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Abstract
The main goal of spintronics is to utilise the spin degree of freedom beyond conven-
tional charge-based technologies and make faster and less energy-consuming non-
volatile information technology. To realise this, efficient generation, transport and
detection of polarised spin are necessary. Topological insulators are emerging ma-
terials for spin generation and detection in all-electrical spintronics applications,
thanks to their strong spin-orbit coupling and the non-trivial spin-momentum lock-
ing of their unique topological surface states. Due to the efficient charge-to-spin con-
version process, applying a bias current to induce a net carrier momentum should
spontaneously generate a net spin polarisation in such a system. However, while
charge-spin interconversion in topological insulators has previously been reported,
reliable non-local measurements have so far been limited to cryogenic temperatures.

In this master’s thesis, charge-to-spin and spin-to-charge conversion in the topolog-
ical insulator Bi1.5Sb0.5Te1.7Se1.3 are detected in a non-local measurement method
at room temperature, using a van der Waals heterostructure with a graphene spin
valve device. These heterostructures make it possible to combine the spin polar-
isation of the topological insulator with the excellent spin transport properties of
graphene. The observation of both spin switch and Hanle spin precession signals in
the non-local geometry and detailed bias- and gate-dependent measurements prove
the robustness of the charge-spin interconversion effects in topological insulators at
room temperature. These findings demonstrate the possibility of using topological
insulators to make all-electrical room-temperature spintronics devices.

Keywords: spintronics, topological insulator, Bi1.5Sb0.5Te1.7Se1.3, charge-spin inter-
conversion, room temperature, van der Waals heterostructure, graphene, spin valve,
spin switch, Hanle spin precession

v





List of publications
The following article is based on the work in this thesis. The manuscript is, at the
time of writing, still in preparation.

[I] A. M. Hoque*, L. Sjöström*, D. Khokhriakov, B. Zhao and S. P. Dash. "Room
temperature non-local detection of charge-spin interconversion in topological
insulator using a heterostructure with graphene spin-valve device". Manuscript
in preparation (2021).

* These authors contributed equally.

vii





"The important thing is not to stop questioning. Curiosity has its
own reason for existence."

— Albert Einstein
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1
Introduction

The tremendous advancements in condensed matter physics and fabrication methods
of the last several decades have made possible a truly amazing development in
electronics: computing power that previously would have taken up a whole room full
of expensive equipment now handily and affordably fits in our pockets. These events
have revolutionised and irreversibly changed most parts of society, and continue to
do so as data processing and storage grow ever faster and ever more efficient.

The constant down-scaling in size of electrical components has been described by
Moore’s law, where the number of transistors per area on a chip doubles every two
years [1]. However, as transistors are reaching the nanometre scale, new obstacles
are encountered. At these length scales, quantum mechanical effects, such as quan-
tum tunneling, become more dominant and give rise to increased leakage currents,
causing more heat dissipation and larger energy losses as a result [2]. This is a seri-
ous problem, considering that information and communications technology already
requires very large amounts of energy: it is predicted to stand for over 20% of the
global electricity demand by 2030 [3].

One way of combating these energy dissipation issues is utilising the spin degree of
freedom. In this approach, known as spintronics, information is encoded in spin-up
and spin-down, instead of the positive and negative charges of conventional electron-
ics. A great advantage with this is that switching between spin-up and spin-down
requires orders of magnitude less energy than switching between different charge
states [4]. Another benefit of spintronics is that spin-based processing requires only
a polarised spin current and the net charge current can thus be zero, which eliminates
heat dissipation from Joule heating [5].

While the main goal of spintronics is to utilise the spin degree of freedom for faster
and less energy-consuming processing and storage of data [6, 7], there are several
different branches that are striving towards this overarching goal: spin logic for data
processing [8–10], spin qubits for spin-based quantum computing [11] and brain-
inspired spin computing [12] as well as spin-transfer toque [13] and spin-orbit torque
[14, 15] techniques for non-volatile magnetic memory applications. What all of these
applications have in common is their need for efficient generation, transport and
detection of polarised spins [16, 17].
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Chapter 1. Introduction

Graphene is a widely used material with excellent spin transport properties. Its high
charge carrier mobility and weak spin-orbit coupling (SOC) give rise to long spin
lifetimes and spin diffusion lengths [6, 18]. However, the weak SOC of graphene also
makes it practically impossible to use the material for spin generation and detection
[19].

Topological insulators (TIs), on the other hand, have a very strong SOC and topo-
logical surface states with a unique electronic band structure that gives rise to
spin-momentum locking (SML), where the charge carriers’ spin polarisation and
momentum are locked perpendicularly to each other [20]. By utilising this, efficient
spin generation and detection can be achieved through charge-spin interconversion.
While there are other ways to do this, such as optical and thermal spin generation
and detection, electrical charge-spin interconversion has the advantage of easier im-
plementation into conventional electronics [2, 17]. And while ferromagnetic (FM)
contacts are a popular alternative for electrical charge-spin interconversion, they
also cause complications such as stray field effects [21–23]. Because of this, TIs are
a strong contestant for the best spin generation and detection method.

Because both graphene and TIs are layered materials, they can be stacked in van der
Waals (vdW) heterostructures. This type of heterostructure, where the materials are
held together by intermolecular vdW forces, makes it possible to combine the spin
transport properties of graphene with the SML of TIs. Due to proximity effects,
properties can also be induced between the materials, such as strong SOC being
induced in graphene from the TI [24, 25], which further increases the usefulness and
tunability of this kind of structure.

In this master’s thesis work, devices of vdW heterostructures of graphene and a
TI (Bi1.5Sb0.5Te1.7Se1.3) with both FM and nonmagnetic contacts are fabricated and
then used for charge-spin interconversion experiments. The main goal is to achieve
efficient charge-to-spin conversion (CSC) and spin-to-charge conversion (SCC) at
room temperature, and then detect it electrically using a non-local geometry. This
has never before been done with a TI with non-local measurements at room tem-
perature, so successful results would be an excellent contribution towards room
temperature spintronics.

The thesis is structured as follows. In Chapter 2, a theoretical background and the
state of the art are introduced, and concepts such as TI, SOC, SML, the spin Hall
effect and the Rashba-Edelstein effect are explained. Chapter 3 briefly presents the
fabrication process of the vdW heterostructure devices and explains the different
non-local measurement techniques that are used in this work. The obtained results
are then shown in Chapters 4 and 5. In the former, the results from control ex-
periments with spin transport in graphene are presented and discussed. Chapter 5
is the main chapter of this thesis, with results from the charge-spin interconversion
experiments as well as an analysis of said results. This is followed by a summary
and conclusions in Chapter 6. Finally, a more detailed description of the device fab-
rication process is given in Appendix A, the results of a few spin signal simulations
are presented in Appendix B and supplementary results are shown in Appendix C.
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2
Theoretical Background and State

of the Art

The aim of this chapter is to give a theoretical background of topological insula-
tors (TIs) and how they can be utilised for conversion between charge and spin
currents, as well as to present an overview of the current state of the art. In the
first section, TIs are introduced and their unique band structure and spin texture
are explained, followed by a brief mentioning of the search for these materials and
the methods for identifying them. In the second section, charge-to-spin and spin-
to-charge conversion is discussed. Its three main origins: the spin Hall effect, the
Rashba-Edelstein effect and the spin-momentum locking of TI surface states, are
presented and their respective mechanisms are explained in detail. Historical and
recent research achievements regarding each of the phenomena are also outlined.

2.1 Topological insulators
Topological insulators (TIs) are a subclass of topological quantum materials which
lie somewhere in between trivial insulators (otherwise known as normal insulators)
and metals, having both a bulk bandgap and metallic edge or surface states (for
two-dimensional [2D] and three-dimensional [3D] TIs, respectively) [26]. The origin
of this peculiar type of band structure (shown in Figure 2.1a) is a relativistic effect
known as the inert pair effect. Due to the high speeds of the 1s electrons of heavy
elements, the energy of the outermost s electrons is lowered [27]. For heavy element
materials with s-type conduction bands, this means that the energy of the conduction
band will be lowered and, if the band gap initially is small enough, an overlap with
the valence band will occur [27]. However, since band crossing is forbidden by
symmetry, the band crossing points will open up, resulting in band inversion and
a bulk band gap [27]. The forming of the inverted band structure is summarised
schematically in Figure 2.1b.

3



Chapter 2. Theoretical Background and State of the Art

(a) (b) (c)

(d) (e) (f)

Figure 2.1: Topological insulator. (a) 2D schematic of the band structure of a topologi-
cal insulator. While there is a band gap in the bulk of the material, there are also metallic
surface states due to band inversion. (b) 2D schematic explanation of the origin of the
band inversion of a TI. The inert pair effect will lower the energy of the conduction band,
causing an overlap with the valence band. Due to symmetry reasons, the crossing points
open up and band inversion is formed. (c) 3D schematic of the band structure of a topo-
logical insulator. The helicity of the spin-momentum locking of the surface states is shown
by red and blue arrows above and below the Dirac point, respectively. Adapted from [28].
(d) The surface states of Bi2Se3, detected with ARPES measurements. Adapted from [29].
(e) The y component of the spin polarisation of the surface states of Bi2Te3, measured with
spin-resolved ARPES. The measurement path is shown in the inset. Adapted from [30].
(f) Temperature dependence of the resistivity for three Bi1.5Sb0.5Te1.8Se1.2 flakes of dif-
ferent thickness. The conductivity has a semiconducting behaviour down to about 100 K,
after which the metallic surface conductivity dominates. The semiconducting behaviour
is smaller for thinner flakes, where the bulk contributes less. Adapted from [31].

At the surface of the TI, where there is an interface between the TI and a trivial
insulator (which could be vacuum), there is no band crossing opening due to continu-
ity reasons, and metallic surface states without a band gap are thus maintained [10,
32]. These linear surface states are highly interesting due to their spin-momentum
locking (SML), which is caused by the strong spin-orbit coupling (SOC) of the sur-
face states and locks the electron (or hole) spin polarisation perpendicularly to their
momentum [2] (see Figure 2.1c). Since electrons (or holes) in the surface states can
only change their momentum direction by flipping their spin (which is prevented
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Chapter 2. Theoretical Background and State of the Art

by time reversal symmetry), the surface states can be considered protected by time
reversal symmetry and enable dissipationless spin transport that is insensitive to
disorder [32]. The SML of the TI surface states is also promising for conversion
between charge and spin currents, which will be further elaborated upon in Section
2.2.

The first TI was theoretically predicted by Kane and Mele for the case of graphene
[32], but due to the very weak intrinsic SOC of the carbon atom and the subsequently
very small band gap, the topological edge states of graphene remain restricted to
experimentally inaccessibly low temperatures [18]. The first experimentally observed
TI was 2D HgTe/CdTe quantum wells [33], and since then, other 2D TIs, such
as InAs/GaSb/AlSb quantum wells [34], as well as 3D TIs, such as Bi2Se3 [35],
Bi2Te3 [36], Sb2Te3 [36], Bi2–xSbxTe3–ySey [37] and Bi2–xSbxTe3–ySy [38], have been
discovered, totalling well over 300 different TIs [39].

Topological surface states were first observed in Bi2Se3 by Xia et al. [29] by using
angle resolved photoemission spectroscopy (ARPES), shown in Figure 2.1d. Sub-
sequent measurements with spin-resolved ARPES for Bi2Te3 [30] (see Figure 2.1e)
confirmed the SML of the states. The latter has also been done electrically through
spin potentiometric measurements [22, 40], which will be discussed further in Sec-
tion 2.2.3. It has also been shown for TIs that the surface state conductance is
independent from the bulk conductance [31, 38]. This was made through measure-
ments of the resistivity through a TI flake for varying temperature, as shown for
Bi1.5Sb0.5Te1.8Se1.2 in Figure 2.1f. The sharp increase in resistivity for temperatures
below about 200 K happens because the bulk conductivity decreases due to freeze-
out [38]. However, since the surface states are metallic, their conductivity increases
at low temperatures due to the decreasing amount of phonon scattering [38], and
this makes the surface state conductivity dominate below 100 K [31]. It can also
be seen in Figure 2.1f that the semiconducting behaviour decreases for thinner TI
flakes, which agrees with the reasoning above [31].

The TI that is investigated in this master’s thesis project work: Bi1.5Sb0.5Te1.7Se1.3,
is a 3D TI of the Bi2–xSbxTe3–ySey group. It consists of stacks of quintuple layers
which in turn consists of two layers of bismuth/antimony and three layers of telluri-
um/selenium, as illustrated in Figure 2.2a. The atoms in each layer are covalently
bonded to each other and the layers are held together by van der Waals forces,
similar to the layered structure of graphite. The composition of bismuth, antimony,
tellurium and selenium in the TI can significantly affect properties such as bulk and
surface conductivity, magnetoconductance, carrier concentration and carrier mobil-
ity [37, 41, 42]. It has been found by Ren et al. [37] that x = 0.5 and y = 1.3 gives
a minimum bulk contribution to the conductivity of the TI (i.e. a more semicon-
ducting bulk), and this is the composition that is used in this master thesis project
work. However, subsequent studies in greater detail performed by Pan et al. [41]
have shown that x = 0.54 and y = 1.3 give even lower bulk contribution (as shown
in Figure 2.2b) and this could be an advantageous choice for future studies.
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Chapter 2. Theoretical Background and State of the Art

(a) (b)

Figure 2.2: The TI Bi2–xSbxTe3–ySey. (a) Crystal structure of a single quintuple layer
(QL) of Bi2–xSbxTe3–ySey. Adapted from [43]. (b) Temperature dependence of the re-
sistivity of Bi2–xSbxTe3–ySey for varying values of x (top) and y (bottom). The bulk
contribution to the conductivity is found to be at a minimum for x = 0.54 and y = 1.3.
Adapted from [41].

2.2 Charge-to-spin and spin-to-charge conversion
Two essential phenomena in the field of spintronics are charge-to-spin conversion
(CSC) and its inverse: spin-to-charge conversion (SCC). Through a range of dif-
ferent effects, an applied charge current can give rise to a spin polarised current
or accumulation (or vice versa). Since these kinds of conversions are obviously ex-
tremely useful for manipulating and utilising spins, it is important to understand
the possible origins of CSC and SCC, and this section will therefore explain the
spin Hall effect, the Rashba-Edelstein effect and the spin-momentum locking of TI
surface states.

For all of the aforementioned origins of CSC, spin-orbit coupling (SOC) is a central
concept. This is the interaction between an electron’s (or a hole’s) spin and its
movement, due to the effective magnetic field that is caused by the movement of a
charge carrier through an electric field through the Lorentz effect [44]. The electric
field in question can be the microscopic electric field of an atomic nucleus (intrin-
sic SOC) [45], but for spintronics applications in solids, macroscopic electric fields
from e.g. semiconductor doping or band structure modulation (extrinsic SOC) are
dominating due to electron screening of the atomic nuclei [44].

Although the extrinsic SOC is less dependent of the atomic number of the ele-
ment than the intrinsic SOC (which has a Z4 dependence, with Z as the atomic
number [44]) due to electron screening, it still has a Z2 dependence [18]. This
means that, while heavy metals such as platinum and heavy element compounds like
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Chapter 2. Theoretical Background and State of the Art

Bi2–xSbxTe3–ySey TIs have strong SOCs, graphene has a very weak SOC. The weak
SOC of graphene is what gives the material its excellent spin transport properties
with long spin lifetimes and diffusion lengths, but it also makes spin manipulation
through CSC and similar effects in graphene practically impossible [19]. It is there-
fore desirable to combine strong SOC with the weak SOC of pristine graphene. One
route for this is to use materials with strong SOC (such as TIs) for spin manipulation
and use graphene for spin transport. An alternative path is to artificially enhance
the SOC of graphene, which would make it possible to transport and manipulate
spins in a single material.

Some of the first attempts to increase the SOC of graphene used functionalised
graphene through chemisorbed adatoms [19, 46]. However, while this approach suc-
ceeded in enhancing the SOC, it also disturbed the sp2 hybridisation of the graphene
orbitals and thus impaired the material’s transport properties [6]. A more success-
ful strategy has been to instead utilise proximity effects by stacking graphene and
high-SOC materials on top of each other in van der Waals (vdW) heterostructures
[25, 47–49]. Similarly, proximity effects have also been used to induce other new
properties into graphene, such as magnetism [23, 50] and superconductivity [51],
although this will not be discussed further here.

2.2.1 The spin Hall effect
The spin Hall effect (SHE) is a CSC mechanism that gives rise to a spin polarised
current in nonmagnetic materials with a strong SOC when a charge current is passed
through it [16]. Depending on its origin, the SHE is referred to either as extrinsic
or intrinsic.

In the extrinsic SHE (also known as the skew-scattering SHE), the spin current
is generated through scattering [52]. When an unpolarised charge current flows
through the nonmagnetic material, the charge carriers will mainly scatter in oppo-
site directions depending on their spins, due to the SOC [16]. In this way, charge
carriers of opposite spin polarisation will be pulled towards opposite edges of the
material by an effective spin-orbit force and a transverse spin current is generated.
This mechanism of the SHE was originally proposed by D’yakonov and Perel’ [53],
based on previous experiments in vacuum by Mott [54], and was first detected ex-
perimentally by Kato et al. [55].

However, the SHE can exist even in the absence of scattering through the intrinsic
SHE. Here, the origin of the effect is strong SOC, similarly to the anomalous Hall
effect [56], and the spin-orbit force comes from the movement of charge carriers trav-
elling through the spin-orbit field of a perfect crystal [16]. This was first predicted
by Murakami et al. [57] and Sinova et al. [56], and was first shown experimentally
by Wunderlich et al. [58].

The inverse SHE (ISHE) is the Onsager reciprocal of the SHE and the corresponding
SCC mechanism [10]. When a polarised spin current is passed through the material,
the charge carriers are deflected in the same way as described above. However, since
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Chapter 2. Theoretical Background and State of the Art

up and down spins in a spin current already move in opposite directions, both types
of spin are deflected in the same direction and a transverse charge current is thereby
formed.

Normally, the SHE and the ISHE are observed in the bulk of 3D materials since the
effect requires a right-handed orthogonality between the spin current direction, the
charge current direction and the spin polarisation [10]. It has been shown that for
layered materials, such as MoS2, an in-plane charge current in the y direction will
give rise to a spin current in the out-of-plane z direction with in-plane spins in the x
direction through the SHE (see Figure 2.3b) [25]. If the material is placed on top of
graphene in a vdW heterostructure, the polarised spin current can be injected into
the graphene channel and cause a spin current along the x direction [25]. However,
this kind of heterostructure can also give rise to a SHE in the graphene itself due
to proximity-induced SOC. Since the 2D character of graphene restricts the charge
and spin currents to be in the xy plane, the proximity-induced SHE in graphene
will only allow out-of-plane spins (see Figure 2.3a). Because of this, bulk SHE of
the 3D material and proximity-induced SHE in graphene can be distinguished from
each other through observation of the spin polarisation direction. Following this
reasoning, bulk SHE has been detected in the TI Bi1–xSbx [59, 60] and proximity-
induced SHE has been detected in graphene/MoS2 [25], graphene/WS2 [47] and
graphene/WSe2 [48] vdW heterostructures, up to room temperature.
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(a) (b)

(c) (d)

Figure 2.3: The spin Hall effect. (a) Schematic of the proximity-induced SHE in a
graphene/MoS2 vdW heterostructure. When an in-plane charge current is applied along
the y direction across the proximitised graphene, the SHE deflects out-of-plane spins and
thereby causes an in-plane spin current along the x direction. (b) Schematic of the SHE
in the bulk of MoS2 with its layers in the xy plane. A charge current along the y direction
gives rise to a spin current in the z direction with spins polarised along the x direction.
Adapted from [25]. (c) Hanle spin precession signals measured for a graphene/WSe2 device
at different temperatures and Vg = 0 V, showing a large temperature dependence for the
proximity-induced SHE. (d) Hanle spin precession signals measured for a graphene/WSe2
device at different gate voltages and T = 100 K, showing a large gate dependence for the
proximity-induced SHE. Adapted from [48].

The conventional figure of merit for the efficiency of the SHE is the spin Hall an-
gle θSHE, which is the ratio of spin current density to charge current density [10].
The previously mentioned bulk SHE experiments in TIs have yielded controversial
results with spin Hall angles well above 100% [59]. For proximity-induced SHE,
experiments have measured θSHE = −0.33% for graphene/MoS2 [25], θSHE = 0.3%
for graphene/WS2 [47] and θSHE = 1.7% for graphene/WSe2 [48], at room temper-
ature. The efficiency can, however, be further increased, as the proximity-induced
SHE has been shown to be strongly dependent both on temperature and on gate
voltage [25, 47, 48] as exemplified by Figures 2.3c and 2.3d. These spin Hall angles
are still orders of magnitude lower than those of bulk materials with strong SOC,
such as platinum, but it has been argued that this is an unfair comparison. This
is because the spin Hall angle fails to consider the losses of spin current that will
arise from the necessary spin transport from the heavy metal to the spin transport
material, whereas the proximity-induced SHE avoids such losses by using graphene
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both for CSC and for spin transport [10]. Instead, an effective spin Hall resistance,
which is the ratio between the output voltage and input spin current that enters
the conversion region, has been proposed [48]. Using this alternative figure of merit,
the efficiency of the proximity-induced SHE for a graphene/WSe2 heterostructure
is orders of magnitude larger than that of a comparable graphene/Pt device [48],
clearly showing the great potential of the former.

2.2.2 The Rashba-Edelstein effect
The Rashba-Edelstein effect (REE) is a CSC mechanism that is based on Rashba
SOC. Rashba SOC itself originates from the electric field that is caused by a broken
structural inversion symmetry in a material [10]. When electrons move through this
electric field, they experience an effective magnetic field which locks their spins and
momenta perpendicular to each other and an in-plane SML spin texture is thus
generated perpendicular to the electric field [61]. The spin texture can also be seen
as a consequence of the spin-up and spin-down sub-bands shifting in momentum
space as the Rashba SOC lifts their spin degeneracy [62]. Both the shifted sub-
bands and the SML of the Fermi surface are shown in Figure 2.4b and as the faded
circles in Figure 2.4a, respectively.

(a) (b) (c)

Figure 2.4: Origin of the Rashba-Edelstein effect. (a) Schematic of the Fermi surface
spin texture of a Rashba SOC material during CSC. The spin-split sub-bands give rise
to two spin windings with opposite helicity. When a charge current is applied in the −x
direction, the spin texture is shifted by ∆k in the +x direction and a net +y accumulation
occurs. (b) Schematic of the spin-up and spin-down sub-bands being shifted in k space
due to Rashba SOC. The Fermi level that is depicted in (a) is shown. (c) Schematic of the
Fermi surface spin texture of a Rashba SOC material during SCC. A +y spin accumulation
shifts the two circles an equal amount in opposite directions in k space, giving rise to a
net charge current in the +x direction.

As opposed to the SHE, the REE is a 2D effect and converts a charge current into a
uniform spin density rather than a spin current [10, 16]. If a charge current is passed
in the −x direction through a material with Rashba SOC, the average electron +x
momentum increases by ∆k and the equilibrium spin texture is therefore shifted to
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the right [63], as shown in Figure 2.4a. Because of the winding spin texture of the
outer circle, this will cause a higher occupation of electronic states with spins in the
+y direction and a lower occupation of states with −y spins, i.e. an accumulation of
spins with +y spin polarisation is formed [47]. The inner circle of the Fermi surface
does have an opposite spin winding and will to some extent cancel the effect of the
outer one, but since the inner circle is smaller, it will have a smaller impact, and
the net polarisation is therefore nonzero [64]. The polarised spin density will then
diffuse in both directions along the y axis, unlike the spin current of the SHE [25].

The Onsager reciprocal of the REE is known as the inverse REE (IREE). Here, a
+y spin accumulation causes the spin textures of the Fermi surface to shift along
the kx axis, as visualised in Figure 2.4c [65]. Because of the opposite helicity of
the outer and the inner circle, they will to an extent cancel the effect of each other.
Nevertheless, there will be a nonzero net momentum increase in the +x direction,
which translates to a charge current in the −x direction [66].

In vdW heterostructures, the broken inversion symmetry comes from the asymmetric
potential of the interface between the two materials [63] and the Rashba SOC will
therefore appear parallel to the interface. The geometry of the REE, as explained
above, is visualised for the case of a graphene vdW heterostructure in Figure 2.5a.
Since the polarised spins from the REE are in-plane, the REE can be differentiated
from the proximity-induced SHE (which causes out-of-plane spin polarisation; see
Section 2.2.1). It is, however, not possible to recognise the REE from the bulk SHE
in this way, since both effects give in-plane-polarised spins.
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(a) (b)

(c) (d)

Figure 2.5: The Rashba-Edelstein effect. (a) Schematic of the REE from proximity-
induced SOC in a graphene/MoS2 vdW heterostructure. When an in-plane charge current
is applied along the y direction across the proximitised graphene, the REE generates
an in-plane spin polarisation along the x direction and the polarised spins then diffuse
along the x direction. Adapted from [25]. (b) Schematics of the band structures of
pristine graphene, a TI and graphene with Rashba spin-split bands due to proximity-
induced SOC. The helicity of the winding spin texture of the proximitised graphene is
shown by arrows and further visualised by cross sections of the graphene conduction and
valence bands. Note that the spin texture has the same helicity above and below the
Dirac point of the proximitised graphene, as opposed to the TI. Adapted from [28]. (c)
The magnitude of REE in a graphene/2H-TaS2 vdW heterostructure, measured through
xHanle, as a function of gate voltage for different temperatures, showing both gate and
temperature dependence of the REE. Adapted from [63]. (d) The magnitude of the IREE
in a graphene/(Bi0.05Sb0.85)2Te3 vdW (purple), measured through Hanle spin precession,
as a function of gate voltage at room temperature, showing a large gate dependence of the
IREE. Also shown is the corresponding Hanle spin precession signal for pristine graphene
in the same device (pink), as a reference. Adapted from [28].

Instead, the REE (more specifically, the proximity-induced REE) and the bulk SHE
can be differentiated by their gate voltage dependence. Graphene with Rashba spin-
split bands, caused by proximity-induced SOC, has a winding spin texture with the
same helicity above and below the Dirac point [28], as illustrated in Figure 2.5b.
Because of this, electrons and holes with the same spin will gain the same momentum
from the SML. However, since they have opposite charge, the charge current that
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is generated by a certain spin polarisation will have opposite sign depending on
whether the Fermi surface is above or below the Dirac point (or equivalently for
the CSC case) [28]. In other words, the SCC and CSC that come from proximity-
induced REE are odd with gate voltage around the graphene Dirac point. The bulk
REE and the bulk SHE do have a similar odd gate dependences, but the Fermi level
needs to be shifted between the TI conduction and valence bands for this to happen,
which requires very large applied gate voltages [28, 67].

The Rashba SOC and its resulting SML were originally proposed by Bychkov and
Rashba [68], which explained experimental results in GaAs/AlGaAs structures by
Störmer et al. [69] and Stein et al. [70]. The full REE with its CSC was predicted
by Edelstein [71] and later experimentally demonstrated by Rojas Sánchez et al.
[72]. In recent years, the REE and/or its inverse have been experimentally observed
in graphene with proximity-induced Rashba SOC in vdW heterostructures with the
TMDCs WS2 [47, 64], 2H-TaS2 [63] and 1T’-MoTe2 [67] as well as the TIs Bi2Se3
[73], Bi1.5Sb0.5Te1.7Se1.3 [73] and (Bi0.05Sb0.85)2Te3 [28].

The conversion efficiency parameter γ, which is the ratio between charge current
density and spin accumulation of the SCC, is often used as a figure of merit for the
IREE, but the unitless figure of merit α has also been proposed [25], where the spin
accumulation is assumed to convert into a spin current through diffusion and α is
obtained as the ratio of 2D charge current to 2D spin current [10]. The advantage
of the latter is that it can be compared directly to the spin Hall angle [25]. The
conversion efficiencies of the aforementioned proximitised graphene structures were
α = 0.1% for WS2 [47], up to α = 4.3% for 2H-TaS2 [63], α = 7.6% for 1T’-MoTe2
[67] and up to α = 4.8% for (Bi0.05Sb0.85)2Te3 [28] at room temperature. Similarly to
the proximity-induced SHE, the REE has been shown to be strongly tunable with
temperature and gate voltage [10], as exemplified in Figures 2.5c and 2.5d. This
type of tunability, especially through the use of gate voltage, seems promising for
applications in versatile CSC and SCC.

2.2.3 Spin-momentum locking in topological surface states
Similarly to the REE, CSC can also happen due to the SML of the topological surface
states (TSS) in a TI. The linear dispersion relation (shown versus k in Figure 2.6b)
becomes spin-polarised Dirac cones when plotted against kx and ky, and the Fermi
surface has a spin texture with a single SML circle [74]. When a charge current
is applied in the −x direction, the average electron momentum increases by ∆k in
the +x direction and the spin texture is shifted to the right in k space, as shown in
Figure 2.6a. The SML of the TSS will then give rise to an increased spin polarisation
in the +y direction [75]. This CSC mechanism is often simply referred to as SML,
but it is also known as the Edelstein effect. However, since the REE is also based
on SML, and due to the similar names of the Edelstein effect (EE) and the REE,
the CSC that comes from the SML of TSS will henceforth be referred to as the
topological SML (TSML), to avoid confusion. The mechanical similarity between
the TSML and the REE is evident, but the difference is the origin of the winding
SML spin texture: in the REE, Rashba SOC results in spin-split bulk bands and a
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Fermi surface with two spin windings of opposite helicity [61], while, in the TSML,
a Fermi surface with a single spin winding is caused by the TSS of a TI [22].

(a) (b) (c)

(d) (e) (f)

Figure 2.6: Topological spin-momentum locking. (a) Schematic of the Fermi surface
spin texture of TSS during CSC. The linear dispersion relation of the TSS gives rise to a
single spin winding, as opposed to the case for the spin-split bulk bands in the REE (see
Figure 2.4a). When a charge current is applied in the −x direction, the spin texture is
shifted by ∆k in the +x direction and a +y spin accumulation occurs. (b) Schematic of
the metallic TSS of a TI. The Fermi level that is depicted in (a) is shown. (c) Schematic
of the Fermi surface spin texture of TSS during SCC. A +y spin accumulation shifts the
spin texture in k space and gives rise to a charge current in the −x direction. (d) The
magnitude of the TSML in Bi1.5Sb0.5Te1.7Se1.3 and Bi2Se3, respectively, from spin switch
measurements, as a function of temperature. The coloured background represents the
temperature range where surface conductance is dominating in Bi1.5Sb0.5Te1.7Se1.3. There
is a large temperature dependence of the CSC magnitude for Bi1.5Sb0.5Te1.7Se1.3 but not
for Bi2Se3. Adapted from [22]. (e) Measurement setup where a current is passed across
the TI and the spin current is detected locally as a voltage between a contact inside the
current loop and a contact outside of it. Adapted from [40]. (f) Measurement setup where
a current is passed across the TI and the spin current is injected into a graphene channel
and detected non-locally between two contacts on the graphene. Adapted from [21].

SCC through the TSML works as depicted in Figure 2.6c. An applied +y spin
accumulation shifts the Fermi surface spin texture from the equilibrium position,
and the electrons gain an increase in their momentum by ∆k in the +x direction,
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which is equivalent to a charge current in the −x direction [74]. Analogously to
its Onsager reciprocal, this SCC mechanism is also known as the inverse Edelstein
effect. However, since both the CSC and the SCC result from SML (i.e. there is no
such thing as an inverse SML), they will here both be referred to as the TSML, and
the context will show which one is meant.

Just like the REE, the TSML is a 2D effect that produces an in-plane spin density
from a charge current [76]. While this makes it easy to distinguish the TSML from
the proximity-induced SHE, it makes it more difficult to differentiate between the
bulk SHE, the REE and the TSML. The gate voltage dependence can, however, be
used to distinguish between the TSML and the proximity-induced REE. As shown
in Figure 2.1c, the winding spin texture of the TSS has opposite helicity above and
below the TI Dirac point [22]. This means that both the momentum and the charge
of the charge carriers change for a given spin polarisation when the Fermi level is
moved across the TI Dirac point, which results in the charge current keeping its
sign [28]. This is opposite to the proximity-induced REE in graphene (explained in
Section 2.2.2), where the SML helicity is the same for holes and electrons and there
is a sign change when the Fermi level is moved across the graphene Dirac point, and
the two CSC effects can in this way be distinguished.

Although TIs were yet to be discovered at the time, the first theoretical prediction of
the TSML is considered to be the same as the first theoretical prediction of the REE
by Edelstein [71]. This is because the prediction of CSC is based on the existence of
SML rather than on the origin of said SML. The first experimental demonstration
of TSML was made in Bi2Se3 by Li et al. at cryogenic temperatures [77]. Since
then, TSML has been detected in the TIs Bi2Se3 [40, 78, 79] and (Bi1–xSbx)2Te3 [80]
at room temperature and in the TIs Bi2Te2Se [21], Bi1.5Sb0.5Te1.7Se1.3 [22, 81] and
(Bi1–xSbx)2Te3 [75, 82] at cryogenic temperatures. A similar CSC effect has also
been predicted in the TSS of Weyl semimetals [83].

Most of the experimental demonstrations of TSML were performed through local
spin potentiometric measurements in setups similar to the one in Figure 2.6e. Here,
ferromagnetic (FM) contacts are used for measuring the voltage between the contact
inside the current loop and the contact outside of it. Due to the FM characteristics
of the contacts, the measured voltage will change depending on the spin polarisation
of the current across the TI (see Section 3.2 for a more detailed description). These
local measurements have, however, the disadvantage that the detected signal can also
be caused by stray field effects from the FM contacts [21, 22]. A way to circumvent
this is to inject the polarised spin current into a graphene channel and detect it
non-locally (see Figure 2.6f), which was accomplished by Vaklinova et al. [21] in
Bi2Te2Se at cryogenic temperatures.

The conventional figure of merit for the efficiency of the TSML SCC is the TSML
length λTSML, which is defined as the ratio of 2D surface charge current to 3D spin
current and has the unit of length [47, 80]. Reported values from the aforemen-
tioned experiments include λTSML = 35 pm for Bi2Se3 [78] and λTSML = 75 pm for
(Bi1–xSbx)2Te3 [80]. Interestingly, TSML lengths as high as 280 pm have been ob-
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tained in Bi2Se3 due to the greatly increased SOC of hybridised TSS-Rashba bands,
where the TSML and the REE both contribute to SCC [74].

While some TIs show a strong temperature dependence of their TSML magnitude,
others do not, as exemplified in Figure 2.6d. The increase in CSC (or SCC) at low
temperatures most likely stems from the transition from bulk to surface dominated
transport due to freeze-out, which both increases the fraction of charge carriers in
the TSS and decreases the surface-bulk scattering [22]. That being said, this effect
seems to be negligible for Bi2Se3, which has a temperature-independent TSML [40].
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3
Experimental

The experimental part of this master’s thesis project constituted of fabrication and
measurements. In the fabrication part, microfabrication techniques were used to
make devices based on van der Waals heterostructures of the topological insulator
Bi1.5Sb0.5Te1.7Se1.3 and graphene. The measurement part aimed towards investigat-
ing charge-spin interconversion and spin transport in the devices through non-local
electronic and magnetotransport measurements. In this chapter, this is explained
further, giving a context and an introduction to the obtained results that are shown
and analysed in Chapters 4 and 5.

3.1 Device fabrication
The central component of the devices were van der Waals (vdW) heterostructures of
Bi1.5Sb0.5Te1.7Se1.3 (BSTS) and graphene. Graphene stripes were initially made with
electron beam lithography from chemical vapour deposition (CVD) graphene on a
Si/SiO2 chip. BSTS flakes were then exfoliated mechanically from a bulk crystal us-
ing the Scotch tape method and transferred onto the chip to form a graphene/BSTS
vdW heterostructures.

Non-magnetic gold contacts and ferromagnetic cobolt contacts were made through
the lift-off method, using electron beam lithography for contact patterning and
high vacuum evaporation deposition for metal deposition. The gold deposition was
preceded by the deposition of a thin chromium layer for increased adhesion. The
cobolt deposition was instead preceded by the deposition of a thin titanium layer,
which was oxidised in situ to make TiO2 tunnel barriers. One example of a finished
device is shown in Figure 3.1.

The entire fabrication process is described in greater detail in Appendix A.
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Figure 3.1: Coloured SEM image of a finished device. The major component of the device
is the graphene/BSTS heterostructure, and nonmagnetic and FM contacts are used for
injection and detection of charge and spin currents.

3.2 Measurement techniques
Three main measurement methods were used for detecting spin polarised currents:
spin valve, spin switch and Hanle spin precession. All of these methods utilise the
fact that electrons will enter a ferromagnetic (FM) contact only if the electrons’
spin polarisation is aligned with the magnetisation of the contact [64]. The general
setups for each of the measurement types are described in the following sections.

The measurements in this master’s thesis projects are referred to as non-local, mean-
ing that the voltage is measured outside of the charge current loop in a four-terminal
configuration (see e.g. Figure 3.2a), as opposed to local measurements, where two
contacts are used both for running a charge current and for measuring the voltage
[6]. The advantage of non-local measurements is that a pure spin current is being
measured without any interference from the charge current. This gives a higher
signal-to-noise ratio due to the avoidance of the background that would otherwise
have been caused by the charge current [6, 18].

The DC bias current and the gate voltage were applied using a Keithley 6221 current
source and a Keithley 2400 source meter, respectively, and the non-local voltage
was measured by a Keithley 2182A nanovoltmeter. The external magnetic field was
applied using a GMW 5403 electromagnet.

3.2.1 Spin valve
A general non-local spin valve measurement setup for a graphene channel is shown
in Figure 3.2a. As a charge current is passed through a portion of the graphene
stripe, electrons are injected from the left FM contact into the graphene. Since the
injection contact is FM, these injected electrons will have their spin polarisation
aligned with the contact magnetisation direction and a spin current is thus injected
into the graphene [17]. While the charge current will go directly to the nonmagnetic
contact on the very left of the device, the spin current will diffuse in both directions
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along the graphene channel [84] and can be detected as a non-local voltage between
the right FM contact and the nonmagnetic reference contact on the very right.
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Figure 3.2: Spin valve measurement. (a) Schematic of spin valve measurement setup.
(b) An example of a signal from a spin valve measurement. The dark blue curve is for
sweeping the external magnetic field from the −y to the +y direction and the light blue one
is for sweeping from +y to −y. The vertical arrows indicate the magnetisation direction
of the injector and the detector electrodes.

The FM contacts will have their magnetisation along their easy axis, which here is
along the length of the contacts [64]. Both directions along the easy axis (parallel
and antiparallel) are energetically equivalent, but energy must be supplied in order to
reverse the magnetisation, since that requires rotation out of the easy axis direction
[85]. By sweeping an external magnetic field in the y direction, By, from negative
to positive (or vice versa), the magnetisation of each of the FM contacts can thus
be switched. For a strong magnetisation in the −y direction, the injector and the
detector electrodes will both have their magnetisation along the −y direction and
the injected electron spins are therefore parallel to the detector’s magnetisation.
This will continue until the external field By is strong enough in the +y direction to
switch the magnetisation of one of the contacts, leading to the injected spins being
antiparallel to the detector and consequently a sudden increase in detected voltage
[6]. When the external magnetic field is increased further, the magnetisation of
the other contact will switch and the voltage signal suddenly decreases again. An
example of the obtained signal is shown in Figure 3.2b. Since a higher magnetic
field is needed to switch the magnetisation of a thinner FM electrode (i.e. a thinner
electrode has a higher coercivity than a wider one) [86, 87], contacts of different
widths can be used to increase the range in By for which the contact magnetisations
are in the antiparallel configuration.

The main thing that can be learned from spin valve measurements is the presence
of spin transport between the injector and detector electrodes, since the signal am-
plitude corresponds to spin polarisation by the detector contact. The polarisation
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of the FM contacts PFM (i.e. the spin injection or detection efficiency) can also be
determined. For tunnel contacts, it can be calculated from

∆RNL = PFM
2R�λs
WGr

exp
(−L
λs

)
, (3.1)

where ∆RNL is the amplitude of the measured non-local resistance (the measured
non-local voltage divided by the applied bias current), R� and WGr are the sheet
resistance and the width of the graphene channel, respectively, λs is the spin diffusion
length and L is the distance between the FM electrodes [86, 88, 89]. Here, it is
assumed that the contact-to-graphene interfaces for the contacts are similar, so that
both contacts have identical polarisations.

3.2.2 Spin switch
Two versions of a general setup for non-local spin switch measurement of a topolog-
ical insulator (TI) on a graphene channel are shown in Figures 3.3a and 3.3b. This
kind of measurement is very similar to spin valve measurements. The difference is
that one of the FM contacts in spin valve has been exchanged for a nonmagnetic
contact on top of a TI flake.

In the setup in Figure 3.3a, a charge current is injected through a nonmagnetic
contact into the TI. A part of the injected current will be polarised by the charge-
to-spin conversion (CSC) of the TI and a spin current is thus injected from the TI
to the graphene channel [21]. This spin current can then be detected non-locally by
the FM contact in the same way as in spin valve measurements. An example of the
obtained spin signal is presented in Figure 3.3c. Since the spin polarisation from the
TI CSC is unaffected by the external magnetic field [16], there is only one jump in
non-local voltage (which is caused by magnetisation switching of the FM contact).
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Figure 3.3: Spin switch measurement. (a) Schematic of spin switch measurement with
the TI as a spin injector. (b) Schematic of spin switch measurement with the TI as a spin
detector. (c) An example of a signal from a spin switch measurement with the TI as a
spin injector. The dark blue curve is for sweeping the external magnetic field from the +y
to the −y direction and the light blue one is for sweeping from −y to +y.

Instead of using the TI as a spin current injector, it can also be used as a spin current
detector. The setup for this type of measurement is viewed in Figure 3.3b. Here, a
spin current is injected from the FM contact and subsequently absorbed by the TI,
where it is converted into a charge current by the spin-to-charge conversion (SCC)
of the TI and can then be detected as a non-local voltage between the nonmagnetic
contact on top of the TI flake and the reference contact on the far right [28]. The
obtained signal is an analogue to that of the measurement with the TI as a spin
injector.

In addition to verifying the presence of spin transport between the injector and the
detector, the obtained results from spin switch measurements also show that there is
CSC and/or SCC in the TI flake (depending on whether the TI flake is used as a spin
injector and/or a spin detector). The amplitude of the signal depends both on how
much spin current that is transported between the electrodes and on the efficiency
of the CSC or SCC. Furthermore, by adapting Equation (3.1), the polarisation of
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the TI flake PTI can be calculated from

∆RNL = PFMPTIR�λs
WGr

exp
(−L
λs

)
. (3.2)

3.2.3 Hanle spin precession
The electron spins in the spin valve and spin switch measurements do not precess
since they are parallel or antiparallel to the external magnetic field, which is applied
along the y axis [6]. In Hanle spin precession measurements, however, the external
magnetic field is instead applied along the z axis, i.e. out of the graphene plane.
This causes in-plane spin precession, i.e. the electron spins precess around the z
axis as they propagate across the graphene channel [23]. Apart from the direction
of the external magnetic field, the basic setup of a Hanle precession measurement is
identical to that of a spin valve measurement, as seen in Figure 3.4a.
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Figure 3.4: Hanle spin precession measurement. (a) Hanle setup with two FM electrodes.
(b) Non-local Hanle spin precession signals between two FM contacts with parallel (red
curve) and antiparallel (black curve) electrode magnetisations. The blue curve is the
averaged signal according to Equation (3.3). The data are shifted vertically for clarity.

As stated above, electrons can only enter a FM contact if their spins are aligned
with the magnetisation of the contact. For Hanle spin precession measurements,
this means that only the projection of the electrons’ spin onto the detector electrode
magnetisation direction will give rise to a measurement signal. At zero applied
magnetic field, the obtained signal is typically the same for Hanle spin precession
measurements as for spin valve: the spins travel between the contact without pre-
cessing and the non-local voltage is at a minimum [7] (see B = 0 for the red curve
in Figure 3.4b, as compared to B = 0 in Figure 3.2b). However, when a nonzero
magnetic field Bz is applied, precession causes the electron spins to arrive to the
detector electrode with a finite angle to the contact magnetisation direction, result-
ing in a decreased signal amplitude [28]. Ideally, the non-local voltage signal would
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oscillate for increased Bz as the spins precess around the z axis with increasing an-
gular velocity. However, scattering causes the electrons to take different paths along
the graphene channel and subsequently have different transit times, which in turn
causes different electron spins to have different spin-to-contact angles when they
reach the detector [18]. This dephasing, in addition to thermodynamical relaxation
of the spin accumulation into the equilibrium state, results in a rapid decay of the
Hanle spin precession signal for increasing magnetic field [18], as seen in Figure 3.4b.

In the discussion about Hanle spin precession so far, it has been assumed that the
two FM contacts have parallel magnetisation directions. If the contacts instead
have antiparallel magnetisation directions, the graph for the non-local voltage will
be flipped upside down [6]. To exemplify: while the parallel configuration (red curve)
has a minimum at B = 0 in Figure 3.4b, the antiparallel configuration (black curve)
instead has a maximum at B = 0. Identically to the case of the plateaus in spin
valve measurements, this happens because the spins’ polarisation is antiparallel with
the detector’s magnetisation direction. Since any signal background that is caused
by charge effects will be unaffected by the magnetisations of the electrodes, while
there is a sign change for the spin signal, the signal background can be eliminated
by subtracting the signals from the parallel and the antiparallel configurations from
each other [87, 90], according to

VNL
average = VNL

↑↓ − VNL↑↑

2 , (3.3)

where VNL↑↓ and VNL↑↑ are the obtained non-local voltage signals for the configu-
rations with antiparallel and parallel contact magnetisation directions, respectively,
and VNLaverage is the average between the spin signals with eliminated background.
This is examplified in Figure 3.4b, where the average (blue curve) has a much smaller
signal background than the corresponding raw data (red and black curves).

Hanle spin precession measurements can also be made with one of the FM electrodes
exchanged for a TI flake [73]. Just as in spin switch measurements, the CSC (or SCC)
of the TI is utilised to inject (or detect) a spin current. Since the ’polarisation’ of the
CSC and the SCC is independent of the external magnetic field direction, the non-
local voltage has a minimum or a maximum depending only on the magnetisation
direction of the FM contact. Instead of denoting the configurations as parallel or
antiparallel magnetisations, the configurations are therefore referred to as positive
magnetisation (M+) or negative magnetisation (M−) for signals with a maximum
or a minimum, respectively. Apart from this, Hanle spin precession for a setup with
one FM contact and a TI flake works identically to for one with two FM contacts.

Something that is not inherent to Hanle spin precession with a TI spin injector or
detector, but may be more commonly encountered for these setups, is more or less
asymmetric non-local voltage signals. The reason for this is that the exfoliated TI
flakes are harder to align than the lithographically patterned FM contacts. The
asymmetry is namely caused by a misalignment between the injected spins and the
detector [90]. If the polarisation of a spin current initially is parallel to the FM
detector electrode and the external magnetic field causes precession by π/2, the
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detected spin polarisation will be perpendicular to the detector and the resulting
signal will be zero, no matter which direction the spins precess in. If, however, the
polarisation of the spin current instead initially is perpendicular to the detector, the
spins will precess to be either parallel or antiparallel with the detector magnetisation
and the resulting signal will be positive or negative depending on the direction of the
precession [90]. This dependence on the spin precession direction causes the obtained
signal to be antisymmetric when the injected spins are polarised perpendicular to
the detector, as opposed to the symmetric signal that is obtained when the injected
spin polarisation is parallel with the detector [91]. Examples of symmetric and
antisymmetric Hanle spin precession signals are presented in Figures 3.5a and 3.5b,
respectively, as well as in Appendix B.
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Figure 3.5: Asymmetry in signals from Hanle spin precession measurements. (a) A
symmetric signal from a measurement across pristine graphene between two FM contacts
(light blue) and a corresponding symmetric fit (dark blue). (b) An antisymmetric signal
from a measurement with a TI as spin injector and a FM contact as detector (light
blue) and a corresponding antisymmetric fit (dark blue). (c) Asymmetric signals from a
measurement with a TI as spin injector and a FM contact as detector (black and red) with
the average signal (light blue) and the symmetric (light green) and antisymmetric (violet)
components of the averaged signal. The dark blue, dark green and purple curves are
symmetric and antisymmetric fits of the signals. Linear backgrounds have been subtracted
from the measured data.
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When the polarisation of the injected spin current is neither parallel nor perpendic-
ular to the detector, the non-local voltage signal has both symmetric and antisym-
metric components [7]. These can be deconvoluted mathematically using

VNL
‖(B) = VNL(B) + VNL(−B)

2 (3.4a)

VNL
⊥(B) = VNL(B)− VNL(−B)

2 , (3.4b)

where VNL is the non-local voltage signal and VNL‖ and VNL⊥ are its symmetric and
antisymmetric components, respectively [7, 90]. Figure 3.5c shows an example of
two asymmetric Hanle spin precession signals with opposite magnetisation, the av-
erage signal (calculated from Equation (3.3)) and the symmetric and antisymmetric
components of the average signal (calculated from Equations (3.4)). By comparing
the relative contribution of the symmetric and antisymmetric components, the an-
gle ϕ between the polarisation of the injected spin current and the detector contact
magnetisation can be calculated according to

ϕ = tan−1
(

∆VNL⊥

∆VNL‖

)
, (3.5)

where ∆VNL‖ and ∆VNL⊥ are the amplitudes of the symmetric and the antisym-
metric components, respectively [7].

The obtained non-local voltage signal from Hanle spin precession measurements can
be fitted to the equations

VNL
‖ ∝

∫ ∞
0

1√
4Dst

exp
(
− L2

4Dst

)
cos(ωLt) exp

(
− t

τs

)
dt (3.6a)

VNL
⊥ ∝

∫ ∞
0

1√
4Dst

exp
(
− L2

4Dst

)
sin(ωLt) exp

(
− t

τs

)
dt (3.6b)

for the symmetric and the antisymmetric components, respectively [6, 7, 21, 73,
88, 92, 93]. Here, Ds is the spin diffusion coefficient, τs is the spin lifetime, L is
the channel length and ωL = gµB

~ Bz is the Larmor spin precession frequency, where
g is the Landé g-factor (which is the ratio between the magnetic moment and the
angular momentum of self-rotation of an electron [44]) and µB is the Bohr magneton
[6, 7, 21, 73, 88, 92, 93]. The parts of Equations (3.6) that contain Ds represent
spin diffusion, the part that contains τs represents spin relaxation and the part that
contains ωL represents spin precession [6]. The impact of the different parameters
are investigated further in Appendix B. Finally, an integration is performed over
all possible transit times between the injector and the detector electrodes [6]. By
fitting Equations (3.6) to an obtained signal, values for the spin lifetime and the
spin diffusion coefficient can be extracted. From these values, the spin diffusion
length λs =

√
Dsτs can also be calculated [73]. Examples of fittings are shown for

the averaged non-local voltage signal as well as its symmetric and antisymmetric
components in Figure 3.5c. It should be pointed out that Equations (3.6a) and
(3.6b) are purely symmetric and antisymmetric functions, respectively. This is why
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the fittings for the symmetric and antisymmetric components are visibly better than
the fitting of the averaged signal, which is fitted with the antisymmetric Equation
(3.6b) even though it contains both symmetric and antisymmetric components.

By using Equations (3.6), two main assumptions are being made, which should
be kept in mind. The first one is that the contact resistance is much larger than
the spin resistance of the graphene, and if this is not fulfilled, a more complex
analysis is required to take contact-induced spin relaxation into account [6]. This is
experimentally confirmed to be true for the devices in this thesis work. The second
assumption is that g = 2. This is generally true (and also in the case of this thesis
work), but e.g. the presence of paramagnetic moments can increase the value of
g, which would make analysis of Hanle spin precession measurements significantly
more difficult [6]. Hence, the use of Equations (3.6) in this thesis work is justified.
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4
Non-Local Electronic Detection of
Spin Transport in Graphene at

Room Temperature

Graphene is an excellent material for efficient and long-distance spin transport,
thanks to its high carrier mobility and weak intrinsic spin-orbit coupling. This,
combined with the possibility to induce properties in graphene through proxim-
ity effects, has made graphene the primary spin transport medium for spintronics
applications. Here, the spin transport properties of graphene in a van der Waals het-
erostructure with the topological insulator Bi1.5Sb0.5Te1.7Se1.3 are examined at room
temperature and compared to the spin transport properties of pristine graphene.
Non-local spin valve and Hanle spin precession measurements show that the spin
transport in graphene is sufficiently efficient and that the proximity-induced impact
from the topological insulator is likely to be negligible. These findings will later be
used in the analysis of the results from the charge-spin interconversion experiments
in Chapter 5.

4.1 Spin valve measurements and bias current de-
pendence

Since the discovery and characterisation of graphene by Geim and Novoselov et al.
[94, 95], the material has attracted vast attention due to its unique and extraor-
dinary properties, and even gained its discoverers a Nobel Prize in Physics [96].
In the field of spintronics, graphene is extremely useful for spin transport, thanks
to the long spin lifetimes and spin diffusion lengths that arise from the material’s
weak spin-orbit coupling [6, 10, 18, 97]. Furthermore, the ability to tune the prop-
erties of graphene through proximity effects adds an extra layer of versatility [23,
98, 99]. In this thesis work, chemical vapour deposition (CVD) graphene and me-
chanically exfoliated Bi1.5Sb0.5Te1.7Se1.3 (BSTS) are stacked in van der Waals (vdW)
heterostructures, in hope of combining the transport properties of graphene with
the spin-momentum locking of the topological insulator BSTS.

The spin transport measurements in graphene were performed for two parts of the
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device: heterostructure graphene, where a flake of BSTS was put on top of the
graphene channel in a vdW heterostructure (see Figure 4.1a), and pristine graphene,
outside of the vdW heterostructure (see Figure 4.1b). The first goal of the exper-
iments was to simply detect spin transport through the graphene channel, both
across the heterostructure and across pristine graphene. The second goal was to
investigate if the vdW heterostructure made an impact on the spin transport and
the transport properties of graphene, in order to better understand the results from
the charge-spin interconversion experiments in Chapter 5.
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Figure 4.1: Spin valve measurements. (a) Schematic of the measurement setup for the
graphene channel in the vdW heterostructure. (b) Schematic of the measurement setup
for the graphene channel with pristine graphene, outside of the vdW heterostructure. (c)
Local resistance measured when passing a 1µA current through the graphene channel
for the heterostructure and pristine graphene, respectively, as a function of gate voltage.
The resistance maxima at Vg = 43 V corresponds to the graphene Dirac points. (d) Spin
valve non-local signals across the heterostructure for positive and negative bias currents
(I = ±100µA). The measurements were performed for Vg = −60 V. The data are
shifted vertically for clarity. (e) Spin valve non-local signals across pristine graphene for
positive and negative bias currents (I = ±50µA). The measurements were performed for
Vg = −70 V. The data are shifted vertically for clarity. (f) The spin valve signal amplitude
for the heterostructure and pristine graphene, respectively, as a function of bias current.

First, the gate modulation of the local resistance across the graphene was investi-
gated. This was done through measuring the local resistance R = V/I while passing
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a 1µA current across the graphene channel. The obtained results are presented in
Figure 4.1c. Both the heterostructure graphene and the pristine graphene show a
maximum at approximately Vg = 43 V, which corresponds to the graphene Dirac
point. The requirement of a positive gate voltage for reaching the Dirac point means
that the graphene is hole doped by the SiO2 wafer [100, 101]. The very small shift
in gate voltage between the heterostructure and the pristine graphene is within the
error range of the equipment, and it can thus be concluded that the BSTS flake
does not cause any additional doping of the graphene channel. The difference in
amplitude between the two curves comes from the difference in channel length:
6.7µm for the heterostructure graphene vs 2.5µm for the pristine graphene. The
significantly longer channel for the heterostructure graphene naturally gives rise to
a higher resistance.

By extracting data from Figure 4.1c, the mobility of the charge carrier could be
calculated [102] to µHS = 1.2 · 103 cm2/Vs for the heterostructure graphene and
µpristine = 1.0 · 103 cm2/Vs for the pristine graphene. These values are similar to
reported mobilities of graphene channels in similar heterostructure devices [28, 67,
73, 92].

Next, spin valve measurements were performed for different bias currents. The bias
dependence of the signal amplitude is shown in Figure 4.1f, with illustrative examples
of the spin valve signals in Figures 4.1d and 4.1e for heterostructure graphene and
pristine graphene, respectively. It is expected that the amplitude will increase for
larger bias currents, since a larger charge current enables the polarisation of a larger
spin current. However, the V-shaped curves are shifted towards more positive bias
currents, and the pristine graphene even shows negative spin valve amplitudes (as
clearly seen in Figure 4.1e). This behaviour has been reported previously for similar
devices, and is thought to happen because of local hot-electron effects across the
FM contact tunnel junctions at higher positive bias currents and/or because of the
complex electronic structure of the FM-graphene hybrid interfaces [103].

Using the amplitude of the spin valve signals and spin transport parameters that
were extracted from Hanle spin precession signals (see below), the polarisation of
the FM contacts was calculated from Equation (3.1) to be 3.9%. The calculation
was performed for pristine graphene in order to avoid any influence of possible
spin absorption of the TI flake in the heterostructure. The obtained value falls
into the range of reported contact polarisations for FM contacts where the tunnel
barrier towards graphene has pinholes (2− 18%) [86, 104, 105]. It is slightly higher
than the reported polarisation of transparent contacts (1%) [106] and an order of
magnitude lower than that of contacts with pinhole-free tunnel barriers (26− 30%)
[88]. This indicates that the tunnel barriers in this thesis work have pinholes, which
was already suspected from the device fabrication (see Appendix A). Tunnel barriers
without pinholes would probably have enabled a higher contact polarisation and thus
higher spin signal amplitudes, but the obtained contact polarisation is evidently high
enough to give clear spin signals, which is sufficient for the scope of this work.
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4.2 Hanle spin precession measurements and gate
voltage dependence

Following the spin valve measurements, Hanle spin precession measurements were
performed. The observed modulation of the spin signal with out-of-plane magnetic
field strength (examples for heterostructure and pristine graphene are shown in
Figures 4.2a and 4.2b, respectively) is, together with the spin valve signals, very
strong evidence of spin transport across the graphene channels. It can be seen
that the Hanle curve for pristine graphene is significantly broader than the one for
heterostructure graphene. This happens because of the difference in channel length,
since a longer channel typically results in a thinner Hanle spin precession curve.
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Figure 4.2: Hanle spin precession measurements. (a) Hanle spin precession non-local sig-
nal (light blue) for the graphene channel across the heterostructure, as well as a symmetric
fit (dark blue). The measurements were performed for I = 150µA and Vg = −60 V. A lin-
ear background has been removed. (b) Hanle spin precession non-local signal (light blue)
for the pristine graphene channel, as well as a symmetric fit (dark blue). The measure-
ments were performed for I = −100µA and Vg = −70 V. A linear background has been
removed. (c) Top panel: Local voltage measured when passing a 1µA current through
the graphene channel across the heterostructure as a function of gate voltage. Three bot-
tom panels: The peak-to-peak amplitude of the measured Hanle signals as well as spin
lifetimes and spin diffusion lengths, extracted from symmetric fits of the Hanle signals, as
functions of gate voltage. The measurements were performed for I = 150µA. (d) Top
panel: Local voltage measured when passing a 1µA current through the pristine graphene
channel as a function of gate voltage. Three bottom panels: The peak-to-peak amplitude
of the measured Hanle signals as well as spin lifetimes and spin diffusion lengths, extracted
from symmetric fits of the Hanle signals, as functions of gate voltage. The measurements
were performed for I = −100µA.

The gate voltage dependence of the signal amplitude, as well as of the spin lifetime
and the spin diffusion length, is presented in Figure 4.2c for heterostructure graphene
and in Figure 4.2d for pristine graphene. The values of the spin transport parameters
were extracted from fits of the measured Hanle spin precession signals using Equation
(3.6a). Both the heterostructure and the pristine graphene have a gate dependence
where the Hanle signal amplitude decreases closer to the graphene Dirac point. The
spin valve amplitudes have a similar gate dependence, as shown in Appendix C. This
is most likely because of a conductivity mismatch between the graphene channel and
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the FM electrode. Since the increased resistivity of the graphene around the Dirac
point is significantly higher than that of the metallic contact, injected spins are more
likely to diffuse back into the injector electrode, rather than propagating along the
graphene channel [88, 97, 107]. A lower injection rate leads to a smaller spin current
and, subsequently, a lower spin signal amplitude.

Farther away from the graphene Dirac point, there is some difference between the
heterostructure graphene and the pristine graphene. The former has a linear gate
dependence while the latter seems to saturate around Vg = −50 V. This could be
because of a difference in conductivity mismatch between different contacts that
are being used for the measurements. It has been predicted by calculations and
confirmed experimentally that transparent contacts give rise to a V-shaped gate
dependence of the spin signal amplitudes, while tunnel barriers with pinholes cause
the amplitudes to saturate for larger gate voltages [88]. However, all FM contacts
in this thesis work were fabricated with an insulating layer of TiO2, so none of them
should be completely transparent. Still, it is possible that the amount of pinholes
is larger for some contacts, which would give them a more transparent behaviour.
Either way, further investigations with more devices would be necessary in order to
draw any solid conclusions on the matter.

The spin lifetime and the spin diffusion length mainly follow the behaviour of the
Hanle signal amplitude, for both types of graphene. The decrease of the spin param-
eters near the Dirac point can hence be explained as a consequence of the lack of spin
signal, considering that the values of the parameters come from fits of the Hanle
curves. This also explains the appearance of noticeably larger error bars around
Vg = 40 V (where small signal amplitudes causes a low signal-to-noise ratio) for the
heterostructure graphene.

Finally, it should be mentioned that, since the distance between the injector and
the detector electrodes is relatively short, the obtained values of spin lifetime and
spin diffusion length can be seen as a lower bound of their actual values [7]. This is
especially true for the pristine graphene, since its channel length is less than half as
short as the heterostructure graphene channel length.

4.3 Spin lifetime anisotropy
The last set of graphene transport measurements of this work were performed with
different out-of-plane angles, β, between the graphene and the oblique external mag-
netic field Bβ. In addition to this, the sign of the magnetic field was restricted so
that the magnetisation of the FM contacts did not switch during the Bβ sweeps.
With this setup, the spin transport across the vdW heterostructure was measured
like previously, giving the results in Figure 4.3a. Because of the oblique external
magnetic field (for 0° < β < 90°), the injected spins precess partly out-of-plane as
they propagate across the graphene channel in the heterostructure. This makes the
spin polarisation sensitive to both the in-plane spin lifetime τ ‖s and the out-of-plane
spin lifetime τ⊥s [108], as opposed to the spin valve and Hanle spin precession mea-
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surements, where the spin polarisation is only sensitive to τ ‖s . For larger magnetic
fields (the yellow area in Figure 4.3a), the polarised spins will dephase, and only the
spin component that is parallel to Bβ will survive [109]. By comparing the non-local
voltage that is detected for this case, ∆V β

NL, to the non-local voltage that is detected
for zero applied field, ∆VNL(B = 0), the spin lifetime anisotropy ζ = τ⊥s /τ

‖
s can be

calculated using the Bloch-diffusion model [108].
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Figure 4.3: Spin lifetime anisotropy measurements. (a) Spin precession measurements
across the graphene channel in the vdW heterostructure with an oblique external magnetic
field applied at an angle β against the graphene plane. The measurements were performed
for I = −200µA and Vg = −70 V. (b) Visualisation of the spin lifetime anisotropy with
black dots extracted from (a). The red curve is a fit of the extracted data and the grey
line represents an isotropic spin lifetime.

In Figure 4.3b, the ratio between ∆V β
NL and ∆VNL(B = 0) is plotted against

cos2(β∗), where β∗ is the angle β with a small correction γ to account for the small
tilting of the FM contact magnetisation that is caused by the applied magnetic field
[89]. This is a way to visualise the spin lifetime anisotropy results that were ex-
tracted from Figure 4.3a. For completely isotropic spin lifetimes (i.e. τ ‖s = τ⊥s ), the
data points will follow the grey y = x line [89]. For cases with ζ > 1 and ζ < 1, the
data points will be above and below this line, respectively [89].

The fit of the data points in Figure 4.3b (red curve) indicates that the spin lifetime
is slightly anisotropic with spin lifetime anisotropy of ζ = 1.1± 0.05, but there are
three sources of error that cause some uncertainty. The first uncertainty comes from
the graphene channel being shorter than what is usual for this type of experiment. A
longer graphene channel makes the Hanle curves thinner with saturation of the spin
dephasing at a weaker external magnetic field. Because of this, ∆V β

NL is normally
extracted in the range of Bβ = 0.1 − 0.2 T [89, 108, 109], which is to be compared
to |Bβ| & 0.4 T in this work. The application of a significantly stronger magnetic
field may have caused some impact on the obtained results.
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The second possible source of error is the noise of the measured signals in Figure
4.3a. While the curves are not extremely noisy, there is undeniably some noise that
could influence on the extracted values of ∆V β

NL. Better tunnel barriers between
the graphene and the FM contacts with less pinholes and higher interface resistance
would probably have helped decreasing the noise, but that is beyond the scope of
this thesis work. Finally, the third cause of uncertainty is that the external magnetic
field was aligned manually for each of the measurements, and the values of β are
therefore likely to be somewhat inexact due to human error.

Considering the uncertainty due to these three possible sources of error and that the
obtained value of the spin lifetime anisotropy is already close to 1, the conclusion
is that the spin lifetime anisotropy is in the range of unity. There might be some
anisotropy, but the spin lifetime might also be completely isotropic. This means
that proximity effects from the BSTS flake have a negligible impact on the spin
lifetime in the graphene channel, since the proximity effects would otherwise have
caused the spin lifetime to be clearly anisotropic [109]. This stands in agreement
with the results in Figure 4.1f, where the spin signal amplitude is very similar for
heterostructure graphene and pristine graphene. The lack of spin absorption of the
BSTS flake (which would have caused a lowered signal amplitude) indicates that
there is not much interaction between the graphene and the TI. It should be noted,
however, that the spin lifetime anisotropy measurements were not performed on the
same device as the charge-spin interconversion experiments in Chapter 5, and ζ has
been known to have large device-to-device variations. Nevertheless, the results in
Figures 4.3 and 4.1f give some indication that the proximity effects from the BSTS
on the graphene channel are weak for these devices.

35



Chapter 4. Non-Local Electronic Detection of Spin Transport in Graphene at
Room Temperature

36



5
Non-Local Electronic Detection of
Charge-Spin Interconversion in a
Topological Insulator at Room

Temperature

Topological insulators are promising candidates for spin generation and detection in
all-electrical spintronics applications, thanks to their strong spin-orbit coupling and
non-trivial spin-momentum locking of their topological surface states. Charge-spin
interconversion has previously been reported using spin potentiometric measure-
ment methods. However, reliable non-local measurements have so far been limited
to cryogenic temperatures. Here, we report non-local detection of charge-spin in-
terconversion in the topological insulator Bi1.5Sb0.5Te1.7Se1.3 at room temperature
using a van der Waals heterostructure with graphene in a spin valve device. The
observation of both spin switch and Hanle spin precession signals in the non-local
device and detailed bias and gate dependent measurements prove the robustness of
the charge-spin interconversion effects in topological insulators at room tempera-
ture. These findings demonstrate the possibility of using topological insulators to
make all-electrical room-temperature spintronics devices for energy-efficient next-
generation computing components.

5.1 Charge-to-spin conversion
The unique electronic band structure of topological insulators (TIs) has attracted
much attention in recent years [17, 27, 110]. Their strong spin-orbit coupling (SOC)
and the spin-momentum locking (SML) of their topological surface states enable
charge-to-spin and spin-to-charge conversion (CSC and SCC, respectively) for fast
and energy-efficient computing through spintronics applications. However, a weak
SOC is necessary for efficient spin transport. By stacking TIs and graphene in van
der Waals (vdW) heterostructures, the SML of the TI can be combined with the ex-
cellent spin transport properties of graphene. This is done in this work with chemical
vapour deposition (CVD) graphene and mechanically exfoliated Bi1.5Sb0.5Te1.7Se1.3
(BSTS). The finished device, with non-magnetic and ferromagnetic (FM) contacts,
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is shown in the scanning electron microscope (SEM) image in Figure 5.1c.

The CSC experiments were performed for measurement geometries such as the one
in Figure 5.1a. A non-polarised DC charge current was injected from one of the
nonmagnetic contacts on top of the BSTS flake, and the non-local voltage was
measured between a FM electrode across the graphene channel and a nonmagnetic
reference contact. Due to the strong SOC of BSTS, the charge current is partially
converted into a polarised spin current. This can happen through three different
CSC mechanisms, as explained in Section 2.2. In the spin Hall effect (SHE), the
SOC causes electrons to be scattered in opposite directions depending on their spin
polarisation, which is visualised in the left of Figure 5.1b, and this gives rise to
a transverse spin current [16]. CSC can also originate either from the Rashba-
Edelstein effect (REE) of the bulk states or from the topological spin-momentum
locking (TSML) of the surface states [64]. The right of Figure 5.1b shows the
band structure of a TI, with spin-split conduction and valence bulk bands due to
Rashba SOC and metallic topological surface states. Depending on the position of
the Fermi level, the Fermi surface has either one or two helical windings in its spin
texture, which will be offset from the equilibrium position by the additional electron
momentum that is caused by an applied electric field [47, 63, 74]. Furthermore, both
the SHE and the REE can appear not only in the bulk states of the TI, but also in
the graphene through proximity effects [25, 47]. All five of these CSC origins can
lead to a spin accumulation, and while the charge current flows through the closed
loop between source and drain, a pure spin current diffuses in both directions along
the graphene channel and can thus be detected as a non-local voltage drop.

38



Chapter 5. Non-Local Electronic Detection of Charge-Spin Interconversion in a
Topological Insulator at Room Temperature

(a) (b)

(c) (d)

-0.1 0.0 0.1

-8

0

8
R N

L (
m
W

)

By (T)

®

¬

(e)

-0.5 0.0 0.5

-8

0

8

R N
L (

m
W

)

Bz (T)

Figure 5.1: Graphene/TI heterostructure device for non-local detection of CSC in the
TI. (a) Schematic of the device and the measurement geometry for an experiment with
spin injection from the TI flake. The charge current in the TI flake is expected to be con-
verted into a polarised spin current, which is then injected into the graphene channel and
subsequently detected non-locally using a FM electrode. (b) Schematics of the possible
CSC mechanisms in the TI. In the SHE (left), spins are deflected in different directions
based on their spins and a transverse spin current is formed. In the REE and the TSML
(right), the SML of the electronic spin texture at the Fermi surface gives rise to a spin
accumulation when an electric field is applied. (c) Coloured SEM image of the device with
drawn schematics showing the same measurement setup as in (a). The major component
of the device is the graphene/BSTS heterostructure, and nonmagnetic and FM contacts
are used for injection and detection of charge and spin currents. (d) Spin switch non-local
signal for in-plane By magnetic field sweeps. The measurement was performed for a bias
current of I = 150µA and a gate voltage of Vg = −70 V. (e) Hanle spin precession non-
local signal for out-of-plane Bz magnetic field sweeps. The measurements were performed
for a bias current of I = 150µA and a gate voltage of Vg = −70 V. A linear background
has been subtracted from the measured data.

First, spin switch measurements were performed by measuring the non-local voltage
while sweeping an external magnetic field along the y axis (which is the easy axis
of the FM electrodes). Since the polarisation of the spin current is already aligned
with the magnetic field, no spin precession takes place, but when the magnetic field
is strong enough, the magnetisation direction of the FM contact will switch between
the +y and −y directions [85]. The polarised electrons in the graphene channel will
be significantly less prone to be absorbed by the FM contact when their spin direction
and the contact magnetisation direction are antiparallel to each other than when
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they are parallel, which results in a sharp jump in non-local resistance (Rnl = Vnl/I)
when the FM contact magnetisation direction is switched by the external magnetic
field [6]. One such signal with a pronounced hysteresis for the forward and backward
sweep is shown in Figure 5.1d. This kind of signal will only appear for a polarised
spin current and this is therefore a clear indication of CSC in the BSTS flake.

Second, Hanle spin precession measurements were conducted with the external mag-
netic field being swept along the out-of-plane z axis. This causes the spins to precess
in-plane and they therefore arrive to the FM detector electrode with a finite angle
to the contact magnetisation direction. Since the non-local resistance depends on
the projection of the spin current polarisation onto the contact magnetisation direc-
tion, this misalignment results in a decreased magnitude of the detected non-local
resistance for increased out-of-plane magnetisation [28], as seen in the Hanle signal
in Figure 5.1e. The dependence of the non-local resistance on the out-of-plane mag-
netic field is an additional confirmation of a polarised spin current being injected
into the graphene channel from the TI due to CSC.

Using the spin valve signal amplitude, spin transport parameters extracted from the
Hanle signals and the contact polarisation from Chapter 4, the spin polarisation of
the BSTS flake was calculated to 0.1% from Equation (3.2). This is an order of
magnitude lower than REE conversion efficiencies in literature, but comparable to
previously reported spin Hall angles (see Sections 2.2.2 and 2.2.1, respectively). The
charge-spin interconversion efficiency of this device is, in other words, at least decent,
compared to the state of the art. Furthermore, this work is a proof-of-concept rather
than an attempt to optimise the device performance. It is therefore likely that a
fine-tuned fabrication process will increase the charge-spin interconversion further.

The Hanle signals are studied further in Figure 5.2a. Prior to sweeping the mag-
netic field out-of-plane, the magnetisation direction of the FM detector electrode
was set by temporarily applying an in-plane magnetic field in the +y or −y direc-
tion. Depending on the contact magnetisation direction, the Hanle signal has either
a minimum or a maximum around Bz = 0, similarly to the spin switch signal, which
further supports the existence of a spin current. The two curves for opposite con-
tact magnetisation were first averaged using Equation (3.3) and the symmetric and
the antisymmetric components of the average signal were then deconvoluted using
Equations (3.4). The average signal and its two components were then fitted by
Equations (3.6). The relative contribution of the symmetric and the antisymmet-
ric components depends on the angle between the polarisation of the spin current
that is injected from the BSTS flake to the graphene and the magnetisation direc-
tion of the FM detector contact [7, 90]. By extracting the amplitudes of the signal
components, this angle could be determined to ϕ = 67 ± 1° from Equation (3.5).
This result is not surprising, considering that the charge current is likely to pass
diagonally through the BSTS flake and the graphene/TI interface (see e.g. Figure
5.2b), and will thereby give rise to a diagonal spin polarisation (since the spins are
polarised perpendicularly to the charge current path).

40



Chapter 5. Non-Local Electronic Detection of Charge-Spin Interconversion in a
Topological Insulator at Room Temperature

(a)
V N

L (
mV

)

Bz (T)

V1
Asym

Sym

Avg

M+

M-

(b)

(c)

-0.1 0.0 0.1

-1

0

1

V N
L (
mV

)

By (T)

®

¬
V1

(d)

-0.1 0.0 0.1

-2

0

2

V N
L (
mV

)

By (T)

V2

¬

®

Figure 5.2: Measurement geometry dependence of the CSC signal. (a) Hanle spin preces-
sion non-local signals for measurement geometry 1 in (b) with FM contact magnetisation
along the +y (black curve) and the −y direction (red curve), respectively, as well as the
averaged signal (light blue curve) and the symmetric (light green curve) and the anti-
symmetric (violet curve) components of the averaged signal. The dark blue, dark green
and purple curves are fits of the respective signals. The measurements were performed
for a bias current of I = 150µA and a gate voltage of Vg = −70 V. A linear background
has been subtracted and the data are shifted vertically for clarity. (b) Schematic of the
device and the two different measurement geometries that were used for the CSC exper-
iments, applying charge currents along positive and negative x components, respectively.
(c-d) Spin switch non-local signals for each of the two measurement setups in (b). The
measurements were performed for I = 120µA and Vg = −60 V and for I = 300µA and
Vg = −75 V, respectively.

In order to investigate the origin of the CSC, spin experiments were performed for
the different measurement geometries in Figure 5.2b. In the first geometry, the bias
current I1 is passed on the +x side of the BSTS flake and the non-local voltage
V1 is detected on the −x side of the flake. In the second setup, an opposite ge-
ometry is used with I2 and V2. As shown in Figures 5.2c and 5.2d, there is a sign
change for the spin switch signal between the two measurement geometries: setup
1 gives a high non-local voltage when the contact magnetisation of the detector is
in the −y direction and a low non-local voltage for +y contact magnetisation, while
setup 2 gives the opposite. The origin of the CSC must therefore be odd with the
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x component of the charge current. The geometry dependence was also measured
through Hanle spin precession, but the device unfortunately broke before a full set
of measurements could be obtained for geometry 2. Due to the incomplete data, it
is hard to draw any conclusions about the dependence on the measurement geom-
etry from the Hanle measurements, and therefore only the spin switch results are
considered for this part of the discussion. The odd behaviour with the x component
of the charge current does not help to distinguish between the SHE, the REE and
the TSML, since all of there effects depend on the in-plane charge current direction
[16, 28, 74]. However, there have been reports of unconventional CSC which is in-
dependent of the x component of the charge current [91], and this unconventional
CSC origin can, at least, be ruled out.

The bias current dependence of the spin signal was examined through both spin
switch and Hanle measurements. A schematic of the experimental setup is shown
in Figure 5.3a. Both the spin switch (Figure 5.3b) and the Hanle (Figure 5.3c)
signals show a sign change with reversed bias current. Furthermore, Figure 5.3d
shows a linear bias dependence of the peak-to-peak amplitude of the Hanle signals.
This linear behaviour is also observed for the spin switch signals (see Appendix C).
Considering that a reversed bias current includes changing the x component of the
applied charge current, a sign change of the spin signal is anticipated. The linear bias
dependence is also expected, since a larger charge current enables the polarisation
of a larger spin current. Furthermore, the observation of a linear bias dependence
also rules out any thermal effects in the measured bias range, since these would have
given rise to a nonlinear bias dependence [21, 111].
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Figure 5.3: Bias current dependence of the CSC signal. (a) Schematic of the device and
the used measurement geometry with arrows indicating positive and negative bias charge
currents. (b) Spin switch non-local signals for positive (I = 120µA) and negative (I =
−150µA) bias currents. The measurements were performed for Vg = −60 V. The data
are shifted vertically for clarity. (c) Hanle spin precession non-local signals for positive
(I = 120µA) and negative (I = −150µA) bias currents and corresponding antisymmetric
fits. The measurements were performed for Vg = −70 V. Linear backgrounds have been
removed and the data are shifted vertically for clarity. (d) The peak-to-peak amplitude
of the measured Hanle signals as a function of bias current and a linear fit.

However, it is not possible to discern which mechanism is the origin of the CSC
from the bias dependence of the spin signals. Linear bias dependencies have been
reported for each of the SHE [55, 92], the REE [112] and the TSML [22, 40, 77], but
these results come from different types of measurements and different measurement
geometries, and can therefore not be compared directly to the obtained results of
this thesis work. Hence, further investigations are required to find the origin of the
obtained CSC signals.

The gate dependence of the spin signal was investigated in the same way as the bias
dependence. However, no sign change of the signal was detected for reversed gate
voltage, as shown in Figures 5.4a and 5.4b for spin switch and Hanle spin preces-
sion, respectively. The gate dependence of the peak-to-peak amplitude of the Hanle
signals is shown in greater detail in the second panel of Figure 5.4c. The amplitude
is mainly independent of gate voltage, but the signal vanishes around Vg = 45 V,
which corresponds to the Dirac point of the graphene channel (detected as a volt-
age maximum from local transport measurements across the vdW heterostructure,
shown in the top panel of Figure 5.4c). The two bottom panels of Figure 5.4c show
the gate dependence of the spin lifetime and the spin diffusion length, where the
parameters have been extracted from fittings of the measured Hanle signals using
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Equations (3.6). The extracted values of the spin lifetime and the spin diffusion
length are around 75 ps and 1.5µm, respectively, but a weak linear dependence can
be seen where both parameters decrease closer to the Dirac point of the graphene.

(a)

-0.1 0.0 0.1

0

2

4

V N
L (
mV

)

By (T)

®

®

¬

¬

70 V

-70 V

(b)

-0.4 0.0 0.4

0

4
V N

L (
mV

)

Bz (T)

70 V

-70 V

(c)

-50 0 50
0
1
2

0

75

150
0

2

6
12

l s
 (m

m
)

Vg (V)

 

t s
 (p

s)

 

DV
N
L (

mV
)  150 mA

 -120 mA
 -150 mA

V1

 

 

V 
(m

V
)

Figure 5.4: Gate voltage dependence of the CSC signal. (a) Spin switch non-local signals
for positive and negative gate voltages (Vg = ±70 V). The measurements were performed
for I = 150µA. The data are shifted vertically for clarity. (b) Hanle spin precession
non-local signals for positive and negative gate voltage (Vg = ±70 V) and corresponding
antisymmetric fits. The measurements were performed for I = 150µA. Linear back-
grounds have been removed and the data are shifted vertically for clarity. (c) Top panel:
Local voltage measured when passing a 1µA current through the graphene channel across
the vdW heterostructure as a function of gate voltage. The voltage maximum at Vg = 45 V
corresponds to the graphene Dirac point. Three bottom panels: The peak-to-peak am-
plitude of the measured Hanle signals as well as spin lifetimes and spin diffusion lengths,
extracted from symmetric and antisymmetric fittings of the Hanle signals, as functions of
gate voltage. The measurements were performed with I = 150µA for the main set of data
and with I = −120µA and I = −150µA for the supporting data points.

The absence of a sign change of the spin signal as the Fermi level is tuned across
the graphene Dirac point indicates that the CSC comes from the TI and not from
proximitised graphene. This is because both the proximity-induced SHE and the
proximity-induced REE would have given rise to a sign change of the spin polar-
isation when the charge carrier type in graphene changes [28, 48, 63]. The bulk
SHE and the bulk REE, however, do not normally cause a sign change, since this
would necessitate the Fermi level to be tuned across the TI band gap and would
therefore require a very large applied gate voltage [28, 67]. The TSML does not give
a sign change either, even when the Fermi level is tuned across the TI Dirac point,
due to the opposite chirality of the SML above and below the Dirac point, which
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counteracts the effect of the changed charge carrier types [22, 28]. The ruling out of
the proximity-induced CSC mechanisms is further supported by the results from the
spin lifetime anisotropy experiment in Section 4.3, where the mostly isotropic spin
lifetime indicates negligible proximity effects from the BSTS flake on the graphene
channel.

The disappearance of the spin signal around the graphene Dirac point is likely due
to a conductivity mismatch between the graphene channel and the TI flake. The
resistance of the graphene is at a maximum at the Dirac point, which increases
the likelihood of injected spins diffusing back into the TI instead of propagating
along the graphene channel, leading to a decreased spin injection efficiency and,
subsequently, a lower spin signal [88, 97, 107]. Additionally, the strong SOC of the
TI can increase the relaxation rate of the reabsorbed spins, which reduces the spin
injection further [73].

5.2 Spin-to-charge conversion
The SCC experiments were made in a similar fashion to the CSC ones. Instead
of injecting a charge current into the TI flake and detecting the non-local voltage
between a FM electrode and a nonmagnetic reference contact, a charge current was
here injected into a FM contact and the non-local voltage was measured between
the TI flake and a reference contact, as viewed in Figure 5.5a. The injected charge
current is partially converted into a polarised spin current by the FM contact and
the spins can then be detected as a non-local voltage due to SCC in the TI. The
possible origins of the SCC are the Onsager reciprocals of the possible CSC origins:
the inverse SHE (ISHE), the inverse REE (IREE) and SCC through TSML. In
the ISHE, spins are deflected in the same way as in the SHE, but since opposite
spins travel in opposite directions in a spin current, all spins are deflected in the
same direction and a transverse charge current is generated. In the IREE and the
TSML, the spin polarisation causes the Fermi surface spin textures to shift from the
equilibrium position in the way showed in Figure 5.5b, which gives rise to a charge
current.
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Figure 5.5: Spin-to-charge conversion in the TI. (a) Schematic of the device and the
two different measurement setups for measuring SCC by injecting a spin polarised current
from FM electrodes and detecting it with the TI flake, applying the spin currents along
positive and negative x components, respectively. (b) Schematic of the Fermi surface
of a TI, in the spin-split conduction or valence bulk bands (left) and in the topological
surface states (right). When a spin current is applied, the spin textures of the Fermi
surface shift and can yield a charge current through the IREE or the TSML, respectively.
(c-d) Spin switch non-local signals for each of the two measurement setups in (a). The
measurements were performed for I = −150µA and Vg = −70 V and for I = −100µA
and Vg = −75 V, respectively. (e-f) Hanle spin precession non-local signals for each of
the two measurement setups in (a) with FM contact magnetisation along the +y (black
curve) and the −y direction (red curve), respectively, as well as the averaged signal (light
blue curve) and the symmetric (light green curve) and the antisymmetric (violet curve)
components of the averaged signal. The dark blue, dark green and purple curves are fits of
the respective signals. The measurements were performed for I = 130µA and Vg = −75 V.
Linear backgrounds have been removed and the data are shifted vertically for clarity.
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Spin switch measurements in each of the two geometries in Figure 5.5a gave the
results in Figures 5.5c and 5.5d, respectively. The jumps in non-local voltage show
that there is indeed SCC since the detected non-local voltage changes sign when the
polarisation of the injected spin current is reversed. Additionally, the sign change
of the signal between the two measurement geometries means that the SCC has a
dependence on the x component of the spin current, similarly to the CSC. This,
combined with the fact that no sign change of the SCC signal was detected for
reversal of the gate voltage (see Appendix C), agrees with the results from the CSC
experiments and indicates that the SCC comes from the TI, in the form of bulk
ISHE, bulk IREE or TSML.

It should be noted that no sign change of the SCC signal was observed for reversed
bias current, which stands in contrast to the CSC results. This is, however, not a
feature of the SCC but rather of the spin injection from the FM contacts. Spin valve
measurements across pristine graphene in the same device (presented in Figure 4.1f
of Chapter 4) show that the spin signal magnitude indeed changes sign when the
bias current goes from negative to small positive values but then changes sign again
for larger positive bias currents. This is thought to happen because of local hot-
electron effects across the contact tunnel junctions at higher bias currents and/or
because of the complex electronic structure of the FM-graphene hybrid interfaces
at the injector electrode [103]. Since the SCC signal was detected only for large
positive bias currents, the polarisation of the injected spins is similar to the spin
polarisation for negative bias, and a similar SCC is subsequently measured at the
TI. The unusual bias dependence of the SCC signal is thus no reason to doubt the
results and conclusions above.

The results from the Hanle spin precession measurements are shown in Figures 5.5e
and 5.5f for each of the measurement geometries, respectively. The signals for oppo-
site contact magnetisation direction were averaged and subsequently deconvoluted
into symmetric and antisymmetric components in the same way as described in
Section 5.1. The angle between the polarisation of the injected spins from the FM
contact and the SCC of the TI was calculated to ϕ = 24± 8° for the first geometry
and to ϕ = 7.2 ± 0.2° for the second geometry. Since the signal-to-noise ratio is
much larger in Figure 5.5f than in Figure 5.5e, it can be argued that ϕ = 7.2± 0.2°
is the more reliable value. The measurements in the second geometry also give a
spin lifetime of 75 ps and a spin diffusion length of 1.3µm, which are very close to
the obtained results from the CSC experiments.

The asymmetry of the Hanle signals and the values of ϕ are significantly different
between the CSC case and the SCC case, especially if the SCC measurements are to
be considered more reliable in the second geometry. This suggests that the polarised
spins are behaving differently at the graphene/TI interface in the two cases. One
possible reason for this is that the repeatedly applied currents and voltages have
caused the graphene/TI interface to change slightly between the CSC and the SCC
measurements. However, this disagrees with the chronology of the experiments, since
the SCC experiments were performed before the second set of CSC measurements,
and can thus be ruled out.
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A more likely explanation is that the polarised spins travel along different paths
through the interface and/or the BSTS flake. In the CSC case, the applied bias
current is passed diagonally through the TI with nonzero x, y and z components. It
is therefore reasonable that the spin polarisation will also be diagonal (perpendicular
to the charge current), which corresponds to the obtained 67±1° angle. In the SCC
case, on the other hand, the injected spins are initially parallel to the FM contact
magnetisation. At the graphene/TI interface, a portion of the polarised spins will
then be absorbed by the BSTS flake. However, it is not obvious where and how the
spins will cross the vdW gap, nor is it obvious which path the charge current will
take after the SCC.

It is probable that the vdW gap of the graphene/TI interface has some thinner
areas and some wider areas, due to unevenness in the surface of the wafer and/or
of the BSTS flake. While the polarised spins in the CSC case might be injected
across a wider part of the vdW gap, where the interface resistance is higher and
the conductivity mismatch problem is mitigated, the polarised spins in the SCC
case might instead be absorbed across a thinner part of the vdW gap, where the
interface resistance is at a minimum. This difference could potentially give rise to the
difference in the Hanle signal asymmetry, since the system geometry, the effective
channel length between the FM contact and the BSTS flake and, potentially, the
interference from the graphene/TI interface would be different between the CSC
case and the SCC case.

Furthermore, the path of the charge current after the SCC could also affect the
Hanle signal asymmetry, since it is the converted charge current that gives rise to
the non-local voltage. Depending on which SCC mechanism is dominating, the
charge current direction can be dependent either on the spin polarisation or the
spin current direction, but the geometry of the BSTS flake as well as the properties
of the graphene/TI interface will most likely also have an impact. There are thus
several layers of uncertainty regarding the true origin of the difference in Hanle
signal asymmetry between the CSC and the SCC measurements. Hence, these
explanations are mainly speculative, and more detailed studies are necessary for
any firm conclusions to be made.
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Summary and Conclusions

Spintronics is an innovative approach to combat the problems with increasing energy
losses that conventional electronics encounter as the size of a transistor is reaching
the nanometre scale. By utilising the electrons’ spins instead of their charges, spin-
tronics offers a new avenue for achieving fast and energy-efficient data storage and
processing. In order to make these next-generation computing components feasible,
there is a great need for efficient generation, transport and detection of polarised
spin.

Topological insulators (TIs) and their unique electronic band structure have at-
tracted a lot of attention among spintronics researchers in recent years. This new
class of materials has a strong spin-orbit coupling (SOC) and showcases topological
surface states with spin-momentum locking (SML), where the charge carriers’ spins
and momenta are locked perpendicular to each other. Thanks to these properties,
TIs show promise to be very useful for electrical charge-spin interconversion without
the need of ferromagnetic (FM) contacts. However, while charge-spin interconver-
sion in TIs has previously been reported using spin potentiometric measurement
methods, reliable non-local measurements have so far been limited to cryogenic
temperatures.

In this master’s thesis work, a spin valve device was fabricated with a van der Waals
(vdW) heterostructure of Bi1.5Sb0.5Te1.7Se1.3 and graphene as the central component,
where Bi1.5Sb0.5Te1.7Se1.3 (BSTS) is a TI. This type of heterostructure makes it
possible to combine the strong SOC of the TI with the excellent transport properties
of graphene. Both charge-to-spin conversion (CSC) and spin-to-charge conversion
(SCC) could be detected non-locally at room temperature in this device through
spin switch and Hanle spin precession measurements.

Further experiments were conducted in order to identify the origin of the observed
charge-spin interconversion. There are generally three possible mechanisms that
can give rise to CSC in a graphene/TI vdW heterostructure: the spin Hall effect
(SHE), the Rashba-Edelstein effect (REE) and the topological SML (TSML). The
SHE and the REE can appear either in the bulk of the TI or in the graphene due
to proximity-effects, while the TSML appears only in the TI surface states.

First, CSC was detected in two different measurement geometries, in order to in-
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vestigate the dependence on the x component of the applied charge current (here,
the x direction is along the graphene channel of the device). The measurements
showed that the spin signal changes sign, corresponding to an opposite spin polari-
sation, which is expected for all of the aforementioned CSC origins. The results do,
however, allow the ruling out of any unconventional CSC mechanisms.

Second, the bias current and gate voltage modulations of the CSC signal were stud-
ied. The spin signal showed a linear bias dependence, which rules out any thermal
effects that would have caused a nonlinear bias dependence if they were present.

The gate voltage modulation showed a mainly constant gate dependence of the spin
signal, except from around the Dirac point of the graphene channel, where the signal
could not be detected, most likely because of the conductivity mismatch problem. If
the CSC had been caused by the proximity-induced SHE or the proximity-induced
REE, the change in charge carrier type would have given rise to a sign change of the
spin signal at the graphene Dirac point. The absence of such a sign change means
that none of the proximity-induced mechanisms were the origin of the detected CSC.
It could therefore be concluded that CSC must originate in the TI, from the SHE,
the REE or the TSML.

Finally, similar investigations were performed for the SCC. Bias modulations showed
a V-shaped bias dependence rather than a strictly linear one. However, this was
confirmed to come from the spin injection across the graphene/FM contact inter-
face, probably due to hot electron effects. Experiments with different measurement
geometries and with gate voltage modulations showed the same type of behaviour
as the CSC, and it could thus be concluded that the SCC did not originate from
proximity-induced effects, but rather from the inverse SHE (ISHE), the inverse REE
(IREE) or the TSML in the TI.

In summary, CSC and SCC were successfully detected in a graphene/BSTS vdW het-
erostructure, using spin potentiometric measurement methods non-locally at room
temperature. Measurements probing the bias and gate dependencies in different
measurement geometries prove the robustness of the charge-spin interconversion at
room temperature, and show that the CSC and the SCC both originate in the
TI itself, through the SHE, the REE or the TSML. These findings demonstrate
the possibility to use TIs for all-electrical room-temperature spintronics devices for
energy-efficient next-generation computing components.
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A
Fabrication

The fabrication that was done as a part of this master’s thesis project is described in
this appendix. All fabrication was done in cleanroom facilities at Myfab Chalmers.

A.1 Fabrication process for the van der Waals
heterostructure devices

One chip containing seven van der Waals heterostructure devices of BSTS and CVD
graphene with nonmagnetic gold contacts and magnetic cobolt contacts was fabri-
cated in this master’s thesis project. The fabrication recipe of the chip is presented
here.

A.1.1 Chip preparation
A 7 mm × 7 mm chip was cut out from a premade 4 ′′ Si/SiO2 wafer with chemical
vapour deposition (CVD) graphene from Grolltex Inc. The chip was then cleaned in
acetone at 65 °C for 5 min, followed by isopropyl alcohol (IPA) at room temperature
for 2 min and nitrogen gas (N2) blow drying.

A.1.2 Electron beam lithography for graphene stripes
The next fabrication step was spin coating the positive resist MMA EL8 onto the
chip for 60 s with a rotation speed of 6000 rpm and an acceleration of 50 rpm/s. The
resist was then soft baked at 135 °C for 10 min. The MMA EL8 resist functioned
as an undercut resist. This was followed by a second spin coating with the positive
resist ARP 6200 13 1:2 for 60 s with a rotation speed of 6000 rpm and an acceleration
of 50 rpm/s. The second soft baking was also done at 135 °C for 10 min. The resists
were then exposed with an electron beam current of 35 nA to make a pattern of
50µm long stripes with widths of 1, 2 and 3µm, respectively. The development was
done in n-amyl acetate for 45 s followed by MIBK:IPA 1:1 for 1 min 15 s.

The chip was then etched by oxygen plasma with a power of 25 W for 30 s, which
was used to remove the unwanted graphene that was no longer protected by the
resist. Finally, the remaining resist was removed through cleaning in acetone at
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Appendix A. Fabrication

65 °C for 5 min and in IPA at room temperature for 3 min. An example of the
resulting graphene stripes is shown in Figure A.1a.

(a) (b) (c)

(d) (e)

Figure A.1: The device fabrication process. (a) Graphene stripes of length 50µm and
of widths 1, 2 and 3µm, respectively, patterned by electron beam lithography and oxygen
plasma etching. This picture was taken before rinsing in acetone and IPA, so the graphene
stripes are still covered with resist. (b) An exfoliated BSTS flake lying across one of the
graphene stripes. Not to be confused with the triangular alignment mark in the left of the
picture. (c) Contact mask drawn in AutoCAD with nonmagnetic contacts in pink and
magnetic contacts in orange. (d) Nonmagnetic gold contacts made through evaporation
deposition and lift-off. (e) Nonmagnetic gold contacts and magnetic cobolt contacts made
through evaporation deposition and lift-off.

A.1.3 Exfoliation of BSTS
Nitto tape was used for mechanical exfoliation of Bi1.5Sb0.5Te1.7Se1.3 (BSTS) from
a bulk crystal (from Miracrys) and the flakes were transferred onto the chip. This
was done in a glove box with a nitrogen atmosphere in order to prevent oxidation
of the interfaces of the van der Waals heterostructures. The sizes of the exfoliated
flakes were typically around 7µm×3µm. The thickness of a typical BSTS flake was
later determined to approximately 40 nm through atomic force microscopy (AFM)
measurements, which confirms that it is few-layer (one quintuple layer is ∼ 1 nm
[113]).

A.1.4 Mask design in AutoCAD
Since the exfoliated BSTS flakes were distributed randomly across the chip, the
chip had to be manually scanned with light microscopy for flakes which lay across
graphene stripes, in order to identify suitable starting points for fabricating the het-
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Appendix A. Fabrication

erostructure devices (see example in Figure A.1b). Nonmagnetic and ferromagnetic
contacts were designed in AutoCAD and added to the mask that had previously been
used for patterning the graphene stripes. A part of the contact mask is shown in Fig-
ure A.1c. The nonmagnetic contacts (pink) were connected to the BSTS flakes and
as reference contacts to the graphene stripes, while the magnetic contacts (orange)
were connected to the graphene stripes. All contacts were designed with individual
widths in the range of 0.7− 3µm for the nonmagnetic contacts and 0.2− 0.7µm for
the magnetic ones. The reason for this was to give each FM electrode an individual
coercivity (see Section 3.2.1). Farther away from the device, all contacts were made
wider (around 12µm) to increase robustness and make it easier to make connections
between the devices and the measurement equipment.

A.1.5 Electron beam lithography, evaporation deposition
and lift-off for nonmagnetic contacts

Two layers of resist were spin coated and soft baked in the same way as described in
Section A.1.2, whereafter the resist was patterned by electron beam with the design
for the nonmagnetic contacts. The exposure was done in two steps. The narrower
parts of the contacts were patterned with an electron beam current of 2 nA due to
their small size and in order to minimise proximity effects, while the wider contact
regions were exposed with an electron beam current of 70 nA in order to speed up
the process. Finally, the resist was developed as described in Section A.1.2.

After this, 20 nm of chromium and 90 nm of gold were deposited onto the chips
through evaporation deposition with the help of electron beam heating of the target
materials in high vacuum (2−3·10−7 Torr). The chromium here works as a glue layer
in order to increase the adhesion between the silica of the chip and the deposited
gold.

Following the deposition, lift-off was performed in order to obtain the desired con-
tacts. First, the edges of the chip were scratched with a scalpel in order to open a
path for the solvents to get in under the metal. The chip was then placed in acetone
at 65 °C for 10 min followed by IPA at room temperature for 2 min. An example of
the nonmagnetic contacts after lift-off is presented in Figure A.1d.

A.1.6 Electron beam lithography, evaporation deposition
and lift-off for magnetic contacts

Two layers of resist were spin coated and soft baked in the same way as described
in Section A.1.2. After this, the resist was patterned by electron beam with the
design for the magnetic contacts in the same way as for the nonmagnetic contacts
described in Section A.1.5. Finally, the resist was developed as described in Section
A.1.2.

Similarly to in Section A.1.5, electron beam heating of the target material at high
vacuum was used for metal evaporation deposition. A layer of 0.1 nm of titanium
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was deposited onto the chip and was then oxidised in situ for 10 min, after which
another 0.1 nm of titanium was deposited and oxidised. The function of the tita-
nium oxide (TiO2) layer was to work as a tunnel barrier for the electrons, which has
the intended effect of increasing the spin injection efficiency by avoiding the conduc-
tivity mismatch problem [88]. The deposition chamber was then vacuum pumped
overnight after the oxidation process in order to minimise the risk of residual oxygen,
since that could easily have oxidised the following cobolt layer. The next morning,
90 nm of cobolt was deposited onto the chip.

It should be noted that the atomic radius of titanium is 145 pm [114], so the de-
posited titanium layers and the subsequent TiO2 layer cannot be expected to be
homogeneous and there are most likely pinholes through the oxide layer which con-
nect the cobolt directly to the graphene. A single sheet of hexagonal boron nitride
(hBN) would have made a better tunnel barrier without any pinholes [64, 107, 115,
116]. However, the aim of this project is not to maximise the signal amplitudes
but rather to investigate the material properties of BSTS. Furthermore, using hBN
would have necessitated additional fabrication steps. Because of this, the simpler
TiO2 barrier can be considered good enough, and this is why it was chosen.

The lift-off was performed as described in Section A.1.5. An example of a finished
device with both nonmagnetic and magnetic contacts is shown in Figures A.1e.
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B
MATLAB simulations

In order to better understand the impact of different parameters on the signals
from Hanle spin precession measurements, a few simulations of these signals were
performed in MATLAB by plotting Equations (3.6) for different parameter values.
The obtained results are shown and explained here.

The first set of simulations investigated the effect of varying angles between the
polarisation of the injected spin and the magnetisation direction of the detector
electrode. By using Equations (3.5) and (3.6), the results in Figure B.1a were ob-
tained. As explained in Section 3.2.3, a parallel alignment gives rise to a symmetric
Hanle signal, a perpendicular alignment gives rise to an antisymmetric one and an
arbitrary alignment gives rise to a signal with both symmetric and antisymmetric
components.

The impacts of the spin lifetime and the spin diffusion coefficient on Equations (3.6)
were investigated in the second and third sets of simulations. As seen in Figure
B.1b, the signal amplitude increases with the spin lifetime τs. This is because a very
short spin lifetime will cause most polarised spins to relax before they reach the
detector. A longer spin lifetime, however, means that more spins will stay polarised
and the spin signal gets a larger amplitude.

Figure B.1c shows that the spin diffusion coefficient Ds greatly affects the shape
of the spin signal. This is because the spin diffusion coefficient to some extent can
be understood as the speed of the spin diffusion [117]. If Ds is very low, the spins
cannot diffuse very far before they relax, and the measured spin signal has a low
amplitude (blue curve). A faster diffusion speed allows more polarised spins to reach
the detector and the amplitude increases (green and yellow curves). However, if the
spins diffuse very quickly, only a short time will pass before they reach the detector,
and, even if a strong magnetic field is applied, the spins will not precess much
because they are only exposed to the magnetic field for a short time before they
are detected. In this way, a larger spin diffusion coefficient decreases the impact of
spin precession and the wavy shape of the Hanle spin signal is therefore diminished
(orange and red curves). Nevertheless, scattering still causes different spins to have
different transit times, which in turn gives rise to dephasing of the polarised spins
and a decay of the spin signal for stronger magnetic fields.
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Figure B.1: Simulated Hanle spin precession signals plotted in MATLAB, based on Equa-
tions (3.6). (a) Hanle signals for different injector-to-detector angles, based on Equations
(3.5) and (3.6). (b) Signals for different spin lifetimes and constant spin diffusion coeffi-
cient, showing changing signal amplitudes as a result. For simplicity, only the symmetric
component (Equation (3.6a)) is plotted, but the antisymmetric component (Equation
(3.6b)) behaves identically. (c) Signals for different spin diffusion coefficients and con-
stant spin lifetime, resulting in varying ratios between the central peak amplitude and
the amplitudes of the non-central peaks. For simplicity, only the symmetric component is
plotted, but the antisymmetric component behaves identically.
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C
Supplementary results

Supplementary results to the main part of the thesis are presented in this appendix.
The first section contains supplementary results to Chapter 4 and the results from
similar experiments in different devices. The second section includes supplementary
results to Chapter 5, such as the bias and gate dependencies of the SCC. At the end
of the second section, there are also results from investigations of the BSTS flake
itself and the graphene/TI interface.

C.1 Supplementary graphene results
The gate dependence of the spin valve measurements across pristine graphene is
shown in Figure C.1. These results support the similar behaviour for the Hanle
measurements in Figures 4.2c and 4.2d.
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Figure C.1: Gate voltage dependence of spin valve signals in pristine graphene. (a)
Spin valve non-local signals across pristine graphene for positive and negative gate voltage
(I = ±70 V). The measurements were performed for I = −100µA. The data are shifted
vertically for clarity. (b) Top panel: Local resistance measured when passing a 1µA
current through the pristine graphene channel as a function of gate voltage. Bottom
panel: The spin valve signal amplitude for the pristine graphene as a function of gate
voltage.

Figure C.2 shows the results for bias dependent spin transport measurements in a
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second device (shown in the optical image in Figure C.2e). This shows reproducibil-
ity of the results in Figure 4.1, as the main trends are similar. Two differences
are that no sign change is seen neither for the heterostructure nor for the pris-
tine graphene, and that the spin signal is barely observable for the heterostructure
graphene at positive bias currents. However, this could be because of the relatively
few data points; a sign change might have been visible for the pristine graphene at
small positive bias currents, and larger positive bias currents might have resulted in
a larger signal amplitude for the heterostructure graphene.
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Figure C.2: Bias current dependence of the spin transport in a second device. (a) Spin
valve non-local signals across the heterostructure for positive (I = 100µA) and negative
(I = −80µA) bias currents. The measurements were performed for Vg = −70 V. The
data are shifted vertically for clarity. (b) Spin valve non-local signals across pristine
graphene for positive and negative bias currents (I = ±150µA). The measurements were
performed for Vg = −70 V. The data are shifted vertically for clarity. (c) The spin
valve signal amplitude for the heterostructure (left y axis) and pristine (right y axis)
graphene, respectively, as a function of bias current. (d) Hanle non-local signals across
pristine graphene for positive and negative bias currents (I = ±200µA) and corresponding
symmetric fits. The measurements were performed for Vg = −70 V. Linear backgrounds
have been removed and the data are shifted vertically for clarity. (e) Coloured optical
microscope image of the device that was used for the measurements in (a-d) and in Figure
C.3.

The gate dependence of the spin transport in the second device is shown in Figure
C.3. The obtained results agree very well with those in Figures 4.2 and C.1, and
thus show reproducibility. No sign change is observed, and the signal amplitude
decreases dramatically around the graphene Dirac point. The spin lifetime and the
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spin diffusion length follow this behaviour with smaller parameter values and/or
larger error bars when the Hanle signal amplitude is at a minimum.
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Figure C.3: Gate voltage dependence of the spin transport in a second device. (a) Spin
valve non-local signals across the heterostructure for positive and negative gate voltages
(Vg = ±70 V). The measurements were performed for I = −100µA. The data are
shifted vertically for clarity. (b) Spin valve non-local signals across pristine graphene for
positive and negative gate voltages (Vg = ±70 V). The measurements were performed
for I = −150µA. The data are shifted vertically for clarity. (c) The spin valve signal
amplitude for the heterostructure graphene as a function of gate voltage. (d) Hanle non-
local signals across the heterostructure for positive (Vg = 60 V) and negative (Vg = −50 V)
gate voltages and corresponding symmetric fits. The measurements were performed for
I = −100µA. Linear backgrounds have been removed and the data are shifted vertically
for clarity. (e) Hanle non-local signals across pristine graphene for positive and negative
gate voltages (Vg = ±70 V) and corresponding symmetric fits. The measurements were
performed for I = −200µA. Linear backgrounds have been removed and the data are
shifted vertically for clarity. (f-g) The Hanle signal amplitude as well as spin lifetimes
and spin diffusion lengths, extracted from symmetric fits of the Hanle signals, as functions
of gate voltage, for the heterostructure and pristine graphene, respectively.
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Figure C.4 shows the results for bias dependent spin transport measurements in a
third device (shown in the optical image in Figure C.4a), further showing repro-
ducibility of the results in Figure 4.1. The results in Figures C.4d and C.4e should
be especially emphasised, since they have the same bias dependent sign change as
the pristine graphene measurements in Figures 4.1e and 4.1f. Since the results in
Figure C.4 are for heterostructure graphene, this confirms that there can be a sign
change both for heterostructure and for pristine graphene.
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Figure C.4: Bias current dependence of the spin transport in a third device. (a) Coloured
optical microscope image of the device that was used for the measurements in (b-e) and
in Figure C.5. (b) Spin valve non-local signals across the heterostructure for positive and
negative bias currents (I = ±80µA). The measurements were performed for Vg = −70 V.
The data are shifted vertically for clarity. (c) The spin valve signal amplitude for the
heterostructure graphene as a function of bias current. (d) Hanle non-local signals across
the heterostructure for positive (I = 80µA) and negative (I = −100µA) bias currents and
corresponding symmetric fits. The measurements were performed for Vg = −70 V. Linear
backgrounds have been removed and the data are shifted vertically for clarity. (e) The
Hanle signal amplitude for the heterostructure graphene as a function of bias current.

The gate dependence of the spin transport in the third device is shown in Figure
C.5, and show further reproducibility of the results in Figures 4.2 and C.1.
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Figure C.5: Gate voltage dependence of the spin transport in a third device. (a) Spin
valve non-local signals across the heterostructure for positive (Vg = 60 V) and negative
(Vg = −40 V) gate voltages. The measurements were performed for I = −100µA. The
data are shifted vertically for clarity. (b) Top panel: Local voltage measured when passing
a 1µA current through the heterostructure as a function of gate voltage. Bottom panel:
The spin valve signal amplitude for the heterostructure graphene as a function of gate
voltage. (c) Hanle non-local signals across the heterostructure for positive and negative
gate voltages (Vg = ±70 V) and corresponding symmetric fits. The measurements were
performed for I = −100µA. Linear backgrounds have been removed and the data are
shifted vertically for clarity. (d) The Hanle signal amplitude as well as spin lifetimes and
spin diffusion lengths, extracted from symmetric fits of the Hanle signals, as functions of
gate voltage, for the heterostructure graphene.

C.2 Supplementary topological insulator results
Figure C.6b shows the symmetric and antisymmetric components of a Hanle signal
from measurement geometry 2 in Figure C.6a, which corresponds to Figure 5.2a for
measurement geometry 1. Since the device broke before a full set of measurements
could be performed, Figure C.6b is based on a single Hanle measurement. Calcula-
tions with Equation (3.5) gave an angle of ϕ = 48±3° between the spin polarisation
and the magnetisation direction of the detector contact, which is at least somewhat
close to the results for geometry 1.
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Figure C.6: Supplementary results from the CSC experiments. (a) Schematic of the
device and the two different measurement geometries that were used for the CSC exper-
iments, applying charge currents along positive and negative x components, respectively.
(b) Hanle spin precession non-local signals for measurement geometry 2 in (a) with FM
contact magnetisation along the +y direction (black curve) as well as the symmetric (light
green curve) and the antisymmetric (violet curve) components of the measured signal. The
dark green and purple curves are fits of the respective signals. The measurements were
performed for I = −350µA and Vg = −70 V. A linear background has been subtracted
and the data are shifted vertically for clarity. (c) The amplitude of measured spin switch
signals for measurement geometry 1 as a function of bias current. The measurements
were performed for Vg = −60 V. (d) The amplitude of measured spin switch signals for
measurement geometry 1 as a function of gate voltage. The measurements were performed
for I = 150µA. (e) Spin switch non-local signals for measurement geometry 2, for pos-
itive (I = 300µA) and negative (I = −350µA) bias currents. The measurements were
performed for Vg = −75 V. The data are shifted vertically for clarity. (f) The amplitude
of the measured spin switch signals for measurement geometry 2 as a function of bias
current.
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Figures C.6c and C.6d show the bias and gate dependencies, respectively, of the
obtained spin switch signals for geometry 1. This supports the results in Figures 5.3d
and 5.4c. The similar bias dependence (although with a sign change) for geometry
2 in Figures C.6e and C.6f further supports Figure 5.3d.

The bias dependence of the SCC spin signals is shown in Figure C.7. Contrary to
the CSC case (see Figure 5.3), there is no sign change of the signals for opposite
bias current, and the bias dependence is V-shaped rather than linear. However, this
behaviour does not come from the SCC, but rather from the graphene/FM contact
interface at the spin injection, as explained in Section 5.2.
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Figure C.7: Bias current dependence of the SCC signal. (a) Spin switch non-local signals
for positive (I = 180µA) and negative (I = −150µA) bias currents in measurement
geometry 1. The measurements were performed for Vg = −70 V. The data are shifted
vertically for clarity. (b) Hanle non-local signals for positive and negative bias currents
(I = ±150µA) in measurement geometry 1 and corresponding antisymmetric fits. The
measurements were performed for Vg = −75 V. Linear backgrounds have been removed
and the data are shifted vertically for clarity. (c) Spin switch non-local signals for positive
(I = 200µA) and negative (I = −100µA) bias currents in measurement geometry 2. The
measurements were performed for Vg = −75 V. The data are shifted vertically for clarity.
(d-f) The amplitudes of the measured signals in (a-c) as functions of bias current.

A comparison of Figures C.7a and C.7d versus Figures C.7c and C.7f shows a signal
sign change between the two measurement geometries in Figure 5.5a. This supports
the results in Figures 5.5c and 5.5d, and confirms that the SCC is odd with the x
component of the injected spin current, analogously to what is shown for the CSC
in Figure 5.2.

Figure C.8 presents the gate voltage modulation of the SCC. Similarly to the case
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for CSC (see Figure 5.4), there is no sign change of the spin signal when the Fermi
level is tuned across the graphene Dirac point. The signal also disappears around
the Dirac point of the graphene channel, which is in agreement with the CSC results.
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Figure C.8: Gate voltage dependence of the SCC signal. (a) Spin switch non-local
signals for positive (Vg = 70 V) and negative (Vg = −60 V) gate voltages in measurement
geometry 1. The measurements were performed for I = −150µA. The data are shifted
vertically for clarity. (b) Top panel: Local voltage measured when passing a 1µA current
through the graphene channel across the vdW heterostructure as a function of gate voltage.
The voltage maximum at Vg = 45 V corresponds to the graphene Dirac point. Bottom
panel: The amplitude of the measured spin switch signals as a function of gate voltage.
(c) Spin switch non-local signals for positive (Vg = 80 V) and negative (Vg = −75 V) gate
voltages in measurement geometry 2. The measurements were performed for I = −100µA.
The data are shifted vertically for clarity.

The sign difference between Figures C.8a and C.8c gives further support to the claim
that the SCC signal is odd with the x component of the injected spin current.

The TI and the graphene/TI interface were investigated further in a separate device,
shown in Figure C.9a. The current-voltage characteristics of the interface and the
interface resistance were measured, using the measurement setup in Figure C.9a.
The results are shown in Figures C.9b and C.9c, respectively. The obtained interface
resistance is R ≈ 33 kΩ with only a small deviance for bias and gate modulations.
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Figure C.9: Local measurements of a TI flake. (a) Coloured optical microscope image
of the device that was used for the measurements in (b-e) with drawn schematics showing
the measurement setup of (b-c). (b) Current-voltage characteristics for passing a current
across the graphene/TI interface for zero applied gate voltage. (c) Interface resistance
measured when passing a 1µA current across the graphene/TI interface and detecting the
voltage across said interface, as a function of gate voltage. (d) Local voltage measured
when passing a current through a TI flake for zero applied gate voltage as a function of
bias current. (e) Local voltage measured when passing a 1µA current through a TI flake
as a function of gate voltage. Note that these measurements were performed for a different
device than the CSC and SCC experiments.

Local voltage measurements with an applied current across the TI flake give the
result in Figure C.9d. The linear behaviour means that the local resistance of
R = 2.7 kΩ is constant with bias current, which is anticipated.

Figure C.9e shows the gate voltage modulation of the local voltage. The increasing
local voltage (corresponding to an increasing local resistance) for negative gate volt-
ages indicate that the measurements were performed to the right of the TI Dirac
point, meaning that the TI flake is electron doped. Similar measurements in litera-
ture with a larger range of gate voltages have successfully shown this [31].

Finally, it should be mentioned that both the bias and the gate modulation experi-
ments with the BSTS flake were performed also with applied out-of-plane magnetic
fields (Bz = ±800 mT). However, no change in either of the modulations were ob-
served, indicating that the charge transport in the TI is independent of out-of-plane
external magnetic fields.
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