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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, e cient 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 e cient 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 Bi; s5ShysTe; ;Sg 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 e ects in topological insulators at
room temperature. These ndings demonstrate the possibility of using topological
insulators to make all-electrical room-temperature spintronics devices.

Keywords: spintronics, topological insulator, Bi Sk, sTe; 7Se, 3, charge-spin inter-
conversion, room temperature, van der Waals heterostructure, graphene, spin valve,
spin switch, Hanle spin precession
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"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 a ordably ts 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 e cient.

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 e ects, 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 ov@0% 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 di erent charge
states [4]. Another bene t 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
di erent 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] technigues for non-volatile magnetic memory applications. What all of these
applications have in common is their need for e cient generation, transport and
detection of polarised spins [16, 17].



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 di usion 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, e cient
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 eld e ects [21 23]. Because of this, Tls are
a strong contestant for the best spin generation and detection method.

Because both graphene and Tls 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 Tls. Due to proximity e ects,
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
Tl (Bi 155y 5Te; ;S 3) with both FM and nonmagnetic contacts are fabricated and
then used for charge-spin interconversion experiments. The main goal is to achieve
e cient 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 Tl 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
e ect and the Rashba-Edelstein e ect are explained. Chapter 3 brie y presents the
fabrication process of the vdW heterostructure devices and explains the di erent
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.



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
rst section, Tls 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 e ect, the
Rashba-Edelstein e ect and the spin-momentum locking of Tl 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 e ect
known as the inert pair e ect. 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.
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