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Abstract

Organic semiconductors have recently been found to have a comparably large spin
diffusion time and length. This makes them ideal candidates for spintronic devices.
However, spin injection, transport and detection properties in organic materials have
yet to be fully understood. This work studies spin injection from ferromagnets into
organic semiconductors via spin pumping. Furthermore, work towards thermal spin
injection, and detection is presented and discussed.

The first part of this thesis comprises the spin pumping experiments. Measuring
linewidth broadening of the microwave absorption at ferromagnetic resonance due to
increase in effective Gilbert damping by spin pumping from a ferromagnetic substrate
into an adjacent non-magnetic semiconductor allows us to quantify the spin-mixing
conductance. This technique is employed to demonstrate spin injection from a ferro-
magnetic metal, permalloy (Ni81Fe19), into organic small molecules and conjugated
polymers as well as to quantify the spin injection efficiency. The results highlight
the importance of structural properties of organic semiconductors at the interface to
permalloy. Significant suppression of spin injection due to alkyl side-chains separating
the core of the small molecules from the interface is exemplary for this finding. Fur-
thermore, the spin-mixing conductance depends very sensitively on the charge carrier
density within a certain range of doping level. This suggests a strong link between
spin injection efficiency and spin concentration in the organic semiconductor at the
interface to permalloy.

The second part of the thesis aims to explore spin caloritronic effects. We study
spin injection into organic semiconductors by probing the spin Seebeck effect by making
use of the inverse spin Hall effect for spin-to-charge conversion. Moreover, we present
experimental work towards observation of a novel effect, the inverse spin Nernst effect,
for thermal spin detection.
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Chapter 1

Introduction

Information and communication technology (ICT) is a rapidly progressing and expand-
ing field today. Its challenges and potential have attracted considerable attention over
the last few years, especially in R&D. As a result, over 20% of researchers were working
in the ICT sector in the European Union in 2015 [1]. Currently, most technology is
based on a binary system, where either the electronic state of a semiconductor device
or the relative orientation of ferromagnets (FM) represent the ”on” and ”off” state.
Hard disk drives and magnetic random access memories are prominent examples of
applications we use in our everyday life, which are based on this working principle.
However, the development of charge-based devices is fast approaching its limits accord-
ing to the Moore’s law-driven International Technology Roadmap for Semiconductors [2].
Spintronics is among the most frequently mentioned promising alternatives. The rapidly
developing field is bringing together relativistic quantum physics, materials science
and nanoelectronics. Its paradigm changing nature lies in encoding information in all
three fundamental properties of electrons, mass, charge and spin. Adding spin to the
game is much more than merely completing the triangle. In contrast to the scalar
quantities, mass and charge, spin is a vector. The directionality brings in unique and
novel phenomena and functionalities, which are intrinsically non-volatile and robust
against charge perturbations.

Research in spintronics has predominantly focused on metals and inorganic semicon-
ductors, where charge transport is well described by band-transport theory. In the past
few years, there has been a growing interest in investigating spin properties in organic
materials. From a fundamental point of view, the attraction lies in understanding the
underlying mechanisms and coupling between charge and spin, as charge transport
is mediated by inherently different mechanisms. Due to disorder and thermal inter-
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and intramolecular vibrations, the picture of Bloch-waves travelling through a periodic
crystal does not apply for organic semiconductors (OSCs). Hence, conventional band-
transport theory breaks down and is replaced with the concept of hopping transport,
where localised charge carriers move in molecular orbitals.

Charge transport properties have been studied extensively and have lead to OSC-
based applications in many technological sectors including field-effect transistors [3],
organic light emitting diodes [4], photovoltaics [5] and thermoelectrics [6]. The bene-
fits of OSCs over their inorganic counterparts include flexibility, large-area solution-
processability and the vast parameter space for tuning properties by molecular design.

Fig. 1.1 Map of spin-diffusion length (ls)
and spin-diffusion time (τs) of different
materials used in spintronics. Organic
materials are shown in blue (reproduced
from [7]).

Owing to the composition of light chemical
elements of OSCs, spin relaxation is expected
to be rather inefficient due to small spin-orbit
coupling. This implies a long spin lifetime and
diffusion length, which is very attractive for
spintronic devices. A map of spin-diffusion
length ls versus spin-diffusion time τs of var-
ious materials is shown in figure 1.1. The
OSCs included in this graph (blue circles) in-
deed show a comparably long spin-diffusion
time. However, the spin-diffusion length is sig-
nificantly shorter than in common inorganic
semiconductors such as Silicon (Si) and Gal-
lium Arsenide (GaAs, shown in red). This
suggests that the spin diffusion length might
be limited by the low mobility of charge car-
riers in organic materials.

The first experiments probing spin properties in organics include the observation of
organic magnetoresistance [8] and reports of spin transport in OSCs in spin-valve
structures [9, 10]. However, recent findings suggest, that the interpretation of the latter
experimental results is not straightforward [11]. In a conventional spin-valve structure,
the OSC is sandwiched between two ferromagnetic contacts and the spin-signal is
given by the change in resistance across the FM/OSC/FM junction depending on the
relative orientation of the ferromagnetic electrodes. A commonly used FM in organic
spin-valves is La0.7Sr0.3MnO3 (LSMO). However, the complex magnetic anisotropy
of LSMO gives rise to the so-called tunnelling anisotropic magnetoresistance. This
effect manifests itself in magnetic switching characteristics, which are analogous to
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the signal measured in LSMO/OSC/FM spin-valves, in comparable device structures
with only one LSMO electrode and a normal metal contact. Therefore, careful control
measurements are necessary for observing a true spin-valve signal.
Moreover, spin injection and transport in OSCs have been studied in trilayer archi-
tectures [12]. In these experiments, a pure spin-current was injected in a conjugated
polymer from a ferromagnet by spin pumping and detected in a heavy metal layer via
the inverse spin Hall effect.
Recent developments in ICT have brought awareness to the crucial importance of
interfacial properties for nano-scale devices. Owing to the unique tunability of organic
materials, studying spin effects at the interface brings forth great potential [7, 13]. A
powerful example of these spinterface effects is a recent report of magnetism induced
in intrinsically non-magnetic materials by molecular coupling [14].

Spin 
pumping

Optical

Electrical Thermal

Fig. 1.2 Overview of different techniques for spin injection into OSCs. The insets show
schematics of the sample structures for electrical, optical and thermal spin injection
and spin pumping.

This work is part of an ERC Synergy project on organic spintronics bringing
together device physicists at the University of Cambridge and Hitachi Cambridge
Laboratory from the groups of Prof Henning Sirringhaus and Dr Joerg Wunderlich,
theoreticians at the Johannes Gutenberg Universität Mainz, Germany, from the group
of Prof Jairo Sinova and materials chemists at Imperial College London from the group
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of Prof Iain McCulloch. The aim is to approach the open questions on spin injection,
transport and detection in OSCs in a broad and interdisciplinary manner.

In order to get a deeper and more general insight into spin injection in OSCs, the
project explores four different mechanisms, electrical, optical and thermal spin injection
and spin pumping. An overview of the mechanisms including schematics of the device
structures is shown in figure 1.2.

Dr Deepak Venkateshvaran has studied electrical spin injection in various spin-valve
structures and material systems [15]. The experimental results imply that current
spreading effects are dominant. Furthermore, the measurements are limited by 1/f -
noise from the OSC, making it challenging to detect a spin signal in conventionally
used architectures. Based on these results, we have shifted our focus on methods of
spin injection, which are not as heavily impeded by the large conductivity mismatch.
Dr Riccardo Di Pietro is investigating optical spin injection from GaAs into an n-type
polymer. For this, the spins are oriented in GaAs with circularly polarised light,
accelerated into the OSCs by applying a bias voltage and measured in a heavy metal
layer using an anomalous Hall effect like detection.
Following on from the initial work on spin pumping in trilayer architectures lead by
Dr Shun Watanabe [12], Shu-Jen Wang and Dr D. Venkateshvaran have studied spin
pumping from a ferromagnetic metal into different polymers and inverse spin Hall
detection in a heavy metal stripe in a lateral structure. In addition to the benefit from
well-controlled interfaces, the lateral design is also less prone to artefacts from pinholes
or thermal effects for example. The extracted spin diffusion length for a conjugated
polymer (P3HT) exceeds 1 µm [15], bringing us closer to the top right corner of the
map in figure 1.1. Furthermore, they observed a strong dependence of the spin signal
on the doping level of the polymer, implying a strong link between charge transport
and spin properties.

So far, spin detection in organic devices has always relied on a secondary effect
or even a separate inorganic detection layer introducing another interface. The aim
of the first part of this project is to go back to the most basic and simple bilayer
structure and directly measure the spin injection efficiency from a ferromagnetic metal
into OSCs. For this, we extract the linewidth broadening of the microwave absorption
due to spin pumping at ferromagnetic resonance. We demonstrate that this effect is a
direct manifestation of spin injection under well-controlled circumstances and allows to
extract the spin-mixing conductance. This technique allows us to study the material,
structure and charge density dependence of spin injection directly.
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The second part of this work aims to explore spin caloritronics in OSCs. The
generality of the concept of spin-mixing conductance implies the equivalence of spin
injection by spin pumping and by the spin Seebeck effect (thermal spin injection) [16].
As a consequence, successful spin pumping experiments suggest that thermal spin
injection might be efficient in OSCs as well. Therefore, we built a measurement setup
for spin Seebeck effect experiments and investigated thermal spin injection in device
structures similar to the trilayer spin pumping architecture.

The inverse spin Hall effect is the most commonly employed mechanism for spin
detection via spin-to-charge conversion [17]. However, the spin Hall angle, which
is a measure of the efficiency of spin-to-charge interconversion, has recently been
determined to be very small in OSCs due to the small spin-orbit coupling [18]. As a
result, inverse spin Hall effect measurements in organics are very challenging. Based on
the exceptional thermoelectric properties of OSCs, we were inspired to explore thermal
spin detection. Dr Joerg Wunderlich proposed the idea of accelerating an out-of-plane
spin accumulation with a thermal gradient. Spin-dependent scattering then results in a
transverse electrical voltage, which allows detecting the spin accumulation. The inverse
effect, the spin Nernst effect, which describes the generation of a spin accumulation
due to a thermal gradient, has recently been experimentally observed [19]. This has
encouraged our experimental endeavours towards observation of the inverse spin Nernst
effect, which are presented in the final part of this work.





Chapter 2

Theoretical Background

In this chapter, we shall visit the fundamental concepts underlying the work of this
thesis. The first section serves as an introduction to organic semiconductors. In organic
materials, charge transport does not follow the same mechanisms as for conventional
inorganic materials. This also implies exciting and novel properties of spin currents
in organic semiconductors, which had not yet been studied thoroughly. After a brief
introduction to spin angular momentum and spin currents, we shall present the mecha-
nisms of spin injection, relaxation and detection used in this work with a focus on spin
pumping at ferromagnetic resonance.

2.1 Organic semiconductors

Organic semiconductors (OSCs) are subclassified into two categories, small molecules
and polymers. They are constructed from organic, carbon-based materials, and hence
consist mainly of carbon, hydrogen and optionally of heteroatoms, such as oxygen,
nitrogen and sulfur.

The first step towards understanding electronic properties of the OSCs is to examine
carbon-carbon bonds. For this, let us consider the most fundamental molecule, Ethene,
which consists of two carbon atoms connected with a double bond. Neutral atomic
carbon has four valence electrons in a 2s2 2p2 configuration [20]. When forming a
double bond, however, it is energetically favourable to form three sp2 hybridised orbitals
in-plane and only one remaining pz orbital out-of-plane (see illustration in figure 2.1a).
The sp2 orbitals form a strongly directional and highly localised σ-bond, which ensures
stability in carbon chains, sheets and branched structures. The anti-bonding orbital
σ∗ lies at much higher energy and is therefore not occupied in the ground state.
The edge overlap of the pz orbitals forms delocalised bonding π and anti-bonding π∗
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(a)
(b)

Fig. 2.1 (a) Illustration of molecular orbitals of two carbon atoms with three sp2 orbitals
and one pz orbital each (left) and the bonding orbitals for a carbon-carbon double
bond (right) in Ethene (reproduced from [20]). (b) Energy levels of bonding orbitals.

orbitals. The difference in energy between π and π∗ is smaller compared to σ/σ∗; it
is however again energetically favourable to only occupy the bonding π orbital. The
energy gap Eg between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is akin to the band-gap in conventional inorganic
semiconductors.
When we extend the length of the carbon chain, the π/π∗ orbitals planarize the molecule
and allow delocalisation over many carbon atoms. This process is known as conjugation.
In OSCs, charge transport occurs through these delocalised π-orbitals, which are
approximated by Hückel theory [21]. When the conjugation length is increased, the
ensemble of hybrid states is broadened into quasi-continuous bands, and the energy
gap Eg decreases. Peierls instability, however, ensures a finite gap even in infinitely
long chains due to fundamental electronic instability in low dimensional systems.
When the pz orbitals of neighbouring molecules overlap, the delocalisation can expand
into several layers of molecules. This so-called π − π stacking highlights the importance
of structural properties of OSCs for charge transport.

2.1.1 Charge transport in small molecules

In the solid phase, organic small molecules arrange in a periodic crystal structure.
Hence, following the theory developed for inorganic semiconductors, induced charges
can be viewed as Bloch waves suggesting band-like charge transport. However, in
contrast to inorganic semiconductors, the organic crystals are not static but fluctuate
on the same timescale as carrier motion.
The model of Fratini et al. includes the modulation of states due to thermal motion of
the molecules [22]. The interaction between the molecules is mediated by weak Van der
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Waals forces, allowing large intermolecular vibrations. Assuming a narrow, band-like
intermolecular π-orbital, these distortions in the lattice act as a source of dynamic
disorder. As a consequence, the electronic wavefunction is no longer given by a periodic
Bloch-state, but rather by localised states that are fluctuating on the timescale of the
intermolecular vibrations in the THz range. Hence, due to the intrinsically low mobility
in OSCs, the basic assumptions underlying band transport theory break down, and we
cannot describe this phenomenon using semi-classical Boltzmann theory.
The alternative transport mechanism mentioned above is known as transient localisation
and has been shown to agree well with experimental results in optical spectroscopy,
field-effect transistor and Hall effect measurements [23, 24, 25, 26].

2.1.2 Charge transport in polymers

Polymers exhibit varying degrees of crystallinity, ranging from amorphous to semi-
crystalline. As a consequence, the picture of band-like charge transport completely
breaks down.
The delocalisation of the charges in the π-orbitals is limited due to spatial disorder,
defects and impurities in the organic materials and lattice vibrations forming traps,
which confine and localise the charge carriers. The localisation of charges due to static
disorder and presence of strong electron-phonon interaction promotes formation of
polarons, quasi-particles that mediate charge transport in OSCs [27]. The charge
carriers travel through the material via hopping from one localised site to another
site. This hopping transport is thermally activated, implying an increase in mobility
with increasing temperature. This is in contrast to transport in conventional inorganic
semiconductors, where charge transport in the band is impeded by phonons, and
therefore the mobility decreases with increasing temperature.
There are several approaches to describe the thermally activated mechanism of charge
transport in OSCs including the Variable Range Hopping (VRH) model by Vissenberg
and Matters [28] and an adaptation of the VRH model for two dimensional charge
transport in field-effect transistors by Brondijk et al. [29]. Furthermore, the model by
Fornari et al. [30] describes the importance of structural disorder and electron-phonon
coupling for mobility of conjugated polymers.
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2.2 Introduction to spin angular momentum

Spintronics is a broad field in solid state physics exploring the properties of the spin
degrees of freedom in condensed matter. It ranges from manipulation and control
of single localised spin to studying spin transport and spin dynamics in macroscale
systems [31]. The theoretical concepts of the latter shall be introduced in the following.

2.2.1 Spin

Spin is an intrinsic angular momentum, which is a purely quantum mechanical prop-
erty [32, 33]. It is described by a Hermitian operator Ŝ = (Ŝx, Ŝy, Ŝz). The components
satisfy the angular momentum commutation relations:

[Ŝi, Ŝj] = i~ϵijkŜk. (2.1)

In the case of spin-1/2 particles, such as electrons, the spin operators are given by the
Pauli matrices, Ŝ = ~/2σ, which form the fundamental representation of the special
unitary group SU(2). Analogously to orbital angular momentum, the eigenvalues of Ŝz

for a spin-s particle are given by ms = −~s, −~(s + 1), ..., ~(s − 1), ~s, where s has to
be either an integer or half-integer.

2.2.2 The concept of spin-current

A conventional charge current describes the flow of charge by charge carriers such as
electrons or holes. Analogously, a spin-current can be defined as a flow of angular
momentum. Similarly to charge current, which is defined in terms of the charge
conservation law, the spin-current density tensor ¯̄js can be introduced in the context of
spin angular momentum conservation. We note that ¯̄js is not a vector but a second-rank
tensor as the spin current has two orientations, the spatial flowing orientation and
the spin orientation. In general, spin angular momentum is not conserved due to spin
relaxation. Hence, denoting the local magnetisation with M, the modified continuity
equation reads

dM
dt

= −div¯̄js + T. (2.2)

The additional term T represents the change in angular momentum due to spin relax-
ation or spin generation.
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(a) (b) (c)

(d)

Fig. 2.2 Illustration of (a) a charge current, (b) a pure spin current and (c) a spin-
polarised current. Charge carriers are marked by coloured spheres. The direction of
the spin is indicated by the coloured arrows. The black arrows show the propagation
direction of the charge carriers. (d) Shows an illustration of low-energy magnon
spin-wave excitations from the spin-polarised ground state (taken from [34]).

In order to get an intuitive understanding of spin currents, let us first consider a
simplified two-channel model system in which conduction electrons are charge carriers,
and there is no spin relaxation. Let Jc and Js denote charge and spin-current respectively
and J↑ (J↓) particle-current of spin-up (spin-down) electrons. Then, a charge current
can be written as a sum of spin-up and spin-down electron currents

Jc = −e(J↑ + J↓), (2.3)

where −e denotes the elementary charge of an electron. An illustration of this charge
current in the spin-dependent two-channel model is shown in figure 2.2a. The spin
magnetic moment of electrons is given by ±~/2. Similarly, a pure spin-current, a flow
of spin-angular momentum without net charge current is therefore given by

Js = −~
2(J↑ − J↓), (2.4)
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which is illustrated in figure 2.2b. In the case of a spin-polarised current (figure 2.2c)
the majority of electrons are spin-polarised such that the charge current is accompanied
by a spin-current.

Moreover, a spin-current does not necessarily need to be coupled to charge carriers,
but can also be carried by spin-waves, known as magnons. This is most important for
spin transport in ferromagnetic insulators, where no intrinsic charge carriers are present.
Spin waves are most straightforwardly described in the one-dimensional Heisenberg
model. The Hamiltonian of exchange interaction in a spin chain with N spins can be
written

H = −J
∑
m

Ŝm · Ŝm+1, (2.5)

where we require the exchange coefficient J > 0 and Ŝm denotes the quantum mechanical
spin operator at lattice site m [34]. Thus, it is energetically favourable for neighbouring
spins to be aligned in the same direction. The ground state of this system is highly
degenerate due to a global rotation symmetry. One ground state is given by a chain
of spins which are all aligned in the z-direction for example. Formally, this can be
written as ⊗m |Sm⟩ with Ŝz

m |Sm⟩ = S |Sm⟩. The Goldstone theorem predicts a gapless
excitation from the ground state due to the global symmetry. In fact, these spin-wave
excitations from the spin polarised ground state are magnons. In a semi-classical
picture, where S >> 1, the spin fluctuations are negligibly small, and the rotation
of the spins around their ground state position becomes similar to the rotation of a
classical magnetic moment. An illustration of these spin-waves is shown in figure 2.2d.
Making use of this approximation and the Holstein-Primakoff transformation, the
Hamiltonian can be rewritten as

H = −JNS2 +
B.Z.∑

k

ωka†
kak + O(S0). (2.6)

The dispersion relation is given by ωk = 2JS(1 − cos ka), where a denotes the lattice
constant. It is of course considerably more complicated in real ferromagnetic systems.
However, the basic semi-classical idea of precessing magnetic moments still holds and
gives an intuitive understanding of magnons.
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2.3 Magnetisation dynamics and spin injection

2.3.1 Landau-Lifshitz-Gilbert equation and ferromagnetic res-
onance

As seen in the previous section, the exchange interaction between spins can be de-
scribed with Heisenberg’s Hamiltonian shown in equation 2.6. This expression can be
generalised to three-dimensional lattices by allowing summation over all combinations
of nearest neighbouring spins. The energy is minimised when the spins align parallel.
When the reduction in energy due to alignment is larger than the thermal fluctuations,
a ferromagnetic state can appear, where the matter exhibits finite magnetisation even
in the absence of an external magnetic field. The alignment of the magnetisation M to
the external magnetic field H due to Zeeman interaction can be described with the
Hamiltonian

H = −M · Heff , (2.7)

where Heff denotes the effective magnetic field and M satisfies the commutation relation
of angular momentum mentioned in equation 2.1. The dynamics of the magnetisation M
are given by the Heisenberg equation of motion. Using the commutation relations, we
obtain the Landau-Lifshitz (LL) equation

dM
dt

= −γM × Heff , (2.8)

where γ denotes the gyromagnetic ratio [35]. This describes the dynamics of an isolated
spin undergoing constant precession around the effective magnetic field. Figure 2.3a
shows an illustration of the precessional motion of M. Due to interaction of the spin
with the environment, however, the spin can relax towards the precession axis Heff

minimising the energy of the system. This relaxation is taken into consideration by
adding the Gilbert damping term to the aforementioned LL equation [36]. The equation
of motion is finally given by the Landau-Lifshitz-Gilbert (LLG) equation

dM
dt

= −γM × Heff + α

Ms

M × dM
dt

, (2.9)

where α denotes the Gilbert damping parameter and Ms the saturation magnetisation.
Figure 2.3b shows an illustration of the interplay of the different components giving
rise to a damped precessing system. The relaxation mechanism and the origin of the
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phenomenological Gilbert damping parameter α shall be discussed in the following
section 2.3.2.

(a) (b) 

Fig. 2.3 (a) Illustration of precession of magnetisation around the effective magnetic
field according to the LL equation. (b) Precessional motion including relaxation due
to the Gilbert damping term following the LLG equation (illustrations reproduced
from [37]).

This coherent precession of magnetisation in a ferromagnetic film can be driven
with an external AC magnetic field at microwave frequency. The resonance condition
for this ferromagnetic resonance (FMR) is given by the Kittel formula

ω

γ
=
√

HF MR(HF MR + 4πMeff ), (2.10)

where ω denotes the frequency of the microwave magnetic field, HF MR is the external
DC magnetic field at resonance and Meff is the effective magnetisation [38]. When the
external magnetic field is at an out-of-plane angle of θH , the equation generalises to

ω

γ
= (HF MRcos(θM −θH)−4πMscos2θM)(HF MRcos(θM −θH)−4πMscos2θM), (2.11)

where θM denotes the angle of the magnetisation, which can differ from the external
magnetic field due to magnetic anisotropy.

The lineshape of the microwave absorption as a function of magnetic field H

at a fixed frequency is given by a linear combination of a symmetric (S) and anti-
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symmetric (A) Lorentzian [39]:

L = S
∆H2

(H − HF MR)2 + ∆H2 + A
−2∆H(H − HF MR)

(H − HF MR)2 + ∆H2 . (2.12)

The FMR linewidth ∆H (full width at half maximum) can be expressed in terms of
the Gilbert damping parameter as [40, 41]

∆H = ∆Hih + ω

γ
α. (2.13)

The frequency independent term ∆Hih is commonly called inhomogeneous broadening
and can be related to the variation in the magnitude of the anisotropy throughout the
film. In this work we shall presume that ∆Hih depends only on the FM film and is not
significantly altered by deposition of any NM on the FM.
In FM/NM bilayers, the Gilbert damping constant can be decomposed into two
components α = α0 + ∆α, where α0 denotes the intrinsic damping of the FM and ∆α

the additional damping due to spin pumping. The intrinsic damping α0 has been
shown to depend as 1/t2

F M on the thickness of the ferromagnetic layer tF M due to
momentum-nonconserving two-magnon scattering at the interface [41]. In contrast,
the additional damping due to spin pumping ∆α is inversely proportional to the
thickness tF M . This 1/tF M dependence has also been shown experimentally [42, 43,
44]. It is not an intrinsic property but rather due to the fact that a reduced total
magnetisation is more sensitive to a given spin-current loss at the interface.

2.3.2 Magnetisation relaxation mechanisms

There are several relaxation mechanisms, which contribute to Gilbert damping. They
can be subdivided into intrinsic, material system dependent effects and extrinsic effects,
such as sample structure and measurement geometry. We shall briefly introduce the
most relevant mechanisms in the following sections starting with three intrinsic effects
succeeded by extrinsic effects. In the last subsection, we shall focus on spin pumping
and extraction of the spin-mixing conductance from linewidth broadening.

Magnon-electron interactions

The dominating intrinsic relaxation mechanism in metallic ferromagnets is based on
magnon-electron interaction. There are two models that describe magnon scattering
with itinerant electrons. The first theoretical approach makes use of the s − d exchange
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interaction [45, 46]. In this model, the interaction between the spin of the itinerant
electrons and the spin of the localised electrons, which can be treated classically as
magnetisation, is studied. The spin waves, which are created at FMR, mediate the spin
torque on the magnetisation dynamics and introduce spin-flip scattering leading to
relaxation of magnetisation. The second model is known as breathing Fermi surface [47].
When the magnetisation varies in time, the spins of the conduction electrons tend to
follow the direction of the magnetisation with a time delay. This phase lag dissipates
energy and hence leads to relaxation of the magnetisation.

Magnon-phonon interactions

In addition to the intrinsic mechanism mentioned in the preceding paragraph, magnon-
phonon interactions can cause relaxation. Let us consider a lattice with spins sitting on
each site. When a spin is precessing, it exerts an alternating attractive and repulsive
force on its neighbouring spins. This periodic modulation results in phonons in the
lattice. Due to time-reversal symmetry, propagating phonons will reciprocally cause
spin decoherence. This phenomenon is commonly referred to as the phonon-drag [48].
However, it has been shown experimentally that the dissipation of energy during this
process is negligibly small compared to the magnitude of intrinsic Gilbert damping [49,
50].

Eddy currents

Another source of intrinsic damping can arise from eddy currents in the metallic ferro-
magnetic films. The interaction between the conduction electrons and the microwave
excitation field can cause damping of magnetisation. This effect is highly dependent
on the material. The metallic ferromagnetic material we are focusing on in this work
is permalloy, where damping due to Eddy currents only need to be taken into account
for when the thickness of the metal surpasses 100 nm [49]. As our experiments require
thin films on the order of 10 nm, we do not have to pay much consideration to this
damping mechanism.

Two-magnon scattering

The first extrinsic relaxation mechanism we discuss here is two-magnon scattering.
In FMR it involves coupling between the uniform mode and spin waves over a range
of wave vectors which are degenerate with the microwave pump [51]. The uniform
precession or FMR magnon is destroyed due to scattering at an inhomogeneity, and
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a spin wave magnon is created. This process leads to damping of the precession of
the magnetisation. This effect contributes significantly to damping in films which are
magnetised in the film plane and depends strongly on interfacial roughness [52, 53].
Furthermore, it scales with the square of the film thickness.

Slow-relaxer

The mechanism of slow-relaxing impurities was initially developed to explain the
additional damping in rare earth doped Yttrium Iron Garnet, a ferrimagnetic insulator,
and in exchange bias systems [54, 55]. In permalloy, this mechanism only becomes
significant, when the metal is doped with rare earth impurities. This introduces
anisotropy in the exchange interaction between the 4f magnetic moments and the
conduction band [56]. At FMR, the precession of the 4f magnetic moments is slowed
down by the spin-lattice relaxation of the impurities, which leads to a relaxation of the
magnetisation.

Magnetic inhomogeneities

Surface anisotropy, for example, due to roughness, leads to local variation of the
effective magnetic field [57]. This causes the spins to precess along local axes with
different orientation. The nonuniformity of the precession results in additional damping,
which is highly dependent on the surface morphology.

Eddy currents in adjacent non-magnetic films

In multi-layer structures, where the ferromagnetic material is brought into direct
contact with a conductive layer, the microwave excitation field can generate Eddy
currents in the non-magnetic material. These Eddy currents can create a feedback
magnetic field at radio frequency, which leads to decoherence of the precession of
the magnetisation of the ferromagnet [58]. This effect manifests itself by altering the
lineshape of the microwave absorption signal. As the conductivity of the OSCs we are
studying in this work is comparably low, we can safely neglect the contribution of this
relaxation mechanism.

Spin pumping

Let us consider a bilayer structure where a nonmagnetic material (NM) is directly
adjacent to a ferromagnetic material (FM). When FMR is excited in the FM, the
precession of magnetisation creates an excess of spin angular momentum, which is
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emitted into the NM [59, 60, 61]. Hence, this spin pumping process injects a spin current
consisting of an AC and a DC component from the FM into the NM. An illustration
of this effect is shown in figure 2.4. Due to the loss of spin angular momentum into
the NM, the Gilbert damping is increased. When the thickness of the NM is on the
order of the spin diffusion length, the injected spin cannot be dissipated fully. The spin
accumulation in the NM creates a backflow of spin into the FM, which again decreases
the damping. A theoretical description of spin pumping in the context of parametric
pumping shall be discussed in the following.

Fig. 2.4 Illustration of spin pumping. A spin current Js is injected from the FM into
the NM at FMR.

Following the work of Tserkovnyak et al. [62, 59], we consider an FM sandwiched
between two NMs. We can write the operator Î for the charge and spin current in
the l-th lead (l denoting the left (L) or right (R) NM) expressed in terms of operators
aαm,l(E) [bαm,l(E)] that annihilate a spin-α electron with energy E leaving [entering]
the l-th lead through the m-th channel as

Îαβ
l (t) = e

h

∑
m

∫
dEdE ′ei(E−E′)t/~[a†

βm,l(E)aαm,l(E ′) − b†
βm,l(E)bαm,l(E ′)]. (2.14)

Assuming that the scattering matrix of the FM varies slowly compared to the time scale
of electronic relaxation in the system, an adiabatic approximation for spin pumping is
justified. We can identify the azimuthal angle of the magnetisation direction in the plane
perpendicular to the precession axis as the single time-dependent parameter. Following
the derivation of the scattering approach to parametric pumping of Brouwer [63], we
can show that the charge current indeed vanishes and the pure spin current due to
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spin pumping takes the expression of

Is = Ipump
s − Iback

s , (2.15)

where the injected spin current, expressed in terms of the complex spin pumping
conductance A = Ar + iAi, is given by

Ipump
s = ~

4π
(ArM × dM

dt
− Ai

dM
dt

) (2.16)

and the backflow of spin current as a function of the complex spin-mixing conductance
g↑↓ = g↑↓

r + ig↑↓
i is given by

Iback
s = ~

4π
(g↑↓

r M × dM
dt

− g↑↓
i

dM
dt

). (2.17)

We note that the real part of the net injected spin current Ipump
s + Iback

s adopts
the dependency on the magnetisation dynamics as the Gilbert damping term from
equation 2.9. Therefore, assuming that the imaginary parts are negligible and that
the precession frequency ω is smaller than the spin-flip scattering rate ω ≪ τ−1

SF , we
can rewrite the additional Gilbert damping constant ∆α due to spin pumping as a
function of the ratio of thickness tNM of the NM to spin diffusion length λSD as

∆α =
[
1 + g↑↓ τSF δSD/h

tanh(tNM/λSD)

]−1
gLg↑↓

4πµ
, (2.18)

where gL is the g-factor, µ is the total magnetic moment of the film and δSD denotes
the effective energy-level spacing of the states participating in the spin-flip scattering
events. This model has been developed for metals with large spin-flip probability. The
precession frequency in our experiments is given by ω ∼ 1010 s−1 while the spin-flip
rate in OSCs has been determined to be on the order of 104 − 108 s−1 [64]. Therefore,
the assumption that ω ≪ τ−1

SF does not strictly apply to our material systems. In
this spin battery regime, the spin accumulation is expected to be reduced due to slow
spin relaxation, which causes a larger backflow of spin current implying less net spin
injection [60]. However, the qualitative dependence on the film thickness from the
aforementioned model for metals still holds.

In a perfect spin sink, where there is no backflow of spin current, we can express
the increase in the Gilbert damping constant in terms of the increase in linewidth from
the pristine FM (∆HF M) to the linewidth with the additional adjacent NM (∆HNM)
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as
∆α = γ

ω
(∆HNM − ∆HF M). (2.19)

Using this, we can get a straightforward estimate for the effective spin-mixing conduc-
tance g↑↓

eff in terms of the linewidth broadening (LWB) due to spin pumping from the
FM into the NM

g↑↓
eff = 4πMstF M

~ω
(∆HNM − ∆HF M). (2.20)

We note that the apparent dependence on the thickness of the FM and the resonance
frequency in this equation is compensated by the dependence of the linewidth on
these parameters making g↑↓

eff a pure measure of the spin pumping efficiency across the
FM/NM interface.

Broadening of the FMR linewidth has been used in various studies in literature to
investigate spin injection from FM into NM via spin pumping and has been proven to be
a sensitive and straightforward method for quantifying the spin-mixing conductance [65,
16, 66, 67, 42, 41, 68]. The extracted values of spin injection efficiency vary between
different experimental findings as it depends strongly on the interface. For spin pumping
into the standard spin-sink layer, platinum, from YIG and permalloy, the reported
spin mixing conductance lies in a range of g↑↓ = 1018 − 1020 m−2 and the theoretically
predicted scaling of the Gilbert damping constant α with thickness of the FM and NM
films has been confirmed.

2.3.3 Thermal spin injection

Thermal spin injection is based on the spin Seebeck effect (SSE). Two different theoret-
ical models are trying to explain the underlying mechanism of the SSE. The first one
was developed by S. Rezende et al. [69]. They assume that a spin current is generated
in the bulk of the ferromagnetic insulator (FMI) due to the thermal gradient across
the FMI, which is then injected into the adjacent normal metal (NM). J. Xiao et al.,
on the other hand, developed a microscopic model proposing that it is a pure interface
effect [70]. In this case, the spin current is thought to be due to the difference in
effective temperature between magnons in the FMI and conduction electrons in the
NM. A summary of both models is presented in the following.

The theoretical model of S. Rezende et al. [69] relies on the generation of a spin-
current carried by magnons in the bulk of the FMI and not only on the interface.
However, it does require contact with the normal metal for continuity of the spin flow
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(a)

(b)

Fig. 2.5 (a) FM/NM bilayer structure that was investigated by Rezende et al. with a
magnetic field along and temperature gradient perpendicular to the interface (taken
from [69]). (b) Bilayer structure used to study the SSE by Xiao et al. with the
ferromagnet (F) on the left with effective magnon temperature T ⋆

m and a metal (PM)
on the right-hand side with effective electron temperature T ⋆

e (taken from [71])

across the interface. The structure investigated, and the choice of coordinate system
is shown in figure 2.5a. Let nk denote the number of magnons with wavenumber k
in the FMI. The number of magnons in thermal equilibrium n0

k is then given by the
Bose-Einstein distribution n0

k = 1/(exp(~ωk/kbT ) − 1). Considering a FMI/NM bilayer
structure as shown in figure 2.5a, the magnon spin-current density with polarisation z

can be written as
Jz

S = ~
(2π)3

∫
d3kvk(nk − n0

k) (2.21)

where vk is the k magnon velocity. Making use of the Boltzmann transport equation,
one can show that the spin current can be written as a sum of two contributions,
Jz

S = Jz
S∇T + Jz

Sδn. Here, Jz
S∇T is due to the thermal gradient and Jz

Sδn is due to the
spatial distribution of the magnon accumulation. By expanding and evaluating both
terms separately, the following expression for the total y component of the z-polarised
magnon spin-current density in the FMI is obtained:

Jz
S(y) = −Sz

S∇yT + ~
Dm

lm
A sinh ((y + tF M)/lm) + ~

Dm

lm
B cosh ((y + tF M)/lm). (2.22)

In the first term, Sz
S can be interpreted as the spin analogue of the Seebeck coefficient. It

depends on the average temperature and the normalised magnon energy ~ωk/kbT . The
constants Dm and lm denote the diffusion parameter and diffusion length respectively,
and tF M is the thickness of the FMI. The coefficients A and B are determined by
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boundary conditions. The flow of angular momentum through the FMI/NM interface
has to be conserved. This means that the spin current has to be continuous across
the interface. We impose two boundary conditions. At the substrate/FMI interface
Jz

S(y = −tF M) = 0 and at the FMI/NM interface the spin current is continuous, i.e.
Jz

S(y = 0−) = Jz
S(y = 0+). In YIG/Pt bilayer structures the spin density at the

interface becomes approximately

Jz
S(0) = −bg↑↓

r ρ

a
Sz

S∇T (2.23)

where a and b are constants, and g↑↓
r denotes the real part of the spin-mixing conduc-

tance. Furthermore, ρ accounts for the effect of the finite layer thickness of the FMI
which is given by

ρ = cosh (tF M/lm) − 1
sinh (tF M/lm) . (2.24)

It follows that in this model direct contact of the NM and FMI layer is crucial and
the generated spin-current is proportional to the spin-mixing conductance and linearly
dependent on the temperature gradient.

J. Xiao et al. assume that the SSE is generated in the interface between the FMI
and the NM [70, 71]. Starting with the macrospin approximation, there is a spin-current
noise ISP injected from the FM into the NM at finite temperature,

ISP (t) = ~
4π

(g↑↓
r m(t) × ṁ(t) + g↑↓

i ṁ(t)) (2.25)

where g↑↓
r and g↑↓

i are the real and imaginary part of the spin-mixing conductance
respectively and m a unit vector in the direction of the magnetisation. This spin-
pumping current is proportional to the effective magnon temperature Tm in the FM.
The term including the real part of the spin-mixing conductance is of the same form as
the Gilbert damping term in the Landau-Lifshitz-Gilbert equation (2.9). According to
the fluctuation-dissipation theorem, thermal fluctuations of the spin accumulation in
the NM emit a spin-current Ifl, also known as Johnson-Nyquist spin-current noise, back
from the NM into the FM, which is proportional to the effective electron temperature
Te in the NM. This can be represented by a random magnetic field hr acting on the
magnetisation:

Ifl(t) = −MSV m(t) × hr(t). (2.26)
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Here, MS denotes the saturation magnetisation, and V is the total volume of the FM.
The total spin-current across the interface IS can now be written as the sum of the
spin pumping current and the Johnson-Nyquist spin-current noise: IS = ISP + Ifl. By
taking the time average, the dc component of the spin-current is determined to be
proportional to the real part of the spin-mixing conductance and the difference of the
effective temperatures:

IS ∝ g↑↓
r (Tm − Te). (2.27)

A more intuitive description and explanation of the SSE is given by H. Adachi et al. [72].
In the longitudinal spin Seebeck effect both, the FM and NM layer, are in contact with
the heat bath. Most of the heat-current is carried by phonons in FM/NM systems at
room temperature. Assuming that the interaction between conduction electron spins
in the NM and phonons is much stronger than between magnons and phonons, the
effective electron and magnon temperature will be different at the interface. Hence, a
spin-current in the NM is generated.

Surprisingly, the resulting expressions for the spin current are very similar for
both theoretical models presented above, even though the initial assumptions are very
different. They come to the conclusion that the spin-current is proportional to the
spin-mixing conductance and the temperature gradient.

The SSE has been first shown experimentally by K. Uchida et al. in 2008 [73] and
thoroughly since in YIG/Pt bilayer structures [74, 75, 76, 77].

2.3.4 Optical spin injection

In addition to spin pumping and thermal spin injection, photoexcitation is an alter-
native way of injecting spin-polarized electrons in nonmagnetic semiconductors. Due
to characteristic transition rules in direct band-gap semiconductors, spin polarised
electron-hole pairs can be excited with circularly polarised light [78, 79]. For this, the
energy hν of the photons needs to be on the order of the band gap Eg.

A commonly used material is GaAs, which was studied in this work as well [80].
The band structure around the Γ-point in the centre of the Brillouin zone is shown
in figure 3.5b. The S1/2 state in the conduction band (cb) is separated from the P3/2

states in the valence band for heavy holes (hh) and light holes (lh) by an energy gap
of Eg = 1.43 eV at room temperature. The P1/2 state in the split-off band lies at an
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(a) (b)

Fig. 2.6 (a) Schematic band structure of GaAs around the centre of the Brillouin zone.
The energy gap between the conduction band (cb) and the valence band for heavy
holes (hh) and light holes (lh) is denoted as Eg. The split-off band (sh) is lower in
energy by ∆0 due to spin-orbit splitting (reproduced from [78]). (b) Schematic of
weighted transitions for right (σ+, solid lines) and left (σ−, dashed lines) polarised
light in GaAs (taken from [79]).

energy ∆0 = 0.34 eV below P3/2. The selection rule for optical excitation is ∆mj = +1
for circularly right (σ+) and ∆mj = −1 for circularly left (σ−) polarised light. The
allowed transitions are shown in figure 2.6b. The numbers near the arrows indicate the
relative transition probabilities. When hν = Eg, three times more spins are excited
from the hh than the lh with circularly polarised light. Consequently, the maximum
spin polarisation is expected to be 50% in theory. Due to practical limitations, the
maximum spin polarisation observed experimentally is ∼ 40% [81]. For hν > Eg + ∆0

the lh and hh stated start to mix with the sh band. This interband absorption reduces
the spin polarisation due to spin-orbit interaction.

2.4 Spin relaxation in non-magnetic materials

Materials in which spin-encoded information can be retained over long times and
distances are of great importance for technological applications [82]. Therefore, studying
the relaxation of spin, the process of randomisation and equilibration of spin, is crucial
in spintronics. After introducing the spin relaxation and spin dephasing times T1

and T2, we will discuss the four major mechanisms for spin relaxation in metals and
inorganic semiconductors and focus on spin relaxation in OSCs in the last section.
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2.4.1 Spin relaxation and spin dephasing time

Spin precession, decay and diffusion of electronic magnetisation are traditionally defined
with the Bloch-Torrey equations [83, 84]. The magnetisation M in an externally applied
magnetic field B(t) = B0ẑ + B1(t), where B1 is oscillating perpendicular to ẑ, can be
expressed in terms of the spin relaxation time T1 and spin decoherence time T2 using

dM
dt

= γM × B − Mxex

T2
− Myey

T2
− (Mz − M0)ez

T1
+ D∇2M, (2.28)

where γ denotes the electron gyromagnetic ratio, D is the scalar diffusion coefficient (for
simplicity we assume an isotropic medium) and M0 = χB0 is the thermal equilibrium
magnetisation with susceptibility χ of the model system. Even though real systems can
be very complicated, T1 and T2 are a very robust measure for quantifying processes of
magnetisation dynamics. The spin relaxation time T1 is the characteristic time it takes
for the spin population to reach thermal equilibrium with the lattice. This process is
usually mediated by phonons. The spin decoherence time T2 is the time it takes for
an ensemble of initially in phase precessing spins to lose their relative phase due to
spatial and temporal fluctuations of the precession frequencies.

2.4.2 Elliott-Yafet mechanism

Elliott found a spin-flip mechanism where electron spins can relax via momentum
scattering if the lattice ions induce spin-orbit coupling (SOC) in the electron wavefunc-
tion [86]. When spin-orbit interaction is present in a periodic lattice, the eigenstates of
σ̂z are no longer given by single-electron Bloch wave functions but rather a mixture
of the Pauli spin-up |↑⟩ and spin-down |↓⟩ states. Momentum scattering is typically
caused by impurities at low temperature and phonons at high temperature. Combining
SOC and momentum scattering, the spin-up and spin-down states can couple, which
leads to spin relaxation. Yafet introduced an additional spin-flip scattering mechanism
which is induced by phonons [87]. The periodic spin-orbit interaction due to the
lattice ions is modified by phonons. This effect can directly couple the Pauli spin-up
and spin-down states. Combining these two effects, we obtain phonon-induced spin
relaxation due to spin-flip scattering. The higher the momentum scattering rate is, the
stronger the spin relaxation will be. An illustration of the Elliott-Yafet mechanism can
be found in figure 2.7a.
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(a)

(b)

(c)

Fig. 2.7 Illustration of three different spin relaxation mechanisms, (a) Elliott-Yafet
mechanism, (b) D’yakonov-Perel’ mechanism and (c) Hyperfine interaction (illustrations
are taken from [85]).

2.4.3 D’yakonov-Perel’ mechanism

In lattices without inversion symmetry, the spin-orbit interaction lifts the degeneracy
of the momentum states of the spin-up and spin-down electrons [88]. The asymmetry
results in effective electrostatic potential gradients that a charge carrier moving at
speed v experiences. Taking the Lorentz transformation, this corresponds to an effective
internal magnetic field Bi(k), which is proportional to v and around which the electron
spins precess. The corresponding Hamiltonian of the precessing conduction band
electrons is given by H(k) = 1

2~σ(e/m)Bi(k), where e and m denote the elementary
charge and mass of an electron respectively. The combination of momentum-dependent
spin precession and momentum scattering leads to spin dephasing (see figure 2.7b).
We note that spin relaxation is more efficient in high mobility materials, as Bi(k) is
proportional to speed v of the electron. Therefore, in contrary to the Elliott-Yafet
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mechanism, D’yakonov-Perel’ mechanism is inversely proportional to the momentum
scattering rate.

2.4.4 Bir-Aronov-Pikus mechanism

The Hamiltonian describing the interaction between electrons and holes is given by
H = AS · Jδ(r), where A is a constant proportional to the exchange integral between
the conduction and valence states, S and J denote the electron and hole spin operator
respectively, and r is the distance between the electron and hole. Due to the strong
spin-orbit interaction in the valence band, the holes have a high probability for spin-
flips. As a result of the coupling, the electron spin is then flipped as well, which leads
to spin-relaxation of electrons [89]. As this effect requires significant overlap of the
electron and hole wave function, this is dominant in bipolar semiconductors.

2.4.5 Hyperfine interaction

The hyperfine interaction (HFI) is the interaction between the spin angular momentum
of the electrons and the nuclei. This interaction can induce ensemble spin dephasing
and single-spin decoherence of localised electrons due to the effective magnetic fields
created by the nuclear spins [90]. It is the dominant cause for spin relaxation in systems
where charge carriers are strongly localised in space and have no resultant momentum,
hence are quasi-static. An illustration of the spin relaxation due to the nuclear fields
experienced at every dwelling-site is shown in figure 2.7c.

2.4.6 Spin relaxation in organic semiconductors

There have been only few theoretical studies on spin relaxation in organic semicon-
ductors so far [85, 91, 92, 93, 94]. Even though the aforementioned spin relaxation
mechanisms have been developed for the framework of metals and inorganic semicon-
ductors, we can expand the concepts and will discuss their relevance in OSCs in this
section.

At low temperature, the hopping frequency of the charge carriers is small, implying
a long dwell time at each site, where the spins experience and precess around a local
magnetic field. The variation in local field between sites is given by different HFI and
by spin-orbit fields originating from a spread in g-tensor orientations. With sufficiently
long dwell time, the Larmor frequency of the spin changes according to the change in
local field. This effect is commonly known as Motional Relaxation. As the temperature
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increases, the dwell time reduces, and the effect of the change in local fields from site to
site is decreased. This motional narrowing is akin to the D’yakonov-Perel’ mechanism,
which we introduced in section 2.4.3.

There are two spin relaxation mechanisms, which come into play at higher tempera-
tures. When a charge carrier is localised at a site, it experiences a fluctuating magnetic
field due to modulation of SOC and HFI fields by molecular vibrations. However,
this intra-site relaxation requires Raman-like multi-vibron processes and is therefore
expected to be weaker than the competing spin relaxation mechanisms [95].

As mentioned in section 2.1, the charge carrier wave functions are quasi-localised
over the molecules or segments of the polymer backbone, and polarons are transported
via incoherent hopping from site to site, in the organic systems we are studying in
this work. The phonon-induced incoherent hopping allows mixing of the spin-up
and spin-down states allowing hopping events, where the spin is not conserved. The
polaronic nature of charge transport implies that the concept of Elliott-Yafet-type spin
relaxation can be applied in our material systems as well [96].

Seeing that the organic materials we are studying in this work are unipolar, the
Bir-Aronov-Pikus mechanism is not expected to play an important role. It might,
however, play a more significant role in spin-based organic light emitting diodes based
on bipolar semiconductors.

The OSCs constitute mainly of Carbon and Hydrogen. The most abundant isotope
of Carbon, 12C, has zero nuclear spin, while the common Hydrogen atoms, 1H, carry a
nuclear spin of 1/2. Consequently, the hyperfine interaction mainly originates from
the Hydrogen atoms. Deuterium, 2H, has a much weaker hyperfine coupling strength
than 1H. This allows studying the effect of hyperfine interaction on spin relaxation by
employing deuterated OSCs.

2.5 Spin detection via spin-to-charge conversion

There are many measurement instruments that one can employ to measure a charge
current or voltage directly. However, detecting a spin current or spin accumulation
is unfortunately not as straightforward. Apart from the technique of measuring the
increase in damping due to spin injection described above, there are several commonly
used methods including optical and electrical spin detection. In this section, we shall
focus on mechanisms, which are based on the spin Hall effect.
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2.5.1 Spin Hall effect

The conventional Hall effect describes the creation of an electromotive force transverse
to a charge current in a perpendicular magnetic field due to the Lorentz force [97].
Figure 2.8a shows an illustration of this effect. An effect akin to the conventional Hall
effect can be observed in ferromagnetic materials, where a charge current perpendicular
to the magnetisation direction creates a transverse voltage. This so-called anoma-
lous Hall effect (AHE) originates from spin-orbit interaction causing spin-dependent
scattering of conduction electrons (see figure 2.8b) [98]. The strong imbalance in the
charge current between spin-up (majority) and spin-down (minority) electrons gives
rise to a transverse voltage due to the spin-asymmetric scattering. A similar effect,
the spin Hall effect (SHE, figure 2.8c) can also be observed in nonmagnetic materials
with strong spin-orbit coupling [17]. Here, a charge current gives rise to a transverse
spin current that creates spin accumulation with opposite spin polarisation at opposite
boundaries.

Fig. 2.8 Schematic of (a) Hall effect, (b) anomalous Hall effect and (c) spin Hall effect
(illustrations are reproduced from [99]).

The SHE was first predicted by Dyakonov and Perel in 1971 [100] and later
rediscovered by Hirsch in 1999 [101]. There are three different mechanisms based on
spin-orbit interaction, which have been identified as the origin of the SHE. In vacuum,
the Hamiltonian for SOC can be written in the following form

H = −ηSOσ[k × ∇Vvac(r)], (2.29)

where ηSO = (~/2mc)2, with the mass of the electron m and speed of light c, Vvac(r) is
the potential acting on an electron with momentum p = ~k and σ denotes the Pauli
matrices. We can decompose the potential into a periodic potential VL(r) and a
non-periodic term V (r), which represents the impurities, boundaries and externally
applied fields.
Let us first consider the non-periodic part of the potential, which gives rise to the
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extrinsic SHE mechanisms. The relativistic SOC causes the velocity and coordinate
operators and hence also the scattering cross-section to become spin-dependent. As a
result, spin-up and spin-down electrons will scatter at different angles from impurities.
An illustration of this so-called Mott-skew scattering is shown in figure 2.9a.
If there is a momentum transfer during the scattering event, the electron is displaced
laterally by δr depending on its spin-state. This side-jump mechanism is illustrated in
figure 2.9b.
Let us now treat the periodic potential. The intrinsic SHE mechanism is illustrated in
figure 2.9c. We can rewrite the effective interaction in the form

HSO,int = −1
2σB(k), (2.30)

where B(k) is an effective magnetic field. Here, k denotes the crystal wavevector.
Due to the k-dependence of B, the effective magnetic field experienced by an electron
depends on its momentum. When an electric field is applied in x-direction, the Fermi
surface is shifted by δk, which forces the electrons out of alignment with B(k). This
creates an effective torque that results in a spin current in the y-direction.
Experimental evidence for the extrinsic SHE was demonstrated first by Kato et al. in
2004 [102]. Simultaneously, Wunderlich et al. have experimentally verified the intrinsic
SHE [103].

Fig. 2.9 Illustration of three different mechanisms for spin Hall effect. (a) Mott-skew
scattering, (b) side-jump and (c) intrinsic SHE mechanism (illustrations are taken
from [79]).

Given by time-reversal symmetry, the inverse effect, the inverse spin Hall effect
(ISHE) describes the generation of an electromotive force transverse to a spin current.
This effect is commonly used for electrical detection of a spin current. The generated
charge current Jc can be expressed in terms of the spin current Js and spin polarisation σ
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as
Jc ∝ θSHJs × σ, (2.31)

where the spin Hall angle θSH is a measure of the spin-to-charge conversion efficiency
of the material. The first experimental observation of the ISHE has been made in a
permalloy/platinum bilayer stack by Saitoh et al. [39]. A spin current is injected into
the heavy metal from permalloy via spin pumping at FMR and is converted into a
transverse ISHE voltage in platinum.

2.5.2 Electrically modulated inverse spin Hall effect

The previously discussed inverse spin Hall effect requires a geometry, where the spin
polarisation has a component perpendicular to the direction of the spin current in order
to create a transverse voltage. As a result, when the spin polarisation is colinear with
the direction of spin injection, we cannot detect a spin signal from ISHE. Therefore, in
order to detect spins with spin polarisation parallel to the direction of movement, we
have to modify the detection mechanism.

Fig. 2.10 Schematic of the electrically modulated ISHE. An out-of-plane spin polarisa-
tion is injected from an insulating ferromagnet (FM) into gold (Au) either due to a
thermal gradient or spin pumping. The spins are then accelerated by a drift current
(jc, green arrow) resulting in a transverse ISHE signal (taken from [104]).

Olejnik et al. have demonstrated that an additional drift current can modulate the
ISHE signal in GaAs [105]. In our geometry, we can use a transverse drift current to
accelerate the spins perpendicular to their polarisation. This creates an effective spin
current, which is non-colinear with the direction of spin polarisation. As a result, an
electrically modulated ISHE voltage signal that depends linearly on the drift current is
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induced.
It has been experimentally verified that this allows detecting an out-of-plane spin
polarisation, which is injected normal to the interface via thermal spin injection as well
as spin pumping, in a YIG/gold bilayer structure [104]. Figure 2.10 shows a schematic
of this method of spin detection using the electrically modulated ISHE.

2.5.3 Proposal of thermal spin detection

Following on from the electrically modulated and drift current induced ISHE, we
propose the idea to use a thermal gradient as the driving force for spins to induce
the ISHE spin detection. This effect shall here be referred to as the inverse spin
Nernst effect (ISNE) in this work. The heat-current Jh can be written in terms of the
temperature gradient ∇T as

Jh = −κ∇T, (2.32)

where κ denotes the thermal conductivity. Analogously to equation 2.31, we can
express the charge current Jc created by the ISNE as

Jc ∝ θSN∇T × σ, (2.33)

where θSN denotes the spin Nernst angle.
The inverse effect, the spin Nernst effect (SNE), which describes the creation of a spin
accumulation due to a transverse temperature gradient, has recently been measured
successfully [19].
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Experimental Methods

This chapter is dedicated to introducing the experimental details. The first section
presents the materials studied in this work, followed by the techniques used for fabricating
the samples. The last section focuses on the experimental setups and measurement
procedures.

3.1 Materials

3.1.1 Ferromagnetic materials

Permalloy

There are several metallic ferromagnetic materials which are commonly used in spin
pumping experiments. We have compared three metals, cobalt (Co), iron (Fe) and
permalloy (Ni 81% Fe 19%, 99.99% purity, Py) to find a suitable material for the
linewidth broadening study. Reproducibility of magnetic properties of metallic films
for different samples and batches of evaporation was the primary criterion.
The average of four samples each of the in-plane resonance field HF MR and linewidth ∆H
of the microwave absorption at FMR are listed in table 3.1 for the three materials
at an excitation of 9 GHz. Both, the variation of the resonance field as well as the
linewidth are smallest for permalloy. The small intrinsic damping in Py stems from

Table 3.1 Magnetic properties of permalloy, cobalt and iron at FMR

Permalloy Cobalt Iron
HF MR (G) 1121 ± 2 656 ± 5 683 ± 5
∆H (G) 33.7 ± 0.1 65 ± 3 69 ± 9
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the low anisotropy and small magnetoelastic coupling [106]. As a consequence, spin
pumping from Py has shown to be very efficient in comparison with other FMs and is
a promising candidate for our experiments [65].
Furthermore, the resonance field at out-of-plane magnetic field of cobalt and iron
exceed the maximum magnetic field we can apply in the Electron Spin Resonance
setup (1.5 T), while H90◦

F MR lies at 1.1 T for permalloy. This allows doing a full angular
dependent characterisation of the Py films, from which we can extract the saturation
magnetisation and gyromagnetic ratio of the ferromagnet. For these reasons, this work
is focusing on permalloy as ferromagnetic material.

YIG

When doing spin pumping experiments on ferromagnetic metals, there are many effects
such as the Anomalous Hall Effect and Anomalous Nernst Effect causing a spurious
electromotive force, which superimposes on the ISHE signal from the spin detection
layer. One way of circumventing this problem is to use an insulating magnetic material.
The most commonly used material in spintronics is Yttrium Iron Garnet (Y3Fe2(FeO4)3,
YIG), a ferrimagnetic insulator.

Two types of YIG substrates have been used in this work in the section on thermal
spin injection and detection, a 2 µm film and 100 nm film purchased from Innovent and
Matesy respectively. The films were grown on Gadolinium Gallium Garnet (Gd3Ga5O12,
GGG) by liquid phase epitaxy (LPE). GGG is commonly used as a substrate for YIG
due to its similar lattice constant, which aids the formation of the preferred magnetic
crystal structure of YIG. During the deposition process, both sides of the GGG substrate
are coated. In order to avoid inaccuracy in the microwave absorption measurements,
YIG has been removed from one side. The thin films of YIG were produced by polishing
a µm-thick film down to 100 nm. Similarly to the FM metals discussed above, the
ferromagnetic resonance of YIG lies in the GHz range.

Due to the 1/tF M scaling of the linewidth broadening effect, very thin films of YIG
are necessary to study the spin injection via Gilbert damping. For this, YIG has to be
deposited via sputtering. We received films with a thickness ranging from ∼ 10−20 nm
from Dr M. Amado from the group of Dr J. Robinson in the Department of Materials
Science & Metallurgy at the University of Cambridge and A. Mitra from the group of
Prof B. Hickey in the School of Physics and Astronomy at the University of Leeds.
The advantage of YIG over permalloy is that exposure to ambient conditions during
the measurements does not change the magnetic properties. This allowed taking
temperature dependent measurements of the linewidth, which were conducted over
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the course of several days (more details in appendix A). However, the FMR spectra
of the thin YIG films usually showed multiple FMR peaks due to inhomogeneity of
the magnetic films, making precise extraction of the linewidth difficult. Furthermore,
the availability of samples was highly limited by the complex deposition of YIG films.
Due to these reasons, in this work, the linewidth broadening experiments investigating
spin injection into organic semiconductors have been conducted using permalloy as the
ferromagnetic material.

3.1.2 Organic semiconductors

DNTT derivatives

The first group of small molecule organic semiconductors this work is focusing on is
a set of three derivatives of dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT).
DNTT is one of the best performing small molecule so far [107, 108]. DNTT is
altered by addition of phenyl rings and alkyl side-chains on both ends of the core of
the molecule forming diPh-DNTT and C8-DNTT respectively. Figure 3.1 shows the
chemical structure of (a) DNTT, (b) diPh-DNTT and (c) C8-DNTT. These derivatives
are commonly deposited by thermal evaporation and are known to adopt herringbone
packing and align edge-on with their long axis perpendicular to the substrate [108].
Experimental verification and a more detailed discussion of the structural properties

(a) (b) (c)

(d)
(e)

(f)

Fig. 3.1 Chemical structure of (a) DNTT, (b) diPh-DNTT and (c) C8-DNTT. Their
crystal packing with respect to the substrate is illustrated in (d)-(f).
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is presented in section 5.2. The electronics properties have been studied in thin-film
transistor architectures. The characteristics show typical p-type behaviour and the
extracted mobilities range from 2 to 3 cm2V−1s−1.

BTBT derivatives

In order to study the generality of the side groups of molecules on spin injection, we
investigated another material system, [1]Benzothieno[3,2-b]benzothiophene (BTBT).
The molecular structure, as well as the packing of BTBT and C8-BTBT, are shown in
figure 3.2. In contrast to DNTT, BTBT is commonly solution processed. The mobility
extracted from thin-film transistor measurements are comparable to DNTT [109]. The
structural and electrical similarities with DNTT makes BTBT an ideal system for a
comparative study [110].

(a) (b)

(c)

(d)

Fig. 3.2 Chemical structure of (a) BTBT and (c) C8-BTBT and their crystal packing
with respect to the substrate shown in (c) and (d) respectively.

Small molecules with diradical character

The charge carrier density in pristine organic small molecule semiconductors is very low,
and for most materials, the HOMO level is too deep for the molecules to be efficiently
doped in ambient conditions. Therefore, we can presume that spin injection based on the
coupling of the spin angular momentum from the FM with the charge carriers present
in the small molecule film is limited by the small charge and hence spin concentration
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(a) (b) (c)

(d) (e) (f)

Fig. 3.3 Chemical structure of (a) DFB1, (b) DX-IDF, where the stars indicate the
positions for halogenation, (c) DX-IDT, (d) DIADX, (e) TIPS pentacene and (f) diF
TES ADT.

induced by charge injection at the interface to the metal contact or unintentional doping.
One idea for designing OSCs with enhanced spin-sink characteristics was to make use
of the intrinsic spin character of diradical molecules. In these materials the spin parallel
triplet level is very close to the spin-paired singlet level allowing thermal population of
the spin S = 1 triplet state. The index y is a measure of biradical character, ranging
from y = 0 for purely closed shell systems to y = 1 for purely biradical systems. An
experimentally accessible definition of y was developed by K. Kamada et al. [111],
where y is expressed in terms of singlet and triplet energy levels as

y = 1 −

√√√√1 −
(

ES1u,S1g − ET1u,S1g

ES2g ,S1g

)2

. (3.1)

Here, ES1u,S1g denotes the excitation energy from the ground state of the molecule
(singlet of gerade symmetry, S1g) to the first ionic singlet state with ungerade symmetry
(S1u). Similarly, ES2g ,S1g denotes the energy difference between the ground state and
the second ionic singlet state with gerade symmetry (S2g). Moreover, ET1u,S1g is given
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by the excitation energy from the ground state to the first neutral triplet state (T1u)
and is commonly measured in electron spin resonance and superconducting quantum
interference device experiments.

Recently, the synthesis of diindeno-fused bischrysene (DFB 1), which exhibits an
open-shell singlet biradical structure in the ground state with a narrow optical energy
gap of 0.92 eV has been reported in literature [112]. The chemical structure of DFB 1
is shown in figure 3.3a. In addition to the biradical character, the material has been
shown to be stable under ambient conditions, making it a very promising candidate
for a spin-sink material. Dr J. Liu from the group of Prof X. Feng at Technische
Universität Dresden in Germany kindly supplied us with some material for the LWB
experiments.

In the context of the ERC Synergy collaboration, Dr M. Little, C. Jellett and
A. Marks from the group of Prof I. McCulloch at Imperial College London, designed
and synthesised several promising materials aiming for a strong biradical character.

The first set of molecules were based on Indenofluorene (IDF), which is known to
have a biradical character [113, 114]. Furthermore, this backbone shows high stability
and chemical manipulability, making it a suitable starting point for our investigations.
The first molecule developed from IDF was DX-IDF. The chemical structure of DX-IDF
and its analogue with Sulfur substitution DX-IDT is shown in figure 3.3b and 3.3c
respectively. From DFT calculations of the energy levels of the singlet and triplet
state, the biradical character y was determined to be y = 0.24 and y = 0.19 for
DX-IDF and DX-IDT respectively. The morphology of thin films of DX-IDF and
IX-IDT was studied with X-ray techniques, which will be discussed in section 5.5. In
order to investigate the influence of higher spin-orbit coupling due to the inclusion
of heavier atoms in the molecules on spin injection, a halogenation series of DX-IDF
was developed. Two Iodide and Bromide atoms have been attached to the core of the
molecule at the positions marked with stars in figure 3.3b to form Di-Iodo-DX-IDF
and Di-Bromo-DX-IDF respectively.

Moreover, there has been a recent report of a stable open-shell molecule based on
the diindeno[b,i]anthracene framework [115]. Starting from this, a similar Anthracene
derivative Di-Indeno-Anthracene-Di-Xylene (DIADX) has been developed. The chemi-
cal structure of DIADX is shown in figure 3.3d. From DFT calculations the biradical
character is expected to be y = 0.55.
In order to have a comparison with similar molecules with closed-shell character, we
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have also investigated spin injection into 6,13-Bis(triisopropylsilylethynyl)pentacene
(TIPS pentacene) and 2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF
TES ADT), which are both commercially available from Sigma Aldrich. Their chemical
structure is shown in figure 3.3e and 3.3f respectively. Due to the bulky TIPS and
TES side groups, these molecules arrange in brick-wall style stacking [116, 26].

P3HT derivatives

In addition to the small molecules, we have also investigated spin injection into several
conjugated polymers. The choice of material was limited by the strict criterion of
solubility in a particular solvent, THF, as discussed later in section 4.4.

The first polymer in this study was poly(3-hexylthiophene) (P3HT), which has
previously been thoroughly characterised and studied [3]. The chemical structure of
P3HT is shown in figure 3.4a. The backbones of the polymer adopt a lamella structure
with two-dimensional conjugated sheets formed by interchain stacking. Structural
characterisation of the P3HT thin films on permalloy substrates will be discussed in
section 6.1. C. Jellett has kindly provided us with the material and repurified the
polymer, which allowed us to exclude significant contribution of impurities to the LWB
measurements. The molecular weight was determined to be 23 kDa, which ensured
good solubility in THF.
The HOMO of P3HT lies at ∼ −4.9 eV [117]. As a consequence, the polymer is easily
unintentionally doped with oxygen by exposure to air, which significantly increases the
charge carrier concentration [118].

In order to investigate the influence of the hyperfine field interaction on spin in-
jection, we have also studied LWB in deuterated P3HT (d-P3HT). In d-P3HT the
spin−1/2 Hydrogen atoms of conventional P3HT have been substituted with spin−1
Deuterium atoms (shown in figure 3.4b). The change in nuclear spin induces a change
in the hyperfine field, which is expected to be reflected in the spin relaxation in the
OSC as mentioned in section 2.4.6.

The strength of SOC in the polymer can be increased by heavy element substitution.
Stronger SOC results in more efficient spin relaxation in the OSC. Consequently, the
backflow of spin current due to the interfacial spin accumulation is reduced, leading
to a higher spin injection efficiency. In order to test this hypothesis, Dr M. Little has
synthesised P3EHS, an analogue to P3HT, where the Sulfur atom was substituted with
Selenium. Here, the alkyl side-chains have been replaced by branched 2-ethylhexyl
groups to ensure good solubility in THF.
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Fig. 3.4 Chemical structure of (a) P3HT, (b) deuterated P3HT (c) P3EHS, (d) IDT-BT
and (e) PBTTT.

PBTTT

Previous studies of spin pumping in OSCs a trilayer structure were performed on
poly(2,5-bis(3-alkylthiophene-2-yl) thieno[3,2-b]thiophene) (PBTTT, chemical struc-
ture shown in figure 3.4e) [12]. The morphology of PBTTT is more ordered than P3HT
resulting in superior electronic performance [119]. Unfortunately, this polymer is not
soluble in Tetrahydrofuran, which is the solvent used for the linewidth broadening
studies, even with longer side-chains. Nevertheless, PBTTT has been investigated in
the thermal spin injection experiments.

IDT-BT

Another commonly used polymer in the field of organic electronics is indacenodithio-
phene–benzothiadiazole (IDT-BT). It is a highly soluble, high mobility donor-acceptor
type copolymer, which shows stable performance in ambient conditions [6]. In contrast
to P3HT, the structure of the material is nearly amorphous. A more detailed discussion
of the structural properties will follow in section 6.1. The HOMO of IDT-BT lies at
∼ −5.3 eV, which is significantly lower than in P3HT. This implies that it cannot be
doped as efficiently with oxygen resulting in a lower number of charge carriers [120].
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Doping with F4-TCNQ

A common stable dopant for small molecules and polymers is 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ, chemical structure shown in the inset of
figure 3.5a) [121]. Due to its high electron affinity of 5.24 eV, F4-TCNQ can act as
an electron acceptor. Consequently, it can efficiently p-dope OSCs and increase the
conductivity by several orders of magnitude. A schematic of the relative energy levels
of P3HT and F4-TCNQ is shown in figure 3.5a. The alignment of the HOMO of P3HT
with the LUMO of F4-TCNQ allows electrons to completely transfer from P3HT to
the acceptor F4-TCNQ, where they remain strongly localised. The associated holes in
P3HT are either Coulombically bound to the F4-TCNQ anion or move freely in the
P3HT polymer.

(a)

(b)

Fig. 3.5 (a) Schematic of the energetics of doping P3HT with F4-TCNQ (reproduced
from [121]). The insets show the chemical structure of P3HT (purple) and F4-TCNQ
(green) (b) Structure of the GaAs substrate. The intrinsic GaAs is sandwiched between
a p-doped substrate and a n-doped passivation layer at the surface

In this work, the small molecule and polymer films have been doped with F4-TCNQ
dispersed in an orthogonal solvent following the recipe of Fujimoto et al. [122]. For
this, the small molecule (polymer) films were immersed in a solution of F4-TCNQ in
Acetonitrile (ACN) at a concentration of 2 mg/ml for 2 minutes (30 minutes) and
subsequently annealed at 70◦C (80◦C) for 20 minutes in a nitrogen atmosphere. These
recipes were previously developed in our group. For this, the time for which the OSC
films are dispersed in the orthogonal solvent had to be optimised to ensure maximum
penetration of the dopant into the OSC while still retaining the original structure.



42 Experimental Methods

3.1.3 Metallic spin sink materials

There have been many studies on spin-to-charge conversion in heavy metals. Often
the spin Hall angle is determined in spin pumping experiments, in which a pure spin
current is injected from an FM into the NM layer. The spin-mixing conductance and
spin Hall angle of the NM can be determined either by the increase in damping or by
measuring the inverse spin Hall effect voltage. The spin Hall angle θSH largely varies
as Z4, where Z denotes the atomic number of the NM material [123]. Platinum is a
heavy element and highly unreactive, making it an ideal spin sink layer.
Additional heavy metals have been studied as spin sink layers, and the Z4 dependence
of the spin Hall angle has been verified [123, 124, 125]. The values of the extracted spin
Hall angle for the metallic spin-sink materials studied in this work are listed below.

Table 3.2 Spin Hall angle of several metallic spin-sink layers extracted from literature

Platinum Gold Palladium Chromium
θSH 0.10 ± 0.01 0.084 ± 0.007 0.01 -0.051 ± 0.005

3.1.4 GaAs

Gallium Arsenide (GaAs) is a III-V semiconductor with a direct bandgap and adopts a
Zink-blende crystal structure. A schematic of the doping profile of the sample is shown
in figure 3.5b. As described in section 2.3.4, charge carrier can be spin polarised in
intrinsic GaAs with circularly polarised light. The intrinsic GaAs layer is sandwiched
between a Silicon (Si) doped and a zinc (Zn) doped layer. The p-doped substrate serves
as a back-contact for the photodiode by extracting the photoexcited holes from the
intrinsic GaAs. The n-doped layer at the surface acts as a passivation layer, which
prevents spin decoherence at the interface due to surface traps. By applying a bias
voltage between the back-contact and the Pt detector, the electrons are injected into
platinum creating an out-of-plane spin polarisation.

3.2 Common sample fabrication techniques

There are several common fabrication techniques, which have been used for sample
fabrication throughout this work. The standard procedures are discussed in the
following sections.
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3.2.1 Substrate cleaning

It is crucial that the interface between a substrate and any film deposited on top is
cleaned thoroughly before deposition to allow coupling across the interface and ensure
good quality of the film. The common cleaning procedure is as follows:

1. 10 min ultrasonic bath in Acetone

2. 10 min ultrasonic bath in Isopropyl Alcohol (IPA)

3. 10 min Oxygen plasma at 250 W

3.2.2 Photo-lithography

A common technique for patterning structures on a substrate is photolithography. For
this, thin films of lift-off resist and a UV-sensitive resist are deposited on the substrate.
The sample is then exposed to UV-light through a mask and the UV-sensitive resist is
cross-linked in the exposed areas, which are removed by developing the sample. The
undercut in the bi-layer resist allows for higher resolution down to around 2 µm and
expedites removal after the patterning process. In the last step, the desired layer is
deposited, and the remaining resist stripped off. The details of the process are as
follows:

1. Common substrate cleaning procedure

2. Lift-off resist LOR B:

• Spin-coat at 6000 rpm for 40 s

• Anneal at 180°C for 5 min

3. Photo-resist S1813:

• Spin-coat at 6000 rpm for 40 s

• Anneal at 120°C for 2 min

4. Expose desired areas to UV light for 12 s through photo-mask

5. Develop in MF319 for 35-45 s

6. Deposit Material

7. Lift-off in 1-methyl-2-pyrrolidone (NMP) overnight
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3.2.3 Electron-beam lithography on insulating substrates

The minimum dimensions we can resolve with photo-lithography are set by the wave-
length of the UV-light. When we have to write smaller structures, we have to resort to
other means of patterning. A highly developed tool for this is electron-beam (e-beam)
lithography, which allows resolving structures on the nanometre scale. When doing
e-beam lithography on insulating substrates, a conductive layer has to be deposited as
a discharge layer on top of the resist. Here, we use a thin layer of Au, which can be
etched after exposure without interfering with the pattern in the resist. The general
procedure for e-beam lithography is described in the following:

1. Usual substrate cleaning procedure

2. E-beam resist: 495 PMMA A8

• Spin-coat at 6000 rpm for 30 s

• Anneal at 180°C for 5 min

3. Thermally evaporate 6 nm of Au

4. Expose the desired area using Crestec CABL-2000 electron beam lithography
system

5. Dip in Au etchant for 10 s and rinse with DI-water

6. Develop in IPA:MIBK (3:1) solution for 30 s and rinse in IPA for 30 s

7. Deposit Material

8. Lift-off in Acetone overnight

3.3 Linewidth broadening experiments

3.3.1 Samples for linewidth broadening experiments

The material and dimensions of the substrates for the linewidth broadening experiments
were determined by the properties of the electron spin resonance (ESR) setup. As
Silicon substrates are conductive, they absorb microwave magnetic fields considerably,
and thereby lower the quality factor of the cavity significantly. Consequently, we have
used borosilicate thin glass substrates (D263 T, purchased from Präzisions Glas &
Optik GmbH) with a thickness of 0.4 mm for the LWB measurements. The dimensions
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of the substrate were set to 3 mm × 5 mm, in order to comply with the inner diameter
of the sample tube (3.2 mm).

In order to have a well-defined area of the magnetic film and ensure that it is
within the uniform magnetic field and minimum of the electric field, the permalloy
film has been patterned by a shadow-mask to a square with a side length of 2 mm. An
illustration of the sample is shown in figure 3.6a. During the thermal evaporation of
permalloy, maintaining a rate of 0.3 nm/s is crucial to ensure the correct composition
of 81% Nickel and 19% Iron in the magnetic film. As the broadening of the linewidth
is inversely proportional to the thickness of the magnetic film, we want to minimise
the film thickness while maintaining reliable and reproducible magnetic characteristics.
We have found a film thickness of 9 nm to satisfy both criteria well.

(a)

(b)

(c)

Fig. 3.6 (a) Illustration of a sample used for LWB experiments. A 2 mm × 2 mm
box of permalloy (shown in metallic grey) is deposited on a glass substrate (blue
layer). Organic semiconductors (orange) are then deposited on the entire substrate.
(b) LWB samples with different thickness of the P3HT (left) and IDT-BT (right) films.
(c) Picture of the ESR setup (taken from Bruker manual)

Depending on the organic materials, we used three different methods of depositing
the NM layers on the substrates. The processing of the OSC was conducted inside a
glovebox under nitrogen atmosphere. The preferred method of deposition for small
molecules is thermal evaporation in vacuum, as this does not influence the magnetic
properties of the substrates. The OSCs were evaporated at a rate of 0.2 Å/s by Dr
Guillaume Schweicher in an evaporator dedicated to organic materials, which was
cleaned thoroughly before every evaporation to avoid cross-contamination. We have
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used this method for studying spin injection into three derivatives of DNTT.
For the processing of the small molecules discussed in this work, apart from the deriva-
tives of DNTT, the method of drop-casting has been used. For this, the small molecule
is dissolved in tetrahydrofuran (THF) at a concentration of 5 mg/ml. A droplet of
4 µl solution is deposited on the substrate and let to dry. The sample is annealed in
vacuum for 5 min to remove excess solvent from the film.
The third way of depositing a thin film of an OSC it to spin-coat from a solution.
When the parameters of spin-coating and the amount of solution are fixed during
processing, the thickness of the film depends linearly on the concentration of the
solution [126]. Hence, in order to control the thickness and uniformity of the organic
films, the polymers discussed in section 3.1.2 have been spin-coated. Solutions with a
concentration of 0.5, 1, 1.5 and 2 mg/ml of the polymers in THF were spun on the
substrates at 5000 rpm for 60 s. The samples with IDT-BT were dried at 45°C for
5 min. The films of P3HT were annealed at 110°C for 30 min to allow reorientation of
the polymer chains into a favourable structure. The difference in film thickness with
concentration of the polymer solutions is shown in figure 3.6b for P3HT and IDT-BT.

The samples for the structural and energetic characterisation measurements were
fabricated alongside with the samples for the linewidth broadening experiment. For
these measurements, the substrates were required to be of the size 15 mm×15 mm,
and the magnetic films were not patterned but deposited on the entire glass substrate.

3.3.2 Electron spin resonance setup and linewidth broadening
measurement

In order to measure the FMR absorption accurately, the spectra have been recorded with
a Bruker E500 X-band spectrometer with a microwave cavity (Bruker ER 4122SHQE).
A picture of the setup is shown in figure 3.6c. The microwave frequency was tuned to
the resonance of the cavity at ∼ 9.4 GHz. The standing waves inside the microwave
cavity provide the AC magnetic field exciting the magnetisation precession while
the electromagnet supplies the external magnetic field. Additional coils are used to
modulate the external magnetic field at a frequency of 100 kHz. Measuring the lock-in
signal with reference to the modulation of the external magnetic field results in a
Lorentzian derivative signal around FMR. The exact settings for the measurements
are discussed in section 4.1.
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At first, the samples with pristine magnetic films were fixed on a Teflon sample
holder, which ensured precise and reproducible positioning of the sample, and inserted
into a quartz glass tube. The tube was then lowered into the cavity. In-plane orien-
tation of the magnetic field was ensured by rotating the sample to a position where
the resonance field HF MR was minimised. After recording the FMR signal, the sample
was removed from the substrate holder. Subsequently, the organic films were deposited
on the magnetic substrates and the FMR spectra re-recorded. There is some heat
dissipation during FMR due to phonons in Py. An additional organic layer will alter
this power dissipation. However, given the low magnetoelastic coupling and small
intrinsic Gilbert damping of Py, this effect is negligible.

The linewidth ∆H and resonance field HF MR were extracted by fitting a Lorentzian
derivative to the obtained data, and the change in damping was determined for
each sample. The fitting function is given by the derivative of a symmetric and
anti-symmetric Lorentzian (cf. equation 2.12):

dL/dH = S̄
(H − HF MR)∆H2

((H − HF MR)2 + ∆H2)2 + Ā
∆H((H − HF MR)2 − ∆H2)

((H − HF MR)2 + ∆H2)2 + C̄, (3.2)

where S̄, Ā and C̄ denote fitting constants.
When the thickness of the NM is smaller or on the same order of the spin diffusion

length of the NM, the backflow of spin affects linewidth broadening. The gradual
increase of the change in linewidth as a function of thickness of the NM has been
described theoretically in equation 2.18. In order to simplify the extraction of the
saturated change in linewidth δ∆Hsat in the limit of large thickness, we have rewritten
this expression as

δ∆H(tNM) = δ∆Hsat
1 + ξ

1 + ξ/tanh(tNM/λSD) , (3.3)

where ξ denotes a material dependent fitting parameter. Using this function, we can fit
our obtained data and extract the saturation value of the linewidth broadening δ∆Hsat

and the spin diffusion length λSD.
As the linewidth of permalloy can vary considerably between substrates, the

experimental procedure requires recording the absorption spectrum for each sample
before and after the deposition of the OSC. In order to increase accuracy and to get
an estimate of the error in the measurement, the results of multiple samples (at least
four) were averaged after renormalising the change in linewidth to a linewidth of the
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pristine permalloy film of ∆H = 21 G. The marginally varying conditions for the
thermal evaporation of permalloy and the exposure of the samples to air during the
ESR measurements can cause slight differences in spin injection properties between
different batches of substrates. In order to account for these differences and to make
an accurate comparison between the different materials we have studied in this work,
we have normalised the obtained data in the following way.
The thickness dependence was recorded on one batch of substrates for each material.
Using the fitting to equation 3.3 as described above we have determined the saturation
values of the linewidth broadening δ∆Hsat and spin diffusion length λSD for the three
materials. The relative magnitude of the linewidth broadening of the derivatives of
DNTT has been measured on one separate batch of permalloy substrates. For this,
the thickness of the OSC was chosen to be 75 nm, which is significantly larger than
the spin diffusion lengths we extracted. The data for the thickness dependence has
then been adapted by renormalising the saturation values of δ∆Hsat with the relative
magnitudes from the comparative measurement.

3.4 Thermal spin injection experiments

3.4.1 Spin Seebeck effect samples

The choice of material for measuring the SSE is crucial. In order to exclude any
contributions from different effects, such as the conventional Seebeck or Nernst effect,
from the ferromagnetic material, it has to be electrically insulating. YIG is a good
candidate as it has a low magnetisation damping and a very low coercive field [127].
As the non-magnetic material is used for detecting the spin current via the ISHE,
a sizeable spin-Hall angle and resistivity are favourable for the material. Therefore,
heavy metals with strong SOC, such as platinum, are ideal candidates.

Bilayer samples

In order to test and compare the newly built set-up, the first samples were simple
YIG/ Pt bilayer structures. YIG samples of a size of about 5 × 5 mm2 were cut out
using a mechanical scriber. A clean interface between YIG and platinum is crucial for
measuring the SSE [128, 129]. Therefore, the samples have to be cleaned very carefully.
First, the samples were cleaned with Acetone and IPA for 10 minutes each in a
sonication bath. This was followed by treatment with oxygen plasma for 10 minutes.
In order to ensure that no organic components remain on the surface of YIG and
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to remove the magnetic dead-layer on the surface of YIG, the samples were etched
with piranha (H2SO4:H2O2 in a ratio of 7:3), rinsed with deionised water and the
oxygen plasma treatment was repeated. Subsequently, a 5 nm layer of platinum was
sputtered on to the YIG samples. Apart from platinum, bilayer devices with a 5 nm
thick layer of palladium and chromium, which can both be thermally evaporated, have
been fabricated.

Trilayer samples with an organic semiconductor

In contrast to the straightforward sample fabrication of bilayer samples, it is much more
complicated when organic semiconductors are involved. The basic idea is to fabricate
a trilayer device with YIG as the source of spin current, an OSC into which the spin
current is injected and a normal metal layer on top of the OSC, where the propagated
spin current is converted to an electromotive force using the ISHE. A schematic of this
structure is shown in figure 3.7a.
Unlike many inorganic materials, organic semiconductors are relatively soft. This poses
a problem for the deposition of the top metallic layer, which generally has to be either
thermally evaporated or sputtered. Platinum in particular usually has to be sputtered.
The high energy of the individual atoms during these deposition methods cause them
to penetrate into the organic layer. This can give rise to pinholes or even complete
penetration through the entire organic film and a dead layer at the interface between
the OSC and the metallic film. It is, however, crucial to have a clean and well-defined
interface for efficient spin current transmission [130].

Despite being aware of the possible complications with the OSC and metal interface,
the first try was to straightforwardly fabricate trilayer devices by spin-coating the
organic material onto YIG and sputtering Pt on top. The two polymers P3HT and
PBTTT were selected for this experiment as previous spin pumping experiments have
been successful with these materials [12, 131].
In the first step, the YIG samples were cleaned as described in the previous section.
The OSCs were then spin-coated from a solution in 1,2-Dichlorobenzene (DCB) at a
concentration of 10 mg/ml in air using different spinning speed, varying from 3000 rpm
to 5000 rpm, which corresponds to a film thickness of approximately 30 nm to 60 nm.
The samples with PBTTT and P3HT were annealed in a nitrogen atmosphere for
20 minutes at 180◦C and 110◦C respectively. The metal layer was then deposited
following the same procedure as for the bilayer samples.
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(a)

(b)

Fig. 3.7 (a) Trilayer structure for SSE devices with an organic semiconductor layer
between YIG and platinum. (b) Microscope image of a transferred CYTOP/Pt/P3HT
film (bright yellow) on a YIG substrate (grey substrate, approximately 4 × 4 mm2).

An additional method of device fabrication has been tested in order to improve
the interface between the OSC and the top metal layer. For this, the metal layer and
afterwards the OSC were deposited on a separate substrate and only then brought
into contact with YIG. This method was developed by Prof L. Jiang. The general idea
is to delaminate platinum with the OSC from a substrate and place the freestanding
film on to YIG. For this, first, the Si/SiO2 substrates had to be modified using an
octadecyltrichlorosilane (OTS) treatment of the surface. CYTOP was spin-coated at
2000 rpm on to the substrates in a nitrogen atmosphere. The OTS treatment leads to
poor adhesion of the CYTOP film to the substrate. Platinum and subsequently the OSC
were deposited on top of the CYTOP film. Using a plastic mask, the entire film was
peeled off from the substrate and transferred to a cleaned YIG sample (approximately
4 × 4 mm2). Using sharp tweezers, the film was carefully detached from the mask at
the edges of the YIG substrate. Due to electrostatic forces, the film adheres to YIG,
which ensures good contact between the OSC and YIG. A successfully transferred
CYTOP/Pt/P3HT on YIG is shown in figure 3.7b.
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3.4.2 Thermal spin injection setup and measurement

Spin Seebeck effect setup

The general idea is to simultaneously apply a temperature gradient perpendicular to
the interface of the sample and an in-plane magnetic field. The difference in voltage
due to the SSE, which is perpendicular to the direction of the magnetic field, can
then be measured. Several different techniques have been shown to be successful.
K. Uchida et al. [71] use a Peltier element and a heat bath to induce a temperature
gradient, as shown in figure 3.8a. B. Youssef et al. [127] patterned the detection layer
into a Hall bar shape on top of the ferromagnetic insulator. The structure was then
covered with an insulating layer of Al2O3 and a platinum stripe heater deposited on
top. An image of a sample is shown in figure 3.8b. The detection layer in the sample
in the work of M. Schreier et al. [132] consists of a Hall bar structure as well. However,
they use the same Hall bar as the heater simultaneously and measure the SSE voltage
perpendicularly with a lock-in amplifier. A schematic of this sample structure is shown
in figure 3.8c. A completely different way was introduced by M. Weiler et al. [133].
Here, a laser beam is used to locally heat up the structure, as shown in figure 3.8d.

It is not straightforward to compare these different methods quantitatively. The
sample geometry, most importantly the distance between the voltage probing points,
and layer thickness of the FMI and metal influence the signal strength. However, the
main problem lies in the determination of the magnitude of the temperature gradient
across the sample. While the setup by K. Uchida et al. allows the temperature to be
measured using thermocouples, the temperature can only be estimated from simulations
in the other experiments. Even though the absolute SSE voltage cannot be compared,
studying the voltage normalised by the saturation voltage allows investigating the noise
level of the different techniques. From a comparative study by M. Schreier et al. [75],
it is apparent that the noise to signal ratio is the smallest using the setup described by
K. Uchida in the group of Prof E. Saitoh at the Tohoku University in Sendai, Japan.
Additionally, the comparably straightforward setup requires only a very simple layer
structure of the samples. For these reasons, we decided to design our system based on
this setup.

A schematic of the first version of the new setup for SSE measurements is shown in
figure 3.9. The sample is placed on top of a Peltier element, which allows to either
heat or cool one side of the sample. The Peltier element (2.9 W, ET-017-08-15-RS) is
connected to a power source (Keithley 2200-30-5). Using two T-type thermocouples
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(a)

(b)

(c) (d)

Fig. 3.8 (a) Schematic illustration of the SSE setup by K. Uchida et al. using a Peltier
element to create the temperature gradient (from [71]) (b) Image of the sample used
by B. Youssef et al. The outer pads, labelled with V− and V+, are connected to the
underlying Pt Hall-bar. The darker square is the insulating layer, and a Pt heater
is patterned on top (from [127]). (c) Coincident SEE detector Hall bar and heater
designed and used by Schreier et al. (from [132]) (d) Schematic of how a laser beam is
used to generate a local temperature gradient (Weiler et al., from [133]).

connected to a thermocouple monitor (Stanford Research SR630), the temperature
on either side of the sample is measured. The SSE voltage across the sample is then
measured perpendicular to the external magnetic field with a nanovoltmeter (Keithley
2182A). The magnetic field is generated by an electromagnet (GMW 3472-70), which
is powered using a bipolar power supply (Kepco BOP-20-20ML).
First, a probe head had to be designed and manufactured. The CAD drawings for

the first version of the sample holder are shown in figure 3.10. The exterior material
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Fig. 3.9 Schematic of the first version of the new SSE setup. An electromagnet generates
an in-plane magnetic field H. The temperature difference across the sample is applied
with a Peltier element and measured with two thermocouples. The SSE voltage is then
measured with a nanovoltmeter.

(a)

(b)

Fig. 3.10 CAD drawings of the probe head (a) cross section of the entire sample holder
(lengths are indicated in mm). (b) First version of the sample stage. 1: brass cylinder
acting as thermal bath 2: Peltier element 3: brass plate 4: sample 5: sapphire plate for
electrical and magnetic insulation 6: plastic screws for thermal insulation of the brass
plate from the brass cylinder.

of the cap, which is covering the sample space, was chosen to be made out of Teflon.
The reason for this is that this would allow the probe head to be rotated between the
pole caps of the electromagnet while being in touch with them. This way, it was made
sure that the sample would always be positioned exactly in the middle of the field. A
more detailed sketch of the sample chuck area is shown in figure 3.10b. The base of
the probe head (1) acts as a thermal bath for the Peltier element (2) and is thus made
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of a big brass cylinder. The Peltier element is clamped between this brass cylinder
and a thin brass plate. This plate ensures a uniform temperature across the surface
and gives enough space to attach a thermocouple for measuring the bottom sample
temperature. For electrical and magnetic insulation the sample is placed in between
two thin (10 × 10 × 0.5 mm3) sapphire plates (5) on top of the brass plate. In this
configuration, the sample is placed face-up, which means that the FMI/substrate is
on the bottom. Originally, it was planned to have another brass plate on top of the
sample, in which two spring-loaded contacts and a thermocouple would be embedded.
Out of practical reasons, mainly due to electrical insulation, we decided, however, to
switch to a plastic top (shown in figure 3.11a). In order to measure the upper sample
temperature, a thermocouple was attached to a copper wire which sits in the middle of
the two spring-loaded contacts. These contacts are connected to the nanovoltmeter for
measuring the SSE voltage across the sample. The plastic top can be slid on top of
the sample, guided by metal rails. It is fixed with a weight on top. The inside of the
finished first version of the probe head is shown in figure 3.11a. Figure 3.11b shows
the sample holder fixed on a rotation stage on a metal frame inside the electromagnet.

(a)
(b)

Fig. 3.11 (a) Interior of the first version of the probe head for the spin Seebeck
measurements. The white plastic top can be slid on to the sample along the metal
guides. It has two embedded spring-loaded contacts for contacting the sample and
holds a thermocouple. Once it is placed onto the sample, it is fixed in place with a
weight on top (top metal block in the picture). (b) The probe head is mounted on a
rotation stage in an electromagnet.
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(a) (b)

Fig. 3.12 (a) The sample was placed onto the metal leads face down. A small amount
of silver dag was used to enhance the electrical contact between the metallic layer of
the sample and the contact pads. (b) A Pt stripe heater was patterned on to a sapphire
plate and placed on top of the sample to increase the temperature gradient.

With this setup, we could successfully measure the SSE effect in YIG/Pt devices.
However, the maximal temperature gradient was only around 1 K. As the voltage
signal depends linearly on the temperature difference, it is crucial to increase the
temperature difference in order to enhance the voltage signal. For this, the probe head
was modified in the following way as depicted in figure 3.12. Two Cr (5 nm)/ Au
(120 nm) parallel metal tracks, separated by 4 mm, were thermally evaporated on to
the bottom sapphire plate using a shadow mask. Two wires were fixed to the metal
leads using silver dag and connected to the nanovoltmeter. Instead of contacting the
sample with the spring-loaded contacts from the top, electrical contact was made by
placing the sample upside down on to the metal leads on the sapphire plate. A small
amount of silver dag was used to enhance the contact between the metallic layer of the
sample and the tracks. In order to increase the temperature gradient, an additional
heater was inserted on top of the sample. For this, a 50 nm Pt thick stripe heater has
been sputtered onto a sapphire substrate using photo-lithography for patterning. The
spring-loaded contacts were used to contact the top heater, which was connected to a
power source (Keithley 236). With this modified probe head, a temperature difference
of up to 40 K can be reached.

All instruments and the power supply for the magnet are connected to a computer
using a GPIB interface and can be controlled remotely using LabView routines, which
we developed while building the setup.
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Spin Seebeck effect measurement

An in-plane magnetic field and a temperature gradient perpendicular to the interface
of the sample have to be applied for measuring the spin Seebeck effect. As the SSE
voltage follows the magnetisation of the ferromagnet, the fundamental measurement
is to measure the inverse spin Hall effect voltage while sweeping the magnetic field
between positive and negative saturation field at a fixed temperature difference. The
magnitude of the SSE signal is then given by half of the voltage difference between
positive and negative saturation field. The dependence of the SSE signal on several
experimental parameters has been explored in this work.

3.5 Thermal spin detection experiments

Having discussed the thermal spin injection measurements in the previous subsection,
we now turn to thermal spin detection. Here, we introduce experiments studying
thermal spin-to-charge conversion. For this, we have tested two ways of creating a spin
accumulation, spin pumping and optical spin injection.

3.5.1 Inverse spin Nernst effect with spin injection via spin
pumping

Samples

The device design used in ANE measurements has proven to be a very sensitive
architecture for detecting thermally driven, magnetisation dependent effects [134].
Therefore, the initial design for the ISNE samples was based on the ANE architecture.
The ISNE signal is linear with the temperature gradient and is additive along the
length of the sensing bar. For these reasons, we designed a long sensing bar with stripe
heaters on both sides in near vicinity. The dimensions required are smaller than the
minimal resolution of photolithography, which can go down to about 2 µm. Hence, we
turned to electron beam (e-beam) lithography for patterning the devices.

The resist sensitivity is a substrate-dependent material property, which determines
the dose timer for the exposure. In order to determine the optimum parameters for
our material system, we performed a dose test. For this, we wrote two patterns, a
square consisting of four triangles forming a diagonal cross with a gap of 1 µm in
the centre, which we commonly use as alignment markers, and three rectangles of
1 µm width with a separation of 250 nm. After following the procedure described
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above, a layer of 30 nm of Pt was deposited and the remaining resist was lift-off in
Acetone. Four of these patterns are shown in figure 3.13 for different dose timers.

Fig. 3.13 SEM image of platinum markers
on a YIG substrate patterned using electron
beam lithography with different dose timer
varying from 27 µs to 63 µs. Pattern A, B,
C and D correspond to a resist sensitivity
of 300, 400, 500, 700 µC/cm2 respectively.

The cross inside the square is resolved
best in pattern A, which was written us-
ing a dose timer of 27 µs. The cross in B
(36 µs) shows slight signs of overexposure,
as the gap gets narrower towards the cen-
tre. In both, C (45 µs) and D (63 µs) the
cross inside the square cannot be resolved
anymore due to overexposure. The three
rectangles could not be resolved at all with
the dose timer used for pattern A, while
being clear in both B and C, and also
show signs of overexposure in D, as the
gaps between the rectangles start to curve.
Therefore, we are using a resist sensitivity
of 350 µC/cm2 for alignment markers and
large patterns and 450 µC/cm2 for narrow
and long patterns.

The design for the ISNE devices discussed in this work is shown in figure 3.14a. The
substrate was a 5 µm thick YIG film (single-sided) grown on GGG by LPE, which was
purchased from INNOVENT and cut into 5 mm×3 mm pieces. In addition to the usual
cleaning procedure, the substrate was cleaned in Piranha solution for 10 min. Every
substrate was composed of three devices. In the first step, a 25 nm film of platinum
was deposited for the alignment markers (shown in blue). The alignment markers were
designed to be at the corners of the devices and were used to align the subsequent
patterns across different steps of lithography. In the second step, the platinum sensor
(shown in green) was written with respect to the position of two of the alignment
markers. The dimensions of the bar were set to 2 µm × 580 µm. It is crucial that the
thickness of the layer of platinum for the sensor is on the order of the spin diffusion
length, in order to measure a spin-dependent effect in this geometry. In order to have
precise control of the layer thickness and reliable quality, a 3 nm layer of platinum
was sputtered by S. Brennan at the Thin Film Magnetism Group of the Cavendish
Laboratory. Proceeding the deposition of platinum, the substrate was cleaned in-situ in
an Argon plasma for 1 min. In the last step, the contact leads to the sensor, the heaters
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(a) (b)

(c)

Fig. 3.14 (a) Design of an ISNE device. Alignment markers are drawn in blue, the Pt
sensor in green and the heaters, contact leads to the sensor and contact pads in brown.
The side length of the square contact pads is 150 µm. (b) Optical microscope image
of the fabricated device. The patterned layers of platinum are shown in light blue on
the YIG substrate (dark violet). (c) Magnified microscope image of half of the central
region of the device, showing the platinum sensor between two heaters.

and the contact pads (shown in brown) were patterned. The strip heaters, which are
parallel and to both sides of the sensor, are 1.5 µm in width and 300 µm long. They are
contacted by two contact leads on each end. This four-point-probe configuration allows
using the heaters as temperature sensors as well. In order to ensure low resistance
of the contact leads and efficient heating, a 50 nm layer of platinum was deposited.
Optical microscope images of the fabricated devices are shown in figure 3.14.

Coplanar waveguide setup

Due to the spatial restrictions in the ESR, the sample size, as well as the number
of connectors, is very limited. A common alternative setup for microwave excitation
is making use of the field distribution in a coplanar waveguide (CPW). In a CPW,
microwaves are transmitted through a stripline between two ground planes creating an
in-plane AC magnetic field, which can excite FMR. An additional benefit of CPWs
compared to the ESR is that the frequency can be varied. In order to facilitate
simultaneous precise electrical measurements and microwave excitation, a new sample
holder had to be fabricated. For this, a CPW was designed on an FR4-printed
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circuit board (PCB) with integrated pads for electrically contacting the samples via
wire-bonding.

(a)

(b)

(c)
(d)

(e)

Fig. 3.15 (a) Schematic of the CPW design including dimensions (reproduced from [131].
(b) Picture of the electromagnet setup for spin pumping experiments. (c) Design of a
PCB with an integrated stripline for microwave transmission. The dimensions are given
in units of mm unless stated otherwise. The wire-bonding pads around the ground
plane are electrically connected on the PCB with the circular connectors in the top
section of the PCB. (d) Image of the first version of the PCB made according to the
design. (e) Third and final version of the CPW with an elongated PCB to allow easier
wire-bonding of the sample.

The dimensions of the fundamental CPW were taken from the predecessor CPW,
which was designed by Dr K. Kang [131]. A schematic of the CPW including the exact
measures is shown in figure 3.15a. The characteristic impedance of the waveguide was
simulated to be 49.6 Ω with a near perfect transmission in the range between 2 GHz
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and 18 GHz using AWR Design Environment. This characteristic impedance matches
the output impedance of the microwave source of 50 Ω, ensuring optimum transmission.

In order to fit the sample holder between the pole pieces of the electromagnet,
the SMA connectors, which connect the microwave lines to the stripline, could not
be placed on the sides of the PCB. Therefore, the stripline had to be bent such that
the SMA connectors were edge-mounted to the PCB at the bottom as shown in the
sketch in figure 3.15c. By choosing the bending radius R a factor of three larger than
the width of the stripline, the microwave transmission should not be affected by the
bending [135]. The ground plane around the stripline had to be large enough not to
distort the field lines significantly such that a uniform AC microwave magnetic field is
created in the central region of the CPW. Sixteen contact pads were placed around
the ground plane. The pads can be electrically contacted from a break-out box via
the connecting pins and a shielded cable to minimise electrical noise and allow high
precision measurements. Indeed, it has been verified that electrical measurements on
metallic samples can be conducted with picovolt accuracy using the final version of the
CPW. The prototype of the CPW was manufactured in the workshop of the Cavendish
Laboratory. A picture of the sample holder is shown in figure 3.15d. Several small
alterations were made for the final design of the CPW. The space between the bonding
pads and the connector was increased to allow more space for contacting the samples
electrically via wire-bonding. In order to ensure a reliable connection between the cable
and the connector pins on the PCB, a more robust connector was used. Furthermore,
additional wire holes connecting the top and the bottom ground plane were introduced
to improve the uniformity of the microwave magnetic field. Additionally, the CPW
was coated with a thin insulating (green) layer to avoid spurious signals and shorting
from direct electrical contact with the sample. Figure 3.15e shows a picture of the final
CPW manufactured by PCBtrain.

The measurements towards the detection of the inverse spin Nernst effect were
conducted using the CPW sample holder, which is described in the previous section, for
the microwave excitation. The microwave source (Anritsu MG3692C signal generator)
offers the possibility of chopping the microwaves with respect to an external trigger.
The transmitted microwaves were converted into a voltage, which is proportional to
the microwave power, with a diode (Anritsu 70KC50 detector) and an additional
attenuator (Anritsu 43KC-10) connected ahead. This allowed recording the microwave
absorption at FMR in homodyne electrical measurements. The external magnetic field
was provided by an electromagnet (GMW 5403). Figure 3.16a shows a schematic of the
measurement arrangement. The two heaters were grounded on one side and connected
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to an alternating current source with diodes with opposite orientations. Therefore, one
will only transmit current with positive polarity while the other only conducts current
with negative polarity. Consequently, applying an AC heater current to the heaters in
the diode configuration results in a sinusoidally varying in-plane temperature gradient
between the heaters perpendicular to the sensing bar. The direction of the current flow
was chosen such that the Oersted field created from the heaters was pointing in the
same direction for both heaters. Thereby, the Oersted field is modulated at twice the
frequency of the temperature gradient and hence can be excluded as a source of artefact.
The voltage signal across the sensor bar was measured in double lock-in configuration
(Stanford Research Systems SR830 DSP lock-in amplifier) with a low-noise preamplifier
(Stanford Research Systems SR560) connected ahead. The first lock-in was recording
the voltage signal with respect to the fast modulation of the microwaves. The output
was then fed into the second lock-in, which measured the voltage with respect to the
applied heater current. The first harmonic signal in the latter lock-in measurement
depends linearly on the variation of temperature and, most importantly, on the in-plane
component of the temperature gradient. This is therefore the ISNE signal we are
aiming to observe. The second harmonic signal, on the other hand, does not depend
on the in-plane temperature gradient but rather the out-of-plane gradient. Hence,
we would expect to measure contributions from the SSE and the Oersted fields, as
mentioned above, in this configuration.

(a)
(b)

Fig. 3.16 (a) Schematic of the measurement towards detection of the ISNE.
(b) Schematic of the spin Nernst effect (illustration adapted from [19]).
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3.5.2 Inverse spin Nernst effect with optical spin injection

Samples

The design of the samples for the ISNE with optically created spin polarisation is based
on the previously mentioned ISNE samples. Figure 3.17 shows a sketch of the central
region of the sample. Compared to the previous ISNE samples for spin pumping, there
are three main differences. As the GaAs substrate is conductive when excited with
light, the heaters had to be electrically insulated from the substrate. For this, a 65 nm
thick layer of aluminium oxide (shown in yellow) has been deposited via sputtering in
a 10% oxygen and 90% argon environment in the regions underneath the heaters. The
pattern was chosen slightly larger than the actual heaters to prevent leakage at the
edges of the heaters. Furthermore, the distance between the two heaters was chosen to
be significantly larger to avoid scattering and interference effects of the incident laser
beam due to the reflection of the metallic and thus reflective heaters and ensure that
the light is focused only on the central sensing bar. As the spin injection is localised to
the beam spot, there is no benefit in increasing the length of the bar anymore. It was
therefore chosen slightly larger than the distance between the heaters.

In addition to the aforementioned alterations, the p-doped layer had to be electrically
contacted. For this, a 5 mm×5 mm contact pad was defined in the corner of the GaAs
substrate with e-beam lithography and etched by 1200 nm in phosphoric acid (H3PO4)

Fig. 3.17 Central part of the sample design for the ISNE with optical spin injection.
The horizontal bar in the middle of the device is the platinum sensor (blue). The
thicker platinum leads contacting the sensor are drawn in green. The heaters (brown)
are electrically insulated from the GaAs substrate by an additional layer of aluminium
oxide underneath, which is shown in yellow. The distance between the two heaters is
20 µm.
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for 170 s. For the metallic contact, 20 nm chromium and subsequently 80 nm gold
have been deposited.

Optical setup and measurement

The setup for the optical spin injection was designed and built by Dr R. Di Pietro,
with whom these optical measurements have been performed. A schematic of the
arrangement of the optical components is shown in figure 3.18a.

First, the unpolarised laser beam (at a wavelength of 810 nm) passes a polarising
beam splitter, which sets the orientation of the transmitted linearly polarised light.
This beam is then passed through a rotating λ/2-waveplate. The retardation of the
incident light depends on the angle of rotation α of the half-waveplate resulting in a
rotation of the linearly polarised light by 2α. In order to enable phase sensitive lock-in
measurements, a photoelastic modulator (PEM) at a frequency of 42 kHz was used as
a quarter-wave plate. Linearly polarised light incident on a PEM can be decomposed
into two components, one perpendicular and one parallel to its optical axis. Due to
the birefringence of the PEM, the retardation of the two components is different. For
the λ/4-waveplate, the amplitude of the oscillation of the PEM is adjusted such that
for linearly polarised light incident at an angle of 45◦, one component is alternately
retarded and advanced by 90◦ relative to the other. As a result, the exiting light is
varying sinusoidally between circularly right and circularly left polarisation. Similarly,
there is no relative retardation between the components when the incident light is par-
allel and perpendicular to the optical axis. Hence, the light remains linearly polarised.

(a)

(b)

Fig. 3.18 (a) Sketch of the optical setup developed by Dr R. Di Pietro. (b) Expected
signal intensity as a function of rotation angle of the λ/2 waveplate. The orientation
of the incident linearly polarised light on the PEM with respect to its optical axis is
indicated with red arrows (Illustrations made by Dr R. Di Pietro, used with permission).
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The sample was mounted inside a cryostat (ARS closed cycle Helium cryocooler
with optical windows). In order to minimise noise from thermal effects, the measure-
ments were conducted at a temperature of ∼ 20 K. A DC bias voltage was applied
to the back-contact in the p-doped layer of GaAs with respect to one side of the
platinum sensor, which was set to ground. In this photodiode configuration, pho-
toexcited holes are extracted from the back-contact, while electrons are accelerated
towards and injected into the platinum bar. The voltage across the bar was measured
in a double lock-in configuration. The first modulation was given by the fast oscil-
lation of the PEM. The alternating current in the diode configuration (as described
in section ??) was set at a significantly lower frequency. The measurement can also
be conducted with only one heater. In this configuration, the alternating current is
sent directly to one heater, and the signal is recorded as a second harmonic of the
current modulation. The drawback compared to the measurements with two heaters
in the diode configuration is that contributions from the out-of-plane temperature gra-
dient cannot be excluded straightforwardly making multiple symmetry checks necessary.

Figure 3.18b shows the expected signal intensity of spin-dependent effects. The
maximum signal is expected when the light incident on the sample is purely circularly
polarised. At −45◦ the oscillation between circularly left and right polarisation is phase
shifted by π. Here, the minimum in signal reflects the dependence of the signal on
the orientation of the spin. There is no signal expected for parallel or perpendicular
light as there is no net spin polarisation of the photoexcited charge carriers without
circularly polarised light.
There might be some contribution from spurious effects, which depend on linear
polarisation, in the actual data from the experiment. Therefore, the obtained data has
to be decomposed into components due to circular and linear polarisation. The exact
angles of the half-wave plate at which circularly polarised light excites the sample have
been determined in reference measurements. The fitting function is given by

V = Vccos(2π

Tc

(α + θc)) + Vlcos(2π

Tl

(α + θl)) + const., (3.4)

where Vc(l), Tc(l) and θc(l) denote the amplitude, period and phase shift for circular
(linear) polarisation respectively. The values of the period and phase shift extracted
from the reference measurement are listed in table 3.3.
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Table 3.3 Periodicity and phase shift of circular and linear component of the signal
from the optical signal

Tc θc Tl θl

89.96◦ 70.24◦ 2 89.93◦ 47.74◦

3.5.3 Electrically modulated inverse spin Hall effect

Samples

In order to measure the current induced ISHE, we used a device design where a current
is passed through a platinum bar, and voltage can be measured perpendicular to the
current direction. Instead of using a simple cross-bar structure, where the voltage signal
might be offset due to asymmetry in the device geometry, we have used a Hall bar with
six contacts. This allows doing a three-point voltage probe using a potentiometer. The
Hall bar was patterned using photolithography on 100 nm YIG films from Matesy. The
NM of the first sample we discuss in this work is a 3 nm layer of platinum. There is an
additional 2 nm interlayer of rubidium in the second sample to decouple the platinum
from YIG. Figure 3.19a shows an optical microscope image of the YIG/Pt Hall bar.

(a)

(b)

Fig. 3.19 (a) Optical microscope image of the Hall bar device for measuring current
induced ISHE. The horizontal bar is 10 µm×100 µm in size and is contacted by three
perpendicular bars, which are parallel and separated by 50 µm. (b) Schematic of
the measurement towards detection of the electrically modulated ISHE including a
potentiometer.
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Electrically modulated inverse spin Hall effect measurements

The measurements of the electrically modulated ISHE were conducted on the same setup
as the spin pumping experiments towards detection of the ISNE with slight alterations
of the measurement configuration. The sketch in figure 3.19b shows a schematic of the
measurement configuration. An alternating current is passed through the platinum
Hall bar, and the voltage perpendicular to the current direction is measured. For this,
the voltage between the top two leads and the bottom lead is set manually to zero by
using a potentiometer to allow for maximum precision and best possible resolution.



Chapter 4

Quantifying Spin Injection by
Measuring Linewidth Broadening

Precise and reproducible measurements of the linewidth of the microwave absorption at
FMR are of paramount importance in the linewidth broadening experiments presented
in this work. Therefore, before studying spin injection into organic materials, we
shall focus on optimisation of the measurement procedure and characterisation of the
magnetic permalloy films in this chapter.

4.1 Optimisation of the linewidth broadening mea-
surement

Due to the uniformity of the standing microwave magnetic fields in the ESR cavity and
a sensitive lock-in detection method, the microwave absorption measurements using
the ESR setup yield very precise and low noise FMR spectra. In order to ensure that
the measurements are conducted well outside the power saturation regime, where the
lineshape and linewidth might be distorted, the measurement parameters have been
chosen carefully. The modulation amplitude of the external magnetic field was set
to 0.2 G to allow resolution of changes in linewidth on the same order of magnitude.
Furthermore, we used 0.2 mW microwave power to ensure a linear response. In order to
optimise the conversion time tc, the time over which the signal is collected and averaged
for one data point, we have conducted reference measurements of the linewidth ∆H

of a permalloy film varying tc. The results are shown in table 4.1. The linewidth is
distorted for conversion times shorter than 25 ms. In order to exclude any inaccuracy,
we have conducted the LWB measurements with tc = 30 ms.
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Table 4.1 Linewidth of permalloy absorption at different conversion times tc

tc (ms) 10 15 20 25 35 45
∆H (G) 25.72 25.55 25.45 25.44 25.46 25.44

By repeatedly mounting and measuring the same sample multiple times, the
accuracy of the linewidth following the procedure described in section 3.3.2 has been
found to be ∼ 0.1 G. When studying the change in linewidth due to spin pumping, the
precision of the measurements can be further increased by increasing the number of
samples studied for each material.

4.2 Characterisation of permalloy

In order to verify the quality of the permalloy film, we have measured the angular
dependence of the FMR absorption signal rotating the external field from our standard
in-plane configuration to out-of-plane. Figure 4.1a shows the absorption as a function
of magnetic field and angle. Here, θH = 0◦ corresponds to the external magnetic field
H in the plane of the permalloy film and θH = 90◦ denotes the configuration with
out-of-plane field. We can observe the typical cos(θM)2 dependence of the resonance
field on the out-of-plane angle θH . By fitting the angular dependence of the resonance

(a)

(b)

Fig. 4.1 (a) Microwave absorption (a.u.) at FMR of permalloy as a function of external
magnetic field H and out-of-plane angle θH . (b) Angle of the magnetisation θM as
a function of out-of-plane angle θH of the external magnetic field showing in-plane
anisotropy of the thin permalloy film.
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field using equation 2.11, we can extract the saturation magnetisation Ms = 690 mT
and gyromagnetic ratio γ = 29.6 GHz/T. These values agree well with reports in
literature [12] and confirm optimum magnetic properties of the permalloy films.
From the fit, we can also determine the angle of the magnetisation θM of permalloy as
a function of out-of-plane angle θH of the external magnetic field. Figure 4.1b clearly
shows the strong in-plane anisotropy of the thin permalloy film, as θM follows a nearly
step-like switching behaviour when the external magnetic field is rotated out-of-plane.

4.3 Linewidth broadening in Py/Pt

As mentioned section 2.3.2, platinum is known to be a reliable and strong spin sink layer.
Spin injection from permalloy into platinum has been quantified previously in several
reports in literature, making it a suitable reference system for further LWB experiments.
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Fig. 4.2 (a) Derivative microwave absorption signal at FMR of a bare permalloy film
(black line) and after deposition of 15 nm platinum on the same film (red line). The
extracted linewidth of the two curves is listed in the legend. (b) Difference of symmetric
components of the two normalised FMR spectra shown in (a) illustrating the increase
in linewidth.

The microwave absorption at FMR of four permalloy films has been measured
before and after deposition of 15 nm of platinum. Figure 4.2a shows the derivative
absorption signal recorded for the bare permalloy film (black line) and after deposition
of platinum (red line). We can observe that the peaks of the signal below and above the
resonance field HF MR are shifted to the lower and higher magnetic field respectively.
Furthermore, the decay of the tails is broader due to the addition of the NM layer. This
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is more clearly visualised in figure 4.2b, where the difference between the symmetric
components of the normalised FMR spectra of the two curves in figure 4.2a is shown.
From fitting the data using equation 3.2, we can extract the linewidth of the bare
permalloy film ∆HP y = 20.41 G and with the additional platinum layer ∆HP y/P t =
25.63 G. Compared to the accuracy of a single linewidth measurement of ±0.1 G,
we can conclude that we can observe a significant increase in linewidth due to spin
pumping from permalloy into platinum.

In order to estimate the error in the increase in linewidth due to sample to sample
variation, this measurement has been conducted on four different substrates. The
normalised average increase in linewidth is given by ∆HP y/P t − ∆HP y = 5.7 ± 0.6 G.
The large error might originate in the inhomogeneous deposition of platinum, as the
film quality depends strongly on the position of the substrate in the plasma plume in
magnetron sputtering.

From the increase in linewidth, we can estimate the spin-mixing conductance to
be g↑↓

eff = 3.5 · 1019 m−2. This value agrees very well with previous reports of spin
injection efficiency across a permalloy/platinum interface in literature [65]. We can,
therefore, conclude that the effects on the permalloy films due to exposure to ambient
conditions, such as oxidation, do not significantly decrease the spin transparency of the
interface. Furthermore, this verifies that LWB is indeed a sensitive method for directly
quantifying spin injection into NM layers without relying on additional spin detection
mechanisms.

4.4 Effects of solvents on permalloy

A commonly used technique for depositing OSCs is solution-processing. In this method,
the OSC is dissolved in a solvent and deposited on the substrate via spin-coating. We
noted that some solvent influence the thin layer of permalloy, resulting in an increase of
linewidth not due to spin pumping but a change in magnetic properties. Therefore, the
solvents had to be tested carefully before employing them for the LWB experiments.

For this, eight different commonly used solvents have been tested by comparing the
linewidth before and after spin-coating the permalloy substrates with the respective
solvent. The changes in linewidth δ∆H are listed in table 4.2 ordered by the strength
of the effect.

There is no significant influence of the solvent on the magnetic properties for
THF, ACN and IPA as the change in linewidth is within the accuracy of the LWB
measurement. Toluene, Acetone and Hexane show a significant increase by ∼ 1 G.
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Table 4.2 Change in linewidth due to solvent treatment of thin permalloy films

Solvent THF ACN IPA Toluene Acetone Hexane Chloroform DCB
δ∆H (G) 0.1 0.1 0.2 0.9 1.1 1.2 6 9.8

Moreover, an even larger increase by 6 G and nearly 10 G was recorded for the
chlorinated solvents Chloroform and DCB.
These findings demonstrate the necessity of being very careful during the processing of
the samples in order to minimise and exclude spurious contributions to LWB to allow
precise quantification of spin injection properties.

4.5 Conclusions

In summary, we have determined the optimum parameters for reliable and reproducible
measurements of microwave absorption in the ESR setup. Furthermore, the quality of
the patterned thin permalloy films used throughout the LWB studies presented in this
work has been characterised. Spin pumping has been successfully demonstrated in the
reference system of permalloy/platinum. Both, the magnetic properties of permalloy
as well as the extracted spin-mixing conductance of Py/Pt, agree well with reports
in literature. The effects of certain solvents on the magnetic properties have been
investigated. Three solvents, THF, ACN and IPA, have been found not to cause
a significant increase in linewidth. As a consequence, the use of solvents shall be
limited to these for the LWB measurements in this work. We can, therefore, conclude
that measuring LWB is indeed a sensitive and suitable technique for quantifying spin
injection across an FM/NM interface.





Chapter 5

Spin Injection in Small Molecules

In the preceding chapter, we have shown that linewidth broadening is a sensitive and
quantitative measure for spin injection. Due to the simple sample structure and direct
determination of the spin injection efficiency, which does not rely on any secondary
effect for spin detection, this method paves a novel path to probing spin properties in
organic semiconductors. In this chapter, we shall employ this technique to investigate
spin injection into small molecules.

5.1 Spin injection into DNTT

The first small molecule system we have investigated spin injection into is DNTT.
Figure 5.1a shows the FMR absorption of the bare permalloy substrate (black) and
the FMR spectrum after deposition of DNTT. The insets display the shift of the
peaks of the signal of the Py/DNTT bilayer to lower (higher) magnetic field below
(above) the resonance field (red arrows). This implies an increase in linewidth of the
microwave absorption. The difference of the symmetric component of the normalised
microwave absorption spectra is shown in figure 5.1 as a function of magnetic field.
This signal illustrates the increase in linewidth from the bare permalloy substrate to
the DNTT bilayer. The broadening of the absorption in Py/DNTT has been measured
for nine samples, and the difference in linewidth is summarised in a histogram in
figure 5.1d. In order to simplify direct comparison between different samples, δ∆H

has been normalised to a linewidth of 21 G. On average the linewidth increases by
δ∆H = 0.54 ± 0.05 G.

In order to exclude distortion of the line shape and linewidth due to interfacial
effects, which are not related to spin injection, we have performed this experiment
with an additional thin gold layer between the FM and OSC. We verified that the gold
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Fig. 5.1 (a) Absorption spectra of the pristine permalloy film (black) and after deposition
of DNTT (red). The insets show the magnified region around the peaks clarifying
the shift due to the increase in linewidth (red arrows). (b) Schematic of the interface
between permalloy and DNTT. (c) Difference between symmetric component of the
normalised spectra. (d) Histogram of increase in linewidth for nine different samples.

interlayer does not significantly change the linewidth broadening (more details in the
following section 5.2).

Therefore, we can conclude that this significant increase in linewidth is a direct
manifestation of spin injection from permalloy into DNTT. We can estimate the spin
mixing conductance to be g↑↓ = 3.35 · 1018 m−2 for permalloy/DNTT. Compared to
platinum, which is known to be an efficient spin sink layer, the spin-mixing conductance
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Table 5.1 Change in linewidth, spin-mixing conductance and estimate of spin diffusion
length for the three derivatives of DNTT

DNTT diPh-DNTT C8-DNTT
δ∆H (G) 0.54 ± 0.05 0.48 ± 0.09 0.10 ± 0.04
g↑↓ (m−2) 3.35 · 1018 2.98 · 1018 6.3 · 1017

λSD (nm) 40 30 1

extracted for permalloy/platinum with the same interface conditions is one order
of magnitude higher (see section 4.3). Given the comparably small charge carrier
concentration in DNTT and weak SOC due to the light composition of chemical
elements, the spin injection efficiency into the OSC is remarkably high.

5.2 Spin injection into three derivatives of DNTT

Furthermore, we have studied spin injection into all three derivatives of DNTT,
which were introduced in section 3.1.2. The interface properties can vary between
different batches of permalloy. In order to ensure comparability, we measured linewidth
broadening for the three materials on the same batch of magnetic substrates. The
changes in linewidth are illustrated in the bar diagram in figure 5.2a for the three
derivatives of DNTT at a film thickness of 75 nm. The change in linewidth is comparable
for DNTT and diPh-DNTT, where δ∆H = 0.48 ± 0.09 G and considerably suppressed
for C8-DNTT with δ∆H = 0.10 ± 0.04 G. The extracted linewidth broadening and
estimate for spin-mixing conductance of the three derivatives of DNTT are summarised
in table 5.1.

Moreover, we measured linewidth broadening of the three derivatives of DNTT as
a function of thickness ranging from 10 nm to 75 nm. The thickness dependence has
been measured on one batch of permalloy for each material and renormalised using
the relative results from the comparative experiment mentioned above. The results
are shown in figure 5.2b. From the gradual onset of δ∆H for DNTT and diPh-DNTT
with film thickness, we can estimate the spin diffusion length to be 40 nm for DNTT
and 30 nm for diPh-DNTT from the fit of the data to equation 3.3. The signal for
C8-DNTT is already saturated at 10 nm. Following the same interpretation as for
DNTT above, this would imply that the spin diffusion length is considerably shorter.
However, interfacial effects such as poor electrical contact between the molecules and
the metallic layer might also play a role. This indicates that the backflow due to the
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Fig. 5.2 (a) Bar diagram illustrating the change in linewidth for Py/DNTT (blue),
Py/diPh-DNTT (orange) and Py/C8-DNTT (green). (b) Linewidth broadening as a
function of the thickness of DNTT (blue circles), diPh-DNTT (orange triangles) and
C8-DNTT (green squares). From the gradual increase in signal with film thickness,
the spin diffusion length can be estimated using the fit (dashed lines).

spin accumulation in the material balances injected spin current even in very thin layers.

In order to exclude broadening of the linewidth due to modification of the magnetic
properties of permalloy at the interface which are not related to spin injection into
the OSC, we have performed the linewidth broadening experiment on samples with
an additional gold (Au) interlayer between permalloy and the DNTT derivatives. For
this, a 3 nm layer of gold was thermally evaporated subsequent to the evaporation of
permalloy without breaking vacuum. The thickness of the Au interlayer is one order
of magnitude smaller than the spin diffusion length in Au. Therefore, we would not
expect any significant loss of spin angular momentum in the interlayer. The microwave
absorption signal was measured for each sample before and after the deposition of the
OSC (thickness of 30 nm).
DNTT and diPh-DNTT show significant linewidth broadening of δ∆H = 0.33 ± 0.13 G
and δ∆H = 0.38 ± 0.16 G respectively. The increase in linewidth is comparable for
the two materials. Comparing the magnitudes of δ∆H with the values for the same
thickness of 30 nm for DNTT and diPh-DNTT, which we can extract from the fit to
the thickness dependent measurements shown in figure 5.2b, we see that the results
agree within the errors.
The third derivative of DNTT we used in this control experiment is C10-DNTT. This is
a very similar material system to the previously studied C8-DNTT in terms of structure
and electrical conductivity properties but has slightly longer alkyl side-chains. We
cannot observe significant spin injection into C10-DNTT. This confirms the decrease in
spin injection efficiency due to alkyl side chains.
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Based on the results of this control experiment, we can conclude that the gold interlayer
does not affect the change in linewidth significantly. Consequently, we can confirm
that the linewidth broadening experiments do indeed probe spin injection across the
FM/NM interface.

As the spin-mixing conductance is highly dependent on the interface, we have
carefully characterised the structural properties of the molecules grown on permalloy
substrates. For this, X-ray reflectivity (XRR) measurements were conducted by
JProf K. Broch at the Universität Tübingen in Germany. The obtained XRR data
of the three derivatives of DNTT are shown in figure 5.3a-c. The observed Bragg
reflection peaks agree well with the crystal structures of the small molecules reported in
literature. Hence, we have validated that the thin films of the three DNTT derivatives
adopt a 2D herringbone packing in-plane and stack with the long axis of the molecule
perpendicular to the substrate as illustrated for DNTT in figure 5.1b. From the fit of
the XRR curves at different thickness ranging from 5 nm to 20 nm in steps of 5 nm,
the calibration of the thickness of the films has been confirmed within an error of 5%.

(a) (b) (c)

(d) (e) (f)

Fig. 5.3 Structural characterisation via XRR measurements of (a) DNTT, (b) diPh-
DNTT and (c) C8-DNTT on a permalloy substrate. The positions of the Bragg peaks
agree with the crystal structure reported in literature. Thickness-dependent GIXD
measurements are shown for (d) DNTT, (e) diPh-DNTT and (f) C8-DNTT on a
permalloy substrate. There is an indication for a small wetting layer only in DNTT.
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Thickness-dependent GIXD measurements on the films of the DNTT derivatives
grown on permalloy were conducted by Dr J. Novák at Masaryk University, Czech
Republic. The results are shown in figure 5.3d-f. All three molecules grow with the
(100) plane of their unit cell parallel to the interface for film thickness ranging from
5 nm to 40 nm. This implies that the long axis of the molecules is approximately
perpendicular to the surface of the permalloy film at the interface. Furthermore, the
out-of-plane lattice spacing (along (001)) agrees with bulk values reported in literature.
The slight shift in peaks in the GIXD spectra for DNTT and diPh-DNTT films indicates
an increase and decrease respectively of the in-plane lattice constants as a function
of film thickness due to interfacial effects before adopting the bulk crystal structure,
while they remain constant for C8-DNTT. These results validate the assumption that
the molecules adopt their preferential orientation with their long axis perpendicular to
the substrate at the interface to permalloy.

(a) (b)

(c)

Fig. 5.4 Spin isodensity contour maps of cationic (a) DNTT, (b) diPh-DNTT and
(c) C8-DNTT. Majority and minority spin density are shown in blue and red respectively.

The spin density in the cationic radicals of the three derivatives of DNTT was
calculated using DFT by Dr E. McNellis following the same procedure as described
in [136]. A visualisation of the distribution of majority (blue) and minority (red) spin
on the molecule is shown in figure 5.4 for the three DNTT derivatives. For DNTT,
the spin density is distributed over the entire molecule. Similarly, the spin density
distributes over the entire molecule in diPh-DNTT and is also delocalised in the phenyl
rings. In the case of C8-DNTT, the spin density shifts only slightly towards the alkyl
side chains but remains mostly on the core of the molecule. This implies that the
separation of the core of the molecule and thus separation of the regions with high
spin density from the interface to the FM due to alkyl side chains decreases the spin
injection efficiency significantly.
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(a)
(b)

Fig. 5.5 (a) Energy levels of DNTT (blue), diPh-DNTT (green) and C8-DNTT (red)
at the interface to permalloy (grey). (b) Thickness-dependent UPS measurements of
the three DNTT derivatives (same colour code as in (a)). The inset shows the hole
injection barrier at the Py/OSC interface.

In order to investigate the electronic properties of the three derivatives of DNTT
ultraviolet photoelectron spectroscopy (UPS) measurements on thin OSC films on
permalloy substrates have been performed by V. Lami in the group of Prof Y. Vaynzof
at the Universität Heidelberg in Germany. The diagram of energy levels of the small
molecules with respect to the Fermi level of permalloy at the interface is shown in
figure 5.5a. From the position of the Fermi level, we can conclude that the three
derivatives of DNTT are p-type materials. We presume that the presence of holes
in these materials is due to unintentional doping of the films. Figure 5.5b shows the
energetics as a function of thickness of the organic film. In this experiment, UPS
spectra have been recorded while etching the films down to the interface. The energy
levels of the HOMO for DNTT and diPh-DNTT do not show any bending at the
interface to permalloy but stay constant from the interface to a film thickness of 40 nm.
This implies that the space-charge layer that is induced by permalloy at the interface
is negligible confirming that the dependence of the linewidth on the thickness of the
organic films is indeed due to spin diffusion.
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5.3 Effect of doping on spin injection in DNTT

In order to study the effect of the charge carrier concentration on the spin injection
efficiency, LWB experiments have been performed on the three derivatives of DNTT
doped with F4-TCNQ.
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Fig. 5.6 (a) Field-effect transistor characteristics of pristine C10-DNTT and C10-DNTT
doped with F4-TCNQ (by Dr G. Schweicher) (b) Difference in symmetric part of the
microwave absorption signal between bare Py and Py/DNTT (blue) and Py/DNTT
doped with F4-TCNQ (orange)

The change in charge transport characteristics upon doping with F4-TCNQ has
previously been studied in C10-DNTT, another derivative of DNTT, which is similar to
C8-DNTT. Dr G. Schweicher has generously given permission to include his field-effect
transistor (FET) measurements in this work. The FET characteristics of pristine (blue)
and doped (orange) C10-DNTT thin films in the linear (dotted lines) and saturation
(solid line) regime are shown in figure 5.6a. Compared to the pristine C10-DNTT films,
the doped film shows an increased hysteresis, a shift in turn-on voltage and higher on-
and off-current, which indicates that additional charges have been added in the system.
This result implies that the charge carrier concentration in DNTT derivatives can be
varied efficiently by doping.

To see the influence of doping on the spin injection efficiency, we have measured the
microwave absorption of the same substrates before and after deposition of the OSC
and after doping. The increase in linewidth for the pristine DNTT (30 nm thickness)
and after doping with DNTT compared to the FMR spectrum of the same bare Py
film is illustrated in figure 5.6b. The average change in linewidth for Py/DNTT is
δ∆H = 0.22 ± 0.01 G. The increase in linewidth in Py/doped DNTT compared to the
bare Py substrate is δ∆H = 0.50 ± 0.03 G. Consequently, the spin injection efficiency
increases by more than a factor of two by doping the films. This implies a strong
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dependency of spin injection on the number of charge carriers in the OSC.
The change in linewidth upon doping has also been investigated for diPh-DNTT
and C8-DNTT. However, the sample to sample variation was too large to extract a
significant influence of doping on linewidth broadening in these materials. This might
be due to a change in morphology through solution-doping. During this process, the
OSC swells in the solvent to allow for incorporation of the dopants. This can induce
critical changes in the structure of the thin films leading to poor charge transport
properties. This problem could potentially be alleviated by switching to an alternative
doping method in which F4-TCNQ is evaporated on the OSC film. This technique has
been shown to induce efficient doping while retaining the original microstructure [137].

The experimental results suggest that further measurements studying the change
in charge transport and structural properties upon doping are necessary to quantify
the effect of doping on spin injection.

5.4 Spin injection into derivatives of BTBT

In order to test the generality of the effect of alkyl side chains, another small molecule
system similar to DNTT has been investigated. For this, linewidth broadening has
been measured for permalloy/ BTBT and C8-BTBT bilayers. The increase in linewidth
with BTBT was determined to be δ∆H = 0.53 ± 0.15 G. This value is comparable to
the broadening with DNTT, which can be expected due to the structural and electrical
similarities between the two small molecules. The broadening of the linewidth was
indeed strongly suppressed for C8-BTBT with δ∆H = 0.10 ± 0.03 G. This confirms
the decrease of spin injection due to addition of alkyl side chains.

(a)

(b)

Fig. 5.7 Spin isodensity contour maps of cationic (a) BTBT and (b) C8-BTBT. Blue
and red show the distribution of majority and minority spin density on the molecules
respectively.
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The theoretically calculated spin density maps of the two derivatives of BTBT are
shown in figure 5.7. Similarly to DNTT, the spin density is evenly distributed across
the BTBT molecule and does not shift considerably towards the alkyl side chains upon
their addition to the core of the molecule.

5.5 Spin injection in small molecules with diradical
character

In addition to investigating the influence of the molecular structure on spin injection,
we have also explored the possibility of tuning the spin injection efficiency via spin-
orbit coupling. For this, several small molecules with theoretically predicted diradical
character have been synthesised and the LWB properties tested.

The first diradical molecule we investigated was DFB1. Figure 5.8a shows the
difference in the symmetric component of the normalised FMR spectra between a
bare permalloy substrate and the same substrate after deposition of DFB1. Due to
the normalisation of the spectra before the subtraction, the amplitude of the signal
is roughly proportional to the change in linewidth. The average change in linewidth
extracted for DFB1 was δ∆H = 0.14 ± 0.03 G. This implies that the spin injection
into DFB1 is significantly less efficient compared to the non-alkylated small molecules
discussed in the previous section of this chapter.
Structural characterisation has not been conducted on this material yet. However, due
to the bulkiness of the molecule, it is expected to adopt large torsion angles in the
molecule. As a result, the molecular packing will most likely be mostly amorphous
or very unfavourable for charge transport and hence does not allow for delocalisation
between molecules.

The initial measurements on indenofluorene were conducted on DX-IDF and DX-
IDT. The change in linewidth for the two materials is shown in figure 5.8b and 5.8c
respectively. The side peaks for DX-IDT might arise from distortions in the lineshape
of this particular sample. However, the magnitude is on the order of the noise level.
The average increase in linewidth was extracted to be δ∆H = 0.6 ± 0.3 G for DX-IDF
and δ∆H = 0.23 ± 0.14 G for DX-IDT. The larger spin injection efficiency for DX-IDF
agrees with the expectation of enhancement of spin injection due to a larger diradical
character. However, due to the large sample-to-sample variation, the error for DX-
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Fig. 5.8 Illustration of the change in linewidth for six small molecules with different
diradical character. The difference of symmetric component of the normalised FMR
spectra before and after deposition of the NM is shown for (a) DFB1, (b) DX-IDF,
(c) DX-IDT, (d) DIADX, (e) TIPS pentacene and (f) diF TES ADT (arbitrary units).
Due to the normalisation of the FMR spectra before subtraction, the amplitude of the
peaks is proportional to the difference in linewidth.
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IDF does not allow us to observe a significant difference between the two materials
conclusively.

(a) (b)

Fig. 5.9 XRR data from Dr K. Broch on the two indenofluorene derivatives on a
permalloy substrate. (a) DX-IDF shows two Bragg reflection peaks, while (b) DX-IDT
does not show any Bragg peaks.

The structural properties of films of the two small molecules deposited on a permalloy
substrate have been investigated by XRR measurements conducted by JProf K. Broch.
The obtained curves are shown in figure 5.9. In the case of DX-IDF, two Bragg peaks
were observed at Qz = 0.21 Å−1 and Qz = 0.42 Å−1, agreeing with a crystal structure
of a = 1.34 nm, b = 0.67 nm and c = 2.61 nm reported in literature. No peaks could
be observed for DX-IDT, implying that the film grows amorphous. The difference in
structural properties makes isolating the contribution due to the increase in diradical
character challenging.

The LWB experiments on the halogenated DX-IDF analogues did not result in
significant changes in linewidth. This might be due to the fact that the wetting of
the solution on the substrates was very poor, resulting in inhomogeneous films with
multiple holes and uncovered patches visible under the optical microscope.

Moreover, we have conducted LWB measurements on the Anthracene derivative
DIADX, in which a high diradical character had been predicted theoretically. In this
experiment, TIPS pentacene and diF TES ADT served as reference materials. The
change in linewidth due to spin pumping is illustrated in figure 5.8d-f for the three
small molecules. The extracted average increase in linewidth is δ∆H = 0.20 ± 0.03 G
for DIADX, δ∆H = 0.22 ± 0.15 G for TIPS pentacene and δ∆H = 0.14 ± 0.03 G for
diF TES ADT. Due to the structural similarity, all three materials adopt brick-wall
structure.
We can conclude that we do not observe a significant change in spin injection effi-
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ciency due to diradical character of the molecule or change in SOC with heavy-atom
substitution in this material system.

5.6 Conclusions

In summary, we have successfully demonstrated spin pumping into organic semicon-
ductor small molecules and extracted a sizable spin-mixing conductance of g↑↓ =
3.35 · 1018 m−2 for Py/DNTT. This is the first direct observation of spin injection
into OSCs as well as measurement of the spin diffusion length, which, unlike previous
studies, does not rely on a secondary effect for spin detection.

We have demonstrated strong suppression of spin injection and spin diffusion length
due to addition of alkyl side-chains in DNTT and BTBT derivatives. This highlights
the importance of the structural properties of the small molecules at the interface
to the FM. The vast possibilities of molecular design for organic small molecules
combined with the tunability of the spin-mixing conductance bring forth potential for
application-specific tailor-made organic materials.

The significant increase in LWB of Py/DNTT with doping implies a sensitive
dependence of spin injection on charge carrier concentration in the OSC. This suggests
a strong link between spin and charge properties in spin pumping experiments, agreeing
with recent findings in spin transport experiments [15]. The observed dependence
on spin concentration calls for further investigation and remains an important open
question in the field of organic spintronics.

Furthermore, the influence of diradical character on spin injection efficiency has
been explored in small molecule OSCs. No significant change in LWB could be observed
between open-shell and closed-shell molecule analogues. A large diradical character y

requires the overlap of the orbitals of the unpaired electrons to be small, which leads
to a large HOMO-LUMO gap. As a consequence, when designing these systems, we
have to balance the spin character of the molecule with charge transport and structural
properties in order to enhance spin injection efficiency.





Chapter 6

Spin Injection in Polymers

Following on from the work on spin injection into small molecules, we shall expand the
exploration to polymers, OSC systems with different transport mechanisms, to get a
more general insight into the underlying concepts. The choice of polymers was restricted
by the limiting criterion of solubility in THF. Three derivatives of P3HT and IDT-BT
have been found to fulfil this requirement and shall be presented in this chapter.

6.1 Structural characterisation

The structural properties have been characterised for P3HT, d-P3HT and IDT-BT on
permalloy films deposited on Silicon substrates (20 × 20 mm2). For this, the samples
were prepared following the same procedure as for the LWB samples. The Grazing-
Incidence Wide-Angle X-ray Scattering (GIWAXS) patterns, shown in figure 6.1,
were measured by Dr H. Ahn at Pohang University in South Korea and analysed by
Dr B. Kang.

The patterns for P3HT and d-P3HT show dominant peaks along the qz direction,
which are characteristic features of edge-on lamellar stacking. Furthermore, the
extracted lamella d-spacing of ∼ 1.8 nm agrees well with previous reports in literature [3].
The pattern for IDT-BT shows faint signatures of face-on stacking along qx. However,
it is dominated by broad isotropic contributions, indicating an amorphous structure of
the film. More details on the crystallographic information can be found in appendix B.
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(a) (b) (c)

Fig. 6.1 GIWAXS patterns of P3HT, d-P3HT and IDT-BT. P3HT and d-P3HT show
the characteristic lamellar stacking, whereas IDT-BT is almost amorphous.

6.2 Linewidth broadening experiments in polymers

We have investigated spin injection from permalloy into four polymers. The samples in
this section were all fabricated from polymer solutions in THF at a concentration of
2 mg/ml.

The increase in linewidth for P3HT is illustrated in figure 6.2a, where the difference
of the absorption signal of the bare permalloy film and Py/P3HT is shown as a function
of magnetic field. The average increase in linewidth was δ∆H = 1.36 ± 0.07 G. This is
larger by approximately a factor of three compared to the linewidth broadening for
Py/DNTT and of the same order of magnitude as the Py/Pt reference.

In order to exclude contributions to the increase in linewidth arising from impurities,
especially metal compounds, which are used during the synthesis of the OSC, the
polymer was repurified. No significant change in LWB could be observed, implying
that we are indeed probing spin injection into the polymer P3HT and we can exclude
significant contribution to the increase in linewidth due to impurities.
As discussed in section 5.2, the spin injection efficiency is very sensitive to interfacial
structure and can be significantly suppressed by alkyl side-chains. Given the edge-on
alignment of P3HT, the high spin injection efficiency is especially surprising. The
ionisation potential (IP) of P3HT lies at −4.8 eV [117], while the IP of DNTT is
considerably deeper (< −5 eV). Consequently, p−doping by exposure to oxygen in
ambient conditions is significantly more efficient in P3HT [118], resulting in a higher
charge carrier concentration. The increase in spin injection efficiency with increase in
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charge carrier density and spin density agrees well with the findings from the doping
experiment on LWB in Py/DNTT in section 5.3.

(a)

−200 −100 0 100 200
H −HFMR (G)

−40

−20

0

20

40

∆
d
I
/d
H

P3HT
δ∆H = 1.36± 0.07 G

(b)

−200 −100 0 100 200
H −HFMR (G)

−50

−25

0

25

50

∆
d
I
/d
H

d-P3HT
δ∆H = 1.99± 0.16 G

(c)

−200 −100 0 100 200
H −HFMR (G)

−50

−25

0

25

50

∆
d
I
/d
H

P3EHS
δ∆H = 1.63± 0.07 G

(d)

−200 −100 0 100 200
H −HFMR (G)

−5

0

5

∆
d
I
/d
H

IDT-BT
δ∆H = 0.06± 0.10 G

Fig. 6.2 The difference of the symmetric component of the normalised FMR spectra
before and after deposition of the NM is shown for (a) P3HT, (b) d-P3HT, (c) P3EHS
and (d) IDT-BT.

The linewidth broadening for deuterated P3HT is shown in figure 6.2b. The increase
in linewidth was determined to be δ∆H = 1.99 ± 0.16 G. The resulting spin injection
efficiency is larger by nearly 50% compared to P3HT.

As discussed in the previous section, the structural properties of the two polymers
are very similar. Furthermore, the HOMO and LUMO levels of d-P3HT are close to the
energy levels of protonated P3HT [138], implying a comparable level of oxygen doping
and thus similar charge carrier concentration. Therefore, the increase in spin injection
efficiency cannot be attributed to the difference in morphology or spin density. Due to
the edge-on orientation of the polymer, the backbone is separated from the magnetic
substrate by the alkyl side-chains. Charge transport mainly occurs along and between
the backbones. Analogously to section 5.2, we presume the spin density predominantly
to be in the same region as the charge density. Consequently, for spin injection into
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the polymer, the spins need to traverse the side-chains efficiently. Deuteration reduces
the hyperfine field, leading to less spin relaxation along the side-chains. This could
imply more efficient spin injection, which would result in larger linewidth broadening
for Py/d-P3HT compared to Py/P3HT.

In order to study the influence of SOC on spin injection efficiency, LWB has
been studied in P3EHS. The difference between the bare permalloy and Py/P3EHS
absorption spectra is shown in figure 6.2c. The extracted average increase in linewidth
was δ∆H = 1.63 ± 0.07 G. In addition to the increase in SOC, there are several other
factors, which need to be considered when comparing spin injection from P3HT and
P3EHS.

The ionisation potential of P3EHS lies deeper than for P3HT, making oxygen
doping less efficient [139]. This results in a smaller charge carrier concentration in
the heavy element substituted polymer. Moreover, the branched side-chains introduce
more twisting in the molecule along the backbones. As a result, the conjugation length
is decreased, leading to worse charge transport properties [140]. These two effects
are therefore expected to worsen the spin injection rather than enhancing it. The
branched side-chains are expected to allow for more dense packing, which manifests in
a smaller lamella d-spacing. However, measurements for characterising the structural
properties of P3EHS thin films are necessary. Dr M. Little is currently synthesising
the thiophene-based polymer with branched side-chains, P3EHT. Measuring LWB in
P3EHT and P3EHS will allow a more direct comparison of the spin injection efficiency
with respect to SOC.

In contrast to the aforementioned polymers, we could not measure significant spin
injection into IDT-BT. The change in linewidth was on average δ∆H = 0.06 ± 0.10 G.
The difference in absorption spectra of the bare permalloy film and Py/IDT-BT are
shown in figure 6.2d.

The high mobility and the face-on orientation of the polymer would have been
expected to facilitate efficient spin injection and transport. However, the deep ionisation
potential of IDT-BT implies inefficient oxygen doping, leading to a low charge carrier
concentration and hence a low spin density in the polymer film. This result agrees
well with the finding from the doping dependence of LWB in DNTT in section 5.3 and
confirms the sensitivity of spin injection on spin concentration.
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6.3 Doping of P3HT

In section 5.2, we have seen that the spin injection efficiency depends very sensitively
on the number of charge carriers in DNTT. In order to get a more general picture of
the influence of the charge carrier and thus spin density on spin injection, we have
studied the doping dependence of LWB in P3HT.
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Fig. 6.3 (a) Difference between the FMR spectra of the bare permalloy substrate and
Py/P3HT (blue) and after doping with F4-TCNQ (orange). (b) Bar diagram of LWB
in Py/P3HT and Py/doped P3HT.

The difference between the FMR spectra of bare permalloy and Py/P3HT is shown
in blue in figure 6.3a. The orange curve shows the difference between the bare permalloy
film and after doping Py/P3HT with F4-TCNQ. The amplitude of the orange curve is
only slightly larger than the blue, implying a small increase in linewidth. The average
increase in linewidth for Py/P3HT and Py/doped P3HT is shown in figure 6.3b. The
change in linewidth from δ∆H = 1.03 ± 0.15 G for Py/P3HT to δ∆H = 1.09 ± 0.13 G
after doping Py/P3HT with F4-TCNQ suggests an increase in LWB upon doping.
However, the change lies within the error bars.

As the procedure for solution doping relies on penetration of the dopant through
the OSC film, the doping profile, which describes the charge carrier concentration as a
function of film thickness, depends critically on the morphology of the film. Therefore,
the charge carrier concentration at the interface to permalloy, the region, which the
spin injection is most sensitive to, is expected to be smaller than the average in the
bulk of the polymer film.
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Furthermore, we also have to consider two competing effects when the number of
charge carriers is increased in the OSC. So far, in the discussion of doping of DNTT in
section 5.2, we have assumed a regime, in which the increase in Gilbert damping is
limited by the spin injection rate. This allowed us to relate the increase in linewidth
upon doping directly to the increase in spin density. Theoretically, this is described by
the direct proportionality ∆α ∝ κ, relating the increase in damping α to the number
of spin scattering channels per interface atom of the ferromagnetic film κ [62].
However, the enhancement of spin injection efficiency by increasing the charge carrier
and thus spin concentration in the OSC also results in a higher spin accumulation at
the interface when the spin injection rate τ−1

i is higher than the spin-flip relaxation
rate τ−1

SF . The diffusion of the spin accumulation µs(x) from the FM/NM interface
into the NM is given by

iωµs = D∂2
xµs − τ−1

SF µs, (6.1)

where D denotes the diffusion coefficient [59]. It follows that a spin accumulation
builds up at the interface when the injected spins cannot leave the interface fast enough
(limited by D) or relax efficiently (determined by τ−1

SF ). This spin accumulation drives
a backflow of spin current, which reduces the effective increase in Gilbert damping.
These two competing effects of increasing the charge carrier concentration suggest
the existence of a critical concentration, above which the enhancement of LWB is
compensated and hence saturates. The aforementioned oxygen doping due to exposure
of the P3HT films to air leads to an inherently high charge carrier concentration, which
might already be approaching the critical spin density. In this case, additional doping
with F4-TCNQ is not expected to modulate the spin injection efficiency significantly.

6.4 Thickness dependence of linewidth broadening

We have investigated the thickness dependence of LWB for three polymers, P3HT,
d-P3HT and IDT-BT. The thickness was controlled by varying the concentration of
the solution from 0.5 mg/ml to 2 mg/ml. The thickness of the P3HT film spun from a
2 mg/ml solution in THF was determined to be ∼ 20 nm via atomic force microscopy
measurements. Using the linear relationship between concentration and thickness, we
expect the thickness of the films to range from ∼ 5 nm to ∼ 20 nm.

Figure 6.4 shows the LWB for the three different polymers as a function of solution
concentration. Unlike the thickness dependence of the derivatives of DNTT discussed
in section 5.2, δ∆H stays constant or even has a slight tendency to decrease with
increasing thickness.
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Fig. 6.4 (a) Difference between the FMR spectra of the bare permalloy substrate and
Py/P3HT (blue) and after doping with F4-TCNQ (orange). (b) Bar diagram of LWB
in Py/P3HT and Py/doped P3HT.

Using the same model from equation 3.3 as for the thickness analysis for the DNTT
derivatives, we can estimate, that the spin diffusion length would have to be on the
order of 10 − 100 µm or significantly shorter than 5 nm. However, this does not agree
with previous reports in literature, where the spin diffusion length has been determined
to be less than 2 µm in thickness dependent spin pumping and inverse spin Hall effect
detection experiments [12, 141].
There are several factors, which can contribute to this unexpected thickness dependence.
As oxygen doping of the polymer films is more efficient close to the top interface, which
is exposed to air, the induced charge carrier concentration at the interface to permalloy
might be larger in thinner films. This effect can counterbalance the reduction of spin
backflow with increasing film thickness. Moreover, the morphology of the ultra-thin films
might change for different film thickness. Therefore, further structural characterisation
is necessary in future to get a more conclusive picture of the underlying effects.

6.5 Conclusions

In this chapter, we have explored spin injection into three derivatives of P3HT and
IDT-BT. The increase in linewidth in Py/P3HT is δ∆H = 1.36 ± 0.07 G, implying a
significantly larger spin injection efficiency compared to Py/DNTT. Both, deuteration
and heavy-element substitution in P3HT have resulted in increasing the spin injection
efficiency compared to P3HT. However, further material characterisation is necessary
to quantify contributions from other coexisting effects. On the other hand, we could
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not measure significant spin injection into IDT-BT, which can be linked to the low
charge carrier concentration.

The additional charge carriers due to doping P3HT with F4-TCNQ do not sig-
nificantly influence the spin injection efficiency. This suggests that the enhancement
of LWB with increasing charge carrier density is already saturated due to oxygen
doping. Furthermore, LWB has been found to be independent of thickness for thin
films (. 20 nm) for P3HT, d-P3HT and IDT-BT. Further structural characterisation
is necessary to understand the fundamental mechanism behind this effect.



Chapter 7

Thermal Spin Injection and
Detection

The emphasis of the preceding chapters has predominantly been on spin injection into
organic semiconductors by spin pumping at FMR. In order to gain a more comprehensive
understanding of spin properties in organic semiconductors, this chapter explores
thermal effects. The first part focuses on thermal spin injection, the spin Seebeck effect.
This is followed by endeavours towards thermal spin detection via the inverse spin
Nernst effect.

7.1 Thermal spin injection via spin Seebeck effect

7.1.1 Initial measurements on YIG/Pt

The first thermal spin injection measurements were performed on YIG/Pt bilayer
devices using the first version of the SSE setup. Figure 7.1a shows the raw data
of a typical SSE voltage curve as a function of magnetic field B at a temperature
difference of ∼ 1 K. Due to a temperature drift of the average temperature during
the magnetic field sweep and a contribution from the conventional Seebeck effect in
platinum, there is a small linear drift and off-set in the raw data. The pure SSE voltage
can be obtained by subtracting these contributions and is shown in figure 7.1b (this
procedure is carried out with all measurement data unless stated otherwise). The
voltage follows the magnetisation of YIG. It shows a sharp switching between the
saturation fields between ±5 mT and nearly no hysteresis. The SSE voltage signal at
1 K can be clearly observed and is approximately 4 µV in magnitude with a very low
noise level of approximately ±20 nV.
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(a) (b)

(c) (d)

Fig. 7.1 SSE measurements on YIG/Pt using the first version of the setup (a) Raw
data of the SSE voltage as a function of magnetic field B at a temperature difference
of ∼ 1 K. The arrows indicate the direction of the magnetic field sweep. (b) SSE
voltage which has been corrected for a linear drift and offset. (c) SSE voltage signal as
a function of the square root of the applied cooling (blue) and heating (red) power P
of the Peltier element respectively. The dashed lines are linear fits through the data
points. (d) Angular dependence of the SSE voltage. The dark (light) green line shows
the voltage measured perpendicular (parallel) to the external magnetic field.

It is rather difficult to compare the magnitude of the SSE voltage to experimental
results from different setups. This is due to the fact that the signal depends on many
different parameters, such as film thickness of the samples and distance between the
voltage probes, as the SSE voltage scales linearly with length [142]. Additionally, a
critical factor is the determination of the temperature difference across the sample.
Even changing to the modified sample holder, the signal, normalised by the temperature
difference, decreased by more than a factor of five. This implies that absolute quan-
titative comparisons to previous findings are problematic. Nevertheless, comparison
between different samples measured in the same setup and also between measurements
on devices on different setups with respect to a YIG/Pt reference is possible.
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After having successfully measured a signal, its symmetry had to be investigated in
order to confirm that it is indeed due to the SSE. First, the dependence of the voltage
signal on temperature difference has been studied. For this, the cooling and heating
power respectively of the Peltier element has been varied. The temperature of a Peltier
element depends linearly on the applied voltage or current, thus is proportional to the
square root of the power.
In the first version of the probe head, the temperature measurements were somewhat
unreliable. Furthermore, for small temperature differences, it can be assumed that
the temperature difference across the sample depends linearly on the temperature of
the Peltier element. For these reasons, the dependence of the voltage signal on the
temperature difference is shown as a function of the square root of the power of the
Peltier element in figure 7.1c. The data points marked in red show the voltage signal
while the Peltier element was used to heat the sample and the points marked in blue
show the signal for cooling. The dashed lines are a linear fit through the data points
and show that the dependence of the voltage signal on the square root of the Peltier
power is linear. Moreover, the sign of the voltage switches when the temperature
gradient is applied in the opposite direction. However, the magnitude of the voltage is
not precisely symmetric for cooling and heating. This might come from the fact, that
generally cooling is more efficient in Peltier elements.

In order to check the symmetry of the ISHE in the platinum layer, measurements
at two different angles have been performed at a temperature difference of ∼ 0.2 K.
Here 90◦ (dark green line) correspond to the usual configuration where the voltage is
measured perpendicular to the external magnetic field, and 0◦ (light green) corresponds
to measuring the voltage parallel to the magnetic field. The measured voltage as a
function of magnetic field is shown in figure 7.1d.
For 90◦ the voltage signal is ∼ 0.8 µV. One can observe a very small switching of the
voltage signal of ∼ 0.05 µV around zero magnetic field, which presumably comes from
a slight angular displacement. Hence, the measurements agree with the expectation
that the voltage is a sinusoidal function of the angle.

Contributions from other effects such as the anomalous Nernst effect or the proximity
Nernst effect have previously been shown to be negligible by making use of the different
symmetry of the effects and the behaviour in strong magnetic field [143, 144, 76].

These preliminary experiments on YIG/Pt devices agree very well with the theory
and previous findings. Therefore, we can conclude, that our SSE experimental setup is
working well and we could successfully measure the SSE in these bilayer devices.
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7.1.2 Inorganic bilayer devices

In order to compare the signal strength of different metals, YIG/metal devices with
three different materials have been investigated. For this, the modified setup was used
to achieve higher temperature gradients across the samples. Apart from the standard
YIG/Pt, YIG/Cr and YIG/Pd were thought to be promising candidates. The SSE
voltage normalised by the temperature difference is shown in figure 7.2.
Even though the spin Hall angle of chromium is claimed to be around half of the spin
Hall angle of platinum [125], a higher resistivity leads to a comparable SSE voltage
signal, as shown in figure 7.2b. K. Uchida et al. [145] on the contrary reported that the
normalised voltage is more than five times smaller in YIG/Cr compared to YIG/Pt.
As expected, the sign of the signal of YIG/Cr is opposite to YIG/Pt. This is due to
the fact the spin Hall angle is of opposite sign for these two materials. However, it
has to be noted that the noise level of the signal is approximately four times higher in
YIG/Cr compared to YIG/Pt.
The spin Hall angle of palladium is reported to be around a factor of five times smaller
compared to platinum as well [146, 147]. However, the low resistivity leads to a
normalised SSE voltage signal for YIG/Pd, which is approximately ten times smaller
than for YIG/Pt (see figure 7.2c).

(a) (b) (c)

Fig. 7.2 SSE voltage normalised by the temperature difference as a function of magnetic
field for three different YIG/ metal devices with (a) platinum (b) chromium and
(c) palladium.

From these measurements, we can conclude that chromium along with platinum is
a good candidate for trilayer devices. The advantage of chromium over platinum is
that it can be easily thermally evaporated. In this process the individual chromium
atoms have much lower energy when reaching the surface of the substrate, which might
improve the interface. However, the increase in noise and oxidation of Chromium might
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be detrimental in trilayer measurements. Furthermore, chromium is known to form anti-
ferromagnetic and ferromagnetic half-metallic oxides under certain circumstances [148].
Given that it is not a noble metal and its oxidation is not well-controlled in our
experiments, chromium might not be an ideal candidate for reliable spin measurements.

7.1.3 Organic devices

Trilayer devices

Fig. 7.3 Normalised voltage as a function of
magnetic field of YIG/P3HT/Pt. Here, five
different measurements are shown. Each
measurement is marked in a different colour
from dark red to yellow.

For the first try, organic trilayer devices
with YIG/OSC/Pt or Cr, where PBTTT
and P3HT have been chosen as the OSC
layer, have been fabricated as described
in section 3.4.1. Typical voltage measure-
ments as a function of magnetic field are
shown in figure 7.3 for five field sweeps
with YIG/P3HT/Pt. First, it is noted
that the noise level in these trilayer de-
vices is more than twice as high compared
to YIG/Pt. This could be due to shot
noise which comes from a formation of
a Schottky barrier at the organic-metal
interface [149, 150]. Furthermore, this fig-
ure shows that the variation between different sweeps is considerable, which makes
observing an SSE voltage behaviour impossible for the obtained data with the current
noise level.

Unfortunately, all organic trilayer devices showed similar behaviour, so that no
clear SSE voltage signal could be observed.

Delaminated films

Usually, the electrostatic force causes the delaminated films to adhere to the substrates
it is transferred onto. In the case of platinum, this layer is too conductive for an
electrostatic force to build up.

Transferring PBTTT and P3HT films was successful. The data from three different
field sweeps for YIG/ delaminated (P3HT/Pt) is shown in figure 7.4 marked by dots.
The solid blue line shows the average of the three measurements. The trend of the
normalised voltage follows the SSE signal. However, the noise level is much higher
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Fig. 7.4 Normalised SSE voltage as a function of magnetic field of YIG/ delaminated
(P3HT/Pt). The points show three different measurements (each colour corresponding
to one sweep) and the solid line represents the average of all data points.

than the possible SSE signal. Therefore, it cannot be concluded, that this indeed is an
SSE signal. The data for PBTTT shows a slightly smaller noise level but is similarly
inconclusive.

7.1.4 Conclusions

It has been shown that the SSE setup works very well and can achieve a temperature
difference of more than 30 K across the samples. Using this setup, the SSE has been
successfully observed in YIG/Pt. At a temperature difference of 34 K, an SSE signal
of 21.5 µV was measured. The symmetry of the voltage signal has been studied and
shows complete agreement with the theoretical predictions and previous findings. It
has been found that YIG/Cr yields an SSE signal which is similar in magnitude as for
YIG/Pt, whereas it had been found to be more than a factor of four times smaller [145].
However, the SSE has not yet been observed in devices with an organic interlayer.
There is an indication that platinum penetrates significantly into the OSC film during
sputtering. This implies that the interface between the organic material and platinum
is heavily damaged which might be a reason for not being able to measure an SSE
signal.

The experimental results suggest that the key to observing thermal spin injection
into OSCs lies in finding a suitable material, which can be deposited on an organic
film in a non-destructive way while retaining high spin-to-charge conversion efficiency.
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One possible route might be high-pressure sputtering of platinum with an additional
thermally evaporated interlayer of aluminium, which acts as a buffer layer, which has
been developed recently by Dr R. Di Pietro. Using this method of deposition, spin
transmission through an OSC and detection via the electrically modulated ISHE in
platinum on top has been successfully measured (personal correspondence, unpublished
work).

7.2 Thermal spin detection via inverse spin Nernst
effect

Conventionally, spin-to-charge conversion in heavy metal layers via the spin Hall
effect or electrical spin detection has been used to measure spin currents in OSCs. A
significant drawback of these indirect methods is that we have to introduce an additional
interface between the OSC and the detection layer, at which spin information can be
lost due to additional scattering at the interface. Additionally, electrical measurements
can introduce considerable noise due to the conductivity mismatch of the two different
materials. Recently, direct spin Hall measurements in organic materials have been
successfully conducted by M. Qaid and O. Zadvorna in the groups of Prof G. Schmidt
and Prof H. Sirringhaus (personal communication, unpublished work). However, due
to the small spin Hall angle, which can be attributed to the light composition of OSC,
and hence small spin-orbit coupling, it is challenging to measure an accurate signal.

As an alternative, we propose here the idea of detecting spin thermally. Two
ways of injecting a spin accumulation into an NM, spin pumping from an insulating
FM at FMR and optical spin injection from GaAs, are discussed in the following
two subsections. For the initial measurements, we chose to investigate this effect
in platinum, as it has served as a reliable spin and charge inter-conversion material.
Furthermore, the inverse effect, where a spin accumulation is created with a charge
current and a perpendicular temperature gradient, the direct spin Nernst effect, has
been reported in Pt recently [19], making it a promising candidate for observing the
ISNE.

7.2.1 Towards inverse spin Nernst effect in YIG/Pt

YIG has been shown to have a strong in-plane magnetic anisotropy. In order to
determine the magnetic field at which the magnetisation is pointing parallel to the
out-of-plane magnetic field, we have measured the voltage across platinum with respect
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to the modulation of the out-of-plane temperature gradient as a function of out-of-
plane magnetic field. In this measurement, the current through the heaters has been
modulated at 57 Hz, and no microwave power has been applied. The second harmonic
voltage signal is shown in figure 7.5.
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Fig. 7.5 Lock-in second harmonic voltage
signal across the platinum bar with respect
to modulation of heater power as a function
of out-of-plane magnetic field. The magneti-
sation tilts in plane between -200 mT and
+200 mT due to strong in-plane anisotropy
of YIG, giving rise to a conventional SSE
signal.

As expected, we cannot observe a
voltage signal at magnetic fields below
-200 mT and above 200 mT as the
temperature gradient and magnetisation,
hence also spin polarisation, are colinear.
Hence, there is no driving force for spin-
dependent scattering which could induce
an electromotive force along the voltage
probes. However, in the region around
zero magnetic field, the magnetisation
tilts in-plane resulting in a conventional
SSE voltage signal, which follows the mag-
netisation reversal.

From this, we can conclude that this
interface allows spin pumping from YIG
and platinum indeed serves as an efficient
spin to charge conversion layer. In the fol-
lowing ISNE experiment, the microwave

frequency has been chosen such that the resonance field HF MR is well above 200 mT
to ensure pure out-of-plane spin polarisation.

In order to create an out-of-plane spin polarisation in platinum, YIG was excited
with a microwave magnetic field at 3 GHz perpendicular to the external magnetic
field, which is normal to the sample plane. The third panel in figure 7.6a shows the
microwave transmission of the stripline in the coplanar waveguide as a function of
magnetic field. The voltage was recorded as a first harmonic signal with respect to
chopping the microwave field at a frequency of 12.345 kHz at a microwave power of
500 mW. It can be expected that at such high microwave power, some of the spin might
also be injected thermally as YIG heats up at FMR. This is beneficial for increasing
the total spin accumulation in the detector and should lead to a larger ISNE signal.
The heating due to the microwaves should not influence the thermal detection of the
spin accumulation as the modulation is at the frequency of the spin injection and not
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Fig. 7.6 (a) The topmost two panels show the first and second harmonic voltage
signal with respect to modulation of the heater current and additional modulation
of the microwave field as a function of positive (solid blue line) and negative (dotted
orange line) out-of-plane magnetic field. The diode voltage measuring the microwave
transmission as a function of magnetic field is shown in the third panel, indicating
that the resonance field is at 275 mT. At FMR the peaks in the first and second
harmonic voltage signal are of opposite sign for positive and negative magnetic field.
(b) Schematic of measurement configuration. (c) Magnitude of voltage signal at FMR
at positive (blue dots) and negative (orange triangles) out-of-plane magnetic field as a
function of applied heater current. (d) Angular dependence of voltage signal at FMR
at positive (blue dots) and negative (orange triangles) magnetic field. At zero angle
the magnetic field lies in the plane of the sample and is perpendicular to the platinum
sensor. At 90◦ the magnetic field is normal to the sample.
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the heaters. The peak in diode voltage indicates that the resonance field for FMR in
out-of-plane magnetic field lies at 275 mT. It is notable that the microwave absorption
is not symmetric for positive and negative magnetic field but is highly suppressed in
the latter. This has previously been observed in different samples on this setup and
might be due to inhomogeneities in magnetic field.

The voltage across the platinum sensor was measured as a function of the modulation
of the heater current in addition to the chopping of the microwave field. In this
measurement, a heater current of 13 mA was applied. The first and second harmonic
response are shown in the two topmost panels of figure 7.6a.
For the first harmonic signal, the peak in voltage at FMR is −5.5 µV at positive
magnetic field (solid blue line). At negative field (dotted orange line) the peak is
reduced to 1 µV and of opposite sign. The smaller magnitude of the voltage signal
can be ascribed to the smaller absorption signal at negative magnetic field, which
is resulting in less efficient spin pumping possibly due to slight misalignment of the
sample. The dependence of the sign of the signal on the direction of magnetic field
indicates this effect is indeed spin-dependent.
The second harmonic voltage signal shows a small peak of -2.8 µV at FMR at positive
field. However, the signal at negative field is concealed in the high noise level of
approximately 0.5 µV. The origin of the second harmonic signal is independent of
which heater the current passes through. This suggests that the signal arises from the
change in the out-of-plane temperature gradient between the YIG substrate and the
platinum sensor as YIG heats up considerably during FMR [151].

Figure 7.6c shows the magnitude of the voltage signal at FMR as a function of
applied heater current varying from 1 mA to 13 mA. The data points at positive and
negative field are denoted with blue circles (pFMR) and orange triangles (nFMR)
respectively. Surprisingly, the signal for both polarities of magnetic field seems to
depend linearly on heater current. As mentioned in section 2.5.3, the ISNE predicts a
linear dependency of the signal on heater power P = RI2, where R = 1.2 kΩ denotes
the resistance of the heater. Hence, we would expect a quadratic dependence on heater
current I.
As the applied heater current results in a comparably high heater power ranging from
1 mW to 0.2 W, nonlinearities in the distribution of temperature in YIG can arise, and
the magnetic properties might be distorted at such high temperatures. Additionally,
there have been recent reports of injection of magnons from platinum into YIG by
applying a current and magnon transport over several micrometres in YIG [152, 153],
which could influence spin pumping.
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The voltage signal at positive and negative FMR are shown in figure 7.6d as a
function of angle. Here, zero degree corresponds to the external magnetic field pointing
in the sample plane, and 90◦ denotes out-of-plane field. There is a positive offset of
approximately 0.5 µV at in-plane magnetic fields. The voltage signal only arises at
precisely out-of-plane magnetic field. This unexpected high sensitivity to the angle
might be due to the strong in-plane anisotropy of YIG. Furthermore, the anisotropy
might also manifest itself in spin orientation selectivity at the interface of YIG and
platinum, favouring in-plane spin polarisation.

In summary, we observe a spin-dependent signal at FMR, which shows the correct
symmetry upon inversion of the magnetic field. The heater current, as well as the
angular dependence measurements, suggest that there might be competing effects
coming into play. As a result, the contribution due to the inverse spin Nernst effect
could not be extracted in this measurement.

7.2.2 Towards inverse spin Nernst effect in GaAs/Pt

Photodiode characteristics

At first, the optical properties of the GaAs sample have been verified by measuring
I-V characteristics between the back contact and the platinum sensor. As shown in
figure 7.7, the sample exhibits typical characteristics of a photodiode. The dark current
(dashed blue line) shows a rectifying behaviour and the reverse current increases when
the sample is illuminated with laser light at 640 µW power.
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Fig. 7.7 I-V characteristics of the GaAs photodiode under laser illumination (orange
line) and in the dark (dashed blue line).
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Towards detection of inverse spin Nernst effect in GaAs/Pt

After confirming that photoexcitation of charge carriers works well in our sample, the
ISNE measurements were conducted. For this, the reverse bias was set to −2 V on
the back contact. In the first attempt, the configuration with two heaters connected
via diodes as in the preceding spin pumping ISNE was adopted. The obtained data is
shown in figure 7.8a. In this measurement, the amplitude of the AC voltage across
the heaters was set to 2.8 V and the power of the incident laser beam on the sample
measured to be 640 µW.
The signal did not show any significant dependence on the polarisation of the light. The
noise level of the measurement was ∼ ±20 µV and increased further with increasing
larger heater power. It was noted that the resistance between the two heaters was in
the Megaohm range. This indicates that the insulation of the aluminium oxide layer
was insufficient for electrically decoupling the conductive GaAs substrate from the
heaters. Therefore, when a voltage is applied to one end of one heater, the current flow
is ill-defined as it can spread to the other heater as well. The noise introduced by the
leakage made a sensitive detection of the thermal spin detection impossible.
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Fig. 7.8 (a) Data obtained in the ISNE measurements with two heaters in the diode
configuration. The noise level of ∼ ±20 µV was too large to detect the thermal signal.
(b) Second harmonic signal (blue dots) in the configuration using only one heater.
From the fit (solid orange line) the component due to circular polarisation (dashed
green line) was determined to be dominant over the linear polarisation (dashed red
line).

In order to circumvent the problem with the electrical contact between the heaters,
measurements with only one heater have been investigated. The data (blue dots) shown
in figure 7.8b was taken at a laser power of 320 µW applying an AC voltage with
amplitude of 10 V across the heater. The other heater was left floating to minimise
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cross-talk between the two heaters. The recorded signal shows a clear dependence on the
angle of the half-wave plate. From the decomposition with the fit to equation 3.4 (solid
orange line) to the data the amplitude of the component due to the circularly polarised
light (dashed green line) was determined to be Vc = 1.7 µV. This is significantly larger
than Vl = 0.2 µV. Therefore, we can conclude there is a significant signal arising from
circularly polarised light, which depends on the helicity of the polarisation. In addition
to this, the signal is also dependent on the second harmonic of the heater current. It is
therefore independent of the direction of the current and the Oersted field. Hence, we
can presume that the origin of the effect causing the signal indeed lies in heating.

The analogous measurement was repeated using the other heater. Again, a clear
angular dependence could be observed. However, the sign of the signal was the same
for both heaters even though the direction of the temperature gradient was inverted.
As a result, this effect in GaAs, which depends on the helicity of circularly polarised
light as well as temperature, dominates over any potential contribution to the signal
from the ISNE.

Consequently, the ISNE could not be detected in this architecture due to tempera-
ture and polarisation dependent effects in GaAs, which are modulated by the large
leakage current from the heater.

7.2.3 Spin detection via electrically modulated inverse spin
Hall effect

As the observation of the ISNE proved to be more difficult than expected, we wanted
to take a step back and perform a similar but more straightforward experiment in order
to identify a promising material system for further investigating thermal detection
more successfully. For this, we followed previous work in literature and did AHE-like
measurements, where the spins are not driven by a temperature gradient but electrically
modulated [105, 104].

At first, ISHE at FMR has been measured in a YIG/Pt sample patterned into
a Hall bar structure. For this measurement, a microwave frequency of 5 GHz and
power of 1 W was applied. The result is shown in figure 7.9a. The dotted orange line
corresponds to the diode voltage measuring the microwave transmission. The peak at
110.8 mT indicates the location of FMR. The solid blue line shows an ISHE voltage
signal of 175 µV at FMR, which agrees well with previous measurements and reports
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Fig. 7.9 (a) ISHE voltage at FMR in YIG/Pt in the standard configuration with
in-plane magnetic field. (b) First harmonic voltage signal in AHE-like measurement
configuration with respect to modulation of the driving current of 2.5 mA at 57 Hz
in positive (solid blue line) and negative (dotted orange line) out-of-plane magnetic
field around FMR for a YIG/Pt sample. (c) Voltage sweep (solid blue line) from
negative to positive magnetic field for a YIG/Ru/Pt sample with DC driving current
of 10 mA. The orange dotted line serves as a guide to the eye for the contribution
from the conventional Hall effect in the metallic layer and FMR peaks at positive and
negative field are annotated.

in literature [39]. Therefore, we can conclude that the interface allows efficient spin
pumping and platinum serves as a reliable spin-to-charge conversion layer.

The sample was then rotated to out-of-plane magnetic field. A driving current of
2.5 mA was applied along the Hall bar with modulation at 57 Hz. The microwave
frequency was set to 8 GHz at a power of 630 mW. The offset voltage perpendicular to
the current direction was minimised using a potentiometer.
The first harmonic voltage signal as a function of positive (solid blue line, pFMR) and
negative (dotted orange line, nFMR) magnetic field is shown in figure 7.9b. The peak
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in voltage is approximately 250 µV in magnitude for both pFMR and nFMR and does
not depend on the polarity of the magnetic field. This implies that the measured signal
at FMR is not due to any spin-related phenomenon.
This experiment is very sensitive towards changes in resistance in the metallic layer
as the potentiometer minimises the voltage by accounting for any asymmetry in the
geometry and current flow by adjusting the relative resistance. The temperature
of YIG increases significantly at FMR inducing a change of resistance in platinum,
which might result in the signal we observed. Another potential explanation for the
unexpected sign of the voltage signal with respect to the polarity of the magnetic field
is that out-of-plane spin polarisation is unfavourable at the YIG/Pt interface due to
magnetisation anisotropy of YIG or interfacial effects.

In order to exclude the latter, we have also investigated a sample with an additional
Ruthenium (Ru) interlayer. The 2 nm thin layer decouples the platinum detection layer
from YIG while transmitting the injected spin. Figure 7.9c shows the voltage signal
when a direct current of 10 mA was applied to the Hall bar. In this measurement, the
microwave frequency was 4.6 GHz at a power of 1 W. Similarly to before, we can see
peaks in voltage at FMR at negative and positive external magnetic field. However,
the sign of the peaks does not depend on the polarity of the field. The S-shaped signal
around zero field can be ascribed to the tilting of the magnetisation into the plane of
the sample (see section 7.2.1), giving rise to a conventional SSE signal due to current
induced Joule heating in the Hall bar. In addition to the two features just described,
there is also a linear increase in voltage with magnetic field. This is highlighted in
figure 7.9c with a dotted orange line and can be ascribed to the conventional Hall effect
in the metallic layer.

These results imply that platinum might not be an ideal candidate for observing
effects, which require an external driving force to induce ISHE for spin-to-charge
conversion. The short spin diffusion length of platinum indicates that spin is randomised
very quickly. This short time- and length-scale might not give enough time for the
driving force to act efficiently on the spin to create a spin current, which is required
for the ISHE. Therefore, in the quest of finding a suitable material system, we have
to balance the spin-to-charge conversion efficiency, which we want to be as large as
possible, with the spin lifetime, which needs to be long enough for creating a spin
current with the driving force in order to create a spin-dependent voltage signal via
the ISHE. Indeed, current driven ISHE has been observed recently in Au in a similar



110 Thermal Spin Injection and Detection

structure [104], implying that a very high spin Hall angle might not be favourable in
these experiments.

7.2.4 Conclusions

In summary, several routes towards observing thermal spin-to-charge conversion via
the proposed inverse spin Nernst effect have been investigated. The experiments, where
the spin polarisation is injected into the detector via spin pumping, showed a signal at
FMR, which depends on the orientation of the external magnetic field. However, the
linear dependence on the heater current, as opposed to the heater power, as well as the
unexpectedly sensitive dependence on the out-of-plane angle of the external magnetic
field did not agree with the theoretical predictions of the ISNE.
The signal measured in the optical injection experiments was dominated by the leakage
of the heaters due to poor electrical insulation from the substrate. This could be
circumvented by choosing a more stable and reliable insulating layer. A suitable
candidate would be Parylene, as it covers the substrate uniformly and exhibits excellent
electrical insulation properties even in very thin layers [154].
Moreover, we have not been successful in detecting out-of-plane spin polarisation
created from spin pumping from YIG in platinum via the electrically modulated ISHE.
As this effect has been reported in gold previously in literature, this could imply
that a sufficiently long spin diffusion length and time are necessary for observing
spin-dependent effects, which rely on accelerating spins with an external force to
induce ISHE-like spin detection. The electrically modulated ISHE can serve as a
straightforward experiment to find more promising candidates for the detection of the
ISNE. Seeing that the electrically modulated ISHE has been demonstrated successfully
in GaAs, which is a high charge carrier mobility material with long spin diffusion
length and high thermal conductivity, it would be promising to investigate the ISNE
directly in GaAs.



Chapter 8

Conclusions and Outlook

The first part of this work mainly focuses on linewidth broadening experiments on
organic semiconductors. In chapter 4, we present the procedure, which we have carefully
developed, allowing us to quantify spin injection by spin pumping at ferromagnetic
resonance from a ferromagnet into an adjacent non-magnetic material by measuring
the increase in linewidth of the microwave absorption caused by the change in effective
Gilbert damping due to loss of spin angular momentum. We have demonstrated that
this method of determining the linewidth broadening is a direct and sensitive measure of
spin injection efficiency g↑↓

eff . The simple device architecture and non-invasive probing
make this a clean experiment for unambiguous measurement of spin injection into
organic semiconductors.

In chapter 5 and 6, we report the first direct observation of spin injection into organic
small molecules and conjugated polymers. Especially for polymers, the extracted spin
mixing conductance is surprisingly high and on the same order of magnitude as for the
standard reference of permalloy/platinum. This is an auspicious result, as efficient spin
injection is of paramount importance for further studies and developments towards
technological applications in the field of organic spintronics.

The experimental results indicate the importance of structural properties of the
organic semiconductor at the interface to permalloy. This is highlighted in the significant
suppression of linewidth broadening in small molecules due to alkyl side-chains.

The main limitation in the choice of materials for the LWB experiments so far was
the sensitivity of the Py substrates to processing. Therefore, it is crucial to find a
way to circumvent this problem. Recently, it has been shown that a single layer of
graphene can act as an efficient barrier against oxidation and protect the underlying
material [155]. Py films covered with a graphene protection layer would be a promising
candidate for more robust substrates for studying spin injection into a wider range of
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OSCs, especially since the spin relaxation in graphene is not expected to reduce the
spin injection significantly.

Following on from the LWB measurements on P3EHS, it would be interesting to
study the role of SOC on spin injection efficiency and spin diffusion length systematically.
In order to ensure comparability of the results, we have compared spin pumping
into P3EHT, the analogue to P3HT with branched side-chains, and P3EHS. Indeed,
preliminary results (see figure 8.1a) show that the LWB is larger for P3EHS, implying
that SOC enhances the spin injection efficiency. However, further structural and
energetic characterisation is necessary to link the increase in spin mixing conductance
directly to the increase in SOC.
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Fig. 8.1 (a) Bar diagram of LWB in Py/P3EHT and Py/P3EHS. (b) Temperature
dependence of linewidth of a bare YIG substrate (red) and the same YIG substrate
with MASnI3 (blue).

The experiments exploring the effects of doping on linewidth broadening imply
a very sensitive dependence of spin injection efficiency on charge carrier density and
hence on spin density at the interface to the ferromagnet within a certain range of
doping level. However, quantitative determination of the charge carrier concentration
at the interface between permalloy and the OSC films is necessary in future to address
this crucial question in the field.
For this, we propose modulation of the charge carrier density by gating. By including
a top-gate in the presented device structure for linewidth broadening experiments, the
bulk charge carrier concentration can be tuned by applying a gate voltage. Measuring
the microwave absorption spectra at ferromagnetic resonance as a function of gate
voltage would, therefore, give a deeper and more precisely controlled insight into the
dependence of spin injection on charge density.
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Another exciting area in organic spintronics, which we have not touched on in this
work so far, is the concept of chirality induced spin selectivity (CISS) [156]. This effect
was first reported in a self-assembled monolayer of DNA, which is acting as an electron
spin filter [157]. Given the high sensitivity, LWB is a promising technique for studying
spin polarisation dependent spin injection efficiency in chiral molecules.

Moreover, it would be interesting to study spin injection into different hybrid or-
ganic/inorganic material systems, such as perovskites. Metal halide hybrid perovskites
have gained considerable attention in recent years and are promising candidates for
photovoltaic and spintronic applications [158, 159]. These materials adopt an ABX3

structure, in which A is commonly given by methylammonium (CH3NH3SnI3, MA),
B is a metal and X an anion. For the preliminary LWB experiments, we have chosen
MASnI3, a widely studied perovskite [160]. Here, we used YIG substrates, as they are
less prone to effects of oxydation and processing. We have measured the linewidth of
the same YIG substrate before and after deposition of MASnI3 as a function of tem-
perature. The results are shown in figure 8.1b. The change in linewidth is comparably
large at room temperature but decreases to a minimum at 240 K. Interestingly, this
temperature coincides with the activation temperature of the ionic movement in the
perovskite, implying a close link between spin and ions. These preliminary results
encourage further investigations into this promising area.

The second part of this work discusses the experiments towards thermal spin
injection into organic semiconductors by spin Seebeck effect and thermal spin detection
via inverse spin Nernst effect. We demonstrate that we have successfully built a
setup for spin Seebeck effect measurements. However, due to limitations set by
material properties, we have not been able to detect thermally injected spins in organic
semiconductors. The novel technique of high-pressure sputtering might alleviate
fabrication of suitable samples.

The experiments towards observation of the inverse spin Nernst effect have given
valuable insight into the material and device requirements for successful detection of
the proposed effect. The results suggest that the short spin diffusion length of plat-
inum impedes efficient acceleration of spins perpendicular to the direction of injection,
hindering the detection of an in-plane electrical thermal spin signal. The electrically
modulated inverse spin Hall effect experiment can be used to verify a suitable material
system, such as GaAs, which is a promising candidate for thermal spin detection for
future explorations.





Appendix A

Temperature Dependence of
Ferromagnetic Resonance in YIG

We have measured the microwave absorption of a thin film of (38 nm) YIG as a function
of temperature. The absorption spectra are shown in figure A.1a on the following
page for a temperature range from room temperature down to 80 K. The extracted
resonance field HF MR linearly increases with temperature as shown in figure A.1b.
Moreover, the linewidth ∆H increases considerably at low temperatures. This effect
has previously been observed in literature. However, its origin remains under debate.
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Fig. A.1 (a) FMR spectra of a thin YIG film as a function of temperature. (b) Tem-
perature dependence of the resonance field HF MR and (c) linewidth ∆H.



Appendix B

GIWAXS Analysis of Polymer
Films

The details of the crystallographic information extracted from the GIWAXS measure-
ments on P3HT, d-P3HT and IDT-BT are summarised in table B.1 on the following
page.
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