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Chapter 1

Introduction

1.1 Semiconductor electronics

Since the development of the transistor [1], semiconductor electronics has entered
every aspect of our daily lives. The increase of computational power achieved by
electronic circuits is described by Moore’s law. It was formulated in 1965 and its form
revised in 1975 states that the number of components per chip doubles every two
years [2]. This evolution has been sustained over the years thanks to miniaturization
of the devices, that has lead to the 10 nm node, which is approximately the effective
channel length per transistor, enabled by the use of Si and Ge FinFET transistors [3].

However, this miniaturization is close to reach a fundamental limit, that is the
atomic scale [4]. In this scale, different physical processes come into play, preventing
the efficient performance of the currently used field-effect transistors. To keep on in-
creasing the computational power once this limit is reached, different approaches are
required that can achieve different operations. New computational methods include
quantum computing and neuromorphic computing. To realize such operations, a
common approach is to use the electronic spin instead of its charge.

1.2 Spin electronics

Apart from a charge, an electron also possesses a magnetic moment called spin. The
use of the electronic spin instead of the charge, like in standard transistors, has lead
to the opening of the field of spin electronics. Small magnetic domains are ideal
for information storage in hard drives. In the early days, the magnetic moments
were measured with magnetoresistive read heads, systems which change their resis-
tance under the presence of the small magnetic fields caused by magnetic domains.
However, magnetoresistive read heads had a limited magnetic field sensitivity that
represented an obstacle for further miniaturization. In this context, the discovery of
giant magnetoresistance in 1988 by the groups of Fert [5] and Grünberg [6], enabled
a strong increase of the capacity of conventional hard drives during the 90s. This
approach uses multilayers of ferromagnet and normal metal that have a resistance
which depends strongly on the relative orientation of the ferromagnet magnetiza-



2

tions [7]. The efficiency has been enhanced with the use of insulating spacers in the
so-called tunnelling magnetoresistance approach [8].

The implementation of spins in the electronic industry is not limited to the hard
drives. In particular, magnetic random access memories (MRAM) allow for non-
volatile RAM operations [9], even though their memory capabilities are still lower
than those obtained in flash RAM and DRAM. Another proposal to achieve RAM
operations using magnetic moments is the use of racetrack memories. These devices
use the current-induced movement of magnetic domain walls in ferromagnets to
store the data in magnetic domains [10]. However, such devices are still not available
due to the high current densities required to realize such operation.

The use of spins as information carriers for transistor-like operations in non-
magnetic materials is also a promising route. The most famous proposal along these
lines is the Datta-Das spin transistor. This device works in 1D ballistic systems and
relies on the tuning of the so-called Rashba spin-orbit coupling with an electric field
which is perpendicular to the transport channel. In this case, the spin-orbit coupling
induces spin precession which depends on the electronic momentum, a process that
can be coherent in ballistic systems [11]. The requirements of a ballistic and 1D chan-
nel in a high spin-orbit coupling material are hard to achieve at room temperature
and alternative approaches are being explored.

To realize efficient computation using spin currents, there are still several obsta-
cles to overcome. In particular, long distance spin transport at room temperature is
a major requirement for the realization of efficient spin-based electronic (spintronic)
operations. To realize complex operations, it requires transport of the spin informa-
tion over several active devices, which is not possible if the spin accumulation drops
exponentially over lengths which are comparable to the actual device size.

1.3 Graphene spintronics

Graphene is a wonder material. Since its isolation in 2004 by Geim and Novoselov
[12], it has attracted a lot of interest for research in many different fields due to its
outstanding properties [13]. Apart from showing unprecedentedly large electronic
mobilities, a linear dispersion relation, and being the hardest known material, it does
possess a low intrinsic spin-orbit coupling which makes it a promising material for
spintronic applications [14, 15]. In this context, it shows a spin relaxation time of up
to 12 ns at room temperature [16]. These results are still lower than what has been
predicted theoretically [14, 15], indicating that even better properties can be achieved
with further fabrication improvements [14].

Moreover, the 2D nature of graphene allows for the modification of its charge and
spin transport properties via the proximity effect, allowing for very different func-
tionalities in a single material. Typical examples of that include spin-orbit coupling
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induced by transition metal dichalcogenides [17] or topological insulators, ferromag-
netic exchange from yttrium iron garnet [18], and inversion symmetry breaking in-
duced by boron nitride [19–21].

The introduction of spin-orbit coupling and exchange interaction in graphene
via proximity coupling opens the path for new ways of spin manipulation [22–
25], which is currently a very active research subject. Spin manipulation in semi-
conductor transition metal dichalcogenide/graphene heterostructures has also been
achieved by tuning the resistance of the semiconductor using electrostatic gating.
When the transition metal dichalcogenide (TMD) is conducting, it absorbs the spins
propagating in the graphene layer. However, when conductivity in the TMD is re-
duced, spins propagate in the graphene layer and can be detected [26, 27].

Another relevant requirement to achieve useful spintronic operations is the abil-
ity to inject spins in an efficient way. This can be achieved in graphene using dif-
ferent approaches. These include MgO tunnel barriers [28], amorphous carbon [29],
and few layer boron nitride amongst others [30].

1.4 Thesis outline

This thesis focuses on spintronics in graphene-based van der Waals heterostructures.
Chapters 2 and 3 introduce the background knowledge required to understand the
following chapters. Specific emphasis is put to the control of spin currents using spin
drift shown in Chapters 6 and 7. The first unambiguous evidence of spin lifetime an-
isotropy induced by proximity effect to a transition metal dichalcogenide is shown
in Chapter 8 and similar anisotropies with much longer spin lifetimes in bilayer gra-
phene are reported in Chapter 9.

Chapter 2 Electronic properties of two-dimensional materials is an introduction to the
properties of monolayer graphene, bilayer graphene, hexagonal boron nitride, and
transition metal dichalcogenides used in this thesis.

Chapter 3 Graphene spintronics is an introduction to the basic concepts of spin-
tronics, with a focus on the effect of drift in the spin transport and the nonlocal
measurement technique. The models used to account for the complex device geome-
tries in the following chapters are also shown there. The chapter ends with a short
overview of spin relaxation in graphene both from the experimental and theoretical
perspectives.

Chapter 4 Methods describes the fabrication procedures used in this thesis, to-
gether with the measurement techniques used to characterize the devices electrically.

Chapter 5 24 micrometer spin relaxation length in boron nitride-encapsulated bilayer
graphene describes spin transport in boron nitride-encapsulated bilayer graphene,
that shows spin relaxation lengths up to 13 µm at room temperature and 24 µm at
4 K.
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Chapter 6 88% directional guiding of spin currents with 90 micrometer relaxation
length in bilayer graphene using carrier drift describes spin drift experiments carried
out in high quality boron nitride encapsulated bilayer graphene devices. The results
from this experiment show that spin currents can be guided directionally with an
efficiency of 88% and propagate over 90 µm thanks to the good electronic quality of
our device.

Chapter 7 Drift control of spin currents in graphene-based spin current demultiplexers
shows that spin drift can be used to achieve efficient spin current demultiplexer and
multiplexer operations in Y-shaped graphene channels.

Chapter 8 Large proximity-induced spin lifetime anisotropy in TMD/graphene het-
erostructures describes the spin transport measurements carried out to determine the
spin lifetime anisotropy of monolayer graphene in proximity with a monolayer of
MoSe2 and WSe2. These measurements show that the out-of-plane spin lifetime in
the MoSe2/graphene device is 11 times longer than the in-plane lifetime. Similar
results are shown for the WSe2/graphene sample.

Chapter 9 Observation of spin-valley coupling induced large spin lifetime anisotropy in
bilayer graphene describes the spin transport measurements carried out to determine
the spin lifetime anisotropy of boron nitride-encapsulated bilayer graphene near the
charge neutrality point. These results show that the out-of-plane spin lifetime is 8
times longer than the in-plane lifetime at the charge neutrality point and decreases
with increasing density.

Chapter 10 Conclusions and outlook presents the conclusions of this thesis and
gives perspectives for the different topics addressed.
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