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ABSTRACT

Spintronics offers an alternative approach to conventional charge-based informa-
tion processing by using the electron spin for next-generation non-volatile mem-
ory and logic technologies. To realize such technologies, it is necessary to develop
spin-polarized current sources, spin interconnects, charge-to-spin conversion pro-
cesses, and gate-tunable spintronic functionalities. The recently emerged two-
dimensional (2D) and topological materials represent a promising platform to
realize such spin-based phenomena. Due to its small spin-orbit coupling (SOC),
graphene was predicted to preserve electron spin coherence for a long time, mak-
ing it an ideal material for spin communication. In contrast, topological insula-
tors (TIs) have high SOC and develop a nontrivial band structure with insulat-
ing bulk but conducting spin-polarized surface states. Combining these materi-
als in van der Waals heterostructures has been predicted to give rise to unique
proximity-induced spin-orbit phenomena that may be used for electrical control
of spin polarization.

In this thesis, we experimentally prove that the large-area chemical vapor de-
posited (CVD) graphene is an excellent material choice for the realization of ro-
bust spin interconnects, which are capable of spin communication over channel
lengths exceeding 34 pm. Utilizing such graphene, we realize a spin summation
operation in multiterminal devices and employ it to construct a prototype spin
majority logic gate operating with pure spin currents. In topological insulators, we
electrically detect the spin-momentum locking and reveal how the bulk and sur-
face conducting channels affect the charge-to-spin conversion efficiency. Finally,
by combining graphene and TIs in hybrid devices, we confirm the emergence of
a strong proximity-induced SOC with a Rashba spin texture in graphene. We
further show that in such heterostructures a spin-charge conversion capability is
induced in graphene via the spin-galvanic effect at room temperature and reveal
its strong tunability in magnitude and sign by the gate voltage. These findings
demonstrate the robust performance of graphene as a spin interconnect for emerg-
ing spin-logic architectures and present all-electrical and gate-tunable spintronic
devices based on graphene-T1I heterostructures, paving the way for next-generation
spin-based computing.

Keywords: Spintronics, Graphene, Topological insulator, Van der Waals het-
erostructures, Proximity effect, Spin-charge conversion
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1 Introduction

The invention of a semiconductor transistor in 1947 was one of the most impor-
tant achievements in human history. These devices became the basic building
blocks in modern electronics, sparked the field of electronic data processing, and
marked the beginning of the Information Age. Nowadays, electronics has revolu-
tionized almost all areas of our society, where microcontrollers, computers, and
artificial intelligence are widely used for automation, home appliances, medicine,
transportation, navigation, communications, and entertainment.

The remarkable pace of the technological advancement in the electronics indus-
try over the last 70 years, driven by the ever-increasing demands for faster process-
ing rates, improved power efficiency, and larger information storage capacity, was
made possible by the developments in condensed matter physics and the progress
in semiconductor manufacturing technology. It was noticed that the number of
transistors per unit area on a chip doubles approximately every 2 years, an empiri-
cal trend known as Moore’s law [1]. This exponential growth was maintained by a
continuous shrinking of the transistor dimensions over the past decades. However,
it is believed that in the near future this trend could no longer be sustained as the
minimum feature size of nanoelectronic components approaches the fundamental
atomic limit. In addition, in such small devices, quantum mechanical effects lead
to increased leakage currents that pose heat dissipation and power consumption
issues. To cope with these issues and continue the development of electronics
beyond Moore’s law, alternative routes and prospective architectures for future
computing electronic devices are being investigated.

Spintronics offers an alternative approach to conventional charge-based informa-
tion processing by using the quantum mechanical spin of electrons to record, store,
transfer, and manipulate information [2]. The spin of an electron is its intrinsic
angular momentum that governs magnetic interactions of individual particles via
the associated magnetic moment. Being the quantized degree of freedom, it can
take only two discrete values that are referred to as spin-up (1) and spin-down
({), which can be alternatives to the ON and OFF states in conventional tran-
sistors. Due to the relatively small amount of energy needed to change the spin
state of an electron, this approach can yield computing devices with decreased
power consumption and increased operation speed owning to the integration of
spin-based non-volatile memory and logic [3-5].

The unpaired spins in magnetic materials give rise to their macroscopic mag-
netization properties. To describe the magnetoresistance phenomenon in ferro-
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magnetic metals, the notion of asymmetric scattering in spin-up and spin-down
conducting channels was first introduced by Mott in 1936 [6]. Later, this ap-
proach was also utilized to explain the giant magnetoresistance (GMR) [7, 8] and
tunnel magnetoresistance (TMR) [9, |10] effects discovered in thin magnetic films
separated by thin nonmagnetic layers. These effects offered a convenient way
to electrically read the magnetization states of ferromagnets and rapidly revolu-
tionized the computer memory industry where they were incorporated into the
read heads in hard disc drives (HDDs), which allowed a dramatic increase in data
storage density. These remarkable discoveries established the research field of
spintronics, provided first-generation spintronic devices to the market, and were
honored by a Nobel prize in 2007.

Besides applications in computer memory, spintronics research also strives to
realize information transfer and processing in the spin domain. The first proposal
for a spin field-effect transistor was given by Datta and Das in 1990 [11]. The pro-
posed device was comprised of ferromagnetic source and drain contacts connected
by a spin-coherent channel, where the polarization of the propagating spins can
be controlled by the gate electric field via tunable spin-orbit coupling. Since then,
various materials have been investigated to develop long-distance spin transport
in nonmagnetic channels, efficient spin injection and detection, and spin manipu-
lation. A good spin interconnect should retain the injected spin polarization over
sufficiently long time and length scales, which are characterized by spin lifetime 7
and spin diffusion length ;. Initial studies could demonstrate spin injection from
ferromagnetic materials into conventional metals |12} |13] and semiconductors |14}
15], yet the room-temperature spin transport parameters were limited.

In recent years, the field of spintronics experienced a notable boost with the ad-
vent of a new family of two-dimensional materials. Graphene is the first isolated
single-layer material, initially obtained by mechanical exfoliation in 2004 [16]. It
consists of carbon atoms arranged in a hexagonal lattice and exhibits a plethora of
extraordinary electrical, mechanical, and optical properties stemming from its ul-
timate thickness and unprecedented surface to volume ratio [17]. It is a semimetal
described by linear energy dispersion hosting massless Dirac fermions with ultra-
high mobility [18]. This discovery of a new condensed matter system with rich
physics was honored by a Nobel prize in 2010. Graphene has also become one of
the central materials in spintronics since the first spin transport experiments re-
vealed its excellent spintronic capabilities with remarkably long spin lifetime and
spin diffusion length [19]. Owing to its low intrinsic spin-orbit coupling (SOC),
state-of-the-art devices could achieve lifetimes 74 > 12ns in exfoliated graphene,
and CVD graphene was shown to support spin transport for distances L > 30 pm
at room temperature |20, 21]. However, this low SOC does not allow to achieve
active control over spin polarization using the electric field in pristine graphene.

With the expansion of the 2D materials family with semiconducting transition
metal dichalcogenides (TMDs), insulating hexagonal boron nitride (hBN), mag-



netic layers, and novel topological states of matter such as topological insulators
(TIs) and Dirac and Weyl semimetals, novel device structures and functionalities
became possible [22, 23|. Unlike graphene, TMDs and TIs are usually comprised
of heavy elements that possess large SOC, which can potentially be utilized in
spintronics to achieve spin manipulation [24]. In this respect, topological insula-
tors are especially interesting since their high intrinsic SOC causes the inversion
of the band structure, which leads to the emergence of topologically protected
conducting states on their surface whereas the bulk stays insulating [25]. More-
over, these surface states host massless Dirac fermions with a unique helical spin
texture that locks electron spin perpendicularly to its momentum, a phenomenon
called the spin-momentum locking (SML). Because of this, topological materi-
als are promising for spin-charge conversion and spin-orbit torque magnetization
switching with applications in magnetic memory, whereas the robustness of their
conductive states against defects, provided by their nontrivial topological order,
is favorable for applications in future electronics. The theoretical discoveries of
such topological phases of matter were honored by a Nobel prize in 2016.

Besides the intriguing properties of individual 2D materials, their layered struc-
ture allows to stack arbitrary layers on top of each other to form van der Waals
heterostructures with ultra-sharp and clean interfaces without the need for match-
ing lattice constants [2628]. These hybrid systems offer an attractive approach
to design complex structures with tailored properties, which can exhibit physical
effects unobtainable in isolated materials. Following this approach to combine
high-SOC materials in heterostructures with graphene can provide a convenient
way to utilize both the good spin transport properties of graphene and spin-orbit
effects of heavy materials in a single device, enabling novel functionalities for
emerging spintronic applications and next-generation devices.

The research activities performed in this thesis can be divided into two main
lines. First, we investigated the spin transport properties of large-area CVD
graphene to assess the role of its intrinsic inhomogeneities, study the spin diffu-
sion in branched channels with non-collinear ferromagnets, and realize a proto-
type spin majority logic gate. Second, we studied spin-orbit proximity effects in
heterostructures of graphene and topological insulators to demonstrate the emer-
gence of an increased SOC and spin-charge conversion by the spin-galvanic effect
in graphene. Because of this, the thesis is structured as follows: Chapter [2] in-
troduces basic concepts and describes the theory behind common spin transport
techniques and experiments. Chapter |3 provides a comprehensive overview of
the state-of-the-art in the field of spintronics with graphene, topological insula-
tors, and van der Waals heterostructures. In chapter [4 we combine the results of
spin transport experiments performed in large-area CVD graphene. In particu-
lar, section summarizes the results presented in paper [I, where spin transport
experiments across multilayer channels and layer boundaries in CVD graphene
revealed its robust performance as a spin interconnect with isotropic spin dy-
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namics at room temperature. Section studies spin transport in multiterminal
branched CVD graphene channels, which were found to preserve spin polarization
over distances exceeding 34 pm. In addition, the appearance of the symmetric and
antisymmetric components in the Hanle spin precession signals was investigated
in devices with noncollinear arrangements of ferromagnetic electrodes, as pre-
sented in paper [[I Furthermore, a spin summation operation due to spin mixing
in graphene was realized and employed to construct a prototype spin majority gate
operating with pure diffusive spin currents. Chapter 5| summarizes the studies of
graphene-T1 heterostructures, where we focused on proximity-induced effects re-
lated to spin-orbit coupling. In particular, section is based on results presented
in paper [[TI, where we studied the spin and quantum transport in the topological
insulator BSTS, and performed the electrical detection of the spin-momentum
locking in surface states of the TI. In addition, the charge-spin conversion signal
was confirmed in spin precession measurements utilizing spin injection from the
TT into the graphene at room temperature. Section summarizes the results
of spin transport experiments in Gr-T1 heterostructures which are detailed in pa-
per [V] The emergence of an enhanced SOC in proximitized graphene of ~ 1 meV
was confirmed, exceeding the values seen in the pristine material by an order
of magnitude. Section expands the results presented in paper [V] describing
spin-charge conversion functionality induced in the graphene via the spin-galvanic
effect (SGE) in G1-TI heterostructures. The SGE is detected in multiple device
configurations by various experimental signatures including the magnetization ro-
tation, spin-switch, and Hanle spin precession measurements. Importantly, the
spin-galvanic signal is shown to be strongly tunable in both magnitude and sign
by the gate electric field. Finally, chapter [f] summarizes the obtained results
and provides an outlook on possible directions for future studies in the field of
spintronics with 2D materials.



2 Background

This chapter introduces the basic concepts of spintronics upon which this thesis
is built. It discusses the notion of spin polarization in magnetic and nonmagnetic
materials, introduces the tunneling magnetoresistance, describes the processes of
spin injection, transport, and detection, and outlines the common modes of spin
relaxation. In addition, it introduces the graphene and topological insulators, and
discusses their properties relevant for spintronics.

2.1 Spin polarization

The use of the spin degree of freedom of electrons in addition to their charge opens
numerous routes towards increasing the efficiency and functionality of future elec-
tronic devices. To realize this concept, it is necessary to understand spin lifetime,
spin dynamics, and spin-dependent interactions in various materials, as well as to
develop efficient approaches for the creation, transport, and control of information
in the spin domain. To study these spintronic phenomena, most experiments rely
on the creation of nonequilibrium spin accumulation in nonmagnetic materials.

For this, the most commonly used method involves the electrical injection of
spins from a spin-polarized source, most often being a ferromagnetic (FM) ma-
terial. In FMs, magnetism stems from the unpaired spins of electrons as they
populate the available energy states according to the Pauli exclusion principle
and Hund’s rules to achieve the lowest energy state. Since the electrons tend to
first occupy available states individually before pairing with opposite spins, un-
paired spin states add up to a significant magnetic moment of the atom. This
results in a splitting of the density of states (DOS) at the Fermi level, where
the number of available states for majority spins (say, spin-up) N4 is larger than
for the minority spin orientation (spin-down) N|. This allows to define the spin
polarization of a ferromagnet as

_M-N

= . 2.1
NT—FZ\Q ( )

The asymmetry between the two spin species was first pointed out by Mott in
1936, when he proposed the two-current model where the total conductivity of
the system o is comprised of the independent and unequal contributions of the
spin-up o4 and spin-down o conducting channels: ¢ = o 4 o4, associating the
notion of spin polarization with electron current [6, 29]. All magnetic metals,
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semiconductors, and insulators, as well as their interfaces with each other and
with other non-magnetic materials, exhibit spin-dependent conductivity with the
polarization of electron current expressed as

0¢—0’¢
UT—*—O’i.

p= (2.2)

Polarization values were experimentally obtained for common ferromagnetic met-

als Fe (45%), Co (42%), Ni (43%), and permalloy NiggFego (37%) [30].

2.2 Spin injection

Parallel Antiparallel
FM1FM 2 FM1FM 2
Ry1  Ry2 Ry1  Ry2
I [ | I ey N N [ l B et
Ry1 Ry2 Ry1 Ry2
B TB

Figure 2.1: Electron tunneling in an MTJ comprised of two ferromagnetic layers sep-
arated by an insulating tunneling barrier. Schematics show the two-channel resistor
model and the spin-resolved density of states for the parallel and antiparallel orien-
tation of FM magnetizations, corresponding to the overall low and high resistance
states respectively.

By passing an electron current through a FM/NM interface, a nonequilibrium
spin accumulation could be injected in a normal metal for the first time by Jonson
and Silsbee in 1985, where they also observed spin precession [31]. Shortly after,
the giant magnetoresistance (GMR) effect was discovered by Albert Fert and
Peter Griinberg in their studies of thin ferromagnet-normal metal-ferromagnet
layers, where the resistance of the stack was shown to be strongly dependent on
whether the magnetizations of the two FM layers are parallel or antiparallel [7,
8]. By replacing the middle nonmagnetic material with an insulating tunneling
barrier (TB), a magnetic tunnel junction (MTJ) is formed, as shown in Figure
[9, 10]. The working principle of TMR and GMR devices are similar, as the
spin-dependent DOS of each FM determines the probability of electron transport
and the resulting resistance of the device, whereas the electron transfer occurs



either by a diffusive transport in the nonmagnetic material or by spin-conserving
tunneling trough a TB. Magnetic tunnel junctions are characterized by the tunnel
magnetoresistance (TMR) ratio [32], expressed as

RAP—RP_ 2P1P2
Rp  1-PPR’

TMR = (2.3)

where Rp and R p are the MTJ resistance in the parallel and antiparallel state,
and P; and P, denote spin polarization of electrons at the Fermi level for the two
magnetic layers. As the achieved GMR and TMR ratios of ~ 50% and ~ 600%
[33] were much higher than previously seen results with the anisotropic magne-
toresistance (AMR~ 1%), they could be rapidly industrialized and implemented
in the read heads in magnetic memory devices, which allowed to greatly increase
the information storage density in hard disc drives (HDDs).

2.3 Spin-orbit coupling and spin relaxation

In nonmagnetic materials, the DOS for spin-up and spin-down electrons is the
same, and no spontaneous spin polarization exists in equilibrium. By electrical
injection of spin-polarized current from a FM, a nonequilibrium spin density is
formed at the interface. However, this imbalance between spin populations can
have only a limited lifetime as it tends to relax back to the unpolarized equilibrium
state. This spin relaxation is governed mainly by the spin-orbit coupling via
several common mechanisms.

Elliott-Yafet Dyakonov-Perel Resonant scattering

S - S

Figure 2.2: Spin relaxation mechanisms relevant for graphene. Illustrations of the
Elliott-Yafet, D’yakonov-Perel’, and resonant scattering by local magnetic moments.
The blue dots are electrons/holes, yellow arrows represent their spin, red circles are

the scattering centres, and grey cones represent the spin precession. Adapted from
[34].

Spin-orbit coupling (SOC) is a central spin interaction, denoting the coupling
between an electron’s spin and its orbital angular momentum. The Elliott-
Yafet (EY) and D’yakonov-Perel’ (DP) mechanisms relate SOC and spin relax-
ation (Figure 2.2). The EY mechanism considers the spin relaxation induced by
the mixture of spin-up and spin-down states during ordinary momentum scatter-
ing events by phonons or impurities in the presence of spin-orbit coupling induced
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by lattice ions [2]. Since the spin flip in the EY mechanism happens during the
momentum scattering, this process results in the spin lifetime being directly pro-
portional to the momentum relaxation time 7, ~ 7,,. The DP mechanism is present
in systems lacking inversion symmetry, which introduces the spin splitting of the
electron states. It can be described by an effective intrinsic momentum-dependent
magnetic field that derives from the SOC in the band structure and induces spin
precession and relaxation. Such spin precession about fluctuating magnetic fields
changing as the scattering alters carrier momentum leads to slower spin dephasing
for faster momentum relaxation 74 ~ Tp_l.

Besides SOC, spin relaxation can be induced by the hyperfine interaction or res-
onant scattering. Hyperfine interaction describes the coupling between magnetic
moments of electrons and nuclei, however, it is not relevant for systems with zero
nuclear momentum, which is the case for the most common carbon isotope '2C.
Alternatively, spin relaxation can occur due to the resonant spin-flip scattering
on magnetic impurities (vacancies or adatoms) [35]. In this scenario, the carriers
at resonant energies can spend considerable time in the exchange field created by
the impurity, which induces spin relaxation by precession.

The strength of SOC and the prominence of spin relaxation mechanisms de-
termine the capability of nonmagnetic materials to preserve and transport spin
polarization. Low SOC is beneficial to suppress spin scattering and achieve a large
spin lifetime 7, and spin diffusion coefficient Dy, which together define the spin
diffusion length \y = \/D47s, the characteristic distance over which spin polariza-
tion can be transported. A combination of the low intrinsic SOC and the absence
of hyperfine interactions make graphene one of the most interesting materials for
applications in spintronics, as it exhibits the largest known 7, and \s, and can
be combined in van der Waals heterostructures with other materials, including
high-SOC layers.

2.4 Graphene

Graphene is a monolayer of carbon atoms arranged in a hexagonal lattice (Fig-
ure 2.3p). It is a prototypical two-dimensional material exhibiting semimetallic
behavior with linear energy dispersion at low energies, forming Dirac cones at K
and K’ points in the Brillouin zone (Figure [2.3p). Because of this, carriers in
graphene are described as relativistic massless Dirac fermions with high mobility,
making this material interesting for electronics. The field effect allows to tune the
carrier concentration in graphene across its Dirac point using the gate voltage,
which provides a convenient way to probe both the hole and electron conduction
in one device (Figure ) Although the lack of the band gap does not allow
to completely switch OFF the electron current, which limits the use of graphene
in field-effect transistors, the ability to control the carrier density and type are
useful for studies of the emerging effects in graphene-based heterostructures.
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Figure 2.3: Properties of graphene. a, Crystal lattice of a monolayer graphene
consists of carbon atoms arranged in a hexagonal structure. Multiple such layers held
together by van der Waals forces form graphite. b, Conduction and valence bands of
the monolayer graphene touch in the corners of a Brillouin zone, forming Dirac cones
at the K and K’ points. ¢, Conductivity of graphene as a function of the gate voltage.

Adapted from .

The conductivity of graphene based on the Drude’s equation can be expressed

as [36]

o = nepy, (2.4)

where n is the carrier concentration, e is the electron charge, and p is the carrier
mobility. Note that in real devices the conductivity does not vanish at the Dirac
point, but rather reduces to a minimum value, which can be denoted as o(. This
residual conductivity arises due to the charged impurities and the formation of
electron-hole puddles at the Dirac point, which limits the minimum achievable
carrier density to n* ~ 5 x 10! cm™2 , . Using a parallel plate capacitor
model, the additional carrier density induced in graphene by the gate voltage can
be expressed as
. €€0

H—E(V—Vo), (2.5)

where ¢ is the relative dielectric constant of the gate insulator (eg;0,=3.9), g9 =
8.85 x 1072 Fm™" is the vacuum dielectric constant, ¢ is the dielectric thickness,
e is electron charge, and V} is the effective gate voltage offset due to initial doping.
Combining equations and [2.5] it is possible to extract the field-effect mobility
of graphene. In typical CVD graphene samples, it can take values p = 1000 —
10000 cm? V=571 and even larger for encapsulated and/or exfoliated graphene.
The change in carrier density by the gate voltage is directly related to the shift
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of the graphene Fermi level, which can be expressed as [39]

n — <EF>2/7T7 (2.6)

B FLUF

where vp = 10°m/s is the Fermi velocity in graphene, and A = 6.58 x 107 10eV s
is the reduced Planck’s constant. Using the Einstein relation o = e?vD,, where v
is the DOS of graphene, the diffusion coefficient of charge carriers can be obtained

via
UhUF

- 4e?\/mn’

which is also related to the mean free path /,f, and momentum scattering time
7, via De = vplysp/2 and g, = vpT, [40].

D. (2.7)

2.5 Nonlocal spin transport
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Figure 2.4: Nonlocal spin transport measurements in graphene. a, A schematic of
the spin valve measurement configuration. b, A schematic of the Hanle spin precession
measurement with the out-of-plane magnetic field. c, Representative measurements
obtained in the spin valve and Hanle spin precession experiments. d, A sketch of the
electrochemical potentials for spin-up and spin-down carriers.

Spin transport in graphene is commonly studied in a nonlocal measurement
geometry. Figures 2.4h,b show a typical device geometry with the measurement
configurations utilized for the spin valve (SV) and Hanle spin precession exper-
iments. For these measurements, the electron current is applied between a FM
contact and graphene, which creates spin accumulation ng below the injector with
spins parallel to its magnetization. This nonequilibrium spin density then diffuses
in the channel as a spin current and can be detected as the nonlocal spin voltage
by another FM contact in reference to a nonmagnetic electrode which is insensi-
tive to the spin polarization. To measure a spin valve, the external magnetic field
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is applied in plane along the easy magnetization switching direction of FM elec-
trodes, which results in sudden changes in the detected voltage when the magnetic
field flips the magnetization of either injector or detector. A typical SV signal is
demonstrated in the left panel of Figure 2.4c. Such measurements can be ex-
plained by considering the profile of spin chemical potential y o< ng in the channel
(Figure 2.4d), which can be used to express the nonlocal voltage at the detector
as [41]

2A PieDy PP\ _
o2t ns(L) = C et/

AVNL:VA%D_V]?L: e o oW

s (2.8)
where V¥, and V{F' are the nonlocal voltages for the parallel and antiparallel
alignment of the FM magnetizations, P, and P,; are spin injection and detection
efficiency, Dy is the spin diffusion coefficient, I is the injection bias current, L and
W are the channel length and width, and A; = v/ Dy7; is the spin diffusion length.

Whereas the in-plane magnetic field B)| in a spin valve experiment is used only to
control the magnetization state of FM contacts, the application of a perpendicular
field B, can be utilized to directly control the dephasing of spins diffusing in the
channel. The dynamics of the spin density in the presence of an arbitrary magnetic
field is described by the Bloch-Torrey spin drift-diffusion equation [41-43]

ong,
ot
where () is the matrix representing the spin relaxation rates for each direction

(for an isotropic system, 2 = 1/75-1), ép is a unit vector pointing parallel to the
magnetic field, and wy, is the Larmor frequency of the spin precession

—D,V?n, +

= —QOn,+wrng X ég, (29)

_ gupB]
h )

wr, (2.10)
where g is the effective Landé factor (~ 2), and pp is Bohr magneton. Considering
the out-of-plane field, eq. can be solved to obtain the expression for a Hanle
spin precession curve

(2.11)

PiPiNs 15
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where \; is a complex renormalization of the spin relaxation length due to the
effect of the magnetic field
— A s
As = —F————. 2.12
=TT (212
Equation can be used to fit the experimental Hanle spin precession data
(right panel of Figure [2.4f), and allows to exact the spin transport parameters of
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the system. To fit individual Hanle measurements without the subtraction of P
and AP curves, an additional factor of 2 should be added in the denominator of
eq. since the Hanle amplitude is normally half that of a spin valve. In typical
CVD graphene samples, we obtain spin relaxation time 75 ~ 200 ps, spin diffusion
coefficient D, ~ 0.04m?s~!, and spin diffusion length A\, ~ 3 m.

2.6 Topological insulators
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Figure 2.5: Properties of topological insulators. a, Crystal lattice of a prototypical
TI BisSes. b, A schematic of the evolution of atomic orbitals of Bi and Se into the
conduction and valence bands of BisSes at I' point. Stages (I), (II), and (III) represent
the effect of chemical bonding, crystal-field splitting, and SOC, respectively. c, The
calculated band structure of BisSes with conducting surface states and gapped bulk.
The warmer color represents the higher local density of states. d, A schematic of the
band structure of a TI with the Dirac cone on the surface. The arrows indicate the
orientation of spin for a given momentum, which represents spin-momentum locking.

Adapted from [44].

Topological insulators represent a novel state of matter, having a band gap in
the bulk, but exhibiting conducting gapless states on the surface (or the edge
in the 2D case), which are protected by time reversal symmetry. In fact, the
first predicted TT material was graphene, as proposed by Kane and Mele in their
seminal theoretical works [45, [46]. However, due to the low intrinsic SOC in
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graphene, a topological state was not experimentally realized in this material.
Instead, stable topological insulator phases were identified in three-dimensional
layered crystals such as BisSes, BisTes, SboTes, which have a relatively large
band gap of ~ 0.3eV, making their topological properties detectable even at
room temperature.

Figure shows a schematic of one quasi-monolayer of a BisSes crystal, which
is a quintuple layer formed by the three layers of Se and two layers of Bi covalently
bonded to each other. A bulk of the material is comprised of multiple such quin-
tuple layers which are bonded to each other by weak van der Waals forces. These
materials become topologically nontrivial due to their strong intrinsic spin-orbit
coupling, which induces the band inversion. This phenomenon is schematically
shown in Figure [2.5b, where the evolution of the energy levels, originating from
Bi and Se atoms, is shown at I" point with the effects of chemical bonding, crystal
field splitting, and SOC [44]. The states near the Fermi energy are formed from
the 6p orbitals of Bi and 4p orbitals of Se, which become split and shifted in
energy due to their interactions in a crystal. The SOC in these crystals is strong
enough to reverse the order of the two energy levels closest to the Fermi level,
which leads to the topological insulator state. This inverted structure necessitates
the formation of a gapless surface state at the boundary between the topological
insulator and any topologically trivial material, including the vacuum. Figure[2.5
shows an ab initio calculation of the band structure of BisSes , where clear lin-
early dispersing states exist on the surface of the material, whereas the bulk states
are gapped. Furthermore, the strong SOC aligns the spins in the surface states
perpendicularly to their momentum, which results in a helical spin texture deco-
rating the Dirac cone (Figure [2.5d). This spin texture leads to the formation of
spin polarization in the surface states, which is referred to as the spin-momentum
locking phenomenon. Alternatively, the creation of spin polarization by passing a
current through topological surface states is described as the Edelstein effect [47].
This charge-spin conversion capability makes topological insulators interesting for
applications in spintronics as spin generators/detectors, and can also be used in
the emerging magnetic memory technologies based on spin-orbit torque [48 49].






3 State of the art

This chapter aims to provide a broad perspective and context for the results
obtained in this thesis by offering a comprehensive overview of the state-of-the-
art in the field of spintronics with 2D materials. The developments in graphene
spin transport are presented, and the prospects of its utilization in spin logic
devices are discussed. The studies of spin polarization in topological insulators are
summarized. Finally, a detailed review of the proximity-induced spin-orbit effects
in graphene in heterostructures with transition metal dichalcogenides (TMDs)
and topological insulators (TIs) is presented, covering the spin transport, spin
lifetime anisotropy, and spin-charge conversion phenomena.

3.1 Graphene spintronics

Since its first isolation in 2004 by Andre Geim and Konstantin Novoselov, graphene
has ignited a broad new research field of two-dimensional materials [16]. Due to
the remarkable honeycomb 2D structure, graphene was shown to display many
unique properties and exciting phenomena. Theoretical and experimental investi-
gations have revealed the linear energy dispersion, ambipolar field effect, quantum
Hall effect at room temperature, high carrier mobility, large thermal conductiv-
ity, great mechanical strength, high optical absorptivity, etc. [50]. In addition,
graphene became one of the most important materials in spintronics as it was
found to possess the longest spin lifetime among all investigated materials at
room temperature, which is attributed to its minuscule intrinsic spin-orbit cou-
pling. These properties suggest that graphene can be a perfect spin interconnect
material suitable for long-distance spin transport, which motivated the scientific
community to explore its spin-related functionality.

3.1.1 Spin transport in graphene

The first study of spintronic properties of graphene has been performed in 2007
with exfoliated single- and few-layer samples contacted by spin-sensitive cobalt
electrodes through a tunneling barrier [19]. Figure shows a scanning electron
microscope (SEM) picture of the device, consisting of a single layer of exfoliated
graphene contacted by Co electrodes. Figure shows the obtained non-local
Hanle spin precession measurement and the extracted spin parameters. These pi-
oneering experiments have confirmed good spin transport capabilities of graphene,

15
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Figure 3.1: Spin transport experiments in exfoliated graphene. a, An SEM picture
of a spintronic device in single-layer graphene contacted by tunnel FM contacts. b, A
non-local Hanle spin precession measurement in graphene. ¢, An optical micrograph of
the graphene nonlocal spin valve device on hBN substrate. d, A Hanle spin precession
curve obtained in graphene on hBN. e, A schematic of the exfoliated graphene device
protected by hBN on top and contacted with FM electrodes from the bottom. f, The
extracted spin lifetime in hBN-protected devices. Adapted from 20}, 51].

however, the obtained spin lifetime values 75 ~ 100 ps were several orders of mag-
nitude lower than the theoretical predictions of 74 ~ ps . To explain this dis-
crepancy, further investigations addressed contact-induced relaxation, substrate
effects, fabrication-induced impurities, structural defects, strain, and others. In
particular, it was realized that to increase spin lifetime and spin diffusion length it
is crucial to protect graphene from fabrication-induced defects and to use an opti-
mal substrate. In this regard, the incorporation of hexagonal boron nitride (hBN)
was shown to greatly improve the device quality (Figure ) hBN is an atom-
ically flat 2D insulator with a similar lattice structure to graphene, which makes
these materials highly compatible. Graphene placed on top of hBN benefits from
reduced substrate roughness compared to SiOs, which improved its mobility and
allowed to achieve greater spin transport parameters (Figure ) . In addi-
tion, the van der Waals interactions between these layers were utilized to develop
a dry transfer technique, which allows to transfer graphene flakes onto predefined
substrates , . By using this technique to transfer the exfoliated graphene
flakes onto prepatterned magnetic tunnel electrodes, the graphene is never ex-
posed to the solvents and resists, and the hBN layer remains in the final device
to protect it from ambient contaminants (Figure [3.1g). These improvements led
to the observation of the highest reported value of spin lifetime 74 = 12.6 ns and
spin diffusion length A\; = 30.5um in such graphene devices (Figure [3.1]) [20].
Further development of graphene spintronics towards industrial applications
prompts the utilization of scalable graphene growth techniques. For this pur-
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pose, the epitaxial graphene on silicon carbide (SiC) and chemical vapor de-
posited (CVD) graphene on metal films were extensively studied. In the former,
good spin transport performance was observed [55-57], however, the effects of
the buffer layer and the special substrate hamper its further development. Alter-
natively, a relatively cheap method for producing wafer-scale graphene is CVD
growth on metallic substrates. Although exfoliated and epitaxial samples gen-
erally exhibit larger carrier mobility values, the optimized CVD parameters can
yield high-quality graphene with mobilities comparable to those seen in exfoli-
ated devices. In addition, for practical applications, the CVD graphene has to be
transferred from the metallic film onto an insulating substrate. This is usually
done via the wet transfer process, in which the metallic foil is etched away and
the graphene is deposited onto the substrate of interest while being submerged
in a solvent. Optimizing this process is critical to avoid damage or unwanted
doping in graphene. Alternatively, a dry transfer technique by an hBN stamp was
shown to be compatible also with CVD graphene, allowing to lift the graphene
off the metallic growth substrate and transfer it onto another substrate of interest
[58]. This technique yields ultrahigh-mobility CVD graphene, but its scalability is
currently limited by the need for wafer-scale hBN stamps, which requires further
development of h BN CVD growth techniques.
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Figure 3.2: Spin transport experiments in CVD graphene. a, An SEM picture
of a single-layer CVD graphene sample with multiple nonlocal spin valve devices. b
Initial non-local Hanle spin precession measurements obtained in CVD graphene with
channel length L = 2pm. ¢, A CVD graphene spin transport device with L = 16 pm.
d, Hanle spin precession curve obtained in a long channel. e, An optical image of a
Pt-CVD grown graphene non-local spin transport device. f, A Hanle measurement
performed in CVD graphene with the channel length L = 20 pm. Adapted from

[59} [60)-
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Initial spin transport studies in CVD graphene have shown that the extracted 7
and \; have comparable values to those observed in (non-encapsulated) exfoliated
graphene samples (Figures [3.2h,b) [59]. In addition, whereas the length of the
exfoliated channel is limited by the size of the graphene flake, CVD samples do
not have such a limitation, which allowed fabricating and studying spin transport
in long channels. These developments allowed to achieve spin transport over
distances as large as 16 pm in Cu-grown graphene (Figures[3.2k,d) [60], and up to
30 um in Pt-grown graphene (Figures ,f) [21]. Spin communication over such
large distances is beneficial for the use of CVD graphene as a spin interconnect in
scalable spin-logic applications.
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Figure 3.3: Tunnel barriers for efficient spin injection/detection. a, Schematics of
the angle evaporation geometry and the resulting MgO tunnel barrier structure. b,
A large nonlocal spin valve signal obtained with TiOs-seeded MgO tunnel barrier be-
tween Co and exfoliated graphene with channel length L = 2.1 pm. ¢, A schematic of
the graphene-hBN heterostructure where the 2D insulator serves as a tunnel barrier
as well as a protective top layer. Various thickness of hBN along the flake results in
the formation of high and low resistance contacts (HR and LR). d, Three-terminal
current-voltage characteristics of HR and LR hBN contacts show a nonlinearity, in-
dicating the tunneling behavior. e, A large spin valve signal obtained with the hBN
tunnel barrier. f, The extracted bias-dependent spin polarization of the tunnel FM

contacts with CVD hBN tunnel barrier. Adapted from , .

The magnitude of the spin signal depends on the spin polarization at the in-
terface between graphene and ferromagnetic contacts, which defines the amount
of spins that can be injected. Because of the much larger conductivity of fer-
romagnetic metals compared to graphene, in ohmic contacts the injected spins
can back-scatter into the FM and reduce the spin accumulation and the effective
spin polarization . To suppress such backscattering, a tunnel barrier is often
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inserted between a FM and graphene. Over the years, such tunnel barriers were
mainly fabricated from various oxide materials, such as MgO, TiOs, Al;Og3, and
SrO. Such tunnel barriers increase the FM contact interface resistance Ry, and
the conductivity mismatch is considered suppressed if R; exceeds the spin resis-
tance of graphene R, = RyqW/\;. Figure shows a representative structure
of the FM contact with MgO tunnel barrier. A careful engineering of the interface
geometry and barrier uniformity using a seeding layer of TiOs allowed to achieve
spin polarization as high as 30% and a significant spin signal magnitude (Fig-
ure ) [61]. However, when growing thin (~ few A) metallic films, for example,
of titanium, the atoms tend to accumulate in clusters and form islands, which
reduce the quality of the resulting TiO9 tunneling barrier due to the presence of
pinholes after the oxidation. Interestingly, it was shown that hBN, besides serv-
ing as an encapsulation material, can be also utilized as an efficient tunnel barrier
(Figure[3.3k). The absence of pinholes and low roughness in these devices allowed
to achieve high-quality tunnel IV characteristics (Figure [3.3d) and large magni-
tudes of the spin signal with an evidence for the spin filtering in such structures
(Figure 3.3g) [62]. These developments led to large spin polarization values of
P ~ 30 — 65% in exfoliated graphene-CVD hBN (Figure [3.3f) and the differen-
tial spin detection efficiency as large as 130% in fully encapsulated all-exfoliated
devices [64], surpassing the values seen in common oxide barriers.
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Figure 3.4: Developments in spin transport characteristics over time. a, Spin lifetime
in graphene extracted from spin transport experiments with various tunnel barriers
and device structures. b, Spin polarization obtained from spin transport experiments
with various tunnel barriers in graphene. The data is collected from [19-21, 40, 51|
55, 57, (5962, 64-77].

The main pursued avenues to improve spin injection and transport capabilities
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in both exfoliated and CVD graphene concerned the quality of the channel, which
defines spin lifetime, and the spin polarization at the interface between graphene
and ferromagnetic contacts, which defines the amount of spins that can be in-
jected. Figure 3.4k gives an overview of the spin lifetimes achieved in graphene
devices over the years and shows that the modern fabrication techniques can yield
long lifetimes in both the exfoliated and CVD graphene, with the largest values
seen in graphene protected by hBN. Figure presents the achieved effective
spin polarization values of the interface between FM contacts and graphene over
the years. This data shows that the use of hBN as a tunnel barrier and an encap-
sulation material can greatly increase both the spin lifetime and spin polarization,
marking a promising direction for the design of future spintronic devices and urg-
ing to develop the techniques for wafer-scale growth and transfer of hBN.

3.1.2 Graphene for spin logic
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Figure 3.5: An all-spin logic device. a, A schematic of the device with magnetic
spin injectors/detectors connected via a spin channel. The input can produce spin
current that determines the output state by spin transfer torque assisted by the MTJ
structure that drives the output magnet into a high-energy neutral state prior to the
logic operation. The tunnel barriers ensure an optimal spin injection efficiency only
from one side of the ferromagnets, eliminating unwanted feedback. b, Example of
cascading all-spin majority logic gates. Such gate can be used as an AND or OR gate
by fixing one of the inputs, and the logic inversion functionality can be achieved by
using positive and negative bias voltages. Adapted from .

Several proposals to realize spin logic devices have been put forward [78-84].
Figure shows a proposed all-spin switch [78], where the information is encoded
in the magnetization states of nanomagnets, which are connected by spin-coherent
transport channels. The device design relies on the possibility to switch the mag-
netization state of the output magnet via spin torque exerted onto it by the
spin current that was injected at the input and propagated through the channel.
Such a device was shown to satisfy the five essential criteria for logic applications
namely concatenability, nonlinearity, feedback elimination, gain, and the realiza-
tion of a complete set of Boolean logic gates. Concatenability is achieved through
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representing both the input and the output in the same form of magnetization di-
rection. Nonlinearity is ensured through the magnetic anisotropy, which provides
only two stable states for the input/output magnetization. The back-influence of
the output magnet onto the input is eliminated by asymmetric coupling of the
magnets to the channel, with a tunnel barrier on the injecting side and an Ohmic
contact on the detecting side, which allows to remove the unwanted feedback. To
achieve gain, the device architecture suggests to use the spin channel only for
transferring the information, whereas the energy for output switching is provided
by a separate voltage source. It is known that NAND gates are sufficient to realize
any logical operation, i.e. they form a universal gate set [85]. The proposed ASL
devices can realize the NAND operation in a majority gate geometry with one
output fixed as "1" and others inverted through the application of a negative bias
(positive/negative input bias results in a COPY/NOT of the input). However, in-
stead of such brute-force approach, developing optimized device designs can allow
to use the analog nature of these ASL devices to produce functional gates such as
a full-adder in a more compact way compared to their charge-based counterparts.
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Figure 3.6: A spin XOR gate in graphene. a, A diagram of the proposed XOR device
with input states decoded in the magnetization of the FMs A and B, and the output
state is the current defined by the tunneling magnetoresistance. b, An illustration
of the experimental device structure and the measurement setup. The ferromagnetic
tunnel electrodes are used to inject spin polarization in the channel, which diffuses
towards the detector and determines its magnetoresistance. The detected nonlocal
spin voltage can be converted into current and amplified to serve as the input of
concatenated gates. c, The output current signal as a function of the magnetic field,
showing the different states corresponding to the combinations of the up or down
magnetization states of injectors A and B, whereas the output FM magnetization is
kept constant. Adapted from [86].

Because the graphene can preserve spin polarization for a long time and trans-
port spin currents over large distances, it is considered an attractive material to
be utilized as a spin channel in the proposed spin logic concepts. However, so
far only a few experimental works have been performed towards the realization
of such spin logic devices |86, [87]. A spin "exclusive or" (XOR) logic operation
was realized using ferromagnetic electrodes connected by graphene that serves as
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a spin channel (Figures [3.6h,b). The magnetization directions of the first two
FMs represent the logic inputs, and the injected spin density from these inputs
propagates through the channel and determines the current through the output
electrode, representing the logic output. Figure [3.6fc shows the output voltage for
all four combinations of the input states which are controlled through the appli-
cation of external magnetic field that switches the magnetization of the input FM
electrodes, realizing the states corresponding to the XOR truth table. However,
several issues regarding the device performance need to be addressed before prac-
tical applications. To achieve cascading of these gates, the output current has to
be amplified to drive subsequent inputs, which requires additional circuitry and
transitions between spin and charge domains [88]. To achieve all-spin operation,
it is required to represent both the inputs and the output in the spin domain,
i.e. the result of the logic operation should be able to switch the magnetization
of the output magnet. This can be achieved through the spin transfer torque,
however, such functionality in nonlocal graphene devices so far was demonstrated
only for very short channels (L < 400nm) [89, [90]. Alternatively, more compli-
cated switching mechanisms may be employed based on the spin Hall effect or
spin-orbit torque.
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3.2 Topological insulators
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Figure 3.7: Studies of topological insulators. a, First 2D topological insulator state
detected in the longitudinal resistance of HgTe quantum wells in the inverted band
ordering regime at B = 0. b, Quantum spin Hall effect observed in monolayer WTe,
as a resistance plateau due to the conduction along the edges. c, Angle resolved
photoemission spectroscopy (ARPES) of a 3D TI BisSes reveals the presence of a
Dirac cone in its surface electronic band dispersion. d, Spin-resolved ARPES of BisTeg
along the I' — M direction shows the presence of the spin polarization perpendicular
to the momentum. Adapted from [91-95].

With the first experimental realization of the 2D topological insulator phase
in HgTe quantum wells , topological properties of materials have become an
important concept for novel device designs. In this material system, the high
SOC of HgTe leads to the band inversion when the layer thickness exceeds a
critical value d. ~ 6.5nm. This invokes the formation of time reversal symmetry
(TRS) protected topological conducting edge states at the boundary between the
nontrivial state of HgTe and a trivial insulating state of the vacuum. In the
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measurements, tuning the Fermi level into the band gap of a thin HgTe sample
leads to a vanishing conductance, a behavior typical for trivial semiconductors,
however, thicker samples with edge states in the same regime show finite resistance
that approaches the quantized value of h/2¢?, e.g. one quantum of resistance per
each of the two conducting channels (Fig. ) [96]. Further experiments have
also found the 2D topological insulator state in a monolayer of WTes, where the
gapless conducting states were observed at the physical edges of the exfoliated
material optically [97] and electrically (Figure [3.7p) [92]. In addition, a quantum
anomalous Hall effect (QAHE) was demonstrated in a magnetically doped few-
layer TI Crg.15(Big.1Sbg.o)1.85Tes, where the introduction of a magnetic dopant
breaks TRS and induces the energy gap in the density of states, allowing to
achieve quantized edge states in the absence of the magnetic field [98]. However,
these unique quantum phenomena in 2D TIs so far could only be observed at low
temperatures due to relatively small band gaps in these materials.

Next, a generalization of a topological insulator state for a 3D case has been
proposed, where the material is insulating in the bulk but having conducting
states on the surface [99]. Bi-based alloys with Sb, Se and Te have been predicted
to be such 3D TIs [44], 100], which was confirmed by ARPES measurements that
detected the presence of surface states in BiySes, BiyTes, SboTes (Figure [3.7¢) [93,
94,101]. However, these simple TT compounds were found to be weak insulators in
the bulk due to their intrinsic doping arising from Se vacancies and defects, which
hindered electrical studies of their surface states. To alleviate this issue, quater-
nary TI compounds Biy_,Sb,Tes_,Se, were developed to achieve compensated
doping and increase the surface contribution in the transport [102].

The surface states of 3D TIs host massless Dirac fermions with a helical spin
texture that leads to the spin-momentum locking (SML), making these states
spin-polarized even at room temperature. This effect makes TIs promising for
spin-charge conversion, as well as for the spin-orbit torque switching of magneti-
zation for magnetic memory applications [106-112]. To access and investigate the
spin-momentum locking in surface states of TIs, optical and electrical methods
were used. Spin-resolved ARPES detected the splitting in spin-resolved spec-
tra of BisTes and confirmed the presence of the spin polarization on its surface
(Figure B.7d) [95]. Electrically, SML was detected using the spin potentiometric
measurements [103-105| |113-115]. Figure shows a schematic of the TI-based
device for SML measurements with two alternative detection geometries. In both
cases, electrical current is applied through a surface state of the T1, which induces
spin polarization in the channel, and the magnetoresistance between a ferromag-
netic contact and the channel is measured using a nonmagnetic contact as a
reference. An application of the external magnetic field can switch the magne-
tization of the FM electrode, which results in step-like changes in the detected
signal due to the parallel and antiparallel configurations between the channel spin
polarization and FM magnetization (Figure [3.8b) [103]. Reversing the direction
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Figure 3.8: Electrical detection of spin-momentum locking in TIs. a, A schematic of
a TT device for potentiometric detection of SML via a transverse V,,, and longitudinal
V.. voltage. b, SML signal detected in a transverse configuration in BisSes. ¢, SML
signal measured in longitudinal resistance up to room temperature. d, SML signals
measured at various gate voltages corresponding to the hole and electron doping of the
surface states. e, The magnitude of the SML signal as a function of the gate voltage
does not show a change of sign across the Dirac point. Adapted from [103-105].

of the electrical current leads to the opposite spin polarization in the channel,
which results in an inverted signal. With the development of the material quality
and the fabrication and measurement techniques, the signal was observed up to
room temperature (Figure [3.8f) [104].

To prove the spin origin of the observed signals in the electrical measurements
of SML, possible contributions from the ordinary Hall effect induced by the out-
of-plane component of the stray magnetic fields of FM contacts should be ruled
out [117]. For this, measuring the SML signal in the electron- and hole-doped
regimes of a TI surface Dirac cone can be used, as shown in Figure [105].
Since the spin texture of the TT bands changes sign for electrons and holes (Fig-
ure ), the resulting SML signal is not expected to change its sign across the
Dirac point, whereas the stray Hall contributions change sign depending on the
carrier type. The absence of a sign change in the measured data (Figure )
indicates the surface state origin of the signal. Alternatively, the observation of
spin precession can serve as a unique signature of the spin transport, however, in
high-SOC materials such as TIs the spin is locked to the carrier momentum and
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Figure 3.9: Spin injection from the surface states of TIs into graphene. a, A
schematic of the Gr-TI heterostructure utilized for spin injection in the nonlocal
geometry. b, A nonlocal spin valve signal detected in graphene due to spin injection
from the TI. ¢, The presence of the Hanle spin precession signal rules out spurious
charge-based effects such as the stray Hall contribution. Adapted from [116].

the spin precession cannot be induced by the magnetic field. To circumvent this
issue, graphene can be employed in the sensing circuit to take advantage of its ex-
cellent spin transport and precession capabilities, if the spin polarization created
by SML in TIs could be injected and probed in the graphene. Such functionality
was realized in heterostructures of BiyTesSe epitaxially grown on graphene (Fig-
ure ) . Passing electrical current through two nonmagnetic contacts on
top of the TT creates spin accumulation in its surface states, from where spins can
diffuse into the adjacent graphene channel. Further transport of the injected spin
polarization in the graphene can be detected as a spin voltage via a ferromagnetic
electrode in the nonlocal measurement geometry. Applying an external magnetic
field along the easy magnetization switching direction of the FM electrode allows
to change its polarization and results in a characteristic step-like switching in the
detected voltage (Figure ) The signal could be detected at temperatures up
to T' = 15K, above which the conduction through the bulk TI states reduces spin
polarization. The observed reduction of the signal with increased TI thickness
supports its surface origin and rules out a contribution from the spin Hall effect
in the bulk of TI, since the latter is expected to increase in thicker samples .
The spin-based nature of the signal was confirmed with the observation of Hanle
spin precession, allowing to further characterize the spin transport parameters of
the graphene channel (Figure ) A subsequent study realized spin injection
into graphene from a bulk-insulating T1 BiSbTeSes, where the spin signal was
shown to be tunable by shifting the Fermi level in the TI by the gate voltage,
whereas the absence of a sign change across the Dirac point supported the surface
origin of the signal . However, no spin precession experiments were presented.
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3.3 Proximity effects in Gr-TMD heterostructures

Graphene has long spin lifetime and large spin diffusion length due to its low
spin-orbit coupling, which makes it an attractive material for the realization of
spin interconnects. However, for the development of spin manipulation and active
spintronic functionalities, it is necessary to introduce large SOC into the system.
First attempts to achieve sizable SOC in graphene employed chemically-adsorbed
adatoms on graphene, where the enhancement of SOC was confirmed via spin
transport and the observation of spin Hall effect (SHE) [119-125]. However, the
introduction of such defects scattered onto graphene can compromise its electrical
properties. Alternatively, the heterostructures (HSs) of graphene with other 2D
materials, such as transition metal dichalcogenides and topological insulators,
have emerged as a promising platform for studying spin-orbit effects in graphene,
where the proximity effect allows to introduce an increased SOC into the graphene
while preserving its electron transport properties.

3.3.1 Quantum transport and magnetotransport

Motivated by the exotic modifications to the quantum transport phenomena ob-
served in Gr-hBN heterostructures |126-128], the proximity-induced SOC phe-
nomena in heterostructures of Gr and TMDs were extensively studied both the-
oretically and experimentally [129-142]. A typical Gr-TMD heterostructure is
shown in Figure[3.10h. It also presents a sketch showing that the proximity effect
in such structures modifies the normal gapless Dirac dispersion of graphene by
introducing an orbital gap due to the effective staggered potential on A and B
sublattices, and further lifts spin degeneracy of the graphene bands when the SOC
is introduced, potentially even inverting the bands (for e.g. Gr-WSes). A clear
experimental signature of such an increased SOC in graphene is the observation of
a weak antilocalization (WAL) effect, which contrasts with the weak localization
(WL) usually present in pristine graphene that lacks SOC. WAL (WL) is a quan-
tum interference effect that provides a positive (negative) correction to the low-
temperature magnetoconductivity. Accordingly, WAL was observed in graphene
proximitized by WSy, MoS,, and WSey, proving the emergence of proximity-
induced SOC (Figures 3.10pb-d) [130} [133, [134] [136], [137, [142]. These measure-
ments revealed the values of proximity-induced SOC strength of A =1 — 15meV,
significantly larger than the pristine graphene value \; & 10 peV [143]. Further-
more, the strength of proximity-induced SOC was shown to be tunable by the
application of hydrostatic pressure, which increases the proximity effect by re-
ducing the physical distance separating the different layers in a heterostructure
(Figure[3.10d) [142]. In addition to WAL, the increased SOC and its tunability by
the displacement field were confirmed in bilayer graphene-WSes heterostructures
via the measurements of the penetration field capacitance. These measurements
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are shown in Figure 3.10e, where the arrows point at the features in the measured
data that correspond to the SOC-induced spin splitting in either the valence or the
conduction band, as the SOC can be freely transferred between them by chang-
ing the displacement electric field. This behavior arises due to the fact that the
valence and conduction bands of the bilayer graphene are formed primarily from
the upper or lower graphene layer depending on the value fo the perpendicular
electric field, whereas the SOC from the TMD is induced mainly in the bottom
graphene layer. This behavior demonstrates a spin-orbit valve functionality [135]
144].
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Figure 3.10: SOC in Gr-TMD heterostructures. a, An atomic structure schematic
of a Gr-TMD heterostructure and a sketch of the effect of proximity SOC on the
graphene band structure. b,c, Weak antilocalization measured in heterostructures of
graphene with WS, and MoS,. d, A transition from WL to WAL in a Gr-WSey HS
as the applied hydrostatic pressure reduces the distance between the materials and
consequently increases the strength of proximity SOC. e, A schematic of the double-
gated BLG-WSes device and the measured penetration field capacitance, revealing
the features corresponding to the SOC-induced band splitting tunable by both the
carrier concentration and the displacement field. The SOC can be tuned to split either

the conduction or valence band depending on the applied perpendicular electric field.
Adapted from [132, 133, 139, |142].
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3.3.2 Spin transport
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Figure 3.11: Field effect control of spin current in Gr-MoSs heterostructures. a,
A schematic and a colored SEM picture of the spintronic device with a Gr-MoSs
heterostructure. b,c, Nonlocal spin voltage controlled by the gate electric field, show-
ing the ON state of devices at negative gate voltage and OFF state at positive gate
voltage where the spin signal in graphene is suppressed. d, The spin lifetime and
spin diffusion length also diminish when the gate voltage is increased. e, The gate
tunability of the Schottky barrier at the interface between graphene and MoSs. f, A
schematic showing the spin absorption from graphene into the TMD at positive gate
voltages that reduce the transport barrier between the two materials and increase the
conductivity of the TMD. Adapted from 146].

The experimental signatures of the increased SOC demonstrated the poten-
tial of Gr-TMD heterostructures for applications in spintronics. Motivated by
these findings, the pioneering spin transport studies in Gr-MoS, heterostructures
discovered their spin field effect switch functionality, where the spin signal in
the Channel could be controlled by an application of the gate electric field (Fig-
ures c) [145] [146]. In particular, the spin signal was shown to persist at
negatlve gate voltages, but diminish and disappear completely when the gate
voltage was tuned above a threshold value V, ~ 30V (Figures [3.11p,c). Such
behavior was first observed in heterostructures implemented with the exfoliated
graphene spin valves at low temperatures, and further confirmed at room temper-
ature with CVD graphene devices by spin precession experiments (Figure ),
where also a reduction of spin lifetime 7, and spin diffusion length Ay with the
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gate voltage was demonstrated. The functionality of these devices was attributed
to the variable degree of spin absorption from graphene into the TMD, governed
by the gate-dependent Schottky barrier strength at the Gr-MoSs interface and
by the strong modulation of MoS, conductivity (Figures [3.11f,f). At negative
gate voltages, the high Schottky barrier and low conductivity of MoS, prevent
spins from entering the TMD, and hence the spins are transported normally in
graphene. At positive gate voltages, the Schottky barrier strongly reduces while
the conductivity of MoSs increases, allowing the spins to jump from graphene
to MoSy where they rapidly dephase due to its high SOC, which leads to the
suppression of the output spin signal. Although this description is based pri-
marily on the individual properties of graphene and TMDs and does not involve
proximity interactions, subsequent studies found that spin-orbit effects in similar
heterostructures lead to spin lifetime anisotropy, which can also play a role in the
observed gate-dependent spin functionality.

3.3.3 Spin lifetime anisotropy

A common feature of materials with high and directional SOC is the spin lifetime
anisotropy, which denotes different relaxation times for spins polarized in different
directions. As the intrinsic SOC in pristine graphene is small, the SOC effective
fields are not strong enough to make any given direction of the spin more favor-
able than others, yielding isotropic spin scattering at room temperature [147-151].
However, the situation changes in proximity-modified graphene, where the emer-
gence of strong SOC fields leads to unequal relaxation times for the in-plane and
out-of-plane spins. This gives rise to spin lifetime anisotropy that is commonly
quantified by the ratio of spin lifetimes for differently polarized spins £ = .

-

The intricate interplay of different contributions to the SOC from the intHrinsic
(also known as Kane-Mele SOC), Rashba, valley-Zeeman (also known as Ising
SOC), and pseudospin inversion asymmetry (PIA) terms determines the details
of spin dynamics and the orientation of spin textures in heterostructures of 2D
materials [41, |131], (132} 152, [153]. The intrinsic SOC in graphene is negligibly
small due to the small atomic number of carbon. Rashba SOC, which arises from
the perpendicular electric field at the Gr-TMD interface due to broken inversion
symmetry, acts as an effective magnetic field oriented in the graphene plane, pro-
moting the formation of in-plane spin texture and suppressing the out-of-plane
spin component. PIA SOC arises in similar conditions due to the breaking of
mirror symmetry with respect to the xy crystal plane, and also promotes in-plane
spin polarization. In their theoretical description, both Rashba and intrinsic SOC
are denoted by coupling terms that have the same sign for K and K’ valleys. On
the other hand, valley-Zeeman SOC has opposite signs for K and K’, arising from
the in-plane mirror symmetry breaking. This symmetry between carbon atoms in
graphene sublattices A and B breaks when the graphene is placed in heterostruc-
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tures with materials that themselves lack such symmetry (hBN, TMDs), since
the atoms from different graphene sublattices experience different potentials from
the neighboring layers. Valley-Zeeman effective SOC fields are directed out of the
graphene plane and lead to the suppression of in-plane spin polarization, resulting
in the tilting of the spin texture out of the plane.
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Figure 3.12: Spin lifetime anisotropy in proximitized graphene. a, A schematic of a
Gr-TMD device for estimation of spin lifetime anisotropy. b,c, Theoretical calcula-
tions of the energy-dependent spin lifetime anisotropy in heterostructures of graphene
with WSep and WS, for the cases with high (valley-Zeeman system) and low (Rashba
system) strengths of the intervalley scattering respectively. The insets show the giant
anisotropy in both heterostructures when the VZ SOC dominates. d, Spin precession
data in a Gr-TMD heterostructure with the in-plane field B,, showing a stronger
signal for the out-of-plane spins compared to the in-plane ones. e, Spin precession
curves obtained in a Gr-TMD heterostructure with oblique magnetic fields Bg. f,
Normalized amplitude of the spin signal in a fully dephased regime. The solid line
represents a modeled response for a Gr-TMD structure with large anisotropy £ = 10.
Adapted from [154-H156).

Theoretical studies have predicted large spin lifetime anisotropy in heterostruc-
tures where proximity-induced valley-Zeeman SOC dominates over other terms,
which suppresses the in-plane spin components and results in 7, > 7 and § > 1
(Figure ) On the other hand, in the heterostructures with dominating
Rashba SOC the out-of-plane spin components are suppressed, resulting in 7, < 7
and & < 1 (Figure [3.12¢) [155].

To access and quantify the spin lifetime anisotropy experimentally, several
methods have been developed, including the spin transport with direct injec-
tion of in-plane and out-of-plane polarized spins, spin precession in the in-plane



32 3 State of the art

field B,, and spin precession in oblique magnetic fields Bg. Early studies of spin
transport in graphene have revealed mostly isotropic spin lifetime behavior by
comparing the steady-state spin signal amplitudes corresponding to the injection
of in-plane and out-of-plane spins [147]. While this method allows an easy vi-
sual assessment of spin lifetime anisotropy, it requires large magnetic fields (B,
> 1.5T) to polarize the injector and detector FMs along their hard out-of-plane
magnetization direction, and thus it is prone to adverse effects related to the
graphene magnetoresistance.

An alternative method of extracting spin lifetime anisotropy was utilized in
Gr-TMD heterostructures, where spin precession was induced by applying an ex-
ternal magnetic field B, along the channel perpendicularly to the magnetization
of injector and detector FMs (Figure [3.12h) [156]. Such field induces spin preces-
sion in the yz-plane, leading to the spin signal being dependent on both 7 and 7.
The measured curves, shown in Figure [3.12d, demonstrate a significantly larger
spin signal at intermediate values of the applied field B, compared to the signal
at B, = 0. This signifies that spins polarized out of the plane can pass through
the heterostructure region more easily compared to the in-plane spins, which is
underlined in the estimated value of the spin anisotropy ratio £ = 11.

A third method involves the spin precession in oblique magnetic fields applied
at various angles [ with respect to the easy magnetization switching direction
of the electrodes in the yz-plane [148]. Such measurement geometry leads to
dephasing of all spin components that are non-collinear with the field, making
the output signal amplitude defined by the lifetime of spins parallel to the field.
In Gr-TMD heterostructures such measurements show a strong increase in spin
signal magnitude as soon as an out-of-plane spin component appears, indicating
large spin lifetime anisotropy (Figure[3.12¢) [154] [157]. It can be further visualized
by plotting the normalized spin signal amplitude vs. cos?(3) (Figure [3.12f). In
such representation, the isotropic spin relaxation yields a straight line, whereas
€ >1 (£ < 1) renders data above (below) that line. Accordingly, the experimental
data in a Gr-TMD HS falls close to the predicted trend for & = 10. Applying the
gate voltage allows to control the carrier density in both the graphene and TMD,
changes their conductivity and interface transparency, and it can also tune the
strength of their proximity interaction. However, its effect on the spin lifetime
anisotropy ratio so far is largely unexplored, which marks an interesting direction
for the future research. These observations of large spin lifetime anisotropy via
oblique spin precession prove it a valuable method for investigating spin and valley
dynamics arising due to proximity effects in graphene-based heterostructures. The
large and electric-field tunable spin anisotropy can be useful for the realization of
active spin devices such as spin filters or polarizers that can select and filter out
certain spin polarization modes from spin currents.
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3.3.4 Spin-charge conversion

The spin-orbit coupling induced in graphene via proximity effects from adjacent
2D materials can be utilized to realize spin-charge interconversion in such het-
erostructures. The advantage of this method over the other means to perform
such a conversion is that both spin transport and spin generation/detection can
be performed within graphene itself, alleviating the challenges related to spin
current transfer through interfaces between different materials. The spin-charge
conversion (SCC) can be realized via the spin Hall effect and/or the spin-galvanic

effect [158].

Proximity-induced spin Hall effect
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Figure 3.13: Proximity-induced spin Hall effect in graphene. a, A schematic show-
ing the inverse spin Hall effect (ISHE), where the spin current with an out-of-plane
polarization induces a transverse charge current. b, Theoretical calculations predict
spin Hall angles on the order of 1% with a nontrivial dependence on the Fermi energy
in proximitized graphene. c,d, Experimentally detected ISHE spin precession signals
in Gr-TMD heterostructures with the in-plane field B,. e, Carrier density depen-
dence of the ISHE signal magnitude at different temperatures shows a pronounced
tunability of the proximity-induced spin-charge conversion in the graphene. Adapted

from (153,159, 160

Spin Hall effect is a 3D phenomenon present in materials with high SOC, where
the application of a charge current leads to a creation of spin current, with the
constraint of orthogonality between the spin polarization, spin current direction
and charge current direction [158]. Note that in 3D systems with decreasing
crystal symmetry, such as strained TMDs or their low-symmetry phases (e.g. 1T
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or 1Ty MoTey), this orthogonality requirement is gradually lifted [161]. Adhering
to Onsager reciprocity, the inverse spin Hall effect (ISHE) denotes a conversion
of spin current into charge current with the same orthogonality constraints. As
graphene is an atomically thin 2D material, it can support the (I)SHE only for
spins polarized out-of-plane with spin current and charge current being in plane
and perpendicular to each other (Figure B.13h).

Theoretical studies have predicted sizable spin Hall conductivity in graphene
proximitized by WSy, WSes, MoSs, and MoSes, with largest spin Hall angles seen
in graphene/WSy where they reach few percent depending on the Fermi energy
(Figure 3.13b) [41) [153]. In these heterostructures, the intrinsic SHE mechanism
was considered, in which the proximity effect imprints into graphene the out-
of-plane sublattice-dependent valley-Zeeman SOC, originating from the broken
sublattice symmetry in a TMD.

Shortly after, the experimental evidence of proximity-induced (I)SHE was ob-
tained in heterostructures of graphene with MoS, [159], WS |160, |162], and WSe,
[163]. The ISHE measurements were performed by injecting the spin-polarized
current in graphene from a ferromagnetic electrode, which diffuses into a Gr-
TMD heterostructure and creates a transverse charge current. To create the out-
of-plane spin polarization, an in-plane field B, was applied, which induces spin
precession in the yz-plane and results in an antisymmetric SHE spin precession
signal of opposite signs for different initial states of the injector FM magnetization
(Figure [3.13¢,d).

Interestingly, it was found that sizable SHE can be observed in heterostructures
that also exhibit large spin lifetime anisotropy [163], whereas the theoretical inves-
tigations predicted these phenomena to be incompatible because the intervalley
scattering and valley mixing, required for the anisotropy, are detrimental for the
intrinsic SHE mechanism since they effectively reduce the mass of the carriers
[153]. In addition, an observation of SHE is reported in graphene proximitized
by a high-SOC amorphous insulator BioOg3, which lacks an ordered crystal lattice
that could break the in-plane mirror symmetry of the graphene layer [164]. These
observations hint at the presence of additional extrinsic mechanisms for SHE, for
which it was suggested that the inhomogeneities at the graphene interface induce
long-range potentials that can cause SHE without a global alteration of the band
structure of graphene [164]. However, further work is required to establish the
exact origin and role of the intrinsic and extrinsic SHE mechanisms.

The efficiency of spin to charge conversion by SHE is often quantified by the
spin Hall angle #, which denotes the ratio of spin current density and charge
current density that are involved in the conversion. The experiments report room-
temperature values of # = —0.33% in Gr-MoS», 6 = 0.3% in Gr-WSs,and 6 =
1.7% in Gr-WSey, in line with the theoretically predicted values for Gr-TMD
heterostructures (Figure[3.13b). However, larger spin Hall angles can be obtained
since the device properties can be strongly tuned by temperature and gate voltage.
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The theoretical studies predict energy-dependent spin-charge conversion efficiency
due to the asymmetric SHE magnitude for holes and electrons, with stronger
signals expected upon increasing hole doping, and a sign change across the Dirac
point is anticipated [153]. This was confirmed experimentally in Gr-WSs, however,
due to the signal smearing by charge puddles at room temperature, the sign change
could only be resolved upon device cooling below 7= 200K (Figure [3.13¢) [160].
By optimizing the experimental conditions and parameters, the values of spin
Hall angle were boosted up to 6 = 8.4% in Gr-WSes [163], exceeding theoretical
predictions which again hints at the presence of extrinsic mechanisms.

Although the spin Hall angle in Gr-TMD heterostructures is smaller than the
values seen in heavy metals like Pt, the spin-charge conversion efficiency can still
be higher. This is because both the spin transport and spin-charge conversion
happen in the same material (graphene), whereas in the case of Pt its high 6
is negated by the lossy transfer of spins through the interface between the spin
transport channel and the heavy metal. With these considerations, an effective
spin Hall resistance R.g has been proposed as an alternative figure of merit of
SHE efficiency, denoting the ratio of the output spin Hall voltage and input spin
current that reaches the spin-charge conversion region [159]. The obtained values
in Gr-WSes heterostructures at room temperature R.z = 21 demonstrate the
high potential of proximity-induced SHE for spin-charge conversion applications
compared to conventional devices with heavy metals (Reg of Gr/Pt < 1Q) [163,
165].

Proximity-induced spin-galvanic effect

Spin-galvanic effect (SGE), also known as the inverse Rashba-Edelstein effect, de-
notes the conversion of spin density into a charge current in samples with strong
SOC and a spin texture (Figure [3.14h) [158| [167]. This phenomenon is attributed
to the in-plane Rashba SOC, which arises from the perpendicular electric field
due to broken inversion symmetry at the heterostructure interface. Theoretical
investigations have predicted that high-SOC 2D materials in heterostructures with
graphene can induce spin winding (spin textures) in its low-energy states, which
leads to asymmetric spin-dependent scattering and enables current-driven spin
polarization via SGE (Figure [3.14p) [41} [131] 132} [135, [152]. Unlike SHE, which
is a 3D phenomenon, SGE is 2D and does not depend on the spin current direc-
tion, only on the direction of spin polarization. In addition, in Rashba systems
with in-plane spin textures, only in-plane spins can participate in the spin-charge
conversion by SGE, unlike the proximity-induced SHE in graphene which can
only induce out-of-plane spins. Thus, by probing the spin-charge conversion for
differently polarized spins, SGE and SHE can be differentiated and their contri-
butions to the total spin-charge conversion signal in proximitized graphene can
be untangled.
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Figure 3.14: Proximity-induced spin-galvanic effect in graphene. a, A schematic
showing the SGE, where the spin-polarized carriers entering the proximitized graphene
region acquire transverse momentum and create a charge current. b, Theoretical cal-
culations of the SGE efficiency show its strong dependence on the position of Fermi
energy. The compensation of the spin-charge conversion signal due to the opposite
spin windings of the inner and outer Rashba-split bands is shown. ¢, Spin-galvanic
signal obtained in a Gr-WSy heterostructure using spin precession in B,. d, SGE in
Gr-WS, measured with an applied magnetic field B, to rotate the magnetization of
FM contacts along the graphene channel. e, An application of the gate voltage shows
electric-filed tunability of the magnitude and sign of SGE observed in a heterostruc-
ture of graphene and 2H-TaS,. Adapted from [152, |160, [162, |166].

Experimentally, the proximity-induced SGE was observed in heterostructures
of graphene with MoS, , WS, , , and 2H-TaS, . Similarly to
SHE, the measurement protocol includes the injection of spin polarization into
a heterostructure region from a FM contact and a detection of the converted
charge current (or open-circuit voltage) perpendicularly to the spin channel (Fig-
ure ) Alternatively, inverse SGE can be observed by applying a bias current
across the heterostructure and detecting the created spin density using a spin-
sensitive FM contact in a nonlocal configuration. In common Hall bar devices,
where the graphene in one of the crosses is proximitized by a TMD, SGE can be
invoked only by the spins polarized along the channel (z-direction in Fig. [3.14k),
whereas the easy axis of FM electrodes, and therefore the initial orientation of
the injected spins, is along the y-direction. To observe SGE, the required spin
polarization along = can be created by spin precession in B, (Figure mc) 1160],
or by applying larger field B, to align the FM polarization along its hard axis x
(Figure [3.14d) [159, 160, |162, [166]. In the latter case, great care should be taken




37

to rule out spurious effects arising from the ordinary Hall effect induced by the
stray fields of FM electrodes, which can mimic the spin-charge conversion signal.

To quantify SGE, a conversion efficiency parameter v can be used, defined as
the ratio of charge current density and spin accumulation participating in the spin-
charge conversion. However, as this parameter has nontrivial units (A J~!m™1),
an alternative unitless merit of SGE efficiency o was proposed [159], obtained
as a ratio between 2D charge current and 2D spin current (assuming the spin
polarization to be converted to spin current by diffusion) and related to v via
a = eyRsqAer. This SGE efficiency can be straightforwardly compared with spin
Hall angles and spin polarization values of conventional FM contacts (5 — 10%).
So far, the reported values of room-temperature SGE efficiency « reach 3% in
Gr-MoS;y [159], 0.1% in Gr-WS, [160], and 4.3% in Gr-TaS, [166]. Moreover,
the spin-galvanic signal in graphene heterostructures was shown to be strongly
gate-tunable in magnitude (Gr-WS, [162]) and also its sign (Gr-WSs [160], Gr-
TaSs [166]) at room temperature, demonstrating it as a versatile alternative to
conventional spin creation/detection means.
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3.4 Heterostructures of graphene and Tls

The unique electronic and spintronic properties of TIs stemming from their large
internal spin-orbit coupling make these materials promising for applications in
active spin-based devices and spin-charge conversion systems. Unlike conventional
TMDs, the SOC in TIs is strong enough to cause band inversion, leading to the
formation of topologically-protected spin-polarized metallic surface states [25].
Interestingly, the energy dispersion of these surface states is linear in momentum,
so the carriers are described as massless Dirac fermions similarly to graphene [168§].
However, the two materials possess strikingly differing strengths of spin-orbit
coupling, which makes the heterostructures between these materials an attractive
playground for investigating spin manipulation possibilities, exotic topological
states, and emerging proximity-induced SOC effects.

3.4.1 Band hybridization and proximity-induced spin textures

Several reports have theoretically investigated the heterostructures of graphene
and topological insulators to study the hybridization between these two Dirac ma-
terials and characterize the proximity-induced spin-orbit coupling effects arising
in these systems [169-181]. It was shown that the control over the the alignment
of crystal lattices in Gr-T1 heterostructures is crucial as it defines the symmetries
present in a unit cell and drastically affects the presence and contributions of
various spin-orbit terms that govern the details of proximity interactions [169]. In
contrast to TMDs, which have relatively large mismatch of their lattice constants
with graphene, the lattice parameters of Gr and TTs allow to achieve highly com-
mensurate structures and small unit cells with only a few percent of mismatch
(arr/V3ag, =~ 1). Figure shows two examples of possible unit cells in a
Gr-BisSes heterostructure. If the lattices are rotated by precisely 30°, a highly
commensurate structure emerges with a small v/3 x /3 supercell [169, [170]. In
case of other rotation angles between the two crystals, for example 0°, the struc-
ture is incommensurate and can be described by a large 5 x 5 supercell in a similar
manner as Gr-TMD HSs.

In a small unit cell, the Kekulé distortion, which arises from spatially periodic
perturbations, is present, the sublattice symmetry is preserved and thus the valley-
Zeeman (VZ) SOC and pseudospin inversion asymmetry (PIA) SOC are absent,
and the Rashba SOC terms originating from the perpendicular electric field and
radial in-plane field are present. The formation of a v/3 x /3 supercell leads
to the folding of graphene Dirac cones from K and K’ points onto the I' point
of the first Brillouin zone. Figure |3.15b shows the band structure of graphene
placed in a heterostructure with one quintuple layer (QL) of BisSes calculated
using the density functional theory (DFT). The red lines represent the graphene
Dirac bands and the black ones are the bulk states of the TI. The surface states
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Figure 3.15: Theoretical descriptions of graphene-TI heterostructures. a, A
schematic of the graphene-TT heterostructure and the considered unit cells for calcu-
lations. The graphs on the left side of the figure show the results obtained with the
commensurate stacking and a small v/3 x /3 supercell, whereas the graphs on the
right side correspond to the incommensurate stacking and a large 5 x 5 supercell. b,
Band structure of a graphene-BisSes hybrid system. c, Spin texture induced in the
graphene proximitized by a TI. d, Spin lifetime anisotropy in Gr-TT HSs. Adapted
from [169].

are absent since they form only when the TT thickness is > 6 QLs. However,
the proximity-induced SOC effects in graphene do not have a strong dependence
on the TI thickness or the presence of the surface states. A zoom-in onto the
Dirac point of proximitized graphene reveals the emergence of a band gap and
the spin splitting of the bands on the order of a few meV. Figure [3.15c shows the
calculated spin texture in the graphene bands, which overall exhibits a Rashba-
like behavior with winding in-plane spin components s, and s,, but the Rashba
SOC term due to the in-plane radial electric fields decorates it with sharp minima
every 60° around the Fermi circle. Importantly, the out-of-plane spin component
s, is generally nonzero and exhibits maxima at the same points. Notably, the
spin texture exhibits a strong energy dependence, with the in-plane components
reducing and the out-of-plane component increasing at energies closer to the Dirac
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point. With the obtained in-plane and out-of-plane spin lifetimes, a spin lifetime
anisotropy ratio can be estimated as shown in Figure[3.15(d. In this commensurate
structure, the anisotropy at energies far from the Dirac point is close to the typical
value for a Rashba system £ ~ 1/2, but, due to the suppression of the in-plane
spin components near the DP, it can reach giant values £ > 100 close to the charge
neutrality point.

In a large unit cell, the Kekulé distortion is absent, the sublattice symmetry is
broken so the valley-Zeeman SOC and PIA SOC terms appear, and the Rashba
SOC term originating from the perpendicular electric field is present whereas the
term from radial in-plane field is absent due to the lack of the radial symmetry. In
this configuration, the graphene Dirac cones do not fold onto the I' point but re-
main at K and K’, and they still experience the spin splitting and develop a band
gap (Figure [3.15p). The spin texture of the graphene bands for the large unit cell
in Figure does not exhibit sharp features with 60° periodicity due to absence
of hybridization between valleys in this configuration, and resembles a conven-
tional winding Rashba spin texture. However, the out-of-plane spin component
becomes momentum-independent, always large in magnitude, and has opposite
signs for the K and K’ valleys. This behavior is driven by the presence of the VZ
SOC and resembles the results seen in Gr-TMD heterostructures [132, [155]. In
this case, the spin lifetime anisotropy has only a modest energy dependence but
exhibits a large electron-hole asymmetry and can reach values & ~ 10.

These investigations underline the importance of the relative alignment of crys-
tal lattices between the heterostructure materials as the twist angle strongly af-
fects the resulting strength of the proximity effect, the size of the induced SOC,
the induced spin texture, and the expected degree of spin lifetime anisotropy.
Thus, it is important to consider the crystal alignment to interpret the exper-
imental results. However, the commonly utilized fabrication techniques based
on random exfoliation and mechanical stacking of the crystals usually result in
heterostructures with random twist angles, which are likely to follow the large
supercell description of proximity interactions. In this case, measurements of spin
relaxation anisotropy may be used to elucidate the crystal alignment. Alterna-
tively, highly commensurate structures exhibiting small unit cell physics can be
obtained by carefully aligning the layers during the mechanical stacking using a
micromanipulator, or via the bottom-up approach with the epitaxial growth of
heterostructure materials [182].

3.4.2 Electrical characterization of Gr-T| HSs

Experimental studies of Gr-T1 heterostructures so far have been mainly focused
on the characterization of their electrical and quantum transport properties, with
only a few works addressing the proximity-induced SOC effects arising in graphene.
The studies of the electrical transport through the interfaces between graphene
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Figure 3.16: Experimental studies of graphene-topological insulator heterostruc-
tures. a, A drawing of the Gr-TI heterostructure utilized for measuring the junction
resistance. A schematic shows phonon-assisted tunneling in momentum mismatched
materials, where the graphene Dirac cones are situated at the corners of the Bril-
louin zone in K and K’ points, whereas the TI Dirac cone is placed in the center of
the Brillouin zone in the I' point. b, Left panel: An optical microscope picture of
the bilayer graphene-BisSes junction utilized for the differential conductance char-
acterization. Right panel: A spectrum of inelastic tunneling features observed in
the second derivative of the conductivity, indicating the phonon modes mediating
the tunneling process. c, The gate-dependent resistance of Gr-TI junction shows
electron-hole asymmetry, which indicates varying tunneling barrier strength for the
valence and conduction bands of graphene. d, A comparison of the junction resis-
tance and graphene resistance in the quantum Hall regime indicates that the Gr-TI
resistance is inversely proportional to graphene DOS. e, Left: A schematic of the
Gr-Biy 5Sbg 5 Te; 7Se1.3 (BSTS) heterostructure encapsulated in hBN. Right: Weak
localization measurements in pristine and proximitized graphene show significant dif-
ferences in the highly doped regime due to the effects of proximity-induced SOC.
Adapted from [183-185].

and topological insulators revealed the presence of a junction tunneling barrier
(Figure [3.16p,b) [183| |184]. Possible reasons for the observed effective tunnel
junction behavior of the Gr-TT interface include the oxidation of BisSes due to its
exposure to air during the device fabrication, differences in the effective contact
area, or the lack of direct chemical bonding between the layers. The differential
conductance measurements indicated the presence of an inelastic phonon-assisted
tunneling process. Since the graphene Dirac cones are placed in K and K’ points
at the edges of the Brillouin zone, whereas the TI Dirac cone is at the I' point
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at the center of the Brillouin zone, there is a large momentum mismatch between
graphene and BiySes Fermi surfaces (Figure [3.16p). To compensate for this mo-
mentum mismatch, the inelastic tunneling conduction through the Gr-TI interface
is assisted by the BisSegz surface optical phonon as well as the out-of-plane, longitu-
dinal, and transverse acoustic/optical phonon modes in graphene (Figure [3.16b).
The gate dependence of the tunneling interface resistance at T' = 2 K displayed
a significant electron-hole asymmetry, which indicated varying tunneling barrier
properties for conduction and valence bands of graphene (Figure ) With an
application of the large perpendicular magnetic field B = 14T the graphene was
tuned into the quantum Hall insulator state, where the Gr-TI junction resistance
was shown to exhibit maxima at points where the graphene longitudinal resistance
exhibits minima (Figure[3.16[d). As these minima occur when the Fermi level falls
between the Landau levels in graphene, the tunneling resistance was shown to be
inversely proportional to the density of states in graphene.

To investigate the proximity-induced SOC effects in graphene, low-temperature
magnetoresistance effects in Gr-TI heterostructures were studied. An evidence
for the proximity-induced SOC in graphene in heterostructures with a topologi-
cal insulator Bij 5Sbg 5Te; 7Se; 3 (BSTS) was obtained through the phase-coherent
magnetotransport measurements in the weak localization regime [185]. When the
graphene was doped near its Dirac point, weak localization was observed with
similar linewidths in both proximitized and pristine graphene samples, however,
a significantly narrower signal was obtained in the Gr-BSTS heterostructure at
increased carrier density (Figure [3.16¢). The carrier density dependence of the
extracted phase coherence length £y in Gr-TI HSs was shown to exhibit a maxi-
mum at the Dirac point, in contrast to the pristine graphene trend which showed
a minimum at low carrier density. These results indicate that the proximity-
induced SOC in Gr-TI HSs increases the role of D’yakonov-Perel” type of spin
relaxation, and is predominantly symmetric upon z/ — z inversion, which explains
the absence of weak antilocalization. The observed behavior was found to be con-
sistent with the proximity SOC of either Rashba (induced by the in-plane fields)
or valley-Zeeman type, with the strength of Agym, = 2.5meV. Another study has
investigated the quantum Hall effect in graphene proximitized by a TI, and found
that the coupling between the two materials can be affected by the perpendicular
magnetic field [186]. It was shown that the forward- and backward-propagating
quantum Hall edge states in graphene can interact with each other via the coupled
BisSes nanoribbon, which causes the Hall conductivity to deviate from the per-
fectly quantized values in the electron-doped regime due to momentum relaxation
via the BisSes bulk states.

These theoretical studies and initial experiments demonstrated Gr-T1 systems
as an intriguing material platform for investigations of the spin-orbit proxim-
ity effects with possible applications in gate-tunable active spintronic devices for
spin manipulation and spin-charge conversion. However, the spin transport phe-
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nomena and the nature of proximity-induced SOC in these systems have not been
previously explored experimentally, which motivated the investigations performed
in this thesis.






4 Graphene-based spintronic
devices

The pioneering studies of spin transport in graphene revealed its great potential for
applications in spintronics because it exhibits long spin lifetimes and spin diffusion
lengths. Most of the initial works have been done with high-quality exfoliated
graphene samples that exhibit high carrier mobility and good spin transport.
However, mechanical exfoliation is not a scalable fabrication technique, and for
perspectives of industrialization it is important to investigate graphene produced
using a scalable method. In this chapter, we study the spintronic properties
of chemical vapor deposited (CVD) graphene (paper [I) and move towards more
complicated channel geometries (paper for the realization of prototype spin
logic gates.

4.1 Graphene for robust spin interconnects

CVD graphene allows for scalable fabrication of spintronic devices. However,
compared to exfoliated samples that are single-crystalline and of high quality,
CVD growth can naturally lead to the formation of grain boundaries, multilayer
graphene patches, and folds. Therefore, it is important to investigate how such
inhomogeneities affect the spin transport properties of graphene. We address
these questions in paper [[] where we describe the fabrication and characterization
of charge and spin transport properties of devices containing single-layer, bilayer,
and trilayer graphene patches, as well as layer boundaries and folds.

4.1.1 Spin transport across CVD graphene layer boundaries

Electron beam lithography was used to pattern a multilayer CVD graphene patch
into a stripe with a nonuniform number of layers (Figure ) Ferromagnetic
tunnel contacts (Co/TiOg2) were evaporated onto the stripe to access individ-
ual continuous spin transport channels comprised of one, two, or three layers
of graphene, as well as channels containing boundaries between those areas (Fig-
ure[4.1p). Nonmagnetic contacts made of Au/Ti were deposited close to the edges
of the stripe to be used as reference electrodes for spin voltage measurements. The
measurements were performed at room temperature 7' = 300 K.

45
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Figure 4.1: Spin transport in multilayer graphene channels and across layer bound-
aries. a, An optical microscope picture of a multilayer CVD graphene patch. The
area used for the device fabrication is outlined in white. b, A schematic of the device
with spin transport across layer boundaries. ¢, Spin valve and Hanle spin preces-
sion measurements obtained in single-layer (SLG), bilayer (BLG), and trilayer (TLG)
channels, as well as single-bilayer (SLG-BLG) and bilayer-trilayer (BLG-TLG) bound-
aries. Channel length L is denoted for each panel. d, Carrier density dependence of
the extracted spin spin lifetime 74, spin diffusion coefficient Dy, and spin diffusion
length As.

The spin transport in all channels was characterized using the spin valve and
Hanle spin precession experiments as shown in Figure [f.Ic. The SV data was
obtained with the in-plane magnetic field sweep, and the Hanle curves were mea-
sured with the out-of-plane field. Red lines show fits of the spin precession data to
the Hanle equation (2.11]), and the extracted spin transport parameters are shown.
The obtained results show robust spin signals in all channels, proving that the
defects under study do not compromise the spin transport capability of large-area
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CVD graphene. The extracted spin lifetimes 7,5, except for the SLG, show lit-
tle variation between different channels, indicating the uniformity of the devices
and weak dependence on layer configuration. The SLG channel shows larger spin
parameters, but, unlike all other channels which are placed in close vicinity, this
data belongs to another graphene area on the same chip, which hinders a direct
comparison.

Performing the spin transport measurements at gate voltages ranging from
—80V to 80V allowed to investigate the dependence of spin transport param-
eters on charge carrier density. The large initial hole doping, common for our
graphene samples on SiO,, restricted the accessible range of carrier concentration
to mostly hole conduction. We observed a strong decrease of 75, Dy, and A4 as the
Fermi level in graphene is tuned towards the charge neutrality point in all chan-
nels (Figure [4.1[d). This behavior is commonly seen for D, which also influences
the spin lifetime due to the proportionality between 74 and D, characteristic of
the Elliot-Yafet spin relaxation mechanism that dominates spin lifetime near the
charge neutrality point. In addition, effects of conductivity mismatch should be
considered, which in our devices leads to the reduction of spin signal amplitude
close to the Dirac point. The negative effects of the conductivity mismatch can
be mediated by choosing the appropriate resistance of the electrical contacts. We
use contact resistances in the range of 2k() to 12kS2, which exceeds the channel
spin resistance given by R&" = % < 1k, and suppresses the back-scattering
of the injected spins into the FM. Our data also show evidence for the screening
of the gate electric field in multilayer channels, as the spintronic parameters in
them become less tunable with increasing thickness [187].
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Figure 4.2: Spin relaxation mechanisms in inhomogeneous CVD graphene channels.
a, Estimation of the contributions of spin scattering mechanisms in multilayer CVD
graphene channels and their boundaries. b, The extracted SOC energy scale for the
EY and DP mechanisms in different channels.

Spin relaxation in graphene is governed by the Elliott-Yafet (EY) and D’yakonov-
Perel” (DP) spin scattering mechanisms. The EY mechanism assumes spin-flip
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events during electron scattering, leading to the direct proportionality between
Ep

Agy
is the Fermi energy relative to the graphene Dirac point, and Agy is the EY SOC.
The DP mechanism describes spin-flip scattering due to spin precession in effective
magnetic fields between the scattering events, resulting in the spin lifetime being

spin lifetime 7, and momentum scattering time 7,, 7 gy = Tp, where Ep

A 2
inversely proportional to the momentum scattering time TST]:I)P =4 7?) Tps

where App is the effective SOC for the DP mechanism. To determine the domi-
nant mode of spin relaxation, we assume that both mechanisms are present simul-

-1
taneously, which leads to the total spin relaxation rate 7, = (Ts_,éy + 7. 5 P) )
which can be expressed as

A P

By fitting the experimental data with eq. 4.1 we extracted the energy scale
parameters Agy and App for different channels, as shown in Figures [4.2h,b. We
observe that App increases for thicker channels whereas Agy does not show a
strong trend with channel thickness. These results indicate an increased role
of the DP mechanism in multilayer graphene, which may explain the observed
reduction of 75 at large carrier densities in those channels.

A 2
E};:f’ =A%, +4 <DP> (Ep) 72. (4.1)

4.1.2 Isotropic spin dynamics in inhomogeneous graphene
channels

Spin lifetime anisotropy is an important characteristic of spin transport channels,
characterizing their ability to transfer spins polarized in different directions. It
is expressed as the ratio of relaxation times for spins polarized in and out of the
graphene plane £ = %‘ To estimate the spin relaxation anisotropy ratio in our
nonuniform graphene channels, we employ spin precession in oblique magnetic
fields (Figure [4.3h) [148]. Applying the external magnetic field at different angles
£ between the contact magnetization and the out-of-plane direction leads to the
dephasing of all spin components that are not parallel to the magnetic field,
leaving the magnitude of the output signal to be defined solely by the remaining
spin component (Figures [4.3p,c). For 0 < 8 < 90, the remaining spin signal is
influenced by both 7, and 7, allowing to calculate the anisotropy ratio. Such
angle-dependent spin precession experiments were performed in SLG, BLG, and
TLG channels and through their boundaries at several chosen carrier densities.
The extracted anisotropy values & = 0.9 — 1.1 show that room-temperature spin
transport is mainly isotropic in all studied channels at varying carrier densities.
Similar values of & were also extracted from the spin precession measurements
in the magnetic field aligned with the graphene channel B,. In such geometry,



49

anisotropy &

¢
n
°

[ 2

A

-

°

A oo
2]
[y
poQ
@
[y
®

b n (10" cm?)
02}
g g
2 2
5 o
00r SLG ]
00 01 02 03 0 1 -0.8 -0.4 0.0 0.4 0.8
By (T) cos?(B") B, (T)

Figure 4.3: Measurements of spin lifetime anisotropy in graphene. a, A drawing of
the spin precession in graphene with an oblique magnetic field applied at an angle
B to the FM contact easy axis (along y) in the yz—plane. b, Hanle spin precession
curves obtained for different angles 5. ¢, Normalized magnitude of the spin signal as
a function of cos?(3) allows to visualize the anisotropy ratio. d, Spin signal obtained
with the in-plane field B, showing the spin precession component at small fields and
the rotation and saturation of the magnetization of FM electrodes at higher fields.
e, The extracted anisotropy values in different channels for various levels of carrier
doping.

spin precession is induced in the plane perpendicular to the field (yz-plane) and
the resulting spin signal contains information about 7, and 7. A representative
measurement obtained in the SLG channel is shown in Figure [4.3d. Such curves in
different channels could be adequately fitted with anisotropy values in the range
of 0.9 — 1.1, in agreement with the oblique spin precession method. Figure [4.3p
summarizes the values of ¢ in different multilayer and nonuniform channels and
at varying gate voltages. All values are close to unity, indicating that CVD
graphene does not develop noticeable directional spin-orbit fields in the studied
carrier density regimes. Such isotropic spin relaxation allows the large-area CVD
graphene to be used as an efficient spin interconnect for arbitrarily polarized spins,
proving its high potential for applications in the emerging spin-logic devices.
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4.2 Spintronic circuit architectures for spin logic
applications

Information processing using electron spin degree of freedom can become a cor-
nerstone for next-generation fast and energy-efficient electronics. To realize such
spin-based logic and memory technologies, spintronic circuits composed of multi-
ple nanomagnetic elements interconnected with spin-coherent channels supporting
efficient spin injection, detection, and long-distance spin transport must be de-
veloped. The studies of spin transport in graphene have identified it as a prime
candidate to realize such robust spin interconnects for spin communication, how-
ever, so far they have been mostly restricted to a simple stripe channel geometry.
Here, as presented in paper [l we make use of the excellent spin transport capabil-
ities of large-area CVD graphene to fabricate more complex spin circuit geometries
and study their spin transport and precession properties.

4.2.1 Spin transport in large-area multiterminal devices

Large-area CVD graphene was patterned into branched channels in the Y-junction
and hexa-arm geometries to study spin transport and precession in multiterminal
devices with non-collinear ferromagnetic electrodes. The devices were defined by
electron beam lithography and oxygen plasma etching, and the ferromagnetic and
non-magnetic contacts were deposited. Figures[d.4h,b show the Y-junction device
and the utilized measurement configurations, where multiple arrangements of the
injectors/detectors were used to perform spin valve and Hanle spin precession
measurements in channels with L = 6.6, 20,26.6 ym (Figure ) These mea-
surements allowed us to extract the average spin polarization of the FM electrodes
P =~ 7% and the dependence of spin signal amplitude on the channel length at
room temperature. By fitting the data with the expected exponential decay trend
Ry, o< e /% we obtain the spin diffusion length of Ay = 3.4pm, which corre-
sponds well with the values extracted from Hanle curves. By extrapolating the
fit towards the noise level of our measurements, we could estimate the maximum
channel length where the spin signal could be detected, which exceeded L = 34 pm
(Figure [£.4[1). This length depends not only on the intrinsic graphene properties
but also on the extrinsic factors such as the amount of spins that can be injected
from a FM and the noise level of the measurements, and conveys the maximum
size of spintronic devices that can be achieved at the current stage of graphene
technology development. This result proves the possibility to maintain the spin
polarization in branched graphene channels over large distances, which is crucial
for the design of logic circuits.

An inherent property of the electron spin is its directionality, and since the FM
electrodes can inject/detect only the spins that are collinear with their magneti-
zation, it can be used to realize weighted spin summation operations depending
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Figure 4.4: Long-distance spin transport in CVD graphene. a, An optical micro-
scope picture of the Y-junction device. b, A schematic of the device with the nonlocal
measurement geometry. ¢, Spin valve and Hanle spin precession signals obtained in
a channel with length L = 26.6 pm. d, The dependence of the spin valve amplitude
on the channel length. The fit shows the expected exponential decay with the rel-
evant length scale parameter \g. Its intersection with the gray area, which depicts
the noise level of the measurements, defines the maximum channel length for spin
communication exceeding 34 pm.

on the orientation of spin and magnetization. We explore these effects in the
graphene channel of the hexa-arm device where spin injector and detector are
placed at an angle of 60° (Figures [4.5h,b). Figure shows the obtained Hanle
spin precession signals for the "parallel" and "antiparallel" configurations of the
electrode magnetization (since the electrodes are noncollinear, these terms refer
to the components of their magnetizations along a common axis). As expected,
contact non-collinearity makes the Hanle signals asymmetric, and they were de-
convoluted into symmetric and antisymmetric components using

R(B) + R(—B) R(B) — R(—B)

Rsym = 9 aRasym = 9 y (42)

as shown in Figure 4.5d. These components were fitted with general Hanle equa-
tions for the symmetric and antisymmetric parts:

PiPyRg A LK PiPyRg\s Iy
Regm = —;5;‘” Re (€72, Rum = —;‘J;M (e 0), (43)
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Figure 4.5: Spin transport and precession in multiterminal branched graphene chan-
nels. a, An optical microscope picture of the hexa-arm device. b, A schematic of
the device with the measurement geometry. ¢, Asymmetric spin precession signals
obtained in the hexa-arm device with the noncollinear arrangement of the injector
and detector FM contacts. d, The Hanle signal for the "AP" configuration decon-
voluted into its antisymmetric and symmetric components. e, Amplitudes of the
symmetric and antisymmetric Hanle components as a function of the angle between
injector/detector contacts. The points show the normalized experimental data.

where P; and P, are spin polarization values for the injector and detector contacts,
Ry, is the graphene sheet resistance, L and W are the channel length and width,
and ), is a complex renormalization of the spin relaxation length due to the effect
of the magnetic field:

— A s

S ey -
where 7, and A, are the spin lifetime and spin diffusion length, and wg = gupB/h
is the Larmor spin precession frequency with ¢ being the gyromagnetic ratio,
1p being the Bohr magneton, and A being the reduced Planck’s constant. The
extracted amplitudes of these components can be used to calculate the relative
angle between the injector and detector contacts as 6 = tan"'(AR-/ARI). The
extracted angle of § = 60 £ 4° corresponds very well with the geometrical de-
sign of the device. Figure shows the normalized amplitudes of symmetric
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and antisymmetric components of spin precession signals obtained in various in-
jector/detector configurations, where the excellent correspondence between the
geometrical device contact angles and values calculated from the measurements
proves the applicability of this method for reconstructing the spin orientation,
which can be applied to study the spin texture orientation of 2D materials placed
in heterostructures with graphene. Finally, the isotropic spin diffusion in the
branched channels was confirmed by measuring the spin polarization, injected at
one contact, using several other FM contacts as detectors simultaneously. This
demonstrates the possibility to split the signal into different device branches, and
in the next chapter the inverse procedure was also confirmed, allowing to add
up spin signals arriving from different branches. These results demonstrate the
large-area CVD graphene as an attractive platform for large-scale integration and
development of spin-logic and memory technologies.

4.2.2 Spin majority logic gate

Utilizing electron spin as a state variable for logic operations is a core tenet in
spintronics, allowing to design beyond CMOS architectures and realize low-power,
compact, and fast computing devices. In addition, it offers a possibility to com-
bine the non-volatile memory with spin logic to achieve highly efficient integrated
components for the information technology. Here, we explore prototype realiza-
tions of the spin addition operation and a spin majority logic gate in devices
utilizing graphene as a spin interconnect and ferromagnetic electrodes as input
and output elements.

Figure shows an SEM picture of a spin majority gate fabricated using
large-area CVD graphene contacted with tunnel ferromagnetic electrodes and
nonmagnetic reference contacts. First, spin transport was investigated in each
individual branch of the device, showing its robust operation via the spin valve
and Hanle measurements (Figure 4.6p). These measurements were performed
with a constant bias I = —200 1A, and the produced spin voltage is different for
different channels because the length of the channel between injector B and the
detector (output contact O) is shorter than that for injectors A and C, different
branches have slight variations in their spin transport parameters, and the natu-
ral variations in the tunnel barrier uniformity affect the spin injection efficiency
of each electrode. The uniform doping across the device was confirmed with the
back-gate dependent channel resistance measurements (Figure [4.6d). Notably,
due to the effect of domain pinning, the switching fields of the ferromagnetic elec-
trodes are not the same for the up- and down- field sweeps, which is likely the
reason for SV signals being non-symmetric about zero field.

Spin summation was probed using a simultaneous injection of spin currents from
different ferromagnetic terminals. This leads to the mixing of the spin densities
in the channel, and the resulting total spin polarization can be detected as a
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Figure 4.6: Spin majority gate device. a, An SEM picture of a spin majority gate
with the CVD graphene channel and magnetic tunnel (Co/TiO2) and non-magnetic
reference (Au/Ti) contacts. b, Spin valve and Hanle spin precession measurements for
each injector contact. c, Bias dependence of the spin signal magnitude extracted from
SV measurements for each injector. d, Gate dependence of the graphene resistance
in each channel shows uniform device doping.

spin voltage. Figure [4.7] shows the spin valve signals obtained separately in two
different branches of the device, and a resulting spin valve signal with both inputs
working at the same time. The magnitude of the output spin valve in this case
represents the sum of the spin signals from both inputs, demonstrating a linear
spin mixing regime.

Besides switching the injector states by the magnetic field, the polarity of in-
jected spins can be alternatively controlled by the application of positive or neg-
ative bias currents to the injectors. In this method, the magnetization of all
contacts remains fixed, whereas the sign of the bias current determines whether
the contacts work in the spin injection or spin extraction regimes. However, it
must be taken into account that the tunnel ferromagnetic electrodes can have
nonlinear dependence of spin injection/extraction efficiency on the bias current,
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Figure 4.7: Spin addition operation. The spin valve signal obtained with two ac-
tive injectors shows a magnitude representing the sum of the spin voltages produced
by each injector, demonstrating linear spin addition operation due to the mixing of
injected spin densities in the graphene channel.

which is often observed in TiOs/Co contacts and is commonly attributed to mag-
netic proximity effects and energy-dependent spin-resolved density of states at
the Gr/FM interface [188]. The presence of such nonlinearity in our devices (Fig-
ure [4.6k) results in different values for the bias currents required to achieve the
same value of the spin voltage at negative and positive sides, and it also limits
the accessible spin voltage range since the bias dependence has a maximum at a
certain positive I value. This necessitates the calibration of the bias values, which
is performed by measuring the dependence of the spin signal magnitude on the
bias current for each injector, and determining the values of positive and nega-
tive bias currents that produce the same magnitude of the spin voltage output
(Figure ).

When using the bias current to control the state of each injector, we define the
input state of "1" as the application of positive bias current leading to spin-up in-
jection and the state of "0" as the application of the negative bias current leading
to the spin-down injection (practically achieved by spin-up extraction). In this
regime of the operation of the spin summation device, the different input states
defined by bias currents (Figure [4.8c) result in the spin mixing and the output
spin voltage as shown in Figure [4.8b. The output shows three stable states cor-
responding to the regimes where the two inputs inject both spin-up density, both
spin-down density, or opposite spins. The lower panel in Figure shows a
corresponding measurement with the magnetization states of both injectors pre-
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Figure 4.8: Spin summation with the bias current control. a, Schematics of spin
addition with the parallel (P) and antiparallel (AP) alignment of magnetization of
the injectors with respect to the detector. b, The output spin voltage at the detector
as a function of time for the P and AP arrangements. c, The sequence of the applied
bias currents to the two input contacts A and B.

liminarily set antiparallel (AP, see Figure ) to the detector, resulting in an
inverted curve compared to the one shown in the upper panel. This inversion
occurs because such magnetization change effectively inverts the polarity of in-
jected spins for a given bias current sign for both injectors, which can be viewed
alternatively as the logically negated output of the parallel configuration. With
an addition of a comparator, such operation can represent an AND gate (if the
output is considered "1" when the signal falls in the range of voltages marked by
the light green area in Fig. [4.8b) or an OR gate (if the output is considered "1"
whenever the signal leaves the range of voltages marked by the light blue area in
Fig. [4.8pb).

After establishing the spin summation operation, we investigated the spin ma-
jority gate operation using all three inputs of the device (Figure ) According
to the truth table of the majority gate (Figure[4.9b), its output should be "1" if at
least two of the three inputs are in the "1" state, and "0" otherwise. Interestingly,
by fixing any input as "0", the output would be identical to the AND gate for the
other inputs, and by fixing any input as "1", the output represents the OR gate,
showing its re-programmable operation capability. Using the bias calibration as
in the spin summation case, we inject a sequence of currents to the three inputs
as shown in Figure |4.9d, and obtain an output signal depicted in Figure |4.9c. The
output shows a stable switching between four levels corresponding to the cases
where all three inputs inject spin-up or spin-down electrons, and where any two
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Figure 4.9: Spin majority gate operation. a, A schematic of the spin majority gate
device with the measurement geometry. b, The truth table of the majority gate. c,
The output spin voltage at the detector as a function of time. d, The sequence of the
applied bias currents to the three input contacts A, B, and C.

injectors produce spin-up or spin-down density. The output can be labeled as
logical "1" when the signal exceeds a threshold voltage value shown as a boundary
between light yellow and light blue areas in Figure [4.9¢c, and logical "0" otherwise.
We note that this threshold value should be, in principle, zero, but deviates from
that due to the presence of the constant nonlocal spin-independent background
that may appear due to the effects of charge current spreading in the channel
[189-191]. This background voltage can be suppressed by optimizing the device
design, or it can be offset to zero using an auxiliary voltage source [86].

Finally, we investigated the spin distribution in the graphene channel by mod-
eling the Bloch spin diffusion equation (eq. [2.9)) in the precise geometry of our
device using the spin lifetime and spin diffusion length extracted from the Hanle
spin precession measurements. Figure shows the calculated steady-state so-
lutions for different arrangements of the inputs: spin summation with only top
and bottom injectors in the state "01", and spin majority gate in the states "011"
and "010". The colors depict a logarithm of the spin density in arbitrary units, red
for spin-up and blue for spin-down. The principle of operation is clearly visible
as the spin density of the majority of the input states prevails at the output.

Our experiments prove the feasibility of spin addition in a multiterminal graphene
device and allow us to demonstrate a prototype spin majority logic gate in graphene
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Figure 4.10: Numerical modeling of the spin majority gate. The Bloch spin diffusion
equation was solved in COMSOL to obtain the spin density distribution for different
combinations of the input states: spin summation state "01" (the middle input is
unused), and spin majority gate with inputs "011" and "010". The colors represent
the spin density in logarithmic scale in arbitrary units, red for spin-up and blue for
spin-down.
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where the output nonlocal spin voltage is shown to comply with the majority gate
truth table.



5 Graphene-topological insulator
heterostructures

Low intrinsic spin-orbit coupling in graphene gives rise to its excellent spin trans-
port properties with long spin lifetimes and long spin diffusion lengths. However,
this property also means that the active control over spin by means of the electric
field cannot be achieved in pristine graphene, because a high SOC is needed to en-
tangle an electron’s spin with its motion. Several ways to artificially increase SOC
in graphene have been suggested and studied over recent years [122-124] [129| 133].
These studies have demonstrated that the use of the spin-orbit proximity effect in
van der Waals heterostructures is the most promising approach since it allows to
preserve good charge transport quality of graphene while introducing novel spin
functionalities into the hybrid system. These findings motivated further studies
of heterostructures between graphene and transition metal dichalcogenides, two-
dimensional ferromagnetic and antiferromagnetic materials, and novel topological
phases of matter such as Dirac and Weyl semimetals, and topological insulators.
In this chapter, we study the properties of TIs and emerging spin-orbit phenomena
in their heterostructures with graphene. In paper |l1l we experimentally detect the
spin-momentum locking in surfaces of topological insulators and study how this
phenomenon depends on the presence of multiple conducting channels through TI
surface and bulk. Paper [IV| describes the formation of heterostructures between
TIs and CVD graphene and presents experiments on spin transport through these
hybrid systems, providing evidence for the increased SOC in graphene induced by
the proximity effect. In paper [V] we make use of this increased SOC and the as-
sociated Rashba spin-splitting of the graphene bands to demonstrate the induced
capability of spin-charge conversion due to the spin-galvanic effect in graphene.

5.1 Spin-momentum locking in topological
insulators

Three-dimensional topological insulators represent a new class of materials that
develop negative band gaps in the bulk due to their high intrinsic SOC. This leads
to the formation of conductive surface states with massless Dirac fermions that
exhibit peculiar spin-momentum locking (SML). Due to SML, the electron spins
in TT surfaces are locked perpendicularly to their momentum, which makes any

59
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charge current flowing in these states spin-polarized and thus allows to perform
spin-charge interconversion via the Edelstein effect [47]. This phenomenon was
experimentally observed by spin potentiometric measurements in prototypical TIs
such as BiySes [103, [104] and SbyTes [192]. However, these TT compounds are
usually highly doped due to Se and Te vacancies so that their Fermi level crosses
not only the surface states but also one of the bulk bands, which provides an
additional spin-unpolarized conductive channel and obscures the physics of the
surface states. To mitigate this issue and achieve compensated doping, quaternary
TT compounds such as Bij 55bg 5Te; 7Se1 3 (BSTS) have been developed [102]. As
detailed in paper [T we performed potentiometric measurements of SML in BSTS
and observed strong dependence of the spin signal magnitude on temperature,
which could be related to the varying contributions of the conduction through the
TT bulk and surface states.
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Figure 5.1: Magnetotransport in BSTS. a, Temperature dependence of the weak
antilocalization (WAL) signal in a BSTS flake. b, Temperature dependence of the
extracted phase coherence length. ¢, Angle dependence of the WAL signal plotted
against the out-of-plane magnetic field component at 2K. d, Shubnikov-de Haas
oscillations in the longitudinal resistance of BSTS plotted against the inverse of mag-
netic field. e, The position of the oscillation’s maxima extrapolates to § = 0.52 when
B — oo.

The flakes of BSTS were mechanically exfoliated onto a Si/SiOs substrate and
the ferromagnetic tunnel contacts of TiOy/Co were defined by electron beam
lithography and thin film deposition. Devices were initially characterized by elec-
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trical transport and magnetotransport. Weak antilocalization was detected in
BSTS at temperatures below 55K, reflecting the strong SOC in the TI (Fig-
ure p.1h). The data were fitted with the Hikami-Larkin-Nagaoka model [193]:

e’ h 1 h
Ao(B1) = a= |1 TN =R 1
7(BL) = [néleéiBL w(z*%@m)] 5-1)

, where 9 represents the digamma function, ¢, is the phase coherence length, and «
represents the dimensionality factor of the system. The temperature dependence
of the extracted values of the phase coherence length ¢4 oc T7%%1 above 10K
indicates the 2D system behavior with dominant phonon scattering (¢4 oc T’ —0:5y,
Performing WAL measurements for different angles of the applied magnetic field
shows that the signal is produced only by the out-of-plane component of the
magnetic field since, when plotted against that component, all data collapse onto
a universal curve (Figure [5.1¢). This indicates that the signal originates from
a 2D system (surface) rather than a 3D one (bulk). In high magnetic fields,
Shubnikov-de Haas oscillations were observed in the longitudinal resistance, pro-
viding evidence for the Berry phase of pp & 7, as expected for the Dirac electrons
in the topological surface states (Figures p.1d,e). Furthermore, the 2D carrier
concentration nop = 5.9 x 102 cm™2 extracted from the frequency of the oscil-
lations matches well with the total carrier density obtained from the Hall effect
measurements. These observations provide clear evidence for surface-dominated
transport at low temperatures.

Further evidence of the surface conduction at low temperatures is obtained from
the temperature dependence of the sample resistance as shown in Figure [5.2h.
With decreasing temperature the sample exhibits semiconducting behavior as its
4-terminal channel resistance increases, but at T' ~ 90 K resistance starts to drop,
indicating a transition to a metallic state. This measurement shows that the
bulk conduction is frozen out and the surface states dominate conductance in the
temperature range 7' < 90 K, whereas at 7' > 90 K thermally excited carriers in
the bulk bands of the TT create an additional spin-unpolarized conducting channel.

BSTS with dominant surface conduction is ideal to study the spin-momentum
locking. Spin potentiometric measurements were performed by applying a bias
current that locks the spin direction in the channel, and measuring the magne-
toresistance between the magnetization of the ferromagnetic electrode and the
spin polarization of the channel with a reference to another electrode outside of
the current flow loop. Figure shows the obtained SML signals, where the de-
tected voltage changes between the two stable states corresponding to the parallel
or antiparallel configuration of the electrode magnetization and the spin polariza-
tion in the channel. Correspondingly, inverting the sign of the applied bias current
induces opposite polarization in the channel, which results in a reversed hysteresis
loop of the SML signal (Figure [5.2b). The magnitude of the hysteresis loops was
found to scale linearly with the bias current, conforming to the expected linear
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Figure 5.2: Spin-momentum locking in BSTS. a, Temperature dependence of BSTS
resistance, showing a transition from semiconducting to metallic behavior as T is
lowered below ~ 90 K. b, Electrical measurements of SML in BSTS change sign for
opposite bias polarities due to reversing the carrier momentum and thus the channel
spin polarization. c, Temperature dependence of the SML signal magnitude in BSTS
correlated with the channel’s metal-semiconductor transition. For comparison, SML
measurements in metallic BisSeg show weak temperature dependence . The inset
shows a colored SEM picture of the device. Scale bar 1 pm.

scaling behavior between the spin density and the current density.

The SML signal was measured as a function of temperature, and the switching
amplitude was found to be approximately constant for 100 K < T < 300K, but
strongly increasing upon further cooling 2K < T < 100K (Figure ) This
behavior is in stark contrast with the trend observed in highly-doped T1Is such as
BisSes, which show only weak temperature dependence, and smaller signal mag-
nitudes . A clear correlation in the temperature dependence of the channel
resistance and the spin signal magnitude is evident from Figures [5.2h,c, show-
ing that SML magnitude is large when the conductance is dominated by surface
states (T' < 100 K), whereas it drops to a lower level when surface and bulk con-
duction channels coexist (7" > 100K). To further characterize the system we
employ a two-channel conduction model that considers thermally activated bulk
carriers and surface-to-bulk scattering. The fraction of the current that flows
through the surface states was found to change from nearly 100% at low tem-
perature to about 30% at 100 K, above which it stays approximately constant up
to 300 K. In addition, we extracted the current-induced surface spin polarization
Ps =~ 0.4 — 0.6, which is almost constant over the full studied temperature range.
These observations elucidate how the bulk conduction and surface-bulk scattering
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affect the measured SML signal, which is nevertheless still observable up to room
temperature, having promising applications for spintronic science and technology.

To correctly interpret the electrical measurements of SML, careful consideration
of the alternative contributions to the signal must be performed. In particular,
the stray Hall effect from the FM contacts, and the Rashba-Edelstein effect in the
bulk of TT can mimic the SML signal. The stray magnetic fields along the vertical
direction can induce an ordinary Hall effect, creating a transverse voltage that
changes sign with the change in magnetization. This may affect the SML mea-
surements performed in the transverse resistance geometry, where the edge of the
FM contact is placed directly on top of the channel [103,117]. In our experiments,
we minimize this effect by designing the FM contacts to completely overlap with
the channel, and thus the stray fields from their edges are not interfering with
the measurements. In addition, such stray Hall effect is strongly dependent on
carrier doping and changes sign for opposite carrier types, which is not the case
for the spin signal originating from the TT surface states. Our measurements in a
metallic p-type TI ShoTes yield the same polarity of the SML signal as in n-type
BSTS and BiySes, allowing to rule out the stray field contribution, in accordance
with previous reports that also found the same sign of the SML signal in electron-
and hole-doped regimes [103], 105, 192]. Due to band bending at the surface of
TIs, they can develop two-dimensional electron gas (2DEG) that forms another
conducting channel in addition to the surface states and bulk bands. Due to the
strong SOC in the TI, this 2DEG is Rashba spin-split and can exhibit the Rashba-
Edelstein effect. However, the sign of its spin polarization was predicted to be
opposite of that for the surface states, and its contribution to the magnetoresis-
tance signal was estimated to be smaller than that from the surface states due to
the compensation between the two Fermi surfaces with opposite spin directions
[103].

5.1.1 Detection of spin-momentum locking via spin precession

Spin precession is a unique fingerprint of a true spin-based signal, allowing to rule
out spurious charge-based contributions and providing additional information re-
garding the orientation of spin polarization. However, spin-momentum locking
in TIs does not allow to observe spin precession in its surface states, since the
spin is fixed by the momentum of carriers. To resolve this issue, graphene can be
introduced in a heterostructure with a T1I to be used as a tool to observe spin pre-
cession, if the spin polarization induced by SML in surface states can be injected
through their interface. The injected spin current can be subsequently detected
in a nonlocal spin transport geometry, where the spins can also be subjected to
spin precession.

To investigate this phenomenon, CVD graphene was patterned into stripes using
electron beam lithography, and flakes of the topological insulator Bi; 55bg 5 Te; 75e1 3
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Figure 5.3: SML detection via spin precession. a, A colored optical microscopy
picture of the Gr-BSTS heterostructure with a sketch of the nonlocal measurement
geometry. b, SML detected in a switching experiment as well as in the Hanle spin
precession measurement. The experiments were performed at room temperature.

(BSTS) were mechanically exfoliated on top of the stripes. The devices were con-
tacted by ferromagnetic tunnel electrodes (TiOy/Co) and nonmagnetic reference
contacts (Ti/Au). Figure shows a colored optical microscopy photograph of
the device with a sketch of the measurement geometry. We apply the bias current
between BSTS and graphene, which induces the charge flow through the TI bulk
and surface states into the graphene and leads to the creation of spin accumulation
in the channel. This spin accumulation is nonlocally detected by a FM electrode
as spin voltage. Figure shows the detected signal with the application of
magnetic field along the y—direction B,,, which leads to switching of the detector
magnetization, and with the magnetic field along the out-of-plane direction B,,
which induces spin precession. The observation of both the switching signal and
Hanle spin precession indicates the presence of spin accumulation in the channel,
proving the spin injection from the TI and ruling out spurious charge-based con-
tributions. Note that the obtained Hanle signal is asymmetric, which indicates
misalignment of the injected spin polarization from the magnetization direction
of the detector (along y—axis). This misalignment can appear depending on the
details of the current flow through the TI and its interface with graphene. Since
in our measurement geometry we apply the electric current between the TI and
graphene, electrons along the current path can have nonzero momentum compo-
nents along z—axis in the TI bulk and along both x— and y—axes in the surface
states, and thus the injected spin can be polarized at an arbitrary angle in the
xy—plane. By splitting the spin precession data into symmetric and antisym-
metric components following the approach described in section |4.2.1], we extract
the angle of spin polarization of § = 52° away from the y—axis, as shown in

Figure [5.3h.
This study shows that the intimate coupling between a 3D TI and graphene
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allows for exploiting the SOC-induced spin-momentum locking for injecting spin-
polarized currents into the adjacent graphene layer, providing intriguing prospects
for the development of all-electric spintronics. The use of nonmagnetic materials
for spin injection and detection can be advantageous since it allows to circumvent
the problems arising due to the roughness of scaled ferromagnetic interfaces and
the associated parasitic effects from their stray fields [194].
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5.2 Proximity-induced spin-orbit coupling in
graphene-topological insulator heterostructures

Both graphene and topological insulators exhibit linear energy band spectra host-
ing massless two-dimensional chiral Dirac fermions, however, these materials pos-
sess strikingly different strengths of spin-orbit coupling. Thus, combining Gr and
TIs in van der Waals heterostructures provides an attractive platform for inves-
tigating spin manipulation possibilities, exotic topological states, and emerging
proximity-induced SOC effects that have no equivalent in the individual materials.
Theoretical studies have predicted that the graphene in such heterostructures in-
herits an increased SOC from the TI, develops a band gap, and acquires a unique
spin texture [170} [177]. Here, we investigate the nature of the proximity effect
in graphene-T1 heterostructures via spin transport measurements and obtain the
value of the SOC strength in proximitized graphene nearly an order of magnitude
higher than that in the pristine material (paper .

To fabricate the heterostructures, commercially available CVD graphene was
patterned into stripes by photolithography and oxygen plasma etching, and the
flakes of topological insulators BisSes (BS) and Biy 5Sbgs5Te; 75¢e1.3 (BSTS) were
mechanically exfoliated on top of the stripes (Figure [5.4h). These different TIs
were chosen in order to investigate the influence of the doping level since BS is
metallic and highly n-doped with the Fermi level crossing the bulk conduction
band, whereas BSTS is semiconducting n-type with the Fermi level lying in the
bulk band gap. Initial characterization of the layer coupling in the heterostruc-
tures was performed by measuring the interface resistance through the Gr-TI
vertical junctions. We obtain zero-bias interface resistance values in the range of
Rar—11 = 15— 30k(2, with a tunneling behavior in current-voltage characteristics.
A higher degree of proximity interaction is expected for low interface resistance
conditions, indicating the critical role of the fabrication steps needed to achieve
high-quality interfaces. This can be ensured by cleaning the graphene from poly-
mer residues via prolonged soaking in solvents and high-temperature annealing,
whereas the formation of an oxide layer on the surface of TIs can be reduced by
performing the exfoliation and heterostructure assembly in a glovebox with an
inert atmosphere.

The spin transport experiments were performed in Gr-BS and Gr-BSTS het-
erostructures in the nonlocal measurement geometry (Figure ) In both sys-
tems, spin valve and Hanle spin precession signals were detected, with amplitudes
AR = 0.3 —2.2m{2 and the extracted spin lifetimes 7, = 7 — 22 ps and spin dif-
fusion lengths Ay = 0.2 — 0.5 pm (Figure [p.4c). The obtained parameter values
are strongly reduced compared to typical pristine Gr devices, which can exhibit
AR ~ 1Q, 7, ~ 300ps, and Ay ~ 3pum. Such a reduction in spin transport pa-
rameters can be an indication of the increased SOC induced in graphene via the
proximity effect from T1Is.
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Figure 5.4: Spin transport in Gr-TI heterostructures. a,b, A colored SEM picture
and a schematic of the heterostructure spintronic device with the nonlocal measure-
ment configuration. c, Spin valve and Hanle spin precession data obtained in het-
erostructures of graphene with BS and BSTS. d, Gr-T1 channel resistance (pink) and
the spin signal magnitude (orange) as a function of the gate voltage. The channel re-
sistance reaches a maximum at the charge neutrality point V; ~ 7V, which correlates
with the range of gate voltages where the spin signal vanishes.

The effect of the perpendicular electric field and carrier doping was investigated
by performing the spin transport experiments at different values of the applied
gate voltage. Due to the high carrier density in TIs and the screening of the elec-
tric field by the graphene, we expect that the gate mainly tunes the Fermi level
in graphene, whereas its effect on TIs can be much smaller. Strong modulation
of the spin signal magnitude by the gate voltage was observed in heterostructures
of graphene with both BS and BSTS, where the signal was found to vanish in
the range of gate voltages around the charge neutrality point of graphene (Fig-
ure ) Several mechanisms can contribute to this behavior, including the
spin absorption by the TI, conductivity mismatch, and induced spin texture in
graphene. It was shown that in heterostructures of graphene and semiconduct-
ing TMDs a Schottky barrier forms, leading to the tunability of the interface
resistance by several orders of magnitude and enabling a gate control over the
spin absorption [145| |146| [154]. However, the interface resistance in our Gr-TI
heterostructures (Rg,—11 ~ 15k2) does not exhibit large tunability by the elec-
tric field, and exceeds the graphene channel sheet resistivity (Rsq < 8k(2) in the
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whole range of the studied gate voltages. Thus, since the interface resistance may
suppress spin absorption from graphene into the TI, and its weak gate tunability
does not correspond with the large change in spin signal, this scenario is deemed
unlikely. The conductivity mismatch due to the higher resistance of graphene
compared to ferromagnetic metals can lead to the back-scattering of the injected
spins into the FM contact, which is usually mediated by the addition of a tunnel-
ing barrier between the FM and graphene [61]. If the FM contact resistance R
is larger than the spin resistance of graphene R¢, = Ry W/\;, the conductivity
mismatch is suppressed. However, in the devices used for Figure 5.4, R; < 1kQ
is smaller than R¢, ~ 5k and the conductivity mismatch can contribute to the
observed gate dependence of the spin signal.
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Figure 5.5: Spin-orbit coupling in Gr-TT heterostructures. a, Calculated average in-
plane spin polarization in graphene as a function of energy. Inset: Helical spin texture
induced in the graphene bands in heterostructures with TIs. Away from the Dirac
point, the spin polarization remains primarily in-plane, whereas a large out-of-plane
component appears close to the DP. b, Estimation of SOC strength in Gr (green),
Gr1-BS (blue), and Gr-BSTS (orange) devices using eq. m

In addition to the previously discussed mechanisms, the spin transport in Gr-
TT heterostructures can also be affected by the unique spin texture introduced
onto the graphene bands by the proximity effect. As predicted by theoretical
calculations, the combination of various SOC terms present in commensurate Gr-
TI HSs can produce a winding energy-dependent spin texture with varying out-
of-plane spin component (inset of Figure , see also Figure mc) Figure
shows the calculated in-plane component of spin polarization of the graphene
bands over the broad energy range, where a noticeable dip is observed near the
graphene Dirac point as at these energies the spins are mostly directed out of the
plane. Since our experiments are only sensitive to the in-plane spin component
collinear to the FM contact magnetization, the behavior shown in Figure [5.5a
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may be reflected in the gate-dependent spin signal trend (Figure p.4d). To clarify
the plausibility of this mechanism, measurements of the associated spin lifetime
anisotropy can be performed in future studies.

Spin relaxation in proximitized graphene is mainly described by the Elliott-
Yafet (EY) and D’yakonov-Perel’ (DP) spin scattering mechanisms. Taking into

account the expected helical spin texture induced in the graphene, the DP mech-
2

A
anism is described by TSjI%P =2 % Tp, Where 7, is the spin lifetime, 7, is the
momentum relaxation time, and App is the effective SOC for the DP mechanism.

Er — Ep

Agy
energy relative to the graphene Dirac point, and Agy is the EY SOC[195]. The

: : - —1 \! .
total spin relaxation rate 7, = (7’87 éy + 7, b p) can be written as

2
The EY mechanism leads to 7 gy = < > Tp, Where E'p — E'p is the Fermi

A 2
(Ep — Ep)® :p = A2y +2 (?) (Er — Ep)*72. (5.2)

We extract 7, from the Hanle analysis and 7, from the gate dependence of the
Gr1-TT channel resistance, and fit the experimental data with eq. as shown in
Figure[5.5b. The extracted values of the effective SOC for EY and DP mechanisms
are Agy = 6.7 0.8 meV and App = 541 £ 56 neV for Gr-BS, Agy = 3.3 =2 meV
and ADP = 1.1 £ 0.1 meV for GI‘—BSTS, AEY = 2.5+ 0.4meV and ADP =139 £+
6 peV for pristine graphene. The values of Agy are rather large in comparison
with the intrinsic SOC strength of graphene (~ 10peV), but are similar between
the proximitized and pristine channels (see also Figure , and consistent with
previous reports [51]. Thus, the origin of these Agy values is not related to
the proximity effect, but is rather due to the spin scattering based on structural
defects (e.g. ripples or folds) and contact-induced spin relaxation [196]. On the
other hand, the values of App extracted from the Gr-TI heterostructures are
significantly higher than those observed for the pristine graphene, indicating the
presence of the increased proximity-induced SOC ~ 1 meV of the D’yakonov-Perel’

type.
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5.3 Spin-galvanic effect in graphene-topological
insulator heterostructures

Strong proximity-induced spin-orbit coupling achieved in graphene in van der
Waals heterostructures with topological insulators leads to the formation of a he-
lical spin texture. This allows the proximitized graphene to perform spin-charge
conversion via the spin-galvanic effect, also known as the inverse Rashba-Edelstein
effect, which describes the conversion of non-equilibrium spin density into a trans-
verse charge current. Here, as presented in paper [V] we investigate spin-charge
conversion in Gr-TT heterostructures at room temperature, and obtain strong ev-
idence of gate-tunable SGE in various device geometries through magnetization
rotation, spin switch, and spin precession experiments.

5.3.1 SGE detection by magnetization rotation

Spin-charge conversion through the spin-galvanic effect depends on the relation
between spin and momentum in the material’s spin texture. In graphene prox-
imitized by topological insulators, theoretical studies predict the formation of a
complex spin texture with in-plane and out-of-plane spin components (see [180],
[169], and paper [[V]). Here we consider the calculations for the case when the
crystal lattices of graphene and TIs are misaligned, yielding the incommensurate
stacking and the large unit cell condition which is deemed the most likely scenario
to occur in our experiments since no intentional alignment was done during the
fabrication process. In this case, the in-plane spins are winding akin to the Rashba
spin texture, and, interestingly, they have the same orientation in the conduction
and valence bands of graphene, unlike the winding spin texture in surface states
of TTs which changes direction for opposite carrier types. The out-of-plane spin
texture component in proximitized graphene is predicted to be large, but changes
in sign for opposite carrier types as well as K and K’ valleys. Thus, considering
the in-plane spin component, the spin-galvanic effect is expected to yield charge
current flowing perpendicularly to the spin orientation.

First experiments to detect SGE were performed in a conventional Hall bar
device geometry where a flake of TT is placed on top of one of the crosses (Fig-
ure[5.6k). For these experiments we utilized a metallic p-type TI (Big.155bg s5)2Tes
because of the higher conversion efficiency predicted for hole-doped T1Is [110]. The
TT was exfoliated on large-area CVD graphene, which was subsequently patterned
by electron beam lithography and oxygen plasma etching, and contacted with
magnetic and nonmagnetic contacts. The spin-charge conversion is detected as
the transverse charge voltage across the heterostructure (Figure ), which, ac-
cording to the spin texture, can only be produced by the spins oriented along the
x—direction. As the easy axis of FM electrodes coincides with their longest dimen-
sion, which in this case is along the y—axis, no signal is present at zero magnetic
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Figure 5.6: Spin-galvanic effect detected in magnetization rotation experiments. a,
A colored SEM picture of the Gr-TI device. b, A schematic of the device and the
measurement geometry. c, Spin-galvanic signal detected with the in-plane magnetic
field B, (purple) and the corresponding null signal obtained in the pristine graphene
cross (green). d, Anisotropic magnetoresistance of a ferromagnetic contact. The
saturation of SGE signal coincides with the saturation of the FM AMR since both
signals follow the magnetization rotation of the injector electrode in the zy—plane.

field since no spins polarized along x are injected. An application of the external
magnetic field along the x—axis causes the magnetization of the injector contact
to rotate in the xy—plane towards the direction of the field, and fully aligns it in
the xr—direction when the field exceeds the saturation value By, ~ 0.35T. This
results in a characteristic spin-galvanic signal shape with two stable voltage levels
for the cases where spins along x and —x are injected at fields |B| > Bgat, and a
linear trend at smaller fields (Figure ) The value of the saturation field B,
corresponds well with the saturation point of the anisotropic magnetoresistance
measurements performed on a similar cobalt FM electrode (Figure [5.6d).

The detected signal complies with the expected behavior of SGE, however, a
similar lineshape can be obtained due to the ordinary Hall effect induced by the
stray magnetic field of the injector FM contact, as it produces a sizable out-
of-plane component of the magnetic field through the graphene channel when
its magnetization is aligned in the x—direction. To rule out the contribution of
this effect, we performed reference measurements in the pristine graphene cross
of the Hall bar, where no signal was present in the device used for Figure |5.6.
However, in some other devices, an occurrence of non-zero signals in pristine
graphene areas was detected, showing that the stray Hall effect can contribute to
the observed signal, with a strong dependence on the particularities of the device
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structure, current spreading, and stray field magnitude. To avoid such unwanted
contributions to the signal, a detection mechanism that can be unambiguously
linked to spin transport is desirable. For this, the unique features of the Hanle
spin precession signal can serve as a fingerprint of spin-based operation, ruling
out the spurious charge-based contributions. Spin precession signal was expected
with the application of an out-of-plane magnetic field B,, however, in devices
similar to the one shown in Figure [5.6h, the transverse signals with B, have a
very large background, most likely originating due to the nonlocal ordinary Hall
effect, which did not allow to clearly distinguish Hanle signals.

5.3.2 SGE detection by spin-switch and spin precession
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Figure 5.7: Spin-galvanic effect detected in spin-switch and spin precession experi-
ments. a, A colored SEM picture of the device and the measurement geometry. b,
SGE detected in a spin-switch experiment with B,. c¢,d, SGE detected in Hanle
spin precession experiments with B, and B, respectively. e, Reference Hanle signal
detected by a second FM. f, Gate dependence of the channel resistance shows the
average charge neutrality point (CNP) at V;, = 20V. g, The amplitudes of the SGE
signal and scaled reference Hanle signal as a function of the gate voltage. All the
measurements were performed at room temperature.

To alleviate the need for high in-plane magnetic fields for the measurement of
SGE, we designed a new device with a modified Hall bar geometry where the
easy axis of the injector contact is placed along the z—direction (Figure )
This allows the detection of SGE in a more conclusive spin-switch measurement
configuration, as the magnetic field in x—direction can switch the magnetization
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of the injector FM contact sharply as opposed to the slow rotation when the easy
axis is placed along the y—direction. Accordingly, the detected charge voltage
across the Gr-TT heterostructure exhibits sharp switching between two stable lev-
els corresponding to the injection of spins polarized along x and —z (Figure )
Importantly, we could confirm the spin nature of the signal with the observation
of spin precession in B, and By, as shown in Figures [5.7c,d. A reference signal
was detected simultaneously using a separate ferromagnetic electrode, where an
antisymmetric Hanle curve was observed due to the 90° angle between the mag-
netization directions of the injector and detector (Figure [5.7¢). Both the SGE
and reference spin precession data were fitted with the Hanle equation, yielding
similar values of the spin lifetime 7, = 150 — 190 ps and spin diffusion length
As = 2.5— 3.5 pm, showing the high potential of Gr-T1 heterostructure devices for
non-magnetic creation/detection of spin polarization, as well as the characteriza-
tion of spintronic properties in devices free from ferromagnets.

To investigate the tunability of the spin-galvanic signal by the perpendicular
electric field, the measurements of SGE were performed as a function of the gate
voltage. The average charge neutrality point in the graphene channel was found
at Vonp = 20V, as shown in Figure [5.7f. Figure shows the magnitudes of
the SGE spin precession signal and reference Hanle signal as a function of the
back gate voltage. Whereas the reference signal does not exhibit a sign change,
the SGE signal is found to be tunable not only in magnitude but also in its sign,
demonstrating a unique feature of the induced spin-charge conversion mechanism.
Interestingly, the gate voltage at which the sign change occurs V() & —7V deviates
from Vonp, whereas the theory predicts that such sign change should occur at Venp
due to the change in type of carriers. This discrepancy may originate from the
inhomogeneous doping in the channel, where the spatial variations in the carrier
density and electron-hole puddles may result in a different local doping in the Gr-
TT region where the spin-charge conversion takes place. However, similar shifts
between V; and Vonp were observed in all other measured devices, which can
indicate the presence of additional spin-charge conversion contributions e.g. from
the surface states of the TI and Rashba-split 2DEG at its interface. Still, due to
the helicity of spin textures of the TI surface states and its high p-doping that
reduces the field effect, none of these contributions is expected to exhibit a sign
change, which rules SGE as the only mechanism that can yield such behavior in
our devices.

In addition to the spin-charge conversion by SGE, reciprocal charge-spin con-
version by the inverse spin-galvanic effect (ISGE) was also detected in the Gr-TI
heterostructures. To perform these measurements, the current injection and volt-
age detection circuits were swapped, as shown in Figure [5.8h. Here, the bias is
applied across the gr-TT heterostructure using two nonmagnetic electrodes, which
leads to the creation of spin density according to ISGE (also known as the Rashba-
Edelstein effect). The produced spin density diffuses through the graphene chan-
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Figure 5.8: Charge-spin conversion via the inverse spin-galvanic effect. a, A
schematic of the device and the measurement geometry for the inverse SGE (ISGE).
b, ISGE detected via spin-switch and Hanle spin precession measurements with B,
and B, field sweeps respectively.

nel as a spin current and creates the spin voltage detected by the FM electrode.
Similarly to SHE, the signal produces clear signatures in both the spin-switch
experiments with B, and Hanle spin precession measurements in B,, as shown in

Figure [5.8p.

So far we discussed the proximity-induced spin-charge conversion for spins po-
larized in the graphene plane, since neither spin-switch measurements with B,
nor spin precession experiments with B, can create out-of-plane spin polariza-
tion. On the other hand, an application of B, can induce spin precession in
the xz—plane, which allows to investigate the spin-charge conversion effects with
the out-of-plane spins. Those can induce charge current through the proximity-
induced inverse spin Hall effect in graphene, as well as through the spin-galvanic
effect in case the spin texture has an out-of-plane component. Due to spin preces-
sion, the maximal out-of-plane spin component is expected at intermediate values
of the field where an average rotation of spins by 90° is achieved, which implies
that signals of this origin should be antisymmetric. However, no clear antisym-
metric component was detected in spin-charge conversion measurements with B,
at any value of the gate voltage (Figure[5.7d). We note that this behavior is differ-
ent from the reports on Gr-TMD systems, where amplitudes of proximity-induced
SHE and SGE were found to be comparable in Gr-MoS, [159] and Gr-WS, [160],
and from the Gr-WSe; [163] and Gr-BiOs [164] structures where only SHE with-
out SGE was observed. This indicates that the in-plane Rashba SOC dominates
over the out-of-plane valley-Zeeman SOC in Gr-TT heterostructures, reducing the
efficiency of ISHE compared to SGE, and illustrates that the specifics of spin-orbit
interaction terms present in graphene heterostructures with various materials lead
to different accessible spin-charge conversion mechanisms. Besides ruling out the
proximity-induced ISHE, the absence of the out-of-plane signal from SGE points
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at the negligible net contribution from the s, component of the induced spin tex-
ture in graphene. This may be due to the compensation of contributions of the

K and K’ valleys, which exhibit opposite signs of s, [169].
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Figure 5.9: SGE detection by spin-switch and Hanle spin precession in an alterna-
tive device geometry. a, A colored optical microscopy picture of the device and the
measurement geometry. b,c, SGE detected in spin-switch (with B,) and Hanle spin
precession (with B,) experiments. d,e, Reference spin valve and Hanle signals de-
tected with a second FM. All the measurements were performed at room temperature.

The detection of SGE in Gr-TT heterostructures was also confirmed in an alter-
native device design, where not just one, but all FM contacts were placed along the
r—direction, whereas the detection of the charge current was still performed along
the y—axis (Figure [5.9n). Figures [5.9p,c show the spin-galvanic signal detected
across the Gr-TT heterostructure in the spin-switch and Hanle spin precession ge-
ometry, confirming the spin-charge conversion capability induced in the graphene.
In addition, the reference signals were detected with a second FM, where both
spin valve and Hanle spin precession were observed (Figure [5.9(d,e). Coercive
fields seen in the SGE and SV switchings coincide for one of the switches, prov-
ing that the SGE signal is caused by switchings of the injector ferromagnet only.
Compared to the device shown in Figure [5.7h, here the spin precession curves for
both the SGE and the reference detection scheme are symmetric, facilitating their
direct comparison. However, the channel length for the reference measurement is
uniform, which is not the case for the SGE channel, which may contribute to the
difference in the extracted spin transport parameters as shown in Figures [5.9c,e.

The efficiency of the spin-charge conversion by SGE was characterized by a unit-
less parameter o, which denotes a ratio between 2D charge current and 2D spin
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current (assuming the spin polarization is converted to spin current by diffusion)
[159]. We use the spin precession data to extract the efficiency values o = 0.17%
for the device in Figure [5.7h, and o = 0.1% for the device in Figure 5.9k, which
are comparable to the conversion efficiency seen in Gr-TMD heterostructures. For
comparison with other systems, we can define A\jgg = a)\s yielding \jgg = 6 and
3.2nm for the respective devices. The obtained values compare favorably with
those seen in heavy metals (0.1 — 0.4nm) [197], topological insulators (2.1 nm)
[109] and oxide interfaces (6.4nm) [198], but we note that this calculation yields
higher bound since the utilized \; values were extracted from the Hanle curves
whereas the true values for the proximitized graphene areas, which should be used
for the estimation of A\jgg, can be smaller due to the presence of the increased
spin-orbit coupling.



6 Summary and Outlook

Spintronics aims at utilizing the electron spin degree of freedom as a state vari-
able for developing future data storage and processing devices, promising faster
operation and lower power consumption. Graphene (Gr) has emerged as a use-
ful material for spintronic applications due to its low intrinsic spin-orbit coupling
(SOC) and long spin diffusion length. This thesis investigates spin transport prop-
erties of large-area chemical vapor deposited (CVD) graphene in complex device
architectures for emerging spin logic applications. In addition, it studies novel
proximity effects in van der Waals heterostructures between graphene and topo-
logical insulators (TIs), where active spintronic functionalities based on spin-orbit
interaction are demonstrated.

To realize scalable spintronic devices, large-area CVD graphene can be uti-
lized to develop long-distance spin interconnects. Our observations of robust spin
transport signals with a uniform spin lifetime in single layer, bilayer, and trilayer
CVD graphene channels and across their layer boundaries have shown that these
naturally occurring inhomogeneities in large-area graphene do not have a signifi-
cant detrimental impact on its spin transport properties. In addition, using spin
precession in oblique magnetic fields, we demonstrated predominantly isotropic
spin relaxation with the anisotropy ratio & ~ 0.9—1.1 in graphene layers and their
boundaries at room temperature. Our analysis of spin relaxation pointed at the
importance of both Elliott-Yafet and D’yakonov-Perel’ mechanisms with an in-
creasing role of the latter in multilayer channels. These findings demonstrated the
excellent performance of large-area CVD graphene as a spin interconnect mate-
rial with promising applications in emerging spin-based technologies and scalable
spintronic circuits.

Next, we utilized the scalability of CVD graphene and its robust spin inter-
connect performance to study spin transport in multiterminal branched channels
and realize prototype spin logic operations. The devices were found to support
the spin transport and precession with channel lengths exceeding 34 pm at room
temperature. Using the non-collinear arrangement of electrodes, the appearance
of the symmetric and antisymmetric components in the Hanle spin precession sig-
nals was studied in detail. Furthermore, the linear spin addition operation was
realized in graphene, allowing to achieve the first experimental demonstration of
a prototype three-input spin majority gate operating with pure diffusive spin cur-
rents. These results could serve as the foundation for the design of complex 2D
spintronic circuits, providing an attractive platform for further development of
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spin-based logic and memory applications.

The low SOC in graphene governs its robust spin transport capabilities but
prevents active control over spin current. This can be mitigated by incorporat-
ing high-SOC materials such as topological insulators into hybrid devices with
graphene. For this purpose, we studied the spin and quantum transport prop-
erties of the topological insulator BSTS. The creation of spin polarization in TI
surface states via spin-momentum locking was detected by electrical measure-
ments over a broad temperature range, where a strong increase in spin signal at
low temperatures T' < 100 K was correlated with the freeze-out of bulk conduc-
tion and dominance of surface transport. In addition, the charge-spin conversion
signal was shown to persist up to room temperature, where it was also confirmed
via spin precession measurements as the spin current could be injected from the
TT into the graphene. These observations demonstrated T1Is as a promising source
of spin currents for spintronic devices.

The two-dimensional structure of graphene allows to combine it with other 2D
materials into van der Waals heterostructures, which offer an attractive approach
to design hybrid systems with sharp interfaces and tailored properties. The hy-
bridization between graphene and TIs was predicted to give rise to a proximity
effect, which increases SOC in graphene and endows it with a spin texture. Our
spin transport experiments in such heterostructures confirmed the appearance of
an enhanced SOC in graphene of ~ 1 meV, an order of magnitude higher than that
in pristine material. This evidence of an increased SOC indicated the potential
of graphene to develop tunable spintronic functionalities in heterostructures with
TIs.

An increased SOC and the unique spin texture induced in the graphene bands
in proximity to a TI allow it to perform spin-charge conversion via the spin-
galvanic effect (SGE). We developed various device geometries and utilized them
to experimentally demonstrate SGE in Gr-TT heterostructures via complementary
measurements in the magnetization rotation, spin-switch, and Hanle spin preces-
sion experiments. Importantly, the introduction of graphene mitigates the lack of
field effect in strongly doped topological insulators, which allowed us to achieve
strong electric field tunability of both amplitude and sign of the spin-galvanic
signal. These results demonstrated the potential of Gr-TT heterostructures to be
utilized as gate-tunable spin injection/detection elements free from ferromagnets,
providing an efficient route for realizing all-electrical and gate-tunable spin-orbit
technology.

The results obtained in this thesis demonstrate the high potential of graphene
to be utilized as a spin interconnect material in spin-logic devices. The presented
first demonstration of spin summation and spin majority gate encourages fur-
ther development of the field towards the realization of proposed all-spin logic
devices. In particular, the important milestone to achieve for spin-based logic
devices will be the demonstration of certain functionality where the benefits of
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reduced power consumption or more compact device footprint, in comparison to
conventional transistor technology, outweigh the issues related to the need for sig-
nal amplification or additional circuitry for spin-charge conversion. The studies of
the proximity effect in Gr-T1I heterostructures can be utilized in the development
of efficient spin-orbit torque magnetic memory devices (SOT-MRAM), where the
incorporation of graphene between the TI and a (possibly 2D) magnetic material
could decrease the current density required for electrical switching of magnetiza-
tion. For the fundamental science, an attractive area for future graphene spin-
tronics research can be the investigation of spin interactions in twisted graphene
systems, where the formation of a moiré superlattice leads to an emergence of
unconventional and gate-tunable correlated phases of matter |[199]. In addition,
the incorporation of the twisted graphene systems in heterostructures with other
2D materials can provide a unique platform for studies of proximity-induced spin-
orbit and magnetic exchange couplings in highly correlated condensed matter
systems.
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