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ABSTRACT

The increasing demand for information and communication technologies has
augmented the requirements of electronic devices with improved speed, sensitivity,
and reduced power consumption. The utilization of novel electronic materials and
the use of the spin degree of freedom as a state variable for information processing
and storage are expected to fulfill these demands. In this direction, two-dimensional
(2D) materials have attracted a significant research effort with the long-term goal
of creating electronic devices with novel functionalities. Graphene has shown
excellent potential for future device applications due to its outstanding electronic
carrier mobility and spin coherence time at room temperature. Followed by the
successful advent of graphene, a vast plethora of 2D materials with complementary
electronic properties have been discovered, such as insulating hexagonal boron
nitride (hBN), magnets and topological semimetals. We observed that engineering
2D material heterostructures by combining the best of different materials in one
ultimate unit offers the possibility of the creation of new phases of matter and novel
opportunities in device design. For example, graphene is shown to acquire magnetic
properties because of proximity-induced interactions with a magnetic insulator
in van der Waals heterostructure. On the other hand, topological semimetal
candidates such as WTe, and ZeTes allowed us to observe unconventional charge-
to-spin conversion and anomalous Hall effects due to their enormous spin-orbit
coupling, lower crystal symmetry, and larger fictitious magnetic field in the crystals.
Furthermore, the performance of heterostructures comprised of graphene and hBN
with one-dimensional ferromagnetic edge contacts and a path for optimizing such
device geometry is outlined. These experimental findings on 2D materials and
heterostructure device architectures can contribute to developing a new platform
for spintronic as well as quantum science and technology.

Keywords: spintronics, graphene, topological semimetals, van der Waals magnets,
magnetic proximity
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]. Introduction

The modern electronic age is in full swing and the advancements in information
technology stand behind the technological revolution that has touched upon
all aspects of our lives. Whether it is social communication, medicine, rocket
technologies, GPS navigation in the remote locations of our planet or simply
ordering food delivery online from groceries store, none of this could have been
possible without the rapid developments in the electronic devices.

A significant milestone on this path has been passed in 1947 when the first tran-
sistor with semiconducting channel material was invented by Bell Laboratories [1].
This was a big step forward in the semiconductor industry (accounting for the
vast market of ~ $469b in 2021 [2]) as the vacuum tubes, utilized in place of tran-
sistors before their invention, were highly unreliable and energetically inefficient.
Since 1960s, the constant strive for improvements in speed, energy consumption
efficiency, portability and reduction of cost per functionality [3] gave rise to what
is known as the Moore’s law [4], a rule of thumb in the semiconductor industry
according to which the amount of transistors on a microprocessor doubled every
two years or so. This approach implied mainly scaling down device dimensions, but
also engineering new ways and utilizing new materials to mitigate the increasing
challenges posed by this trend. However, today the Moore’s law approach is
running out of space for further expansion in a conventional way [5] as the size of
characteristic features is approaching fundamental limits of several atoms thick.
Thus, at these size scales the gate current leakage and thermal dissipation are
becoming a big challenge to cope with and, moreover, the quantum uncertainties
start to govern the device behaviour making them unreliable [5]. The fundamental
limitations have augmented the increasing demand for alternative ways for further
device improvements beyond Moore’s law [6]. One of such alternative approaches
to operation of electronic devices is offered by spintronics [7].

Today most of the electronic devices utilized in practical applications are
charge-based, i.e. they employ electrical charge of electron for information process-
ing and storage. Spintronics introduces a different paradigm in device operation
by utilizing another fundamental property of electron — its angular momentum or
spin. This has the potential of further increase in speed and energy consumption
efficiency in non-volatile devices as the manipulation of spin direction as a state
variable requires less energy in comparison to rearranging charge carriers [8, 9]. The
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spin-dependent charge carriers transport was first described in 1936 by Mott [10]
and this concept was utilized much later in giant magnetoresistance and tunnel
magnetoresistance devices [11-13] leading to a Nobel prize in 2007 [14]. The
former phenomenon gave rise to magnetic hard disc drives that have been widely
used for information storage for decades now. The proposal in 1976 to create
non-equilibrium spin accumulation in nonmagnetic material [15] eventually led
to the first experimental observation of spin injection into aluminum in 1987 [16,
17] and set the ground for spin-logic devices. In 1990 the first spin field effect
transistor was proposed by Datta and Das [18].

A proper choice of functional materials is required for successful development
of spintronic technologies. The extraordinary properties of graphene, a one-atom
thin two-dimensional (2D) layer of carbon atoms arranged in a honeycomb lattice
with semimetallic linear band structure near the Fermi level, were discovered in
2004 [19]. In spintronics today graphene is mainly utilized as a channel material
since it allows for spin propagation without losing spin coherence over relatively
large distances due to its low spin-orbit coupling. Following the successful advent
of graphene, the field of 2D van der Waals heterostructures [20-27] has emerged
and been extensively studied [28, 29]. A vast plethora of 2D materials with
complementary electronic properties have been discovered, such as insulating
hexagonal boron nitride (hBN), magnets and topological semimetals. These
materials possess unique electronic properties which have focused significant amount
of research efforts towards implementation of new generation of devices based on
the heterostructures of atomically thin layered materials with the long-term goal of
creating electronic devices with novel functionalities [9, 23, 30-34]. By assembling
such layers of distinct 2D materials, one can tune the required functionality
and combined properties of the assembled structures in one ultimate unit. This
offers the possibility of creation of new phases of matter and novel opportunities
in device design. For example, graphene is shown to be magnetic because of
proximity-induced interactions, and topological semimetal candidates showed
current-induced spin-polarization and anomalous Hall effects. This experimental
progress contributed to developing 2D materials-based devices for spintronics and
quantum technologies.

In this thesis, the research was focused on investigation of spin and magneto
transport properties of graphene van der Waals heterostructures as well as other
2D materials that are promising for utilization in combination with graphene,
particularly for spin injection and charge-to-spin conversion.

Chapter 2 will provide a brief overview of the state of the art of research fields
studied in this thesis. These include the latest developments on graphene-based
heterostructures for the prospect of spin injection into graphene through 1D ferro-
magnetic edge contact, recent advances on 2D magnetic materials-based devices and
magnetic proximity effects in graphene and developments of topological semimetal
candidates with strong spin-orbit coupling for anomalous magnetoresistance and



charge-spin conversion effects.

Chapter 3 presents spin transport in graphene and study of devices with
one-dimensional (1D) ferromagnetic edge contacts to 2D graphene/hBN het-
erostructures. For optimization of heterostructures and devices, Hall sensors are
investigated with CVD graphene and hBN capping layer [Paper I]. While aiming
to explore spin injection/detection with 1D ferromagnetic edge contacts, a local
Hall effect in graphene due to fringe fields from ferromagnetic edge contact is also
detected [Paper II]. We further investigated such 1D edge contacts in all-CVD
hBN /graphene heterostructures and characterized the device parameters and its
Hall sensitivity [Paper III]. These studies are useful for the optimization of spin
injection and detection in 2D material heterostructures through 1D edge contacts,
which remains a challenging task.

Engineering 2D material heterostructures by combining the best of different
materials in one ultimate unit can offer many opportunities in condensed matter
physics. In chapter 4, in the van der Waals heterostructures of the ferromag-
netic insulator CroGeyTeg and graphene, our observations indicate an out-of-plane
proximity-induced ferromagnetic exchange interaction in graphene. The perpen-
dicular magnetic anisotropy of CroGesTeg results in significant modification of the
spin transport and precession in graphene, which can be ascribed to the proximity-
induced exchange interaction [Paper IV]. Furthermore, the observation of a larger
lifetime for perpendicular spins in comparison to the in-plane counterpart suggests
the creation of a proximity-induced anisotropic spin texture in graphene. This
chapter will also present magneto transport characterization of van der Waals
metallic ferromagnets Fe3GeTe, and Fe;GeTes, with high Curie temperatures
that are potential 2D magnetic materials for spin injection and detection into the
graphene channel, which remains to be observed in the future. These experimental
results open opportunities for the realization of proximity-induced magnetic inter-
actions and spin filters in van der Waals material heterostructures and can form
the basic building blocks for all-2D spintronics as well as topological quantum
devices.

The discovery of topological semimetals has revealed the opportunities to
realize several extraordinary physical phenomena in condensed matter physics.
In chapter 5, we will present the electronic and magnetotransport properties of
topological semimetal WTes and candidate in this material class ZrTes exhibiting
large magnetoresistance, Shubnikov de Haas oscillations and anomalous Hall effect.
We further utilized semimetal WTey to demonstrate a large current-induced spin
polarization up to room temperature. We also observed unconventional charge-
spin conversion effects in WTe, in different device geometries because of the
broken crystal symmetry of the material [Paper V]. Our measurements show
an out-of-plane electrical field-induced spin polarization in WTe,, which could
be injected and detected in the graphene channel in the non-local measurement
geometries (Appendix A). These findings open opportunities for spin-orbit based
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spintronic technologies and open possibilities for the detection of charge-spin

conversion in other topological semimetal candidates with novel spin textures.
The last chapter 6 provides a summary of the experimental results presented

in the thesis and discusses the future outlook for the research in these directions.



2 State of the art

Since the advent of graphene the van der Waals materials and their heterostruc-
tures are under intense investigations. This is, in particular, due to a wide range of
layered materials already discovered with different topological, magnetic, electrical
transport properties owing to a spectrum of band structure configurations. In this
chapter, the main developments in graphene as well as van der Waals magnets
and some of the layered topological semimetals and candidates are discussed.
These highlights demonstrate their unique properties and application potential
for spintronic studies.

2.1 Spin transport in graphene

For operation of spintronic logic devices and implementation of spin-based circuits,
one needs a way to inject, detect and manipulate non-equilibrium spin accumu-
lations in an appropriate nonmagnetic channel. Such channels should allow for
sufficiently long spin communication without losing non-equilibrium distribution
over relatively large distances. Over time the main focus of research on spin trans-
port shifted from metallic channels such as Al or Cu [7, 35|, to semiconductors
such as GaAs [36] and Si [37-42] at room temperature. Today, graphene is mainly
utilized for this purpose in spintronic devices, where long-distance spin transport
is observable at room temperature [25, 43, 44]. Additionally, utilization of 2D
graphene as a channel material allows for benefiting from its heterostructures with
other 2D materials with complementary electronic properties. However, being
atomically thin, this material is highly sensitive to environmental influences such
as e.g. charge doping and contamination by impurities. Therefore, the substrate
material and possible capping layer can have significant impact on the quality
of graphene channel properties. Another factor that impacts the quality is the
growth and transfer method on the target substrate for device fabrication.

The first time spin transport in graphene was demonstrated in 2007, in
exfoliated layer placed onto SiO, substrate with spin relaxation lengths A4 of
several micrometers at room temperature [45]. The typical spin lifetimes for such
channels 7, are several hundreds of ps [45-48]. The best way to avoid substrate-
induced effects is to suspend graphene channel. Such devices showed very high
mobilities y ~ 10° cm?V~1s™! [49] and spin transport with 7, ~ 130 ps and
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Figure 2.1: (a) Optical microscope picture of the nanofabricated device with CVD
graphene channel on Si/SiO9 substrate. (b),(c) Spin-valve and Hanle nonlocal measure-
ments at room temperature between ferromagnetic contacts 1 and 3, respectively. The
nonlocal channel length is ~ 27 pm. (a)-(c) is adapted from [55]. (d) Schematics of the
hBN/graphene/hBN heterostructure after assembly, etching and fabrication of 1D contacts.
(e) The corresponding mobility of encapsulated graphene as a function of carrier density
in comparison to other materials, as indicated. (d),(e) is adapted from [60].

As ~ 3 pm [47, 50, 51]. However, fabrication of suspended channels is challenging
and they are not viable for practical applications.

Although exfoliated graphene is useful for scientific research as it provides
better quality of the material with less grain boundaries and higher mobility,
for commercialization purposes scalable CVD-grown layers and transfer methods
from growth substrate are required. Spin transport in CVD graphne has been
demonstrated [52-54]. Recently, spin communication at room temperature has
been observed in commercially available CVD graphene on SiOs substrate over
long distances of up to ~ 27 pm (Fig. 2.1a-c) with estimated possible increase of
this parameter to ~ 34 pm [55].

Insulating hexagonal boron nitride (hBN) is known to have good interface
properties with graphene [47]. Its utilization as a substrate material in stacks of
exfoliated hBN /graphene allows for reduction of charge impurities in graphene [56]
and higher mobilities of tens of thousands [57] or even above 10° cm*V~1s~1 [58] (in
contrast to typical few thousands with SiO9 substrate [45, 55, 59]). Spin transport
in such channels was observed at room temperature with A\; ~ 5 pm [57] and
similar values of 75 to devices with SiO9 substrate despite higher mobility [47].

The hBN dielectric substrate provides improved bottom interface quality of



graphene, but leaves the top surface exposed to the environment, e.g. contam-
ination by polymer residues during the lithographic steps of device fabrication.
Although annealing can improve the material quality after exposure to organic
residues, it does not remove the residues completely or restore the initial graphene
characteristics [61]. Therefore, flakes of hBN are sometimes used to pick up and
dry transfer graphene onto the pre-fabricated ferromagnetic contacts to avoid its
exposure to polymer residues and solvents. This allowed for observation of spin
transport with 75 ~ 12.6 ns at room temperature [62]. Moreover, top hBN capping
is additionally beneficial for protection of post-fabricated graphene devices from
environmentally-induced degradation over time.

To mitigate the conductivity mismatch issue [63, 64], i.e. backscattering of spin-
polarized charge carrier after injection into the graphene channel, conventionally
TiO4 [53, 65-71], AloO3 [45] or MgO [62] tunnel barriers are utilized together with
ferromagnetic contacts. However, these barriers are prone to have pinholes, which
contribute to increased spin dephasing in the channel underneath the contacts [72].
Employing atomically smooth single- to few-layer thin hBN as a tunnel barrier
material [73, 74] mitigates the issue with barrier roughness and provides better
interface quality with graphene. Spin transport in such devices revealed inversion
of spin signal with hBN thickness and spin filtering [75].

An ultimate approach towards graphene protection for preservation of its out-
standing intrinsic properties could be in full encapsulation by hBN with utilization
of 1D edge contacts to graphene channel (Fig. 2.1d), as it has been demonstrated
for the first time by Wang et. al. in 2013 [60]. This allowed for observation of
very high mobilities of up to ~ 140000 cm?V~1s7! (Fig. 2.1e). In ultra-clean
stacks of hBN /graphene/hBN ballistic transport has been probed with 1D edge
contacts over 28 nm distance at 1.8 K, where channel mobility was reaching up to
three million cm?V~1s~! [76]. Motivated by these developments, we investigated
ferromagnetic 1D edge contacts to graphene structures as presented in Chapter 3
of this thesis. Spin transport studied in hBN-encapsulated graphene channels with
1D ferromagnetic edge contacts revealed gate-tunable inversion of the nonlocal
spin signal [77].

There is additional utility to employing graphene as a channel material with
long distance spin communication for spintronic applicaitons. Being atomically
smooth and thin, it allows for additional benefit of making heterostructure devices
with other 2D materials that possess complementary electronic properties for spin
injection, detection, manipulation. Thus, ferromagnetic van der Waals metals such
as FesGeTey and Fe;GeTey could be employed instead of thin films of traditional
3D ferromagnetic metals or alloys such as e.g. Co or permalloy for spin injecion and
detection with graphene channels. Layered topological semimetals and candidates
such as WTe, and ZrTes are promising for charge-to-spin conversion due to non-
trivial spin textures and strong spin-orbit coupling. Additionally, heterostructures
of 2D materials could be utilized for creation of new phases of matter such as
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e.g. proximity-induced magnetic interactions in graphene placed in contact with
magnetic insulators.

2.2 Developments with layered van der Waals
magnets and proximity-induced magnetism in
graphene

To utilize magnetism in low dimensions, for decades epitaxial thin films of 3D
magnetic materials have been under investigation [13, 23, 78, 79]. However, they
suffer from e.g. nonhomogeneous surface (formation of islands), irregular shapes,
interfacial hybridization and their properties are difficult to reproduce [23]. In
contrast, van der Waals magnets are mainly devoid of these limitations and they
can be naturally made atomically thin. The field of research in magnetic layered
2D materials recently has quickly gained tremendous interest within scientific
community investigating van der Waals materials. Atomically thin magnets
open opportunities for both fundamental studies as well as design of flexible
magnetooptic and magnetoelectric devices and heterogeneous integration with
complementary materials [23]. It has long been thought that intrinsic magnetism in
two dimensions is not possible as it would be disrupted by thermal fluctuations [80].
However, as recently demonstrated [81-83], long-range magnetic ordering can
persist in atomically thin materials due to magnetic anisotropy that opens spin-
wave excitation gap [81].

2.2.1 Discovery of intrinsic magnetism in two dimensions in
layered materials

Among the first reports demonstrating magnetic properties in van der Waals mag-
nets that boosted research in this field were published in 2017-2018 (Fig. 2.2) [81-
83]. Thus, insulating layered CroGeyTes was demonstrated to possess out-of-
plane ferromagnetic ordering (Fig. 2.2a) through ferromagnetic loops measured by
magneto-optic Kerr rotation microscopy (MOKE) with minor reminiscent mag-
netization values [81]. The magnetism was shown to persist down to bilayers of
CryGeyTeg with Curie temperature (~ 65 K for bulk) dependent on the thickness
for thin samples. Layered semiconductor Crlz with out-of-plane anisotropy is
ferromagnetic in bulk and possesses layer-dependent magnetic properties in thin
flakes (Fig. 2.2b). Thus, atomically thin flakes of Crl3 demonstrate ferromagnetic
loops for odd number of layers and antiferromagnetic behaviour for even layer
number. Itinerant ferromagnetism in two-dimensional metallic Fe3GeTe, with
strong out-of-plane anisotropy persists up to ~ 230 K (Fig. 2.2¢) [82] and observ-
able down to monolayer samples (Fig. 2.2d) [84]. By applying electric fields the
Curie temperature can be tuned in thin flakes of Fe3GeTeq [84].
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Figure 2.2: The first reports on 2D magnetism in van der Waals layered materials.
(a) Ferromagnetic hysteresis loop (left) and spatial scans at zero field after withdrawing
preliminary applied field of 0.6 T (top right) and -0.6 T (bottom right) in six-layer-thick
flake of CroGesTeg obtained by MOKE measurement at 4.7 K. Scale bar in the inset
is 10 pm. Adapted from [81]. (b) MOKE signal measured in monolayer (1L), bilayer
(2L) and trilayer (3L, as indicated) flakes of Crl3 as a function of applied perpendicular
magnetic field. The 1L and 3L flakes show ferromagnetic loops, while 2L flake demonstrates
antiferromagnetic response. The insets indicate magnetization directions in each layer
of the 2L flake at different applied field values. Adapted from [83]. (c) Temperature
dependence of ferromagnetic loops obtained by electric transport measurements in 12 nm
thick flake of Fe3GeTey;. The magnetic ordering is persistent up to at least 220 K.
Adapted from [82]. (d) Different phases of FesGeTey as a function of number of layers
and temperature. The dots represent magnetic ordering temperatures as obtained by
magneto resistance measurements (blue), Arrott plots (red) and refractive magnetic circular
dichroism measurements (pink). Adapted from [84].

Today, the range of discovered layered magnetic materials includes a number
of compounds [23, 33, 34, 85] with different conduction properties, i.e. metals [82,
84, 86], insulators [81, 87-89], semiconductors [83, 90-92] and dissimilar magnetic
ordering states such as ferromagnetism [81, 82, 84, 86, 90, 92| and antiferromag-
netism [83, 87-89, 91]. Additional class of van der Waals 2D magnets, intrinsic
multiferroics that combine properties of ferromagnetism and ferroelectricity, are
theoretically predicted [93, 94], but yet remain to be experimentally realized.
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2.2.2 Magnetic tunnel junctions and nontrivial magneto
resistance

The data storage technologies have greatly benefited from advances in fabrication
and growth methods of magnetic ultrathin films and barriers for utilization in
magnetic tunnel junctions (MTJs) [95, 96]. However, the traditional films, grown
by epitaxy, sputtering or pulsed laser deposition [24], suffer from interdiffusion,
disorder present in the electrodes and barrier roughness that affects the quality of
the interfaces, spin-dependent conductance and eventually degrades the operation
of MTJs [97-99].

Heterostructures of van der Waals materials comprised of 2D layered magnets
allow to mitigate the issues accompanying conventional magnetic thin films leading
to extremely large values of tunneling magneto resistance (TMR). Thus, utilizing
antiferromagnetic Crls as a tunnel barrier in combination with graphene electrodes
led to observation of TMR of up to ~ 19000% (Fig. 2.3a) [100, 103], where four-
layer Crls acts as a multi-spin-filter. With applied field of sufficient strength all
layers become saturated in the same direction and tunneling current increases,
while for lower fields the conduction is hindered due to spin-dependent scattering.
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Figure 2.3: Magnetic tunnel junctions with van der Waals magnets and nontrivial magneto
resistance. (a) From left to right: schematics of the vertical tunneling devices with Crlg
barrier, tunneling current as a function of perpendicular field in the corresponding device
at 2 K and the calculated spin-flip TMR as a function of bias voltage for perpendicular
(red) and in-plane (green) applied magnetic field of 2.5 T and 9 T, respectively. Adapted
from [100]. (b) Schematic of vertical tunneling junction with FesGeTey electrodes and
hBN tunnel barrier (left) and the magneto resistance measured in such junction (right).
Adapted from [101]. (c) Left: optical and atomic force microscope pictures of the device
with trilayer FesGeTes/graphite/Fe;GeTey heterostructure channel. Scale bars are 5 pm.
Right: Longitudinal (R,,) and transverse (R,,) magneto resistances in the corresponding
device at 50 K. Adapted from [102].
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This demonstrated the tremendous potential of van der Waals magnets for data
storage applications. An alternative approach to designing MTJs was undertaken
in ref. [101] (Fig. 2.3b), where hBN is utilized as tunnel barrier in a heterostructure
with magnetic Fe3GeTes electrodes. Here, TMR of up to 160% was observed.

In addition to large TMR ratios obtained by employing layered magnets
in tunneling junctions, a nontrivial antisymmetric magneto resistance response
was measured in heterostructures of FesGeTey/graphite/FesGeTes (Fig. 2.3c¢),
although with significantly lower TMR ratio of ~ 1%. The origin of such magneto
resistance behaviour was attributed to spin-polarized current that arise due to
spin-momentum locking in the SOC-split 2D electron gas at the FesGeTey /graphite
interfaces. This result highlights the rich physics that could be accompanying
conventional magnetism in the van der Waals magnetic materials (e.g. topological
nodal lines reported in Fe3GeTey [104]) and heterostructures.

2.2.3 Magnetic proximity effects in graphene

Spin injection plays an important role in operation of spintronic devices. A
number of ways exist to achieve this, e.g. through electrical injection, optical
injection, spin-orbit coupling effect. A different path implies inducing magnetism
in intrinsically nonmagnetic medium. Many approaches to create magnetism
in graphene as a promising spin transport material for spintronics have been
investigated. It was predicted that graphene nanoribons with zigzag edges host
spin polarized states [109-111] and lattice imperfections such as vacancies [112-114]
or adatoms [112, 115-117] create local magnetic moments by introducing unpaired
electrons [23, 27, 32]. However, these approaches are difficult to controllably
engineer. Moreover, defects would degrade graphene properties, e.g. mobility.
An alternative solution could be in inducing spin-polarized states in graphene
by placing it in close proximity to magnetic materials (hence proximity effect). An
atomically thin nature of graphene is beneficial for achieving this goal, as proximity-
induced interactions strongly decay with distance. Additionally, the possibility
of obtaining smooth van der Waals interfaces in heterostructures with layered
magnets further facilitates observation of proximity magnetism in graphene. By
placing graphene in contact with magnetic materials, it can acquire exchange gap
due to spin-splitting of normally spin-degenerate Dirac cones. Thus, in heterostruc-
tures of graphene with magnetic insulator EuS, induced exchange interactions
led to observation of Zeeman spin Hall effect (Fig. 2.4a) [105]. Measurements
of transverse magneto resistance in graphene on YIG (ferrimagnetic insulator)
substrate displayed presence of Anomalous Hall effect (AHE) in magnetized chan-
nels (Fig. 2.4b) [106, 118]. Additonally, spin injection into graphene on YIG
was observed via spin pumping [119, 120]. Since the induced exchange fields in
graphene are a consequence of exchange interactions at the graphene/magnet
interface, by modulating this coupling one can tune the physical phenomena in the
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channel that are affected by the exchange splitting. Thus, a shift in Landau levels
in graphene on antiferromagnetic CrSe substrate was observed to be tunable by
different strength of magnetic fields applied during field cooling (Fig. 2.4c) [107]
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Figure 2.4: Proximity-induced magnetic interactions in graphene. (a) False-colored
scanning electron microscope image of the device (top) for measurements of Zeeman spin
Hall effect as shown below in graphene/EuS heterostructure. The inset indicates exchange
splitting of normally spin-degenerage Dirac cones in graphene. Adapted from [105].
(b) Schematics of the graphene device placed on YIG substrate (top) and the measured
AHE in this device at different temperatures as indicated (bottom). Adapted from [106].
(c) Proximity effects probed in graphene placed on antiferromagnetic substrate of CrSe.
Shifts in Landau levels (n indicates index) are observed that are tunable by the strength
of magnetic field Bpe applied during cooling. Adapted from [107] with p,, vs B curves
at intermediate values of Bpc removed. (d) Schematics of device with graphene channel
placed on YIG with ferromagnetic contacts (top) and the measured Hanle spin precession
signal in this device (bottom) with kinks characteristic of complete rotation of YIG
magnetization from in-plane to perpendicular direction. Adapted from [108]. (e) Nonlocal
spin valve measurement in graphene on antiferromagnetic substrate of CrSBr with three
resistance levels that correspond to different magnetization directions of the Co injector
(C1), detector (C2) indicated by black arrows and CrSBr susbtrate indicated by purple
arrow. Adapted from [91].
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with increased (decreased) value of exchange gap for applied positive (negative)
fields during cooling.

A different approach to probing magnetic proximity effects in graphene chan-
nels is by investigating spin transport in such channels (Fig. 2.4d,e). The inter-
nal exchange field contributes to modified Hanle spin precession measurements,
manisfested e.g. in graphene on YIG substrate through appearance of kinks in
the Hanle signal at the values of external magnetic field corresponding to the
complete rotation of YIG magnetization from in-plane to out-of-plane direction
(Fig. 2.4d) [108]. Similarly, modulation of the nonlocal spin transport signals in
graphene on YIG was observed in the presence of fluctuating proximity exchange
fields [121]. These reports, in addition to several others [122-125], demonstrated
induced magnetic ordering in graphene in contact with non-van der Waals magnets.
Recently, three studies showed proximity magnetism in graphene with all-van
der Waals heterostructures through Zeeman spin Hall effect utilizing magnetic
CrBrs [126], AHE utilizing Fe,Sn;_,Ss [127] and modified spin transport utilizing
CrSBr substrate [91]. In the latter report, the nonlocal spin-valve signals mea-
sured in proximitized graphene channel led to observation of additional resistance
states that were correlated to the direction of magnetization of the magnetic
substrate (Fig. 2.4e) [91]. These reports demonstrate the potential of atomically
thin graphene for fundamental studies of proximity-induced magnetism towards
advancements in spintronics.

2.3 Topological semimetals and candidates

Since the theoretical prediction [128] and experimental discovery [129, 130] of 2D
topological insulators, topological materials have been under intense investigation
for over a decade [131-137]. Particularly, Weyl semimetals have attracted re-
cently significant research focus [138] as they present rich ground for investigation
of fundamental physical phenomena. For spintronics, particularly, topological
semimetals are interesting due to large intrinsic spin-orbit coupling and bulk spin
textures, which are beneficial for charge-spin conversion effects.

A representative material that falls under topological semimetals classification
is WTey. Its band structure contains Weyl nodes in the bulk with additional
nearly-compensated electron and hole pockets at the Fermi level that allowed
observation of extremely large nonsaturating magneto resistance in bulk crystals
reaching up to 13 x 10% % at 60 T, 0.53 K (Fig. 2.5a). Monolayer flake of WTe, was
shown to open a bulk gap with edge conduction [139], thus leading to observation
of quantum spin Hall effect at temperatures up to 100 K (Fig. 2.5b) [140], while
at higher temperatures the bulk was contributing to conduction. Due to large
Berry curvature, the nonlinear anomalous Hall effect was also observed in flakes of
WTe, [141].

Another layered van der Waals material, ZrTe;, has been shown to possess



14 2 State of the art

— ke,
3 (C) 0.16 W ’
] 0.12
3 € 1.0
[&]
G 0.5
3 £
0.0
S
=10
E E 0.5
i 0.0
' MR | L PR R R R
104 10 100 0.0
HMoH (T)
(b) (d) 4
Ve -
5.7V 5
5 m 59V g
A7V v%
4 Y =
= "
~ -
L3 A
) %]
S Am
2-- —— - . —— —— _f __________
W“ A = Graphite Gate, 1,
1 L = TOp BN
5755 ” Monolayer WTe,
— 12314 ) 1 Electrodes
. L L [¢ -~ *—— Bottom BN
GO 50 100 150 hanne| Length, £, NS 6 7 8

Local Gates, 1/,

Figure 2.5: (a) magneto resistance (MR) in bulk WTes as a function of magnetic field up
to 60 T at 0.53 K. Adapted from [147]. (b) Quantum spin Hall effect measured in monolayer
WTey up to ~ 100 K. The plot shows temperature dependence of edge conductance at
three gate voltages, as indicated. Bottom right schematics depicts the device design with
hBN/WTey/hBN /graphite heterostructure. Adapted from [140]. (c¢) 3D quantum Hall
effect measured in bulk crystal of Zr'Te;. The plots show Shubnikov de Haas oscillations
along three perpendicular crystal axes, as indicated. Right schematic depicts the Fermi
surface. Adapted from [145]. (d) Representative angle dependence of the Anomalous Hall
effect in ZrTes; with subtracted linear ordinary contribution (left) and 3D polar plots of
the anomalous Hall resistivity p% 5, representing the Berry curvature (right). Adapted
from [146].

topological features [142-144]|, although the exact topological classification is still
not defined. The temperature dependence of resistivity in ZrTe; demonstrates
a peak at intermediate temperature (resistivity anomaly), which is related to
temperature-induced band structure change and topological Lifshitz transition [142].
Quantum Hall effect oscillations have been observed in this material along all
crystal axes leading to conclusion about ellipsoidal shape of the Fermi surface and
3D nature of the system (Fig. 2.5¢) [145]. Similarly to WTeq, Zr'Tes also possesses
large Berry curvature, which led to observation of AHE (Fig. 2.5d) and negative
magneto resistance [146].

The studies on topological semimetals have a short history, but they have
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already demonstrated reach fundamental intrinsic properties. Additional interest
in the van der Waals materials from this classification is due to possibility of easy
integration into heterostructures with other 2D materials such as e.g. graphene for
spin injection and detection without the need for external magnetic fields. This
is due to their large charge-to-spin conversion efficiencies. Investigations in this
direction are being undertaken.






3 One-dimensional edge contacts
to graphene

Conventional approach to study spin transport in graphene utilizes top ferro-
magnetic contacts. However, they are prone to increased spin dephasing at the
interface due to roughness of oxide tunnel barrier. Additionally, fabrication of
top contacts is not a viable approach if one wants to benefit from high-quality
fully-encapsulated graphene with hexagonal Boron Nitride (hBN). This chapter
characterizes 1D edge contacts to graphene with top exfoliated hBN capping
layer and all-CVD batch-fabricated hBN /graphene/hBN heterostructures. While
aiming to study spin injection/detection with 1D edge contacts, a contribution
from spurious magnetoresistance signal is revealed, which is found to originate
from the local Hall effect in graphene due to fringe fields from ferromagnetic edge
contacts and in the presence of charge current spreading in the nonlocal measure-
ment configuration. Calculations for optimization of the contacts geometry for
reduction of the influence of stray fields are provided.

Motivation

Graphene has been shown to be a promising material for spin-polarized electron
transport due to its low spin-orbit coupling and negligible hyperfine interactions [29,
44, 148]. Long-distance spin transport and electrical control over spin signal and
lifetimes have been achieved in graphene at room temperature [44, 53, 55, 62, 70,
75, 148, 149]. These experiments have shown that the performance of graphene
spintronic devices is significantly affected by the quality of the contacts to the
graphene channel [148]. Conventional spin transport experiments, such as spin-
valve and Hanle spin precession measurements (Fig. 3.1 and Appendix A), use
top ferromagnetic metal /tunnel barrier contacts of micrometer width on graphene
channels for the purpose of spin injection and detection [29, 44, 148]. However,
the fabrication of atomically smooth oxide tunnel barriers is challenging, as they
usually contain pinholes, roughness, and defects [46, 72, 150]. The use of such wide
contacts is known to limit the device performance due to inhomogeneous injection
and detection of spins, and due to interface-induced spin dephasing under the
contacts [46, 72, 150]. Additionally, at the nanoscale graphene edges can become

17
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Figure 3.1: A representative spin transport measurements in nonlocal configuration in
graphene channel with top ferromagnetic contacts. (a) Device schematic and measurement
configuration. (b) Measured nonlocal voltage Vv, as a function of external in-plane field
(B)) sweep. The magnetic field sweep directions are indicated by the red and blue arrows.
Black arrows indicate alignment of ferromagnetic contacts. (¢) Hanle spin precession signal
Vi as a function of an out-of-plane magnetic field (B ) sweep.

important and are predicted to host spin-polarized edge states, giving rise to spin
filtering [111, 151]. Such spintronic properties are also predicted to be tunable
by external electric fields [111, 151]. If realized, this would add the spin degree
of freedom to graphene-based devices and circuits, where spin currents can be
generated and injected from zigzag nanoribbons to graphene without the need of
ferromagnetic spin injectors.

Additionally, atomically thin graphene sheet is prone to degradation of its
properties when exposed to the environment, e.g. from disorder and impurities
caused by conventional SiOy substrate. Therefore, encapsulation of graphene by
material that would preserve its properties is necessary for high-quality devices.
Van der Waals wide-bandgap (~ 5.7 eV) insulator hBN can be utilized for this
purpose, particularly as a substrate and top protection layer in graphene spin
transport devices with mobility reaching several millions cm?V~1s~! [60, 76, 152
and spin lifetimes ~ 12 ns [47]. Moreover, the ultra-clean encapsulated graphene
devices set the ground for the study of ballistic spin transport, theoretically
described [153] but not yet realized experimentally. However, this would require
utilization of 1D edge contacts instead of traditional top contacts to the sandwiched
stack of graphene and hBN for efficient fabrication of devices.

3.1 Characterization of ferromagnetic 1D edge
contacts

The ferromagnetic 1D edge contacts were characterized in a device fabricated on
commercially available CVD graphene after it was transferred onto Si/SiOs sub-
strate [Paper I]. The schematic illustration and an optical image of the investigated
sample are shown in Fig. 3.2a and Fig. 3.2b, respectively. The micro-fabrication
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Figure 3.2: (a) Schematic representation and (b) optical microscope picture of the
fabricated device. (c) Schematics of the fabrication process steps from left to right:
the preparation of graphene/h-BN heterostructures; patterning by oxygen plasma; and
deposition of 1D edge contacts.

process steps are depicted in Fig. 3.2c. The hBN was exfoliated from bulk crystal
and transferred onto graphene. The unprotected graphene regions were etched
away with oxygen plasma.The 1D edge contacts [60] were fabricated by means of
electron beam lithography and electron beam evaporation of metals (TiO2/Co).

The Raman spectrum of CVD graphene/hBN heterostructure [154, 155] is
shown in Fig. 3.3a. The absence of a band splitting of the 2D peak and its higher
intensity compared to the G peak indicate that the graphene in the heterostructure
is a monolayer [154]. The CVD graphene used here has grain sizes of 1-3 pm.
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Figure 3.3: (a) Raman spectrum of graphene/h-BN heterostructure. (b) Typical two-
terminal I-V characteristic of the 1D edge contacts to graphene at room temperature. Inset:
two-terminal measurement configuration. (¢) Graphene channel resistance as a function
of the back gate voltage (V) at 295 K (red) and 75 K (blue) for a local measurement
configuration (inset). The horizontal axis is centered around the charge neutrality point
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The typical two-terminal current-voltage (I-V) characteristic at room temperature
(Fig. 3.3b) shows a linear behaviour and the contact resistances, estimated from the
analysis of data from local four- and two-terminal measurements, are reproducible
in several devices. The estimated sheet resistance Rn =~ 6kQ /0. The back gate
dependence of graphene channel resistance (Fig. 3.3c) reveals the charge neutrality
(Dirac) point Vp of graphene in the range of Vp ~ —5 to +26 V for different
channels measured in local or nonlocal configurations between different contacts
due to variations of doping levels within the graphene sheet.

Fig. 3.4a shows the Hall measurements performed using the measurement
configuration depicted in the inset. The Hall voltage (V) response of investigated
samples obtained during the perpendicular magnetic field (B) sweep at applied
current bias I = 15 pA is fitted with [156, 157]

oVy 1
= I 3.1
aB deN2D ’ ( )

where ¢, is the elementary electron charge and nop is the charge carrier density.
Graphene was found to show hole conduction at zero back gate voltage with
a sheet charge carrier concentration of nap ~ 1.75 x 102 cm~2 and background
voltage offset of 3mV, which has been subtracted from the measured raw data.
The extracted estimate of the Hall mobility u = /gnspRo =~ 120 cm?V—is™1
The linearity errors [157-159] were found to be within £3.1 % with an average
absolute value of 1.3 % over a large magnetic field range from —760 mT to 780 mT
at room temperature. From the measured Hall voltage response as a function
of time at different perpendicular magnetic fields (Fig. 3.4b) one can estimate
the minimum resolvable magnetic field of ~20mT at room temperature. The
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Figure 3.4: (a) Output Hall voltage as a function of perpendicular magnetic field measured
at I = 15nA at room temperature (circles) with linear fitting (solid line) according to
equation 3.1. Inset: Hall measurement configuration. (b) Output Hall voltage as a
function of time at different applied magnetic fields measured at I = 15 1A and at room
temperature. (c¢) Current-related sensitivity as a function of current bias.
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calculated current-related Hall sensitivity

10Vy

=798

(3.2)
I=const
did not show significant bias-related change in the bias current range from 15 A
to 50 pA at room temperature (Fig. 3.4c).

The Hall sensitivity of graphene for different carrier concentrations in electron-
and hole-doped regimes is shown in Fig. 3.5. Graphene has the unique property
that its charge carrier type and concentration can be tuned continuously by
applying gate voltage. Fig. 3.5a shows the Hall measurements with application
of gate voltages V, = £40V, where a sign change is observed in the slope of Hall
response for electron- and hole-doped regimes. From the back gate dependence
of the graphene resistance the charge neutrality point was found at V, =26V.
Such full gate-dependent Hall effect measurements were performed by sweeping
the back gate voltages from electron to hole type of conduction across the Dirac
point in the presence of different perpendicular magnetic fields (bottom panel
of Fig. 3.5b). To reduce the influence of the device geometry, the Hall response
at different magnetic fields (Vg (B)) is subtracted from measured response at
0T magnetic field (Vio): AVyg = Vy(B) — Vio [160]. Here, a change in the
amplitude and sign of AVy is observed when sweeping the gate voltage. Using
equation. 3.2 the current-related sensitivity is extracted by fitting the AVy-B
dependencies. It is plotted in Fig. 3.5c as a function of gate voltage at room
temperature. This dependence reveals the gate tuning of the sensitivity with
maxima (up to 345V /(AT)) close to the graphene Dirac point. Such tunability of
Hall response stems from gate voltage-induced change of the carrier concentration
in the graphene sheet yielding a change of the current-related sensitivity and the
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Figure 3.5: (a) Output Hall voltage as a function of perpendicular magnetic field at
gate voltages of £40V. (b) Back gate dependence of graphene resistance (top) and Hall
voltage response at different perpendicular magnetic fields (bottom). Vp is the gate
voltage corresponding to the Dirac point. (c¢) Absolute value of current-related sensitivity
calculated from Hall voltage response as a function of gate voltage according to equation 3.2.
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output Hall voltage (equations 3.1 and 3.2).

These sensitivities of the large area CVD graphene/h-BN heterostructures are
at least three times higher than current silicon-based devices [157, 161]. Previous
studies reported on the performance of unencapsulated graphene Hall devices [159,
162, 163] with sensitivities up to 2093 V/(AT). Such unprotected devices are
known to be extremely sensitive to environmental parameters and degrade rapidly.
Consequently, an insulating barrier is required to protect the graphene layer. Even
though studies on Al;O3 show very promising results on easily scalable and repro-
ducible device fabrication techniques [164], the close nature of insulating h-BN
demonstrated outstanding electronic properties when encapsulating graphene [58].
Such exfoliated h-BN/graphene/h-BN heterostructure Hall devices showed sensi-
tivities 15 times higher than in hBN capped CVD graphene described here [160].
This can be attributed to growth quality of CVD graphene, presence of grain
boundaries and charge doping from SiO, substrate as well as contaminations
introduced during wet transfer of the CVD graphene. Contaminations and grain
boundaries are also likely reasons behind the observed low mobility and high sheet
resistance of graphene.

3.2 Influence of stray fields and local Hall effect

To investigate the possibility of spin injection and detection with 1D edge contacts
to the graphene channel, the heterostructure graphene/hBN device (Fig. 3.2) was
utilized. The nonlocal magnetoresistance measurements were carried out as shown
in Fig. 3.6a. The nonlocal voltage Vi was observed with single switching and
hysteresis behavior while sweeping the in-plane magnetic field aligned with the
contacts at fixed bias currents (Fig. 3.6b). By changing the current direction,
a similar switching signal with opposite sign was observed. The complete bias
dependence of the signal is presented in Fig. 3.6¢, which shows a linear dependence
in the measured bias range. The observed signal of the switching amplitude AV}
decayed with increasing temperature and vanished at ~200 K [Paper II].

The presence of only one step of magnetoresistance for each sweep direction
is not typical for spin signals that arise from spin injection and detection [45, 46,
165]. For comparison, a typical spin-valve signal for top ferromagnetic contacts
to graphene is shown in Fig. 3.1b. In the latter case, at least two steps are
usually visible for each sweep direction, when both injector and detector contacts
switch their magnetization direction [45, 46, 165]. The coercivity values of the
ferromagnetic contacts used here are within the typical sweeping field range, which
has been verified with higher field sweep ranges [Paper II|. A single-step switching
signal can arise if the graphene edge itself generates a spin current; however, such
effects are only expected in graphene nanoribbons and not in the micrometer-scale
devices used here [111, 151]. The quantum spin Hall effect is also unlikely to be
responsible for the observed signal considering the negligible spin-orbit coupling in
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Figure 3.6: (a) Schematic of the nonlocal measurement configuration. (b) Measured
nonlocal voltage Vyr as a function of external in-plane magnetic field (B)) at I = £15 pA
at 75 K. The B)| sweep directions are indicated by red and blue arrows. A baseline linear
background voltage is subtracted from the measured data. (c) Current bias dependence of
the magnetoresistance switching amplitude AV; at 75 K.

graphene. Additional confirmation of the absence of spin transport in the measured
1D contact device comes from the out-of-plane field sweeps, where no Hanle spin
precession signal was observed [Paper II|. Therefore, the observed single-switching
magnetoresistance with 1D ferromagnetic contacts could be due to the local Hall
effect in the graphene in the presence of stray magnetic fields emanating from the
edges of ferromagnetic contacts [150, 166-169).

In order to further clarify the origin of the magnetoresistance, gate-dependent
measurements were carried out, where the concentration and type of the charge
carriers in graphene is tuned. Fig. 3.7a shows the magnetoresistance switching
with the application of V;, = +30 V, where a change in the sign of the AV} is
observed due to electron or hole conduction of the graphene channel. The complete
gate dependence of AV}, along with the channel resistance is shown in Fig. 3.7b,
revealing a correlation between the sign of AV, and type of charge carrier in
graphene. The absolute value of AV}, is found to have two maxima near the
charge neutrality point in graphene, where the charge density nsp is minimal.
These results support the argument in favor of a local Hall effect-dominated
magnetoresistance switching. At the same time, this gives additional evidence to
rule out any spin-related nature of the observed switching, since the spin signal
should not change sign with a change of charge carrier type [45]. One can notice a
clear similarity between the V, dependence of the magnetoresistance signal AV},
(Fig. 3.7b) and the regular Hall voltage Vi (Fig. 3.4b). This similarity is justified
due to the similar origin of the local Hall magnetoresistance and the regular Hall
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Figure 3.7: (a) Nonlocal magnetoresistance voltage Vi, as a function of the in-plane
external magnetic field sweeps at V; = —30 V (top panel) and V;, = 30 V (bottom panel),
measured with /7 = 15 pA at 75 K. A linear baseline offset voltage is subtracted from the
raw data. (b) Dependence of the nonlocal graphene resistance Ry; = AVxy/I on the
back gate voltage V; — Vp (top panel) and the nonlocal voltage step AV;| (bottom panel).
Vp is the charge neutrality point of graphene.

effects, which are due to stray magnetic fields from the ferromagnetic contacts,
or the Lorentz force acting on moving charges in the presence of a perpendicular
external magnetic field, respectively.

In order to quantify the impact of the local Hall effect on the magnetore-
sistance signal, the Biot-Savart law was employed to numerically calculate the
stray magnetic fields that can arise from the 1D edge contacts [Paper II|. The
considered contact geometry is shown in Fig. 3.8a. Away from the sloped region,
the cobalt magnetizes along the y-axis. In the sloped region, the magnetization
yields an out-of-plane component to the stray fields. For metal surfaces parallel to
the principal axes, the stray magnetic field can be calculated analytically [170],
while the sloped portion of the contact requires a numerical solution.

In Fig. 3.8b the spatial distribution of the perpendicular component of the
stray magnetic field B, is shown within the graphene layer, using the experimental
contact geometry (with ¢,pn jower = 0 and the rest of the parameters listed in
the caption of Fig. 3.8). The black dashed lines indicate the contact metal edges.
The stray field can reach more than 600 mT at the graphene edge. In addition,
the end of the top portion of the ferromagnetic contact also induces a strong
perpendicular stray field on the order of 350 mT. Near the 1D edge contact to
graphene, the stray field decays from 600 mT to zero over a distance of 50 nm. This
average field of 300 mT corresponds to an average magnetic length of ~ 50 nm,
indicating that the stray field can indeed induce a significant Hall effect at the
charge injection/detection point. In Fig. 3.8c the B, is plotted along the middle of
the contact, indicated by the white dashed line in Fig. 3.8b. This plot shows that
by increasing the thickness of the bottom hBN layer, the magnitude of the stray
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Figure 3.8: (a) Contact geometry considered for the stray field calculations. (b) Profile
of the perpendicular stray field B, within the graphene layer, assuming Lo = 310 nm,
We = 300 nm, to, = 65 nm, t,, = 1 nm, t4BN upper = 25 I, tg, = 0.35 nm, t4BN jower = 0,
and © = 45°. (c) Stray magnetic field along the center of the contact (x = 0) for different
thicknesses of ¢, BN jower, Where the y-position is relative to the graphene edge.

field at the graphene edge can be reduced by nearly a factor of three for a typical
set of experimental parameters. This reduction occurs because the stray fields due
to the top and bottom surfaces of the contact tend to cancel one another as the
vertical position of the graphene layer increases. While the perpendicular stray field
at the injection edge is still relatively large, ~ 250 mT, further optimization of the
contact geometry can reduce this, e.g. by tuning the ratio of t4,N upper/thBN lower
[Paper II]. A shallower etching angle © could also reduce the stray fields at the
graphene edge [Paper II]. Additionally, thicker top hBN layer can significantly
reduce the stray fields at the contact edge corresponding to y = 300 nm [Paper II].

3.3 AIll-CVD batch-fabricated fully-encapsulated
graphene devices with 1D edge contacts

The graphene quality could be further increased in comparison to graphene-hBN
heterostructure by improving the CVD graphene mobility via reducing the SiO,
substrate-induced doping and graphene-substrate interactions [159, 171] by fully
encapsulating CVD graphene in h-BN. Utilizing high-quality, large-grain graphene
growth would also allow to significantly improve graphene characteristics and spin
transport performance. Furthermore, as a next step fully-scalable fabrication ap-
proach should be considered with utilization of only all-CVD h-BN /graphene/h-BN
stacks patterned on large area. In this section characterization of fully-encapsulated
by hBN all-CVD graphene devices with Ti and Cr 1D edge contacts is investigated
in Hall bar-geometry devices.

The samples were prepared using a scalable fabrication process. An optical
picture and schematic representation of a chip-size batch-fabricated graphene Hall
bar devices with 1D edge contacts are shown in Fig. 3.9a and Fig. 3.9b, respectively.
Each device consists of CVD graphene sandwiched between multilayer CVD hBN.
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Figure 3.9: (a) The schematic representation of the fabricated CVD graphene encapsu-
lated in CVD hBN Hall-bar devices on Si/SiO substrate with 1D edge contacts. (b) Optical
microscope picture of the batch-fabricated chip and the individual graphene Hall bar
device.

The 2D material heterostructure was prepared on a Si/SiO9 wafer by large-area
PMMA-supported wet-transfer technique and Ar/Hy annealing for each layer. Next,
they were patterned to Hall bar structures by using an Al (20 nm) hard mask for
etching with CHF3 and Oy gas. The Al hard mask was removed by wet chemical
etching. The 1D edge contacts were fabricated by means of photo-lithography and
electron beam evaporation of metals (Ti/Au or Cr/Au).

Fig. 3.10a shows the prepared all-CVD hBN /graphene/hBN heterostructures
on a 4-inch SiOy/Si wafer. The grain size of the CVD graphene is mostly between
1 — 5 pm range. The thickness of the CVD hBN used in the heterostructures was
measured by AFM (~ 10 — 13 nm, as shown in Fig. 3.10b). The rms roughness of
the hBN films were found to be 1 — 2 nm on SiO, substrate. Although the organic
contamination introduced on hBN from the transfer and device fabrication process
could be removed by annealing in Ar/Hs, the roughness remains at similar values.

The electrical characteristics of 1D edge contacts with Cr/Au and Ti/Au
metals to graphene are shown in Fig. 3.10c—e. As observed from the current-
voltage (IV) characteristics, the Cr/Au contacts provide a low-resistive linear
behavior, while Ti/Au contacts show a high-resistive non-linear tunneling behavior.
The weak temperature dependence of the resistance for the Cr/Au contacts at zero
bias and at 0.5 V bias (Fig. 3.10d) indicates high quality interfaces [172]. However,
the high resistance and tunneling behavior of the Ti/Au edge contact to graphene
(Fig. 3.10e) could be due to interfacial species, such as oxidation at the interfaces.
The encapsulated CVD graphene is found to be hole-doped with sheet resistances
Rn ~ 520 — 870 Q /0.

The Hall measurements on the hBN /graphene/hBN heterostructure devices
with Cr/Au and Ti/Au edge contacts at ambient conditions are presented in
Fig. 3.11. The Hall signal Vj, measured at a constant applied current while
sweeping a perpendicular magnetic field B, at bias current I = 90 pA, is shown
in Fig. 3.11b. A background voltage offset, due to a misalignment between Hall
probe contacts, has been subtracted. Fitting the Hall response with equation 3.1,
the Hall mobilities were obtained p = 1/(gen2pRn) ~ 1200 cm?/Vs™! with carrier
concentrations nop ~ 8 x 1012 ecm~2. The high charge doping is most likely due to
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Figure 3.10: (a) The prepared hBN/graphene/hBN heterostructures using all-CVD 2D
materials on a 4-inch SiO2/Si wafer by layer transfer method. Different regions containing
2D layers and heterostructures are indicated by schematics. (b) AFM image and thickness
profile of CVD hBN on SiOy/Si wafer. (c) Two-terminal IV characteristics of the device
with Cr/Au (red) and Ti/Au (blue) edge contacts to graphene at 293 K. (d),(e) Cr/Au and
Ti/Au edge contact resistances at 0.5 V bias (asterisks) and zero bias voltage (squares) as
a function of temperature, respectively.

the wet transfer process that might have trapped impurities at the hBN /graphene
interfaces. The Hall bar samples with Cr/Au contacts showed stable performance
and good response to magnetic field changes in time (Fig. 3.11c), while Ti/Au
contacts revealed much higher noise (Fig. 3.11d). This shows that Cr/Au edge
contacts perform better in terms of higher linearity of the Hall response and
lower noise compared to Ti/ Au. The extracted current-related Hall sensitivities
(equation 3.2) St were found in the range 60 — 100 V/(AT), similar for both Cr/Au
and Ti/Au contacts and of comparable amplitude to Si-based Hall sensitivities [157].
Measurements up to 190 days after fabrication showed little degradation of the
contacts and graphene channel over time, in contrast to unencapsulated graphene
devices [Paper II1].

The utilized h-BN encapsulation is imperative step forward towards protection
of graphene for practical applications in ambient environment. The performance
of devices would greatly benefit from improved CVD growth methods of graphene
and multi-layer hBN, as well as large-area layer transfer techniques for fabrication
of heterostructures. Furthermore, development of methods for in-situ growth [173—
175] of high-quality hBN /graphene/hBN van der Waals heterostructures on large
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Figure 3.11: (a) The schematic configuration for the Hall measurements. (b) Hall voltage
as a function of perpendicular magnetic field at 293 K for Cr/Au (red) and Ti/Au (blue)
contacts. (c¢),(d) Hall voltage as a function of time at different applied magnetic fields at
293 K for Cr/Au and Ti/Au contacts, respectively. Measurements are shown for a bias
current of I = 90 pA and the background offset voltage is subtracted from the measured
data.

areas would by-pass fabrication-related problems and allow for higher Hall sensitiv-
ities with lower graphene doping levels. Further investigations are required on the
performance of all-CVD fully-encapsulated graphene devices with ferromagnetic
1D edge contacts and spin transport in such graphene devices. To be noted, as
revealed from the calculations on the stray fields from ferromagnetic contacts in the
2D graphene channels contacted by 1D contacts, the presence of additional bottom
hBN layer would benefit the performance of such devices in terms of reducing
fringe fields and possibly allowing for observation of spin injection/detection with
1D edge contacts. Additionally, modifying the contacts outline to make them
cross the channel completely along its width has been reported to be beneficial for
injection and detection of spins with 1D edge contacts, where spin transport was
observed in all-exfoliated hBN /graphene /hBN heterostructure device in nonlocal
measurement geometry [77].



4 Van der Waals magnetism and
magnetic proximity effect in
graphene

The field of two-dimensional magnetic materials has been thriving since 2017
when first experimental reports on atomically thin 2D magnets were published.
The availability of a range of such atomically thin van der Waals materials already
discovered, and many more to come in the future, hold promise for making new
heterogeneous devices in combination with other 2D materials for pushing the
frontiers of the state of the art in the field of spintronics. This chapter provides a
characterization of Fe-based metallic van der Waals ferromagnets and magnetic
insulator CroGesTeg with perpendicular magnetic anisotropy. The measured data
are analyzed and discussed in the context of the present state of the art in the
field. The latter was studied in heterostructure with graphene, where proximity
magnetic order was induced leading to modified Hanle spin precession signals and
increased spin relaxation anisotropy.

4.1 Ferromagnetic insulator Cr,Ge;Teg

Although the first studies on bulk crystals of the Heisenberg ferromagnet CGT have
appeared decades ago [176, 177|, an active research on this material started in 2017,
sparked by the interest in two-dimensional magnets [81]. The lattice structure of
the CGT (schematically shown in Fig. 4.1a) consists of van der Waals layers of
magnetic ions of Cr sandwiched by Te and Ge with a thickness of ~ 6.9 A per
layer [178] and lattice constants a = b = 6.83 A, ¢ = 20.6 A [176, 179, 180]. The
Raman spectrum of the CGT flake of ~ 30 nm in thickness (Fig. 4.1b) contains
pronounced ES’ and A; phonon modes at 108 cm™' and 134 cm™!, respectively,
which is characteristic of a CGT sample with more than one layer [179, 181]. In
the freshly cleaved flake no broad peak at 121 cm™! is observed, which can appear
in case of formation of any TeO, on the surface [181].

In contrast to Fe-based ferromagnets, CGT has semiconducting or Mott
insulator-type temperature dependence of resistivity [182, 183] with different
reported bulk bandgap ranging between ~ 0.38 eV measured by ARPES [184],

29
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Figure 4.1: Crystal structure (a) and Raman spetrum of CroGesTeg flake (b).

~ 0.74 eV as obtained from optical transmission experiments [185] and tunneling
spectroscopy [186], ~ 0.2 eV as activation energy extracted from temperature
dependence of resistivity [176, 183]. The resistance exponentially increases as the
temperature approaches Curie point and below, giving rise to insulating charge
transport properties in the ferromagnetic state. The transition from paramagnetism
to ferromagnetism occurs at Curie temperature of ~ 65 K in the bulk sample
as obtained from temperature dependence of magnetic moment of bulk CGT
crystal that was measured by SQUID (Fig. 4.2a), in agreement with reports in
literature [81, 176, 178, 182, 187, 188]. As the thickness of flakes reduces below
~ 5 nm, presumably below the range of spin-spin interactions in CGT [189]
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Figure 4.2: Magnetic characterization of bulk CroGesTeg. (a) Magnetic moment m
measured as a function of temperature with different applied magnetic fields. (b) Field
dependence of m as a function of magnetic field at 10 K for both in-plane and out-of-plane
magnetic field directions. Inset picture shows bulk CGT crystal next to tweezers for scale
reference.
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after dimensional crossover from 3D to 2D system [78], the magnetic ordering
temperature drops and reaches a value of ~ 30 K in bilayer as shown experimentally
by MOKE measurements [81] and confirmed by calculations [190]. The magnetic
field dependence of magnetic moment of bulk CGT (Fig. 4.2b) do not show any
visible remanence and magnetic saturation state onsets easier when magnetic field
is applied along the c-axis. This confirms the out-of-plane magnetic anisotropy,
in accordance with other reports [81, 182, 183]. By application of electric field
through gating in thin flakes of CGT the channel conductivity was tuned by an
order of magnitude below Curie temperature and the AHE was observed [178§].
Lorentz transmission electron microscopy [191] study of the magnetic domain
structure of CGT revealed formation of non-trivial magnetic textures (skyrmions)
in thin flakes of ~ 20 nm below Curie temperature when the sample was cooled
under small applied perpendicular magnetic field or moderate-magnitude (below
saturation value) perpendicular fields were applied [192], similar to F3GT [193,
194]. Under applied elevated pressures the lattice constants can be modified,
leading to decrease of Curie temperature [187], switching to easy-plane magnetic
anisotropy [183], semiconductor-to-metal transition [195, 196].

4.2 Magnetic proximity in graphene/Cr,Ge,Teg
heterostructures

Topological quantum states of matter and spintronics have considerable interest
in the field of condensed matter physics for applications in low-power electronics
without the application of an external magnetic field [197, 198]. The generation of
magnetic exchange interaction and strong spin-orbit coupling in 2D Dirac materials
such as graphene is expected to result in the emergence of quantum anomalous Hall
state and topologically protected chiral spin textures [199, 200]. Graphene, having
excellent charge and spin transport properties, is a suitable atomically-thin 2D
material to create proximity-induced effects when placed in heterostructures with
other functional materials [148, 201-203]. Inducing magnetism in graphene through
proximity effects, in contrast to functionalization with adatoms and vacancies [44,
112, 115], allows to reduce the disorder, which in terms of energy scale must
be smaller than exchange splitting gap. Magnetic proximity effects have been
investigated in graphene in heterostructures with ferromagnetic semiconductor
CrBrs [90, 126], antiferromagnetic semiconductors CrSe [107], CrSBr [91], 3D
ferromagnetic metals Co and Ni [204], magnetic oxides BiFeOs [124, 125], YIG [106,
108, 118, 121, 122, 205], EuO [123] and other magnetic insulators such as EuS [105].
Atomically-flat nature of 2D material-based van der Waals heterostructures is
beneficial for a good interfacial contact for proximity interactions. Theoretical
predictions indicate that heterostructures of 2D magnetic materials with graphene
are expected to produce a large exchange splitting in the graphene layer, enabling
the emergence of a topological quantum phase [206-208], which is switchable by
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Figure 4.3: (a) Schematic of atomic structure of CGT/graphene heterostructure.
(b) Graphene band structure in proximity with CGT in the vicinity of the Dirac point.
Graphene can acquire magnetic order with a splitting of spin-degenerate bands by an
exchange gap AE,;.

electric field valley splitting [209].

In the present work, the magnetic exchange splitting in graphene was in-
duced through proximity to a flake (~ 30 nm in thickness) of ferromagnetic
insulator CroGeyTeg (Fig. 4.3) [Paper IV] and studied by employing nonlocal spin
transport and Hanle spin precession measurements (section A and Fig. 4.4a) in
graphene/CGT heterostructure channel. The choice of CGT is motivated by its
layered structure and insulating behavior at low temperature (~ 60 MQfor CGT
[Paper IV]). The device (Fig. 4.4b) was nanofabricated on Si/SiO9 substrate with
pre-transferred CVD graphene on it. After patterning graphene into stripes with
electron beam lithography and oxygen plasma etching, the exfoliated flakes of
CGT were dry-transferred on top, followed by another series of lithography steps
for electron beam evaporation of TiOy/Co contacts.

The spin valve and Hanle precession measurements at room temperature

Figure 4.4: (a) The nonlocal spin transport measurement configuration with
graphene/CGT channel. (b) False-color optical microscope picture of the nanofabricated
device.
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(300 K), well above the T, of CGT (Fig. 4.5a,b), demonstrated signals that
are representative of pure graphene channels for both up and down magnetic
field sweeps (Fig.3.1). By fitting the signal with equation A.2 the spin lifetime
7, = 244 + 32 ps, diffusion coefficient Dy = 0.019 & 0.005 m?s~! and diffusion
length A = /D7, = 2.1 £ 0.4 pm were obtained. At low temperatures (50 K),
below the Curie point of CGT (Fig. 4.5¢), one can notice two distinctive features
of the measured Hanle signal: a shift of the two Hanle peaks with respect to each
other and asymmetry of the Hanle peaks. Such observations are indicative of an
out-of-plane magnetism induced in the graphene by proximity to CGT.

These features are also seen in simulations (Fig. 4.6) obtained from the solution
of the Bloch equation that considers spatially inhomogeneous spin transport prop-
erties due to the influence of the CGT flake, which was derived in supplementary
material of [210]. The expression is given by

C e~ (Len—Lm)/A
RNL = —-Re 5 ¢ 5 (4.1)
.[ ()‘H+>‘) eLH/)\H _ MB_LH/AH
)\H)\ )\H)\

where A = \/ Dry/(1 + iwTy) is the spin relaxation length in the uncovered graphene
region, modified by the magnetic field. The Larmor precession frequency (equa-
tion A.1) is given by w. In the graphene/CGT region, these parameters are

given by Ay = \/ Dyt /(1 +iwgTh), where Larmor frequency wy is modified by
substitution B, — B, + B., and B, is the perpendicular exchange field induced
in the graphene by the CGT. The channel length is given by L., and the length
of the graphene/CGT region is Ly, C' denotes the ampliude of the Hanle signal.
The parameters used in simulation of Fig. 4.6a are L., = 6.95 pm, Ly = 4.3 pm,
7y = 340 ps, 7y = 100 ps, D = Dy = 0.05 m?/s and C' = 3.4 m{). The form of
B, as a function of B, is shown in the inset of Fig. 4.6a. In the Fig. 4.6b the
Hanle signal is simulated for a different value of Ly = L., that corresponds to
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Figure 4.5: (a) Spin valve and (b) Hanle measurements at room temperature in
graphene/CGT heterostructure channel with black dashed line fitting according to equa-
tion A.2. (c) Hanle spin precession signal at 50 K in the same channel.
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Figure 4.6: Simulated Hanle curves. (a) The case when the CGT flake covers ~60%
of the graphene channel, with the inset showing the assumed behavior of B.,. (b) The
case when the CGT flake uniformly covers the entire graphene flake. The inset shows the
asymmetric portion of the forward sweep curve for each case, indicating that asymmetry
in the central Hanle peak arises from the nonuniformity of the proximity-induced exchange
field. Bjna, denotes magnetic field at the peak position [Paper IV].

full coverage of the nonlocal graphene channel by the CGT, in contrast to 60%
coverage in Fig. 4.6a. The inset in Fig. 4.6b shows the asymmetric component of
the forward sweep in each case. Here it is evident that the asymmetry of the central
Hanle peak (between the dashed lines in the inset) arises from the finite extent of
the proximity-induced exchange field, and this asymmetry disappears in the limit
of full coverage by the CGT. In the experimental sample perpendicular component
of the stray fields B from the CGT flake do contribute to the spin precession in
the channel by adding to the external field B, — B, + B., + B;. However, the
observed Hanle signals are mainly shaped by the contributions from externally
applied and exchange fields as shown in Supplementary note 2 of [Paper IV]. The
peak splitting between the two Hanle sweeps can then originate from hysteretic
behavior [211] of the proximity-induced magnetic exchange fields in graphene. This
alters the position of the Hanle peak corresponding to zero total field, which, due
to hysteresis, is obtained at different values of the applied magnetic field depending
on the sweep direction.

The Hanle spin precession measurements performed at several different temper-
atures further elucidate the proximity-induced magnetic interaction in graphene-
CGT heterostructures (Fig. 4.7). The measured data reveal a rapid decrease of the
nonlocal spin signal amplitude (Ry) with increasing temperature in comparison
to the temperature dependence of pristine graphene (Fig. 4.7b) [53], followed by
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Figure 4.7: Temperature dependence of spin signal in graphene/CGT heterostructures.
(a) Nonlocal Hanle spin precession measurements as a function of perpendicular magnetic
field for up (blue) and down (red) sweeps at different temperatures. (b) Normalized
nonlocal Hanle signal amplitudes (Ry) as a function of temperature for a graphene/CGT
device (red) and for a 4 pm CVD graphene channel (green) [53]. (¢) Magnitude of the
horizontal separation between positions of nonlocal Hanle signal peaks for up (By ) and
down (By down) sweeps as a function of temperature. (d) Asymmetric part of the measured
Hanle signal at different temperatures. (e) Amplitude of the asymmetric signal from (d)
as a function of temperature. The solid lines in (b) and grey regions in (b), (c) and (e)
are guides to the eye.

a saturation of the signal above the Curie temperature of the CGT. The rapid
spin signal amplitude decay with temperature in the range of T' < T, compared
to pristine graphene, can be attributed to fluctuating proximity-induced magnetic
exchange fields due to random fluctuations of the magnetization of the CGT flake,
which become more pronounced approaching the magnetic ordering temperature
of CGT [121]. Such fluctuations cause random changes of the proximity-induced
exchange field and, hence, the effective field that acts on the propagating spins,
leading to enhanced spin relaxation [212, 213]. Furthermore, the separation be-
tween the peaks for opposite Hanle sweeps vanishes at elevated temperatures
(Fig. 4.7¢).

The presence of Hanle peak shifts indicates that the proximity-induced ex-
change field in graphene persists above the Curie temperature for bulk CGT [123,
214-218] (~ 65 K) up to at least 100 K. Possible factors that lead to such en-
hancement of Curie temperature at the interace are e.g. interface charge transfer,
interface built-in electric field, interfacial orbital hybridization, strain, band renor-
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malization [85]. Additionally, one can deconvolute the measured Hanle signal into
symmetric and asymmetric components, where the latter contains information on
additional rotation of spins in the channel [219] with respect to normal precession
caused by the applied perpendicular magnetic field. Such rotation can originate
e.g. from the modified spin texture of graphene under the CGT flake caused by the
proximity to the latter. From Fig. 4.7d,e one can see that the asymmetric contribu-
tion to the signal also vanishes with increasing temperature in a comparable way
as in Fig. 4.7c. This suggests the same origin for peak splitting and asymmetry:
both can arise from the proximity-induced exchange field in the graphene channel
under the flake, which persists at 7' > T, of bulk CGT and decays with increasing
temperature, while being completely absent at temperatures above 165 K. Fitting
the symmetric component of the Hanle signal with the solution of the Bloch
equation for spin diffusion in a homogeneous channel gives values of the in-plane
spin lifetimes 7| in the range of 90 — 280 ps; the comparably large spread of values
results due to a large number of free fitting parameters (supplementary note 4 in
[Paper IV]). However, most fits resulting in reasonable spin transport parameters
yielded an exchange field on the order of a few tens of mT.

The spin transport measurements in the graphene-based hetero-structures
revealed also the spin relaxation anisotropy, as observed by employing the same
nonlocal Hanle measurement configuration (Fig. 4.8). However, here the field
sweep range is broader, allowing for injection and detection of both in-plane and
out-of-plane spins in different field ranges. In-plane spins are injected and detected
at low field values when the contacts are magnetized in-plane at magnetic fields
B, < 0.2 T (Fig. 4.8a). With increasing out-of-plane field the magnetization of
the contacts starts to rotate to the out-of-plane direction, reaching saturation
at B, > 2 T(Fig. 4.8b). When spins relax with different rates in the in-plane
or out-of-plane direction, different amplitudes of the signal are observed for the
corresponding magnetic field ranges (Fig. 4.8c). Therefore, the in-plane spin
lifetime 7 is estimated from low B -field Hanle data, while the out-of-plane spin
lifetime 7, is extracted from large out-of-plane B -field measurements. As shown
in Fig. 4.8d, in the graphene/CGT heterostructure the spin signal magnitudes

at B, = 0 for in-plane spins (AR‘J\,L) and at B = 2.5 T for spins perpendicular

to the plane (ARy;) show strong anisotropy, with ARy, > AR')V ; and with a

ratio ARy, / AR‘JVL ~ 10. The spin lifetime anisotropy r = 7. /7 is obtained

from ARL, /AR, = \/re=@/AI/Vi=1) where L is the channel length and Ap is
the spin diffusion length for in-plane spins [220]. From this expression we find
a strong anisotropy, with r being 3.9 times the value of 7 ~ 150 ps (assuming
homogeneous channel characteristics). Such observations are in contrast with the
isotropic spin relaxation in pristine graphene channels, which have a value of r
close to 1 (0.94 £ 0.01 in Fig. 4.8e¢).

While the increase of SOC, particularly Valley-Zeeman type, in the prox-
imitized graphene can generate an out-of-plane spin texture and increase spin
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Figure 4.8: Anisotropic spin relaxation in graphene/CGT heterostructure. (a) Mea-
surement geometry with small perpendicular magnetic field By < 0.2 T, where the
magnetization of the ferromagnetic Co contacts and injected spin polarization are inplane,
resulting in Hanle spin precession. (b) Measurement geometry with large perpendicular
magnetic field B} > 2 T, where the magnetization of the ferromagnets and injected spin
polarization are out of plane, resulting in no Hanle precession. (c) The measurements of
graphene/CGT channels indicate anisotropic relaxation with faster rates of spin relaxation
for in-plane spins, as shown in the schematic. (d) Experimental nonlocal measurements in
a channel with ~ 60% flake overlap at 60 K and 100 K. A parabolic magnetoresistance
background is subtracted from the measured data. (e) The reference measurement in
pristine CVD graphene showing very low anisotropy with almost similar signal for in-plane
and perpendicular spins.

relaxation for in-plane spins leading to spin relaxation anisotropy r > 1 as shown
in CGT/graphene [Paper IV] and TMDC/graphene [221, 222] heterostructures,
the temperature dependence of the spin signal in Fig. 4.7b suggests that magnetic
exchange fluctuations are playing a role in the spin relaxation. In this scenario,
an apparent spin relaxation anisotropy can also emerge. In case of the exchange
fluctuation mechanism the spins are dephased by the fluctuations, but if magnetic
field is applied the fluctuations are suppressed. This is different for spins parallel
and perpendicular to the applied magnetic field, which results in an increase of
anisotropy with increasing out-of-plane magnetic field B;. Assuming that ex-
change fluctuations are the sole source of spin relaxation in the graphene/CGT
devices, the spin relaxation is nearly completely isotropic (r &~ 1.002) at B, =0
and becomes anisotropic with increasing values of B, (supplementary note 6 in
[Paper IV]). This analysis indicates that if the spin relaxation is dominated by
exchange fluctuations, the large anisotropy seen in Fig. 4.8d can be driven by the
external field B, and may not be intrinsic to the graphene/CGT interface. This is
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because the perpendicular proximity-induced exchange field B.,, while sufficiently
large to see in Hanle measurements, is not large enough to suppress exchange
fluctuations in graphene. It is still unclear whether spin relaxation is dominated
by SOC, exchange fluctuations, or a combination of the two. However, considering
that according to DFT calculations [Paper IV] the exchange splitting is expected
to be an order of magnitude stronger than SOC, one can expect the origin of
the experimentally observed anisotropy of spin relaxation to be mainly caused
by the exchange fluctuations. The temperature dependence data in Fig. 4.7b
points to at least some contribution of exchange fluctuations, while the anisotropy
measurement in Fig. 4.8d can be explained by either of the mechanisms.

These findings on proximity-induced magnetism in graphene demonstrate
the potential of proximity effects in graphene for spin injection. An alternative
approach implies direct injection of spin polarized carriers from ferromagnets,
either conventional 3D metals and alloys such as e.g. Co, permalloy or from van
der Waals metallic magnets, which provide a smoother interface with graphene.

4.3 Metallic ferromagnets Fe;GeTe; and Fe;GeTe,

The layered magnetic materials FesGeTey and Fe;GeTe, are exfoliable van der
Waals metallic itinerant ferromagnets. The crystal structures (Fig. 4.9a and
Fig. 4.9b) consist of two layers of alternating Te-Fe-Ge(Fe)-Fe-Te for FesGeTe,
(F3GT) and 3 layers for FesGeTey (F5GT) in the unit cell. For the latter, each
layer consist of 3 Fe atoms, whilst Fe at site 1 is a split-site that is located either
above or below the Ge atoms. Hence, Ge site is also a split-site that adjust to
the position of Fe atom to maintain the proper bond length. The layers are kept
together by the weak van der Waals interactions with gaps in between them. The

Fe,GeTe,
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Figure 4.9: Crystal structures of (a) F3GT and (b) F5GT [223]. (¢) Raman spectrum of
F3GT.
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lattice parameters are a = b= 4.00 A(a = b =4.04 A), c = 16.28 A(c ~ 29.1 A)
for F3GT (F5GT) [86, 223-227]. The Raman spectrum of bulk F3GT at room
temperature (Fig. 4.9c) shows a pronounced A, symmetry mode peak at 125 cm™*
related to vibrations of Fe and Te atoms along the interlayer direction [228].

To investigate electronic and magnetotransport properties, samples of F3GT
and F5GT were nanofabricated on Si/SiOy substrate by means of mechanical
exfoliation, electron beam lithography and electron beam evaporation of con-
tacts made of Cr/Au. The temperature dependence of the representative F3GT
flake (thickness ~ 20 nm) resistance (Fig. 4.10a) reveals a metallic behavior with
a gradual drop of resistance with decreasing temperature. This was observed for
F3GT flakes with thicknesses of 4 layers and more [84]. The resistance shows
an upward increase below 20 K. The fit of the low-temperature resistance data
according to 2D Mott variable range hopping model (top inset in Fig. 4.10a)
gives Ln(R) ~ T3, suggesting that at low temperatures the carrier transport is
dominated by localized states. This is in accordance with previous observations
in F3GT [82, 84, 229-231] and other materials such as metallic T1;S3Se [229],
semiconducting MoTes, MoSes [232], magnetically doped topological insulator
Cr,Biy_,Tez [233]. There is a kink in resistance at ~ 170 K, which is clearly
visible in the first derivative OR/JT. The kink indicates the Curie Temperature
with phase transition from a paramagnetic to a ferromagnetic state of F3GT.
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Figure 4.10: (a) Temperature dependence of longitudinal two-terminal resistance of
F3GT. (b) Transverse magneto resistance measured at 4 K in a Hall bar device as shown
in a false-colored optical picture in the inset. Scale bar is 1 pm. Insets in (a) are a
fit according to the variable range hopping model (bottom right) and a smoothed first
derivative of resistance OR/JT (bottom right). The red arrow indicates the T, ~170 K
for the F3GT flake.
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Anomalous Hall effect and magnetism

AHE measurements were performed in nanofabricated Hall bar devices with
Cr/Au contacts to characterize the magnetic properties of the materials. The
presence of long-range magnetic order at low temperature and the perpendicular
magnetic anisotropy allows for observation of AHE, as shown in Fig. 4.10b for
F3GT. It has been measured while sweeping the out-of-plane magnetic field and
measuring transverse magnetoresistance R,,, which consists of the ordinary and
AHE components. The latter component stems from inherent ferromagnetism.
Since F3GT is highly conductive with a high concentration of carriers, the ordinary
Hall contribution is small compared to the anomalous component within the
measured field range, giving a flat magnetic field dependence after each switching.
The hysteresis loop reveals an abrupt jump of magnetoresistance for the two
opposite perpendicular magnetic field sweeps at 4 K, indicating near-single magnetic
domain in the F3GT flake at this temperature for the flake lateral dimensions of
~ 3 pm.

As the magnetic order in F3GT changes with temperature, so does the AHE
response (Fig. 4.11). The magnetic field sweeps start to acquire loop shape
at temperatures below 150 K, while the width of the loops increases when the
temperature drops (Fig. 4.11a). The jumps of magnetoresistance at the switching
fields change from gradual (low temperatures) to sharp (intermediate temperatures
50 — 130 K) and eventually smooth out with the loss of magnetic structure. The
Curie point was obtained by Arrot plots analysis method [234, 235] (Fig. 4.11D).
The value of Rzy? is plotted against B/R,, at different temperatures. The
intercept of the straight line fittings, which changes from positive to negative
when magnetic order transforms from ferromagnetic to paramagnetic state [236],
is shown in the inset. It crosses zero at 149.5 + 8.0 K, suggesting this value of the
Curie temperature in the F3GT flake. It is less than reported for bulk samples of
FGT (with T, of around 200 K [82, 84]). Such a reduction of 7, is known to be
present in thin flakes with a thickness below 20 nm [82, 84, 231] and also can be
indication of reduced Fe content with distorted stoichiometry and presence of Fe
vacancies.

To obtain the critical exponent 3, the temperature dependence of the anoma-
lous Hall resistance AR, 54 can fitted according to ARy sar ~ (1 — 1/ T.)" [78].
The value of AR, sq: is the transverse resistance obtained after subtraction of
the linear contribution from the ordinary Hall effect and it is proportional to the
saturation magnetization of the F3GT flake [231]. From the fitting (top panel in
Fig. 4.11c) the value of 8 = 0.34 £ 0.06 is obtained with 7, fixed at 155 K. This
value of the critical exponent is characteristic of a 3D system (either Heisenberg,
XY or Ising model which all have very close values of 3) [78, 237, 238]. One could
expect this for a flake of > 20 nm in thickness, as the dimensional crossover to 2D
system (consequently, reduction of § value) appears when T, starts to drop with



41

(@) : : : (b) 160 —
75+ - Coot *e
5 L}
4K 120 2 by
o ot \
50, : 1 g £ 100 150
<) 80 T(K)
75+ . ~
=
! } 25K e
St - : —]
75+ 1
70 K 16
g; S0 f f f ]
o 75 — (C)A121-.+ oo
C
120 K 5 gl
S50, " " ] o al
75 { <
j 0
142 K .\
L i 80
50 : : : - L}
75} { £ \.
© 401 ®
170 K ° %
| J
50' 1 1 1 ] 0 .&.....
-0.5 0.0 0.5 0 100 200
Bn (T) T (K)

Figure 4.11: Temperature dependence of the AHE in FesGeTe,. (a) AHE data measured
in the Fe3GeTey Hall-bar device at different temperatures, as indicated. (b) Arrot plots of
the AHE data. The inset shows the temperature dependence of the intercept. (¢) Top
panel: transverse resistance at saturation AR, 4, obtained after subtraction of the linear
component. The red solid line is a fitting according to ARyy sqr ~ (1 — T/ T.)?. Bottom
panel: coercivity B, as a function of temperature. The dashed line is a guide to the eye.

thickness, which occurs once the range of spin-spin interactions becomes larger
than the sample thickness [189]. In F3GT it was demonstrated for thicknesses
below 6 monolayers [84, 231], for CGT in flakes thinner than 6 monolayers as
well [81] and other magnetic thin films at few monolayers thicknesses [78, 189].
Considering such value of 3 one can conclude that T, in the sample is determined
by exchange interactions primarily, rather than by the excitation gap in 2D that
results from magnetic anisotropy [81]. The value of the coercivity B, (bottom panel
in Fig. 4.11c) decreases with temperature and already at T' > 140 K nears zero,
while the transverse magneto resistance field sweeps remain highly nonlinear. This
again suggests formation of many small domains near the Curie point, giving rise
to nonlinearity. The transition persists up to about 170 K (Fig. 4.11a), when the
R, dependence becomes linear. In the paramagnetic state, above the Curie tem-
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perature, the carrier sheet density (2.5 x 104 cm~2) and mobility (20.4 cm?V~1s1)
were extracted at 180 K by fitting the R,, versus B data according to the ordinary
Hall effect.

To investigate the magnetic anisotropy of the F3GT flake sample, the angle
dependence of the AHE was measured (Fig. 4.12). The transverse Ry, (Fig. 4.12a)
and longitudinal R,, (Fig. 4.12b) magneto resistances were obtained while sweeping
the magnetic field at different angles from perpendicular to flake () = 0) to in-
plane directions. The angle dependence reveals the presence of sharp hysteresis
loops at perpendicular field direction. The width of the loops, or coercive field B,,
increases as the angle is tilted towards the in-plane direction (Fig. 4.12c), while the
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Figure 4.12: Angle dependence of the AHE in Fe3GeTey. (a),(b) AHE measured for
transverse (R,,) and longitudinal (R,,) magnetoresistance at different angles. The data is
shifted vertically. (c¢) Coercivity as a function of angle ¢ obtained from (a) (B 4y, red) and
(b) (Bega, blue), respectively. Inset: schematics of the device configuration with noted
angles between the out-of-plane direction and magnetization M (angle ©) and magnetic
field B (angle ¢). (d) © as a function of ¢ (blue squares). The red dashed line represents
the isotropic case © = 1 while solid red line is a fitting according to Stoner-Wohlfarth
model.
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amplitude of the magnetoresistance jumps is reduced since it is caused only by the
perpendicular component of the magnetic field. With a large enough in-plane field
of about 2 T the magnetic domains in F3GT are forced in the in-plane direction.
The observation of the AHE for the longitudinal magnetoresistance is not trivial
and arises due to imperfections in the shape of the Hall bar, where side contacts,
used for measuring R,,, overlap the channel. This allows for measurement of
the transverse charge separation with Hall bar contacts on one side of the flake.
Previously it has been shown that etching the flake into a perfect Hall bar shape
can eliminate the AHE signal for R,, [102]. Taking into account that the R, is
proportional to the out-of-plane component of the magnetization M, the angle ©
between M and perpendicular direction was extracted as a function of ¥ using
equation © = arccos (Ryy,y/Rey 1), where Ry, is an amplitude of the transverse
magnetoresistance jump at an angle ¥ and magnetic field of 500 mT (Fig. 4.12d).
The Stoner-Wohlfarth model was used to fit the data [239]. According to the
model, in equilibrium state the Zeeman energy is minimal with respect to the
magnetization angle ©, giving rise to K,sin(20) = M Bsin (¢ — ©). Here, M;
and K, are the magnetic moment and magnetic anisotropic energy per unit volume,
respectively. Considering M, to be 1.625 uB per atom of Fe [224], the fitting
gives an estimation of K, = 2.1 x 10° J/m3. This value is similar to previous
reports in F3GT flakes of up to 10 nm in thickness [84, 231] and slightly above
the value of 0.5 x 10° J/m? reported for CraGesTeg [240]. Fig. 4.12d shows that
the magnetization angle changes with delay with respect to the magnetic field
direction, tending to tilt closer to the out-of-plane direction. This confirms the
perpendicular anisotropy of F3GT.

In comparison to F3GT, F5GT has larger Fe content and increased Curie
temperature, which in bulk crystals was reported to be 310 K [86]. The material
possesses very little anisotropy in bulk samples, especially at high T, with pre-
vailingly reported preferred out-of-plane magnetization direction [86, 241], except
one study that claims in-plane preffered direction [242]. Such discrepancy in
anisotropy could be related to different content of Fe and its vacancies [225]. As
the thickness of F5GT flakes reduces, material demonstrates increasing tendency
towards out-of-plane magnetic ordering as revealed by the AHE measurements
with sharper R,, switching and increase in coercivity [223, 243]. The domain
dynamics with change of temperature appears to be complex in F5GT and not
completely understood yet. It is believed to be related to tunable iron content
and vacancies as well as fluctuating moments on the Fe-1 split-site location in the
lattice [86, 225, 241, 242] that remains magnetically disordered down to T' ~ 110 K.
Around this temperature the lattice constants slightly change [86]. Several reports
suggest formation of ferrimagnetic ground state or spin canting at intermediate
temperatures (~ 100 — 270 K) in F5GT [86, 223, 225, 242, 243], possibly due to an-
tiparalell or canted alingment of spins at Fe-1 sublattice. It has been demostrated
in literature that magnetic properties in F5GT can be significantly modified with
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substitution of Fe atoms by Co in (Fe;_,Co,)5GeTey [241, 244]. Thus, increasing
Co substitution to 20% enhances anisotropy and Curie temperature, while further
increase up to ~ 50% leads to formation of AFM ground state.

AHE in Fe;GeTesy flake of ~ 30 nm thickness at several distinct tempera-
tures is shown in Fig. 4.13. At room temperature the signal remains nonlinear,
indicating slight presence of magnetic ordering. In contrast, at 50 K abrupt
jumps in R, suggest fully ordered magnetic state with a single domain behav-
ior. More interesting Hall signal is obtained at intermediate temperature of
250 K. Here, as the magnetic field is swept with increase in amplitude, the R,
response gradually transitions to intermediate value forming a plateau. With
further increase of magnetic field magnitude the gradual transition in R,, con-
tinues until saturation is reached. Similar transitions of the AHE signal were
reported in ferromagnetic thin films of SrRuOgs [245], ferromagnetic semicon-
ductor trilayers of GaMnAsP/GaAs:Be/GaMnAsP [246], trilayer structures of
F3GT /graphite/F3GT [102], ferrimagnetic insulator YIG [247], 2D ferromagnet
CrBrs [248]. The physical origin of this effect comes from domain magnetization
dynamics in the measured sample. The presence of one plateau in R,, for each
sweep direction at intermediate value between the two saturation levels suggests
formation of the two parallel transport channels in the flake [245]. The AHE signal
can be decomposed into two signals of the same sign, each one corresponding to
one channel, as shown schematically in the inset of middle panel in Fig. 4.13. The
nature of such channels is in formation of two magnetically different spatial regions
in the sample. Each region as a whole behaves as one domain that corresponds to
one transport channel that switch at specific coercive field characteristic to that
domain. Each of these two domains, when considered separately, can be spatially
continuous and interrupted only by one domain wall when it meets with the other
domain of the same type of spatial arrangement [247, 248]. Another possibility
is formation of e.g. stripe-like multidomain patterns in F5GT at intermediate
temperatures, where two-step AHE is observed. Such behavior has in fact been
demonstrated in literature in nanoflake (~ 70 nm thickness) of F5GT at tem-
perature range of 110 — 210 K [242], where stripe-shaped magnetic domains of
1.5 — 2 nm width appeared. Each of the two sets of such stripes were aligned in
opposite directions. Assuming that each set of stripes behaves magnetically as a
single domain gives rise to the two AHE transport channels that switch separately,
which has been observed in STRuQOj3 [245]. One can expect a correlation between
the number of channels and, consequently, the shape of the AHE signal transitions,
on one side, and thickness, lateral dimensions of the sample, temperature, on the
other side. Similar correlation has been shown in F3GT [82], but due to more
complex magnetic behavior that is observed in F5GT owing to increased Fe content
and fluctuating moments in Fe-1 sublattice at intermediate temperatures, this
dependence could be more intricate.

Another feature that one can observe in Fig. 4.13 is how the AHE amplitude
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Figure 4.13: Temperature dependence of the AHE in Fe;GeTe,. From left to right: AHE
at temperatures of 50, 250 and 295 K, respectively. Inset in the middle panel: schematic
plot of a two-channel AHE. Different colors at each temperature indicate opposite magnetic
field sweep directions.

changes with temperature. It is evident that at 250 K the amplitude is larger than
at 50 K, suggesting a presence of a peak at intermediate temperature. This has
been confirmed before [223, 225, 243] and is attributed to a decrease of anomalous
Hall coefficient below ~ 100 K, when Fe-1 sublattice orders leading to a change
in the band structure [225]. Such behavior of AHE amplitude with temperature
points also to a possibility of presence of ferrimagnetic state in F5GT [86, 223,
225, 243].

Layered magnets for spin injection and detection

Considering that F3GT and F5GT both are van der Waals magnets with metallic
charge transport behavior and perpendicular magnetic anisotropy, they are poten-
tial candidates for spin injection into graphene. The traditional contacts made
of thin ferromagnetic films of e.g. Co with tunnel barriers contain pinholes that
contribute to spin dephasing. The potentially atomically flat interface between
graphene and van der Waals metallic magnets could provide a solution to mitigate
this issue. Additionally, the perpendicular magnetic anisotropy is desirable in
microelectronics industry for high density spintronic devices [96, 249]. Spin trans-
port measurements in the device with F3GT/graphene channel (Fig. 4.14) reveal
that the spin signal amplitude ARy, (obtained from spin-valve measurements in
Fig. 4.14b,d,f) is reduced when spin transport is measured in the heterostructure
channel (ch3) in comparison to only graphene channels (chl and ch2) in the same
device. However, the reduction of ARy can be due to the longer channel length
of ch3 (4.3 yum), compared to pristine graphene channels (3 pm and 3.3 pm). The
estimated spin lifetimes 74 (Fig. 4.14h) are obtained from fitting of the Hanle spin
precession signals according to equation A.2 for the respective channels. Here,
the spin lifetimes is also found to be slightly lower in the heterostructure channel
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Figure 4.14: Spin transport in graphene/F3GT heterostructure. (a) Schematics of the
side view of the graphene/F3GT device with Co/TiO4 contacts and nonlocal measurement
schematics for three channels chl (3 pm), ch2 (3.3 pm), ch3 (4.5 pm), as indicated.
(b),(d),(f) The spin valve and (c),(e),(g) Hanle measurements in the three channels chl,
ch2, ch3, respectively. (h) The spin lifetimes 7, in the three channels as obtained from
fitting of the Hanle signals. The data is obtained at 50 K.

compared to pristine graphene channel. Therefore, the presence of F3GT flake on
the graphene can be viewed as a parallel transport channel. Thus, one of the pos-
sible scenarios is that part of the spins accumulated in the heterostructure channel
are absorbed by the F3GT flake, leading to reduced spin transport parameters
in comparison to pristine graphene channels. The efficiency of such absorption
is dependent on the relative orientation between the spins in the channel and
the direction of magnetization in F3GT below Curie temperature [250]. Further
experiments are required with injection and detection of out-of-plane spin polar-
ization from Co electrodes at high magnetic fields > 2 T to investigate the spin
absorption anisotropy. The van der Waals heterostructure of F3GT /graphene is
interesting for spin injection/detection in the graphene channels. A representative
device for such measurements is shown in Fig. 4.15a, while schematic nonlocal
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Figure 4.15: (a) Optical microscope picture of the Fe3GeTes/graphene heterostructure
device. The graphene stripe is false-colored for clarity. (b) Schematics of the nonlocal
measurement configuration for spin injection from the F3GT flake into the graphene
channel and subsequent detection of spin current by conventional Co contacts.

configuration is shown in Fig. 4.15b. After numerous attempts the experimental
observation of spin injection/detection with an F3GT flake instead of one of the
traditional Co contacts has been elusive so far. A main reason for this is the
quality of the interface obtained during the exfoliation and flake transfer pro-
cess onto the graphene channel. Although the experimentally observed interface
resistance is comparable in magnitude to that of Co/TiOs contacts, this is not
sufficient. Presence of interface contamination, although not affecting significantly
the resistance, could reduce the spin injection and accumulation in the channel
and be responsible for the challenging character of such measurements. Further
experiments with improved interface optimization can provide conclusive spin
injection and detection in van der Waals heterostructures.






5 Magneto and spin transport in
van der Waals semimetals and
candidates

Topological quantum materials present an attractive ground in spintronics stud-
ies owing to their strong spin-orbit coupling with unique band structures and
topologically protected spin textures that can give rise to charge-to-spin conver-
sion. Concurrently, graphene is utilized in spintronics as a long-distance spin
channel due to its low spin-orbit coupling strength. Combining these van der
Waals materials together in a heterostructure is promising for future all-electrical
spin-circuit devices that utilize charge-to-spin conversion without the need for
external magnetic fields. In this chapter, magneto transport studies are discussed
in topological van der Waals semimetals WTey and ZrTe; and unconventional
charge-to-spin conversion is demonstrated in W'Tey hybrid device.

5.1 Weyl semimetal WTe,

In the last decade topological materials have attracted significant research interest
due to their unique band structures and new topological states of matter were
discovered. Previously overlooked type-II Weyl semimetallic states were found
in WTey [251]. Its crystal lattice (Fig. 5.1a) has orthorhombic structure and is
arranged in layers bonded by weak van der Waals forces that stack along the c-axis
with interlayer distance of ~0.8 nm [252]. Along the a-axis within the a-b crystal
plane the W atoms form quasi-1D chains that are surrounded by Te atoms [253].
The crystal structure has a nonsymmorphic symmetry with only one mirror plane
(bc plane), a glide mirror plane (ac plane with translation of (a+c)/2), and a
screw axis || c¢. Neither twofold rotational invariance nor inversion symmetry is
present in this system [254]. Monolayer WTe; was shown to host quantum spin
Hall state [255], while bulk crystal is a type-II Weyl semimetal with tilted Weyl
cones in 3D momentum space in the bulk Brillouin zone (BZ) [251, 256] that are
connected by Fermi arcs in the surface BZ (Fig. 5.1b) [257-261]. The Fermi surface
in the bulk contains electron and hole pockets (Fig. 5.1c) [262-264], giving rise to
multi-carrier conduction [147, 252, 265].

49
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Figure 5.1: (a) Crystal lattice of Ty phase of WTey. (b) Schematics of the Brillouin
zone for Weyl semimetal. Adapted from ref. [261]. (c¢) Schematics of the Fermi surface of
WTe, with electron, hole pockets and surface states (SS). Arrows indicate a peculiar spin
texture. Adapted from ref. [264].

The electrical transport measurements were investigated in bulk WTe, sample
and 10 nm flake (as obtained from the AFM scan of the topography). The
measurements in the bulk WTe, are summarized in Fig. 5.2. The field dependence of
bulk channel resistance (Fig. 5.2a) shows very large magneto resitance MR of up to
~ 7500% when the magnetic field B, is applied along the c-axis of the lattice, which
is a consequence of a peculiar band structure with nearly compensated electron-hole
two-band conduction [147]. The magneto resistance in another bulk channel reveals
Shubnikov de Haas (SdH) oscillations (Fig. 5.2b,c). Analysis of these oscillations
allows to extract a number of the transport parameters in WTey. Thus, by fitting
the Landau fan diagram (Fig. 5.2d) according to N = B-Bp+ [ [266], the frequency
of the oscillations Br =~ 141 &1 T can be extracted as well as the phase factor
£ ~ 0.53 + 0.11. This value of 8 agrees well with 0.5 that is expected for Dirac
fermions [137], which could arise in WTes from the Weyl nodes. Next, from the

Onsager’s relation [137], the carrier concentration nop = eBp/h ~ 3.4 x 1012 cm™2,

the Fermi momentum kr = ,/4wq.Br/h = 0.065 A~! are obtained and the
cross-sectional area of the Fermi surface S that is normal to the field direction
Sp = nk% = 2meBr/h = 1.3 x 1072 A=2 [145]. By fitting the temperature
dependence of the SdH oscillations amplitude AR, with [266]

A(T)

Al o N T))

(5.1)

as shown in Fig. 5.2, where \(T') = 2n%kpT/hw. and w, is cyclotron frequency,
the electron effective mass is obtained m.ss = ¢.B/w. = 0.39m.. Here B is the
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Figure 5.2: Electrical transport measurements in bulk WTey sample. (a) Four-terminal
resistance of the bulk channel R,, and magneto resistance M R = Rax(B1) — Rex(0) /R, (0) as
a function of magnetic field B, applied along the c-axis of the lattice at 2 K. (b) Magneto
resistance with SAH oscillations at 2 K for another bulk channel. (c) Temperature
dependence of the SAH oscillations in WTes obtained from (a) after subtraction of the
background signal. (d) Landau fan diagram of the Landau index N versus 1/B in the a-c
plane. (e) Amplitude of the SdH oscillations AR,, as a function of temperature. The
solid line is a fitting according to the equation 5.1. (f) Dingle plot at 2 K with fitting
(solid line) according to the equation 5.2.

magnetic field that corresponds to the position of the fitted oscillation amplitude.
Taking into account the linear dispersion near the Fermi level, the Fermi velocity
is obtained by vg = hkp/me.s; = 2.0 x 10° m/s and Fermi energy Ep = hkpvp ~
84 meV. The transport lifetime 7 can be estimated from the Dingle plot [266, 267]:

~ (5.2)

22kgT 2’ Er 1
log (ARmBsmh <W>> ~ SRR

c TQeU%’ B
Fitting of the electrical transport data according to equation 5.2 (Fig. 5.2f) yields
T ~ 2.1 x 10712 5. Therefore, the mean free path | = vp7T ~ 417 nm and mobility
= qeT/Mepp ~ 9760 cm?V~1s™1,

The 10 nm flake device (inset in Fig. 5.3a) was nanofabricated by means of
exfoliation, electron beam lithography and electron beam evaporation of Cr/Au
contacts. The temperature dependence of resistivity (main panel of Fig. 5.3a)
shows metallic behavior, in accordance with previous reports [147, 252, 262, 268,



52 5 Magneto and spin transport in van der Waals semimetals and candidates

(@) os (b) (c) —2K —3K —4K
0.30
€
— E o
5 S g
G 04 4 9
£ < 025 2
x % X
Qx l % :
(=%
‘ <
0.2 0.20
0 100 200 300 0 4 8 12 0.075 0.090 0.105
T (K) BL (T) 1/B (T1)
(d) 12 (e) «
10
. 3
S
pz4 6 n?
<2
4
| |
2 1
Qoo 0.05 0.10 3 6 9 0.075 0.090 0.105
1/B (T T(K) 1/B (T

Figure 5.3: Electrical transport measurements in 10 nm WTe, flake. (a) Temperature
dependence of resistivity p... Inset: optical microscope picture of the nanofabricated
device. The flake is false-colored for clarity. (b) Magneto resistivity with SdH oscillations at
2 K. (c¢) Temperature dependence of the SAH oscillations in WTey flake sample. Magnetic
field B, is applied along the c-axis of the lattice. (d) Landau fan diagram of the Landau
index N versus 1/B in the a-c plane. (e) Amplitude of the SAH oscillations AR, as a
function of temperature. The solid line is a fitting according to the equation 5.1. (f) Dingle
plot at 2 K with fitting (solid line) according to the equation 5.2.

269]. The SdH oscillations are also observed here (Fig. 5.3b,c). At 10 K the
oscillations remain discernible after subtraction of the background signal. Analysis
of these oscillations in the same way as for the bulk sample yields transport
parameters for the 10 nm WTe, flake, which are summarized in Table 5.1.

The value of phase factor 5 obtained in the flake device is 0.25 £ 0.05, which

BF 5 Nna2p Meff kF (o EF T [ 1%

(T) (10*2ecm™2) (me) (A7YH)  (10°m/s) (meV) (107*2s) (nm) (cm?/(Vs))
flake

109 0.25 2.6 0.32 0.057 2.1 79 1.8 380 10060
(10 nm)
bulk 141 0.53 3.4 0.39 0.065 2.0 84 2.1 417 9760

Table 5.1: Estimated parameters from the SAH oscillations for WTes.
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differs from the bulk sample value of 0.53 4+ 0.11. This indicates a different Berry
phase in the flake ¢ = 275 ~ 7/2 (in comparison to ~ 7 in the bulk) and slight
deviation of the band structure at the Fermi level from linear dispersion [137],
which could be due to a different position of the Fermi level (79 meV in the flake
and 84 meV in the bulk samples) and is in agreement with a claim about sensitivity
of the Fermi surface to small shifts in Er that can lead to topological Lifshitz
transition [251, 265, 270]. To be noted, the SAH oscillations amplitude in bulk
WTe, (Fig. 5.2¢) is decreasing when magnetic field is increased beyond certain high-
field value (1/B < 0.1 T~1). This could be due to presence of additional oscillation
frequency, indicative of contributions from additional Fermi pockets. However, the
observed dominant oscillation frequencies Br of ~ 109 T and ~ 141 T for the
flake and the bulk indicate that electron pockets provide the main contribution to
conduction at the extracted Fermi level positions [265, 271].

5.2 Charge-spin conversion in WTe,

It has been shown that WTe, hosts spin polarization of Fermi pockets in bulk
bands and Fermi arc surface states [272, 273]. In such semimetals, the application
of an electric field is expected to induce a macroscopic spin polarization, known
as the Edelstein effect [274], that can be utilized to generate and detect spin
currents efficiently. Moreover, in crystals with lower or broken symmetry com-
pared to conventional metals [254], unconventional spin conductivity components
can exist [275]. Additionally, in the search for spin-polarized current sources
in topological quantum materials, various experiments have been reported on
topological insulators (TIs) [131]. However, a reliable nonlocal measurement for
spin polarization in TIs and its utilization for spin injection into non-magnetic
materials are so far limited to cryogenic temperatures (below 20 K) [276, 277]
because of the interference from nontrivial bulk bands [131]. Therefore, finding a
highly efficient spin-polarized topological material for charge-spin conversion (CSC)
at room temperature is indispensable for practical applications in spintronics and
quantum technologies.

The CSC in WTey was investigated in a hybrid device structure with graphene
channel and ferromagnetic tunnel contacts (FM) in a nonlocal device geometry
(Fig. 5.4a and section A). The device was nanofabricated by means of exfoliation
of WTe, flakes and transfer on pre-patterned CVD graphene stripes, followed by
fabrication of ferromagnetic tunnel contacts (Co/TiO3) by a series of electron beam
lithography steps and electron beam evaporation of metals. For the measurement
of the CSC effects, an electric current is applied vertically through the WTes
flake, which generates and injects a spin current into the graphene channel. After
propagation through the nonlocal channel, the spin-polarized current is detected
by the ferromagnetic contacts. The nonlocal spin-valve resistance Rosec = Vosco /I
with an in-plane magnetic field (B,) sweep at room temperature changes upon
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Figure 5.4: (a) Schematic of measurement geometry and false-colored device picture
(the scale bar is 5 pm) for electrical detection of charge-spin conversion in WTes. The
inset in the schematic show the spin polarization due to perpendicular current component
K,. (b) The nonlocal spin-valve measurement (Rcsc = Veosco/I, I is the bias current
across the WTey/graphene junction). (c) The corresponding Hanle spin precession signal
observed for parallel and anti-parallel orientation of the injected spin (s) from WTey and
magnetization of ferromagnet (M) with positive and negative magnetic field B sweep
directions at 300 K [Paper V].

reversing the magnetization M direction of the FM detector with respect to the
directions of the injected spins (s) from the WTey (Fig. 5.4b). The Hanle spin
precession signal is also observed in the same nonlocal configuration (Fig. 5.4c).
The observation of both the spin-valve and Hanle signal provide the direct and
unambiguous evidence of the creation of current-induced spin polarization in WTe,
and subsequent spin current injection and transport in the graphene channel at
room temperature.

In a WTes-graphene hybrid device, the source of the spin polarization can have
several origins, such as the spin Hall effect (SHE) and Edelstein effect (EE) from
the bulk WTe,, Rashba-Edelstein effect (REE) from the surface states [264] and
proximity-induced SHE and REE in graphene [278-280]. Moreover, some of these
effects can induce the in-plane spin polarization and can be entangled with each
other [264]. To distinguish different sources of the spin polarization, and to identify
the origin of the induced spin current in the WTey device, control experiments with
geometrical dependence were performed (Fig. 5.5). The charge current (I) applied
in WTey can have three components, i.e., K,, K,, and K., that can possibly
induce the spin polarization. The control experiments performed by reversing the
bias current polarity along different directions to check the polarity of the CSC
signals reveal that the switching directions of the CSC signal (Rcg¢) remain the
same with the reversal of bias currents along both sides of the WTe, flake, i.e., the
K, and — K, directions (Fig. 5.5a). Therefore, the bias current component in K,
direction is not the source for the current-induced spin polarization. Consequently,



95

(b)

T T s T T T T
2004 |1 7 1509 — 7
| { o I,
—_ — ar
G i, it A CE:
E ~ ~— 0_ -
S—rt 0_ - 2
? 3
&-’ o’
|
2 -150 4 I2 .
-200+4 .
—Ol.l OjO Ojl -Ol.l 0:0 0:1
By (T) By (T)

Figure 5.5: (a) Schematics of the measurement geometry with bias current (represented
by solid and dashed arrows) applied at both sides of the WTe, flake and the corresponding
spin valve signals measured. This measurement creates a reversal of the component K, of
the bias current. (b) Schematics of the measurement with bias current applied at both
terminals of the WTe, flake and the corresponding spin valve signals measured in another
device. This measurement creates a reversal of the component K, of the bias current. A
shift in the Y-axis is added for the sake of clarity [Paper V].

we can rule out the origins of spin polarizations entangled to K, -direction, like
SHE and REE effect in WTey [264] and also proximity-induced SHE and REE in
graphene [278, 279, 281, 282]. Second, when the bias current was applied either to
one or the opposite terminals (K, and —K, directions) of WTe, (Fig. 5.5b), the
Resco signal switching directions remain the same. This rules out the contribution
to the spin polarization from the current component in K, direction. To be noted,
the switching direction of the spin-switch signal is observed to be different for
different devices as shown in Fig. 5.5a and Fig. 5.5b. This can be due to the
uncertainty in different crystal orientations (+a, +b axis) of the exfoliated WTe,
flakes relative to the detector FM.

All these control experiments indicate that the current component in K,
direction in WTe, is the primary source for the generation of spin polarization in
the measurement geometry of WTey /graphene devices. Therefore, the origin of the



56 5 Magneto and spin transport in van der Waals semimetals and candidates

spin signal can be attributed to the out-of-plane current-induced spin momentum
locking of the spin-polarized Fermi states at room temperature [272, 273]. To be
noted, here the charge current along k, that give rise to the spin-polarized current
(Js) are both collinear with each other, which is unconventional CSC that does
not follow the right-hand rule with j; L k.. This could be possible due to reduced
symmetry in WTes induced by e.g. strain [283, 284] arising in the devices with
metal contacts.

5.3 Topological semimetal candidate ZrTe;

The research on ZrTes has started nearly four decades ago [285-287], but a new
push towards more investigations was sparked recently by prediction of topological
properties in the material [288—-291], signatures of which have been demonstrated
experimentally by a number of studies [142-146, 292-309]. The crystal structure
of ZrTes is shown in Fig. 5.6. The material consists of weakly bonded van der
Waals layers that stack along the b-axis of the lattice with interlayer distance
of ~ 0.8 nm [310]. The sheets consist of quasi-1D chains of ZrTe; prisms along
a-axis. Each chain is bonded with the neighbouring ones in the same layer by one
Te-Te bond for each adjacent chain along the c-axis. In this direction (in addition
to stacking b-axis) the flakes are easily cleavable [294, 309], which often leads to
formation of elongated shapes during exfoliation with high length to width ratio.

The nanofabricated device for magneto transport measurements is shown in
Fig. 5.7a. The sample consists of thin flake of ZrTes (~ 60 nm in thickness) obtained
by exfoliation method and transferred onto Si/SiOs substrate. Contacts were
fabricated by means of electron beam lithography and electron beam evaporation
of Cr/Au metals.

The temperature dependence of longitudinal channel resistivity (Fig. 5.7b)

Figure 5.6: The crystal structure of ZrTe5. The solid line rectangulars and shaded region
indicate single unit cells and quasi-1D chains, respectively.
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Figure 5.7: (a) Optical microscope picture of the ZrTe; device. Inset: atomic force
microscope scan of the device region as highlighted by the dashed lines. (b) Temperature
dependence of longitudinal resistivity pg..

reveals a peak at intermediate temperature value of T}, ~ 121 K. Thus, during a
cooling process, as the temperature is reduced from 300 K, the channel resistance
first increases showing a semiconducting behavior. After passing the peak position
T,, the trend changes to metallic behavior and the resistance drops with further
cooling. Such temperature dependence has been well reported in literature [142,
144, 146, 297, 299, 305, 308, 310-319], including in the first studies several decades
ago [285, 287], and is referred to as resistivity anomaly. Its position is known to
change depending on the crystal growth method, which is attributed to density of
impurities and defects in the sample [297, 318]. In the case when the Fermi level
is located deep in the valence band, the peak position might not be observable
even at "= 0 K [146, 297, 299, 318]. T, is also known to be dependent on flake
thickness ¢ (for t < 60 nm) and can even be located above room temperature (when
t < 20 nm) [310, 317]. Position of T, and its amplitude is tunable by electric fields
in thin flakes [310]. Around temperature 7}, the carrier type changes from holes at
T > T, to electrons at T' < T}, as shown below and reported in literature [146, 310,
311]. Additionally, the reported Seebeck coefficient that is related to thermopower
changes sign as well at 7}, [305, 311, 318].

The appearance of resistivity anomaly is believed to be originated from the
band structure evolution with temperature as experimentally demonstrated by
ARPES [142, 315, 319] and infrared spectroscopy [144] measurements in ZrTes
samples. Thus, as the temperature is reduced, the electronic structure near the
Fermi level tends to shift towards lower energies and bandgap changes. Therefore,
the material undergoes Lifshitz phase transition [320, 321] with change of Fermi
surface topology. Additionally, this explains the change of carrier type conduction
from holes to electrons. During cooling process, first at high temperatures 7" >
T,, the Fermi level crosses valence band, giving rise to hole conduction, and
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shifts towards electron conduction as Fermi level changes its position to above
conduction band minimum at low temperatures below 7). The temperature-driven
bandgap change explains also the wide range of gap values reported in literature,
specifically 20-100 meV measured by ARPES and STM [142, 301, 303, 304] as well
as 10 meV by magneto-spectroscopy measurements [302]. This picture becomes
even more puzzling when one takes into account the thickness dependence of
bandstructure [310] with reported two-band conduction model, one of semimetallic
(Dirac) and another of semiconducting type [310, 311]. Despite the many studies
performed, there is no consensus by now regarding the temperature-dependent
electronic structure in Zr'Te; and its topological classification. Regarding the latter,
the material was reported to be a weak topological insulator [208, 322|, strong
topological insulator [323], 3D Dirac semimetal [308, 324], Weyl semimetal [146,
300], while several reports contradict the existence of 3D Dirac fermions [325]
and strong topological insulator phase [301, 304] in ZrTe;. Such discrepancy in
classification could be due to thickness variations and high sensitivity of topological
phase in the material on slight changes in the lattice constants [288, 289, 292].
The strong dependence on lattice constants has been confirmed experimentally by
inducing strain [322] and pressure [298, 299, 326].

The longitudinal magneto resistance (MR) R,, measurements in ZrTe; flake
are shown in Fig. 5.8. The resistivity values are obtained by p,, = Ry,wt/L,
where w, L are the width and length of the transport channel, respectively. One
can observe a decrease of MR when the magnetic field is tilted in the a-b plane
by an angle o (Fig. 5.8a) towards a-axis direction. To obtain an insight into
the dimensionality of the fermions that contribute to the magneto transport,
the resistivity p,. is plotted against projection of magnetic field Beos(«) on
the b-axis (Fig. 5.8b). The curves measured at different angles a overlap each
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Figure 5.8: (a) Angle dependence of longitudinal resistivity p., in ZrTes; at 4 K. Inset:
Schematic of the flake. The angle « is swept in the a-b plane. (b) Data from (a) with
magnetic field values changed to projection Bcos(a) on the Z axis.
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other, indicating a 2D-type behavior of the system [294]. Previous investigations
of the Fermi surface shape by SdH oscillations, as measured with application of
magnetic fields along different crystallographic planes and angles in ZrTes, reported
ellipsoid-type shape that is highly elongated along k3 in the reciprocal space both
in exfoliated flakes [294] and bulk crystals [145, 292, 307]. Thus, the material
behaves as quasi-2D system, although with a closed (that is characteristic of 3D
system) and elongated Fermi surface along the stacking direction. Such behavior
in bulk crystals could originate from weak interlayer bonding along b-axis that
leads to formation of parallel 2D electron channels within layers, giving rise to
2D-type system [292].

As the temperature evolution of the band structure defines the change of
electrical transport properties, the dependence of Hall magneto resistivity p,, =
Ry wt/L (R, is the transverse resistance) on temperature can provide insight into
such evolution. As revealed from the measurements (Fig. 5.9a), the Hall signals
significantly change with temperature and magnetic fields. At T' < T}, the p,,
demonstrates strongly nonlinear dependence on magnetic field, which gradually
changes to linear-type as the temperature approaches the resistivity anomaly peak
position T},. At T > T, the signals become increasingly nonlinear again as the
temperature increases towards 190 K. With further increase the p,, dependence
on magnetic field flattens out and becomes nearly linear at 300 K. As the Hall
coefficient Ry (obtained from Fig. 5.9a as a first derivative at zero magnetic field
Ry = (L/w)0psy /0B, |p=o [311]) changes sign around T ~ T, (Fig. 5.9b), the
carrier type changes from electrons at 7' < T}, to holes at T' > T},, in accordance
with previous reports [146, 310, 311]. The high nonlinearity of p,, signals with
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Figure 5.9: (a) Temperature dependence of the Hall resistivity pg, in ZrTes in the range
of 5-190 K (main panel) and 220-300 K (top inset). Bottom inset indicates direction of
applied magnetic field with respect to the flake crystal axes. (b) Hall coefficient Ry as a
function of temperature. The vertical dashed line marks the position 7}, of the resistivity
anomaly peak.
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magnetic fields at certain temperatures indicates that two bands near the Fermi
level contribute to carrier transport [252, 310, 311, 318]. Previous reports have
shown that with a temperature sweep the chemical potential changes position [142,
311, 315], giving rise to change of carrier concentrations and types in each band as
well as the observed p,, magneto resistivity evolution with temperature.

An alternative approach to look into the origin of the nonlinear p,, signals is in
considering Berry curvature that acts as intrinsic magnetic field in momentum space.
Thus, the Hall signals are composed of two components p,;, = puy.ord + Pry AHE,
where pgy orq is the linear contribution from the ordinary Hall effect and p,y amE
is the anomalous component, the amplitude of which is proportional to the Berry
curvature [146]. The ordinary component can be excluded by subtracting a linear
background from the raw p,, signals as shown in Fig. 5.10a with dependence of
the signal on the tilt angle of magnetic field in the a-b plane. The anomalous
component is antisymmetric with respect to magnetic field, which is characteristic
of the origin due to Berry curvature [146]. The amplitude of this component
at saturation with field pg% app 1s highly sensitive to change of the angle when
magnetic field approaches the direction along the a-axis, in contrast to other angles
closer to the b-axis direction (Fig. 5.10b). This hints to a circular dependence
of the Berry curvature on the the angle within 0 — 70° and sharp decrease for
angles in the range 70 — 90° in the k, — k; plane in reciprocal space, in accordance
with ref. [146]. The Berry curvature in ZrTe; might arise from field-induced
Lifshitz transition when Weyl points appear due to Zeeman splitting larger than
the bandgap [146, 327, 328], which is possible considering large reported g factor of
~ 35 [304, 329]. Another possibility is that high doping in the material shifts the
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Figure 5.10: (a) Angle dependence of the Hall magneto resistivity p,, in ZrTes; with
angle range 73-90° (main panel) and 0-60° (top inset) at 4 K. The angle alpha is swept
in the a-b plane as shown in the bottom inset. The linear background contribution
from the ordinary Hall effect is subtracted. (b) Angle dependence of the anomalous Hall
contribution pg:% app- The colored background region is a guide to the eye.
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chemical potential above the conduction band minimum, giving rise to non-zero
Berry curvature effects when the magnetic field is applied [330].

The appearance of nonlinear AHE in ZrTes presents its potential for observa-
tion of charge-to-spin conversion, as both effects have the same origin and usually
accompany each other [331-333]. Therefore, ZrTe; is interesting for investigation
of spin injection into graphene by means of charge-to-spin conversion, which has
not been reported with this material so far. Attempts to experimentally observe
this effect have been undertaken. However, improved interface quality is required
as this effect is yet to be observed.






6 Summary & Outlook

Layered van der Waals materials and their heterostructures have proven to provide
a versatile ground for fundamental studies with an outlook for practical applications.
This work focused on investigations of both intrinsic properties of such layered
materials as well as the physical phenomena that can arise when distinct van
der Waals materials with complementary properties are placed in contact with
each other. Additionally, unconventional device architecture for spin transport in
graphene was explored.

Graphene is an excellent material for charge and spin-polarized electron
transport; however, it lacks magnetic properties. We created a magnetic proximity
effect in graphene in a van der Waals heterostructure with ferromagnetic insulator
CryGeyTeg. This phenomenon was probed by means of spin transport studies
in the heterostructure channel, where nontrivial Hanle spin precession features
appeared below the Curie temperature. Furthermore, magnetic properties in thin
layers of metallic ferromagnets FesGeTey and Fe;GeTey were investigated using
anomalous Hall effect measurements, which can be useful as spin-polarized current
source and drain contacts in spintronic devices.

To create and utilize the spin-polarized currents in strong spin-orbit cou-
pling materials, we investigated the magnetotransport and charge-spin conversion
properties of topological semimetal WTe, and ZrTe;. We observed large magne-
toresistance and Shubnikov de Haas oscillations providing insight into the Fermi
surface properties in WTey, whereas ZrTes revealed an anomalous Hall effect.
An unconventional charge-to-spin conversion was observed in WTes, which was
probed electrically using graphene spin-valve device. Contrary to conventional
bulk spin Hall effect and Rashba-Edelstein effect, the charge-spin conversion is
shown here to be created in WTey due to unconventional nature due to lower
crystal symmetry of the materials. The spin polarization created in WTes is
utilized for spin injection and detection in a graphene channel in an all-electrical
van der Waals heterostructure spintronic device. While aiming for study of spin
transport in unconventional device architechture with injection and detection of
spin signals in graphene channel with one-dimensional ferromagnetic edge contacts,
we revealed the contribution from the stray magnetic fields emanating from the
edges of ferromagnets. A path towards elimination of these spurious signals was
outlined and the electrical characterization of the device with full encapsulation of
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the graphene channel with edge contacts, which is the next step on this path, was
provided.

Regarding future perspectives, the development of reproducible 1D ferro-
magnetic edge contacts to graphene devices can be useful for investigating spin
transport in high-quality encapsulated graphene and exploring spin interactions in
the heterostructures. 2D magnetic materials and their hybrid devices with other
layered materials can be useful not only for fundamental studies but also for prac-
tical spintronic and quantum applications. Whereas the insulating ferromagnets
can be helpful for magnetic proximity effects, the metallic ferromagnets can be
utilized as spin polarization current sources in hybrid devices. Development of
2D ferromagnets with magnetic ordering present above room temperature with
perpendicular magnetic anisotropy can open the path for various magnetoresistive
and spin-valve device applications. For example, 2D metallic magnets can be
used for spin injection and detection in graphene spin-valves instead of traditional
ferromagnetic metals. The perpendicular magnetic anisotropy of the 2D magnets
and their electric field control and switching properties can boost application in
data storage and memory technologies.

Charge-to-spin conversion effects in topological semimetal candidates such
as WTey and ZrTe; have excellent potential to be employed as a non-magnetic
spin-polarized current source. Recently, WTes is proved to be a potential candidate
for field-free switching of ferromagnets due to its perpendicular spin-orbit field
compotent and is a suitable material for spin-orbit torque technologies. The
intrinsic spin-orbit coupling and observation of Anomalous Hall effect in ZrTe;
give a hint about its potential charge-spin conversion effects, as both share the
same origin [331-333]. The presence of spin-polarized electronic states in such
topological material candidates can be further explored by tuning the Fermi level
close to the topological bands. Finding a suitable topological material that can
efficiently transform the electric current into a large spin polarization and its
integration with 2D magnetic materials in a large scale is highly desirable for
energy-efficient spintronic memory and information processing technologies.



Nonlocal spin transport

To separate spin currents from local charge transport, nonlocal spin transport
configuration is utilized as shown in Fig. A.1. Spin injection and detection circuits
are separated spatially. The injector contact made of magnetic material such as e.g.
Co creates non-equilibrium spin population under it in the channel. The chemical
potentials i corresponding to the two opposite spin populations change towards
equilibrium as spins diffuse along the channel. The reduction of spin coherence
is characterized by spin lifetime 75. The magnetic contact in the voltage sensing
circuit detects chemical potential that corresponds to spins that are aligned with

- Cobalt —
~— tunnel barriers\

Figure A.1: Nonlocal spin transport configuration. Spins are injected into spin transport
channel, where they propagate with decaying amplitude of chemical potential for each
population of spins of opposite directions. At the detection circuit, spatially separated from
the injecting circuit, the voltage V is measured between chemical potentials corresponding
to the spin direction aligned with magnetization direction of the detector contact and
neutral chemical potential (middle dashed line) that is sensed by the non-magnetic Au
contact. Adapted from [334].
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66 Appendix A: Nonlocal spin transport

the magnetization direction of that contact. Thin tunnel barriers such as TiO, are
utilized to reduce backscattering of spins into the contacts. Their magnetization
direction can be manipulated by external magnetic field and the coercivity tuned
due to shape anisotropy by changing the width of the contacts.

The spin transport in such nonlocal channel configuration is studied by
sweeping the magnetic field and the resulting signal depends on the direction
(Fig. 3.1). For spin-valve measurement (Fig. 3.1b), as the in-plane magnetic field
is swept, one of the two magnetic contacts (injector or detector, depending on the
width) switch the direction of magnetization. This results in change of detected
resistance. As the field magnitude is increased further and reaches the value of the
coercivity of the other contact, it switches its magnetization direction as well and
the resistance level returns to the original level. In another type of experiment
(Fig. 3.1c), magnetic field is applied in the out-of-plane direction. The presence of
magnetic field that is perpendicular to the spin polarization in the channel causes
precession of spins as they propagate along the channel, known as Hanle effect.
The precession occurs with Larmor frequency that is defined as

B

It leads to dephasing of spins and, consequently, modulation of the nonlocal voltage
Vi, with the magnetic field amplitude. This signal can be fitted with [334]

Vi, = 2ol cop (~Ly/5) (A.2)
NE w 2v/ Dw '

to obtain spin polarizations at the contact interfaces P, and P, as well as spin
lifetime 7. Here R, I, W, L, D are square resistance of the channel, current bias,
channel width, length, diffusion constant, respectively, and w = % — iwy,. The

nonlocal voltage Vi can be converted into nonlocal resistance RN£ = Vnz/I.
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Graphene is an excellent material for Hall sensors due to its atomically thin structure, high carrier
mobility, and low carrier density. However, graphene devices need to be protected from the
environment for reliable and durable performance in different environmental conditions. Here we
present magnetic Hall sensors fabricated on large area commercially available chemical vapor
deposited (CVD) graphene protected by exfoliated hexagonal boron nitride (h-BN). To connect the
graphene active regions of Hall samples to the outputs, 1D edge contacts were utilized which show
reliable and stable electrical properties. The operation of the Hall sensors shows the current-related
sensitivity up to 345 V/(AT). By changing the carrier concentration and type in graphene by the
application of gate voltage, we are able to tune the Hall sensitivity. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4997463]

I. INTRODUCTION

As our society becomes more integrated with informa-
tion technology, sensors are getting increasingly important
as can be seen from the consistent global market growth.! A
variety of different sensors based on magnetic field sensing
are used,2 more than 50% of which? exploit the Hall effect
for their operation. These are utilized in many fields such as
healthcare, automotive, industry, and consumer electronics
for a broad spectrum of applications including position sens-
ing, current monitoring, proximity detection, and others.>*>
Si is the most commonly used material in active regions of
Hall sensors as the technology is highly mature with rela-
tively low manufacturing costs and reasonable current-
related sensitivities S; ~100 V/(AT).‘H For better sensitivity,
Hall sensors based on high mobility compound semiconduc-
tor heterostructures are used, but yield an increased produc-
tion price.® "

Fostered by the constant strive for performance
improvements and market price reduction, new materials are
being considered for utilization in Hall sensors. Graphene is
a highly promising material for Hall sensing applications due
to its beneficial properties such as low charge carrier concen-
tration and high mobility. Recent experimental
reports'>1%?*% have already proven the feasibility of gra-
phene Hall sensors with current-related sensitivity more than
60 times higher than in silicon-based sensors. > Furthermore,
graphene’s 2D nature allows its application in flexible and
transparent electronics.

However, the high-performance proof-of-concept devi-
ces demonstrated so far either use exfoliated graphene
flakes,"” are made of a manually selected single crystal CVD
graphene area,'” or the graphene active layer is not protected
from external influences required for robust device opera-
tion.'>!*1617:25 T harness the advantages of industrially
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compatible large area CVD graphene in Hall sensors, it is
necessary to protect the graphene layer for reliable device
performance in different environmental conditions.

Here we report magnetic Hall elements fabricated on
large area CVD graphene covered by h-BN for protection
against the environmental influences to ensure reliable opera-
tion and long lifetime. The insulating and two-dimensional
nature of the h-BN capping layer is expected to have a good
interface with graphene, containing fewer dangling bonds and
charge traps.'® Our devices incorporate 1D edge contacts to
graphene/h-BN heterostructures, which circumvent the effects
related to contact-induced doping. These factors are crucial
for reliable performance of graphene Hall sensors in an ambi-
ent environment.

Il. RESULTS AND DISCUSSIONS

The Hall sensor devices were fabricated on commer-
cially available CVD graphene after it was transferred on a
Si/SiO, substrate (Grapheneazo). The schematic illustration
and an optical image of the investigated Hall samples are
shown in Figs. 1(a) and 1(b), respectively. The micro-
fabrication process steps are depicted in Fig. 1(c). The h-BN
was exfoliated from the bulk crystal on top of CVD graphene
by means of a regular scotch-tape method. Then the unpro-
tected graphene regions were etched away with oxygen
plasma. 1D edge contacts®' were fabricated by means of
electron beam lithography and electron beam evaporation of
metals (1 nm TiO,/65 nm Co) followed by liftoff in acetone/
isopropyl alcohol.

Figure 2 shows the characterization of the graphene/h-
BN heterostructure and 1D edge contacts to graphene. The
Raman spectra of CVD graphene and the graphene/h-BN
heterostructure®>2* are shown in Figs. 2(a) and 2(b), respec-
tively. The absence of a band splitting of the 2D peak and its
higher intensity compared to the G peak indicate that the
graphene in the heterostructure is monolayer.”> The CVD

Published by AIP Publishing.
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graphene used here has grain sizes of 1-5 um (Graphenea).
The typical two-terminal current-voltage (I-V) characteristic
at room temperature [Fig. 2(c)] shows a linear behaviour
and the contact resistances, estimated from the analysis of
data from local four- and two-terminal measurements, are
reproducible in several devices. The field-effect mobility of
the measured graphene at room temperature is found to be
~133 cm?/V s~ and the sheet resistance is ~17 kQ/[].
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FIG. 2. Characterization of CVD graphene/h-BN heterostructures and 1D
edge contacts. (a) Raman spectrum of CVD graphene and (b) graphene/h-
BN heterostructure. (c) Typical two-terminal I-V characteristic of the 1D
edge contacts to graphene at room temperature. Inset: two-terminal measure-
ment configuration.

Contact
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FIG. 1. Hall sensor fabrication with
CVD graphene/h-BN  heterostructures
with 1D edge contacts. (a) Schematic
representation and (b) optical micro-
scope picture of the fabricated device.
(c) Schematics of the fabrication process
steps from left to right: the preparation
of graphene/h-BN heterostructures; pat-
terning by oxygen plasma; and deposi-
tion of 1D edge contacts. Dimensions in

Contact (a) and (c) are not to the scale.

h-BN

660686608060
- -

A a

Si/SiO>

Figure 3(a) shows the Hall measurements performed
using the measurement configuration depicted in the inset.
The Hall voltage (V) response of the investigated samples
obtained during the magnetic field (B) sweep at applied cur-
rent bias / = 15 pA is fitted with™'!

Wi - 1 1, (1)

OB  enyp
where e is the elementary electron charge and n,p is the
charge carrier density. Graphene was found to exhibit hole
conduction at zero back gate voltage with a sheet charge car-
rier concentration of n,p=1.75 x 10"2¢cm ™2 and a back-
ground voltage offset of 3mV, which has been subtracted
from the measured raw data. The linearity errors™”'? were
found to be within =3.1% with an average absolute value of
1.3% over a large magnetic field range from —760mT to
780mT at room temperature. From the measured Hall volt-
age response as a function of time at different perpendicular
magnetic fields [Fig. 3(b)], one can estimate the noise level
and the minimum resolvable magnetic field of ~20mT at
room temperature. From the Hall measurements, the calcu-
lated current-related Hall sensitivity

10Vy

S =108

2)

I=const

did not show significant bias-related change in the bias
current range from 15 uA to 50 pA at room temperature
[Fig. 3(c)].

Next, we investigated the Hall sensitivity of graphene
for different carrier concentrations in electron- and hole-
doped regimes at room temperature (Fig. 4). Graphene has
the unique property that its charge carrier type and concen-
tration can be tuned continuously by applying gate voltage.
Figure 4(a) shows the Hall measurements with application of
gate voltages V,= *40V, where a sign change is observed
in the slope of Hall response for electron- and hole-doped
regimes. From the back gate dependence of the graphene
resistance the charge neutrality point was found at
V,=26V. Such full gate-dependent Hall effect measure-
ments were performed by sweeping the back gate voltages
from electron to hole type of conduction across the Dirac
point in the presence of different perpendicular magnetic
fields [bottom panel of Fig. 4(b)]. To reduce the influence of
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FIG. 3. Operation of CVD graphene/h-BN Hall elements. (a) Output Hall
voltage as a function of perpendicular magnetic field measured at
I=15pA at room temperature (circles) with linear fitting (solid line)
according to Eq. (1). Inset: Hall measurement configuration. (b) Output
Hall voltage as a function of time at different applied magnetic fields mea-
sured at / =15 pA and at room temperature. (c) Current-related sensitivity
as a function of current bias.
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the device geometry, the Hall response at different magnetic
fields (Vy(B)) is subtracted from measured response at 0T
magnetic field (Vyo): AVy=Vyu(B)— Vo> Here, we
observe a change in the amplitude and sign of AV by sweep-
ing the gate voltage. Using Eq. (2), we extracted the current-
related sensitivity by fitting the AVy-B dependencies. It is
plotted in Fig. 4(c) as a function of gate voltage at room tem-
perature. This dependence reveals the gate tuning of the sensi-
tivity with maxima (up to 345 V/(AT)) close to the graphene
Dirac point. Such tunability of Hall response stems from gate
voltage-induced change of the carrier concentration in the gra-
phene sheet yielding a change of the current-related sensitivity
and the output Hall voltage [Egs. (1) and (2)].

These sensitivities of the large area CVD graphene/h-
BN heterostructure-based Hall sensors are at least three
times higher than current silicon-based devices.*”” Previous
studies reported on the performance of unencapsulated gra-
phene Hall sensors'*'*!” with sensitivities up to 2093 V/
(AT). Such unprotected devices are known to be extremely
sensitive to environmental parameters and degrade rapidly.
Consequently, an insulating barrier is required to protect the
graphene layer. Even though recent studies on CVD gra-
phene with Al,O3 encapsulation show very promising results
on easily scalable and reproducible device fabrication techni-
ques,'® the 2D and atomically flat nature of insulating h-BN
demonstrated outstanding electronic properties when encap-
sulating graphene.'® Such exfoliated h-BN/graphene/h-BN
heterostructure Hall devices were demonstrated with sensi-
tivities 15 times higher than in our h-BN capped CVD gra-
phene."® This can be attributed to the growth quality of CVD
graphene, presence of grain boundaries, and charge doping
from the SiO, substrate as well as contaminations introduced
during wet transfer of CVD graphene. Contaminations and
grain boundaries are also likely reasons behind the observed
low mobility and high sheet resistance of graphene. The
measured Hall sensitivities could be further increased by
improving the CVD graphene mobility by reducing the SiO,
substrate-induced doping and graphene-substrate interac-
tions'>?® by fully encapsulating CVD graphene in h-BN.
Utilizing high-quality, large-grain graphene growth and
Ohmic instead of tunnel contacts would also allow to signifi-

cantly improve graphene characteristics and sensing
b 30F " T T ] (C) T T T T T T T T
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FIG. 4. Gate tunability of CVD graphene/h-BN Hall sensors at room temperature. (a) Output Hall voltage as a function of perpendicular magnetic field at gate
voltages of 240 V. (b) Back gate dependence of graphene resistance (top) and Hall voltage response at different perpendicular magnetic fields (bottom). Vp, is
the gate voltage corresponding to the Dirac point. (¢c) Absolute value of current-related sensitivity calculated from Hall voltage response as a function of gate
voltage according to Eq. (2). The measurements at 75 K will be published elsewhere.
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performance. Furthermore, as a next step forward a fully
scalable fabrication approach should be considered with uti-
lization of only all-CVD h-BN/graphene/h-BN stacks pat-
terned on a large area.

lll. CONCLUSIONS

In summary, we demonstrated the operation of graphene
magnetic Hall elements fabricated on large area CVD gra-
phene on a Si/SiO, substrate with h-BN capping and 1D
edge contacts. Such heterostructure devices showed reliable
contact properties and Hall sensor performance. The samples
showed a constant bias dependence of the current-related
sensitivity at room temperature. Gate voltage-induced tun-
ability of the Hall response was observed with a maximum
current-related sensitivity of 345 V/(AT) close to the Dirac
point. These results obtained in graphene Hall sensors with
h-BN protection are promising for operation in ambient con-
ditions and for potential applications in transparent and flexi-
ble electronics.
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Abstract

We report the fabrication of one-dimensional (1D) ferromagnetic edge contacts to two-dimensional
(2D) graphene/h-BN heterostructures. While aiming to study spin injection/detection with 1D edge
contacts, a spurious magnetoresistance signal was observed, which is found to originate from the
local Hall effect in graphene due to fringe fields from ferromagnetic edge contacts and in the presence

of charge current spreading in the nonlocal measurement configuration. Such behavior has been
confirmed by the absence of a Hanle signal and gate-dependent magnetoresistance measurements
that reveal a change in sign of the signal for the electron- and hole-doped regimes, which is in contrast
to the expected behavior of the spin signal. Calculations show that the contact-induced fringe fields
are typically on the order of hundreds of mT, but can be reduced below 100 mT with careful
optimization of the contact geometry. There may be an additional contribution from
magnetoresistance effects due to tunneling anisotropy in the contacts, which needs further
investigation. These studies are useful for optimization of spin injection and detection in 2D material

heterostructures through 1D edge contacts.

Introduction

Graphene has been shown to be a promising material
for spin-polarized electron transport due to its
low spin—orbit coupling and negligible hyperfine
interactions [1-3]. Recently, long-distance spin
transport and electrical control over spin signal and
lifetimes have been achieved in graphene at room
temperature [ 1,2,4-8]. These experiments have shown
that the performance of graphene spintronic devices is
significantly affected by the quality of the contacts to
the graphene channel [ 1]. Conventional spin transport
experiments use top ferromagnetic metal/tunnel
barrier contacts of micrometer width on graphene
channelsforthe purposeof spininjection and detection
[1-3]. However, the fabrication of atomically smooth
oxide tunnel barriers is challenging, as they usually
contain pinholes, roughness, and defects [9-11]. The
use of such wide contacts is known to limit the device
performance due to inhomogeneous injection and

detection of spins, and due to interface-induced spin
dephasing under the contacts [9—-11]. Additionally, at
the nanoscale graphene edges can become important
and are predicted to host spin-polarized edge states,
giving rise to spin filtering [12, 13]. Such spintronic
properties are also predicted to be tunable by external
electric fields [12, 13]. If realized, this would add the
spin degree of freedom to graphene-based devices
and circuits, where spin currents can be generated and
injected from zigzag nanoribbons to graphene without
the need of ferromagnetic spin injectors.

Here we present the fabrication and characteriza-
tion of a device that utilizes 1D ferromagnetic edge
contacts to graphene/hexagonal boron nitride (h-BN)
heterostructures. The non-local spin-valve measure-
ments are found to show spurious magnetoresistance
effects due to local Hall effects. Our detailed measure-
ments in different geometries and gate voltages, as well
as calculations show that the ferromagnetic contact-
induced fringe fields give rise to such a signal.

©2017 IOP Publishing Ltd
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Figure 1. Fabrication of graphene/h-BN heterostructures with 1D ferromagnetic (TiO,/Co) edge contacts. (a) Schematic
representation and (b) optical microscopy picture of the fabricated device. (c) Schematics of the fabrication process steps including
preparation of heterostructures, their patterning, and fabrication of contacts.
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Figure 2. Characterization of graphene/h-BN heterostructures with 1D edge contacts. (a) Raman spectrum of the graphene/h-BN
heterostructure. (b) Graphene channel resistance as a function of back gate voltage (V) at 295K (red) and 75 K (blue) for alocal
measurement configuration (inset). (c) Nonlocal channel resistance (Rn = Vii/I) as a function of back gate voltage V at 75K for
the nonlocal measurement configuration (inset). The horizontal axes in (b) and (c) are plotted as Vo~V

Results and discussion

A schematic representation and optical microscopy
picture of the device are shown in figures 1(a) and
(b), respectively. The devices with 1D edge contacts
to graphene/h-BN heterostructures were fabricated
using the process steps presented in figure 1(c). The
shape anisotropy of the ferromagnetic contacts
(different widths) was used to achieve different
switching fields. The details about the fabrication steps
of heterostructure and 1D edge contacts are described
in Methods section.

The basic characterization of the fabricated
graphene/h-BN heterostructure is depicted in figure 2.
The Raman spectrum of the heterostructure is shown
in figure 2(a), where the G and 2D peaks related to
graphene [14] are visible at positions 1568 cm ™! and
2632cm™! respectively, and the h-BN peak [15] is at
1343cm L. The 1D edge contact resistances to gra-
phene were found to be in the range of 4-16 k(2. The
electrical properties of the graphene channel were
characterized by gate voltage (V,) dependence in both
the local (figure 2(b)) and nonlocal (Rxi, = VNi/Ibias:
figure 2(c)) configurations. The charge neutrality
(Dirac) point of graphene was found to be in the range

of Vp ~ —5to +26V for different channels measured
in local or nonlocal configurations between different
contacts due to variations of doping levels within the
graphene sheet. The presence of a measurable nonlo-
cal resistance Ry in the detection circuit indicates a
charge current spreading outside the bias current cir-
cuit, giving rise to an Ohmic resistance contribution
Rye ™/W where R, is graphene sheet resistance, and L
and W are the length and width of the graphene chan-
nel, respectively [ 16].

Next, nonlocal magnetoresistance measurements
were carried out in the 1D edge contact devices as
shown in figure 3(a). We observed a nonlocal voltage
Vi with single switching and hysteresis behavior while
sweeping the in-plane magnetic field aligned with the
contacts at fixed bias currents (figure 3(b)). By chang-
ing the current direction, a similar switching signal with
opposite sign was observed. The complete bias depend-
ence of the signal is presented in figure 3(c), which
shows a linear dependence in the measured bias range.
The temperature dependence of the magnetoresist-
ance signal Vi was measured at a constant current bias
of I = +15 pA (figure 4). We observed a decay of the
switching amplitude of Vi (AV7)) with increasing
temperature, which could be measured up to 200 K.
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Figure 3. Magnetoresistance measurements and bias dependence of the spin valve device. (a) Schematic of the nonlocal
measurement configuration. (b) Measured nonlocal voltage Vi as a function of external in-plane magnetic field (B)) atI = 15
pAat 75K. The By sweep directions are indicated by red and blue arrows. A baseline linear background voltage is subtracted from the
measured data. (c) Current bias dependence of the magnetoresistance switching amplitude AV; | at 75K.
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Figure4. Temperature dependence of the magnetoresistance signal. (a) Nonlocal voltage as a function of applied external in-plane
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and a linear background voltage is subtracted from the measured data. (b) Temperature dependence of the switching amplitude
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The presence of only one step of magnetoresist-
ance for each sweep direction is not typical for spin
signals that arise from spin injection and detection
[6, 11, 17-20]. For comparison, a typical spin-valve
signal for top ferromagnetic contacts to graphene is
shown in supplementary figure S1(b) (stacks.iop.org/
TDM/5/014001/mmedia). In the latter case, at least
two steps are usually visible for each sweep direction,
when both injector and detector contacts switch their
magnetization direction [6, 11, 17-20]. The coerciv-
ity values of the ferromagnetic contacts used here are
within the typical sweeping field range, which we have
also verified with higher field sweep ranges (supple-
mentary figure S2(b)). A single-step switching signal
can arise if the graphene edge itself generates a spin
current; however, such effects are only expected in gra-
phene nanoribbons and not in the micrometer-scale
devices used here [12, 13]. The quantum spin Hall
effect is also unlikely to be responsible for the observed
signal considering the negligible spin—orbit coupling
in graphene. Additional confirmation of the absence
of spin transport in our 1D contact devices comes
from the out-of-plane field sweeps, where no Hanle

spin precession signal is observed (supplementary
figure S2(c)). The continuous linear change of magne-
toresistance here (inset in supplementary figure S2(c))
could be due to Hall effect in the presence of continu-
ous sweeps of external perpendicular magnetic field, in
contrast to abrupt changes of stray fields as e.g. in fig-
ure 3. Therefore, the observed single-switching mag-
netoresistance with 1D ferromagnetic contacts could
be due to the local Hall effect in the graphene in the
presence of stray magnetic fields emanating from the
edges of ferromagnetic contacts [10,21-24].

In order to further clarify the origin of the magne-
toresistance, gate-dependent measurements were car-
ried out, where we tune the concentration and type of
the charge carriers in graphene. Figure 5(a) shows the
magnetoresistance switching with the application of
Vg = 430 V, where a change in the sign of the AV,
is observed due to electron or hole conduction of the
graphene channel. The complete gate dependence of
AV, along with the channel resistance is shown in
figure 5(b), revealing a correlation between the sign
of AV;| and type of charge carrier in graphene. The
absolute value of AV, is found to have two maxima
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Figure 5. Gate dependence of the magnetoresistance signal. (a) Vi as a function of in-plane external magnetic field sweeps

at Vy = —30V (top panel) and V; = 30V (bottom panel), measured with I = 15 yA at 75 K. A linear baseline offset voltage is
subtracted from the raw data. (b) Dependence of the nonlocal graphene resistance Ryt = A Vyi/I on the back gate voltage V—Vp
(top panel) and the nonlocal voltage step AV (bottom panel). Vp is the Dirac point of graphene.
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Figure 6. Hall effect in graphene. (a) Schematic of the Hall measurement configuration. (b) Hall voltage V}y as a function of the
perpendicular magnetic field, measured with Vy = £40V at 75K. (c) Gate dependence of the graphene resistance (top) and Hall
voltage Vi (bottom) at 75 K for different perpendicular magnetic fields. The reference signal measured at a magnetic field of 0

T is subtracted from the Hall response at other magnetic fields. Measurements at room temperature for this device are reported

near the charge neutrality point in graphene, where the
charge density n,p is minimal. These results support
the argument in favor of a local Hall effect-dominated
magnetoresistance switching. At the same time, this
gives additional evidence to rule out any spin-related
nature of the observed switching, since the spin signal
should not change sign with a change of charge carrier
type [17].

Next, regular Hall measurements were performed
(figure 6(a)) on the same device at 75K to correlate
with the magnetoresistance measurements. Fig-
ure 6(b) shows a change in the sign of the slope of the
Hall response Vi in the graphene channel by the appli-
cation of a gate voltage V, = 40V, due to a change
in conduction from electrons to holes. The full gate-
dependent Hall measurements were performed by
sweeping Vg from electron to hole conduction across
the Dirac point in the presence of different perpend-
icular magnetic fields (figure 6(c)). We observe a
change in the amplitude and sign of Vi with the
applied V. A clear similarity is also observed between
the V, dependence of the magnetoresistance signal

AV;, (figure 5(b)) and the regular Hall voltage Vi
(figure 6(c)). This similarity is justified due to the simi-
lar origin of the local Hall magnetoresistance and the
regular Hall effects, which are due to stray magnetic
fields from the ferromagnetic contacts, or the Lorentz
force acting on moving charges in the presence of a
perpendicular external magnetic field, respectively.

In order to quantify the impact of the local Hall
effect on the magnetoresistance signal, we use the Biot—
Savart law to numerically calculate the stray magnetic
fields that can arise from the 1D edge contacts. The
contact geometry we consider is shown in figure 7(a).
To describe the contact we assume a surface cur-
rent density given by the saturation magnetization of
cobalt, M, = 1.42 MA m™!, which is parallel to the +x
(—x) axis on the top (bottom) surfaces of the side view,
and parallel to the +z (—z) axis on the left (right) sur-
faces of the top view. Away from the sloped region, this
magnetizes the cobalt along the y-axis. In the sloped
region, this surface current also yields an out-of-plane
component to the polarization. For metal surfaces par-
allel to the principal axes, the stray magnetic field can
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Figure7. Stray magnetic fields from 1D ferromagnetic edge contacts. (a) Contact geometry considered for the stray field
calculations. (b) Profile of the perpendicular stray field B, within the graphene layer, assuming Lc = 310 nm, W = 300 nm,
tco = 650Mm, tyy = 110mM, ty pN,upper = 250, 16, = 0.350Mm, N lower = 0,and § = 45°. (c) Stray magnetic field along the center
of the contact (x = 0) for different thicknesses of #,-px jower, Where the y-position is relative to the graphene edge. (d) Profile of B, at
different thicknesses of th.gN lower and th-BN,upper at the graphene edge (x = y = 0). (e) B, as a function of distance from the graphene
edge for th_pN lower = 25 nm and (f) 150 nm at different #y, N upper-

be calculated analytically [26], while the sloped por-
tion of the contact requires a numerical solution.

In figure 7(b) we show the spatial distribution of
the perpendicular component of the stray magnetic
field B, within the graphene layer, using the exper-
imental contact geometry (with #, pNjower = 0 and
the rest of the parameters listed in the caption of
figure 7). The black dashed lines indicate the contact
metal edges. Here we see that the stray field can be quite
strong, reaching more than 600 mT at the graphene
edge. In addition, the end of the top portion of the
ferromagnetic contact also induces a strong perpend-
icular stray field on the order of 350 mT. Near the 1D
edge contact to graphene, the stray field decays from
600 mT to zero over a distance of 50 nm. This average
field of 300 mT corresponds to an average magnetic
length of ~50nm, indicating that the stray field can
indeed induce a significant Hall effect at the charge
injection/detection point.

Infigure 7(c) we plot B,along the middle of the con-
tact, indicated by the white dashed line in figure 7(b).
This plot shows that by increasing the thickness of the
bottom h-BN layer, the magnitude of the stray field at
the graphene edge can be reduced by nearly a factor of
three for a typical set of experimental parameters. This
reduction occurs because the stray fields due to the top
and bottom surfaces of the contact tend to cancel one
another as the vertical position of the graphene layer
increases. While the perpendicular stray field at the
injection edge is still relatively large, ~250 mT, further
optimization of the contact geometry can reduce this.
For example, tuning the ratio of #,-gN,upper/ th-BN,lower
can reduce B, at the injection edge (figure 7(d)), but
this can result in deeper penetration of stray fields into

the graphene sheet, and in sign changes of B, at dif-
ferent distances from the graphene edge (figure 7(e)).
Generally, with thicker top and bottom h-BN layers, the
stray field at the edge can be reduced to below 100 mT
(figure 7(f) and supplementary figure S3(a)). A shal-
lower etching angle 6 could also reduce the stray fields
at the graphene edge (supplementary figure S3(b)),
but this is difficult to tune experimentally. Addition-
ally, thicker top h-BN layer can significantly reduce
the stray fields at the contact edge corresponding to
y =300nm (supplementary figure S3(c)). It should
also be noted that this calculation overestimates the
stray field by a factor My/M,, where M, is the remanent
magnetization of the contact.

A similar magnetoresistance switching effect can
also arise due to tunneling anisotropic magnetoresist-
ance (TAMR) [27-32]. In magnetic tunnel junctions,
the TAMR signal strongly depends on the orienta-
tion of the magnetization with respect to the current
direction, crystallographic axes, spin—orbit interaction
(SOI) and density of states (DOS) anisotropies in the
materials. In such devices, TAMR signals were meas-
ured at low temperatures and the magnitude is found
toenhance in the presence of heavy elements. However,
the TAMR signal is generally observed only at very low
temperatures below 100K due to sampling a wider
region of the tunneling DOS at higher temperatures.
In contrast, our magnetoresistance signal in graphene
devices is persistent up to 200K and vanishes only
due to increased noise level of the junctions at higher
temperatures. The TAMR effects in literature are also
known to have a characteristic bias, temperature and
angle dependence, and are strongly dependent on
the interface SOI. Further detailed investigations are
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required to identify the contribution of TAMR in the
observed magnetoresistance signal (in addition to the
stray Hall effect) in our graphene devices with 1D fer-
romagnetic contacts.

Conclusions

We have investigated the operation of a graphene
device with 1D ferromagnetic edge contacts in
a nonlocal configuration. The analysis of the
measurements indicates a local Hall effect-dominated
phenomenon in the presence of charge current
spreading outside the injection circuit, resulting in a
single-step magnetoresistance switching. This local
Hall magnetoresistance can arise due to the Lorentz
force acting on moving charges in the presence
of ferromagnetic stray fields from the 1D edge
contacts. This origin of the signal is also supported
by the absence of a Hanle signal and the change in
sign of the magnetoresistance with the change in
carrier type from electron to hole in the graphene
transport channel. Our calculations reveal that
with proper optimization of the contact geometry,
the magnitude of the perpendicular stray field can
be reduced to below 100 mT at the contact edge.
Further investigations are required to identify other
contributions to the measured signal such as TAMR in
our graphene devices. These findings provide insight
into the phenomena that hinder the operation of
nonlocal spin valve devices with 1D edge contacts, and
they lay the foundation for further developments.

Methods

To fabricate h-BN encapsulated graphene devices,
first CVD graphene was wet-transferred onto a
Si/SiO; substrate (from Graphenea). After cleaning
and annealing in Ar/H, atmosphere, h-BN flakes
were dry-transferred using the scotch-tape method.
The graphene was patterned by means of oxygen
plasma etching where h-BN flakes were used as a
mask. Electron beam lithography and electron beam
evaporation of metals were utilized to fabricate the
contacts (1nm TiO,/65nm Co), which formed a 1D
connection to encapsulated graphene. Electronic and
magnetotransport measurements were performed in
a cryostat by means of a Keithley 6221 current source
and a Keithley 2182A nanovoltmeter. Gate voltage was
applied using a Keithley 2612 source metre.
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Published online: 09 November 2017 The two-dimensional (2D) material graphene is highly promising for Hall sensors due to its potential

of having high charge carrier mobility and low carrier concentration at room temperature. Here, we
report the scalable batch-fabrication of magnetic Hall sensors on graphene encapsulated in hexagonal
boron nitride (h-BN) using commercially available large area CVD grown materials. The all-CVD grown
h-BN/graphene/h-BN van der Waals heterostructures were prepared by layer transfer technique and
Hall sensors were batch-fabricated with 1D edge metal contacts. The current-related Hall sensitivities
up to 97 V/AT are measured at room temperature. The Hall sensors showed robust performance over
the wafer scale with stable characteristics over six months in ambient environment. This work opens
avenues for further development of growth and fabrication technologies of all-CVD 2D material
heterostructures and allows further improvements in Hall sensor performance for practical applications.

Magnetic field sensors today represent a significant growing market, estimated to reach USD 4.16 billion in value
terms by the year 2022'. The areas of application cover many fields, such as automotive, consumer electronics,
healthcare and defense industry, where magnetic field sensors are used for position detection, current monitoring
and angular sensing. Many different magnetic sensors based on a variety of effects have been realized for different
applications®. Hall effect-based sensors constitute a significant part of the industry, with an estimated market
share to be over 55% in 2014°. They are used for magnetic field detection in the field range from 1077 T to 10 T
in a temperature range from —40°C up to 150 °C. Today, the most ubiquitous sensors utilize an active region
made of Si due to the low fabrication cost, highly developed processing technology, good integration into signal
processing circuits and reasonable performance properties (current-normalized sensitivity S;~100 V/AT)*”. In
comparison, Hall sensors based on I1I-V compound semiconductors provide better performances®!', but are
expensive and more difficult to integrate in circuits.

Graphene is highly interesting material to be used as active region of magnetic Hall sensors, owing to its 2D
nature, low carrier concentration #,p, and high carrier mobility ;. The previous reports on graphene Hall sensors
demonstrated current-related sensitivities (S; o< 1/1,,) up to 1200 V/AT on large area unprotected CVD graphene
on SiO, substrate'? and 1020 V/AT on epitaxial graphene on SiC substrates'’. However, single layer graphene
devices are prone to contaminations from environment and encapsulated structures are needed for reliable and
durable performance for practical applications'*. Recent studies on graphene encapsulation by AL,O; grown by
atomic layer deposition showed good results with low doping levels'®. However, the encapsulated graphene with 2D
insulating h-BN flakes provide superior interface, containing low amount of dangling bonds and charge traps and
retaining the high electronic properties of graphene for high Hall sensor performance!. Moreover, the smoothness
of h-BN allows using it as a high-quality substrate in addition to top encapsulation. Thus, current-related
sensitivities S~ 5700 V/AT were obtained on stacks of all-exfoliated h-BN/graphene/h-BN", §;~ 2270 V/AT on
single crystal CVD graphene patches encapsulated between exfoliated h-BN'%, and S;~1986 V/AT with
batch-fabricated CVD graphene on in-situ grown CVD h-BN substrate without top encapsulation®. In addition
to increased sensitivities, high linearity'>?° and low noise of the devices?*-?> combined with transparency and
flexibility'®** generates a high interest in graphene for the use in magnetic Hall sensors. However, for practical
utilization in ambient environment over longer period, there is a necessity to investigate graphene Hall sensors
fabricated by a scalable process using all-CVD grown 2D material heterostructures with full encapsulation of
graphene active region.
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graphene (c)

Figure 1. Fabrication of magnetic Hall elements based on large area CVD graphene encapsulated in CVD
h-BN on §i/Si0O, substrate. (a) Picture of the chip carrier with batch-fabricated graphene Hall elements. (b)
The schematic representation of the fabricated Hall sensor devices with h-BN/graphene/h-BN heterostructure
and 1D edge contacts. (c) Optical microscope picture of the batch-fabricated chip and individual graphene
Hall element. (d) Schematic of the fabrication process steps involving the preparation of h-BN/graphene/h-BN
heterostructures by layer transfer method, followed by patterning and formation of 1D edge metal contacts.

Here we report a scalable graphene Hall sensor fabrication process by using commercially available large area
all-CVD grown 2D materials van der Waals heterostructures. The devices used here involve an active region con-
sisting of CVD graphene, which is encapsulated with CVD grown multilayer h-BN. The 1D edge metal contacts
are utilized to connect the graphene active region to the electronic circuit?. The Hall sensors exhibit stable perfor-
mance over the wafer scale in ambient environmental conditions over a longer period of time. Although further
improvements are required in the fabrication process, such large-scale batch fabrication of h-BN encapsulated
graphene Hall elements can bring the technology closer to practical applications.

Results
The Hall sensors were prepared by using a scalable fabrication process. An optical picture of a chip-size
batch-fabricated graphene Hall elements is shown in Fig. la. Figure 1b shows the schematic representation of
the Hall bar devices with 1D edge contacts. Figure 1c presents an optical microscope picture of the chip and an
individual graphene Hall element, which were fabricated through the micro-fabrication process as schemati-
cally shown in Fig. 1d. Each Hall element consists of CVD graphene (from Graphenea®) sandwiched between
multilayer CVD h-BN (from Graphene Supermarket®®). The 2D material heterostructure was prepared on a Si/
SiO, wafer by large area PMMA-supported wet-transfer technique and Ar/H, annealing for each layer (service of
Graphenea). Next, they were patterned to Hall bar structures by using an Al (20 nm) hard mask for etching with
CHF; and O, gas. The Al hard mask was removed by wet chemical etching in Shipley Microposit MF-319. The 1D
edge contacts were fabricated by means of photo-lithography and electron beam evaporation of metals followed
by liftoff in acetone. More specifically, we investigated 1D edge metal contacts of Cr (5 nm)/Au (95 nm) and Ti (20
nm)/Au (60 nm) to 2D graphene channels.

Figure 2a shows the prepared all-CVD h-BN/graphene/h-BN heterostructures on a 4-inch SiO,/Si wafer. The
Raman spectrum of monolayer CVD graphene? on SiO,/Si substrate show the G and 2D peaks at 1597 cm™! and
2652 cm ™! respectively?® with a small D peak (see Supplementary Fig. S1a). The grain size of the CVD graphene
is mostly between 1-5 pm range. The Raman characterization of the h-BN film revealed a peak at 1357 cm ™! at
selective places® (see Supplementary Figure S1b). The thickness of the CVD h-BN used in the heterostructures
was measured by AFM (~10-13 nm, as shown in Fig. 2b). The rms roughness of the h-BN films were found to be
1-2 nm on Cu foil and SiO, substrate. Although we could get rid of organic contamination introduced on h-BN
from the transfer and device fabrication process by annealing in Ar/H,, the roughness remains at similar values
(see Supplementary Fig. S2). Earlier, Kim et al. reported the multilayer CVD h-BN films to be polycrystalline in
nature and indicated sp* bond coordination of B and N atoms*.

The electrical characteristics of 1D edge contacts with Cr/Au and Ti/Au metals to graphene are shown in
Fig. 2c-f. As observed from current-voltage (IV) characteristics, the Cr/Au contacts provide a low-resistive lin-
ear behavior, while Ti/Au contacts show a high-resistive non-linear tunneling behavior. The weak temperature
dependence of the resistance for the Cr/Au contacts at zero bias and at 0.5 V bias (Fig. 2d) indicates high quality
interfaces®'. However, the high resistance and tunneling behavior of the Ti/Au edge contact to graphene (Fig. 2e
and f) could be due to interfacial species, such as oxidation at the interfaces. The encapsulated CVD graphene is
found to be hole-doped with sheet resistances Rg between 520-870 Q/[].

First, we present the characterization of the h-BN/graphene/h-BN Hall sensors with Cr/Au edge contacts. The
samples were measured at ambient conditions, i.e. at room temperature of 293 K, pressure of 750 Torr, relative
humidity ~70%. Except for the cases where measurements were done at room temperature, pressure was 102
Torr. The Hall voltage Vy; is measured at a constant applied current, while sweeping a perpendicular magnetic
field (Fig. 3a). The Lorentz force acting on the moving charges in graphene resulted in a voltage difference in the
transverse direction (Hall voltage V). The detected Hall voltage, measured as a function of applied perpendicular
magnetic field B, at bias current I=90p.A, is shown in Fig. 3b. A very weak temperature-dependent change is
observed within the range of 75-293 K. A background voltage offset V, 5., due to a misalignment between Hall

probe contacts, has been subtracted. Fitting the Hall response with v;; = eni + Vgrer» Where e is the electron's
2D

SCIENTIFICREPORTS|7:15231 | DOI:10.1038/s41598-017-12277-8 2



www.nature.com/scientificreports/

(a) graphene (b)
SiO2 Si03/S;i CVD h-BN
Si
h-BN
(© ———— (d) — . — (e) — — g
«ZBR L. . 4
500 T 3k .bias 0.5 v  100f 1 .4 «bias 0.5 V
=< —~ g ° 30k 4
< ~ . . < —~ . . .
3 1 G L e .
20 250 . 13 0 <20+ . .o
o o S e e e
-500 - -100} 10 .
1' 1 1 1 1 n 1 n 1 1 1 1
. 100 200 300 -2 0 2 100 200 300
V (V) T (K) V (V) T (K)

Figure 2. Characterization of the 2D heterostructures and 1D contacts. (a) The prepared h-BN/graphene/h-BN
heterostructures using all-CVD grown 2D materials on a 4-inch SiO,/Si wafer by layer transfer method.
Different regions containing 2D layers and heterostructures are indicated by schematics. (b) AFM image and
thickness profile of CVD h-BN on SiO,/Si wafer. (c) Two-terminal IV characteristic of the device with Cr/Au
edge contacts to graphene at 293 K and 75 K. (d) Cr/Au edge contact resistance at 0.5 V bias (red) and zero

bias voltage (green) as a function of temperature. (e) 2-terminal IV characteristic of the device with Ti/Au edge
contacts to graphene at 293 K (red) and 75 K (blue). (f) Ti/Au edge contact resistance at 0.5 V bias (red) and
zero bias voltage (green) as a function of temperature.
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Figure 3. Characterization of the graphene Hall elements with Cr/Au 1D edge contacts. (a) The schematic of
Hall measurements. (b) Hall voltage as a function of perpendicular magnetic field at 293 K and 75 K. (¢) Hall
voltage as a function of time at different applied magnetic fields at 293 K and (d) 75 K. Measurements are shown
for a bias current of I =90 p1A and the background offset voltage is subtracted from the measured data.

elementary charge and n,p, is the sheet charge carrier concentration®!!, we can extract the Hall mobilities
p = 1/(e|n,yp|Rg) around 1200 cm?/Vs™! with carrier concentrations around 8 x 10'? cm™ at zero gate voltage.
The high charge doping is most likely due to the wet transfer process that might have trapped impurities at the
h-BN/graphene interfaces. The linearity error is found to be around 0.25% and independent of temperature. The
Hall sensors also showed stable performance and good response to magnetic field changes in time (Fig. 3c and d).

In order to investigate the effect of the 1D edge contact material on Hall sensor performance, we also carried
out measurements on devices with Ti/Au contacts. The output Hall voltage as a function of applied magnetic field
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Figure 4. Characterization of the graphene Hall elements with Ti/Au 1D edge contacts. (a) Output Hall voltage
as a function of perpendicular magnetic field strength at 293 K and 75 K. (b) Output Hall voltage as a function
of time at different applied magnetic fields at 293 K and (c) 75 K. Measurements are shown at a bias current of
90 A and the background voltage offset is subtracted from the data.

measured at 293 K and 75 K with a bias current of I=90pA is shown in Fig. 4a. Despite an order of magnitude
higher contact resistance in Ti/Au devices, we observed a similar Hall sensitivity as in Cr/Au devices. The linearity
errors in Hall measurements were found to be at an average level of ~2 % at 293 K down to ~0.4 % at 75 K, which
is 2 to 8 times higher than for the Cr/Au device. Figure 4b and ¢ show the Hall voltage responses measured as a
function of time at different perpendicular magnetic fields at 293 K and 75 K, respectively. This shows that Cr/Au
edge contacts perform better in terms of higher linearity of the Hall response and lower noise compared to Ti/
Au. Noise spectral characterization of device with Cr/Au contacts (see Supplementary Fig. S3) revealed minimum
magnetic resolution of 0.4 mT/Hz".

From the Hall measurements the current-related sensitivity S; = (95V;)/I was extracted. Figure 5a shows the
temperature dependence of S for the Cr/Au and Ti/Au contacts, which are found to be thermally stable with the
values of S; ~ 75 V/AT. The absence of temperature variation of S; (S; ~ 1/n,p,) is due to a stable carrier concen-
tration (n,y) in graphene. Figure 5b shows the current bias dependence with slight decrease of S; at higher bias,
which could be due to heating-related effects'. The more prominent bias-induced decrease of S; with Ti/Au
contacts compared to Cr/Au indicates more heating-related effects due to higher contact resistances. Comparing
several different devices yields a narrow distribution of Hall sensitivity S; (Fig. 5¢) ranging from 60-97 V/AT.
Furthermore, variations in geometry and size of the graphene Hall elements did not affect the sensitivity, with the
S; values ranging from 65-78 V/AT at room temperature (Fig. 5d). From the Hall measurement at constant volt-
age bias of 250 mV the voltage-related sensitivity for device with Cr/Au contacts was found to be 0.03 V/VT.

To compare the results of all-CVD h-BN/graphene/h-BN with differently prepared graphene Hall sensors, we
have fabricated control samples of CVD graphene on SiO, substrate with and without exfoliated h-BN capping
(see Supplementary Fig. S4). The CVD graphene devices on SiO, substrate without any encapsulation show S; in
the range of 100-200 V/AT at room temperature. However, we observed degradation in sensitivity with time
showing values below 65 V/AT after few weeks of fabrication. The Hall sensors with exfoliated h-BN encapsula-
tion show the current-related sensitivity up to 363 V/AT at room temperature, which is 3 to 4 times higher than
the all-CVD heterostructure devices. For the control CVD graphene samples, the Hall mobility and carrier con-
centrations are found to be around 150 cm?/ Vs and 2 x 10'* cm~2, respectively, which is lower in comparison
to all-CVD heterostructures prepared by wet transfer process. The higher carrier concentrations due to trapped
impurities at the h-BN/graphene interfaces are supposed to give rise to lower Hall sensitivity in our all-CVD
h-BN/graphene/h-BN Hall sensors.

In order to verify the stability of our all-CVD h-BN/graphene/h-BN Hall sensors over time in an ambient
environment, we have carried out measurements up to 190 days after fabrication. The Hall voltages measured
after 1, 22, 49 and 190 days from device fabrication are shown in Fig. 6a. The Hall sensors showed a good response
to magnetic field changes even after 190 days (Fig. 6b) and a consistent Hall sensitivity S; of 53-78 V/AT at room
temperature (Fig. 6¢), without much degradation of the contacts and the graphene channel over time. However,
unencapsulated graphene showed fast degradation of sensitivity with time after fabrication of devices. The atom-
ically thin graphene is known to degrade quickly in ambient conditions not only due to electronic doping, but
also chemical and mechanical damages due to exposure to different environmental conditions®****. Although
the high doping of graphene in our devices can contribute to less degradation of Hall sensitivity over time, the
utilized h-BN encapsulation is imperative step forward towards protection of graphene for practical applications
in ambient environment.

Discussion

Our observed current-related Hall sensitivities in large area all-CVD h-BN encapsulated graphene devices are
comparable to those in magnetic Hall sensors based on Si*~”. However, sensitivities were at least one order of mag-
nitude below exfoliated graphene/h-BN structures!’, unprotected CVD graphene devices on Si/SiO, substrate'?
and on CVD h-BN substrate!®. Also, our control experiment with CVD graphene on SiO, substrate with/without
exfoliated h-BN capping showed 2-4 times higher sensitivity. However, the unprotected graphene showed faster
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Figure 5. Current-related sensitivities (S;) of graphene Hall elements. (a) Temperature dependence of S; for Cr/Au
and Ti/Au contacts measured at 90 uA current bias. (b) Current bias dependence of S; for Cr/Au and Ti/Au
contacts at room temperature. (c) Distribution of sensitivities S; measured in 13 Hall elements with Ti/Au
contacts at 90 pA current bias and at room temperature. The devices were selected from different parts of the
wafer. (d) Sensitivities S; for Hall sensors measured on devices with different size and geometry (Cr/Au
contacts). Typical two-terminal resistances are shown with average resistivity value of ~75-100 kQ-pm
(graphene sheet concentration ~8.5 - 10'2cm™2). Scale bars in the inset images are 60 jum.
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Figure 6. Stability of all-CVD h-BN/Graphene/h-BN Hall sensors over time in ambient environment. (a) Hall
voltage as a function of magnetic field and (b) time at different applied magnetic fields at 293 K after keeping the
device in ambient environment for 1 day (black), 22 days (red), 49 days (blue) and 190 days (green). (c) Current-
related Hall sensitivity S; over time.

degradation of sensitivity with time. The higher sensitivity of devices with exfoliated h-BN encapsulation can be
due to introduction of roughness, ripples and wrinkles in the CVD graphene in all-CVDh-BN/graphene/h-BN
heterostructures. The CVD grown multilayer h-BN films are known to be polycrystalline in nature and the c-axis
of the crystallites points to random directions®, giving rise to defects and roughness in the heterostructures.
The significant doping of graphene in the all-CVD heterostructure devices is another major reason behind the
reduced Hall sensitivities and it could be due to contaminations introduced during wet-transfer process of large
area graphene and h-BN layers. This could explain also the significantly lower minimum magnetic field resolu-
tion of Hall sensors based on all-CVD h-BN/graphene/h-BN heterostructures compared to previous reports on
graphene Hall sensors'”'*-22, These are currently the practical challenges for the development of graphene and 2D
materials science and technology.
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Such Hall sensors would greatly benefit from improved CVD growth methods of graphene and multi-layer
h-BN, and large area layer transfer techniques for fabrication of heterostructures. Furthermore, development of
methods for in-situ growth®-*¢ of high-quality h-BN/graphene/h-BN van der Waals heterostructures on large
areas would by-pass fabrication-related problems and allow for higher Hall sensitivities with lower graphene
doping levels. Additionally, the contacts resistance in 1D geometry can also play an important role on device
performance. Our reported reduction in contact resistance by switching from Ti to Cr can be further improved
by optimizing the fabrication process, in particular the etching angle and 1D edge contact deposition to eliminate
incorporated species at the interfaces?.

Conclusion

In summary, we demonstrated h-BN/graphene/h-BN van der Waals heterostructure Hall sensors using all-CVD
2D materials available on the market. The batch-fabricated Hall sensors with Cr/Au 1D edge contacts showed
reproducible contact properties with low resistances. Hall measurements and time-dependent response at differ-
ent applied magnetic fields revealed current-related Hall sensitivities in the range of 60-97 V/AT at room temper-
ature. Such encapsulated Hall sensors also showed durable operations in ambient environmental conditions over
six months. This study demonstrates proof-of-concept batch fabrication of fully encapsulated all-CVD graphene
Hall elements allowing for further development towards practical applications.
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Abstract

Engineering 2D material heterostructures by combining the best of different materials in one
ultimate unit can offer a plethora of opportunities in condensed matter physics. Here, in the van der
Waals heterostructures of the ferromagnetic insulator Cr,Ge,Teg and graphene, our observations
indicate an out-of-plane proximity-induced ferromagnetic exchange interaction in graphene.

The perpendicular magnetic anisotropy of Cr,Ge,Teg results in significant modification of the

spin transport and precession in graphene, which can be ascribed to the proximity-induced
exchange interaction. Furthermore, the observation of a larger lifetime for perpendicular spins in
comparison to the in-plane counterpart suggests the creation of a proximity-induced anisotropic
spin texture in graphene. Our experimental results and density functional theory calculations open
up opportunities for the realization of proximity-induced magnetic interactions and spin filters

in 2D material heterostructures and can form the basic building blocks for future spintronic and

topological quantum devices.

Introduction

Topological quantum states of matter and spintronics
have considerable interest in the field of condensed
matter physics for applications in low-power
electronics without the application of an external
magnetic field [1, 2]. The generation of magnetic
exchange interaction and strong spin—orbit coupling
in two-dimensional (2D) Dirac materials such as
graphene is expected to result in the emergence of
quantum anomalous Hall state and topologically
protected chiral spin textures [3, 4]. Graphene,
having excellent charge and spin transport
properties, is a suitable atomically-thin 2D material
to create proximity-induced effects when placed in
heterostructures with other functional materials

[5-7]. Proximity-induced magnetic effects have been
investigated in 2D semiconductors on graphene in
heterostructures with ferromagnetic semiconductors
[8] and magnetic oxides [9-16]. However, there are
severe challenges in producing a sizable out-of-plane
exchange interaction in magnetic oxide-graphene
structures due to the in-plane magnetic anisotropy of
the oxide-based magnetic insulators used so far with
graphene [13].

To create significant proximity-induced mag-
netic interaction in graphene, the use of a magnetic
insulator with perpendicular magnetic anisotropy
is desired. Additionally, for a good interface, atom-
ically-flat layered 2D material-based van der Waals
heterostructures (vdWh) are ideal [1—4]. Recently,
2D magnetic materials were successfully prepared

© 2019 10P Publishing Ltd
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via exfoliation down to the monolayer limit, show-
ing intrinsic long-range Heisenberg ferromagnetic
order [17-19] that is tunable by application of a gate
voltage [20-22]. Additionally, giant tunneling magne-
toresistance, spin filtering and magnon-assisted tun-
neling phenomenon have been demonstrated using
such 2D magnetic materials [23—27]. Recently, het-
erostructures of such 2D magnetic materials with 2D
semiconductors [8], topological insulators [28], semi-
metals [29] and graphene [27] have also been inves-
tigated. Theoretical predictions indicate that hetero-
structures of 2D magnetic insulators with graphene
are expected to produce a large exchange splitting in
the graphene layer, enabling the emergence of a topo-
logical quantum phase [30-32].

Here, we use van der Waals heterostructures of
graphene with the ferromagnetic insulator Cr,Ge,Teg
(CGT) havinga perpendicular magnetic anisotropy to
demonstrate a proximity-induced magnetic exchange
interaction, which is revealed by the temperature-
dependent splitting of Hanle spin precession signals.
The observed anisotropic spin relaxation indicates a
possible nontrivial spin texture imprinted in graphene
by proximity to CGT. The demonstration of out-of-
plane proximity-induced magnetism induced in gra-
phene is a crucial step towards realizing more exotic
electronic states in 2D material heterostructures.

Results

The van der Waals heterostructures are prepared by
dry-transferring CGT flakes (~ 30 nm in thickness)
onto chemical vapor deposited (CVD) graphene on
a Si0,/n-Si substrate in a cleanroom environment
within one minute after exfoliation. The atomic
structure of the CGT flakes consists of van der
Waals layers of Cr atoms sandwiched by Te and Ge
atoms with an interlayer distance of ~ 6.9 A (figure
1(a)) [33, 34]. The choice of CGT is motivated by its
layered structure, insulating behavior [30, 35], and
perpendicular magnetic anisotropy [17]. CGT is
expected to induce a magnetic exchange interaction
in graphene, splitting the spin-degenerate graphene
bands by a characteristic exchange AE (figure 1(b)).
The Raman spectrum of the CGT flake in a
heterostructure with graphene is shown in figure 1(c).
It contains the phonon mode at 108 cm ™!, which is
characteristic of a CGT flake with more than one layer
[36]. We do not observe any broad peak at 121 cm ™!,
characteristic of an oxidized CGT surface (supplement
figure S1 (stacks.iop.org/TDM/7/015026/mmedia))
after long exposure to the ambient atmosphere,
indicating absence of substantial oxidation in freshly
cleaved CGT flakes. The Raman spectrum of the CVD
deposited graphene channel (figure 1(c)) contains a
2D peak (2642cm™!) of stronger intensity than the
G peak (1600 cm™!), indicating monolayer thickness
of graphene [37]. Magnetic characterization of the
bulk CGT crystal by SQUID magnetometry shows
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perpendicular magnetic anisotropy of the material
(figure 1(d)). From the temperature dependence
of the magnetization of the bulk CGT crystal under
a perpendicularly applied magnetic field of 100
mT (figure 1(e)), one can observe two magnetic
ordering temperatures. By fitting the inverse
magnetic susceptibility according to the Curie—

_ (T=To)”
- C

Weiss law i (inset in figure 1(e)), values

of the transition temperatures of ~65K (v = 1) and
~204K (v = 1.6) were obtained. The former shows
a more distinct magnetization enhancement with
deceasing temperature. The magnetic moment m of
the high temperature (T. ~ 204 K) phase is, however,
two orders of magnitude smaller than that of the
main magnetic phase (T. ~ 65K). The presence of a
magnetic transition at higher temperature (figure
1(e) and supplement figure S2) could be due to
imperfections in the lattice structure or an extra
magnetic phase leading to a magnetic transition at
higher temperature in the regions of the material with
broken stoichiometry and lattice defects.

Magnetic proximity effect in graphene-Cr,Ge,Tes
heterostructures

The device schematic and an optical microscope
image of a nanofabricated device consisting of a
graphene—CGT heterostructure channel are shown
in figures 2(a) and (b) (see methods for details about
the device fabrication process). The ferromagnetic
tunnel contacts of Co/TiO, on graphene are used for
injection and detection of the spin-polarized current
in the heterostructure channel, with three-terminal
contact resistances of 3—6k() at room temperature
(supplement figure S3). In such graphene-CGT
heterostructure devices, we probe the proximity-
induced exchange interaction by employing spin
transport and Hanle precession measurements. The
insulating behavior of CGT (two-terminal resistance
~ 60 M) allows charge carriers to flow mostly in
the graphene layer with a field-effect mobility of
~2400cm? V-! s in the heterostructure channel
(supplement figure S4).

First, spin-valve and Hanle precession measure-
ments were carried out at room temperature (300K),
well above the T. of CGT, to check the functional-
ity of the heterostructure devices in a nonlocal (NL)
configuration (see figure 2(a)). A NL spin resistance
change ARy = AVyn/I &~ 5.5 m{) was measured at
300K while sweeping the in-plane magnetic field (By)
along the easy axis of the Co contacts in a device with
channel length L = 6.9 pum (figure 2(c)). Next, Hanle
measurements were conducted in the NL configura-
tion but with an out-of-plane applied magnetic field
(B1), which causes in-plane Larmor precession of
spins as they propagate through the heterostructure
channel. Such measurements at room temperature
(figure 2(d)) for both up and down magnetic field
sweeps showed conventional Hanle signals without
any special features [38]. By fitting the data with the
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Figure 1. Characterization of Cr,Ge,Tes and its heterostructure with graphene. (a) Schematic of atomic structure of CGT/graphene
heterostructure. (b) Schematic of graphene band structure in proximity with CGT in the vicinity of the Dirac point. Graphene can
acquire magnetic order with a splitting of spin-degenerate bands by an exchange gap AEe. (¢) Raman spectrum of CGT (top panel)
and graphene (bottom panel) in the heterostructure. (d) Field dependence of magnetic moment (1) of bulk CGT crystal as a function
of magnetic field at 10 K for both in-plane and out-of-plane magnetic field directions. (e) Temperature dependence of magnetic
moment m of CGT under perpendicular magnetic field of 100 mT. Top inset shows the same data as in main panel but with log scale
on vertical axis. Bottom inset shows inverse magnetic susceptibility as a function of temperature fitted with the Curie—Weiss law.
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Figure 2. Magnetic proximity effect in graphene-Cr,Ge,Teg heterostructures. (a) and (b) Schematic and false-color optical
microscope picture of graphene-CGT heterostructure with ferromagnetic tunnel contacts of TiO, (1nm)/Co (60 nm). The scale
baris5 pm. (c) and (d) Spin valve and Hanle spin precession signals measured in graphene-CGT heterostructure for in-plane and
out-of-plane magnetic field directions, respectively, at 300 K, above the Curie temperature of CGT The up and down magnetic
field sweep directions are represented by blue and red colors. (e) The measured Hanle signal at 50 K, below the Curie temperature
of CGT. (f) Simulated Hanle signal for typical channel parameters (see supplementary note 1 for details) with partial overlap of the
graphene by CGT. The inset shows the assumed hysteresis for CGT flake in the simulations. The overlap area of the graphene-CGT
heterostructure in the device channel is ~60%.

solution of the Bloch equation that describes spin
dynamics in the channel with an applied B, [38],
the spin lifetime 7, = 244 &+ 32 ps, diffusion coeffi-
cient Dy = 0.019 4 0.005 m” s~ ! and diffusion length

A = 2.1 + 0.4 um were obtained.

At low temperatures (50 K), below the Curie point
of CGT (figure 2(e)), one can notice two distinctive
features of the measured Hanle signal: a shift of the two
Hanle peaks with respect to each other and asymmetry
of the Hanle peak. Such observations are indicative of
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Figure 3. Temperature dependence of spin signal in graphene-Cr,Ge,Teg heterostructures. (a) Nonlocal Hanle spin precession
measurements in the graphene-CGT heterostructure as a function of perpendicular magnetic field for up (blue) and down (red)
sweeps at different temperatures. (b) Normalized nonlocal Hanle signal amplitudes (ARy) as a function of temperature for a
graphene-CGT device and for a4 yym CVD graphene channel [38] (green). (c) Magnitude of the horizontal separation between
positions of nonlocal Hanle signal peaks for up (Bo,up) and down (B gown) Sweeps as a function of temperature. (d) Asymmetric part
of the measured Hanle signal at different temperatures. (e) Amplitude of the asymmetric signal from d as a function of temperature.
The solid lines in b and grey regions in (b), (¢) and (e) are guides to the eye.

an out-of-plane magnetism induced in the graphene
by proximity to CGT. These features are also seen in
simulations (figure 2(f) and supplementary note 1)
obtained from the solution of the Bloch equation that
considers amagnetic exchange interaction in graphene
due to the influence of the CGT flake [39]. The CGT
flake can induce ferromagnetism in the underlying
graphene via the exchange field By, which adds to the
external magneticfield,B; — B, + Bex + Bg,andthus
modifies the Hanle spin precession signal in the het-
erostructure channel. While the stray fields By do con-
tribute to the spin precession in the channel in a simi-
lar way as Bey, the observed Hanle signals are mainly
shaped by the contributions from externally applied
and exchange fields (see supplementary note 2).
The peak splitting between the two Hanle sweeps can
then originate from hysteretic behavior [20] of the
proximity-induced magnetic exchange fields in gra-
phene. This alters the position of the Hanle peak corre-
sponding to zero total field, which, due to hysteresis,
is obtained at different values of the applied magnetic
field depending on the sweep direction.

Meanwhile, the asymmetry of the Hanle peak
arises from the spatial inhomogeneity of the proxim-
ity-induced exchange field; a finite graphene-CGT
interfacial region leads to an asymmetry, while CGT
covering the entire graphene flake would result in a
symmetric Hanle curve (see supplementary note 1).
Since hysteresis gives opposite shifts of the exchange
field depending on the sweep direction, this is reflected
in the opposite asymmetry of the measured Hanle sig-
nals (figures 2(e) and (f)). The measurements in the

two devices with different CGT/graphene channel
overlaps by the CGT flake confirm decreased asym-
metry with increased channel overlap (supplementary
note 3), which is in agreement with simulation results
(supplementary note 1).

To further elucidate the proximity-induced magn-
etic interaction in graphene-CGT heterostructures,
the Hanle spin precession measurements were per-
formed at several different temperatures in a system-
atic manner (figure 3(a)). The measured data reveal a
rapid decrease of the nonlocal spin signal amplitude
(Rn1) with increasing temperature in comparison to
the temperature dependence of pristine graphene (fig-
ure 3(b)) [38], followed by a saturation of the signal
above the curie temperature of the CGT. The rapid
spin signal amplitude decay with temperature in the
range of T' < T, compared to pristine graphene [38],
can be attributed to fluctuating proximity-induced
magnetic exchange fields due to random fluctuations
of the magnetization of the CGT flake, which become
more pronounced approaching the magnetic ordering
temperature of CGT [15]. Such fluctuations cause ran-
dom changes of the proximity-induced exchange field
and, hence, the effective field that acts on the propagat-
ing spins, leading to enhanced spin relaxation [40,41].
Furthermore, the separation between the peaks for
opposite Hanle sweeps vanishes at elevated temper-
atures (figure 3(c)).

The presence of Hanle peak shifts indicates that the
proximity-induced exchange field in graphene persists
abovetheCurietemperatureforbulk CGT[28] (~ 65K)
up to at least 100 K. Additionally, one can deconvolute
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the measured Hanle signal into symmetric and asym-
metric components, where the latter contains infor-
mation on additional rotation of spins in the channel
[42] with respect to normal precession caused by the
applied perpendicular magnetic field. Such rotation
can originate e.g. from the modified spin texture of
graphene under the CGT flake caused by the proxim-
ity to the latter. From figures 3(d) and (e) one can see
that the asymmetric contribution to the signal also
vanishes with increasing temperature in a comparable
way as in figure 3(c). This suggests the same origin for
peak splitting and asymmetry—both can arise from
the proximity-induced exchange field in the graphene
channel under the flake, which persists at T > T, of
bulk CGT and decays with increasing temperature,
while being completely absent at temperatures above
165 K. Fitting the symmetric component of the Hanle
signal with the solution of the Bloch equation for spin
diffusion in ahomogeneous channel gives values of the
in-plane spin lifetimes 7y in the range of 90-280 ps; the
comparably large spread of values results due to a large
number of free fitting parameters (see supplementary
note 4). However, most fits resulting in reasonable spin
transport parameters yielded an exchange field on the
order of a few 10s of mT.

Anisotropic spin relaxation in
graphene-CGT insulator heterostructures

The proximity-induced exchange interactions in the
graphene-based heterostructures can also resultin spin
relaxation anisotropy. Here we observe spin relaxation
anisotropy in  graphene-CGT  heterostructures
by employing the same NL Hanle measurement
configuration. However, here the field sweep range is
broader, allowing the injection and detection of both
in-plane and out-of-plane spins in different field
ranges. In-plane spins are injected and detected at
low field values when the contacts are magnetized in-
plane at magnetic fields B, < 0.4 T (figure 4(a)). With
increasing out-of-plane field the magnetization of the
contacts starts to rotate to the out-of-plane direction,
reaching saturation at By > 2 T (figure 4(b)). When
spinsrelax with different ratesin the in-plane or out-of-
plane direction, different amplitudes of the signal are
observed for the corresponding magnetic field ranges
(figure 4(c)). Therefore, the in-plane spin lifetime 7),
is estimated from low B -field Hanle data, while the
out-of-plane spin lifetime 7, is extracted from large
out-of-plane B, -field measurements. As shown in
figure 4(d), in the graphene-CGT heterostructure the
spin signal magnitudes at B; = 0 for in-plane spins
(ARL'IL) and at B = 2.5 T for spins perpendicular
to plane (ARy;) show strong anisotropy, with
ARy > ARL'IL and with a ratio ARy / ARIUIL ~ 10.
The spin lifetime anisotropy r = 7 /7| is obtained
from ARIJ\,-L/ARIUIL = ﬁe_(L/A”)(%_l), where L is
the channel length and )| is the spin diffusion length
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for in-plane spins [43]. From this expression we find
a strong anisotropy, with 7, being 3.9 times the value
of 7 ~ 150 ps (assuming homogeneous channel
characteristics). Such observations are in contrast
with the isotropic spin relaxation in pristine graphene
channels, which have a value of r close to 1 (0.944-0.01
in figure 4(e)).

The observed anisotropic spin relaxation in gra-
phene-CGT heterostructures could occur, for exam-
ple, if spin relaxation is dominated by the so-called val-
ley-Zeeman spin—orbit coupling (SOC), similar to the
case of graphene on transition metal dichalcogenides
[44, 45]. Valley-Zeeman SOC (Avz) generates an out-
of-plane spin texture that, in the presence of strong
inter-valley scattering (7, ), quickly relaxes the in-plane
spins and results in large anisotropy. To determine the
type and magnitude of SOC induced in graphene by
CGT, we perform density functional theory (DFT)
simulations of the graphene-CGT heterostructure (see
methods and supplementary note 5). By evaluating
the band splitting at both K and K’ valleys, we obtain
aRashba SOC A\g = 0.253 meV and A\yz = 0.113 meV.
Assuming 7y = (5 — 10) 7, where 7, is the momen-
tum scattering time, we obtain an anisotropy of the
orderr = (A\vz/Ar)’ (Tw/7p) +1/2 = 1.5-2.5.

While SOC can induce a spin lifetime anisotropy
r > 1, the temperature dependence of the spin signal
in figure 3(b) suggests that magnetic exchange fluc-
tuations are playing a role in the spin relaxation. In
this scenario, an apparent spin relaxation anisotropy
can also emerge. In case of the exchange fluctuation
mechanism the spins are dephased by the fluctuations,
butif magnetic field is applied the fluctuations are sup-
pressed. Thisis different for spins parallel and perpend-
icular to the applied magnetic field, which results in an
increase of anisotropy with increasing out-of-plane
magnetic field B,. Assuming that exchange fluctua-
tions are the sole source of spin relaxation in the gra-
phene-CGT devices, we find that the spin relaxation is
nearly completely isotropic (r = 1.002) at B, = 0 and
becomes anisotropic with increasing values of B (see
supplementary note 6). This analysis indicates that if
the spin relaxation is dominated by exchange fluctua-
tions, the large anisotropy seen in figure 4(d) can be
driven by the external field B, and may not be intrin-
sic to the graphene/CGT interface. This is because the
perpendicular proximity-induced exchange field By,
while sufficiently large to see in Hanle measurements,
is not large enough to suppress exchange fluctuations
in graphene. It is still unclear whether spin relaxa-
tion is dominated by SOC, exchange fluctuations, or
a combination of the two. However, considering that
according to DFT calculations the exchange splitting
is expected to be an order of magnitude stronger than
SOC (see discussion for supplement figure S10), one
can expect the origin of the experimentally observed
anisotropy of spin relaxation to be mainly caused by
the exchange fluctuations. Figure 3(b) points to at least
some contribution of exchange fluctuations, while
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Figure4. Anisotropic spin relaxation in graphene-Cr,Ge,Teg heterostructure. (a) Measurement geometry with small perpendicular
magnetic field B; < 0.2 T, where the magnetization of the ferromagnetic Co contacts and injected spin polarization are in-

plane, resulting in Hanle spin precession. (b) Measurement geometry with large perpendicular magnetic field B, > 2 T, where

the magnetization of the ferromagnets and injected spin polarization are out of plane, resulting in no Hanle precession. (c) The
measurements of graphene-CGT channels indicate anisotropic relaxation with faster rates of spin relaxation for in-plane spins,

as demonstrated in the schematic and (d) experimental nonlocal measurements in a channel with ~60% flake overlap at 60 K and
100 K. A parabolic magnetoresistance background is subtracted from the measured data. (e) The reference measurement in pristine
CVD graphene showing very low anisotropy with almost similar signal for in-plane and perpendicular spins.

the anisotropy measurement in figure 4(d) can be
explained by either of the mechanisms.

Summary and outlook

In summary, the observed modulation of the spin
transport signal demonstrates the existence of an
exchange interaction in graphene proximity-coupled
to the layered magnetic insulator CGT. This is revealed
by the observation of nontrivial features in the
measured nonlocal Hanle spin precession signalsin the
graphene-CGT channel. Namely, at low temperatures
there is a hysteretic shift of the Hanle signal maxima
for opposite magnetic field sweep directions,
accompanied by a corresponding asymmetry in the
Hanle signal. These features persist up to atleast 100K,
above the T, of bulk CGT. Supporting simulations
reveal that these features can be explained by out-of-
plane magnetism induced in the graphene layer by
CGT. Additionally, measurements of large spin lifetime
anisotropy indicate that proximity coupling of the
graphene channel to CGT can modify its spin texture.
This anisotropy can arise from the magnetic exchange
induced in the graphene, while DFT simulations
suggest that spin—orbit coupling could also be playing
a role. Looking ahead, the proximity-induced effects
can be further tuned by tailoring the van der Waals gap
between graphene and CGT [30], and by placing it on
both sides of the graphene layer. These achievements
are important for the realization of quantum states
of matter characterized by edge states which are
topologically protected from backscattering without
the application of an external magnetic field, namely,
the quantum anomalous Hall effect [30-32]. This

holds great potential for applications in spintronics
and low-power quantum electronics.

Methods

Device fabrication and measurement

To fabricate the devices, CVD graphene was wet-
transferred onto a Si/SiO; substrate (from Graphenea).
After patterning the graphene into stripes of typical
lateral width of 1-4 um by photolithography and
annealing in an Ar/H; atmosphere, 2D flakes (~30nm
thick) of the hexagonal ferromagnetic insulator
Cr,Ge,Tes (from HQ Graphene), prepared by
exfoliation method, were dry transferred immediately
to reduce oxidation from air exposure. Suitable
graphene-CGT heterostructure areas were chosen
by optical microscope for further fabrication of
ferromagnetic contacts by electron beam lithography
and electron beam evaporation of metals (1nm
TiO,/65nm Co). The magnetic field sweeps at
different temperatures were carried out in a Quantum
Design Physical Property Measurement System while
electrical biases were applied and measured by an
external Keithley 6221 current source and a Keithley
2182A nanovoltmeter, respectively.

DFT simulations

For calculation of the electronic structure and
structural relaxation of graphene on CGT density
functional theory (DFT) [46] was used within
Quantum ESPRESSO [47] wusing a previously
developed model ([31]) with a k-point sampling of
6 X 6 X 1, a Hubbard parameter of U=1 eV [17],
an energy cutoff for charge density of 500 Ry, and a
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kinetic energy cutoff for wave functions of 60 Ry
[48, 49]. When SOC is included, we used the
relativistic versions of the pseudopotentials. For the
relaxation of the heterostructures, we added van der
Waals corrections [50, 51] and used a quasi-Newton
algorithm based on a trust radius procedure. A
vacuum gap of 20 A was used to simulate quasi-2D
systems. To determine the interlayer distances, the
atoms of graphene were allowed to relax only in z
direction (vertical to the layers) for determination of
the interlayer distances, while the atoms of CGT were
free to move in all directions until reaching a state
when all components of all forces were reduced below
1073 [Ry/aq] (ao is the Bohr radius). For more details,
see [31].
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topology in the electronic band structures with an expected large charge-to-
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in the type-1l Weyl semimetal candidate WTe, and efficient spin injection and
detection in a graphene channel up to room temperature are reported. Contrary
to the conventional spin Hall and Rashba—Edelstein effects, the measure-
ments indicate an unconventional charge-to-spin conversion in WTe,, which
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Topological quantum materials have
attracted significant attention in con-
densed matter physics and spintronic
technology because of their unique elec-
tronic bands with topologically protected
spin textures.l After the realization of
graphene, topological insulators (TIs), and
semimetals with Dirac fermions, Weyl
semimetals (WSMs) where the electrons
behave as Weyl fermions have been dis-
covered.”l The WSMs constitute topo-
logically secured Weyl nodes, which exist
with opposite chirality in bulk with linear
band dispersions in 3D momentum space
forming the Weyl cones.?! The fascinating
revelation in a WSM is the presence of
nontrivial Fermi-arc surface states that
connect the projections of Weyl nodes on
the surface Brillouin zone. In a recent
breakthrough, WSMs of type-I and type-II
are realized in TaAs and WTe, family of
materials with symmetric and tilted Weyl
cones, respectively.*]

WTe, hosts unique transport phenomena such as chiral
anomaly,®”) unconventional quantum oscillations,® colossal
magnetoresistance,’l spin—orbit torque,!®W substantial spin Hall
effect’ and quantum spin Hall states in monolayers, which
opens a new era for physics experiments. Most importantly,
novel spin textures have been discovered in WSMs by photoemis-
sion experiments, showing spin polarization of Fermi pockets
in bulk bands and Fermi arc surface states.'*!! In such WSMs,
the application of an electric field is expected to induce a macro-
scopic spin polarization, known as the Edelstein effect,' that
can be utilized to generate and detect spin currents efficiently.
Moreover, in crystals with lower or broken symmetry compared
to conventional metals,”) unconventional spin conductivity com-
ponents can be existent.'® Additionally, in the search for spin-
polarized current sources in topological quantum materials,
various experiments have been reported on TIs.'”! However, a
reliable nonlocal measurement for spin polarization in TIs and
its utilization for spin injection into non-magnetic materials
are so far limited to cryogenic temperatures (below 20 K),120-21
because of the interference from nontrivial bulk bands.™ There-
fore, finding a highly efficient spin-polarized topological material
at room temperature is indispensable for practical applications
in spintronics and quantum technologies.

Here, we report a highly efficient and unconventional
charge-to-spin conversion (CSC) and its inverse phenomena
(ICSC), in the type-II Weyl semimetal candidate WTe, up to

© 2020 The Authors. Published by Wiley-VCH GmbH
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room temperature. Importantly, the detected spin polarization
in WTe, is found to be different from the conventional spin
Hall effect (SHE) and 2D Rashba-Edelstein effect (REE).Z Fur-
thermore, the detection of both the unconventional CSC and
ICSC prove the robustness of spin polarization in WTe, obeying
Onsager reciprocity relation and provides a new method for uti-
lization of spin current in graphene for an all-electrical van der
Waals spintronic device at room temperature.

The measurements of unconventional charge—spin conversion
phenomena have been possible by employing a hybrid device
structure of WTe, with graphene channel and ferromagnetic
tunnel contacts (FM) in a reliable nonlocal (NL) device geometry.
We fabricated van der Waals heterostructures of WTe, with gra-
phene taking advantage of its layered structure. The schematics
and the nanofabricated device picture are shown in Figure 1d,

www.advmat.de

which consists of WTe,—graphene heterostructure with ferromag-
netic tunnel contacts (Co/TiO,) (see the Experimental Section for
details). The graphene (CVD monolayer?? and exfoliated few
layers) and the WTe, (20-70 nm in thickness) are exfoliated from
single crystals (from Hq Graphene). The Raman spectroscopy
characterization shows the Tg-bulk phase of WTe, at room tem-
perature (see Figure Sla, Supporting Information). The crystal
structure of WTe, has a nonsymmorphic symmetry, with the
space group Pmn2; for bulk WTe, crystals with only one mirror
plane M, (bc plane), a glide mirror plane M, (ac plane with trans-
lation of (a+c)/2), and a screw axis || ¢ (Figure la—). Neither two-
fold rotational invariance nor inversion symmetry is present in
this system.”] In the measured devices, the heterostructures of
WTe, with graphene show good contact properties with interface
resistance in the range of 1-3 kQ (see Figure SIb, Supporting
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Figure 1. Unconventional charge-to-spin conversion in WTe, and efficient spin injection into graphene at room temperature. a—c) Crystal structure of Ty
phase bulk WTe, with a mirror plane M, (blue dot—dash line) and a glide mirror plane M, with the translation of (a+b)/2 in the unit cell. d) Schematic
of measurement geometry and colored device picture (the scale bar is 5 um) for electrical detection of unconventional charge—spin conversion in WTe,.
The investigated device structure consists of a flake of WTe, (green) with a graphene channel (gray). The ferromagnetic tunnel contact (yellow) on
graphene is used to detect the current-induced spin polarization of WTe,. The insets in the schematics show the spin polarization due to perpendicular
current component K, the simplified type-1l Weyl semimetal band structure, and the Dirac band diagram of graphene. The upper inset is the optical
microscopy image of the hybrid WTe,/graphene van der Waals heterostructure device with a ferromagnetic Co detector contact. The contacts (1234)
are used as Iy and Vi) for the (I)CSC measurements. e,f) The nonlocal spin-valve measurement (Resc = Vese/l, | is the bias current across the
WTe,—graphene junction) and corresponding Hanle spin precession signal observed for parallel and anti-parallel orientation of the injected spin (s)
from WTe, and magnetization of ferromagnet (M) with positive and negative magnetic field B sweep directions at | = +50 uA and 300 K in Device 1.
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Information), which is an order of magnitude higher than used
for detection of conventional CSC in WTe,."”l The standard spin
injection and detection behavior of ferromagnetic tunnel contacts
and spin transport properties of graphene was confirmed, as
shown in Figure S2 (Supporting Information).

For the measurement of the unconventional charge—spin con-
version effects, an electric current is applied vertically through
the WTe, flake, which generates and injects a spin current into
the graphene channel (Figure 1d). To be noted, here, we used a
bias current across the WTe,—graphene junction, which is dif-
ferent from the conventional CSC measurement configuration
reported earlierl! (see details in Note S1, Supporting Infor-
mation). The injected spin polarization from WTe, is detected
by a ferromagnetic contact (FM) after transport in a graphene
channel by a NL measurement method. Figure 1d shows the NL
spin-valve resistance (Rcsc = Vesc/!) for bias current of I=+50 uA
with an in-plane magnetic field (B,) sweep at room tempera-
ture. The spin resistance Regc changes upon reversing the mag-
netization M direction of the FM detector with respect to the
directions of the injected spins (s) from the WTe, (Figure 1e).

To prove that the origin of the signal is purely due to a spin
current, the Hanle measurements were performed with a per-
pendicular magnetic field B, sweep along the z-axis (Figure 1f).
The Hanle effect induces precession of the spins injected from
WTe, and transported in the graphene channel about the B, field
with Larmor frequency of @, = gugB,/h (where g is the Landé

www.advmat.de

factor = 2, and j is the Bohr magneton) as the projection of the
spin current onto the magnetization of the detector ferromagnet
change. The spin injection signal from WTe, into graphene is
reproducibly observed in several devices (six devices were inves-
tigated) consisting of both monolayer and few-layer graphene
channel with 20-70 nm thick WTe, flakes (Figures S3 and S4,
Supporting Information). From these devices, we extracted spin
parameters (with spin diffusion length 0.8-2.4 um, spin lifetime
in the range 100400 ps) by fitting the Hanle signals (see Table S1,
Supporting Information). The observation of both the spin
valve and Hanle signal provide the direct and unambiguous
evidence of the creation of current-induced spin polarization in
WTe, and subsequent spin current injection and transport in
the graphene channel at room temperature.

In a WTe,—graphene hybrid device, the source of the spin
polarization can have several origins, such as the spin Hall
effect (SHE) and Edelstein effect (EE) from the bulk WTe,,
Rashba-Edelstein effect (REE) from the surface states,' and
proximity-induced SHE and REE in graphene.[?*2°l Moreover,
some of these effects can induce the in-plane spin polariza-
tion and can be entangled with each other.'” To distinguish
different sources of the spin polarization, and to identify the
origin of the induced spin current in our WTe, device, control
experiments with geometrical dependence were performed.

We first examine the bias current direction dependence of
the unconventional CSC signal (Figure 2a), where the direction
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Figure 2. Geometrical dependence of the unconventional charge—spin conversion effect in WTe,. a) Schematics of the measurement geometry (solid
and dash arrows show the applied bias current directions) and the corresponding CSC signal with reversal of bias current polarity in Dev 1. The arrows
show the switching direction of the signals. The inset shows the spin polarization due to an out-of-plane charge current component j.. b) Schematics
of the measurement with bias current applied at both sides of the WTe, flake and corresponding spin valve signals measured in Dev 2. This measure-
ment creates a reversal of the component K, of the bias current. c) Schematics of the measurement with bias current applied at both terminals of the
WTe, flake and the corresponding spin valve signals measured in Dev 3. This measurement creates a reversal of the component K, of the bias current.
A shift in the Y-axis is added for the sake of clarity.
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of the generated spins s in WTe, is found to be dependent on
the polarity of the applied current bias. Reversing the bias cur-
rent direction (4. = +/-50 HA) in WTe, results in an opposite
spin polarization and hence an inverted hysteretic behavior of
the measured spin-valve signal. These measurements show
that the direction of spin polarization can be controlled by
electrical means, and the spin density is observed to scale lin-
early with the applied bias current (see Figure S3, Supporting
Information). The observation of linear bias dependence and a
sign reversal behavior with bias current directions rule out the
thermal contributions in the measured signal?®?’! (see detail
discussion in Note S4, Supporting Information).

The charge current (I) applied in WTe, can have three com-
ponents, i.e., K,, K, and K, that can possibly induce the spin
polarization (see schematics in Figure S5, Supporting Infor-
mation). We performed control experiments by reversing the
bias current polarity along different directions to check the
polarity of unconventional CSC signals. As shown in Figure 2b,
the switching directions of unconventional CSC signal (Rcsc)
remain the same with the reversal of bias currents along both
sides of the WTe, flake, i.e., the K, and —K, directions. There-
fore, the bias current component in K, direction is not the
source for the current-induced spin polarization. Consequently,
we can rule out the origins of spin polarizations entangled
to K,direction, like SHE and REE effect in WTe,/”? and also
proximity-induced SHE and REE in graphene.?*?%-30 Second,
when the bias current was applied either to one or the oppo-
site terminal (K, and -K, directions) of WTe, (Figure 2c), the
R signal switching directions remain the same. This rules
out the contribution to the spin polarization from the current
component in K, direction. Both the control experiments in K,
and K, directions were reproduced in other batches of devices
(see Figures S6 and S7, Supporting Information). To be noted,
the switching direction of the spin-switch signal is observed to
be different for different devices (Dev 2 and 3 in Figure 2b,c).
This can be due to the uncertainty in different crystal orienta-
tions (fa, tb axis) of the exfoliated WTe, flakes relative to the
detector FM.

All these control experiments indicate that the current com-
ponent in K, direction in WTe, is the primary source for the
generation of spin polarization in the measurement geometry
of WTe,—graphene devices. Therefore, the origin of the spin
signal can be attributed to the out-of-plane current-induced
spin momentum locking of the spin-polarized Fermi states at
room temperature.*15 Moreover, the out-of-plane current com-
ponent along K, can have two contributions: one (K, p) through
the bulk states; and the other (K, g) via the surface states (see
Figure 5c, Supporting Information). From the recent ARPES
measurement on WTe,,?! it is clear that the surface states
barely disperse with k, over an entire Brillouin zone and can
thus be considered fully 2D in the k,~k, plane, i.e., the Fermi
lines are straight lines at the edge of the bulk electron and hole
pockets. Therefore, the current in K, direction is not accom-
panied by any significant transport originating from the sur-
face states: nearly no surface states would contribute to the
observed unconventional CSC signal (see details in Note S5,
Supporting Information). Moreover, according to our control
experiments (Figure 2), we know that it is the current along the
z-axis that induces the spin polarization s, which are parallel
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to FM magnetic moments M, i.e., s//M//y. We also know that
the spin current j is along the z-axis in our measurement geo-
metry, i.e., j //z//K,, which is also the direction of the charge
current. However, in the conventional SHE measurements,
charge current, spin current, and spin polarization should be
mutually perpendicular, following the right-hand rule, ie.,
JeL K, 1512321 Therefore, the measured data in the present
experimental configuration do not follow the conventional
SHE rules (see Note S1, Supporting Information). Further, the
unconventional CSC signal in this geometry can also neither
originate from an unconventional spin conductivity nor the
Edelstein effect of the spin-polarized Fermi states for symmetry
reasons, as long as the symmetry operations of the space group
Pmn2,, in particular mirror and glide mirror symmetries, are
present (see Note S5, Supporting Information). However, if
the symmetry of WTe, is reduced, e.g., by strain,’*! mag-
netic field**3] or the interfaces®® between WTe, and graphene,
both unconventional spin Hall effect and Edelstein effect can
give rise to the observed spin polarization (see details in Note
S5, Supporting Information). However, our observation sug-
gests that a magnetic field is less likely to be the origin of the
unconventional CSC signal (see details in Note S3, Supporting
Information). Strain can arise in the WTe, flakes due to fabrica-
tion of contacts and interfaces with different materials in the
device, breaking both mirror M, and glide mirror M, symmetry.
Furthermore, the interface between WTe, and graphene can
as well break glide mirror and screw symmetries locally. This
symmetry breaking leads to the occurrence of a y-polarized spin
current and (or) a homogeneous spin density in the y direction,
leading to a spin current j | K, (here we name it j!). Thus,
although the symmetries of space group Pmn2; prohibit the
generation of a spin current j! by the spin Hall and Edelstein
effects, breaking the crystal symmetries by strain or the occur-
ring interface allows the emergence of the observed spin current.

To further confirm the orientation of spin polarization from
WTe,, we also performed angle-dependent measurements of
the unconventional CSC signals both with in-plane and out-
of-plane B field sweeps in Dev 4 (see Figure S8, Supporting
Information). The measured unconventional CSC signal is
observed to evolve from a step-like spin valve signal to a Hanle
signal with changing the angle from 0° to 90°. Considering the
direction of the spin current j,, the spin polarization s, and bias
current K, the contribution of the conventional CSC from WTe,
can also be ruled out. These systematic measurements again
support the observation of the unconventional CSC in bulk
WTe,. The unconventional CSC measurements in WTe, using
both the spin valve and Hanle geometry were also performed
as a function of gate voltage (V,) in Dev 4 (see Figure S9, Sup-
porting Information), where an enhancement of the uncon-
ventional CSC signal magnitude is observed close to the Dirac
point of graphene. As the metallic WTe, channel resistance
does not show any noticeable modulation with V, (Figure S10,
Supporting Information), the increase of unconventional CSC
signal can be attributed to the increase in the graphene channel
resistance in the heterostructure and conductivity matching
issues at the interface (Figure S9c, Supporting Information).
However, in the conventional spin valve signals with both FM
injector and detector contacts on graphene, a small modulation
of spin signal magnitude is observed (Figure S10, Supporting

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Observation of the in-plane asymmetric Hanle signal and temperature dependence of the unconventional charge-spin conversion in WTe,.
a) The measured asymmetric Hanle raw data (bottom panel) of the unconventional CSC signal in Device 2. The symmetric (top panel) and anti-
symmetric (middle panel) components of the Hanle signal and the corresponding fittings. The inset shows the measurement geometry with charge
current-induced spin polarization s in WTe, can be with an angle relative to the detector FM. b) Temperature dependence spin-switch signal of the
unconventional CSC effect in WTe, for Device 2 (Resc = Vesc/l, with | = =50 PA in the range of 10-300 K. c) Top panel: Temperature dependence of
the WTe,—graphene interface resistance. Bottom panel: Temperature dependence of the CSC signal magnitude. The error bars are estimated from the

noise in the measured CSC signal.

Information).*” This increasing trend of CSC signal with V,

suggests a possible enhancement of the spin injection effi-
ciency from WTe, to graphene near the graphene Dirac point.

In comparison to the symmetric Hanle curves in other
devices, Device 2 shows an in-plane asymmetric characteristic
in the Hanle spin precession signal (Figure 3a). By decom-
posing the measured raw data mathematically, we obtained the
symmetric and the anti-symmetric spin components, i.e., the
spins along FM and the spins perpendicular to FM, respec-
tively. Specifically, the magnitude of the symmetric (R;) and
the anti-symmetric (R,) components are extracted by fitting the
Hanle curves. Thus, the out-of-plane charge current generates
a net spin polarization and/or a spin current, which is polar-
ized with an angle of 76.4° ( = arctan(R;/R,)) with respect to
the FM. Such an asymmetric Hanle curve can be caused by the
coexistence of spin polarization components parallel and per-
pendicular to the ferromagnet.[*] This can be explained by con-
sidering the simultaneously broken mirror symmetry M, and
glide symmetry M, (see the symmetry analysis in Note S5, Sup-
porting Information). We cannot distinguish the orientation of
the samples in the present case, however, considering the ran-
domly distributed a(b)-axis in the exfoliated WTe, flakes relative
to the crystal boundary and presence of strain as well as the
glide-symmetry (M) -breaking interface in the devices, such an
unconventional and asymmetric signal due to charge-to-spin
convention is observed.

Next, the temperature-dependent measurements of the
unconventional CSC in WTe, were carried out to corre-
late the basic characteristics of the Weyl materials and their
spin polarization. The WTe, has been experimentally veri-
fied to be a type-II Weyl semimetal by observing the negative
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magnetoresistance®*l and the anomalous-quantum oscilla-
tionl® at low temperatures. However, the verification of WTe,
to be a type-II Weyl semimetal at room temperature is still
under debate, 2] because the momentum difference for
Weyl points (WPs) is beyond the resolution of ARPES meas-
urement.”31* Hence, it is intriguing to check the tempera-
ture dependence of the signal and its relationship with the
possible Weyl phase transition at a lower temperature.’*!
Figure 3a shows the temperature dependence of the uncon-
ventional CSC signals from WTe,, measured in Dev 2 in the
temperature range of 10-300 K at a fixed bias current I = —50
HA. The switching direction of the measured unconventional
CSC signal in WTe, remains the same throughout the tem-
perature range, indicating that the origin of the spin polariza-
tion remains the same. The apparent slightly larger switching
field observed for the signal at lower temperatures is due to an
increase in the coercive field of the FM detector contact. The
modulation of the magnitude of the unconventional CSC signal
of WTe, is plotted with temperature in Figure 3b (lower panel),
where two different regimes were observed. The signal magni-
tude is weakly temperature-dependent in the range 175-300 K,
whereas a notable decrease is observed below 175 K. As spin
transport parameters in graphene are known to weakly
dependent on temperature,*! we identified that the decrease in
unconventional CSC magnitude could be due to the increase
in WTe,—graphene contact resistance at lower temperatures
(Figure 3b upper panel). The increase in WTe,~graphene con-
tact resistance could cause a decrease in spin injection effi-
ciency form WTe, into graphene, while the other parameters
were very stable with temperature (see Figure S11, Supporting
Information). The increased noise level in the unconventional

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Inverse charge—spin conversion in WTe, at room temperature. a) Schematics of the inverse charge—spin conversion (ICSC) measurement
configuration with spin current injected into the WTe, from the FM/graphene structure. b,c) Measured data of both spin valve and corresponding z
Hanle signal with the fitting curve for both CSC and ICSC in Device 1 with an application of I = —70 uA at room temperature. The Hanle signal of the

(1)CSCis defined by Rycsc = (Viyesc(P) = Vyesc (AP))/(2 X ).

CSC signal at the lower temperature can also be due to the
larger WTe,—graphene contact resistances. All these measure-
ments suggest that the observed unconventional CSC effect is
robust from 10 K to room temperature, and the spin-polarized
bulk Fermi states in WTe, should be present through all the
measured temperature range.

To check the reciprocity*! of the unconventional charge-spin
conversion effect in WTe,, the inverse charge-spin conver-
sion (ICSC)#*8l measurements were also performed at room
temperature (see Figure 4a). Here, the spin current is injected
from an FM tunnel contact into a graphene channel and sub-
sequently detected by the WTe, due to the ICSC effect in a NL
measurement geometry. The spin current with spin polari-
zation s along the y-axis is absorbed into the WTe,, resulting
in a net charge current in the K, direction due to the inverse
charge-spin conversion. By reversing the FM magnetic
moments by an external in-plane magnetic field sweep, the
opposite spins —s are injected into the graphene channel and
subsequently absorbed by the WTe,, which induces a charge
current —K,. An apparent hysteric switching behavior of the
measured voltage signal is observed with B, magnetic field
sweep, with the switching fields corresponding to the magneti-
zation switching of the spin injector FM electrode (Figure 4b).
Importantly, both the ICSC and CSC signals measured in the
same device show a good Onsager reciprocity with compa-
rable signal magnitude and opposite switching directions, i.e.,
Resc(B) = Rycsc(—B) (Figure 4b). The ICSC effect is reproducibly
observed in different devices and the magnitude of the signal is
also found to scale linearly with spin injection bias current and
changes sign with the bias polarity (see Figure S12 in the Sup-
porting Information for data on Dev 2). As a confirmatory test
for the observed ICSC effect, corresponding Hanle spin preces-
sion measurements were also performed with application of an
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out-of-plane magnetic field B, in the same NL measurement
geometry. Figure 4c shows the measured modulation of signal
Ricsc = Viesc/I as detected by ICSC in WTe, due to spin diffu-
sion and precession in the graphene channel.

We estimate the unconventional CSC efficiency oisc
(=Js/jo) in WTe, to be up to 9% at room temperature by fitting
the Hanle curves of (I)CSC signals (see details in Note S2, Sup-
porting Information). The calculated lower limit of Edelstein
length is Agg = acscAwre, = 0.72 nm (considering spin diffusion
length of WTe, Awr., = 8 nm!'). The observed large charge-spin
conversion efficiency in WTe, is believed to be due to the spin
polarization of Fermi states, broken space inversion symmetry,
and a significant influence of SOI in WTe, as known from the
band structure calculations and spin-resolved ARPES results.["’!
Interestingly, our measurements show that the charge-spin
conversion is not restricted to the 2D surface but originates in
the bulk Weyl semimetal WTe,. From our control experiments,
we could rule out the origins of the observed spin polariza-
tion related to conventional SHE and REE in WTe, ! and also
proximity induced SHE and REE in graphene.?*28-30] These
observations of the unconventional CSC are fundamentally dif-
ferent from the conventional REE, which is an interface pheno-
menon where the spins and current density are confined in the
2D planel®*! as measured in the heterostructures of metals!*®!
and oxides," topological insulator,”? Transition metal dichal-
cogenides (TMDCs)l*® and in graphene heterostructures with
MoS,,?8 WS,,[23301 TaS, 25l MoTe,**l and topological insulator
(Big15Sbo.g5),Tes.’ This unconventional charge-spin conver-
sion phenomenon in WTe,, however, is shown to be useful for
injection and detection of spin polarization in graphene at room
temperature, avoiding problems existing in topological insula-
tors,2021l and open ways for spintronic devices without the use
of traditional ferromagnets. The WTe, based van der Waals
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heterostructure devices also provide the advantage that their
operating temperature is not restricted by a Curie temperature
(L), such as recently discovered 2D ferromagnets have T, much
below the room temperature.l®! Other advantages are that the
direction of spin polarization in WTe, can be controlled by using
an electric bias current, instead of using an external magnetic
field in case of FMs to switch the magnetic moments. From the
application point of view, spin—orbit torque (SOT) studies!'*!!
show that WTe, can be more efficient and energy-saving in SOT
technologies compared to traditional heavy metals.

In summary, we demonstrated the electrical creation, detec-
tion, and control of the unconventional charge—spin conversion
and its inverse phenomenon in type-II Weyl semimetal candi-
date WTe, up to room temperature. Contrary to conventional
bulk spin Hall effect and surface states dominated Rashba-
Edelstein effect, the charge—spin conversion is shown here to
be created in WTe, due to unconventional spin Hall effect or
(and) Edelstein effect. The unconventional spin conductivi-
ties in WTe, are allowed by considering strain as well as the
WTe,/graphene interface to break the crystal symmetry. The
spin polarization created in WTe, is shown to be utilized for
spin injection and detection in a graphene channel in an all-
electrical van der Waals heterostructure spintronic device at
room temperature, which circumvents the problem existing in
topological insulators for spin injection into graphene below
20 K.12%21 Such unique spin-polarized electronic states in Weyl
semimetal candidates with novel spin topologies can be fur-
ther tuned by tailoring their electronic band structure through
enhancing their spin-orbit interaction strength, increasing the
separation between the Weyl nodes through Berry curvature
design, and controlling strain to break the crystal symmetry.
These findings in Weyl semimetal WTe, for efficiently trans-
forming the electric current into a spin polarization at room
temperature is highly desirable for energy-efficient spintronic
memory and information processing technologies.®!

After submission of our manuscript, we noticed two very
recent papers on the multidirectional and unconventional
charge-spin conversion in MoTe,.’>3] Our results on Weyl
semimetal candidate WTe, show an efficient and unconven-
tional charge—spin conversion, which is different from conven-
tional SHE and REE and demonstrates a practical approach for
efficient generation and injection of spin polarization into gra-
phene channel up to room temperature.

Experimental Section

The devices with monolayer CVD graphene on Si/SiO, substrate (from
Groltex) were patterned by electron beam lithography (EBL) followed
by an O, plasma etching. The WTe, (from Hq Graphene) flakes were
exfoliated and dry transferred on to the CVD graphene in the N,
atmosphere inside a glovebox. The few layers graphene devices were
mechanically transferred onto the n-doped Si substrate with 300 nm SiO,.
The WTe, flakes were exfoliated and dry transferred on to the few-layer
graphene in by a transfer stage in a class 100 cleanroom environment.
For the preparation of ferromagnetic tunnel contacts to graphene,
a two-step deposition and oxidation process was adopted, 0.4 nm
Ti was deposited, followed by a 30 Torr O, oxidation for 10 min each,
followed by 100 nm Co deposition. Measurements were performed inside
a vacuum cryostat and a PPMS measurement system in the temperature
range of 10-300 K with a magnetic field and a sample rotation stage. The
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electronic measurements were carried out using current source Keithley
6221, nanometer 2182A, and dual-channel source meter Keithley 2612B.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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