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1. Introduction

1.1. The element of life

Carbon is truly the element of life. It is the primary component of all known life on Earth.
Carbon forms in stars by the fusion of three “He nuclei (the so-called triple-alpha process)
[1], and is spread across the whole universe via supernovas, the end of a star’s life. The
abundance of carbon here on Earth has enabled the formation of a multitude of chemical
compounds. Carbon is so special as it is able to form a variety of chemical compounds,
collectively referred to as organic compounds. Molecules based on carbon constitute
the building blocks of a vast array of biological macromolecules, including proteins,
ribonucleic acid (RNA), deoxyribonucleic acid (DNA), carbohydrates, peptides, lipids,
and the list goes on [2]. Consequently, life here on Earth is shaped by the properties
of this chemical element. The ability of carbon to form stable yet reactive bonds is
what makes it a key building block in the construction of living organisms. Moreover,
in contrast to other oxides in the carbon group, such as SiO, or GeO,, which are solid
under Earth’s conditions, carbon’s fully oxidised compound CO, is gaseous. This is
significant as it enables the intricate carbon cycle here on earth [3]. In the fast carbon
cycle, gaseous COs in the atmosphere can easily be absorbed by plant cells and allows
for the formation of sugar with the help of water and the energy from the sun, a process
known as photosynthesis. COs is then emitted through several mechanisms. Plants
break down sugar in order to grow, animals or bacteria obtain energy from consuming
the plants and their fruits, essentially breaking down the carbon compounds, and fire
oxidizes the plants. This carbon cycle enabled the evolution of complex life here on
Earth. When carbon-rich sediments accumulate over millions of years, the carbon atoms
are exposed to increasingly greater pressures in the absence of oxygen. Under the right
circumstances (high temperatures), this allows for carbon to form crystal structures like
diamond and graphite [4], both having precious properties. Diamond, with its distinctive
lustre, is employed in a variety of contexts, including the manufacture of jewellery and in
applications that require the use of highly robust materials. This is due to the fact that
diamond is the hardest known naturally occurring material [5]. Graphite, on the other
hand, is most commonly associated with graphite pens. Graphite is a crystalline material
composed of single layers of carbon atoms. The carbon atoms within these layers are held
together by strong covalent bonds. However, the layers themselves are only bound via
relatively weak van der Waals forces. When writing with a graphite pen, one effectively
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peels the layers of graphite on to the surface of the paper. A single layer of these graphite
crystals is called graphene. The question of whether a single sheet of carbon atoms is
thermodynamically stable under ambient conditions has been a topic of discussion for
some time [6]. However, the isolation of graphene in 2004 by Novoselov and Geim using
only sticky tape provided the answer [7]. This discovery was awarded the Nobel Prize in
Physics in 2010. Given its thickness of only one atom, graphene represents the thinnest
solid possible, exhibiting a range of extraordinary properties. It is a semimetal with
electronic properties that require a description based on relativistic theories for massless
particles, it exhibits bipolar conduction, which means that it can utilize electrons and
holes for charge transfer [8]. The isolation of graphene prompted research into other
layered materials, which are held together by van der Waals forces, also known as van
der Waals materials. This focused research on these materials led to the expansion of the
van der Waals materials family to encompass metals, semiconductors, and insulators, and
are future candidates to replace conventional materials currently utilized in electronic
devices.

This thesis investigates all-van der Waals spin transport devices based on graphene acting
as the transport channel, in combination with insulating hexagonal boron nitride (hBN)
and the ferromagnetic FesGeTe,. This investigation forms the basis for further research
into other spintronic devices based on van der Waals materials. In the following, the
concepts of spintronics and spintronic devices are introduced.

1.2. Introduction into spintronics

Moore’s law states that the number of transistors in integrated circuits will double
approximately every two years [9]. This prediction was made in 1965 and remains
accurate to this day. Integrated circuits, which are predominantly based on silicon, are
indispensable components of the electronic devices we use everyday. As a consequence
of Moore’s law, the dimensions of the transistors are becoming increasingly reduced.
Nevertheless, this process of miniaturization necessitates the development of sophisticated
lithographic techniques, and is ultimately constrained by the natural limit of gate sizes
reaching atomic scale [10]. Consequently, novel concepts must be developed in order to
keep up with Moore’s law in future. One concept is to utilize not only the charge of the
electron, as is the case with conventional transistors, but instead to employ the electron’s
spin for information transport. This field of study is also referred to as spintronics, and
it is already possible to find spintronic devices in use in our everyday lives, e.g. magnetic
random access memory and magnetic read heads in hard-disk drives [11].

The two most fundamental spintronic effects are the tunnelling magnetoresistance (TMR)
and the giant magnetoresistance (GMR) effect. The TMR was first observed by Julliére in
1975 in a Fe/Ge/Co heterostructure [12], wherein a tunnel current was measured through
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the junction at a constant applied bias voltage. It was observed that the resistance of
the junction depends on the relative magnetization orientation of the two ferromagnetic
electrodes. Later, the GMR was discovered in 1988 by Griinberg [13] and Fert [14],
in a Fe/Cr/Fe heterostructure comprising a thin non-magnetic conductor sandwiched
between two ferromagnetic layers. Once more, the resistance of the junction depends on
the relative magnetization orientation of the two Fe-electrodes. This resulted in the first
commercial spintronic hard drive storage utilizing the GMR introduced only a couple of
years after its discovery in 1997, and in the Nobel Prize in Physics in 2007 [11].

gate

spin
injection detection

spin

spin transport and manipulation

Fig. 1.1: Schematics of a spin field-effect transistor (spin-FET). Spins are injected from a
ferromagnetic (FM) electrode (brown) on the left into the non-magnetic conducting (NM)
channel (grey). The application of a voltage at the gate (yellow) enables the manipulation
of spins within the NM. Subsequently, the spins are detected at the second FM electrode.
The arrows in the FM indicate their magnetization direction, whereas the arrows in the NM
indicate the spin orientation of the injected spin ensemble. As spins reach the NM /detecting
FM interface anti-parallel to the detector’s magnetization direction, the spin-FET is in the
off-state. Turning off the gate voltage, also turns off the spin manipulation. Consequently, spins
reaching the detector are parallel to its magnetization direction, which results in the on-state
of the spin-FET. Adapted from [15].

In contrast to data storage spintronic devices, spintronic devices which allow for data
manipulation have not been realized commercially yet. An analogue to the traditional
field-effect transistor, which could fill in the gap, is the spin field-effect transistor (spin-
FET), as proposed by S. Datta and B. Das in 1989 [16]. A spin-FET comprises two
ferromagnets (FM) and a non-magnetic conductor (NM), which is positioned in-between,
as illustrated in Fig. 1.1. Spins are injected from one of the FM into the NM. In analogy
to the conventional field-effect transistor, where the gate controls the flow of charge, the
orientation of the spins in the NM can be manipulated by a gate. Subsequently, the
spin signal is detected by the second ferromagnetic electrode. The orientation of the
spins at the NM/FM interface at the detecting electrode and the magnetization direction
of the detecting ferromagnet determine whether the spin-FET is in an on- or off-state,
which corresponds to a parallel and anti-parallel alignment, respectively. The electrical
injection of spins from a FM into a NM is an intricate task, that highly depends on
the conductivities of both materials, as will be discussed in more detail later on [17].
Additionally, the electrical manipulation of spins in the NM channel requires electrically
tunable spin-orbit coupling.
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All electrical spin injection and detection devices have already been realized in various
conventional semiconductor materials [18-20]. These semiconductors are usually synthe-
sized through molecular beam epitaxy, chemical vapor deposition, or liquid phase epitaxy.
However, when combining different materials, the lattice constants of these materials must
be similar, to ensure defect-free growth and, consequently, the desired properties of the
heterostructure [15]. This considerably constrains the potential material combinations.
Van der Waals materials offer a means of circumventing this limitation, as they can be
mechanically stacked on top of each other, layer by layer. This enables the fabrication of
novel heterostructures with a variety of properties. Since the initial reports of graphene
by Geim and Novoselov et al. [7], the development of new two-dimensional (2D) crystals
has been rapidly expanding to include metals (NbSeq, VSs, FesGeTe,), semiconductors
(MoS,, MoSes, WSy, WSey, PdS,) and insulators (hBN, Crl;) [21]. In many cases the
properties of the 2D layers differ from those of their bulk crystals. Furthermore, when
two van der Waals materials are stacked on top of each other, it is possible to control
the electric properties in the resulting heterostructure by adjusting the twist angle of
these two adjacent layers. This phenomenon has led to the emergence of the research
field of twistronics [22].

Graphene is predestined for spin transport, given its weak intrinsic spin-orbit coupling,
which leads to theoretical predictions of large spin lifetimes [23]. Moreover, induced spin
orbit coupling via proximity effects [24, 25], spin lifetime anisotropies [26, 27], and gate
tunable spin absorption [28, 29] have introduced novel methods for modulating spins in
graphene. The first demonstration of spin transport in graphene was conducted in 2007
[30] and employed conventional Al,O3 tunnel barriers and Cobalt for the spin-aligning
electrodes. However, a leap towards all-van der Waals spin-FETs was taken in 2023,
where spin injection and detection utilizing the van der Waals ferromagnet FezGeTes
was demonstrated [31]. However, the absence of a tunnel barrier resulted in inefficient
spin injection so that spin precession experiments remained elusive.

1.3. Thesis outline

This thesis presents all-two-dimensional van der Waals devices that facilitate efficient spin
injection from a ferromagnetic FesGeTe, (FGT) electrode into a conducting monolayer
graphene channel. The injected spin signal is detected at a second FGT electrode. To
ensure efficient spin injection, a thin hBN layer between the FGT and graphene serves as
a tunnel barrier. Such a heterostructure allows for the investigation of spin transport
and precession in non-local spin valve and Hanle measurements. Prior to the spin
experiments, a detailed characterization of each building block is conducted. The spin
injection efficiency P and spin transport parameters, such as the spin lifetime 7, and the
spin diffusion constant D, are determined from the Hanle experiments by fitting the
experimental data to an analytical fitting function. The obtained values of P of up to
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P ~ 40 % demonstrate highly efficient spin injection and detection. The spin lifetimes
range from 7, = 0.1 to 1.3 ns and spin diffusion constants D span from Dy = 0.0046 m?s~*
up to 0.037m?s~!. These values are in good agreement with those obtained in other
spin transport experiments in graphene utilizing conventional tunnel barriers and spin
aligning electrodes [27, 30, 32, 33]. Interestingly, the extracted values of Dy do not match
the extracted values of the charge diffusion constant D, in both presented spin transport
samples, which is an unexpected finding [33, 34]. In order to evaluate this discrepancy,
simulations were conducted using COMSOL Multiphysics. Hints of magnetic moments
were found in one of the two samples, although their origin remains unknown. The
results presented in this thesis successfully demonstrate efficient spin transport in all-van
der Waals heterostructures, paving the way for future all-2D spintronic applications.

The thesis is organised as follows:

o Chapter 2 introduces the van der Waals materials employed in this thesis. It
provides a concise overview of the key aspects of magnetic order in 2D van der Waals
materials, together with an account of the theoretical physics which is associated
with FGT, graphene, and hBN.

e Chapter 3 continues with a theoretical description of spin transport, which is
essential for understanding the experiments and their outcomes. The non-local
spin valve and Hanle effect are discussed, followed by a brief overview of the most
relevant spin-relaxation mechanisms in graphene. Finally, the chapter outlines how
these spin transport experiments can be modelled using COMSOL Multiphysics.

o Chapter 4 introduces the experimental methods employed for device fabrication
and measurement of the previously introduced spin experiments. It provides a
comprehensive description of the exfoliation process for each material, the stacking
process, and the processing of the van der Waals heterostructure. Additionally,
it outlines the measurement setup layout for the non-local spin valve and Hanle
experiments.

o Chapter 5 presents the characterization of the ferromagnetic material Fe;GeTes,
which is employed as the spin-aligning electrodes in the spin transport samples.
From these experiments, an estimation of the Curie temperature T is derived.
Moreover, an antisymmetric magnetoresistance in FGT/FGT homojunctions is
reported.

o Chapter 6 characterizes the transport properties of the graphene and determines
the height of the hBN tunnel barriers of the two spin transport samples presented
in this thesis.

o Chapter 7 presents the main results of this thesis. Firstly, the results of the
non-local spin valve measurements are presented for Samples A and B successively,
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demonstrating successful spin transport in all-van der Waals heterostructures.
Subsequently, the findings of the non-local Hanle experiments of both samples are
presented, and the results of the spin injection efficiency P and the spin transport
properties 7y and Dy are discussed. The objective of the COMSOL simulations is
to ascertain the potential causes for the discrepancy in the values of Dy and D..

Chapter 8 provides a conclusion to the thesis and summarizes the results. Addi-
tionally, it offers a brief outlook on the future of spintronics in van der Waals-based
devices.



2. Theoretical background on van der
Waals materials

Since the discovery of graphene in 2004 [7], van der Waals (vdW) materials have emerged
as a new research field due to their unique structural and electronic properties. Unlike
traditional materials with strong covalent, ionic or metallic bonds, van der Waals materials
exhibit strong covalent bonds within, but weak van der Waals forces between layers,
enabling the formation of layered structures. The emergence of clean interfaces between
layers is due to the absence of any dangling bonds or surface charges. Van der Waals
materials exhibit a diverse range of electric and magnetic properties, spanning from metals,
semiconductors or insulators, and from para- and diamagnets to (anti-)ferromagnets [21,
35]. These properties allow for forming heterostructures with tailored functionalities,
rendering vdW materials promising for diverse applications. The versatility of van der
Waals materials, therefore, bears potential for applications ranging from electronics to
optics, and even spintronics [21, 35]. It was previously believed that magnetic order
would not exist in these materials, because of the Mermin-Wagner theorem [36]. This
chapter gives an introduction in how magnetism can be materialized by anisotropy in
these materials (Sec. 2.1), with a focus on the ferromagnetic metal Fe;GeTey (FGT)
in Sec. 2.2. Subsequently, a brief overview of graphene and hexagonal boron nitride
(hBN), which are two fundamental materials in the field of 2D van der Waals systems, is
presented in Sec. 2.3 and 2.4, respectively.

2.1. Magnetic order in 2D van der Waals materials

Magnetism in thin metallic films has been extensively investigated over the last few
decades [37-39]. The magnetic properties of these films usually grown by molecular
beam epitaxy are sensitive to the substrate and resulting interface. However, mechanical
exfoliation of layered two-dimensional (2D) van der Waals crystals avoids these issues,
allowing for the stacking of different van der Waals materials without constraints. The
first exfoliated van der Waals magnets, CroGesTeg [40] and Crlz [41], were investigated
in 2017. Since then, the family of 2D vdW magnets has grown ever since, ranging from
insulators and semiconductors to metals [42-48]. This section gives a short introduction
on how magnetic order establishes in these van der Waals materials.
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2.1.1. Heisenberg model

In magnetic materials, the magnetic moments due to spin angular momentum are aligned
over a macroscopic length scale. This magnetic order is driven by an exchange interaction
of neighbouring spins. Once the temperature exceeds the critical Curie temperature
Tc, thermal energy causes misalignment of the magnetic moments, which can induce a
phase transition to a non-magnetic state. In 1966 Mermin and Wagner [36] demonstrated
that long-range magnetic order in ideal Heisenberg 2D magnetic systems is strongly
suppressed by thermal fluctuations. However, magnetic anisotropy can counteract the
effect of thermal fluctuations, enabling long-range order in 2D materials. The exchange
interaction between nearest neighbouring spins is described by a generalized Heisenberg
Hamiltonian [35]

H == —2 Z [Jsz:(:S]x -+ JySinjy + stizsjz] - Don Z SZQZ, (21)

i<j

where Siz iy . and Sy jy ;. are the z-, y-, and z-components of the neighbouring spins 5)
and §j that interact via the exchange couplings J,, . in the z-, y-, and z-direction. In
a 2D system, isotropy in the zy-plane can be assumed [49]. Consequently, J, and D,,
can be considered as the “inter-site” and “on-site” magnetic anisotropies, respectively
135, 50]. The anisotropy in the nearest neighbour exchange couplings J, , # J, and the
on-site anisotropy are essential to break the spin-rotational symmetry to allow magnetic
order in 2D [49]. To ensure ferromagnetic order J,, . have to be positive [51].

The presence of long-range magnetic order is influenced by the dimensionality of the
system [50]. In 3D systems, magnetic order can always persist at finite temperatures,
while in 1D systems, it can only persist at 7" = 0K [50, 52]. In 2D systems, such
as 2D vdW magnets, the existence of long-range magnetic order depends heavily on
the spin dimensionality N and the strength of magnetic anisotropy [50]. The spin
dimensionality N determines whether the spins are constrained to one, two or three
dimensions. Fig. 2.1 a) shows a sketch of a 2D Ising model with A/ = 1. Here, spins are
oriented either parallel or anti-parallel along the given direction perpendicular to the
plane. This uniaxial anisotropy is shown to withstand thermal fluctuations [53]. For
N = 2, spins are oriented in a given plane. In such a system, Berezinskii, Kosterlitz and
Thouless demonstrated, a quasi-long-range topological magnetic order below a critical
Berezenskii-Kosterlitz-Thouless temperature Tgkr [54, 55]. However, in an isotropic
Heisenberg model, where spins can be oriented in any direction (N = 3), coherent
spin excitations are easily excited, destroying any magnetic order. This then prevents
long-range magnetic order in 2D [36].
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a) b)

< -
-

T 91(E) I 9,(E)

Fig. 2.1: a) 2D Ising model with spin dimensionality /' = 1. The spins are aligned in a 2D
lattice with their spins constrained in one dimension, such that they are either oriented upwards
or downwards. The exchange couplings .J, and J, couple neighbouring spins. b) The density of
states g(E) is spin-split for a ferromagnetic metal due to the exchange. Majority spins (spin
up) have a larger electronic density compared to the minority spin (spin down). The density of
states at the Fermi level, however, is higher for the minority spin carrier. Adapted from [17].

2.1.2. Stoner criterion

As given by Eq. (2.1), magnetic order is driven by the exchange interaction of electron
spins. In semiconductors or insulators, these spins are assumed to be localized. In
metals, however, conduction electrons are fully delocalized, and the magnetic order
in this itinerant regime is described by the band magnetism where magnetic order is
discussed in the Pauli paramagnetism picture [56]. Here, applying an external magnetic
field B shifts the energy of spin-up and spin-down electrons with respect to each other.
This results in a spin-split density of states as long as the external magnetic field is
applied.

In itinerant ferromagnets, this spin-split density of states establishes spontaneously
without the applied magnetic field, as depicted in Fig. 2.1 b). For this, an exchange of
spin is considered [51]. Electrons from the spin-down band are put in the spin-up band by
flipping their spins resulting in a magnetized electron gas, which induces a molecular field.
The exchange of spins results in an increase of the total energy. However, the interaction
of the magnetization with the molecular field reduces the total energy again. The system
establishes spontaneous ferromagnetism if the total change of energy is negative, so that
the total energy is minimized by forming this magnetic order. The change of the total
energy considering the spin exchange and the interaction of the resulting magnetization
with the molecular field is determined by the Stoner criterion. For U - g(Er) > 1 the
system establishes spontaneous ferromagnetism. Here, U is a measure of the Coulomb
energy and ¢g(Fr) is the density of states at the Fermi level [51]. This spontaneous
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ferromagnetism only arises when the Coulomb energy is strong and the density of states
at the Fermi energy is large.

2.1.3. Temperature dependence of the magnetization

The spins in a material are always exposed to a finite temperature, which can excite spin
waves and thus limit the magnetic order. Understanding the temperature dependence
of the magnetization helps to discriminate between different theoretical models and
determine the Curie temperature of ferromagnets. The Ising model was found to be
unsuitable for modelling the temperature-dependent properties of 2D magnetic materials,
as it leads to the prediction of excessively large Curie temperatures [35]. Consequently, the
temperature dependence of magnetic ordering in 2D magnets is most accurately described
by the Heisenberg model with A/ = 3. The temperature dependent magnetization m(T)
is described by the critical power law [35, 57, 58]

TP
m(T) o (1 TC) , (2.2)
where m(T) = M(T)/M(0K) with M(T') being the magnetization at a temperature 7.
The critical exponent 3 distinguishes between different classes of models and can be
obtained by fitting, together with 7. For a 3D Heisenberg model, 8 = 0.33, while for
the 2D Heisenberg model 8 = 0.125 [57]. For example, a two-dimensional ferromagnet
Fe3GeTey (FGT), which is of interest in this thesis, is reported to undergo a transition
from the 3D to the 2D Ising ferromagnetism when its thickness is less than four layers,
where 3 decreases from g = 0.25 — 0.27 in flakes thicker than 9nm to § = 0.14 in
the monolayer [57]. However, the reported values for the critical exponent 8 in FGT
(=0.25-0.327 [57, 59])) are lower than the expected value of 0.33 for the 3D Heisenberg
model.

This discrepancy between the model and the experimental data can be attributed to the
distinct nature of the thermal fluctuations. In the Heisenberg model, the magnetization
varies linearly with temperature as 17" — 0, while the spin fluctuations due to the
underlying heat bath are of a quantum mechanical nature [35]. At low temperatures,
the magnetization follows the Bloch T%/?-law, while at temperatures close to the Curie
temperature, it follows a power law [51, 58, 60]. The Curie-Bloch equation interpolates
between the Bloch-law for 7" — 0 and the Curie behaviour of 7" — T¢ and is given by

35, 58]
a\ B
m(T) = (1 - (é) ) , (2.3)

where « is the Bloch exponent. This accurately describes the temperature dependence of
the magnetization of 3D and 2D magnets for all temperatures.
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Fig. 2.2: a) Top and b) side view of
the lattice structure of FGT. The dot-
ted lines mark the unit cell. The in-
equivalent Feipr and Fe%l+ sites are in-

dicated in b). Adapted from [64].

2.2. Fe;GeTe,

Fe3GeTe, is the metallic van der Waals ferromagnet that is utilized as the spin aligning
electrode in the spin transport samples in this thesis. It was first synthesized in 2006
and exhibits magnetic order down to the monolayer limit [57, 61]. FGT is composed of
Fe3Ge slabs sandwiched between layers of Te atoms. Its crystal structure is illustrated in
Fig. 2.2. The substructure of the Fe;Ge slabs consists of three atomic layers, comprising
Fe, Fe or Ge, and Fe atoms, which leads to two inequivalent Fe-sites, Fe}* and Fef;". Both
sites have partially filled 3d-orbitals, which induce different magnetic properties. The
former induces a local magnetic moment, while the latter induces itinerant ferromagnetic
order [62-64]. FGT satisfies the Stoner’s criterion, which takes the competition between
the exchange of spin and the magnetized electron gas into account, as discussed in
Sec. 2.1.2 [64]. The gap between two adjacent FGT layers is reported to be 374 pm [61].
Due to the weak van der Waals forces between the layers, FGT can be mechanically
exfoliated with the Scotch tape method [7]. However, it is not air stable and its surface
oxidizes, when exposed to the environment [65-67]. It has been reported that oxidized
FGT-layers couple anti-ferromagnetically to pristine FGT-layers [67]. Therefore, FGT
needs to be exfoliated in inert environments, as provided by gloveboxes or in vacuum,
and encapsulated, e.g. with hBN, to ensure high quality crystals and clean interfaces
with other vdW materials [68].

FGT exhibits a large out-of-plane magnetic anisotropy (J,, # J,) [48, 57], and a
strong magnetrocrystalline anisotropy D,,, which is due to the reduced crystal symmetry
[64]. Both anisotropies stabilize the long-range ferromagnetic order in the monolayers
against thermal fluctuations. The Curie temperature Ty depends on the number of
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layers and ranges from 220-230 K in the bulk [61] to 130 K in the monolayer limit [57].
This is accompanied by a transition from 3D to 2D Ising ferromagnetic behaviour for
thicknesses below 4nm [48, 57]. For low temperatures and thicknesses smaller than
200nm the magnetic behaviour can be described by one domain [57]. FGT exhibits
a large anomalous Hall response, which is reflected in the material’s anomalous Hall
coefficients [69]. This makes anomalous Hall effect measurements an ideal approach for
investigating the magnetization of FGT.

FGT displays electrically tunable magnetic properties, rendering it a highly promising
candidate for potential future applications in electrically controlled spintronic devices.
T was reported to be enhanced up to room temperature with liquid ionic gating [70].
This also tunes the coercive fields. Both properties are also reported to be modified
by Fe-intercalation into the van der Waals gaps between the monolayer sheets [62].
Furthermore, it has been shown that the magnetization can be switched electrically by
a spin-orbit torque originated from currents flowing in an additional Pt layer on top
[71, 72] or via the Edelstein effect, when FGT is in contact to the topological insulator
(Biy_,Sbh,)oTes [73].

FGT in spintronic devices

FGT has been utilized in many different spintronic devices. Magnetic tunnel junction
devices consisting of FGT/hBN/FGT heterostructures result in a tunnelling magnetoresis-
tance, defined as (Rp — Rap)/Rp, of up to 160% at 4.2 K [74]. Here, Rap and Rp denote
the resistance of the device in the antiparallel and parallel magnetization configuration
of both FGT electrodes. This is two orders of magnitude larger than for tunnelling
spin valve devices based on conventional ferromagnetic metallic films separated by van
der Waals materials [75-80]. From these tunnelling spin valve measurements, the spin
polarization of FGT of 0.66 could be deduced, corresponding to a percentage of majority
and minority spins of 83 % and 17 %, respectively [74]. Vertical spin valve devices with a
MoS, spacer layer between FGT electrodes only show a magnetoresistance of 12 % at
1.5 K [81, 82]. Here, the MoS, layer works as a conducting layer rather than a tunnelling
layer [82]. Spin valve signals have even been observed in FGT/FGT homojunctions
without an additional spacer layer exhibiting a magnetoresistance of 1.37 % at 10K [83].
In this case, independent switching of the electrodes is maintained due to the increased
van der Waals gap between both crystals due to the lattice misalignment.

Unlike in conventional giant magnetoresistance devices, a FGT /graphite/FGT het-
erostructure shows an antisymmetric magnetoresistance with respect to the external
magnetic field with three distinct resistance states which is attributed to spin momentum
locking induced by the spin polarized current at the graphite/FGT interface [84]. Here, a
magnetoresistance of 1.3 % is observed at 2 K. Antisymmetric magnetoresistance signals
have also been observed in single FGT flakes of inhomogeneous thickness [85]. An
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Fig. 2.3: a) Schematic of a fabricated non-local spin valve device from Ref. [31] consisting of a
graphene channel and two FezGeTey flakes on top. A spin-polarized current is injected from
the left FGT into the left side of the graphene flake. This results in a spin-accumulation in
the graphene which also diffuses towards the right FGT electrode. A spin signal can then be
measured as a non-local voltage. b) Spin valve measurement presented at a temperature of
T = 2K and an applied bias of I = 0.8 mA resulting in a spin valve height of AR, =~ 1.5 m{).
The red and grey arrows indicate the magnetization configuration of both FGT electrodes.
Taken from [31].

unsynchronized switching of the magnetic domains at each FGT thickness results in a
sign change of the anomalous Hall effect. Therefore, the measured resistance across the
step terrace is sensitive to the exact magnetization direction of each domain. This can
also be measured in a FGT/FGT homojunction as is described in Sec. 5.3.

The first reported lateral non-local spin valve devices utilizing FGT as spin injecting
and detecting electrodes were reported in 2023 [31]. The sample schematic of these
experiments is presented in Fig. 2.3 a). In this all-van der Waals based device, multilayer
graphene is used for the spin transport channel. Independent switching of the FGT
electrodes is ensured by their different thicknesses (16 and 23 nm) and geometry. The
edge-to-edge distance of both FGT electrodes is 3pm. As no tunnel barrier between
the ferromagnetic FGT flakes and the graphene spin transport channel is present, both
contact resistances are lower than 200 2. These transparent contacts lead to low spin
injection and detection efficiencies as will be described in Sec. 3.2. As a consequence, the
reported spin valve height AR, is only 1.5 m(2, as illustrated in Fig. 2.3 b). From this, a
spin injection efficiency of only 1% is estimated. Due to the low spin injection efficiency
and wide FGT electrodes, no Hanle spin precession signal could be observed. Therefore,
an extraction of spin transport parameters was not possible. An introduction to the
theory describing the non-local spin injection, detection, and transport can be found in
Sec. 3.2. The non-local spin valve and Hanle experiments are described in Sec. 3.3 and
3.4, accordingly. The takeaway message is, that even though all-van der Waals based
non-local spin valve devices using FGT have already been realized, the spin signals are
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low due to the transparent FGT /graphene contacts. Therefore, also no spin precession
experiments have been reported in such devices.

2.3. Graphene

The excitement surrounding 2D materials can be traced back to the first exfoliation of
graphene in 2004 [7]. It is the thinnest possible material, being only one atom thick,
which exhibits a wide range of remarkable properties. The following section will provide
a detailed explanation of the crystallography and band structure of graphene, which will
serve as a foundation for understanding the properties of this novel material. For this
purpose, the theory presented in Sec. 2.3.2 is based on Katsnelson’s book "Graphene:
Carbon in Two Dimensions", which provides a comprehensive insight into graphene’s
properties [8]. This is followed by a brief introduction to the charge transport properties
and the ambipolar electric field effect in graphene in Sec. 2.3.3.

2.3.1. Crystal lattice

Graphene is a two-dimensional layer of carbon atoms arranged in a hexagonal lattice,
also known as a honeycomb lattice. Carbon is the sixth element in the periodic table,
with an orbital configuration of 1s?2s?2p?, when naively filling the orbitals. However,
in graphene, the 2s orbital mixes with the 2p, and 2p, orbitals, forming hybridized sp?
orbitals, as can be seen in Fig. 2.4 a) [8, 86]. This hybridization requires energy which
is provided by the lattice formation of carbon atoms. A maximization of the electron
wave function overlap results in minimizing the total energy, which is sufficient to form
this sp? hybridization [8]. In graphene, three out of the four valence electrons create
sp? hybrid orbitals that form strong o-bonds with their in-plane neighbours, separated
by 120°, as shown in Fig. 2.4 a) [8]. This results in the hexagonal structure of the
graphene lattice and its mechanical stability is mainly attributed to these bonds [86].
The fourth valence electron is located in the p, orbital, perpendicular to the lattice plane,
forming delocalized m-bonds. The electrical properties of graphene are mainly attributed
to these m-bonds. The o- and 7-bonds result in a lattice with an atom-to-atom distance
of a = 1.42 A [86, 87]. The lattice is described by a basis of two atoms with equivalent
sites A and B, each with separate triangular Bravais lattices, as depicted in Fig. 2.4 b).
The corresponding reciprocal lattice with the special K and K points in the Brillouin
zone are shown in Fig. 2.4 c).
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Fig. 2.4: a) Sketch of the three sp? orbitals (green) and the 2p, orbital (red) of a single carbon
atom. The sp? orbitals are in a plane separated by an angle of 120° to each other. Adapted
from [88]. b) Hexagonal crystal lattice with sublattices A and B shown in blue and yellow,
respectively. The lattice vectors d; and do span the triangular Bravais lattice, 51, (52, and 53 are
the vectors to the nearest neighbours. Adapted from [86]. c) Brillouin zone of graphene with
the lattice vectors b1 and bg In the special K and K points the energy bands touch. Adapted
from [86].

2.3.2. Band structure

The band structure of graphene can be seen in Fig. 2.5 a). It was first calculated by
Wallace in 1947 [87], using a tight binding model to describe the band structure of
graphite. In this model, the wave function is a linear combination of two Bloch-functions
U4 p that originate from the two atomic p, orbitals X (7) at the sublattices A and B [5,
86]

=S oxp (if- ) X (7= ) + A e (i o) X (7= ), (2

where the sum over A or B is taken over all lattice points of sublattlce A and B,
respectively. Furthermore, " is the coordinate of the atom in real space, R and Ry are
the positions of the atoms in each sublattice, k is the Bloch wavevector, and A = +1 [5].
Using the nearest-neighbour approximation with #,opping as the hopping parameter, only
hopping to the nearest neighbour from sublattice A to B is considered [8, 87]. Hopping
within a sublattice is neglected. The tight-binding Hamiltonian in this approximation is

written as [§]
H(F) = ( 0 Thopping® <k)> | (2.5)
th0ppings (k) 0
The values for the hopping parameter vary in the literature from tyopping ~ 2.7 — 3.1eV
[8, 86, 89]. Furthermore,

S(E) = _exp (1125) = 2exp (zk;a) cos (kyc;\/g> + exp (—ikza) (2.6)
§
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Fig. 2.5: a) Band structure of graphene with a zoom to the dispersion close to the K and K
points. The energy scale is divided by the hopping parameter thopping. Adapted from [86]. b)
Band structure of graphene with energy bands arising from the o- and w-bonds in red and blue,
respectively. The m-bands touch each other at the K point. Adapted from [90].

where the summation is over the nearest neighbours 6 (see Fig. 2.4 b)) [8]. The energy
dispersion can be obtained by finding the eigenvalues of this Hamiltonian. One finds

8]:

E (E) = ithopping

S(E)‘ = :I:thopping\l 3+ 2cos (\/gkya) + 4 cos (?kw) coS <§k‘xa>.
(2.7)

The conduction and valence band correspond to the positive (+) and negative (-)
prefactor of Eq. (2.7), respectlvely It can be seen that there are pomts K and K’ in
the Brillouin zone where S(K) = S(K’) = 0, and thus E(K) = E(K') = 0. These are
high-symmetry points with the wavevectors [86]

- 21 2 - 2t 27
K=——F+—| K =|—, . 2.8
<3a 3\/§a> (3(1 3\/§a> (28)

As illustrated in Fig. 2.5 a) and b), the valence and conduction bands touch at these
special points in the BHHOUIH zone. By expandmg the Hamiltonian around these points
with §=k — K, 7=k — K', and |7] < |K|,|K’|, one gets [8]

_ 0 0z F 1qy
Hic 1o (@) = hor <qzi@~qy i), (29)

where vp = ?’althgigmgl ~1- 106 2 is the Fermi Velomty7 with A being the reduced Planck’s

constant [89]. The dispersion rela,tlon near K and K’ is dependent on the Fermi velocity
vp and is given by [86]
E(q) ~ +hvp|q]. (2.10)

This linear dispersion relation is equivalent to the Dirac equation for relativistic particles
with zero mass. Consequently, electrons close to the K and K’ points, which are also
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referred to as Dirac points, behave like such particles. However, it should be noted that
these relativistic particles are subject to a finite cyclotron mass, as will be described in
the following section.

2.3.3. Charge transport in graphene

The charge carrier transport in graphene can be described by the Drude model. This
model employs the kinetic gas theory to describe charge carriers as free particles moving
with a thermal velocity vy, that scatter with the atoms in the lattice. The electrical
conductivity is described as [91]

2

= nefly, (2.11)

*

where pn, = =% n is the charge carrier density, e is the electron charge, 7
is the mean relaxation time, and m* is the effective mass of the carriers. Although the
linear energy dispersion in graphene suggests zero mass, as it is inversely proportional to
the curvature, the cyclotron (effective) mass m. of charge carriers scales with the Fermi
wavevector kp = \/7n and is m* = m, = hkp/v2 [15, 92].

Ambipolar electric field effect of graphene

Graphene’s transport properties can be widely tuned by applying a voltage V; at a gate
electrode. This allows for the manipulation of the type of charge carriers from electrons
to holes and modifies the charge carrier density and, consequently, the conductivity. This
phenomenon is known as the ambipolar electric field effect of graphene, as illustrated
in Fig. 2.6 a) and b). Here, the resistivity and conductivity are plotted as a function
of the gate voltage V;, respectively. The Fermi energy of intrinsic graphene lies at the
intersection of the valence and conduction bands, resulting in maximum resistivity. By
applying a negative (positive) gate voltage, the Fermi energy is shifted into the valence
(conduction) band leading to charge transport governed by holes (electrons).

This effect can be derived using a simple plate capacitor model. The samples presented
in this thesis have graphene placed onto a highly doped p*™ Si substrate with a 285 nm
thick dielectric SiOs-layer on top. In the capacitor model, the doped Si substrate and
graphene correspond to the plates of the capacitor while the SiO, serves as the gate
dielectric. The capacitance is C' = Q = e, s o5, with @ and V; being the charge and the
applied voltage at the gate. A and d are the area and the distance of the capacitor plates.
€o and ¢, denote the vacuum permittivity and relative permittivity of the dielectric
material, respectively. From this ansatz one obtains

Ve V
= = 2.12
n= eoered Cy— . (2.12)
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Fig. 2.6: Ambipolar electric field effect of graphene. a) The resistivity p decreases with Vg_l.
Vi changes the charge carrier density n and induces holes (electrons) at negative (positive) V.
The insets show the corresponding positions of the Fermi energy. Blue (red) color indicates
occupied (empty) states. Adapted from [92]. b) Conductivity o as a function of V. o scales
linearly with the applied Vj, as expected by Eq. (2.13). At V; =0V the Fermi energy lies in
the intersection of valence and conduction band, showing a finite resistivity and conductivity
due to electron-hole puddles. Adapted from [93]. It has to be noted that panels a) and b) do
not correspond to the same measurement.

with Cy = <= being the gate coupling constant. When there are multiple dielectrics,
i.e. insulating layers with varying thicknesses between the doped Si substrate and the
graphene, the total gate coupling constant is calculated as the sum of the individual
inverse gate coupling constants, similar to a series circuit of capacitors. With a SiO,
thickness of d = 285 nm and a relative permittivity of €,gio, = 3.9 [94] the gate coupling
constant is then calculated to be C;, = 1.2 - 10~* VI?nSQ' By inserting Eq. (2.12) into
Eq. (2.11), one obtains the conductivity in dependence of the applied gate voltage V,

0= nefly = EOTIET‘/Igum = CyViglim. (2.13)
Unintentional doping of the graphene, e.g. by absorbed water or adsorbates from the
environment, can introduce an initial charge carrier density and can be observed as a
voltage shift Vonp of the minimum of the conductivity, while sweeping the gate voltage
[7, 92]. To account for this voltage shift Vonp, Vg needs to be exchanged with (V; — Vonp)
in Eq. (2.12) and Eq. (2.13).

Fig. 2.6 a) and b) show a gate sweep of the resistivity p = 0~! and conductivity o, which
exhibit the expected dependencies according to Eq. (2.13). o scales linearly with V. At
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Ve = 0V, the conductivity is finite even though the charge carrier density vanishes. This
can be attributed to the rough SiOs surface, which introduces an inhomogeneous potential
across the graphene due to charged impurities trapped at the surface. As a result, the
charge carrier density is unevenly distributed, leading to localized areas with electrons
and holes, known as electron-hole puddles [95, 96]. Gate-dependent measurements of
graphene’s resistivity are also known as Dirac measurements. As the gate voltage tunes
the Fermi energy across the Dirac cone, the density of states (DOS) and, consequently,
the resistivity changes. The point of highest resistivity reflects the point where the
valence and conduction bands touch, as indicated by the inset of Fig. 2.6 a). This special
point is also referred to as charge neutrality point (CNP), as at this point the hole and
electron densities are equal.

Charge diffusion constant D,

The charge carrier transport in graphene can be described by a diffusion process charac-
terized by the charge diffusion constant D.. Applying a gate voltage V, shifts the Fermi
energy Fr through the electronic band structure of graphene. In electrical transport
measurements this can be seen in the gate response of the conductivity o, which is
a measure of the density of states at the Fermi energy ¢g(Er). The Einstein relation
o = e*g(E)D, links the conductivity o to the DOS g(F) and the charge diffusion constant
D.. The DOS of graphene is given by [97]

_ 9v9:27|E]
h2vd

9(E) (2.14)

with the valley and spin degeneracies g, = 2 and g, = 2 and the Planck’s constant h.
The charge carrier density n(Ep) at the Fermi energy can be derived by integrating the
energy from 0 to Ep. One obtains

gvgsTEf

The DOS at the Fermi energy can be calculated by rearranging Eq. (2.15) and substituting

the result into Eq. (2.14)
2
9(Ep) = hvp\/m (2.16)

Applying the Einstein relation allows to calculate the charge diffusion constant D, at the
Fermi energy Fr with Eq. (2.16)

g

B hvup o
e2g(Er)  2€%\/qvgsT /n(EF)

With a vanishing charge carrier density n(FEr) at Ep = 0, this introduces a singularity
in the charge diffusion constant D.. In real experiments, however, it is found that the

D, = (2.17)
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carrier density and consequently the DOS are finite at Er = 0 due to finite temperature
and electron-hole puddles [97]. To account for these effects, a Gaussian broadening of
the density of states is introduced in the form of [97]

Gogs2m | 2& E2 Er
= e ——— | + Eperf | — ||,

h2ug lﬁw P ( 2¢2) T Ve
with the Gaussian error function erf and the broadening energy £. Using this modified
DOS and the Fermi energy Ep from Eq. (2.15), one obtains a modified charge diffusion

constant. This modified charge diffusion constant can later be compared to the spin
diffusion constant Dy, which is extracted from spin precession experiments.

(2.18)

2.4. Hexagonal Boron Nitride hBN

Hexagonal boron nitride (hBN) is a layered van der Waals polymorph of the boron
nitride compounds. It is commonly used as a substrate, gate dielectric, tunnelling
barrier, as well as a protective layer in van der Waals heterostructures [68, 98-101].
The hexagonal structure of hBN results from the sp?-hybridisation similar to graphene,
forming a two-dimensional hexagonal lattice with alternating boron and nitrogen atoms
[102-104]. Boron and nitrogen form strong covalent bonds in plane, with weak van der
Waals forces between the layers. As a consequence, bulk crystals can easily be exfoliated
by the scotch tape method. In bulk hBN crystals, the boron and nitrogen atoms of the
individual sheets are stacked directly on top of each other in an alternating manner,
as can be seen in Fig. 2.7 a). The lattice constant of hBN is quite similar to that of
graphene with a nearest neighbour distance of angx = 1.44 A [105]. This results in a small
lattice mismatch to graphene of only 1.7 %. Despite the same sp? orbital hybridisation,
the electrical properties of hBN are quite different compared to graphene. With an
indirect band gap of 5.95eV [103, 106, 107], bulk hBN is electrically insulating. The
band structure of monolayer hBN can be seen in Fig. 2.7 b).

When graphene is exfoliated onto a commonly utilized Si/SiO, substrate, it adheres to
the rough surface. However, exfoliating hBN results in atomically flat crystals that do
not have any dangling bonds or trapped charges [108], which could negatively affect the
transport properties of graphene when hBN is used as a substrate [21]. Furthermore, the
atomic smoothness of hBN can mask the roughness of an underlying substrate, resulting
in almost perfectly flat graphene layers. Together with the small lattice mismatch to
graphene, this makes hBN an ideal substrate candidate for graphene devices [98, 99].
Placing hBN on top of graphene protects it from environmental influences [68]. Therefore,
sandwiching graphene between two hBN layers isolates it from the environment, resulting
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Fig. 2.7: a) Lattice structure of hBN. In the covalent bonds, boron and nitrogen atoms are
alternating. hBN favours an alternating stacking with a boron atom on top of a nitrogen atom
and vice versa. Adapted from [104]. b) Band structure of monolayer hBN calculated using
density functional theory with the PBE-D3 method. The band gap of 4.69eV at the K point is
visible. The calculated band gap varies with respect to included corrections in the model from
4.69¢€V to 7.92eV. Adapted from [102].

in excellent transport properties and mobilities in fully encapsulated graphene samples
[100]. In this thesis, hBN is used as a tunnel barrier and protection layer. This ensures an
efficient spin injection between the ferromagnetic FGT and graphene as will be explained
in Sec. 3.2. Furthermore, the hBN encapsulation on top of FGT prevents oxidation of
these ferromagnetic contacts [68].






3. Theoretical background on spin
transport

Spin injection is the process of generating a non-equilibrium spin accumulation in
materials, such as metals and semiconductors. This can be achieved electrically, optically,
and by other mechanisms like spin pumping. Sending a current consisting of spin-
polarized electrons from one material to another to produce a spin accumulation is
called electrical spin injection. Typically, these spin-polarized currents are obtained by
means of ferromagnetic metals, which have a different density of states for spin up and
down electrons, as depicted in Fig. 2.1 b). A detailed theoretical explanation of spin
injection is beyond the scope of this thesis. However, a brief theoretical framework is
presented here to help understand the experimental results of this thesis. The following
sections Sec. 3.1 and Sec. 3.2 describe the electrical injection, transport, and detection
of such a spin accumulation, based on the comprehensive description of J. Fabian et
al. [17] and Zutié et al. [109]. The notation adheres to the established standard model
of spin injection [110]. This is followed by the description of the non-local spin valve
and the non-local Hanle effect in Sec. 3.3 and Sec. 3.4, respectively. Subsequently, the
most prevalent spin-relaxation mechanisms discussed in the literature for graphene are
presented in Sec. 3.5, followed by a description of the COMSOL Multiphysics simulations
in Sec. 3.6.

3.1. Spin transport

Spin transport is described by separately defining quantities for majority and minority
spins. The transport is treated as occurring in a parallel circuit of two spin channels,
following the two-current model introduced by N. Mott [111]. For example, the total
carrier density n is described as the sum of the carrier densities of spin-up n; and
spin-down 7, charge carriers, while the difference between the two densities gives the
spin density s:

n=ny+ny, (3.1)
s =mny —ny. '
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Fig. 3.1: Schematic of the spin injection from S
a FM (z < 0) into a NM (2 > 0). A constant
spin current from a FM leads to a finite spin
density at the FM/NM interface which diffuses
exponentially with the corresponding diffusion
length A in the NM. Adapted from [17]. Js

----SOO(JSO)\S

The drift and diffusion of the spin density s can be derived from a random walk model
of electrons that change direction after a mean free path [. This results in the spin
drift-diffusion equation [17]

s s ds s

ot DS(‘?xQ +'LLmE8x T (3:2)
where Dy is the spin diffusion constant, F is the electric field, and 7y is the spin relaxation
time. The equation is made up of three terms on the right-hand side: the first describes
the diffusion, while the second and third describe the drift and relaxation of the spin
density s, respectively. In the following, an interface of a ferromagnetic conductor (FM)
at x < 0 and a non-magnetic conductor (NM) at > 0 is analysed. Assuming a constant
spin current Js(0) = Jyo = —Ds0s/0z|,—o at this interface leads to an accumulation of
spin at the interface. The spatial distribution of the spin density s, as shown in Fig. 3.1,
can be obtained by solving the steady-state solution of the spin drift-diffusion equation
when no electric field is applied (E=0):

T T

A
s(z) = s5(0)exp [ —— | = Jyo— ex <—>, 3.3
(@) = s(0)exp (1) = T exp (1 (33)
where Ay = /D7 is the spin diffusion length over which the spin density diffuses
exponentially from the interface at z = 0 in the non-magnetic conductor. The accumulated
spin density at the interface due to the constant spin current is given by

(0) = Jg 2 (3.4)

so=5(0) = Jyo—. .
0 D,

Instead of using continuous drift-diffusion equations for charge and spin currents, the spin-
transport can also be described by considering a quasi-chemical potential p(z). In the
presence of an electrostatic potential ¢(z), the chemical potential 7 of the electronic system
is no longer in equilibrium. Therefore, the chemical potential in the non-equilibrium
situation is described by 7 + ep(z). Assuming that charges do not accumulate inside the
conductor (also referred to as local charge neutrality), the quasi-chemical potential
fully balances the electrostatic potential ¢ so that u(x) = —¢(z). By introducing the
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quasi-chemical potential for both spin species, the total quasi-chemical potential p and
the spin quasi-chemical potential yg are defined as

1

p=g et ),
: (3.5)
ps =5 (o = ) -

The introduction of the quasi-chemical potential generalizes the electric current j = o F
to also include diffusive transport. The generalized current for each spin species is written
as

Jr/e = o1V i (3.6)
with the corresponding conductivities oy, of spin-up and -down charge carriers, respec-
tively. The gradient of p4/, describes drift and diffusive currents. With Eq. (3.6) the
total current carried by both spin species j and the spin current j5, which corresponds to
the difference of the currents of both spin species, is calculated as

J=n+i=0Vu+osVus, (3.7)
Js =Jr —J1 = 0sVp+ oV, (3.8)

with 0 = 04 4+ 0| and o4 = 04 — 0. These two equations have the following implications:
In a non-magnetic conductor, with o5 = 0, a charge current is generated solely as a
consequence of a gradient in the total quasi-chemical potential p. Furthermore, a spin
current only arises due to a gradient in the spin quasi-chemical potential ps, which can
only be caused by a spin accumulation. In contrast, in ferromagnetic conductors, where
os # 0, a charge current can arise due to both, a gradient in the total quasi-chemical
potential u and a gradient in the spin quasi-chemical potential ps. The same is true for
spin currents in ferromagnetic conductors. Consequently, in contrast to non-magnetic
conductors, charge currents can be generated due to a gradient in the spin quasi-chemical
potential ug, while spin currents can also arise as a consequence of a gradient in the total
quasi-chemical potential y in ferromagnetic conductors. This is crucial for both spin
injection and detection.

The spin quasi-chemical potential p is often referred to as the spin accumulation since
it is directly proportional to the non-equilibrium spin density ds. Calculating the spin
density using charge neutrality, one obtains:

s = 5o+ ZleusM = 50 + 05, (3.9)
g

where g4/, is the corresponding density of states for spin-up and spin-down charge carriers,
g is the total density of states, and ds is the accumulated non-equilibrium spin. Since ds
is linear in pg, from now on pg will be referred to as spin accumulation. Assuming a finite
spin accumulation at the interface of the ferromagnetic and non-magnetic conductor, the
diffusion of the spin accumulation is then described by the following diffusion equation:

2 Hs
L= 1
Vi I (3.10)
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spin injection spin detection

Fig. 3.2: Non-local spin injection geometry. A constant spin polarized current j (green) is
applied between FM; and the reference contact R; on the left side. No charge current is present
between FM; and FMsy. The injected spin current js (red) diffuses in all directions, so that
underneath the FMjy electrode at a distance d a finite non-equilibrium spin accumulation is
still present that can be measured as a non-local voltage V};;. It is to be noted, that at the
injecting circuit, the spin current is accompanied by an electric field which influences the spin
accumulation according to Eq. (3.2). Therefore, the spin accumulation is not symmetric on the
left and right side of the injector.

Here, L is the diffusion length of the spin accumulation related to the generalized
diffusivity D:

_ A1
D=5 (3:.11)
AR gL

D, T D;

In non-magnetic conductors g+ = g, and Dy = D|. In this case, D = D; so that
the diffusion lengths of the spin accumulation and of the spin density are identical
(Ls = Xs).

3.2. Electrical spin injection and detection

So far, spin transport has been discussed under the introduction of a quasi-chemical
potential at a single ferromagnet/non-magnet interface. The following section describes
the electrical injection and detection of spins using the non-local spin-injection geometry
introduced by M. Johnson and R. Silsbee [112, 113]. This geometry consists of two
ferromagnetic contacts on top of a non-magnetic channel, as shown in Fig. 3.2. A charge
current is passed from FM; to the NM reference contact R; on the left, resulting in
a constant spin-polarized current in the NM channel, as indicated by the green arrow.
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Fig. 3.3: Schematics of the FM/C/NM junc-
tion that is considered for the theoretical descrip-

tion of the electrical spin injection. Adapted
from [17].

No charge current flows between both FM electrodes FM; and FM, or in the detection
circuit on the right. This separation of the charge and the spin flow gives the non-local
geometry its name. The spin accumulation in the NM due to the spin-polarized current
diffuses exponentially in all directions, as indicated by the red arrows and the red shading
in the NM channel. For sufficiently large spin diffusion lengths, a finite non-equilibrium
spin accumulation is established below the detecting FM,. The magnitude of this spin
accumulation underneath this FM, electrode can be measured as a non-local voltage
drop V,; between the detecting FMsy and a NM reference contact Ry on the right. As
FM; and FM, are responsible for injecting and detecting the spin accumulation, they
are also referred to as injector and detector, respectively. This non-local geometry is
the underlying basis of the spin transport and precession experiments and prevents the
measurement of spurious voltage signals such as an additional voltage drop due to contact
resistances as well as anisotropic magnetoresistance as a result of the separation of the
charge and spin currents [15, 114].

Spin injection

In the following, we consider the injection of a spin accumulation from a FM located at
x < 0 into a NM at x > 0 through a contact region C at x = 0, as shown in Fig. 3.3.
The spin polarization of the electric current P; is the ratio of the spin current j; and the
charge current j. By rearranging Eq. (3.7) to Vi and substituting the result into Eq.
(3.8), one obtains the spin polarization of the electric current P

P':*:Pa ~ Vsa 3.12
J : +] o H ( )

where P, = o4/0 is the conductivity spin polarization. Eq. (3.12) can be used to calculate
the spin injection efficiency, which quantifies how efficiently spins are injected from the
FM into the NM. To calculate the spin injection efficiency, a FM/C/NM junction at
x = 0 is considered. Solving the spin diffusion equation Eq. (3.10) at = 0 for the FM
and NM regions gives

per() = e (@) exp (1 ) (FM region) (3.13)
pox() = pex(0) exp - LfN) , (NM region) (3.14)
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a) _js b) Hs

LsF LSN LSF LsN

Fig. 3.4: Spatial profile of a) the continuous spin current js and b) the discontinuous non-
equilibrium spin accumulation pg at the contact C at a FM/C/NM interface. Adapted from
[17].

for the spin quasi-chemical potentials psp and pgn with the corresponding spin diffusion
lengths Lgr and Lgy in the FM and NM region, respectively. Here, a vanishing spin
accumulation was assumed at pgp(—o00) = 0 and pgn(00) = 0, which is well satisfied if
the lengths of the FM and NM regions are larger than their corresponding spin diffusion
lengths Lgr and Lgy. By forming the gradients of Eqgs. (3.13) and (3.14) at x = 0 and
inserting the result into Eq. (3.12), the current spin polarizations in the FM and NM
are obtained as

1
Pip(0) = Py + A SF(O), (FM region) (3.15)
J RBr
1 pus
Pin(0) = __',ug_(())’ (NM region) (3.16)
J 1N

where P,p is the conductivity spin polarization of the FM and

oF .
=—L FM 1
Ry p—— F (FM region) (3.17)
L
Ry ==X (NM region) (3.18)
ON

denote the effective resistances of the FM and NM region, respectively. In a similar
manner, the current spin polarization at the contact C (x = 0) can be derived, resulting

m
1 psn(0) — psr (0)
Pjc =Py + - :
Je = ] RC

(3.19)

where ¥ is the contact conductance and Ps; = /¥ is its corresponding spin polarization,
with the effective contact resistance Rc = ¥/4%4%,. Note, that at the contact the spin
quasi-chemical potential is discontinuous, as can be seen in Fig. 3.4 b). Assuming
that the spin current is continuous and, therefore, conserved across the contact, as
illustrated in Fig. 3.4 a), the current spin polarizations must be identical at x = 0, so
that P; = Pjr(0) = Pjn(0) = Pjc. Solving this algebraic problem gives the current spin
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polarization P;, also known as the spin injection efficiency:

_ RePor+ Rl

7 Rp+Rc+ Ry’
This is one of the key results of the standard model of spin injection and explains the
so-called conductivity mismatch problem. If the conductivities of the NM and FM region
differ significantly from each other, a high contact resistance is required for efficient
spin injection. In the case of transparent contacts, the effective contact resistance is
negligible (Rc — 0). The effective resistances in the NM region Ry are typically larger
than those in the FM region Rp, as Lgy > Lgr. If the NM region is also a semiconductor
and the FM region is a metal, then or > oy, so that Ry > Rp. In this case, the spin
injection efficiency is greatly reduced as the conductivities of the two regions are very
different. However, by adding a tunnel contact in between the FM and NM regions
with R¢ > (R, Rr), the spin injection efficiency is dominated by the conductivity spin
polarization of the contact Ps. In this scenario, the mismatch of the conductivities in
the FM and NM is negligible and spin injection can be highly efficient. Therefore, the
conductivity mismatch problem motivates the use of a tunnel barrier to ensure efficient
spin injection.

(3.20)

The injected spin accumulation in the NM can be calculated with the spin injection
efficiency from Eq. (3.16), such that

,uSN(O) = —ijRN. (321)

The spin accumulation is directly proportional to the current. If the current in the NM is
carried by electrons, spins from the FM are injected into the NM for 7 < 0 and extracted
from the NM for j > 0. However, if the current is carried by holes, spins are injected
for 7 > 0 and extracted for j < 0. Both processes, known as spin injection and spin
extraction, result in a non-equilibrium spin accumulation in the NM region.

Spin bottleneck

As can be seen in Fig. 3.4 b), the spin accumulation in the FM region builds up at the
FM/C/NM interface. This leads to a non-vanishing gradient of the spin accumulation
ps, that results in a charge current in the FM according to Eq. (3.7), flowing back into
the FM in the opposite direction to the applied current. This creates an additional
resistance 0 R, known as the spin bottleneck effect. The total series resistance of the
FM/C/NM junction can then be written as Rp + /% + Ry + 0R, where Rp and Ry are
the actual resistances of the FM and NM regions normalized to their cross-sectional area,
respectively. If 3+ = X, then 1/% corresponds to the electrical resistance of the contact
Rc. The additional resistance d R due to the non-equilibrium spin accumulation in the
FM at the interface is given by

Rx(P2Rc + P?-Ry) + RpRc(P,p — Ps)?

0R =
Ry + Rc + Ry

> 0. (3.22)
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This additional resistance is always positive, resulting in an increase in the total junction
resistance in the presence of a non-equilibrium spin accumulation in the FM.

Spin detection

When a spin-polarized electric current is driven from a FM to a NM, a non-equilibrium
spin density accumulates in the NM region. To detect this spin accumulation, the inverse
effect, also known as the Silsbee-Johnson spin-charge coupling, can be used. Here, a spin
accumulation in the NM region, which is in proximity to a FM, induces a current flow
in the FM in a closed circuit. In an open circuit, an electromotive force (emf) builds
up, which can be measured as a non-local voltage V,,;, as depicted by the spin detection
circuit on the right in Fig. 3.2. This inverse effect was proposed by Silsbee [112] in 1980
and experimentally demonstrated five years later by Johnson and Silsbee [113].

The Silsbee-Johnson spin-charge coupling is analysed in a FM/C/NM junction. The spin
accumulation in the FM region (z < 0) vanishes for psp(—o0) = 0, while a finite spin
accumulation in the NM region (z > 0) at z = 00, psn(00) # 0, is present. This results
in a finite spin accumulation at the contact (x = 0) that generates an emf in the open
circuit (j = 0). The emf is the drop of the quasi-chemical potentials across the junction.
Assuming local charge neutrality, the emf can be calculated,

emf = i (00) — pp(—00) = Ap(0) — Forpsr(0), (3.23)
where the drop of the quasi-chemical potential at the contact is
Ap(0) = =R Psjs(0). (3.24)

To calculate the emf, it is necessary to determine the spin quasi-chemical potential pip(0)
and the spin current j5(0). Assuming a conserved spin current across the interface at

x =0 yields
Ry

= s ) 3.25

with j5(0) = 1/Rpugr(0), as can be calculated from Eq. (3.7), (3.8), and (3.13) in the
FM region. The emf is summarized as

_ReP+BePy
Ry + Ro+ Ry ™™

NsF(O)

emf = = —Pjusn(00). (3.26)

The emf allows for the experimental detection of the non-equilibrium spin accumulation
in the NM in proximity to a detecting FM as a non-local voltage. To achieve efficient spin
detection, the spin injection efficiency P; introduced in Eq. (3.20) must be sufficiently
large. Therefore, the same contact resistance requirements (R¢ > Rn, Rr) apply to both
spin injection and detection. This motivates utilizing tunnel barriers between the FM
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and NM not only at the injecting, but also at the detecting FM electrode to ensure a
large contact resistance R¢. In addition, the emf changes sign when either P; or psn(00)
reverse sign. This can be achieved by reversing the magnetization direction of either
the injector (which reverses the sign of the spin quasi-chemical potential psx(00)) or the
detector (which reverses the sign of P;).

Combining the spin injection with the detection circuit enables the realization of the
non-local spin injection geometry. Here, spins are injected from a FM electrode into the
NM (z = 0). This creates a non-equilibrium spin accumulation in the NM underneath
the injector. Notably, there is no charge current between the injecting and detecting FM
electrodes. As a result, spin transport between both electrodes is purely diffusive. The
spin accumulation relaxes exponentially with Ly and can be detected at a second FM
electrode (z = d) as a non-local voltage V.

3.3. Non-local spin valve effect

The non-local spin-injection geometry, as depicted in Fig. 3.2, enables the experimental
realization of spin injection and detection across a distance d. A spin-polarized current is
driven from an injecting ferromagnetic contact FM; to a reference contact R; through a
tunnel barrier C. This creates a non-equilibrium spin accumulation in the NM underneath
FM;, which diffuses in all directions. The transport between FM; and FM, is considered
purely diffusive, as there is no voltage drop, and thus no electric field in this region. As
spins are not conserved, spin relaxation occurs during diffusion, leading to an exponential
decrease in spin accumulation as distance increases. A non-equilibrium spin accumulation
is still present at a distance d at the detecting ferromagnetic electrode FM,, when the
spin diffusion length Lg of the NM is sufficiently large. Due to the tunnel barrier between
the NM and FM, a sizeable emf can be measured as a non-local voltage drop V,,; between
the FM; and a reference contact Ry on the right side. The magnitude of this signal
can be derived from the spatial distribution of the spin quasi-chemical potential. The
associated non-local voltage drop V;; measured at the detector at a distance d is given
by [110, 115]

an (d>

Rn'P e s[Ls d
_ Dot lLs exp < > : (3.27)

2w

where P,,; and Pyt are the spin injection and detection efficiencies of the corresponding
electrodes and correspond to the P; used in Eq. (3.20) and Eq. (3.26), respectively. [
is the applied current and R, and w are the sheet resistance and the width of the NM
channel. It is important to note that V;(d) is either positive in a parallel or negative in
an anti-parallel magnetization configuration. Inverting the magnetization direction of
the injector (detector) inverts P (Paet). In experiments, the difference of the parallel
and anti-parallel signals normalized by the applied current I is evaluated as the spin
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valve height AR, defined as

ARnl(d)

PiandetRsLs d
== ) 2
» exp ( Ls) (3.28)

3.4. Non-local Hanle effect

When applying an external magnetic field perpendicular to the magnetization direction
of both FM electrodes, and therefore perpendicular to the injected spin direction, the
magnetic field exerts a torque on the spin. The spins begin to rotate. In order to
incorporate the precession of the spin &, the spin drift-diffusion equation (Eq. (3.2)) has
to be modified to [17]

as . 9., -, S

a7 = 5 % o + DV75+ 1 EVS — g (3.29)

where &y = %é is the Larmor frequency with the g-factor gr, = 2, the Bohr’s magneton
1B, and the external perpendicular magnetic field B. The additional term 5x &, describes
the precession of the spins in the applied magnetic field. It is important to note that
the spin § now has to be written as a vector due to finite z-, y- and z-components of §
caused by the precession.

Fig. 3.5: Schematic of the non-local geometry for the Hanle effect. The external magnetic field
is applied in y-direction, perpendicular to the magnetization direction of the FM electrodes.
The injected spins (red arrows) precess in the x-z-plane. The tunnel barrier (C) ensures efficient
spin injection into the NM.

When an external magnetic field is applied in y-direction, as shown in Fig. 3.5, the spins
precess in the x-z-plane, as illustrated by the red arrows. The spins diffuse from the
injector to the detector in a random walk. Therefore, the spins arriving at the detector
travel along different paths, resulting in varying transit times ¢ for each spin. As a result,
spins arrive at the detector with different spin precession angles wgt. The detector probes



3.5. Spin-relaxation mechanisms in graphene 33

the average spin beneath the FM in the magnetization direction as a non-local voltage.
In the presence of an external magnetic field perpendicular to the magnetization direction
of the injector, the non-local voltage is then an integral over all transit times ¢ given by
[17]

0o 1 d? t
VHI(WO) = an(O)/O dtﬁ exXp <_4_Dt> exp <_7'> COS (Wot) y (330)

where the prefactor Vy(0) is the non-local voltage signal at a distance z = 0 and B = 0,

as defined in Eq. (3.27). The first term in the integral - \/471Tst exp (—%) - represents

the spin diffusion, the second term - exp (—TLS) - accounts for the spin relaxation, and
the third term - cos (wopt) - corresponds to the projection of the precessed spin onto the
magnetization axis of the detector. It is important to note that the spin relaxation
may vary depending on the spin direction, resulting in different values of 7, for spins
aligned in different directions. Additionally, the size of the spin injector and detector
have been disregarded in Eq. (3.30). In order to compare Eq. (3.30) with experimental
measurements, it has to be integrated over the injector and detector widths w;, and wgqet,
respectively. The exact integration of Eq. (3.30) is presented in the Appendix Sec. A.4.1
and results in Eq. (A.6).

For spin precession experiments, the width of the ferromagnetic electrodes should be
minimized. In wide injectors (detectors), spins are injected (detected) at different points
of the FM. Consequently, the spins must travel different path lengths in the NM until
they are detected, and thereby acquire disparate phases. This results in a reduction of
the spin signal, which is circumvented by using narrow spin aligning electrodes. The
Hanle effect allows to determine the spin relaxation time 74, spin diffusion constant D,
and spin injection efficiency P by fitting the experimental data with Eq. (A.6), which
takes the extended sizes of the injector and detector into account. Therefore, Hanle
measurements give insights into the spin transport properties of the NM channel. It has
to be noted that from fits, the product P = /Py - Pyaet is determined. However, for
homogeneous tunnel barriers and small applied currents one can assume that Ppnj = Pyet-
Consequently, P is also referred to as spin injection efficiency.

3.5. Spin-relaxation mechanisms in graphene

Hanle measurements provide access to the spin lifetime 74, often referred to as spin
relaxation time or spin diffusion time. It is the time over which a non-equilibrium
spin polarization decays. In graphene, several possible mechanisms that lead to spin
relaxation have been considered [116-124]. This section presents the most common
relaxation mechanisms discussed in the literature for graphene. The two most prominent
representatives of spin-relaxation mechanisms are the Elliott-Yafet (EY) [125, 126] and
Dyakonov-Perel (DP) [127] mechanisms, which originated in metal and semiconductor
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a) Elliott-Yafet b) Dyakonov-Perel ¢) Resonant scattering
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Fig. 3.6: The most frequently discussed spin relaxation mechanisms in graphene. a) In the
Elliot-Yafet mechanism a charge carrier (blue) flips its spin (yellow arrow) due to momentum
scattering at a scattering centre (red) in the presence of SOC. b) The Dyakonov-Perel mechanism
describes the precession of the spin, indicated by the grey cone, in-between momentum scattering
events in an effective magnetic field due to SOC. c¢) Resonant scattering at magnetic impurities
leads to spin relaxation due to their finite magnetic moment. Adapted from [23].

y

spintronics. Both rely on spin-orbit coupling (SOC) and momentum scattering. The SOC
is a relativistic effect that arises from electrons moving in the electric field of positively
charged nuclei. In the electron’s frame of reference, the nuclei are in motion, thereby
producing a magnetic field that interacts with the spins. The strength of the SOC
scales with the nuclei charge. The SOC in graphene is relatively weak, due to the sp?
hybridization which leads to a reduced mixing of electrons with different spin directions
[25]. This results in theoretical predictions of large spin relaxation times of up to 1ps
[23]. However, experiments have shown spin relaxation times of only several hundred
picoseconds [27, 30, 32, 119], indicating an extrinsic origin of spin-relaxation. In real
world graphene samples, multiple spin-relaxation mechanisms are present, resulting in an
observable total spin relaxation time obtained from the Hanle fits. Therefore, identifying
the dominant spin-relaxation mechanism in experiments is a non-trivial task.

3.5.1. Elliott-Yafet mechanism

The Elliott-Yafet mechanism [125, 126], as shown in Fig. 3.6 a), describes how spin
flip can occur as a result of momentum scattering on impurities, lattice defects, or by
phonons. These scattering mechanisms typically are spin-conserving. However, due to the
presence of intrinsic SOC, the spin-up and spin-down states are no longer eigenstates of
the complete Hamiltonian that describes the system. As a result, the charge carrier wave
functions are described by a linear combination of states of opposing spin directions, which
transforms the spin-conserving momentum-scattering into a mechanism that no longer
conserves spin. As the SOC is introduced as a small perturbation, the spin states can
still be identified as spin-up and spin-down along the initial axis. Each scattering event
now has a finite probability to flip the spin. As a consequence, the momentum-scattering
time 7, and spin-relaxation time 74 are coupled by [23, 120]

Ts = — R ——5Tp, (3.31)
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where a4 can be interpreted as the spin-flip probability during a momentum-scattering
event. Fr and A; denote the Fermi energy and the intrinsic SOC strength. As the
intrinsic SOC in graphene is relatively weak, an electron scatters up to a million times
before its spin is flipped [23]. It has to be noted that the intrinsic spin-orbit interaction
does not affect spins perpendicular to the surface, and therefore, they are not relaxed.
This results in an anisotropy of spin relaxation times for in- and out-of-plane spins [121].
The EY mechanism can also be caused by Rashba type SOC due to gating electric
fields or ripples [121]. Assuming realistic values for Fr = 100meV, A; = 10 peV [128,
129], and 7, = 10fs, one obtains large spin relaxation times of 7, = 1ps [23] which
is more than two orders of magnitude larger than experimentally observed [34]. To
identify whether the EY mechanism is the dominant spin-scattering mechanism, the
direct proportionality of 7y to 7, is investigated (as suggested by Eq. (3.31)). However,
the ratio 75/7, depends on the Fermi energy, which also tunes the charge carrier density in
graphene (Eq. (2.15)). Therefore, a linear scaling between 7, and 7, which is independent
of the carrier concentration cannot be attributed to the Elliot-Yafet mechanism [120].

3.5.2. Dyakonov-Perel mechanism

The Dyakonov-Perel mechanism [127], shown in Fig. 3.6 b), describes the precession
of spins between two momentum scattering events. This precession can be caused by
effective internal magnetic fields induced by Rashba type SOC. The direction of these
fields depends on the momentum of the charge carrier. Spins that are at a finite angle to
this effective magnetic field start to precess between two momentum-scattering events.
After scattering, the momentum of the charge carrier is altered, resulting in a change
of the effective magnetic field direction in which the spins precess. As charge carriers
move in a random walk, their spins precess in different effective magnetic fields of varying
directions and strengths. Therefore, each spin collects different phase angles, leading
to destructive interference of the spin directions. The spin accumulation relaxes. To
minimize this acquired phase angle, the momentum-scattering time 7, should be kept
short to minimize the mean free path in which the spins precess. This maximizes the
spin relaxation time 7,. The more the charge carrier’s momentum scatters, the less its
spin relaxes. As a consequence, 7y scales inversely with the momentum-scattering time
T, as [121]
h? 1
Ts = 5 — 3.32
AR (3:32)
where Ag corresponds to the Rashba SOC strength. Rashba SOC can be induced by
breaking the space-inversion symmetry. This can be achieved by placing graphene on
a substrate, but also by ripples in the graphene, adatoms, or gating electric fields [121,
130]. The SOC of graphene can also be enhanced when in proximity to a transition metal
dichalcogenide (TMDC) which induces a large spin relaxation time anisotropy of in-plane
and out-of-plane spins [26, 117]. Assuming A ~ 1peV with 7, = 10fs for pristine
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graphene gives a relaxation time of 7, = 1 11s, again overestimating the spin relaxation
time as in the case of the EY mechanism [23]. Introducing a Rashba field produced by the
substrate in the presence of electron-hole puddles results in more realistic values ranging
from 50 ps to several nanoseconds, where longer spin relaxation times are calculated for
higher impurity concentrations, which is consistent with the DP mechanism [131].

3.5.3. Resonant scattering by magnetic impurities

Another spin relaxation mechanism is resonant scattering at magnetic impurities, as
depicted in Fig. 3.6 ¢). Spins that scatter at magnetic impurities precess around the
impurity’s associated magnetic fields. The spin collects a phase angle which destructively
interferes with other spins. Therefore, the spin accumulation relaxes. In pristine graphene
samples, the concentration of these point-like defects that introduce magnetic moments,
e.g. vacancies or covalently bonded hydrogen adatoms [123, 132, 133], is on the order of
a few parts per million (ppm). Therefore, the effect would be expected to play a small
role in spin-relaxation. However, in the case of resonant scattering at these sites, charge
carriers spend more time in the vicinity of those magnetic moments. This increases the
acquired phase angle of the spin, leading to a faster relaxation of the spin accumulation
[123]. Calculations show that already a concentration of 1 ppm of these defects is able to
produce a realistic spin relaxation time of 7, = 100 ps [123].

In the case of covalently bonded hydrogen adatoms in the graphene lattice, resonance peaks
in the spin relaxation rate 1/7, appear near the charge neutrality point, corresponding
to singlet and triplet states shifted in energy with respect to each other, as shown in
Fig. 3.7 a) [123]. If the Fermi energy matches the energy of these states, spin relaxation is
enhanced. In realistic samples, at finite temperatures, charge neutrality point fluctuations
due to electron-hole puddles, and different magnetic impurities, resulting in different
peak positions and widths, lead to a broadening of the spin-relaxation rate [123]. The
peaks of the singlet- and triplet-state cannot be distinguished anymore, resulting in a
large spin-relaxation rate in the vicinity of the charge neutrality point that decreases
towards larger Fermi energies. The temperature dependence is rather weak and given by
a Fermi broadening of the resonance structure, as shown in Fig. 3.7 b). This results in
an increased spin-relaxation rate at 77 K, an intermediate rate at 4 K and a low rate at
300K for the case of resonant scattering at magnetic impurities. Experimental results of
hydrogenated graphene samples [134] agree well with the theoretical calculations, as seen
in Fig. 3.7 ¢) [123].
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Fig. 3.7: a) Singlet- and triplet-state at a hydrogen adatom concentration of 1 ppm, visible
as resonance peaks in the spin-relaxation rate at 0 K (black line). At finite temperature (blue
dashed line), these resonance peaks exhibit broadening. Furthermore, additional Gaussian
broadening due to electron-hole puddles and other magnetic impurities (red line) results in
a spin-relaxation rate that is even more broadened. Consequently, the distinction between
the singlet- and triplet-states is no longer possible. b) Spin-relaxation rate plotted for various
temperatures. It has to be noted that the spin-relaxation rate tends to decrease with increasing
temperature. ¢) Comparison of experimental data from Ref. [134] and theoretical calculations.
Adapted from [123].

3.5.4. Contact-induced spin relaxation

The contact resistance plays an important role for efficient spin injection, as described by
Eq. (3.20). In the typical scenario, the effective resistance of the FM Ry is smaller than
that of the NM Ry. The conductivity mismatch of both materials, together with small
contact resistances R¢, lead to small spin injection efficiencies P;. In this situation, spins
are able to flow back from the NM into the FM, as depicted in Fig. 3.8 a). This results
in a small spin accumulation psy(0) in the NM underneath the FM. Small spin injection
efficiencies can be prevented by inserting a tunnel barrier between both materials that
introduces a large contact resistance R¢ (see Fig. 3.8 b)). Technically speaking, this
backflow of spins into the FM does not relax spins. However, it acts as a spin sink
and affects the shape of the Hanle measurements similar to increased spin relaxation,
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a) low R, high R,
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Fig. 3.8: Depiction of the conductivity mismatch for a) low contact resistances and b) high
contact resistances. The added tunnel barriers between the FM and the NM prevent the spins
from flowing back into the FM contacts. Adapted from [124].

resulting in incorrect spin relaxation times 7, extracted from fits [124].

Maassen et al. [124] studied the effect of the conductivity mismatch on non-local Hanle
measurements. The influence of the contacts is described by the ratio of the contact
resistance R, and the spin resistance of the channel 1%}, . This ratio affects the shape and
height of the Hanle curves and reflects the ratio of spins diffusing through the channel
versus those that are reabsorbed by the contacts [124]. The spin resistance is defined
as RS, = RsLs/w, with Ry, Ly and w being the sheet resistivity, spin-relaxation length,
and width of the transport channel, respectively. Note, that R. denotes the electrical
resistance of the contact and is not to be confused with the effective contact resistance
R¢, as defined in Sec. 3.2. Typically, a homogeneous barrier at the injector and detector
is assumed. In the case of a different barrier thickness at the injector and detector,
the contact resistances at those electrodes are different from each other. In the case of
an inhomogeneous barrier thickness, an effective contact resistance, approximated as
1/Re, et = (1/Re, inj + 1/Re, det)/2, is considered [124].

In order to ascertain whether the fit parameters corresponded to the simulation parameters,
a series of simulated Hanle curves were fitted. Maassen and co-workers observed that
when R./RS, < 1, the extracted spin relaxation time is significantly smaller than the
lifetime used for the simulation. They also observed that the injector-detector spacing d
influences the Hanle curves. Therefore, they considered the ratio d/Lg, observing that
ratios d/Lg > 1 lead to correct measured spin relaxation times even for small values
of R./R:,. To conclude, for ratios of R./R, > 1 and d/Ls > 10 the extracted spin
transport properties from fits coincide with the values used in the simulations. As a
consequence, fit results extracted in this regime result in correctly extracted values.

3.5.5. Further mechanisms

The mechanisms presented above are only the most relevant relaxation mechanisms in
graphene. But there are also other mechanisms that can introduce spin relaxation. One
involves stray fields from the FM, which can penetrate the graphene transport channel.
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Spins exposed to this inhomogeneous magnetic field, will precess as long as there is a
perpendicular component of the field direction. This introduces a local relaxation of
spins in the graphene channel, especially at the edges of the FM injector and detector.
Furthermore, SOC is greatly increased when graphene is proximitized by a TMDC and
can even be tuned by a gate in bilayer graphene devices [135] or by the twist angle [136,
137]. The increased SOC due to the proximity effect can introduce an anisotropy of
the spin relaxation times for in-plane and out-of-plane spins [26]. Larger SOC can even
result in a much more efficient Dyakonov-Perel mechanism [26]. Another source of spin
relaxation is the coupling of the spin to the pseudospin. The pseudospin in graphene is a
sublattice degree of freedom and corresponds to the quantum number that describes the
distribution of electrons in sublattices A and B [8]. In the presence of SOC, the spin
couples to the pseudospin and the two quantities cannot be treated independently from
each other anymore [122]. Here, SOC is introduced by adatoms that don’t contribute to
intervalley scattering. This leads to fast spin relaxation ranging from 0.1 to 200 ps at
adatom densities of 0.05 %, which drastically overestimates the adatom concentration in
pristine graphene samples.

Identifying the dominant spin-relaxation mechanisms remains an important task to
maximize the spin relaxation time in real graphene samples. The EY mechanism
overestimates the spin relaxation times of pristine graphene samples by two orders
of magnitude due to the weak intrinsic SOC [23, 34]. The DP mechanism produces
more realistic spin relaxation times when a Rashba field originating from the substrate
in the presence of electron-hole puddles is introduced [131]. Investigating whether 7
scales directly or indirectly with 7, could help distinguishing between EY- and DP-type
mechanisms. However, a linear scaling of 7, with 7, does not necessarily imply the EY
mechanism, as mentioned above. So far, this approach of finding the proportionality of
75 and 7, did not produce any conclusive results [23]. Another method to distinguish
between scattering mechanisms is to investigate the lifetime anisotropy of in- and out-of-
plane spins [27, 138]. This can give insights into the prevailing spin-orbit mechanisms.
Theoretical calculations of scattering at magnetic impurities, as described in Sec. 3.5.3,
are able to reproduce experimental results at low impurity concentrations [123]. These
impurities can be introduced for example by intentionally hydrogenated graphene samples.
However, experimental results differ due to the different applied hydrogenation processes
[132, 134, 139]. The influence of the contact resistance on the spin relaxation was studied
in [32], resulting in a conclusion that spin relaxation time decreases with decreasing
contact resistance. In order to eliminate the influence of the contacts, the injector-detector
distance has to be increased.
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3.6. COMSOL Multiphysics simulations

COMSOL Multiphysics enables the simulation of diverse physical phenomena through
the numerical solution of partial differential equations (PDEs) using the finite element
method. This approach involves dividing a modelled geometry into a mesh of finite
elements. The solutions to the PDEs that describe the system are then calculated in each
element. The general solution of the problem is obtained by accounting for the continuity
conditions of the solutions in neighbouring elements [140]. The spin transport simulations
are based on a template, which was developed by Stefan Hartl and has already been used
in several publications by our research group in order to validate experimental results
27, 141, 142].

In order to simulate spin precession experiments, the coefficient form PDE in the form
of
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integrated in COMSOL is utilized, with @ = [s,, s, s.|* being the spin vector with its
corresponding z-, y-, and z-components and the partial derivatives vector V = [%, a%]'
By comparing Eq. (3.33) to the modified spin-drift-diffusion Eq. (3.29), Eq. (3.33) is
reduced to
ou . S S
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The coefficients of the PDE can be identified with the parameters from the spin-drift-
diffusion equation. The damping or mass coefficient d, = 1 is identified with the 3 x 3
unit matrix. The diffusion coefficient ¢ is a 3 x 3 matrix containing the spin diffusion
constant as

D; 0 0
c=|0 D, 0], (3.35)
0 0 D,

where an isotropic diffusion is assumed. The spin precession and absorption is summarized
in the absorption coefficient A as
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where wg ./, and Ty ,/,/. are the corresponding -, y-, and z-components of the Larmor

frequency &y and spin relaxation time 75, respectively. The external applied field B=

(Bg, By, B,)" is introduced in the Larmor frequency as &y = g*gBé . The convection
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coefficient (3 is then
E:D 0
“m<@, 0
0 0
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where E,/, are the z- and y-components of the electric field E. Spin injection is
implemented by via the boundary condition on the injector line

: (3.37)

—it - (Vi) = §, (3.38)

and ensures a constant flux of spins into the geometry along the z-direction. The vector
= (1, O)T is the normal vector on the defined boundary of injection. Consequently,
Eq. (3.38) can be rewritten as

ou
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The boundary flux § determines the orientation and magnitude of the injected spin
density. In general, the spin orientation can be chosen arbitrarily. As FGT is utilized
as the spin aligning electrodes with an out-of-plane magnetization, an injected spin
orientation in the z-direction is assumed. Therefore, in the following § consists of only a
z-component. The magnitude of | §| can be obtained by comparison with the definition
of the injected spin current [110]

: Js :
Js = eDSa—x = PJ - J. (340)
Consequently, |g] is obtained as
o js Pij
|g| = E = je ) (341)

and is determined by the spin injection efficiency P;, the charge current j and the
elementary charge e. This allows for the simulation of a spin density s, injected in an
out-of-plane direction at the injector subjected to an external magnetic field of arbitrary
orientation. In order to facilitate a comparison between the simulations and experiments,
the simulated spin density s has to be converted into a voltage signal. The spin density
generates an emf that is measured as voltage. The injected spin density at x = 0 can be
calculated with [110]

s(0) = eusn(0) - g. (3.42)
Combining Eq.(3.26) with Eq. (3.42) then gives
P
emf = ——72-5(0), (3.43)
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with the prefactor —:—; converting a calculated spin density to a voltage signal. Conse-
quently, to simulate a voltage generated by the spin density, the magnitude of the spin
signal has to be multiplied by this prefactor. It follows

_p2
| = g, (3.44)

e g
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and assumes the spin injection and detection efficiencies to be identical. As the FGT
detecting electrode is also magnetized out-of-plane, the simulated spin signal in the
z-direction is then read out at a distance d from the injector, integrated along the
detector. It is possible to omit this integration and detect the signal at a single point, as
the integration only rescales the signal.

COMSOL facilitates the incorporation of intricate interactions, some of which are chal-
lenging to integrate into analytical fit functions. For instance, it is straightforward
to integrate anisotropy in spin relaxation, define different transport parameters across
distinct regions, and magnetic stray fields into the simulation, and, if necessary, simulate
all of these simultaneously. The simulated spin signal can also be fitted to experimental
data via the Optimization Module utilizing a global least-squares objective. This enables
the determination of parameters associated with the introduced effects.



4. Experimental methods

This chapter provides a comprehensive overview of the sample fabrication process of
the fabricated spin transport samples and of the measurement setup. In Sec. 4.1.1,
the exfoliation of graphene, hBN and FGT is explained. The subsequent processing
of the materials involves their stacking and further processing of the stack to obtain
the finished sample which is outlined in Sec. 4.1.2 and Sec. 4.1.3, respectively. The
sample fabrication section concludes with a brief overview of the challenges encountered
during the fabrication process in Sec. 4.1.4. Following this, the fabricated spin transport
samples and the measurement setup are introduced in Sec. 4.2 and Sec. 4.3, respectively.
Sec. 4.4 elucidates the correspondence between the measured signals and the theoretical
framework, as introduced in the previous chapter.

4.1. Sample fabrication

Recent efforts in growing van der Waals materials have managed to synthesize graphene
at a large scale via Chemical Vapour Deposition (CVD) [143]. This technique has been
refined to produce adlayer-free, large-scale single crystals on single-crystal Cu(111) foils
[144] and even improved to be fold free on single-crystal Cu-Ni(111) foils [145]. More
recently, insulating sapphire substrates have also been identified as potential substrates
for graphene growth [146]. Such advancements are crucial for integrating graphene into
industrial applications, where wafer-scale growth of graphene and other van der Waals
materials is essential.

Despite these significant improvements in synthesis techniques, the simplicity and high
quality of exfoliated graphene continue to make the mechanical exfoliation method,
famously known as the "Scotch tape method", highly relevant. This manual exfoliation
process, which led to the first isolation of graphene by Novoselov and Geim in 2004 [7],
remains a low-barrier entry point for obtaining pristine van der Waals materials. As a
consequence, all materials have been manually exfoliated in this thesis. By placing a van
der Waals crystal onto adhesive tape and folding the sticky sides onto each other, the
layers of the crystal are separated upon peeling. Since the raw crystals have different
properties depending on the compound, each one needs to be exfoliated differently. The
amount of pressure applied during exfoliation and how the source material is applied
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Fig. 4.1: Sample schematics of
the finished samples. Two FGT
flakes are positioned on top of a
thin hBN tunnel barrier, which
separates them from the under-
lying monolayer graphene. The
stack is placed on a Si/SiOg sub-
strate. The hBN on top, that
encapsulates all vdW materials
underneath, is not shown for im-
proved visual clarity.

BrcT
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on the cleavage-tape is varied. Furthermore, some crystals require being exfoliated in a
glovebox to prevent oxidation during processing.

For the samples in this thesis, the quality of the interfaces between the individual
flakes is crucial and must be as clean as possible. For this reason, exfoliation with
Polydimethylsiloxane (PDMS) films, which is quite popular for exfoliating TMDC’s,
is avoided as it contaminates the surface of flakes with polymer residues [147] and
removing these can be quite challenging. There are reports on annealing [148], using
organic solvents [149] or mechanically cleaning flakes with an atomic force microscope
(AFM) in contact-mode [150-152] to get rid of residues. However, there is still a risk of
damaging the flakes in these steps. Mechanical cleaning can rip the flake and causes a
build-up of polymers at the edge of the "broomed" area. To avoid any contaminations
on the surface of the cleaved materials, all crystals were exfoliated onto clean chips of
Si/Si0O,. Consequently, only residues from the cleavage-tape need to be addressed which
are typically on the substrate rather than on the freshly cleaved material. Thus, this
technique minimizes the residues on flakes and, therefore, at the interfaces.

4.1.1. Exfoliation of the different materials

The samples presented in this thesis are fabricated using only three different van der Waals
materials: Fe3GeTes (FGT), monolayer graphene and hexagonal boron nitride (hBN). In
spin transport experiments, graphene functions as the spin transport channel. hBN acts
as the tunnel barrier between FGT and graphene and also serves as a capping layer to
prevent sample degradation and oxidation of FGT. FGT is utilized as a ferromagnetic
spin aligner for spin injection and detection. All these materials were exfoliated onto
ptT Si/SiO, substrates. The schematic layout of the stack can be seen in Fig. 4.1, but
without the encapsulating hBN layer for improved visual clarity. To create such a stack,
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a)

Fig. 4.2: Schematic of the Scotch tape exfoliation method. a) A crystal is placed onto the
sticky side of a tape. b) Both sticky sides are glued to each other. c¢) Separating the tape again
results in a copy of the original crystal. By pressing a cleaned Si/SiO2 chip upside down onto
the tape, the crystal is transferred to the substrate. This results in various thicknesses of flakes
on the chip which can be identified under an optical microscope.

first small chips, typically measuring 1cm by 1cm, are cut from p** Si/SiOy (90 nm)
wafers and then cleaned in an ultrasonic acetone bath, followed by an oxygen plasma
cleaning process. As each material exfoliates in a distinct manner, in the following, the
handling of each material is described separately. For exfoliation of these materials the
same tape (ELP BT-150E-CM), commercially obtained from Nitto, is employed.

Exfoliation of graphene

Graphene was exfoliated under ambient conditions in the cleanroom from purchased
"Flaggy Flakes", natural graphite from NGS Naturgraphit GmbH. To obtain sizeable
monolayers of graphene, a graphite crystal with an already clean surface was placed onto
the tape. The graphite crystal was then cautiously lifted, so that the area of the cleaved
material on the tape was already large in size, as illustrated in Fig. 4.2 a). The material
on the tape was subsequently stamped onto other parts of the tape by folding and pulling,
as depicted in Fig. 4.2 b) and c). This process was performed multiple times, resulting in
a total of five copies of the cleaved material. After the Si/SiOy chips have been cleaned
in an oxygen plasma cleaner, they are placed on the cleaved material on the tape while
still hot, as illustrated in Fig. 4.2 ¢). Subsequently, each chip is pressed against the tape
with the thumb for 30s, with as much force as it is possible to apply manually. The
tape is then slowly lifted from the chips. Monolayer graphene is identified under the
microscope through optical contrast. Given that the exfoliation process is conducted
under ambient conditions within a cleanroom, it is important that subsequent processing
is carried out as quickly as possible to minimise the accumulation of adsorbates on the
surface. Otherwise, it is recommended that exfoliated graphene is stored in a desiccator.
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Exfoliation of hBN

hBN was exfoliated using material provided by T. Taniguchi and K. Watanabe ! . To
exfoliate the hBN tunnel barriers, a hBN crystal is placed onto the Nitto tape, which is
then folded and pulled apart a couple of times until vast areas of the tape are covered
with hBN. Here, it is important to use a sufficient amount of the source material to
increase the probability of discovering a thin hBN flake consisting of only few layers. After
cleaning the p™™ Si/SiOy (90nm) chips in the oxygen plasma cleaner, they are delicately
placed onto the tape surfaces that hold the most amount of hBN. The temperature of
the Si/SiOy chips is not important here. However, no pressure should be applied during
this process to prevent the hBN from breaking into small pieces. Afterwards, the tape
is lifted from the chips slowly. Tunnel barrier candidates are identified through optical
contrast under the microscope. It is crucial to exfoliate hBN on Si substrates with 90 nm
SiOq layer on top, as this improves the optical contrast of thin hBN on the Si/SiO, chip
[108]. To determine, whether the exfoliated hBN flakes are thin enough, their thicknesses
were measured using an AFM. As a reference, these should be one to four layers thick
[101], which leads to measured AFM thicknesses of 0.3 - 1.3nm [101]. However, in case
of non-annealed hBN flakes, larger thicknesses can be measured, depending on how well
the flake adheres to the substrate and the presence of water adsorbates on the surface.
In this exfoliation step, also thicker (thicknesses of up to 30 nm), large area hBN flakes
can be found and used for encapsulation purposes.

Exfoliation of FGT

FGT was purchased from H(Q Graphene. 1t is exfoliated in a glovebox with an oxygen
concentration of less than 0.1 ppm to avoid oxidation. Similar to the exfoliation of hBN,
a crystal is placed onto the Nitto tape and cleaved until the tape is covered with thin
FGT flakes. The cold but cleaned Si/SiO chips are then pressed with the thumb onto
the tape with as much force as possible for 30 seconds. Slowly, the tape is removed from
the chips. For FGT, our goal is to exfoliate long strips of the material rather than large
area flakes, to obtain well-defined electrodes for spin injection and detection. For this
application, the thickness of the obtained long FGT strips is not of importance, as it is
only their ferromagnetic properties that are of interest.

4.1.2. Stacking of the materials

After the exfoliation of all materials, the obtained flakes must be stacked to create the
heterostructure, consisting of monolayer graphene on the bottom, a thin hBN tunnel

'both are from the National Institute for Materials Science, Tsukuba, Japan
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Fig. 4.3: Schematics for the stacking of the materials. a) Glass slide with a PDMS droplet
with a thin PC-film stretched over it. Underneath, there is the flake on the substrate. b) After
contact, the substrate with the flake is heated to 120° C. ¢) The contact is loosened carefully
and the flake is picked up by the PC. This process from a) to c¢) can be repeated multiple
times in order to pick up and place multiple flakes on top of each other. d) When the desired
heterostructure is stacked, the PC is burned onto a new cleaned Si/SiO4 chip at 180° C. e) After
heating and loosening the contact, the PC rips and sticks with the heterostructure onto the
substrate. The PC on top of the heterostructure can subsequently be dissolved in chloroform.

barrier above, and FGT electrodes on top of the tunnel barrier, not touching the graphene,
as depicted in Fig. 4.1. This heterostructure is encapsulated with a large area hBN flake
on top, to prevent the entire stack from degradation. To put all of the cleaved materials
together, a dry-transfer stacking technique is applied, employing a thin polycarbonate
(PC) film stretched over a PDMS-drop on a microscope slide, as depicted in Fig. 4.3 a)
[153]. This top-down stacking process was carried out at a customized microscope. The
chips with the exfoliated materials are put on a manipulator underneath the stage where
usually the condenser of the microscope sits. The glass slide with the stretched PC-film
is fixed on top of the microscope stage with the PC-film facing downwards.

To pick up an exfoliated flake, the PC-film is carefully brought in contact with the
Si/SiO9 chip next to the flake that is about to be picked up. When in contact, the chip
is heated up to a temperature of 120°C, as illustrated in Fig. 4.3 b). While heating,
the polycarbonate film expands and the contact area increases until the desired flake
is in complete contact with the PC-film. The contact of the polycarbonate film and
the chip is constantly observed under the microscope and can be seen as an expanding
circle. At 120°C the contact is loosened carefully and the flake sticks to the PC-film (see
Fig. 4.3 ¢)). This can then be repeated multiple times to pick up other flakes to create
the desired heterostructure.

It has to be noted, that the stacking process was carried out in a glovebox with an
oxygen concentration of less than 0.1 ppm. This is necessary to prevent the oxidation of
FGT, which would affect the surface of this material. It has been reported that oxidized
FGT-layers couple anti-ferromagnetically to pristine FGT-layers [67]. Therefore, stacking



48 4. Experimental methods

in an inert atmosphere is crucial to ensure clean interfaces between FGT and the tunnel
barrier.

As this stacking process is a top-down process, materials which should end up on top
of the final heterostructure are picked up first. Thus, the first flake to be picked up is
the encapsulating hBN flake, which must then enclose each subsequent flake completely.
The two FGT flakes are then picked up separately. Subsequently, the hBN tunnel barrier
will be picked up, which is the crucial part in the sample fabrication and simultaneously
one of the most challenging. On the one hand, the hBN tunnel barrier is only a few
layers thick, therefore, barely visible on the 90 nm SiO, substrate itself. On the other
hand, it is very important that the tunnel barrier stacking is very precise. The thin hBN
must cover the entirety of both FGT strips to prevent any parallel currents shortcutting
the barrier. Finally, a graphene flake is picked up precisely. It is crucial that the FGT
strips stick out from one side of the graphene flake to avoid electrical edge-contacts to
graphene, as will be discussed in detail in Sec. 4.1.4. Once everything is picked up, the
stack is consolidated by melting the PC-film onto a cleaned p™* Si / 285 nm SiOy chip
with Cr/Au markers on top, at a temperature of 180°C, as illustrated in Fig. 4.3 d). The
consolidated PC-film encapsulating the stack can be seen in Fig. 4.3 €). The PC-film is
subsequently dissolved in a chloroform bath and the finished stack is obtained. During
the entire stacking process it is crucial not to apply too much force between the substrate
and the glass slide as the flakes can easily break.

4.1.3. Processing the stack and finishing the sample

Since the processed graphene is of arbitrary shape, it is necessary to define the transport
channel into a Hall bar in order to establish a well-defined geometric ratio. Thus, the
stack needs to be etched, which can be accomplished via reactive ion etching (RIE).
Firstly, the etch mask is defined by electron beam lithography (EBL) using a double
positive Poly-(methyl methacrylate) (PMMA) resist system, as can be seen in Fig. 4.4 a).
This comprises PMMA 200K 9% and 950K 5% resists, which were successively spin
coated onto the chip. The shape of the etch mask was defined in the eDraw software
and written using the eLitho software, employing the Zeiss AURIGA scanning electron
microscope (SEM).

As PMMA is a positive resist, the areas to be etched are illuminated by the electron
beam. After lithography, the resist is developed in a solution of deionized water and
isopropanol (IPA) in a ratio of 3:7 at room temperature [154, 155]. This dissolves the
resist in the irradiated areas, as depicted in Fig. 4.4 b). Areas that were not illuminated
during lithography are still covered by the resist. The HoO:IPA solution was used instead
of a Methyl isobutyl ketone (MIBK):IPA (1:3) solution to prevent swelling of the resist,
which can cause cracks [156, 157]. Subsequent to defining the etch mask, the exposed
areas of the stack are etched with RIE in an O,/SFg plasma. In this fabrication step,
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a) Electron beam b) Development c)Met.al‘ vapor d) Lift-off
exposure deposition Ti / Au

PMMA 950K 5%
© PMIMA 200K 9%

Fig. 4.4: EBL lithography process. a) The double resist structure is exposed by the electron
beam. b) During the development step, the resist is removed in the exposed areas resulting in
a T-shaped undercut. ¢) The metal for wiring and bond pads is evaporated. d) The resist with
the evaporated metal on top are removed, leaving the final structure on the sample.

every material except FGT is etched. Consequently, FGT also acts as an etching mask,
preserving underlying layers, e.g. graphene or hBN. Following this etching process, there
will be exposed areas of FGT, thus requiring further fabrication of the sample to be
carried out immediately afterwards.

The wiring and bond pads are also fabricated using EBL. Again, the double resist system
is used, as described above. After lithography, the resist is developed using the HoO:IPA
(3:7) solution. To ensure optimal edge-contacts to graphene, a brief RIE etching step
with Og-plasma was performed [100, 158, 159]. Immediately afterwards, the samples
were transferred into a metal evaporation chamber (Univex A) for Ti and Au deposition,
as illustrated in Fig. 4.4 ¢). An Argon pre-sputtering process of 4min (2kV, 20mA)
was performed prior to the in-situ evaporation of 10nm Ti and 150 nm Au. The in-situ
pre-sputtering procedure guarantees reliable electrical contact to FGT. In order to lift
off the thin metal film, the samples are deposited into a closed lift-off vial filled with
acetone, resting on a 60° C warm hot-plate overnight. The following day, the thin metal
film is rinsed away with warm acetone using a syringe in close proximity to the surface.
During the lift-off procedure it is essential that the samples are fully covered by either
acetone or IPA, otherwhise excess gold sticks to the surface when dried. The defined
structure is now etched and contacted by the Ti/Au wiring, as can be seen in Fig. 4.4 d).
Micrographs of finished samples are shown in Fig. 4.6 b) and c).

In order to be able to perform transport measurements on these samples, it is necessary
to wire-bond them. Prior to this, the samples are glued into a chip carrier with a
gold coating on its surface. This enables the p™ Si at the bottom of the sample to be
contacted. To achieve this, the edges of the chips are scraped to reveal the conducting p*t+
Si beneath the surface. The samples are glued onto the chip carriers using a conducting
two-component silver epoxy which contacts the exposed Si so that it can be used as
a global back gate. Subsequently, the sample is wire-bonded with an Al-wire-bonding
machine. At this point, the samples are ready to be measured and should be stored in
either a glovebox or desiccator to prevent oxidation and degradation.
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4.1.4. Fabricational challenges

During the device fabrication, numerous challenges arose. The alignment of the various
flakes is particularly challenging, as the microscope used for stacking is operated manually
in the glovebox and the individual flakes are only a few micrometers in size. It is
crucial that the tunnel barrier prevents any direct contact between FGT and graphene.
Furthermore, FGT must extend beyond the graphene layer to prevent electric side contacts
to the graphene, as depicted in Fig. 4.5. It is only when the individual alignment of these
flakes is correct that an efficient spin injection and detection is ensured. Consequently,
stacking must be carried out with great precision. This can be particularly challenging as
monolayer graphene and few-layer hBN are barely visible on the substrate. In addition
to the low contrast of the flakes, the materials are observed through the microscope slide,
PDMS droplet, and the PC-film during stacking. This lowers the contrast of the flakes
on the substrate that are about to be picked up even more. Especially the round PDMS
droplet distorts the image. Therefore, it is important to memorise the exact shape of
each flake. This can be achieved by taking micrographs of the flakes prior to stacking or
by utilising software (e.g. epicPen (open source software)) to mark the outlines of the
flakes on the computer screen during the stacking process. The latter proved to be very
helpful during alignment. In cases when a thicker hBN or graphene is attached to the
thin flake, the thicker section can serve as a reference, as thick crystals are clearly visible
through all the layers.

Furthermore, the distance between the FGT flakes should be minimal, on the order of
a few micrometers, to maximize the spin signal that will be measured. However, to
pick up the flakes the PC-film must be heated, causing the PC-film to expand. This
can result in FGT flakes moving during stacking, making a precise positioning of the
flakes difficult. Therefore, a compromise must be reached between maintaining a minimal
distance and ensuring that both FGT flakes are not in direct contact after pick-up. For
the devices investigated in this thesis the FGT strips are spaced at a distance d ~ 5pm
from center-to-center which corresponds to an edge-to-edge distance of ~ 3.5 pm.

In addition, some FGT flakes were unable to be picked up by the PC-film. This, however,
can potentially be prevented by the "polymer gripper arm" method, first realized by
Robin Huber [160] and further developed in the Bachelor’s thesis of Alexander Nachtnebel
under the supervision of Stefan Peterhans and Jonathan Eroms, to pick up CrGeTes
(CGT) [161], a semiconducting vdW ferromagnet. CGT also proved to be unable to be
stacked via the hot pick-up technique already described. The "polymer gripper arm"
method employs the same PDMS droplet covered by a thin PC-film. Upon contact with
the target flake, the substrate is heated up to higher temperatures of 130-150° C, which
softens the PC-film. The film adheres to the flake, fully enclosing it, establishing contact
not only on the surface but also on the sides. After heating, the substrate is cooled down
to 85° C while in contact with the PC-film, which then hardens and acts as a gripper arm.
Subsequently, the PC-film can be removed from the substrate, with the flake picked up.



4.1. Sample fabrication 51

top view side view

Fig. 4.5: Schematic of the alignment of the FGT, tunnel hBN, and graphene flake shown in
top view and side view. The encapsulating hBN is not shown for improved visualization. a)
When the three materials are aligned towards the centre and the stack is etched along the red
dotted rectangle, graphene is distributed throughout the region beneath the FGT. Consequently,
the evaporation of metal contacts results in a side contact to graphene shortcutting the hBN
tunnel barrier. b) Conversely, when FGT is aligned in a way that the flakes extend beyond the
graphene, side contacts to graphene are prevented. As there is no graphene underneath the
right side of the FGT flakes, etching along the red dotted line and evaporating metal contacts
results in an electrical contact only to FGT. Following the etching process, the encapsulating
hBN is confined to the area of the red rectangle, thereby exposing FGT beyond the boundaries
of the rectangle.

graphene
hBN
FGT

Ti/Au contact

BONON

Si/Si04 substrate

Furthermore, there have been instances where the PC adhered too firmly to the substrate,
causing the PC to detach from the PDMS droplet when loosening the contact during
the pick-up process. This leads to significant stretching of the PC-film and can even
damage the already picked-up flakes. As a consequence, further stacking is prevented.
Under the microscope this adhesion and stretching of the PC-film can be observed by
the emergence of two contact fronts: one corresponding to the PC/substrate contact and
the other to the PDMS/substrate contact.
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4.2. Fabricated spin transport samples

During this thesis, many samples were fabricated. However, due to the difficult sample
fabrication only two devices allowed for spin transport measurements, which are referred
to as Sample A and Sample B in the following. Fig. 4.6 a) shows a micrograph of the
finished monolayer graphene/hBN/FGT /hBN stack of Sample A prior to etching. The
contours of each flake are marked by coloured solid outlines. Fig. 4.6 b) and c) show
the finished spin transport samples A and B, respectively. The FGT electrodes, the
evaporated Ti/Au leads and the encapsulated graphene Hall bar are indicated by the
arrows. Sample A and B were fabricated in parallel following the same order of the
flakes, starting with the graphene on the bottom, followed by the tunnel barrier hBN,
FGT electrodes, and an encapsulating hBN layer, as described above. The width of
the graphene Hall bar is 3.5 pm for both samples. The widths of the FGT flakes in
Sample A are 2.6 pnm and 1.6 pm, with measured thicknesses of 144.5nm and 84.5nm,
respectively. In Sample B, the FGT flakes are 2.3 pm and 1.6 pym wide, with a height of
66 nm and 112.9 nm, respectively. The center-to-center distances of both FGT electrodes
are d = 5um (Sample A) and d = 5.6 pm (Sample B). This proved to be a good
compromise between maintaining a small distance for a large spin signal and ensuring a
sufficient distance to prevent contact between both electrodes during the stacking process.
Each FGT electrode is contacted by four Ti/Au leads, which enables the measurement
of the anomalous Hall effect on each FGT flake. The graphene Hall bar areas serve as
reference areas where the transport properties of the graphene itself were investigated.

Sample B

Fig. 4.6: a) Optical micrograph of the finished stack of all materials of Sample A before etching
and evaporating contacts. The grey, blue, white, and pink outlines mark the contours of the
graphene, FGT, tunnel hBN, and encapsulating hBN flakes of arbitrary shape, respectively. b)
and c¢) show optical micrographs of the finished spin transport Samples A and B. The white
bar in all images indicates 10 pm.
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4.3. Measurement setup

All measurements in this thesis were conducted at Ozford Instruments cryostats reaching
down to temperatures as low as 1.5 K. These cryogenic temperatures are essential, to
ensure magnetic switching of FGT in one domain as its Curie temperature is T¢ ~ 220 K
[61]. Spin injection measurements were performed in the standard non-local configuration
to separate the measured spin current from the charge current. The measurement setup is
illustrated in Fig. 4.7. A constant direct current (DC) was applied from FGT; to a non-
magnetic reference contact at the left end of the graphene mesa using a Yokogawa 7651
programmable DC source. This current was measured as a voltage V; by converting it into
a voltage via an [thaco current-to-voltage-converter. The non-local voltage V; between
the second FGTy electrode and the other end of the graphene mesa was amplified by a
FEMTO DLPVA-101 voltage amplifier connected to a Synktek MCLI1-540 multi-channel
data acquisition system. Additionally, the transverse voltage Vaug on the injecting FGT,
electrode and the three-terminal voltage Vit between the same electrode and graphene
are measured with the data acquisition system. The back gate voltage V, was supplied
by a Keithley 2400 DC voltage source. Given that the direction of the external magnetic
field is fixed with respect to the cryostat, the samples were mounted on a rotating holder.
This allows the angle between the sample and applied external magnetic field to be
varied. FG'T’s easy-axis is out-of-plane. Therefore, non-local spin valve measurements
are conducted sweeping the external magnetic field along the easy-axis. To measure the
non-local spin dynamics, an in-plane field was applied.

In order to characterize the transport properties of graphene, transport measurements
have been conducted employing a four-point measurement technique as depicted in
Fig. 4.8. Separating the contacts where the current is applied and the voltage is measured
eliminates the cable and contact resistances from the measurement. Therefore, the
measured voltage corresponds to the voltage drop in the graphene. Again, a constant DC
current [ was applied and measured as a voltage V7, utilizing the Ithaco current-to-voltage-
converter. The back gate voltage V, was supplied by a Keithley 2400 sourcemeter. The
longitudinal voltage V,, was measured using the Synktek MCL1-540 multi-channel data
acquisition system. Additionally, AC lock-in measurements of the transport properties
were conducted with Sample A, and yielded results that were in good agreement with
the DC measurements. However, these results are not presented in this thesis.

4.4. Non-local measurements

With the fabricated samples introduced in Sec. 4.2, non-local spin transport experiments
can be conducted. The device design resembles the non-local geometry introduced in
Sec. 3.2, consisting of two ferromagnetic FGT contacts FM; and FM, for injection and
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Yokogawa
7651

converter

Femto DLPVA-101
Voltage Amplifier

cryostat

Fig. 4.7: Schematic of the non-local measurement setup. The red dotted and dark blue
rectangles indicate the cryostat and the Si/SiOy substrate, respectively. Graphene and FGT
flakes are indicated by the grey and brown areas, respectively. The gate voltage provided by the
Keithley 2400 is applied at the p™™ Si underneath the insulating SiO5 layer which is illustrated
as a blue rectangle.

detection of spins. In order to obtain different coercive fields, both FGT strips are of
different thickness and shape. Beneath the FGT flakes, there is the hBN flake acting as a
tunnel barrier for efficient spin injection from the FGT into the non-magnetic conducting
graphene channel below. Spin injection is realized by applying a charge current between
the injecting FM; and a non-magnetic reference contact R; on the left-hand side of the
NM graphene channel, as illustrated in Fig. 4.9 a). As a result of the spin-split density of
states of FGT, this charge current is spin-polarized. This leads to a spin accumulation in
the NM channel, which diffusively spreads in all directions. As no charge current flows
between both FM; and FM; electrodes, the spin transport in this region is considered
purely diffusive. For sufficiently large spin diffusion lengths L, a finite spin accumulation
is still present in the NM underneath the FM, which can be measured as a non-local
voltage Vp;. The height of this signal is governed by Eq. (3.27).

4.4.1. Non-local spin valve measurements

In the non-local spin valve measurements, a constant current is applied between the
ferromagnetic injector FM; and the NM reference contact Ry. The non-local voltage is
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measured as a function of an external magnetic field applied along the easy-axis of the
FM electrodes. As a result of the different coercive fields of the injector and detector, a
parallel and anti-parallel magnetization configuration can be realized by sweeping the
external magnetic field. The spin-polarized current results in a spin accumulation in the
NM channel, and therefore a splitting of the quasi-chemical potential for majority and
minority spins as depicted in Fig. 4.9 b). In the following it is assumed that when the
magnetization direction of the injecting electrode is in the up-direction, the majority
spins are ji4 and the minority spins are p;. The quasi-chemical potentials of both spin
species converge to the total quasi-chemical potential p with the spin diffusion length
Lg. For z < 0, this total quasi-chemical potential p has a slope due to the applied
current in this region, whereas for z > 0 it vanishes. Fig. 4.9 b), ¢) and d) illustrate
a down-sweep of the external magnetic field from positive to negative values. In the
parallel configuration of both FGT electrodes (Fig. 4.9 b)), both FM are magnetized
in the positive out-of-plane direction pointing upwards. The detecting electrode FM,
is sensitive to the majority spins py, whereas the reference electrode Ry is not spin
selective and probes the total chemical potential. Measuring the non-local voltage V,
probes the difference of these potentials resulting in a positive signal, as can be seen in
the inset. In Fig. 4.9 ¢), the detector switches its magnetization direction abruptly by
sweeping the external magnetic field past its coercive field. The magnetization direction
of the injector remains unaffected. In this anti-parallel configuration, the detector probes
the minority spin g, in the graphene, resulting in a negative V1. In Fig. 4.9 d), the
magnetization direction of the injector is inverted, restoring the parallel magnetization
configuration. Now, the majority spins are p; to which the detector is sensitive to and a
positive signal V;; is measured. This magnetic field sweep results in the sharp spin valve
signal as indicated by the red curve in the inset of Fig. 4.9 d). The spin valve is usually
measured for magnetic up- and down-sweeps resulting in a mirror-symmetrical curve
around B = 0. However, due to exchange bias in FGT, as will be described in Sec. 5.1.2,
the coercive fields can vary for up- and down-sweeps, leading to a non-mirror-symmetrical
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Fig. 4.9: Magnetic down-sweep of the non-local spin valve experiment. a) Non-local geometry
consisting of two FM FGT electrodes (brown) FM; and FMs separated by a distance d used
for spin injection and detection, respectively, a hBN tunnel barrier (light purple), and the
graphene transport channel with the NM reference contacts Ry and Ra. A constant current is
applied between FM; and R; resulting in a spin polarized current j (green arrow) for x < 0.
This current leads to a spin accumulation in the graphene that diffuses in all directions as
indicated by the spin current js in red. A non-local voltage Vj is measured as the out-of-plane
magnetic field is varied. b) Spatial distribution of the total quasi-chemical potential u (grey)
and quasi-chemical potential of the majority and minority spins, py (blue) and p) (green),
respectively, in the graphene channel. In the parallel configuration of both FM electrodes, FMy
is sensitive to the majority spins in the graphene channel as indicated by the red dot. The
resulting non-local signal Vj; is positive, as shown in the inset in the box. ¢) The detector
switches its magnetization direction as a result of sweeping the magnetic field past its coercive
field. In the anti-parallel configuration, the detecting electrode is sensitive to the minority spin
accumulation p, resulting in a negative signal. d) After sweeping the magnetic field past the
coercive fields of both FGT electrodes, the magnetization vectors of both FGT electrodes point
downwards. p is now the quasi-chemical potential of the majority spins, i.e. the detector is
again sensitive to the majority spin accumulation. A positive signal V; is measured. This
results in the sharp spin-valve curve as indicated by the red curve in the inset. Adapted from
[15)

curve. It has to be noted that if the injector switches prior to the detector, the same
spin-valve signal is measured. The majority spin type in the FM generally depends
on its density of states at the Fermi energy and can point in the opposite direction to
the magnetization vector. Consequently, different ferromagnetic materials can exhibit
opposite spin polarizations, as was shown for Fes;GeTey and Co electrodes [162].
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The non-local signal V;, is a measure of the quasi-chemical potential of the spin species
i/, at a distance d from the injector. Therefore, the difference of V;; in the parallel and
anti-parallel configuration AV}, is a measure of the spin accumulation u4 as introduced
in Eq. (3.5). AV} is usually normalized by the applied current I and is referred to as the
spin-valve height AR, as introduced in Sec. 3.3. Therefore, the spin valve measurement
enables the detection of a spin accumulation  in the NM and clearly indicates successful
spin injection.

4.4.2. Non-local Hanle measurements

The Hanle effect refers to the phenomenon where a spin accumulation is subjected to
a torque induced by a perpendicular applied magnetic field, leading to a precession of
the spins as described in Sec. 3.4. Here, the experimental setup is the same as for the
spin-valve experiments, but the external magnetic field is now applied perpendicular
to the direction of magnetization. In experiments, the external magnetic field is swept
from small to large fields while measuring the non-local voltage V;; at a constant applied
current /. The magnetization of both FM electrodes remains constant and oriented
out-of-plane in z-direction while the external magnetic field is applied. When the FM
electrodes are in the parallel configuration, as depicted in the upper left inset of Fig. 4.10,
and B, = 0T, the detecting FM measures the same V;; as in the spin valve measurements.
Then Eq. (3.30) is identical to Eq. (3.27), resulting in a large non-local signal. As the
magnetic field increases, the spins accumulate an increasing precession angle wot. When
spins arrive perpendicular to the magnetization direction of the detector, the detecting
FM is not able to detect those spins, resulting in a vanishing non-local voltage, as shown
in the top right inset of Fig. 4.10. Further increasing the external magnetic field results
in spins arriving anti-parallel to the detector’s magnetization. A negative non-local signal
Va is measured, similar to the anti-parallel configuration of the spin valve geometry.
However, the signal is not as large as it is at B; = 0T due to dephasing of spins in an
external magnetic field. At higher magnetic fields, the non-local signal even vanishes due
to this dephasing, as spins reaching the detector acquire random precession angles which
add up to a vanishing spin signal. The magnetic field sweep described above results in
the characteristic Hanle curve shown in Fig. 4.10 by the red solid and grey dashed lines
for the parallel and anti-parallel configurations of the FM electrodes, respectively. The
anti-parallel configuration results in the same curve with opposite polarity of the signal.
The difference of the parallel and anti-parallel signal at B, = 0T ideally corresponds to
the height of the non-local spin valve signal.

The assumption of a fixed magnetization direction of the FM electrodes is valid for FGT
at temperatures significantly below its Curie temperature T = 200 K, as coercive fields
are typically in the range of 0.2 - 0.6 T. As the magnetic field is applied perpendicular
to its easy-axis, it would take even larger magnetic fields to affect the magnetization
direction significantly. However, there are some factors that affect the shape of the Hanle
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curve. When the injector and detector are magnetized at an angle to each other, the
Hanle curve will exhibit an anti-symmetric component. However, this anti-symmetric
component will vanish at large magnetic field values. Furthermore, when the external
magnetic field is not perfectly perpendicular to the FGT magnetization direction, the
Hanle curve will broaden as only the perpendicular component of the external magnetic
field leads to the spin precession. Therefore, larger magnetic fields are necessary to obtain
the same spin precession angle in this scenario.

4.4.3. Spurious voltage signals in non-local spin transport
measurements

As can be seen from Eq. (3.27), the non-local spin signal is symmetric around V;; = 0.
However, in real samples spurious signals can arise that result in a shift of the non-local
signal V;;. Volmer et al. summarized various charge-induced artefacts in non-local spin-
transport measurements [114]. As the experiments in this thesis have been conducted
using a DC setup, only the most relevant mechanisms for these spurious signals are
introduced here, skipping artefacts of AC measurement setups. For a more detailed
description, the reader is referred to Ref. [114].

One possible source for spurious voltage signals is an inhomogeneous, non-uniform
injection of the spin current due to an inhomogeneous tunnel barrier which leads to a
non-uniform potential landscape in the non-local spin detection region. This results
in a potential difference in the detection circuit which depends on an out-of-plane
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magnetic field and the charge carrier density similar to a Hall-like effect [114, 141].
This contribution can be minimized by reducing the width of the transport channel.
Furthermore, thermoelectric or magnetothermoelectric effects can also lead to spurious
signals [114]. Applying large injection currents generates a temperature gradient in the
detection circuit. As the detection electrode can act as a heat sink, the temperature
gradient results in a voltage signal due to the Seebeck or Nernst effect, for example
[114, 163-165]. Another possible source for spurious signals is the input bias current
from operational amplifiers. Here, currents are flowing into or out of the inputs of a
voltage amplifier even when the injection electrodes are grounded, resulting in a voltage
signal [114, 166, 167]. The source of spurious signals can even be the measurement
setup itself [114]. In cryogenic measurements, the samples are placed on a sample rod,
where the signals are passed on through various unshielded cables placed closely together
over distances of a couple meters. This can result in capacitive coupling between wires.
Furthermore, damage to their insulation results in direct leakage currents between the
cables. This can be checked by measuring the impedances between each line, before
starting the measurements on the samples.






5. Characterization of FGT

5.1. Single FGT flake characterization

This thesis focuses on the use of FGT ferromagnetic electrodes for injecting and detecting
spins in a non-local geometry. As a preliminary step, the magnetic behaviour of a
single FGT flake is investigated. For this, a sample with a 66 nm thick FGT flake was
encapsulated with hBN on the standard p** Si/SiOy (285 nm) substrate. An etch mask
for the contacts was defined via EBL. The hBN on top of the FGT was then etched
using a standard SFg-RIE recipe. Afterwards, Cr/Au (15nm/150nm) was evaporated to
establish an electric contact to the FGT. An optical image of the sample can be seen in
Fig. 5.1 a).

Electrical measurements were conducted using standard lock-in technique at a frequency
of f = 17Hz. To measure the anomalous Hall effect of FGT, a constant current of
Ixc = 1.5 pA was applied between contacts 1 and 5 and the transverse voltage Vapgg was
measured between contacts 3 and 7. Due to the perpendicular magnetic anisotropy of
FGT [48, 57], the external magnetic field was swept in the out-of-plane direction from
1T to-1T and vice versa. The transverse resistance, defined as R,, = Vanr/Iac, can be
seen in Fig. 5.1 b) for magnetic up and down sweeps at various temperatures. Here, we
notice a few things: first, the hysteresis loops exhibit a sharp single domain switching of
the FGT magnetization at temperatures far from the Curie temperature. In this case,
the coercive field He can be identified with the saturation field and corresponds to the
value of the external magnetic field, where the magnetic domain in FGT switches its
magnetization direction. At temperatures T' > 175K, close to the Curie temperature
T, this single domain switching is lost. This behaviour at those elevated temperatures
can be explained by multiple magnetic domains instead [51]. One domain switches its
magnetization immediately, while the other domains slowly align their magnetization
along the external magnetic field. Secondly, both the height of the signal AR,, and the
coercive fields He decrease with increasing temperature. Furthermore, the hysteresis
loop measured at T' = 1.65 K is not symmetric around 0T but is shifted by an offset.
These features will be addressed in the following.
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Fig. 5.1: a) Optical image of the encapsulated FGT sample. The FGT is colored in blue, the
top hBN in red, and the contacts in yellow. The electrical contacts are labelled from 1 to 8. b)
Temperature dependence of the magnetic hysteresis loops of the FGT flake at a constant current
of I = 1.5pA. For comparison, the FGT flake exhibits a 2-point resistance of approximately
R, ~ 260) across contacts 1 to 5.

5.1.1. Estimation of the Curie temperature

First, the Curie temperature of this sample is estimated from the measured hysteresis
loops of Fig. 5.1 b). The transverse Hall resistivity of a ferromagnet is composed of the
normal Hall effect and an anomalous contribution that scales with the magnetization in
z-direction and is described as [48, 67, 168]

with ug being the Bohr’s magneton, H, and M, being the z-component of the magnetic
field strength and the magnetization of the ferromagnet, respectively. Ry and Ray are
the ordinary Hall and anomalous Hall resistivities, respectively. Therefore, measuring
the transverse voltage gives us information about the magnetization in z-direction of
the ferromagnet. Since FGT is metallic, the charge carrier density is so high, that the
ordinary Hall effect can be neglected. In Fig. 5.1 b) the raw data are shown with no
visible slope in the Hall resistance. Only a sharp switching is observed. Assuming that
the saturated magnetization in z-direction M, ¢ is equal when fully saturated at positive
and negative magnetic fields, the height of the hysteresis loop can be approximated as

Any = QMBRAHMz,sat- (52)

We see that AR,, directly scales with the saturated magnetization in z-direction M, sy.
This is only valid if the prefactor Ray is independent of temperature. Ray is found
to subtly depend on a variety of material specific parameters and in particular on the
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Fig. 5.2: a) AR, (T)/AR.y(1.5K) as a function of temperature. From the fit according to
Eq. (2.3), a Curie temperature of Tc = 212.8 K and a = 1.12696 is determined. b) Magnetic
field sweeps where the magnetic field was swept from various starting fields at 7' = 4 K. The
FGT switches at different fields for different sweeps. To better visualize the symmetry, there is
a solid line at B =0T.

longitudinal resistivity p,, [168]. Given the thickness of 66 nm, FGT exhibits a metallic-
like resistivity, increasing by a factor of only 1.15 when increasing the temperature
from 2K to 300K [169]. Consequently, the temperature dependence of the prefactor
Ray is neglected in the following. Normalizing the signal height AR,, to the value
measured at the lowest temperature AR,, (1.5 K) plotted against the temperature results
in Fig. 5.2 a). From this, the Curie temperature can be estimated. Since AR, scales
with the magnetization, Eq. (2.3) is used to fit the experimental data in Fig. 5.2 a). As
the FGT flake is 66 nm thick, we assume a 3D Ising model by fixing the critical exponent
B of Eq. (2.3) to = 0.33. This results in an estimate of the Curie temperature of
Tc = 212.8 K which is in agreement to the literature values ranging from 150 K to 220 K
[57, 61, 62].

5.1.2. Exchange bias effect

As a next step, the asymmetry of the hysteresis loops is examined. As shown in Fig. 5.1 b),
the magnetization loop is not symmetrical with respect to the applied magnetic field
at 1.65 K. To investigate this feature, magnetization loops were recorded at T' = 4K,
with the sample cooled down at zero field. To study the effect of the magnetic field
strength on the hysteresis, several loops with increasing magnetic field strength were
recorded, so that the hysteresis was recorded sweeping from +0.5T up to sweeping
from +57T. First, the down-sweep and then the up-sweep were performed. The Hall
resistance hysteresis loops can be seen in Fig. 5.2 b). The magnetization reversal occurs
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Fig. 5.3: a) Exchange bias from hysteresis loops with different starting magnetic field strengths
on the z-axis at 4 K. b) Temperature dependence of the exchange bias from the 1T-hysteresis
loops shown in Fig. 5.1 b). The exchange bias vanishes between 40 K and 70 K. Therefore, the
critical temperature Ty of this anti-ferromagnetic coupling is within this temperature range.

at different coercive fields, designated Hq; (at positive field values) and Hee (at negative
field values), which both vary per loop. Hc; varies from 0.18 T to 0.58 T and appears to
stabilize at a value of 0.55T. However, the values of H¢; are only occasionally identical
to coercive fields Hg; from other loops. A similar phenomenon is observed for Hgs, which
varies from -0.22T to -0.56 T and seems to stabilize around -0.54 T. This asymmetric
hysteresis can be interpreted as the hysteresis loop being shifted from zero field by a
certain additional field, called exchange bias Hg, as illustrated in Fig. 5.4. It is a typical
feature of the exchange bias effect, where a ferromagnetic layer couples to an adjacent
anti-ferromagnetic layer [62, 170, 171].

In Fig. 5.3 a), Hg was evaluated from each sweep. Hg fluctuates between -0.11T and
0.03T and even changes sign between the sweeps from large magnetic field values. This
is consistent with Wu et al. [62], who reported a varying Hg for zero-field-cooled samples.
Hy, could be fixed by field cooling at 14T to negative (positive) values, respectively, as
illustrated in Fig. 5.4. The temperature dependence of the exchange bias was determined
from the hysteresis loops shown in Fig. 5.1 b). The exchange bias is only dominant at
T < 40K and vanishes for higher temperatures. The anti-ferromagnetic coupling seems
to get destroyed by the thermal energy at higher temperatures. Consequently, its critical
temperature Ty is between 40 K to 70 K.

The exchange bias effect can be intuitively understood by introducing an exchange
interaction at an anti-ferromagnetic (A-FM)-ferromagnetic (FM) interface [170] and is
illustrated for negative- and positive-field cooled samples in Fig. 5.4 a) and b), respectively.
Let us suppose that the critical Néel temperature Ty of the A-FM is lower than the
Curie temperature T of the FM. When the temperature is between Ty and T, the
spins in the FM are aligned in an initial direction, while the spins of the A-FM are still
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Fig. 5.4: Schematic hysteresis loops for a) negative- and b) positive-cooled device. The
schematics to the left and right illustrate the magnetization configuration of the FGT layers
and the intercalated Fe at the red circles. Locally intercalated Fe between the FGT layers
induce the exchange bias effect by coupling anti-ferromagnetically to the ferromagnetic layers at
positive (negative) saturating magnetic fields in the negative (positive) field cooled devices. The
red and blue arrows represent the magnetic moment of the corresponding Fe-atoms. Adapted
from [62].

unoriented. Cooling the A-FM-FM interface below Ty, aligns the spins of the A-FM
along the magnetization of the FM. The orientation of the spins of the A-FM layer is
robust against external fields. Applying an external field in the opposite direction of
the FM magnetization, the spins in the FM are rotated, while the spins of the A-FM
remain unaffected for a sufficiently large A-FM anisotropy. As a result, the spins of the
A-FM at the interface aim to align the FM spins at the interface ferromagnetically in
the initial direction and exert a microscopic torque. Hence, the field required to reverse
the magnetization of the FM is larger, as this additional microscopic torque must be
overcome. In order to switch the FM magnetization back to the initial direction, a lower
field is already sufficient due to the interaction of the spins of the FM and A-FM at the
interface. Now, the spins of the A-FM exert a torque in the same direction as the external
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field. The hysteresis loop appears as if an additional internal bias field is applied, by
which the hysteresis curve is shifted. This bias field Hg points in the opposite direction
of the initial FM magnetization. When the material is cooled in an applied magnetic
field, the exchange bias Hg also shows in opposite direction, as illustrated in Fig. 5.4.

For FGT crystals with a 7. ~ 210 K (which is in agreement to our FGT device) it was
shown from scanning transmission electron microscopy (STEM) measurements, that
Fe-atoms are intercalated in the van der Waals gap between the sheets of FGT [62].
This was already suggested in the first reports on FGT [61]. In Fig. 5.4 a) it can
be seen that for a positive Hg the intercalated Fe-atoms couple anti-ferromagnetically
(ferromagnetically) to the adjacent FGT sheets at high positive (negative) external
magnetic fields since the magnetization of the intercalated Fe-atoms is fixed. For negative
Hy it is the other way round (see Fig. 5.4 b)). The direction of Hg can be fixed by
cooling the sample in high negative or positive fields [62]. This anti-ferromagnetic layer
between the ferromagnetic sheets can introduce an exchange bias of up to 0.16 T [62].
Additionally, the coercive fields He; and Heo were found to be elevated in FGT samples
with this anti-ferromagnetic coupling [62]. However, intercalated Fe is not the only
possible origin for exchange bias in FGT. An anti-ferromagnetic coupling can also be
introduced by an oxidized FGT surface on top of the pristine ferromagnetic FGT layers
(67, 171]. Gweon et al. attribute the exchange bias to this oxidation layer, since freshly
cleaved samples did not show any exchange bias in their experiments [171]. They found
an exchange bias up to 0.05T persisting up to 180 K. In our samples, an oxidation of
the FGT surface cannot be excluded, since the FGT flake is partially exposed to the
environment. However, the magnitude and the lower thermal stability of the exchange
bias in our samples suggest that it is rather due to intercalated Fe than an oxidized FGT
surface.

5.2. Characterization of the spin injecting electrodes

During the spin injection measurements, the anomalous Hall voltage at the injector was
simultaneously measured. In the following section, the magnetic properties of the injector
of Sample A will be analysed. The characterization of the injecting FGT electrode of
Sample B can be found in the Appendix A.1. Fig. 5.5 a) shows the hysteresis loop for the
injecting FGT electrode at a constant DC current of I = —250 pA, at various temperatures
showing sharp switching of the magnetization for all investigated temperatures similar to
those of the single FGT flake discussed in Sec. 5.1. As spin injection experiments were
carried out only up to 150 K, to ensure sharp magnetic switching, measurements close
to the Curie temperature T¢ are missing. The signal height AR,, and coercive fields
Hc 2 decrease with increasing temperature. The hysteresis loops are symmetric around
B=0T, with small exchange bias Hg ranging from -3mT to 12mT. Such small exchange
bias values indicate a pristine FGT electrode that was not subjected to any oxidation,
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Fig. 5.5: a) Anomalous Hall measurements of Sample A for various temperatures with an
applied DC current of I = —250nA. The anomalous Hall signal was recorded simultaneously
with the spin injection experiments. b) Determination of the Curie temperature by fitting
ARy (T)/AR,y(1.5K) (black dots) with Eq. (2.3). The fit (red line) results in T = 188 K.
The Curie temperature is drastically reduced due to Joule heating.

as previously stated [171]. The Curie temperature for the injector was estimated by
fitting AR, (T)/AR,,(1.5K) with Eq. (2.3), as can be seen in Fig. 5.5 b). Since the
injector’s thickness is 144.5 nm, we assume a 3D Ising model to be the best to describe
the magnetism in the injector. Therefore, the critical exponent was fixed at § = 0.33.
The fit results in a Curie temperature of T = 188 K. The reduced Curie temperature
of the injector compared to T = 212.8 K of the single FGT flake presented Sec. 5.1 is
attributed to Joule heating due to large applied currents and the finite resistance of the
FGT flake itself. The electrical energy is converted to thermal energy via the resistance R
with the corresponding power P = I?R heating the FGT locally. This is also confirmed
by calculating the Curie temperature with data recorded at I = 100 pA that resulted in
a higher T = 192 K. However, such high currents already heat the sample and reduce
the Curie temperature noticably. Since FGT is a metallic ferromagnet, no influence on
the anomalous Hall signal with respect to the back gate voltage was observed.

To further investigate the influence of the Joule heating on parameters of FGT, a
current dependence of the FGT magnetization was investigated. In Fig. 5.6 the current
dependence of the anomalous Hall signal and the coercive fields can be seen in the current
range from -250 to +250 pA. Both signals decrease as larger currents are applied. The
anomalous Hall signal height AR,, reduces from 1.99(2 to 1.89(2 when decreasing the
current from -25 to -300 pA, which is a reduction of 5%. In the same current range, the
coercive field reduces even more drastically, from an average Hc = 0.68 T to 0.49T, which
equals a reduction of 29%. The reduction of both parameters with increasing current is
expected due to Joule heating. It was also attributed to be the major contribution in
reducing the coercive field in other 2D FGT heterostructures [172]. The drastic reduction
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Fig. 5.6: Current dependence of the coercive field Hg and the anomalous Hall signal height
AR, at a temperature of 1.5 K.

of H¢ also agrees with Shao et al. [172], where a reduction of H¢ of up to 28.5% was
reported in the current regime from 5 to 250 pA.

5.3. Antisymmetric magnetoresistance in FGT /FGT
homojunctions

Additionally, FGT/FGT homojunctions were investigated, revealing an antisymmetric
magnetoresistance caused by the anomalous Hall effect. For this experiment, FGT was
exfoliated as described in Sec. 4.1.1. Two FGT flakes were then stacked on top of each
other, overlapping only in a limited area, covered with hBN. The stack was prepared
on the standard p™* Si/SiO, (285 nm) substrate utilizing the dry transfer method using
Polycarbonate as described in Sec. 4.1.2. Contacts were fabricated with standard EBL
and RIE etching techniques as previously described in Sec. 4.1.3. The reported sample
consists of two FGT flakes, FGT1 and FGT2, with thicknesses of 5.3nm (lower Hc)
and 6.56nm (higher H¢), respectively. Fig. 5.7 a) shows an optical micrograph with
numbered contacts, while Fig. 5.7 b) displays the schematic of the sample.

For the measurements carried out on these FGT/FGT homojunctions, a constant DC
current was applied across both FGT flakes from contact 1 to 7 using a Yokogawa 7651
current supply. The anomalous Hall voltages were measured on both FGT1 (contacts
3-13) and FGT?2 (contacts 6-10) flakes, as well as the local voltage V1, (contacts 2-6) from
one FGT flake to the other, using Agilent 34410A digital multimeters, while sweeping
an external out-of-plane magnetic field. By applying a current across both flakes, the
magnetization hysteresis loops of both flakes can be measured simultaneously, as shown
in Fig. 5.8 a). The external magnetic field was swept from 1 to -1 T (down-sweep), and
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Fig. 5.7: a) Micrograph with colored contacts to the FGT flakes. The scale bar indicates 10 pm.
b) Schematic of the two overlapping FGT flakes. The thicknesses are 5.3nm and 6.56 nm for
the FGT1 and FGT2 flake, respectively. The encapsulating hBN layer on top is not illustrated
for better visualisation.

then from -1 to 1 T (up-sweep). The coercive fields of both flakes are unsynchronized and
the magnetization is only partially coupled as evidenced by the anomalous Hall signals
R,y rer and Ry par2. The magnetization of FGT1 can be described by two domains.
One switches at lower coercive fields, while the second is magnetically coupled to the
FGT2 magnetization. This second domain reverses its magnetization simultaneously
with FGT2, which reverses its magnetization in one domain. The switching behaviour of
all magnetic domains is sharp.

The magnetic sweeps of the local resistance Ry, = V},/I measured across both flakes in
Fig. 5.8 b) show a high and low resistance state in the magnetic up- and down-sweeps,
respectively, when the magnetizations of both flakes are antiparallel. In the parallel
configuration, an intermediate resistance state is observed. The high and low resistance
states are also sensitive to the exact magnetization alignment of each FGT flake. The
high resistance state can only be observed in the |1 configuration, while the low state
is only observed in the reversed 1| configuration. Here, the first and second arrow
correspond to the magnetization direction of the FGT1 and FGT2 flake, respectively.
Up and down magnetization directions are defined in the reference system of the sample.
As the sample is built in the cryostat upside-down, the magnetization points down (up)
at high positive (negative) external magnetic fields. The magnetization configuration of
FGT1 and FGT?2 is shown in Fig. 5.8 b) by the blue and purple arrows, respectively.

When a negative magnetic field of -1 T is applied, both FGT flakes are magnetized in the
up-direction. As the external magnetic field increases, Ry, also increases with a constant
slope. This is a common characteristic of longitudinal resistances in most ferromagnetic
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Fig. 5.8: a) Hysteresis loops of both FGT flakes. The anomalous Hall signal for the FGT1
(FGT2) is shown in grey (red). b) Magnetic up- and down-sweeps of the local resistance Ry,
across the FGT /FGT homojunction on one side. The signal depends on the exact magnetization
configuration showing a plateau (positive magnetic fields) and dip (negative magnetic fields) in
the anti-parallel magnetization configuration of both FGT flakes. Blue (purple) arrows show
the exact magnetization direction for the FGT1 (FGT2) flake.

systems, resulting in a symmetric butterfly-shaped longitudinal hysteresis [143, 173]
(see Fig. A.3 in the appendix). By increasing the magnetic field above the coercive
field of FGT1, the first domain reverses its magnetization direction, as shown in the
anomalous Hall signal in Fig. 5.8 a). Ry, abruptly increases from the intermediate to a
high resistance state. Since FGT2 has a larger coercive field, it remains magnetized in the
up-direction. When the magnetic field is increased above the coercive field of FGT2, both
flakes are magnetized parallel in the down-direction. Here, the magnetization reversal
of the second domain of FGT1 occurs simultaneously with FGT2 due to coupling. Ry,
abruptly decreases again to the intermediate state. Upon further increasing the magnetic
field, Ry, decreases with a constant negative slope, similar to the longitudinal resistances
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of single FGT flakes. When decreasing the magnetic field from 1 to -1T, the slope
in the parallel configuration and the unsynchronized switching of FGT1 and FGT2 is
observed again. This time resulting in a low resistance state in Ry, in the antiparallel 1]
configuration.

Origin of the antisymmetric magnetoresistance

Antisymmetric magnetoresistance has been observed in FGT heterostructures and other
ferromagnetic metals with a perpendicular magnetic anisotropy [84, 85, 173, 174]. In
Ref. [173], this signal was measured in a single FGT flake with inhomogeneous thickness.
The magnetizations of the thicker and thinner parts of the flake were decoupled from
each other due to its inhomogeneous thickness. The antisymmetric magnetoresistance
was attributed to opposite signs of the anomalous Hall effect in both regions and
the current continuity close to the boundary of the magnetic domains [173]. The
unsynchronized switching of both FGT regions is identified as the natural cause of
this antisymmetric magnetoresistance. Furthermore, a similar behaviour was observed
in FGT /graphite/FGT-trilayer heterostructures [84]. At the graphite/FGT interface,
spin momentum locking induces spin-polarized currents that cause an antisymmetric
magnetoresistance in these heterostructures. The spin momentum locking originates
from a Rashba-split 2D electron gas in the FGT, induced by spin orbit coupling.
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Fig. 5.9: a) Reversing the sign of the current results in the same Ry, thus ruling out spin
momentum locking as a cause for the antisymmetric magnetoresistance. b) Measuring Ry, at
opposite sides A and B of the sample inverts the signal. This is in agreement with the picture
sketched in Fig. 5.10. The measurements on side A and B are carried out after one another.
This explains the different coercive fields. This measurement was conducted on a second sample
that showed the exact same antisymmetric magnetoresistance.

If spin momentum locking was the origin of the antisymmetric magnetoresistance in our
samples, Ry, would reverse sign for opposite current directions. However, this is not the
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case in our samples as shown in Fig. 5.9 a). The up- and down-sweeps of Ry, are identical,
when the current direction is changed, except for a small offset. Therefore, we can exclude
spin momentum locking as the cause of this antisymmetric magnetoresistance. Rather,
this observation is consistent with the anomalous Hall effect being the origin. If this is
the case, the signal should also reverse polarity when measured on opposite sides of the
sample, as illustrated in Fig. 5.10. Up- and down-sweeps of R, measured at opposite
sides of a second sample (see Fig. A.2 a) in the appendix for an optical micrograph)
are shown in Fig. 5.9 b), demonstrating inverse behaviour of Ry. The measurements on
each side were recorded sequentially, which explains the different coercive fields when
comparing the corresponding sweeps. As presented in Fig. 5.2 b), the coercive fields are
not necessarily fixed and can vary from sweep to sweep.

Therefore, the control measurements suggest that the observed antisymmetric magne-
toresistance arises due to the independent anomalous Hall effect of both FGT flakes.
As depicted in Fig. 5.10, the voltage across both flakes on one side is a measure of the
potential difference between the flakes. Due to the anomalous Hall effect, the charge
carriers are deflected to the sides of the flakes due to the magnetization, similar to the
ordinary Hall effect. The direction of deflection depends on the magnetization direction.
Electrons accumulate on one edge of the FGT while a lack of electrons arises on the
opposite edge. This creates an electrical field, resulting in the anomalous Hall voltage.
As the magnetizations of both flakes are decoupled, this leads to the four magnetization
scenarios sketched in Fig. 5.8 b) (11,1l,]1 and ]]). In each scenario, the potential
difference measured by the voltmeter is unique, as illustrated in Fig. 5.10, where both
anti-parallel configurations are shown. In Fig. 5.10 a) the magnetization configuration
JT yields a positive voltage while the 1| configuration yields a negative voltage. This
results in an antisymmetric magnetoresistance signal. The measured signal is reversed on
opposite sides of the sample. However, the polarity of Ry, is not affected by the direction
of the current.
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)
—/

Ju o 4 Jou

Fig. 5.10: Schematic of the anomalous Hall effect in both FGT flakes. Due to the anomalous
Hall effect, charge carriers are deflected to the edges of the flakes. The direction of deflection
is dependent on the magnetization. a) and b) are showing both anti-parallel alignment
configurations which leads to a high V4, signal in a) and a low signal in b).
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To confirm that the antisymmetric magnetoresistance is linked to the ferromagnetic
ordering of FGT and, consequently, to the nature of the anomalous Hall effect, we
examine the temperature and current dependence of both Ry, and R, rari/rare Sig-
nals. As the signal of Ry, exhibits a slight slope (see Fig. 5.8 b)), the heights of the
high and low resistance states ARy, nign/iow are determined by calculating the mean
value of Ry, from points in the parallel configuration near both coercive fields. This
mean parallel value is then subtracted from the mean value of the corresponding anti-
parallel configuration, resulting in the height of the antisymmetric magnetoresistance
AR, high/low = L, AP, high/low — 1L, P, high/low fOr the high and low resistance states. The
absolute value of the magnetoresistance |[ARy, high/low| is almost identical for the high
and low resistance state (see Fig. A.2 b) in the Appendix). For this reason, a mean
value ARy, mean = (|ARL, high| + |ARL 10w|)/2 is calculated and compared to the height
of the magnetization loops AR,, pgre of the FGT2 flake. Fig. 5.11 a) displays the
current dependence of the antisymmetric magnetoresistance ARy, mean at 7= 50K in
blue, while red shows the height of the anomalous Hall effect AR,, pgT2 of FGT2. Both
signals exhibit identical qualitative behaviour in terms of current dependence. The
same can be observed when examining the temperature dependence of both signals
in Fig. 5.11 b). Here, ARy, mean and AR,y pcro signals were measured at a current
of I = 100pA. The Curie temperature of FGT1 and FGT2 was extracted from the
temperature dependence of the anomalous Hall effects, resulting in T per; = 189K and
Tt, raT2 = 188 K, respectively.
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Fig. 5.11: a) ARy, and AR, rgT2 as a function of applied current I. b) ARy, and AR,y par2
as a function of temperature T'. Both signals show similar qualitative behaviour with respect
to the current and temperature dependence.

The antisymmetric magnetoresistance can even be obtained manually by when subtracting
the anomalous Hall voltages, separately measured at each flake. The result can be seen
in Fig. 5.12 a), where Ry, is the measured antisymmetric magnetoresistance, while
RAAHE = sz’FGTl;sz’FGTQ is the difference of both anomalous Hall resistances. Raang
resembles the antisymmetric magnetoresistance Ry, qualitatively except for the slope. As

the anomalous Hall effect and the antisymmetric magnetoresistance exhibit a similar
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qualitative scaling with temperature, it is evident that also ARaangg does, as can be seen
in Fig. 5.12 b). Here, ARAAHE, mean 1S the mean height of the Raang magnetoresistance
and is calculated the same way as ARy, mean-
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Fig. 5.12: a) Measured (Ry,) and artificially generated (Raapg) antisymmetric magnetoresis-
tance at I = 100pA and T = 2 K. Both signals show the exact same behaviour with respect
to the magnetization configuration of both FGT flakes b) Temperature dependence of the
measured (ARy,) and artificially generated (ARaapg) antisymmetric magnetoresistance height.
Both signals scale qualitatively the same.

Summary

In summary, an antisymmetric magnetoresistance was measured in decoupled FGT/FGT
homojunctions. The sign of this magnetoresistance is sensitive to the exact magnetization
configuration of both FGT flakes. The signal remains invariant when the current direc-
tion is reversed. However, it changes polarity when measured on opposite sides of the
sample. This rules out spin momentum locking as a possible cause of this antisymmetric
magnetoresistance. Instead, it can be explained by the anomalous Hall effect. Indeed,
the scaling of ARy, with temperature and current is qualitatively the same as for the
anomalous Hall signal. Antisymmetric magnetoresistance can be artificially created by
subtracting the anomalous Hall voltages. The current and temperature dependence of the
signal height of the artificially generated signal and the individual anomalous Hall signals
are qualitatively the same. Overall, this suggests that the origin of this antisymmetric
magnetoresistance is due to the decoupled magnetization of the two FGT flakes result-
ing in different anomalous Hall signals. This antisymmetric magnetoresistance clearly
demonstrates that the longitudinal signal Ry, contains information of both transverse
Hall voltages, so that the coercive fields of both flakes can be determined by measuring
only one signal.



6. Charge transport and tunnel barrier
characterization

The previous chapter provided a detailed characterization of FGT, with a special focus on
its magnetic properties. This chapter focusses on the comprehensive characterization of
the two missing building blocks of the non-local spin transport Samples A and B, namely
the graphene and hBN tunnel barrier. The chapter begins with a thorough examination
of the graphene channel properties in Sec. 6.1, followed by a detailed analysis of the hBN
tunnel barriers in Sec. 6.2. This systematic characterization serves as the foundation for
the subsequent measurements and findings.

6.1. Characterization of graphene

6.1.1. Mobility

One important quantity characterizing the transport properties is the charge carrier
mobility. It is determined experimentally by measuring the resistivity of the graphene
sheet in dependence of an applied back gate voltage or via Hall measurements. Fig. 6.1 a)
shows the schematics of Sample A. The four-point resistivity measurements were carried
out as described in Fig. 4.8, so that a constant DC current [ is applied at the reference
region (from contact 19 to contact 6) and the longitudinal voltage V., was measured
between contacts 17 and 16, while the gate voltage V, was varied (contact 12). The
resistivity p is then calculated with p = %%, where W and L are the width of the
Hall-bar and the edge-to-edge distance of the voltage probes, respectively. In Fig. 6.1 b),
the resistivity as a function of the applied back gate voltage is depicted. It exhibits almost
no temperature dependence in the examined temperature range from 1.5 K to 150 K. The

charge neutrality point is at Vonp = —4 'V which indicates a slight n-type-doping.

The mobility of the graphene can be determined by the slope of the linear gate voltage
dependence of the conductivity o. Eq. (2.13) gives the linear dependence between o and
Ve with @ = Cy - iy, being the slope of this dependence, with the gate coupling constant C.
Therefore, the mobility can be calculated by a linear fit to the conductivity measurement
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Fig. 6.1: a) Schematics of Sample A. The graphene (grey) is on top of a p™" Si/285 nm SiO»
back gate (blue). FGT strips (purple) are placed on top of the graphene separated by a hBN
tunnel barrier in-between. The hBN tunnel barrier is not shown for improved visualisation.
The contacts (yellow) are numbered from 1 to 19, where the numbers on the FGT strips are
counted clockwise. b) Back gate voltage dependence of the resistivity of Sample A at 1.5K
(red curve) and 150 K (blue curve). The resistivity shows almost no temperature dependence in
the investigated temperature range. The charge neutrality point of the Dirac measurement is
at Vonp = —4V indicating a n-type doping of the graphene.

in the linear regime, as illustrated in Fig. 6.2. A hole mobility of i, o = 9930 % and an

cm?
Vs

mobilities are extracted resulting in a hole mobility p,, g = 10315

electron mobility of e a = 9460 is determined for Sample A. For Sample B, similar

% and an electron
mobility of p., 5 = 9005 Cvi; The Dirac measurement and the conductivity of Sample B
can be seen in the Appendix in Fig. A.4.

In addition, the mobility can also be extracted via the Hall effect. Here, the transverse
resistivity p,, depends on the external perpendicular magnetic field B as p,, = %

[91]. Therefore, the charge carrier density can be calculated as the inverse slope of

the transverse Hall resistivity n = %(dd%l)_l. The mobility is then determined via

Eq. (2.11), where ogan = (p2:(0T))”'. The Hall measurements are described in the
Appendix A.3.2. In Fig. 6.2 b) a Hall measurement for Sample A at various back gate
voltages V; at a temperature of 150 K is shown. The transverse resistance scales linearly
with the external perpendicular magnetic field within the investigated magnetic field
range. Linear fits are indicated by yellow lines. For Sample A, an average hole mobility
of pn, A, man = 10882 em? and an electron mobility of fte A, man = 7530 em? is obtained by

Vs Vs
these Hall measurements.

The results of both methods are in good agreement for Sample A. A possible explanation
for the lower electron mobilities in the Hall measurements is that these measurements were
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Fig. 6.2: a) Back gate voltage dependence of the corresponding conductivity from the same
150 K measurements as in Fig. 6.1 b). The electron and hole mobilities are determined by the
slope of the linear fits (red). b) Hall measurements of Sample A at specific back gate voltages.
The charge carrier density is determined by the inverse slope of the linear fits (yellow).

recorded after the sample had been taken out of the cryostat after the first measurements.
Therefore, the sample got exposed to the environment and cooled down again. This
can lead to small changes in the transport properties of the graphene, even though it is
encapsulated. However, both analysis of the mobility show, that the mobilities are in the
range from p = 7500 — 10900 C\%Q and py > fle.

The carrier mobility is limited by various factors. At low temperatures, the mobility of
graphene on SiOs is mainly limited by disorder effects [175-177]. Charged impurities,
trapped at the SiOy or graphene surface [176], adsorbates on the graphene before
encapsulation [136] or an induced surface roughness onto the graphene [178] introduce
scattering and limit mobility of charge carriers. A sublinear back gate voltage dependence
of o(Vg) can be explained by the induced corrugation of graphene [177, 179] and invasive
contact probes [180]. At higher temperatures (T>200K), remote interfacial phonon
scattering from the polar optical phonons of the SiO5 substrate also need to be considered
[178, 181]. The observed asymmetry in the hole and electron mobility is characteristic
for invasive metallic contacts to graphene [180]. However, the calculated mobilities are
consistent with other graphene-on-SiO, samples [25, 178, 181].

6.1.2. Charge diffusion constant D,

In non-local spin transport experiments, the spin diffusion constant Dy is an important
parameter and is closely related to the spin diffusion length Ly and spin lifetime 7,. The
equivalent property in charge transport experiments is the charge diffusion constant D,
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Fig. 6.3: Charge diffusion constant for Sample Ve (V)
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which was found to be equal to the spin diffusion constant Dy in graphene [97, 182].
D, can be experimentally obtained from the Dirac measurements in Fig. 6.1 b). For
this, the Fermi energy is calculated from the charge carrier density n with Eq. (2.15).
Eq. (2.18) then gives the broadened DOS g*. For the energy broadening £ = 75 meV was
used. The charge diffusion constant D, is then calculated with the broadened DOS g*
via Eq. (2.17) with o being the measured conductivity, as in Fig. 6.2 a). The result is
plotted as the solid line in Fig. 6.3. The charge diffusion constant D. was also calculated
from the Hall measurements in Fig. 6.2 b). The results are plotted in Fig. 6.3 as points.
The calculated D, varies within the range De pirac, o = 0.033 — 0.1 m?s™! for the Dirac
and D an, o = 0.078 — 0.11 m?s~! for the Hall measurements. The Hall measurements
were carried out only at V; sufficiently away from the charge neutrality point. The D,
for Sample B, shown in Fig. A.5, vary within the range D, pirac, 3 = 0.023 — 0.107 m?s™!,
which is similar to the results of Sample A. Similar values for D, were obtained for both
samples, when calculating the charge diffusion constant from the mean-free path lp,.
The obtained values, however, are larger compared to other reported charge diffusion
constants for similar samples ranging from D¢ jiterature = 0.015—0.03 m?s~! [97, 182]. This
discrepancy might be attributed to the low resistivity observed in the Dirac measurement
in Fig. 6.1 b), particularly with a small resistivity at the charge neutrality point of
Renp =~ 1.65kS). Due to the inverse proportionality with respect to the resistivity
(Eq. (2.17)), the resulting D, gets large.

6.2. Characterization of the hBN tunnel barriers

As a next step, the exfoliated hBN tunnel barriers are characterized. The barriers are
crucial in order to circumvent the conductivity mismatch problem and to ensure efficient
spin injection, as discussed in Sec. 3.2. However, the thickness of the barriers is limited to
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allow for tunnelling. The tunnel current decreases exponentially as the thickness increases
[101]. The zero-bias resistance increases exponentially from 1kQum? for a single layer of
hBN to 0.1 GQum? for four layers. Therefore, the hBN thickness should be within this
range for feasible tunnel barriers. Thicker barriers result in larger resistances and may
even prevent charge carriers from tunnelling.
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Fig. 6.4: Topography of the hBN tunnel barriers for Sample A in a) and ¢), and Sample B
in b) and d) measured by non-contact mode AFM. The height profile is also plotted, with
the extracted height of the hBN flakes. The scale bar corresponding to the height profile is
on the left of each image. The red lines indicate the position of the AFM line scan, shown
in the image. ¢) AFM image clearly distinguishing each individual hBN layer by colour. The
green blue area corresponds to a two-layer thick hBN, while the purple area corresponds to a
three-layer thick hBN. The etched graphene is outlined in black, and the FGT electrodes are
shown as blue dashed lines. d) AFM image showing monolayer hBN in yellow. Green and red
areas represent two-layer thick hBN, while the purple area in the middle represents three-layer
thick hBN. The outlines of graphene and FGT are again illustrated as black solid and blue
dashed lines, respectively.
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6.2.1. AFM characterization

Fig. 6.4 a) and b) show the topography of the hBN flakes used as a tunnel barrier
for Samples A and B, respectively, along with their corresponding height profiles. The
reported monolayer hBN thickness of 0.333 nm [183] suggests non-uniform two- and
three-layer thick tunnel barriers for both samples underneath the outlined FGT strips
(see Fig. 6.4 ¢) and d)). However, the hBN thicknesses can be overestimated by the AFM
due to adsorbates like e.g. water on the surface. Fig. 6.4 ¢) and d) clearly illustrate
the individual hBN layers (colored areas) combined with the outlines of graphene and
FGT. In Sample A, the upper FGT electrode was primarily utilized as the spin-injecting
electrode, whereas in Sample B the bottom was employed for this purpose. As illustrated
by the individual layers and outlines, the overlap of the FGT/2-layer-hBN/graphene
contact is larger at the injector of Sample B compared to Sample A, where the injector
is predominantly above a 3-layer hBN barrier.

6.2.2. Electrical characterization

To verify the accuracy of the AFM measurements in determining the number of layers,
the comparison of the zero-bias resistances can also be used. The zero-bias resistance
is determined by the current dependence of the three-terminal voltage Vi, which was
measured during non-local spin injection experiments at the injector, as described in
Sec. 4.3. Therefore, only statements regarding the hBN thickness beneath the injectors
can be made in the following. In general, a tunnel current from a top to a bottom
electrode depends on the density of states of both materials, the tunnel probability T'(E)
and the number of unoccupied states of the bottom electrode in the energy interval from
E to E + dFE and is given by [101, 184]

1) o [~ dBgr(E)gs(E + eV)T(E) [f(E) - (E+eV)], (6.1)

where f(F) is the Fermi distribution, gp(g) is the density of states of the top (bottom)
electrode at the given energy and V is the applied voltage between top and bottom
electrode. The tunnel probability T'(F) is directly influenced by the tunnel barrier
thickness. Furthermore, it has to be noted that the density of states is material dependent
which leads to different tunnel currents and, consequently, different zero-bias resistances
depending on the used top and bottom electrode materials. Therefore, comparing Rst, oy
measured from samples using different electrode materials, rather acts as a reference
point for estimating the tunnel barrier thickness in the following.

Fig. 6.5 a) and b) show the applied current multiplied by the area of the FGT/hBN
contact plotted against the measured three-terminal voltage at different back gate voltages
Ve at a temperature of 7' = 1.5 K for Sample A and B, respectively. For both samples, the
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current densities are in the range of 1 to 20 11%2 which best fit the two-layer hBN curve
in Fig. 6.5 ¢). The zero-bias resistances Rsr, oy were calculated using the I — Vap-curves,
shown in Fig. 6.5 a) and b), and correspond to the inverse slope of the I — Vip-curve
at low three-terminal voltages. It is evident from both samples that Rsr, oy at positive
gate voltages (electron conduction in graphene) are approximately half that of those at
negative gate voltages (hole conduction in graphene). A gate-dependence is expected, as
the density of states of graphene is also gate dependent. However, as the charge neutrality
point is only slightly shifted for both samples, one naively would expect the same tunnel
current for the same positive and negative applied gate voltage, as this results in the same
calculated charge carrier density and, thus density of states in graphene (see Eq. (2.16)).
The density of states of the bottom graphene varies from g} = 1.87 — 2.07 - 10% (J-cm) 2
in Sample A, when sweeping the gate voltage V, from —45V— 45V. In Sample B it
varies from g = 2.49 — 2.05 - 10 (J-cm) ™2, when sweeping the applied gate voltage Vj
from —60V to 60 V. As these values for negative and positive gate voltages are quite
similar, one would also expect similar values for the tunnel currents and, thus, zero-bias
resistances. Furthermore, these findings contradict the findings of Igbal et al. [185], where
they observed a monotonically decreasing current density as the back gate voltage was
swept from -60V to 460V, with the dielectric thickness of 300 nm SiO, being similar.
However, they do not show a Dirac measurement, which prevents the calculation of
the charge carrier density and density of states, as the CNP could be highly shifted to
large negative or positive values by doping from the environment. This makes a direct
comparison impossible.

The original data of Britnell et al. , presented in Fig. 6.5 d) (white boxes), show
both Au/hBN/Au and graphite/hBN /graphite samples, which both exhibit different
characteristics. The extracted zero-bias resistances of Sample A and B are plotted in
Fig. 6.5 d) alongside the original data of Britnell et al. [101]. Fig. 6.5 d) demonstrates that
for Sample A, the zero-bias resistances are beneath the predicted value for three layers of
hBN, based on the linear fit from Ref. [101]. This might be due to the small overlap of the
FGT/2-layer-hBN /graphene contact which is reducing, the average zero-bias resistance.
In contrast, for Sample B, the zero-bias resistances are in good agreement with the
predicted fit. This is also consistent with the AFM data which clearly show the majority
of the FGT/hBN /graphene injector contact being on top of two layers of hBN.

In conclusion, the data obtained from the AFM and electrical characterization are
consistent with one another. The FGT electrodes in Samples A and B are on top of a two-
to three-layer thick hBN tunnel barrier. For the spin injecting electrodes, the overlapping
area with the three-layer hBN is more prevalent in Sample A, while for Sample B the
two-layer hBN overlap predominates. For the spin detecting FGT electrodes it is vice
versa.
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Fig. 6.5: a) and b) electrical characterization of the hBN tunnel barriers at the injector of
Sample A and B, respectively. The measured three-terminal voltage Vs is plotted against the
applied current I divided by the FGT/hBN contact area A on a logarithmic scale for different
back gate voltages V. From these measurements, the zero-bias resistances R3r oy for each V,
was determined. c¢) I —V-curves for graphite/hBN /graphite devices for different hBN thicknesses.
The applied current I was normalized by the overlapping area of the graphite/hBN/graphite.
Solid lines are experimental data, while dashed lines are the theoretical prediction. Adapted
from [101]. d) Exponential dependence of the zero-bias resistance for different numbers of hBN
layers. Currents are normalized as in ¢). Additionally, the zero-bias resistances for Sample A
and B for positive and negative V; are plotted. Adapted from [101].
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6.2.3. Temperature dependence of the three-terminal resistance

In order to confirm that the hBN barrier acts as a tunnel contact, it is necessary
to confirm the Rowell criteria [186]. For non-superconducting ferromagnet-insulator-
ferromagnet magnetic tunnel junctions (MTJs), three criteria must be fulfilled: the
resistance must increase exponentially with thickness; the I —V-curves must be non-linear
following Simmons’ model [187]; and the resistance should exhibit a weak insulating-like
temperature dependence, i.e. decreasing with increasing temperature. Nevertheless,
only the latter remains a reliable criterion for tunnelling, as the other two can also be
established by tunnel barriers with pinholes [188].
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Fig. 6.6: Temperature dependence of the three-terminal resistances multiplied by the contact
area A for a) Sample A and b) Sample B, at various applied back gate voltages. All measurements
were carried out at a constant current of I = —200pA.

As the three-terminal voltage was only measured for selected currents, it is not possible to
determine the zero-bias resistances for 7' > 1.5 K. Consequently, only the three-terminal
resistances multiplied by the contact area RsrA are shown in Fig. 6.6 a) and b) for
Sample A and B, respectively. For Sample A, a monotonous increase in R3rA with
temperature can be observed for all investigated back gate voltages, while for Sample B
R3rA is larger at T'= 1.5 K than for 7" = 130 K. However, for Sample B R31A(70K) is
largest for all applied gate voltages. In Ref. [188], an increasing zero-bias resistance with
increasing temperature was only reported for samples with pinholes in the barriers, thus
exhibiting a metallic-like temperature dependence. Consequently, it cannot be ruled out
that both samples may have experienced the formation of pinholes in the tunnel barriers
in the form of cracks that may have appeared during the stacking process.






7. Non-local spin transport experiments

This chapter presents the main experimental findings of this thesis, which demonstrate
efficient non-local spin transport in all-2D van der Waals samples. This is verified through
non-local spin valve measurements on both Samples A and B, presented in Sec. 7.1, which
is a standard way of demonstrating a non-equilibrium spin accumulation. Moreover, the
spin dynamics in both samples are investigated through Hanle measurements, presented
in Sec. 7.2, thereby corroborating the existence of a non-equilibrium spin accumulation
in graphene. This chapter begins with presenting the non-local spin valve measurements
of Sample A and B in Sec. 7.1.1 and Sec. 7.1.2, respectively. Subsequently, Hanle
measurements of both samples are presented in Sec. 7.2.1 and Sec. 7.2.2. By fitting
the measurement data, spin transport parameters, such as the spin lifetime 7, the spin
diffusion constant D, and the spin injection efficiency P are extracted. These results are
then discussed with the aid of COMSOL finite-element simulations that model the spin
dynamics in our system.

7.1. Non-local spin valve measurements

7.1.1. Sample A

In non-local spin valve measurements, the spin accumulation underneath the detecting
FM electrode is probed as a function of the external magnetic field, which is applied
along the easy-axis of the FM. In the case of FGT spin-aligning electrodes, the external
magnetic field is swept out-of-plane. The measurement setup is depicted in Fig. 4.7.
In the following, the non-local spin valve measurements of Sample A are discussed.
The numbering of the contacts of this sample can be seen in Fig. 6.1 a). During the
measurements, a constant current [ is applied at the injector circuit from contacts 5 to 19,
while the spin accumulation is measured as a non-local voltage V;;; between the contacts 11
and 14. By sweeping the magnetic field past the coercive fields of the injector and detector,
which are at different field values due to their differing shapes and thicknesses, a parallel
and anti-parallel magnetization configuration of both electrodes can be established. This
is accompanied by corresponding steps in the measured non-local voltage V,;, which is
characteristic for spin valve measurements. In order to assign the change in V;; to the
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magnetic configuration, the anomalous Hall effect was measured simultaneously at the
spin-injecting electrode, between contacts 6 and 4. The two signals were then compared,
to determine whether they share the same switching behaviour. Since current is required,
the anomalous Hall effect can only be measured at the injector.

Fig. 7.1 a) depicts the anomalous Hall loop of the injecting electrode of Sample A at a
temperature of T' = 1.5 K, a constant injecting current I = —250 pA, and an applied back
gate voltage of V; = 45V. A sharp switching of the injector’s magnetization is observed
at B =~ £0.5'T. The corresponding spin valve trace, which was simultaneously measured,
is shown in Fig. 7.1 b). In this figure, the non-local voltage V;; is normalized by the
injection current [, resulting in a non-local resistance R, = V;;/1. The switching of the
injector’s magnetization illustrated in Fig. 7.1 a) coincides with Ry switching back to a
positive normalized voltage in Fig. 7.1 b). This leads to the conclusion that the initial
switching of Ry is due to the detecting electrode, which exhibits a smaller coercive field
than that of the injecting electrode. During the measurement of the magnetic up-sweep,
the magnetic field is swept from B = —1T to 1T. Initially, both FGT electrodes exhibit
a parallel magnetization configuration. In this case, the detector senses the majority
spin accumulation in the graphene channel as a large non-local signal R,. Sweeping the
magnetic field towards larger field values, the applied magnetic field exceeds the coercive
field of the detecting electrode. The detector’s magnetization switches, which results in an
anti-parallel magnetization configuration of both FM electrodes. The detector now probes
a minority spin accumulation, which can be observed as a sudden change in the non-local
signal R, exhibiting a negative normalized voltage. Upon increasing the magnetic field
above the coercive field of the injector, a parallel magnetization configuration is restored.
In this configuration, the detector senses the majority spin accumulation, which results
in a positive non-local signal. The typical non-local spin valve trace is obtained. The
identical phenomenon can be observed in the magnetic down-sweep, displaying clear
magnetic switching. This results in a symmetric spin valve signal around B = 0T for
both up- and down-sweeps. Moreover, this switching can be ascribed to a change in
the magnetization configuration of both electrodes via the anomalous Hall effect. It can
therefore be confidently stated, that the spin-polarized current in the injection circuit
establishes a non-equilibrium spin accumulation in the graphene channel, which is probed
as a non-local voltage at the second detecting FGT electrode.

The amplitude of the non-local spin valve, defined as AR,;; = Ry p— Ru, ap, as illustrated
in Fig. 7.1 b), represents a measure of the spin accumulation beneath the detector, as
described by Eq. (3.28). Here, Ry, p (apy denote the non-local signals in the parallel
(anti-parallel) configuration. However, the value of AR, is not unambiguous. As can
be seen in Fig. 7.1 b), the non-local signal R, p is larger after changing the direction
of the external magnetic field and before switching of the first electrode. Consequently,
a mean value for R, p is calculated from measurement points situated to the left and
right of the spin valve signal. The calculated mean value of all measured points in the
anti-parallel alignment calculates R, ap. The resulting AR, is then the mean value of
the up- and down-sweep signal heights AR, v, and ARy qown. This yields a spin valve
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Fig. 7.1: a) Magnetization loops of the spin injecting electrode of Sample A at a temperature
of T'= 1.5K, injection current I = —250 pA, and an applied back gate voltage of V; = 45V.
Clear single domain switching is observed. b) Magnetic up- (red) and down-sweeps (black) of
the non-local signal R,). As indicated by the purple dashed lines, the magnetization switching
of the injector coincides with the switching of Ry;. The height of the non-local signal ARy,
is evaluated as described in the text. Both measurements shown in a) and b) were recorded
simultaneously.

height of AR,; = 1.88€ for the measurement illustrated in Fig. 7.1 b). This large value
confirms efficient spin injection in our devices and is three orders of magnitude larger
than for FGT /graphene based all-2D van der Waals non-local spin valve devices without
a tunnel barrier, where a signal height of up to 1.5 m{ was reported [31]. Additionally,
the spin valve signal was also measured in the switched injector-detector configuration at
T = 1.5K, as illustrated in the Appendix Fig. A.6. However, as the spin valve signals
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were markedly lower in this configuration, with spin valve heights of up to AR, = 0.12€),
and not discernible at all applied currents and gate voltages, the spin valve signals in the
configuration as illustrated in Fig. 4.7 are examined in more detail in the following.

Stability of the signal

Interestingly, the spin valve signal was observed to exhibit a certain degree of instability,
as can be seen in Fig. 7.2. Fig. 7.2 a) illustrates how the non-local signal changes in
the down- and up-sweeps for the same set of parameters of I = —200pA, V, =45V at
T = 1.5 K. However, the measurements shown in Fig. 7.2 a) were not recorded directly
one after another. In between the discussed measurements, other spin valve traces
were recorded for other sets of parameters, while maintaining a constant temperature
of T'= 1.5K. As previously discussed in Sec. 5.2, both the injecting and detecting
FGT are subject to a varying exchange bias field. This is evidenced by the variation
in their switching fields from one sweep to the next, as can be seen in Fig. 7.2 a). The
corresponding extracted spin valve heights AR, are plotted in Fig. 7.2 b), demonstrating
a decreasing tendency of the spin valve signal for each measurement iteration. However,
as these curves were not recorded in a direct sequence and the current and gate voltages
are varied in between these measurements, a small hysteresis with respect to these
parameters cannot be excluded and could potentially result in a smaller signal.
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Fig. 7.2: a) Comparison of down- and up-sweeps of spin valve measurements carried out in
the same measurement configuration at an applied bias of I = —200pA, a back gate voltage of
Ve = 45V and a temperature of 7' = 1.5 K. Both FGT strips exhibit a varying exchange bias
field in different sweeps. b) Extracted spin valve heights ARy, of the measurements shown in
a), observing a decreasing tendency for every measurement iteration.
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Signatures of magnetic moments

The non-local signal exhibits a dip centred at zero magnetic field, as can already be seen
in Fig. 7.1 b). This phenomenon was observed for all investigated temperatures, back gate
voltages, and applied biases, both for up- and down-sweeps of the external magnetic field,
being more pronounced in some curves than in others. This feature had been previously
investigated in other graphene spin-valve devices and has been attributed to magnetic
moments in the graphene channel. The randomly oriented localized magnetic moments
can be introduced via lattice vacancies or hydrogenation of the graphene [132, 189].
Similar to the Dyakanov-Perel model, spin precession around these randomly fluctuating
exchange fields in z- and y-direction leads to spin relaxation. Consequently, the spin
signal is reduced. At high applied magnetic fields, the spin relaxation is suppressed due
to the fact that the applied field defines the precession axis, effectively preventing the
fluctuating fields from tilting this axis. Consequently, the peak in the spin relaxation at
low magnetic fields is observed as a dip in the non-local signal R,.
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The dip is best observed in the non-local spin valve measurements at an elevated
temperature of 7' = 150K at V;, = 60V, and an applied current of I = —200pA,
as illustrated in Fig. 7.3. The dip is centred around zero applied field, exhibiting no
hysteresis with respect to the applied magnetic field. Such a behaviour is characteristic for
paramagnetic moments. In contrast, ferromagnetic moments would generate a hysteretic
dip that is centred at a finite external field. The dip in the non-local signal can be
fitted with Eq. (3.27), by introducing an additional spin relaxation mechanism due to a
fluctuating field generated by the magnetic moments. The spin relaxation time due to a
fluctuating field is given by [17, 132]
1 (AB)? 1

Tex 7 ; (7.1)
T Te (Bapp,z + Bex,z)2 + (ng;TCV

where AB is the rms fluctuation, 7, is the correlation time, B,y . is the applied magnetic
field, Bex . the effective field generated by the exchange interaction and gy, corresponds to
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the charge carrier’s g-factor. The non-local voltage V;; is given by Eq. (3.27), where the

spin relaxation length is given by Ly = \/D,T}°"%. The total spin relaxation time 7;°t!
depends on both the spin relaxation due to spin-orbit coupling 75, and spin relaxation
from the exchange field 7% as (1) ~! = (17)7! + (7,)~*. Fitting results in a rms
fluctuation AB = 16.07mT, correlation time 7. = 509 ps, a spin-orbit coupling induced
spin relaxation time 7y, = 495 ps, and an exchange interaction field Bey, = 3.95mT.
These values are comparable to the results presented in Ref. [132], where a hydrogen
concentration in the order of 0.1% for a sample that was hydrogenated for 8s was
estimated. Given that the samples investigated in this thesis were stacked in an inert
atmosphere, capped with hBN, and not subjected to any hydrogenation or annealing
processes [132, 189], the origin of these magnetic moments remains unclear. However, it
has to be noted that graphene was exfoliated under ambient conditions in the cleanroom
and subsequently stored in a glove box, which may have resulted in an accumulation of
adsorbates on its surface.

In order to investigate the influence of external parameters on the non-local signal, it
was investigated for injecting currents ranging from I = —250 to 250 nA, for various back
gate voltages in the range of V; = —60,V to 60V, at specific temperatures 7' = 1.5 K,
50K, 100K, and 150 K.

Current dependence

The non-local signal is not a direct function of the applied bias current, as it does not
enter Eq. (3.28). Nevertheless, there is an implicit dependence on current in the spin
injection efficiency Py, which in real devices depends on the injection current. The
dependence of the non-local signal height AR,; on the applied bias is shown in Fig. 7.4,
where AR, is plotted against the applied current [ at a temperature of T = 1.5K,
at Vy; = £45V. This corresponds to the electron (positive V;) and hole (negative V)
conduction regime of graphene, as the charge neutrality point of Sample A is centred at
Venp = —4 V. For both gate voltages, AR, decreases upon changing I to larger positive
values. This even leads to an inversion of the non-local signal around I = 200 pA, as
shown in Fig. 7.5.

This inversion of the spin signal is typically attributed to a change of sign of Fy;
with applied bias, indicating an inversion of the spin polarization at the Fermi level of
the injecting FGT electrode. This phenomenon has been previously observed in both,
conventional graphene spin valve devices utilizing Co electrodes [190, 191] and also in
ITI-V spin valve devices [20]. In graphene spin valve devices employing Co electrodes,
this inversion was observed in a narrow range of bias voltages ranging from —225mV
to —75mV, when utilizing both MgO and hBN tunnel barriers. Consequently, this
mechanism is also independent of the tunnel barrier material [191]. The voltage drop
across the tunnel barrier tunes the band alignment of the FM electrode and graphene,
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Fig. 7.4: Current depen-
dence of the non-local sig-
nal height in the electron
(Vo = 45V, red) and hole
(Vg = =45V, blue) conduc-
tion regime of the graphene
channel. Increasing the ap-
plied current towards posi-
tive values leads to a reduc-
tion of the spin valve sig-
nal. For the electron regime,
even an inversion of the spin
valve signal is observed at a
current of I = 200 1A. The
region, where the non-local
signal inverts, is shown as
an inset.

Fig. 7.5: Non-local spin
valve signal R, at V, =
45V, and T = 1.5K in the
current range of the inver-
sion. The applied current in-
creases from a) I = 150 pA
to e) I = 250pA in 25pA
steps. While the non-local
spin valve points downwards
in a), it vanishes at a cur-
rent of I = 200pA in c).
Increasing the current to
I = 225 A reverses the spin
valve signal in d), pointing
upwards.
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thereby tuning the spin injection efficiency. However, for Sample A utilizing FGT
electrodes, the large currents of up to I = 250 nA correspond to a much larger voltage
drop of up to Var = 0.8V, as illustrated in Fig. 6.5 a). The ability to tune the spin
polarization of injected spins via bias and back gate voltages has enabled the realization
of spin field effect transistor action in Co/MgO/graphene spin valve devices [190].

Several mechanisms have been identified that give rise to non-linear bias-dependent
spin signals, including electric field-induced spin drift and tunnel barrier spin filtering
[33, 192-194]. In graphene spin valves it has been demonstrated that the measured
non-local signal is affected by an electric field in the spin diffusion channel [33, 192].
This is due to the fact that the electric field induces a drift effect of the spin-polarized
carriers. Additionally, a spin filtering effect in non-uniform hBN tunnel barriers was
reported [193]. Here, an asymmetric bias dependence in spin polarization is then a result
of the asymmetric junctions. Moreover, combining an AC and DC injecting current was
reported to exhibit a DC bias dependent sign reversal of the differential spin signal for
graphene based spin valve devices with a hBN tunnel barrier thickness of two layers
[194].

Gate and temperature dependence

The non-local signal, according to Eq. (3.28), does not include a direct dependence on the
gate voltage and temperature. Nevertheless, the sheet resistance of graphene Ry depends
on the applied gate voltage. As can be already seen in the current dependence of the
non-local signal, illustrated in Fig. 7.4, AR, is significantly larger in the electron than
in the hole regime for all investigated bias currents. This is confirmed in Fig. 7.6 a) that
presents AR, in dependence on the gate voltage at a constant bias of I = —25011A. Here,
the z-axis is shifted by the position of the charge neutrality point Vonp, with positive
(negative) values corresponding to the electron (hole) conduction regime in graphene.
Moreover, AR, increases with the absolute value of V; — Venp. This trend is observed
across all investigated temperatures.

The temperature dependence of AR, at I = —250 pA is shown in Fig. 7.6 b), displaying
a general decreasing trend of the signal height with increasing temperature for both
carrier types. While the bias dependence of AR, can be linked to a bias dependence
of P, the same cannot be claimed for the gate and temperature dependence of the
signal. For this, also the gate and temperature dependence of the spin diffusion length
L have to be considered. In order to evaluate Lg, distance dependent studies of AR,
are conducted. However, this is not possible in the devices presented in this thesis, as
both devices comprise only two FGT strips with a fixed distance. By conducting Hanle
experiments, which will be presented later in Sec. 7.2, it is possible to determine the spin
transport properties Dy and 75 together with the spin injection efficiency P by fitting.
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Fig. 7.6: a) Gate and b) temperature dependence of the non-local signal measured at an
applied bias of I = —250nA.

Current and gate-sweeps

In addition to the non-local spin valve measurements, gate and current sweeps were
performed in the parallel and anti-parallel configurations. This allows for obtaining the
current and gate correlation of the non-local signal height AR, in a more straightforward
way, requiring only two measurements, as opposed to the individual non-local spin
valve measurements, where each point corresponds to two measurements. Furthermore,
these sweeps could allow for a more detailed examination of the signal. In order to
obtain the current and gate correlation, the difference in the signals from both sweeps is
calculated and the result is normalized by the current. Fig. 7.7 a) presents the current
sweeps of the non-local signal height AR, at V; = 45V and T' = 1.5K, depicted as
lines. The reproducibility of these sweeps is demonstrated by the presentation of several
representative examples. Sweep 1 and 2 were recorded in succession, while sweep 3
was recorded subsequent to Hanle measurements that followed the sweep 2. It can be
observed that sweep 1 and 2 match well, whereas sweep 3 is lower for negative currents.
All sweeps diverge as they approach I = 0pA, which is an artefact of dividing by a small
number. Consequently, the current sweeps align well with the heights extracted from
the spin valve measurements for |I| > 50 pA, as this divergence was not observed in the
spin valve signals. At I = —250pA, the spin valve signal is significantly larger than that
obtained from the current sweep. The current sweeps also indicate the inversion of the
spin signal at the current of I = 200 pA.

The non-local signal height ARy, obtained from the gate sweep is illustrated in Fig. 7.7 b)
exemplarily at I = —250 pA and T'= 1.5 K. The gate sweep shows a significantly higher
level of noise compared to the current sweeps. However, the gate sweeps align well with
the signal heights extracted from the spin valve measurements. Notably, no inversion
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Fig. 7.7: a) Current and b) gate sweeps of the non-local signal AR,). Sweeps are indicated by
lines, while the points show the extracted heights from the spin valve measurements.

of AR, was observed in the gate dependence as observed for example in Ref. [190].
However, it is consistent with the spin valve measurements. Gate sweeps conducted at
other applied currents, which are not displayed, also agree well with the non-local spin
valve signals. However, they become noisier with increasing positive currents.

7.1.2. Sample B

Non-local spin valve measurements were also conducted on Sample B. Its schematics
are provided in Fig. 7.8. Fig. 7.9 a) to d) present the non-local signals at a constant
current of I = —250pA and T = 1.5 K, in which the injector and detector electrodes
were continuously interchanged. The contacts utilized for the injection and detection of
the spin signal, as well as for the measurement of the anomalous Hall signal, are labelled

Fig. 7.8: Schematic of Sample B with
contact numbers. The FGT electrodes
are indicated by the brown shapes and
are named FGT; and FGT5. As the
utilized chip carrier has a maximum
amount of 20 contacts, the contacts
on FGT; are numbered in a clockwise
direction and counted as 19, 20, 1, and
2. Similarly, the contacts on FGT5 are
numbered in a clockwise direction as
3,4, 5, and 6. Contact 12 is connected
to the back gate.
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above each figure. First, the spin signal V,,, illustrated in Fig. 7.9 a), was detected on
contacts 6 to 9. This was followed by other characterization steps, before measuring
the non-local spin valve signal V;; on electrodes 1 to 16 in Fig. 7.9 b). Subsequently,
the injector and detector were interchanged on two further occasions, with intervening
measurements. Fig. 7.9 ¢) and d) show the spin signal detected at contacts 2 and 16, and
6 and 9, respectively. In Fig. 7.9 a) and b), the anomalous Hall resistance R,,, which
was measured simultaneously, is shown as a dark blue and dark red line for the down-
and up-sweep, respectively, with the corresponding y-axis to the right. Unfortunately, it
was not possible to obtain this signal for Fig. 7.9 ¢) and d), as the contacts ceased to
function. The anomalous Hall measurements in Fig. 7.9 a) and b) demonstrate that the
switching of the injector’s magnetization coincides with a sharp change in the non-local
signal R,;. Therefore, Fig. 7.9 proves spin injection in Sample B in both injector-detector
configurations.

The spin signal in Sample B was generally smaller than that observed in Sample A.
This may be attributed to the larger contact resistance of Sample A. This highlights
the significance of the tunnel barrier that is necessary for efficient spin injection and
detection. Furthermore, the data obtained from the spin valve measurements are less
stable than that obtained from Sample A, and typically exhibit a lower signal-to-noise
ratio with background signals of up to 10{2. Consequently, it is not always possible to
observe a clear spin valve signal for each magnetic field sweep. Peculiarly, interchanging
the injecting and detecting electrode systematically inverts the measured signal. This
is unexpected given that injected spins and their detection should be insensitive to the
exact electrodes. The spin valve height changes from AR, = —1.30€) detected at FGTy
(Fig. 7.9 a)) to ARy = 0.15Q and AR, = 0.23Q measured at FGT; (Fig. 7.9 b) and
c)) to ARy = —0.52Q measured at FGT, again (Fig. 7.9 d)). Note, that the spin valve
in Fig. 7.9 d) is shown for V; = 60V, as the measurement for V, = 32V did not yield
any signal. No reduction of the spin signal at low magnetic fields was observed in all
measurements, indicating an absence of magnetic moments in the graphene channel.

In general, an inverted spin signal can be attributed to a spin filtering effect of the hBN
tunnel barrier, which results in a negative spin polarization in graphene [193]. This
effect has been observed in graphene spin valves with hBN tunnel barriers of different
thicknesses at the injector and detector [193]. It was found that only an injector-detector
combination of a high contact resistance with a low contact resistance at the electrodes
resulted in a negative spin polarization. This effect was reproducibly observed in both
non-local spin valve and Hanle experiments in several devices and was found to persist
over a wide range of applied biases [193]. Therefore, a non-uniform tunnel barrier
thickness can give rise to different spin polarizations. Given that the hBN thickness is
not uniform in both of the presented samples, it may be reasonable to expect a spin
valve inversion from Sample A to Sample B due to this spin filtering effect. In contrast
to our findings, the spin signal inversion due to the spin filtering effect was observed to
be independent of the interchanging of the injector and detector electrodes in Ref. [193].
Given that both electrodes are different in size and height, they might are subjected
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Fig. 7.9: Non-local spin valve measurements interchanging the injector and detector at an
applied bias of I = —250pA and T = 1.5 K. Figures a) to d) present a series of non-local spin
valve measurements with intervening measurements in between, where a) was measured first
and d) was measured last. The spin valve measurements are shown as black and red curves for
the down- and up-sweeps, respectively. For a) and b), anomalous Hall loops of the injecting
electrodes are shown as dark blue and dark red lines, with the corresponding y-axis to the
right. The non-local signal Ry was detected at a) FGTg, b) FGTy, ¢) FGT, and d) FGTs.
The blue circles in b) and c) highlight the spin valve signal in the anti-parallel configuration.
Furthermore, figure d) illustrates the spin valve measurement at V; = 60V, as the measurement
at Vg = 32V did not yield any signal.

to a different bias-dependent spin injection efficiency Py,;. As suggested for Sample A
in the previous section, the spin polarization at the Fermi level of the injector may
potentially be inverted with increasing positive bias, resulting in an inversion of F,; and,
consequently, an inversion of the spin valve signal AR,;. The observed inversion of the
spin signal in Fig. 7.9, when the injector and detector electrodes are interchanged, could
be explained by the reversal of the spin polarization of FGT5, while that of FGT; remains
unchanged, when the utilized currents are applied. The spin polarization of FGT; remains
unaltered when no bias is applied, i.e., in the case of FGT; functioning as the detector.
Consequently, a typical spin signal, as observed in Sample A, is recorded when injecting
from FGT,. Conversely, when injecting from FGT;, the signal is reversed. However, only
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Fig. 7.10: a) Current dependence of the non-local signal AR, for the injector and detector
configurations at 7'= 1.5 K as in Fig. 7.9 a)-d), indicated by black, red, blue, and green dots,
respectively. Note that AR, was measured at V; = 32V except for the green triangles, where
it was measured for V; = 60V. b) Current dependence of the non-local signal for the injector
and detector configuration of Fig. 7.9 d), injecting from contacts 2-16 and detecting at contacts
6-9 at various temperatures and back gate voltages.

one bias-dependent inversion of the spin signal AR, is observed in Sample B, as will be
presented in the following.

Current dependence

The sensitivity of the spin signal on the exact injector-detector configuration is also
evident in the current dependence of the signal, as illustrated in Fig. 7.10 a). In this
figure, ARy is plotted for the same configurations as presented in Fig. 7.9 at T'= 1.5 K.
Upon injecting spins at the FGT; electrode (injecting at 1-16 and 2-16), the extracted
AR, is negative, exhibiting a decreasing tendency of the absolute height with increasing
the current from negative to positive values, similar to Sample A. As both signals were
measured at different gate voltages, their corresponding height differs from each other.
When interchanging the injector and detector, such that spins are now detected at the
FGT; electrode, the spin signal AR, is observed to be positive for negative currents.
No clear correlation between AR, and bias current is observable when increasing the
current from negative to positive values. However, an inversion of the spin signal is
observed when injecting spins from contact 5-9. This was not observed by subsequent
measurements with an injection current between contacts 6-9, as no spin valve signal was
observed for positive currents. Nevertheless, the signal heights are comparable in both
configurations, 5-9 and 6-9. Fig. 7.10 b) depicts the current dependence of the spin signal
for temperatures of T'= 70K, 130 K, and 150 K at various applied back gate voltages,
with injection at FGTy and detection at FGT; (configuration of Fig. 7.9 d)). For all
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Fig. 7.11: a) Gate dependence of the non-local signal AR, for the injector and detector
configurations at 7= 1.5 K and I = —200 pA as presented in Fig. 7.9 a)-d), indicated by black,
red, blue, and green dots, respectively. b) Gate dependence of the non-local signal for the
injector and detector configuration of Fig. 7.9 d) at various temperatures at an applied bias
I = —200pA.

measurements, a decreasing trend of the spin valve signal, when increasing the applied
bias from negative to positive currents, is observed without, an inversion of the signal.

Gate and temperature dependence

In Fig. 7.11 a) the gate dependence of the spin signal is presented for all the aforementioned
configurations. A clear correlation with applied gate voltage is not evident. This however
changes, when looking at the gate dependence when injecting at contacts 2-16 (FGT)
at a bias of [ = —200pA at various temperatures, as illustrated in Fig. 7.11 b). In
this case, the absolute value of AR, is found to be larger for positive than for negative
gate voltages, exhibiting a trend similar to that observed for Sample A. Finally, the
temperature dependence of AR, at an applied bias of I = —200 pA between contacts
2-16 (FGT)) is illustrated in Fig. 7.12. A decreasing tendency of the absolute value with
increasing temperature is observed for all investigated back gate voltages, which is in
agreement with Sample A.

Current and gate sweeps

Additionally, current and gate sweeps were performed, injecting at contacts 1-16 (FGTy),
as illustrated in Fig. 7.13. In contrast to Sample A, the current sweeps were not
reproducible. Sweep 1 and 2 are inverse to each other at positive current values, as
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Fig. 7.12: Temperature dependence of the
non-local signal for the injector and detec-
tor configuration of Fig. 7.9 d) at vari-
ous back gate voltages at an applied bias
I = —200pA. The decreasing tendency of
the absolute value of AR, with increasing
temperature is consistent with the temper-
ature dependence of the spin valve signal
observed in Sample A.

presented in Fig. 7.13 a). Furthermore, both sweeps diverge inversely. While sweep 1
diverges to negative AR, for small positive currents, sweep 2 diverges to positive values.
Again, the observed divergence at I = 0pA is an artefact of dividing by a small number.
Sweep 1 aligns with the extracted spin valve heights at sufficiently large negative currents,
whereas sweep 2 fails to align with the spin valve data. Nevertheless, the inversion of
the spin signal at I = —100 pA of sweep 1 is not observed in the spin valve data. The
gate sweep of AR, is illustrated in Fig. 7.13 b) and is subjected to a significant noise
reaching up to & 52 close to the charge neutrality point. However, it is consistent with
the spin valve heights at higher applied positive and negative gate voltages.
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Fig. 7.13: a) Current and b) gate sweeps of the non-local signal height AR,;. The sweeps are
indicated as lines while the extracted heights from the spin valve measurements are indicated

as red dots.
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7.1.3. Summary

Successful non-local spin transport was demonstrated in two very similar all-2D van der
Waals devices via non-local spin valve measurements with spin valve heights reaching up
to AR, = 1.88€). The non-local signal Ry, was successfully assigned to the magnetization
configurations of the injecting and detecting electrodes via the anomalous Hall effect. It
was observed that the spin valve height AR, is not stable for both samples. However,
a hysteresis with respect to current or gate voltage cannot be ruled out. Moreover,
the presence of magnetic moments is indicated by a dip in the non-local spin valve
measurements at low magnetic fields in Sample A. In contrast, no such dip was observed in
Sample B. Given that both samples were not subjected to any hydrogenation or annealing,
the origin of these magnetic moments in Sample A remains unclear. However, as graphene
was exfoliated under ambient conditions, adsorbates on the surface of graphene cannot
be excluded. The current, back gate voltage, and temperature dependencies of both
samples exhibit comparable characteristics. The current dependence demonstrates a
decreasing tendency of AR, upon increasing the bias current I towards larger positive
values, which can be attributed to a bias dependence of P,,;. This even results in an
inversion of the spin valve signal at I = 200 nA for Sample A, which is attributed to
an inversion of the spin polarization at the Fermi level of the injecting FGT electrode.
Nevertheless, alternative mechanisms may also give rise to non-linear current-dependent
spin signals. Current inversion was also observed for Sample B. More peculiarly, the spin
valve signal is inverted for Sample B when interchanging injector and detector electrodes.
This phenomenon might be attributed to a current-dependent spin polarization which
is different for both FGT electrodes of Sample B. The gate voltage dependence of the
spin valve height AR, exhibits a larger signal at positive gate voltages (electron regime).
Furthermore, an increase in temperature from 7' = 1.5 K to 150 K results in a decrease of
AR,. Additionally, current and gate sweeps were conducted, which align well with the
extracted spin valve data for Sample A. However, for Sample B, they are not reliable as
the current sweeps exhibited inconsistencies from one sweep to the next, and the gate
sweep was subject to significant noise.
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7.2. Non-local Hanle measurements

7.2.1. Sample A

Non-local Hanle measurements investigate the phase coherent precession of a spin
ensemble when an external magnetic field is applied perpendicular to the spin orientation,
as outlined in Sec. 3.4 and 4.4.2. Spins diffuse from the injector to the detector while
the spin ensemble dephases and depolarizes, resulting in the characteristic Hanle curve.
Spins injected from FGT are polarized out-of-plane. Thus, the external magnetic field is
applied in-plane, perpendicular to the magnetic easy-axis and parallel to the long-axis
of the FGT electrodes. Fig. 7.14 a) illustrates the Hanle signal at a temperature of
T = 15K, at an applied bias I = —250 pA, and a back gate voltage V;, = 60V for the
parallel (red) and anti-parallel (grey) magnetization configuration of the injector and
detector. The observed oscillations of the signal clearly correspond to spin precession
with a simultaneous decay as a result of spin dephasing. At large magnetic field values
B, 2 0.2T, the spin signal vanishes and a constant offset Ry ofset is measured. The
parallel and anti-parallel sweeps yield Hanle curves of opposite polarity with an identical
offset.

The difference between the Hanle curves of both magnetization configurations ARy, fanle
at B, = 0T corresponds to the difference between the majority and minority spin signal.
It is expected to be of similar magnitude as the signal heights extracted from spin valve
measurements. A signal height of ARy pane = 0.88 €2 was calculated, which is slightly
lower than the corresponding spin valve signal AR, gy = 1.13€2, as shown in Fig. 7.14 b).
This discrepancy between the Hanle and spin valve signals may be attributed to magnetic
moments previously mentioned, which have been reported to reduce the spin signal at low
magnetic fields [132, 189]. Given that ARy ganle is determined at B, = 0T, this results
in a smaller extracted non-local signal height AR, mane compared to the spin valve
measurements, which are observed at finite magnetic fields. However, this discrepancy
could also be due to the measurement procedure. First, the spin valve measurements were
recorded for all currents and back gate voltages. Subsequently, the Hanle measurements
were performed. A small hysteresis with respect to the current or gate voltage cannot be
excluded and could potentially lead to a smaller signal in the Hanle curves. Additionally,
as the spin signal was observed to vary over time, this instability could also be the reason
for the discrepancy in the measured signals.

The black lines in Fig. 7.14 a) correspond to fitting curves based on Eq. (3.30). Fitting
was conducted using the Origin software. As the widths of the FGT electrodes of
2.6 um and 1.6 pm cannot be neglected, Eq. (3.30) is also integrated over the size of the
injector and detector. The resulting fitting function after integration is presented in the
Appendix A.4.1 in Eq. (A.6). The fits yield values for the parameters Dy, 75, and P.

The extracted value of P is P = |/PpjPaet. Assuming a homogeneous tunnel barrier,
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leads to Pinj =~ Pyey = P at low applied currents. However, at higher applied biases, the
current only affects the injector, leading to a change in the spin injection efficiency Pi;.
Consequently, any changes in P with current are related to a change in F;,;. Henceforth,
the spin injection efficiency will be referred to as P. The spin diffusion length can be
calculated via Ly = v/ Dy7s. In order to minimize errors when fitting these three variables,
the Hanle data were normalized first with (R (B) — R, ofset)/ (Ba1(0T) — R, offset),
which results in curves, which are independent of P. Subsequently, the normalized Hanle
data were fitted to extract the values of 75 and Dy. Afterwards, P was extracted by fitting
the raw Hanle data with fixed values of 7, and D, obtained from the normalized fits.
Accordingly, P was the only fitting variable in the second fit. As illustrated in Fig. 7.14 a),
the fits match the experimental data well and result in 7, = 0.447ns, Dy = 0.0210m?s7!,
and P = 18.4% in the parallel configuration. In the anti-parallel configuration quite
similar values of 7, = 0.415ns, Ds = 0.0199m?s™!, and P = 18.3 % are obtained. These
results are in agreement to other graphene spin injection experiments reporting spin
relaxation times ranging from 73 = 0.07ns up to 1.1ns and spin diffusion constants of
Dy = 0.011m?s™! up to 0.032m?s™! [27, 30, 33].

0.0

0.4

By (T) By (T)

Fig. 7.14: a) Non-local Hanle measurements of Sample A at T = 1.5K, I = —250pnA, and
Ve = 60V with a magnetic field sweep along the long-axis of the FGT electrodes. The Hanle
curves are shown for (anti-)parallel magnetization alignment of the FGT electrodes in red
(grey). Fits to the Hanle measurements are indicated by the black lines. b) The non-local spin
valve measurement for the same set of parameters is shown for comparison. Note that the
magnetic field is swept in different directions in a) and b).
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Comparing parallel and anti-parallel Hanle curves

For Sample A, the Hanle curves were successfully measured in both parallel and anti-
parallel magnetization configurations of the injector and detector at T" = 1.5K at
Ve =45V and 60V for various bias currents. Fig. 7.15 a) illustrates the parallel and
anti-parallel Hanle curves for I = —250 pA and V, = 45V in red and grey, respectively.
It is evident that the amplitudes of the signals differ between the two configurations.
A comparison between the normalized curves of these two signals, as presented in
Fig. 7.15 b), reveals that they are distinctively different. Consequently, different values
for all three fitted parameters were obtained for parallel and anti-parallel configurations:
Tear = 0.398ns vs. 74, = 0.637ns, Dgyr = 0.0097m?s™ vs. Dgyp = 0.0393m?s™!,
and Py = 25.2% vs. Py = 13.2%. The reason for this discrepancy is unclear, as
it only appeared at V; = 45V. At V; = 60V, the Hanle curves are quite similar, as
presented in Fig. 7.14 a), yielding similar fitting results. As with the non-local spin
valve measurements, the Hanle curves were recorded for all back gate voltages and bias
currents in the parallel configuration first. Subsequently, the Hanle curves were measured
in the anti-parallel configuration. Consequently, a small hysteresis with respect to these
parameters cannot be excluded.
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Fig. 7.15: a) Hanle curves in the (anti-)parallel configuration in red (grey) at I = —250pA
and V; =45V at T' = 1.5 K. Fits to the curves are indicated by the black solid lines. b) The
corresponding normalized Hanle curves are plotted in order to compare the shape of the signals
in the anti-parallel and parallel configuration.

Comparison of non-local spin valve and Hanle measurements

As illustrated in Fig. 7.14, the extracted non-local signal heights from the Hanle mea-
surement ARy panle can be compared to the extracted spin valve heights AR, gv. This
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Fig. 7.16: Comparison of the non-local spin valve heights AR, gy and the Hanle heights
ARy, Hanle 20d 2 X ARy Hanle, P, Which corresponds to twice the height of the extracted parallel
Hanle curve amplitudes. The extracted heights are plotted against the applied current at a
temperature 7' = 1.5 K at a) Vo, =45V and b) V; =60 V.

is illustrated in Fig. 7.16 a) and b), where the extracted heights are plotted against the
applied bias at a temperature of T = 1.5K for V, = 45V and 60V, respectively. For
these gate voltages the Hanle signal was measured in both parallel and anti-parallel
configuration. In order to further investigate the discrepancy of the parallel and anti-
parallel Hanle curves, additionally 2 X ARy, Hanle, p is presented, which corresponds to
the doubled Hanle amplitude in the parallel configuration. It is evident that the Hanle
amplitudes 2 X ARy Hante, p a0d ARy fanle agree well with the spin valve heights AR, sv.
Furthermore, the decreasing trend of the signals with increasing positive current is also
consistent. A comparison of the magnitudes of the extracted heights 2 X ARy manle, P
and ARy, ganle Teveals that they are notably different at V, = 45V, as the points do not
align. However, at V; = 60V, they are in good agreement with each other. As previously
stated, the reason for this discrepancy of the parallel and anti-parallel Hanle curves at
Ve = 45V remains unclear.

Tilting of the magnetization direction of the injector and detector

Fitting according to Eq. (A.6) assumes that the external magnetic field does not affect
the magnetization direction of FGT. However, the transverse field exerts a torque on
the magnetization of both FGT electrodes, which could potentially tilt its direction
towards the external magnetic field. The in-plane magnetic fields applied for the Hanle
measurements reach up to B; = £0.3T. At low temperatures, with the coercive field
of the injector electrode of H.(1.5K, —250pA) = £0.5T, it is reasonable to assume
a fixed FGT magnetization. However, this cannot be assumed at high temperatures,
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where the injector’s coercive field H. reduces down to H.(150 K, =250 pA) = £0.11T.
When the magnetization directions of both electrodes are tilted towards the external
applied field, the injected spins would no longer be injected perpendicular to the external
field. Moreover, the angle between the injected spins and the external field would
be dependent on the external field magnitude, and consequently change during the
Hanle sweep. Assuming that the magnetization directions of both injector and detector
remain parallel and get increasingly tilted towards the external field as the magnetic field
magnitude increases, one would expect an increasing background signal as a result [27].
Furthermore, the Hanle signal would be broader, as the precession requires a transverse
field. As a result of the decreased angle between the injected spins and the external
field, the dephasing of the spins would necessitate larger magnetic field values compared
to the perpendicular case. Consequently, in order to ensure that the magnetization
directions of both FGT electrodes are not affected by the external magnetic field, it
is necessary to ensure that all measured Hanle curves, even at elevated temperatures,
exhibit a comparable shape and show a constant background signal Ry offset-

In the curves shown in Fig. 7.14 a) and Fig. 7.15, the background signal at high
magnetic field values remains constant. However, when examining the Hanle curves
at T = 150K, V; = 45V at bias currents I = —250 and —150 pA, as illustrated in
Fig. 7.17, a clear asymmetry is revealed in the curves, with a shift in the background
signal. Both measurements were obtained as a part of a series of current-dependent
measurements, with a single Hanle measurement conducted at a current of I = —200 pA
in between, that did not show this background shift. All other parameters, including
the temperature, back gate voltage, and sample orientation within the cryostat were
maintained at a constant value. In these curves, the background signal for negative
magnetic field values is shifted in relation to positive field values. At I = —250 pA, the
background signal at negative magnetic field values is shifted towards higher values in
comparison to the background signal at positive field values. Conversely, at I = —150 1A,
the opposite is true. However, if the magnetization directions of the electrodes were
tilted towards the external magnetic field, the shift in the background signal would be
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expected to increase with increasing field strength, symmetric around B = 0T [27].
Furthermore, the extracted values of the spin diffusion constant and spin relaxation
time, which determine the shape of the Hanle curve, are Dy(—15011A) = 0.022m?s™!
and D(—250 pA) = 0.019m?s™!, and 75(—1501A) = 0.48 ns and 75(—2501A) = 0.51 ns.
These values are comparable to the extracted values of the symmetric Hanle curve at
I = =200 pA with Dy(—200pA) = 0.018 m?s~* and 7,(—200 pA) = 0.47ns. Consequently,
a broadening of the curve due to a tilting of the magnetization direction is not observed.
Furthermore, not only the background baselines R, oset are shifted, but also the dips
at small positive and negative fields. This cannot be explained by a tilting of the FGT
magnetization directions towards the external field. Interestingly, the baselines are
shifted by the same amount as the dips. Furthermore, this asymmetry was only observed
occasionally. During the measurements at Vy, =45V and T' = 150 K, for instance, the
asymmetry was observed at bias currents of I = —250 and —150 1A, yet it was not
observed at other currents analysed. Furthermore, the asymmetry was observed at all
investigated temperatures and gate voltages. Consequently, this asymmetry is potentially
due to a shift in the background signal during the measurement sweep and not due to a
tilting of the FGT magnetizations. Possible spurious signals in the non-local detection
scheme are evaluated in Sec. 4.4.3. Therefore, in the following analysis, it is assumed
that the FGT magnetizations are not tilted by the external magnetic field.

Hanle measurements were conducted for various injection currents, back gate voltages,
and temperatures in the parallel configuration. In the following, the results of fitting of
the Hanle curves are presented for all three fitting parameters P, 75, and D,. While the
spin relaxation time 7, and the spin diffusion constant Dy were determined first through
the fitting of the normalized Hanle curves, the spin injection efficiency P was the last
parameter to be extracted from a fit to the raw Hanle curves. However, P is discussed
first, as it reflects the behaviour of the non-local signal of the spin valve measurements.

Spin injection efficiency P

Fig. 7.18 a) illustrates the Hanle curves obtained at different bias currents I at 7' = 100 K
and V; = 45 V. The curves are shifted so that their offsets Ry ofises = 02 are aligned
to allow for a direct comparison of the amplitudes. The spin injection efficiency P has
a significant effect on the amplitude of the Hanle signal, as its square features in the
pre-factor of the Hanle curve in Eq. (3.27). It can be seen that the amplitude is greater
for negative than for positive currents, with a maximum amplitude at I = —250pnA. The
fits to the Hanle curves, extracting the values of P, are not presented here for the sake
of clarity.

In Sample A, the spin injection efficiency P ranges from P(150K, -4V, 200pA) = 0.35%
to P(1.5K, 45V, -2001A) = 39.7 %, verifying efficient spin injection. Values of up to
P =~ 40 % are significantly larger than that reported for FGT-graphene spin valve devices
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Fig. 7.18: Non-local Hanle curves in parallel magnetization configuration at a) constant
temperature and back gate voltage at different currents, b) constant temperature and bias
current at various back gate voltages, and c¢) constant bias current and gate voltage at various
temperatures. All curves are shifted, so that their offset is zero. This allows for a direct
comparison of the Hanle curves and their amplitudes. Fit results of P are plotted against d) the
applied current for Vo = £45V at T'= 100K, e) V; — Vonp at a constant current I = —250 pA
and T' = 100K, and f) temperature at a constant current of I = —250 pA for V; = £45V. Error

bars of P are obscured by the dots themselves.
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without a tunnel barrier, where an injection efficiency of P = 1% was estimated [31].
However, as P = |/ PyetPinj this is a low estimate of F;,;. When linearly interpolating
the spin detection efficiency at low currents from the current dependence of P at 1.5 K,
a value of Pyt (45V,1.5K)=P(0pA, 45V, 1.5K) = 17% is obtained. From this, a spin
injection efficiency of even P,,;(—200pA,45V,1.5K) = 93 % can be estimated. However,
in the following the conservative estimates of P are presented. The extracted values from
the fits for P at V, = £45V, corresponding to the electron and hole regime of graphene,
at a temperature of 7" = 100 K are shown in Fig. 7.18 d). The obtained values reflect the
behaviour of the amplitudes of the measured Hanle curves. The spin injection efficiency
P is observed to be larger for negative than for positive currents at all observed back
gate voltages. This indicates that in the electron regime (positive V), spin injection
(negative currents) is more efficient than spin extraction (positive currents). Conversely,
at negative V4, i.e. in the hole regime, spin extraction (negative currents) is more efficient
than spin injection (positive currents). Additionally, it is evident that the spin injection
efficiency is larger in the electron than in the hole regime. This is also observed in the
gate dependence of the Hanle curves, which is presented in Fig. 7.18 b). The Hanle
amplitudes are smaller for negative back gate voltages. This is also reflected in the
obtained values for P, which are illustrated in Fig. 7.18 e). As observed from the current
dependency of the signal, injecting spins via electrons (positive V4, negative I) results in
highest values for P.

Until now, only Hanle curves at 7" = 100 K have been discussed. Hanle curves measured
at different temperatures are shown in Fig. 7.18 ¢), showing a decreasing trend in the
Hanle amplitudes with increasing temperature. However, the measurement at 7' = 100 K
exhibits the best signal-to-noise ratio with the second highest amplitude of the measured
curves at a current of I = —250pA. The temperature dependence of the extracted values
of P, as presented in Fig. 7.18 f), reveals a decreasing tendency of P with temperature
for T" > 50 K. Interestingly, values for P at 1.5 K are observed to be lower than at
50 K. The dependencies of P on these three external parameters are also reflected in
the spin valve measurements. The current dependency of P is analogous to the current
dependency of the spin valve height AR, in Sec. 7.1.1. Therefore, the reduction of AR,
with larger positive currents can be confidently attributed to the current dependence of
P. Furthermore, the gate voltage and temperature dependencies of P are also similar to
those of AR,.

Spin relaxation time 7

The two important spin transport parameters, the spin relaxation time 7, and the spin
diffusion constant Dy, define the shape of the Hanle curves. Consequently, these two
parameters were extracted from fits to the normalized Hanle curves and are the only two
variables of the corresponding fitting function. First, the results of 7, are investigated. The
normalized Hanle curves are presented in Fig. 7.19 a), b), and ¢) at various currents, gate
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voltages, and temperatures, respectively. When one of these three external parameters is
modified, the other two are fixed at a constant value. Again, the fits to the normalized
Hanle curves are not presented here for the sake of clarity.

An examination of the normalized Hanle curves at 7' = 100 K and V; = 45V in Fig. 7.19 a)
reveals that the shape of the Hanle curves remains unaltered when the current is varied,
and all the curves lie on top of each other. Consequently, the obtained values for 7,
as illustrated in Fig. 7.19 d), span from 0.315ns to 0.383ns at V, = 45V and from
0.314ns to 0.423ns at V;, = —45V, with no discernible correlation with the current. The
error bars indicate the errors from the fits and are mostly obscured by the dots. As
the spin signal decreases with increasingly more positive currents, the signal-to-noise
ratio decreases, resulting in very noisy Hanle signals at [ = 200 pA, which is presented
in the Appendix in Fig. A.7. Consequently, the accuracy of the fit parameters is also
reduced, resulting in large error bars for values at positive currents. Fig. 7.19 b) depicts
the normalized Hanle curves at various back gate voltages. Once more, the shapes of the
curves remain unaltered, exhibiting a uniform trace. Consequently, the derived values
for 74 are in a range from 0.270ns to 0.440ns with no discernible dependence on the
gate voltage, as illustrated in Fig. 7.19 e). This indicates that the spin relaxation time
T, is independent of the charge carrier type, and thus is identical in the electron and
hole conduction regimes of graphene. As illustrated in Fig. 7.19 c), the temperature
dependence reveals identical normalized Hanle curves except for T' = 150 K. Here, the
dips adjacent to the peaks are less pronounced than those observed at lower temperatures.
The temperature dependence of 75 is shown in Fig. 7.19 f). Interestingly, an increasing
tendency of 7y for temperatures 7' > 50 K can be observed for both applied gate voltages.
While the values at T" = 1.5 K are larger than at T' = 50 K, the spin relaxation time
increases from 7, = 0.3 to 0.5ns in the electron regime for 7" > 50 K.

Such a temperature dependence of 74 is consistent with spin relaxation caused by resonant
scattering at magnetic impurities, as discussed in detail in Sec. 3.5.3 [123]. In this scenario,
a high spin relaxation rate 1/7; is calculated for 70 K, an intermediate rate for 4K, and a
low rate at 300 K. This results in a temperature dependence of 75 as observed in Fig. 7.19 f).
As signatures of magnetic moments have also been observed in the non-local spin valve
measurements, this behaviour may be attributed to these moments. Nevertheless, as
evidenced by the current and gate dependencies, curves with comparable shapes can
yield a variation in 7y varying from 0.27 ns to 0.44 ns. Therefore, the scattered values of
T, = 0.3 ns to 0.5 ns when increasing the temperature from 7' = 50 K to 150 K may also
be attributed to the significant variation in the fit results.

As FGT is magnetized out-of-plane, experiments to test for an anisotropy in the in- and
out-of-plane spin relaxation time could not be conducted the way it has been done with
Co-electrodes [27]. In order to achieve this, an in-plane tilting of the FGT-magnetization
would be required, which would necessitate the application of magnetic fields of several
Teslas [48]. However, the magnetization of FGT is reported to be in-plane, with 7¢ above
room temperature, when doped with Co, substituting its outermost Fe-layer [195].
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Fig. 7.19: Normalized non-local Hanle curves in parallel magnetization configuration shown
at various a) currents, b) back gate voltages, and c) temperatures. While one parameter is
changed, the other two variables are kept constant similar as in Fig. 7.18. The fit results of
Ts are shown as a function of current, back gate voltage, and temperature in d), e), and f),
respectively. The current dependence is shown for the electron and hole regime at Vo = £45V
at T'= 100 K. The gate dependence is shown for various currents at the same temperature. The
temperature dependence is presented at a constant bias current I = —250 nA for the electron
and hole regime at Vy = £45V.
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Fig. 7.20: The fit results of Dy shown as a function of current, back gate voltage, and
temperature in a), b), and c), respectively. Both, a) and b) are presented at a constant
temperature of 7'= 100 K. a) and c¢) present the data for the electron and hole regime, while
b) plots the fit results for various currents. d) Comparison of the charge and spin diffusion
constants, D, and Dy, respectively. The charge diffusion constant D, was calculated as described
in Sec. 6.1.2. The spin diffusion constant Dy is extracted from Hanle fits at a constant current
of I = —250pA.

Spin diffusion constant Dy

The obtained values of the spin diffusion constant Dy are shown in Fig. 7.20. Fig. 7.20 a)
depicts the current dependence at 7' = 100K in the electron and hole regime. The
spin diffusion constant varies from Dy = 0.0086 to 0.012m?s™! with two outliers at
Dy(200 pA,45V) = 0.0046 m?s~! and Dy(100 pA, —45V) = 0.0162m?s~!. As anticipated
from similar shapes of the Hanle curves at various currents, the spin diffusion constant
Dy does not show any systematic dependence on the current /. Upon investigating
the gate dependence at T" = 100 K, the spin diffusion constant was observed to vary
from Dy = 0.0043 to 0.016 m?s~ !, exhibiting no discernible correlation, as illustrated in
Fig. 7.20 b) for various currents. The temperature dependence of Dy is presented in
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Fig. 7.20 ¢), which reveals an increasing tendency from D, = 0.0075 m?s™! to 0.0185 m?s~!

for T' > 50 K, analogous to 75. It remains unclear whether this observed increase is due
to the large variation in the fitting results obtained for curves of similar shapes, or if it is
a genuine increase of Dy with temperature.

Spin diffusion length L,

The spin diffusion length Ly is calculated from the extracted values of 7, and Dy via
Lgs = \/Dg7s. The results vary from Ly = 1.25 pm to 2.62 pm at a temperature of 7' = 100 K
for all observed bias currents and back gate voltages. As a consequence of the observed
increase in both 7, and D, with increasing temperature, the spin diffusion length L is
found to double from L(50K, 45V, -250pA) = 1.5um to Ls(150K, 45V, -250pA) =
3.1pm. In the same temperature range, L only increases from 2.24 to 2.78 pm at V =
—45V. The temperature dependence of Lg can be seen in the Appendix in Fig. A.8 a).

Discrepancy between Dg and D,

The charge and spin diffusion constants, D. and Dy, are compared as a function of
the charge carrier density n in Fig. 7.20 d). The charge diffusion constants D, (lines)
are calculated as described in Sec. 6.1.2, while the spin diffusion constants D (dots)
are obtained from the normalized fits to the Hanle curves at a constant current of
I = —250pA. There is a significant discrepancy of both diffusion constants, with Dy
being up to one order of magnitude smaller than D.. This discrepancy is unexpected,
given that similar values for Dy and D. have been reported in graphene spin valve
devices with conventional Co-electrodes, which suggest a weak Coulomb electron-electron
interaction [97, 196].

In general, the discrepancy between D, and Dy in our data may be attributed to a number
of factors. As previously discussed in Sec. 3.5.4, the ratio of the contact resistance and
the spin resistance of the channel R./RS, influences the shape and the height of the
Hanle curves. However, when calculating the ratio for Sample A the minimum value
we obtain is R./ RS, = 13.9. For values of R./R3, > 10, the fit values are reported to
be in agreement with the simulated data in Ref. [124], irrespective of the factor d/Ls.
Consequently, contact-induced spin relaxation can be ruled out as a potential explanation
for the observed discrepancy between D, and D.. However, additional factors may
contribute to this observed discrepancy in the diffusion constants. Firstly, the fitting
function assumes an isotropic spin relaxation so that 7, , = 75, = 75 .. An anisotropy in
the spin relaxation times may be introduced by SOC, as discussed in Sec. 3.5. This could
result in an incorrect determination of 7, when obtained by fits that assume an isotropic
spin relaxation. Secondly, given that the hBN tunnel barrier is only two to three layers
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thick, the graphene underneath may potentially be exposed to a proximity effect due to
the FGT, affecting the spin transport properties underneath the electrodes. Thirdly, the
presence of magnetic moments has been reported to narrow the Hanle curves [132]. Large
Dy values result in wide Hanle curves. In presence of magnetic moments, the Hanle curve
would get narrower, leading to lower extracted D by fitting. Additionally, stray fields
from the FGT electrodes could potentially penetrate the graphene layer, increasing spin
dephasing underneath the injector and detector. In the following, all of these possible
factors are discussed in detail.

In order to investigate an anisotropy in 74, proximitized graphene underneath the FGT
electrodes, and stray fields, COMSOL simulations were employed. The utilized geometry
in the simulations was modelled after the sample geometry, injecting and detecting
spins along a line separated by d = 5pum, as illustrated in Fig. 7.21. The mesh was
automatically generated by dividing the modelled geometry into small triangles. To
eliminate any discrepancies in the simulations resulting from the mesh, it was fixed for all
simulations. The areas of the FGT injector and detector flakes are also indicated in red
on the mesh, allowing for a separate definition of parameters in each area. It should be
noted that although the FGT area is imprinted in the mesh, spin injection and detection
is only simulated along the yellow lines in the center of these areas.

6 — I o | L Fig. 7.21: Utilized
4] F(‘{ - mesh for the COM-
R I - a 7 avavay . SOL  simulations.
= 24 g ~ The red areas indi-
N 0 BEXX X X X | cate the positions of
= 2] Injéction Betection ~ the FGT electrodes.
T T T T | | T The spins are in-
-10 -5 0 o 10 15 20 jected and detected
z (pm) across the center
yellow lines in these

areas.

Anisotropy in the spin relaxation

As a first step, an anisotropy in 7y is investigated. Given that the external magnetic field
was applied along the long-axis of the FGT strips in y-direction, the spins would precess
in the zz-plane. Accordingly, an anisotropy factor k£ was introduced as 7, = k- 75,. In
order to maintain a constant total spin relaxation time 75 = /75, - 75, = constant, both

components of the spin relaxation time were calculated as 75, = / % and 7., = /72 - k.
The simulations were compared to the measured Hanle curve at T'=1.5K, I = =250 pA

and Vy = 45V. The COMSOL simulations were conducted at a constant Ly = 1.96 pm,
which was the value obtained from the Origin fits. Hanle curves were simulated for the
obtained diffusion constants from transport and Hanle measurements, D, = 0.0991 m?s~!
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and Dy = 0.0097m2s~!. The corresponding spin relaxation time 7, were then calculated,
as Ly and D, or Dy are fixed. The anisotropy k& was varied from k = 0.2 to 2. The
results for both simulations compared to the measured Hanle curve are presented in
Fig. 7.22 a) and b). Because of the discrepancy in the amplitudes observed between the
two simulations, P was set to P,y = 0.11 and P,y = 0.048 in panel a) and b), respectively.
The simulated curves based on D, fail to fit the measured curve at any anisotropy value k.
Even at large anisotropies (low or high k-values), the simulated curves did not match the
measurement. The resulting curves were too wide, so that the dips next to the maximum
were located at very large magnetic field values. In contrast, utilizing Dy provides an
excellent fit for k£ = 1, meaning no anisotropy in 7;. This also serves to validate the Hanle
model within COMSOL. Higher or lower k-values over- and underestimate the height of
the Hanle peak at zero magnetic field, respectively. Additionally, the positions of the
dips next to the peak fit best for £ = 1. Consequently, an anisotropy in 7y is excluded as
a potential cause for the discrepancy between Dy and D..
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Fig. 7.22: Comparison of COMSOL simulations and the Hanle measurement with an employed
diffusion constant a) D = D, and b) D = Dy in the simulations. The measured Hanle curve is
illustrated as a black solid line. Simulated curves are shown as colored lines. The anisotropy
k is swept from 2 to 0.2 from top to bottom in steps of 0.2. In b), simulated curves for
k=2,1.6,1,0.6, and 0.2 are shown from top to bottom, respectively.

Proximity effect in graphene

As a second step, COMSOL simulations were performed to test for a proximity effect
underneath the FGT electrodes. This is phenomenologically simulated by separately
defining the spin transport parameters Dg and 7y in the area underneath the FGT (red
areas in the mesh) and in the graphene transport channel (grey areas in the mesh). In
the unproximitized areas, the diffusion constant and spin relaxation time were defined
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Fig. 7.23: COMSOL fit to the experimentally obtained Hanle curve at a) 1.5 K and b) 150 K.
The COMSOL simulations are in good agreement with the measured data, when fitting for P, 74,
and fproxy. The extracted values are P sk = 69 %, 75, 1.5k = 7.43ns, and fproxy, 1.5 = 0.00973,
and Pisox = 696 %, 7s, 150k = 7.641ns, and fproxy, 150k = 0.00553. As the Hanle curve at
T = 150K is not perfectly symmetric, only the experimental data for positive fields was fitted.

as D, and 7,. In contrast, in the red areas the diffusion constant and spin relaxation
time was set to Ds, proximitized — fproxy : Dc and Ts, proximitized — fproxy © Ts- Here, fproxy s
an additional factor, which phenomenologically introduces the proximity in the graphene
layer. For the sake of simplicity, the same proximity factor was assumed for both the
diffusion constants and the spin relaxation times.

The COMSOL simulations fit the Hanle measurement via a least-square optimization.
However, when 7, was set to the extracted values from the Origin fits and the fitting
in COMSOL was carried out for P and fyroxy, the COMSOL fit did not agree with
the experimental data. This is to be expected, given the drastic difference of the spin
diffusion constants Dy compared to D, in the graphene within both models. When fitting
for P, foroxy, and 75 in COMSOL, a good fit of the simulation with the measured curve
was achieved, as illustrated in Fig. 7.23 a) and b). This shows, that assuming different 7,
and Dy underneath the FGT electrodes could explain the discrepancy between Dy and
D.. The spin relaxation time 7, = 7.43 ns obtained from the COMSOL fitting process in
Fig. 7.23 a) is one order of magnitude larger than the value from the Origin fits. The
resulting proximity factor of fyroxy = 0.00973 corresponds to a drastic change of Ds and
7, underneath the electrodes. Given that FGT is not in direct contact with graphene,
separated by a two to three layer thick hBN tunnel barrier, such a large proximity effect
is not anticipated.

Moreover, the measured Hanle curve at T' = 150 K was fitted with COMSOL, at the same
back gate voltage of V; = 45V and applied bias I = —250 1A, as presented in Fig. 7.23 b).
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As the experimental data were subject to a shift in the background signal, as previously
discussed and presented in Fig. 7.17, the Hanle curve was fitted for positive magnetic
fields. The COMSOL fitting resulted in an unrealistically high value of P50k = 696 %.
The spin relaxation time was found to be 73 150k = 7.64ns, comparable to the value
obtained at 1.5 K. The proximity factor fpoxy, 1sox = 0.00553 is found to be lower than at
1.5 K, indicating an increase in the proximity effect with increasing temperature. This is
contrary to the expectation that a reduction in magnetization would result in a decrease
in proximity effect.

Fig. 7.24: a) DFT-calculated band structure of the FGT/hBN/hBN/graphene heterostructure.
Spin up and down states are illustrated by red and blue lines, respectively. The graphene states
are indicated by open circles. b) Zoom to the Dirac states at K. The two hBN layers prevent a

proximity exchange splitting of the Dirac bands. These DFT-calculations were provided by
Dr. Klaus Zollner.

To gain further insights into a potential proximity effect, Dr. Klaus Zollner has conducted
density functional theory (DFT) calculations for a two-layer hBN tunnel barrier. Details
on the configuration of these simulations can be found in the Appendix A.6. The
calculated band structure of the heterostructure is presented in Fig. 7.24 a) and b).
The two layers of hBN are observed to preserve the Dirac states of graphene within the
heterostructure. However, the Dirac point is shifted by approximately 215 meV below
the Fermi level, indicating charge transfer between the individual layers. No evidence
of proximity-induced exchange coupling in the graphene layer was observed. The Dirac
bands remain spin degenerate and no magnetic moments are induced. The hBN layers
introduce a sublattice asymmetry and a staggered potential gap, which opens an orbital
gap. Consequently, a proximity effect in graphene due to the FGT can be ruled out and
cannot explain the discrepancy of D. and Ds.
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Stray fields

Stray fields could potentially influence the spins in the graphene and are simulated
phenomenologically by adding an extra constant magnetic field term By to the external
magnetic field in the absorption coefficient A in the COMSOL simulations, as introduced
in Sec. 3.6. Given that a stray field B:f at the edge of an FGT flake would lie in the
xz-plane, the y-component of ésf is set to be zero [197]. To simulate, whether stray fields
could account for the discrepancy in the diffusion constants, the COMSOL simulation
was fitted to the experimental data by fitting the z- and z-component of gsf, P, and 7.
A global diffusion constant of D, = 0.0991 m?s~!, obtained from the charge transport
measurements, was assumed throughout the simulations.

Fig. 7.25: Hanle simulation fitted for an in-
80 | 1 troduced stray field in zz-direction in COM-
0 Experiment 1 SOL. The simulation did not result in satis-
60 Simulation 1 factory fits to the experimental data.
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As illustrated in Fig. 7.25, the COMSOL fits did not yield a satisfactory agreement to the
experimental data. Stray fields of up to 5mT have been reported for FGT flakes [197].
However, inserting stray fields with a magnitude of 5mT did not result in matching
simulations. When considered alongside the poor fit quality, it can be concluded that

stray fields from the FGT flakes are unlikely to be the cause of the discrepancy in the
diffusion constants.

Magnetic moments

Fig. 7.22 a) clearly demonstrates that the Hanle curves exhibit a considerably broader
profile than the experimentally measured curve when setting D = D.. The observed
dips in vicinity of the maximum occur at magnetic fields that are significantly higher.
In the presence of magnetic moments within the graphene channel itself, a sharpening
of the Hanle curve can result from an exchange field B, of these moments [132, 189].
In this context, the spins precess around a total field étotal = éapp,y + éex, where éappyy
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is the applied magnetic field in y-direction. Assuming that the magnetic moments are
paramagnetic, their magnetization scales with the external applied field Bex = kpara Bapp.y:
with kpara being the proportionality constant. As a result, the Larmor frequency is
recalculated as [132]

- gLUB 5 gLUB = gL, parallB 5

Wo = TBtotal - T(l + kpara)Bapp,y - %Bapp,ya (72>
with g1, para = 9L(1 + Kpara) being the modified enhanced g-factor. Thus, the presence
of magnetic moments can be verified by Hanle fits that fit for gi, paa. An increased

gL, para > 2 is then a result of the increased spin precession frequency due to the exchange
field from the magnetic moments.

a b
) 0.4 : . . ; ; )
gL, para = 23.2 —— Experiment 70 ¢ _ 91 0 | — Experiment |
0.3 r7s = 30.7ps — Fit T gg I f_L,ja?z; ;pS X Simulation ]
P = 30. - N
o 0.2 30.6% ] i 40 + P=122%
— \_; 30+
= 0.1} 1 xf %8
YV

-0.1} ; -20 |

-0.3 _0'.2 _()'.1 ()'.0 0'_1 ()'.2 0.3 0.3-02-0.1 0.0 0. 0.2 0.3
B (T) B (T)

Fig. 7.26: a) Origin and b) COMSOL fit to the Hanle curve at T'= 1.5K, V; =45V, and
I = —250pA. A diffusion constant of D = D, was assumed while fitting for the parameters
gL, paras Ts; and P. The obtained values for gi, para and 75 from both fits agree well with each
other.

The Hanle curves were fitted with the Origin fitting function Eq. (A.6) and via COMSOL
simulations. The results of these fits are shown in Fig. 7.26 a) and b), respectively.
The diffusion constant was set to the large D = D, obtained from the charge transport
measurements. The results derived from the Origin and COMSOL fits are in good
agreement. With spin relaxation times of 7y origin = 30.7 ps compared to 7, comsor, =
33.4 ps and large effective g-factors of g1, para, Origin = 23.2 and g1, para, comsor, = 21.0, the
Hanle curve is subjected to a significant narrowing. However, the discrepancy between
the obtained value of g, para and the unaffected value of g, = 2 is unexpected, as the
origin of these paramagnetic moments remains unclear.

Accordingly, the temperature dependence of gr, para for the Hanle curves measured at
Ve =45V and I = —250pA is investigated, as presented in Fig. 7.27 (grey dots). It is
evident that the temperature dependence of gr, para does not follow a 1/7" dependence,
which is expected for paramagnetic moments [132, 189]. Instead, the data indicates
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Fig. 7.27: Temperature dependence of g1, para Obtained from Origin fits (grey dots) and of the
FGT injector’s magnetization of Sample A (red dots). The temperature dependence correlates
for both values.

that the temperature dependence of g1, para is similar to that of FG'T’s magnetization,
as represented by AR,,(T)/AR,,(1.5K) (red dots in Fig. 7.27). This could be a sign
that the magnetic moments may originate from spurious FGT residues on top of the
graphene spin diffusion channel, resulting in an increased g-factor. However, in the case of
ferromagnetic moments, a dip in the non-local spin valve measurement is expected, which
exhibits a hysteretic behaviour, centred at non-zero magnetic field values. This, however,
was not observed in the non-local spin valve measurements. Consequently, ferromagnetic
moments, such as spurious FGT residues, are excluded as a possible origin.

Summary Hanle Sample A

Non-local Hanle measurements demonstrated efficient spin injection, with spin injection
efficiencies reaching up to P ~ 40 %. Dissimilar Hanle curves were shown for V, =45V
in the anti-parallel and parallel configuration. The reason for this discrepancy remains
unclear. However, at V; = 60V the Hanle curves are comparable in both magnetization
configurations, resulting in similar obtained values for 75, Dy, and P. Occasionally, a shift
in the background signal was observed. Other possible mechanisms for asymmetric Hanle
curves, e.g. a tilting of the magnetization direction of the injector and detector electrode
towards the external magnetic field, were excluded. The extracted values for P and the
spin valve heights AR, gy display a correlation with respect to the gate, current, and
temperature dependence, indicating that the change in the spin-valve signal corresponds
to a change in the spin injection efficiency P. Spin injection in the electron regime is
more efficient than other spin injection or extraction mechanisms. No correlation with the
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current or back gate voltage was observed for the spin relaxation time 7, and constant D.
However, both parameters appear to increase with 7" > 50 K. This results in a doubling
of the spin diffusion length Ls in the temperature range from 50 K to 150K at V, =45 V.
The extracted spin diffusion constants Dy are approximately one order of magnitude
lower than the extracted D, obtained from the charge transport measurements. The
lower extracted ARy panle compared to ARy g, in combination with the temperature
dependence of 7, and the increased g-factor indicate the presence of magnetic moments
in the graphene channel. These moments could explain the drastic difference observed
between Dy and D.. However, the origin of these moments remains unclear, as graphene
was not subjected to any hydrogenation or other processes that could induce lattice
vacancies. Furthermore, spurious FGT residues are also excluded as the source of these
magnetic moments as the dip in the non-local spin valve measurements did not exhibit a
hysteresis, expected in presence of ferromagnetic moments.
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7.2.2. Sample B

Hanle signals have also been measured in Sample B, as shown in Fig. 7.28 a), injecting
spins at the contacts 2-16. The external magnetic field was applied perpendicular to
the easy-axis of the FGT electrodes, along the graphene channel in z-direction. As was
previously observed in the non-local spin valve measurements, the Hanle curves exhibit
a reversed polarity in this measurement configuration with respect to Sample A, as
illustrated in Fig. 7.28. The height of the non-local Hanle signal ARy pane = —0.57Q is
in agreement with the spin valve measurement AR, sy = —0.52(2, shown in Fig. 7.28 b).
All measurements presented in Fig. 7.28 are shifted, so that the Hanle measurements
have zero offset. The Hanle measurements in Sample B exhibit a lower signal-to-noise
ratio compared to Sample A, which results in a less precise fitting. Nevertheless, the
fits align well with the measurements, yielding 7, = 0.529ns, D, = 0.971m?s™ !, and
P = 2.8% in the parallel configuration. In the anti-parallel configuration, comparable
values of 7, = 0.428 ns are obtained. Both, the spin injection efficiency P and the diffusion
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Fig. 7.28: a) Non-local Hanle measurements of Sample B at "= 1.5 K, I = —250pnA, and
Ve = 60V with a magnetic field sweep along the graphene channel in z-direction. The Hanle
curves are shown for (anti-)parallel magnetization alignment of the FGT electrodes in red
(grey). Fits to the Hanle measurements are indicated by the black lines. b) The non-local spin
valve measurement for the same set of parameters is shown for comparison. Note that the
magnetic field is swept in different directions in a) and b). The spins were injected at contacts
2-16 for both measurements.
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constant Dy vary considerably with P = 8.8% and Dy = 0.050m?s~!. However, the
fitting error of the diffusion constant is considerable in the parallel configuration. The
parallel curve can also be fitted well with spin diffusion constants down to Dy = 0.08 m?s~*
with corresponding 7, = 0.267 ns, due to the large noise in the measurements. As a
consequence, the extracted values of the Hanle fits of Sample B can only be considered
as estimates. In the following, the best fits to the experimental Hanle curves will be
discussed. The extracted values for 7 are comparable to those of Sample A, however,
the obtained values for P are significantly lower.

Comparison of non-local spin valve and Hanle measurements

In order to compare the non-local spin valve and the Hanle signals, AR, sv, AR, Hanle,
and 2 X ARy Hanle,p are plotted against the applied currents at V, = 45V and 60V in
Fig. 7.29 a) and b), respectively. At both gate voltages, there is a good agreement between
ARy, Hantle and the extracted spin valve heights AR, gy, exhibiting the decreasing
tendency with increasing positive currents. Nevertheless, the discrepancy between the
parallel and anti-parallel Hanle amplitudes is observed at both gate voltages, as can be
seen from the different values of AR, fanle and 2 X ARy Hantep- Given the significant
noise present in the Hanle curves with a difference of approximately 0.1 €2 between the
two values, it cannot be excluded that this discrepancy is due to the noise in the Hanle
data. In the following, the current, gate and temperature dependence of the best fits of
P, 7, and Dy are evaluated for Sample B.
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Fig. 7.29: Comparison of the non-local spin valve heights AR, sv and the Hanle amplitudes
ARy, Hanle and 2 X ARy Hanle,p at a) Vyz =45V and b) V; = 60 V. The non-local signal heights
are plotted against the current.
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Spin injection efficiency P

The Hanle curves for various currents at 7' = 1.5K and V, = 45V are illustrated in
Fig. 7.30 a). As a consequence of the considerable noise present in the data, the shapes
and the amplitudes of the curves cannot be compared directly from the measurements
anymore. For Sample B, all Hanle measurements were conducted in both parallel and
anti-parallel magnetization configurations. However, not all of the measurements yielded
a clear Hanle curve. Consequently, some parameters are only extracted in the parallel
or anti-parallel alignment. The current dependence of P at V, = £45V at T' = 1.5K
is shown in Fig. 7.30 d) for the parallel (P, filled boxes) and anti-parallel (AP, open
boxes) magnetization alignment. The extracted values exhibit considerable scattering,
ranging from 1.7% (AP, -45V, -150pA) up to 87.8% (P, 45V, -250 pA). However, the
two values exceeding P > 80 % are regarded as outliers due to the considerable noise in
the data. A discernible correlation between P and current is challenging to ascertain.
Nevertheless, it appears that the extracted values decrease with increasing the current
from negative to positive values, consistent with the observations reported in Sample
A. Hanle curves in the parallel magnetization configuration for various gate voltages
are shown in Fig. 7.30 b). The yellow curve of V, = —60V exhibits the previously
reported shift in the background signal, as the signal at large negative and large positive
magnetic field values is shifted in opposite direction. The extracted values indicate a
more efficient spin injection the further from the charge neutrality point, as presented in
Fig. 7.30 e). However, a clear correlation cannot be identified due to the considerable
scattering of the extracted values. The parallel Hanle measurements are presented at
two temperatures, 1.5 K and 130K, in Fig. 7.30 c¢). A clear decrease in signal height is
observed with increasing temperature. This is also reflected in the decreasing tendency
of P when plotted against temperature, as illustrated in Fig. 7.30 f). This behaviour is
consistent with that observed in Sample A.

Spin relaxation time 75

Again, the normalized Hanle curves were fitted to extract the spin diffusion constant Dy
and spin relaxation time 7, identically to Sample A. Consequently, normalized parallel
measurements are presented in Fig. 7.31 a) for various applied bias currents at a fixed
gate voltage of V, =45V and a constant temperature of 7' = 1.5 K. However, due to the
large noise, the shapes cannot be compared quite well to each other, as the noise obscures
the majority of the shape. The extracted values for 7, are plotted against the applied
current in Fig. 7.31 d) for both anti-parallel and parallel magnetization configurations
in the electron and hole regime. Once more, the values exhibit considerable scattering,
ranging from 7,(AP, 45V, -200nA) = 0.123ns to 75(AP, -45V, -150pA) = 1.30ns. No
clear correlation with current is discernible. Fig. 7.31 b) illustrates the normalized
parallel curves at a constant temperature and current of "= 1.5K and I = —250pA



124 7. Non-local spin transport experiments
a) 1.0 d) 100

0.8 (]

0.6 801 % leo 45V,P /AP |-
= 0.4 60 eo 45V, P /AP
j; 8(2) ‘m,l X T=15K
S 840 |

' Jny

-0. .

T=15K . . 5

0817, _ 0 .

qote =N, - - - -

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -300 -200 -100 0 100 200
B (T) I (pA)
b
) ) 100
0.4 ® O 100pA, P / AP A
0.2 80 | |® o -100pA, P/ AP
— ® O -150uA, P / AP
0.0 b, X 60 | |® o -200pA, P/ AP
9: 202l o ® 0 -250pA, P / AP
Q:g 04 40 t . T=15K
-0.6 20| ® oo
] = 0
0.8/ 0l g BH = .E_
-1.0 e e
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -80 -60 -40 -20 0 20 40 60
B (T) Vy — Venp (V)
9 10 — D 50 —

0.8 | |— 15K I = —200 pA] o5 | ® =0 60V, P /AP

8.2 F[— 130K Vy =60V o -60V, P /AP

Er < 20 |
c 02} = I =-200pA
= 00 A, 15 | =—200n
& 0.2 10

o6 b

206 | 5 |

08| .

7203 -02 -01 00 01 02 03 0 0 80 120

B (T) T (K)

Fig. 7.30: Non-local Hanle curves in parallel magnetization configuration at a) constant
temperature and back gate voltage at varying currents, b) constant temperature and bias
current at various back gate voltages, and ¢) constant bias current and gate voltage at various
temperatures. All curves are shifted, so that their offset is zero. A direct comparison of the
measured Hanle curves is difficult due to the small signal-to-noise ratio. Fit results of P in the
parallel (P, filled boxes) and anti-parallel (AP, open boxes) alignment are plotted against d) the
applied current for V, = £45V at T'=1.5K, e) V; — Vonp at constant temperature 7= 1.5 K
at various currents, and f) temperature at a constant current of / = —200pA for V; = +60V.
Error bars of P are mostly obscured by the dots themselves.
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for various gate voltages. In Fig. 7.31 e) the extracted values of 7, are presented for
the same temperature at various currents plotted against the gate voltage in both
parallel and anti-parallel magnetization configurations. The scattered results indicate
an increasing tendency of 7y towards gate voltages close to the charge neutrality point.
The normalized parallel Hanle curves for 1.5 K and 130 K are presented in Fig. 7.31 c),
with the corresponding fit results for 7y plotted against temperature in Fig. 7.31 ). A
decreasing tendency of 7, with increasing temperature can be observed. However, the
situation is less clear in the hole regime, as no Hanle signal was observed in the parallel
or anti-parallel magnetization configuration at 7' = 130 K. This behaviour differs from
that observed in Sample A, where an increasing tendency with increasing temperature
was observed. However, no indications of magnetic moments were observed for Sample
B. Neither the non-local spin valve measurements showed a characteristic dip at low
magnetic fields, nor was the extracted height AR, pane different from the spin valve
height ARnl, V-

Spin diffusion constant D;

The values of Dy obtained by fitting the normalized Hanle curves are shown in Fig. 7.32.
The results for the spin diffusion constant range from D, = 0.0041 to 0.252m?s™!, with
outliers of even higher implausible values of D, ap(1.5K, -45V, -150 pA)= 0.65 m?s~! and
D, p(1.5K, 60V, -2501A)= 0.97m?s™! that are not included in Fig. 7.32. Fig. 7.32 a),
b), and c¢) present the spin diffusion constant plotted against applied bias currents, gate
voltage and temperature, respectively. While one of these parameters is varied, the other
two are fixed. The spin diffusion constant appears to increase with increasing applied bias
from negative to positive values in both hole and electron regimes. Plotted against the
gate voltage, Dy exhibits a similar correlation with gate voltage as 7, increasing towards
the charge neutrality point. Furthermore, Dy seems to increase with temperature. As
previously mentioned, the fits align with the experimental Hanle curves for a wide range
of Dg-values. Consequently, the variation of D may also be attributed to a significant
variation in the fit results.

A comparison of the extracted spin diffusion constant values Dy with the calculated
charge diffusion constant D, in Fig. 7.32 d) reveals that the two values do not correspond
to each other, with the exception of a few cases at T'= 1.5 K. Again, contact-induced
spin relaxation can be ruled out as a potential explanation, given that the ratio of the
contact resistance and spin resistance of the channel and the ratio of the channel length
and extracted Ls calculate to R./R3, = 2.7 > 1 and d/Ls > 1. It is difficult to ascertain
whether this discrepancy in Dy and D, is attributable to the inferior fit quality resulting
from the considerable noise in the data, or if it could be attributed to magnetic moments,
as suspected for Sample A. However, no signatures of magnetic moments were observed in
the non-local spin valve measurements. When comparing the height of the Hanle to the
spin valve signal, only a small discrepancy between the parallel and anti-parallel Hanle
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Fig. 7.31: Normalized parallel non-local Hanle curves shown at various a) currents, b) back
gate voltages, and c) temperatures. While one parameter is changed, the other two variables
are fixed. The fit results of 7y are shown for the parallel (P, filled boxes) and anti-parallel (AP,
open boxes) configuration as a function of current, back gate voltage, and temperature in d),
e), and f), respectively. The current dependence is shown for the electron and hole regime
at Vo = +45V at T' = 1.5 K. The gate dependence is shown for various currents at the same
temperature. The temperature dependence is presented at a constant bias current I = —200 nA
for the electron and hole regime.
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Fig. 7.32: The fit results of Dy shown as a function of current, back gate voltage and temperature
in a), b), and c), respectively. Both, a) and b) are presented at a constant temperature of
T =1.5K. a) and ¢) present the data for the electron and hole regime, while b) plots the fit
results for various currents. d) Comparison of the charge and spin diffusion constants, D, and
Dy, respectively. The charge diffusion constant D, is calculated as described in Sec. 6.1.2. The
spin diffusion constant Dy is extracted from Hanle fits at a constant current of I = —200 pA.

measurements was observed, which could potentially be attributed to the significant
noise in these measurements. Given that 7, and Dy are subjected to large variations, the
same also applies to the calculated spin diffusion length Ls. The temperature dependence
of Lg is shown in the Appendix in Fig. A.8 b).

Magnetic moments

To investigate, whether magnetic moments can be attributed to the discrepancy in Dy and
D, the obtained Hanle curves are fitted for P, 7, and g1, para in Origin. For all fits, the
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diffusion constant was set to D = D, obtained from the charge transport measurements.
The extracted values for gr, para are plotted against temperature at V, = £60V and
I = —200pA in Fig. 7.33. Despite the absence of signatures of magnetic moments in
the non-local signals, fitting for the g-factor yields increased g-factors gr, para > 2. In
the case of the anti-parallel configuration at V; = 60V and T' = 130K, a g-factor of
gL, para = 2.06 was extracted, which would indicate the absence of magnetic moments.
Moreover, the anti-parallel configuration at Vy; = £60V and T' = 1.5 K yielded values
of g1, para = 1, a result that cannot be explained by the model. Furthermore, Hanle
signals could not be observed at certain temperatures and magnetic configurations, which
considerably reduces the number of data points in Fig. 7.33. As a result, it is challenging
to identify a correlation between the extracted values of gr, para and temperature, due to
the significant errors associated with fitting to the noisy curves and the limited number
of data points.
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Summary Hanle Sample B

In conclusion, the Hanle effect was also demonstrated in Sample B, with curves showing
opposite polarity in the parallel and anti-parallel magnetization alignment. As observed
in the non-local spin valve measurements, the polarity is reversed with respect to the
Hanle curves of Sample A. However, the presence of significant noise in the Hanle curves
hinders the precise determination of the fitting values for P, 7, and Dg. The spin diffusion
constant Dy is particularly sensitive to the exact shape of the curve. As a consequence of
the substantial noise, satisfactory fits are achieved for a range of Dy values. Nevertheless,
best fits to the measured Hanle data were presented, as the fit results still provide
estimate values. With a varying spin injection efficiency ranging from P = 1% to 31 %
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with some outliers and a spin relaxation time from 75 = 0.08 ns up to 1.3 ns, the fit results
are comparable to those from Sample A. The extracted values for the spin diffusion
constant Dy exhibit a considerable scattering, with the majority of values falling within
the range of Dy = 0.004 m?s™! to 0.13m?s~!. Given the considerable noise, no statements
about correlations of the fit parameters with applied bias, gate voltage or temperature
can be made. Yet, also for Sample B the extracted Dy do not fit the calculated D, for the
majority of the values. However, it is challenging to ascertain whether this discrepancy is
attributable to the imprecise fitting of the noisy curves or to potential magnetic moments,
as postulated for Sample A. Even though fitting for an effective g-factor gi, para results
in values gr,, para > 2, no signatures of magnetic moments were observed in the non-local
spin valve measurements. Furthermore, the height of the Hanle curve AR, fanle matches
the spin valve height AR, gy perfectly. Both observations are incompatible with the
hypothesis of the presence of magnetic moments and suggest a clean Sample B.






8. Summary

This thesis demonstrates spin injection, transport and detection in all-2D van der Waals
heterostructures comprising of monolayer graphene, hBN, and FGT. Non-local spin
valve and Hanle measurements were performed on two very similar samples, designated
as A and B. Prior to the spin transport experiments, an in-depth characterization
of each building block of the samples was conducted. The spin-injecting electrodes
of both samples exhibited a rectangular anomalous Hall loop, demonstrating sharp
magnetization switching in one domain. As a consequence of significant Joule heating
at large applied currents, a minimum Curie temperature of T = 188 K was extracted
for Sample A. For both samples, the mobility of graphene was determined to be p,, ~
10000 % Furthermore, the hBN tunnel barrier was characterized using AFM and
electrical measurements, which revealed a two- to three-layer thick hBN in both samples,
enabling efficient tunnelling.

Non-local spin valve signals of up to AR, = 1.88¢2 clearly demonstrate efficient spin
injection, transport, and detection. Clear phase coherent spin precession was observed
in the non-local Hanle measurements. This enabled the extraction of the spin injection
efficiency P together with the spin transport parameters 7, and Dg. The spin signals
AR, together with the extracted spin injection efficiencies of up to P = 40 % reported
in this thesis, are significantly larger than those reported for FGT /graphene spin valve
devices without tunnel barriers [31]. The current, back gate voltage, and temperature
dependencies of the non-local spin valve signals of both samples exhibit comparable
characteristics. It was observed that the spin valve signals decrease as the current
increases from negative to positive values. The current dependence of P correlates
with the signal height AR,. Consequently, the current dependency of the non-local
signal ARy can be attributed to a current dependent spin injection efficiency P. The
current dependency of ARy even leads to an inversion of the signal at high positive
currents. Furthermore, the spin valve signal of Sample B is systematically inverted when
interchanging the injector and detector electrode. The inversion of the spin signals in
both cases may be attributed to a current-dependent inversion of the spin polarization
at the Fermi level of the respective injecting FGT electrode. Furthermore, the spin valve
height AR, is larger for positive gate voltages in the electron conduction regime and
decreases with increasing temperature. The spin relaxation time was observed to be in
the range of 7, = 0.1 ns to 1.3 ns, while the spin diffusion constants are in the range of
Dy = 0.0046 m2s~! to 0.037m?s~!. This is consistent with previous Hanle experiments in
graphene-based devices utilizing conventional ferromagnets as spin-aligning electrodes [27,
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30, 33]. However, no discernible current, temperature, or gate dependent behaviour of 7
was observed, making any conclusions about the dominating spin relaxation mechanism
elusive. Furthermore, the obtained spin diffusion constants Dy do not align with the
charge diffusion constants D, extracted from transport measurements in both samples.
In order to elucidate this discrepancy, a number of potential mechanisms were considered
and discussed via COMSOL simulations, including contact-induced spin relaxation, an
anisotropy in the spin relaxation time, proximity effects, stray fields, and resonant
scattering at magnetic moments. However, only resonant scattering at magnetic moments
agrees with the experimental data. Magnetic moments, when present in the sample,
introduce an additional exchange field, which in turn results in an increased spin precession.
This results in a narrowing of the Hanle curve, which might account for the discrepancy
between Dy and D,.. The presence of magnetic moments is consistent with the observation
of a dip in the non-local spin signal AR, at low applied magnetic fields in the spin
valve measurements, the discrepancy between the extracted non-local signal heights
AR, sv and ARy pane 0f the spin valve and Hanle measurements, respectively, and
an increasing temperature dependence of 7,. Moreover, fitting for an effective g-factor
results in gr, para > 2, which is also characteristic of magnetic moments. The origin of
these moments remains unclear but may be attributed to adsorbates on the graphene
surface.

Outlook

In conclusion, the successful demonstration of efficient spin injection, transport, and
detection in two all-van der Waals devices paves the way for future spin transport
experiments in van der Waals heterostructures. Given that the Curie temperature of
FGT is Tc =~ 230 K, the experiments presented in this thesis were conducted at cryogenic
temperatures. Nevertheless, the ever-growing family of 2D magnets, which includes
Co-doped FGT, Fe;GeTey, and FesGaTe,, already includes above-room-temperature
ferromagnets [162, 195, 198]. The observation of spin valve signals at room-temperature
in devices utilizing Co-doped FGT and Fe;GeTes in combination with conventional Co-
electrodes [162, 195], indicates that 2D ferromagnets have the potential to be employed in
future all-van der Waals spintronic applications. In conjunction with tunable spin-orbit
coupling in graphene heterostructures [24, 135], spins can be controlled electrically. A
spin transistor effect has recently been observed in a bilayer graphene/WSey device with
conventional Co/TiO, contacts [199]. Here, the spin signal was observed to reverse as a
function of a back gate voltage and drain current, due to spin precession in spin-orbit
fields of the WSe,. This could potentially facilitate the realization of an all-2D spin-orbit
valve device, which would represent a Datta-Das-spin-FET consisting of only van der
Waals materials [16, 200, 201]. The extensive versatility of the van der Waals materials
makes them an optimal selection for future applications. The range of heterostructures
that can be produced from these materials has yet to be fully exploited, making it a
particularly promising avenue of future research.
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A.1. Characterization of the spin injecting electrode of

Sample B
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Fig. A.1: a) Magnetic hysteresis loops for the spin injecting electrode FGT; of Sample B at a
temperature of "= 1.5 K b) Current dependence of the coercive field and of the height of the
hysteresis loops AR, .

The anomalous Hall effect has also been measured for the spin injecting electrode FGT; of
Sample B. The magnetic hysteresis loops at a temperature of 7' = 1.5 K at various applied
currents can be seen in Fig. A.1a). The hysteresis curves demonstrate a sharp one-domain
switching of the magnetization for currents with absolute values below |I| < 200 pA. For
a current of [ = —200 A, FGT is in an intermediate regime, exhibiting two-domain
switching. One domain switches sharply, while the other exhibits a gradual alignment
of its magnetization along the external field. At I = —250 pA, the magnetization only
gradually aligns along the external field. This current-dependent behaviour can be well
understood by considering Joule heating, that leads to heating of the FGT, thereby
reducing its Curie temperature. The increase in the FGT temperature is accompanied
by a reduction of the coercive fields and the height of the hysteresis loops. The coercive
field exhibits a significant monotonic reduction, from 0.33 to 0.16 T, corresponding to
a 51.5% reduction when increasing the negative currents from -100 to -250 pA. In the
same current range, the height of the hysteresis loops AR,, only reduces slightly, from
0.96 to 0.94€). However, this reduction is not monotonic, with AR,, being larger for
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-250 pA than for -200 pA. As the hysteresis loops are quite symmetric, the exchange bias
Hyg is small, ranging from -3.75 to 4.85mT. Unfortunately, the contacts to the FGT
ceased to function after the measurements at T' = 1.5 K, preventing the measurement of
a temperature dependence of the anomalous Hall effect. Consequently, the determination
of the Curie temperature is not possible for any of the FGT electrodes of Sample B.

A.2. FGT/FGT Homojunctions

An optical micrograph of the second FGT/FGT homojunction sample can be seen in
Fig. A.2 a). Blue and pink lines show contours of the top and bottom FGT flakes,
respectively. During the lift-off process some contacts were destroyed. Fig. A.2 b) shows
the absolute value of |ARy, 1ow/nigh| at different temperatures. Since the low resistance
state height is negative, the absolute values are compared. It can be seen, that the low
resistance state is always smaller than the high resistance state by 0.5 to 2{2. The reason
for this asymmetry in the low and high resistance states is the asymmetry of the slopes
in the up- and down-sweeps of the 11 and || configurations, as can be seen in Fig. 5.8 b)
for instance. This leads to a slight overestimation of ARy, pigh.
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Fig. A.2: a) Optical image of the second FGT/FGT homojunction. Here, the top FGT
(blue) with a thickness of 21 nm has a higher coercive field than the bottom FGT (pink)
with a thickness of 22.4nm. During the lift-off process some contacts ripped off. The black
bar indicates 10 pm. b) Comparison of the low and high resistance state heights at different
temperatures at a current of I = 100 1A of the sample illustrated in Fig. 5.8 a).

Fig. A.3 a) and b) show the magnetic field sweeps of the longitudinal two-terminal
resistances of the top and bottom FGT flake, respectively, of the FGT/FGT homojunction
sample shown in Fig. A.2 a), resulting in the butterfly-shaped hysteresis. The signal
increases linearly with a constant slope up to the coercive field. At the coercive fields of
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each FGT flake, the longitudinal resistances abruptly decrease. At magnetic fields larger
than the coercive field, the signal decreases with a reversed slope. This has also been
observed in Ref. [173] and is expected for most ferromagnetic systems [143].
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Fig. A.3: Up (red) and down (black) magnetic field sweeps of the two-terminal longitudinal
resistance of a) the top and b) the bottom FGT flake of the second sample, that can be seen in
Fig. A.2 a). At the corresponding coercive fields the resistances abruptly decrease. Afterwards,
the slope of the signal is reversed.

It should be noted that only a few fabricated FGT/FGT homojunctions exhibited
decoupled magnetizations in both FGT flakes. Although all samples were fabricated in
the same way, interface contaminations cannot be ruled out as a possible cause of this
phenomenon. Bubbles are visible at the overlapping areas of both homojunction samples,
as shown in Fig. 5.8 a) and Fig. A.2 a). A very clean FGT/FGT interface could lead
to a coupling of the magnetizations. Furthermore, a twisting angle between both FGT
flakes could potentially lead to decoupled magnetizations.

A.3. Graphene characterization

A.3.1. Graphene characterization of Sample B

Sample B was characterized analogously to Sample A. In Fig. A.4 a) the Dirac measure-
ment can be seen. The charge neutrality point fluctuates by 3V, from Vonp(1.5K) =11V
to Venp(130K) = 14 V. The charge neutrality point is centered at positive gate voltages,
indicating a p-type doping. The shift of the charge neutrality point might be attributed to
a temperature dependent adsorbate concentration on the graphene. Other than that, the
resistivity is not temperature independent in the examined temperature range. Fig. A.4 b)
shows the conductivity of Sample B with the corresponding linear fits leading to hole
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Fig. A.4: a) Back gate voltage dependence of the resistivity of Sample B at 1.5 K (grey curve)
and 130K (blue curve). The resistivity shows a slight shift of the charge neutrality point from
Vonp = 11V at 1.5K to Vonp = 14V at 130K, indicating a p-type doping of the graphene.
b) Conductivity of Sample B as a function of the applied back gate voltage at T" = 130 K.
Mobilities were calculated from the linear fits (red).

and electron mobilities of u;, = 10315 % and . = 9005 C{;f, which is quite similar to
Sample A. In Fig. A.5 the calculated charge diffusion constant D. can be seen as a
function of n and V4. For Sample B, no Hall measurements were conducted. D, varies
from D, pirac = 0.023 — 0.107 m?s~! which is similar to Sample A. As mentioned in the
main text in Sec. 6.1.2, the charge diffusion constant D, can also be determined from the

mean-free-path ly,g, = ,ueg(g)_% with D¢ = %lmfva, where h is the Planck’s constant, e

is the elementary charge, and vg is the Fermi velocity, resulting in similar values.

A.3.2. Hall measurements of Sample A

For the Hall measurements presented in Fig. 6.2 b), Sample A was cooled down for a
third time. The Hall measurements were conducted on different contacts than the Dirac
measurements discussed in Sec. 6.1. This was due to some contacts failing during the
non-local spin valve and Hanle measurements. A constant AC voltage bias V;; = 0.5V
was applied at a pre-resistance of Rprg = 1 M2, using one channel of the Synktek
MCL1-540 multi-channel Lock-In. This ensures a constant AC current through the
sample. This current is applied from contact 19 to contact 4. All measurements were
taken at an AC frequency of f = 13 Hz. The longitudinal voltage was measured from
contact 17 to 16 (just like in the Dirac measurements) and the transversal voltage was
measured from contact 2 to 17. These voltages were measured using two separate Lock-In
channels of the Synktek system. The magnetic field was applied perpendicular to the
graphene plane. Sweeping the external magnetic field at a constant back gate voltage V,
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and a constant current while measuring the transversal voltage resulted in the curves
shown in Fig. 6.2 b).

A.4. Hanle fitting function

The following section presents the Hanle fitting function, which was employed in the
Origin software. The Hanle curves are described in accordance with the depicted geometry
in Fig. 3.5, wherein the external magnetic field is oriented in y-direction, while spins
diffuse in the x-direction and the ferromagnetic electrodes are magnetized in z-direction.
The solution to the steady-state spin drift-diffusion equation Eq. (3.29) can be obtained
by solving for each spin component, s,, s,, and s,, with the boundary conditions of a
vanishing spin density at the far end of the NM (s,(00) = 5,(00) = 5,(00) = 0). Moreover,
only spins in z-direction are injected into the NM, given that the FGT magnetization is
out-of-plane so that

—vq5.,(0) + Dgs,(0) = 0,
—q5),(0) + Dys,,(0) = 0, (A1)
—45,(0) + Dys7,(0) = jso/e,

where vy is the drift velocity. As we are interested in the steady-state solution of the
spin drift-diffusion equation, time derivatives are zero. Solving for the z-component with
an exponential ansatz results in the following solution [17]

JsoLs —a1d/L 2k + oy (042 > Qo . (Oéz >
L(d) = == 16/ 5s —=d) - —=d||.
s:(d) eDq b (2K + a1)? + o3 o8 Ly (2K + a1)? + o3 S Ly

(A.2)
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Here, the dimensionless parameter x = 5= describes the ratio of drift and diffusion.

In the diffusion regime x < 1, and is assumed to be zero in the presented fits. The
parameters a; and s take the effective spin relaxation and the effective spin precession
into account, respectively, and are defined as

1
a1:\/_\/1+/£2+\/(1—|—/<92)2—|—(w075)2—/<;

(A.3)
\/ 1—/<;2—|—\/ + K2)2 + (woTg)2.

As the measured voltage is fitted, the spin density must be converted into a voltage
following Eq. (3.43). Given that only half of the spins diffuse to the detector, the result
must be divided by two. The pre-factor of Eq. (A.2), when multiplied by the conversion
factor, yields

Pinj Pdet[Rs Ls

Vo =
0 2w

(A4)

A.4.1. Fitting function with finite injector and detector width

In order to account for the finite width of the injector and detector, it is necessary to
substitute the distance d with d = 25 — x; in Eq. (A.2), where x5 and x; mark the
position of spin detection and injection, respectively. Subsequently, an integration of
x9 and z; is performed over the detector and injector width, wqe; and wiyj, respectively.
This results in

d+wqet —aj(zg—z1)
V(29 — x1) / / VO exp~ Is
d—

Wdet

A4 cos (ij(xg — x1)>

(A.5)
(z2 — x1)>

. Qo
_BB Sin (L dl’ldl’Q.

S

The pre-factors of the cosine and sine functions are identical to those in Eq. (A.2), and
are represented as A4 and Bp, respectively. The calculation of the two integrals yields
in the final fitting function
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(A.6)

where the following abbreviations where used:
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A.5. Non-local spin transport experiments

A.5.1. Sample A: Non-local spin valve measurements with switched
injector and detector

Additionally, non-local spin valve signals were also measured in the switched configuration
at T'= 1.5K, as illustrated in Fig. A.6. In this switched configuration, the spin valve
signals were markedly lower than in the other configuration and not discernible at all
gate and currents applied. The spin valve height of the measurement shown in Fig. A.6
calculates to ARy switcheda = 0.122 at I = —=250pA, V, = 45V, and T" = 1.5K. In
comparison, the normal configuration exhibited a spin valve signal of AR, = 1.88¢)
for the same set of parameters, which simultaneously was the largest spin valve signal
measured. Consequently, the non-local spin valve signal was fully characterized in the
configuration as illustrated in Fig. 4.7.

Fig. A.6: Non-local spin 1.8
valve measurement of Sam-
ple A with switched injec-
tor and detector. The spins 2.0
are injected from contact 9
to 14 and the non-local volt-
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age is measured at contacts = -2.2
4 to 19. —
o
-2.4
-2.6
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A.5.2. Sample A: Hanle measurements at 200 pA

The Hanle curve at T'= 100K, V; = 45V, and I = 200 1A for Sample A is presented
in Fig. A.7 as a grey line. The signal-to-noise ratio of this curve is significantly lower
than that of Hanle curves measured at other currents at the same gate voltage and
temperature. Consequently, it is not shown in Fig. 7.31 a) for improved visual clarity.
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The fit to the Hanle curve is illustrated as a red line, which shows good agreement with
the experimental data.
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Fig. A.7: Hanle measurement of Sample A at T'= 100K, V; =45V, and I = 200 pA in grey,
with the corresponding fit in red. The Hanle curve exhibits a significant lower signal-to-noise
ratio and is therefore not shown in the comparison of the Hanle curves in Fig. 7.31 a)

A.5.3. Spin diffusion length L

The spin diffusion length is plotted against the temperature for Sample A and Sample
B in Fig. A.8 a) and b), respectively. It is plotted for the same set of parameters as in
Fig. 7.19 f) and Fig. 7.31 f). In Fig. A.8 a) the increasing trend of Lg with respect to
temperature for temperatures larger than 50 K is observed for both the hole and electron
conduction regime. For Sample B, L varies significantly which can be attributed to the
large variation in Dy as a result of fitting to the noisy Hanle curves.

A.6. DFT calculations

The following details on the DFT calculations were provided by Dr. Klaus Zollner. The
FGT/hBN/hBN/graphene supercell was set-up with the atomic simulation environment
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Fig. A.8: The spin diffusion length of a) Sample A and b) Sample B is plotted against the
temperature.

(ASE) [202] and the CellMatch code [203], implementing the coincidence lattice method
[204, 205]. The lattice constant of FGT within the heterostructure was defined as
3.991 A [61], while the graphene and hBN layers are exposed to a biaxially strain,
resulting in a lattice constant of 2.423 A. Therefore, the individual monolayers are barely
strained in the simulated heterostructure, enabling a reliable extraction of band offsets
as well as proximity exchange effects on Dirac states. In order to prevent interactions
between periodic images in the utilized slab geometry, a vacuum of about 20 A was added
to simulate this quasi-2D system.

The electronic structure calculations and structural relaxations of the heterostructure
were performed by DFT [206] with Quantum ESPRESSO [207]. For self-consistent
calculations a k-point sampling of 24 x 24 x 1 was utilized. The spin-polarized ground
state of the FGT monolayer was calculated utilizing open shell calculations. For this, an
energy cut-off for charge density of 1400 Ry and a kinetic energy cut-off for wavefunctions
of 130 Ry was applied for the scalar relativistic pseudopotentials with the projector
augmented wave method with the Perdew-Zunger local density approximation (LDA).
Using the LDA results in calculated magnetic moments close to experimental values
[64]. For example, 1.69 up/Fe was calculated, while experiments find 1.625 up/Fe [208].
The relaxation of the heterostructures was performed adding DFT-D2 vdW corrections
[209-212] and a quasi-Newton algorithm based on the trust radius procedure. During
relaxation, FGT atoms are allowed to move freely within the heterostructure geometry,
while graphene and hBN atoms are fixed. The heterostructure is fully relaxed when every
component of each force is below 1 - 1073 [Ry/ao], with ag being the Bohr radius.
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Fig. A.9: a) Top and b) side view of the FGT/hBN/hBN heterostructure. The supercell
consists of 156 atoms and a lattice constant of 10.559 A. The relaxed interlayer distance between
the lower hBN layer and the adjacent Te layer of the FGT is diyer = 3.161 A. The remaining
interlayer distances are fixed to 3.3 A. The hBN is stacked as AA’ and the graphene/hBN
(FGT) unit cell are indicated by the grey (red) shaded area. This figure was provided by Dr.
Klaus Zollner.

A.7. Samples after measurements

During the measurement of the non-local spin valve and Hanle measurements, large
currents of up to I = —250 pA were applied. In the case of small contact areas of the
Ti/Au wiring with graphene and FGT, this results in significant local current densities.
This can result in damage to the wiring and even the flakes themselves, as illustrated in
Fig. A.10 a) and b), which present micrographs of Sample A and B after the measurements,
respectively. In these images, it can be seen that the wiring has been severely damaged,
with entire pieces missing, and that parts of the FGT flakes have also been lost. In order
to avoid this, it is necessary to maximize the contact areas, in order to reduce the current
densities.
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a) b)
Sample A Sample B

Fig. A.10: Micrographs of a) Sample A and b) Sample B after the measurements. In both
samples the wiring is damaged and even some parts of the FGT flakes are missing. The white
bar indicates 10 pm.
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