larger
Imax

mod , again followed by smaller currents. Typically, these measurements have been
performed before the corresponding current-dependent measurements described
above. To account for the different device geometries of the four devices in the
following, we define the modulator current density Jmod = Idc

mod/(wmodtPt). The
relative SMR amplitudes as a function of Jmod are plotted in Fig. 4.19(a) to (d)
for all four devices A to D, respectively. The color scale on the right hand side of
the Figure indicates the order of the measurement runs starting with the minimum
Jmax

mod = Imax
mod/(wmodtPt) at the top to the maximum Jmax

mod at the bottom. Overall, the
data reveals a significant decrease of the SMR amplitude with increasing current
exposure. The only exception is device C, where the second measurement run
(yellow dots) reveals a slightly larger SMR magnitude, however, all subsequent
measurement runs show a decreasing SMR with increasing Jmax

mod again. In general,
the SMR amplitude depends on different parameters such as the spin Hall angle θSH,
the spin diffusion length ls, the electrical conductivity σe of Pt and the spin mixing
conductance g↑↓ of the YIG/Pt interface [92, 211]. We discuss the changes in these
parameters at large current densities below.

The most dominant effect when applying large modulator currents is the local
electrical heating of the YIG/Pt interface at the modulator. Typically, the current
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exposure in our samples is continuous and a few hours long, which is equivalent
to annealing at large temperatures. However, in contrast to typical annealing
procedures, where the whole sample is heated up, the large dc charge currents only
result in a local thermal annealing at the modulator electrode. As discussed in detail
in Sec. 4.4.4, we reach temperatures up to T = 550 K. Recent investigations of the
spin transfer properties showed that both θSH as well as ls are mostly unaffected
by annealing [212], leaving only σe and g↑↓. The electrical conductivity σe indeed
increases with increasing Jmax

mod as shown in Fig. 4.21(c)-(f) in Sec. 4.4.3. This
increase might also be a consequence of the annealing. As reported in Ref. [103] Fe
atoms can diffuse out of the YIG/Pt interface area resulting in a slight increase of the
conductivity. However, the change is not sufficient to account for the large decrease
in the SMR. This means, the changes in the SMR magnitude can be traced back to a
decreasing spin mixing conductance g↑↓ [213]. While the decrease of the Fe atom
density at the interfacial region increases σe, this in turn decreases the interfacial
magnetic moment density at the interface, leading to a decreasing g↑↓ explaining
our observations on a microscopic level [103]. In contrast, the initial increase of
g↑↓ for device C might be related to another thermal annealing effect. In Ref. [214],
an increase of the spin transfer efficiency has been observed, which the authors
attributed to a better wettability of their evaporated Pt layer with the YIG surface
with increasing current density and thus an increasing effective surface area through
which spin current can be transmitted. Our observation of an overall decreasing
SMR magnitude and thus a decreasing g↑↓ can most likely be attributed to the much
longer dc-type current exposure to our Pt strips, in contrast to the pulsed current
scheme utilized in Ref. [214]. In the latter case, high current densities are only
applied a few minutes to the Pt layer resulting in a large reduction of the heating
effect compared to a few hours long exposure. It should also be noted that since our
Pt strips are deposited via dc magnetron sputtering, they usually provide better spin
transfer efficiencies compared to evaporated Pt layers [122]. Another effect that
could influence the device performance when applying large modulator currents
for a long time is electromigration. The gradual movement of ions in the Pt strip
might also decrease the spin mixing conductance at the YIG/Pt interface. Over
time this effect can lead to a break or gap in the strip. One would expect that such
a break is most likely for the narrowest strips. However, only device D with the
largest modulator width, broke before larger dc charge currents could be applied and
thus we consider annealing as the dominant effect. Further investigation, such as
scanning electron microscopy experiments, would be necessary to study the impact
of electromigration on our Pt strips with a width in the 100 nm regime.
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4.4.2 Low Modulator Current Regime

With these results in mind, we return to the modulator current dependence shown
in Fig. 4.18 to discuss the impact of large modulator currents on the detector
voltage amplitude A1ω

det. First, we focus on regime (i), where the magnon spin signal
modulation can be described by Eq. (4.40), i.e. we only expect linear and quadratic
dependencies on Idc

mod. To study the impact of successively increasing current
densities on the magnon transport and the magnon conductivity, we investigate
the evolution of the prefactors A1ω

0 , ∆RSHE and ∆Rth in Eq. (4.40), which were
extracted from fits to the low modulator current regime as exemplarily shown in
Fig. 4.18 for device A. As introduced in Sec. 4.1.2 the prefactors correspond to
the non-primed coefficients σ0

m, ∆σSHE and ∆σth in Eq. (4.14). The extracted
parameters are plotted versus the maximum current density Jmax

mod exposed to the
modulator electrode in Fig. 4.20(a) to (d) for the four devices A to D, respectively.

We first focus on the parameter A1ω
0 that accounts for the magnon transport

amplitude without modulation for Idc
mod = 0. Here, all four devices show different

behaviors and no clear dependence is evident. Based on our previous discussion,
where we consider a thermal annealing effect that modifies the interface spin mixing
conductance [212–214], and our SMR measurements that suggest a significant
decrease of g↑↓ with increasing current exposure, we would expect that the magnon
transport signalA1ω

0 increases with increasing Jmax
mod . According to our argumentation,

the modulator electrode should be less capable to absorb the diffusing magnon
transport from injector to detector. Indeed, device C shows a rather monotonic
increase ofA1ω

0 over the whole current range and device A and B exhibit an increasing
signal for Jmax

mod > 8 × 1011 A/m2, which corroborates our scenario. However, device
A and B exhibit a decreasing amplitude A1ω

0 for intermediate currents and device
D for larger current exposure. For device A, we note that after the respective
measurements at Imax

mod = 550 µA or Jmax
mod ≈ 7.3 × 1011 A/m2, respectively, the

sample was removed from and again remounted to the measurement setup. This
procedure might explain the rather large jump in the non-modulated signal A1ω

0 .
A possible explanation for the observed decrease in A1ω

0 could be a local increase
of the intrinsic magnetic Gilbert damping αG beneath the modulator electrode due
to the annealing process. When the electrical heating affects the crystal structure
of YIG such a change in the damping could be induced. A recent work [215]
demonstrated that the ferromagnetic resonance linewidth changes when the YIG
layer is annealed. The authors suggest that subtle defects in thin YIG films in form
of oxygen vacancies account for the change. However, a rigorous investigation of
the atomic composition of the YIG/Pt interface is needed, to verify this scenario,
otherwise it is a mere speculation for our samples. The aspect that our data does not
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Fig. 4.20 – Extracted magnon transport parameters A1ω
0 for Idc

mod = 0, ∆RSHE the SOT-
induced modulation efficiency and ∆Rth the thermally generated modulation as
a function of the maximum applied current density Jmax

mod for the low bias regime.
The parameters are extracted from fits to the current-dependent measurements
within regime (i), as exemplarily shown in Fig. 4.18 for device A. Panels (a) to
(d) show the respective parameters for devices A to D, respectively.

indicate an unambiguous increase or decrease of the magnon transport signal A1ω
0

within a certain current density range, suggests that this scenario is rather unlikely
and that annealing induced oxygen vacancies might not be a dominant contribution.
Most probably, a multitude of effects influence the behavior of the magnon transport
signal, which complicates the unambiguous determination of an origin. In general,
the annealing induced change of the magnon transport signal gives insight into the
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interface properties of the modulator and the magnon transport properties itself.
The dependence of A1ω

0 indicates that both of these properties are affected when
large current densities are applied to the modulator electrode. In our case, we might
trace it back to a decreasing spin mixing conductance g↑↓ and possibly to a change
in the magnetic damping of YIG at the modulator.

Next, we consider the SOT- and thermally-induced magnon transport modulation
∆RSHE and ∆Rth in Fig. 4.20, respectively. For all four devices, we observe an
overall reduced and nearly suppressed modulation effect for ∆RSHE as well as ∆Rth

on increasing the current exposure. Moreover, for each device ∆RSHE and ∆Rth

exhibit a quantitatively similar behavior. Our observations corroborate the consider-
ation that large modulator currents result in electrical heating and thus decreasing
the spin mixing conductance g↑↓. Since both the SOT- and SSE-contribution of the
thermally induced modulation efficiencies rely on the spin mixing conductance at
the modulator interface [76, 117], the strong correlation between ∆RSHE and ∆Rth

is reasonable. Additionally, the observed decrease of both ∆RSHE and ∆Rth can be
attributed to a decrease of g↑↓ with increasing modulator current densities. Only
device A exhibits a slight increase of the modulation strength for the first two current
densities Jmax

mod
36. As discussed in Sec. 4.4.1, the latter might be ascribed to an in-

creased wettability and thus an increased spin mixing conductance due to annealing
as described in Ref. [214]. However, the corresponding SMR measurements for
device A do not support this scenario, since they only indicate a monotonic decrease
of g↑↓. Moreover, a comparison among the devices shows that the absolute changes
in ∆RSHE and ∆Rth become successively smaller with increasing modulator width
wmod. However, comparing devices A and B, we find that the absolute changes
in ∆RSHE and ∆Rth already vary for devices with the same wmod. Altogether this
shows that a more systematic evaluation is necessary to obtain statistical significant
results. For a better quantitative comparison, an investigation of the relative changes
would be necessary. However, this is difficult in our case as Jmax

mod varies from device
to device. The maximum current densities achieved for narrow modulator widths of
device A and B are considerably larger than those of C and D, where in particular
device D broke before larger values could be reached.

Note that also other effects could influence the modulation strength. For example,
the thermally induced modulation of the magnon conductivity is both affected
by the spin Seebeck torque at the YIG/Pt interface and the overall temperature
rise in the YIG layer, leading to an increasing magnon density due to thermal
excitations [141, 214]. Usually a temperature increase also modifies the temperature-
dependent spin conductance g ∝ T 3/2g↑↓ at the interface [76]. However, this effect

36We neglect the initial increase of ∆Rth for device D, since the overall change is very small compared
to the other devices.
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would induce higher order modulations in the low modulator current regime, which
we do not observe in our experiments. Moreover, the thermally induced magnon
transport modulation depends on the dissipated power in the Pt strip and thus
on the resistance of the modulator electrode. For all four devices the resistivity
decreases with increasing Jmax

mod (cf. Fig. 4.21(c)-(f)), i.e. the dissipated power is
reduced. However, we can exclude this effect as a dominant contribution to the
thermally induced modulation, since the changes in the resistivity are only a few
10%, while ∆Rth changes by a factor 2 − 3 for devices A, B and C. Another effect
that might contribute to the magnon transport modulation is the change of the
thermal interface resistance and therefore of the temperature profile due to the
thermal annealing of the YIG/Pt interface. This in turn, could affect the magnon
conductivity modulation. However, our results suggest that these effects are not the
dominant contribution to the modulation strength and thus they were disregarded.
Our data unambiguously shows a significant impact of large modulator current
densities on the YIG/Pt interface at the modulator electrode. Due to the overall
decrease of the extracted modulation magnitudes ∆RSHE and ∆Rth, we conclude
that the dominant effect is the decrease of the spin mixing conductance g↑↓ due to
annealing, in agreement with our SMR measurements (cf. Sec. 4.4.1).

4.4.3 Critical Modulator Current Regime

In a next step, we study the influence of large modulator currents on the critical
current regime (blue region in Fig. 4.18). To better distinguish the individual
curves, we plot the respective fraction of the data shown in Fig. 4.18 again in
Fig. 4.21(a) with constant offsets applied to the data to avoid overlapping. Some
additional curves for intermediate maximum modulator currents Imax

mod were added.
The dashed lines are fits to Eq. (4.39). We immediately see that the successive
increase of Imax

mod results in changes of the magnon transport amplitude A1ω
det in the

critical modulator current regime. On the one hand, the maximum that indicates
the magnetic damping compensation shifts to larger modulator current values with
increasing Imax

mod and, on the other hand, the peak becomes less pronounced for each
measurement. Furthermore, the sudden drop of A1ω

det after damping compensation
was reached, is strongly pronounced for low modulator current exposure, while it
almost disappears for the largest applied currents. Taking into account an overall
reduced spin mixing conductance as suggested by our SMR measurements as well
as by the evolution of the magnon transport modulation, the vanishing peak feature
indicates that the coherence of the excited magnetization dynamics is suppressed
due to the increasing thermal energy. The latter (thermal energy) increases as larger
currents are required for damping compensation and thus larger Joule heating is
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induced (cf. Fig. 4.22). Interestingly, we observe a double-peak structure for an
intermediate current regime. Such multiple peak structures indicate multiple Icrit

mod
and thus different conductivity peaks. This feature might result from a spatially
inhomogeneous spin transparency across the Pt modulator or the magnetization
dynamic parameters. The coherence between the resulting laterally distributed,
SOT-induced damping compensated areas possibly decreases due to the increasing
Joule heating with increasing current exposure. This, in turn destroys the spatial
coherence of the excited modes, which might explain the emergence of multiple
peaks. However, the spatial distribution of the interface spin transparency more
likely exhibits a continuous behavior, rather than a step-like distribution. From this
point of view, the magnon conductivity peak structure due to damping compensation
is expected to be smeared out instead of forming multiple distinct peaks.

In order to quantify the current exposure effect in more detail, we extract ηcrit

from the fits to Eq. (4.39) (dashed lines in Fig. 4.21(a)). Since the extracted fit
parameters are voltages, which are proportional to magnon conductances rather
than conductivities as defined in Eq. (4.36), we have to consider the geometry of
the device for the calculation of the respective magnon conductivities. With σ′

m ∝
[(dc − wmod)/2AYIG] ∆V ′ and σ0, mod

m ∝ (wmod/AYIG)∆V 0
mod, we can determine the

ratio ηcrit from the experimental parameters as 37

ηexp
crit = dc − wmod

2wmod

∆V ′

∆V 0
mod

. (4.52)

The results are shown as a function of Jmax
mod in Fig. 4.21(b) for all four devices A

to D. The qualitative behavior of ηexp
crit for all four devices clearly differs. Device C

(blue data points) exhibits a rather constant behavior. In contrast, device B (red data
points) only decreases with increasing modulator current density, while device D
(green data points) shows an overall increasing behavior with Jmax

mod . For device A
(black data points), we observe a combination of the two observed trends, i.e. for
low modulator current densities ηexp

crit exhibits an overall increasing behavior, while
the ratio decreases for Jmax

mod > 8 × 1011 A/m2. Devices B and D might exhibit a
similar behavior as device A, however device D broke before higher current densities
were reached and the data for device B is only available for large modulator current
densities. According to our model, this indicates that at first a larger and then
a smaller volume fraction underneath the modulator contributes to σ0, mod

m . The
observed trend ηexp

crit increases with increasing Jmax
mod and thus a reduction of σ0, mod

m is

37Note that these relations are only valid if we assume that the magnon conductivity is constant
over the considered device length. However, in the context of the model introduced in Sec. 4.1.3
assuming that the modulation of the magnon conductivity is localized underneath the modulator,
this is a good approximation in the critical current regime, where a zero effective damping state is
expected and thus the magnon lifetime diverges and the magnon decay effectively vanishes.
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94883994577T

V -1.39455E-6 ± 1.22238E-8
Vmod -5.30399E-7 ± 3.76399E-9
phi 180 ± 0
Rth -0.51058 ± 0.10458
Icrit 3.54768E-4 ± 8.21341E-7
Chi-Quadr Reduziert 1.48818E-17
R-Quadrat (COD) 0.99842
Kor. R-Quadrat 0.99839

Modell Takei (User)

Gleichung

A=V/2;
B=(1/2)*(V/Vmod)*Rth*x^2;
C=(1/Vmod)*(Rth*x^2+V/2);

y=(A*(cos(phi/180*Pi)^2)+(B*cos
(phi/180*Pi)^2)*sqrt(1-((x*-cos(ph
i/180*Pi))/Icrit)))/(1+C*sqrt(1-((x*-

cos(phi/180*Pi))/Icrit)))

Zeichnen
Demod1XPrime and 0.03999948

83994577T

V -1.56557E-6 ± 4.65142E-8
Vmod -6.59218E-7 ± 1.73589E-8
phi 180 ± 0
Rth -0.83354 ± 0.41635
Icrit 3.68319E-4 ± 3.44329E-6
Chi-Quadr Reduziert 2.03327E-16
R-Quadrat (COD) 0.98339
Kor. R-Quadrat 0.98304

Modell Takei (User)

Gleichung

A=V/2;
B=(1/2)*(V/Vmod)*Rth*x^2;
C=(1/Vmod)*(Rth*x^2+V/2);

y=(A*(cos(phi/180*Pi)^2)+(B*c
os(phi/180*Pi)^2)*sqrt(1-((x*-c
os(phi/180*Pi))/Icrit)))/(1+C*sq
rt(1-((x*-cos(phi/180*Pi))/Icrit))

)

Zeichnen
Demod1XPrime and 0.039999

4883994577T

V -1.49898E-6 ± 1.40973E-7
Vmod -9.1165E-7 ± 1.14713E-7
phi 180 ± 0
Rth -0.64169 ± 3.25078
Icrit 4.08453E-4 ± 1.26075E-5
Chi-Quadr Reduziert 8.53719E-15
R-Quadrat (COD) 0.99356
Kor. R-Quadrat 0.99345
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Fig. 4.21 – (a) Electrically induced magnon transport amplitude A1ω
det as a function of Idc

mod
for successively increased maximum modulator current Imax

mod . Compared to
Fig. 4.18, the data shows a zoom-in to the regimes (i) and (ii). Note that
constant vertical offsets are applied to each curve to improve the visibility of
the curves in the critical current regime. The dashed lines are fits to Eq. (4.39).
(b) Experimentally extracted ηexp

crit according to Eq. (4.52) for all four devices.
(c)-(f) Critical currents Icrit

mod extracted from fits to Eq. (4.39), as exemplarily
shown by the dashed lines in panel (a) for device A, as well as the electrical
conductivity σe of the Pt modulator electrode as a function of the maximum
applied modulator current density Jmod

max for device A to D, respectively.

expected, i.e. that the area affected by the SOT of the modulator electrode becomes
smaller. This is in agreement with our finding of a reduction in the spin mixing
conductance g↑↓, as this should also result in a decrease of σ0, mod

m . In contrast, a
decrease of ηexp

crit suggests a decrease of σ′
m and an increase of σ0, mod

m with larger
current exposure, which contrasts a reduction in g↑↓ at first glance. There could be
several reasons for this observation. The thermal annealing of the YIG/Pt interface
due to large modulator currents might also lead to changes in the YIG itself. As
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discussed in Sec. 4.4.2 for the low modulator current regime, a possible reduction
in the damping of the magnetization dynamics underneath the modulator could
improve σ0, mod

m . Another explanation might be a change of the magnetic anisotropy
in the YIG with increasing modulator current and thus a reshaping of the confinement
conditions below the modulator, which influences the stability conditions of coherent
magnon states. Moreover, the large current exposure might lead to a reshaping
of the lateral distribution of Icrit

mod, possibly allowing a larger volume fraction to
achieve damping compensation at higher Icrit

mod values. Another aspect might be the
decreasing coherence between the laterally distributed damping compensation areas
as indicated by the emergence of multiple peaks.

Interestingly, for all devices A to D the extracted ratio ηexp
crit is considerably larger

than the expected value calculated from the geometry parameters according to
Eq. (4.36), where we find ηcrit < 1 for all cases. This indicates again that a larger area
than the one covered by the Pt modulator is affected by the spin current injection.
In this regard, it should be noted that while we here only investigate modulator
electrode widths up to wmod = 450 nm, a recent related study demonstrated a
complete absence of a critical enhancement for wmod ≥ 800 nm [188]. Similar
results were obtained for Py/Pt spin Hall oscillator devices, where the coherence
and amplitude of the spin wave modes strongly decrease with increasing nanowire
width [216]. In contrast to this study, here only the spin current injector (Pt) is
confined via its finite width as opposed to the magnetic material (YIG), suggesting
that the magnetic material does not necessarily has to be confined, but that a
confined spin injector is sufficient to decrease the mode volume. Such a geometry
was for example investigated by Evelt et. al [202] via magneto-optic techniques
and has already been discussed in Sec. 4.3 with respect to Meff = 0. In this case,
damping compensation is achieved in an extended bismuth doped YIG film via a
constricted Pt strip (2 − 4 µm in length and 1 µm in width). This was found to result
in a coherent emission of spin waves from the constriction into the surrounding
film and strong coherent magnetization dynamics underneath the active Pt area,
indicating the formation of a BEC state [202, 203]. We note that to rationalize all
our observations a better understanding of the spatial profile and dimensions of the
coherent magnon state and its changes, for example due to the anisotropy or dipolar
effects, have to be investigated in more detail.

Apart from ηexp
crit , we can furthermore extract the critical current Icrit

mod from
Eq. (4.39), which we study in the following. To investigate the impact of large
modulator current densities on the critical current, Icrit

mod is extracted for each succes-
sive modulator current sweep from the fits (dashed lines in Fig. 4.21(a)) and plotted
versus the maximum current density applied to the modulator Jmax

mod in Fig. 4.21(c)
to (f) for device A to D, respectively. Over the whole current density range, the
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critical current Icrit
mod increases with increasing current exposure for all four devices,

as already indicated by the current dependencies shown in panel (a) for device A.
This is in agreement with our conclusions of a decreasing spin mixing conductance
at the modulator interface as obtained for the behavior of the SMR and magnon
transport modulation strengths. Additionally, the experimentally determined elec-
trical conductivity σe of the modulator (blue data points) is shown for each plot.
Similar to the critical current, σe increases with increasing current exposure, how-
ever the relative changes are much larger for Icrit

mod. Such a slight increase of the
conductivity was also reported in Ref. [103] due to a possible diffusion of Fe atoms
out of the YIG/Pt interface area originating from the thermal annealing effect. The
qualitatively similar behavior of σe and Icrit

mod and the seeming correlation between
these two quantities might be related to this suspected Fe diffusion out of the YIG/Pt
interface region. On the one hand, this scenario can explain the decreasing spin
mixing conductance due to the decreasing interfacial magnetic moment density and
on the other hand, the increasing conductivity can be attributed to the generation
of a more pure Pt layer in contrast to the interfacial PtFe alloy. There might be
further explanations for this correlation, such as a smaller thermal SSE torque due
to a decreased temperature gradient at the interface originating from a reduced
heating power as indicated by the increased conductivity. This scenario results in
an increased Icrit

mod. Another possibility that leads to an increasing Icrit
mod are changes

to the material parameter. As demonstrated in Ref. [216], Pt with larger electrical
conductivity exhibits a reduction of the spin Hall angle and an increase of the spin
diffusion length. However, the two latter effects are rather unlikely, as the spin
mixing conductance g↑↓ in our samples decreases significantly as demonstrated in
Sec. 4.4.1 via SMR measurements. While it is obvious that the large current exposure
is at the origin of each of these changes, we emphasize that the correlation between
σe and Icrit

mod is only of qualitative nature and a microscopic correlation between the
two quantities might not be given. In conclusion, one can state that the observed
critical current increase as well as the overall impact on the critical magnon conduc-
tivity behavior is consistent with a reduction of the modulator interface quality due
to current heating induced modifications.

4.4.4 Overcritical Modulator Current Regime

Finally, we investigate the overcritical modulator current regime (iii), indicated by
the yellow region in Fig. 4.18. For a rigorous analysis of the modulator current far
beyond Icrit

mod, we plot the modulator current dependence of the detector voltage
amplitude A1ω

det of device A for the largest applied maximum current Imax
mod = 830 µA

for different magnetic field magnitudes in Fig. 4.22(a). For large modulator current
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magnitudes |Idc
mod| > 700 µA, A1ω

det rapidly decreases until the signal levels out at zero
for the largest applied modulator currents. The rapid decrease shows no dependence
on the magnetic field magnitude. More importantly, the behavior is symmetric
under modulator current reversal, which strongly suggests a thermal origin of this
effect. To verify this claim, we perform thermometry measurements to determine
the temperature of the Pt modulator. To this end, we performed temperature-
dependent measurements of the Pt modulator resistance and compared the data
with the resistance behavior as a function of the applied current. For device A, we
measured the modulator current-dependent resistance of the modulator electrode
for a maximum current of Imax

mod = 750 µA right before the resistance measurement
as a function of the temperature. The resulting Pt modulator temperature versus the
applied current is shown in Fig. 4.22(b). In order to determine the temperature for
the largest applied current Imax

mod = 830 µA in panel (a), we fit the data with both a
parabolic T (Idc

mod) = T0 + a2(Idc
mod)2 and a fourth order T (Idc

mod) = T0 + a2(Idc
mod)2 +

a4(Idc
mod)4 fit. While both fits well represent the temperature dependence for low

modulator currents, it is obvious that the additional (Idc
mod)4-dependence models the

large modulator current regime better. This higher order dependence is induced by
the increased resistance as the temperature of the Pt electrode rises quadratically
with the modulator current, and hence inducing a fourth order dependence.

Interestingly, the base temperature for Idc
mod = 0 suggests T ≈ 300 K, which is

considerably different to the actual base temperature of T = 280 K. This deviation
might stem from the current induced conductivity increase of the Pt modulator.
Most likely it also changes the temperature calibration curve after the current-
dependent measurement up to Imax

mod = 750 µA and hence the temperature-dependent
measurements indicate an apparent higher base temperature. Another reason for the
deviation could be the larger thermal time constants in the temperature-dependent
resistance measurements compared to the time intervals in the current-dependent
sweeps. This means, that the sample is not able to equilibrate to the base temperature
at Idc

mod = 0 while the modulator current is swept from large positive to large
negative current values. We consider this difference and account for the actual base
temperature present in the Pt modulator by shifting the fourth order fit downwards
such that T = 280 K at Idc

mod = 0, as indicated by the blue line in Fig. 4.22(b).
Here, an extrapolation to the maximum applied current Imax

mod = 830 µA indicates a
temperature of T = 550 K, which is very close to the Curie temperature TC = 560 K
of bulk YIG [149]. Considering a negligible thermal resistance between the Pt
electrode and YIG, it is reasonable to assume a local magnetic phase transition
of the YIG beneath the modulator to its paramagnetic state. This results in a
complete blocking of the magnon transport between injector and detector and
thus a vanishing signal A1ω

det. A similar behavior was demonstrated in temperature-
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Fig. 4.22 – (a) Magnon transport amplitude A1ω
det for device A with wmod = 150 nm and a

maximum current Imax
mod = 830 µA measured at different magnetic field values.

Each current dependence reveals a vanishing signal for the highest applied
currents independent of the external magnetic field. (b) Thermometry measure-
ment of the Pt modulator for device A. The data is fitted with both a parabolic
fit (orange line) and a fourth order fit (red line). The blue curve correspond
to a down-shifted version of the fourth order fit to account for the actual base
temperature of T = 280 K.

dependent studies, even for temperatures beyond TC, in YIG/Pt samples [217].
Moreover, magnon transport measurements performed at the WMI, where Iridium
(Ir) was utilized as modulator material, show a similar vanishing signal for large
modulator currents [218]. Compared to Pt, Ir is characterized by a large resistance
and a much smaller spin Hall efficiency, such that the thermal contribution to the
modulation efficiency is significantly increased, while the SHE-induced magnon-
related damping compensation is switched off [218]. Therefore, the obtained results
verify the pure thermal origin of the vanishing magnon transport signal.

4.5 Summary
In this chapter, we provide an in-depth study of the manipulation of the magnon
transport in three-terminal YIG/Pt devices. Via an all-electrical injection and detec-
tion scheme, magnons are induced at the injector Pt electrode via the SHE and the
signal generated by diffusive magnon transport is detected via the inverse process at
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the Pt detector electrode. Simultaneously, the magnon conductivity in the transport
path is tuned via the additional spin current injection at a third Pt modulator elec-
trode placed in between. Based on the model introduced in our previous work [45],
we have investigated the influence of different external as well as device parameters
on the modulator current dependence of the magnon conductivity. Within our
discussion, we distinguish between the low modulator current regime, which is well
described by a linear and quadratic Idc

mod dependence due to SOT-induced magneti-
zation dynamics and Joule heating effects, respectively, and the critical modulator
current regime, where SOT-induced nonlinear magnon conductivity contributions
dominate.

First, we have compared the two measurement techniques used to access the
magnon transport properties and both allow for an all-electrical generation and
detection of pure spin currents in MOI/HM bilayers. For the dc-detection technique,
we have introduced a modified current reversal method to take into account contri-
butions due to the additional spin current injection at the modulator and thus enable
the differentiation between the electrically (SHE) and thermally injected magnons.
In contrast, the ac-readout technique employs the lock-in detection, which allows
for a direct readout of these two contributions, since the first and second harmonic
signal correspond to SHE- and thermally generated magnons, respectively. We have
demonstrated that the dc and ac technique are both well suited to investigate the
incoherent magnon transport in these three-terminal devices. Our results showed a
full quantitative agreement between V SHE

dc and V 1ω
ac in the low bias regime below

the critical threshold current, where the detector voltages have contributions linear
and quadratic in Iinj. Above the critical threshold current deviations between these
two detection schemes have been observed. According to our model this indicates
a contribution of higher order in Iinj and not only in Imod to the detector voltage.
For the thermally generated magnons due to Joule heating, we have found a full
quantitative agreement between V therm

dc and V 2ω
ac over the whole covered modulator

current range. Since our model suggest that only transport coefficients up to the
fifth order contribute to possible deviations between the thermal signals, the latter
is not suitable to detect higher order contributions, in contrast to the SHE-induced
signal.

Furthermore, we have investigated the magnon transport in YIG with strongly
reduced effective magnetization Meff , which has been induced by biaxial strain
via epitaxial growth on YSGG substrates [205]. Characterizing the YIG thin film
via broadband FMR and magnon transport measurements in two-terminal devices,
we have obtained similar parameters for the Gilbert damping αG and the magnon
diffusion constant D as for high-quality YIG grown on lattice-matched GGG. In three-
terminal devices, our data for small modulator currents have shown a quantitatively
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similar behavior as for YIG films on GGG, while differences occur above the critical
threshold when damping compensation is reached. Most importantly, we have
observed an increase of the magnon induced detector signal by a factor of up to 6,
which is much larger than reported in previous studies for YIG on GGG [45]. We
could attribute this interesting observation to the nearly vanishing Meff and the
associated nearly circular magnetization precession in our film, which results in a
minimization of damping effects and thus an increased spin conductivity. Extracting
the critical modulator current, we could further confirm our model, as the magnetic
field dependence has been associated with damping compensation [45]. The critical
threshold exhibited a strictly linear dependence on the magnetic field, in contrast
to YIG grown on GGG, which shows a constant behavior for small magnetic field
values. This has in particular corroborated the expected scaling of Idc

mod with the
saturation magnetization Ms and the magnetic anisotropy fields Hk.

Besides this intentional induced change of the device parameters, we have ob-
served that the applied large modulator currents themselves also affect the device
performance in terms of modulation efficiency and critical threshold. To this end,
we have performed modulator current-dependent measurements as in the previous
experiments and successively increased the maximum applied modulator current. To
get insight into the underlying physics, the evolution of the interfacial spin transfer
properties of the YIG/Pt bilayer with increasing maximum current via the SMR
has been studied and the modulation efficiency in the low and critical modulator
current regime has been modeled by appropriate fits that best describe the observed
behavior in the corresponding regime. All experimental results, the decreasing SMR
amplitudes as well as the significant decrease in modulation efficiencies along with
an increasing threshold current with increasing current exposure, indicated the
reduction of the spin mixing conductance g↑↓ as the dominant effect. In addition, the
critical current regime has revealed qualitative changes for large modulator current
densities, suggesting an inhomogeneous distribution of the interfacial spin transfer
efficiency across the Pt electrode. Last but not least, we could attribute the complete
suppression of the magnon transport signal at the largest applied modulator currents
to a local current-induced heating above the Curie temperature of YIG and thus a
magnetic phase transition of YIG beneath the modulator to its paramagnetic state.

In summary, our investigations make an important contribution to the understand-
ing of the manipulation of magnonic spin currents using three-terminal devices. By
applying large modulator currents our experiments shed new light onto nonlinear
contributions on the magnon conductance, which is essential for the implementation
of devices and applications based on incoherent magnons. We are aware of the
fact that we could only speculate on the physical origin of some features in the
nonlinear regime. However, we are confident that our results can provide valuable
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new insights for further theoretical and experimental investigations of such effects.
In the outlook in Chap. 6, we discuss possible future experiments to investigate the
magnetization dynamics below the modulator electrode in more detail and present
first experimental results.
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Magnon Spin Transport in the
Antiferromagnet Hematite

5
As already discussed in the previous chapters, magnons are attractive for studying in-
triguing physical phenomena and offer a unique platform for potential technologies.
Comparable to electrons, they are promising information carriers [34, 37, 182, 219]
due to their solid state host and associated quantized spin. Antiferromagnetic insula-
tors (AFIs) offer several advantages and new opportunities in this regard compared
to ferro(ferri-)magnetic materials. Due to their immunity to stray fields [220, 221],
high magnetic resonance frequencies in the terahertz regime [220–223], ultrafast
response times [224, 225] and tunable spin [226, 227], antiferromagnetic magnons
provide fast operations and robustness against thermal fluctuations. In contrast
to the initial opinion that AFIs are useless for applications, there have been vari-
ous theoretical proposals in the last years that exploit the diverse properties and
engineerability of antiferromagnetic magnons predicting unprecedented phenom-
ena [46, 47, 49–52, 128, 228, 229]. Experimentally, the dynamics of the spin system
and transport properties of AFIs have been intensively investigated within the last
decade [221, 230, 231]. However, the properties of antiferromagnetic magnons
can also pose challenges. For example, in case of ferromagnetic magnons rapid
experimental progress could be made by employing techniques developed in optics
and optomechanics [232]. Similar approaches, however, may be challenging for
antiferromagnetic magnons, as their high frequencies are not suitable for conven-
tional GHz spectroscopy. In contrast, our all-electrical approach for the injection and
detection of spin currents can overcome this drawback to a large extend. Here, the
magnonic spin transport is carried by magnons with frequencies in the full frequency
range [43, 76, 120, 125, 134, 164, 178, 217, 233, 234]. Moreover, for AFIs with
two spatially separated HM electrodes utilized to inject and detect magnonic spin
currents via the SHE, it has been demonstrated that these devices enable the study
of magnon spin transport in AFIs [127, 134, 163, 164, 234]. In similar devices using
an easy-axis AFI, micrometer long spin transport has been observed recently [134].
Apart from SHE-induced magnons, the transport of thermally generated magnonic
spin currents via the spin Seebeck effect has also been reported [235–237].

In contrast to ferromagnetic magnons, which carry only spin with one particular
direction, AFIs host pairs of spin-up and -down magnons. Superpositions of these
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eigenmodes can result in circularly as well as linearly polarized oscillations of the
Néel order with the latter corresponding to zero-spin excitations [226, 227]. While
easy-axis AFIs exhibit right and left circularly polarized oscillations corresponding to
spin-up and -down magnons, respectively, easy-plane AFIs host spin-0 magnons and
therefore were considered unlikely to transport angular momentum. However, re-
cent observations of long-distance transport of a SHE-induced magnonic spin current
in easy-plane AFIs [127, 163, 164, 234] disprove this assumption. This immediately
raised the question, which type of magnonic transport could support this configura-
tion. On a theoretical level, the antiferromagnetic magnon pairs can be described
within a pseudospin model in complete analogy to the two-level spin-1

2 system of elec-
tronic charge carriers [46–49]. Due to this formal equivalence between electron spin
and antiferromagnetic magnon pseudospin, phenomena analogous to those occuring
in spin-1

2 systems are predicted for AFIs. The corresponding antiferromagnetic pseu-
dospin dynamics has been studied theoretically in Refs. [138, 238]. Experimentally,
we previously observed for the first time the magnon Hanle effect, the magnonic
analog of the electronic Hanle effect [75, 239, 240], in the easy-plane oriented AFI
hematite (α-Fe2O3 ) [127]. A similar magnon-based Hanle effect has been reported
in Zn-doped hematite [241]. The observation of the magnon Hanle effect opened up
new opportunities. It demonstrated that the antiferromagnetic magnon pseudospin
can be manipulated by an applied magnetic field and exploited in various devices,
similar to the electronic spin in spintronics [239, 240]. In addition, as we also
show in the following, it offers a new powerful tool for studying the rich nature of
antiferromagnetic magnons described by a pseudospin formalism, and thus provides
crucial information about the underlying spin interactions [43, 46, 48, 52, 238].

Since recent studies focused on thin films, which allow for a description of
the results within a one-dimensional pseudospin transport model, we exploit the
magnon Hanle effect to discuss the influence of the dimensionality of the AFI on the
magnonic spin transport. In particular, we change the thickness of the investigated
AFI films, in our case hematite (α-Fe2O3 ), and analyze the crossover characterized
by the ratio of film thickness and magnon thermal wavelength. As in previous
experiments [43, 127], we employ two spatially separated Pt electrodes on top
of the hematite film acting as injector and detector and enabling an all-electrical
injection and detection process of magnonic spin currents. For both a 15 nm and
100 nm thick thin film, we observe the Hanle signature, which can be captured by the
pseudospin dynamics. However, the measured magnonic spin signal shows particular
features for the thicker film that cannot be found for the thinner one. This includes
an additional offset signal for low magnetic fields below the compensation field and
an oscillating behavior of the magnonic spin signal around zero spin signal for high
magnetic field values. We can attribute the former to the presence of finite-spin
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low-energy magnons, which do not contribute to the oscillating behavior of the
Hanle signal, but only lead to a constant offset signal.

Most importantly, we find a nonreciprocity in the Hanle signal when we inter-
change the two Pt electrodes utilized as spin injector and detector, respectively. The
measured difference between the so-called forward and backward direction varies
with the applied magnetic field, and thus the equilibrium Néel vector direction.
Furthermore, the antisymmetric magnon spin signal shows a sign reversal when it
passes the maximum of the symmetric contribution, exhibiting the characteristic
Hanle curve, at the compensation field. We can explain our observations in terms
of direction-dependent pseudofields which act on the magnons. The observed non-
reciprocal response is a clear sign for inversion symmetry breaking in the system
and, hence, opens up interesting opportunities for realizing exotic physics so far
only predicted for antiferromagnets with special crystal structure.

This chapter is structured as follows: In Sec. 5.1, we first introduce the basic
model describing magnons in antiferromagnets within a pseudospin picture and
then expand the model in order to account for nonreciprocal effects and low-energy
magnons. This model represents a convenient way to describe antiferromagnetic
magnons and their transport properties in an AFI. However, it does not directly
consider the injection/detection process, whose influence is also discussed in this
Section. In Section 5.2, we present our experimental results for two hematite films of
different thickness and discuss them in terms of our pseudospin concept. Both films
show a distinct signal caused by the Hanle effect. However, there are also differences,
which can partly be traced back to the presence of finite-spin low-energy magnons.
In the next Sec. 5.3, we investigate the nonreciprocity of the Hanle signal, which we
find to depend on the applied magnetic field. In particular, the antisymmetric signal
contribution reverses sign when the signal passes the compensation field. Finally, a
summary of the most important results is given in Sec. 5.4.

5.1 Theoretical Concepts

In this Section, we introduce the theoretical framework for the description of
the magnonic spin transport in antiferromangnets. First, a general description of
magnons in antiferromagnets within a pseudospin picture is given in Sec. 5.1.1.
We note that the pseudospin description is valid for any pair of coupled bosons.
Section 5.1.2 captures the time evolution of the pseudospin and its influence on
the diffusive magnon spin transport in an AFI with any given anisotropies and
interactions by introducing the formalism of pseudospin chemical potential together
with a pseudofield. The analysis focuses on the 1D solution of the pseudospin
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diffusion equation. We here only summarize the most important results of the
pseudospin concept and its dynamics following the discussion in Ref. [68]. A
complete description of the theoretical formalism is given by Kamra et al. [138]. In
Sec. 5.1.3, we use this model to explain the features of the magnon Hanle effect,
which first has been observed by Wimmer et al. [127]. In Sec. 5.1.4, we allow for an
additional direction-dependent pseudofield and thus can describe also nonreciprocal
effects, which have been covered in Ref. [242]. Furthermore, the influence of finite-
spin low-energy magnons, which cannot be directly captured by the pseudospin
chemical potential, is discussed in Sec. 5.1.5. Last but not least, we provide a general
formalism in Sec. 5.1.6 that does not only account for the magnon spin transport in
the AFI, but also captures the injection and detection process of our utilized nonlocal
devices. The key results of the two latter sections have been published in Ref. [243].

5.1.1 Pseudospin Concept

Before we dive into the mathematically details, we would like to provide a qualitative
picture of the underlying physics. The pseudospin concept is based on the fact that in
AFIs the eigenmodes of the spin system appear in pairs for a given wave vector. These
two eigenmodes with opposite chirality can form linear superpositions, ranging from
spin-1 to spin-0 excitations [46, 48, 226]. This property reminds one of a two-
level system such as the spin-1

2 of an electron. The corresponding mathematical
analogy with electrons allows one to formally compare its eigenmodes to those of
AFIs. However, one has to keep in mind that there is a fundamental difference
between both systems due to the bosonic nature of magnons in AFIs. To describe
the bosonic system some key assumptions are made in the following. We assume a
Néel ordered AFI, where the exchange interaction is the dominant interaction, while
others (e.g. dipolar interaction, DMI, etc.) are much smaller. This allows for an
perturbative treatment of anisotropies and other nonuniversal, material-dependent
interactions [138]. Secondly, the two sublattice magnetization are assumed to be
antiparallel and oriented collinear, in our case along the z axis, forming the ground
state. The corresponding degenerated magnon modes are typically denoted as α- and
β-mode [128]. They represent spin-up (spin +1) and spin-down (spin −1) magnons
that carry unit spin parallel to the Néel vector (z axis). Due to our assumptions the
α- and β-modes constitute our natural basis. In a classical picture they correspond
to classical moments with opposite precession direction. Now, spin-nonconserving
interactions, which are treated as perturbations, can couple the basis states, and
thus enable the formation of superposition states [46, 128, 226, 227, 244].
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Fig. 5.1 – Schematic depiction of a magnonic two-level system on a Bloch sphere, in our case
of the two antiferromagnetic eigenmodes. The intersections of the pseudofield
vector ωωω with the Bloch sphere are indicated by red and green spheres and repre-
sent the corresponding lower- (ψ†

1) and higher-energy (ψ†
2) magnonic eigenmodes.

Keep in mind that the sphere is in the creation operator space.

Mathematically, such coherently coupled bosonic modes can be described by the
hamiltonian Ĥ:

Ĥ/ℏ = ωαα̂
†α̂+ ωββ̂

†β̂ + Ω
2 α̂β̂

† + Ω∗

2 α̂†β̂

=
(
α̂† β̂†

)( ωα Ω∗/2
Ω/2 ωβ

)(
α̂

β̂

)
= α̂†H inα̂ ,

(5.1)

where ωα and ωβ characterize the frequencies of the (uncoupled) spin-up (α-mode)
and spin-down (β-mode) magnons and Ω denotes the coherent coupling rate of
the modes. While operators are identified with overhead tilde, matrices or vectors
are indicted by an underline. In order to extract the eigenstates and -values of the
coupled system, we have to diagonalize the hamiltonien H in in Eq. (5.1), which can
be written in the form

Ĥ/ℏ =
(
ψ̂†

1 ψ̂†
2

)(ω1 0
0 ω2

)(
ψ̂1

ψ̂2

)
= ψ̂

†
Hdiagψ̂, (5.2)

with the eigenvalues ω1 ,2 and eigenvectors ψ̂1 ,2 of the corresponding eigenvalue
equation for H in. Here, the diagonalized form can be expressed by Hdiag = P †H inP ,
where the transformation matrix P is unitary with P † = P−1, allowing for a standard
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diagonalization procedure. The associated matrix P is given in terms of Bloch sphere
representation of the eigenvectors by

P =

 cos
(

θ1
2

)
eiφ2 sin

(
θ2
2

)
eiφ1 sin

(
θ1
2

)
cos
(

θ2
2

)  . (5.3)

Here, θ1 ,2 and φ1 ,2 parameterize the two eigenvectors on the Bloch sphere. Since P
is unitary, we obtain the conditions θ2 = π−θ1 and φ2 = π+φ1 from the off-diagonal
elements of Eq. (5.3). Employing these conditions, the two eigenvectors can be
represented by a single pair of angles (θ, φ), where we dropped the subscript “1“.
This means, the two eigenvectors are aligned antiparallel on the Bloch sphere, as
shown in Fig. 5.1, in contrast to pointing along two arbitrary directions. This results
in a further simplified transformation matrix P :

P =
(

cos
(

θ
2
)

−e−iφ sin
(

θ
2
)

eiφ sin
(

θ
2
)

cos
(

θ
2
) )

. (5.4)

For the relation between the eigenmodes of the coupled system and the natural basis
spanned by α̂† and β̂†, we then obtain

(
ψ̂†

1 ψ̂†
2

)
=
(
α̂† β̂†

)( cos
(

θ
2
)

−e−iφ sin
(

θ
2
)

eiφ sin
(

θ
2
)

cos
(

θ
2
) )

. (5.5)

The corresponding states ψ̂†
1 and ψ̂†

2 are depicted in Fig. 5.1 as a red and green
sphere, respectively, for arbitrary values of θ and φ. Note that in contrast to the
typical use of the Bloch sphere, which describes wavefunctions of a two-level system,
the eigenvectors on the Bloch sphere in our case are given in the space of creation
operators [138]. In general, the representation with a similar device, the Poincaré
sphere that maps polarization states of light [245], is preferential. However, both
representations share similarities and differences with our definition of the unit
sphere in representing AFI modes. In this work, we utilize the Bloch sphere termi-
nology and keep in mind that it is not a Bloch sphere in the strict sense, bur rather
represents excitation creation operators.

Within our considerations, we now introduce the pseudospin operator L̂LL = L̂xx̂xx+
L̂yŷyy + L̂zẑzz with its components

L̂x = 1
2(α̂†σxα̂) = 1

2(α̂β̂† + α̂†β̂), (5.6a)

L̂y = 1
2(α̂†σyα̂) = i

2(α̂β̂† − α̂†β̂), (5.6b)

L̂z = 1
2(α̂†σzα̂) = 1

2(α̂†α̂− β̂†β̂), (5.6c)
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Fig. 5.2 – Illustration of the AFI eigenmodes (red and green spheres) for the pseudofield ωωω
oriented along (a) ẑ̂ẑz, (b) x̂̂x̂x and (c) ŷ̂ŷy. The eigenmodes correspond to (a) circular
precession and (b), (c) linear oscillations of the two sublattice magnetizations
in the Landau-Lifshitz description. Moreover, the eigenmodes are expressed as
superpositions of the spin-up (|↑⟩) and -down (|↓⟩) basis states in the quantum
picture.

where σx ,y ,z are the Pauli matrices. Using these relations, we can rewrite the
hamiltonian defined in Eq. (5.1) in terms of the pseudospin operator according to

Ĥ/ℏ = 2ω0L̂0 −ωωω · L̂LL , (5.7)

where L̂0 = 1
2(α̂†σ0α̂) = 1

2(α̂†α̂+β̂†β̂) with σ0 the 2×2 identity matrix. Furthermore,
ω0 and the components of ωωω are defined as [138]

ω0 =
ωα + ωβ

2 , (5.8a)

ωz = −(ωα − ωβ) , (5.8b)

ωx + iωy = −Ω . (5.8c)

If we compare the hamiltonian defined in Eq. (5.7) to the one of a typical spin-
1
2 system, we find a close analogy between the quantity ωωω interacting with the
pseudospin and the magnetic field coupling to an actual spin. Therefore, ωωω is
introduced as the pseudofield. In general, the latter depends on material details,
for example anisotropies, and the resulting free-energy landscape in the studied
AFI and can generally be tuned via an applied magnetic field [127, 138]. More
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importantly, our considerations show that the pseudofield determines the magnonic
eigenmodes, since their Bloch vectors are collinear with ωωω (cf. Fig. 5.1). We depict
the eigenmodes and their corresponding Néel vector dynamics in the Landau-Lifshitz
description for three different directions of the pseudofield in Fig. 5.2. In all cases,
the pseudofield is considered along one coordinate axis. In Fig. 5.2(a), for ωωω ∥ ẑ̂ẑz,
where the coupling Ω is zero according to Eq. (5.8c), the eigenmodes are the same as
our natural basis of spin-up and -down magnons representing circularly precessing
Néel vectors with opposite chiralities. When ωωω ∥ x̂̂x̂x in panel (b), the eigenmodes of
the system are equal superpositions of the α- and β-mode corresponding to spin-zero
excitations. In the Landau-Lifshitz description this corresponds to linear oscillations
of the Néel vector with the linear oscillation planes perpendicular to each other. A
similar situation is found in Fig. 5.2(c) for ωωω ∥ ŷ̂ŷy, where the eigenmodes are still
linearly polarized, however the two associated orthogonal planes are now rotated
by 45◦ compared to the eigenmodes presented for ωωω ∥ x̂̂x̂x and thus we still obtain
spin-zero excitations as in (b).

5.1.2 Pseudospin Dynamics and Diffusive Transport

In contrast to a spin-1
2 system, for magnons in AFIs the knowledge of the eigenmodes

is not sufficient to determine physical quantities, such as spin, due to their bosonic
nature. In general, when we discuss dynamics in AFIs, we need to capture both
the density of nonequilibrium magnons as well as their nature. Since most of the
discussion so far has been based on the equilibrium description of the two coupled
modes, we now consider the situation where the pseudospin is not aligned collinear
with the pseudofield, allowing for the description of nonequilibrium effects. In order
to account for this situation, we evaluate the expectation value of the pseudospin
operator given in Ref. [138] by

LLL ≡ ⟨L̂LL⟩ = 1
2V

(
− ∂n(ϵ)

∂ϵ

∣∣∣∣
ϵ=ℏω0

)
(ℏωωω+µµµs) = LLL0+ 1

2V

(
− ∂n(ϵ)

∂ϵ

∣∣∣∣
ϵ=ℏω0

)
µµµs . (5.9)

Note that the expectation value has already been divided by the volume and there-
fore, we refer to the quantity defined in Eq. (5.9) as pseudospin density. Furthermore,

n(ϵ) =
(

exp
(

ϵ
kBT

)
− 1
)−1

denotes the Bose-Einstein distribution function with the
single magnon energy ϵ, the Boltzmann constant kB and the temperature T . The
pseudospin chemical potential is introduced as

µµµs = (µ1 − µ2)(sin(θ) cos(φ)x̂xx+ sin(θ) sin(φ)ŷyy + cos(θ)ẑzz) (5.10)
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Fig. 5.3 – Precession of the pseudospin chemical potential µµµs around the pseudofield ωωω ∥ x̂̂x̂x.
Each of the depicted directions of µµµs corresponds to an eigenmode given by the
superposition of the quantum basis states.

with µ1 ,2 the chemical potentials of the respective eigenmodes [246]. The last term
on the right hand side of Eq. (5.9) exhibits two contributions. LLL0 ∝ ωωω accounts
for equilibrium effects originating from the energy and thus, from the occupancy
difference between the two eigenmodes. The term proportional to µµµs stems from
an imbalance of the eigenmodes’ spin chemical potentials leading to a nonequilib-
rium effect. In contrast to ferromagnets, where the nonequilibrium density can be
characterized by a scalar chemical potential [76] due to the presence of only one
kind of magnons bearing spin-1 38, antiferromagnets are captured by a vectorial
quantity. The pseudospin chemical potential accounts for the eigenmode information
via (θ, φ) and hence, its magnitude and direction represent the density and nature
of nonequilibrium antiferromagnetic magnons. It is important to mention that only
the z-component of µµµs corresponds to a finite (measurable) magnon spin, while the
x- and y-contributions refer to zero spin modes.

In order to describe the dynamics of the system, we have to study the time
dependence of the pseudospin density LLL. To this end, we utilize the Heisenberg
picture allowing us to set up the Heisenberg equation of motion for the pseudospin
operator L̂LL [138] and inserting Eq. (5.9) therein, we arrive at

dµµµs
dt = µµµs ×ωωω . (5.11)

This relation describes a precession of µµµs around the fictitious pseudofield ωωω. This
situation resembles again that of a spin-1

2 system, where the electron spin exhibits a
precession about an applied magnetic field [75, 240, 248]. However, in this case the
precession sense is inverted due to the negative gyromagnetic ratio of an electron.
To visualize the temporal evolution of the pseudospin chemical potential given in

38Note that this is only true if the effect of spin-nonconserving interactions that yield a ferromagnetic
magnon spin larger than 1 are disregarded [226, 247]. This simplification is commonly made in
literature, and is furthermore typically valid for thermal magnons.
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Eq. (5.11) and providing an intuitive picture, we consider an antiferromagnetic
system with the pseudofield ωωω aligned along the positive x-direction. Moreover,
µµµs initially points along ẑ. Such a situation is present in our magnon transport
devices, where nonequilibrium, spin-up magnons are injected into an easy-plane AFI.
Since µµµs is not collinear with ωωω, the injected magnon modes are not the eigenmodes
of the nonequilibrium system and hence, the chemical potential starts to precess
around the pseudofield ωωω in the y-z plane. In Fig. 5.3, we sketched the precessing
pseudospin chemical potential as well as the corresponding quantum superposition
states. We see that the initially right circularly polarized magnons transmute to
linearly, to left circularly, to linearly, and back to right circularly polarized magnons
for one full precession (360◦) of µµµs in the classical Landau-Lifshitz picture. In an
analogues manner to the situation of an electronic spin, dephasing and decoherence
processes lead to a reduction of µµµs until the latter approaches zero and additionally
aligns the pseudospin chemical potential with the pseudofield.

After having introduced the pseudospin and related quantities, we now derive
the diffusion equation for an AFI in terms of the pseudospin chemical potential,
enabling the discussion of diffusive transport of AFI magnons. Therefore, we have
to consider the entire magnon ensemble, instead of two coupled modes at a given kkk.
Summing up over all modes from every excited wavevector, we may introduce the
total pseudospin density [138]

SSS ≡
∑

kkk

1
2V

(
− ∂n(ϵ)

∂ϵ

∣∣∣∣
ϵ=ℏω0kkk

)
(ℏωkωkωk +µµµs) = χ(ℏωωω +µµµs) , (5.12)

where we defined the effective susceptibility χ and the averaged pseudofield ωωω as

χ ≡
∫ d3k

(2π)3
1
2

(
− ∂n(ϵ)

∂ϵ

∣∣∣∣
ϵ=ℏω0kkk

)
, (5.13)

ωωω = ⟨ωωωkkk⟩BZ ≡

∫ d3k
(2π)3ωkωkωk

1
2

(
− ∂n(ϵ)

∂ϵ

∣∣∣
ϵ=ℏω0kkk

)
∫ d3k

(2π)3
1
2

(
− ∂n(ϵ)

∂ϵ

∣∣∣
ϵ=ℏω0kkk

) . (5.14)

Here, ℏω0kkk denotes the uncoupled mode energy accounting for the dispersion
relation of the system when the coupling between the two modes is neglected.
Following a similar procedure in deriving the diffusive transport equation as in the
case of electronic spin transport [75], we can write the pseudospin density diffusion
equation constituting the contributions from all occupied states as

∂SSS
∂t

= Dm∇2SSS − SSS − SSS0
τm

+ SSS ×ωωω, (5.15)
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where SSS0 denotes the equilibrium spin density and τm the spin relaxation time that
is assumed to be isotropic for simplicity. Moreover, we utilized the spin diffusion
constant for a given kkk-vector Dkkk = 1

3τv
2
kkk = 1

3τ(∇∇∇ω0kkk)2 with the group velocity
vkkk = ∇∇∇ω0kkk and obtained its averaged value according to

Dm = ⟨Dkkk⟩BZ =

∫ d3k
(2π)3

1
3τ(∇∇∇ω0kkk)2 1

2

(
− ∂n(ϵ)

∂ϵ

∣∣∣
ϵ=ℏω0kkk

)
∫ d3k

(2π)3
1
2

(
− ∂n(ϵ)

∂ϵ

∣∣∣
ϵ=ℏω0kkk

) , (5.16)

where τ is the momentum scattering time that is also assumed to be wavevector-
independent. Substituting Eq. (5.12) into Eq. (5.15), we finally obtain the diffusion
equation for µµµs:

∂µµµs
∂t

= D∇2µµµs − µµµs
τm

+µµµs ×ωωω. (5.17)

We emphasize again, that only the z-component of the pseudospin chemical potential
accounts for an effective mangon spin accumulation and therefore corresponds to
the finite magnon spin signal that can be detected via our device geometry. The
last term on the right hand side of Eq. (5.17) takes into account the precessional
behavior of the pseudospin chemical potential. If we consider that µµµs ∥ ωωω, the
last term vanishes resulting in the well-known spin/magnon diffusion equation
introduced in Sec. 2.5.2. However, when µµµs ∦ ωωω the nonequilibrium pseudospin
chemical potential does not correspond to the eigenmodes of the system and starts
to precess around ωωω.

We can further define the pseudospin current density

jjjs = −D∇∇∇ ⊗ SSS = −Dχ∇∇∇ ⊗µµµs . (5.18)

The tensorial quantity accounts for the direction of the current flow as well as for
the pseudospin direction.

117



5.1.3 Magnon Hanle Effect

In the following, we discuss the one-dimensional solution of the pseudospin chemical
potential diffusion equation, as solving Eq. (5.17) in three dimensions is analytically
intractable. For this reason, we consider a thin AFI film, such that µµµs does not
depend on y within our chosen coordinate system (cf. Fig. 5.4). In addition, the
system is considered translationally invariant along the x direction resulting in a µµµs

that only depends on z. In general, using our two-terminal device geometry, where
two HM electrodes are deposited on top of the AFI, magnons can be injected via
a charge current driven through the injector. Note that we here work in the limit
of small spin conductances of the HM/AFI interfaces [36, 45, 249]. Hence, the
following boundary conditions can account for magnon spin injection [138]:

− Dmχ
∂µsz
∂z

∣∣∣∣
z=0

= js0 , (5.19)

∂µsx,sy
∂z

∣∣∣∣
z=0

= 0 (5.20)

with js0 the magnonic spin current density injected into the AFI by the injector
electrode. This magnonic spin current density is typically proportional to the injector
charge current (cf. Eq. (5.42)) at z = 0 (injector position), while for the x- and y-
component explicitly no spin current is considered. Eq. (5.19) and Eq. (5.20) imply
that only circularly polarized spin-up and -down magnons are injected into the AFI
via the HM. This assumption is reasonable, since the interfacial exchange interaction
at the AFI/HM interface leads to the excitation of localized spins with magnitude +1
or −1 in the AFI. The latter delocalize on a timescale, which is inversely proportional
to the exchange energy, into a spin-up or spin-down magnon mode, respectively.
On a much longer timescale that is inversely proportional to the mode coupling
frequency, these delocalized spin-up and -down magnons start to precess as it is
captured by our diffusion equation (5.17) as they are no longer the eigenmodes of
the system, which are linearly polarized.

Without any loss of generality, we assume that ωωω = ωxx̂̂x̂x + ωzẑ̂ẑz, which allows
us to capture the complete range of magnonic eigenmodes. As discussed above,
a finite pseudofield z-component and ωx = 0 result in spin-1 magnons in the AFI
corresponding to a circular precession of the Néel vector in the Landau-Lifshitz
description. For ωz = 0 and ωx ̸= 0 the AFI hosts spin-0 magnons and thus
corresponds to linear oscillations of the Néel vector. When both components are
finite (ωx ̸= 0, ωz ̸= 0), the AFI bears a spin with a magnitude between 0 and 1
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that translates into an elliptical precession of the Néel vector [128, 226]. Thus, the
steady state Eq. (5.17) simplifies to

Dm
∂2µµµs
∂z2 − µµµs

τm
+µµµs × (ωxx̂xx+ ωzẑzz) = 0 . (5.21)

Consistent with the requirement that the injected magnonic spin decays at large
distances, we further assume that µµµs(z → ∞) = 0. Finally, after some algebra, we
obtain the 1D solution of the diffusion equation as

µsz(z) = µosc(z) + µdec(z), (5.22)

µosc(z) = ω2
x

ω2
x + ω2

z

lmjs0
Dmχ (a2 + b2) e

− az
lm

×
[
−b sin

(
bz

lm

)
+ a cos

(
bz

lm

)]
, (5.23)

µdec(z) = ω2
z

ω2
x + ω2

z

lmjs0
Dmχ

e− z
lm , (5.24)

where lm ≡
√
Dmτm is the magnon decay length and we have additionally defined

a ≡ 1√
2

√
1 +

√
1 + β2, (5.25)

b ≡ 1√
2

√
−1 +

√
1 + β2, (5.26)

β2 ≡τ2
m
(
ω2

x + ω2
z

)
. (5.27)

Eqs. (5.22)-(5.27) are the key result of Ref. [138] and allow for a general understand-
ing of diffusive magnon spin transport in AFIs. Note that although our magnonic spin
transport description is strictly speaking based on a low temperature approximation,
it has been found to work well even at elevated temperatures [250, 251]. We see
that µsz, and thus the magnon spin transport signal in the AFI consists of two distinct
contributions, namely a solution µdec decaying and a solution µosc oscillating along
the z-direction.

The former, described by Eq. (5.24), stems from magnonic eigenmodes that bear
a finite spin or in other words the pseudospin exhibits a finite z projection. We
emphasize that this contribution decays with the usual magnon decay length lm.
In easy-axis AFIs hosting spin-1 eigenexcitations [134, 163] this is the only mode
of spin transport. For ωx = 0, when the AFI only hosts spin-1 magnons carrying
the diffusive spin current, our results are consistent with the findings for easy-axis
AFIs [36, 134, 249]. In a perfect easy-plane AFI this contribution is expected to
be absent, as the eigenmodes are perfectly spinless, i.e. ωz = 0, ωx ̸= 0. However,
in general the easy-plane phase features a small but finite anisotropy within the
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easy-plane [234, 252, 253] resulting in a correspondingly small spin of the magnonic
eigenmodes. Within the pseudospin picture, this corresponds to |ωx| ≫ |ωz| > 0.
Overall, the decaying part can be understood as the fractional circular polarization
content, which is given by the prefactor ω2

z/(ω2
x + ω2

z). Thus, we refer to the signal
contribution µdec as the "finite-spin signal" in the discussion below.

The second contribution µosc given by Eq. (5.23) originates from the temporal
evolution of the pseudospin chemical potential resulting in an oscillating behavior of
the magnon spin signal. In contrast to the finite-spin signal, the oscillating behavior
decays faster than lm. The relaxation rate is additionally decreased by the factor a (cf.
Eq. (5.25)). Since the magnons take different trajectories on their way from injector
to detector, they arrive with different phases at the detector, and thus interfere
destructively [75, 138, 240]. As discussed above, the spin-1 magnons injected by the
HM injector are not the eigenmodes of the system when ωx ̸= 0 and, as a result, their
properties evolve with time. The latter, is captured by the pseudospin precession
about the pseudofield with a precession frequency of ω =

√
ω2

x + ω2
z . The quantity

ω depends on various contributions, such as anisotropy or DMI, to the magnetic free
energy density. In general, the precession frequency can be tuned via an external
magnetic field allowing for an experimental handle to control the magnon spin signal.
In this thesis, we assume a linear dependence of the precession frequency on the
applied magnetic field. We provide a more detailed discussion on this relation and
the origin of the pseudofield in Sec. 5.1.4. In Eq. (5.27) we introduce the normalized
pseudofield magnitude β which is proportional to the precession frequency and thus
is also tuned via the applied magnetic field. In easy-plane hematite it has been
shown that the detected magnon spin signal exhibits an oscillating behavior as a
function of the applied magnetic field, which shares similarities with the Hanle effect
and that ω ≈ ωx vanishes at a finite compensation field Hc. Therefore, we call this
oscillating contribution µosc the "Hanle signal" 39.

In the following, we give an intuitive picture of the magnetic field-dependent
Hanle signal first introduced in Ref. [127], in which the first observation of the
magnon Hanle effect has been reported. To this end, we consider a similar device
that is used for the experiments consisting of a thin AFI film with an easy-plane
anisotropy and two HM electrodes on top, which allow to use our all-electrical
transport scheme. Furthermore, the pseudofield ωωω points along the positive x-
direction 40. In Fig. 5.4(a)-(c) a schematic of the device as well as the evolution

39In contrast to the situation for electrons, where the spin precession and Hanle effect originate
from the Zeeman coupling of the electron spin to the external magnetic field, the pseudofield ωωω is
determined by various free energy contributions describing the AFI.

40In this work, the coordinate system of the creation operator space, where the pseudofield vector
ωωω is defined on a Bloch sphere coincides with the one in real space, where we define the device
parameters. In general, these two coordinate systems do not need to be equal.
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Fig. 5.4 – (a)-(c) At the injector a z-polarized magnon spin and pseudospin currents (µµµs ∥ ẑ̂ẑz)
are injected into the AFI corresponding to right- and left-circular precessions of the
Néel vector, which are represented by spin-up and -down magnons carrying spin
±1. As the magnons propagate from injector to detector, the pseudospin precesses
away from the z-axis and the Néel vector precession becomes increasingly elliptical
resulting in a linear oscillation for µµµs ∥ ŷ̂ŷy, corresponding to zero-spin excitations.
The pseudospin precesses with a frequency that is controlled by the applied
magnetic field. The actual magnonic spin µsz probed in our experiments is given
by the projection of the pseudospin chemical potential on the z-direction and
the measured magnon spin signal at the detector is (a) positive, (b) zero and (c)
negative. (d) Relation between the direction of the pseudospin chemical potential
µµµs and the Néel vector dynamics with the pseudofield ωωω ∥ x̂̂x̂x. (e) Normalized
magnon chemical potential µosc (Eq. (5.23)) as a function of the normalized
pseudofield magnitude β for different ratios of the distance d between injector
and detector and the magnon decay length lm. For distances significantly larger
than lm several oscillations appear. While ωωω0 and ωωωinv show a clear dependence
on the ratio dc/lm, the position of ωωω = 0 does not depend on the distance, since
the pseudospin chemical potential does not precess in the AFI in this case, as
depicted in panel (a). The upper panels (a) to (d) are adapted from Ref. [127].
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of the pseudospin chemical potential µµµs for three different precession frequencies
ω ≈ ωx. In experiments ω can be varied with finite applied magnetic fields. To
recap, the connection between µµµs and the Néel vector dynamics is illustrated for
four different directions in Fig. 5.4(d). When a charge current Iinj is applied to the
injector electrode, a spin accumulation with polarization sss builds up at the AFI/HM
interface due to the SHE. Due to spin-flip scattering spin-1 magnons corresponding to
circularly polarized Néel vectors are injected in the AFI. In our case, this corresponds
to a pseudospin chemical potential pointing along the positive z-direction. Since
µµµs ∦ ωωω, the pseudospin chemical potential precesses in the z-y plane with a certain
precession frequency ω that depends on the magnitude of the pseudofield, while
the magnons diffuse from the injector towards the detector, where µµµs has reached
a finite precession angle with respect to the z-axis. The actual spin given by the
z-component of µµµs leads to a spin current density js in the detector electrode, which
is converted back into a charge current via the inverse SHE.

Figure 5.4(a) sketches the situation for a vanishing pseudofield. In experiments
this can be achieved by applying a finite magnetic field that modifies the free energy
landscape in such a way that the described mode coupling vanishes, leading to
ωωω = 0. We refer to this specific magnetic field value as the compensation field
Hc. In the case of ωωω = 0, µµµs does not precess in the AFI, but only varies along the
z-direction. As depicted in Fig. 5.4(d), the magnonic spin transport is exclusively
carried by circular polarized magnons, similar to easy-axis AFIs [134, 163]. As µµµs

is fully aligned along ẑ̂ẑz (zero precession angle), we expect the magnon spin signal
at the detector to be maximal. In Fig. 5.4(e), we plotted the normalized Hanle
signal µosc for a fixed injector-detector spacing dc as a function of the normalized
pseudofield magnitude β (Eq. (5.27)), which is a measure for the applied magnetic
field. The signal depending on the pseudofield magnitude is shown for different
ratios dc/lm. First focusing on dc/lm = 2, we find that the maximum detector signal
at Hc is perfectly represented by our theory model.

For a finite positive pseudofield, µµµs starts to precess counter-clockwise according
to our definition. Hence, the precession angle increases at a fixed detector position,
resulting in a smaller projection of the pseudospin chemical potential on the z-axis.
This leads to the expected decreasing Hanle signal (cf. Fig. 5.4(e)). The signal
decreases until it approaches zero for a pseudofield ωωω0 > 0 (H0 > Hc) as depicted
in Fig. 5.4(b). At ωωω0, the precession angle at the detector position has reached 90◦

and µµµs points along ŷ̂ŷy, yielding a vanishing projection on ẑ̂ẑz, and thus a vanishing
Hanle signal. In the Landau-Lifshitz picture (Fig. 5.4(d)), this corresponds to a
transmutation from circularly polarized magnons (spin-up) injected at the injector
to linearly polarized magnons at the detector carrying zero spin.
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For even larger magnitudes of the pseudofield for a fixed dc, the precession angle
becomes larger than 90◦ at the detector position, which represents a projection of
µµµs along the negative z-direction. Besides the magnon pseudospin, also the actual
spin densities have reversed directions, while propagating from injector to detector
resulting in a negative Hanle signal (indicated by the orange line in Fig. 5.4(e)).
The magnitude of the negative signal is largest for a precession angle of 180◦ which
is identified with the pseudofield ωωωinv > ωωω0 (Hinv > H0), as depicted in Fig. 5.4(c).
In this case, the injected right circularly polarized magnons arrive as left circularly
polarized magnons at the detector corresponding to an inversion of the magnon
spin from spin +1 to spin −1, as shown in Fig. 5.4(d). The signal magnitude at
ωωωinv is decreased compared to ωωω = 0 due to the finite precession frequency. As
discussed above, in this case the magnons take different trajectories on their way
from injector to detector arriving with different phases at the detector, where we
detect an averaged signal.

For negative pseudofield values (ωωω < 0) or in terms of magnetic fields H < Hc,
the precession sense of the pseudospin chemical potential is inverted and precesses
clockwise. However, since only the projection of µµµs on the z-axis accounts for the
measurable spin, the detected Hanle signal does not depend on the precession sense.
This means, that the Hanle signal is symmetric in the vicinity of the compensation
fieldHc (ωωω = 0). The various curves for different ratios dc/lm in Fig. 5.4(e) show that
the position of the compensation field Hc is independent of the electrode spacing dc,
as the vanishing of the pseudofield depends on the free energy landscape, and thus
on the properties of the investigated AFI. In contrast, the positions of ωωω0 and ωωωinv

vary with the spacing dc, as they depend on a finite precession frequency. Since the
contribution µosc of the spin chemical potential decays faster than lm the oscillations
are progressively damped with increasing distance.

The theory model developed in Ref. [138] is expected to find applications in
understanding magnonic spin transport in a broad range of AFIs. Due to its gen-
eral validity for any coherently coupled bosonic modes, it may also trigger the
development of spin-dynamics-inspired physical insights for, among others, coupled
optomechanical [232] and optomagnonic systems [227, 254, 255].

5.1.4 Nonreciprocal Magnon Hanle Effect
Up to now, our theoretical model is based on materials and spatial configurations
being inversion-symmetric [138]. In this section, we allow for different pseudofields
in opposite directions due to inversion symmetry breaking. In particular, we assume
that there is a finite nonreciprocal component of the pseudofield which is collinear
with the reciprocal one, as this explains our experimental observations discussed
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Fig. 5.5 – (a)-(c) Magnon spin and pseudospin transport in an AFI considering a nonrecip-
rocal pseudofield directed along the x-direction. The two HM electrodes act as
injector (dark gray) and detector (light gray) of the z-polarized magnonic spin.
While the magnons propagate from injector to detector the pseudospin precesses
around the pseudofield due to the easy-plane anisotropy in the studied AFIs. In
contrast to Fig 5.4 the slightly different pseudofields in the forward (upper panels)
and backward (lower panels) propagation directions result in a difference µasym
in the observed magnon spin signal (∝ µsz). Due to the different pseudospin
precession rates a (a) negative, (b) positive and (c) zero difference µasym for
the corresponding average pseudofield ω is obtained. (d), (e) Antisymmetric
component of the pseudospin chemical potential µasym as a function of the nor-
malized pseudofield magnitude β for an average pseudofield (d) ω > 0 and (e)
ω < 0. The behavior is shown for the forward z > 0 (red line) and backward
z < 0 (orange line) propagation direction as well as the difference of these two
contributions in black. (f)) Sum of the symmetric µsym and antisymmetric µasym
component of the pseudospin chemical potential plotted versus β for the forward
and backward propagation direction. For comparison, the pseudospin chemical
potential is shown for µasym = 0 (gray line). In all cases, a ratio of d/ls = 2 has
been used.
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in Sec. 5.3. In our case, this means that both the reciprocal and nonreciprocal
component are directed along x̂̂x̂x. In an analogous manner as above, we first provide
a qualitative picture of the underlying physics before delving into the theoretical
details. We still consider the same device as before, which consists of an AFI
with two spatially separated heavy metal electrodes on top to allow for an all-
electrical injection and detection of magnonic spin currents due to the spin-orbit
interaction in the HM. Considering the situation depicted in Fig. 5.5(a), a charge
current driven through the left HM electrode injects magnon spin currents into
the AFI, which corresponds to the injection of a z-polarized pseudospin current.
As discussed above, the injected spin-1 magnons are not the eigenmodes of the
easy-plane oriented AFI film and thus start to convert into other kinds of magnons
with varying spin. This process is captured by the pseudospin precession about
the pseudofield ω+x̂̂x̂x. Consequently, the magnon spin signal, which is given by the
pseudospin z-component and is detected by the right HM electrode, depends on the
pseudofield ω+. Remember that the latter can further be controlled via an applied
magnetic field [127].

If we interchange the roles of the two HM electrodes (lower panel, Fig. 5.5(a)) and
use the right electrode for spin injection, while the resulting magnon spin currents
are detected at the left one, magnons in the transport channel might experience a
slightly different pseudofield ω−x̂̂x̂x due to inversion symmetry breaking. As a result,
the magnon spin signal is slightly different compared to the former configuration
(upper panel, Fig. 5.5(a)). This difference is proportional to δω ≡ (ω+ − ω−)/2,
and thus allows us to quantify the pseudofield nonreciprocity in the system. When
the average pseudofield ω ≡ (ω+ + −ω−)/2 changes sign, i.e. the precession
sense reverses direction, the difference δω as well changes sign, as depicted in
Fig. 5.5(b). Furthermore, the schematic in Fig. 5.5(c) emphasizes that δω = 0 when
the pseudofield vanishes.

Considering this additional nonreciprocal pseudofield, we can describe the system
via a one-dimensional diffusion equation with an extra term due to the nonreciprocal
pseudofield:

∂µµµs

∂t
= Dm

∂2µµµs

∂z2 − µµµs

τm
+µµµs × ωx̂xx− l

∂µµµs

∂z
× δωx̂xx . (5.28)

Here, l is the mean free path of the AFI magnons. As discussed above, it is sufficient
to consider that the pseudospin chemical potential µµµs, which describes the nonequi-
librium magnons and their transport in the AFI, varies only along the z-coordinate
between injector and detector. The last term on the right hand side of Eq. (5.28) is
the new contribution as compared to the inversion-symmetric treatment above [138].
The additional term accounts for the different pseudofields in the forward (+) and
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backward (−) direction, here within the random walk model, which describes the
diffusive pseudospin transport with precession [75, 138, 256]. The magnon spin
injection is again taken into account via the boundary conditions at the injector loca-
tion at z = 0 given by Eqs. (5.19) and (5.20). Within our configuration, the direction
of js0, the magnitude of the magnon spin current density driven by the electrical
current through the injector electrode, is positive (negative) for transport along ẑ̂ẑz
(−ẑ̂ẑz), leading to a + (−) sign in Eq. (5.19). To obtain the solution to Eq. (5.28) for
µµµs(z) for both the forward z > 0 and the backward z < 0 case, we apply the stability
requirements µµµs(z → ∞) = 0 and µµµs(z → −∞) = 0 for the forward and backward
direction, respectively. Since µsz at the detector location is directly proportional to
the measured magnon spin signal, we can represent the latter by µsz(+dc) (µsz(−dc))
for the forward (backward) transport configuration with dc the injector-detector
distance. We further define the symmetric µsym ≡ [µsz(+dc) + µsz(−dc)]/2 and anti-
symmetric µasym ≡ [µsz(+dc)−µsz(−dc)]/2 contribution of the pseudospin chemical
potential, which are evaluated as

µsym = lmjs0e− adc
lm

Dmχ (a2 + b2)

[
a cos

(
bdc
lm

)
− b sin

(
bdc
lm

)]
, (5.29)

µasym = ωδωτml

|ω|2lm
∂µsym
∂b

. (5.30)

Here, a ≡
√(

1 +
√

1 + ω2τ2
m

)
/2, b ≡

√(
−1 +

√
1 + ω2τ2

m

)
/2, and lm ≡

√
Dmτm

is the magnon decay length. Note that we have retained only terms up to the first
order in lδω, assuming |lδω/(lmω)| ≪ 1.

The expression obtained for µsym in Eq. (5.29) is the same as that in Eq. (5.23)
for an inversion symmetric analysis [138]. In addition, µasym captured by Eq. (5.30)
accounts for a finite nonreciprocity when the pseudofield is different for opposite
directions, i.e. when δω ̸= 0. Furthermore, Eq. (5.30) manifests the odd-in-ω
behavior discussed above. To emphasize this behavior, we plot µasym (black curve)
as a function of the normalized pseudofield magnitude β = ωτm for an averaged
pseudofield ω > 0 in Fig. 5.5(d). The theoretical curve corresponds to the situation
schematically depicted in Fig. 5.5(a). In addition, the antisymmetric components
of the forward (red curve) and backward (orange curve) propagation direction are
shown, representing the upper and lower panel of Fig. 5.5(a), respectively. For
ω < 0, shown in Fig. 5.5(e), the nonreciprocal component µasym clearly exhibits
the expected sign change as motivated in Fig. 5.5(b). In Fig. 5.5(f), the total
magnon spin signal for the forward µsz(+dc) (red curve) and backward µsz(−dc)
(orange curve) propagation configuration is plotted for both precession senses of
the pseudofield. For comparison, the situation for µasym = 0 (δω = 0) is shown
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in black, i.e. µsz(+dc) = µsz(−dc) = µsym. This odd behavior in ω allows us to
distinguish a nonreciprocal pseudofield contribution from other potential sources of
nonreciprocity.

In order to apply this model to our experimental data, we introduce the following
fit functions for the detected symmetric magnon spin signal amplitude ∆Rel

sym:

∆Rel
sym = R0

sym + Alme− adc
lm

Dm (a2 + b2)

[
a cos

(
bdc
lm

)
− b sin

(
bdc
lm

)]
. (5.31)

Here, a ≡
√(

1 +
√

1 + ω2τ2
m

)
/2, b ≡

√(
−1 +

√
1 + ω2τ2

m

)
/2, and lm ≡

√
Dmτm

analog to above. As already mentioned, the pseudofield ωωω depends on various free
energy contributions describing the AFI and is model dependent. In literature, two
related but different origins have been suggested to dominate the compensation
field Hc [127, 234, 238, 241]. Both models rely on the breaking of the rotational
symmetry about the Néel vector that coherently couples magnons with opposing
chiralities and results in a precession of pseudospin with frequency ω. However,
we suggest in Ref. [127] that the compensation of the easy-plane anisotropy and
the DMI are the origin of the vanishing pseudofield. In particular, we consider
a constant contribution from the anisotropy and a linear applied magnetic field
dependence stemming from the DMI [127]. In contrast Refs. [234, 238], suggests
that at the magnetic compensation field the contributions from magnetic anisotropy
and Zeeman term cancel with each other in the entire Brillouin zone. In this case,
the precession frequency is composed of a magnetic anisotropy and a term that is
square in the applied magnetic field stemming from the Zeeman energy [234, 238].
While the latter model considers the low k regime of the Brillouin zone, the former
model focuses on the high k regime. In Ref. [241], it has been demonstrated that
both models provide a good agreement with the experimentally observed Hanle
peak. However, it could not be clearly determined whether the compensation field
stems from either the square root of the anisotropy and exchange fields [238] or the
DMI [127] and thus indicates that the full description of the magnon spin transport
is probably based on a more generalized model that incorporates both models [241].
To this end, we treat the pseudofield ω as an experimentally observed field for the
studied easy-plane hematite films. Here, we express the precession frequency as
ω = c2H − c1 after performing a Taylor expansion of ω around Hc. The physical
origin of c1 and c2 is dependent on the microscopic origin of the pseudofield. For the
fitting procedure, we choose Dm, τm, c1, c2, A and R0

sym as free fit parameters, while
the center-to-center distance dc is given by device geometry and thus is fixed. While
A = A0js0/χ, where A0 acts as a constant scaling parameter to take into account the
conversion effects from the pseudospin chemical potential to the measured detector
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signal ∆Rel
sym, R0

sym accounts for the finite spin signal (cf. Eq. (5.24)). The fitting
function for the antisymmetric magnon spin signal ∆Rel

asym reads

∆Rel
asym = R0

asym+ωδ ω τml

|ω|2lm

−
2Almbe− adc

lm

(
a cos

(
bdc
lm

)
− b sin

(
bdc
lm

))
Dm(a2 + b2)2

+
Alme− adc

lm

(
− bdc

lm
cos
(

bdc
lm

)
− sin

(
bdc
lm

)
− adc

lm
sin
(

bdc
lm

))
Dm(a2 + b2)

 .
(5.32)

In general, the antisymmetric signal is fitted after the symmetric signal, as we utilize
the extracted parameters from the fit to the symmetric part as fixed parameters.
Consequently, this leaves only δωl as a free fit parameter. Moreover, we allow for an
additional offset signal R0

asym.

5.1.5 Influence of Low-energy Magnons

The introduced pseudospin chemical potential µµµs adequately describes the magnonic
spin transport in an AFI for magnon wave vectors in nearly the whole Brillouin
zone [138]. However, it is unable to capture the role of low-energy magnons.
Although, the latter exhibit much longer scattering times or decay lengths and
are excited strongly at the injector location due to their high thermal occupation
probability [76, 125, 126], low-energy magnons are disregarded very often, since
they constitute only a small fraction of the total magnons on the system [76].
However, many experiments demonstrated the importance and special role of these
low-energy magnons [45, 248, 257]. In this section, we qualitatively discuss their
role for the magnon spin transport in AFIs.

Our theoretical description is based on the assumption that the frequency differ-
ence ∆fkkk between the two eigenmodes is much smaller than their average frequency
at each given wave vector kkk [138]. Calculating the magnonic dispersion of the
two eigenmodes ω±

kkk exemplarilly for our system of choice, the AFI hematite, we
will see that this assumption is not valid over the whole kkk value range. In order to
describe the magnon dispersion relation, we use the approach by Ka Shen [238],
who addresses the magnon spectrum in an easy-plane AFI in the presence of an
in-plane magnetic field. Note that we here only consider the most important results,
while the details are published in Ref. [238]. In this theoretical model, the magnetic
anisotropy and the antiferromagnetic exchange interaction between nearest neigh-
bors is included. Additionally, the model accounts for the influence of DMI and an
uniaxial in-plane anisotropy. Similar to our case, the model considers an external
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magnetic field applied within the easy plane to control the orientation of the Néel
vector. Without any loss of generality the magnetic field is set along a fixed direction,
which in our case corresponds to the x-axis. As a result, the two coupled sublattice
magnetizationsMMM1 andMMM2 are canted and the net magnetizationMMMnet = MMM1 +MMM2

as well as the Néel vector nnn = MMM1 −MMM2 are oriented along the x- and z-direction,
respectively. The canting angle θ of the sublattice magnetization with respect to
the z-direction is determined from the minimizing the free energy description for a
system with 2N magnetic ions [238]:

E = −NSℏωex cos(2θ) − 2NSℏωZ sin(θ)

−NSℏωDMI sin(2θ) − 2NSℏωani, ip cos(θ)2 , (5.33)

where ωex = γBex parameterizes the exchange energy with the gyromagnetic ratio
γ = gµB/ℏ and the exchange field Bex. Furthermore, ωZ = γBext is the Zeeman en-
ergy, ωDMI = γBDMI the DMI energy, and ωani, ip = γBani, ip the in-plane anisotropy
energy. In addition, we define the out-of-plane (hard axis) magnetic anisotropy
ωani = γBani, which is utilized below. Finally, we extract the canting angle by
minimizing the total energy given in Eq. (5.33) with respect to θ (∂E/∂θ = 0) and
find 41

θ = ωZ + ωDMI
2(ωex + ωani, ip) . (5.34)

A similar result has been found in Ref. [253].

In Ref. [238], the eigenfrequencies of the two linear polarized magnon modes in
an easy-plane AFI are given by

ℏω±
kkk =

√
(A + B±

kkk )(A − B±
kkk ± 2Ckkk) , (5.35)

where the coefficients are defined as

A = ℏωex + ℏωani + ℏωDMI tan(θ) + ℏωani ,ip(2 − 3 sin2(θ)) , (5.36)

B±
kkk = ℏωani + ℏωani ,ip ± γkℏωex , (5.37)

Ckkk = γkℏωex sin2(θ)
(

1 −
γ′

kωDMI
γkωex

cot(θ)
)
. (5.38)

Here, γk = cos(ka/2) is the form factor for the exchange coupling with a the
magnetic unit cell lattice constant and γ′

k the form factor for the DMI exchange
coupling. In reality, only part of the exchange interacting bonds and thus number of

41Here, we assume that θ is small and only account for contributions in first order of θ, i.e., sin(θ) ≈ θ
and cos(θ) ≈ 1.
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Fig. 5.6 – (a)-(d) Evolution of the magnonic dispersion of the two eigenmodes ω±
kkk in

hematite [238] for increasing external magnetic field. (a) The zoom-in for zero
applied magnetic field highlights the frequency difference ∆fkkk between the two
eigenmodes for low k-values, where we lose the validity of linear response. (b)-
(d) While ω−

kkk remains unchanged, ω+
kkk increases with energy for an increasing

magnetic field strength. For (c) µ0H = 3.6 T the frequency dependencies of two
eigenmodes are identical.

neighbors are involved in the DMI. In general, this means that γk ̸= γ′
k leading to a

k-dependent ratio Ckkk/γk [238]. However, for simplicity we assume that γk = γ′
k.

Using this assumption and Eq. (5.35), we are able to calculate the dispersion
relation of hematite. The corresponding results are shown in Fig. 5.6 for different
external magnetic fields. Here, we used the parameters Bex = 1000 T, Bani = 2 mT,
Bani, ip = 0.02 mT at room temperature [253] and a = 0.503 nm [158]. Without
externally applied magnetic field µ0H = 0 T, shown in Fig. 5.6(a), the two magnon
modes are energetically very close at large wave vectors, fulfilling the requirement for
our pseudospin transport description. However, they split up for low k values. While
the ω−

kkk -mode approaches a finite value in a range of about 100 GHz for k = 0, the ω+
kkk -

mode decreases linearly for k → 0 and reaches a finite energy of about f ≈ 7 GHz,
which is in good agreement with values found in other works [252, 253]. If the
frequency difference ∆fkkk between the two eigenmodes and the average frequency
start to be comparable, initially we merely lose the validity of linear response,
i.e., the proportionality between pseudospin and its chemical potential. But, the
qualitative physics are still described adequately by the pseudospin picture. For
further increasing ∆fkkk, as it is the case in Fig. 5.6(a) for zero applied field, where the
lower branch approaches zero at k = 0, while the upper branch remains finite, the
pseudospin chemical potential completely fails to capture the contribution of low-
energy magnons to the magnonic spin transport. The pseudospin, however, remains
a well-defined and useful quantity. This means, its z projection still corresponds
to the spin carried by the eigenmodes [138]. Thus, we expect that the low-energy
magnons simply contribute to the finite-spin signal and hence can be captured by
Eq. (5.24) as an additional offset signal that, in principle, would decay on a longer
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length scale than lm. The pseudospin precession would be unaffected by these
low-energy magnons.

Fig. 5.6 clearly shows that the splitting of the two magnon modes at small wave
numbers is influenced by the external magnetic field. While ω−

kkk is nearly unaffected
by changes in the applied field, ω+

kkk shifts up in energy with increasing Bext for small
k values. At a certain magnetic field value the splitting even vanishes (Fig. 5.6(c))
and for further increasing magnetic field the splitting is reversed (Fig. 5.6(d)). Since
an increase of the applied magnetic field increases the energy of the low-energy
magnons [138], we expect the occupation probability of the latter to decrease and
hence also their contribution to the finite-spin signal. Nevertheless, they can be
adequately described by the pseudospin chemical potential when the magnetic field
is increased. In order to quantify, at which k values and magnetic fields one has to
account for low-energy magnons, we define the ratio

ηkkk = 2
ω+

kkk − ω−
kkk

ω+
kkk + ω−

kkk

, (5.39)

where we used ∆fkkk = fω+
kkk

− fω−
kkk

. If |ηkkk| > 1, i.e. when the energy difference
between the two modes is no longer smaller than the average energy of the two
modes at a given k value, then the pseudospin chemical potential description does
no longer hold and one has to account for an additional finite-spin signal due to
low-energy magnons. In Fig. 5.7, we plotted the ratio ηkkk as a function of k for
different magnetic field magnitudes. We find that |ηkkk| > 1 applies only for small
k values. Furthermore, the calculated ηkkk shows the expected dependence on the
external magnetic field.

It is important to mention that for very thin films, the density of low-energy
magnons is reduced considerably. In this case, the boundary condition along the
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film thickness imposes a finite and large k. In a simplified model, the out-of-plane
component of the wave vector can be written as koop ∼ nπ/tm with n an integer
value in range from 0 to tm/a, where a defines the lattice constant and tm the sample
thickness. When tm is small, n = 0 is the only value, which has a magnon mode
energy comparable to or lower than the thermal energy. In contrast, for any nonzero
n, koop becomes very large and so does the k-dependent contribution to the magnon
energy, which leads to a considerable diminishing of the low-energy magnons in
the system. The number n of allowed koop values increases with increasing tm,
and hence does the number of magnon modes. Consequently, a contribution of
low-energy magnons is expected to become relevant in thick AFI films at low applied
magnetic fields. Furthermore, when the thickness of the AFI increases, the validity of
our model encounters two important length scales associated with magnons, namely
the thermal wavelength lth and the decay length lm. In general, the former is much
smaller than the magnon decay length. The magnon thermal wavelength determines
the effective dimensionality of the AFI and thereby influences the magnon density of
states and their role in the magnonic spin transport. In our experiments, we probe
this transition determined by lth, and thus we refer to thick films when tm is on the
order or larger than lth, while thin films are characterized by tm ≪ lth. In Fig. 5.7,
we marked the corresponding k values, using the relation 2π/tm, for thin and thick
AFI samples studied further below. While we do not expect an influence due to
low-energy magnons in our thin films, we have to consider their contribution to the
spin transport in our thick films.

5.1.6 Spin Injection and Detection

Up to now, we focused on the magnon spin propagation and dynamics in an AFI,
however, we neglected to explicitly take into account the injection and detection
process at the HM leads. In our pseudospin description, we assumed for the magnon
spin injection a z-polarized pseudospin current density at z = 0, while the spin
chemical potential µsz was treated as the magnon spin signal measured at the
detector. However, this approach offers no direct relation between the charge
current driven through the injector and the detected voltage signal in the detector
electrode in our experiments. Here, we provide a broad and general theoretical
framework to take this issue into account.

In order to be able to capture the essential physics, we assume that the AFI is
weakly coupled to the injector and detector electrodes. Note that a complete analysis
of the injection and detection process involves several parameters and becomes
tedious, even for the much simpler case of a ferromagnet [76]. To describe the spin
flow in our system, we consider an equivalent circuit diagram, which is depicted in
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Fig. 5.8 – Sketch of an equivalent circuit diagram for magnonic spin injection and detection
in our AFI/HM device. A charge current driven through the injector electrode
generates a spin accumulation µinj in the HM, which in turn injects a spin current
Is

inj into the AFI. The injected spin current propagates and evolves as pseudospin
transport. The spin current Is

det detected at the detector electrode accounts for
the magnon spin chemical potential µsz(z). In our case, we use the approximation
that the AFI is weakly coupled to the injector and detector HM electrodes.

Fig. 5.8. Within our approximation, we consider that the interfacial spin resistances
Rs

int ,inj and Rs
int ,det are much larger than the other resistances in the depicted circuit.

In our chosen configuration, a charge current density jcix̂̂x̂x is driven through the
injector, which generates a z-polarized electronic spin accumulation at the HM/AFI
interface that is described by [76]

µinj = 2eθilsiρi tanh
(
ti

2lsi

)
jci ≡ κijci . (5.40)

In this case, e is the elementary charge, θi the spin Hall angle of the injector material,
lsi the spin decay length in the injector, ρi the injectors’ resistivity and ti its thickness.
According to Ref. [76], the injected magnon spin current can be written as

Is
inj = giwiL (µinj − µsz) ≈ giwiLµinj (5.41)

with gi the interfacial spin conductivity, wi the injector width, and L the device
length along x̂̂x̂x, which we assume to be equal for the injector, detector, and AFI. The
used approximation in Eq. (5.41) is valid in the limit of giwiL → 0, i.e. the entire
"potential" drops across the interface. Furthermore, we have to consider that only
half of the injected spin current flows towards the detector (positive z-direction),
which leads to

js0 = giκi
2tmti

Iinj , (5.42)
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where tm is the thickness of the AFI and Iinj = jciwiti defines the total charge current
driven through the injector. Finally, the relation in Eq (5.42) provides a connection
of the injected magnon spin current density js0, which is assumed in our pseudospin
model via Eq. (5.19), to the relevant experimental variable Iinj.

In a similar manner, we can define the spin current injected into the detector
according to [76]

Is
det = gdwdL (µsz(z) − µdet) ≈ gdwdLµsz(z) , (5.43)

where gd is the interfacial spin conductivity at the detector, and wd the detector
width. Moreover, µsz(z) determines the z-component of the magnon spin chemical
potential at the detector position z. Our assumption of a weak interface coupling
between the AFI and the detector, results in µdet ≈ 0. We obtain for the inverse spin
Hall effect voltage under open circuit conditions [113]

V el
det = κdgdL

ℏtd
µsz(z), (5.44)

using the interfacial spin current given by Eq. (5.43) and defining κd similar to κi in
Eq. (5.40), but for the detector. In order to account for all parameters relevant to
the injection/detection process, we may express Eq. (5.22) in a dimensionless form
according to

µsz(z) = js0lm
Dmχ

µ̃sz(z) . (5.45)

Here, the dimensionless variable µ̃sz(z) contains all the information on the magnon
pseudospin transport and dynamics in the AFI.

Employing Eqs. (5.42), (5.44) and (5.45), we finally arrive at the experimentally
measured magnetoresistance at the detector electrode:

∆Rel
det =

V el
det
Iinj

= 2L
ℏ

κdgd
2td

κigi
2ti

lm
Dmχtm

µ̃sz(z) (5.46)

= 2L
ℏ

κdκi
4titd

lm
Dmtm

(
gigd
χ

)
µ̃sz(z). (5.47)

Our simplified model shows that the injector-detector separation (z) only probes
the magnonic spin current transport described by µ̃sz(z). However, the magnitude of
the magnetoresistance signal clearly depends on several parameters, which comprise
the injector, detector, AFI, as well as their interfaces. If we have a look at the
temperature dependence, our model suggests that the factors in the bracket of
Eq. (5.47) have the largest impact on the signal. All three quantities gi, gd and χ are
obtained by summing over all magnons modes, and thus increase in a similar way as
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the number of magnons do in an AFI with increasing temperature [76]. Consequently,
the term in the bracket also increases with temperature. Previous works [92, 258]
showed that the remaining parameters in Eq. (5.47) are only weakly dependent
on the temperature in spin Hall magnetoresistance experiments. It is important
to mention that several of these parameters, which are relevant to account for the
injection/detection process, cannot be extracted from the experiments discussed
below. We should further mention that our approximation that the AFI and the HM
leads are weakly coupled might not be very precise, as in experiments a not to weak
coupling is required to allow for a detectable signal. In particular, deviations from
our model are expected when the injector-detector distance becomes comparable
to the magnon decay length lm. In this limit, we have to account directly for
the boundary conditions at the injector (Eqs. (5.19) and (5.20)) and the detector
when the magnon spin transport is probed in an AFI [76]. However, although the
magnitude of ∆Rel

det depends on several details, the qualitative variation of the
signal with the injector-detector distance or the external magnetic field is directly
given by the magnonic transport in the AFI via µ̃sz(z) and we find that our simple
analytical model can describe most of the observed features in ∆Rel

det in a wide
range of devices very well.

5.2 Influence of Dimensionality on the Magnon Spin
Transport
In general, a simple intuitive understanding of the transport of electrically and
thermally induced magnonic spin currents in MOIs can be achieved by assuming
a variation of the magnon chemical potential along only one direction [43, 45, 76,
138]. As discussed above, this is a good approximation in magnetic layers, which
are much thinner than the magnon decay length. However, this is no longer true for
magnetic layer thicknesses comparable to or larger than the magnon decay length,
as for instance found for the prototypical ferro(ferri)magnet YIG. In Ref. [141], the
authors performed a numerical analysis, which captures the variation of the magnon
chemical potential across the thickness of the YIG layer assuming the magnetic
layers and the corresponding magnon density of states in three dimensions (3D).
This treatment was essential for reproducing certain experimental features in films
with thicknesses comparable to the magnon decay length. In contrast, when the
YIG film thickness becomes larger than the magnon thermal wavelength, which is
typically much smaller than the magnon decay length, no new features have been
found in these magnon spin transport studies. This transition/boundary can also
be associated as a change in dimensionality of the magnetic layer from quasi-2D to
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quasi-3D. Another work by Kehlberger et al. [257], was investigating the influence
of the YIG thickness in spin Seebeck measurements, providing evidence for an
important role of the magnon density of states and low-energy magnons when
the magnon thermal wavelength boundary is crossed. Up to now, studies in the
antiferromagnet hematite focused on thin films and the experimental findings were
described utilizing a 1D pseudospin transport model [127, 138]. This raises the
question whether there are any features in the magnon spin transport that depend
sensitively on the effective dimensionality of the magnetic layer. To this end, we
investigate the magnonic spin transport in hematite films with varying thickness at
different temperatures experimentally probing the transition characterized by the
magnon thermal wavelength. In this section, we find, for both a tm = 15 nm and a
tm = 100 nm thick film, a distinct signal caused by the magnon Hanle effect utilizing
two-strip devices for the all-electrical injection and detection process. However,
the measured magnon spin signal exhibits clear differences in both films. For the
thick film, in contrast to the thinner one, we observe an oscillating behavior in
the high magnetic field regime, while we find a constant offset signal in the low
magnetic field regime. We use our theoretical model introduced above to discuss
the data in detail and find that the latter can be attributed to the diffusive transport
of low-energy finite-spin magnons.

Main parts of text and figures in this Section are reused from J. Gückelhorn,
A. Kamra, T. Wimmer, M. Opel, S. Geprägs, R. Gross, H. Huebl, and M. Altham-
mer, Influence of low-energy magnons on magnon Hanle experiments in easy-plane
antiferromagnets, Physical Review B 105, 094440 (2022).

5.2.1 Experimental Details

The investigated α-Fe2O3 films are grown on (0001)-oriented Al2O3 substrates via
pulsed laser deposition at the Walther-Meißner-Institut as described in Sec. 3.2.
The films studied in this section have a thickness of tm = 15 nm and tm = 100 nm
and exhibit no Morin transition, as discussed in detail in Sec. 3.1.2. Hence, both
hematite films feature an out-of-plane DMI vector and an easy-plane phase over the
whole temperature range [127]. As depicted in Fig. 5.9(a), the Néel vector nnn and
the two sublattice magnetizationsMMM1 andMMM2 lie in the (0001)- or xz-plane. Due
to the DMI the two sublattice magnetizations are slightly canted, resulting in a net
magnetization MMMnet = MMM1 +MMM2, which is oriented along the external magnetic
field. Most importantly,MMMnet can additionally be controlled by the magnitude of the
applied magnetic field and thus we obtain a handle on the pseudofield. To allow for
an all-electrical generation and detection of pure spin currents, we employ several
two-strip structures with varying center-to-center distances dc on top of the film
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(cf. Fig. 5.9(a)). All Pt nanostrips have a thickness of tPt = 5 nm and a length of
linj = ldet = 100 µm. The pairs of two Pt electrodes have either a width of winj =
wdet = 250 nm or 500 nm. For all our measurements in hematite, we utilize the
dc-detection technique. Typically, a dc charge current Iinj featuring current densities
of jinj = Iinj/(winjtPt) = 2 × 1011 A/m2 is applied to the injector electrode 42. In
contrast to the experiments in YIG, the magnon spin signal measured in the hematite
films is given by Rel

det = V el
det/Iinj in order to account for the different geometries and

injector currents Iinj. While the angle-dependent measurements presented in the
following are conducted in setup (ii), the magnetic field-dependencies are recorded
in setup (iii) (cf. Sec. 3.3).

5.2.2 Thin Hematite Film
First, we focus on the tm = 15 nm thin hematite film. The very first results on a thin
easy-plane hematite film with similar thickness have been published in our previous
work [127]. To investigate the magnon spin transport in our device, we apply the
magnetic field along −x-direction (φ = 270◦), which orients the Néel vector nnn along
−ẑ̂ẑz. This means, HHH ⊥ nnn and thus, we expect a maximum magnon spin signal at the
detector. In Fig. 5.9(b), we plotted the amplitude of the magnon spin signal, which
is given by ∆Rel

det = Rel
det(φ = 270◦) −Rel

det(φ = 180◦), as a function of the magnetic
field strength µ0H for two different injector-detector distances dc = 700 nm (blue
data points) and dc = 1000 nm at a temperature of T = 200 K. The latter term in
∆Rel

det accounts for a constant offset originating from the experimental setup. In this
configuration the magnetic field is directed along ẑ̂ẑz (HHH ∥ nnn), where no electrical
magnon excitation is expected.

For both distances, the signal amplitude ∆Rel
det exhibits a pronounced peak at

µ0H ≈ 8 T. The positive magnon spin signal decreases until it approaches zero signal
for increasing as well as for decreasing magnetic field magnitude. For even larger or
smaller magnetic field values, ∆Rel

det features a sign change, which is particularly
pronounced for the structure with dc = 1000 nm. This behavior of the magnon
spin signal amplitude is in perfect agreement with our previous experiments [127].
Comparing the results with our theoretical model introduced in Sec. 5.1.3, we can
describe our findings in terms of the ”Hanle signal” (cf. Fig. 5.4). The pronounced
peak can be attributed to the compensation field µ0Hc, where the pseudofield
vanishes (ω = 0). As the condition for ω = 0 is determined by the free energy
landscape of the AFI, the peak position does not depended on the distance in
accordance with our data. For ∆Rel

det = 0, the pseudospin chemical potential vector

42This means for injectors with winj = 250 nm a dc charge current of Iinj = 250 µA is applied, while
Iinj = 500 µA is driven through injectors with winj = 500 nm.
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Fig. 5.9 – (a) Sketch of the sample configuration, the electrical wiring scheme, and the
coordinate system with the in-plane rotation angle φ of the applied magnetic
field µ0HHH. The two magnetic sublattices MMM1 and MMM2 are slightly canted and the
resulting net magnetization MMMnet is directed along the applied magnetic field
µ0HHH. While MMMnet ∥ HHH, the Néel order parameter nnn ⊥ HHH. (b) Amplitude of the
electrically induced magnon spin signal ∆Rel

det as a function of the magnetic field
magnitude µ0H applied along the x-axis for two devices with different center-
to-center distance dc on a tm = 15 nm thin hematite film for T = 200 K. The red
lines are fits to the data via Eq. (5.31).

is rotated by 90◦, which correspond to the propagation of linearly polarized magnon
modes and thus zero spin is carried. The sign change of the magnon spin signal
amplitude corresponds to a 180◦ rotation of the pseudospin chemical potential
vector. Since the spin defining the pseudospin z-component is directly related to the
precession sense of the corresponding magnon mode, this configuration describes
an inversion of the magnon mode chirality. For the two latter cases, the pseudofield
remains finite (ω ̸= 0) and hence the magnetic field value, where the magnon spin
signal vanishes or exhibits a sign change, depends on the distance dc, which is
verified by our experimental data.

To demonstrate that the field dependence of ∆Rel
det is well described by our model,

we fit the data using Eq. (5.31). The corresponding theoretical curves (red lines)
shown in Fig. 5.9(b) reproduce well the measured signal around the compensation
field µ0Hc. As detailed above in Sec. 5.1.3, our model is, strictly speaking, not
valid in the full investigated magnetic field range, which can be observed in the
low and high magnetic field regime, where the theoretical curves deviate from the
experimental data. The deviation is largest in the low magnetic field regime for
the structure with dc = 700 nm, where ∆Rel

det increases with decreasing magnetic
field strength until it approaches a finite positive signal amplitude at µ0H = 0 T.
This behavior is in contrast to the magnetic field dependence of ∆Rel

det obtained for
the structure with an electrode spacing dc = 1000 nm, which reaches zero signal at
zero applied magnetic field. We can explain this observation by taking into account
the injection and detection process. As discussed in Sec. 5.1.5, deviations for our
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model are expected when the injector-detector distance is comparable to the magnon
decay length lm. For our hematite thin films, we find lm ≈ 500 nm [127]. While
the black data points correspond to a structure with an edge-to-edge distance of
de = 500 nm, the blue data points are obtained for a structure with an electrode
separation de = 200 nm, which is clearly smaller than lm. However, obtaining a full
quantitative model to account for all these contributions is complex and not within
the scope of this work.

5.2.3 Thick Hematite Film

Next, we discuss the experimental data obtained for the tm = 100 nm thick hematite
film and compare them to the results of the tm = 15 nm thin sample as well as to
our theoretical model. For a comprehensive study, we first measure the magnon
spin signal Rel

det as a function of the in-plane magnetic field orientation φ (cf.
Fig 5.9(a)) for different magnetic field strengths µ0H at the same temperature
as for the thin film T = 200 K. Here, the data are shown for a structure with a
center-to-center distance dc = 800 nm in Fig. 5.10(a). As indicated by the gray lines,
the angular dependence is well represented by a simple ∆Rel

det sin2(φ) function,
where ∆Rel

det again represents the amplitude of the electrically induced magnon spin
transport signal. This distinctive sin2(φ) angular variation is expected for electrically
induced diffusive magnon transport from injector to detector [43, 120]. Analog
to the thin hematite film, the detected magnon spin signal is maximum when the
magnetic field is applied along x̂̂x̂x and thus HHH ⊥ nnn in our experiments. The magnon
excitation originates from the antiferromagnetic Néel order and hence is shifted by
90◦ compared to similar measurements in ferrimagnetic materials [43, 120, 259] in
accordance with previous experiments in AFIs [127, 234].

For a more rigorous investigation, we extract the quantity ∆Rel
det from the angle-

dependent data as exemplarily shown in panel (a) and plot them against the tem-
perature in Fig. 5.10(b). We show the data for a temperature range T = 50 − 300 K
and multiple structures with varying electrode distances dc. Here, we chose a fixed
magnetic field magnitude of µ0H = 600 mT to be able to quantitatively compare our
results to those in Ref. [164], where the authors studied the magnon spin transport
in a α-Fe2O3 film of similar thickness in the easy-plane phase. For all distances rang-
ing from dc = 550 − 900 nm, we find a quantitatively similar behavior with ∆Rel

det
increasing for increasing temperature up to T = 200 K and starting to decrease again
for higher temperatures. Han et al. [164] found a similar behavior. We can explain
the initial increase of ∆Rel

det with temperature by an increase of the magnon popula-
tion in the AFI. This temperature dependence has also been captured in Eq. (5.47),
where we described the magnon spin signal including the injection and detection
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Fig. 5.10 – (a) Electrically excited magnon spin signal Rel
det as a function of the in-plane

angle φ for a tm = 100 nm thick hematite film. A device with dc = 800 nm
at T = 200 K is investigated for various magnetic field strengths. The gray
lines are fits to a simple ∆Rel

det sin2(φ) function. (b) Extracted electrically
induced magnon spin signal amplitudes ∆Rel

det plotted versus the temperature
for several injector-detector distances dc for a fixed magnetic field magnitude
µ0H = 600 mT. The solid lines are guides to the eye. (c) Distance dependence
of the amplitudes ∆Rel

det for different temperatures and µ0H = 600 mT. The
solid lines are fits to Eq. (5.48). (d) Magnon decay length lm as a function
of T, extracted from the data shown in panel (c), for different magnetic field
strengths.

process. The dominant temperature-dependent quantities are the interfacial spin
conductivities ginj, gdet and the susceptibility χ, which increase similarly with the
number of magnons resulting in an enhanced magnon spin signal. In contrast, for
sufficiently high temperatures, magnon scattering processes dominate the tempera-
ture dependence of ∆Rel

det and lead to a decrease of the magnon propagation length
lm, as shown in Fig 5.10(d). Moreover, the absolute amplitude of ∆Rel

det decreases
with increasing dc. This dependence is investigated in more detail in Fig. 5.10(c),
where we plot ∆Rel

det versus the electrode distance dc for different temperatures.
As discussed in Sec. 4.1.1, we observe the expected exponential decay of ∆Rel

det
for diffusive magnon transport when the distances between the Pt electrodes are
larger than lm and the magnon relaxation dominates [43, 141]. Furthermore, we
can extract the magnon decay length lm utilizing the relation

∆Rel
det = C

lm

exp(dc/lm)
1 − exp(2dc/lm) , (5.48)
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where C captures the distance-independent prefactors [43]. The solid lines in
Fig. 5.10(c) represent fits to Eq. (5.48). The extracted lm are shown as a function of
the temperature for the fixed magnetic field magnitude µ0H = 600 mT (black data
points) in Fig. 5.10(d). Over the whole temperature range from T = 100 − 300 K,
we find a decreasing magnon decay length with increasing temperature. A similar
behavior is observed for higher magnetic field values as exemplarily shown for
µ0H = 4 T and 6 T (cf. Fig. 5.10(d)). While the temperature dependence slightly
differs from the results in Ref. [164], the extracted magnon decay length lm ≈ 150 nm
at room temperature is in good agreement. This value is about three times smaller
compared to the one found in our thin hematite films (tm = 15 nm) [127]. A
similar magnon diffusion behavior has been found in Ref. [234], where the magnon
spin transport is investigated in easy-axis as well as easy-plane configuration for a
500 µm thick (11̄02)-oriented hematite crystal. It is encouraging that all experimental
studies exhibit similar results, as it indicates that the magnon spin transport is rather
dominated by the properties of the hematite than by the HM/AFI interface, which
seems to be of minor concern. Moreover, this further justifies our assumption in
Sec. 5.1.5 that the Pt electrodes are weakly coupled to the AFI.

Up to now, our study of the tm = 100 nm thick hematite film focused on magnetic
fields smaller than Hc and thus we expect that the detected magnon spin signal is
dominated by the finite spin of the low-energy magnons. To verify our considerations,
we perform magnetic field-dependent measurements in setup (iii), which enables
us to apply magnetic field values as large as µ0H = 15 T in contrast to µ0H = 7 T
for the angle-dependent measurements in setup (ii). In this case, the magnetic
field is again applied along x̂̂x̂x and hence nnn ∥ ẑ̂ẑz, as in our hematite easy-plane films
HHH ⊥ nnn. In Fig. 5.11, the magnon spin signal amplitude ∆Rel

det of the SHE-induced
magnons is shown as a function of the magnetic field magnitude in the range of
µ0H = 0 − 15 T for two different injector-detector distances dc = 800 nm and
dc = 900 nm at T = 200 K. The data is again corrected for a constant offset signal
due to the experimental setup. We find clear differences between the behavior of
the tm = 100 nm and tm = 15 nm (cf. Sec. 5.2.2) thick film.

Consistent with our previous observation, a peak in the positive magnon spin
signal regime can be found for both structures at µ0H ≈ 5.5 T. We can attribute
the maximum of the peak to the compensation field µ0Hc, which is independent of
the center-to-center distance dc as the pseudofield vanishes at this magnetic field
value. The Hanle peak for the thick film appears smaller due to the larger offset
signal in the low magnetic field regime. We attribute this positive offset signal for
µ0H < 5.5 T to the ordinary propagation of the finite-spin low-energy magnons.
The observation of the typical magnon Hanle signal support our theoretical model
that the low-energy magnons do not contribute to the pseudospin precession, but
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Fig. 5.11 – Electrically induced magnon spin signal amplitude ∆Rel
det as a function of the

magnetic field magnitude µ0H for a tm = 100 nm thick film. The data of two
devices with different center-to-center distances dc between the two electrodes
at a temperature of T = 200 K are shown. The zoom-in on high magnetic fields
highlights the oscillating behavior of ∆Rel

det in this regime.

rather simply to a finite-spin signal. As discussed in Sec. 5.1.5, the standing wavelike
situation along the film thickness for thin films cancels out the low-k magnons.
In general, the magnon spin signal stemming from low-energy magnons rapidly
diminishes when the gap between the two magnon branches closes. This allows
us to associate a magnetic field with this point. Recent works [238, 241] attribute
this gap closing between the two magnon mode branches to the second magnetic
field of relevance, the compensation field µ0Hc. However, from our data, these two
magnetic field values seem to differ slightly. This becomes particularly clear for the
magnetic field dependence of ∆Rel

det for higher temperatures T ≥ 200 K, which is
shown in Fig. 5.12(a). Here, the low-energy magnon spin signal initially exhibits a
rather constant behavior in the low magnetic field regime and we expect the finite-
spin signal to decrease when the magnetic field approaches the compensation field.
However, ∆Rel

det first starts to increase due to the Hanle signal before decreasing.
With respect to previous findings, this might suggest that both characteristic magnetic
fields overlap in our experiments.

For µ0H > 5.5 T, ∆Rel
det decreases until it approaches zero, which cooperates

our model/understanding of low-energy magnons, as we only expect a finite-spin
signal from low-energy magnons for small external fields. When the magnetic field
is further increased the energy of these magnons increases in a similar way and they
can be described via the pseudospin chemical potential again. For further increasing
magnetic field strength, the magnon spin signal amplitude starts to oscillate around
∆Rel

det = 0 Ω. For a better visibility, the zoom-in in Fig. 5.11 shows the data in
the range µ0H = 10 − 15 T. The signal modulation does not seem to have a clear
dependence on the distance dc. But, we find a clear temperature dependence as
shown in Fig. 5.12(b). At present, we do not have a convincing explanation for the
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Fig. 5.12 – (a) Magnetic field dependence of the magnon spin signal amplitude ∆Rel
det due

to electrically excited magnons for different temperatures and a device with a
strip distance dc = 800 nm. (b) Zoom-in on the oscillations for high magnetic
fields for the data in (a). The curves are stacked by constant offsets for a better
visibility of the minima and maxima of the oscillations. (c) Compensation field
µ0Hc plotted versus temperature. The data has been extracted from the magnetic
field dependence of ∆Rel

det measured for structures with varying dc.

physical origin of these oscillations and more work from both theory and experiment
is required to better understand this interesting finding.

Last but not least, we observe an overall increased magnon spin signal amplitude,
which is about an order of magnitude larger compared to the signal measured in
our thin hematite films. Comparing our data to Eq. (5.47), we would expect at a
first glance that ∆Rel

det decreases with increasing hematite thickness tm. However,
this is only true if the other parameters remain unchanged. Indeed, the dominant
effect in a film with increased tm is the higher density of magnonic states resulting
in a significant enhancement of the various conductances involved. For this reason,
the detected magnon spin signal amplitude is increased.

As already briefly touched above, we furthermore studied the temperature de-
pendence of the magnetic field-dependent magnon spin signal. To this end, we
carried out similar measurements as for the data shown in Fig. 5.11 for various
temperatures. The obtained data is shown in Fig. 5.12(a) for the structure with
dc = 800 nm. In the low magnetic field regime (µ0H < µ0Hc), the finite-spin signal
initially increases with increasing temperature before is starts to decrease again at
elevated temperatures of T ≈ 200 K. We observe a similar behavior for ∆Rel

det at
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µ0Hc. The peak amplitude also increases with temperature, however decreases again
for temperatures above T ≈ 250 K. In the high magnetic field regime, an oscillating
behavior of the signal amplitude is observed for all studied temperatures. Account-
ing for the two different contributions in a thick film, we can explain the observed
temperature dependence well. At low temperatures, low-energy magnons dominate
and hence predominantly contribute to the magnon spin transport at low magnetic
fields, whereas latter is suppressed for higher magnetic fields (µ0H > µ0Hc). For
increasing temperature, the higher energy magnons and the corresponding Hanle
signal are more and more contributing. Thus, the Hanle peak around µ0Hc becomes
better discernible from the finite-spin background arising due to the presence of
low-energy magnons. To highlight the temperature dependence of the oscillating
behavior of ∆Rel

det, Fig. 5.12(b) shows a zoom-in to the data presented in panel (a)
in the magnetic field range µ0H = 10 − 15 T. We displaced the curves by constant
offsets to be able to discern the minima and maxima of the high-field oscillations.
Besides a clear shift in the field position with temperature of the minima and max-
ima, we additionally observe a decrease of the oscillation amplitude with decreasing
temperature.

Finally, we extract the compensation field µ0Hc and plot it against the temperature
for different distances in Fig. 5.12(c). For all studied distances, µ0Hc remains
constant for a temperature range T = 50 − 150 K, while we find a significant
increase of the values with further increasing temperatures. The observed behavior
is qualitatively in perfect agreement with the results found for thinner hematite
films [127] and indicates that the compensation field µ0Hc follows the temperature
dependence of the easy-plane anisotropy [127, 241].

Due to the good agreement of our results with the ones obtained by Han et
al. [164], we expect that the authors would have observed the Hanle signal if
they would have employed higher magnetic fields. Furthermore, we would like
to note that similar results have been found at the WMI by Matthias Grammer for
an intermediate thick α-Fe2O3 film (tm ≈ 35 nm) [165]. Already in this thickness
regime a large offset signal originating from low-energy magnons and the high-
field oscillations have been observed. In addition, the study indicates that the
compensation field µ0Hc exhibits a nonlinear decrease with decreasing film thickness.
However, a more detailed study on the thickness dependence of the magnon spin
signal is necessary to justify these observations.
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5.3 Nonreciprocal Magnon Spin Transport

The study on the influence of the dimensionality of the magnetic layer via the magnon
Hanle effect has further substantiated that the latter is a powerful tool to study
the rich nature of antiferromagnetic magnons and the underlying spin interactions.
Another essential aspect to be investigated in antiferromagnetic materials is the
effect of inversion symmetry-breaking of the spin system. For example, several
exciting theoretical predictions in quantum matter, like topological antiferromagnetic
magnons [50, 51, 229, 260], are based on a broken inversion symmetry. The latter is
linked to spin-orbit interaction and nonreciprocity [261], which have been the basis
of exciting chiral or rectification phenomena observed across platforms [261], from
supercurrents [262] to magnetoacoustic waves [263, 264]. Moreover, nonreciprocal
magnonic responses in ferromagnets, which have been found in various widely used
magnetic hybrids and could be employed via easily accessible detection schemes at
room temperature, trigger rapid advancements [217, 261]. In AFIs, nonreciprocal
magnons were observed in α-Cu2V2O7 via neutron scattering experiments [265–
272]. However, in contrast to ferromagnetic materials, antiferromagnetic materials
with a broken inversion symmetry are still scare and in general exhibit low Néel
temperatures. This makes antiferromagnetic materials an interesting system for
the discovery of nonreciprocity-based phenomena, especially in widely available
materials and detection methods.

In this section, we experimentally demonstrate for the first time nonreciprocal
magnon spin transport in an AFI. In hematite, a widely available AFI, the nonre-
ciprocity manifests itself as direction-dependent electrically induced magnon spin
transport and Hanle effect. The nonreciprocal signal varies with the equilibrium
Néel vector and thus, is tunable. Within our model, we can ascribe this observation
to different pseudofields, and thus different pseudofield precession rates acting
on the magnons propagating in forward and backward directions. This inversion-
asymmetric pseudofield is associated with an emerging magnon pseudospin-orbit
interaction [48, 52, 266]. Another important aspect that our observation demon-
strates, is the presence of inversion symmetry-breaking in our AFI/substrate system,
since the pseudofield is directly related to the magnon eigenmodes and the underly-
ing spin interactions.

Most parts of this Section, figures and text have been published in J. Gückelhorn,
S. de-la-Peña, M. Scheufele, M. Grammer, M. Opel, S. Geprägs, J. C. Cuevas, R. Gross,
H. Huebl, A. Kamra, and M. Althammer, Observation of the Nonreciprocal Magnon
Hanle Effect, Physical Review Letters 130, 216703 (2023).
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Fig. 5.13 – Electrically induced magnon spin signal ∆Rel
det as a function of the applied

magnetic field magnitude µ0H for various temperatures. The data is obtained
from a structure with dc = 1.2 µm on the tm = 89 nm thick hematite film.

5.3.1 Characterization of Hematite Thin Films

In our experiments, both a tm = 89 nm and a tm = 19 nm thin (0001)-oriented
hematite (α-Fe2O3 ) film are investigated. Since the hematite thicknesses are com-
parable to the films utilized in the Sec. 5.2, we are able to study the influence of
low-energy magnons on the nonreciprocal signal. One difference from the hematite
films investigated above is the clearly observed Morin transition in these films, which
can be traced back to slightly different growth conditions, as detailed in Sec. 3.1.2.
This means the α-Fe2O3 films undergo a transition from magnetic easy-axis AFIs
below the Morin temperature TM to easy-plane AFIs for T > TM [161]. In the former
case, hematite hosts spin-1 magnons, which corresponds to a pseudofield pointing
along the z-axis and thus the finite-spin signal is described by Eq. (5.24). However,
our model for the magnon Hanle effect is based on the fact that hematite is in the
easy-plane phase, where the injected spin-1 magnons are not the eigenmodes of the
system, and therefore giving rise to the Hanle signal according to Eq. (5.23). For
the tm = 89 nm thick hematite film we have found a Morin transition temperature
of TM = 205 K, while we obtain TM = 125 K for the thinner film at µ0H = 100 mT.

To characterize the samples and justify our assumption, we first perform magnetic
field-dependent electrical transport measurements at various temperatures. To
this end, Pt two-strip structures are patterned on top of both films as described in
Sec. 3.2. All Pt strips have a width of winj = wdet = 500 nm, a length of linj = ldet =
100 µm and a thickness of tPt = 5 nm. The dc-detection technique (cf. Sec. 4.2.1)
is utilized for all measurements presented in this Section to make sure that we
only account for electrically induced magnons at the detector and not for thermal
effects due to Joule heating. In this case, a dc charge current with a magnitude
of |Iinj| = 500 µA is applied to the injector electrode injecting magnons into the
hematite film via the SHE. Since the Morin transition of the tm = 19 nm thin film
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is in a temperature range, where the magnon spin signal nearly vanishes and it
becomes difficult to determine the transition to an easy-axis configuration, we do not
expect qualitative deviations from the temperature-dependent behavior discussed
in detail in Ref. [127] for a 15 nm thin hematite film. To this end, we focus on the
thicker film, which exhibits a higher TM. In an analogous manner to our previous
measurements, the magnetic field HHH is applied along the −x-direction orienting the
Néel vector nnn along −ẑ̂ẑz and thus HHH ⊥ nnn (cf. Fig. 5.9(a)), where electrical magnon
excitation is expected. The measured magnon spin signal amplitude ∆Rel

det of the
tm = 89 nm thick film for a structure with a center-to-center distance dc = 1.2 µm
is shown as a function of the applied magnetic field magnitude µ0H in Fig. 5.13.
For T ≥ 200 K, ∆Rel

det exhibits the Hanle signature, as expected in the magnetic
easy-plane configuration [127]. In accordance with our previous results [243],
we additionally observe an offset signal due to low-energy magnons in the low
magnetic field regime and oscillations of the magnon spin signal amplitude for
high magnetic fields. The position of the compensation field µ0Hc clearly shifts
towards smaller magnetic field values with decreasing temperature, since it follows
the temperature dependence of the easy-plane anisotropy [127]. Furthermore,
the peak amplitude at µ0Hc decreases with decreasing temperature due to the
electrically excited magnon transport effect [120, 127]. From our determined
Morin transition temperature for the thick film of TM = 205 K, one would not
expect a Hanle signal for T = 200 K, however our magnetometry measurements
suggest that the Morin transition depends on the magnetic field strength. In our
samples, TM decreases with increasing applied magnetic field. For the thick film, the
Morin transition is already below 200 K for µ0H = 0.5 T (cf. Fig. 3.3) suggesting
that the hematite film exhibits still the easy-plane configuration for T = 200 K.
For temperatures slightly below the Morin transition temperature (150 K ≤ T <

200 K), we still observe onsets of the Hanle peak, however a second peak appears
at lower magnetic field values, which can be seen well for T = 170 K. At first
glance, the position of the second peak shows no dependence on the temperature.
Indeed, the additional peak exhibits a similar magnetic field dependence as found
by Ross et al. [163] below TM in the easy-axis configuration on (0001)-oriented
α-Fe2O3 films. The authors attributed this observation to a spin reorientation due
to a bulk DMI vector parallel to the easy-axis, and hence perpendicular to the
in-plane applied magnetic field [163]. We would expect a similar magnetic field
dependence without accompanying Hanle signature in our experiments, as also
our hematite films undergo a transition to the easy-axis configuration below the
Morin transition temperature. The superposition of both contributions suggests that
our samples do not exhibit a sharp Morin transition as a function of the applied
magnetic field, but rather a magnetic field-dependent continuous transition from
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an easy-plane to an easy-axis configuration with decreasing temperature. This
corroborates our magnetometry measurements presented in Sec. 3.1.2, where we
find a clear magnetic field dependence of the Morin transition temperature TM. For
T < 150 K the magnon spin signal rapidly vanishes, making a quantitative analysis
of the dominant contribution difficult.

In the following, all experiments are conducted well above the Morin transition
temperature, where our samples feature an easy-plane magnetic phase. Accounting
for a large signal at the same time the measurements for the tm = 89 nm thick film are
performed at T = 250 K, while the ones for the tm = 19 nm thin film are conducted
at T = 200 K. This means, in accordance with our previous works [127, 243]
that the DMI vector points out-of-plane and the Néel vector nnn as well as the two
sublattice magnetizations MMM1 and MMM2 lie in the (0001)- or xz-plane as depicted in
Fig. 5.9(a). Both, the resulting net magnetization MMMnet and nnn can be controlled by
the orientation and magnitude of the applied magnetic field HHH.

5.3.2 Antisymmetric Magnon Spin Signal in Thick Hematite Films

In a next step, we perform angle-dependent measurements, i.e. the orientation of
the external magnetic fieldHHH is varied within the xz-plane and continue to focus on
the thicker hematite film, where we study the same structure with dc = 1.2 µm at
T = 250 K. For the investigation of the nonreciprocal transport, we will not refer
to the Pt strips as injector and detector, as their roles will be interchanged in the
following, but as left and right electrodes, respectively (cf. Fig. 5.14(a)). First, we
apply a dc charge current Iinj to the left electrode and electrically inject spin into the
hematite layer via the SHE. The resulting diffusive pseudospin magnon current is
detected electrically via the inverse SHE as a voltage signal Vdet at the right electrode,
as depicted in Fig. 5.14(a). We refer to this as the forward transport direction +dc.
In a second step, the injection and detection process is interchanged between the
two Pt strips. For the backward transport direction −dc sketched in Fig. 5.14(b), this
means Iinj is applied to the right electrode leading to a spin injection there, while the
corresponding voltage Vdet is detected at the left electrode. The measured magnon
spin signal Rel

det = Vdet/Iinj of the respective electrode acting as detector is plotted
in Fig. 5.14(c) versus the angle φ of the in-plane applied magnetic field HHH for three
different magnitudes µ0H and both configurations. While the full circles correspond
to the forward transport direction depicted in panel (a), the open circles correspond
to the backward transport direction in panel (b). At first glance, all curves appear to
exhibit the expected sin2(φ) angular dependence for electrically induced diffusive
magnon spin transport, with a factor of sin(φ) contributed in each case by the
injection and detection process, respectively [43, 120]. However, a more careful
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Fig. 5.14 – Sketch of the sample configuration for the (a) forward and (b) backward trans-
port directions, the electrical wiring scheme, and the coordinate system with
the in-plane rotation angle φ of the applied magnetic field µ0HHH. Analogue
to Fig. 5.9 the net magnetization MMMnet is aligned along the applied magnetic
field (MMMnet ∥ HHH), while the Néel order parameter is directed perpendicular to
it (nnn ⊥ HHH). (c) Electrically excited magnon spin signal Rel

det as a function of
the in-plane angle φ measured for the structure with center-to-center distance
dc = 1.2 µm on the tm = 89 nm thick hematite film at T = 250 K. While the
full circles correspond to an injection of magnons at the left electrode and a
detection of Rel

det at the right electrode (forward direction), the open circles
account for the reversed measurement scheme (backward direction), as depicted
in (a) and (b), respectively. The angle dependence is shown for different mag-
netic field strengths, where a constant offset arising from the experimental setup
has been subtracted from each curve. (d) Symmetric contribution Rel

sym of the
two measurement configurations for the same magnetic field magnitudes as in
(b). The lines are fits to the expected ∆Rel

sym sin2(φ) function [127, 243]. (e)
Antisymmetric contribution of the shown angle dependencies in panel (b). The
lines represent a ∆Rel

asym sin3(φ) fit, which indicates a sin(φ) dependence of the
nonreciprocal pseudofield component δω as discussed in the text.

examination shows that differences occur between the two propagation directions
for µ0H = 5 T and 7 T, predominantly at φ = 90◦ and 270◦. This correspond to
HHH ∥ x̂̂x̂x or nnn ∥ ẑ̂ẑz, where the signal Rel

det is largest, as HHH ⊥ nnn.

For a rigorous analysis of this observation, we define the symmetric Rel
sym =[

Rel
det(+dc) +Rel

det(−dc)
]
/2 and antisymmetricRel

asym =
[
Rel

det(+dc) −Rel
det(−dc)

]
/2

part of the magnon spin signal for the two measurement configurations [217]. The
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Fig. 5.15 – (a) Magnetic field dependence of the symmetric ∆Rel
sym ∝ µsym (black dots) and

antisymmetric ∆Rel
asym ∝ µasym (red dots) magnon spin signal extracted from the

angle dependencies shown in Fig. 5.14 (d) and (e), respectively. The error bars
have been extracted from the fits to the angle-dependent data. Furthermore, the
dashed lines are fits to our model using Eqs. (5.31) and (5.32). (b) Comparison
of the magnon spin signal ∆Rel

det = ∆Rel
sym+∆Rel

asym obtained from two different
measurements setups and schemes at T = 250 K. The black crosses in the inset
corresponds to the extracted signal amplitudes from the angle-dependent data
up to µ0H = 7 T shown in (a), while the red data points are measured for a
fixed magnetic field direction HHH ⊥ nnn (φ = 90◦) up to µ0H = 15 T as plotted
in Fig. 5.13. The latter is corrected for an offset signal measured at φ = 0◦ (cf.
Fig. 5.14).

extracted angle dependence of the symmetric signal Rel
sym is plotted in Fig. 5.14(d).

The data follows a simple ∆Rel
sym sin2(φ) function as indicated by the solid lines

with ∆Rel
sym the amplitude of the symmetric magnon spin signal. This behavior is

in agreement with our previous reports, where we utilized an inversion-symmetric
analysis [127, 243]. Fig. 5.14(e) shows the corresponding antisymmetric signal
Rel

asym over the same in-plane angle φ range. While Rel
asym is vanishingly small

over the whole angle range at µ0H = 6 T, a clear angle dependence is found for
µ0H = 5 T and 7 T. We find that the angle dependence follows a ∆Rel

asym sin3(φ)
function, where ∆Rel

asym denotes the amplitude of the antisymmetric signal. In this
case, a sin2(φ) dependence originates from the injection and detection process via the
SHE, while the remaining factor of sin(φ) can be attributed to δω as per Eq. (5.30).
Moreover, the nonreciprocal signal Rel

asym is about two orders of magnitudes smaller
compared to Rel

sym. Another important observation, is the sign change of ∆Rel
asym

for µ0H = 5 T and 7 T. For a more quantitative analysis of the amplitudes and to
explain this behavior, we now examine the magnetic field dependence of the two
quantities ∆Rel

sym and ∆Rel
asym.

In Fig. 5.15(a) the amplitudes ∆Rel
sym and ∆Rel

asym extracted from angle-dependent
measurements performed for several magnetic field magnitudes µ0H as exemplarily
shown in Fig. 5.14(d) and (e), respectively, are plotted versus µ0H. Clearly, ∆Rel

sym
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Symbol Unit Fe2O3 (19 nm) Fe2O3 (89 nm)
d µm 0.75 1.2
Dm 10−4m2/s 1.6 ± 0.7 1.8 ± 1.3
τm 10−9s 1.2 ± 0.3 0.8 ± 0.2
c1 1091/s 8.0 ± 2.3 6.0 ± 4.0
c2 109m/(As) 1.1 ± 0.3 1.0 ± 0.6
A Ωm/s 1.3 ± 0.1 17.2 ± 3.5
R0

sym mΩ 0.19 ± 0.01 2.2 ± 0.1
δωl m/s −9.9 ± 1.4 −11.2 ± 0.7
R0

asym µΩ −2.6 ± 1.0 −8.9 ± 2.7
Tab. 5.1 – Device dependent parameters extracted from fits to Eqs. (5.31) and (5.32) in

Fig. 5.15(a) and Fig. 5.19.

(black dots) exhibits the expected Hanle curve with a compensation field of µ0Hc =
6.2 T [127, 243]. As expected from our inversion-symmetric approach used in
previous works [127, 138, 243], we observe ∆Rel

sym ∝ µsym (Eq. (5.29)). The
nonreciprocal signal ∆Rel

asym exhibits a negative amplitude for small magnetic field
values until it approaches zero at µ0Hc and then changes sign for µ0H > µ0Hc.
The behavior of the antisymmetric signal is fully consistent with the qualitative
picture discussed in Sec. 5.1.4, where the precession rate of the pseudospin chemical
potential is different in forward and backward direction and thus the detected
magnon spin signal is slightly different. As suggested the difference changes sign
together with the average pseudofield ω due to the corresponding reversal of the
precession sense and vanishes with ω. Our finding that ∆Rel

asym ∝ µasym confirms
the antisymmetric pseudofield as the origin of the observed nonreciprocity. To show
that our experimental data is in accordance with our theory model, we fit the data
via Eqs. (5.31) (gray dashed line) and (5.32) (red dashed line), respectively, as
described in Sec. 5.1.4. Note that the fit range for both ∆Rel

sym and ∆Rel
asym has been

restricted to µ0H = 4.5 T − 7 T, since our model does not account for low-energy
magnons [243], as demonstrated in the previous Section. Using a single set of
parameters (Tab. 5.1), the magnetic field dependencies of ∆Rel

sym and ∆Rel
asym are

well reproduced by the fits. Furthermore, the fitting of the data allows to estimate
the degree of nonreciprocity in the pseudofield. In Tab. 5.1, the value of δω can be
found for the tm = 89 nm thick hematite as well as for the tm = 19 nm thin film,
which is investigated in Sec. 5.3.3, both exhibiting similar values.

It is important to mention that angle-dependent measurements are mandatory
to access the nonreciprocal signal given the achievable signal-to-noise ratio. How-
ever, our setup allowing for angle-dependent measurements (setup (ii)) is limited
to µ0H = 7 T. The field dependencies shown in Fig. 5.13 have been obtained in
another experimental setup (setup (iii)) compared to the presented angle-dependent
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Fig. 5.16 – Magnetic field dependence of the (a) symmetric ∆Rel
sym and (b) antisymmetric

∆Rel
asym contribution to the magnon spin signal for different applied injector

currents Iinj. The measurements were performed for the structure with dc =
1.2 µm on the tm = 89 nm thick film at T = 250 K. The solid lines are only guides
to the eye. Extracted (c) magnetic compensation field µ0Hc and (d) symmetric
magnon spin signal contribution ∆Rel

sym for µ0Hc plotted versus |Iinj|2. The
linear fit (dashed line) in panel (c) and (d) shows the linear dependence on
|Iinj|2.

measurements allowing magnetic field magnitudes up to µ0H = 15 T. To demon-
strate that the extracted amplitudes independent of the experimental setup are in
good agreement and all significant features are captured, we compare the total
magnon spin transport signal ∆Rel

det = ∆Rel
sym + ∆Rel

asym extracted from the angle-
dependent measurements (black crosses) to the data at T = 250 K obtained from
the field-dependent measurements in setup (iii) (red dots) shown in Fig. 5.13. Both
magnetic field dependencies are in almost perfect agreement. Note that the mag-
netic field dependence measured up to µ0H = 15 T is corrected for an additional
constant offset signal to account for the different resistance offsets in the different
measurement setups. Moreover, this comparison shows that we capture all signifi-
cant features with our extracted data up to µ0H = 7 T. For larger magnetic fields
(µ0H > 7 T) the magnon spin signal ∆Rel

det rapidly decreases until it approaches
zero and starts to oscillate around 0 Ω. On the one hand, the nearly vanishing signal
makes the extraction of a nonreciprocal signal ∆Rel

asym difficult. On the other hand,
our model suggests that the antisymmetric signal ∆Rel

asym is maximal when the
symmetric signal ∆Rel

sym reaches the point of largest slope (cf. Eq.(5.30)). For a
nearly vanishing signal, we do not expect a significant nonreciprocal signal.
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In order to verify our assumption of a linear response regime in our experiments,
we investigate the influence of the injector current magnitude on the magnon spin
transport. Up to now, only dc charge currents with an amplitude of |Iinj| = 500 µA
have been applied for all measurements, also in previous works a similar injector
current density has been used [127, 243]. We again perform angle-dependent
measurements on the same structure with dc = 1.2 µm at T = 250 K. In this case, we
first apply the dc charge current sequence for a fixed magnitude to the left electrode
injecting magnons and detect the resulting voltage signal at the right electrode and
after a measurements run, which covers the whole angle range, the magnitude of
the applied injector current is changed. The magnitude of the applied dc charge
current is varied from |Iinj| = 400 µA up to 1 mA, as the measured magnon spin
signal significantly decreases for smaller currents and thus is below the noise floor
of our measurements. In a second step, the measurement sequence is repeated
for interchanged Pt electrodes with the right electrode acting as injector and the
left one as detector, while the same injector current magnitudes |Iinj| are applied
to the right electrode. We again distinguish between the symmetric ∆Rel

sym and
antisymmetric ∆Rel

asym magnon spin signal. Before having a closer look at the data,
it is important to emphasize that the detected voltage signal is normalized to the
applied dc current. In other words, we already assumed a linear dependence of the
measured voltage at the detector on the applied dc charge current driven through
the injector. The extracted symmetric ∆Rel

sym and antisymmetric ∆Rel
asym magnon

spin signals are plotted for different applied injector current magnitudes |Iinj| as a
function of the magnetic field strength µ0H in Fig. 5.16(a) and (b), respectively.
Here, the red data points correspond to the results presented in Fig. 5.15(a) for
|Iinj| = 500 µA. If we look into the extracted ∆Rel

sym values (cf. Fig. 5.16(a)), we
can unambiguously identify the Hanle peak for all applied currents. Especially, the
curves are in good agreement when the change in the injector current magnitude
is not too large, in contrast to |Iinj| = 1 mA, where we find a slightly different
behavior. The most prominent difference, is the shift of the compensation field
µ0Hc that corresponds to the peak of the Hanle curve to larger magnetic field values
with increasing |Iinj|. These observations can be attributed to an increased device
temperature due to the current induced Joule heating at the Pt electrode. This
effect manifests itself in an additional (Iinj)3 contribution to the detector voltage.
The antisymmetric signal ∆Rel

asym shown in Fig. 5.16(b) exhibits the expected sign
change when the compensation field is crossed for all four injector currents. The very
comparable behaviors and values are in good agreement with the observations for
the symmetric magnon spin signal ∆Rel

sym. This confirms our conjecture of a linear
current dependence. The changes in the magnetic field dependence, in particular the
shift of the zero signal crossing with increasing current magnitude, are associated
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to the temperature increase at the two-strip structure due to Joule heating effects.
Overall, the changes mirror the evolution of µ0Hc with |Iinj| in accordance with our
theoretical description of the magnon Hanle effect.

For a more advanced discussion of the observed changes, we extract the compen-
sation field µ0Hc from the curves in Fig. 5.16(a) and plot them against the squared
injector current |Iinj|2 in Fig. 5.16(c). The rather linear dependence on |Iinj|2 can as
already discussed be interpreted as a Joule heating induced temperature increase
of the investigated device. The same behavior of µ0Hc with |Iinj|2 is also visible in
the antisymmetric magnon spin signal when we look at the position of ∆Rel

asym = 0,
which shifts to larger magnetic field values with increasing current and thus tem-
perature. Furthermore, the monotonic increase of µ0Hc, which is represented by
linear dependence on the temperature for the small temperature changes induced
by Joule heating in our case, are in accordance with the observations in our previous
reports [127, 243]. Last but not least, we analyze the change in the ∆Rel

sym values
at the compensation field for an increasing injector current in Fig. 5.16(d). We
find that ∆Rel

sym nicely follows a squared injector current |Iinj|2 dependence. In
this temperature regime, a similar increase of the detector signal amplitude with
increasing temperature has been observed in our temperature-dependent measure-
ments. Thus, the linear dependence of ∆Rel

sym on |Iinj|2 also originates from the
temperature change in our device induced by Joule heating.

For a full qualitative analysis of the nonreciprocal signal in the thick hematite
film, the investigation of the temperature dependence of ∆Rel

asym is still missing. As
the injector current experiments demonstrated, already small temperature changes
have an impact on the nonreciprocal signal. Moreover, the temperature dependence
of the total magnon spin signal or the symmetric signal, since the antisymmetric
contribution is two orders of magnitude smaller and below the noise floor in our
magnetic field-dependent measurements, showed significant changes of ∆Rel

det
with temperature. In this case, we investigate a structure with a slightly wider
center-to-center distance dc = 1.3 µm on the same tm = 89 nm thick α-Fe2O3 film.
Before we perform angle-dependent measurements to extract the nonreciprocal
signal, setup (iii) is utilized to perform magnetic field-dependent measurements
up to µ0H = 15 T to characterize the new structure. The magnetic field is first
applied along −x̂̂x̂x and hence HHH ⊥ nnn and afterwards along −ẑ̂ẑz to correct for signal
offsets not stemming from the magnon spin transport. For an injection at the left
electrode, the detected magnon spin signal at the right electrode as a function
of the magnetic field strength µ0H is shown in Fig. 5.17(a). For the structure
with dc = 1.3 µm, we find a similar qualitative behavior as for the structure with
dc = 1.2 µm discussed above (cf. Fig. 5.13). For T ≥ 200 K, we find the expected
Hanle signature, which is superimposed by a constant offset for the thick hematite

154



1 2 3 4 5 6 7

0

1

2

3

R
el sy

m
(m

Ω
)

µ0H (T)

-60
-40
-20
0
20
40

R
el as

ym
(µ

Ω
)

0 2 4 6 8 10 12 14
-1

0

1

2

3

R
el de

t
(m

Ω
)

µ0H (T)

250K
225K
200K
185K
170K

(a)

(b)

(c)

(d)

(e)

(f)

250K

225K

200K

185K

170K

1 2 3 4 5 6 7

0

1

2

3

R
el sy

m
(m

Ω
)

µ0H (T)

-60
-40
-20
0
20
40

R
el as

ym
(µ

Ω
)

1 2 3 4 5 6 7

0

1

2

3

R
el sy

m
(m

Ω
)

µ0H (T)

-60
-40
-20
0
20
40

R
el as

ym
(µ

Ω
)

1 2 3 4 5 6 7

0

1

2

3

R
el sy

m
(m

Ω
)

µ0H (T)

-60
-40
-20
0
20
40

R
el as

ym
(µ

Ω
)

1 2 3 4 5 6 7

0

1

2

3

R
el sy

m
(m

Ω
)

µ0H (T)

-60
-40
-20
0
20
40

R
el as

ym
(µ

Ω
)

Fig. 5.17 – (a) Electrically excited magnon spin signal ∆Rel
det = ∆Rel

sym+∆Rel
asym as function

of µ0H for different temperatures for a structure with a center-to-center distance
dc = 1.3 µm on the tm = 89 nm thick hematite film. (b)-(f) Magnetic field
dependence of the symmetric ∆Rel

sym (black dots) and antisymmetric ∆Rel
asym

(red dots) contributions to the magnon spin signal, extracted from the angle-
dependent measurements of the device for the same temperatures as shown in
panel (a). The black dashed lines indicate the compensation field µ0Hc extracted
from the data in (a). Note that we were not able to extract an antisymmetric
signal for µ0H = 1 T in panel (e). The error bars are exctracted from the fits to
the angle dependencies of Rel

sym and Rel
asym, respectively.

film due to low-energy magnons in the low magnetic field regime. In contrast, for
T = 185 K and 170 K, we observe contributions from both the Hanle signal and
the reorientation of the spins due to the DMI present in the magnetic easy-axis
phase of hematite. Moreover, the overall signal magnitude is slightly decreased
compared to the structure with the smaller electrode spacing dc = 1.2 µm originating
from the diffusive electrically induced magnon spin transport [43, 141]. For the
five temperatures studied in Fig. 5.17(a), we now measure the magnon spin signal
as a function of the magnetic in-plane angle φ. To extract the symmetric and
antisymmetric signal, we again perform measurements in both configurations. This
means, we first drive a dc charge current Iinj through the left electrode, while we
detect the resulting voltage signal Vdet at the right electrode and interchange the
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roles of the injector and detector electrode in the next step. From the resulting angle
dependencies, we extracted ∆Rel

sym (black dots) and ∆Rel
asym (red dots) and plotted

them against µ0H in Fig. 5.17(b) to (f) for five different temperatures ranging
from 170 K to 250 K, respectively. For all temperatures, the symmetric magnon spin
signal ∆Rel

sym resembles the behavior of the magnetic field dependence shown in
Fig. 5.17(a), which has been measured in a different experimental setup. Similar
to our previous observations, the two measurement methods show a nearly perfect
agreement. For decreasing temperatures, the position of the compensation field
µ0Hc shifts towards lower magnetic field values, until it is no longer possible to
unambiguously define µ0Hc for T = 170 K, where the magnetic easy-axis phase
dominates and our model is no longer valid. To emphasize the compensation field,
we have indicated µ0Hc by black dashed lines in Fig. 5.17(b)-(e), which correspond
to the compensation field of the structure with dc = 1.2 µm, since it does not depend
on the electrode spacing dc. For the antisymmetric signal ∆Rel

asym, we first focus
on T = 250 K shown in Fig. 5.17(b). We find a quantitatively similar behavior of
the nonreciprocal signal as observed for the structure with dc = 1.2 µm presented
in Fig. 5.15(a). While ∆Rel

asym exhibits negative values in the low magnetic field
range (µ0H < µ0Hc), the nonreciprocal signal changes sign when it crosses the
compensation field. In contrast to the symmetric component, which is slightly
decreased for the structure with the larger distance between the two electrodes,
the antisymmetric signal exhibits similar values for both distances. In both cases
(dc = 1.2 µm and 1.3 µm), values up to ∆Rel

asym ≈ 60 µΩ are reached, which indicates
that the nonreciprocal signal does not sensitively depend on the electrode spacing.
For decreasing temperatures (Fig. 5.17(c)-(e)), we find a quantitatively similar
behavior, however the point of sign change, which is attributed to the compensation
field µ0Hc, shifts towards smaller magnetic field values in accordance with our
observations for ∆Rel

sym and as expected from our theoretical model. Moreover, we
find that both the symmetric ∆Rel

sym as well as the antisymmetric ∆Rel
asym magnon

spin signal decrease with decreasing temperature, which is expected for electrically
induced magnon spin transport [120, 127]. For T = 170 K depicted in Fig. 5.17(f),
the behavior of the extracted antisymmetric signal clearly deviates from the curves
for higher temperatures. A clear sign change in ∆Rel

asym is missing, corroborating
our findings for the symmetric component, where we were not able to determine
µ0Hc. For even smaller temperatures well below the Morin transition temperature,
we could not extract a nonreciprocal signal, since the antisymmetric component
is expected to vanish for the magnetic easy-axis configuration. For temperatures
T < TM, the Hanle signal decreases and the spin reorientation due to the DMI in
easy-axis configuration dominates. Thus, our model is no longer able to describe
both the symmetric and antisymmetric magnon spin signal.
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5.3.3 Antisymmetric Magnon Spin Signal in Thin Hematite Films

In this section, we demonstrate that the nonreciprocal signal is also present in a thin
hematite film, where the contribution of low-energy magnons can be neglected [243].
To this end, we now study a two-strip device with a center-to-center distance of
dc = 0.75 µm on top of the tm = 19 nm thin α-Fe2O3 film. To characterize the
hematite film, we perform angle-dependent measurements, and thus measure the
magnon spin signal as a function of the in-plane magnetic field orientation φ for the
same magnetic field magnitudes µ0H as for the thicker film, however this time at a
temperature of T = 200 K. We chose this lower temperature to counteract the shift
of the Hanle peak to higher magnetic field values observed in thinner hematite layers
and have a sufficient large magnon spin signal at the same time [127, 243]. Similar
to the thicker film, we first drive a dc charge current Iinj through the left electrode,
while the signal of the electrically induced magnons Vdet is measured at the right
electrode (cf. Fig. 5.14(a)). In a second step, the roles of the injector and detector
electrode are interchanged as depicted in Fig. 5.14(b). The detected magnon spin
signal is plotted versus the angle φ in Fig. 5.18(a), where the filled dots corresponds
to magnons transported from the left to the right electrode (forward propagating
direction, +dc) and the open circles correspond to the reversed measurement scheme
(backward propagating direction, −dc). While the angle dependencies exhibit very
similar behaviors for both measurements configurations for µ0H = 5 T and 6 T, we
observe a clear difference for µ0H = 7 T, especially at φ = 90◦ and 270◦, when
HHH ⊥ nnn.

For a more rigorous discussion of this behavior, we again extract the symmetric
contribution Rel

sym =
[
Rel

det(+dc) +Rel
det(−dc)

]
/2, which only contains the inversion-

symmetric part, i.e. there is no difference between the pseudofields ωωω for the
two propagation directions (δω = 0), and the antisymmetric contribution Rel

asym =[
Rel

det(+dc) −Rel
det(−dc)

]
/2, where δω ̸= 0. The angle dependence of the symmetric

signal Rel
sym is shown in Fig. 5.18(b). We find the expected sin2(φ) dependence with

an amplitude ∆Rel
sym for electrically induced magnon spin transport, as indicated by

the solid lines. The corresponding antisymmetric signal Rel
asym shown in Fig. 5.18(c)

can be described by a ∆Rel
asym sin3(φ) function (solid lines), where ∆Rel

asym quantifies
the amplitude of the nonreciprocal signal. We clearly observe the same angle
dependencies for both the symmetric as well as the antisymmetric magnon spin
signal as for the thicker hematite film. For the thin hematite film, the sin3(φ)
dependence is most pronounced for µ0H = 7 T (cf. Fig 5.18(c)). In this case, the
antisymmetric signal amplitude exhibits a value of ∆Rel

asym = −30 µΩ at φ = 90◦,
while we find a similar value, however with an inverted sign at φ = 270◦. This
sign conversion resembles the one of the angle dependence of the thicker film
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Fig. 5.18 – (a) Angle dependence of the electrically induced magnon spin signal Rel
det for

a structure with dc = 750 nm on a tm = 19 nm thin hematite film. The data is
shown for the same magnetic field values as for the thick film in Fig. 5.14. The
filled and open circles correspond to the measured signal in the forward and
backward transport configuration, respectively. A constant offset arising from
the experimental setup has been subtracted from the curves. (b) Symmetric part
Rel

sym extracted from the data of the two measurement configurations shown in
panel (a). The lines represent a simple ∆Rel

sym sin2(φ) fit to the data, expected
in the absence of a nonreciprocal contribution. (c) Antisymmetric part Rel

asym of
the respective angle dependencies in (a). The lines are fits to a ∆Rel

asym sin3(φ)
function.

for µ0H = 5 T. For µ0H = 6 T, the thinner film exhibits a similar qualitative
angle dependence as for µ0H = 7 T with the same sign convention, however with
a significantly decreased amplitude signal. A full vanishing of the nonreciprocal
signal over the angle range is observed for µ0H = 5 T. These observations are in
contrast to the thicker α-Fe2O3 film, where we found a sign change in the extracted
antisymmetric amplitudes at φ = 90◦ and 270◦ when the magnetic field strength
was increased from µ0H = 5 T to 7 T.

In order to quantitatively explain this observation, we extract the amplitudes
∆Rel

sym and ∆Rel
asym from the fits in Fig. 5.18(b) and (c), respectively, and plot them

as a function of the magnetic field magnitude µ0H in Fig. 5.19. The symmetric
signal ∆Rel

sym (black dots) exhibits a slightly decreasing behavior with magnetic
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Fig. 5.19 – ∆Rel
sym and ∆Rel

asym extracted from the angle dependencies shown in Fig. 5.18
(b) and (c), respectively, plotted versus the magnetic field strength µ0H. The
dashed lines are fits to Eqs. (5.31) and (5.32), respectively. For the tm = 19 nm
thin film, we are limited to the ω < 0 regime and thus observe no sign change in
∆Rel

asym.

field strength between µ0H = 1 T and 6 T. For µ0H > 6 T the signal is significantly
increased, which can be attributed to the onset of the Hanle peak. However, we do
not reach the compensation field µ0Hc within the limits of our experimental setup
and thus ω < 0 over the whole covered magnetic field range for the thin hematite
film. This effect is also reflected by the antisymmetric signal ∆Rel

asym (red dots),
which shows a rather constant behavior of ∆Rel

asym ≈ −5 µΩ between µ0H = 1 T
and 6 T, while we find a strongly enhanced negative signal for µ0H > 6 T, however
no sign change is observed since we do not reach µ0Hc. Analogue to the thicker
film, the symmetric and antisymmetric magnon spin signal can be described by µsym

and µasym, respectively. The theory curves (dashed lines) reproduce the behavior
of ∆Rel

sym and ∆Rel
asym well. We utilized the same procedure as for the thicker film

(cf. Sec. 5.1.4), where we first fitted the symmetric component, followed by the
antisymmetric part only leaving δωl and R0

asym as free fit parameter. The extracted
fit parameter can be found in Tab. 5.1 together with the results of the thicker film.
Overall, both films exhibit similar parameters, verifying that the low-energy magnons
only contribute to a finite-spin offset signal, which does not affect the nonreciprocal
signal. Note that we find a small difference between ∆Rel

asym and the corresponding
theory curve (red dashed line) around µ0H = 7 T. While the model describes the
antisymmetric signal in the low magnetic field regime well, the curve suggests a
decrease of the signal near the compensation field, however ∆Rel

asym continuous to
increase. This difference might be caused by uncertainties in the fitting procedure
as we are limited to µ0H = 7 T and hence can only fit the onset of the Hanle curve
instead of the full peak. For the tm = 19 nm thin α-Fe2O3 film, angle-dependent
measurements at higher magnetic field magnitudes are needed to verify the expected
sign change in ∆Rel

asym at the compensation field of the Hanle curve.
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If we further compare the results of the thin and thick hematite film in Fig. 5.19
and Fig. 5.15(a), we find that the symmetric contribution ∆Rel

sym is about an order of
magnitude larger for the thicker film. In contrast, the antisymmetric signal ∆Rel

asym
is on the same order of magnitude for both film thicknesses. The nonreciprocal
signal of the thinner film is slightly smaller compared to the thick hematite film.
However, if we take temperature effects into account, the small difference most likely
originates from the temperature difference in the measurements. In Fig. 5.17(d),
we see that the antisymmetric signal recorded at T = 200 K only reaches values up
to ∆Rel

asym ≈ 30 µΩ similar to the thinner film. Employing our theoretical analysis
via Eqs. (5.31) and (5.32) describes the data of both films almost perfectly. Thus,
we deduce that the origin of our experimentally observed nonreciprocity stems from
an antisymmetric pseudofield δω, which we find to be angle-dependent as sin(φ).
This angle dependence is reminiscent of a related, but distinct, nonreciprocity
of the magnon dispersion found in YIG/GGG heterostructures, which has been
attributed to the interfacial DMI [217]. Considering that the ratio between the
antisymmetric and symmetric signal in our experiments is smaller in the thicker
hematite sample, our observed nonreciprocity most likely stems also from the
interface between hematite and its substrate. Due to this interfacial effect, we would
not expect a higher nonreciprocal signal for larger film thicknesses. Furthermore,
the contribution of low-energy magnons in thick hematite films [243], which act as
a finite-spin signal that superimposes the Hanle signal, complicate the extraction of
the noreciprocal signal. This means due to an increasing influence of low-energy
magnons with increasing film thickness, it is unlikely to detect a nonreciprocal
signal in bulk crystals. Another origin of this nonreciprocity might be the crystal
structure of hematite itself, as the spin Hamiltonians used to describe hematite in
the literature [127], for example in the original article by Moriya [137], could be
oversimplified. To examine this potential origin, atomistic spin modeling of hematite
taking into account its exact crystal structure is desirable and, hopefully, will be
motivated by our findings [236, 273].

5.4 Summary

In conclusion, we have recapped the basics of the pseudospin concept, which allows
to describe the magnon eigenmodes of an antiferromagnet in terms of a pseudofield
determined by the free energy landscape. We also discussed the corresponding
dynamics, in particular the one-dimensional solution of the pseudospin diffusion
equation that describes the precessional motion of the pseudospin chemical potential.
Its projection on the z-component is a measure for the diffusive magnonic spin
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currents. The precession frequency, and thus the pseudofield can be tuned via an
applied magnetic field. This theory has been demonstrated to capture the magnonic
spin transport particularly well in thin AFI films [127]. In this work, we extend
the pseudospin theory by considering a wave vector dependent pseudofield as well
as by accounting for finite-spin contributions from low-energy magnons and the
spin injection and detection process. This extended theoretical model is utilized to
explain our recent observations found by systematically investigating the magnon
pseudospin dynamics and the associated magnon Hanle effect in the AFI hematite
via our two-terminal all-electrical injection and detection transport scheme.

First, we study the effect of the injector-detector distance on the magnon spin
signal in a thin α-Fe2O3 film. An additional offset signal is found in the low magnetic
field regime for edge-to-edge electrode distances in the range of a few 100 nm. This
could be attributed to additional contributions caused by an injector-detector spacing
smaller than the magnon decay length.

Second, the influence of the effective dimensionality of the magnetic layer on the
magnon spin signal is investigated by varying the thickness of the α-Fe2O3 layer. To
this end, we studied a 15 nm and a 100 nm thick hematite film. Characterizing the
thicker film, we find good agreement with previous reports [164, 234], corroborating
our model that the magnonic spin transport is dominated by the properties of
hematite and that the HM/AFI interface only plays a minor role. Moreover, we
measured the magnon Hanle effect in the 100 nm thick α-Fe2O3 film. However, the
magnon spin signal of the thicker film exhibits peculiar features not observed for the
thinner films. In particular, we find a pronounced offset signal in the low magnetic
field range for µ0H < µ0Hc, which is attributed to contributions from low-energy
magnons and their finite-spin signal. In addition, the magnon spin signal oscillates
around zero signal for high magnetic fields (µ0H > 10 T). This oscillating behavior
shows no dependence on the spacing between the electrodes, but exhibits a clear
temperature dependence.

In the last part of this Chapter, we demonstrate nonreciprocal magnon spin
transport in both a thin and a thick hematite film. Therefore, we have injected
the magnons at the left electrode and detected them at the right electrode in a
first measurement run, while we interchanged their roles in a second measurement
run. Angle-dependent measurements revealed that additionally to the reported
symmetric signal exhibiting a sin2(φ) behavior [127] with φ the in-plane rotation
angle, a superimposed sin3(φ) dependence can be found. A detailed investigation
of this antisymmetric magnon spin signal shows that it depends on the applied
magnetic field and reverses its sign when the symmetric contribution passes its
nominal maximum at the compensation field Hc. Our theoretical modeling allows us
to understand our observations in terms of different pseudofields, in particular due
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to an antisymmetric contribution along the magnonic spin transport direction. The
angle dependence indicates a sinφ dependence of the pseudofield nonreciprocity
δω. Moreover, the antisymmetric pseudofield directly translates to the magnon
dispersion [138] and thus, represents an observation of emergent pseudospin-orbit
interaction.

Overall, our work provides an important step towards the detailed understanding
of magnonic pseudospin dynamics in AFIs and highlights the rich physics in anti-
ferromagnetic magnonics. In particular, the all-electrical transport scheme proves
to be a powerful probe for underlying spin interactions in AFIs. Our results also
demonstrate that the widely available AFI hematite is a promising candidate for
realizing magnonic analogues of electron spin transport [36, 47, 138, 274] and
searching for topological and nonreciprocal phenomena [49, 170, 275–277].
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Summary and Outlook 6
This work explores the diffusive magnon-based spin transport and its control in
different magnetically ordered insulators by using an all-electrical excitation and
detection scheme. These magnonic spin currents share considerable similarities
with conventional electronic charge transport in metals or semiconductors [43, 76]
leading to analogous phenomena as they occur in electron spin systems. A major
challenge in the implementation of magnonic devices is the fact that magnons are
non-conserved bosonic quasiparticles, as opposed to electrons with a conserved par-
ticle number. First promising solutions to overcome this issue have been presented.
For example, this electron-magnon spin transport similarity has been exploited to
tune the magnon spin conductivity in the ferro(ferri-) magnet yttrium iron garnet
via a charge current applied to a heavy metal electrode in a transistor-like device
concept, even far beyond the linear regime [44, 45]. Furthermore, the formal equiv-
alence between electron spin and antiferromagnetic magnon pseudospin, has been
leading to the observation of the magnonic analog of the electronic Hanle effect in
the antiferromagnetic insulator hematite [127, 138]. This thesis provides an impor-
tant step towards the detailed understanding of magnonic spin transport and the
basis for applications based on pure spin currents. In particular, we focus on systems
far from equilibrium. After revisiting the basic concepts of magnon spin transport
and its excitation in Chapter 2, we introduce the experimental details of our mea-
surements in Chapter 3. Chapter 4 presents an in-depth investigation of the efficient
manipulation of magnon spin currents in YIG. The magnon pseudospin dynamics
and the associated magnon Hanle effect are studied systematically in hematite in
Chapter 5. In the following, we give an overview of this thesis by summarizing the
key findings of each chapter highlighting the rich physics in magnonics.

The implementation of a transistor-like three-terminal YIG/Pt heterostructure
as introduced in Ref. [44], allows for an efficient modulation of the magnon con-
ductivity and thus the magnon transport. Even nonlinear magnetization dynamics
have been excited leading to a drastic nonlinear change of the magnon conductivity,
which has been associated with a zero-effective damping state in Ref. [45], where
the damping is compensated by an external drive. In this regard, one of our main
results showed that apart from the nonlinear modulator current contribution, also
contributions of higher order in the injector current can be found in the detector
signal. This has been achieved by comparing the two most common measurement
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schemes for electrically induced magnon transport, the dc-detection technique uti-
lizing the current reversal method and the ac-readout technique based on lock-in
detection. Both detection schemes have been demonstrated to be well suited to
investigate incoherent magnon transport in these three-terminal devices [208].
Furthermore, we demonstrated the reduction of nonlinear damping effects by mini-
mizing the magnetization ellipticity utilizing a biaxially strained YIG thin film, where
the effective magnetization is strongly reduced [200]. This manifests itself in an
increased magnon induced detector signal by a factor of about 6, corresponding
to a twofold increase compared to previous experiments [45]. The main results
of these experiments revealed a strictly linear magnetic field dependence of the
threshold current, which defines the onset of damping compensation. This observa-
tion is attributed to the nearly vanishing effective magnetization and corroborates
our present understanding of a scaling of the threshold effect with the saturation
magnetization and magnetic anisotropy fields. Since all these findings are based on
applying large modulator currents, we extensively discussed their influence on the
magnon conductivity/transport. From our experiments successively applying larger
maximum current densities, we can most likely attribute the found changes with
increasing modulator current, such as a reduced modulation efficiency and SMR
amplitude, to a decreasing spin mixing conductance. The complete disappearance of
the transport signal could be attributed to a local heating above the Curie tempera-
ture of YIG. Overall, our in-depth investigation of the influence of different external
and material parameters on the magnon transport sheds new light onto the tuning
of the magnon spin conductance, especially in the critical current regime where a
nonlinear modulator current dependence of the magnon conductivity dominates
due to SOT-induced magnetization dynamics. Moreover, it demonstrates the great
potential of magnon current based applications.

Chapter 5 systematically studies the recently discovered magnon pseudospin
dynamics and the associated magnon Hanle effect [127, 138] in two-terminal
α-Fe2O3 /Pt devices. Based on our findings, we were able to expand our previous
description of the measured spin transport phenomena in terms of antiferromagnetic
pseudospin dynamics. Since previous studies only focused on thin films, which can
be described using a one-dimensional pseudospin transport model, we addressed
the role of the effective dimensionality of the magnetic layer by accounting for
finite-spin low-energy magnons and included a discussion on the spin injection and
detection process. For thicker hematite films, comparable or larger than the magnon
thermal wavelength, we find peculiar changes in the magnetic field dependence of
the magnon spin transport signal. As a main result, we found an additional offset
signal in the low bias regime for the expected Hanle curve, which originates from the
contribution of low-energy contributions. The latter were found to contribute simply

164



to a finite-spin signal, without contributing to the pseudospin precession. Another
difference between thin and thick films is an oscillating behavior of the magnon
spin signal that shows no dependence on the electrode spacing observed for large
magnetic field values in the thick hematite film. A major result is the demonstration
of nonreciprocal magnon spin transport in the antiferromagnet hematite for the first
time. The antisymmetric contribution to the magnon Hanle effect was measured
by interchanging the roles of the injector and detector electrode. We find that the
recorded differences depend on the applied magnetic field and reverse sign when
the symmetric contribution passes its nominal maximum at the compensation field.
Our theoretical model allows us to assign this observation to an antisymmetric
pseudofield and thus different precession rates of the pseudospin along the spin
transport direction. This antisymmetric pseudofield, in turn, directly translates
into a magnon dispersion and constitutes an observation of emergent pseudospin-
orbit interaction. In general, the realization of electrically injected and detected
spin transport in an antiferromagnetic insulator demonstrates its high potential for
devices and establishes a powerful probe for magnon eigenmodes and the underlying
spin interactions in the antiferromagnet.

Besides providing novel insights into the diffusive magnon spin transport and
its manipulation in MOIs, our findings open up interesting new questions and
opportunities for future experiments. In the following, we present preliminary
experiments and discuss possible next steps within this topic.

6.1 Manipulation of Magnon Spin Transport in
Three-terminal Hematite/Pt Nanostructures
In this section, we discuss the idea that the magnon spin signal in easy-plane hematite
films can be manipulated in a similar manner as the magnon conductivity in YIG and
in this regard present preliminary measurements conducted at the WMI. To this end,
we employ three-terminal Pt structures on top of a tm = 35 nm thick α-Fe2O3 film.
Similar to other investigated films, we do not observe a Morin transition. Although
this film thickness is much smaller than the studied thick films above (∼ 100 nm), we
have to account for the contribution of low-energy magnons [165]. The injector and
detector electrode of the studied structure have a width of winj = wdet = 500 nm,
a length of linj = ldet = 100 µm and a thickness of tPt = 5 nm. The two electrodes
exhibit a center-to-center distance of dc = 950 nm. The modulator placed in between
has a length of lmod = 116 µm and a width of wmod = 100 nm. In order to achieve a
better mechanical stability for the narrow electrode, a Pt thickness of tmod

Pt = 10 nm
was utilized. Note that a small edge-to-edge spacing between the electrodes of
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(a) (b) (c)

190K
250K

µ0H = 1T µ0H = 4T µ0H = 7T

Fig. 6.1 – Electrically induced magnon spin signal amplitude ∆Rel
det as a function of the mod-

ulator current Idc
mod for a three-terminal hematite/Pt device. The measurements

are conducted for two different temperatures and various magnetic field magni-
tudes µ0H with HHH applied along the x-direction parallel to the electrodes. While
for (a) µ0H = 1 T and (b) µ0H = 4 T a rather constant behavior is observed, the
signal exhibits a quadratic dependence for (c) µ0H = 7 T. The solid lines are
fits to ∆Rel

det = ∆R0 + ∆R1 · (Idc
mod)2 with ∆R1 parameterizing the modulation

strength and ∆R0 accounting for the signal amplitude for zero applied modulator
current.

de = 175 nm is chosen, to account for the smaller magnon decay length of hematite,
which is on the order of some 100 nm [127, 164, 243], in contrast to YIG offering a
magnon decay length larger than 1 µm [43, 182, 183].

To investigate the influence of an applied dc modulator current Idc
mod on the

magnon transport properties of α-Fe2O3 in the easy-plane phase, we use the dc-
detection method by applying a dc charge current sequence to the injector electrode
with a magnitude of |Iinj| = 500 µA as introduced for the advanced current reversal
method in Sec. 4.2.1. In Fig. 6.1, the detected magnon spin signal amplitude ∆Rel

det
is plotted as a function of the modulator current Idc

mod for the two temperatures
T = 250 K and 190 K for different applied magnetic fields µ0H. In an analogous
manner as for the measurements conducted on YIG samples, we first apply the
magnetic field along the positive x-direction, where we expect a maximal magnon
spin signal. Subsequently, the magnetic field is oriented along ẑ̂ẑz, allowing us
to subtract the background signal not stemming from the magnon currents (cf.
Fig. 5.9(a)). For µ0H = 4 T (Fig. 6.1(b)), a rather constant behavior is observed for
both temperatures and also for µ0H = 1 T in Fig. 6.1(a) a modulation of the signal
is absent for T = 190 K. In contrast, for T = 250 K a slight decrease of the signal
for positive and negative modulator currents is observed. A even more pronounced
modulation is found for µ0H = 7 T (Fig. 6.1(c)). While the magnon spin signal
decreases for T = 250 K with increasing applied modulator current magnitude
|Idc

mod|, we find an increasing behavior for T = 190 K. The modulation effect is
about an order of magnitude smaller compared to results obtained in YIG in similar
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experiments [44, 127, 208]. In all cases, the ∆Rel
det exhibits a quadratic dependence

on Idc
mod as indicated by the fits to the function ∆Rel

det = ∆R0 + ∆R1 · (Idc
mod)2 with

∆R1 parameterizing the modulation efficiency and ∆R0 accounting for the signal
amplitude for zero applied modulator current. This behavior is also verified by angle-
dependent measurements, where in contrast to measurements in YIG no modulation
of the angle dependence is observed when a modulator current is applied, but
rather a simple sin2(φ)-dependence with slightly varying amplitudes [165]. This
observation suggests a thermal origin of the modulation, rather than a contribution
of electrically induced magnons due to the SHE, as the linear dependence on Idc

mod
is negligible. However, our finding that the modulation efficiency depends on the
applied magnetic field and the base temperature and not on the magnitude of the
modulator current, indicates that the increased signal does not originate from an
increase of the magnon conductivity in the hematite layer. Overall, we can rule out
a significant influence on ∆Rel

det due to an increased magnon conductivity in the
AFI caused by electrically and thermally induced magnons. Instead, thermometry
measurements and the temperature dependence of the signal for a fixed magnetic
field, suggest an overall increased temperature in the transport channel due to the
Joule heating at the modulator electrode, leading to a change in the magnon spin
signal. The thermometry mesurements reveal a temperature increase of about 25 K
for a maximum applied modulator current Idc

mod = 0.95 mA compared to zero applied
modulator current [165]. Although the temperature increase is significantly smaller
compared to temperature increases in YIG thin films for similar current densities
(cf. Sec. 4.4.4), this increase is large enough to shift the Hanle peak towards larger
magnetic field values, as shown in Ch. 5. While the signal depends weakly on small
temperature changes for µ0H = 1 T and 4 T in Fig. 6.1(a) and (b), respectively, the
influence of temperature increases near the Hanle peak at µ0H = 7 T, where the
magnons can be captured by the pseudospin dynamics. In contrast, for the lower
magnetic field values, the transport is dominated by low-energy magnons.

The absence of a modulation of the magnon spin signal most likely stems from the
nature of an AFI [165]. In Sec. 4.1, we restricted our discussion to a FMI, however,
in AFIs the situation is more complex due to the presence of two eigenmodes with
opposite chiralities. For an easy-axis AFI with the α- and β-mode as eigenmodes
carrying spin+1 and spin−1, respectively, a positive applied modulator current
(Idc

mod > 0) results in an enhanced magnon density of α-modes and a depletion of
β-modes. This means while the magnetic damping is reduced for α-mode magnons,
β-mode magnons experience an enhanced damping [181]. The role of the two
magnon modes is inverted for a reversed modulator current polarity.

For AFIs in the easy-plane phase, the injected spin+1 magnons are no longer the
eigenmodes of the system and the pseudospin precesses with time, varying between
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spin+1 to spin-0 to spin−1 excitations, which makes it rather unlikely to achieve a
damping compensation. In contrast, an enhanced damping might be reached in thick
hematite films for small magnetic field values, where the transport is dominated
by low-energy magnons. The latter correspond to elliptically polarized eigenmodes
carrying a small, but finite spin. However, a larger magnon density has to be injected
compared to magnons carrying spin+1 in order to exert the same spin-orbit torque.

Another aspect that should be considered is the magnon dispersion relation
of hematite. In order to reach the threshold and fulfill the condition for zero-
effective damping the external spin torque has to compensate the intrinsic damping
torque of the AFI system. In other words, the injected magnon accumulation with
a certain spin chemical potential underneath the modulator has to be equal to
the energy of the lowest lying available magnon mode, in general the magnon
energy at k = 0 [68, 189, 196]. The latter is described in the absence of an
external magnetic field by the anisotropy of the magnetic material, which defines
the frequency or energy gap in the magnon dispersion relation at k = 0 [253]. For
easy-axis AFIs, this frequency gap lies in the THz regime [253]. Such high energies
can hardly be achieved by a SHE-induced damping-like spin–orbit torque via an
applied modulator current Idc

mod. This suggests that it is nearly impossible to reach
damping compensation in this configuration.

However, we obtain a different situation for AFIs in the easy-plane phase. As
shown in Fig. 5.6, the easy-plane anisotropy lifts the degeneracy between the
two eigenmodes of the system, leading to a ω+

kkk -mode that decreases linearly for
k → 0 [238]. In this case, the magnon gap reaches energy values in the range of
several GHz [252, 253], which is comparable to the magnon gap in the prototypical
ferrimagnetic insulator YIG [149]. This is, however, only true for zero applied
field. As we demonstrated in Sec. 5.1.5 the lower energy branch ω+

kkk shifts to higher
energies with applied magnetic field. This indicates that the modulation effect is
most dominant for zero applied magnetic field or rather small magnetic field values.
In addition, easy-plane hematite features 120◦ domains and domain walls for a
vanishing external magnetic field due to its three-fold symmetry (cf. Sec. 3.1.2),
which leads to a significant reduction of the magnon spin signal due to domain
wall scattering [163]. Moreover, an applied magnetic field enables the required
control of the Néel order direction. In conclusion, a promising approach for an
efficient manipulation of the magnonic spin currents in AFIs are modulator current-
dependent experiments conducted for much smaller magnetic fields compared to
those in the measurements presented in Fig. 6.1 and an enhanced magnon injection
at the modulator electrode.

A first modulator current-dependent measurement has been conducted for µ0H =
200 mT and the same nano-device as discussed above. In Fig. 6.2, the detected
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Fig. 6.2 – Electrically induced magnon spin signal amplitude ∆Rel
det as a function of the

modulator current Idc
mod for a magnetic field strength of µ0H = 0.2 T at a temper-

ature of T = 200 K. The signal dependence can be described by a fit to Eq. (4.40)
(solid line).

magnon spin signal is plotted versus the applied modulator current for the same
current range as investigated in Fig. 6.1 at a temperature of T = 200 K. We find
a constant and nearly vanishing ∆Rel

det for negative applied modulator currents,
while we observe an increased value of ∆Rel

det with increased current magnitude
in the positive regime. This asymmetric behavior indicates the contribution of a
linear dependence in Idc

mod and thus, the increase of the magnon spin signal due
to SHE induced magnons. This is corroborated by a fit of the results to Eq. (4.40).
The magnon conductivity model introduced for ferromagnets reproduces well the
measured data.

However, a better signal-to-noise ratio and a more systematic study are needed
for an elaborate discussion of the results. To improve the magnon spin signal, a
optimized design can be used. On the one hand, the thickness of the modulator
electrode should be reduced to enable higher current densities and thus an enhanced
magnon injection process. On the other hand, the separation between the electrodes
or the modulator strip could be further reduced. However, this poses challenges
on the fabrication process, in particular on the lift-off process. With a reduced
distance, it is more likely that Pt residues remain between two strips, resulting in
an electrical short. With a narrower modulator, higher current densities can be
achieved, however at the expense of its mechanical stability, which is crucial during
the lift-off. A further possibility would be to use a thicker hematite film, since this
also increases the magnon spin signal and the generation of low-energy magnons
as detailed in Sec. 5.2. At the same time, a limiting factor of this approach could
be the reduced spin pumping induced damping with increasing film thickness. As
shown in Sec. 4.1.1, the damping is inversely proportional to the thickness of the
ferromagnetic film (cf. Eq. (4.10)) [97] and, in general, very thin films (≈ 10 nm)
are required to achieve magnetic damping compensation via SHE [181]. Last but
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not least, a study of the modulation efficiency in this low magnetic field regime close
to zero applied magnetic field has to be conducted in future experiments [181].

6.2 Influence of Anisotropy on the Magnon Spin
Transport in YIG
In Sec. 4.3, we observed an asymmetry of the modulator current-dependent magnon
spin signal when the magnetic field was inverted. One possible explanation for this
behavior in YIG with reduced effective magnetization was the influence of magnetic
anisotropy. In contrast to our previous measurements conducted on (001)-oriented
YIG thin films, where such a feature has not been observed, the YIG film with
reduced effective magnetization was grown on a (111)-oriented substrate. For this
reason, we give a preliminary discussion of the effects of magnetic anisotropy in this
Section.

To get insight into this topic, we study the magnon transport via three-terminal
nanostructures in three differently oriented YIG thin films. In an analogous manner
to the measurements in Sec. 4.3, we conducted all-electrical transport measurements
using the ac-readout technique with an injector current amplitude of Iinj = 200 µA.
For all three films, we deposited injector and detector electrodes with a width of
winj = wdet = 500 nm and a length of linj = ldet = 25 µm on top of the magnetic
layer. The center-to-center distance between the injector and detector dc = 1.5 µm is
equal for all three devices. While the modulator features a length of lmod = 39 µm,
its width wmod slightly differs. For the two YIG layers grown on (001)- and (111)-
oriented GGG substrates wmod = 200 nm, while the modulator width is slightly
increased to wmod = 300 nm for the (011) orientation. The modulator width as well
as the thickness of the YIG layer for all three devices are summarized in Tab. 6.1.

In Fig. 6.3, we plot the electrically induced magnon signal amplitude A1ω
det as a

function of the modulator current Idc
mod for a (a) (001)-, (b) (011)- and (c) (111)-

oriented YIG thin film. The signal measured for the magnetic field applied along
the −z-direction (φ = 0◦) is corrected for a background signal not stemming from
the magnonic spin transport with the magnetic field oriented along x̂̂x̂x (φ = 90◦) (cf.
Fig. 4.15(a)). The modulator current dependence is shown for various magnetic
field values µ0H. Note that slightly larger magnetic field values were used for the
(011)- and (111)-orientation accounting for the larger anisotropy fields. In all three
cases, we covered the entire modulator current range, i.e. modulator currents large
enough to locally heat the magnetic layer above the Curie temperature causing
a vanishing magnon transport signal were applied. In Fig. 6.3(a) for the (001)-
oriented YIG film, we find a similar behavior as discussed in detail in Sec. 4.4.
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Fig. 6.3 – Electrically induced magnon signal amplitude A1ω
det as a function of the modulator

current Idc
mod for various magnetic field magnitudes µ0H at T = 280 K. The

measurements were conducted on three-terminal devices attached to a (a) (001)-,
(b) (011)-, and (c) (111)-oriented YIG thin film. The experimental parameters
of all three films are summarized in Tab. 6.1. In all cases, the signal exhibits
a superposition of a linear and quadratic dependence on Idc

mod in the low bias
regime. While (001)- and (011)-oriented sample exhibit a strong increase of
the signal in the critical current, which is attributed to the threshold current,
the (111)-oriented film lacks of this feature. For the highest currents, the signal
vanishes in all panels due to the large local temperature increase, leading to a
transition of the YIG films into their paramagnetic state.
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Similar dependencies are found for the two other orientations in Fig. 6.3(b) and
(c), however some differences are found. In the low bias regime, all three samples
exhibit the expected superposition of a linear and quadratic dependence. For further
increasing modulator current values, the threshold effect can clearly be observed in
Fig. 6.3(a) and (b) as a kink/peak. In contrast, such a feature is missing in panel
(c) and we only observe a continuously increasing magnon spin signal with Idc

mod
before it rapidly decreases and vanishes for largest applied modulator current due
to a Joule heating induced temperature increase above the Curie temperature. This
behavior is also found for the other two devices. An asymmetry of the magnon spin
signal depending on the magnetic field orientation cannot be observed for all three
devices. Interestingly, the magnon spin signal features a twofold increase compared
to the signal amplitude when no current is applied for the (001)- and (011)-oriented
YIG films, while it is increased by a factor of about 4 for the (111)-orientation. For
the YIG films grown on (001)-oriented GGG substrates, previous works [127, 208]
reported a similar enhancement.

Symbol unit (001) (011) (111)

tYIG nm 13.0 14.5 14.3
wmod nm 200 300 200
σPt 106 1/(Ω m) 3.02 2.63 2.91
αG 10−3 0.9 43 1.36 3.5
µ0δH mT 3.0 43 3.5 17
µ0Meff mT 156 43 200 151
Icrit

mod mA 0.53 0.96 2.38
Tab. 6.1 – YIG film dependent parameters for the three different orientations. The critical

current values Icrit
mod have been calculated via Eq. (4.13) utilizing the material

parameters listed in this Table.

For a qualitative analysis, we investigate the critical current Icrit
mod behavior, which

defines the onset of a zero-effective damping state, where the injected magnons
can counteract the magnetization damping resulting in an abrupt increase of the
effective magnon conductivity (cf. Sec. 4.1.1). To this end, we extract Icrit

mod from
the data shown in Fig. 6.3(a) and (b) and plot the values against the magnetic
field magnitude µ0H in Fig. 6.4. In addition to the orientation of the film, we
indicate the crystallographic direction along which the electrodes are oriented,
as the anisotropy fields within the YIG layer might also affect the magnonic spin
transport. While the strips on the (001)-oriented YIG film are directed along the
43This value has been extracted from broadband FMR measurements for a 12.2 nm thin YIG film

grown on a (001)-oriented GGG substrate under the same conditions as the investigated 13 nm
thin YIG film.
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Fig. 6.4 – Extracted critical currents from Fig. 6.3(a) and (b) plotted versus the magnetic
field magnitude µ0H for the (001)- (black dots) and (011)-oriented (blue dots)
film, respectively. Note that in the former case the Pt electrodes are oriented
along the [010]-direction, while they are oriented along [011̄] for the (011) grown
film. The black dots exhibit the expected increasing dependence described by
Eq. (4.13). In contrast, the blue dots show a decreasing behavior with increasing
µ0H.

[010]-direction corresponding to the hard-axis, the strips on the (011)-oriented
YIG layer are deposited parallel to [011̄]. For the former (black dots), we find the
expected increase of the threshold value with increasing magnetic field strength,
which is described via Eq. (4.13). In contrast, for the (011)-oriented YIG film
(blue dots), Icrit

mod decreases with increasing µ0H. Furthermore, the magnitude of
the threshold current for the (011)-orientation is significantly larger than for the
(001)-orientated YIG film over the whole magnetic field range. We can explain this
behavior by taking into account the material parameter of the different YIG films.
From broadband FMR measurements, we extracted the Gilbert damping αG, the
inhomogeneous linewidth δH and the effective magnetization Meff for each film.
Together with the conductivity of the Pt modulator, we utilized the derived critical
current dependence described by Eq. (4.13) to estimate the expected threshold
value. The extracted parameters as well as the calculated Icrit

mod are listed in Tab. 6.1.
Similar to our experimental results, our calculations indicate a larger critical current
for (011) YIG film compared to (001) YIG. Moreover, the calculations reveal that
modulator currents larger than 2 mA have to be reached for the (111)-oriented YIG
film to achieve damping compensation, which is beyond the limit of the Joule heating
induced temperature increase above the Curie temperature. Therfore, the material
parameters of the (111)-oriented YIG thin film suggest that it is unlikely to reach the
threshold effect within our measured modulator current range corroborating our
observation shown in Fig. 6.3(c).

For a more quantitative comparison of the influence of the magnetic anisotropy for
differently oriented YIG films on the magnon transport, the material parameters of
the films have to be adjusted, so that it is possible to achieve damping compensation
in each film. Furthermore, structures with equal device parameters should be com-
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pared. While we here focused on differently oriented YIG films, future experiments
could also explore the magnetic anisotropy contributions within the magnetic layer
by orienting the electrodes along different directions. While we would not expect sig-
nificant differences for structures oriented along different directions on PLD grown
(111)-oriented YIG films due to its nearly isotropic behavior in-plane [278], we
might expect differences for the magnon transport in (001)-oriented film featuring a
small cubic anisotropy when the strips are directed along the easy- ([010]-direction)
or hard-axis ([110]-direction) 44. In particular, we expect the richest effects for
different magnetization orientations for (011)-oriented films [279]. In this regard,
nickel ferrite (NFO) thin films might also be a good candidate. In all-electrical
magnon transport experiments, NFO grown on lattice-matched substrates exhibits
similar properties than YIG thin films [259, 280]. In addition, NFO features larger
anisotropy fields [281], facilitating the investigation of the influence of magnetic
anisotropy on the magnon transport. However, in order to investigate magnon
transport larger magnetic fields have to be applied, leading to a decreased signal.

6.3 NV-Magnetometry Measurements on
Three-Terminal MOI/Pt Nanostructures
In Chapter 4, we intensively studied the magnon transport manipulated via an
applied dc charge current by all-electrical means, however this method does not
allow to capture the dynamic response of the magnetic system. A well-established
technique to measure the magnetization dynamics in a spatially resolved way,
is microfocused Brillouin light scattering (BLS) [282–284]. Besides coherently
excited magnetization dynamics, this method is also able to capture incoherent
processes such as thermal magnons in our case [285]. Such experiments could
shed further light onto the mechanisms below the modulator. For example, it
could be investigated if the effect is restricted to the region below the modulator
electrode or extended to a larger area. As discussed in Sec. 4.4, our magnon
transport measurements suggest the latter. In particular, recent works [197, 198]
provided a comprehensive study of the influence of the applied injector current
magnitude on the magnon transport in two-terminal structures complemented
by BLS measurements. However, in general a high intensity is only achieved in
transparent samples. In opaque samples, as in our case, the scattering efficiency is
strongly reduced.

To this end, we put forward another possibility in this Section to investigate
the magnetization dynamics in our devices. In recent years, nitrogen-vacancy
44For all our measurements presented in Ch. 4 the strips were oriented along the hard-axis.

174



(NV) defects in diamond have emerged as a powerful tool ranging from nanoscale
electric and magnetic field sensing [286–291], to single-photon microscopy [292,
293] and quantum information processing [294]. Here, we exploit the electron
spins associated with NV defects as a scanning probe magnetometer enabling a
spatial mapping of magnetic stray fields with a sub 50 nm spatial resolution [286,
290, 295, 296]. NV magnetometry does not rely on a transparent sample and, in
contrast to BLS, can be operated over a wide temperature range from cryogenic
to above room temperature. Furthermore, they offer the ability to capture a large
frequency range from DC to GHz and can be read out at the single-spin level using
table-top photoluminescence microscopy. Recently, scanning NV magnetometry
has been utilized to capture the magnetic stray fields of magnetic vortices and
domain walls in ferromagnets [297–300] and antiferromagnets [301–305] as well
as in several other systems such as multiferroics [306, 307], skyrmions [308–311],
superconducting vortices [312–314], and two-dimensional ferromagnetism [315–
317]. Most interestingly, in regards to our devices is the imaging of spin waves
underneath metal electrodes [318]. This study revealed a 100-fold metal-induced
increase in spin-wave damping, which was explained by a model that introduces spin-
wave-induced currents into the Landau-Lifshitz-Gilbert (LLG) equation. However,
this approach requires resonance between the NV electron spin resonance and the
spin waves [318]. Another approach by Du et al. [319] demonstrated that it is
possible to measure the spin chemical potential of spin waves in a 20 nm thin YIG
film by detecting thermal spin fluctuations. In addition, they have shown that driving
the FMR provides an efficient method for increasing the spin chemical potential. Due
to the ability to measure the temperature in-situ [320], NV magnetometry could also
be used to provide further insight into the temperature profile below the modulator
electrode and verify our thermometry measurements.

In first preliminary measurements, we verify that our PLD grown thin film samples
provide a large enough signal allowing for an investigation via NV magnetometry.
In Fig. 6.5, we present first images of the stray field above a tm = 13.8 nm thin YIG
film (Fig. 6.5(a)) and a tm = 42.3 nm thin hematite film (Fig. 6.5(b)) obtained by
scanning NV magnetometry. Note that in both cases, the measurements have been
conducted on an unstructured area of the respective film without employing our
three- and two-terminal nanostructures. In this case, the NV center corresponding
to a point defect in diamond with the electronic ground-state spin S = 1 can
be initialized and read out via an optical excitation at 532 nm. The electron spin
resonance is driven with a microwave field provided by a gold bonding wire to
the NV center enabling its manipulation. In addition, a small magnetic field of
only a few mT is applied along the NV axis (the axis that aligns with the nitrogen
atom and the vacancy) utilizing a permanent magnet, which allows for a sign-
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(a) (b)

Fig. 6.5 – Magnetic stray field image of (a) a tm = 13.8 nm thin Y3Fe5O12 and (b)
tm = 42.3 nm thin α-Fe2O3 film grown via PLD. (a) The stray field was mea-
sured on a structured YIG film grown on (001)-oriented GGG substrates next to a
three-terminal nanostructure (not connected). (b) The NV-magnetometry mea-
surements were performed on a bare hematite film grown on a (0001)-oriented
Al2O3 substrate.

sensitive measurement of the stray magnetic fields. In order to allow for a scanning
of the sample, latter was mounted on fine positioning units. For the ferro(ferri-)
magnet YIG as well as for the antiferromagnet α-Fe2O3 , the image clearly shows
interesting details. While the YIG sample in Fig. 6.5(a) features signals of about
300 µT (peak-to-peak), the hematite film exhibits a slightly smaller signal magnitude
of about 200 µT. For the latter case of hematite, slightly different results have
been found in Ref. [321], where the authors investigate a 10 nm thin α-Fe2O3 film
grown on an Al2O3 substrate capped by a 5 nm thick Pt layer and a 2 nm layer of
amorphous carbon. In this work, a spectrum demodulation technique relying on
a periodic excitation of the electron spin resonance by fast, wide-band frequency
sweeps combined with a phase-locked detection of the photo-luminescence signal is
introduced to reduce the data acquisition time in scanning NV magnetometry. Room
temperature measurements find a signal of ∼ 500 µT and an average domain size
on the order of 1 µm. This is expected for hematite featuring an easy-plane phase,
where the two coupled magnetic sublattices are slightly canted in the plane [322].
In our film, we observe features with a smaller distance. This might be related to the
absence of a capping in our case. However, a more in-depth investigation is needed
to discuss the origin of the observed features in our PLD grown samples.

Our preliminary measurements and the recent progress in the field of NV magne-
tometry demonstrate that it is a well suited tool to image the spins and currents in our
YIG as well as α-Fe2O3 nanoscale devices, which may enable a better understanding
of the underlying mechanisms.

176



List of Publications

• T. Wimmer, J. Gückelhorn, M. Opel, S. Geprägs, R. Gross, H. Huebl, and
M. Althammer, Analysis of Critical Behavior and Electrical Annealing of Spin
Current-Controlled Magnon Transistor Devices, In preparation (2023).

• M. Scheufele, J. Gückelhorn, M. Opel, A. Kamra, H. Huebl, R. Gross, S. Geprägs,
and M. Althammer, Impact of magnetic anisotropy on the magnon Hanle effect
in α-Fe2O3, arXiv:2306.00375 (2023).

• J. Gückelhorn, S. de-la-Peña, M. Grammer, M. Scheufele, M. Opel, S. Geprägs,
J. C. Cuevas, R. Gross, H. Huebl, A. Kamra, and M. Althammer, Observation of
the Nonreciprocal Magnon Hanle Effect, Physical Review Letters 130, 216703
(2023).

• M. Müller, M. Scheufele, J. Gückelhorn, L. Flacke, M. Weiler, H. Huebl,
S. Geprägs, R. Gross, and M. Althammer, Reduced effective magnetization
and damping by slowly-relaxing impurities in strained γ-Fe2O3 thin films,
Journal of Applied Physics 132, 233905 (2022).

• J. Gückelhorn, A. Kamra, T. Wimmer, M. Opel, S. Geprägs, R. Gross, H. Huebl,
and M. Althammer, Influence of low-energy magnons on magnon Hanle experi-
ments in easy-plane antiferromagnets, Physical Review B 105, 094440 (2022).

• J. Gückelhorn, T. Wimmer, M. Müller, S. Geprägs, H. Huebl, R. Gross, and
M. Althammer, Magnon transport in Y3Fe5O12/Pt nanostructures with reduced
effective magnetization, Physical Review B 104, L180410 (2021).

• T. Wimmer, J. Gückelhorn, S. Wimmer, S. Mankovsky, H. Ebert, M. Opel,
S. Geprägs, R. Gross, H. Huebl, and M. Althammer, Low-temperature suppres-
sion of the spin Nernst angle in Pt, Physical Review B 104, L140404 (2021).

• T. Wimmer, A. Kamra, J. Gückelhorn, M. Opel, S. Geprägs, R. Gross, H. Huebl,
and M. Althammer, Observation of Antiferromagnetic Magnon Pseudospin Dy-
namics and the Hanle Effect, Physical Review Letters 125, 247204 (2020).

• J. Gückelhorn, T. Wimmer, S. Geprägs, H. Huebl, R. Gross, and M. Althammer,
Quantitative comparison of magnon transport experiments in three-terminal
YIG/Pt nanostructures acquired via dc and ac detection techniques, Applied
Physics Letters 117, 182401 (2020).

177

https://doi.org/10.48550/arXiv.2306.00375
https://link.aps.org/doi/10.1103/PhysRevLett.130.216703
https://link.aps.org/doi/10.1103/PhysRevLett.130.216703
https://doi.org/10.1063/5.0128596
https://link.aps.org/doi/10.1103/PhysRevB.105.094440
https://link.aps.org/doi/10.1103/PhysRevB.104.L180410
https://link.aps.org/doi/10.1103/PhysRevB.104.L140404
https://link.aps.org/doi/10.1103/PhysRevLett.125.247204
https://doi.org/10.1063/5.0023307
https://doi.org/10.1063/5.0023307


• M. Kremser, M. Brotons-Gisbert, J. Knörzer, J. Gückelhorn, M. Meyer, M. Bar-
bone, A. V. Stier, B. D. Gerardot, K. Müller, and J. J. Finley, Discrete interactions
between a few interlayer excitons trapped at a MoSe2–WSe2 heterointerface, npj
2D Materials and Applications 4 (2020).

178

https://doi.org/10.1038%2Fs41699-020-0141-3
https://doi.org/10.1038%2Fs41699-020-0141-3


Bibliography

[1] N. Kim, T. Austin, D. Baauw, T. Mudge, K. Flautner, J. Hu, M. Irwin, M. Kan-
demir, and V. Narayanan, Leakage current: Moore’s law meets static power,
Computer 36, 68 (2003).

[2] S. Gariglio, Electric control of a spin current has potential for low-power com-
puting, Nature 580, 458 (2020).

[3] M. M. Waldrop, The chips are down for moore’s law, Nature 530, 144 (2016).

[4] X. Lin, W. Yang, K. L. Wang, and W. Zhao, Two-dimensional spintronics for
low-power electronics, Nature Electronics 2, 274 (2019).

[5] W. Liu, P. K. J. Wong, and Y. Xu, Hybrid spintronic materials: Growth, structure
and properties, Progress in Materials Science 99, 27 (2019).

[6] V. K. Joshi, Spintronics: A contemporary review of emerging electronics devices,
Engineering Science and Technology, an International Journal 19, 1503
(2016).

[7] J. Puebla, J. Kim, K. Kondou, and Y. Otani, Spintronic devices for energy-
efficient data storage and energy harvesting, Communications Materials 1, 24
(2020).

[8] D. Hisamoto, W.-C. Lee, J. Kedzierski, H. Takeuchi, K. Asano, C. Kuo, E. Ander-
son, T.-J. King, J. Bokor, and C. Hu, FinFET-a self-aligned double-gate MOSFET
scalable to 20 nm, IEEE Transactions on Electron Devices 47, 2320 (2000).

[9] M. Bohr, The new era of scaling in an SoC world, 2009 IEEE International Solid-
State Circuits Conference - Digest of Technical Papers, 23-28, San Francisco,
USA (2009).

[10] S. Lin, Y.-B. Kim, and F. Lombardi, A novel CNTFET-based ternary logic gate
design, 2009 52nd IEEE International Midwest Symposium on Circuits and
Systems, 435-438, Cancun, Mexico (2009).

[11] J. Zhang, S. Bobba, N. Patil, A. Lin, H.-S. P. Wong, G. De Micheli, and S. Mi-
tra, Carbon Nanotube Correlation: Promising Opportunity for CNFET Circuit
Yield Enhancement, Proceedings of the 47th Design Automation Conference,
889–892, Anaheim, California (2010).

179

http://dx.doi.org/10.1109/MC.2003.1250885
http://dx.doi.org/10.1038/d41586-020-01099-w
http://dx.doi.org/10.1038/530144a
http://dx.doi.org/10.1038/s41928-019-0273-7
http://dx.doi.org/https://doi.org/10.1016/j.pmatsci.2018.08.001
http://dx.doi.org/https://doi.org/10.1016/j.jestch.2016.05.002
http://dx.doi.org/https://doi.org/10.1016/j.jestch.2016.05.002
http://dx.doi.org/10.1038/s43246-020-0022-5
http://dx.doi.org/10.1038/s43246-020-0022-5
http://dx.doi.org/10.1109/16.887014
https://doi.org/10.1109/ISSCC.2009.4977293
https://doi.org/10.1109/ISSCC.2009.4977293
https://doi.org/10.1109/ISSCC.2009.4977293
https://doi.org/10.1109/MWSCAS.2009.5236063
https://doi.org/10.1109/MWSCAS.2009.5236063
https://doi.org/10.1145/1837274.1837497
https://doi.org/10.1145/1837274.1837497


[12] A. Lungu, P. Bose, A. Buyuktosunoglu, and D. J. Sorin, Dynamic Power Gating
with Quality Guarantees, Proceedings of the 2009 ACM/IEEE International
Symposium on Low Power Electronics and Design, 377–382, San Fancisco,
USA (2009).

[13] S. M. Yakout, Spintronics: future technology for new data storage and commu-
nication devices, Journal of superconductivity and novel magnetism 33, 2557
(2020).

[14] C. Chun-yen, The highlights in the nano world, Proceedings of the IEEE 91,
1756 (2003).

[15] B. Dieny, I. L. Prejbeanu, K. Garello, P. Gambardella, P. Freitas, R. Lehn-
dorff, W. Raberg, U. Ebels, S. O. Demokritov, J. Akerman, A. Deac, P. Pirro,
C. Adelmann, A. Anane, A. V. Chumak, A. Hirohata, S. Mangin, S. O. Valen-
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